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I NTRODUCTI ON

Je sui s avant  t out  un i ngéni eur  qui  a passé une gr ande 

par t i e de sa v i e pr of ess i onel l e à se bat t r e cont r e di ­

ver ses anomal i es  de t ous l es sol s poss i bl e et  des éc ou ­

l ement s  sout er r ai ns ,  pour  ne pas par l er  des acci dent s .  

Cet t e act i v i t é,  assoc i ée à l ' ét ude des coul i s  d' i nj ec ­

t i on m' a condui t  à une cer t ai ne phi l osophi e dont  l es 

aspec t s  d' ont  r i en d' or i gi nal  mai s  mér i t ent  d' êt r e r ap ­

pel és :

1)  l es essai s  sur  échant i l l ons  r emani és  sont  i ndi spens ­

abl es  pour  acc r oî t r e nos connai ssances .  Mai s l eur s r é ­

sul t at s  ne peuvent  pas êt r e appl i qués  di r ec t ement  aux 

sol s r éel s,  ou encor e i nt act s,  dont  l e squel et t e est  

di f f ér ent .

2)  t ous l es pr ocêssus  d' essai s  sont  s t andar di sés  af i n de 

per met t r e l a compar ai son des r ésul t at s ,  par ce que ceux-  

ci  dépendent  du mode opér at oi r e.  Et  i l  est  bi en r ar e 

que cel ui - c i  soi t  conf or me à l a r éal i t é des cas ét udi és.  

Les car ac t ér i s t i ques  dédui t es  des essai s  ne doi vent  donc 

êt r e cons i dér ées  que comme de bons or dr es  de gr andeur .

3)  dès qu' on es t  en pr ésence de gr ai ns  ul t r a- mi c r os c opi ­

ques,  i l  f aut  r ai sonner  en f onc t i on de l a phys i co ­

chi mi e des col l oï des.  C' es t  t r ès di f f i c i l e et  souvent  

oubl i é quand on es t  i mpr égné de phys i que et  de chi mi e 

c l ass i ques.

4)  enf i n l a mat hémat i que aussi  savant e soi t - el l e,  est  

anal ogue à l a machi ne à f ai r e l a sauci sse.  On ne t r ouve 

à l a sor t i e quece que l ' on a mi s à l ' ent r ée.  I l  est  

donc  i mpér at i f  d' avoi r  des hypot hèses  aussi  exac t es  que 

possi bl e.  I l  f aut  r edout er  l eur  s i mpl i f i cat i on souvent  

nécessai r es  pour  f ac i l i t er  l es cal cul s ,  ai nsi  que l es 

hypot hèses  i mpl i c i t es  év i dent es  pour  l e cal cul at eur ,  

comme par  exempl e,  l a s t r uc t ur e uni quement  gr anul euse 

de t out es  l es ar gi l es .  I l  est  en ef f et  bi en di f f i c i l e 

de pr évoi r  si  l e passage dans l a " machi ne"  ne va pas 

condui r e à des r ésul t at s  peu conf or mes à l a r éal i t é.

Ces s i mpl es r emar ques  sont  cer t ai nement  pl us i mpor t an ­

t es pour  l ' amél i or at i on des sol s,  que pour  cal cul er  

une f ondat i on.  Dans ce der ni er  cas on a t ouj our s  l e 

coef f i c i ent  de sécur i t é qui  par donne bi en des er r eur s  

d' appr éc i at i on ou de cal cul ,  t andi s que dans l e choi x 

d' un pr océdé d' amél i or at i on i l  ne f aut  pas f ai r e d' er r eur  

de pr i nc i pe.  Ce sont  l es pr opr i ét és  phys i ques  des sol s 

en pl ace qui  condi t i onnent  l a mét hode et  ses l i mi t es 

d' appl i cat i on.

Les pr océdés  suscept i bl es  d' êt r e ut i l i sés  sont  t r ès 

nombr eux.  Un cer t ai n nombr e d' ent r e eux n' a pas ét é r e ­

t enu pour  cet t e sessi on,  par ce que peu ut i l i sés  comme par  

exempl e l e noyage des f oui l l es  c r eusées  dans du l oess ou 

t r op bi en connus  comme l e compac t age par  couches  mi nces.

11 sembl e que par mi  t ous ces pr océdés,  un seul  r ésul t e 

des t héor i es  de l a Mécani que des sol s.  C' es t  cel ui  qui  

cons i s t e à exécut er  des dr ai ns  ver t i caux  af i n d' accél é ­

r er  l a di ss i pat i on des sur pr ess i ons  d' eau i nt er s t i t i el ­

l es mi ses  en év i dence par  Ter z aghi . Tous l es aut r es  pr o ­

v i ennent  du sent i ment ,  du bon sens ou encor e de l ' Ar t  de 

l ' i ngéni eur .  C' es t  ai nsi  qu' i l  est  év i dent  qu' en di mi nu ­

ant  l e vol ume des vi des par  compac t age ou en r empl i ssant  

ceux- ci  par  i nj ec t i on avec un cor ps r i gi de,  on ne peut  

qu' amél i or er  l e sol .  On peut  aussi  l ui  donner  l a r és i s ­

t ance à l a t r ac t i on qui  l ui  manque en l ui  adj oi gnant  

des ar mat ur es  et ,  enf i n,  essayer  de r epr odui r e un sol  

nat ur el  à peu pr ès accept abl e comme l a mar ne par  exampl e,  

en i nt r odui sant  des pr odui t s  chi mi ques  adéquat s.

Mal heur eusement ,  l e bon sens ne suf f i t  pas et  l ' absence 

de t héor i e se f ai t  quel quef oi s  net t ement  sent i r .  Par  

exampl e:

-  i l  es t  ar r i vé pl us i eur s  f oi s que l es dr ai ns  ver t i caux  

ont bi en di mi nué l a pr ess i on i nt er s t i t i el l e,  mai s sans 

accél ér er  l a v i t esse de t assement  ( J. R.  Lake -  1960) .

-  à Li nkopi ng,  l e r empl i ssage compac t é de pet i t es 

t r anches c r eusées  pour  l a pose de canal i sat i ons  à env i ­

r on 2 m de pr of ondeur ,  a t assé de 5 à 8 cm en deux ou 

t r oi s  semai nes,  pour  at t endi r e par  endr oi t s  15 cm au bout  

de 18 moi s  ( U.  Ber gdahl  et  al .  1979) .

-  au nouveau por t  de Ni ce,  l a di gue en cons t r uc t i on s' est  

br ut al ement  ef f ondr ée en pr ovoquant  un i mpor t ant  r az- de-  

mar ée l ocal ,  et  cel a mal gr é l e cont r ôl e de l ' évol ut i on 

des pr ess i ons  i nt er s t i t i el l es .

-  l ' ef f i cac i t é du noyau ar gi l eux  de pet i t es  di gues en 

t er r e a di spar u au bout  de quel ques  moi s  ( H. Cambef or t  

1976) .  Un exampl e es t  donné dans l a communi cat i on de F.  

van M.  Wagener  et  al .  qui  i ndi quent  comment  l a r emi se en 

ét at  a pu se f ai r e en ut i l i sant  du gypse.  L' or i gi ne de 

ce phénomène est  aussi  r appel é dans l a sess i on 6 par  P.  

St one et  a l .

Cet t e énumér at i on sommai r e mont r e bi en que si  une amél i ­

or at i on des sol s ne donne pas t ouj our s  ent i èr e sat i s f ac ­

t i on,  el l e peut  quel quef oi s  pr ovoquer  une cat ast r ophe,  

comme à Ni ce.  Aussi  est - i l  absol ument  i mpér at i f  d' essayer  

de compr endr e pour quoi  i l  peut  en êt r e ai nsi .  Je vai s 

donc abor der  ce suj et  i mpor t ant ,  quoi que cel a condui se 

à une i nt r oduc t i on un peu l ongue.  J ' i ndi que t out  de sui t e 

que mon but  es t  de mi eux  pr éc i ser  l a s t r uc t ur e de sol s 

cohér ent s  en t enant  compt e du r ésul t at  de cer t ai ns  es ­

sai s de l abor at oi r e.

Doubl e couche

I l  f aut  commencer  par  r appel er  qu' i l  ex i s t e à l a sur f ace 

de cont ac t  d' un sol i de,  i mmer gé dans de l ' eau,  une pel l i ­

cul e d' épai sseur  mi c r oscopi que qui  n' a pas l es mêmes 

pr opr i ét és  que l ' eau ambi ant e.  C' es t  l a doubl e couche 

dont  l es Pr of .  Mi t chel l  et  Kat t i  vous i ndi quer ont  l es
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car ac t ér i s t i ques .  On l ' appel l e souvent  eau l i ée,  et  

Ter zaghi  avai t  pr i s pour  el l e l ' i mage de l a gl ace,  ou 

pl us exac t ement  d' une eau sol i de.

Cont r ai r ement  à une i dée r épandue cet t e eau l i ée ne se 

r encont r e pas qu' avec  l es pet i t es  par t i cul es .  Ai nsi  avec 

des sabl es  et  gr av i er s  de 1 à 10 mm de di amèt r e,  dont  l a 

sur f ace spéc i f i que est  voi s i ne de 6 cm2/ g,  l e coef f i ­

c i ent  de per méabi l i t é égal  à 2. 10_2 m/ s  avec un gr adi ent  

de l ' écoul ement  au moi ns  égal  à 5. 10" 3,  es t  di v i sé par

2 quand l e gr adi ent  de l ' es t  par  10 ( H.  Cambef or t  1948 

et  1971) .  Une t el l e r éduc t i on ne peut  pr oveni r  que de 

1 ' épai ssement  de l a couche d' eau l i ée,  consécut i f  à l a 

di mi nut i on de l a v i t esse d' écoul ement .  Aut r ement  di t ,  

sui vant  sa v i t esse,  l e cour ant  ér ode pl us ou moi ns  cet t e 

couche.  Mai s cet t e ér os i on ne sembl e pas pouvoi r  êt r e 

t ot al e si  l ' on j uge par  l es essai s  de P.  Habi b ( 1953)  

qui  a cons t at é qu' avec  une ar gi l e r emani ée au benzène,  

qui  ne peut  pas donner  une doubl e couche,  1 ' écoul ement  

de cel ui - c i  ét ai t  de 700 à 1000 f oi s pl us  r api de que 

cel ui  de 1 ' eau.

Avec des gr ai ns  de pet i t es  di mens i ons  1 ' ef f et  de l a 

doubl e couche dev i ent  pr épondér ant  devant  cel ui  de l a 

pesant eur .  On l e cons t at e en f ai sant  sédi ment er  dans de 

l ' eau des gr ai ns  de quar t z  d' un di amèt r e quas i - uni f or me 

de 4 mi cr ons .  Le pour cent age des vi des est  de 55%,  al or s  

qu' i l  est  de 26%,  soi t  à peu pr ès l a moi t i é,  avec un 

empi l ement  de boul et s  ( J.  Duc l aux  -  1953) .

Gel ée col l oï dal e

En di mi nuant  de pl us en pl us l a di mens i on des par t i cul es ,  

i l  ar r i ve un moment  où l a phys i que c l ass i que ne s ' app ­

l i que pl us.  I l  f aut  l a r empl acer  par  l a phys i co- chi mi e 

col l oï dal e.  Par  exampl e l ' or ,  qui  es t  en mét al  i noxyd ­

abl e,  à peu pr ès i ner t e,  est  ut i l i sé f i nement  pul vér i sé 

par  l es ver r i er s  de Mur ano,  pr ès de Veni se,  pour  col or er  

l e ver r e en r ouge.  Cet t e suspens i on ne pr ésent e r i en 

de par t i cul i er ,  mai s avec  des gr ai ns  ul t r a- mi c r os c o ­

pi ques,  obt enus  par  un pr océdé convenabl e,  on a un hy d ­

r osol  r ouge r ubi s qui  par  adj onc t i on d' un sel  mi nér al ,  

se t r ans f or me en une gel ée v i ol et t e qui  passe au bl eu 

( J.  Duc l aux  -  1953) .

I l  conv i ent  de r emar quer  que ce n' es t  pas l a c ompos i ­

t i on chi mi que des gr ai ns  qui  i nt er v i ent ,  pui sque l ' or  

es t  i ner t e,  mai s  l a nat ur e des i ons de l ' eau des por es.

La f l ocul at i on à l ' or i gi ne de l a gel ée es t  pr ovoquées 

en Mécani que des Sol s  dans l a dét er mi nat i on de l ' Equi -  

v al ent  de sabl e et  au cont r ai r e év i t ée l or s d' un essai  

de Sédi ment omét r i e.

Avec  des gel s  de s i l i cat e de soude P.  Luong et  al .

( 1977)  ont  mont r é que l ' on r édui sai t  l eur  f l uage,  ou 

encor e que 1 ' on augment ai t  l eur  dur ée de vi e,  en aug ­

ment ant  l e dosage du r éact i f ,  ce qui  a pour  ef f et  de 

neut r al i ser  de pl us en pl us l a soude qui  accompagne t ou ­

j our s  l e s i l i cat e.  Les i ons ét ant  t ouj our s  de même na ­

t ur e,  seul  l eur  nombr e condi t i onne l e f l uage.

Compr ess i bi l i t é

Di ver s  essai s  ef f ec t ués  sur  quel ques  ar gi l es  par  J. A.  

J i menez Sal as ( 1953 et  1972)  et  par  R.  Genevoi s  ( 1977)  

f ont  appar ai t r e,  en par t i cul i er ,  des compr ess i bi l i t ês  

di f f ér ent es  sui vant  l a nat ur e du l i qui de i nt er st i t i el  

qui  condi t i onne l es car ac t ér i s t i ques  de l a doubl e 

couche,  dont  l ' i mpor t ance es t  ai nsi  conf i r mée.

Par  ai l l eur s ,  d' apr ès  N. N.  Mas l ow ( cf .  B.  Fél i x  -

1980) ,  l e même t assement  r el at i f ,  ou - encor e l e même 

degr é de consol i dat i on d' échant i l l ons  d' épai sseur  H 

di f f ér ent e nécess i t e une dur ée pr opor t i onnel l e à une 

cer t ai ne pui ssance de H.  Cet t e pui ssance égal e à deux

l or sque l a consol i dat i on es t  uni quement  r égi e par  l a 

f i l t r at i on de l ' eau' ,  comme dans l e modèl e de Ter zaghi ,  

ser ai t  nul l e pour  l e f l uage pur .  El l e peut  êt r e quel ­

c onque ent r e ces l i mi t es.  Qui  pl us est ,  el l e ne ser ai t  

pas cons t ant e pour  un sol  donné,  mai s  uni quement  f onc ­

t i on de son i ndi ce de cons i s t ance.  On essayer a,  pl us 

l oi n,  de donner  une expl i cat i on à ces r ésul t at s  qui  

mont r ent  que l es ef f et s  de l ' expul s i on d' eau et  du 

f l uage sont  i ndi ssoc i abl es .  On ne pour r ai t  donc pas c al ­

c ul er  l e t assement  en addi t i onnant  l es t assement s  par ­

t i el s  pr ovoqués  par  chacun des ces phénomènes.

Fl uage

Dans l eur  communi cat i on sur  l e pr êchar gement  H.  Aboshi  

et  al .  mont r ent  qu' à l a f i n de l a consol i dat i on pr i ­

mai r e,  l a pr ess i on des por es n' es t  pas annul ée sur  l a 

t ot al i t é de l a haut eur  de l ' échant i l l on,  comme l e v oud ­

r ai t  l a t héor i e c l ass i que.  De pl us l es mesur es  f ai t es 

l or s du r empl acement  de l a char ge i ni t i al e par  une 

c har ge pl us pet i t e ne sembl ent  pas pouvoi r  êt r e i nt er ­

pr ét ées  sans f ai r e i nt er veni r  l e f l uage,  qui  se man i ­

f es t e i ndépendamment  de l a val eur  de l a pr ess i on i nt er ­

s t i t i el l e,  comme G.  A.  Léonar ds  1'  obser vé en r édui -  

sant  l a val eur  des char ges  appl i quées  à 1 ' oedomèt r e au 

l i eu de l a doubl er  chaque f oi s.

On ne peut  pl us al or s f ai r e l a di s t i nc t i on ent r e c ons o ­

l i dat i on pr i mai r e et  secondai r e.  Le f l uage appar ai t  bi en 

avant  que l a pr ess i on des por es soi t  annul ée.  C' es t  ce 

qui  peut  expl i quer  pour quoi  cer t ai n sol s t assent  à l a 

même v i t es s e, avec ou sans r éduc t i on de l a pr ess i on i n ­

t er s t i t i el l e,  c ' es t - à- di r e avec ou sans dr ai ns  v er t i ­
caux.

On peut  car ac t ér i ser  l es essai s  de f l uage de S. R.  

Meschyan en r appel ant  que l e t assement  en f onc t i on du 

t emps est  pr ogr ess i f  avec des char ges  f ai bl es,  al or s  

qu' avec  des char ges  f or t es  sa pl us gr ande par t i e se pr o ­

dui t  r el at i vement  v i t e et  n' augment e que l ent ement  par  

l a sui t e.  Cel a pr ov i endr ai t  d' une des t r uc t i on de l a 

s t r uc t ur e du sol  sui v i e par  une r econs t i t ut i on due à 

des ef f et s  d' adsor pt i on,  de t hi xot r opi e ou aut r es ,  

al or s  que l es f ai bl es  char ges  déf or mer ai ent  uni que ­

ment  l e squel et t e.  Quoi qu' i l  ne s ' agi sse pas de f l uage, 

cet t e di f f ér ence de compor t ement  expl i que l ' ef f i cac i t é 

du pi l onnage i nt ens i f  qui  br i se t out es l es l i ai sons 

sans l eur  l ai sser  l e t emps de se r econs t i t uer ,  et ~f i -  

ni t  par  l i quéf i er  l ' ar gi l e.  Les l i ai sons  ne se r ét ab-  

l i ssent  que l or sque l e squel et t e es t  pl us compact .  On 

voi t  ai nsi  appar aî t r e l ' i mpor t ance de l a s t r uc t ur e dont  

l a s i mpl e cons i dér at i on per met  d' expl i quer  cer t ai ns  as ­

pect s  du f l uage et  l ' ef f i cac i t é de l a consol i dat i on 

dynami que qui  n' ont  aucun poi nt  commun.

Modèl es  mécani ques

Af i n de mi eux  pr éc i ser  l es i dées,  on peut  pr endr e des 

modèl es  mécani ques .  Ce ne sont  que des car i cat ur es ,  mai s 

el l es  ont  l ' avant age d' êt r e t r ès par l ant es.

Le modèl e de Ter zaghi  est  un cor ps de Kel v i n- Voi gt  

avec  un r essor t  et  un dash- pot  en par al l èl e.  Ce der ­

ni er  ne f i gur e que l ' expul s i on d' eau i nt er s t i t i el l e.  I l  

f aut  donc aj out er  un aut r e dash- pot  en sér i e pour  f ai r e 

appar ai t r e l e f l uage.  Même ai nsi  compl ét é ce modèl e ne 

conv i ent  pas pour  l es essai s  de Meschyan.  On peut  al or s 

cons i dér er  l e cor ps de Schwedof f  ut i l i sé par  pl us i eur s  

aut eur s  pour  l ' ét ude de l a s t abi l i t é des ver sant s .  Ce 

modèl e compor t e un dash- pot  et  un pat i n en par al l èl e,  

sys t ème auquel  es t  assoc i é un r essor t  en sér i e.  Le 

pat i n a l ' avant age de cor r espondr e à l a r upt ur e du 

squel et t e sous l es char ges  f or t es.  Mai s i l  sembl e bi en 

qu' i l  f ai l l e aj out er  un dash- pot  en par al l èl e avec l e 

r essor t  pour  r et r ouver  t ous l es r ésul t at s  des essai s.
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Comme on l e voi t ,  on est  r api dement  amené à compl i quer  

t ous,  ces modèl es ,  ce qui  r édui t  beaucoup l eur  i nt ér êt .  

Nous ne r et i endr ons  donc  pour  l e moment  qu' une c onc l u ­

s i on à l a f oi s s i mpl e et  t r ès i mpor t ant e,  à savoi r :  

on n' a pas l e dr oi t  de schémat i ser  t out es l es ar gi l es  

avec un seul  modè l e , sur t out  quand i l  es t  aussi  s i mpl i ­

f i é que cel ui  de Ter z aghi .

St r uc t ur es  de base

Les di ver ses  s t r uc t ur es  des sol s cohér ent s  ne peuvent  

pr oveni r  que de l a di mens i on de l eur s gr ai ns.  On s ' en 

r end compt e en cons i dér ant  l es cas ext r êmes.

Avec  des gr ai ns  r el at i vement  gr os,  l es f or ces de l i ai ­

son i nt er gr anul ai r es  sont  peu i mpor t ant es devant  l a 

pesant eur  et  i l  se f or me un squel et t e gr anul eux  un peu 

sembl abl e à cel ui  d' un sabl e.

Au cont r ai r e l or sque l es gr ai ns  sont  ul t r a- mi c r osco-  

pi ques  l es f or ces  de l i ai son dev i ennent  pr épondér ant es  

et  l es mi  cel l es  ét ant  f or t ement  soudées ent r e el l es  l a 

s t r uc t ur e gr anul euse di spar aî t  pour  êt r e r empl acée par  

un assembl age de f l ocons,  qui  cons t i t ue en r ét i cul e r i ­

gi de un peu anal ogue à une mousse.  La dëss i cat i on d' un 

gel  de s i l i cat e de soude mont r e cet  aspect .  On ar r i ve 

ai nsi  aux  gel ées  col l oï dal es  dans l esquel l es  i l  suf f i t  

de quel ques  pour  mi l l e en vol ume,  de mat i èr e sol i de pour  

qu' une r i gi di t é soi t  mesur abl e ( J.  Ducl aux) .

Les ar gi l es  de Mex i co sont  un t r ès bel  exempl e de gel ée 

ar gi l euse.  Leur  t eneur  en eau de 300 à 400 %,  c or r e ­

spond à un vol ume de mat i èr e sol i de voi s i n de 10 % et  

non de quel ques  pour  mi l l e.  Et  c ' es t  sans dout e l eur  

cohés i on de l ' or dr e de 50 k Pa ( 0, 5 bar )  qui  l es em-  

peche de se l i quéf i er  l or s des f or t s  t r embl ement s  de 

t er r e,  quoi que l eur  t eneur  en eau net t ement  supér i eur e 

à l a l i mi t e de l i qui di t é per met t e de l es pomper  quand on 

l es a r emani ées  ( C. B.  Cr awf or d -  1963) .

Les gel ées ar gi l euses  pur es ét ant  r ar es,  i l  nous a par u 

amusant  de cons i dér er  quel ques  gel ées  ex t r èmment  cou ­

r ant es,  comme par  exempl e l e bl anc  de l ' oeuf  dur ,  l e 

yaour t  et  l a gel ée de gr osei l l es .

On cons t at e ai nsi  que l e cohés i on n' es t  pas uni quement  

due à l a quant i t é de mat i èr e sol i de.  Avec  l e bl anc de 

l ' oeuf  et  l e yaour t  qui  cont i ennent ,  eux auss i ,  appr ox i ­

mat i vement  10 % de sol i de,  l a cohés i on est  d' env i r on

1, 5 k Pa ( 15 mi l l i bar )  pour  l ' oeuf  et  0, 2 k Pa ( 2 mi l l i ­

bar )  pour  l e yaour t ,  soi t  30 et  250 f oi s moi ns  que l es 

ar gi l es  de Mexi co.  Si gnal ons  au passage que l a dess i ca ­

t i on du bl anc d' oeuf  donne un r és i du d' aspec t  compar ­

abl e à cel ui  du gel  de s i l i cat e,  mai s  beaucoup moi ns 

beau.

La gel ée de gr osei l l e a une cohés i on compar abl e à cel l e 

du yaour t  ( 0, 25 k Pa) ,  al or s  que son vol ume de mat i èr e 

sol i de est  de l ' or dr e de 50% au l i eu de 10%.  Le sucr e qui  

se t r ouve dans cèt t e gel ée,  et  qui  d' ai l l eur s ,  se c ar a ­

mél i se au moment  de l a dess i cat i on,  doi t  se compor t er  

comme une char ge i ner t e.

La cohés i on des gel ées pr évenant  de l ' i nt ens i t é des f or ­

ces de l i ai sons et  non de l ' i mbr i cat i on des gr ai ns,  aucun 

f r ot t ement  i nt er ne ne peut  se mani f es t er .  Ai ns i ,  avant  l a 

r upt ur e des l i ai sons du squel et t e,  l es gel ées  sont  uni ­

quement  c ohér ent es .

I l  es t  t r ès di f f i c i l e de r emani er  l e bl anc  d' oeuf ,  mai s  

avec  l a gel ée de gr osei l l es  on y  ar r i ve f ac i l ement  avec 

une spat ul e.  On obt i ent  al or s  une aggl omér at i on de gr u ­

meaux  dont  l a di mens i on di mi nue'  l or sque l ' agi t at i on aug ­

ment e.  Le pr odui t  ai nsi  t r ans f or mé possède encor e une 

. cer t ai ne r i gi di t é cont r ai r ement  à ce qui  se passe avec

l e yaour t ,  qui  pr at i quemment  se l i quéf i e t out  de sui t e.

On peut  penser  que cet t e di f f ér ence de compor t ement ,  qui  

se r et r ouve pr obabl ement  avec l es gel ées ar gi l euses ,  

pr ov i ent  au moi ns  en par t i e de l a val eur  de l a synér èse 

de l a gel ée,  c ' es t - à- di r e de l a f ac i l i t é avec l aquel l e 

l a phase l i qui de se sépar e de l a phase sol i de.

Ar gi l es  boul ant es

On r emar quer a que l e compor t ement  du yaour t  est  t out  à 

f ai t  anal ogue à cel ui  des ar gi l es  boul ant es  ( ul t r a- sen-  

s i bl es  ou qui ck - c l ays)  qui  d' apr ès  I .  Th.  Rosenqv i s t  

( 1955)  pr ov i ennent  d' un l ess i vage de l eur  eau i nt er s t i ­

t i el l e par  l ' eau douce.  Li quéf i ées  par  r emani ement ,  une 

adj onc t i on de chl or ur e de sodi um l eur  r edonne de l a c o ­

hés i on,  ce qui  mont r e l ' i mpor t ance de l a doubl e- couche.  

Pour  expl i quer  ce compor t ement  i l  suf f i t  de supposer  

qu' au moment  de l a f or mat i on de l ' ar gi l e l es i ons pr é ­

sent s  ont  per mi s  1 ' édi f i cat i on du squel et t e en chât eau 

de car t es  dont  l a s t abi l i t é n' es t  assur ée que gr âce à 

eux.  La di mi nut i on de l eur  nombr e par  l ess i vage r édui t  

l ' i nt ens i t é des f or ces de l i ai son et  par  sui t e l a s t a ­

bi l i t é du squel et t e.  Une cause,  ou une accumul at i on de 

causes,  suf f i t  al or s  pour  pr ovoquer  l ' éc r oul ement  de l a 

s t r uc t ur e,  ent r aî nant  l a l i quéf ac t i on du sol .  La r up ­

t ur e est  br ut al e et  af f ec t e un gr and vol ume de t er r e.

Une ét ude dét ai l l ée de ce mode de r upt ur e est  f ai t e par

G.  Aas dans l a Sess i on 11 de ce Congr ès.

On expl i que ai nsi  l ' ex t r aor di nai r e gl i ssement  de Sur t e,  

pr ès de Göt ebor g,  où mal gr é une t r ès pet i t e déc l i v i t é de 

l a sur f ace du sol ,  quat r e mi l l i ons  de mèt r es  cubes de 

t er r e env i r on se sont  dépl acés  en t r oi s  mi nut es  sur  400 

m de l ar ge et  600 m de l ong.  Cer t ai nes  mai sons  se sont  

dépl acées  de 150 m ( B.  Jakobson -  1952) .  Les v i br at i ons  

dues au démar r age d' un t r ai n sembl ent  avoi r  ét é l a der ­

ni èr e cause de ce gi gant esque mouvement  de t er r es.  Le 

gl i ssement  de Ri ssa déc r i t  par  0.  Gr eger sen dans l a 

Sess i on 11 es t  t out  à f ai t  anal ogue,  et  a ét é déc l anché 

par  l a sur char ge d' un pet i t  r embl ai .

La gr ande anal ogi e ent r e ces gl i ssement s  et  cel ui  du 

nouveau por t  de Ni ce condui t  à penser  qu' à Ni ce on se 

t r ouvai t  aussi  en pr ésence d' ar gi l es  boul ant es.  Et  ceci  

n' aur ai t  r i en d' ét onnant  car  une nappe ar t és i enne d' eau 

douce l ess i ve ac t uel l ement  ces ar gi l es ,  comme l ' on ét é 

aut r ef oi s  l es ar gi l es  scandi naves .  Cet  exempl e mont r e 

que l es ar gi l es  boul ant es  ne sont  pas l e pr opr e de quel ­

ques pays,  mai s  peuvent  se t r ouver  n' i mpor t e où;  quand 

l es condi t i ons  s ' y  pr êt ent .

I l  r ésul t e de t out  ceci  une conséquence ex t r èmment  i mpor ­

t ant e.  La consol i dat i on des ar gi l es  boul ant es  ne peut  pas 

se f ai r e avec  un pr échar gement  qui  déf or me l e squel et t e 

sans amél i or er  sa r és i s t ance,  comme O. Q.  Gol der  ( 1972)  

l ' a const at é.  Seul s:  une adj onc t i on d' i ons convenabl es ,  

un pi l onnage i nt ens i f  ou des expl os i ons  peuvent  r éor ga ­

ni ser  l a s t r uc t ur e et  ai nsi  suppr i mer  son i ns t abi l i t é 

l at ent e,  à moi ns  que l ' on ut i l i se des col onnes bal as-  

t ées pour  r édui r e l ' ef f et  des sur char ges.

St r uc t ur e r éel l es

Ces deux s t r uc t ur es,  l ' une gr anul euse,  l ' aut r e en gel ée 

cons t i t uent  des cas ext r êmes dont  1 ' associ at i on en pr o ­

por t i ons  di ver ses  condi t i onne l es pr opr i ét és  des sol s 

cohér ent s .

Un exempl e s i mpl e est  f our ni  par  l es l oess et  cer t ai ns  

l i mons non sat ur és,  dans l esquel s  l es gr ai ns  sont  c ol ­

l és par  un peu de gel ée qui  se r amol l i t  en pr ésence 

d' eau.  L' i nt ens i t é des f or ces de l i ai son di mi nue et  sous 
l ' ef f et  de l a pesant eur  ou d' une sur char ge l e s que ­

l et t e se r éor gani se en pr ovoquant  un t assement  souvent
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i mpor t ant .  On expl i que ai nsi  l a consol i dat i on obt enue 

en noyant  des f oui l l es .

On peut  auss i ,  à l ' i mage de cer t ai nes  gel ées d' or ange,  

avoi r  des gr ai ns  r el at i vement  gr os en suspens i on dans  l a 

gel ée,  et  non en cont ac t  l es uns aves l es aut r es .  Ce 

sont  al or s  l es pr opr i ét és  de l a gel ée qui  sont  pr épon ­

dér ant es.  Comme cel l es- c i  dépendent  de l a t eneur  en eau,  

on compr end pour quoi  Mas l ov  a t r ouvé que l ' i ndi ce de 

cons i s t ance pouvai t  i nt er veni r  dans l ' évol ut i on de l a 

consol i dat i on.

Cour be oedomét r i que

Af i n d' i l l us t r er  l a di f f ér ence de compor t ement  des 

deux s t r uc t ur es  de base,  j e pr endr ai  l a f or me de l a 

cour be oedomét r i que.  Avec  l a s t r uc t ur e gr anul euse cet t e 

cour be est  sembl abl e à cel l e que Bi ar ez  a obt enu avec 

des gr av i er s  dont  1 ' ar r angement  se modi f i e sous l a 

char ge,  al or s  que l a cour be des gel ées  de Mexi co,  qui  

doi t  cor r espondr e à une r upt ur e de f l ocons,  a ét é r e ­

t r ouvée avec des bi l l es  de ver r e qui  se br i sent  br u ­

t al ement  l or sque l a char ge appl i quée dépasse une cer ­

t ai ne val eur .

Cet  oedomèt r e sur  l es gr av i er s  est  t r ès i nt ér essant ,  

car  i l  f ai t  appar aî t r e,  dès l e pr emi er  char gement ,  une 

pr ess i on de consol i dat i on qui  év i demment  n' ex i s t e pas.  

Cet t e char ge l i mi t e pr ov i ent  de l ' i mbr i cat i on des 

gr ai ns  qui  s ' ampl i f i e avec l ' augment at i on de l a char ge,  

condui sant  ai nsi  à un échant i l l on appar amment  sur conso ­

l i dé.  Par  ai l l eur s ,  l es gel ées col l oï dal es  ont  une 

pr ess i on de gonf l ement  égal e à l eur  pr ess i on osmot i que.  

Par  exempl e cel l e du caout chouc  en pr ésence de chl o ­

r ur e d' et hy l e est  supér i eur e à 0, 7 M Pa ( 7 bar ) ,  et  

el l e n' a r i en à voi r  avec une pr ess i on de consol i dat i on.  

On peut  al or s  de demander  si ,  pour  un sol  i nt act ,  dans 

l equel  l a gel ée col l oï dal e n' es t  pas dét r ui t e,  l a c on ­

s i dér at i on de l ' ét at  nor mal ement  consol i dé es t  une 

bonne r éf ér ence.  En l ' abandonnant  on est  moi ns  ét onné 

par  l a sous consol i dat i on des ar gi l es  de Tuni s  et  par  

l a sur consol i dat i on qui  se mani f es t e avec  l e t emps,  

comme l ' a mont r é Bj er r um.  C' es t  l a r és i s t ance du sque-  

l et t e^ qui  compt e et  non l e degr é de sur consol i dat i on 

qui  ne r ésul t e que d' essai s  sur  échant i l l ons  r emani és,  

soi t  vol ont ai r ement ,  soi t  par  l a t r op f or t e i nt ens i t é 

d' une consol i dat i on pr él i mi nai r e qui  éc r ase l es f l o ­

cons .

Cont r ai nt es  ef f ec t i ves  et  t ot al es

Pour  cont i nuer  l a compar ai son on peut  r eveni r  aux  mo ­
dèl es  mécani ques .  Le squel et t e gr anul eux  ser ai t  al or s 

schémat i sé par  l e sol i de de Kel v i n- Voi gt  et  l a gel ée 

par  cel ui  de Schwedof f ,  par  exempl e,  dont  l e gl i s s e ­

ment  du pat i n s i mul e l a r upt ur e des f l ocons.

On ar r i ve ai nsi  t out  nat ur el l ement  au cal cul  des c on ­

t r ai nt es  ef f ec t i ves .  Cel l es- c i  sont  éval uées  à l ' heur e 

ac t uel l e en se basant  sur  l e sol i de de Kel v i n- Voi gt ,  

al or s  que cel ui  de Schwedof f ,  pl us val abl e dans cer ­

t ai ns cas,  j us t i f i e l e cal cul  en cont r ai nt es  t ot al es,  

avant  l a r upt ur e des f l ocons.  D' ai l l eur s  si  l a Méc a ­

ni que des sol s,  avai t  eu à s ' occuper  de gel ée de gr o ­

sei l l es ,  d' oeuf s  dur s ou de yaour t ,  el l e aur ai t  mi eux  

ét udi é l e f l uage qui  condi t i onne l a r és i s t ance à l ong 

t er me,  et  n' aur ai t  j amai s  éval ué l a pr ess i on i nt er s t i ­

t i el l e sans t eni r  compt e de l a r ai deur  du squel et t e.

Les mesur es  de Bj er r um ( 1973)  qui  donnent  une pr ess i on 

des por es voi s i ne de l a moi t i é de l ' augment at i on des 

cont r ai nt es  ver t i cal es ,  mont r ent  bi en que l e squel et t e 

n' es t  par  t ouj our s  i nf i ni ment  soupl e.  On peut  al or s 

penser  que l a pr i se en compt e de l a r ai deur  du sque­

l et t e aur ai t  per mi s  d' év i t er  l a cat as t r ophe de Ni ce.

11 ne f aut  donc  pas met t r e en compét i t i on l e cal cul  

en cont r ai nt es  ef f ec t i ves ,  et  cel ui  en cont r ai nt es  

t ot al es.  Ce sont  l es pr opr i ét és  du sol  qui  c ommandent .

On en a,  depui s  l ongt emps,  l a pr euve avec  l a vér i f i -  

cat i on de l a s t abi l i t é de t al us r ompus,  qui  n' es t  à peu 

pr ès sat i s f ai sant e qu' en cons i dér ant  l es cont r ai nt es  

t ot al es  dans cer t ai ns  cas,  et  l es cont r ai nt es  ef f ec ­

t i ves dans d' aut r es .  Et  pour  expl i quer  pour quoi  quel ­

quef oi s  l ' une et  l ' aut r e de ces mét hodes  ne c onv i en ­

nent  pas j e f er ai  appel  au f l uage ou même au c r i t èr e 

de r upt ur e adopt é pour  l es sol s.  I l  est ,  en ef f et ,  t r ès 

poss i bl e qu' avec  cer t ai ns  sol s i l  f ai l l e cons i dér er  

pour  ce cr i t èr e,  non l es cont r ai nt es ,  mai s  l es dé ­

f or mat i ons  ou l es di s t or s i ons  qui ,  d' apr ès  Rei ner  con ­

v i ennent  pour  l e sol i de de Kel v i n.  Déj à Cr awf or d a 

t r ouvé qu' avec  une ar gi l e de Leda l a pr ess i on des 

por es sous char ge cons t ant e augment ai t  pr opor t i onel l e-  

ment  à l a déf or mat i on ax i al e.  De son cot é LO a mont r é 

que l a pr ess i on des por es ét ai t  une f onc t i on de l a 

pl us  gr ande déf or mat i on pr i nc i pal e,  i ndépendant e de 

l a pr ess i on de consol i dat i on,  de 1 ' ani sot r opi e du sol ,  

et  de l a dur ée d' appl i cat i on des char ges.  Enf i n,  l e 

poi nt  de vue de l ' i ngéni eur  a ét é abor dé par  F. E.

Bar at a et  F.  Danz i ger  ( Sess i on 11)  qui  ébauchent  une 

mét hode de cal cul  f ai sant  i nt er veni r  l es déf or mat i ons ,  

af i n de pr évoi r  l ' appar i t i on des f i ssur es ,  annonc i a ­

t r i ces des gl i ssement s ,  dans cer t ai nes  r oches al t ér ées.

Et ude des s t r uc t ur es

Tous l es cur i eux  compor t ement s ,  connus  ac t uel l ement  ne 

doi vent  pas êt r e cons i dér és  comme de r ar es except i ons  

et  i l  ne f aut  pl us se c ant onner  dans l es s i mpl i f i ca ­

t i ons des ancêt r es  cél èbr es ,  t el s Coul omb ou Ter zaghi ,  

sous pr et ex t e qu' el l es  ont  per mi s  à l a Mécani que des 

sol s de voi r  l e j our .  Ces anomal i es  ne sont  qu' appar en ­

t es.  El l es f ont  par t i e des pr opr i ét és  de cer t ai ns  sol s,  

dons l ' ét ude condui r a à subdi v i ser  l es sol s cohér ent s  

en pl us i eur s  sous cat égor i es .  Les di s t i nc t i ons  t el l es 

que sol s sat ur és ou non,  pl us ou moi ns  sur consol i dés ,  

ou di ac l asés  sont  secondai r es  pui sque l ' essent i el  se 

t r ouve dans l e compor t ement  de l a s t r uc t ur e qui  dépend 

des pr opr i ét és  et  de l a quant i t é de gel ée qui  en f ai t  

évent uel l ement  par t i e.

Une t el l e ét ude n' es t  pas f ac i l e,  car  i l  f aut  t r ouver  

une mét hode pour  déf i ni r  l es mél anges  de gel ée et  de 

gr ai ns  l es pl us car ac t ér i s t i ques .  En pr i nc i pe l a gr anu-  

l omêt r i e doi t  per met t r e de décel er  l a gel ée,  si  l ' on 

admet  avec Cuc l aux  que l es gr ai ns  col l oï daux  ne dé ­

passent  pas 0, 4 mi cr ons .  Mal heur eusement  A.  Demol on 

( 1948)  es t i me que " l es mét hodes  par  dél ayage peuvent  

l ai sser  j usqu' à 60% de mat i èr e col l oï dal e sous f or me 

d' agr égat " .  Le vol ume des gr ai ns  es t  donc augment é,  

au dét r i ment  de cel ui  de l a gel ée.  Pour  s ' af f r anchi r  

de cet  i nconvéni ent  i l  f aut  ut i l i ser  Tes ul t r a- sons  

comme moyen de di sper s i on ( Mi I l ot ) ,  et  avec  l a pi ­

pet t e d' Andr eason on peut  dét er mi ner  l a gr anul omét r i e 

j usqu' à 0, 05 mi c r on à condi t i on d' y  consac r er  hui t  

j ou r s .

Si  comme i l  l e sembl e à l ' heur e ac t uel l e l ' essent i el  

se t r ouve dans l a quant i t é de mat i èr e col l oï dal e et  

non dans sa gr anul omét r i e i l  suf f i t  de mes ur er  sa sur ­

f ace spéc i f i que,  qui  i nver sement  pr opor t i onel l e au 

di amèt r e des gr ai ns ,  augment e l or sque cel ui - c i  d i mi ­

nue.  A t i t r e d' exempl e voi ci  quel ques  or dr es  de gr an ­
deur :

-  gr ai ns  sphér i ques  de 1 mi c r on 2 m2/ g

-  kaol i ni t e 20 m2/ g

-  i l l i t e 80 m2/ g

-  mont mor i l l oni t e 80 m2/ g

Ces val eur s  cor r espondent  à l a sur f ace des gr ai ns ,  al or s
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que l a mét hode ut i l i sant  l ' adsor pt i on du bl eu de mét hy ­

l ène donne l a sur f ace t ot al e,  ' c ' est - à- di r e l a sur f ace 

ex t er ne pl us cel l e des f eui l l et s  cons t i t ut i f s  des mi -  

cel l es ,  quand l ' eau peut  c i r cul er  ent r e eux.  On con ­

s t at e al or s  que l a sur f ace spéc i f i que de l ' i l l i t e n' es t  

pas modi f i ée,  cel l e de l a kaol i ni t e es t  doubl ée ( 40 m2/ g)  

et  cel l e de l a mont mor i l l oni t e décupl ée ( 800 m2/ g ) . En 

out r e sui vant  son mode d' i nt er pr ét at i on cet  essai  au 

bl eu de mét hy l ène donne l a capac i t é d' échange de cat i ons.  

