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Preconsolidation by Separate-Type Consolidometer

Preconsolidation par I'Oedometre du Type Separe
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H .  M A T S U D A  A s s i s t a n t ,  H i r o s h i m a  U n i v e r s i t y ,  H i r o s h i m a

M .  O K U D A  G e n e r a l  M a n a g e r ,  P e n ta  O c e a n  C o n s t r u c t i o n  C o . ,  L t d . ,  T o k y o

SYNOPSI S I n r el at i on t o t he c ons t r uc t i on of  a l ar ge- s c al ed s ewer age t r eat ment  s t at i on on a
sof t  al l uv i al  c l ay,  ex c eedi ng 20 m i n dept h,  i t  has  bec ome nec es s ar y  t o es t i mat e t he r es i dual  s et ­
t l ement  af t er  t he c ons t r uc t i on of  t he s t r uc t ur es ,  ut i l i z i ng pr ec ons ol i dat i on t echni ques .  Bas i c  
c ons ol i dat i on t es t s ,  us i ng a s epar at e- t y pe c ons ol i domet er  whi c h had been dev el oped t o meas ur e t he 
di s t r i but i on and i t s  c hange of  c ompr es s i on s t r ai n and por e pr es s ur e i ns i de a c l ay  spec i men,  hav e 
been c ar r i ed out .  I t  has  bec ome c l ear  t hat  a c l ay  l ayer  i s not  uni f or ml y  c ons ol i dat ed ev en af t er  
i t s 100% pr i mar y  c ons ol i dat i on,  and t he r es i dual  s et t l ement  af t er  pr ec ons ol i dat i on i s mai nl y  a f f ec t ­
ed by  t he degr ee of  c ons ol i dat i on,  not  by  t he av er age ef f ec t i v e s t r ess ,  at  t he t i me when t he s ur ­
c har ge i s r emoved.  The c ons t r uc t i on of  t he s t at i on has  now been s uc c es s f ul l y  pr ogr es s i ng,  us i ng 
s and dr ai ns  and s ur c har ge f i l l s  wi t hout  any  pi l e f oundat i ons .

I NTRODUCTI ON

I n t he s t abi l i z at i on of  sof t  s ubs oi l s  bef or e con 
s t r uc t i ng s t r uc t ur es  on t hem,  pr el oadi ng t ec hni ­
ques  such as s and dr ai ns  wi t h  s ur c har ge l oad,  
ar e c ommonl y  us ed i n t he l as t  30 y ear s  i n Japan.  
One of  t he i mpor t ant  pr obl ems  f or  engi neer s  i n 
t he des i gn of  t hese c ons t r uc t i ons ,  i s t he es t i ­
mat i on of  r es i dual  s et t l ement  af t er  t he c ompl e ­
t i on of  t he s t r uc t ur es .  Or di nar y  met hod of  
c al c ul at i ng c ons ol i dat i on s et t l ement  i s not  ap ­
p l i c abl e t o t hi s  case,  bec aus e of  t he c ompl ex  
nat ur e of  s t r es s  pat h whi c h di f f er s  v er y  muc h i n 
any  par t  of  a c l ay  l ayer ,  under  c ompr es s i on- r e-  
bound-  r ec ompr es s i on pr ocess .

J ohns on ( 1970) ,  di s c us s ed t he pr obl em i n hi s  
s t at e- of - t he- ar t  r epor t  on pr ec ompr es s i on t ec h ­
ni ques ,  and pr opos ed a des i gn met hod f or  t he 
case.  Bas ed on model  ex per i ment s ,  he t ook  i nt o 
ac c ount  t he ef f ec t s  of  s ur c har ge l oadi ng on s ec ­
ondar y  c ompr es s i on s et t l ement s  af t er  r emoval  of  
t he sur char ge.  Howev er  t her e mus t  be f ur t her  
r es ear c hes  t o es t abl i s h t he t heor y  f or  es t i mat ­
i ng r es i dual  set t l ement s ,  es pec i al l y  on t he e f ­
f ec t s  of  s ec ondar y  c ompr es s i on whi c h hav e not  
s uf f i c i ent l y  been r ecogni zed.

