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                                 ABSTRACT

  The  Paper describes a  method  for estimating  the  one-dimenslonal  consolidation  of  an

aged  clay.  First, a  mathematical  model  of  consolidation  is developed by taking  account

of  the  properties ef  aged  clays  such  as  preconsolidation and  secondary  cornpression

effects,  and  the  numerieal  solutions  are  presented  fer some  particular  cases.  By  compar-

ison with  published  experimental  results,  it ls demonstrated that  the  theory  can  explain

extensive!y  the consolidation  characteristics  of  aged  ¢lays. Successively, the  determina-
tion of  the  index properties of  soil  which  appear  in the  theory  is considered.  The
applicability  of  the  theory  to practical problerns  is inferred by comparing  with  results  of

model  tests in laboratory. Consequently, it is found that  the  estimate  of  consolidatien

by means  of  the  proposed  rnethod  is fairly surpassing.

Key  words:  consolidation,  fully saturated  soil, pore pressure, time  effect,  secondary

            compression,  settlement
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                               INTRODUCTION

  The  Terzaghi  theory  of  one-dimensional  consolidation  has been familiarly employed

with  the  purpose  of  predicting  the  consolidation  of  a  fully saturated  soil. However, it
has no  information in terms  of  the  effects  of  quasi-preconsolidation  and  secondary

compression  on  consolidation.  It can  be therefore  said  that  the  theory  is valid  only  for
the  consolidation  ef  a soil  or  the  case  of  consolidation  in which  the effects  are  negligible.

It means  that  the  Terzaghi  theery  is by no  rneans  capable  of  explaining  rationally  the
consolidation  of  an  aged  soil  which  has been previously subjected  to secondary  compression.

Sorne attempts  have been  therefore  made  to develop censolidation  theories  whieh  consider

secondary  compression  and  a  quasi-preconsolidation effect  and  are  appli ¢ able  to consolidation

problems  of  aged  soils,

  Garranger  (1972) has proposed  a  theory  of  consolidation  for soils  exhibiting  creep  under

constant  effective  stress  based on  the  soil  model  described by Bjerrum.  Mesri and  Rokhsar

(1974) have  developed a theory  of  one-dimensional  consolidation  by considering  finite
strain,  the  variation  of  permeability, and  the  effects  of  a  critical  pressure  and  secondary

compresslen.

  In such  theories, it is assurned  that  no  peculiar  properties of  an  aged  soil  appear  under

the  application  ef  an  effective  pressure  less than the  quasi-preconsolidation pressure,
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except  for the  compressibility,  However,  some  results  of  laboratory consolidation  tests

on  aged  clays  indicate that  the  initial behavior of  excess  pore-water  pressure observed  is
somewhat  different from that  predicted from these  theories  when  a  hydrostatic pore-
water  pressure  is not  high, and  suggest  that  the  influence of  adsorbed  moisture  cannet

be neglected  essentially  at  the  early  stage  of  consolidation.

  In this Paper, a  theory  of  the  one-dimensional  consolidation  of  an  aged  clay  is developed
by taking  account  of  the  effect  of  adsorbed  moisture  together  with  the  relationship

between  void  ratio  e  and  effective  pressure  p' deduced by the  author  (1979), and  a  method

for estimating  the  consolidation  is proposed,

                            DEVELOPMENT  OF  THEORY

  In the  range  of  normal  consolidation,  it rnay  be reasonable  to assume  that  the  flow
of  excess  pore-water  within  a soil  is governed  by Darcy's law and  that  the  rate  of  dissipation
of  the  pore-water  from an  element  of  the  soil  is equal  to  the  rate  of  volume  change  of

the  element.  Then, we  obtain:

                 it.,(oaet )=i oa. (k 3:) (p,'<pt<prf) (i)

in which  ee=initial  void  ratio;  k=coeficient  of  permeability;  r.==weight  of  water  in
unit  volume;  u=  excess  pore-water  pressure; t==elapsed  time;  x==vertical  coordinates;  p,t=
quasi-preconsolidation  pressure,  and  pf'=:final effeetive  pressure. However, it is doubtful
whether  Eq, (1) is valid  under  an  effective  pressure  less than  p,', if considering  the
influence of  adsorbed  rnoisture.  It seems  that the viscous  resistance  of  adsorbed  moisture

fiams against  the  application  of  pressure increment or  the {nt'eraction between adsorbed

moisture  and  free pore-water consequent  upon  a  sudden  increase in pore-water  pressure
must  be additionally  taken  into account.