Enf i n Tr an Ngoc Lan ( 1980)  a mont r é qu' i l  ex i s t ai t  une 

excel l ent e cor r él at i on ent r e l e r ésul t at  de l ' essai  et  

l ' i ndi ce de pl as t i c i t é,  t ous l es deux augment ant  en ­

sembl e.  On peut  al or s  penser  que l a mesur e des Sur ­

f aces spéc i f i ques  ex t er ne et  t ot al e,  assoc i ées  à quel ­

ques anal yses  chi mi ques  des mi cel l es  et  de l ' eau i n ­

t er s t i t i el l e,  per met t r ont  de mi eux  compr endr e l e c om­

por t ement  des gel ées.  Mai s on ser a pr obabl ement  amené 

aussi  à i nvent er  d' aut r es  essai s ,  comme l ' on f ai t  l es 

j aponai s  pour  l es sabl es,  ai nsi  que l ' expl i qué l e Pr of .

T.  Mogami  dans sa conf ér ence au Congr ès  de Tokyo.

En déf i ni t i ve,  en cher chant  à f ac i l i t er  l e choi x  des 

pr océdés  d' amél i or at i on,  et  à dét er mi ner  l eur s l i mi t es 

par  r ai son d' économi e,  ou ce qui  est  pl us i mpor t ant  pour  

év i t er  des cat as t r ophes ,  on es t  condui t  à mi eux  déf i ni r  

l a s t r uc t ur e des sol s,  ce qui  d' ai l l eur s  ne peut  êt r e 

qu' avant ageux  pour  l es cal cul at eur s .

Vous voudr ez  bi en excuser  cet t e l ongue i nt r oduc t i on due

à l ' i mpor t ance du suj et ,  qui  à mon avi s ,  mér i t e que l a 

di scuss i on qui  va sui v r e soi t  dans l a mesur e du poss i bl e 

axée sur  l ui .
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COMPLEMENT AU " STATE- OF- THE ART"

La distribution au cours du congrès des rapports 
sur l'Etat des Connaissances n'a pas laissé le 
temps aux Professeurs J.K. MITCHELL et R.K.
KATTI d'apporter à leur remarquable texte quel­
ques petites précisions souhaitables et d'ail­
leurs en partie exprimées par le Professeur 
MITCHELL dans son exposé.

Comme j'ai eu l'occasion au cours de la 
séance d'exprimer mon point de vue sur le cisail 
lement des colonnes balastées, je n'intervient 
ici que sur l'électro-osmose et sur l'injection.

Pour expliquer la baisse de débit en fonc­
tion du temps observée dans 1 1 électro-osmose, 
il n'est pas nécessaire de supposer l'existence 
d'un gradient hydraulique susceptible de créer 
un écoulement allant de la cathode vers l'anode. 
En effet des essais, effectués avec des élec­
trodes en graphite pour éviter les échanges 
d'ions, montrent que le gradient de potentiel 
électrique (V/cm) n'est pas constant entre 
l'anode et la cathode. Il se forme un pic qui 
se déplace en fonction du temps, et le gradient 
entre celui-ci et l'anode diminue progressive­
ment. Il suffit de prendre la valeur de ce gra­
dient amont pour que le débit d'eau mesurée 
corresponde à celui donné par la relation 18 du 
texte (CAMBEFORT - CARON - 1961). La diminution 
du débit ne provient donc que d'un phénomène 
électrique concernant les ions de la micelle 
argileuse et de sa double-couche.

En ce qui concerne 1'injection, la figure 
24 est trompeuse. Le bulbe en b ne se forme qu' 
avec des coulis pâteux et n'est recherché que 
pour le scellement des tirants d'ancrage. Ce 
n'est plus de l'injection proprement dite.

Le croquis d 'encapsulation (fig. 24c) est à 
beaucoup trop petite échelle. Les fracturations 
hydrauliques, ou encore claquages, sont en gé­
néral de très grande surface, et peu épais. On 
sait maitriser leur formation et profiter de ce 
qu'ils finissent par devenir horizontaux pour, 
par exemple, soulever ou remettre de niveau une 
construction. Un exemple en est donné par la 
figure 27, à condition de remplacer les bulbes 
par des claquages horizontaux.

Si la règle dupjuce, concernant la pression 
maximale d'injection des roches fissurées, et 
donnée d'ailleurs avec quelques réserves, satis­
fait pleinement l'esprit, elle ne permet abso­
lument pas de faire des injections satisfaisan­
tes. En effet l'expérience montre que si effec­
tivement on peut quelquefois soulever le sol 

avec de très basses préssions, elle montre 
aussi que plus la pression finale est élevée,

meilleur est le résultat. Il ne faut donc pas 
généraliser des exceptions et limiter, a 
priori, les pressions à des valeurs insuffi­
sances, mais éventuellement contrôler les 
soulèvements de la surface du sol. En général
il suffit de conduire les travaux avec précau­
tion en augmentant progressivement cette pres­
sion maximale afin d'éviter des désordres en 
surface. Il est alors de pratique courante de 
terminer avec une pression de 5 à 10 M. Pa.

Avec des pressions fortes, les fissures 
du rocher s'ouvrent légèrement, ce qui facilite 
la pénétration du ciment. Ainsi les règles 
données, dans le paragraphe "particulate grouts 
ne sont que théoriques et en pratique on ne 
s'en occupe pas. En contre partie on vérifie 
la qualité du travail avec des forages de 
contrôle dans lesquels on fait des essais 
d'eau.

Le ciment ne pénètre convenablement dans 
les sables et graviers que si leur perméabilité 
est supérieure à 10”2 m/s. En dessous de cette 
valeur le rayon d'action de l'injection devient 
très petit, et l'on obtient ainsi l'équivalent 
d'un pieu diforme.

Les coulis d 1 argile-ciment pénètrent dans 
les sables et graviers dont la perméabilité 
est supérieure à environ 3.10-4 m/s. Pour des 
perméabilités plus petites, il est pratique­
ment impossible d'éviter les claquages. Il 
faut alors prendre des coulis chimiques, par 
exemple : silicate ou résine.

Cet écoulement d'imprégnation obéit à une 
loi tout à fait analogue à celle de DUPUIT 
pour les puits filtrants. La pression augmente 
donc avec le débit qui par suite, ne doit pas 
être trop grand pour éviter les claquages, 
même avec un coulis bien choisi. Après le 
claquage de la manchette éventuelle qui peut 
nécessiter de très fortes pressions, celles 
fréquemment pratiquées sont de l'ordre de
1 à 2 M. Pa quelle que soit la profondeur.
Mais alors que dans l'injection des roches 
fissurées on cherche à atteindre une pression 
maximale, dans celle des sables et graviers 
on limite les quantités injectées.
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A LEADI NG PAPER FOR PANEL DI SCUSSI ON ON I MPROVEMENT OF 

COHESI VE SOI LS

IN T R O D U C T IO N

I r r e s p e c t i v e  o f  t h e  m e t h o d  o f  s o i l  i m p r o v e m e n t  

a d o p t e d  i n  i m p r o v i n g  £ h e  s t r e n g t h  c h a r a c t e r i s ­

t i c s  o f  c o h e s i v e  s o i l s ,  i t  i s  o f  p r i n t s  

i m p o r t a n c e  t o  g e t  a n  i n s i g h t  i n t o  t h e  d e v e l o p ­

m e n t  o f  c o h e s i o n  i n  t h e  c l a y - w a t e r  s y s t e m .
T h i s  d e v e l o p m e n t  o f  c o h e s i o n  i n  t h e  c l a y - w a t e r  

s y s t e m ,  i n  g e n e r a l ,  i s  a t t r i b u t e d  t o  t h e  

i n t e r a c t i o n  b e t w e e n  t h e  s u r f a c e s  o f  t h e  c l a y  

p a r t i c l e s ,  i o n i c  c o n c e n t r a t i o n  a n d  w a t e r .  T h e  

c l a y  p a r t i c l e s  b e c a u s e  o f  t h e i r  s t r u c t u r e  

e x h i b i t  e l e c t r i c a l  c h a r g e  c o n c e n t r a t i o n  o f  

v a r y i n g  d e g r e e ,  a t  t h e  s u r f a c e ,  e d g e s  a n d  

c o m e r s .  T h e  p r e s e n c e  o f  d i f f e r e n t  t y p e s  o f  

i o n s  i n  t h e  c l a y - w a t e r  s y s t e m  i n f l u e n c e s  

d e v e l o p m e n t  o f  c o h e s i o n .  T h i c k n e s s  o f  w a t e r  

h u l l  a r o u n d  d i f f e r e n t  t y p e s  o f  i o n s  i s  n o t  t h e  

s a m e .

M a g n i t u d e  o f  e l e c t r i c a l  c h a r g e  o n  t h e  s u r f a c e  

o f  t h e  p a r t i c l e  d e p e n d s  u p o n  t h e  s t r u c t u r e  a n d  

t y p e  e f  t h e  c l a y  m i n e r a l  p r e s e n t .  T h e  d i p o l a r  

n a t u r e  o f  w a t e r  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  

t h e  i n t e r a c t i o n  b e t w e e n  c l a y  a n d  w a t e r .  N o n ­
p o l a r  l i q u i d s  s u c h  a s  c a r b o n  t e t r a c h l o r i d e  a n d  

b e n z e n e  d o  n o t  d e v e l o p  c o h e s i v e  b o n d s  i n  a  

c l a y  n o n - p o l a r  l i q u i d  s y s t e m .  T h i s  f a c t  i s  

a m p l y  i n d i c a t e d  b y  v a r i o u s  r e s e a r c h  w o r k e r s .

T h e  d e v e l o p m e n t  o f  c o h e s i o n  i n  a  c l a y - w a t e r  

s y s t e m  i s  i n f l u e n c e d  b y  t h e  f a c t o r s  s u c h  a s ,
( i )  s t r u c t u r e  o f  t h e  c l a y  m i n e r a l ,  ( i i )  n a t u r e  

• f  c a t i o n s  i n  t h e  c l a y - w a t e r  s y s t e m ,
( i i i )  a m o u n t  o f  c l a y  c o n t e n t ( i v )  v o i d  r a t i o ,  

( v )  p a s t  h i s t o r y  u n d e r  w h i c h  t h e  c o h e s i v e  

b o n d s  a r e  d e v e l o p e d ,  ( v i )  t h e  s t r e s s  c h a n g e s  

b r o u g h t  a b o u t  i n  t h e  s y s t e m  s u b s e q u e n t l y ,
( v i i )  n a t u r e ,  t y p e  a n d  p r o p e r t i e s  e f  t h e  m e d ia  

t h r o u g h  w h i c h ,  f o r c e s  a r e  t r a n s m i t t e d  t o  t h e  

c l a y - w a t e r  s y s t e m ,  ( v i i i )  i n t e r n a l  c h a n g e s  

b r o u g h t  a b o u t  b y  t h e  a p p l i c a t i o n  o f  e l e c t i r c a l  

p o t e n t i a l  t o  t h e  c l a y - w a t e r  s y s t e m  a n d  

( i x )  t h e r m a l  a n d  t i m e  e f f e c t s .

P r i o r  t o  d e a l i n g  w i t h  t h e  s o i l  i m p r o v e m e n t  

t e c h n i q u e s  c o n c e r n i n g  s t r e n g t h - d e f o r m a t i o n  

c h a r a c t e r i s t i c s  o f  c o h e s i v e  s o i l s ,  a n  a t t e m p t  

i s  m a d e  t o  e x a m i n e  a s  t o  w h a t  e x t e n t  t h e  a b o v e  

f a c t o r s  a r e  i n t e r r e l e t e d  t o  e a c h  o t h e r  w i t h  

r e s p e c t  t o  t h e  d e v e l o p m e n t  o f  c o h e s i o n .  T h e  

c l a y - w a t e r  s y s t e m  c o n t a i n i n g  n o n - e x p a n d i n g  t o  

f e a b l y  e x p a n d i n g  t y p e  o f  c l a y  m i n e r a l s  a r e  

c o n s i d e r e d .  C e r t a i n  p o i n t s  a r i s i n g  o u t  o f t h i s  

a n a l y s i s  m a y  h e l p  i n  d i r e c t i n g  o u r  a t t e n t i o n  

t o  t h e m  d u r i n g  p a n e l  d i s c u s s i o n .

S T R U C T U R E  O F  a A Y  M IN E R A L S

T h e  c o m m o n  c l a y  m i n e r a l s  a r e  h y d r o u s  a l u m i n i u m  

p h y l l o s i l i c a t e s ,  c o m p o s e d  o f  t e t r a h e d r a l  s i l i c a  

u n i t s  a n d  a l u m i n i u m  o c t a h e d r a l  u n i t s .  T h e s e  

u n i t s  a r e  b o n d e d  t o g e t h e r  i n  d i f f e r e n t  

c o m b i n a t i o n s  t o  f o r m  d i f f e r e n t  c l a y  m i n e r a l s .

I n  c a s e  o f  K a o l i n i t e  t h e  s t r u c t u r e  c o n s i s t s  o f  

a l t e r n a t e  l a y e r s  o f  a l u m i n a  a n d  s i l i c a

t e t r a h e d r o n  w i t h  s t r o n g e r  i e n i c  a n d  c o v a l e n t  

b o n d s  a t  t h e  a p e x  a n d  l e s s  s t r o n g e r  h y d r o g e n  

b o n d s  a t  t h e  b a s e .  T h e  b a s e  e x c h a n g e  c a p a c i t y  

i s  3 - 1 5  m e q / lO O  g  e f  s o i l  ( G r i m ,  1 9 5 3 ) .

T h e  m o n t m o r i l l o n i t e  t y p e  o f  c l a y  m i n e r a l s  a r e  

c h a r a c t e r i s e d  b y  t h e  a l u m i n a  l a y e r  s a n d w i c h e d  

b e t w e e n  t w o  s i l i c a  l a y e r s .  A  c o m m o n  o x y g e n  i s  

s h a r e d  b e t w e e n  o c t a h e d r a l  a n d  t e t r a h e d r a l  u n i t .  

I n  b e t w e e n  t w o  m o n t m o r i l l o n i t e  c l a y  m i n e r a l  

l a y e r s  t h e r e  e x i s t s  a  v e r y  w e a k  b o n d  a n d  a  

c l e a r  c l e a v a g e  d u e  t o  t h e  p r e s e n c e  o f  o x y g e n  i n  

t h e  a d j a c e n t  u n i t s .  T h e  i s o m o r p h i c  s u b s t i t u t i o n  

o f  m e t a l l i c  i o n s  o f  l o w e r  v a l e n c y  f o r  A 1  a n d  

S i  i n  t h e  m o n t m o r i l l o n i t e  s t r u c t u r e  h a s  

r e s u l t e d  i n t o  a  n e t  n e g a t i v e  c h a r g e  o f  0 .6 6  p e r  

u n i t  c e l l .  T h e  c l a y  p a r t i c l e s  a r e  f o r m e d  d u e  

t o  t h e  s t a c k i n g  o f  t h e s e  s h e e t  m i n e r a l s  i n  ' C '  
d i r e c t i o n .  T h i s  r e s u l t s  i n t o  e x p a n d i n g  l a t t i c e  

i n  t h e  ' C '  d i r e c t i o n .  S e e  F i g .  1 .  B a s e  

e x c h a n g e  c a p a c i t y  o f  c l a y  f r a c t i o n ,  c o n t a i n i n g  

m o n t m o r i l l o n i t e  c l a y  m i n e r a l s  v a r i e s  b e t w e e n

8 0 —1 5 0  m e q / lO O  g  ( G r i m ,  1 9 5 3 ) .  T h e  s t r u c t u r e  

o f  I l l i t e  i s  s a m e  a s  t h a t  o f  m o n t m o r i l l o n i t e  

e x c e p t  t h a t  o n e  s i x t h  o f  t h e  ' S i '  i s  a l w a y s  

r e p l a c e d  b y  ' A l '  a n d  t h e  r e s i d u a l  c h a r g e  

d e f i c i e n c y  i s  b a l a n c e d  b y  t h e  p o t a s s i u m  i o n s  

o c c u r  b e t w e e n  u n i t  l a y e r s ,  w h e r e  t h e y  j u s t  s i t  

i n t o  t h e  p e r f o r a t i o n s  i n  t h e  s u r f a c e  o x y g e n  

l a y e r s .  T h e  b a s e  e x c h a n g e  c a p a c i t y  o f  t h e s e  

m i n e r a l s  i s  i n  t h e  r a n g e  e f  1 0 - 4 0  m e q / lO O  g .

T h e  s t r u c t u r e  o f  m i c a  i s  s i m i l a r  t o  I l l i t e  

e x c e p t  t h a t  t h e  s u b s t i t u t i o n  o f  A l  f o r  S i  i s  

o n l y  o n e  f o a r t h .

T h e  a b o v e  o b s e r v a t i o n s  c l e a r l y  s h o w  t h a t  t h e  

c l a y  m i n e r a l s  p o s s e s s  e l e c t r i c a l  c h a r g e s  o f  

v a r y i n g  m a g n i t u d e s  a t  t h e  s u r f a c e  d u e  t o  t h e  

b a s i c  c h a r a c t e r i s t i c s  o f  t h e  s t r u c t u r e  i t s e l f .  

T h e  m o n t m o r i l l o n i t e  c l a y  m i n e r a l  e x h i b i t s  

d i s t i n c t  e x p a n d i n g  c h a r a c t e r i s t i c  i n t h e  * C '  

d i r e c t i o n *

EXCHANGABLE CATIONS nH20

OjOSIUCON OCCASIONALLY ALUMINIUM

F I G . 1 .  D IA G R A M T IC  S K E T C H  O F  T H E  S T R U C T U R E  O F  

M O N T M O R IL L O N IT E .
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W A T E R

I n  w a t e r  m o l e c u l e *  t h e  e l e c t r i c a l  c e n t r e *  o f  

p o s i t i v e  a n d  n e g a t i v e  v a l e n c e *  d o  n o t  c o i n c i d e .  

T h i s  e c c e n t r i c i t y  r e s u l t s  i n  e l e c t r i c a l  

I n b a l a n c e  a n d  h e n c e  t h e  w a t e r  m o l e c u l e  i s  

c o n s i d e r e d  a s  a  d i p o l e .  T h e  a n g l e  s u b t e n d e d  

a t  t h e  c e n t r e  i s  1 0 4 * 5 6 ' .  R e f e r  F i g .  2 .
U n d e r  n o r m a l  t e m p e r a t u r e  c o n d i t i o n s ,  t h e  w a t e r  

m o l e c u l e s  i n  a  w a t e r  m e d ia  a r e  s u p p o s e d  t o  

h a v e  a  s t r u c t u r e  d e s i g n a t e d  a s  i s o s a h e d r a l  

s y m m e t r y  a n d  t h u s  p o s s e s s  c l o s e s t  p a c k i n g  a n d  

e x t r e m e l y  n e g l i g i b l e  c o h e s i o n  t e n d i n g  t o w a r d s  

z e r o .  T h e  m o l e c u l e s  i n  t h e  l i q u i d  w a t e r  
ia io

e x p e r i e n c e  10  t o  10  r e o r i e n t a t i o n a l  a n d  

t r a n s i t i o n a l  m o v e m e n ts  p e r  s e c o n d  ( F i s e n b e r g  

a n d  K a u z m a n n ,  1 9 6 9 ) .  R a i s i n g  t h e  t e m p e r a t u r e  

o f  w a t e r ,  i n c r e a s e s  t h e  r a t e  o f  o r i e n t a t i o n  

a n d  d i s p l a c e m e n t s  a n d  d e c r e a s e s  t h e  v i s c o s i t y .  

I n  c o n n e c t i o n  w i t h  t h i s ,  l i m i t e d  s t u d i e s  

r e l a t i n g  t o  a l t e r a t i o n  i n  v a n e  s h e a r  s t r e n g t h  

w i t h  t e m p e r a t u r e  o f  s a t u r a t e d  B e n t o n i t e  c l a y  

s y s t e m  i n d i c a t e d  t h a t  t h e  v a n e  s h e a r  s t r e n g t h s

a r e  1 9 ,  1 8 ,  1  g / c m 2  c o r r e s p o n d i n g  t o  4 0 C , 2 5 * C

a n d  8 5 ° c  t e m p e r a t u r e .

O X Y G E N

a — =>
D I P O L E  S Y M B O L  

H Y D R O G E N

F I G . 2 .  S T R U C T U R E  O F  W A TE R  M O L E C U L E .

W h e n  t h e  t e m p e r a t u r e  o f  w a t e r  i s  l o w e r e d  t h e  

t h e r m a l  m o v e m e n t s  o f  t h e  m o l e c u l e  b e c o m e  l e s s  

i n t e n s i v e ,  t h e  e l e c t r o m a g n e t i c  p r o p e r t i e s  o f  

t h e  w a t e r  m o l e c u l e s  p r o v e  t o  b e  s t r o n g e r  t h a n  

t h e s e  m o v e m e n t s .  T h e  s t r u c t u r e  o f  i c e  t h e n  

f o r m e d  i s  s i m i l a r  t o  t h a t  o f  h e x a g o n a l  f o r m  o f  

s i l i c a .  E a c h  o x y g e n  a t o m  i s  s u r r o u n d e d  

t e t r a h e d r a l l y  b y  f o u r  o x y g e n  a t o m s  w i t h  w h i c h  

i t  f o r m s  h y d r o g e n  b o n d s .  S e e  F i g .  3 .  S u c h  a  

s t r u c t u r e  i s  v e r y  o p e n  a n d  h e n c e  i t  h a s  l o w  

s p e c i f i c  g r a v i t y .  T h e  s h e a r  s t r e n g t h  o f  i c e

a t  - 5 ° ° ,  b a s e d  o n  h a l f  u n c o n f i n e d  c o m p r e s s i v e
2

s t r e n g t h  i s  1 5  k g / c m  ( L e o n a r d s  a n d  A n d e r s l a n d  

1 9 6 0 ) .

Q  O X Y G E N  A T O M  

o  H Y D R O G E N  ATO M  

_ _ _ _ _ _ H Y D R O G E N  B O N O

F I G . 3 .  T H E  S T R U C T U R E  O F  I C E

T h e s e  c h a r a c t e r i s t i c s  o f  w a t e r  m o l e c u l e s  . 

c l e a r l y  i n d i c a t e  t h a t  b o t h  t h e  s t r u c t u r e  o f  

w a t e r  a n d  b o n d i n g  b e t w e e n  m o l e c u l e s ,  a r e  d u e

t o  t h e  e l e c t r o m a g n e t i c  p r o p e r t i e s .  F r o m  t h i s ,  

i t  a p p e a r s  t h a t  t h e  b o n d  b e t w e e n  w a t e r  

m o l e c u l e s  c a n  b e  i n f l u e n c e d  b y  t h e  p r e s e n c e  

o f  a n  e x t e r n a l  e l e c t r o m a g n e t i c  f i e l d .

T h u s  c o n s i d e r a b l e  a l t e r a t i o n  i n  b o n d  s t r s n g t h  

i n  t h e  w a t e r  m o l e c u l e s  a d j a c e n t  t o  t h e  

e l e c t r i c a l l y  c h a r g e d  s u r f a c e s  o f  c l a y  p a r t i c l e s  

a n d  i o n s  c a n  b e  e x p e c t e d .

A D S O R B E D  W A T E R

C l a y  f r a c t i o n s  c o n t a i n i n g  d i f f e r e n t  t y p e s  o f  

c l a y  m i n e r a l s  w h e n  t r e a t e d  w i t h  c a r b o n  

t e t r a c h l o r i d e  o r  b e n z e n e  d o  n o t  e x h i b i t  a n y  

p l a s t i c i t y .  C o h e s i o n  d e v e l o p e d  i s  n e g l i g i b l e  

a n d  i s  t e n d i n g  t o  z e r o  v a l u e .  H o w e v e r ,  t h e  

s a m e  t y p e s  o f  c l a y  f r a c t i o n s ,  e x h i b i t  s i g n i ­
f i c a n t  m a g n i t u d e  o f  p l a s t i c  l i m i t ,  l i q u i d  

l i m i t  a n d  p l a s t i c i t y  i n d e x  p r o p e r t i e s  i n  t h e  

p r e s e n c e  o f  w a t e r  a s  s h o w n  i n  T a b l e  1 .

T h i s  m a y  b e  a t t r i b u t e d  t o  t h e  a l t e r a t i o n s  

b r o u g h t  a b o u t  i n  t h e  s t r u c t u r e  o f  w a t e r  a n d  

t h e  b o n d  b e t w e e n  w a t e r  m o l e c u l e s  i n  t h e  

p r e s e n c e  o f  e l e c t r i c a l  c h a r g e s  e x i s t i n g  o n  t h e  

s u r f a c e s  o f  c l a y  m i n e r a l s .  I t  i s  a l s o  c l e a r  

t h a t  h i g h e r  t h e  s u r f a c e  e l e c t r i c a l  c h a r g e s  t h e  

h i g h e r  a r e  t h e  l i q u i d  l i m i t  a n d  p l a s t i c i t y  

i n d e x  v a l u e s  ( B a v e r  e t  a l ,  1 9 7 6 ) .

T A B L E  1 .

A t t e r b e r g  L i m i t s  f o r  D i f f e r e n t  C l a y  M i n e r a l s  

W i t h  N a  a n d  C a  E x c h a n g e a b l e  C a t i o n s

A t t e r b e r g  l i m i t s

C l a y I o n L . L . P . L . S . L . P . I .

M o n t m o r i l l o n i t e N a 7 1 0 5 4 10 6 5 0
C a 5 1 0 8 1 11 4 3 0

I l l i t e N a 12 0 5 3 1 5 6 3
C a 10 0 4 5 1 7 5 5

K a o l o n i t e N a 5 3 3 2 2 7 2 1

C a 3 8 2 7 2 5 11

T h i s  d e v e l o p m e n t  o f  p l a s t i c i t y  i n  a  c l a y - w a t e r  

s y s t e m  i s  a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  

a d s o r b e d  w a t e r  h u l l  i n  a n d  a r o u n d  t h e  c l a y  

p a r t i c l e s .  T h i s  a d s o r b e d  w a t e r  i n  t u r n  m a y  

p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  d e v e l o p m e n t  o f  

c o h e s i o n .

T o  u n d e r s t a n d  t h e  i n t e r a c t i o n  i n  t h e  c l a y - w a t e r  

s y s t e m  c o n t a i n i n g  i o n s ,  a t t e m p t s  a r e  m a d e  b y  

v a r i o u s  r e s e a r c h  w o r k e r s  b y  s i m p l i f y i n g  t h e  

s u r f a c e  o f  t h e  c l a y  p a r t i c l e  h a v i n g  e l e c t r i c a l  

c h a r g e s  o n  i t  a n d  t h e  l i q u i d  m e d iu m  i n  w h i c h  

i t  i s  i m m e r s e d .

F i r s t  a t t e m p t  i n  t h i s  d i r e c t i o n  w a s  m a d e  b y  

H e l m h o l t z  w h o  c o n s i d e r e d  a n  i n f i n i t e  p l a t e ,  a s  

s h o w n  i n  F i g .  4 ,  im m e r s e d  i n  a  l i q u i d  m e d ia  

h a v i n g  c o u n t e r  i o n s .  H e  s h o w e d  t h a t ,  t h e  

c o u n t e r  i o n s  g e t  a t t a c h e d  t o  t h e  s u r f a c e  o f  t h e  

s o l i d  a n d  p r o d u c e  a l m o s t  a  f i x e d  l a y e r .  I t  

m o v e s  o n l y  w h e n  a n  a p p r o p r i a t e  p o t e n t i a l  i s  

a p p l i e d .  ( M a y s e l s ,  1 9 6 7 ) .

L a t e r  w o r k  b y  G o u y - C h a p m a n  s h o w s  t h a t  t h e  

c o m p e n s a t i n g  c a t i o n s  h a v e  a  t e n d e n c y  t o  d i f f u s e
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a w a y  f r o m  t h *  l a y e r e d  s u r f a c e  s i n c e  t h e i r  

c o n c e n t r a t i o n  w i l l  b e  l o w e r  i n  t h e  b u l k  s o l u ­
t i o n * .  R e f e r  F i g .  4 .  O n  t h e  o t h e r  h a r i d ,  t h e y  

a r e  a t t r a c t e d  e l e c t r o - s t a t i c a l l y  t o  t h e  c h a r g e d  

l a t t i c e .  I t  i s  t h e  t h e r m a l  a g i t a t i o n ,  o v e r ­
c o m i n g  i n  p a r t ,  t h e  e l e c t r o s t a t i c  a t t r a c t i o n  

w h i c h  c a u s e s  t h e  d i f f u s e n e s s  o f  t h e  d o u b  1»  

l a y e r .  F u r t h e r  w o r k  b y  S t e r n  i n d i c a t e s  t h a t  i f  

t h e  e l e c t r o - s t a t i c  f o r c e s  a r e  t o o  s t r o n g  o r  

i f  t h e y  a r e  r e i n f o r c e d  b y  V a n  d e r  W a a l s  f o r c e s ,  

t h e r m a l  a g i t a t i o n  i s  n o t  a b l e  t o  o v e r c o m e  t h e m  

a n d  a  p a r t  o f  c o u n t e r  i o n s  r e m a i n  i n  s u c h  a  

c o m p a c t  l a y e r .  S e e  F i g .  4 .  T h i s  c o m p a c t  p a r t  

i s  c a l l e d  a s  S t e m  l a y e r .  T h i s  l a y e r  i s  i n  a  

d y n a m i c  e q u i l i b r i u m  a n d  i n  a  s e n s e  i s  a n  

i n t e g r a l  p a r t  o f  t h e  c h a r t e d  p a r t i c l e .  T h u s ,  

s t e m  l a y e r  t a k e s  i n t o  c o n s i d e r a t i o n  t h e  s i z e  

o f  t h e  i o n s .  ( V a n  O l p h a n ,  1 9 6 3 .

T h *  d o u b l e  l a y e r  t h e o r i e s  i n d i c a t e  t h a t  a  

c h a r g e d  s u r f a c e  h a s  a  t e n d e n c y  t o  a t t r a c t  

c o u n t e r  i o n s  w i t h  v a r y i n g  d e c r e e  o f  f o r c e s  a n d  

e v e n  u n d e r  n o r m a l  t e m p e r a t u r e  c o n d i t i o n s ,  i t  i s  

p o s s i b l e ,  t h a t  t h e  f o r c e  w i t h  w h i c h  t h e  c a t i o n s  

a r e  h e l d  b y  t h e  s o l i d  s u r f a c e  m a y  e x c e e d  t h e r m a l  

a g i t a t i n g  f o r c e .  O n  t h e  b a s i s  o f  t h e s e  

t h e o r i e s ,  i t  i s  i n d i c a t e d  t h a t  t h e  w a t e r  

m o l e c u l e s  c l o s e r  t o  t h e  c h a r g e d  s o l i d  s u r f a c e  

a r e  h e l d  w i t h  h i g h e r  e l e c t r o - s t a t i c  f o r c e  t h a n  

t h o s e  a w a y  f r o m  i t .

f  $ - ♦ - +
£> -t- +•- 
s * - * -

D ♦ + -
4 -

♦ - +

S C H E M A T IC  

D O U B L E  L A Y E R

S C H E M A T IC  D F F U S E  

D O U B L E  L A Y E R

S C H E M A T IC  D IF F U S E  

D O U B L E  L A Y E R

o <
T

STER N  POTENTIAL

D IS TA N C E

H E L M H O L T Z

M O D E L

DISTANCE

6U0Y—CHAPMAN 
MODEL

"~ |i$  P O T E N T IA L  

D IS T A N C E  

S T E R N  M O D E L

F I G . 4 . M O D E L S  F O R  E L E C T R IC A L  D O U B L E  

L A Y E R  A N D  P O T E N T IA L

A  c l a y  p a r t i c l e  h a v i n g  c h a r g e d  s u r f a c e  i s  

f o u n d  t o  d e v e l o p  a n  a d s o r b e d  w a t e r  l a y e r  

a r o u n d  i t  w h e n  s u s p e n d e d  i n  w a t e r .  ( L a m b e ,  

1 9 6 0 ) .  I n  t h e  l i g h t  o f  t h e  a b o v e  t h e o r i e s  

i t  m a y  b e  e x p e c t e d  t h a t  t h e  i n f l u e n c e  o f  

e l e c t r i c a l  c h a r g e  o n  t h e  c l a y  p a r t i c l e  w o u l d  

b r i n g  a b o u t  v a r y i n g  d e g r e e s  o f  b o n d i n g  

b e t w e e n  t h e  w a t e r  m o l e c u l e s ,  d e p e n d i n g  u p o n  

t h e  d i s t a n c e  o f  t h e  w a t e r  m o l e c u l e s ,  f r o m  

t h e  c l a y  s u r f a c e ,  a m o u n t  o f  c h a r g e  o n  t h e  

c l a y  s u r f a c e ,  t h e  p r e s e n c e  o f  v a r i o u s  t y p e s  

o f  i o n s  i n  t h e  w a t e r  a n d  t e m p e r a t u r e ,  e t c .

I n  t h e  a d s o r p t i o n s  o f  w a t e r  o n  a  n a t u r a l  c l a y  

s u r f a c e  b o t h  h y d r a t i o n  a n d  h y d r o g e n  b o n d i n g  

w i t h  t h e  o x y g e n  a t o m s  o n  t h e  s u r f a c e  m a y  b e  

i n v o l v e d  ( V a n  O l p h a n  1 9 6 3 ) .

T h e  i o n s  a d s o r b e d  o n  t h e  s u r f a c e  o f  t h e  c l a y  

m i n e r a l s  m a y  a f f e c t  t h e  a d s o r b e d  w a t e r ,  i n

s e v e r a l  w a y *  a s  m e n t i o n e d  b e l o w  b r i e f l y .

1 1 )  C a t i o n s  m a y  s e r v e  a s  a  b o n d  t o  h o l d

t h e  c l a y  m i n e r a l  p a r t i c l e s  t o g e t h e r  t o  

l i m i t  t h e  d i s t a n c e  t h r o u g h  w h i c h  t h e y  

c a n  b e  s e p a r a t e d ,  a n d

i i )  S o m e  o f  t h e  a d s o r b e d  c a t i o n s  m a y  b e c o m e  

h y d r a t e d  a n d  i n f l u e n c e  t h e  o v e r a l l  n a t u r e  

o f  a r r a n g e m e n t  o f  w a t e r  m o l e c u l e s  a n d  

t h e  t h i c k n e s s .  F o r  t h e  p u r p o s e  o f  

i l l u s t r a t i o n ,  r a d i u s  o f  h y d r a t e d  c a t i o n s  

a n d  b o n d  e n e r g i e s  a r e  g i v e n  i n  T a b l e  I I .

O n  t h e  b a s i s  o f  t h e  w o r k  d o n e  b y  v a r i o u s  

r e s e a r c h  w o r k e r s ,  i t  c a n  b e  s t a t e d  t h a t  t h e  

s t r u c t u r e  o f  w a t e r  I s  a l t e r e d  c o n s i d e r a b l y  

a d j o i n i n g  t h e  c h a r g e d  s u r f a c e .  T h i s  a l t e r e d  

s t r u c t u r e  m a y  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  

d e v e l o p m e n t  o f  c o h e s i o n .  H o w e v e t ,  t h e r e  e x i s t s  

c o n s i d e r a b l e  g a p  i n  k n o w l e d g e  w i t h  r e s p e c t  t o  

t h e  c o h e s i o n  d e v e l o p e d  a n d  t h e  n a t u r e  o f  

b o n d i n g  p r e s e n t  b e t w e e n  w a t e r  m o l e c u l e s  i n  

d i f f u s e d  a d s o r b e d  w a t e r  z o n e  f r o m  t h e  s u r f a c e  

o f  t h e  c l a y  m i n e r a l .  I n  c a s e  o f  a  r e a l  

s i t u a t i o n ,  i n  a d d i t i o n  t o  p h y s i c a l  a d s o r p t i o n  

a r o u n d  c l a y  p a r t i c l e s  c h e m i s o r p t i o n  e f f e c t s  

■a y  h a v e  t o  b e  c o n s i d e r e d  ( M y s e l s ,  1 9 6 7 ) .  

C h e m i s o r p t i o n  m a y  r e s u l t  i n t o  d e v e l o p m e n t  o f  

d i a g e n e t i c  b o n d s .

T A B L E  I I

B o n d  E n e r g i e s  o f  V a r i o u s  C a t i o n s  a n d  

A n i o n s  w i t h  C h a r g e d  L a t t i c e  S i t e s

C a t i o n A n i o n C a t i o n
H y d r a t i o n

H y d r a t e d

C a t i o n
R a d i u s

( A ° )

B o n d  e n e r g y  

e r g s / b o n d  x

d o ” 1 2 )

L i + 0 - 7 3 . 7 4 . 6

N a + 0 - 5 3 . 3 4 . 8

K + o - 4 3 . 1 5 . 1

n h 4+ 0 - 4 3 . 0 5 . 3

M g  2 + 0 - 12 4 . 4 8 .0

C a 2 + 0 - 10 4 . 2 8 . 3

a i 3+ 0 - 6 1 . 8 5 2 1. 6

R O L E  O F  E X C H A N G E A B L E  IO N S  I N  S T A B I L I Z A T I O N  O F  

C O H E S IV E  S O IL S

I n  c a s e  o f  a  s a t u r a t e d  c l a y - w a t e r  s y s t e m  a  

l a r g e  n u m b e r  o f  c h a r g e d  s u r f a c e s  o f  c l a y  

p a r t i c l e s  a r e  a r r a n g e d  i n  d i f f e r e n t  f o r m s  a t  

v a r i o u s  d i s t a n c e s ,  d e p e n d i n g  u p o n  t h e  v o i d  

r a t i o .  T h e  w a t e r  m o l e c u l e s  a n d  i o n s  i n s i d e  

t h e  c l a y - w a t e r  s y s t e m  a r e  s u b j e c t e d  t o  

e l e c t r o - m a g n e t i c  f o r c e  f i e l d s  n o t  o n l y  f r o m  

t h e  s u r f a c e  o f  o n e  p a r t i c l e  b u t  a l s o  f r o m  t h e  

s u r f a c e s  o f  a d j o i n i n g  p a r t i c l e s .  S u c h  f o r c e  

f i e l d s  c a u s e  c o m p le x  a r r a n g e m e n t  o f  w a t e r  

m o l e c u l e s  a n d  b o n d  s t r e n g t h  b e t w e e n  w a t e r  

m o l e c u l e s  w o u l d  b e  t h e  r e s u l t a n t  e f f e c t .  I n  

a d d i t i o n ,  b e c a u s e  o f  t h e  p r e s e n c e  o f  o t h e r  

t y p e s  o f  i o n s ,  t h e  b o n d i n g  b e t w e e n  t h e  w a t e r
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m o l e c u l e s  a d j o i n i n g  t h e  c l a y  p a r t i c l e s  m a y  b e  

n o t  o n l y  d u e  t o  t h e  p h y s i c a l  a d s o r p t i o n  o f  

w a t e r  a n d  i o n s  b u t  a l s o  d u e  t o  t h e  c h e m l s o r -  

p t i o n .

I n  m a j o r i t y  o f  c a s e s ,  t h e  c o h e s i v e  s o i l  s y s t e m  

n o r m a l l y  c o n s i s t s  o f  c l a y  p a r t i c l e  p o s s e s s i n g  

n e g a t i v e  c h a r g e  a t  t h e  s u r f a c e  d u e  t o  t h e  

i s o m o r p h i c  s u b s t i t u t i o n .  I n  s u c h  a  s i t u a t i o n  

t h e  a d d i t i o n  o f  d i f f e r e n t  t y p e s  o f  c a t i o n s  

m a y  b r i n g  a b o u t  a l t e r a t i o n  i n  t h e  c l a y - w a t e r  

s y s t e m  d u e  t o t

I )  a g g r e g a t i o n .

I I )  p o z z o l o n i c  r e a c t i o n ,  e t c .

H y d r o x i d e s  c o n t a i n i n g  c a t i o n s  s u c h  a s  K + ,

C a + +  a n d  M g + +  a r e  f o u n d  t o  b r i n g  a b o u t  

a g g r e g a t i o n  i n  t h e  s y s t e m  a n d  a l t e r  t h e  

t e x t u r e  o f  t h e  s o i l  i t s e l f ,  T h i s  i s  v e r y  

w e l l  e x h i b i t e d  t h r o u g h  c h a n g e  i n  t h e  i n d e x  

p r o p e r t i e s  m a k i n g  c l a y e y  s o i l s  a l m o s t  f r i a b l e  

o n e s  ( K a t t i ,  K u l k a r n i , a n d  R a d h a k r i s h n a ,  1 9 6 6 ) .

W h e n  h i g h e r  a m o u n t  o f  h y d r o x i d e s ,  w h i c h  

p r o d u c e  b a s i c  e n v i r o n m e n t  a r e  i n c o r p o r a t e d  

i n  a  c l a y - w a t e r  s y s t e m ,  t h e  p H  o f  t h e  w a t e r  

m a y  c h a n g e  t o  b e y o n d  10  r e s u l t i n g  i n  t h e

l i b e r a t i o n  o f  F e + + ,  S i 0 2 » H 2 0 3 ’  e t c " f 10111 t h e

s o i l  p a r t i c l e s .  T h e s e  r e l e a s e d  i o n s  m a y  

p r o m p t l y  c o m b i n e  w i t h  t h e  a v a i l a b l e  c a t i o n s

l i k e  C a + +  a n d  r e s u l t  i n t o  c o m p l e x  c e m e n t a t i o n  

a g e n t s .  E s p e c i a l l y  i n  c a s e  o f  s o i l - l i m e  

s t a b i l i z a t i o n ,  t h e  c e m e n t i n g  m a t e r i a l  h a s  t o  

c o m e  f r o m  t h e  l i b e r a t i o n  o f  A l 20 g ,  S i 0 2 ,  e t c .

f r o m  t h e  p a r t i c l e  i t s e l f .

A m o u n t  o f  t h e  c o m p l e x  c e m e n t i n g  a g e n t  p r o d u c e d  

i s  a  f u n c t i o n  o f  t h e  s p e c i f i c  s u r f a c e  a r e a .
A s  t h i s  s u r f a c e  a r e a  g o e s  o n  i n c r e a s i n g  t h e  

a m o u n t  o f  r e l e a s e  o f  S i 0 2 ' A l a 0 3 ,  e t c .  u n d e r

a p p r o p r i a t e  c o n d i t i o n s  a n d  $ i m e  c o u l d  b e  m o r e  

w h i c h  m a y  h e l p  i n  p r o d u c i n g  t h e  c e m e n t i n g  

m a t e r i a l .

