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   CONSOLIDATION  SETTLEMENT  OF  SOFT  CLAY
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HARuo  FuJiwARAi) and  SHuNJi UEii)

                                  ABSTRACT

  The  behavior of  the  soft  elay  greunds  subjected  to  repeated  loading is different from that

subjected  to sustained  loading. The  difference in settlement  between  these  two  loading

patterns should  be due to secondary  compression  over  a  long period of  time,  Censequently,
soft  clay  grounds  subjected  to repeated  Ioading tend  to be more  compressible  than  those

subjected  to sustained  loading. Therefore, it is necessary  for engineers  to predict  post-
construction  settlements  under  repeated  loading. In this  respect,  the  preloading is considered
to be promising  as  a countermeasure  to  reduce  the  settlement  of  clay  under  repeated  loading
as  well  as  under  sustained  loading,

  The  effect  of  preloading  on  post-construction consolidation  settlement  of  soft  clay  subjected

to repeated  loading after  removal  of  a  part  of  preload is investigated in the  present  paper.
It has become  clear  that  the  settlement  of  a clay  sample  after  preconsolidation  is mainly
affected  by the amount  of  preload, the  degree of  consolidation  due to the  preload, the  amount

of  permanent  load and  the amount  of  repeated  load after  removal  of  preload.

  The  calculated  settlement  versus  time  relations  using  a  method  to estimate  the  amount  of

consolidation  settlement  of  soft  clay  grounds  subjected  to repeated  loading after  removal  of

preloading were  compared  with  the  observed  degree of  consolidation  as  parameters  of  the
intensities of  preload and  repeated  load.
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                                         the  eminent  settlements  due  to primary  con-

                                         solidation  and  secondary  compression  will  be
INTRODUCTION
                                         prevailed. It has been made  clear  from  the

 When  the  thick  compressible  soil  deposit previous study  (Fujiwara et  al., 1987) that
with  high plastieity and  erganic  matters  is the  secondary  compression  of  soft  clay  depos-
subjected  to sustained  and  repeated  loading its subjected  to repeated  loading is more  pre-
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EFFECTOF  ?RELOADING

dominant  than  that  subjected  to sustained

!oading. Therefore, some  countermeasure

methods  should  be adopted  to improve  the

soft  clay  deposits undergoing  the  repeated

loading, In this study,  the  soil  mechanics

features of  preloading were  investigated to

reduce  the  post-construction  settlement  of

soft  clay  under  repeated  loading.

  Muromachi  and  Watanabe (1963) discussed

the  relations  between  the  recoverable  strain

after  removal  of  preload and  the  intensity

of  preload. They  also  proposed the  calcula-

tion  method  during preloading, Johnson
(1970) discussed the  problem  in his state--of-

the-art  report  on  preconsolidation  tech-

niques,  and  proposed a  design method  for this
technique,  Based en  rnodel  experiments,  he

took  into account  the  effects  of  surcharge

loading on  secondary  compression  sett!ements

after  rernoval  of  the  preload,  Pilot (1980)
summarized  the  calculated  method  of  primary

consolidation,  secondary  compression  and  un-

dralned strength  gain caused  by  preloading.

  Yasuhara et  al.  (1981) discussed that  swell-

ing and  recompression  characteristics  of  a

saturated  marine  clay  was  examined  by oedo-

meter  and  direct shear  tests, It was  proved

that  the  behavior of  a clay  after  rebound

was  geverned  by the  degree of  consolidation

by preload  and  everconsolidation  ratio,  The

peak  shear  stress  observed  in direct shear

tests inereased with  the  degree of  the  con-

selidation  at  the  removal  of  preload.

  Aboshi et  al.  (1981) discussed several  ex-

perimental data concerning  the  effect  of  sur-

 charge  loading on  post-construction settle-

 ments,  using  a separate--type  consoliderneter.