I n t hi s  paper ,  s ev er al  ex per i ment al  dat a c on ­
c er ni ng t he ef f ec t  of  s ur c har ge l oadi ng on r e ­
s i dual  s et t l ement s  ar e r ef er r ed,  us i ng a s epa ­
r at e- t y pe c ons ol i domet er .  Fr om t he pr ec i s e 
meas ur ement  of  s t r ai n and por e pr es s ur e i ns i de a 
c ons ol i dat i ng spec i men,  s ev er al  i nt er es t i ng ex ­
per i ment al  f ac t s  hav e been made c l ear .  Set t l e ­
ment  c har ac t er i s t i c s  of  a pr ac t i c al  c ons t r uc t i on 
s i t e under  s ur c har ge l oadi ng ar e al s o r ef er r ed.

Fi g.  1 Separ at e- t v pe Cons ol i domet er

under  a c ons t ant  pr es sur e.  Or i gi nal l y ,  i t  was  
dev el oped f or  t he pur pos e of  s t udy i ng c ons ol i da ­
t i on c har ac t er i s t i c s  of  a c l ay  s pec i men wi t h 
l ar ger  hei ght  ( Aboshi  1973) .  I n t he c our s e of  
s t udy,  however ,  i t  i s pr ov ed t o be v er y  c onv e ­
n i ent  t o s t udy  t he c ondi t i on i ns i de of  a c ons ol ­
i dat i ng c l ay  l ayer ,  bec aus e t he s t r ai n and t he 
por e pr es s ur e at  eac h s epar at e s pec i men can be 
meas ur ed pr ec i sel y .

T a b l e  I  P h y s i c a l  P r o p e r t i e s  o f  S p e c i m e n s .

C la y S i l t S a n d w L W P PsOog/m3) C c

H i r o s h i m a  C la y 2 7 - / . 6 8 v . 5 * / . 1 0 0 ,0 -/ . 5 8 .2  v . 2 6 5 0 0 . 6 9 9

F u k u y a m a  C la y 3 6 v . 6 0 / . U •/. 8 0 .6 - / . 2 8 .7 - / . 2 6 7 0 0 . 7 5 6

APPARATUS

I n Fi g.  1,  t he out l i ne of  t he s epar at e- t y pe c on ­
s o l i domet er  i s d i agr amat i c al l y  shown.  I t  c on ­
s i s t s  of  f i ve oedomet er s  of  s t andar d s i ze,  whi c h 
ar e c onnec t ed i n s er i es  and l oaded hy dr aul i c al l y

SPECI MEN

Spec i mens  us ed ar e al l uv i al  c l ays  f r om Hi r os hi ma 
and Fuk uy ama Bay,  bot h on t he c oas t  of  t he I nl and
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Sea,  wes t er n Japan.  Spec i mens  f r om Hi r os hi ma 
c l ay  ar e t ak en f r om a model  gr ound,  whi c h was  
r ef er r ed i n t he pr ec edi ng paper  ( Aboshi  1973) .
As  f or  Fuk uy ama c l ay,  i t  i s c ons ol i dat ed f r om 
s l ur r y  s t at e under  t he pr es s ur e of  39. 2 kPa,  and 
s et  i n t he oedomet er .  Phy s i c al  pr oper t i es  of  
t hem ar e s hown i n Tabl e I .

I NHOMOGENEI TY AT THE FI NAL STAGE OF PRI MARY CON­
SOLI DATI ON.

I n one- di mens i onal  c ons ol i dat i on,  i t  i s o r d i nar ­
i l y  t aken f or  gr ant ed t hat  t he f i nal  s t at e i n a 
c l ay  l ay er  bec omes  homogeneous  under  c ons ol i da ­
t i on of  a c ons t ant  s t r ess .  Fi g.  2 s hows  t y pi ­
cal  c ons ol i dat i on cur ves ,  obt ai ned by  t he s epa ­
r at e- t y pe c ons ol i domet er .  St r es s  i nc r ement  r a ­
t i o ° J -  ° o/ Oo equal s  uni t y  i n t hi s  case.

I t  s hows  t he s et t l ement  of  eac h s epar at e s pec i ­
men and of  t he t ot al  l ayer .  Fr om t he f i gur e,  
i t  i s c l ear  t hat  t he s pec i men i n cel l  No.  1,  
whi c h i s near es t  t o t he dr ai nage sur f ace,  s et ­
t l es  mos t ,  and t he di f f er enc e of  c ons ol i dat i on 
s et t l ement  of  eac h l ayer  i s not  negl i g i b l e even 
af t er  f ai r l y  l ong dur at i on.