T h e  s t r e n g t h  o f  a  s t a b i l i z e d  s o i l - l i m e  m i x  

d e p e n d s  u p o n  n u m b e r  o f  c o n t a c t  p o i n t s  t o  b e  

b o u n d  t o g e t h e r .  L e s s e r  t h e  n u m b e r  o f  c o n t a c t  

p o i n t s ,  l e s s e r  w o u l d  b e  t h e  a m o u n t  o f  c e m e n t i n g  

m a t e r i a l  n e e d e d  f o r  s t a b i l i z a t i o n .  H o w e v e r ,  

a s  t h e  s p e c i f i c  s u r f a c e  a r e a  g o e s  o n  i n c r e a s i n g  

t h e  c o n t a c t  p o i n t s  a l s o  g o  o n  i n c r e a s i n g  t h u s  

i n c r e a s i n g  t h e  a m o u n t  o f  c e m e n t i n g  m a t e r i a l  

n e e d e d ,  f o r  b o n d i n g .  I t  i s  f o u n d  t h a t  t h e  

d e v e l o p m e n t  o f  c e m e n t i n g  m a t e r i a l  a n d  

r e q u i r e m e n t  o f  c e m e n t i n g  m a t e r i a l  f o r  b o n d i n g  

t h e  p a r t i c l e s  a r e  n o t  i n  t h e  s a m e  p r o p o r t i o n  

a n d  w h i c h  d e p e n d s  u p o n  t y p e  o f  c l a y .  I n  v i e w  

o f  t h i s ,  i t  i s  o b s e r v e d  t h a t  t h e r e  e x i s t s  a n  

o p t i m u m  p a r t i c l e  s i z e  u p t o  w h i c h  t h e  l i m e  

s t a b i l i z a t i o n  o r  a n y  o t h e r  s t a b i l i z a t i o n  w i t h  

s i m i l a r  c h e m i c a l s  m a y  b e  m o r e  e f f e c t i v e .

I f  t h e  g r a i n s  a r e  b i g g e r  t h a n  t h e  o p t i m u m  s i z e ,  

s a y  g r a v e l ,  t h e n  a l t h o u g h  t h e  c o n t a c t  p o i n t s  

m a y  b e  l e s s ,  t h e  c e m e n t i n g  m a t e r i a l  p r o d u c e d  

m a y  n o t  b e  a d e q u a t e  t o  g i v e  t h e  d e s i r e d  

s t r e n g t h .

T h e  t y p e  o f  c l a y  m i n e r a l  a l s o  a f f e c t s  t h e  

a m o u n t  o f  s t a b i l i z i n g  a g e n t  t o  b e  i n c o r p o r a t e d

a s  p a r t  o f  i t  m a y  b e  u s e d  u p  f o r  b a l a n c i n g  

t h e  c h a r g e  d e f i c i e n c y .

T h e  d i f f u s i o n  o f  c a t i o n s  i n  t h e  s o i l - w a t e r  

s y s t e m  a l s o  a f f e c t s  c l a y  s t a b i l i z a t i o n .  T h i s  

p a r t i c u l a r  a s p e c t  m a y  b e  o f  im m e n s e  u s e  w i t h  

r e s p e c t  t o  l i m e  p i l e s  a n d  a l s o  h a r d e n i n g  o f  

s o f t  c l a y e y  s o i l s  w i t h  h y d r o x i d e s  w h i c h  a r e  

s o l u b l e  a n d  p a r t i a l l y  s o l u b l e  ( K a t t i  e t  a l ,

1 9 6 7 ) .

G e n e r a l  e x a m i n a t i o n  o f  l i t e r a t u r e  o n  s t a b i l i ­
z a t i o n  w i t h  l o n e ,  b r i n g  a b o u t  t h a t  t h e  f o l l o w i n g  

f a c t o r s  w h i c h  p l a y  a n  I m p o r t a n t  r o l e  : -

i )  S p e c i f i c  s u r f a c e  a r e a  o f  t h e  p a r t i c l e s ,

i i )  N o .  o f  c o n t a c t  p o i n t s ,

i l l )  p H  o f  t h e  s o i l - w a t e r  s y s t e m ,  

i v )  a m o u n t  o f  i o n s ,

v )  T e m p e r a t u r e ,  a n d

v i )  P r e s e n c e  o f  o r g a n i c  m a t t e r ,  e t c .

I t  a p p e a r s  b y  t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  

m e c h a n i c a l  a n a l y s i s  o f  t h e  s o i l  s y s t e m  a n d  

a l s o  t h e  r e a c t i o n  r a t e s  b e t w e e n  s o i l  p a r t i c l e s  

a n d  t h e  b a s i c  e n v i r o n m e n t  i t  m a y  b e  p o s s i b l e  

t o  d e v e l o p  a  r e a s o n a b l e  p h y s i c a l  a n d  

m a t h e m a t i c a l  m o d e l  t o  e v a l u a t e  t h e  p r o b a b l e  

s t r e n g t h  o f  a  s t a b i l i z e d  s o i l  s y s t e m  u s i n g  

i o n s .  T h i s  n e e d s  c e r t a i n  a m o u n t  o f  d i s c u s s i o n  

b y  p a n e l i s t s .

E L E C T R O -O S M O T IC  D R A IN A G E  A N D  E L E C T R O -C H E M IC A L  

S T A B I L I Z A T I O N

T h e  c o n c e p t  o f  e l e c t r o - o s m o s i s  h a s  b e e n  u s e d  

a s  a  m a j o r  s o i l  i m p r o v e m e n t  t e c h n i q u e  f o r  s o f t  

c l a y s  a n d  f i n e  g r a i n e d  s o i l s ,  e t c . ,  w h e r e i n ,  

t h e  f l o w  o f  w a t e r  t o w a r d s  t h e  e l e c t r o d e s  w o u l d  

t a k e  p l a c e  u n d e r  t h e  a p p l i e d  e l e c t r i c a l  

p o t e n t i a l  a n d  t h u s  i m p r o v e  t h e  s t r e n g t h  o f  t h e  

s o i l  s y s t e m .  T h e  e l e c t r o - o s m o s i s  i s  b a s e d  o n  

t h e  f o l l o w i n g  p r i n c i p l e  t -  A t  t h e  s o l i d -  

l i q u i d  i n t e r f a c e  t h e r e  i s  c o n c e n t r a t i o n  o f  

i o n s  d u e  t o  t h e  f o r m a t i o n  o f  ' d o u b l e  l a y e r ' .  

U n d e r  t h e  a p p l i c a t i o n  o f  e l e c t r i c a l  f i e l d  

p a r a l l e l  t o  s u r f a c e ,  t h e  i o n s  i n  t h e  i n n e r  

l a y e r  o f  t h e  l i q u i d  p h a s e  m o v e  t o w a r d s  e l e c t ­

r o d e  o f  o p p o s i t e  s i g n  a n d  d r a g  a l o n g  t h e  f r e e  

w a t e r  e n c l o s e d  b y  t h i s  m o v i n g  b o u n d a r y  f i l m .

C a s t g r a n d e  h a s  d e v e l o p e d  a n  e q u a t i o n  f o r  t h e  

v e l o c i t y  o f  f l o w  b a s e d  o n  H e l m h o l t z  t h e o r y  a s  :

4  .  •  T) .  L

W h e r e ,

&  »  d i e l e c t r i c  c o n s t a n t ,

y  “  z e t a  p o t e n t i a l ,

E  <B E l e c t r i c a l  p o t e n t i a l ,

T) =  f l u i d  v i s c o s i t y  a n d

L  =  d i s t a n c e  b e t w e e n  t h e  e l e c t r o d e s .

D u r i n g  e l e c t r o - o s m o s i s  t h e r e  i s  s t r e n g t h  g a i n  

c o n s e q u e n t  u p o n  t h e  v o l u m e  d e c r e a s e  ( M i t c h e l l ,
1 9 6 8 ) .
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M i t c h e l l  ( 1 9 6 8 )  h a s  i n d i c a t e d  t h a t  f o r  s o i l  

w a t e r  s y s t e m  c o n t a i n i n g  e l e c t r o l y t e s  t h e  

a p p l i c a t i o n  o f  e l e c t r i c a l  e n e r g y  c a u s e s  t h e  

f o l l o w i n g  c h a n g e s  : -

i o n  e x c h a n g e ,  i o n  d i f f u s i o n ,  g e n e r a t i o n  o f  

o s m o t i c  a n d  p H  g r a d i e n t s ,  d e s s i c a t i o n  f r o m  

t h e  h e a t  g e n e r a t e d  a t  t h e  e l e c t r o d e s ,  m i n e r a l  

d e c o m p o s i t i o n ,  p r e c i p i t a t i o n  o f  s e c o n d a r y  

m i n e r a l s ,  e l e c t r o l y s i s ,  h y d r o l y s i s ,  o x i d a t i o n ,  

r e d u c a t i o n ,  p h y s i c a l  a n d  c h e m i c a l  a d s o r p t i o n  

a n d  f a b r i c  c h a n g e .

B o i k o  h a s  r e p o r t e d  h a r d e n i n g  o f  a r g i l l a c e o u s  

s o i l  b y  e l e c t r o - c h e m i c a l  m e t h o d  ( P a v a t e  a n d  

K a t t i ,  1 9 7 5 ) .  I t  h a s  b e e n  i n d i c a t e d  f o r  s o i l  

w a t e r  s y s t e m  c o n t a i n i n g  e l e c t r o l y t e s  t h a t  t h e  

a p p l i c a t i o n  o f  e l e c t r i c a l  e n e r g y  c a u s e s  

a l t e r a t i o n  i n  c h e m i c a l  e n v i r o n m e n t  t o  a  l a r g e  

e x t e n t .  ( C u i s s e t ,  1 9 7 9 ) .

I n  c a s e  o f  B o m b a y  M a r i n e  c l a y  a l s o  u n d e r  t h e  

m a g n i t u d e  o f  v o l t a g e s  u s e d  i n  t h e  e l e c t r o ­
o s m o s i s  g e n e r a t e d  h i g h  c u r r e n t .  T h e  s t u d i e s  

s u b s e q u e n t l y  c o n d u c t e d  u s i n g  l o w  v o l t a g e  a n d  

c o n t r o l l i n g  c u r r e n t ,  b y  P a v a t e  a n d  K a t t i  ( 1 9 7 5 ) ,  

h a s  s h o w n  t h a t  t h e  h a r d e n i n g  h a s  m a i n l y  t a k e n  

p l a c e  i n  t h e  z o n e  w h e r e  p H  i s  s a y  a r o u n d  9  a n d  

a b o v e .  U n d e r  t h e  a p p l i e d  e l e c t r i c a l  p o t e n t i a l  

d i s s o c i a t i o n  o f  C l 2  t a k e s  p l a c e  r e s u l t i n g  i n

h i g h  p H  n e a r  c a t h o d e  z o n e  d u e  t o  f o r m a t i e n o f  

N a O H  a n d  l o w  p H  n e a r  t h e  a n o d i c  z o n e .  R e l e a s e  

o f  h y d r o g e n  t a k e s  p l a c e  n e a r  c a t h o d e .  T h i s  

t y p e  o f  c o n d i t i o n  b r i n g s  a b o u t  a  n e w  e n v i r o n ?  

m e n t  i n  t h e  m a r i n e  c l a y - w a t e r  s y s t e m .  T h e  

b a s i c  e n v i r o n m e n t  r e s u l t s  i n t o  l i b e r a t i o n  o f  

S iC >2 a n d  A 1 2 0 3> e t c .  t h a t  t o o  i n  n e s c e n t  s t a t e .

W i t h  t h e  i n c o r p o r a t i o n  o f  c h e m i c a l s  s u c h  a s  

C a C l2  i n  t h e  f o r m  o f  p i l e s ,  t r e n c h e s ;  i t  i s

p o s s i b l e  t o  b r i n g  a b o u t  h a r d e n i n g  o f  m a r i n e  

c l a y  f r o m  a  s t r e n g t h  a s  l o w  a s  0 . 0 5  k g / c o 2  

t o  a s  h i g h  a s  1 8  k g / c m 2 ,  w h i c h  i s  a t t r i b u t e d  

t o  f o r m a t i o n  o f  c o m p l e x  c a l c i u m - a l u m i n o - s i l i -  

c a t e  e t c .

I t  i s  a l s o  o b s e r v e d  t h a t ,  t h e  d i s s o c i a t i o n  

p e r i o d  i s  3 6  h o u r s .  A n y  a p p l i c a t i o n  o f  

e l e c t r i c a l  p o t e n t i a l  b d y o n d  t h i s  p e r i o d  h a s  

v e r y  l i t t l e  u s e .  I n  v i e w  o f  t h a t ,  t h e  

e l e c t r i c a l  p o t e n t i a l  n e e d  t o  b e  a p p l i e d  o n l y  

t o  c h a n g e  t h e  e n v i r o n m e n t .  A f t e r  w h i c h ,  t h e  

n o r m a l  c h e m i c a l  s t a b i l i z a t i o n  m e t h o d  c a n  b e  

e m p l o y e d  t o  i m p r o v e  t h e  s t r e n g t h  o f  m a r i n e  

c l a y s .  T h e  l a b o r a t o r y  s t u d i e s  i n d i c a t e  t h a t  

i t  i s  p o s s i b l e  t o  h a r d e n  a  l a r g e  a r e a  b y  

c o n t r o l l e d  p r o c e s s  o f  i n t e r c h a n g i n g  t h e  

e l e c t r o d e s  a n d  n e u t r a l i z i n g  t h e  a c i d i c  z o n e .

I t  a p p e a r s  t h a t  e l e c t r o c h e m i c a l  h a r d e n i n g  

s p e c i a l l y  f o r  m a r i n e  o r  s a l t  s a t u r a t e d  s y s t e m  

m a y  b e  o f  im m e n s e  p r a c t i c a l  a p p l i c a b i l i t y .
T h i s  t y p e  o f  m e t h o d  w o u l d  b r i n g  a b o u t  i n c r e a ­

s i n g  i n s i t u  s t r e n g t h  a n d  a l s o  t h e  r e d u c t i o n  i n  

t h e  s e t t l e m e n t  c h a r a c t e r i s t i c s  w i t h o u t  

a p p l i c a t i o n  o f  h e a v y  p r e - l o a d .

T h e  p a n e l i s t s  m a y  c o n s i d e r  g i v i n g  t h e i r  v i e w s  

o n  f u t u r e  a p p r o a c h  t o  t h i s  t y p e  o f  s o i l  

i m p r o v e m e n t  t e c h n i q u e .  T h e y  m a y  a l s o  g i v e  a  

g u i d a n c e  r e g a r d i n g  d i r e c t i o n  i n  w h i c h  t h e  

r e s e a r c h  s h o u l d  b e  t a k e n  u p  t o  m a k e  t h i s  

p r o c e s s  a  p r a c t i c a l l y  v i a b l e  o n e .

S A T U R A T E D  C L A Y -W A T E R  S Y S T E M

A s  m e n t i o n e d  e a r l i e r ,  i n  c a s e  o f  a  s a t u r a t e d  

c l a y - w a t e r  s y s t e m  a  l a r g e  n u m b e r  o f  c h a r g e d  

s u r f a c e s  o f  c l a y  p a r t i c l e s  a r e  a r r a n g e d  i n  

d i f f é r e n t  f o r m s  a t  v a r i o u s  d i s t a n c e s ,  

d e p e n d i n g  u p o n  t h e  v o i d  r a t i o .  I n  a d d i t i o n ,  

b e c a u s e  o f  t h e  p r e s e n c e  o f  o t h e r  t y p e s  o f  

i o n s ,  t h e  b o n d i n g  b e t w e e n  t h e  w a t e r  m o l e c u l e s  

a d j o i n i n g  t h e  c l a y  p a r t i c l e s  m a y  b e  n o t  o n l y  

d u e  t o  t h e  p h y s i c a l  a d s o r p t i o n  o f  w a t e r  a n d  

i o n s  b u t  a l s o  d u e  t o  t h e  c h e m i s o r p t i o n .

S t u d i e s  c o n d u c t e d  u s i n g  b e n t o n i t e  a t  d i f f e r e n t  

v o i d  r a t i o s  h a v e  c l e a r l y  s h o w n  t h a t  u n d e r  f u l l y  

s a t u r a t e d  c o n d i t i o n s  i n c r e a s e  i n  u c s  a n d  o r  

v a n e  s h e a r  s t r e n g t h  i s  a s s o c i a t e d  w i t h  d e c r e a s e  

i n  v o i d  r a t i o .  R e f e r  F i g .  5 .  I f  b e n z e n e  i s  

u s e d  i t  i s  c l e a r l y  o b s e r v e d  t h a t  t h e r e  i s  

h a r d l y  a n y  c o h e s i o n .  T h i s  c l e a r l y  i n d i c a t e d  

t h a t  r e d u c t i o n  i n  v o i d  r a t i o  h a s  b r o u g h  a b o u t  

c o n s i d e r a b l e  c h a n g e  i n  t h e  b o n d  s t r e n g t h  o f  

t h e  a b s o r b e d  w a t e r  i n  t h e  c l a y - w a t e r  s y s t e m .

S i m i l a r  e f f e c t s  a r e  o b s e r v e d  b y  e n g i n e e r i n g  

a n d  r e s e a r c h  w o r k e r s  i n  c a s e  o f  c l a y e y  s o i l s .  

T h i s  h a s  r e s u l t e d  i n t o  d e v e l o p i n g  p r e -  

c o n s o l i d a t i o n  c o n c e p t  a n d  m e t h o d s  t o  i m p r o v e  

t h e  s t r e n g t h  c h a r a c t e r i s t i c s  o f  t h e  c l a y  

d e p o s i t s ,  f o r  e n g i n e e r i n g  c o n s t r u c t i o n  

( J o h n s o n ,  1 9 6 8 ;  M i t c h e l l ,  1 9 6 8 ) .

V O ID  R A T IO

F I G . 5 .  V A R IA T IO N  O F  S H E A R  S T R E N G T H  W IT H  V O ID  

R A T IO

I n  c a s e  o f  c l a y e y  d e p o s i t s  w h e n  t h e  v o i d  

r a t i o  g o e s  o n  d e c r e a s i n g  t h e  u n c o n f i n e d  

c o m p r e s s i v e  s t r e n g t h  i n c r e a s e s  s i g n i f i c a n t l y  

a s  s h o w n  i n  F i g .  5 .  T h e s e  e f f e c t s  a r e  m o r e  

p r e d o m i n e n t  w h e n  v o i d  r a t i o  d e c r e a s e s  b e l o w

0 . 7 .  T h e  i n c r e a s e  i n  u c s  m a y  b e  n o t  o n l y  

d u e  t o  t h e  p h y s i c a l  a d s o r p t i o n  b u t  a l s o  d u e  

t o  c h e m i s o r p t i o n .  S u c h  e f f e c t s  a r e  o b s e r v e d  

i n  c a s e  o f  o v e r - c e n s o l i d a t e d  c l a y s  a n d  s h a l e s  

( S k e n p t o n ,  1 9 6 4 ) .  T h e  h i g h  s t r e n g t h  i n  o v e r -  

c o n s o l i d a t e d  c l a y  a n d  s h a l e s  h a s  b e e n
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a t t r i b u t e d  t o  t h e  d i a g e n e t i c  b o n d s  ( B J e r r u m ,  

1 9 7 6 ) .

F r o m  t h e  a b o v e  d i s c u s s i o n  i t  i s  c l e a r  t h a t  t h e  

c h a n g e s  o n  t h e  s u r f a c e  o f  c l a y  p a r t i c l e s ,  i n  

o t h e r  w o r d s ,  t h e  e l e c t r i c a l  e n v i r o n m e n t  

i n f l u e n c e  s i g n i f i c a n t l y  t h e  b o n d  s t r e n g t h  

b e t w e e n  t h e  w a t e r  m o l e c u l e s  i n  t h e  c l a y  w a t e r  

s y s t e m  u n d e r  v a r i o u s  v o i d  r a t i o  c o n d i t i o n s  

d u e  t o  t h e  p h e n o m e n o n  o f  a d s o r p t i o n .  T h e  

c o h e s i v e  f o r c e  d e v e l o p e d  b e t w e e n  t h e  a d j o i n i n g  

p a r t i c l e s  d u e  t o  t h e  e l e c t r i c a l  e n v i r o n m e n t  

m a y  b e  s e v e r a l  t i m e s  h i g h e r  t h a n  t h e  w e i g h t  o f  

t h e  p a r t i c l e s .  T h e  o v e r a l l  s t r e n g t h  o f  a  

s a t u r a t e d  c l a y - w a t e r  e l e m e n t  a t  a  g i v e n  d e p t h  

i s  c o n t r i b u t e d  b o t h  b y  t h e  f r i c t i o n a l  

c h a r a c t e r i s t i c s  o f  t h e  s o i l  p a r t i c l e s  a n d  a l s o  

b y  t h e  m a g n i t u d e  o f  e l e c t r i c a l  e n v i r o n m e n t  

e x i s t i n g  i n  t h e  c l a y - w a t e r  s y s t e m .

T h u s ,  w h i l e  d e a l i n g  w i t h  t h e  m e c h a n i c s  o f  

c l a y - w a t e r  s y s t e m  o r  o f  c o h e s i v e  d e p o s i t s  i t  

m a y  b e  n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t ,

( 1 )  w e i g h t  o f  t h e  c l a y  p a r t i c l e s ,  ( i i )  w e i g h t  

a n d  p r o p e r t i e s  o f  w a t e r  a n d  ( i l l )  m a g n i t u d e  

o f  e l e c t r i c a l  e n v i r o n m e n t ,  e t c .

S T R E N G T H  D E V E L O P M E N T  I N  C L A Y  D E P O S IT S  

C O N T A IN IN G  M O N T M O R IL L O N IT  E  T Y P E  O F  C L A Y  

M IN E R A L

T h e  i n f l u e n c e  o f  t h e  e l e c t r i c a l  e n v i r o n m e n t  

o n  t h e  s t r e n g t h  a n d  o t h e r  a s p e c t s  h a s  b e e n  

d e m o n s t r a t e d  i n  c a s e  o f  c l a y e y  s o i l  d e p o s i t s  

c o n t a i n i n g  h i g h  a m o u n t  o f  m o n t m o r i l l o n i t e  

t y p e  o f  c l a y  m i n e r a l ,  i n  I n d i a .  I n  t h i s  w o r k  

t h e  f o l l o w i n g  a s p e c t s  a r e  c l e a r l y  b r o u g h t  

a b o u t .

I .  T h e  c l a y e y  s o i l  d e p o s i t  h a v i n g  s w e l l i n g
2

p r e s s u r e  o f  3 . 0  t o  5 . 0  k g / c m  i s  f o u n d  

t o  e x h i b i t  n o  v o l u m e  c h a n g e  a t  a  d e p t h  

o f  1 . 0  t o  1 . 5  m o f  s o i l  o v e r b u r d e n  

w h i c h  i s  e q u i v a l e n t  t o  t h e  p r e s s u r e  o f  

0 . 2  t o  0 . 3  k g / c m  .

I I .  T h e  s h e a r  s t r e n g t h  a n d  c o h e s i o n

i n c r e a s e s  r a p i d l y  w i t h  d e p t h  a n d  r e m a i n  

c o n s t a n t  a s  s h o w n  i n  F i g .  6  ( K a t t i  e t  a l ,

1 9 7 9 ) .

I I I .  T h e  r e s u l t  b a s e d  o n  t h e  l a t e r a l  p r e s s u r e  

m e a s u r e m e n t s  h a v e  s h o w n  t h a t  t h e  l a t e r a l  

p r e s s u r e  o f  t h e  o r d e r  o f  3 . 0  t o  5 . 0

k g / c m  i s  o b s e r v e d  a t  d e p t h  o f  1. 0  t o
1 . 5  m a s  s h o w n  i n  F i g .  6 ,  a l t h o u g h  t h e r e  

e x i s t s  c o h e s i o n  o f  t h e  o r d e r  o f
O

0 . 7  k g / c m  .  W i t h  t h i s  c o h e s i o n  a s  p e r  

t h e  c o n v e n t i o n a l  e q u a t i o n s  o f  a c t i v e  

p r e s s u r e :

a a  =  y  h  t a n 2  ( 4 5 - < J / 2 )  -  2 c  t a n  ( 4 5 - < J / 2 )

t h e r e  s h o u l d  n o t  h a v e  b e e n  a n y  l a t e r a l  

p r e s s u r e  u p t o  6 . 0  m .

I V .  T h e  s t u d i e s  w i t h  d e a d l o a d  s u r c h a r g e s  

h a v e  s h o w n  t h a t  e v e n  a f t e r  t h e  r e m o v a l  
o f  s u r c h a r g e  c o n s i d e r a b l e  l a t e r a l  

p r e s s u r e  i s  r e t a i n e d  a n d  t h e  c o h e s i o n  i s  

f o u n d  t o  b e  c o n s i d e r a b l y  i n c r e a s e d .

R e f .  F i g .  7 .

F I G . 6 . S T U D IE S  O N B LA C K . C O T T O N  S O IL  

FRO M  P O O N A

L A TE R A L  P R ES S U R E W ITH 

R E L E A S E

LO CK EO LA TE R A L  

P R E S S U R E

E Q .L A TE R A L  P R ES S U R E 

U N D E R  I N ITI AL SUR CH AR GE

1 2  3  4  5  6 

S U R C H A R G E ,  k g / c m  2

F I G . 7 .  R E S U L T S  O F L A T E R A L  P R E S S U R E  S T U D IE S  

W IT H  S U R C H A R G E S

V .  A  c o h e s i v e  n o n - s w e l l i n g  s o i l  o f  1 . 0  t o

1 . 5  m t h i c k n e s s  h a v i n g  n o  s w e l l i n g  

p r e s s u r e  b u t  e x h i b i t i n g  c o h e s i o n  i s  

f o u n d  t o  p r o d u c e  n o  v o l u m e  c h a n g e  c o n d i ­

t i o n  i n  b l a c k  c o t t o n  s o i l  b e l o w .  T h i s  

c o n c e p t  o f  C N S  s o i l  h a s  b e e n  a p p l i e d  

e x t e n s i v e l y  i n  M a l a p r a b h a  a n d  U p p e r  

K r i s h n a  P r o j e c t ,  K a r n a t a k a  S t a t e ,  I n d i a ,  

f o r  c o n s t r u c t i o n  o f  c a n a l s ,  d a m s  c r o s s  

d r a i n a g e  s t r u c t u r e s ,  e t c .  ( K a t t i ,  1 9 7 8 ;  

K a t t i  e t  a l  1 9 7 8 ) .

T h e  d e v e l o p m e n t  o f  c o h e s i o n  i s  f o u n d  t o  b e  

r e l a t e d  t o  i n t e r a c t i o n  o f  e l e c t r i c a l  c h a r g e  o n  

s u r f a c e  a n d  t h e  d i p o l a r  n a t u r e  o f  w a t e r ,  a s  

m e n t i o n e d  e a r l i e r .  T o  u n d e r s t a n d  t h e  a b o v e  

e f f e c t s  a n d  t o  s e e  w h e t h e r  t h e r e  e x i s t s  a  

r e l a t i o n  b e t w e e n  t h e  l a t e r a l  p r e s s u r e  a n d  

f o r c e s  b a l a n c i n g  o f  i t  a t  s h a l l o w  d e p t h s ,  t h e  

f o l l o w i n g  p h y s i c a l  a n d  m a t h e m a t i c a l  m o d e l s  

h a v e  b e e n  p u t  f o r t h .

M i c r o  P a r t i c l e  M o d e l

T h e  c l a y  f r a c t i o n  i n  t h e  e x p a n s i v e  s o i l  i s  

i d e a l i z e d  b y  a s s u m in g  t h e  p a r t i c l e s  t o  b e  

c o n s i s t i n g  o f  z l e  2 u  x  2 j i  x  2 ^  w i t h  s p l i t  a s  

s h o w n  i n  F i g .  8 ,  w i t h  a  s p r i n g  h a v i n g  

e x p a n s i o n  c h a r a c t e r i s t i c s  i n  C  d i r e c t i o n  

s i m i l a r  t o  t h a t  o f  m o n t m o r i l l o n i t e  t y p e  o f  

c l a y  m i n e r a l  ( K u l k a r n i  a n d  K a t t i ,  1 9 7 3 ) .

W i t h  t h e  h e l p  o f  t h i s  m o d e l  i t  i s  p o s s i b l e  t o  

e x p l a i n  e q u a l  m a g n i t u d e  o f  p r e s s u r e  i n  

l a t e r a l  a n d  v e r t i c a l  d i r e c t i o n s ,  o n  t h e  b a s i s  

o f  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  t h e

O— » - N A T U R A L  S O IL  ,  »----- * - S O I L + 5  '/ .S A N D

* —• - S O IL  +  10 ^ S A N D  5  * ----- 4 - S 0 I L - *  1 5 % S A N D

S O I L + 2 0 % S A N D

L A TE R A L  P R ES S U R E )k g / c m 2 S H E A R  S TR E N G TH ,  kg / cm
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P R E D O M IN A N T  

S W E L L IN G  A C T IO N

1

V E R T IC A L  C O M P O N E N T  

O F  S W E L L IN G  P R E S S U R E

S Y M B O L IC  

C L A Y  P A R T IC L E

M O D E L  O F 

C L A Y  P A R T IC L E

a )  C L A Y  P A R T IC L E  M O D E L A N D  I T S  

E X P A N S IO N
b )  O R IE N T A T IO N  O F  C L A Y  P A R T IC L E S  

A N D  S W E L L IN 3  P R E S S U R E  

C O M P O N E N TS

F I G . 8 .  M IC R D - P A R T IC L E  M O D E L

3 4 5 6 

S W E L L IN G  , u  

C) R E L A T IO N S H IP  B E T W E E N  

S W E L L IN G  A N D  S W E L L IN G  

P R E S S U R E  O N AN  

I N D I V I D U A L  C L A Y  P A R T IC L E

r a n d o m l y  d i s t r i b u t e d  p a r t i c l e  a s  s h o w n  i n  

F i g .  8 .

B y  c o n s i d e r i n g  1 / 3  p a r t i c l e s  d i s t r i b u t e d  w i t h  

t h e i r  c  a x i s  o r i e n t e d  i n  e a c h  o f  t h e  x ,  y  a n d  

z  a x e s ,  t h e  a p p a r e n t  e f f e c t  o f  t h e  p r e s s u r e  

b e c o m e s  a s  t h o u g h  t h e  p r e s s u r e  d i s t r i b u t i o n  

i s  i s o t r o p i c  i n  n a t u r e .  F u r t h e r  i t  i s  p o s s i b l e  

t o  r e l a t e  t h e  s w e l l i n g  p r e s s u r e  o f  t h e  m e d ia  

t o  t h a t  o f  a n  i n d i v i d u a l  p a r t i c l e  u s i n g  t h e  

e q u a t i o n .

q 8W  x  1  x  1

s w i

è

W h e r e i n ,

q  *  a  S w e l l i n g  p r e s s u r e  o f  a n  e q u i v a l e n t  

i n d i v i c k i a l  p a r t i c l e ,  k g / c i r

P  *  C l a y  c o n t e n t  yi

q  a  m e a s u r e d  s w e l l i n g  p r e s s u r e ,  

k g / c m 2 ;  a n d

-  i n i t i a l  v o i d  r a t i o

S w e l l i n g  a n d  s w e l l i n g  p r e s s u r e  o f  a n  

i n d i v i & i a l  p a r t i c l e  c a n  b e  c o r r e l a t e d  a s  

s h o w n  i n  F i g .  8 .

C o h e s i o n  M o d e l

W o r k  d o n e  w i t h  r e s p e c t  t o  t h e  l a r g e  s c a l e  

t e s t  o r  i n  t h e  f i e l d  h a v e  s h o w n  t h a t  h i g h  

m a g n i t u d e  o f  s w e l l i n g  p r e s s u r e  i s  b a l a n c e d  

b y  t h e  c o h e s i o n .  T o  e x p l a i n  t h i s ,  a  c o h e s i o n  

m o d e l  i s  p r o p o s e d ;  b a s e d  o n  s i m i l a r  l i n e s  t o  

t h a t  o f  K o z e n y ' s  i d e a l i z a t i o n  f o r  f l o w  t h r o u g h  

p i p e s .

I n  t h i s  c a s e  s w e l l i n g  p a r t i c l e s  a r e  m o v i n g  

w i t h  r e s p e c t  t o  t h e  a d j o i n i n g  a d s o r b e d  w a t e r  

s y s t e m  w h i c h  p o s s e s s e s  v a r y i n g  d e g r e e  o f  

c o h e s i o n .  T h e  d e v e l o p e d  c o h e s i o n  c a n  b e  

c o n c e i v e d  a s  b e i n g  a b l e  t o  b r i n g  a b o u t  t h e  

r e s i s t i n g  f o r c e s  t o  c o u n t e r a c t  t h e  s w e l l i n g  

p r e s s u r e .  I n  c a s e  o f  c l a y e y  s o i l s  h a v i n g  c l a y

m i n e r a l s  w i t h  e x p a n d i n g  l a t t i c e  s t r u c t u r e ,  

t h e  o u t w a r d  f o r c e s  g e t  d e v e l o p e d  d u e  t o  t h e  

i n g r e s s  o f  w a t e r  i n t o  t h e  i n t e r l a y e r  a n d  

c o h e s i v e  f o r c e s  a r e  d e v e l o p e d  a r o u n d  t h e  c l a y  

p a r t i c l e  d u e  t o  f o r m a t i o n  o f  a d s o r b e d  w a t e r .  

B o t h  t h e s e  a c t i o n s  t a k e  p l a c e  s i m u l t a n e o u s l y .  

H o w e v e r ,  t h e  a d s o r b e d  w a t e r  f i l m  m a y  g e t  

f o r m e d ,  a r o u n d  t h e  p a r t i c l e  a t  a  f a s t e r  r a t e  

t h a n  t h e  i n g r e s s  o f  w a t e r  i n t o  t h e  i n t e r l a y e r  

c a u s i n g  e x p a n s i o n .  T h e  c o h e s i v e  f o r c e s  t h u s  

d e v e l o p e d  m a y  b e  e f f e c t i v e  i n  r e s i s t i n g  t h e  

h e a v e .  I n  o t h e r  w o r d s  t h e  r e s i s t a n c e  t o  

h e a v i n g  o r  e x p a n s i o n  d e p e n d s  o n  h o w  m u c h  a n d  

h o w  f a s t  t h e  c o h e s i v e  f o r c e s  a r e  d e v e l o p e d  

a r o u n d  t h e  p a r t i c l e .

I n  t h e  m e d i a ,  h o w e v e r ,  i n c i p i e n t  m o v e m e n t  o f  

c e r t a i n  c l a y  p a r t i c l e s  w i t h  r e s p e c t  t o  t h e  

a d j o i n i n g  o n e s  r e s u l t s  i n  t h e  m o b i l i z a t i o n  o f  

c o h e s i o n .  C o n s i d e r i n g  i d e a l i z e d  p a r t i c l e s  a s  

s h o w n  i n  F i g .  9 ,  i t  c a n  b e  s h o w n  t h a t

Q Sw  ■  3 . 3 3  Cu  f o r  c y l i n d r i c a l  p a r t i c l e s ,

Q > w  -  5 . 0  C y  f o r  c u b i c a l  p a r t i c l e s  

F o r  g e n e r a l  c o n d i t i o n ,

6WV * U

W h e r e i n ,  a  i s  s h a p e  f a c t o r  ( J o s h i  a n d  K a t t i ,

1 9 8 0 ) .

T h i s  m o d e l  i n d i c a t e s  t h a t  e l e c t r i c a l  

e n v i r o n m e n t  r a t h e r  t h a n  t h e  g r a v i t a t i o n a l  

f o r c e  s y s t e m  a l o n e  c o n t r o l s  t h e  o v e r a l l  

e q u i l i b r i u m .

T h e  a b o v e  w o r k  s h o w s  t h a t  t h e  d r a g  f o r c e s ,  

d u e  t o  a d s o r b e d  w a t e r  w h i c h  i s  c a u s i n g  

c o h e s i o n ,  a r e  d e v e l o p e d  w h e n  a  c l a y  p a r t i c l e  

i n  s o i l  d i s p l a c e s  w i t h  r e s p e c t  t o  t h e  

c o n t i n u o u s  s a t u r a t e d  a d s o r b e d  w a t e r .

S E T T L E M E N T  C H A R A C T E R IS T IC S  O F  C L A Y E Y  D E P O S IT S  

U N D E R  I N F I N I T E  F I L L

M a n y  l o w  l y i n g  a r e a s  i n  c o a s t a l  a n d  l a k e  

d e p o s i t s  a r e  i n u n d a t e d  d u r i n g  h i g h  t i d e s  o n  

e x t r e m e  r a i n y  s e a s o n .  I n  l a r g e  n u m b e r  

o f  c a s e s ,  1 . 0  t o  3 . 0  m o f  f i l l  i s  n o r m a l l y  

a d o p t e d  f o r  r e c l a m a t i o n .  M a n y  o f  t h e s e
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S O L ID  P A R T IC L E S E L E C T R IC A L

C H A R G E S

A L T E R E D  W A T E R  

G IV IN G ' C O H E S IO N

a) SOIL PARTICLES E X P ANDING IN

RELATION TO A L T E R E D  W A T E R  SYSTEM 

(Kozeny’s reverse model)

W A T E R  E N T E R IN G  

IN T R A  L A Y E R  

D E V E L O P IN G  S W E L L IN G  

F O R C E

b)EXPANDING PARTICLE

W A T E R  U N D E R  T H E  

I N F L U E N C E  O F  

E L E C T R IC A L  C H A R G E S

o c a - S * =  R E S I S T A N C E  F O R C E

q s w i  =  S W E L L IN G  P R E S S U R E  D U E  

IN D IV ID U A L  P A R T IC L E

q s w  =  S W E L L IN G  P R E S S U R E  O F

E Q U IV A L E N T  C U M U L A T IV E  S O IL  

P A R T IC L E  IN A  V O L U M E  A x d

P = A s - q s w i  =  A - q s w  =  o c A . S i + W  

c) Forces on invidual expanding particle

F I G . 9 .  C O N C E P T U A L  O O H E S IO N  M O D E L

d) Expanding particle with adsorbed 

water layer resisting the expansive

forces

d e p o s i t s  c o n s i s t  o f  a  c l a y e y  s o i l s  a l t e r n a t i n g  

w i t h  s i l t y  C l a y ,  s a n d ,  e t c .  S o m e t im e s  v e r y  

s o f t  c l a y s  a r e  u n d e r l y i n g  v e r y  s t i f f  c l a y s .  

A n n a t t e m p t  i s  m a d e  t o  v i s u a l i z e  t h e  r o l e  

p l a y e d  b y  t h e  a d s o r b e d  w a t e r  i n  r e s p e c t  o f  

s e t t l e m e n t  c h a r a c t e r i s t i c s  o f  t h e  c l a y - w a t e r  

s y s t e m  s u b j e c t e d  t o  i n f i n i t e  f i l l  l o a d i n g .

A  s a t u r a t e d  a d s o r b e d  w a t e r  c l a y  s y s t e m  m a y  

b e  p i c t u r i s e d  a s  c l a y  p a r t i c l e s  c o n n e c t e d  t o  

e a c h  o t h e r  b y  s p r i n g  a t  p a r t i c u l a t e  l e v e l .  

R e f e r  F i g .  1 0 .  W h e n  t h e  s o l i d  p a r t i c l e s  t r y  

t o  m o v e  u n d e r  a  s t r e s s  i t  c a n  b e  e x p e c t e d  

t h a t  t h e  c o h e s i o n  d u e  t o  t h e  b o n d s  i n  

a d s o r b e d  w a t e r  a l s o  n e e d  t o  b e  o v e r c o m e .
F r o m  t h i s  i t  c a n  b e  s t a t e d  t h a t  t h e  s t r e s s  

t r a n s m i t t e d  t o  a  c l a y  a n d  o t h e r  s o i l  p a r t i c l e s  

a t  d e p t h s  i s  n o t  s i m i l e r  t o  t h a t  o b t a i n e d  b y  

n o r m a l  s t r e s s  d i s t r i b u t i o n  t h e o r i e s .  F o r  t h i s

p u r p o s e ,  i t  i s  n e c e s s a r y  t o  t a k e  i n t o  

c o n s i d e r a t i o n  t h e  s t r e s s  t r a n s m i t t e d  t o  

a d s o r b e d  w a t e r  a l s o .

t h e

W h e n  t h e  s t r e s s  t r a n s m i t t e d  f r o m  a  f i l l  l o a d  i s  

m u c h  l e s s  t h a n  t h e  c o h e s i v e  f o r c e  d u e  t o  

a d s o r b e d  w a t e r  b o n d s  i n  t h e  u n d e r l y i n g  

c l a y - w a t e r  s y s t e m ,  t h e  p o r e  p r e s s u r e  m a y  n o t  

d e v e l o p .  S e c o n d l y  a d s o r b e d  w a t e r  m a y  p r o d u c e  

d r a g  o n  t h e  s o i l  p a r t i c l e s  a n d  t h u s  t h e  

s t r e s s e s  t r a n s m i t t e d  f r o m  g r a i n  t o  g r a i n  i n  

t h e  l a y e r  b e l o w ,  m a y  n o t  b e  o f  c o n v e n t i o n a l  

t y p e .  I n  s u c h  a  s i t u a t i o n  v e r y  l i t t l e  s t r e s s  

i s  t r a n s m i t t e d  t o  l o w e r  l a y e r  a n d  t h e  s e t t l e ­
m e n t  m a y  n o t  b e  a s  p d r  t h e  c a l c u l a t i o n  b a s e d  

o n  n o r m a l  c o n s o l i d a t i o n  t h e o r y .

However ,  i f  t he l oads act i ng ar e hi gher  t han
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IDEALIZED CLAY 
PARTICLE.

COMPRESSIBILITY
CHARACTERISTIC

ABSORBED WATER 
HAVING COHESION

F I G . 1 0 . C O N C E P T U A L  S A T U R A T E D  A D S O R B E D  W A T E R -  

C L A Y  S Y S T E M  S U B J E C T E D  T O  F I L L  L O A D

t h e  c o h e s i v e  b o n d s ,  t h e r e  i s  a  p o s s i b i l i t y  o f  

b r e a k i n g  o f  a d s o r b e d  w a t e r  b o n d s  a n d  c h a n g i n g  

i n t o  a  d i f f e r e n t  t y p e  o f  b o n d .  O n c e  t h e  b o n d s  

b r e a k  t h e  m a t e r i a l  m a y  a p p e a r  a s  t h o u g h  i t  i s  

c o n v e n t i o n a l  p a r t i c u l a t e  s y s t e m  w i t h  d e v e l o p ­
m e n t  o f  p o r e  p r e s s u r e .  I n  c a s e ,  t h e  c o h e s i v e  

f o r c e s  a r e  f a r  h i g h e r  t h a n  t h e  l o a d  c o m i n g  o n  

t h e m ,  t h e  d r a g  f o r c e  h a s  t o  b e  t a k e n  ¡n ' t ©  

a c c o u n t  a n d  t h e  s e t t l e m e n t  e q u a t i o n s  o f  t h e  

f o r m  g i v e n  b e l o w  m a y  b e  d e v e l o p e d .

T o t a l  s e t t l e m e n t

S n  ■  a

Rml

' r [
R » 1

p  -  n . ß  -  p o  

p  -  n . p  +  p o

W h e r e ,  a  =  s h a p e  f a c t o r .

