
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Finite S train C onsolidation o f S ed im enting  Clay Deposits

C o n s o l id a t io n  e n  D e fo rm a t io n  F in ie  d e s  D e p o ts  d 'A rg i le  S e d im e n ta ire

1/42
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K.W . CARG ILL W a te rw a y s  E x p e r im e n t S ta t io n , V ic k s b u rg , M is s is s ip p i, U S A

SYNOPSI S -  Thi s paper  appl i es t he t heor y of  f i ni t e st r ai n consol i dat i on t o sedi ment i ng mar i ne deposi t s.  The t heor y 
i s nonl i near  and t akes account  of  t he var i at i ons of  per meabi l i t y and compr essi bi l i t y as consol i dat i on pr oceeds.  The 
sel f - wei ght  of  t he sedi ment  i s an i nt egr al  par t  of  t he t heor y.  No r est r i ct i ons ar e pl aced on t he st r ai ns devel oped 
dur i ng consol i dat i on.  A compar i son i s made bet ween f i ni t e st r ai n consol i dat i on of  a sedi ment i ng mar i ne cl ay and a 

compar abl e l i near ,  i nf i ni t esi mal  st r ai n t heor y.

I NTRODUCTI ON

The t heor y of  one- di mensi onal  consol i dat i on,  as or i gi nal l y 
devel oped ( Ter zaghi ,  1924)  i s based upon t wo f undament al  
assumpt i ons.  Fi r st ,  t he st r ai ns and f l ow vel oci t i es ar e 
smal l ,  cr eat i ng an i nf i ni t esi mal  st r ai n t heor y.  Second,  
a l i near ,  r ever si bl e ( el ast i c)  mechani sm r el at es ef f ec­
t i ve st r esses and st r ai ns,  and wat er  pr essur es and 
vel oci t i es.  Thi s t heor y has had sever al  ext ensi ons,  al l  
r el at ed t o t he exami nat i on of  t he ef f ect  of  nonl i near  
ef f ect i ve st r ess- st r ai n post ul at i ons ( Schi f f man and 
Gi bson,  1964;  Davi s and Raymond,  196b;  Mi kasa,  1965) .
A newer  t heor y of  one- di mensi onal  consol i dat i on whi ch 
consi der s f i ni t e st r ai ns,  and i s unr est r i ct ed as t o t he 
l i near i t y of  t he ef f ect i ve st r ess- st r ai n r el at i onshi p,  
but  st i l l  assumes Dar cy' s l aw,  has been devel oped i n 
r ecent  year s ( McNabb,  1960;  Gi bson,  Engl and and Hussey,  
1967;  Koppul a,  1970;  Gi bson,  Schi f f man and Car gi l l ,
1980) .  I t  has been shown ( Schi f f man,  1980)  t hat  al l  t he 
i nf i ni t esi mal  st r ai n t heor i es ar e speci al  cases of  f i ni t e 
st r ai n t heor y.  Thi s paper  exami nes t he i mpl i cat i ons of  
t he use of  f i ni t e st r ai n t heor y i n pr edi ct i ng t he por e 
wat er  pr essur es and ef f ect i ve st r esses i n a sedi ment i ng 

mar i ne deposi t .

I NFI NI TESI MAL STRAI N THEORY

The cl assi cal  t heor y of  consol i dat i on appl i ed t o pr obl ems 
of  sedi ment at i on i s gover ned by ( Gi bson,  1958)

( 1)

wher e ( cv ) i s t he coef f i ci ent  of  consol i dat i on,  (u)  i s 
t he excess por e wat er  pr essur e,  ( y 1 ) i s t he ef f ect i ve 
uni t  wei ght ,  ( r )  i s t he r at e of  sedi ment at i on and (x ) i s 
t he Eul er i an coor di nat e measur ed f r om t he base of  t he 
sedi ment .

FI NI TE STRAI N CONSOLI DATI ON THEORY

The pr ocess of  f i ni t e st r ai n consol i dat i on i s gover ned 
by ( Gi bson,  Engl and and Hussey,  1967)
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i n whi ch ( e)  i s t he voi d r at i o,  ( y s ) and ( y w) ar e t he 
sol i d and f l ui d wei ght s per  uni t  of  t hei r  own vol ume,  
r espect i vel y,  ( k)  i s t he coef f i ci ent  of  per meabi l i t y,  
( o' )  i s t he ef f ect i ve st r ess,  and (z)  i s a r educed coor ­
di nat e encompassi ng a vol ume of  sol i ds i n a vol ume of  
uni t  cr oss- sect i onal  ar ea l yi ng bet ween t he dat um pl ane 
and t he Lagr angi an coor di nat e poi nt  ( McNabb,  1960) .  The 
Lagr angi an ( i ni t i al )  coor di nat e (a)  i s r el at ed t o t he 
r educed coor di nat e (3 ) by