The c oef f i c i ent  of  c ons ol i dat i on Cv i s obt ai ned 
f r om t he " t ot al  l ayer "  cur ve.  However ,  Cv ob ­
t ai ned f r om No.  1 c ur v e by  f i t t i ng met hod,  i s 
s ev er al  t i mes  gr eat er  t han t hat  of  t ot al  l ayer .  
The t i me pr oc es s  of  t he s et t l ement ,  i n t ot al ,  
c oi nc i des  wi t h Ter z aghi ' s  t heor y  qui t e wel l ,  as 
t he s pec i men i s r ec ons ol i dat ed f r om t he s l ur r y  
s t at e.  However ,  i t  mus t  be s t r es s ed her e t hat  
t hose of  s epar at e l ayer s  ar e s omewhat  di f f er ent  
f r om t he t heor y .

As i s c l ear l y  seen f r om t he f i gur e,  s t r ai n of  
eac h l ay er  i s not  uni f or m at  100% c ons ol i dat i on.  
Fi g.  3 s hows  t he di s t r i but i on of  s t r ai n at  t he 
end of  pr i mar y  c ons ol i dat i on ( whi ch i s det er ­
mi ned f r om t he s et t l ement  cur ve of  t ot al  l ayer )  
and t he r es i dual  por e pr es s ur e i n t he same i n ­
s t ant .  Thes e r es i dual  s t r ai n and por e pr es s ur e 
may  be r el at ed t o t he f ol l owi ng s ec ondar y  s et ­
t l ement ,  as J anbu ( 1965)  r ef er r ed i n hi s  t heor y  
of  s ec ondar y  c ompr es s i on.

T i m e ,  i n  m i n u t e s

T i  m e .  i n  m i n u t e s

Fi g.  2 Ty pi c al  Cons ol i dat i on Cur v es  by  
Separ at e- t y pe Cons ol i domet er .
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Fi g.  3 St r ai n and Por e Pr es s ur e at  t he 
End of  Pr i mar y  Cons ol i dat i on.

Fi g. Set t l ement  of  Tot al  Lay er  i n 
Pr ec ons ol i dat i on Techni ques .

The t ai l  of  eac h c ur v e i n Fi g.  3 seems t o be a l ­
mos t  par al l el ,  and f r om t hi s  f ac t  i t  i s qui t e 
ques t i onabl e t hat  i ns i de of  t he l ayer  gr adual l y  
appr oac hes  t o homogeneous  s t at e i n t he s ec ul ar  
c ompr es s i on s t age.  Al s o i t  i s i mpor t ant  t hat  
t her e r emai ns  por e pr es s ur e i n t he undr ai ned 
s i de,  at  t he t i me when t he s et t l ement  cur ve pr o ­
c eed t o s t r ai ght  c r eep l i ne,  t hough t hi s  v al ue 
di s s i pat es  t o zer o i n c ompar at i v el y  ear l i er  
s t age.

PRECONSOLI DATI ON EFFECT

I t  i s v er y  i mpor t ant  f r om t he pr ac t i c al  poi nt  of  
v i ew,  t o det er mi ne,  at  what  per c ent age of  c onsol ­
i dat i on,  t he s ur c har ge l oad s houl d be r emoved,  
i n or der  t o av oi d f ur t her  s et t l ement  i n case of  
pr el oadi ng t echni ques .  Ex per i ment s  hav e been 
per f or med as a model  t es t  of  t he pr el oadi ng me ­
t hod,  us i ng t hi s  appar at us .  One of  t he dat a i s 
s hown i n Fi g.  4,  i n whi c h smal l  whi t e c i r c l es  
and t r i angl es  s how s et t l ement  c ur v es  under  c on ­
s t ant  s t r es s es  of  d i f f er ent  magni t ude.

St ar t i ng f r om t he c ur v e of  t r i angl es ,  t he

5 78
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s ur c har ge i s r educ ed t o zer o once,  at  a c er t ai n 
per c ent age of  c ons ol i dat i on and agai n r ec har ged 
t o t he s t r ess ,  same as t he one i n t he case of  
whi t e c i r c l es  i n Fi g.  4.  These c ur ves  of  c on ­
s o l i dat i on- r ebound-  r ec ompr es s i on pr oc es s  ar e 
pl ot t ed i n bl ac k  c i r c l es  i n Fi g.  4.  Al l  t he 
cur ves  i n t hese cases ,  f al l  i n bet ween t he 
abov e- ment i oned t wo cur ves ,  and nat ur al l y ,  t he 
h i gher  t he degr ee of  c ons ol i dat i on at  t he r e ­
bound s t age,  t he s mal l er  t he r es i dual  s et t l e ­
ment  by  t he r ecompr es s i on.