P = Na 412 .C u

p  *  a p p l i e d  p r e s s u r e

p o  a  i n i t i a l  p r e s s u r e

C u  -  d r a g  f o r t e  d e v e l o p e d  d u e

t o  c o m p r e s s i o n  o r  c o n s o l i d a t i o n

N .  «  n o .  o f  c l a y  p a r t i c l e s  p e r  u n i t  

l a y e r ;  a n d

1 =  w i d t h  o f  c l a y  p a r t i c l e .

T h e  a b o v e  m e n t i o n e d  e f f e c t s  a r e  o b s e r v e d  i n  

2  s i t u a t i o n s  i n  I n d i a .

C a s e  I

I n  c a s e  o f  B o m b a y  m a r i n e  c l a y  h a v i n g  C(J =

0 . 1  t o  0 . 1 5  k g / c m 2  a  f i l l  o f  e v e n  1 . 0  t o  2 . 0  m ,

w h i c h  i s  e q u i v a l e n t  t o  s t r e s s  o f  0 . 1 8  t o  0 . 3 5
2

k g / c m  ,  p r o d u c e d  1 5  t o  2 0  c m  s e t t l e m e n t  a l m o s t  

a s  p e r  t h e  c o n v e n t i o n a l  t h e o r y .  I n  t h i s  c a s e  

t h e  a p p l i e d  f i l l  l o a d  i s  a d e q u a t e  t o  b r e a k  

t h e  c o h e s i v e  b o n d s .  ( K a t t i  e t  a l ,  1 9 7 4 ) .

I n  H a l d i a  s i m i l a r  s o f t  c l a y e y  s t r a t a  i s  

o v e r l a i n  b y  3  t o  4  m o f  s t i f f  c l a y ,  a s  s h o w n  

i n  F i g .  1 1 .  W h e n  a n  i n f i n i t e  f i l l  s i m i l a r  t o  

t h a t  i n  B o m b a y  M a r i n e  c l a y  w a s  p l a c e d  o n  

t o p  o f  i t ,  h a r d l y  a n y  s e t t l e m e n t  w a s  o b s e r v e d .
I n  r e a l i t y  a s  p e r  t h e  n o r m a l  m e t h o d  o f  a n a l y s i s  

f o r  s e t t l e m e n t  t h e  g r o u n d  s h o u l d  h a v e  s e t t l e d  

c o n s i d e r a b l y  h i g h ,  a s  i n  c a s e  o f  B o m b a y  M a r i n e  

c l a y  b e c a u s e  o f  t h e  p r e s e n c e  o f  v e r y  s o f t  c l a y  

b e l o w  s t i f f  c l a y .  T h i s  e f f e c t  m a y  b e  a t t r i ­
b u t e d  t o  d r a g  f o r c e s  c a u s e d  b y  t h e  a d s o r b e d  

w a t e r  o n  t h e  p a r t i c l e s  t r y i n g  t o  c a u s e  d i s p l a c e ­
m e n t / s e t t l e m e n t  i n  t h e  s t i f f  l a y e r .  A s  t h e  

r e s i s t i n g  f o r c e s  d u e  t o  c o h e s i v e  b o n d  a r e  

h i g h e r  t h a n  f i l l  l o a d s ,  t h e  t y p e  o f  s e t t l e m e n t  

i s  d i f f e r e n t  ( K a t t i  e t  a l ,  1 9 7 6 ) .

Case I I
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BROWNISH GREY SILTY- 
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B-4 AT HALADIA.

I n  v i e w  o f  t h i s  i t  a p p e a r s  t h a t  t h e  m a g n i t u d e  

o f  c o h e s i o n  i n  r e l a t i o n  t o  n a t u r e  o f  f i l l  a n d  

i t s  e x t e n t  m a y  h a v e  c o n s i d e r a b l e  e f f e c t  o n  

s e t t l e m e n t  a s p e c t s .  T h i s  b e h a v i o u r  w i l l  

a f f e c t  c o n s i d e r a b l y  t h e  i m p r o v e m e n t  o f  s o f t  

c l a y  u n d e r l a i n  b y  s t i f f  c l a y  u s i n g  p r e l o a d i n g  

t e c h n i q u e .  T h i s  i s  v e r y  i m p o r t a n t  i n  c a s e  o f  

c o m p u t a t i o n  o f  n e g a t i v e  s k i n  f r i c t i o n .  T h i s  

a s p e c t  i n f l u e n c e s  c o n s i d e r a b l y  t h e  s h e a r  

s t r e n g t h  d e v e l o p m e n t  i n  c l a y e y  s o i l s .

I t  i s  a p p r e c i a t e d  t h a t  t h e  p a n e l i s t s  c o u l d  

e n l i g h t e n  o n  s i m i l a r  s i t u a t i o n  a n d  s u g g e s t  

a p p r o a c h  t o  b e  a d o p t e d  f o r  f u t u r e  r e s e a r c h .  

T h i s  w i l l  h a v e  c o n s i d e r a b l e  b e a r i n g  o n  

i m p r o v e m e n t  o f  c l a y e y  s o i l s  u s i n g  f i l l s  a n d  

a l s o  b y  s a n d  d r a i n s ,  e s p e c i a l l y  w h e n  t h e  u p p e r  

c r u s t  i s  h a v i n g  v e r y  h i g h  c o h e s i o n .

F r o m  t h e  a b o v e  d i s c u s s i o n  i t  i s  c l e a r  t h a t  

i t  w e  w a n t  t o  m a k e  s c i e n t i f i c  p r o g r e s s  i n  t h e  

a r e a  o f  s o i l  i m p r o v e m e n t  o f  c o h e s i v e  s o i l s ,  

i t  m a y  b e  n e c e s s a r y  t o  v i e w  t h e  s a t u r a t e d  

c l a y - w a t e r  s y s t e m  n o t  m e r e l y  t w o  p h a s e  s y s t e m  

c o n s i s t i n g  o f  s o i l  p a r t i c l e  a n d  l i q u i d  w a t e r ;  

b u t  a s  a  t h r e e  p h a s e  s y s t e m  c o n s i s t i n g  o f  s o i l  

p a r t i c l e s ,  w a t e r  a n d  w e i g h t l e s s  e l e c t r i c a l  

e n v i r o n m e n t  w f t i c h  i n f l u e n c e s  b o t h  c l a y  a n d  

w a t e r  s y s t e m .  L a c k  o f  m e a s u r i n g  i n s t r u m e n t s  

t o  e v a l u a t e  b o n d  s t r e n g t h  b e t w e e n  w a t e r  

m o l e c u l e s  a n d  b e t w e e n  w a t e r  m o l e c u l e  a n d  s o i l
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p a r t i c l e  h a s  c o n s i d e r a b l y  h a m p e r e d  t h e  

d e v e l o p m e n t  o f  m e c h a n i c s  g o v e r n i n g  I m p r o v e m e n t  
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I  woul d l i ke t o compl i ment  Pr of  Kat t i  f or  hi s l eadi ng 
paper  par t i cul ar l y  t hat  por t i on whi ch r ef er s  t o 
chemi cal  s t abi l i zat i on by  i oni c ^ exchange. Ther e i s a 
ver y r eal  need f or  t he Geot echni cal  engi neer  t o gr asp 
t he net t l e of  t he f undament al s  of  c l ay  mi ner al ogy  i f  
any advance i s t o be made i n t hi s subj ect  ar ea.  For  
at  l east  t hr ee decades now we have r el i ed on empi r i cal  
appr oaches t o chemi cal  s t abi l i zat i on and t hi s wi l l  not  
ser ve our  pur pose wel l .  Recal l  your  own exper i ence 
gent l emen;  t hey  pr obabl y  par al l el  mi ne.  These ar e t he 
t ypi cal  ar eas;  chemi cal  s t abi l i zat i on l ar gel y  wi t h 
cement  or  hydr at ed l i me has been f ound t o be a 
modi f y i ng agent  i n mak i ng heavy  soi l  of  hi gh pl as t i c i t y  
i ndex manageabl e,  i t  has been used t o j us t i f y  t he use 
of  bor der l i ne mat er i al s  f or  r oad const r uc t i on because 
we f i nd t hat  i n l abor at or y  condi t i ons  we can per suade 
our sel ves  t hat  a smal l  opt i mum per cent age of  addi t i ve 
wi l l  br i ng t he P. I .  wi t hi n spec i f i cat i on or  pr oduce a
C. B. R.  or  unconf i ned s t r engt h t hat  meet s  an empi r i cal  
st andar d.

I f  we have per s i s t ed we may  have f ound t hat  f or  i nst ance 
i n us i ng a base exchange pr ocess t o conver t  a cal c i um 
r i ch mont mor i l l or i t e t o a sodi um r i ch one t o ser ve as a 
bent oni t e t hat  onl y  par t i cul ar  r anges of  t emper at ur e,  
pH and sol ut i on concent r at i ons  of  spec i f i c  chemi cal s  
wi l l  achi eve t hi s.  At  t hi s st age of  exper i ence we ar e 
pr obabl y  begi nni ng t o be abl e t o f or mul at e t he quest i ons  
we must  put  t o t he col l oi d chemi s t s  and nuc l ear  
physi c i s t s .  However  t he maj or i t y  of  us wi l l  f i nd our  
backgr ound i n chemi s t r y  t oo spar se or  we may  s i mpl y  be 
f r i ght ened by  mol ecul es  and i ons whi ch ar e bot h t oo smal l  
t o see and whi ch compl i cat e anal ys i s  by  const ant  
mov ement .

My  pl ea t her ef or e i s f or  a gr eat er  educat i onal  i nput  i n 
c l ay  mi ner al ogy.  An engi neer i ng gr aduat e must  be abl e 
t o t al k  i n t er ms of  cat i on exchange capaci t y,  sodi um

T.  Yamanouchi ,  Panel i st

SOFT COHESI VE SOI L EMBANKMENT USI NG QUI CKLI ME AND FI LTER 
FABRI C

Mr .  Ch a i r ma n ,  l a d i e s  a n d  g e n t l e me n .  I  wo u l d  
l i k e  t o s p e a k  a b o u t  a me t h o d  o f  s o f t  c l a y  

e mb a n k me n t  u s i n g  q u i c k l i me  a n d  f i l t e r  f a b r i c  
wh i c h  h a s  b e e n  c o n t r i v e d  by  my s e l f  ( Ya ma n o u c h i ,  
et  a l . ,  1967 ,  1971 ,  1976) .  Be f o r e  d o i n g  t ha t ,  I  
wo u l d  l i k e  t o g i v e  a c o mme n t  o n  t he  p r e s e n t  
t e c h n i q u e s  o f  s o i l  i mp r o v e me n t .  Th e r e  h a v e  

q u i t e  ma n y  b e e n  i n v e n t e d  on  t hat .  Ho we v e r ,  t he  

r e s p o n s e s  t o t he mo t i v e  f o r c e s  i n s o i l  i mp r o v e ­
me n t  a r e  s t i l l  r e s t r i c t e d  wi t h i n  a p a r t  a p p l i c a ­
t i o n s  me r e l y  a d o p t i n g  a mo n o t y p e  r e l a t i o n  a mo n g  
v a r i o u s  ones  as  s h o wn  i n Ta b l e  1 ( Noz ak i ,  1965)  
wh i c h  s h o ws  t h e s e  r e l a t i o n s h i p s ,  a n d  we  ar e  
g i v e n  s ome  s u g g e s t i o n s  on  t he  n e w a p p r o a c h e s  t o  
s o i l  i mp r o v e me n t  f r o m t he Tab l e .  Th e  me t h o d  

wh i c h  i s  g o i n g  t o be  s p o k e n  c a n  be  s a i d  t o h a v e  
a d o p t e d  a f e w k i n d s  o f  f o r c e s  mu l t i p l l y .  But ,  

t h i s  me t h o d  i s  v e r y  s i mp l e  i n  p r a c t i c e  u n l i k e  
t he  c o n v e n t i o n a l  a d mi x i n g  me t h o d .

Th e  p r i n c i p l e  o f  my  me t h o d  ma y  be  u n d e r s t o o d  by  
Fi g.  1.  Sp e a k i n g  a b o u t  t he  mu l t i p l e  a p p l i c a ­
t i o n s  o f  me c h a n i c a l ,  p h y s i c a l  a n d  c h e mi c a l  

f o r c e s ,  t he  f o l l o wi n g  a c t i o n s  a r e  i t e mi z e d  i n 
s u c c e s s  i n t he e mb a n k me n t  wo r k .

W. R.  Mackechni e,  Panel i st

absor pt i on r at i o,  i somor phous subst i t ut i on,  and s i mi l ar  
r el at ed t er ms and f ur t her  be abl e t o at t ach numer i cal  
val ues t o t hese t er ms wi t h t he same f ac i l i t y  wi t h whi ch 
he t hi nks of  pl as t i c i t y  i ndex ac t i v i t y  and shear  
st r engt h.  Onl y  t hen wi l l  we be abl e t o pl ace chemi cal  
s t abi l i zat i on i n a cat egor y  mor e advanced t han cooker y  
whi ch I  r egr et  t o say i s st i l l  t oo of t en t he s i t uat i on 
t oday.

My ot her  concer n i s f or  t he appl i cat i on of  chemi cal  

s t abi l i zat i on t o pr act i ce,  t he mi cr o st udi es of  t he 
l abor at or y  ar e appl i ed on a macr o scal e i n t he f i el d.
I  r emai n conv i nced t hat  t oo of t en we f ool  our sel ves i nt o 

bel i ev i ng t hat  chemi cal  s t abi l i zat i on has achi eved t he 
i mpr ovement s whi ch i n r eal i t y  ar e due t o a bonus of  say 
negat i ve por e wat er  pr essur e and not  t o i oni c  bondi ng 
at  al l  and t hat  we have i n f act  a ver y  var i abl e 

s t abi l i sed pr oduct  wi t h s i gni f i cant  zones of  def ect  i n 
whi ch t he s t abi l i zer  i s pr obabl y  t ot al l y  absent .

I  wor r y  al so a gr eat  deal  about  t he i ncr ease i n s t r engt h 
wi t h age at t r i but ed t o s t abi l i zer s  such as l i me and 
cement ,  Does our  t es t i ng t ake i nt o account  t he 

pot ent i al  but  smal l  r educt i ons  i n moi s t ur e cont ent  f or  
i nst ance? I n t er ms of  s t r engt h i mpr ovement  t hi s wi l l  
pr obabl y  be conf i ned t o t he l ower  end of  t he spect r um 

of  shear  s t r engt h but  I  bel i eve t he r eal  advant age of  
t he met hod wi l l  be f ound t o l i e i n modi f i cat i ons  t o 
soi l s such as t he r educt i on i n t he t endency t o di sper se 
by cal c i um subst i t ut i on f or  sodi um f or  i nst ance.

Fi nal l y  Mr  Chai r man i t  i s hear t eni ng t o see paper s t o 

t hi s conf er ence coaut hor ed by  engi neer s  and soi l  
chemi st s.  I  f ound i t  ver y  encour agi ng al so t o see a 

paper  pr esent ed i n Sout h Af r i ca r ecent l y  by a soi l  

sci ent i s t ,  Pr of  Har mse whi ch qui t e i ndependent l y  of  
Pr of  Kat t i ' s  paper  set s out  f or  t he ci v i l  engi neer  
t he chemi cal  s t abi l i zat i on and c l ay  mi ner al ogy  

s i t uat i on as i t  i s under s t ood t oday i n al most  
i dent i cal  t er ms.  At  l ast  we appear  r eady t o t ake t he 

next  st ep f or war d i n t hi s subj ect  ar ea.

( 1)  The  c o n s o l i d a t i v e  d e wa t e r i n g  o wi n g  t o t he  
a d d i t i o n a l  c o n s o l i d a t i o n  p r e s s u r e  a r i s e s  b e s i d e s  

t ha t  o wi n g  t o t he  o r d i n a r y  e f f e c t i v e  o v e r b u r d e n  
p r e s s u r e ,  r e s u l t i n g  f r o m t he  e x p a n s i o n  of  

q u i c k l i me  at  t he  e a r l y  s t a g e  o f  t he  h y d r a t i o n  o f  

q u i c k l i me .  Th i s  s e e ms  i r r a t i o n a l ,  bu t  t he  a d d i ­
t i o n a l  v e r t i c a l  p r e s s u r e  a c t u a l l y  a r i s e s  e s ­
p e c i a l l y  wh e n  q u i c k l i me  i s  s p r e a d  p r o v i d i n g  an  
e n o u g h  s p a c e  o f  n o n - q u i c k l i me . Th i s  wa s  p r o v e d  
b y  a l a b o r a t o r y  e x p e r i me n t  as  s h o wn  b y  Fi g.  2.

( 2)  Ad s o r p t i o n  o f  wa t e r  f r o m t he  s o i l  d u e  t o 
t he  h y d r a t i o n  o f  q u i c k l i me .  I n t h i s  s t ag e ,  a 

f l o w due  t o o s mo s i s  mi g h t  a r i s e  t o wa r d  q u i c k l i me  

f r o m t he  s o i l  t h r o u g h  t he  s h e e t  ma k i n g  i t  a k i n d  
of  s e mi - p e r me a b l e  me mb r a n e .

( 3)  A c o n s i d e r a b l e  r i s e  o f  t e mp e r a t u r e  i n t he  
s o i l  c a u s i n g  by  t he  h e a t  d i s c h a r g e  o f  q u i c k l i me  
d u r i n g  i t s  h y d r a t i o n .  Th i s  b r i n g s  a b o u t  a r e ­
d u c t i o n  o f  c o e f f i c i e n t  o f  p e r me a b i l i t y  o f  t he  

s o i l  t o ma k e  t he d r a i n  e f f e c t  e a s i e r  p a r t i c u l a r ­
l y  i n c o l d  s eas on .

( 4)  Ca r b o n  d i o x i d e  i n c l u d i n g  i n t he  s o i l  
c h a n g e s  s l a k e d  l i me  t o c a l c i u m c a r b o n a t e  a f t e r  
a c e r t a i n  p e r i o d  and  t he  r e s u l t e d  c o mp o u n d  p r o ­
v i d e s  a k i n d  o f  r e i n f o r c e me n t  t o t he  wh o l e  em-
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Table 1 Responses resulted from mechanical, physical and chemical forces (Nozaki, 1965)

\  Mot i ve 

\ f o r c e
Mechani cal

f or ce

Temper at ur e Li ght El ec t r i c i t y Magnet i sm Chemi s t r y

Res pons e^ F T HR E M P

Mechani cal

Vi scoel as t i c i t y ,  

t hi xot r opy,  por e

Expans i on,  

f r eez i ng,  change

Li ght  pr essur e,  

r adi oac t i ve

Peak  i nver se-  

vol t age ,

Magnet os t r i c t i on Seeapage f or ce,  

chemi comechani cal
wat er  pr essur e of  v i scos i t y r ay,  har deni ng i mpul se cur r ent , phenomenon,

d sol i di f i cat i on chemi cal  r heol ogy

Ther mal

s

Adi abat i c  

expans i on ( Joul e-  

Thomson ef f ect )

Ther mal

capaci t y ,

t her mal

conduc t i v i t y

Radi at i on

heat

I nver se 

py l oel ec t r i c i t y , 

Pel t i er  ef f ect ,  

J ou l e ’ s heat

Adi abat i c

demagnet i zat i on

React i on heat ,  

f r eez i ng mi x t ur e

Rayey

n

Tr i pol y -

l umi nescence
Bl ack - body

r adi at i on,

t her mol umi ne ­

scence

Razer ,  mazer ,  

l umi nescence

El ec t r i c

l umi nescence

Magnet i c  f i el d 

l umi nes c enc e, 

Far aday  ef f ec t

Chemi cal

l umi nescence

El ec t r i c

D

Pi ezoel ec t r i c  

ef f ect ,  t r i bo-  

el ec t r i c i t y

Py l oel ec t r i c i -  

t y,  t her moel ec ­

t r i c i t y ,  t her mo­

el ec t r o - mot i ve 

f or ce

Li ght  bat t er y,  

phot oel ec t r i c  

ef f ec t

Pol ar i z at i on, 

el ec t r i c  capac i ­

t y,  conduc t i on

MHD gener at i on 

of  el ec t r i c i t y

Bat t er y,  

f er r omagnet i c  

f er r oel ec t r i es

Magnet i c

B

Pi ezoel ec t r i c  

ef f ect ,  magne ­

t os t r i c t i on 

ef f ec t

Ther mal  

magnet i c  ef f ect

Phot omagnet i c

r esonance

El ec t r omagnet i c

i nduc t i on

Magnet i zat i on

ef f ec t

Al l oy,  f er r i t e,  

f er r omagnet i c  

body

Chemi cal

C

Seepage pr es ­

sur e,  dewat er ­

i ng phenomenon,  

i mpact  al t er at i on

Di f f us i on 

s epar at i on, 

phase al t er ­

at i on

Phot ogr aphi cal  

ef f ect ,  phot o-  

pol i mer i zat i on

El ec t r i c  anal y ­

si s,  el ec t r opho ­

r esi s,  el ec t r o-  

osmos i s

Magnet i c -  

chemi cal  r eact i on,  

descal e,  wat er  

t r eat ment

Cat al ys i s ,

bi o- r eac t i on

b a n k me n t  b o d y ,  as  s e e n  by  Fi g.  3.  As  t h e s e  

r e s u l t s ,  a s ma l l  v e h i c l e  c o u l d  t r a v e l  on  t he  e m­
b a n k me n t  i n a p a s t  i n - s i t u  e x p e r i me n t .

Ef f e c t s  as  a b o v e  me n t i o n e d  a r e  i n d i c a t e d  wi t h  
u n d e r l i n e s  i n Ta b l e  1.

Fi g. 1 Fe a t u r e  o f  t he  Emb a n k me n t  

me t h o d

We l l ,  I  s h o u l d  i n t r o d u c e  a c a s e  h i s t o r y  i n wh i c h  
t he a b o v e  me t h o d  wa s  s a t i s f a c t o r i l y  s u c c e s s f u l  

r e c e n t l y  i n a b i g  a n d  h i g h  e mb a n k me n t  wi t h  a 

s o f t  c o h e s i v e  s o i l .  Sp e c i f i c a t i o n s  f o r  t he  e m­
b a n k me n t  wo r k  a r e  s h o wn  b y  Fi g .  4,  a n d  t he  f o r ­
ma t i o n  l e v e l  f o r  t he  e a r t h wo r k  wa s  d e c i d e d  t o be  
t he  t op o f  t h e  c r i b  r e t a i n i n g  wa l l  b u i l t  at  t he  
p a r t  o f  s l o p e  t oe.  Ea c h  s a n d wi c h  l a y e r  wa s  ma d e  
o f  g r a n u l a r  q u i c k l i me  o f  5 c m t h i c k  b e i n g  s a n d ­
wi c h e d  b e t we e n  t wo  s h e e t s  o f  p o l y p r o p y l e n e  n o n ­
wo v e n  f a b r i c  b e l t ,  30 c m wi d e  a n d  0 . 3  c m t h i c k ,  
as  s h o wn  by  Fi g.  5.  Su c h  s a n d wi c h  l a y e r s  l a i d  
wi t h  a s p a c e  o f  2 . 1  m b e t we e n  t he  c e n t e r s  i n t he  
h o r i z o n t a l  d i r e c t i o n  a n d  wi t h  a p i t c h  o f  1. 8  m

© © ! ©  

P—
Spr eadi ng t ypes of  qui ck l i me

At  r i ght  above car dboar d 

. ©

0 10'  10J 10"  
El apsed t i me ( mi n)

At  t he hei ght  of  15cm above car dboar d

M D

El apsed t i me ( mi n)

Fi g.  2 Ex p a n s i o n  e f f e c t  o f  q u i c k l i me  

i n l a b o r a t o r y

i n t he  v e r t i c a l  d i r e c t i o n ,  f o r mi n g  a t r i a n g l e  on  

t he  b e l t  c o n f i g u r a t i o n  i n  t he  c r o s s  s e c t i o n  o f  
t he  e mb a n k me n t .  Co n s o l i d a t i o n  c a l c u l a t i o n s  o f  
t he  e mb a n k me n t  we r e  ma d e  a f t e r  t he ma n n e r  o f  
Ba r r o n  ( 1948) .  Al s o ,  t he  s a f e t y  f a c t o r  f o r  t he  
s l i d e  f a i l u r e  wa s  i n v e s t i g a t e d  i n  r e l a t i o n  t o t he

(A) Genero! section of performance

Movement  of water

$ i  I I ) I I c'°r
O„ oao *  D,o,n

\ gOooC,°d 0Q Ul c k 11 m e 

ri^  ! t i l t  I t~Cl oy V
Filter

(B) Detai l  of sandwi ch layer
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A  s e c t i o n

Fi l ter
(Speci al

Cone beari ng copaci t y ( kN/ m2)

Fi g .  3 Re i n f o r c e me n t  o f  t he  e mb a n k me n t  
at  a f i e l d  e x p e r i me n t

Hei ght  of  i mpr oved soi l  l ayer h ( m)

Fi g.  6 Sa f e t y  f a c t o r  f o r  s l i d e  f a i l u r e  
on  t he  e mb a n k me n t  h e i g h t

Sect i on 'i

V Ear t hwor k speed

»0. 17 m/ day

Necessary val u 
of Fs for l ong 
t erm stabi l i ty

Necessary val ue 
of Fs duri ng 
ear f h wor k 

________ I_____
5 10 15 20

Hei ght  of embankment  f r om the 
f ormat i on l evel  (m)

Fi g.  7 Ch a n g e  o f  s a f e t y  f a c t o r  due  t o  
t he  e a r t h wo r k  s p e e d

Fi g.  4 Sp e c i f i c a t i o n s  o f  t he  h i g h  e mb a n k ­
me n t

Fi g .  5 Se c t i o n  o f  t he  f i l t e r  s h e e t

e mb a n k me n t  h e i g h t  a n d  t he  e mb a n k me n t  wo r k  s pe e d ,  
as  s h o wn  b y  Fi gs .  6 a n d  7.  A c o mp a r i s o n  of  
me a s u r e d  and  c a l c u l a t e d  v e r t i c a l  p r e s s u r e s  wa s  
ma d e  at  a p o i n t  on  t he  b o t t o m s u r f a c e  o f  t he  
e mb a n k me n t ,  and  t he  p r e s s u r e  r a t i o  s h o we d  a b o u t  
150% i n d i c a t i n g  a f ac t  o f  a r i s i n g  t he  a d d i t i o n a l  
v e r t i c a l  p r e s s u r e ’ d u e  t o t he  t h r e e - d i me n s i o n a l  
e x p a n s i o n  o f  q u i c k l i me  a c c o mp a n y i n g  a b o u t  50% 
i n c r e a s e  o v e r  a t e r m o f  20 d ay s ,  as  s e e n  by  Fi g.  
8.

Fi g .  8 Me a s u r e d  a n d  c a l c u l a t e d  v e r t i c a l  
p r e s s u r e s  i n  t he  e mb a n k me n t

Non- woven
f a b r i c  ( d e n s e )

0.
N o n - w o v e n

f a b r i c  ( c o a r s e )

59. Volyrne 4
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Q  - 1 . 5

-2. 0

Wei ght  Wsw (kN)
05_________10

Non- t r eat ed 
( 3 days)

Val ue of  Nsw 
10_____ 20_____ 30_____ 40

n r
I

- U - X

M4_da_ys_)_|

I mpr oved by 1 
sandwi ch l ayers

( 6 days)

Fi g.  9 Ve r t i c a l  s t r e n g t h  o f  t h e  i mp r o v e d  
e mb a n k me n t

Fi g.  10 De p t h wi s e  i n v e s t i g a t i o n s  o f  t he  
e mb a n k me n t

Th e  e mb a n k me n t  s o i l  wa s  r e a s o n a b l y  i mp r o v e d  on  
v a r i o u s  i n d e x e s ,  as  s h o wn  b y  Fi gs .  9 a n d  10.  
Fi n a l  f i g u r e ,  Fi g.  11,  s h o ws  an  a e r i a l  v i e w o f  
t he c o mp l e t e d  e mb a n k me n t  wh i c h  wa s  a c h i e v e d  
u s i n g  t he  n e w me t h o d .
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G. V.  Rao and T.  Ramamur t hy ( Wr i t t en di scussi on)

" ALTERATI ON OF SOI L PARAMETERS BY STABI LI ZATI ON WI TH LI ME"  
( Paper  by H.  Br andi ,  Vol .  3,  p.  583)

At  t h e  I n d i a n  I n s t i t u t e  o f  T e c h n o l o g y , De l h i ,  
an e x t e n s i v e  i n v e s t i g a t i o n  i s  u n d e r wa y  i n t o  t he  
v a r i o u s  a s p e c t s  o f  t h e  e n g i n e e r i n g  b e h a v i o u r  o f  

l i me - f l y  as h  s t a b i l i z e d  s o i l s .  Two  a s p e c t s  o f  
t h e i r  b e h a v i o u r  a r e  c o n s i d e r e d  he r e .

At t e r b e r g  L i mi t s :
Ex t e n s i v e  l i t e r a t u r e  r e v i e w r e v e a l s  t h a t  

t he  a d d i t i o n  o f  l i me  t o  s o i l  o r  t o  s o i l - f l y  a s h  

a d mi x t u r e s  i n c r e a s e s  t h e  p l a s t i c  l i mi t  wh e r e a s  
t he  l i q u i d  l i mi t  i n c r e a s e s  i n  c e r t a i n  c a s e s  a n d  
dec r eas es ,  i n  o t h e r  c a s e s ,  g i v i n g  an  i n d i c a t i o n  

t h a t  me c h a n i s ms  c o n t r o l l i n g  t h e s e  b e h a v i o u r s  ma y  
be  d i f f e r e n t  f r o m e a c h  o t h e r .

Fi g . l  s h o ws  t he  i mme d i a t e  e f f e c t  o f  a d d i ­
t i o n  o f  l i me  t o  a  s i l t  ( LL=27 ,  PI =1 8 ,  Sa n d  33%,  

Si l t  54%,  Cl a y  13%)  a n d  a  b l a c k  c o t t o n  s o i l  
( L L = 5 6 , P I = 2 6 , Sa n d  14%,  Si l t  43%,  Cl a y  38%) .  I t  
i s  s e e n  t h a t  t he  a d d i t i o n  o f  l i me  ( no c u r i ng )  
g e n e r a l l y  i n c r e a s e s  t h e  l i q u i d  l i mi t  o f  s i l t  

wh e r e a s  i t  d e c r e a s e s  t h a t  o f  b l a c k  c o t t o n  s o i l .  
Th i s  b e h a v i o u r  i s  v e r y  s i mi l a r  t o  t h a t  p r e s e n t e d  

b y  t h e  a u t h o r  f o r  So i l  I I  a n d  I  r e s p e c t i v e l y .
Th e  a d d i t i o n  o f  d i v a l e n t  Ca l c i u m h a s  t wo  
e f f e c t s :  f i r s t l y  t he  t h i c k n e s s  o f  t he  d i f f u s e  

d o u b l e  l a y e r  d e c r e a s e s  b e c a u s e  o f  d i v a l e n c y  a n d  
t h i s  b r i n g s  d o wn  t he  l i q u i d  l i mi t ;  s e c o n d l y  
a t t r a c t i v e  f o r c e  i s  i n c r e a s e d  a n d  h e n c e  f l o c c u -

Fi g.  11 An  a e r i a l  v i e w o f  t he  c o mp l e t e d  
e mb a n k me n t
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l a t i o n  t e n d s  t o  t a k e  p l a c e ,  wh i c h  l e a d s  t o  
h i g h e r  l i q u i d  l i mi t .  Th e s e  t wo  e f f e c t s  a r e  
o p p o s i t e  i n  t r en d .  Fo r  a s we l l i n g  s o i l  l i k e  
b l a c k  c o t t o n  s o i l ,  t he  f i r s t  e f f e c t  d o mi n a t e s  & 
f o r  a n o n - s we l l i n g  s i l t ,  t he  s e c o n d  e f f e c t  i s  
p r e d o mi n a n t .

I f  l i q u i d  l i mi t  i s  r e g a r d e d  as  t he  wa t e r  
c o n t e n t  a t  wh i c h  s u f f i c i e n t  f r e e  wa t e r  i s  p r e ­
s e n t  t o  a l l o w c l a y  p a r t i c l e s  t o  s l i p  o n e  a n o t h e r  
u n d e r  c e r t a i n  a p p l i e d  f o r c e  a n d  r e t a i n  t h e s e  n e w 
p o s i t i o n s  ( Wa r k e n t i n , 1 960 ) ,  t h e n  t he  l i q u i d  
l i mi t  i n  a l l  s o i l s  s h o u l d  be  c o n t r o l l e d  b y  s h e a ­
r i n g  r e s i s t a n c e .  Bu t  i n  t he  c a s e  o f  s o i l s  
h a v i n g  e x p a n d i n g  t y p e  o f  l a t t i c e  mi n e r a l s ,  t he  
c o n t r i b u t i o n  due  t o  d i f f u s e  d o u b l e  l a y e r  o v e r ­
r i d e s  a n d  p r i ma r i l y  g o v e r n s  t he  l i q u i d  l i mi t .  
Th u s  s o i l s  c o n t a i n i n g  e x p a n d i n g  l a t t i c e  t y p e  of  
mi n e r a l s  ( i l l i t e  a n d  mo n t mo r i l l o n i t e )  a r e  b o u n d  
t o  b e h a v e  i n  a  d i f f e r e n t  wa y  c o mp a r e d  t o  t he  
o t h e r  l es s  a c t i v e  s o i l s .

Fi g.  1.  Ef f ect  of  addi t i on of  l i me on pl ast i c i t y l i mi t s-

F i g . 1 f u r t h e r  r e v e a l s  t ha t ,  t h e  a d d i t i o n  o f  
l i me  d e c r e a s e s t h e  p l a s t i c  l i mi t  f o r  b o t h
s o i l s .  Th i s  a g a i n  i s  s i mi l a r  t o  t h e  r e s u l t  
o b t a i n e d  b y  t h e  a u t h o r  a n d  s e v e r a l  o t h e r  r e s e a r ­
c he r s .  Two  f a c t o r s  a r e  r e s p o n s i b l e  f o r  c o n t r o l ­
l i n g  t he  p l a s t i c  l i mi t  —  t h e  s h e a r i n g  r e s i s t a n c e  

a t  p a r t i c l e  l e v e l  a n d  d i f f u s e  d o u b l e  l ay e r .

M.  Ter ashi  and H.  Tanaka ( Wr i t t en di scussi on)

ON THE PERMEABI LI TY OF CEMENT- AND LI ME- TREATED SOI LS

I n  t he  Ge n e r a l  Re p o r t  o f  t h e  Se s s i o n  12,  Mi t c h e l l  
a n d  Ka t t i  s t a t e d  t h a t  i t  wa s  n o t  c l e a r  wh e t h e r  

l i me  c o l u mn s  a c t  as  s a n d  d r a i n ,  c o mp a r i n g  t he  
p a p e r s  b y  Te r a s h i  , and Ta n a k a  v s  Ho l m e t  al .  To  

c l a r i f y  t h e  p o i n t  o f  c o n t r a d i c t i o n  p o s e d  b y  t he  
Ge n e r a l  Re p o r t e r s ,  t he  wr i t e r s  o f  t h e  d i s c u s s i o n  

wi s h  t o  s h o w t h e  i n e f f e c t i v e n e s s  o f  t h e  t r e a t e d  
s o i l s  as  d r a i n  ma t e r i a l .

Pe r me a b i l i t y  o f  Ce me n t -  a n d  L i me - t r e a t e d  So i l s

Pe r me a b i l i t y  o f  t r e a t e d  s o i l s  b y  De e p  Mi x i n g  
Me t h o d  h a s  b e e n  s t u d i e d  b y  t h e  c o n s t a n t  h e a d  
p e r me a b i l i t y  t e s t s  ( Te r a s h i  e t  a l . ,  198 0 ) .
Ma r i n e  s o i l  t e s t e d  i s  Ka wa s a k i  Cl a y  wh i c h  i s  a

Th o u g h  t he  s a me  f a c t o r s  h a v e  b e e n  me n t i o n e d  as  

c o n t r o l l i n g  t h e  l i q u i d  l i mi t ,  i t  s h o u l d  b e  k e p t  
i n  mi n d  t h a t  p l a s t i c  l i mi t  r e p r e s e n t s  t h e  l o we r  
l i mi t  a t  wh i c h  p l a s t i c i t y  i s  o b s e r v e d ;  h e n c e  t he  
s h e a r i n g  r e s i s t a n c e  i n t h i s  c a s e  i s  o f  mu c h  
h i g h e r  o r d e r  ( t h o u g h  i t  i s  n o t  me a s u r e d  b y  a n y  
r e s e a r c h e r )  a n d  t he  d i f f u s e  d o u b l e  l a y e r  t h i c k ­
n e s s ,  i n  q u e s t i o n ,  i s  a l s o  mu c h  l ower .  Th u s ,  i n 

t he  c a s e  o f  p l a s t i c  l i mi t ,  t h e  i n c r e a s e  i n s h e a ­
r i n g  r e s i s t a n c e  a t  i n t e r p a r t i c l e  l e v e l  d o mi n a t e s  
t he  e f f e c t  o f  d o u b l e  l a y e r  t h i c k n e s s ,  f o r  a l l  
s o i l s  a n d  c o n t r o l s  t he  p l a s t i c  l i mi t .

Sh e a r  s t r e n g t h  p a r a me t e r s :
Th e  s t r e n g t h  p a r a me t e r s  i n  b o t h  t o t a l  a n d  

e f f e c t i v e  s t r e s s  c o n d i t i o n s  o b t a i n e d  t h r o u g h  
c o n s o l i d a t e d  u n d r a i n e d  t r i a x i a l  c o mp r e s s i o n  
t e s t i n g ,  wi t h  b a c k  p r e s s u r e ,  a t  l o w c o n f i n i n g  
p r e s s u r e s ,  a r e  s h o wn  i n F i g . 2 f o r  s i l t .  I t  i s  

c l e a r  t h a t  b o t h  0  a n d  0'  i n c r e a s e  wi t h  l i me  
c o n t e n t ,  b u t  a r e  i n d e p e n d e n t  o f  c u r i n g  pe r i o d .  
Th e  v a l u e s  o f  c  as  we l l  as  c 1 i n c r e a s e  wi t h  
l i me  c o n t e n t  as  we l l  as  c u r i n g  p e r i o d .

WARKENT I N, B. P. ( 1960) ,  " I n t e r p r e t a t i o n  o f  t he  
Up p e r  Pl a s t i c  L i mi t  o f  Cl a y s , "  Na t u r e ,
Vo l . 190,  p p . 2 8 7 - 2 8 8 .

SO S. :  SU T  

- - - - - -  T O T A l  ST R E SS PA RA M ET ERS

Fi g.  2.  Ef f ect  of  addi t i on of  l i me on st r engt h par amet er s

t y p i c a l  J a p a n e s e  ma r i n e  c l a y  h a v i n g  t h e  n a t u r a l  

wa t e r  c o n t e n t  o f  95%,  l i q u i d  l i mi t  o f  9 3%,  p l a s ­
t i c i t y  i n d e x  o f  50 a n d  c l a y  c o n t e n t  o f  60%.  

Pe r me a b i l i t y  o f  c e me n t - t r e a t e d  s o i l  i s  s h o wn  i n  
Fi g .  1 wh e r e  o r d i n a t e  s h o ws  t he  l o g a r i t h m o f  t he  
p e r me a b i l i t y ,  k  ( c m/ s ) . Aw i s  t he  c e me n t  c o n t e n t  
r e s p e c t  t o  d r y  we i g h t  o f  s o i l .  Wa  i s  t he  wa t e r  
c o n t e n t  o f  t r e a t e d  s o i l .  Pe r me a b i l i t y  o f  t r e a t e d  

s o i l  i s  k n o wn  t o  b e  l o we r e d  wi t h  i n c r e a s i n g  Aw 
a n d  d e c r e a s i n g  Wa.  As  n a t u r a l  wa t e r  c o n t e n t  o f  
t h e  s o i l  i n - s i t u  i s  mu c h  l o we r  t h a n  t h o s e  t e s t e d ,  
p e r me a b i l i t y  o f  t he  t r e a t e d  s o i l  a t  s i t e  i s  l o w­
e r  t h a n  t h o s e  i n  t he  f i g u r e .  Th e r e f o r e ,  i t  i s  f a r  
d i f f i c u l t  t o  c o n s i d e r  t h a t  t r e a t e d  s o i l s  a c t  as  
e f f e c t i v e  d r a i n a g e .  Th e  s a me  t e n d e n c y  i s  a l s o
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Fi g .  1 Pe r me a b i l i t y  o f  c e me n t - t r e a t e d  s o i l

f o u n d  f o r  l i me - t r e a t e d  J a p a n e s e  ma r i n e  s o i l s .

Co n s o l i d a t i o n  o f  c o mp o s i t e  g r o u n d

A s e r i e s  o f  c o n s o l i d a t i o n  t e s t s  i s  e x e c u t e d  on  
t h e  mo d e l  o f  i mp r o v e d  g r o u n d  b y  t h e  c o l u mn s  o f  
t r e a t e d  s o i l  ( c o mp o s i t e  g r o u n d ) . A  p a r t  o f  t he  
t e s t  r e s u l t s  h a s  b e e n  s h o wn  i n  t he  p a p e r  b y  
Te r a s h i  a n d  Ta n a k a  ( 1981) .  Fi g .  4 o f  t h e  p a p e r  
c l e a r l y  s h o ws  t he  r e d u c t i o n  o f  s e t t l e me n t  b y  t he  
i mp r o v e me n t .  Al t h o u g h  t he  p e r me a b i l i t y  o f  t he  
t r e a t e d  s o i l  i s  v e r y  l o w as  s h o wn  i n  t he  p r e c e d ­
i n g  p a r a g r a p h ,  i t  wa s  k n o wn  t h a t  t h e  r a t e  o f  c on- _  

_ s o l i d a t i o n  wa s  a c c e l e r a t e d  wh e n  t h e  c o n s o l i d a t i o n  
p r e s s u r e ,  Pc  wa s  l o we r  t h a n  t h e  p r e c o n s o l i d a t i o n  
p r e s s u r e ,  Po  o f  t h e  c o mp o s i t e  g r o u n d .  Fi g .  2 
s h o ws  t he  c h a n g e  o f  s t r e s s  c o n c e n t r a t i o n  r a t i o ,  
Ap / Ap  wi t h  e l a p s e d  t i me  a f t e r  l o a d i n g .  Wh e r e  Ap  
i s  t he  s t r e s s  i n c r e me n t  c a r r i e d _ e i t h e r  b y  t r e a t e d  
s o i l  o r  b y  u n t r e a t e d  s o i l  a n d  Ap  i s  t h e  a v e r a g e  
s t r e s s  i n c r e me n t  a p p l i e d  t o  t he  c o mp o s i t e  g r o u n d .  
As  s h o wn  i n  t h e  f i g u r e  wh e r e  Pc  < Po,  Ap / Ap  
i s  u n i t y  a t  t h e  i n s t a n t  o f  l o a d i n g ,  wh e r e a s  
a p p l i e d  s t r e s s  g r a d u a l l y  c o n c e n t r a t e s  o n  t he  
t r e a t e d  s o i l  wi t h  t i me .  Th i s  i s  d u e  t o  t h e  v e r y  
l o w c o e f f i c i e n t  o f  v o l u me  c o mp r e s s i b i l i t y  o f  t h e  
t r e a t e d  s o i l .  A k e y  t o  t he  a p p a r e n t  a c c e l e r a t i o n  
o f  t he  c o n s o l i d a t i o n  l i e s  i n  t h e  f a c t  t h a t  t he  
t r e a t e d  s o i l  b e h a v e s  r a t h e r  e l a s t i c  u n d e r  i n ­
c r e a s i n g  l o a d  a n d  u n t r e a t e d  s o i l  c o n s o l i d a t e  
u n d e r  d e c r e a s i n g  l o a d  as  l o n g  as  Pc  < Po.