 From  the  precise  measurement  of  strain  and

 pere pressure inslde a  consolidating  specimen,

 several  interesting experimental  facts have

 been made  clear.  Settlement  ¢ haracteristics

 of  a  practical construction  slte  under  sur-

 charge  loading are  also  referred,  Akaishi et

 al. (1981) proposed a  methed  for prediction
 of  settlement  after  surcharge  loading using

 calculatlon  of  effective  stress  and  dilatancy

 of  speclmens  under  one  dimensional consoli-

 dation.

   Samson  and  Rochelle (1972) described a
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case  study  of  the  design and  performance  of

an  expressway  constructed  over  peat by pre-
Ioading. They  have made  clear  that  preload-
ing was  simulated  in the  laboratory by mean

of  oedometer  tests on  peat samples  : both the
laboratory results  and  field observations  re-

vealed  a remarkable  agreement  between the

duration of  the  surcharge  stage  and  the  time

for rebound  to  be complete  after  removal  of

the  surcharge.  Stamatopoulos and  Katzias

(1982) discussed time  ferecast should  be based
on  field perrneability tests or  test field. The

settlement  versus  log time  curve  of  preload-
ing can  assume  a variety  of  shape,  depending

on  the  geometry  and  permeability of  sand-

silt contained  within  the  consolidating  clay.

  The  present paper investigates the  effect

of  the  preloading  on  the  soft  clay  subjected

to repeated  loading. From  the  measurement

of  strain  of  clay  subjected  to repeated  loading
after  removal  of  preload, several  interesting

experimental  facts have been made  clear.

Settlement  characteristics  of  a clay  subjected

to  repeated  loading are  mainly  affected  by

several  factors, and  in these  conditions  a

method  to predict the  settlements  of  a clay

is proposed.  This  method  of  settlement  anal-

ysis is described in the form of  which  the

effect  of  secondary  compression  is combined

with  a  modified  version  of  Terzaghi's theory

for repeated  consolidation  of  c]ay.

TEST  PROGRAM

  Sampte  and  sPecimen:The  sample  used  in

this study  is the  reconstituted  Kanda  clay.

The  specific  gravity G, is 2.67, the  !iquid

limit wL  is 90. 0%,  plasticity index PI is 60. 0,

and  organic  matter  content  is 8,4%.  These

    Table 1. Index properties  of  Kanda

         clay  used

Specific gravity  as L
Liquid  ltmit LL  (%)

2. 67

E
Plasticity index  PI

90.0･

1
Organlc  matter  content  (%)

6o,el

Compressien  index  Ce

8.4I

Swelling  index  C,

O. 65

1e. og

NIIiEl.ectionic  
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Table  2.Experimentalcondition
'

Preconsolidation Preloading iLoad  reducing!Sustained  or  repeated  loading

itaLd (kPa)Lperiod(min)llead  (kPa)[period(min)

SS.2 14.:･O 264

[load (kPa) l･ period(min)1  Ioad  (kpa) lperiod (rnin)I frequency;(Hz)

11 '

 723100/1!

176r/14lje/
1l/

3978118176[

/leoso

l

D. O16x

index preperties  are  listed in Table 1. The

specimens  were  prepared as  follows;the  re-

moulded  clay  was  mixed  with  the  de-aired

water  to make  a slurry  with  the  water  con-

tent  of  about  90%,  and  then  they  were  iso-

tropically  censolidated  in a  large-triaxial con-

solidation  chamber  to produce  the  specimen

with  20cm  in height and  40cm  in diarneter

(Fujiwara et  al,,  1987) under  the  eonfining

pressure  of  58.4kPa  for a  month,  which

seems  to be enough  fer ensuring  the  end  of

primary  consolidation.  The  specimens  were

then  cut  into a section  suitable  for sizes  of

ordinary  consolidation  tests.

  Apparatecs : The  apparatus  used  in the  re-

peated consolidation  tests was  described in

the  previous paper  (Fujiwara et  al., 1985).