  It has been  revealed  in some  studies  that  an  increase in pore-water pressure is observed
in specimens  which  have  sat  under  undrained  conditions  for sorne  periods after  consolida-

tion  (e.g. Walker, 1969). Referring to the  published experimental  results,  the  rela-

tionship  between the  increase in pore-water pressure du and  the  elapsed  time  t may  be
approximately  expressed  as  follows :

                               Au=adlogtot  (2)

in which  a=a  coeMcient  which  is time  and  structure  dependent. It is of  interest to

contrast  Eq, (2) with  the  well-known  relationship  cencerning  secondary  compression:

                             Ae  =:  -C.  AIog,,t (3)

where  C.=time  rate  of  se ¢ ondary  compression.  By  considering  that  such  a  phenomenon

does not  occur  in a  sand,  it can  be inferred  that  the  pore-water  pressure buildup, which

causes  the  change  in void  ratie  de under  a drained condition,  i.e. the  secondary

compression,  has special  reference  to the  existence  of  adsorbed  moisture.  It is now

assumed  that  when  an  aged  clay  is censolidated  this kind of  phenomenon  occurs  under

an  effective  pressure  less than  p.'. However,  the  mechanical  interaction between adsorbed
moisture  and  free pore-water  may  reverse  as  contrasted  with  the  above  case,  so  that

the negative  pore-water pressure  may  be built up.  On  the  other  hand, the  excess

pore-water  pressure  induced by the  application  of  pressure increment  may  be in fact

affected  by the  viscous  resistance  of  adsorbed  moisture  films which  has developed during

the preceding  secondary  compression,  yet it is now  assumed  for convenience  sake  that

the  infiuence is negligible.  Thus, Eq. (1) is modified  as  follows:
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            ite,(Zf)='ii  aO, (k 3})+rcR(t) (po'<p'<p,') (i)t
        '
where  rc==a  coeficient,  which  is related  to  the  compressibility  of  an  aged  clay  on  the
application  Qf  pressure increment  under  an  undrained  condition  and  may  be dependent
upon  time  and  stress  histories of  the  clay;  R==rate  of  the  decay of  excess  pore-water
pressure under  an  undrained  condition,  and  p,'=initial effective  pressure.  In praqtice
the  value  of  rc can  be determined  in advance  by the  measurements  of  vertical  strain

and  pore-water  pressure  within  an  aged  clay  under  an  undrained  Ioading condition.  
'It

should  be herein noted  that  the  secondary  compression  is time-dependent  (consolidation) ･
while  the  velume  change  due te the  transmutation  of  adsorbed  moisture  is instantaneous
(compression).                '

 Consolidation is conveniently  separated  into two  components,  i,e. primary  and  secon-

dary consolidations.  It is supposed  that  the  primary  consolidation  is entirely  caused  by
the  dissipation of  excess  free pore-water  from a  soil  and  is a  unique  funetion of  effective

pressure  only.  The  relationship  between void  ratio  and  effective  pressure  may  be expressed
for the  component  of  primary  consolidation  as  fellows:

          ::islii:g::']gg::[;[l9s',),.c,i..,,(,･,,,･) E,P:.(,Pi.<,P,cil) (4)

or

                         O. 434 C
                               

Cg
 6p, (p,t(pt<p,t)                  6ecp) ,.  m

                            1>t
                         O. 434  C
                               

C
 apt (p,,(p,(pf')                  ae(p) 

--
 -

                            pt
in which  C,a==quasi-compression index; C,=compression
ratio  owing  to primary  consolldation,  On  the  other  hand,
is generally defined as  the  compression  whieh  continues  to

pressure has substantially  dissipated. Howevert  in the
it has been  revealed  that  the  secondary  consolidation  results

film bond  between  soil  partieles and  therefore  occurs  even

pore-water is just dissipating. The  secondary  consolidation

excess  pore-water pressure within  a clay.  Accordingly, it 
'

the  development of  secondary  consolidation  as  follows:

              6e(S}=O

              6e(S}==-C.(ec-eCP])/(e,-ef)61ogiat

in which  fieCS)= change  in void  ratio  due to secondary

secondary  compression;  e, and  ef=::void  ratios  corresponding

diagram respectively  (see Fig. 1). Therefore,
of  effective  pressure  as logio(p'lp,')11ogio(pfVp,'). The