Fi g .  2 St r e s s  c h a n g e  wi t h  t i me

Wh e n  Pc  > Po,  Ap / Ap  i s  a l wa y s  u n i t y  r e g a r d l e s s  o f  
e l a p s e d  t i me  a n d  t h e r e  i s  n o  a c c e l e r a t i o n  o f  c o n ­
s o l i d a t i o n .  Th e s e  p h e n o me n a  c o i n c i d e  wi t h  t he  
k n o wl e d g e  o n  t h e  c o n s o l i d a t i o n  c h a r a c t e r i s t i c s  o f  
t h e  t r e a t e d  s o i l  i t s e l f .  Ok u mu r a  a n d  T e r a s h i ( 1975)  
s t a t e d  t h a t  l i me - t r e a t e d  s o i l  s h o we d  h i g h  c o e f f i ­
c i e n t  o f  c o n s o l i d a t i o n  a n d  l o w c o e f f i c i e n t  o f  
v o l u me  c o mp r e s s i b i l i t y  wh e n  c o n s o l i d a t i o n  p r e s ­
s u r e  wa s  l o we r  t h a n  p r e c o n s o l i d a t i o n  p r e s s u r e  o f  
t h e  t r e a t e d  s o i l .  Ho we v e r ,  wh e n  t h e  c o n s o l i d a t i o n  
p r e s s u r e  e x c e e d e d  t h e  p r e c o n s o l i d a t i o n  p r e s s u r e ,  
c o n s o l i d a t i o n  c h a r a c t e r i s t i c s  o f  t r e a t e d  s o i l  
we r e  a l mo s t  s a me  as  t h o s e  o f  u n t r e a t e d  s o i l .

Co n c l u d i n g  r e ma r k s

Pe r me a b i l i t y  o f  t r e t e d  s o i l  i s  l o we r  t h a n  t h a t  o f  
u n t r e a t e d  s o i l  a n d  i s  l o we r e d  wi t h  i n c r e a s i n g  l i me  
o r  c e me n t  c o n t e n t  a n d  wi t h  d e c r e a s i n g  wa t e r  c o n ­
t en t .  Th e r e f o r e  t r e a t e d  s o i l  i s  c o n s i d e r e d  t o  be  
p r a c t i c a l l y  i mp e r me a b l e .  Al t h o u g h  t he  p e r me a b i l i ­
t y  o f  t r e a t e d  s o i l  i s  v e r y  l ow,  r a t e  o f  c o n s o l i ­
d a t i o n  u n d e r  r e l a t i v e l y  s ma l l  l o a d  i s  a c c e l e r a t e d .  
Th i s  p h e n o me n o n  i s  n o t  s o  s i mp l e  as  t o  b e  j u d g e d  
b y  t he  a n a l o g y  o f  s a n d  d r a i n .  So p h i s t i c a t e d  
a n a l y s i s  mu s t  b e  f u r t h e r  s t u d i e d  t a k i n g  a c c o u n t  
o f  t he  s t r e s s  c o n c e n t r a t i o n  a n d  c o n s o l i d a t i o n  
c h a r a c t e r i s t i c s  o f  c e me n t -  a n d  l i me - t r e a t e d  s o i l s .

Re f e r e n c e s
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Pr o c .  5 t h  As i a n  Re g i o n a l  Co n f .  o n  SMFE

Te r a s h i  e t  a l . ( 19 80) ;  Pe r me a b i l i t y  o f  T r e a t e d  
So i l s ,  Pr o c .  1 5 t h  J a p a n  Co n f .  on  SMFE

Te r a s h i ,  M.  a n d  Ta n a k a ,  H.  ( 19 81) ;  Gr o u n d  I mp r o v e d  
b y  De e p  Mi x i n g  Me t h o d ,  Pr o c .  Xt h  I CSMFE

K*  Kuj al a ( Wr i t t en di scussi on)

THE I NFLUENCE OF ETTRI NGI TES I N THE STRENGTH OF GYPSUM-  
LI ME STABI LI ZED CLAY
( Conment s on t he t opi c " New St abi l i zer  Mat er i al s" )

Th e  i n f l u e n c e  o f  e t t r i n g i t e s  i n  t h e  s t r e n g t h e n ­
i n g  o f  h u mu s r i c h  c l a y s  i s  a l s o  r e ma r k a b l e  wh e n  
t h e  s t a b i l i z i n g  a g e n t  i s  a c o mp o u n d  o f  l i me  a n d  

wa s t e  g y p s u m,  t h e  b y p r o d u c t  of  t h e  p r o d u c t i o n  o f  
p h o s p h o r i c  ac i d .  He r e  t h e  mi x t u r e  o f  g y p s u m a n d  
l i me  ( g y p s u ml i me )  r e a c t s  wi t h  t h e  a l u mi n i u m 
o x i d e  o f  c l a y  ( A1 20 3) .  Th e  r e a c t i o n  p r o d u c e s  

e t t r i n g i t e s  ( 3Ca0- Al 20 33CaS01(. 32H20 ) wh i c h  c a n  be  r e ­
c o g n i z e d  i n  t h e  g y p s u ml i me  s t a b i l i z e d  c l a y  wi t h

a s c a n n i n g  e l e c t r o n  mi c r o s c o p e  ( SEM)  o r  an  X-  
r a y  d i f f r a c t i o n  a n a l y s i s .

Th e  r e s u l t s  o f  l a b o r a t o r y  a n d  f i e l d  t e s t  ( s c r ew 

p l a t e  t es t )  s h o w 2 . . . 3  t i me s  g r e a t e r  s t r e n g t h s  
wi t h  g y p s u ml i me  t h a n  l i me .  I n  a d d i t i o n  t h e  
s t r e n g t h e n i n g  i s  c o n s i d e r a b l y  f a s t e r ,  h o we v e r ,  
t h e  s t a b i l i z i n g  a g e n t  c o n t e n t  i s  g r e a t e r  wi t h  

g y p s u ml i me .
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F i g u r e  1.  St r e s s - s t r a i n  b e h a v i o u r  i n  g y p s u m­
l i me  a n d  l i me  s t a b i l i z e d  c l ay .

F i g u r e  2.  Sc a n n i n g  e l e c t r o n  mi c r o g r a p h s  o f  s t a ­
b i l i z e d  c l a y .  St a b i l i z e d  wi t h  g y p s u ml i me  2a and  
2b,  s t a b i l i z e d  wi t h  l i me  2c .

I . T. A.  St ancul escu,  Panel i st

COMPACTAGE DU LOESS EN PROFONDEUR AVEC DES PI COTS

L e  s y s t è m e ,  q u i  p e u t  Ô t r e  o o n s i d é r é  p o o r  

l a  t r a i t e m e n t  d u  l o e a s ,  c o m m a  a n  p r o c é d é e  m i x t e  

d e  t e r r e  a r m é e  e t  d e  c o m p a o t a g e  a n  p r o f o n d e u r ,  

n o u s  a  é t é  s u g é r é  p a r  l e  r é s u l t a t  d e  q u e l q u e s  

e s s a i s  c o n c e r n a n t  l e  c o m p o r t e m e n t  d e s  f o n d a  -

Fi g u r e  3.  Sc a n n i n g  e l e c t r o n  mi c r o g r a p h s  o f  
g y p s u ml i me  s t a b i l i z e d  c l a y .  Th e  f a i l u r e  s u r f a c e  
3a,  3b  b e i n g  a c l o s e  up  t h e  f a i l u r e  s u r f a c e .

Th e  s t r e s s - s t r a i n  b e h a v i o u r  o f  t he  s t a b i l i z e d  

c l a y s  d i f f e r  a c c o r d i n g  t o  s t a b i l i z i n g  a g e n t  s o  
t h a t  wi t h  g y p s u ml i me  t h e  s t r e s s - s t r a i n  p r o p o r ­
t i o n  i s  a l mo s t  l i n e a r  up  t h e  p e a k  v a l u e  ( Fi gu ­
r e  1) .  He r e  t h e  e t t r i n g i t e  c r y s t a l s  b r e a k  and  
t h e  s t r e n g t h  i s  s o me wh a t  l e s s e n e d .  I n  t h e  l i n e  

s t a b i l i z e d  c l a y  no  s u d d e n  c h a n g e s  o c c u r  i n  t h e  
s t r e s s - s t r a i n  p r o p o r t i o n .

L o n g ,  n e e d l e l i k e  e t t r i n g i t e s ,  wi t h  v a r i e d  d e ­
g r e e s  o f  c r y s t a l l i z a t i o n  d o mi n a t e  t he  s t r u c t u r e  

o f  t h e  g y p s u ml i me  s t a b i l i z e d  c l a y  ( Fi g u r e  2a  

a n d  2 b ) . Co mp a r e d  wi t h  l i me  s t a b i l i z e d  c l a y  
s t r u c t u r a l  d i f f r e n c e s  a r e  g r e a t  ( Fi g u r e  2 c ) .

Wh e n  e t t r i n g i t e s  a r e  f o r me d  t h e y  t h r u s t  s t r o n g l y  
b e t we e n  p a r t i c l e s  o f  c l ay .  Th u s  a  d e n s e  n e t wo r k  
o f  e t t r i n g i t e s  i s  f o r me d  i n  t h e  s t a b i l i z e d  c l ay ,  

wh i c h  e f f i c i e n t l y  s t o p s  i n t e r p a r t i c u l a r  mo v e ­
me n t s  i n  t h e  c l ay .  Th i s  i s  t h e  c a u s e ,  a mo n g  
o t h e r s ,  f o r  t h e  l i n e a r  s t r e s s - s t r a i n  p r o p o r t i o n  

u p  t o  t h e  p e a k  v a l u e .  Br o k e n  e t t r i n g i t e  c r y s t a l s  
a n d  t h e  p a r a l l e l  f o r ma t i o n  o f  c l a y  p a r t i c l e s  c a n  
b e  s e e n  i n  t h e  f a i l u r e  s u r f a c e  o f  g y p s u ml i me  
s t a b i l i z e d  c l a y  ( Fi g u r e  3a)  . I n  t h e  i mme d i a t e  
n e i g h b o u r h o o d  o f  t h e  f a i l u r e  s u r f a c e  t h e  e t t ­
r i n g i t e  c r y s t a l s  a r e  wh o l e  ( Fi g u r e  3 b ) .

I n  l a b o r a t o r y  a n d  f i e l d  t e s t s  t h e  mi x t u r e  o f  
g y p s u m a n d  c l a y  p r o v e d  a n  e f f e c t i v e  s t a b i l i z i n g  
a g e n t  b o t h  f o r  h u mu s r i c h  a n d  h u mu s l e s s  c o h e s i v e  
s o i l s .  Be f o r e  a g e n e r a l  a d o p t i o n  o f  g y p s u ml i me  
i n  d e e p  s t a b i l i z a t i o n  i t  mu s t  b e  c l a r i f i e d  

wh e t h e r  t he e t t r i n g i t e  c o mp o u n d s  a r e  p e r ma n e n t  
i n  d i f f e r e n t  s o i l  a n d  l o a d i n g  c o n d i t i o n s .

t i o n s  s u r  p i e u x  c l a s s i q u e s ,  p r é f a b r i q u é s ,  i n  -  

t r o d u i t s  p a r  b a t t a g e .
L a s  p i c o t s  s o n t  c o u l é s  d a n s  d e s  t r o u s  c y ­

l i n d r i q u e s  r é a l i s é s  p a r  m a n d r i n a g e ,  e n  i n t r o ­
d u i s a n t  u n  t u b e  m é t a l l i q u e  r é o u p é r a b l e ,  p a r
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Fi g.  1.  Compact age par  pi cot s

vi br at i on ou vi br oper cussi on.
Le compor t ement  des pi cot s et  l eur  sol i ci ­

t at i on axi al e peuvent  êt r e est i més en ut i l i sant  
l e cal cul  sui vant ,  Fi g. l a.

A + A = Ap s
Ap/ A =>< Aa / A =

q = oC.  Qp + p. qs (1)

Déf or mat i on du pi cot  :

^ p  "  < W  H (2)

Tassement  de l ' ext r émi t é i nf ér i eur e du pi ­
cot  : ^ a

Sp = - - - - - - - - - - - E_ , avec ,

S . H.

e s ! h . -  - - - -  (5)
^  ~  S. H.

Tenant  compt e de (1)  :

q8 = ( q -  0C-qp) / p (4)

Dépl acement  de l a t êt e du pi cot  :

q~ w ■ V ■ q~ 
s = - 2 -  H + - - - - E— L — E__ (5 )

EP e s : h .

Tassement  de l a f or mat i on compr essi bl e de 
haut eur  H,  en t enant  compt e de (4)  :

q -  oC q„  
s = - - - - - - - - - - E H (6)

P E -s
L e  d é p l a c e m e n t  ( 5)  é t a n t  é g a l  a u  t a s s e m e n t  

( 4 )  o n  o b t i e n t  f i n a l e m e n t  :

« p  — - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  Q C T )

P +  - &  +  d

r Jp  S . H .

Di st or si on du mai l l age des pi cot s;  

t r acé des l i gnes d' égal e val eur

- kN/ m̂

L i mo n  ar g i l eux
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L e  d e g r é  d a  c o m p a c t a g e  p o u r  o b t e n i r  1 ' i n ­

s e n s i b i l i t é  6  l ' h u m i d i t é  d é p e n d  d e  l a  d e n s i t é  

d u  m a i l l a g e .  L ' e f f e t  d u  c o m p a o t a g e  s e  r e s e n t  

u n i f o r m é m e n t  e a r  t o u t e  l a  p r o f o n d e u r  d u  t e r r a i n  

t r a i t é  ( F i g . l b ) .
D e s  e s s a i s  e n  v r a i e  g r a n d e u r  o n t  p e r m i s  d e  

f i x e r  l a  d i s t a n c e  n é c e s s a i r e  p o u r  r é d u i r e  l e  

t a s s e m e n t  s u p p l é m e n t a i r e  p a r  h u m i d i f i c a t i o n ,  è  

u n  t a u x  a d m i s s i b l e .  O n a  v é r i f i é  l a  d i s t r i b u -

A. .  Van Wambeke ( Or al  di scussi on)

Af t e r  t h e  i n f o r ma t i v e  a d r e s s e s  o f  t h e  s e s s i o n  
p r e s i d e n t ,  Mr .  CAMBEFORT,  g e n e r a l  r e p o r t e r  
Mr .  MI T CHEL L  a n d  c o - r e p o r t e r ,  Mr .  K A T T I , I  wo u l d  
l i k e  t o  a d d  a  f e w p e r s o n a l  o b s e r v a t i o n s .

So i l  i mp r o v e me n t  c o u l d  b e  c o mp a r e d  t o  v a r i o u s  

Fo r ms  o f  me d i c a l  t h e r a p y ,  s u c h  a s  :

-  Su r g e r y
-  Al l o p a t h y
-  Ho me o p a t h y

I n  p a r t i c u l a r ,  c o mp a c t i o n  b y  h e a v y  t a mp i n g  
( d y n a mi c  c o n s o l i d a t i o n )  a n d  u s i n g  e x p l o s i v e s  
ma y  b e  c a t a l o g u e d  u n d e r  h o me o p a t h i c  me t h o d s  
e v e n  t h o u g h  a t  f i r s t  s i g h t ,  i t  a p p e a r s  a 
L u d i c r o u s  d e s c r i p t i o n  f o r  a s y s t e m o f  r a mmi n g  
t h e  s o i l  wi t h  2 0  t o n n e  we i g h t s  f r o m a h e i g h t  

o f  30 m o r  u s i n g  s e v e r a l  k i l o g r a ms  o f  e x p l o s i v e  
at  a  d e p t h  o f  2 0  m.

Ho we v e r ,  n o t h i n g  i s  a d d e d  t o  t h e  s o i l  ( as  

o p p o s e d  t o  g r o u t i n g )  a n d  n o  o t h e r  ma t e r i a l  i s  
s u b s t i t u t e d  i n  p l a c e  o f  t h e  s o i l  ( as  o p p o s e d  

t o  s a n d  c o l u mn s  a n d  p i l e s ) .  T h e  o n l y  mo d i f i c a ­
t i o n  i s  a n  i mp r o v e me n t  o f  t h e  i n t e r n a l  s t r u c t u ­
r a l  c h a r a c t e r i s t i c s  i n  i t s e l f  a n d  b y  i t s e l f  
t h r o u g h  p h y s i c a l  o r  p h y s i c o - c h e mi c a l  p r o c e s s .

F i n a l l y  i n  t h e  c a s e  o f  c l a y e y  s o i l s ,  t h e  mo s t  

c o n t r o v e r s i a l  a n d  i n t e r e s t i n g  f o r m o f  i mp r o ­
v e me n t  e x p e c t e d  b y  L o u i s  Me n a r d ,  i t  i s  i n  f a c t  
a b r u t a l  me c h a n i c a l  s t r e s s i n g  r e q u i r e d  t o  
mo d i f y  t h e  n a t u r a l  e l e c t r o c h e mi c a l  b o n d s  a n d  

r e s t r u c t u r e  t h e  s o i l .

T h e  d e p t h  o f  i n f l u e n c e  o f  h e a v y  t a mp i n g  i s  a  
f u n c t i o n  o f  t h e  i mp a c t  e n e r g y  a c c o r d i n g  t o  a  
l a w o f  s t r e s s  a b s o r p t i o n  wi t h  d e p t h ,  a  s e c o n d  
d e g r e e  p a r a b o l i c  c u r v e .

Bu t  o f  c o u r s e ,  o t h e r  f a c t o r s  ma y  h a v e  a n  i n f l u ­
e n c e  wh i c h  i s  d i f f i c u l t  t o  q u a n t i f y ,  e i t h e r  

f a v o u r a b l e  o r  u n f a v o u r a b l e .

-  t h e  p r e s e n c e  o f  a i r  i n  t h e  s o i l  wh i c h  i s  a  
f u n c t i o n  o f  t h a  s o i l  t y p e  ( v e r y  h i g h  f o r  c o m­
p r e s s i b l e  o r g a n i c  s o i l s  a n d  p a r t i a l l y  s a t u r a t e d  
f i n e  g r a i n e d  s o i l s  b u t  q u e s t i o n a b l e  i n  t h e  c a s e  

o f  c l a y e y  s o i l s ) . .

-  t h e  p a r a b o l i c  c u r v e  f o r  p r e s s u r e  a b s o r p t i o n  
wi t h  d e p t h  i s  c e r t a i n l y  o p t i mi s t i c  f o r  u n s a t u ­
r a t e d  a n d  h e t e r o g e n e o u s  s o i l s  ( r e f u s e  d e p o t s j  

r u b b l e )  t h e  p r e s e n c e  o f  n o n  n e g l i g i b l e  a i r  
p o c k e t s  o r  s ma l l  c a v e r n s  r e d u c e  t h e  wa v e

t i o n  d u  p o i d s  s e c  d u  l o e s s  o o m p e o t é  o b t e n u  e n  

p r o f o o d e u r ,  p o u r  d i v e r s e s  d i s t o r s i o n s  d u  

■s i l l a g e  d e s  p i o e t s  ( F i g . 2 ) .
L e  t e r r a i s  h o m o g è n e  o o m m e  p o r o s i t é  d e v i e n t  

n o n  h o m o g è n e  e t  p o u r  l e s  s u r f a c e s  d e  f o n d a t i o n  

d e  p e t i t e  d i m e n s i o n ,  l e s  d i s t o r s i o n s  d u  o u i l l a ­

g e  p e u v e n t  c o n d u i r e  à  d e s  t a s s e m e n t s  d i f f é r e n ­
t i e l l e s  e t  è  d e s  r o t a t i o n s  i n a d m i s s i b l e s .

p r o p a g a t i o n  c o n s i d e r a b l y .

-  f o r  s a t u r a t e d  s o i l s  a  c e r t a i n  p e r c e n t a g e  
o f  t h e  i mp a c t  e n e r g y  i s  t r a n s mi t t e d  b y  t h e  

l i q u i d  p h a s e  a n d  a c t s  o n  t h e  s o i l  s t r u c t u r e  

wi t h o u t  a b s o r p t i o n  wh i c h  g r e a t l y  i mp r o v e s  t h e  
e f f i c i e n c y  o f  t h e  me t h o d .

F i n a l l y  t h e r e  i s  o n e  p o i n t  wh i c h  h a s  b e e n  
i n s u f f i c i e n t l y  s t r e s s e d  t o  d a t e .  T h e  c o n d i t i o n  
o f  c o n s t a n t  s t r e s s  t o  a  c e r t a i n  d e p t h  f o r  

e f f i c i e n t  c o mp a c t i o n  i s  i n  p r a c t i c e  n o t  t h e  
o n l y  c r i t e r i o n  t o  b e  a d h e r e d  t o .  T h e  f o r c e s  a r e  
a c t i n g  i n  a  ma t e r i a l  wh e r e  t h e  n a t u r a l  s t r e s s e s  
i n c r e a s e  wi t h  d e p t h  a n d  t h u s  t h e  s u r c h a r g e  
p r e s s u r e s  p r o d u c e d  b y  t h e  i mp a c t  mu s t  b e  g r e a t e r  
t h a n  t h e  p r o p o r t i o n a l  s t r e s s e s  a t  d e p t h .

F r o m t h i s  we  f i n d  t h a t  t h e  e f f i c i e n t  d e p t h  l i mi t  

f o r  t h e  c o mp a c t e d  s o i l  i s  i n v e r s e l y  p r o p o r t i o ­
n a l  t o  t h e  c u b e  o f  t h e  d e p t h  a n d  n o t  t h e  s q ua r e .

T h e s e  f a c t o r s  i n t e r v e n e  i n  a  c o mp l e x  p a t t e r n  
a n d  i t  a p p e a r s  t o  b e  i mp o s s i b l e  t o  g i v e  a 

t h e o r e t i c a l  f o r mu l a  l i n k i n g  t h e  i mp a c t  e n e r g y  
wi t h  t h e  e f f i c i e n t  d e p t h .  I n  a s s u mi n g  t h e  
s e c o n d  d e g r e e  p a r a b o l a  we  ma y  u s e .

z l i m = k  V W x  H

k  b e i n g  l e s s  t h a n  o n e  a n d  d e c r e a s i n g  wi t h  
i n c r e a s i n g  h e t e r o g e n e i t y  a n d  c l a y  c o n t e n t  
o r  i n c r e a s i n g  wi t h  mo i s t u r e  c o n t e n t .
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and on an old domestic refuse fill

DYNAMI C CONSOLI DATI ON

Dur i ng t he ei ght  year s t hat  have el apsed si nce 
t he Menar d t echni que of  " dynami c consol i dat i on"  
was i nt r oduced i nt o t he Uni t ed Ki ngdom,  t hi s 
met hod,  of  gr ound i mpr ovement  i s known t o have 
been appl i ed at  some 25 si t es i n Br i t ai n.  I t  
has been used al most  excl usi vel y t o compact  
l oose f i l l s ( domest i c,  i ndust r i al  and mi ni ng 
wast es,  demol i t i on r ubbl e and opencast  mi ni ng 
backf i l l s)  and i n onl y one known i nst ance has i t  
been used t o t r eat  a sof t  al l uvi al  soi l .  Much 
of  t he t heor et i cal  backgr ound t hat  i s usual l y 
advanced t o expl ai n t he act i on of  dynami c con­
sol i dat i on,  r el at i ng t o such mat t er s as t he com­
pr essi bi l i t y of  sat ur at ed soi l s due t o t he pr e­
sence of  mi cr o- bubbl es,  l i quef act i on,  hydr aul i c 
f r act ur e,  t hi xot r opi c r ecover y et c ( Menar d, 1972;  
Menar d and Br oi se,  1975;  Schl osser  and Jur an,  
19 7 9 ) i s i r r el evant  when t he t echni que i s used 
t o compact  l oose f i l l s.  I ndeed,  i t  di ver t s 
at t ent i on f r om t he t wo maj or  uncer t ai nt i es 
associ at ed wi t h t he use of  t he met hod on f i l l s,  
namel y t he dept h t o whi ch t he met hod ef f ect i vel y 
compact s t he f i l l  and t he magni t ude of  movement s 
t hat  wi l l  occur  i n t he f i l l  subsequent  t o dyna­
mi c consol i dat i on,  r espect i vel y.

( a)  Dept h of  ef f ect i veness

I t  i s necessar y t o have some def i ni t i on of  dept h 
of  ef f ect i veness.  I n i nvest i gat i ons car r i ed 
out  by t he Bui l di ng Resear ch St at i on set t l ement s 
pr oduced dur i ng dynami c consol i dat i on have been 
measur ed at  di f f er ent  dept hs wi t hi n t he f i l l  and 
t he dept h of  ef f ect i veness has been def i ned as 
t he dept h t o whi ch si gni f i cant  set t l ement ,  and 
consequent l y si gni f i cant  i ncr ease i n densi t y,  
has occur r ed.

Menar d and Br oi se ( 1975)  st at ed t hat  

z <

wher e z i s t he dept h of  ef f ect i veness i n
met r es when a wei ght  W t onnes has been 
dr opped f r om H met r es.

I nvest i gat i on of  dynami c consol i dat i on on a cl ay 
f i l l  suggest ed t hat

z = 0. 35 \Z“ w7h  ( Char l es et  al ,  1978)

<1.A. Char l es (Oral  di scussi on)

S.  Var aksi n . (Oral  di scussi on)

AMELI ORATI ON DES SOLS PAR COMBI NAI SON DE LA CONSOLI DATI ON 
DYNAMI QUE ET DES DRAI NS VERTI CAUX

J e  v o u d r a i s  i l l u s t r e r  d e u x  c o mme n t a i r e s  f a i t s  

p a r  l e  r a p p o r t e u r  g é n é r a l  .  J e  c i t e  :
"  I l  n ' y  a p a s  d e  s o l u t i o n  à  t o u s  l e s  p r o b l è me s  
e t  l ' e x p é r i e n c e  p r é c è d e  t o u j o u r s  l a  t h é o r i e . "

L a  c a p a c i t é  de  p r é v i s i o n  d u  c o mp o r t e me n t  d e s  

s o l s  t r a i t é s  p a r  l e s  d i v e r s e s  t e c h n i q u e s  d ' a mé ­
l i o r a t i o n  de  s o l s  e s t  à l a  b a s e  de  l ' e x e mp l e  
p r a t i q u e  c i t é .

En  e f f e t ,  p e u  de  t e c h n i q u e s  mé c a n i q u e s  i s o l é e s  
p e r me t t e n t  de  r é s o u d r e  u n  p r o b l è me  g é o t e c h n i q u e  
c o mp l e x e •

z = O. l i V W. H ( Char l es,  1979) .

At  t hese si t es t her e was a t ot al  ener gy i nput  of  
2800 k. N. m/ m2 and 2600 kN. m/ m r espect i vel y.
I t  woul d seem t hat  wi t h t he t ypi cal  wei ght s ( 15 
t onnes)  and hei ght s of  f al l  ( 20 met r es)  used i n 
t he Uni t ed Ki ngdom,  l oose f i l l s ar e l i kel y t o 
be ef f ect i vel y compact ed t o a 5 or  6 met r e dept h.

( b)  Movement s i n t he f i l l  subsequent  t o t r eat ­
ment

Char l es et  al  ( 1 9 8 1 ) have pr esent ed dat a f r om 
sever al  si t es showi ng t hat  si gni f i cant  set t l e­
ment s can occur  subsequent  t o dynami c consol i ­
dat i on of  l oose f i l l s.
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r epor t .  Pr oc 7t h Eur opean Conf  on Soi l  Mech 4 
Fndn Engg,  Br i ght on,  vol  5,  PP 197- 225.

L a  c o n s t r u c t i o n  d ' u n  h a l l  d ' u s i n e  e n  Ré p u ­
b l i q u e  F é d é r a l e  d ' Al l e ma g n e  p o s a i t  l e s  p r o ­
b l è me s  d e  f o n d a t i o n  s u i v a n t s  :

-  d e s  d e s c e n t e s  d e  c h a r g e s  i mp o r t a n t e s  a u  
d r o i t  d e s  a p p u i s

-  l a  f o n d a t i o n  d ' u n  d a l l a g e  a v e c  d e s  

c h a r g e s  r é p a r t i e s  i mp o r t a n t e s ,

-  l e s  d é f o r ma t i o n s  s o u s  l ' i n f l u e n c e  d e  r e mb l a i s  
d ' é p a i s s e u r  v a r i a b l e  p o u r  a me n e r  l a  p l a t e ­
f o r me  à s a  c o t e  de  f o n d a t i o n .
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LI MON ARGI LEUX 0

LI MON Si BL EUX®

LI MON' SABLEUX ET SABLE FI N

140 m

REI TMEHRI NG ( RFA)

REI TMEHRI NG RE A.

Anal y s es

ÉTUDES PRESSI OMETSi aUES LOUI S MENÂRD

Gr anul omél r i ques

F i g .  1 Co u p e  d u  p r o j e t  de  c o n s t r u c t i o n  de  
l ' e n t r e p ô t  REI T MEHRI NG /  R. F . A.

T r o i s  t e c h n i q u e s  d ' a mé l i o r a t i o n  de  s o l  s e
c o mp l é t a n t  mu t u e l l e me n t  o n t  é t é  u t i l i s é e s

A -  L a  c o n s o l i d a t i o n  d y n a mi q u e
B -  L e s  d r a i n s  v e r t i c a u x  c y l i n d r i q u e s ,  à g r a n d  

d é b i t  e t  p r é s e n t a n t  u n e  r é s i s t a n c e  é l e v é e  
a u x  c h o c s ,

C -  l a  mé t h o d e  t r a d i t i o n n e l l e  d ' e x c a v a t i o n  
et  r e mp l a c e me n t .

e t  s u r t o u t  l ' i n t e r a c t i o n  d e  c e s  t e c h n i q u e s .

F i g .  2 Co u r b e s  g r a n u l o mé t r i q u e s

2 t e r r a i n s  o ù  l e s  p r o p r i é t é s  d e  d r a i ­
n a g e  d o i v e n t  ê t r e  mo d i f i é e s  p o u r  

p e r me t t r e  u n e  c o n s o l i d a t i o n  s t a t i q u e  
et  d y n a mi q u e  r a p i d e .

L a  f i g u r e  3 r e p r é s e n t e  m e  v u e  g é n é r a l e  de  l a  
mi s e  en  p l a c e  d e s  d r a i n s  et  l e  r e mb l a i e me n t  
d e  l a  p l a t e - f o r me .

A - L a  c o n s o l i d a t i o n  d y n a mi q u e

L a  Co n s o l i d a t i o n  d y n a mi q u e  p e r me t t a i t  de  
r é s o u d r e  l e s  p r o b l è me s  de  p o r t a n c e  et  d é f o r ­
ma t i o n  d a n s  l e s  r e mb l a i s  et  l e s  p r o b l è me s  de  
d é f o r ma t i o n  d e s  s a b l e s  l i mo n e u x  s o u s - j a c e n t s ,  
s i  u n  ex üi i o i r e é t a i t  c r é e  p o u r  é v a c u e r  r a p i ­
d e me n t  l ' e a u  e x p u l s é e  v e r s  l e s  a r g i l e s  i mp e r ­
mé a b l e s .

B -  L e s  d r a i n s  v e r t i c a u x

L e s  d r a i n s  p e r me t t e n t  d ' a c c é l e r e r  l a  c o n s o ­
l i d a t i o n  s o u s  l e  p o i d s  d e s  r e mb l a i s ,  et  é v a ­
c u e r  r a p i d e me n t  l ' e a u  d u  t e r r a i n  mi s  e n  s u r ­
p r e s s i o n  p a r  l a  c o n s o l i d a t i o n  d y n a mi q u e .

C - L ' e x c a v a t i o n  e t  r e mp l a c e me n t

l ' e x c a v a t i o n  e t  l e  r e mp l a c e me n t  s o u s  l e s  

s e me l l e s  a s s u r e n t  l a  p o r t a n c e  à u n  t a u x  é l e v é  
d a n s  l e s  z o n e s  de  f a i b l e  é p a i s s e u r  d e  r e mb l a i s .

Lux p h o t o  n*  2 i l l u s t r e  l e s  c o u r b e s  g r a n u l o mé -  
t r i q u e s  d e s  d i v e r s e s  c o u c h e s  :

1 - 3  z o n e s  t r a i t é e s  p a r  l a  c o n s o l i d a t i o n  
d y n a mi q u e

Fi g .  3 Mi s e  en  p l a c e  d e s  d r a i n s

Vo i c i  l ' a s p e c t  d ' u n  d r a i n  c y l i n d r i q u e  a p r è s  

" l e  j e u  de  ma s s a c r e "  ( Fi g .  (l )

L a  c o u r b e  de  t a s s e me n t  et  de  c h a r g e me n t  ( f i g . 5)  
I l l u s t r e  q u e  d e s  d r a i n s  c y l i ndr i qx i es  i n s t a l l e ?  

à d e s  ma i l l e s  s u p é r i e u r e s  à 3 mè t r e s  et  l ' u t i ­
l i s a t i o n  d e  l a  c o n s o l i d a t i o n  d y n a mi q u e ,  ma i n t e ­
n a n t  u n e  p r e s s i o n  i n t e r s t i t i e l l e  é l e v é e / p e r ­
me t t e n t  d ' a t t e i n d r e  100 % de  c o n s o l i d a t i o n  p r i ­
ma i r e  d a n s  d e s  d é l a i s  e x t r ê me me n t  co- i r t s .

L a  c o u r b e  de  T a s s e me n t  p r é c é d e n t e  a mo n t r é  q u e  
l e s  p r o b l è me s  d e  t a s s e me n t  d a n s  l e s  a r g i l e s  
é t a i e n t  r é s o l u s  et  c e  p r o f i l  p r e s s i o me t r i q u e  
mo n t r e  l e s  c a r a c t é r i s t i q u e s  de  c i s a i l l e me n t  
et  de  d é f o r ma t i o n  d a n s  l e s  c o u c h e s  s u p é r i e u r e s  
et  i n f é r i e u r e s ,  a p r è s  c o n s o l i d a t i o n  d y n a mi q u e .
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T e m p s  ( j )

£ i g .  li  As p e c t  d u  d r a i n  

CONCL USI ON

L e  c h o i x  d ' u n e  s u c c e s s i o n  j u d i c i e u s e  de  
p l u s i e u r s  t e c h n i q u e s  d ' a mé l i o r a t i o n  de  s o l ,  l e  
c h o i x  de  t e c h n i q u e s  d e  c o n t r ô l e  a p p r o p r i é e s  
e t  l ' e x p é r i e n c e  d u  c o n c e p t e u r  p e r me t t e n t

H. Q.  Gol der  ( Or al  di scussi on)

ON GROUTI NG 

I NTRODUCTI ON

Ce me n t  g r o u t i n g  i s  p r o b a b l y  t he  o l d e s t  p r o c e s s  
u s e d  t o  i mp r o v e  t h e  me c h a n i c a l  p r o p e r t i e s  o f  

s o i l s .

Gr o u t i n g  me a n s  ' t o f i l l  t h e  v o i d s  o f  a g r a n u l a r  

ma t e r i a l  wi t h  a  s u b s t a n c e  wh i c h  i n c r e a s e s  

we i g h t  a n d  r e d u c e s  p e r me a b i l i t y ,  a n d  c e me n t s  
t he  s o i l  g r a i n s  t o g e t h e r  as  t he  g r o u t  s e t s ' .

Th i r t y  y e a r s  a g o  i t  wa s  c o mmo n  t o  t r y  t o  g r o u t  
s a n d s  wi t h  c e me n t  g r o u t .  To d a y  e v e r y o n e  k n o ws  
t h a t  i t  d o e s n ' t  wo r k .  Th e  p a r t i c l e s  o f  c e me n t  
a r e  s i l t  s i z e ,  i . e .  l es s  t h a n  0 . 0 6  mm i n  

d i a me t e r .  Th e s e  a r e  t oo  l a r g e  t o  e n t e r  t he  
v o i d s  o f  a me d i u m s a n d  o r  a n y  f i n e r  ma t e r i a l .

Ce me n t  g r o u t  c a n n o t  p e r me a t e  a me d i u m s and.
Th i s  i s  a n e g a t i v e  p r o p e r t y .  Bu t  s o me t h i n g  
h a p p e n s  i f  y o u  t r y  t o  g r o u t  a s a n d  wi t h  c e me n t .  
A ' p e a r - s h a p e d '  b o d y  o f  n e a t  c e me n t  i s  f o r me d  
a r o u n d  t he  g r o u t - p i p e .  Th e  s i z e  o f  t h e  ' pear -  
d r op '  d e p e n d s  o n  t he  g r o u t i n g  p r e s s u r e  us ed ,  
a n d  t he  o r i g i n a l  d e g r e e  o f  c o mp a c t i o n  o f  t he  

s and .  I n  a l o o s e  s a n d  t h e  v o l u me  o f  t he  p e a r -  
d r o p  c a n  b e  q u i t e  l a r ge .  Us i n g  a 5 c m d i a me t e r  
p i p e  p e r f o r a t e d  o v e r  t he  b o t t o m 60  c m t he  

b o t t o m o f  t h e  d r o p  c a n  h a v e  a d i a me t e r  o f  a b o u t  
30 c m a n d  t h e  t o p  10  c m.

Th i s  ' p o s i t i v e '  a s p e c t  o f  t h e  a b o v e  n e g a t i v e  
p r o p e r t y  me a n s  t h a t  a l t h o u g h  y o u  c a n n o t  

' p e r me a t e '  a l o o s e  s a n d  wi t h  a c e me n t  g r ou t ,  
t he  g r o u t  c a n  p u s h  t h e  s a n d  a wa y  f r o m t he  p i p e  
i f  i n j e c t e d  u n d e r  p r e s s u r e  a n d  s o  i t  wi l l  
c o mp a c t  t he  s and .  Th i s  i s  a  p o s i t i v e  p r o p e r t y  

of  g r e a t  v a l u e ,  wh i c h  wa s  s u c c e s s f u l l y  e mp l o y e d

- Fi g.  5 Co u r b e  d e  t a s s e me n t

d ' é l a r g i r  l e  d o ma i n e  d ' a p p l i c a t i o n  d e  l ' a mé l i o ­
r a t i o n  d e s  s o l s  e t  d ' é l i mi n e r  l e  r i s q u e ,  q u e  
r e p r é s e n t a i t  l ' u t i l i s a t i o n  d ' u n e  s e u l e  t e c h ­
n i q u e  p o u r  r é s o u d r e  d e s  c o n d i t i o n s  de  s o l  
h é t é r o g è n e s  e t  s o u v e n t  i mp r é v u e s .

i n  t he  c a s e  d e s c r i b e d  b e l o w.

DESCRI PT I ON OF GROUTI NG I N KARSTI C L I MESTONE

A Nu c l e a r  Po we r  St a t i o n  wa s  t o  b e  b u i l t  i n  an  
a r e a  o f  Ka r s t i c  L i me s t o n e .

So i l  Co n d i t i o n s

Th e  s i t e  wa s  f l a t  a n d  l o w- l y i n g .  A s u r f a c e  
f i l l  o f  s a n d  a n d  g r a v e l  h a d  b e e n  p l a c e d  f o r  

a c c e s s ,  b u t  a l l  f o u n d a t i o n s  we r e  t o  b e  i n  a  
s o f t  l i me s t o n e  k n o wn  as  ' Bi ope l '  wh i c h  o c c u r r e d  

c l o s e  t o  t h e  s u r f a c e .  Th e  Bi o p e l  c o n t a i n e d  
v e r t i c a l  j o i n t s  a n d  wh e r e  t h e s e  i n t e r s e p t e d  
e a c h  o t h e r  s o l u t i o n  c a v i t i e s  h a d  b e e n  f o r me d .  

Th e  c a v i t i e s  we r e  f i l l e d  wi t h  f i n e  s and ,  wh i c h  
i n  s o me  p l a c e s  wa s  i n  a  v e r y  l o o s e  c o n d i t i o n .  
Ma n y  ' N'  v a l u e s  we r e  b e l o w 10,  a n d  i n  s o me  

p l a c e s  t he  b o r i n g  r o d s  d r o p p e d  u n d e r . t h e i r  o wn  

we i g h t .

At  a d e p t h  o f  s o me  20  m Do l o mi t e ,  a  mu c h  h a r d e r  
L i me s t o n e ,  wa s  e n c o u n t e r e d .

Pr o b l e m

A r e a c t o r  b u i l d i n g  45 m i n  d i a me t e r  a n d  wi t h  an  

a p p l i e d  f o u n d a t i o n  p r e s s u r e  o f  3 8 0  k Pa  wa s  i n  
c o u r s e  o f  c o n s t r u c t i o n  wh e n  a n  a r e a  o f  b a d l y  

d e c o mp o s e d  Bi o p e l  wa s  d i s c o v e r e d  u n d e r  p a r t  o f  
t he  s i t e .

Bo r i n g s  s h o we d  t h e  a r e a  t o  b e  a b o u t  4 0 0  s q  m o f  

wh i c h  a ' l o z enge '  25 m l o n g  b y  6 m wi d e  wa s  
u n d e r  t h e  r i m o f  t h e  r e a c t o r  f o u n d a t i o n .
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Qf  t he  p o s s i b l e  s o l u t i o n s  g r o u t i n g  wa s  c h o s e n .  

Gr o u t i n g

Th e  g r o u t i n g  p r o g r a mme  c o n s i s t e d  o f  t he  f o l l o w­
i n g  s t e p s : -

1.  Gr a v i t y  g r o u t i n g  wi t h  c e me n t  g r o u t  t o  f i l l  
t h e  l a r g e  v o i d s  -  p r i ma r y  h o l e s  a t  2 . 5  m 
c e n t r e s .