3 [ a )  =
d a '

+ e ( a ' , 0)
(3)

Equat i ons (2)  wi t h appr opr i at e boundar y and i ni t i al  con­
di t i ons and const i t ut i ve pr oper t i es pr ovi de t he gover ni ng 
r el at i onshi ps f r om whi ch a sol ut i on can be devel oped.
The r equi r ed const i t ut i ve pr oper t i es ar e t he r el at i onshi p 
bet ween voi d r at i o and ef f ect i ve st r ess,  and t he r el a­
t i onshi p bet ween t he coef f i ci ent  of  per meabi l i t y and t he 
voi d r at i o.

I t  i s not ed t hat  t he gover ni ng equat i on ( 2a) ,  whi l e un­
r est r i ct ed as t o magni t ude of  st r ai n and t he l i near i t y 
of  t he const i t ut i ve r el at i onshi ps,  i s not  whol l y unr e­
st r i ct ed i n appl i cat i on.  Thi s r el at i onshi p i s based upon 
t he pr emi se of  homogenei t y and monot oni c behavi or .  Each 
el ement  of  t he deposi t  i s gover ned by t he same const i t u­
t i ve r el at i onshi p whi ch i s a uni que f unct i on of  t he voi d 
r at i o al one.  Fur t her mor e,  t he consol i dat i on i s mono­
t oni c.  Load- unl oad- r el oad cycl es ar e not  per mi ssi bl e.
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THE MARI NE DEPOSI T

The dat a chosen f or  t hi s anal ysi s was based on a compen­
di um of  dat a compi l ed f or  t he r ecent  sedi ment s deposi t ed 
on t he Out er  Cont i nent al  Shel f  i n t he Mi ssi ssi ppi  del t a 
compl ex of  t he Gul f  of  Mexi co ( Br yant ,  Hot t man and 
Tr abant ,  1975;  Hel wi ck and Br yant ,  1977;  Shephar d,  Br yant  
and Dunl ap,  1979) .  These Hol ocene sedi ment s ar e gener al ­
l y hi ghl y pl ast i c si l t y cl ays wi t h moder at e compr essi ­
bi l i t y.  Radi omet r i c dat i ng i ndi cat es t hat  t he r at e of  
sedi ment at i on var i es bet ween 0. 05 and 0. 4 met er s per  
year .

The uni t  wei ght  of  sol i ds of  t he sedi ment  i s t aken t o be 
26. 84 kN/ m3 and t he ef f ect i ve uni t  wei ght  ( y1) i s 13. 33 
kN/ m3. The uni t  wei ght  of  sea wat er  (y ) i s 10 kN/ m3.

Typi cal  oedomet er  par amet er s,  compr essi bi l i t y ( av ) and 
coef f i ci ent  of  consol i dat i on ( cv ),  ar e pr esent ed i n 
Tabl e 1 ( Shephar d,  Br yant  and Dunl ap,  1979) .

Tabl e 1

OEDOMETER DATA

Fi gur e 1 pr esent s a t ypi cal  voi d r at i o- ef f ect i ve st r ess 
pl ot .  Fi gur e 2 pr esent s a st at i st i cal l y der i ved 
por osi t y- coef f i ci ent  of  per meabi l i t y pl ot  ( Br yant ,  
Hot t man and Tr abant ,  1975) .  The r el at i onshi p whi ch was 
used i s

k = exp [ 14. 3« - 26. 3] (4)

wher e (n ) i s t he por osi t y and t he per meabi l i t y (k)  has 
uni t s of  ( cm/ sec) .

Fi g.  1 VOI D RATI O- EFFECTI VE STRESS RELATI ONSHI P

r  ( m/ yr )

0. 05

0. 1

0. 2

0. 4

cy ( m2/ yr )

0. 728

0. 807

0. 896

0. 842

( m2/ kN)

0. 0154

0. 0204

0. 0256

0. 0337

The val ues of  ( av ) shown i n Tabl e 1 wer e comput ed f r om a 
l i near i zat i on of  Fi gur e 1 usi ng est i mat ed maxi mum and 
mi ni mum voi d r at i os.  The cor r espondi ng val ues of  ( cv ) 
wer e cal cul at ed usi ng coef f i ci ent s of  per meabi l i t y t aken 
f r om Fi gur e 2.  The voi d r at i o est i mat es wer e based upon 
a nomi nal  hei ght  of  sedi ment  equal  t o 60 met er s.