(ae/Ot) can  be replaced  with  the  sum  of

e is a  function of  both t and  p'. Consequently, the

tion  are,  if an  applied  load is constant:

           Oe O. 434 C,, Op'
                         ot
                                             (1'o'(P'(lbc')

                        i oO. (k OaP,')-rcs(t)
                         Opt o.434C.h(P')

                         ot t

                        rl. aO.
 (k OoPe') 

(PC'(P'<Pl)

ot

lteo (
gf
lteo (

  P,

zf )=- -

o. 434  c,

  pt

gf )==-

(4)r

index, and  6eCP) ==change  in void

    the  secondary  consolidation

   occur  after  excess  pore-water
author's  preceding  paper  (1979),
     partly from the  failure of

   during the  stage  that  excess

    is secondarily  related  to  the

   is  more  reasonable  to  express

       Ep",of(<p't'(`p';r'j] (s)

           consolidation;  C.::rcoeficient of

              to  p,' and  pf' in an  e-log,op'

  (ec-e{P))1(ec-ef) can  be expressed  in terms
            rate  of  change  in void  ratio

(aelOp'),....,t(Eip'10t) and  (6efOt)p,....,t, since

          governing  equations  of  consolida-

(6)
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2. Theoretical  effect  of  load increment
ratio  on  consolidation

S(t)=rate  of  the  increase in effective

                             NUMERICAL  SOLUTrONS

  The  one-dimensional  consolidation  of  an  aged  clay  which  occurs  under  a given  condition

can  be estimated  on  the  basis of  Eq, (6). A  simple  way  of  solving  Eq. (6) may  be the

use  of  a  finite difference rnethQd.  In the  present paper, the  method  which  has been
introduced by Abbott  (1960) is taken.  Some  of  numerical  results  will  be shown  for

particular cases.

  Suppese  the  case  that a  uniform  pressure  increment  of  Ap  (==pf'-Po') is applied  newly

to a  layer of  clay,  which  has permeable  top  and  bottom faces, and  has been subjected

to the  pressure  pe' and  exhibits  the  quasi-preconsolidation  effect  under  the  application  of

the  effective  pressure  less than  p,'. The  following index properties  of  soil  are  in

principle  assumed  on  computations:

    C.=O.650;  C,,=O.033;  C.==O.OIO; eo=2.7,  and  k=LOxlOT7(cm!s)  (==const.)

 Tablel.  Comparison between a  numerical  FirSt, in Table 1 is shown  a  numericar

                                         solution  for the  consolidation  of  a  young      and  an  analytical  solutions
         .......... . .. -

Time
 (s)

 10

 6e12e180300600900

 co

Solution by  finite
diffgrcnce method

  clllco mm)F

 Solution by
analytical  method

-.-(1/1-O.9.P rp)...--

::/1'

 10. 9

 26. 937.

 946,
 4

 59, 8

 8!,3

 92.7105.8

 ILO26.

 938.

 046.5

 59. 8

 81.292.
 6105.8

C,=O.650; k= 6.37× 10'6/P' (cm/s); eo=2.7;

p,' ==  39. 3 (kN/m2) ; Pf'=78. 4 (kNlm2)
thickness  of  a  clay  layer=2(cm);  top  and

bottom  permeable;  the  coeMcientof  consoli-

dation c.  =  8, 53 × 10-S (cm2fs)

clay  (p,' p,') exhibiting  no  secondary  con-

solidation  (C.=::O), together  with  the  fa-
mous  analytical  solution  by Terzaghi. It
ls known  that  the  solutions  of  time-settle-

ment  which  are  obtained  by assuming

both a  linear relationship  of  e-log,op'  and

a  relation  of  k･p'=:ccnstant become iden-
tical  to the  Terzaghi  solutions.  It can  be
therefore  said  that  the  finite difference
method  used  gives  satisfactory  accuracy  for
the  present  numerical  cornputations.

  In Fig. 2, the time-settlement  curves  are

presented for various  load increment  ratios,

which  have been computed  for the  case

when  a  load increment of  different magni-

tude  is applied  to a particular  aged  clay.
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  It can  be seen  that  the  consolidation  of

  increment  ratios,

   Fig.3 shows  consolidation  curves  for

  magnitude  is applied  to  aged  c!ays,

  effects  in degree. It is found that

  pressure  is larger, loading conditions

  that  the  gain  in quasi-preconsolidation

  secondary  consolidation  or  the  longer
  be noted  that  Fig, 3 illustrates the  effect

  tlon  process.