2.  Se c o n d a r y  a n d  t e r t i a r y  h o l e s  a t  1 . 2  m 
c e n t r e s .  L o w p r e s s u r e  c e me n t  g r o u t i n g  a t  
1 4 0  k Pa  t o  c o mp a c t  t he  l o o s e  s and .  Th e  
g r o u t  d i d  NOT p e n e t r a t e  t he  s and .

3.  Si l i c a t e  g r o u t i n g  o f  t he  c o mp a c t e d  s a n d  t o  
g i v e  s t r e n g t h  t o  t h e  s and .  Th i s  wa s  
c o n s i d e r e d  n e c e s s a r y  i n  c a s e  o f  f u r t h e r  
s o l u t i o n  o f  l i me s t o n e  i n  t he  f u t u r e .  Th i s  
wa s  d o n e  f r o m a f r e s h  s e r i e s  o f  h o l e s ,  
a g a i n  i n t h r e e  s t a g e s .

Re c o r d s

Re c o r d s  d u r i n g  g r o u t i n g  a r e  mo s t  i mp o r t a n t .
Th e  ' t ak e '  o f  e a c h  h o l e  a t  e a c h  s t a g e  s h o u l d  b e  
r e c o r d e d  a n d  ma r k e d  up  o n  a wa l l  c h a r t  
i mme d i a t e l y  -  NOT  l e f t  i n  s o me  e n g i n e e r ' s  f i e l d  
b o o k .  Co l o u r  c h a r t s  c a n  b e  v e r y  u s e f u l  he r e ,  
u s i n g  g r e e n  f o r  ' s a f e*  a r e a s ,  a n d  r e d  f o r  
• d a n g e r o u s ' .  Bu t  ma k e  s u r e  t h a t  t h e  e n g i n e e r s

C. H.  Beyr er  ( Or al  di scussi on)

CONTROLE DES RESULTATS DE L' AMELI ORATI ON EN UTI LI SANT 
LA METHODE PRESSI OMETRI QUE

J e v oud r a i s  p a r l e r  du c o n t r ô l e  des  r é s u l t a t s  de 
l ' a mé l i o r a t i o n  de s o l s  en u t i l i s a n t  l a  mé t h o d e  
p r e s s i o mé t r i q u e  p o u r  l a  p r é d i c t i o n  du degr é  
d ' a mé l i o r a t i o n .

L e  s y s t è me  de c ont r ôl e,  de q u a l i t é  pa r  e s s a i s  

dans  t ous  l es  d o ma i n e s  t e c h n o l o g i q u e s  s e pa s s e  

en t r o i s  é t apes  :

-  es s a i  p r é a l a b l e  ( d é v e l o p p e me n t  de l a s ol ut i on)

-  c o n t r ô l e  s p é c i f i q u e  ( d ' i d en t i t é )  de q u a l i t é  
des  é c h a n t i l l o n s

-  c o n t r ô l e  g l o b a l  de l a  q u a l i t é  de l a  s o l u t i on .

En g é o t e c h n i q u e , c e  s y s t è me  es t  l i mi t é  n o r ma l e ­

men t  aux  t r a v a u x  de t e r r a s s e me n t  ( c o n s t r u c t i o n  
de r o u t e s  ou de b a r r a g e s )  ou d ' a mé l i o r a t i o n s  
r e l a t i v e me n t  s u p e r f i c i e l l e s .  Dan s  c es  c as , o n  

u t i l i s e  l es  mé t h o d e s  c o n v e n t i o n n e l l e s  d ' e s s a i s  
de c on t r ô l e ,  qu i  s on t  enc o r e  s u f f i s a n t e s  et  éc o ­
n omi q u e s .  Ma i s  c es  mé t h o d e s  d e v i e n n e n t  i nex ac t es  
dans  l eu r  v a l e u r  de p r é d i c t i o n  et  peu  é c o n o mi ­
ques  s ' i l  s ' ag i t  de l ' a mé l i o r a t i o n  de s o l s  de 
ma u v a i s e  q u a l i t é  en p r o f o n d e u r ,  s o i t  p o u r  o b t e ­

n i r  une  f o r c e  p o r t a n t e  n é c e s s a i r e  av ec  des  t a s ~  
s e me n t s  l i mi t é s  ou/  même  p o u r  a mé l i o r e r  l a  s t a ­

b i l i t é  des  pen t es .

Si  on p e u t  enc o r e  - ut i l i s er  des  me s u r e s  c o n t i mœ 

de t a s s e me n t  et  de p r e s s i o n  i n t e r s t i t i e l l e  
p o u r  l e c o n t r ô l e  de t r a v a u x  de c o n s o l i d a t i o n ,  
aus s i  b i e n  que  des  s o n d a g e s  s i mp l e s  -  d y n a mi ­
que s  ou s t a t i q u e s  -  p ou r  d é mo n t r e r  l es  r és ul t at s  
ob t enus ,  c es  mé t h o d e s  s ont  i n s u f f i s a n t e s  s ' i l  
s ' ag i t  de s t a b i l i s a t i o n  en p a r t i c u l i e r  pa r  i n ­
j e c t i o n s  c h i mi ques ,  s u r t o u t  en r a i s o n  de l a

c o n c e r n e d  a r e  n o t  c o l o u r  b l i n d  ( a h a n d i c a p  

wh i c h  i s  mo r e  c o mmo n  t h a n  u s u a l l y  r e a l i z e d ) .

Ch e c k i n g

Th e  s u c c e s s  o f  t h e  t r e a t me n t  wa s  a s s e s s e d  by  
r e g a r d i n g  t he  t r e a t e d  a r e a  as  a n e w s i t e  t o  be  
e x a mi n e d  f r o m s c r a t c h  b y  a l l  t he  u s u a l  me t h o d s .

Th e s e  we r e :

a)  Bo r i n g  a n d  u n d i s t u r b e d  s a mp l i n g  wi t h  ' N*  
v a l u e s .

b)  Co r e - d r i l l i n g .
c)  Co n t i n u o u s  s o u n d i n g s .

We  c o n s i d e r e d  t h a t  i f  t he  ' N'  v a l u e s  we r e  i n  

g e n e r a l  g r e a t e r  t h a n  30 t he  s i t e  wa s  s a t i s f a c ­
t o r y .  Si mi l a r  c r i t e r i a  we r e  l a i d  d o wn  f o r  t he  
p r o p e r t i e s  me a s u r e d  b y  t he  o t h e r  me t h o d s .

Th e  t r e a t e d  a r e a  wa s  c o n s i d e r e d  t o  be  s a t i s f a c ­
t o r y  a n d  c o n s t r u c t i o n  we n t  ahe a d .

Se t t l e me n t

Ve r y  c a r e f u l  me a s u r e me n t s  o f  s e t t l e me n t  we r e  

t a k e n  o v e r  t h e  p e r i o d  o f  c o n s t r u c t i o n .  Th e  
f i n a l  s e t t l e me n t  wa s  l e s s  t h a n  1 c m a n d  t he  
t i l t  wa s  2 mm.

p r o f o n d e u r  et  de l ' h é t é r o g é n é i t é  du sol .

Ai n s i  au c ou r s  de l a  c o n s t r u c t i o n  d ' une  a u t o ­
r o u t e  t r a v e r s a n t  l es  Al pes  Au t r i c h i e n n e s , l e  
t r a c é  d e ma n d a i t  des  t r an c h é e s  et  r e mb l a i s  i m­
p o r t a n t s  dans  l es  f l anc s  d ' une  v a l l é e  é t r o i t e .

L e s  p e n t e s  s on t  c o n s t i t u é e s  de p h y l l i t e - n o i r e , 

a s s e z  peu  c o mp a c t e  et  mo u i l l é e  de 20 à 3 0  mèt r es 

d ' é p a i s s e u r  av ec  un f a c t e u r  de s é c u r i t é  p o u r  l a 

s t a b i l i t é  éga l  à 1.

Gr â c e  aux  t e c h n i q u e s  mo d e r n e s  de t e r r as s emen t ,  
d é b l a i s  et  r e mb l a i s  s on t  e x é c u t é s  t r ès  v i t e  et  
d é j à  p e n d a n t  l a c o n s t r u c t i o n . o n  o b s e r v a i t  des  
g l i s s e me n t s  s u p e r f i c i e l s  et  une  a c c é l é r a t i o n  

du f l ua g e  de l a ma s s e  t o t a l e  de l a  pen t e .  En 
p l u s , i l  é t a i t  aus s i  t r ès  d i f f i c i l e  de j u g e r  de 
l a  p e r mé a b i l i t é  et  des  d i f f é r e n t s  p a s s a g e s  

d ' e a u  qu i  c h a n g e a i e n t  c o n t i n u e l l e me n t  à c aus e  
de l a t e n e u r  en l i mon,  r é s u l t a n t  de l a d é c o m­
p o s i t i o n  des  phy l l i t e s .

Un e  é t u d e  e x ac t e  de mé t h o d e s  e f f i c a c e s  ma i s  
é c o n o mi q u e s  à u t i l i s e r  pou r  l a s t a b i l i s a t i o n ,  
de ce g l i s s e me n t  p o t e n t i e l  é t a i t  n é c e s s a i r e .

On a c h o i s i  une n o u v e l l e  mé t h o d e  d ' i n j e c t i o n  

p a r  i n f i l t r a t i o n  c h i mi q u e  s ans  p r e s s i o n  av ec  
des  l a nc es  pe r dues .  Pa r  c r i s t a l l i s a t i o n  c h i -  

mi q u e , l a  l i a i s o n  en t r e  g r a i n s  es t  amé l i o r ée .

Po u r  p o u v o i r  c o n t r ô l e r  1 ' a mé l i o r a t i o n , on a 
é t a b l i  un p r o g r a mme  d ' e s s a i s  He l a b o r a t o i r e  et  
s u r  c han t i e r ,  p e r me t t a n t  une  c o n n a i s s a n c e  des  
f a c t e u r s  l es  p l us  i mp o r t a n t s  :

955



-  h é t é r o g é n é i t é  du ma t é r i a u  de g l i s s e me n t  s u ­

p e r f i c i e l  ,

-  p o s s i b i l i t é  de s t a b i l i s a t i o n  des  ma s s e s  i n s ­
t ab l e s  p r o f ondes ,

-  c h a n g e me n t  p r o b a b l e  du b i l a n  h y d r o l o g i q u e  
dans  l es  p e n t e s  de l a v a l l é e ,

-  c h a n g e me n t  de l a d é f o r ma t i o n  p a r  c i s a i l l e me n t .

Le  c o n t r ô l e  g l o b a l  a é t é  p r é c é d é  d ' une  p a r t  par  
des  e s s a i s  de c i s a i l l e me n t  au l a b o r a t o i r e  en 

b o i t e  as s ez  g r a n d e  ( 5 0  x  5 0  cm)  dans  l e ma t é ­

r i a u  non  a mé l i o r é  ( mi s e en b o i t e  en c o mp a c i t é  
na t u r e l l e )  et  d ' a u t r e  pa r t  " i n s i t u "  ( s u r f ac e  
de c i s a i l l e me n t  = 9 0  x  9 0  cm)  dans  l e ma t é r i a u  
a mé l i o r é  p a r  i n j e c t i o n  s u r  p l a c e  ( f i gs  1 et  2) .

Une r e l a t i o n  e mp i r i q u e  ( f i g.  3 ) 1 ba s é e  s u r  l a 
p r e s s i o n  l i mi t e , é t a i t  é t a b l i e  p o u r  l ’ a mé l i o r a ­
t i on  r é a l i s a b l e  ( doma i ne  de r u p t u r e  en c as  de 

d é p a s s e me n t  de l a  r é s i s t a n c e  au c i s a i l l e me n t ) .

Ce t t e  r e l a t i o n  é t a i t  donc  f i x ée  c omme b a s e  de 

c o mp a r a i s o n  p o u r  l e c o n t r ô l e  d ’ e x é c u t i o n  des  
i n j e c t i o n s ,  ( f i g.  4)

MO

AMÉLI ORATI ON RÉALI SABLE ET AMÉLI ORATI ON RÉALI SÉ

Fi g.  1 Essai s de ci sai l l ement  I N SI TU

P r o f o n d  e u  

d e  

S u r f a c e

__ m___
1 . 5

3
A i  5

10
12
14

16

16

20

MOYENNE 
D' AMÉLI ORATI ON 
r éal i sabl e = 100*/ .

3 8  X

2 7 %  

7 3  X  

9 3 %  

85% 
15 5  X

2 9 1 X

2 9 2  X 

142%
7 1 X 

100*

( 1 0 4 * )  

(  4 7 % )  

(  8 3  X )

90 %
100% 200% 300%

A M E L I O R A T I O N  e n  X d ' A m é l  

r é a l i s é  a p r è s  11 s e m a i n e s  

r é a l i s é  a p r è s  3 2  s e m a i n e s

o r a t i o n  r é a l i s a b l e

Fi g .  4 Co mp a r a i s o n  av ec  l es  r é s u l t a t s  
o b t e n u s .

En p l us  on a é t a b l i  des  
p o u r  k d i f f é r e n t e s  z ones  

dan t  du t emps  ( f i g.  5 )

c ou r b e s  d ' a mé l i o r a t i o n  
de p r o f o n d e u r  d é pen -

Fi g.  2 Ré s u l t a t s  des  e s s a i s  de 
c i s a i l l e me n t .

On a a i ns i  pu  d é f i n i r  l a  p o s s i b i l i t é  d ' a u g me n ­
t a t i o n  des  v a l e u r s  de c i s a i l l e me n t  dans  ce ma ­
t é r i au .

On a u t i l i s é  e n s u i t e  des  e s s a i s  p r e s s i o mé t r i -  
q ues  Mé n a r d  p o u r  des  z ones  d ' e s s a i s  à g r an d e  
é c h e l l e  s ur  une  p a r t i e  de l a  p e n t e  à s t ab i l i s er .  

Un  g r a n d  n o mb r e  d ' e s s a i s  ( t ous  l es  1, 5 -  2 , 0  m)  
j u s q u ’ à 20 m de p r o f o n d e u r  t o t a l e  av an t  et  

ap r ès  i n j e c t i o n  d ans  des  d é l a i s  de k , 6 et  20 
s e ma i n e s )  ont  é t é e x é c u t é s  et  p e r me t t a i e n t  

d ' é t a l o n n e r  l a  mé t h o d e  en f o n c t i o n  de l a r é s i s ­
t anc e  au c i s a i l l e me n t .

To u t e s  l es  v a l e u r s  h a b i t u e l l e s  E , , J2,  p

r>X
é t a i e n t  i n t e r p r e t é e s  s t a t i s t i q u e me n t  ( v a l eu r  
mo y e n n e  et  éc a r t  t y pe) .

- - - - - - - - - - - - —  —  4 - 9 m

- - - - - - - - - - - -  9 - 15  m

.................  — —  15 - 20 m

Fi g.  5 Amé l i o r a t i o n  en f o n c t i o n  du t emps .

De même mani èr e ,  on a c o n t r ô l é  l es  a mé l i o r a t i o n s  
p o s s i b l e s  pa r  i n j e c t i o n  de f i s s u r e s  dans  l es  

f l a n c s  r o c h e u x  d ' u n  b a r r a g e  en bé t on .  I c i  l a 
d é f i n i t i o n  se b a s a i t  s u r  l es  v a r i a t i o n s  des  ni o-

15000kg

BETON,  
B 300 j

• SOL o o ’ 
rw>n r e m a n i é  

.9 0  x  9 0 ) P 5 5  c m

S u r f a c e  d e  C i s a i l l e m e n t
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“ H r n . .

E«l

P r o f o n d e u r  m

S C H I S T E  /  G N E i S S  : H U Ï Ï Ï L .

Fi g*  6 Ame l i o r a t i o n  du r oc he r .

du l es  de c h a r g e me n t  E^  -  E^  et  des  mo d u l e s  de

* RI  R3
d é c h a r g e me n t  - Ej ^ dans  l es  d i f f é r e n t e s  p l ag e e

de c h a r g e me n t  : 10 -  20 ; 2 0 - 4 0  et  40  -  6 0  t ar s
av an t  et  ap r ès  i n j e c t i on .  On a aus s i  c a l c u l é

l es  v a l e u r s  i mp o r t a n t e s  p o u r  l a c o n n a i s s a n c e  de
La r o c h e  : f i s s u r a t i o n ,  p r e s s i o n  de f l uage,
f ac t eu r  r h é o l o g i q u e .  ( f i g.  6)

A.  Par t os ( Or al  di scussi on)

CONTROL OF COMPACTI ON GROUTI NG BY NUCLEAR DEPTH DENSI TY 
TESTS

Essai s de Densi t é en Pr of ondeur  pour  Ver i f i er  l a Densi f i ­
cat i on de Sol

SYNOPSI S Soi l  i mpr ovement  by compact i on gr out ­
i ng i s moni t or ed by nucl eoni c dept h densi t y and.  
dept h moi st ur e gauges.  Dr y uni t  wei ght s,  voi d,  
r at i os and r el at i ve densi t i es ar e comput ed f r om 
f i el d and l abor at or y dat a.

Tabl e 1 - Voi d Rat i os Ce) at  Test  Locat i ons

Dept h
Bel ow
Fl oor

m

Test  Locat i on No.

2 5 10

eo ef  . eo ef eo ef
2. 7 
3. 5 
4. 1
4. 7

1. 00 . 75 
1. 04 . 85
1. 00 . 75 

. 96 . 69

. 92 . 69 
1. 04 . 96 

. 88 . 82 
1. 00 . 85

1. 00 . 92 
. 89 . 80

1. 00 „. 8 8 
1. 10 . 97

Aver age
0- 4. 7

eoa 1. 00;  e £a = 0. 82

e0 = i ni t i al ;  ef  = af t er  compact i on gr out i ng 

I NTRODUCTI ON

Chemi cal  gr out i ng of  l oose t o ver y l oose sands 
coul d pr ovi de r equi r ed st i f f ness f or  pr oposed 
f or gi ng equi pment  f oundat i ons (1)  but  sand 
par t i cl es coul d be separ at ed t hr ough hydr aul i c 
f r act ur i ng and t he cost s of  chemi cal  gr out i ng 
ar e hi gh.  Ther ef or e compact i on gr out i ng was 
al so empl oyed t o r educe voi d r at i o of  l oose sand.

MONI TORI NG

Ni ne m l ong and 47. 3 mm I . D.  al umi num pi pes 
wer e i nst al l ed at  12 l ocat i ons i n an ar ea 
of  12 by 27 m i n si ze.  Tr oxl er  model  1351 
densi t y and model  1251 moi st ur e gauges and a 
model  2651 Scal er - Rat emat er  (2) wer e used.
Each gauge consi st s of  a pr obe,  a f i t t ed cabl e 
and a shi el d and a st andar d.  The dej i si t y 
pr obe cont ai ns a 3 mi l l i cur i e sour ce of  Radi um-  
226 and measur es t he t ot al  uni t  wei ght  by 
backscat t er  and absor pt i on of  nucl ear  r adi at i on 
of  a spher i cal l y shaped vol ume appr oxi mat el y
13 cm i n r adi us.  The moi st ur e pr obe cont ai ns 
a 3 mi l l i cur i e sour ce of  Radi um- Ber yl l i um and 
det ect s neut r ons whi ch ar e t her mal i zed by 
hydr ogen.  Sever al  hundr eds of  r eadi ngs wer e

obt ai ned bef or e and dur i ng'  and af t er  compl et i on 
of  compact i on gr out i ng.

Typi cal  voi d r at i os at  3 t est  l ocat i ons and 
pr oj ect  aver age voi d r at i os ar e shown i n 
Tabl e 1.  Compact i on gr out i ng i ncr eased an

Tabl e 2 - Rel at i ve Densi t i es ( Dr )

Voi d Rat i o (e)

Dr
Labor at or y Fi el d

( *J

e max e mi n eoa ef a Dr i  Dr f

1. 27 0. 64 1. 00 0. 64 40 71

= i ni t i al ;  Dr £ = af t er  compact i on gr out i ng

Tabl e 3 - Vol umet r i c St abi l i t y of  For ge 
Foundat i on Soi l s

Phase
Af t er  Gr out i ng

I ni t i al
Compact i on Chemi cal

Sol i ds (%) 50 55 78%
Voi ds (%) 50 45 221
Voi d Rat i o 1. 00 0. 82

aver age r el at i ve densi t y f r om .40% t o 71%
( Tabl e 2) .  The vol ume of  sol i ds and voi ds 
was 78% and 22%,  r espect i vel y,  af t er  compl et i on 
of  compact i on and chemi cal  gr out i ng ( Tabl e 3) .

CONCLUSI ONS

Nucl eoni c dept h gauges pr ovi de r epet i t i ve 
t est i ng of  t he subsoi l  t o moni t or  at  t he same 
l ocat i on an i ncr ease of  r el at i ve densi t y due 
t o successf ul  compact i on gr out i ng oper at i ons.
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of  Soi l  I mpr ovement  by Cr osshol e Test i ng" .  
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" Moni t or i ng Consol i dat i on Set t l ement s of  
Sof t  Soi l s I nduced by Dewat er i ng"  ASTM,
STP 584,  pp.  111- 126.
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USE OF GEOTEXTI LES I N SOI L ' I MPROVEMENT I N JAPAN

I n Japan,  soi l  i mpr ovement  t echni ques ar e i n 
most  cases necessar y t o adopt  i n ear t hwor ks of  
al l uvi al  sof t  cl ays,  vol cani c ash cohesi ve soi l s 
and peat y soi l s whi ch ar e di st r i but ed t her e ver y 
commonl y.  Mai n pr obl ems ar e concer ned wi t h (a) 
t he pl acement  of  t r aspor t ed good ear t h by some 
t hi ckness on t he or i gi nal  sof t  gr ound as t he 
f i r st  st age of  const r uct i on,  (b)  t he deep i m­
pr ovement  of  t he sof t  gr ound i t sel f ,  and (c)  t he 
bui l di ng of  hi gh embankment  usi ng such di f f i cul t  
soi l s.  Of  t hese wor ks,  t he f i r st  i t em wor k i s 
of t en cal l ed " t he pr i mar y st age gr ound i mpr ove­
ment "  and t he secondar y one " t he secondar y st age 
gr ound i mpr ovement . "  The f i r st  st age gr ound i m­
pr ovement  i s mor e i mpor t ant  i n Japan t han i n 
ot her  many count r i es.

The pol yvi nyl  or  pol yest er  sheet  has f or  t he 
f i r st  t i me begun t o use f or  t he pr i mar y gr ound 
i mpr ovement  i n t he end of  1960s ( Ful cuzumi  et  
al . ,  1970) .  Fol l owi ng t hat ,  a much mor e r esi st ­
i ng mat er i al ,  t he pol yet hyl ene net  ( mesh)  of  
hi gh densi t y,  has been appl yi ng t o use i n t he 
same means as t he above sheet  met hod si nce t he 
f i r st  of  1970s ( Yamanouchi ,  1970)  as shown by 
Fi g.  1 ( b) . Thi s r esi nous net  was pr oved t o be 
usef ul  al so f or  t he separ at i on of  gr anul ar  
mat er i al  when t he mat er i al  i s spr ead on t he sof t  
cl ay gr ound ( Yamanouchi ,  1967) .  Bot h mat er i al s,  
t he sheet  and t he r esi nous net ,  have t hen become 
t o use t oget her  wi t h a r ope net  l ayi ng on t he 
upper  si de of  t he mat er i al  i n or der  t o r ei nf or ce 
agai nst  t he r upt ur i ng f ai l ur e f easi bl e t o ar i se 
due t o a t oo l ar ge cur vat ur e whi ch i s i nevi t abl e 
at  t he f r ont  par t  of  a wor ki ng bul l dozer  as seen 
i n Fi g.  1 (a) .  Such modi f i ed met hods ar e cal l ed 
" t he r oped- sheet  met hod"  and " t he r oped- net  
met hod. "

A st eel  net  ( mesh)  has once been t est ed i n an 
exper i ment al  r oad of  l ow embankment  by Japanese 
Road Publ i c Cor por at i on ( JS SMFE, 1969) .  But ,  
t he st eel  net  has never  been used si nce t hen f or  
a wor r y about  a possi bl e t r oubl e i n t he f ut ur e 
subsur f ace ear t hwor k.  The bamboo net  f abr i cat ed 
at  t he f i el d was f or  t he f i r st  t i me appl i ed at  a 
sof t  cl ay gr ound by a company i n 1960s,  but  t he 
mat er i al  has not  been many used owi ng t o be out  
of  Japanese soi l  engi neer s'  t ast e.

Such var i ous met hods ar e summar i zed i n r el at i on 
t o t he wat er  cont ent  of  al l uvi al  sof t  cl ay i n 
r ecl ai med onshor e l and i n Fi g.  2 ( Kobor i ,  1977) .  
Wher e,  t he hi ghest  wat er  cont ent  i s l ear ned t o 
be ar ound 300% t hat  was over come by means of  
t he r oped- net  met hod.  When t he bul l dozer  i s 
used i n t he spr ead wor k of  ear t h on t he sof t  
cl ay gr ound,  i t  i s not  easy t o bui l d i n a f or m 
of  uni f or m t hi ckness f or  a r emar kabl e f l ow move­
ment  of  t he gr ound cl ay ar i sen beneat h t he wor k ­
i ng bul l dozer .  For  sol vi ng t hi s pr obl em,  a 
company ( Shi mi zu et  al . ,  1977)  has cont r i ved a 
met hod of  spr eadi ng sand usi ng a speci al  pump as 
shown by Fi g.  3.

Anal yt i cal  st udi es have al so been publ i shed on 
t he sheet  and r esi nous net  met hods ( Shi mi zu et  
al . ,  1977,  Yamanouchi  et  al . ,  1979) .  However ,  
t he r esul t s of  t hese st udi es seem t o be ambi gu­
ous i n anyway because t he r i gor ous set t l ement

,T. Yamanouchi ,  Panel i st

( a)  Usual  s t at e at  t he f r ont  par t  of  a 

bul l dozer  i n sheet  met hod

( b)  Gener al  v i ew of  t he per f or mance i n 

r es i nous  net  met hod ( af t er  H.  Koyama)

Fi g. l  Pl acement  of  bor r owed ear t h on sof t  
gr ound usi ng sheet  and r esi nous net

Wat er  con­
t ent  ( %) 50 100 150 200 250 300

Di r ec t

spr ead

j ^ Fuku oka

Sheet

met hod

H^ h i r c

F

^ a t a

ukuyama

Sak ai ^

A - A
Handa

Roped net  

met hod
Fukuok

o c

o - - - - - ^

a 0-0
c

o -

 ̂ I mar i  

i hama
— o

Koi gahi ma

1 Oo s i ka Nankc

V

Bamboo net  

met hod
Ki t akydshu

I

Net  met hod

Yo kkai chi
- - - - - - o

“O  Yokka 

° “

i chi  

— 0  "

>aka Nani O

Chemi cal l y  

sol i di f y ­

i ng met hod

I n

c

— <

o- - - - - - - -c
ar i  0<! )  .
q  l Nn h a ma

}  Sakai ]

Spec i al  mi  
_ .1

Ar i ake

- o

xi ng boc t

O : Measur ed ^  ; Es t i mat ed 

- - - - : Range - - - - - -  Range

Fi g.  2 Exper i ences of  t he pl acement  of
ear t h on al l uvi al  sof t  cl ay gr ounds 
usi ng geot ext i l es ( Kobor i ,  1977)
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cannot  be def i ned f or  a cont i nuous set t l ement  
due t o consol i dat i on as wel l  as f or  t he mat t er  
t hat  t he bear i ng capaci t y can be mobi l i zed af t er  
causi ng a l ar ge cur vat ur e of  t he t ext i l e as f ar  
as t he sheet  or  net  i s used on t he sof t  cl ay 
gr ound.

Fi g.  3 A doubl e j et - conveyer  ( Shi mi zu 
et  al . , 1977)

i

Fi g.  4 Embankment  st andar d by Japanese 
Nat i onal  Rai l way ( Uezawa,  et  al . ,  
1975)

10.0 m from ehe old track

F Incl i nometer, w Pore waCer pressure-meter S Steet bar strese-meter
H Sett l ement-meter e Earth pressure-meter L Load-meter

Fi g.  5 Met hod usi ng t i ed pi l e gr oups 
and st eel  net  ( Shi ma,  1981)

Anot her  r ecent  pr act i ce i s a use of  r esi nous net  
as an i dent i f yi ng mat er i al  f or  t he ear t hwor k 
cont r ol  i n embankment  whi ch has been st andar d­
i zed by Japanese Nat i onal  Rai l way Cor por at i on 
( Uezawa et  al . ,  1975) ,  as shown by Fi g.  4.  I t  
i s ver y f ew i n Japan t o adopt  geot ext i l es f or  
r ei nf or ci ng t he embankment  i t sel f  as t he f or ego­
i ng wor k i t em (c) except  f or  t hi s exampl e be­
cause of  t he cost  pr obl em.

Pr evi ousl y sai d geot ext i l es ar e used al so i n t he 
ver t i cal  dr ai n i n Japan,  t oo.  Sever al  ki nds of  
f i l t er  f abr i c of  non- woven have been made com­
par i son i nvol vi ng t he Swedi sh dr ai n mat er i al ,  
but  any aut hor i t at i ve r epor t  has never  been 
publ i shed f or  pr event i ng a t r oubl e of  unf avor a­
bl e compet i t i on.

Ver y r ecent l y,  a uni que gr ound i mpr ovement  t ech­
ni que was car r i ed out  i n a peat y gr ound f or  a 
r ai l way gr ound const r uct i on ( Shi ma,  1981) .  Af t er  
i nst al l i ng wooden pi l e gr oups,  al l  t ops of  t he 
pi l es wer e connect ed wi t h st eel  bar s and t hen a 
st eel  net  was l ai d on t hese bef or e pl aci ng t he 
embankment  ear t h,  as shown by Fi g.  5.  Thi s 
met hod seems si mi l ar  t o a Russi an i dea f ound i n 
a book wr i t t en by Egor ov ( 1962)  as shown by Fi g.
6.  Al so,  I r emember  a f i el d t est  car r i ed out  i n 
1960s by a company who connect ed t he t ops of  
r opes i nst al l ed i nt o a sof t  cl ay gr ound f or  t he 
ver t i cal  dr ai n i nst ead of  car dboar d wi cks.  But ,  
t hi s met hod was st opped t o devel op mor e.

Fi g.  6 Ti ed pi l e met hod ( Egor ov,  1962)

Ther e ar e many new i nvent i ons and cont r i vances 
i n t he use of  geot ext i l es i n soi l  i mpr ovement  
and each met hod i s el ect ed accor di ng t o t he 
choi ce of  t he engi neer  who i s engaged i n t he 
r espect i ve pr oj ect .  However ,  I t hi nk ,we shoul d 
pay at t ent i on al so t o a compar i son f r om t he 
vi ewpoi nt  of  val ue engi neer i ng (VE)  consi der i ng 
t he ut i l i zat i on of  l ocal  and nat ur al  mat er i al s.  
The use of  geot ext i l es shoul d not  be a f ashi on.
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O. G.  I ngl es,  Panel i st

GEOTECHNI CAL FABRI CS FOR SOI L ENGI NEERI NG

The l ast  t en year s have seen a r emar kabl e gr owt h i n t he 

use of  synt het i c f abr i cs i n soi l  engi neer i ng.  I t  i s not ,  

however ,  t he appl i cat i ons t hat  ar e new,  so much as t he 
mat er i al s.  Manuf act ur er s t oday pr oduce cheapl y geot ex ­

t i l es wi t h a wi de r ange of  pr oper t i es sui t abl e t o al most  
any speci f i c need of  t he soi l  engi neer .  Never  bef or e has 

t he engi neer  had such mat er i al  opt i ons at  hi s command,  
and he i s onl y now begi nni ng t o l ear n how t o exer ci se 

t hose opt i ons wi sel y.

Fabr i cs r ecei ved a r eady accept ance because t hey con­
f or med i n appl i cat i on t o cer t ai n l ong- known( hence " sel f -  
evi dent " )  pr i nci pl es f or  soi l  st abi l i sat i on:  par t i cul ar l y 

t he ' sandbag'  concept ,  wher eby a weak mat er i al  i s 
st r engt hened by wr appi ng i t  i n some t hi n but  st r onger  

nat ur al  or  ar t i f i ci al  membr ane - a concept  at  l east  2 0 0  

year s ol d.

The chal l enge t o t he soi l  engi neer  t oday i s t o know how 
t o choose hi s geot ext i l e mat er i al  i n such a way as t o 

maxi mi se i t s usef ul  pr oper t i es,  and const r uct i on economy,  
whi l st  mi ni mi si ng subsequent  i n- ser vi ce r i sk.  The neces ­
sar y gui del i nes f or  t hi s sel ect i on ar e not  yet  wel l  known 
or  per haps even est abl i shed.  I pr opose t her ef or e t o of f er  

some comment s dr awn f r om per sonal  exper i ence whi ch may 

pr ovi de a hel pf ul  st ar t i ng poi nt  when assessi ng t he pr ac­
t i cabi l i t y of  i ncor por at i ng geot ext i l es i n desi gn soi l  

s t r uct ur es.

Li t er at ur e has accumul at ed r api dl y si nce 1975 ( cf .  Lewi s,  
1978) .  Ther e ar e now many publ i shed paper s and some spe­

ci al t y conf er ence pr oceedi ngs;  r ecent l y,  t he f i r st  book 
has appear ed ( " Const r uct i on and Geot echni cal  Engi neer i ng 
Usi ng Synt het i c Fabr i cs" ,  Koer ner  & Wel sh,  Wi l ey,  1980)  -  

whi ch even so does not  cover  much of  t he r el evant  l i t er ­

at ur e t hen avai l abl e.

The f i r st  pr i nci pl es i n choosi ng a f abr i c ar e sur el y

( i )  i s i t  r equi r ed t o be dur abl e or  not ?
( i i )  i s i t  necessar y t hat  i t  be per meabl e,  or  

i mper meabl e,  or  not ?

Dur abi l i t y i s st i l l  an unr esol ved quest i on f or  geot ex ­

t i l es because t hei r  r ecent  devel opment  has not  al l owed 
t i me f or  ext ended t r i al s i n pr act i ce;  and accel er at ed 
t est s ar e not  t r ust wor t hy gui des f or  maj or  wor ks.  At  
pr esent  pol yami de,  pol ypr opyl ene,  pol yest er  and pol y-  

vi nyl chl or i de geot ext i l es al l  appear  t o per f or m wel l  i n 
soi l  ( one f i el d t r i al  by t he aut hor  usi ng a pol ypr opyl ene 

geot ext i l e i s st i l l  i n per f ect  condi t i on af t er  7 year s i n 
ser vi ce) ;  but  i t  i s wi del y conceded t hat  l ong t er m 
exposur e t o sunl i ght  can be ver y del et er i ous:  t he aut hor  

has seen pol yet hyl ene whi ch was bur i ed onl y 1 -  2  cms

Yamanouchi ,  T.  ( 1967) .  St r uct ur al  ef f ect  of  
r est r ai nt  l ayer  on subgr ade of  l ow bear i ng capa­
ci t y i n f l exi bl e pavement .  Pr oc.  2nd I nt .  Conf .  
St r uct ur al  Resi gn of  Asphal t  Pavement s,
Ann Ar bor ,  pp.  381- 389.

Yamanouchi ,  T.  ( 1970) .  Exper i ment al  st udy on 
t he i mpr ovement  of  t he bear i ng capaci t y by l ay ­
i ng a r esi nous net .  Pr oc.  Symp.  Foundat i ons 
I nt er bedded Sands,  Per t h,  pp.  102- 108.

Yamanouchi ,  T.  et  al .  ( 1979) .  Cal cul at i on of  
set t l ement  of  r esi nous mesh i n i t s appl i cat i on 
t o ear t h wor ks by t he use of  sl ab t heor y.  Tech­
nol ogy Repor t s,  Kyushu Uni ver si t y,  Vol .  52,  No.
4.  pp.  433- 440.  ( i n Japanese) .

bel ow sur f ace r ot t ed i n 3 year s.  Sui t abl e dur abi l i t y 
t est s and cr i t er i a ar e poor l y def i ned or  even non- exi st -  

ent  at  t he pr esent  t i me.

Pr oj ect  economy wi l l  obvi ousl y be af f ect ed by t he 

choi ce of  per meabl e or  i mper meabl e f abr i c -  t her e i s no 
poi nt  i n payi ng f or  mat er i al  t hat  i s not  " wor ki ng" .  I f  

t he pur pose of  t he f abr i c i s t o pr event  cr ushed r ock 
penet r at i ng i nt o sof t  soi l ,  an open mesh compar abl e t o 

t ne st one si ze wi l l  be adequat e.  I f  i t  i s necessar y t o 
r est r i ct  wat er  movement ,  t hen cl ear l y an i mper meabl e 

membr ane i s needed.  Yet  even i n t hi s l at t er  case,  i f  i t  
i s necessar y onl y t o r est r i ct  ( not  pr ohi bi t )  wat er  t r ans ­
f er ,  t ot al  i mper meabi l i t y wi l l  not  be an i mper at i ve - 

wi t h appr opr i at e savi ngs.  A t ypi cal  si t uat i on of  t hi s 

sor t  i s wher e seasonal  or  i nt er mi t t ent  f l oodi ng occur s,  
and soi l  l ayer s must  be pr ot ect ed f or  l i mi t ed per i ods 
agai nst  excessi ve sof t eni ng by moi st ur e upt ake.  The de­

si gn pr i nci pl es f or  such cases have been descr i bed 
( I ngl es.  1977) .

Ther e ar e t hr ee basi c f i el ds of  appl i cat i on f or  f abr i cs 
i n soi l  engi neer i ng,  each wi t h somewhat  di f f er ent  mem­
br ane r equi r ement s: -

( i )  Wat er  Cont r ol  St r uct ur es e. g.  dr ai ns,  dams et c.

( i i )  Load Bear i ng St r uct ur es e. g.  r oads,  f ounda­

t i ons,  wal l s et c.
( i i i )  Er osi on Resi st ant  St r uct ur es e. g.  channel s,

sl opes et c.

The cur r ent  si t uat i on f or  each appear s t o be as f ol l ows.

( i )  Maj or  economi es f or  dams now appear  wi t hi n r each,  

gi ven mor e r esear ch i nt o t he wat er  t r ansmi ssi on and f i l ­
t r at i on pr oper t i es of  geot ext i l es.  Thei r  use as i nt er nal  
f i l t er s r epl aci ng convent i onal  gr aded sands has so f ar  

been r est r i ct ed t o smal l er  ear t h dams ( Gi r oud et  al . ,  

1977;  Loudi er e,  1977;  McDonal d et  a l . 1981)  but  t hi s was 
due chi ef l y t o a l ack of  l ong t er m f i l t r at i on per f or m­

ance dat a and f i l t er  desi gn cr i t er i a appr opr i at e t o geo­
t ext i l es,  pl us t he cr i t i cal i t y of  t hese st r uct ur es.  Now,  
t he i ni t i al  success of  such st r uct ur es has been compl e­

ment ed by t he devel opment  of  excel l ent  f abr i c f i l t er  
desi gn cr i t er i a by I . C. I .  ( Lawson,  1979)  and Schober  & 

Tei ndl  ( 1979) ,  per mi t t i ng t he sel ect i on of  geot ext i l es 
t hat  sat i sf y bot h per meabi l i t y and pi pi ng const r ai nt s f or  
subsur f ace dr ai nage syst ems.  Thi s maj or  advance appl i es 

as yet  onl y t o r at her  l ow hydr aul i c heads,  but  t he t r end 
i s cl ear l y ver y encour agi ng.  A modi f i ed ver si on of  t hese 
f i l t er  cr i t er i a was used r ecent l y t o det er mi ne t he opt i ­
mal  hydr aul i c pr oper t i es f or  a geot ext i l e whi ch was t o be 
i ncor por at ed under  t he downst r eam dr ai nage l ayer  of  a 30 

m.  hi gh ash dam.  The ash ( Das = 0. 055 mm,  D1 5  = 0 . 0 2  mm)
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r equi r ed a f i l t er  capabl e of  wi t hst andi ng a ser vi ce head 
of  10. 5 m.  wat er .  Convent i onal  gr anul ar  mat er i al s wer e 
t oo expensi ve,  hence geot ext i l es wer e consi der ed.  Labor a­
t or y t est s wer e made t o model  t he f l ow and pi pi ng char ac ­
t er i st i cs of  t he ash when pl aced adj acent  t o var i ous geo­

t ext i l es,  and t he new f i l t er  cr i t er i a r ef er r ed t o wer e 
whol l y val i dat ed.

( i i )  I n t he case of  l oad- bear i ng st r uct ur es,  t her e i s 
gr eat  conf l i ct  i n t he avai l abl e l i t er at ur e as t o t he r e­

i nf or ci ng ef f ect  of  geot ex t i l es . Basi cal l y,  whet her  a geo­
t ext i l e act s onl y as a separ at or ,  or  as a separ at i ng and 

r ei nf or ci ng l ayer  i n t he st r uct ur e depends on t he degr ee 
of  st r ai n appl i ed t o t he geot ext i l e i n t he soi l ,  el ast i c 
modul us,  cr eep,  and anchor age of  t he geot ext i l e,  soi l /  
t ext i l e f r i ct i on,  t ext i l e l ocat i on and pl acement  t echni ­

que.

To obt ai n a r ei nf or ci ng r esponse f r om t he geot ext i l e,  

st r ai ns devel oped i n t he soi l  mass must  act i vat e t he l oad 
car r yi ng mechani sm i n t he geot ext i l e.  The par amount  pr op­

er t y her e i s t he el ast i c modul us of  t he geot ext i l e.  But  

cr eep i s al so ver y i mpor t ant  ( Al - Hussai ni , 1977) .  Cont i n­
uous,  uni f or m st r engt h may not  be essent i al ,  si nce a 
si ngl e st r ong geot ext i l e st r and wi l l  act  qui t e si mi l ar l y 

t o t he met al  st r i ps used i n t he Ter r e Ar mee met hod f or  
soi l  r ei nf or cement  ( cf .  Bel l  & St ewar d,  1977;  Br oms,

1977) .  Never t hel ess,  t he pi ct ur e seems t o be emer gi ng 
t hat  geot ext i l es when pl aced by convent i onal  met hods i n 

t he soi l  do not  r ei nf or ce i n a pl ane par al l el  t o t he f ab­
r i c i t sel f ;  whi ch makes i t  i mper at i ve t o anchor  t he f ab­
r i c,  as suggest ed by Br oms,  and as al so appl i ed pr act i cal ­

l y i n such syst ems as t he MESL ( I ngl es & Lawson,  1977) .  
Lack of  copl anar  r ei nf or cement  pr obabl y ar i ses f r om i n­
adequat e st r ess l evel  on t he geot ext i l e,  sl i p bet ween t he 
soi l  and r ei nf or ci ng st r ands ( cf .  Br own et  a l . ,  1980)  or  

cr eep,  or  si mpl y an i nadequat e el ast i c modul us.  Al l  t hese 

aspect s ar e cur r ent l y bei ng r esear ched by manuf act ur er s 
so t hat  i f  r equi r ed,  geot ext i l es of  ver y Super i or  st r engt h 
( up t o 1 0 0  t onnes/ m. )  and f r i ct i on char act er i st i cs ar e 
now avai l abl e t o t he user .  I t  must  be emphasi zed however  

t hat  pr oper  pl acement  i s al ways vi t al  ( Yamanouchi ,  1970;  
Mi t chel l ,  1979) .