CONSOL I DATI ON ANALYSI S

Sol ut i ons t o equat i ons (1)  and (2)  wer e devel oped f or  a 
deposi t  sedi ment i ng under  wat er  at  a const ant  r at e ( r ) .  
The base was assumed t o be i mper vi ous,  whi l e t he sur f ace 
of  sedi ment at i on was assumed t o be subj ect  onl y t o 
hydr ost at i c wat er  pr essur e.  The sol ut i on t o equat i on
(1)  was devel oped by a st r agi ht  f or war d numer i cal  quad­
r at ur e pr ocedur e appl i ed t o t he sol ut i on ( Gi bson,  1958) .  
The sol ut i on t o equat i ons (2)  was devel oped by an expl i ­
ci t  f i ni t e di f f er ence pr ocedur e.  Si nce equat i on ( 2a)  i s 
mi l dl y nonl i near ,  car e had t o be exer ci sed t o det er mi ne 
t hat  t he sol ut i on was consi st ent  and st abl e at  each t i me 
st ep.  The l i near  accumul at i on of  sedi ment  was appr oxi ­
mat ed by assumi ng sedi ment at i on i n t he f or m of  smal l  
" sl ugs"  of  mat er i al ,  pr oduci ng a " st ai r case"  ef f ect .
Thi s i s a good appr oxi mat i on t o t he const ant  r at e ( r ) ;  
i n f act  i t  pr obabl y mi mi cs nat ur e mor e accur at el y t han 
an absol ut e const ant  r at e.  The soi l  pr oper t y dat a pr e­
sent ed i n Fi gur es 1 and 2 was expl i ci t l y f act or ed i nt o 
t he anal ysi s by i nt er pol at i on.

The r esul t s of  t he comput at i ons,  i n whi ch bot h t he 
f i ni t e st r ai n and l i near  t heor i es ar e compar ed ar e shown 
i n Fi gur es 3,  4 and 5.  These f i gur es pl ot  a di mensi on-  
l ess t hi ckness agai nst  t he ef f ect i ve st r ess ( o' )  and t he 
excess por e wat er  pr essur e (u) .  The di mensi onl ess 
hei ght  i s t he r at i o of  t he act ual  coor di nat e of  a soi l  
par t i cl e at  a gi ven t i me t o t he sedi ment ed t hi ckness of  
t he deposi t .  I t  i s not ed t hat  i n t he i nf i ni t esi mal  
st r ai n case t hi s i s al ways t he nomi nal  hei ght  of  sedi ­
ment at i on whi ch,  f or  al l  cases bei ng st udi ed,  i s 60 
met er s.

Coefficient of Permeability, k (m/yr)

Fi g.  2 POROSI TY- COEFFI CI ENT OF PERMEABI LI TY 
RELATI ONSHI P
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Fi g.  3 EXCESS PORE WATER PRESSURE DURI NG SEDI MENTATI ON

Fi g.  4 EFFECTI VE STRESS DURI NG SEDI MENTATI ON

Fi g.  5 EFFECTI VE STRESS DURI NG SEDI MENTATI ON

Tabl es 2 and 3 pr esent  compar i sons of  t he set t l ement  of  
t he sedi ment  and t he degr ee of  consol i dat i on when t he 
sedi ment  t hi ckness i s agai n 60 met er s.

Tabl e 2 

SETTLEMENT OF SEDI MENT

Rat e of  Set t l ement  (m)
Sedi ment at i on ( m/ yr )  Fi ni t e St r ai n I nf i ni t esi mal  St r ai n

0. 05 13. 57 5. 88

0. 1 9. 49 5. 14

0. 2 5. 96 3. 98

0. 4 3. 75 2. 64

Tabl e 3

DEGREE OF CONSOLI DATI ON DURI NG SEDI MENTATI ON

Rat e of  Degr ee of  Consol i dat i on
Sedi ment at i on ( m/ yr )  Fi ni t e St r ai n I nf i ni t esi mal  St r ai n

0. 05 0. 73 0. 32

0. 1 0. 51 0. 21

0. 2 0. 32 0. 13

0. 4 0. 20 0. 07

I n t he f i ni t e st r ai n case t he degr ee of  consol i dat i on i s 
based upon t he ul t i mat e set t l ement  at  t hat  nomi nal  
hei ght  of  sedi ment .  The degr ee i n t he i nf i ni t esi mal  
st r ai n case i s based upon t he di ssi pat i on of  excess por e 
wat er  pr essur e.  Si nce t he i nf i ni t esi mal  st r ai n case 
al so assumes l i near  const i t ut i ve r el at i onshi ps,  bot h 
def i ni t i ons ar e congr uent .

DI SCUSSI ON

As expect ed f i ni t e st r ai n t heor y pr edi ct s gr eat er  magni ­
t udes of  set t l ement  t han woul d be cal cul at ed by 
i nf i ni t esi mal  st r ai n t heor y.  Thi s i s due t o t he use of  
t he " t r ue"  nonl i near  voi d r at i o- ef f ect i ve st r ess r el a­
t i onshi p as opposed t o t he use of  some " aver age"  com­
pr essi bi l i t y ( av ).