   Fig.4 shows  the  relationships  of

  of  clay  layers with  different thi¢ kness.

  as  the  thickness  of  a  clay  layer is larger

  is proportional to the  square  of

  proportionality  cannot  be found even  at

  the  effect  ef  secondary  consolidation.

    In Fig,5,  the  effect  of  rc on

  been obtained  by assumlng  S(t)=aprlOt

  assumption  is explained  later). The
  aged  clays.  It can  be seen  that  rc has
  considerable  influence on  the  initial
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     pressure results  from the  further development of

    duration of  sustained  loading. Therefore, it should

       of  loading duration on  the  following consolida-

  time-vertical  strain  which  refer  to the  consolidation

       It is well-known  that  consolidation  is delayed

       and  the  Terzaghi theory  predicts that the delay

 thickness.  Hewever,  in the numerical  results,  the

       the  stage  of  primary  compression  by reason  of

consolidation  is presented. The  numerical  results  have

         in Eq.(6) (although the  meaning  of  this

     used  value  of  m  may  be appropriate  for most  of
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                    COMPARISONS  WITH  EXPERIMENTAL  RESULTS

  The  nurnerical  solutions  obtained  so  far are  compared  with  some  of  published experi-

hiental results.  The  comparisons  are  performed  as  concerns  the  effects  of  a  load
increment  ratio,  loading duration and  thickness  of  a  clay,  which  are  closely  related  to
the  consolidation  characteristics  of  an  aged  clay.

,Effect of Load  lncrement  Ratio ･

  Fig.6 presents the  effect  of  a.load  increment  ratio  on  a  shape  of  dial reading-tirne

curves  which  Leonards  and  Girault (1961) have  obtained  frem consolidation  tests on  an

undisturbed  Mexico  City ¢ lay. For a  relatively  large Ioad increment  ratio,  the  curve  is
similar  to  that  obtained  from the  Terzaghi  theory,  with  the  exception  of  secondary

compression.  However, when  the  load incrernent ratio  becomes  smaller,  the  shape

of  curves  is considerably  changed.  Compared  with  Fig.2, it can  be found  that  there
exists  a  similarity  between the  theoretical  and  the  experimental  results,  This matter

suggests  that  the  present  theory  ean  explain  the  influence of  a  load increment  ratio

on  consolidation.  It is therefore  inferred that  this  influence is virtually  attributed

to a  quasi-preconsolidation effect.  If secondary  consolidation  is neg.lected,  the  consolida-

tion  curve  of  a  young  clay  takes  the  almost  same  shape  as  the  Terzaghi  theory  predicts,
irrespective of  the  rnagnitude  of  load increment  ratios.

Effect of Loading  Dorration

  It is known  that eonsolidation  is greatly  influenced by duration of  sustained  Ioading,
Fig.7 repreduces  the  experimental  verification  made  by Northey and  Thomas  (1965).
Curves  A  and  B  indicate the  relationships  between average  conselidation  and  logarithm
of  time  which  have  been obtained  from 20 minutes  and  24  hours Ioading cycle  tests
respectively.  It can  be seen  that  longer loading duration has a  tendency  to retard  the
following consolidation.  The  same  tendency  is also  seen  in the  investigation carried  out

by the  author  (1977). Compared  with  the  theoretical  results  shown  in Fig.3, it can

be recognized  that  the  present  theory  is capable  of  predicting this  delay of  consolidation.

Effect of Thickness

  Fig,8 reproduces  the  observations  in consolidatien  tests of  clay  Iayers with  different
thickness  which  Aboshi (1973) has conducted  It is seen  in the  Figure that  the  vertical

strain  at  100%  primary  consolidation  is different aceording  to the  thickness,  which  the
Terzaghi theory  cannot  predict by any  means.  As  compared  with  the  numerical  results
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experiment  can  be fairly explained  by the

 The  reliability  of  the  theory  has been examined

lead increment  ratio,  duration of  $ustained

it can  be concruded  that  the  present  theory

consolidation  characteristics  of  aged  clays.
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    Fig. 9. Vertical displacement and  mid-plane

        pore.water  pressure  observed  in an

        unclrained  loading test

     ef  time-vertical  straln  observed  in the

present  theory.