( i i i )  Cr i t i cal  f or  er osi on cont r ol  i s t he edge det ai l i ng.  
The wr i t er  has seen numer ous cases wher e i nadequat e de­

t ai l i ng compl et el y dest r oyed t he i l l usi on of  pr ot ect i on 
af f or ded by a f abr i c.  The pr oper  r ol e of  a geot ext i l e i s 
her e under neat h a convent i onal  pr ot ect i ve l ayer ,  be i t  

st one or  concr et e,  or  veget at i on ( e. g.  gr ass) .  Even i n 
t hese cases,  f abr i cs ar e not  i mmune t o at t ack by yabbi es 
or  t er mi t es et c. ,  and i t  must  be r emember ed t hat  t he pr o­

t ect ed soi l  may al so need a super f i ci al  pest i ci de appl i ­
cat i on.

As ment i oned bef or e,  t he per t i nent  mat er i al s cr i t er i a f or  

al l  geot ext i l e appl i cat i ons ar e st i l l  i l l - def i ned,  and 
wi l l  pr obabl y onl y emer ge wi t h pr act i ce.  The desi gner  
shoul d pr oceed wi t h pr udence,  yet  not  conf use t hi s wi t h 
conser vat i sm whi ch woul d deny hi m a ver y r emar kabl e and 

ver sat i l e r esour ce.  I t s gr owt h pot ent i al  i n engi neer i ng 

pr act i ce has been est i mat ed as ver y gr eat  ( I ngl es,  1978) ,  
and f or  t he pr act i cal  engi neer  i t  i s wel l  wor t h not i ng 

t hat  t he r ecent  Del phi  sur vey of  f ut ur e wor l d advances i n 
soi l  pl acement  and i mpr ovement  r at ed as 7t h and 8 t h most  
desi r abl e but  2nd and 5t h most  f easi bl e

" Hor i zont al  r ei nf or cement  net s f or  embankment s on 

weak soi l "  and " I n si t u i nst al l at i on of  soi l  r ei nf or ­
ci ng member s"

r espect i vel y.  I n t he same sur vey

" Embankment s of  soi l  encased and st acked i n t ough,  

dur abl e membr anes t o el i mi nat e t he need f or  dr yi ng 
and compact i on"

was r at ed t he 5t h most  desi r abl e and t he most  pr act i cabl e 

of  al l  i nnovat e devel opment s suggest ed.  ( Bel l ,  1976) .

Cl ear l y,  t her e i s a gr eat  pr act i cal  advant age i mmedi at el y 
at  hand wi t h t hese new mat er i al s,  wi sel y used.
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M.  Cambef or t ,  Chai r man

J e  p r o f i t e  d e  c e s  e s s a i s  d e  J URAN e t  a l .  q u i  
mo n t r e n t  q u e  l e s  b a r r e s  d ' a c i e r  ne  p e u v e n t  p a s  
' êt r e c i s a i l l é e s  p a r  l e  s o l  p o u r  r a p p e l e r  q u e  

u n e  t e l l e  f l e x i o n  e t  n o n  u n  c i s a i l l e me n t ,  s e  r e ­
t r o u v e  t o u t e s  l e s  f o i s  q u e  l es  b a r r e s  s o n t  p l u s  
r é s i s t a n t e s  q u e  l e  mi l i e u  e n v i r o n n a n t .  L e s  

c o l o n n e s  b a l a s t é e s  p e u v e n t  d o n c  ê t r e  f l é c h i e s  
e t  c o mme  l e u r  r é s i s t a n c e  à l a  f l é x i o n  e s t  p e t i t e  

o n  p e u t  s e  d e ma n d e r  c o mme n t  e l l e s  p e u v e n t  
a u g me n t e r  l a  r é s i s t a n c e  a u  c i s a i l l e me n t  d ' u n  
ma s s i f .

Po u r  c o mp r e n d r e  l e u r  mo d e  d ' a c t i o n ,  j e  

c o n s i d è r e  u n  r e mb l a i  s u s c e p t i b l e  d e  p r o v o q u e r

u n  g l i s s e me n t  d a n s  l e  s o l  q u i  l e  s u p p o r t e .  Si  

l ' o n  d i s p o s e  d e s  c o l o n n e s  b a l a s t é e s  s o u s  l e  
r e mb l a i ,  c e l l e s - c i  v o n t  p r e n d r e  u n e  p a r t i e  de  
s o n  p o i d s ,  l e  c o mp l é me n t  d e  c e l u i - c i  é t a n t  
s u p p o r t é  p a r  l e  s o l .  I l  s u f f i t  a l o r s  q u e  l e  

n o mb r e  d e s  c o l o n n e s  s o i t  s u f f i s a n t  p o u r  q u e  l a  

c o n t r a i n t e  r é s i d u e l l e  a p p l i q u é e  d i r e c t e me n t  à 
l a  s u r f a c e  d u  s o l  ne  s o i t  p a s  s u s c e p t i b l e  
d ' a mo r c e r  l e  g l i s s e me n t .

Ai n s i  l ' e f f i c a c i t é  d e s  c o l o n n e s  b a l a s t é e s  
e s t  i n d i r e c t e .  El l e  e s t  d û e  à l e u r  f o r c e  p o r t a n ­
t e  e t  n o n  à l e u r  r é s i s t a n c e  à l a  f l e x i o n  ma i s  

a b s o l u me n t  p a s  à l e u r  r é s i s t a n c e  a u  c i s a i l l e me n t  
p u i s q u e  u n  s o l  mo u  n e  p e u t  p a s  l e s  c i s a i l l e r ,  

c o n t r a i r e me n t  à c e  q u e  f a i t  c r o i r e  l a  f i g .  42  
d u  St a t e  o f  t h e  A r t .

C. A.  Mi cucci  ( Or al  di scussi on)

A COMBI NED CASE OF SOI L I MPROVEMENT 
Li ne Case Combi ne d 1 Amel i or at i on de Sol

I NTRODUCTI ON

Th i s  c o n t r i b u t i o n  p r e s e n t s  a  c o mb i n e d  p r o b l e m 
o f  i mp r o v e me n t  b y  d r a i n a g e ,  s t a b i l i z a t i o n  b y  
me a n s  o f  s t o n e  c o l u mn s ,  a n d  p r e l o a d  o f  
f o u n d a t i o n s  c a r r i e d  o n  i n  a l a r g e  e x c a v a t i o n  t o  
a l l o w f o u n d a t i o n s  be  ma d e .

Th e  s o i l  p r o f i l e  a t  e x c a v a t i o n  s i t e  i s  s h o wn  
i n  Fi g .  1.  So i l  i n v e s t i g a t i o n s  s h o we d  t h a t  
t h e r e  we r e  t wo  l e v e l s  o f  wa t e r  e n e r g y .  Th e  

f i r s t ,  a t  e l e v a t i o n  +1 2  wa s  p h r e a t i c  l i ne .  Th e  
s e c o n d  c o r r e s p o n d i n g  wi t h  a c o n f i n e d  a q u i f e r  
s i t u a t e d  i n  t h e  d e n s e  s a n d  l a y e r  a r i s e d  u p  t o  
e l e v a t i o n  +8

Dr a i n a g e

To  e x c a v a t e  i t  wa s  n e c e s s a r y  a d r a i n a g e  s y s t em.  

Ex c a v a t i o n  wa s  c o n s i d e r e d  as  a p a r t i a l l y  
p e n e t r a t i n g  we l l  i n  t o  a  g r a v i t y  a q u i f e r  wi t h  a 
c i r c u l a r  s o u r c e .  Fo r  t h e  d r a i n a g e  o f  t h e  u p p e r  

l e v e l s ,  s e v e n  d e e p  we l l s  p e n e t r a t i n g  i n h a r d  

s i l t s  we r e  s u p p l i e d .  To  a v o i d  t h e  u p l i f t  f r o m 
t h e  a r t e s i a n  a q u i f e r ,  t h r e e  r e l i e f  we l l s  we r e  

i n s t a l l e d  i n  t o  d e n s e  s and.

Pi e z o me t e r s  d e mo n s t r a t e d  t h a t  s t a b i l i z a t i o n  o f  
p h r e a t i c  l i n e  a t  e l e v a t i o n  +5  t o o k  t e n  day s .
Th e  p i e z o me t r i c  f r o m t h e  a r t e s i a n  a q u i f e r  wa s  
l o we r e d  a t  e l e v a t i o n  +6 , 2 0 .

A Su r p r i s e

Wh e n  e x c a v a t i o n  wa s  c o mp l e t e d ,  a n e w t r o u b l e  
a p p e a r e d .  I t  we r e  a c a v e r n  a n d  a h o l e ,  b o t h  
f i l l e d  wi t h  mu d  ( s ee a n o ma l o u s  z o n e  i n  Fi g .  1) .  
So me  o l d  wo o d e n  s h e e t  p i l e s  b u r r i e d  i n t h e  mu d  
we r e  d i s c o v e r e d ;  t h e n  i t  wa s  t h o u g h t  t h a t  a n d  

o l d  l o c o mo t i v e  wa t e r  s u p p l y  wa s  ma d e  v i s i b l e .  I n  
v i e w o f  t h e s e  d i f f i c u l t i e s  o t h e r  i mp r o v e me n t  wa s  
a c c o mp l i s h e d .

St o n e  Co l u mn s

Th e  i n s t a l a t i o n  o f  g r o u t e d  s t o n e  c o l u mn s  wa s  
d e c i d e d  a n d  e x e c u t e d  as  s h o wn  i n Fi g .  2.

- 30
FI GURE Z 

■ STONE COLUMNS TREATMENT

SOI L PROFI LE AT EXCAVATI ON SI TE- ANOMALOUS ZONE

I n
u p

ANOMAL OUS Z ONE- 

I -Lat eral  zone.  33 st one col umns in Hard Si l t
2 -Cent ral  zone 5 st one col umns in Dense Sand
3- Gr avel  fi l l

c e n t r a l  z o n e  f i v e  18"  d i a me t e r  l o n g  c o l u mn s  
t o  d e n s e  s a n d  we r e  p l a c e d .  I n  l a t e r a l  z o n e s
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t h i r t y  t hr ee 20"  di amet er  s hor t  s t one c ol umns  
r eac hed i nt o har d s i l t .  Col umns  wer e gr out ed 
af t er  t he c ompl et i on of  t he wor k .

K, R-  Dat ye and S. S.  Nagar aj u ( Or al  di scussi on)

BEARI NG CAPACI TY OF STONE COLUMNS

Th e  d i s c u s s i o n  r e l a t e s  t o  e q u a t i o n  32 on  Pa g e
29 7 o f  t h e  g e n e r a l  r e p o r t  wh e r e  a p a r a me t e r  o f  

25 i s  s u g g e s t e d  f o r  t h e  r e l a t i o n  t f V 

2 5 T  A
= f . S.  • Th e  l o a d  t e s t  d a t a  p r e s e n t e d  i n  o u r  

p a p e r  s e e me d  t o  a g r e e  wi t h  t h e  a b o v e  r e l a t i o n  as  

f a r  as  t h e  s e c t i o n a l  a r e a  i n  t h e  u p p e r  p a r t  o f  
t h e  s t o n e  c o l u mn  wa s  c o n c e r n e d .  Ho we v e r ,  wh e n  

t h e  t e s t  r e s u l t s  we r e  r e - e v a l u a t e d ,  t h e y  r e v e a l ­
ed  S v  o f  t h e  o r d e r  o f  4 5 - 5 8  To n s / m2 i n  t he  
p o r t i o n  o f  t h e  s t o n e  c o l u mn  b e l o w 2 m dep t h .  
( Tab l e  1) .  Th i s  i mp l i e s  a v a l u e  o f  4 5 - 5 8  i n  
l i e u  o f  25 f o r  r a mme d  c o l u mn s .  Ev e n  i f  a l l o w­
a n c e  i s  ma d e  f o r  t h e  l o a d  t r a n s f e r  i n  t h e  u p p e r  
p a r t  o f  t h e  c o l u mn  wh i c h  ma y  b r i n g  d o wn  t he  
v a l u e  o f  t h e  p a r a me t e r  t o  s o me  e x t e n t ,  t h e r e  
i s  r e a s o n  t o  b e l i e v e  t h a t  s i g n i f i c a n t  s o i l  i m­
p r o v e me n t  h a s  b e e n  a c h i e v e d  i n  t h e  a n n u l u s  
a r o u n d  t h e  s t o n e  c o l u mn  d u r i n g  t h e  r a mmi n g  p r o ­
c e s s  .

Ta b l e  1 : Ve r t i c a l  s t r e s s  i n  s t o n e  c o l u mn s  at  

d i f f e r e n t  l e v e l s .

Co l u mn
L o c a t i o n

Ba g g i n g  
Pl a n t  I

Ba g g i n g  

Pl a n t  I I

No mi n a l
d i a me t e r
mm 600 400

Yi e l d  
l oad ,  t * 25 . 8 27.  52

Se c t i o n a l  
a r ea ,  * *  

s q . m

a

0 . 89

b

0 . 44

c

0 . 39

a

1 . 1 3

b

0 . 6 8

c

0 . 5 7

Ve r t i c a l
s t r e s s ,

6  v , t / m2 28. 9 58 . 5 6 5 . 2 27 . 3 4 5 . 1 1 0 6 . 7

De s i g n  
s h e a r  
s t r e n g t h  
Cu  t / m2 1 1 2 1 1 2

6  v / Cu 29 58 . 5 33 27 45 53

a  At  1 m d e p t h  b e l o w g r o u n d  

b  At  3 m d e p t h  b e l o w g r o u n d

c At  6 m d e p t h  b e l o w g r o u n d

*  Yi e l d  l o a d  i s  t a k e n  as  t h e  l o a d  a t  wh i c h  
^ s  /  ^  p  i n c r e a s e s  b y  an  o r d e r  o f  ma g n i t u d e  

c o mp a r e d  t o  t h e  p r e v i o u s  s t a g e  o f  l o a d i n g .  A s  
i s  t h e  o b s e r v e d  i n c r e a s e  i n s e t t l e me n t  f o r  an  
i n c r e a s e  i n  l o a d  o f  A p

* *  Se c t i o n a l  a r e a  i s  c a l c u l a t e d  o n  t he  b a s i s  o f  
a c t u a l  c o n s u mp t i o n  o f  s t o n e  a n d  s and .  St o n e  a n d  
s a n d  i n  t h e  p r o p o r t i o n  o f  2 : 1  wa s  me a s u r e d  l o o s e  
a n d  c o mp a c t e d  v o l u me  t a k e n  as  0 . 8  o f  l o o s e  
v o l u me  o f  s t o n e  a n d  s and.  Fo r  p u r p o s e s  o f  a n a ­
l y s i s ,  t h e  c o l u mn  c r o s s  s e c t i o n  i s  c o n s i d e r e d

Pr el oadi nq

By  me a n s  o f  a " t u b e  a ma n c h e t e "  s y s t e m t he  
f o u n d a t i o n  wa s  p r e l o a d e d  u p  t o  200  KPa  i n  o r d e r  

t o  e n s u r e  a n  a d e q u a t e  b e h a v i o u r .

u n i f o r m b e t we e n  t h e  d e p t h s  wh e r e  s e t  i s  

me a s u r e d .

Th e  a n a l y s i s  d o e s  n o t  a c c o u n t  f o r  s k i n  f r i c t i o n  
t r a n s f e r .  An a l y s i s  ( us i ng  e l a s t i c  s o l u t i o n s  

f o r  c o mp r e s s i b l e  p i l e s )  f o r  v e r t i c a l  d i s p l a c e ­
me n t  o f  a p o i n t  a t  2 m b e l o w t op ,  l o c a t e d  a t  a 
d i s t a n c e  d / 2  f r o m t h e  c e n t r e  o f  t h e  p i l e ,  s h o ws  
a d i s p l a c e me n t  o f  t h e  s a me  o r d e r  o f  ma g n i t u d e  as  
t h e  c o l u mn  d i s p l a c e me n t ,  h e n c e  s k i n  f r i c t i o n  
t r a n s f e r  i s  n o t  c o n s i d e r e d  i n  e s t i ma t i n g  t he  
v e r t i c a l  s t r e s s  i n  t h e  s t o n e  c o l u mn .

F a c t o r  o f  Sa f e t y :

Fu r t h e r  a f a c t o r  o f ■s a f e t y  o f  3 a p p e a r s  t o  be  
o v e r  c o n s e r v a t i v e  f o r  r a mme d  c o l u mn s  wh e n  a 
r a mmi n g  ' s et '  c r i t e r i o n  i s  u s e d  a n d  s i n g l e  
c o l u mn  l o a d  t e s t s  a r e  u s e d  t o  v e r i f y  c o l u mn  

q u a l i t y .  A f a c t o r  o f  2 c a n  v e r y  we l l  b e  u s e d  
wh e n  g o o d  c o n t r o l  i s  e x e r c i s e d .  Th i s  ma y  be  
e v e n  r e d u c e d  t o  1 . 5  wh e n  t he  s t o n e  c o l u mn  d e ­
r i v e s  s u p p o r t  f r o m t h e  l a t e r a l  o v e r - b u r d e n  
p r e s s u r e  f o r  e x a mp l e  wh e n  s t o n e  c o l u mn s  a r e  u s e d  
i n  t h e  c e n t r a l  s t r i p  b e l o w an  e mb a n k me n t .

S t r a i n */.

Fi g.  1.  Li me f l yash soi l  pol yest er  f i l m conf i nement
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Use of  pol yest er  r ei nf or ced zone i n upper  
sect i ons:

Exper i ence has shown t hat  t he most  vul ner abl e 
par t  of  t he st one col umn i s t he t op zone;  say 
0- 2 met er s.  An al t er nat i ve i s bei ng expl or ed

H.  Aboshi  ( Or al  di scussi on)

A PRACTI CAL EXAMPLE OF SOI L STABI LI ZATI ON BY PRECOMPRES­

SI ON TECHNI QUE

Ito keep pace wi t h t he i ndust r i al  growt h i n Japan si nce t he 
1950' s, t here has been r api d devel opment  of  man- made l ands 
i n t he coast al  r egi on of  t he count ry.  The t ot al  ar ea i s 
est i mat ed t o be about  113, 000 ha,  whi ch i s about  1. 5 % of  
t he t ot al  ar ea wher e man can l i ve i n t he count ry.
As al most  al l  of  t hese r ecl ai med l ands have been const r uct ­
ed on sof t  al l uvi al  cl ays on t he coast ,  t he geot echni cal  
engi neer  has al ways been conf ront ed by "poor  ground pr ob­
l ems".  And,  as a resul t ,  many ki nd of  soi l  st abi l i zat i on 
met hods,  i ncl udi ng ver t i cal  drai ns,  have been devel oped.
At  an ear l i er  st age, one of  t he most  i mpor t ant  ooncem f or  
t he engi neer  i s how t o const ruct  t hese f i l l - up l ands wi t h­
out  f ai l ure.  However ,  as t hei r  exper i ence proceeds,  t hei r  
engi neer i ng requi r ement s have beccme up-graded.
Usual l y, i n maki ng t hese new l ands,  r ecl amat i on or  f i l l - up 
t o 5 m above sea l evel  i s l ai d on t he sea bot t an 10 t o 15 
m deep,  t he sea bot t an consi st i ng of  20 t o 30 m of  sof t  
al l uvi al  cl ays.
Tot al  consol i dat i on set t l ement  i n such cases,  usual l y 
reaches 4 t o 6 m.  Under  such condi t i ons,  t he engi neer  i s 
asked t o decr ease t he r esi dual  set t l ement  bot h by t he re­
cl amat i on f i l l  i t sel f  and t he l oad of  st r uct ure const ruct ­
ed af t erwards,  up t o negl i gi bl l y smal l .

Her e I  shoul d l i ke t o shew an exampl e.  1st  sl i de shows t he 
const ruct i on si t e of  a l arge-scal e sewage t r eat ment  pl ant  
on a recl ai med l and on t he west er n coast  of  t he ci t y of  
Hi r oshi ma and t hi s phot ogr aph shews a st age of  soi l  st abi ­
l i zat i on by t he preccmpr essi on t echni que.  You can see on 
the.  f i l l - up l and, about  6 m hi gh surcharge f i l l  and a de­
wat er i ng pi pe l i ne syst em used t o l ower  t he gr ound wat er  
l evel  by 9 m.  Thi s i s a st age of  excavat i on af t er  t he st a­
bi l i zat i on was f i ni shed.
2nd sl i de shews t he const ruct i on of  st ruct ures,  whi ch con­
si st ed of  a l arge cai sson,  80 m l ong,  40 m wi de and 27 m 
deep, and a l ong wat er  t r eat ment  pool , 230 m l ong, t o be exact ,  
40 m wi de and 18 m hi gh.  Thi s l ong wat er  t r eat ment  st r uc­
t ure does not  t ol er at e di f f er ent i al  set t l enent , even t hough 
t he t ot al  set t l ement  by consol i dat i on of  30 m t hi ck cl ay 
can r each several  met ers.

whi ch i nvol ves use of  l i me- f l y ash st abi l i sed 
soi l  r ei nf or ced by spi r al s or  l oops of  pol ymer .  
Fi g.  1 shows t he t est  r esul t s.  Consi der i ng t he 
r emar kabl e duct i l i t y of  t he mat er i al ,  col umns 
can ver y wel l  be desi gned f or  f f v of  100- 150 T/ m2.. 
A t ypi cal  composi t e col umn i s shown i n Fi g.  2.

Ordi nar i l y,  such wat er  t r eat ment  pool s ar e const r uct ed on 
pi l e f oundat i ons, but  consi der i ng t he negat i ve f r i ct i on on 
pi l es and t he di f f er ence of  set t l ement  bet ween t he st ruc­
t ure and t he connect i ng pi pe l i nes,  i t  was deci ded t o use 
t he preccmpr essi on t echni que wi t h sand dr ai ns t o accel er ­
at e consol i dat i on.  Not  even a si ngl e pi l e was dr i ven.

Ser i es of  consol i dat i on t est s,  usi ng a seperat e- t ype con-  
sol i danet er  have been car r i ed out , i n or der  t o pr edi ct  t he 
r esi dual  set t l ement  af t er  pr eccmpr essi on i n t he f i el d. Fi g.
1 shews dat a on a sur char ge- rebound- reoanpressi on set t l e­
ment ,  as a model  t est  of  t he pr act i cal  preccmpr essi on t ech­
ni que.  I n t he f i gure,  cur ve I  shows t he consol i dat i on by a 
const ant  l oad equi val ent  t o t he surcharge i n t he f i el d.  On 
t he ot her  hand, i n cur ves I I ,  I I I ,  I V, t he surcharge i s once 
r snoved t o zero at  a cer t ai n degr ee of  consol i dat i on,  and 
af t er  t hei r  r ebound st age,  a l oad equi val ent  t o t he st ruc­
t ure i s appl i ed.  Cur ve V i s t he case i n whi ch t he l oad of  
st ruct ure i s mai nt ai ned f r cm t he begi nni ng unt i l  t he end.  
You can see t hat  al l  of  t he rebound- r eccmpr essi on curves 
f al l  i n bet ween t he curves I  and V.

The most  i mpor t ant  f i ndi ng i s t he r el at i on bet ween t he gr a­
di ent  of  cr eep set t l ement  and t he preccmpr essi on met hod.

Fi g. 3 Ti me- set t l ement  cur ve i n t he f i el d.
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The gr adi ent  c l ear l y  shows t he t endency  t o decr ease wi t h  
t he i nc r ease of  t he degr ee of  consol i dat i on at  t he t i ne of  
r ebound st age.  Fi g.  2 shews t he r el at i on bet ween t he aver ­
age degr ee of  consol i dat i on at  t he t i me of  r ebound and t he 
c oef f i c i ent  of  secondar y  c r eep set t l ement .  Ther e seems t o 
be a  uni que r el at i onshi p,  even t hough bot h dat a f r om t ot al  
l ayer s and seper at e por t i ons  ar e i nc l uded i n t he same Fi g. .

I n or der  t o meet  t he des i gn r equi r ement s  concer ni ng r es i ­
dual  set t l ai ent  i n t he f i el d,  95 % of  consol i dat i on by  pr e-  
ccmpr ess i an i s adopt ed.  Fi g.  3 i s  t he measur ed set t l anent -  
r ebound- r ecanpr ess i on cur ve i n t he f i el d,  i n whi c h t he r e ­

bound and r eccmpr ess i on s t ages  ar e shown i n a di f f er ent  
scal e.  You c an see t hat  t he set t l ai ent  by  r ecampr ess i on 
caused by  t he l oad of  s t r uc t ur e i s  pr ac t i cal l y  zer o,  i n 
spi t e of  i t s l ar ge t ot al  consol i dat i on set t l ement .
Soi l  s t abi l i zat i on wor k  has  been pr ov ed per f ec t l y  success ­
f ul .  By  r epl ac i ng pi l e f oundat i ons  wi t h  t he pr eccr t pr essi on 
t echni que,  t ot al  oos t  of  cons t r uc t i on has  been r educed by  
about 5, ooo. . 000, 000 Yen( t hat  i s  about  25 mi l l i on US dol l ar s) .

Ref .  Aboshi , H.  et  al l e( 1981) :  Repor t  t o Symp. Geot echni cal  
As pec t  of  Of f shor e & Near shor e St r uct ur es,  Bangkok

G.  den Hoedt  ( Or al  di scussi on)

FI LTER SLEEVES FOR PREFABRI CATED VERTI CAL DRAI NS

I n t he St at e- of - t he- Ar t  Repor t  of  Sess i on 12 
( soi l  I mpr ovement )  f our  c r i t er i a t o be net  by  f i l t er  
s l eeves have been spec i f i ed ( p.  277) .
The second c r i t er i on i s t hat  " Fi ne soi l  par t i c l es  
shoul d be r et ai ned t o pr event  c l oggi ng of  f l ow 
channel s  i n t he c or e" .

Al t hough i t  seems t o be a ver y  saf e met hod t o pr event  
c l oggi ng,  t he choi ce i n f avour  of  such a r et ai ni ng 

f i l t er  mi ght  l ead t o undes i r ed consequences  t hat  
wi l l  pr event  a good f unc t i oni ng of  t he dr ai n.

As  mos t  band- shaped dr ai ns  nowadays  ar e i ns t al l ed by  

di spl acement  met hods,  i t  i s gener al l y  assumed t hat  a 
zone of  smear  i s c r eat ed ar ound t he hol e caused by  
t he mandr el .
When af t er  seme t i me t he hol e c l oses ar ound t he dr ai n,  
t hi s  r emoul ded zone of  dec r eased per meabi l i t y  wi l l  be 
l ocat ed j us t  agai ns t  t he dr ai n f i l t er .
When no f i ne par t i c l es  at  al l  ar e al l owed t o pass  t hi s  

f i l t er ,  t he ent r ance r es i s t ance of  t he dr ai n -  whi c h i n 
gener al  i s al r eady  hi gh f or  t he r et ai ni ng t ype of  
f i l t er s  -  i s s t i l l  i ncr eased.

When on t he ot her  hand t he f i l t er  al l ows t he pass i ng of  

f i ne par t i c l es  c ar r i ed al ong wi t h t he excess  por e wat er  
f l ow,  a nat ur al  gr aded f i l t er  i s f or med i n t he soi l  

ar ound t he dr ai n.  Thi s  ex t r a f i l t er  zone has a hi gher  
per meabi l i t y  t han t he nat ur al  soi l ,  t hus  sat i s f y i ng 
anot her  i npor t ant  dr ai n c r i t er i on pr obabl y  not  al ways  
met  by  t he r et ai ni ng paper  f i l t er s.

Labor at or y  i nves t i gat i ons  wi t h t he Enka dr ai n t es t er  
( det ai l s of  whi c h ar e gi ven i n ny  paper  4/ 22 

" Labor at or y  t es t i ng of  ver t i cal  dr ai ns" )  have shown 

t hat  t he Col bond CX 1000 dr ai n di schar ged sane c l ay  i n 
an i ni t i al  per i od of  about  2 hour s  onl y.

Af t er  t hat  per i od t he c l ay  di schar ge ceased compl et el y ,  
wher eas  t he wat er  di schar ge s t ayed on a good l evel .

Of  cour se,  t he f abr i c  por e s i ze cannot  be chosen 

t oo l ar ge,  because t hen pr obabl y  a cont i nuous  pi pi ng

wi l l  occur ,  i nc l udi ng heav i er  par t i c l es  t hat  ar e not  
so eas i l y  ent r ai ned by  t he upwar ds  di r ec t ed wat er  
st r eam,  so t hat  c l oggi ng mi ght  occur .

The f i gur e shews a gr aph of  t he por e s i ze di s t r i but i on 
f or  t he pol yes t er  f i l t er  f abr i c  us ed i n t he 
Col bond CX 1000 dr ai n.

por e s i ze pm 
Por e s i ze di s t r i but i on f or  t he f i l t er  f abr i c  

used i n Col bond CX 1000 dr ai ns

I n a l abor at or y  t es t  wi t h a par t i cul ar  t ype of  sandy  

c l ay  as sur r oundi ng soi l  t he par t i c l es  t hat  passed 
t he f i l t er  wer e under  5pm di amet er ,  of  whi c h 951 
under  2pm.
The gr aded f i l t er  zone appear ed t o have a t hi ckness  
of  t he or der  of  l Oi r m ar ound t he dr ai n.

Sunmar i z i ng,  I  conc l ude t hat :

-  t o t he bes t  of  our  knowl edge spec i al  pur pose pol yes t er  

f i l t er s  ( as us ed i n t he Col bond CX 1000 and 
pr obabl y  i n some ot her  dr ai ns)  behave bet t er  t han 

compl et el y  r et ai ni ng paper  f i l t er s;

-  mor e knowl edge shoul d be gai ned about  t he ( hydr aul i c)  

condi t i ons  near  dr ai ns  i n t he f i el d.

S.  Hansbo ( Wr i t t en di scussi on)

ON FI LTER SLEEVES OF PREFABRI CATED DRAI NS

I n t he di scussi on,  Mr  den Hoedt  quest i oned t he second 

cr i t er i on f or  f i l t er  sl eeves of  pr ef abr i cat ed dr ai ns gi v ­
en i n t he st at e- of - t he- ar t  r epor t ,  namel y t hat  " f i ne par ­
t i cl es shoul d be r et ai ned t o pr event  cl oggi ng of  f l ow 
channel s i n t he cor e" .  He cl ai ms t hat  a f i l t er  mat er i al  
whi ch al l ows t he passi ng of  f i ne par t i cl es wi t h t he por e 
wat er  f l ow woul d cont r i but e t o f or mi ng a nat ur al  gr aded 
soi l  f i l t er  ar ound t he dr ai n.  He al so pr esent s what  he

consi der s t o be t he best  f i l t er  f abr i c ( t he one used i n 
Col bond CX 1000 dr ai ns) .  Thi s f i l t er  has a por e si ze 

whi ch f al l s al most  compl et el y wi t hi n t he gr ai n si ze l i m­
i t s of  t he si l t  f r act i on ( about  70% cor r espondi ng t o me­
di um si l t ) .  Al t hough Mr  den Hoedt  has f ound,  i n a l abor a­
t or y t est ,  t hat  t hi s f i l t er  f abr i c r et ai ned al l  soi l  par ­
t i cl es wi t h gr ai n si ze above 5 pm I f i nd i t  di f f i cul t  t o 

bel i eve t hat  t hi s can be t r ue i n pr act i ce.  I can see no

965



r eason why par t i cl es wi t h gr ai n si ze up t o 2 0  pm woul d 
not  pass t hr ough t he f i l t er ,  e. g.  due t o t he suct i on cr e­
at ed when t he mandr el  i s wi t hdr awn f r om t he soi l .  Thi s 
seems par t i cul ar l y pr obabl e when t he soi l  cont ai ns l ayer s 
or  pocket s of  si l t .

I f  si l t  and cl ay par t i cl es ent er  i nt o t he channel s of  t he 

dr ai n cor e t hi s coul d have a di sast r ous ef f ect  on t he 
di schar ge capaci t y of  t he dr ai n.  Thus,  t he pr ef abr i cat ed 

dr ai ns now exi st i ng on t he mar ket  have a di schar ge capac ­
i t y of  maxi mum 20- 25 m3 / year .  Wi t h t he def i ni t i on of  di s ­
char ge capaci t y gi ven i n my paper  t hi s cor r esponds,  f or  
a 100 mm by 4 mm dr ai n,  t o an over al l  val ue of  l ongi t u­

di nal  per meabi l i t y of  50000- 60000 m/ year  ( 1. 5 -  2 mm/ s) .  

I f ,  f or  exampl e,  si l t  shoul d f i l l  t he channel s t he over ­
al l  val ue of  per meabi l i t y woul d decr ease t o l ess t han
30 m/ year  ( 10- 6  m/ s) ,  i . e.  t he dr ai n woul d be al most  
cl ogged.  Accor di ng t o i nvest i gat i ons car r i ed out  at  t he 
Depar t ment  of  Geot echni cal  Engi neer i ng,  Chal mer s Uni ver ­
si t y of  Technol ogy,  t he paper  f i l t er  i s super i or  t o a

A. F.  van Weel e- ( 0r al  di scussi on)

ON VERTI CAL DRAI NS

Nowadays,  we know sanddr ai ns,  i nst al l ed by dr i vi ng 
( di spl acement  t ype)  or  by j et t i ng ( non- di spl acement  
t ype)  and many di f f er ent  ki nds of  pr ef abr i cat ed dr ai ns.  
Too of t en,  al l  t hese di f f er ent  dr ai ns ar e consi der ed 

t o be of  equi val ent  qual i t y and t hus al so of  equal  
capaci t y.  Thi s r esul t s i n one l ayout  f or  t he dr ai ns and 

a compet i t i on i n pr i ce per  l i near  met er  of  dr ai n onl y.  
Thi s i s i ncor r ect .

Ever y dr ai nt ype has i t s own f i l t er r esi st ance i n t he soi l .  

Thi s r esi st ance i n combi nat i on wi t h t he dr ai n' s ci r ­
cumf er ence det er mi nes t o a gr eat  ext ent  t he amount  of  

excess por ewat er  t hat  wi l l  ent er  t he dr ai n under  a gi ven 
excess pr essur e.  The suppl i er  of  pr ef abr i cat ed dr ai n-  

mat er i al  shoul d be abl e t o i nf or m hi s cl i ent s about  t he 
magni t ude of  t he f i l t er r esi st ance of  hi s mat er i al  as a 
f unct i on of  t i me.  So f ar ,  however ,  most  ar e not .

Test s car r i ed out  i n The Net her l ands l ear ned t hat  some of  

t he bet t er  known dr ai nmat er i al s show a ver y l ar ge i n­
cr ease i n f i l t er r esi st ance wi t hi n 24 hour s when subj ect  
t o a const ant  hydr aul i c head.  I n some cases t he amount

M.  Wal l ays ( Wr i t t en di scussi on)

SOI L I MPROVEMENT BY PRECOMPRESSI ON -  VERTI CAL DRAI NS

Because some decr eases ver sus t i me of  t he wat er  f l ow 
t hr ough pr ef abr i cat ed dr ai ns have been obser ved i n t est s 
under  const ant  gr adi ent ,  i t  i s wonder ed whet her  t he use 
of  f i l t er  envel ops, al l owi ng t he f i ner  soi l  par t i cl es pas­
si ng t hr ough, i s not  advi sabl e? I n our  opi ni on, such a de­

cr ease of  t he wat er  f l ow i s due t o t he decr ease of  t he 
soi l  per meabi l i t y caused by t he consol i dat i on, and i s not  
pr ovoked by t he mi gr at i on of  f i ne par t i cl es i nsi de t he 

soi l  mass t owar ds t he dr ai n.  Fi g.  1 gi ves t he scheme of  
t he equi pment  manuf act ur ed i n 1974 at  Uni ver si t y of  Li ège 
at  Fr anki  r equest , i n or der  t o check whet her  t he Kj el l man 

car boar d dr ai n and t he pl ast i c Fr anki  dr ai n ar e not  cl og­
gi ng dur i ng t he per col at i on.  The t est  i s made wi t h wat er  
per col i ng under  a hei ght  Ah  « 2, 50 m t hr ough a 30 mm 
t hi ck soi l  sampl e.  The soi l  and t he dr ai n ar e mai nt ai ned 
under  a l at er al  pr essur e of  0, 2 MPa.  Thr ee t ypes of  r e­
mol ded soi l  i n a sof t  st at e wer e pl aced r ound t he dr ai n : 
l oam,  f at  cl ay and bent oni t e mi xt ur e. Dur l ng t he per col a­
t i on,  t he f l ow decr eased dur i ng 2 t o 3 mont hs and st abi ­
l i zed af t er war ds.  Af t er  t he equi pment  has been di smoun­

t ed,  t he dr ai ns appear ed f ul l y ser vi ceabl e ( f i g. 2 and 3)  
but  t he soi l  sampl es had consol i dat ed and had t aken a 
di abol o shape ( f i g.  4, f r om l ef t  t o r i ght  : l oam,  cl ay,

synt het i c f i l t er .  Thus,  t hese i nvest i gat i ons show t hat  

t he di schar ge capaci t y i s r educed when t he f i l t er  sl eeve 
i s changed f r om paper  t o synt het i c mat er i al .

One r eason f or  t hi s decr ease may be t hat  synt het i c mat e­

r i al  i s mor e easi l y squeezed i nt o t he channel  syst em t han 
t he paper .  Anot her  r eason may be t hat  f i nes,  because of  
t he hi gher  per meabi l i t y of  t he synt het i c f i l t er ,  wi l l  
pass t hr ough t he f i l t er  and cause a r educt i on of  t he 
channel  vol ume.

As shown i n my paper  i n Sessi on 12 ( 12/ 22)  of  t hi s Con­

f er ence,  t her e i s no need f or  a hi gh f i l t er  per meabi l i t y 

as l ong as t he speci f i c di schar ge capaci t y qw i s as l ow 
as t hat  of  t he pr esent  t ypes of  pr ef abr i cat ed dr ai n.  
Ef f or t s t o i mpr ove t he pr ef abr i cat ed band- shaped dr ai ns 

shoul d be concent r at ed on i ncr easi ng t hei r  di schar ge ca­
paci t y as much as possi bl e,  i n ot her  wor ds on decr easi ng 
t hei r  wel l  r esi st ance.  Thi s i s by f ar  t he most  i mpor t ant  
pr obl em concer ni ng t he pr ef ab dr ai ns of  t oday.

of  i nf l owi ng wat er  was l ess t han 2% of  t hat  at  t he st ar t .  
Ot her  mat er i al s show har dl y any change wi t h t i me.
A second i mpor t ant  pr oper t y i s t he l ongi t udi nal  capaci t y 

of  t he dr ai n.  I f  t hi s capaci t y i s l ar ge,  as e. g.  f or  
t ube dr ai ns,  t her e i s har dl y any excess pr essur e i n t he 

dr ai n i t sel f .  For  sever al  t ypes banddr ai ns,  however ,  t he 
l ongi t udi nal  capaci t y i s l i mi t ed so t hat  i n compr essi bl e 
soi l l ayer s wi t h a l ar ge suppl y of  excess wat er ,  excess 
pr essur es wi l l  devel op i n t he dr ai n.  Under  such ci r ­
cumst ances,  t he r esul t i ng consol i dat i on per i od of  t he 

soi l  may be ext ended subst ant i al l y.
Suppl i er s of  t hese mat er i al s ar e of t en not  at  al l  awar e 
of  t he r equi r ement s t hei r  mat er i al s have t o f ul f i l  i n 
or der  t o f unct i on pr oper l y.  They ar e happy wi t h good 
r esul t s el sewher e and t hi nk t hat  what  appl i es i n one 
soi l  condi t i on appl i es t o al l  possi bl e soi l  condi t i ons.  

Thi s,  however ,  i s f ar  f r om t he t r ut h.  Al so t he user s 
shoul d be mor e knowl edgeabl e i n or der  not  t o compar e 
appl es and pear s.

bent oni t e mi xt ur e) , due t o t he f act  t hat  t he def or mat i on 

al ong t he edge i s pr event ed. These obser vat i ons suggest  t o 
check whet her  t he f l ow decr ease i s not  due t o t he dr ai n.  

Ther ef or e, addi t i onal  equi pment  ( f i g. 5)  was manuf act ur ed 
i n or der  t o t est , wi t hout  dr ai n, a soi l  sampl e i n t he same 
condi t i ons as her eabove.  The sampl e has t he same I ni t i al  

30 mm t hi ckness and a l engt h equi val ent  t o t he per i met er  
of  t he soi l  sampl e pl aced r ound t he dr ai n at  i t s hal f -  

t hl ckness.  A si mi l ar  decr ease of  t he wat er  f l ow was ex­
per i ment ed.  These t est s make unquest i onabl e t hat  t he de­

cr ease of  t he wat er  f l ow i s caused by t he decr ease of  t he 
soi l  per meabi l i t y pr ovoked by t he consol i dat i on pr ocess.  

Wi t h soi l  sampl es,  onl y 30 mm t hi ck,  i t  i s unl i kel y t hat  
t he mi gr at i on of  f i ne par t i cl es i nsi de t he soi l  mass 
coul d i nf l uence t he wat er  f l ow I n a si gni f i cat i ve way,  

par t i cul ar l y i n cohesi ve soi l s as f at  cl ay and bent oni t e 
mi xt ur e.  The decr ease of  t he soi l  per meabi l i t y has been 
al so evi denced on t he f i el d, dur i ng t he consol i dat i on of  a 
sof t  al l uvi al  l ayer  accel er at ed by Kj el l man car boar d 

dr ai ns ( De Beer  et  al ,  1973) .

The use of  envel opes al l owi ng t he f i ner  soi l  par t i cl es 
passi ng t hr ough t he f i l t er  i s not  wi t hout  danger , because
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t he soi l  per meabi l i t y  due t o t he consol i dat i on.ELEVATION A.B ELEVATION E.F

P L A N  V I E W

I n our  opi ni on, t he i ns t al l at i on of  a ver t i cal  dr ai nage i s 

ef f ec t i ve when t he f ol l owi ng condi t i ons  ar e f ul f i l l ed :

-  The r el at i ve vol ume of  soi l  di spl aced when dr i v i ng t he 

mandr el  mus t  be as l ow as possi bl e.  The mandr el  bot t om 

mus t  have a s l i ght  enl ar gement , i n or der  i t  t o cut  up 

t he smear ed and r emol ded soi l  t hi ckness  al ong t he mand­

r el , when l i f t i ng t he l at t er  up.