Eac h of  t he c ur v es  i n Fi g.  4 i s pl ot t ed as a 
t ot al  l ayer .  However ,  i n or der  t o under s t and 
t he c ons ol i dat i on pr oc es s  of  t hese cases  i n de ­
t ai l ,  s et t l ement  c ur v es  i n s epar at e l ay er s  i n 
t he c as e of  c ur v e I V i n Fi g.  4,  ar e s hown i n 
Fi g.  5.  Av er age degr ee of  c ons ol i dat i on when 
t he s ur c har ge was  r emov ed i s 34% i n t hi s  case.
As  i s seen i n t he f i gur e,  t her e ar e c ons i der abl e 
di f f er enc es  of  c ons ol i dat i on degr ee among each 
el ement ,  and as a r esul t ,  t her e ar e al s o muc h 
di f f er enc e of  s et t l ement  c aus ed by  r ecompr ess i on.

I n t he c as e of  No.  1 i n Fi g.  5,  r ec ompr es s i on 
i s al r eady  an ov er c ons ol i dat i on s t age,  and so 
t he s et t l ement  i s pur el y  a c r eep nat ur e.  I n 
cont r as t ,  t hat  of  No.  5 shows  a hy dr aul i c - l ag 
t ype.  Fur t her mor e,  i t  i s i nt er es t i ng t o see 
t hat  t he amount  of  t ot al  set t l ement ,  i nc l udi ng 
s ur c har ge s t age,  i s r ev er s ed among Nos.  2,  3,  4 
and 5.  Needl es s  t o say,  t hi s  i s due t o t he e f ­
f ec t  of  s t r uc t ur al  r es i s t anc e dev el oped dur i ng 
pr i mar y  c ons ol i dat i on s t age.

T i m e  i n  m i n u t e s

Fi g.  5 Set t l ement  i n Rebound- Rec ompr es s i on 
Test ,  Separ at e Layer s .

As  f or  t he c hange of  por e pr es sur e,  i t  i s shown 
i n Fi g.  6,  f r om t he i ni t i al  s ur c har ge unt i l  t he 
end of  r ec ompr es s i on.  Dur i ng t he s ur c har ge,  i t  
i s al mos t  s i mi l ar  t o t he c l as s i c al  t heor y ,  wi t h 
t he ex c ept i on t hat  t he di s s i pat i on i s s omewhat  
f as t er  near  t he dr ai nage boundar y .  However ,  by  
t he r emoval  of  t he s ur c har ge at  t he av er age c on ­
s ol i dat i on r at i o of  34%,  por e pr es s ur e at  ev er y  
par t  of  t he s pec i men f al l s  down abr upt l y  t o a 
mi nus  val ue,  as s hown i n Fi g.  6.  Fr om t hi s  
v al ue i t  r ec ov er s  t o zer o r at her  soon dur i ng r e ­
bound s t age.  Por e pr es s ur e i n t he r ec ompr es ­
s i on s t age i s al s o s hown i n t he f i gur e.

Fi g.  7 Set t l ement  and Por e Pr es s ur e Change 
dur i ng Rec ompr es s i on St age.

T i m e .  i n  m i n u t e s

Fi g.  6 Por e Pr es s ur e i n Rebound- Rec ompr es s i on 
Test ,  Separ at e Layer s.
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S y m b o l : 

O o :  C o n s o l i d a t i o n  p r e s s u r e  a t  t h e  i n i t i a l  o r  

r e b o u n d  s t a g e .  

Op:  C o n s o l i d a t i o n  p r e s s u r e  a t  t h e  p r e l o a d i n g  

s t a g e .  

O f : F i n a l  c o n s o l i d a t i o n  p r e s s u r e .

C v i : V a l u e o f C v  d u r i n g  c o n s o l i d a t i o n  w i t h o u t  r e b o u n d  

C v 2 : V a l u e o f C v  a t  t h e  r e c o m p r e s s i o n  s t a g e .  