        by taking  notice  ef  the  effects  of  a

loading and  thickness  of  a  clay.  As  a  result,

   is capable  of  explaining  extensively  the

                       DETERMINATION  OF  SOIL  INDEXES

 For the  sake  of  establishing  a  method  for estimating  the  consolidation  of  aged  clays,

it is necessary  to find out  proeedures through  which  the  soil  indexes are  determlned.
Among  these,  the  indexes of  compressibility  C.g, C, and  C., can  be readily  determined
frpm ordinary  consolidation  tests  and  the  coeMcient  of  permeability  fe from permeability

tests. However, the estimation  of  the quasi-preconsolidation  pressure  p,' and  the
coeMcient  x is not  easy.  Hereln, the  determination of  these  soil  indexes will  be
considered,  together  with  the  examination  of  the  characteristics  of  R(t)  or  S(t),

Quasi-preconsolidation Pressttre p,'
 The  quasi-preconsolidatlon pressure p.' is misestimated  on  account  of  the  release  ef

stress  and  the  disturbance ef  soil  structure  when  sampling.  Therefere, a  reliable

determinatien of  p,' from  eonsolidation  tests necessitates  special  techniques  and  proeedures

(Bjerrum, 1967). Bjerrum  (1967) has recommended  the  use  of  vane  tests from a

practical point of  view.  Whichever method  is used,  it rnay  be troublesome  to determine

p,' of  an  in-situ aged  clay.  However, if the  stress  history of  a  clay  is known  and  the

drainage length of  the  c!ay  is short,  it is relatively  easy  to estimate  p.' of  the  c!ay.  In

the  author's  preceding  paper  (1979), the  following expression  has been  derived on  the

basis of  the  Bjerrum  coneept:

                         Pct =  (tlfto) 
Ccr/C

 
Cem

 
Ccg)

 Por

where  ti=:previous loading duration and  to==time  at  which  primary  consolidation  has just
completed.  In actual  cases,  p,' may,be  greater  about  1.1 times than  that  predieted  from
the  above  formula, because secondary  consolidation  occurs  a  little in the  range  of  primary

cempression･.  Therefore, we  have;
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                 P,' =:  S(tJt,) 
Ca/CCc-

 
C`g)

 P,' (B=1. 0tv l. 1)
Since the  stress  history of  a  specimen  which  is employed  in a  laboratory test is known
in general, p,' of  the  specimen  can  be estimated  on  the  basis of  the  above  formula. It
should  be, however, noted  that  the  formula  becomes  more  inaccurate as  a  clay  mass  is
thicker,  since  the  state  path  of  a  soil  element  which  is distant from  a  permeable  face
deviates from that presumed  by Bjerrum.

Coe27icient rc .
  The  coeficient  N  is defined as  the  ratio  of  the  rate  of  vertical  strain  to the  rate  of  the                                    '
decay of  excess  pore-water  pressure  induced within  a clay  under  an  undrained  loading

condition,  and  is thought  to  be constant  within  the  clay.  Therefore, rc can  be indirectly
determined, if the  observations  of  vertical  displacement and  mid-plane  pore-water  pressure

are  performed  in an  undrained  oedometer  test. The  tests  have been actually  conducted

by employing  a  devised oedometer,  which  can  control  the  drainage of  pore-water from
a specimen  and  permits no  leakage under  an  undrained  condition.  Fig,9 shows  an

example  of  the  observations.  In this case,  the  coeficient  rc is evaluated  to  be 4.1 × 10-5

(rn21kN), which  is very  large as  compared  with  that  of  free pore-water  (rc"(4--5) × 10-'

(m21kN)).

Rate of the Decay  of Pore  Pressure R(t)

  The  excess  pore-water pressure may  be separated  into two  compenents  of  up  and  ui

which  are  unaffected  and  affected  by the interaction between adsorbed  moisture  and  free

pore-water  respectively.  Since the  definition of  R(t) is such  as  described before, R(t)
'can

 be then  expressed  as  R(t)=6uf/et=Oufet-Ou.tOt.  At  the  early  stage  of  consolida-

tion,  the  rate  of  the  change  in up  is very  small  within  a  clay  except  for the  neighborhood

of  a  permeable  face. Therefore, R(t) may  be approximated  by ea/at. On  the  other

hand, at the neighborhood  of  a  permeable  face, the  effective  pressure  becomes  greater

than  p,' as  soon  as  consolidation  breaks out.  In consequence,  Eq. (1)t is reduced  to Eq.