Thls apparatus  is a  modification  of  the  con-

ventional  consolidation  apparatus  which  both

sustained  and  repeated  load can  be applied

elther  separately  or  simultaneously,

  Test procedure  : The  following con$olida-

tion  tests were  carried  out  ; in the  first step

loading, the  specimens  were  consolidated

under  a sustained  load 88. 2 kPa for 24 hours ;
in the  secend  step  loading, the  specimens

were  consolidated  under  the  sustained  load
353 kPa for 7, 23 and  100min  which  approx-

imately correspond  to the  degree of  consoli-

dation with  55, 85 and  100%, respective-

ly;in the  third  step  loading, the  consoli-

dation pressure  was  reduced  to 176 kPa from
353kPa  and  then  was  kept under  that  load

for 24hours;in  the  final step  loading, the

specimens  were  consolidated  under  the  ad-

ditional sustained  or  repeated  load of  39, 78,

118, and  176kPa  respectively  for a  week.

The  loading sequences  in every  test are

shewn  in Table 2. In the  repeated  consoli-

dation tests, the  loading period was  1min,

(Le. O,O16Hz)  and  a wave  
'form

 of  cyclic

AajasL.aoszag.co-g."tgi8

                Tl rn e  (m in)

  Fig. 1. Key  sketch  for loading  sequence

      in oedometer  test

Ioad is square.  The  ratio  of  loading tirne

to unloading  time  during one  cycle  was  1 te
1. Therefore, elapsed  time  was  the  sum  of

loading and  unloading  time.  Fig.1 illus-
trates the  above-mentioned  test  procedure.

PRECONSOLIDATION  EFFECT

  Preloading invelves the  placement  of  a  sur-

face load prior to censtruction  in order  to

precompress  the  foundation soil. On  some

occasions  a  preload  greater  than  the  strueture

load is used.  This situation  is terrned  sur-

charging.  The  excess  of  the  preload  over

the  actual  load of  stru ¢ tures is termed  sur-

charge,  It is important to determine at  what

time  the  surcharge  should  be removed,  be-
cause  if surcharge  {s removed  after  a short

period  of  time,  preconsolidation does not

have  an  adequate  effect  en  improvement  of

soft  clay,

  Watanabe  et  al,  (1969) showed  that  the

preloading method  has an  effect  on  redueing

the  settlement  of  soft  elay  deposit subjected

to traMe-induced  repeated  loading, As shown

in Fig. 2, when  a  soft  clay  deposit is subjected



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

 A

 gs
 E=,vae･-
 otu z

  O.1

? O,2=:

 O.3ESI

 e,4=eM

 O.5

  O.6

 Fig.

AoNeve--ntLvm-i

 rd
 U--t-

 -o>

o

1,O

2,O

3.0

4p

5P

GP

no

        EFFECT  OF

y

PRELOADING

o 2o 4o 6o se loo  ne  14o 16o  lso

        EiapSed  tlme  Cdays)

2. Effect  of  preloading  on  settlerrtent

versus  time  relations  of  a  railway

on  soft  clay  ground  during  preloading

and  after  openillg  to traMc  (Watanabe
et aL,  1969) .

   1tit loO loi lo2 lo3 lo4 lci;

              Elapsed  time' (min) '

 Fig. 3. Swelling--recompression curves  due

     to release  of  preload  (Yasuhara et  al,,

     1981) 
･

to repeated  Ioads, the  strain  of  deposit with-

out  any  improvement  is larger than  that

being preloaded, In this case,  the  repeated

loads were  the  railway  train  loads.

  Yasuhara  et  al. (1981) shewed  that  the

larger the  degree of  consolidation  before
unloading  beeomes, the  smaller  the  post-con-

struction  settlement  beeomes, especially  at  a

region  beyound 90%  of  degree of  conselida-

tion  by surcharge,  as  illustrated in Fig,3.
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     4. ConsolidEtion, swelling  and  reeon-

     solidation  curves  in preloading  method

     en  Hiroshima  clay  using  separate-

     type  consolidometer  (Aboshi et  al.