0  : A v e r a g e  d e g r e e  o f  c o n s o l i d a t i o n  f o r  t o t a l  

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

r e m o v e d .
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The shape of  c ur v es  i n Fi gs.  5 and 6 at  r ec om­
pr es s i on s t age seems  t o be r at her  uni que.  But  
t hi s  i s due t o i t s s cal e i n l ogar i t hm.  I n Fi g.  
7,  t hese c ur v es  ar e pl ot t ed,  not  f r om t he beg i n ­
n i ng of  t he whol e c ons ol i dat i on pr ocess ,  but  
f r om t he s t ar t  of  r ec ompr es s i on l oadi ng.  These 
ar e t y pi c al  f or  ov er c ons ol i dat ed spec i mens .  
Es pec i al l y  t he s et t l ement  c ur v es  ar e v er y  i nt er ­
es t i ng,  bec aus e t hey  ar e s i mi l ar  t o t he one 
shown by  Leonar ds  ( 1964) ,  as  t he c har ac t er i s t i c  
ones  i n case when t he l oad i nc r ement  r at i o i s 
smal l .  I n Tabl e I I ,  c oef f i c i ent s  of  c ons ol i da ­
t i on obt ai ned f r om Fi g.  4 ar e shown.  I t  shows

A v e r a g e  D e g r e e  o f  C o n s o l i d a t i o n  ( % )  

( f o r  T o t a l  o r  E a c h  L a y e r )

Fi g.  8 Gr adi ent  of  Cr eep Set t l ement .

t he c hange of  Cv  wi t h " c ons ol i dat i on s t r ess  pat h" .

Fi nal l y ,  dat a on t he gr adi ent  of  c r eep s et t l e ­
ment  ar e s ummar i z ed t o t he av er age degr ee of  
c ons ol i dat i on.  The mor e t he degr ee of  c ons ol ­
i dat i on pr oc eeds ,  t he l ess  t he r es i dual  s et t l e ­
ment  due t o cr eep,  as i s shown i n Fi g.  8.

CONSTRUCTI ON OF A SEWERAGE TREATMENT STATI ON

Si nc e 1975,  Hi r os hi ma Pr ef ec t ur al  Gov er nment  has  
begun t o c ons t r uc t  a new s ewer age t r eat ment  s t a ­
t i on i n t he wes t er n par t  of  t he c i t y.  The c on ­
s t r uc t i on s i t e i s s i t uat ed i n a newl y  r ec l ai med 
l and on a r i v er  del t a,  35 ha i n ar ea.  Soi l  
c ondi t i on i s so bad and t her e l i es  al l uv i al  
Hi r os hi ma c l ay  up t o - 30 m.  The mai n s t r uc ­
t ur es  t o be c ons t r uc t ed ar e,  a l ar ge c ai s s on of  
81 m x 48 m wi t h - 27 m i n dept h f or  mai n bu i l d ­
i ng and pumpi ng s t at i on,  and wat er  t r eat ment  
bui l d i ng whi c h c ons i s t s  of  t hr ee l ong s ewer age 
t anks  of  230 m x 40 m wi t h - 14 m i n dept h.

Us ual l y  pi l e f oundat i ons  ar e us ed i n such a case,  
but  i t  was  dec i ded t o use pr el oadi ng t ec hni ques  
wi t h sand dr ai ns .  I mpr ov ement  of  sof t  s ubs oi l s  
s t ar t ed i n 19 77 under  t he gui danc e of  t he aut hor .  
Up t o 95% pr ec ons ol i dat i on by s ur c har ge f i l l  and 
l ower i ng of  wat er  t abl e,  hav e s uc c es s f ul l y  been 
per f or med,  i n or der  t o k eep t he r es i dual  s et t l e ­
ment  by  c ons t r uc t i ng s t r uc t ur es ,  wi t hi n a f ew 
cm.

CONCLUSI ON

Thr ough c ar ef ul  i nv es t i gat i ons  and des i gn,  i t  i s 
c onv i nc ed t o be abl e t o c ons t r uc t  any  s t r uc t ur es  
on sof t  s ubs oi l s ,  whi c h ar e s t abi l i z ed by  pr e-  
l oadi ng t echni ques ,  wi t hout  us i ng pi l e f ounda ­
t i ons.  To at t ai n h i gher  degr ee of  c ons ol i da ­
t i on i s t he mos t  i mpor t ant  c hec k  poi nt  i n t he 
met hod.  I t  al s o r educes  r es i dual  c r eep s et t l e ­
ment .
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