(1) immediately. The  approximation  of  R(t) has thus  little influence upon  the essential

charaeteristics  of  consolidation.  Accordingly, S(t) is approximated  by 0p'!at as  assumed

before, if an  applied  pressure remains  censtant.

                APPLICABILITY  OF THEORY  AND  METHOD  PROPOSED

  The  applicability  of  the  present  theory  is quantitatively exarnined  by comparing  with  the

results  ef  Iaboratory consolidation  tests, which  were  conducted  in a  constant  temperature

room  by employing  an  al}uvial  clay  taken  from  Yokohama.  Physical properties  of  the

clay  are  given  in Table 2, The  de-aired slurried  sample  of  clay  was  peured  into a  cell

and  consolidated  to 39.2 (kN/m2) under  a  series  of  small  pressure  increments, by taking

care  that  loading duration became equal  to the  time  of  100%  primary  consolidation.

After the  sarnple  was  left under  the  pressure  of  39.2 (kN/m2) for a  certain  period in

the  cell  so  as  to be subjected  to secondary  compression,  the  test was  conducted  under

the  application  of  a  prescribed  pressure  increment. The  pore-water  pressure  and  the

transmitted  soil  pressure at  the  base of  the  sample  were  measured  by transducers,  and

the  volurne  change  of  sample  by a  dial-gauge. The  used  cells  were  1(cm), 6(cm)  and

10(cm)  in height and  6(crn) in diameter, and  permitted free dralnage of  pore-water from

                   Table2.  Physical properties  of  Yokohama  clay

       
SPe,C.iifi/Cpg,rati",ilt.Y,

 
Of
 j. Liquid iimit piastic limit I Per Ce"E[8YF,il:eight

2. 70 94.  5% 44.3% 16. 0%
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(a)

'Compression
 index; Cc

Quasi-compression index; Ccq
CoeMcient  of  secondary  compression;  C.

CoeMcient of  permeability; fe

CoeMcient of  volume  change;  rc

Initial void  ratio;  eo

     O. 597

     O. 033

     O. O13

 5. 9 × 10-S(cm!s)*

(Ofv5)× 10-5(m21kN)

      1, 996*

*  valuesat  pr==39.2(kNlm2)

(b)PredictedNo.

 1Nb.

 2No.

 3M.

 4Nb.

 5Nb.

 6

Observed

Test Nb. 8

Test  Nb. 3

Test  No. 29

Test  No. 12

Test  No. 15

Test  Nb. 24

Standard test

Hh (cm)O,

 89O.
 895.

 535.

 689.

 178,

 821,

 95

to(hours)

t

 O. 67
 O. 6727.

 028.

 071,O68.

 0

tt(hours)120.

 0

 1.060.063.

 0120.

 0

 68.0
 24. 0

  Po,(kNlm2)39.

 239.

 239.

 239.

 239.

 239.

 239.

 2

 p}'N,(kNfm2)

I1

58, 878.444.149,

 O58.

 858.

 878,

 4

  Pc'(kN/m2)

'

44. 439.

 740.

 540.

 841.739.

 2

  rc(m2/kN)5

× 10-5

  o4

× 10-54

× lo-s4

× 10-5

  o

                                    i

the top of  the sample  only.  The  tests were  intentionally carried  out  without  the  application

of  a  back pressure.
 By  using  soil  indexes determined from preliminary tests including a standard  consolida-

tion  test and  an  undrained  loading test,  it was  examined  whether  the  present theory

could  estimate  the  consolidation  in the  laboratory model  tests with  satisfactory  accuracy.

The  soil  indexes-and the  test conditions  are  shown  in Table  3. The  comparisons  between
the  predicted and  the  observed  results  are  presented in Figs.10 and  11, Fer  a  variety

of  load increment  ratios  and  duration of  sustained  loadlng, the  predicted time-settlement
curves  are  shown  together  with  the  observed  values  in Fig,10. The  time  history of

excess  pore-water pressure at  the  base of  sample  is presented in Fig,11. It can  be found
from  these  figures that  the  proposed theory  gives a  reliable  estimate  of  the  settlement-

tirne histories of  aged  elays,  and  explains  such  a  peculiar  phenomenon  as  the  develop-

ment  of  excess  pore-water  pressure  apparent!y  less than  an  applied  pressure  increment or

the  rapid  pore-water pressure dissipation at  the early  stage  of  conselidation.  However,

                 TsME  csec) c[og sca[e) TIME  csec) tiog scale;

                                          r"03
 ICF 105    e8 i8 irf

N-L'oVEE-o;-[tt.tLLIt[t/-]<a

50

100

Fig. 10.