As i s consi st ent  wi t h pr evi ous r esul t s devel oped f or  a 
" f i xed"  l ayer  ( Gi bson,  Schi f f man and Car gi l l ,  1980) ,  
f i ni t e st r ai n t heor y pr ovi des a swi f t er  degr ee of  con­
sol i dat i on t han woul d be i ndi cat ed by convent i onal  
t heor y.  Convent i onal  t heor y assumes an " aver age"  coef ­
f i ci ent  of  consol i dat i on ( cv ) whi l e f i ni t e st r ai n t heor y 
per mi t s t he equi val ent  par amet er  t o f ol l ow t he t r ue 
const i t ut i ve behavi or  of  t he sedi ment .  Thi s i s par t i cu­
l ar l y t he case i n ear l y st ages wher e t he changes i n pr o­
per t i es ar e most  pr onounced.  Thi s domi nat es t he ent i r e 
sedi ment at i on pr ocess.

The excess por e wat er  pr essur e compar i sons shown i n 
Fi gur e 3 ar e al so consi st ent  wi t h t he pr evi ous wor k 
ci t ed above.  Her e agai n,  consi der at i on of  t he nonl i near  
const i t ut i ve behavi or  pr ovi des a pr edi ct i on usi ng f i ni t e 
st r ai n t heor y whi ch shows a subst ant i al l y f ast er  excess 
por e wat er  pr essur e di ssi pat i on t han woul d be achi eved 
by i nf i ni t esi mal  st r ai n t heor y.

16-017103 241
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The ef f ect i ve st r ess pl ot s shown i n Fi gur es 4 and 5 
poi nt  up t he f act  t hat  even at  t he l owest  obser ved r at e 
of  sedi ment at i on t he deposi t  i s subst ant i al l y under ­
consol i dat ed.  The change i n t he r el at i onshi p bet ween 
t he t heor i es f or  hi gher  r at es of  sedi ment at i on i n t he 
l ower  por t i ons of  t he deposi t  i s i ndi cat i ve of  t he 
ef f ect  of  t he sel f - wei ght .

I t  shoul d be not ed t hat  t he use of  t he l i near  t heor y i s 
ext r emel y sensi t i ve t o t he par amet er s used i n t he 
anal ysi s.  Smal l  changes i n t he val ues of  ( av ) and ( cv ) 
can pr oduce l ar ge var i at i ons i n t he cal cul at ed i so-  
chr ones.  Fi ni t e st r ai n t heor y i s subst ant i al l y l ess 
sensi t i ve t o changes i n const i t ut i ve pr oper t i es.

I t  i s wel l  est abl i shed t hat  under consol i dat i on pl ays an 
i mpor t ant  r ol e i n t he behavi or  of  sof t  deposi t s 
( Bur mi st er ,  1942)  and i s par t i cul ar l y cr i t i cal  i n mar i ne 
sedi ment s ( Ter zaghi ,  1956;  Sangr ey,  1977;  Sangr ey,  Cl ukey 
and Mol i na,  1979) .  An under consol i dat i on r at i o ( UCR)  i s 
def i ned as t he r at i o of  t he act ual  ef f ect i ve st r ess t o 
t he possi bl e ef f ect i ve over bur den st r ess at  a poi nt .
The aver age UCR usi ng f i ni t e st r ai n t heor y at  a sedi ­
ment at i on r at e of  0. 05 m/ yr  i s 0. 86.  The compar abl e UCR 
usi ng i nf i ni t esi mal  st r ai n t heor y i s 0. 57.  Thi s t ends 
t o i mpl y t hat  a l i near  anal ysi s wi l l  pr oduce a subst an­
t i al l y l ower  UCR t han woul d occur  i n nat ur e.

CONCLUSI ONS

I n t hi s paper  we have pr esent ed a compar i son bet ween a 
consi st ent  t heor y of  f i ni t e st r ai n consol i dat i on and 
convent i onal  t heor y.  When t hi s t heor y i s appl i ed t o t he 
pr obl em of  t he sedi ment at i on of  a mar i ne deposi t ,  i t  has 
been shown t hat  f i ni t e st r ai n pr ovi des f or  f ast er  con­
sol i dat i ons and l ower  excess por e wat er  pr essur es t han 
woul d be pr edi ct ed by convent i onal  ( l i near )  t heor y.

I t  i s not ed t hat  t he t heor y pr esent ed does not  pr ovi de 
f or  non- monot oni c behavi or  due t o wave act i on,  and non­
homogenei t i es whi ch wi l l  occur  i n t he sedi ment at i on 
pr ocess.  These f act or s we l eave t o a l at er  paper .
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