-  The f i l t er  envel ope of  pr ef abr i cat ed dr ai ns  mus t  f or m 

an ef f ec t i ve f i l t er ,  al l owi ng wat er  t o f l ow t hr ough and 

soi l  par t i c l es  t o be st opped.  The t r ansver se per meabi l ­

i t y  of  t he envel ope has l i t t l e i nf l uence because i t s 

ver y  l ow t hi ckness.

-  The ver t i cal  per meabi l i t y of  t he dr ai n ( t he cor e i n t he 
case of  a pr ef abr i cat ed dr ai ns)  must  be sui t abl e t o t he 
f l ow and t he per col at i on pat h,  i n or der  t he wat er  head 
l oss t o be l ow enough.  Aboshi  and Yoshi kuni  ( 1967)  de­

vel oped a sui t abl e met hod, i n or der  t o t ake i nt o account  

t he decr ease of  t he consol i dat i on speed due t o t he wel l  
r esi st ance.

-  The per meabl e c ar pet , t hr ough whi ch t he wat er  f l ows f r om 

t he dr ai ns t o t he downwar ds di t ch, must  of f er  a sui t abl e 

l ow r es i s t ance t o t he wat er  f l ow.  Unt i l  now,  not  much 
at t ent i on has been pai d t o t hi s poi nt . Never t hel ess,  

cal cul at ed assessment s  show t hat  a i m  t hi ck  sand car ­

pet  can t oo much sl ow down t he wat er  f l ow,  when t he 

f l ow and t he max i mum per col at i on pat h ar e l ar ge,  so 

t hat  i n some cases t he use of  dr ai npi pes  i s  needed.

Ref er ences :

Aboshi  H and Yoshi kuni  H, ( 1967) ,  A st udy of  t he consol i -  f 
dat i on pr ocegs af f ect ed by t he wel l  r esi st ance i n t he 
ver t i cal  dr ai n met hod. Soi l  and Foundat i on ( VI I ) , 4, 38- 58,  

Tokyo.

De Beer  E,  Wal l ays  M,  Paquay J and Vei l l ez  A,  ( 1973) ,  
Consol i dat i on accél ér ée au moyen de dr ai ns en car t on.  

Pr oc  8t h I CSMFE, ( 2. 2) ,  31- 36,  Moscow.

Uni ver si t é de Li ège,  Ser vi ce Géot echni que,  ( 1974- 1976) ,  

Pr ocès- ver baux d' essai s demandés par  Pi eux Fr ar i ki , ( not  
publ i shed) .
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VERTI CAL DRAI NS - PREDI CTI ON OF PORE PRESSURE DI SSI PATI ON 
RATES

I n  t h e  s e c t i o n  o n  v e r t i c a l  d r a i n s  i n h i s  g e n e r a l  
r e p o r t  Pr o f e s s o r  Mi t c h e l l  d r e w a t t e n t i o n  t o  t h e  
u n s a t i s f a c t o r y  s t a t e  of  p r e d i c t i o n  o f  p o r e  

p r e s s u r e  d i s s i p a t i o n  r a t e s .

Du r i n g  t h e  l a s t  f ew y e a r s  Ov e  Ar u p  & Pa r t n e r s  h a v e  
h a d  t h e  r e s p o n s i b i l i t y  f o r  f o r e c a s t i n g  t h e  r a t e  of  

s e t t l e me n t  o f  t h r e e  e mb a n k me n t s  a t  Sa n d wi c h ,  
Qu e e n b o r o u g h  a n d  Be l f a s t .  At  a l l  t h r e e  s i t e s  t h e  
r a t e s  we r e  c r i t i c a l  t o  t h e  o v e r a l l  c o n s t r u c t i o n  
p e r i o d s  o f  t h e  r e s p e c t i v e  wo r k s ,  as  t he  
e mb a n k me n t s  h a d  t o  b e  s u b s t a n t i a l l y  c o n s o l i d a t e d  

( 95% p r i ma r y  c o n s o l i d a t i o n  c o mp l e t e )  b e f o r e  t h e  
f o u n d a t i o n s  o f  a d j a c e n t  b r i d g e wo r k s  we r e  p e r mi t t e d  
t o  b e  p l a c e d .

I n  d e a l i n g  wi t h  t h e s e  p a r t i c u l a r  s i t e s  we  h a v e  
b e e n  f o r t u n a t e  i n  t h a t  t h e  s i g n i f i c a n t  s t r a t a

h a v e  b e e n  r e ma r k a b l y  u n i f p r m i n t h e i r  d r a i n a g e  
c h a r a c t e r i s t i c s  a n d  t h i s  h a s  e n a b l e d  us  t o  c r o s s ­
c h e c k  f i e l d  a n d  l a b o r a t o r y  t e s t  d a t a  wi t h  b a c k  
a n a l y s e s  o f  t h e  a c t u a l  p e r f o r ma n c e  o f  t he  

e mb a n k me n t s .

Wh i l e  i t  i s  we l l  d e s c r i b e d  i n  p u b l i s h e d  t e x t s  
( e. g.  Ro we ,  1968)  t h a t  t h e  c o e f f i c i e n t  o f  

c o n s o l i d a t i o n  c v  c h a n g e s  wi t h  c h a n g i n g  e f f e c t i v e  
s t r e s s ,  i t  h a s  n o t  h i t h e r t o  b e e n  e a s y  t o  
u n d e r t a k e  c o mp u t a t i o n s  u s i n g  mo r e  t h a n  o n e  v a l u e  

( or  p e r h a p s  t wo  v a l u e s )  o f  c v , b e c a u s e  o f  t he  
l a b o r i o u s  a n d  e r r o r - p r o n e  n a t u r e  o f  t h e  wo r k .  
Ho we v e r  b y  u s i n g  a c o mp u t e r  f o r  t h e  s t e p  b y  s t e p  
c a l c u l a t i o n  o f  t h e  p r o g r e s s  o f  p o r e  wa t e r  p r e s s u r e  

d i s s i p a t i o n  t h e  v a l u e s  o f  c v  c a n  be  r e l a t e d  t o  
t h e  c u r r e n t  v a l u e s  o f  t h e  e f f e c t i v e  s t r e s s  a n d
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a g r e a t e r  p r e c i s i o n  i n  f o r e c a s t i n g  i s  t h e r e f o r e  
p o s s i b l e  ( Col e,  1980) .
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C h a n g e  i n  c v ( h )  w i t h  i n c r e a s i n g  

v e r t i c a l  e f f e c t i v e  s t r e s s  c r v * 

C a l c u l a t e d  f r o m  f i e l d  d a t a

1

I

\

^ A l l  r e s u l t l i e  w i t h  e n v e l o p e

D e s i g n  v a l u e  \ \
c v ( h )  =  0 - 5 9
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VERTI CAL EFFECTI VE STRESS 07 k Pa

Fo r  t h e  Be l f a s t  s i t e  t h e  f i e l d  a n d  l a b o r a t o r y  
t e s t  v a l u e s  o f  c v ( h)  we r e  u s e d  t o  p r e d i c t  t he  
p e r f o r ma n c e  o f  t h e  t r i a l  e mb a n k me n t  wi t h  g o o d  
r e s u l t s  as  s h o wn  i n  F i g u r e  4.  Th e  b a c k - f i g u r e d  
v a l u e s  o f  c v ( h)  we r e  a l s o  s h o wn  t o  b e  c l o s e  t o  
t h e  p r e d i c t e d  v a l u e  o f  c v ( h)  as  s h o wn  i n  F i g u r e  3.

Fi g .  1 Sa n d wi c h  By  Pa s s .  a g a i n s t

Fi g u r e s  1,  2 and  3 s h o w t h e  c o r r e l a t i o n  b e t we e n  
f i e l d  a n d  l a b o r a t o r y  me a s u r e me n t s  o f  t h e  c v ( h)  
a g a i n s t  v e r t i c a l  e f f e c t i v e  s t r e s s  o b t a i n e d  f r o m 
t h e  t h r e e  s i t e s ,  a t  a l l  o f  wh i c h  v e r t i c a l  d r a i n s  
we r e  u s ed .  Fo r  t he  Sa n d wi c h  s i t e  t h e  c a l c u l a t i o n s  
we r e  ma n u a l l y  d o n e  a n d  a s i n g l e  " a v e r a g e "  v a l u e  
of  c v ( h)  wa s  a d o p t e d .  Al t h o u g h  a t  t h e  t i me  t h i s  
s e e me d  a r e a s o n a b l e  a p p r o a c h  i t  o v e r e s t i ma t e d  
b y  a f a c t o r  o f  a b o u t  t h r e e  t h e  r a t e  o f  d i s s i p a t i o n  
i n  t h e  l a t e r  ( and mo r e  c r u c i a l )  s t a g e s  o f  
c o n s t r u c t i o n .

At  Qu e e n b o r o u g h  s e e  F i g u r e  2,  t h e  p r o b l e m wa s  
mo r e  f u l l y  r e c o g n i s e d ,  a n d  t wo  v a l u e s  o f  c v ( h)  
f o r  ma n u a l  c a l c u l a t i o n  we r e  c h o s e n .  Ag a i n  t h e s e  
p r o v e d  t o  b e  s o me wh a t  on  t h e  o p t i mi s t i c  s i d e  as  
t h e  r a t e  o f  d i s s i p a t i o n  i n  t h e  l a t t e r  s t a g e s  of  
c o n s t r u c t i o n  wa s  o v e r e s t i ma t e d .
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Fi g .  3 Be l f a s t  L a g a n  Br i d g e  Ap p r o a c h .  c v ( h)  
a g a i n s t  o ÿ

Fi g .  4 Be l f a s t .  L a g a n  Br i d g e  Ap p r o a c h .  Ex c e s s  
h e a d  a g a i n s t  t i me .

I t  i s  t h u s  c o n c l u d e d  t h a t  wi t h  c a r e f u l  t e s t i n g  
t o  o b t a i n  r e a l i s t i c  v a l u e s  o f  Cv  o v e r  t h e  f u l l  
r a n g e  o f  s t r e s s  c h a n g e  t h a t  wi l l  b e  i mp o s e d ,  a n d  
b y  t h e  u s e  o f  a c o mp u t e r i s e d  c a l c u l a t i o n  
p r o c e d u r e ,  i t  i s  p o s s i b l e  t o  ma k e  r e a s o n a b l y  
a c c u r a t e  p r e d i c t i o n s  o f  t h e  r a t e  o f  d i s s i p a t i o n  
o f  e x c e s s  p o r e  wa t e r  p r e s s u r e .

Re f e r e n c e s :  Pl e a s e  s e e  p a p e r  1 / 1?

Fi g .  2 Qu e e n b o r o u g h  By  Pas s .  c v ( h)  a 9 a i n s t  aÿ

O. G.  I ngl es,  Panel i st

THERMAL STABI LI ZATI ON 
La St abi l i sat i on Ther mal e

I  wi sh t o say a f ew wor ds on t he subj ect  of  t her mal  
st abi l i sat i on.

Thi s met hod has been pr act i sed successf ul l y i n Romani a 
and i n Russi a,  but  never  at t r act ed much wor l d at t ent i on 

because of  cost s.  Nowadays,  wi t h t he hi gh pr i ce of  f uel ,  
many t hi nk i t  shoul d be f or got t en.  But  on t he cont r ar y,  
we may be on t he br i nk of  i mpor t ant  new devel opment s i n

t her mal  st abi l i sat i on.  They ar e al r eady f or eshadowed by 

sever al  paper s i n t hi s conf er ence.  Af t er  al l ,  i f  one can 
achi eve a mat er i al  as har d as br i ck f r om l oose soi l ,  
usi ng l ess t han 1 . 1 / 2 % f uel  oi l  as " addi t i ve" ,  i s i t  not  

mor e at t r act i ve,  mor e ener gy ef f i ci ent ,  t han 8  t o 1 0 % 
cement ?

The pr obl em wi t h t hermal  met hods has been f uel  economy.
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But  t hi s pr obl em i s easi l y sol ved by t he f uel  engi neer  
t oday.  Mor eover ,  i t  i s possi bl e t o achi eve t he t her mal  

st abi l i sat i on of  cl ays at  ver y l ow t emper at ur es ( ar ound 
550OC,  l ess t han r ed heat ) .  At  t hese t emper at ur es not  

onl y i s cl ay swel l i ng dest r oyed,  but  t he cl ay sur f ace i s 
act i vat ed.  Thr ee paper s i n t hi s conf er ence ( Quei r oz de 
Car val ho,  Br andi ,  and Mat suo & Kamon)  have al l  shown how
si l i ca,  al umi na and f er r i c oxi de . . . .  t he commonest

component s of  al l  soi l s . . . .  when act i vat ed by var i ous
means,  l ead t o good soi l  st abi l i sat i on.  Pr of .  Br andi ' s 

paper  i s especi al l y excel l ent  ( i n my opi ni on one of  t he 
f i nest  paper s i n t he Sessi on)  and I commend i t  f or  
r eadi ng.

What  I wi sh t o emphasi se her e however ,  i s t hat  t he 
necessar y act i vat ed st at e can al so be pr oduced by l ow 

heat .  Recent l y,  mysel f  and a cowor ker ,  Li m,  succeeded i n 

conver t i ng such di ver se cl ays as bent oni t e and kaol i n,  
as wel l  as or di nar y soi l s,  i nt o wat er - r esi st ant  dur abl e 

mat er i al s of  hi gh st r engt h ( exceedi ng 1 x 104  kPa dr y 
and 8  x 103  kPa soaked)  af t er  r oom t emper at ur e cur i ng

H.  Cambef or t ,  Chai r man 

AMELI ORATI ON THEMI QUE

La consol i dat i on t her mi que n' a f ai t  l ' obj et  que d' une 
communi cat i on:  cel l e de not r e secr ét ai r e de Dr .  Knut s-  

son qui  a ét udi é l a r ési st ance du ci sai l l ement  des 

sol s gel és.

I l  s' agi t  l à d' une r echer che t r ès i nt ér essant .  Mai s i l  

y  en a une aut r e qui  l ' est  t out  aut ant ,  c' est  l e compor ­
t ement  du sol  au moment  du dégel .  A ce moment  l à,  en ef ­

f et ,  cer t ai nes ar gi l es comme cel l e de Mexi co par  exampl e 
se l i quéf i ent .  I l  en est  de même du yaour t .  Quant  à l a 
gel ée de gr osei l l es on n' ar r i ve pas à l a congel er  à 

moi ns 20°  C,  pr obabl ement  à cause de S' a f or t e t eneur  en 
sucr e.  I l  sembl e que cet t e l i quéf act i on soi t  l e pr opr e 
de cer t ai nes st r uct ur es des gel ées col l oï dal es.  On l e 

const at e avec l es cer i ses qui  sui vant  l eur  espèce se 

l i quéf i ent  ou non,  comme l es ar gi l es.  Avant  de consol i ­
der  l e sol  par  congél at i on,  i l  f aut  donc s' assur er  que 

l e dégel  ne peut  pas êt r e cat ast r ophi que.

La cui sson des sol s a ét é bi en moi ns ut i l i sée que l a 
congél at i on.  Je ne connai s que l es exempl es donnés,  i l  
y a un peu pl us de vi ngt  ans,  par  l e Pr of .  St ancul escu.

H. L.  Jessber ger  and W.  Ebel  ( Wr i t t en di scussi on)

SI MPLI FI ED TEST CONDI TI ONS FOR DESCRI PTI ON OF THE STRESS-  
STRAI N BEHAVI OUR OF FROZEN SOI LS

Fo r  t he i nv es t i ga t i on  of  t he s o i l  b e h a v i o u r  mor e  
and mor e  h i gh l y  s o p h i s t i c a t e d  me t h o d s  ar e 

us ed by  t he s c i en t i s t s .  As  our  l as t  Pr es i den t  

Pr of .  Fuk uok a  men t i o n e d  i n hi s  p r es i den t i a l  
a dd r es s  we s hou l d  not  f o r get  t o pe r f o r m r e l a t i ­

v e l y  eas y  t es t s  wh i c h  g i v e  s oi l  pa r amet e r s  f or  
t he d e s c r i p t i on  of  t he s oi l  behav i ou r .  Bas ed on 
t hes e  pa r ame t e r s  a f i r s t  c a l c u l a t i on  of  a s t r u c ­

t u r e  c an be made  and t he pa r ame t e r s  c an be us ed 
f o r  f i x i ng  t he t es t  c ond i t i ons  of  h i gh l y  s o ­

ph i s t i c a t e d  t es t  met hods .  The p r es en t ed  t es t  
me t hods  ar e r e l a t ed  t o t he s oi l  i mpr ov emen t  by  
g r ound f r eez i ng.  The bas i c  i dea of  t hi s  p r o p o ­
s al  i s t o pe r f o r m s o - c a l l ed  " Re f e r enc e  Te s t s ” 
wh i c h  enab l es  us t o i den t i f y  t he f r oz en  s o i l  due 

t o t he s t r es s - s t r a i n  b e h a v i o u r  f o r  c ompar i s on  
wi t h  o t h e r  f r oz en  s oi l s .  I t  s hou l d  be empas i z ed  
t hat  t he p r opos ed  t es t  me t hod  i s not  a s t a n d a r ­
d i z a t i on  and t hat  i t  i s nec es s a r y  t o pe r f o r m t he

f or  7 days.  I have cal l ed t hi s pr ocess " accel er at ed 
l at ér i sat i on" ,  f or  al t hough a st abi l i sat i on,  i t  cl osel y 

r esembl es t hat  phenomenon i n i t s ef f ect s and oper at i on.  
The qual i t y of  t he pr oduct  i s r eadi l y conveyed by s t r i ­
ki ng t wo cyl i nder s of  t he t r eat ed soi l  t oget her  -  t he 

good r i ng of  a st r ong mat er i al  i s hear d,  f r om what  was 

once l oose l oam.

Al t hough I do not  agr ee wi t h t he st r uct ur al  i nt er pr et a­
t i ons of  Mat suo & Kamon ( and whi ch ar e al so at  var i ance 
wi t h t he obser vat i ons of  Swar t z,  Yat es & Tr omp i n t hi s 
Sessi on) ,  el ect r on mi cr oscope phot ogr aphs of  t he new 

" accel er at ed l at ér i sat i on"  pr oduct s have many si mi l ar i ­
t i es t o t hose shown by Mat suo & Kamon.  The st r engt he­

ni ng pr oduct s have an essent i al  needl e- l i ke habi t .  
El ect r on pr obe anal ysi s of  t hese pr oduct s,  however ,  has 

l ed t o qui t e di f f er ent  concl usi ons f r om t hose of  Mat suo 

& Kamon,  and i n mor e subst ant i al  agr eement  wi t h t he 
concl usi ons of  Quei r oz de Car val ho and of  Br andi .  A 

det ai l ed account  i s t o be pr esent ed t o t he I nt er nat i onal  

Conf er ence of  Soi l  Mechani cs,  Mexi co Ci t y,  1982.

J' ai  essayé de l e copi er  pour  ar r êt er  un gl i ssement  de 
t al us,  mai s sans succès car  l es sol s ét ai ent  sat ur és.  

Nous ét i ons sor t i s du domai ne d' ut i l i sat i on du pr o­
cédé.

Pui sque j ' en sui s aux ef f et s de l a t empér at ur e,  j e r ap­

pel l e qu' une augment at i on de cel l e- ci  augment e l a v i ­
t esse du f l uage,  pr obabl ement  par  sui t e de son act i on 
sur  l a doubl e- couche.  Peut  êt r e y- a- t - i l  l à une expl i ­

cat i on aux t assement s des pet i t es compact ages de Li n­
köpi ng.

Par  cont r e l es dépl acement s des mur s de sout ènement  

consécut i f s aux var i at i ons de t empér at ur e ne ser ai ent  
sans dout e dûs qu' à l a di l at at i on des sol s.  I l  sembl e 

en êt r e de même pour  l es osci l l at i ons de pi eux t r aver ­
sant  des sol s mous sat ur és.  Mai s quand l es f ondat i ons 
pr of ondes t r aver sent  des l i mons non sat ur és,  l eur s os ­
ci l l at i ons sont  peut  êt r e dues aussi  à l a t her mo- os-  
mose,  phénomène qui  a eu sa pér i ode de succès aut r e­

f oi s et  dont  l ' ét ude est  passée de mode auj our d' hui .

Re f e r enc e  Tes t s  i n add i t i on  t o o t he r  p r o j ec t  r e ­

l a t ed t es t s .

Two t y pes  of  t es t s  wer e  s e l ec t ed:  The unc on f i ned  
c o mpr es s i on  t es t  and t he unc on f i ned  c r eep  t es t .  

The c r eep  t es t s  ar e i n t r oduc ed  bec aus e  t he c r eep 
b e h a v i o u r  of  f r oz en s oi l s  can be i mpor t an t  d e ­

pend i ng  on t he ma g n i t u d e  and dur a t i on  of  l oadi ng.

The Re f e r e n c e  Tes t  wi l l  be pe r f o r med  on 
c y l i n d r i c a l  s oi l  s ampl es .  The s l ende r nes s  r at i o  
s hou l d  be h/ d = 2/ 1 wi t h  a mi n i mu m d i a me t e r  of  

5 cm.  The t es t s  s hou l d  be pe r f o r med  at  a c o n ­
s t ant  t empe r a t u r e  T =- 10°  +_ 0, 5° C.

Fr om Tab l e  1 c an be s een t hat  t wo c ompr es s i on  
t es t s  ar e s e l ec t ed  wi t h  d i f f e r en t  s t r a i n  r at es .  
Due t o t he s t r a i n  r at es  t he du r a t i on  of  t he 
f as t  c ompr e s s i o n  t es t  wi l l  be 15 mi n u t e s  wher eas
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t he du r a t i on  of  t he s l ow c ompr e s s i o n  t es t  wi l l  

be 12. 5 h o u r s .

T A B L E  1 C O M P R E S S IV E  S T R E N G T H  T E S T S  

Oa : è=0, 02  „  . ,

O b : è=1 j 00  f / o/ m, nl

s on
O c  1 O b

[ N / m m 2 ]

S A N D 6.0 12,0

SI LT 2, 5 5.0

I n add i t i on  t wo c r eep  t es t s  ar e s e l ec t ed  wi t h  

d i f f e r en t  l oads ,  r e l a t ed  t o t he c ompr e s s i v e  
s t r eng t h  of  t he f as t  c o mpr es s i on  t es t  ( Tab.  2) .  

The du r a t i on  of  t he c r eep  t es t s  s hou l d  be at  
l eas t  one day  f o r  t he h i gh l y  l oaded t es t  and 
t h r ee  day s  f o r  t he l ow l oaded t es t  i f  s t a t e  of  
f a i l u r e  wi l l  not  be r eac hed ear l i e r .  The dat a 

i n Tab l e  1 and 2 ar e v a l i d  f o r  t he t wo s o i l s  

of  Fi g.  1.
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. sandy and s i l t y  ma t e r i a l .  The h i gh l y  l oaded 

c r eep  t es t  s hou l d  def i ni t i ve^/  1 ead t o t he t r a n ­
s i t i on  be t ween  s ec onda r y  and t e r t i a r y  c r eep  b e ­
hav i our .  The l ow l oaded c r eep  t es t  wi l l  s how 
t he s t e a d y - s t a t e  c r eep  b e h a v i o u r  of  t he s ec ond 
phas e  wi t h i n  3 day s ,  wh i c h  means  t hat  t he c r eep  
s t r a i n  r at e r ema i ns  c ons t ant .

FIG .1 C R E E P  B E H A V IO U R

S A N D S IL T

Fi g.  1 s hows  pos s i b l e  c r eep  t es t  r es u l t s  f o r

Fr om t he c o mpr es s i on  t es t s  s i gn i f i c an t  s oi l  d a ­

t as  as  c o mp r e s s i v e  s t r eng t h  and s ec an t  modu l us  
c an be ob t a i ned  whe r eas  t he c r eep  t es t s  g i v e  
s t r a i n  at  f a i l u r e  and t he c o r r e s p o n d i n g  t i me 

at  f a i l ur e.

Mor e  de t a i l ed  i n f o r ma t i on  c o n c e r n i ng  s ampl e  p r e ­

pa r a t i on ,  t es t  c ond i t i ons ,  dat a  ana l y s es  t o ­
g e t h e r  wi t h  t he ev a l ua t i on  of  n u mb e r  of  " Re f e ­
r enc es  Tes t s "  i s a l r eady  pub l i s hed  / 1/ .

/ 1/  J es s ber ge r ,  J . L. ,  Ebel ,  W.  ( 1980) :

Pr opos ed  me t h o d s  f o r  Re f e r e n c e  Tes t s  
on Fr oz en  Soi l ,  Pr oc eed i ngs  Sec ond  I n ­

t e r na t i ona l  Sy mp o s i u m on Gr ound Fr e e ­
z i ng,  Tr ondhe i m,  El s e v i e r  Sc i en t i f i c  
Pu b l i s h i n g  Company ,  Ams t e r d a m

H.  Cambef or t ,  Chai r man

CLOSURE 0F SESSI ON AFTER ORAL DI SCUSSI ON ■

Voi ci  venu l e moment  de concl ur e cet t e l ongue séance.  
Cel a est  di f f i ci l e car  l ' amél i or at i on des sol s,  f ai t  

par t i e de 1 ' Ar t  de const r ui r e et  non des cal cul s.  J' ai  

épr ouvé l es mêmes ennui s à l a séance équi val ent e du 
Congr ès de Moscou.  Aussi  i l  n' est  pas ét onnant  que l a 

concl usi on de cel l e- ci  pui sse conveni r  auj our d' hui ,  en 
y  changeant  si mpl ement  l e nom d' un or at eur .  Comme el l e 

est  anci enne j ' en r appel l e l es poi nt s essent i el s:

1 -  I l  f aut  souvent  avoi r  d' aut r es connai ssances que 
cel l es pr opr es à l a Mécani que des sol s pour  t r ouver  un 

pr océdé d' amél i or at i on val abl e,

2 -  Les r ai sonnement s a pr i or i  basés sur  nos connai s ­

sances act uel l es des sol s sont  quel quef oi s f aux,

3 -  Les pr océdés d' amél i or at i on sont  nombr eux mai s i l s 
ne sont  pas f or cément  i nt er changeabl es.  Par  ai l l eur s un 
même pr océdé peut  êt r e sat i sf ai sant  dans un cer t ai n sol  
et  pas dans un aut r e pour t ant  sembl abl e à pr emi èr e vue.  

Enf i n,

4 -  Le " savoi r  f ai r e"  des hommes de chant i er  est  pr es ­

que t ouj our s pl us i mpor t ant  que l a t héor i e.

Ce der ni er  poi nt  est  t r ès i mpor t ant ,  car  i l  i nt er di t  l es 
spéci f i cat i ons dét ai l l ées qui  ne peuvent  pas pr évoi r  

t ous l es cas possi bl e d' hét ér ogénéi t é des sol s,  à l a­
quel l e i l  f aut  s ' adapt er  au f ur  et  à mesur e de l ' avance­

ment  des t r avaux.

Quant  aux aut r es poi nt s j ' ai  essayé d' en t eni r  compt e 

dans l ' i nt r oduct i on en met t ant  l ' accent  sur  l a st r uc ­
t ur e des sol s.  I l  sembl e en ef f et  évi dent  que l e com­

por t ement  d' un sol  est  condi t i onné par  cel ui  de son 
squel et t e et  non par  l ' évol ut i on des pr essi ons i nt er ­

st i t i el l es qui  ne peut  i nt r odui r e qu' un t er me cor r ec ­
t i f .  Mai s comme i l  est  di f f i ci l e de pr éci ser  l a st r uc ­
t ur e d' un sol  i nt act ,  on accept e f aci l ement  des si mpl i ­

f i cat i ons qui  mal heur eusement  ne cor r espondent  pas 
souvent  à l a r éal i t é.  Quand on suppose,  par  exempl e 

qu' une ar gi l e ne di f f èr e d' un sabl e que par  l a di men­
si on de ses gr ai ns,  pl us ou moi ns bi en col l és ent r e 
eux,  on oubl i e comme l ' a r appel é l e Pr of .  Kat t i ,  

l ' envi r onnement  él ect r i que qui  cor r espond à ce que 
j ' ai  appel é l a gel ée col l oï dal e,  et  qui  à l ui  seul  
peut  condi t i onner  l e compor t ement  de l a st r uct ur e.

Pour  mi eux sai si r  cel l e- ci ,  et  ce ser a mon der ni er  mot ,  

i l  f aut  f ai r e de l a physi que.

En l evant  cet t e séance,  j e r emer ci e encor e t ous l es 

or at eur s et  pl us par t i cul i èr ement  nos Rappor t eur s qui  
n' ont  pas ménagé l eur  pei ne pour  ét abl i r  des r appor t s 

qui  n' on pas l eur  équi val ent  dans l es annal es de ces 
Congr ès .
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COULI S CHAUX -  CENDRES VOLANTES

Tous l es r ésul t at s qui  vi ennent  d' êt r e exposés sont  

t r ès i nt ér essant s et  me condui sent  à quel ques pet i t es 
r emar ques:

1 -  Tout  d' abor d de l a mi se en évi dence du chemi nement  
du cal ci um est  r emar quabl e,  et  f ai t  penser  au chemi ne­
ment  des i ons que l es géol ogues i nvoquent  souvent .  Sa 
pr ogr essi on avec l e t emps conf i r me que l a bent oni t e 

n' est  pas i mpr égnabl e avec un coul i s,  et  que l es c l aqua­
ges ou encor e l es f r act ur at i ons hydr aul i ques pr ovoqués 
par  une i nj ect i on peuvent  avoi r  un ef f et  bénéf i que i n­

soupçonné.

2 -  Les di agr ammes aux r ayons X mont r ent  bi en que l a 

bent oni t e s' est  t r ansf or mée,  mai s l es modi f i cat i ons 
des pi cs ne pr ovi ennent  pr obabl ement  pas d' une si mpl e 
accumul at i on d' i ons dans l a doubl e couche.  I l  s' est  

passé aut r e chose et  cet  aut r e chose peut  êt r e dû à 
d' aut r es i ons que ceux du cal ci um,  car  l es cendr es 
vol ant es qui  sont  des pouzzol anes doi vent  avoi r  une 

composi t i on chi mi que t r ès compl exe.  La nat ur e de l a 
bent oni t e peut  aussi  i nt er veni r .

3 -  L' exempl e ci t é por t e à cr oi r e que pour  st abi l i ser  

un r embl ai  de voi e f er r ée i l  est  nécessai r e d' ut i l i -

H.  Cambef or t ,  Chai r man (Wr i t t en di scussi on)

D. A.  Gr eenwood ( Wr i t t en di scussi on)

JET GROUTI NG -  CONTROL OF UNI FORMI TY OF TREATED SOI L

Jet  gr out i ng was used i n 1962 f or  t empor ar y wor ks on t he 
Concor de ai r cr af t  engi ne f aci l i t y and at  a sewage pumpi ng 
st at i on i n Cor nwal l ,  U. K. ,  and as r epor t ed by  Ni chol son 

( 19 6 3 ) f or  a wat er  cut - of f  at  Ni azbeg Power  St at i on i n 
Paki st an amongst  ot her  appl i cat i ons.

Pr obl ems wer e encount er ed whi ch di ssuaded engi neer s f r om 

us i ng t he pr ocess mor e wi del y  at  t hat  t i me:

1.  Cont r ol  of  aver age cement  cont ent .
2.  Cont r ol  of  uni f or mi t y of  cement  i n si t u.
3.  Cont r ol  of  uni f or mi t y of  col umn di amet er .

Di f f i cul t i es ar ose because havi ng dr i l l ed t he pi l ot  hol e 
t o f ul l  dept h t he vol ume of  f l ui d needed t o j et  away t he 
soi l  exceeded t he vol ume of  t he bor e and over f l ow at  
sur f ace was i nevi t abl e.  Thi s car r i ed away cement  
i ncl uded i n t he j et  st r eam.  The over f l ow mat er i al  was 
col l ect ed and r et ur ned t o t he hol e wi t h addi t i on of  mor e 
cement  appr opr i at e t o t he enl ar gi ng hol e.  Wi t h bul ki ng 
of  t he er oded soi l  not  al l  of  t he added cement  and spoi l  
was r et ur ned t o t he hol e on compl et i on.  The pr ocess was 
cr i t i cal l y dependent  on r at e of  er osi on i n r el at i on t o 
r at e of  l i f t i ng and r at e of  cement  addi t i on.  I n gr ound 
of  var i abl e er odi bi l i t y t hese di f f i cul t i es wer e gr eat l y 

i ncr eased.

The r esul t  was somewhat  unpr edi ct abl e and var i abl e 
st r engt h.  Somet i mes weaknesses occur r ed acr oss a speci f i c

R.  Pusch ( Wr i t t en di scussi on)

" A LEADI NG PAPER FOR PANEL DI SCUSSI ON ON I MPROVEMENT OF 
COHESI VE SOI LS"
( Cont r i but i on by R. K.  Kat t i )

I t  i s ni ce t o see t hat  mat er i al  sci ence i n t er ms of  cl ay 

mi ner ol ogy and physi cal  chemi st r y ar e r ef er r ed t o as 
basi c sci ences of  t he pr esent l y di scussed soi l  mechani cs 
appl i cat i on.  I n deal i ng wi t h sat ur at ed cl ay t he aut hor

ser  un coul i s d' i nj ect i on const i t ué par  de l a chaux et  

des cendr es vol ant es.  Je peux assur er  qu' i l  n' en est  
r i en car  j ' ai  st abi l i sé de nombr euses cent ai nes de 
mét r és de voi es en ut i l i sant  comme coul i s des mél an­
ges de ci ment  Por t l and et  de bent oni t e.  Cel a n' a r i en 
d' ét onnant  car  l e Por t l and cont enant  beaucoup de 

chaux et  l es cendr es vol ant es ét ant  pouzzol ani ques,  
l es deux coul i s sont  anal ogues.  Ce sont  l es condi ­

t i ons économi ques qui  f i xent  l e choi x des const i t u­
ant s.  I l  f aut  t out ef oi s se r appel er  que l a gr anul o-  

mét r i e des cendr es dépend de l a nat ur e du char bon qui  
a ét é br ûl é.  I l  est  donc nécessai r e de f ai r e quel ques 
essai s pr él i mi nai r es pour  f or mul er  cor r r ect ement  l e 
coul i s cont enant  des cendr es.

4 -  Enf i n avec ce même coul i s ci ment - bent oni t e j ' ai  
st abi l i sé un gl i ssement  de t al us dont  l ' ar gi l e t r ès 
gonf l ant e f or mai t  un mar écage pendant  l a sai son des 
pl ui es al or s qu' el l e ét ai t  si l l onnée de f i ssur es 

dont  l ' ouver t ur e at t ei gnai t  2 à 3 m à l a f i n de l a 
sai son sèche.  C' est  à ce moment  qu' on a r empl i  l es f i s ­
sur es avec l e coul i s,  af i n d' i nt er di r e l a pénét r at i on 
des eaux de pl ui e.  Peut  êt r e l a chaux du ci ment  a- t -  
el l e eu un ef f et  bénéf i que.  Tout ef oi s ces coul i s non 
pr ot égés à l a sur f ace du sol  se sont  f i ssur és par  

dessi cat i on et  i l  a ét é nécessai r e de pr océder  à une 
pet i t e i nj ect i on d' ent r et i en ci nq ans pl us t ar d.  Mai s 

une t el l e dessi cat i on n' est  pas possi bl e sous une voi e 
f er r ée.

hor i zon or  st r at um wher e l ess f avour abl e gr ound was 

encount er ed l eavi ng a weak band i n a col umn.

Si mi l ar l y wher e wi de var i at i on of  er odi bi l i t y occur r ed,  
e. g.  sands encl osi ng st r at a of  cohesi ve cl ay,  t he col umn 
di amet er  t ended t o var y si gni f i cant l y.  Thi s coul d be 
over come by spendi ng mor e t i me i n t he r esi st ant  bands but  
at  cost  of  aggr avat i ng i mbal ance of  t he r at e of  cement  
addi t i on t o r at e of  l i f t  maki ng cont r ol  di f f i cul t .  Ver y  
pr eci se knowl edge of  soi l  pr of i l e det ai l  was needed f or  
t hi s and was not  usual l y avai l abl e wi t h suf f i ci ent  

accur acy.

The cur r ent  pr oponent s of  j et  gr out i ng ext ol  i t s vi r t ues.  
The i ncor por at i on of  ai r  j et t i ng wi l l  have i mpr oved 
er osi on but  t hey woul d r ender  a ser vi ce by publ i shi ng 
much mor e quant i t at i ve dat a on t he r el i abi l i t y of  
pr oper t i es of  t r eat ed soi l  as a st r uct ur al  mat er i al .

Wi t h t he bet t er  under st andi ng of  geot echni cs si nce t he 

f i r st  use of  j et  gr out i ng i n U. K.  t went y year s ago 
engi neer s,  cor r ect l y,  have become mor e wi l l i ng t o empl oy 
compar at i vel y weak st abi l i sed soi l  as a t empor ar y 
st r uct ur al  medi um.  I n ear l i er  days ant hi ng l ess t han 

concr et e was not  r eadi l y accept ed.

Ni chol son,  A. J.  ( 19 6 3 ) .  Symposi um on " Gr out s and 
Dr i l l i ng Muds i n Engi neer i ng Pr act i ce" ,  I . C. E.  London,  

pp 108- 109 Di scussi on.

br i ngs up t he al most  cl assi cal  poi nt  of  t he sur f ace 
char ge and i mpor t ance of  el ect r i cal  doubl e l ayer s,  and 
r ef er s t o en expr essi on of  t he swel l i ng pr essur e whi ch 
i s unf or t unat el y not  under st andabl e and al so not  cor r ect .
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The r eason f or  t he l ast  st at ement  i s i ndi r ect l y gi ven by 
t he aut hor  hi msel f  by poi nt i ng out  t he i mpor t ance of  ad­

sor bed wat er  whi ch,  at  l east  at  hi gher  densi t i es,  det er ­
mi nes t he swel l i ng pr essur e.  I n f act ,  t he hydr ogen bond­

i ng of  wat er  mol ecul es ar e t he mai n or i gi n of  t he " ex ­

pansi ve f or ces" .  So,  i in pr i nci pl e,  t he aut hor  i s r i ght  i n 
br i ngi ng i n basi c sci ence f or  t he under st andi ng of  t he 
behavi our  of  soi l s.  But  i t  shoul d be i n a pr oper  way.

R.  Vuf et i c and M.  Dj or dj evi S ( Wr i t t en di scussi on)

STRAI GHTENI NG A LEANI NG TALL APARTMENT HOUSE I N SMEDEREVO 

BY APPLYI NG THE METHOD OF WEAKENI NG THE SOI L 
Redr essement  d' un Haut  I mmeubl e de Rési dence Penché en 
Smeder evo par  l a Mét hode d' Af f ai bl i ssement  du Ter r ai n

I NTRODUCTI ON

At t empt s t o st r ai ght en t al l  bui l di ngs,  chi mneys t ower s,  
et c.  have so f ar  been based on t wo mai n pr i nci pl es:  t o 

i mpr ove t he soi l  under  t he par t  of  t he bui l di ng wher e 
consol i dat i on i s gr eat er  or  t o t r ansmi t  t he l oad of  t hat  
par t  of  t he bui l di ng t o gr eat er  dept hs,  t o l ess compr es ­
si bl e medi a.  I n t he f i r st  case i t  was done by i nj ect i ng 
cement ,  by chemi cal  and physi cal  act i on,  et c.  and i n t he 

second case by pi l e dr i vi ng.  Al l  t hese met hods have t hei r  
good and bad aspect s,  but  t hey ei t her  coul d not  be used 
i n al l  cases or  t hey wer e not  successf ul  enough.  The 

I nst i t ut e f or  Soi l  Engi neer i ng of  t he " Kosovopr oj ekt "  
ent er pr i se f r om Bel gr ade has car r i ed out  a dar i ng pr o­
j ect  of  st r ai ght eni ng a t al l  apar t ment  bui l di ng i n 
Smeder evo by appl yi ng t he met hod of  weakeni ng t he soi l  
under  t hat  par t  of  t he f oundat i on of  t he bui l di ng whi ch 

had pr evi ousl y been l ess def or med i n or der  t o pr ovoke i n 
t he weakened zone gr eat er  def or mat i on and t o br i ng about  

t he st r ai ght eni ng of  t he l eani ng bui l di ng.

APPLI CATI ON

The bui l di ng i n Smeder evo i s 38. 5 m t al l  wi t h shal l ow 

f oundat i on on t he dept h of  2. 5 m and 3. 5 m on a basement  
sl ab 21. 2 x 22 m.  The l oad of  f oundat i on on t he soi l  i s 

190 kPa.  The bui l di ng i s l ocat ed bet ween t he r i ver  Danube 
and t he Redut  hi l l .  The soi l  consi st s of  cl ay ( CL/ CI )  t o 

t he dept h of  5. 5 m,  under  whi ch ar e muddy sands and mud 
t o t he dept h over  2 0  m ( t he dept h of  t he i nvest i gat i on of  
t he soi l ) .  Bef or e t he begi nni ng of  t he wor k on st r ai ght e­

ni ng,  t he bui l di ng was l eani ng t owar ds t he Danube about  
35 cm.  Whi l e t he consol i dat i on of  t he bui l di ng on t he 
si de t owar ds t he hi l l  was r api d,  t he si de t owar ds t he 
Danube was consol i dat i ng const ant l y i n a moder at e but  
unabat ed r hyt hm i n t he cour se of  t wo year s.  The measur es 

under t aken t o st r ai ght en t he bui l di ng wer e t he f ol l owi ng.  
Al ong t he si de of  t he bui l di ng ( t owar ds t he hi l l )  11 
sl ant i ng bor ehol es wer e bor ed.  I n t hat  way t he bor ehol es 

r eached a st r at um of  muddy sand.  Ai r  under  pr essur e was 

pumped t hr ough t he bor ehol es and i n t hat  way mat er i al  
f r om t he bor ehol es was t aken out  ( ai r - l i f t i ng) .  The quan­
t i t y of  t he ext r act ed mat er i al  was cont r ol l ed i n speci al  

cont ai ner s.  At  t he same t i me a geodet i c r ecor di ng of  a 
net  of  bui l t - i n benchmar ks on t he bui l di ng was bei ng car ­
r i ed out ,  i n or der  t o f ol l ow i t s r eact i on.  5. 4 m3 of  dr y

mat er i al  was ext r act ed.  The pr oj ect  was car r i ed out  i n 
November  1978 and l ast ed 10 days.  Si nce t hen a const ant  

geodet i c sur vey of  t he benchmar ks on t he bui l di ng i s 

bei ng car r i ed out ,  and i t  shows t hat  t he bui l di ng has 
been consol i dat i ng evenl y,  and t hat  t he weakeni ng of  t he 

soi l  under  t he f oundat i on has successf ul l y sol ved t he 
pr obl em of  st oppi ng t he l eani ng and of  r et ur ni ng t hi s 

hi gh bui l di ng t o t he desi r ed sl ope.
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