      W'  
v

      9       s
 tt 'J'

      o  100      --
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      [fit.
      or

      r.T ?OO
 <-      tt.

      a

 500

 (a)Comparison
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         (b)
    censelidation  settlements
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      11. Comparison between  predicted  and

       observed  time  histories of  mid-plane

       pore-water  pressure

noting  that  the  acquirement  of  availab!e  field
solidation  tests on  thicker  specimens  are  indis
applicability  of  the  proposecl theory  to the

over,  in order  to  establish  a  method  for 
'

the  determination  of  a  quasi-preconsolidation

path  which  is followed during  consolidation  by
face should  be further investigated in future.

   observations

   pensable
consolidation

estlmatlng

  pressure
    a

 the  observed  dissipation of  excess  pore-

 water  pressure  is considerably  rapid

 compared  with  that  predicted from  the

 theQries,

   Thus,  the  applicability  of  the  pres-

 ent  theory  has been examined  by

 means  of  comparing  with  the  results

 of  consolidation  tests in laboratory

 and  it has been found that  the  pro-

 posed  method  for estimating  consoli-

 dation, which  is based upon  Eq. (6)
 together  with  the  soil  indexes obtained

 from prescribed preliminary  tests, is

 useful  for an  aged  clay  within  which

 the  maximum  drainage length is rela-

 tively  short,  It is worth,  however,

        and  the  performance  of  con-

     for the  sake  of  examining  the

     of  an  actual  clay  layer. More-
'
 the consolidation  more  accurately,

    of  an  in-situ clay  and  of  a state

soil  element  distant from a  permeable

                                  CONCLUSION

  A  mathematical  model  of  the  one-dimensional  consolidation  of  aged  clays  has been
developed by eonsidering  the  properties  such  as  secondary  compression  and  preconsolidation
effects,  and  a  method  for estimating  the  consolidation  has been  proposed. By  comparing

with  the  results  of  consolidation  tests in laboratory, it has been  demonstrated  that  the

reliabilities  of  the  theory  and  the  method  are  fairly satisfactory.  The  main  findings
concerning  the  consolidation  of  aged  clays  which  have been  obtained  in the  present study
are  as  follows:

  ( 1 ) The  preconsolidation  effect  has serious  inflttence on  the consolidation  characteristics

of  aged  clays.  It can  be said  that  the  influence of  a  load increment  ratio  on  consolida-

tion  is essentially  involved by the  preconsolidation  effect.  It is therefore  inferred that

the  consolidation  characteristics  of  young  clays  (p,'=p,') are  not  influenced by the
magnitude  ofaload  increment  ratio.  .

  (2) The  scale  effect  of  consolidation  is partly ascribed  to the developrnent of  secondary

consolidation  in the  stage  of  primary  compression.

  (3) The  peculiar behavior of  excess  pore-water  pressure  at  the  early  stage  6f the
conselidation  of  an  aged  clay  seems  to be caused  by the  agency  of  adsorbed  m'oisture.

NOTATION

 C,=compression  index
C,g::quasi-compression index

 C.=;coeficient of  secondary

  e==void  ratio

 eo==initial  void  ratio

compresslon
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  Ho=initial  thickness  of  clay  mass

    k==coedieient of  permeability
   P'=effective pressure
  P,'=quasi-preconsolldation pressure

  pr'=::final effective  pressure
  po'=initial effective  pressure

 R(t)=  rate  of  the  decay of  pore-water  pressure  under  an  undrained  loading condition

 S(t) ==rate  of  the  increase in effective  pressure under  an  undrained  loading condition
    t=  erapsed  time

   to=::time  at  which  primary  consolidation  has just completed

   ti==previous  loading duration

    u==excess  pore-water pressure
    x=vertical  coordinates

    N=!a  coeMcient  related  to the  compressibility  of  an  aged  clay

 6eCP) =change  in void  ratio  due  to primary  consDlidation

 6e(s] =change  in void  ratio  due  to  secondary  consolidation

  Ap  =pressure  inerement

   r.=  weight  of  water  in unit  volume
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