     1981)
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 Fig. 5. Consolidation curves  in preloading

     methed  on  Kanda  clay  

'

Regarding the  variations  of  undrained  shear

strength  due  to release  of  the  preload, the

peak  shear  stress  observed  in direct shear

tests increases with  the  degree of  consolida-

tion  at  the  release  of  pre!oad.

  Aboshi et  al. (1981) showed  that  the  higher
the  degree of  consolidation  at  the  rebound

stage  is, the  smaller  post-construction  settle-

ment  takes  plaee by the  recompression,  as

shown  in Fig.4 The  experiments  have been

performed  as  a model  test  of  the  preleading

method,  using  a separate-type  consolidome-

NII-Electionic  
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ter. In Fig, 4 the  white  circles  and  triangles
show  the  settlement  versus  elapsed  time

curves  under  the  constant  loads with  differ-
ent  magnitude.  The  specimens  have  been
consolidated  under  p=190.4kPa  shown  by
the  white  triangles, then  the  surcharge  is
once  reduced  to zere  at  a  certain  percentage
of  consolidation  and  again  surcharged  to the

sarne  stress.  Thus, they  have had the  settle-

ment  versus  time  curves  given by the  white

circles  in Fig.4.

  The  vertical  strain  versus  elapsed  time

curves  obtained  by the  sustained  consolida-

tion  tests on  the  Kanda  clay  are  shown  in
Fig. 5. The  white  circles  and  triangles  show

the relations  between vertical  strain  and

elapsed  time  subjected  to  sustained  loading
of  176 and  353kPa,  When  the  elapsed  time

became 7, 23 and  100 min  corresponding  to the

degree of  primary  consolidation  by surcharge

U,==55, 95 and  100%, respectively,  under

sustained  load of  353 kPa, the  surcharge  was

reduced  to 176kPa.  It is ¢ lear from Fig.5
that  the  smaller  the  degree of  consolidation

by surcharge  is, the  smaller  the  preconsoli-
dation effect  on  reducing  the  settlement  6f
clay  after  removal  of  sureharge  is revealed.

  For  the  purpose of  investigating the  infiu-
ence  of  repeated  loading on  vertical  strain

versus  elapsed  time  relations  after  removal

of  surcharge,  the  specimens  were  consolidat-

AND  UE

 ed  under  repeated  loadings which  were  39,

 78, 118, and  176kPa,  respectively.

  Fig. 6 shows  the  results  from repeated  con-

 solidation  tests. In the  condltion  that  the

 specimen  is subjected  to the  repeated  lead,

 the  strain  of  the  specimen  due to the  high

 degree of  consolldation  by surcharge  before

 application  of  repeated  Ioad is smaller  than

 that  due to the  Iow degree of  consolidation

 by surcharge  before application  of  repeated

 load. In other  words,  it becomes clear  that

 the  strain  of  specimen  due to repeated  lead

 application  after  preconsolidation is mainly

 affected  by the  degree of  preconsolidation  by
 surcharge.  In the  eondition  of  the  same

 degree of  consolidation,  on  the  other  hand,

 the  larger the  repeated  load is, the  Iarger

 the strain  of  specimen  subjected  to repeated

loading after  removal  of  the  surcharge  be-
comes,  as  shown  in Fig.6. The  strain  ef

the  specimen  subjected  to repeated  loading
is caused  by summing  the  primary  consolida-

tion  strain  due to surcharge  and  the  second-

ary  compression  strain  due to repeated  load-
ing, From  the  results  mentioned  above,  the

strain  of  specimens  subjected  to repeated

loading after  removal  of  the  surcharge  is
inflttenced by combination  of  several  factors,
such  as  the amount  of  surcharge  p,', the

degree of  consolidation  U, by surcharge,  the

amount  of  the  perrnanent  load pi' and  the

ameunt  of  the  repeated  load Ap', when  fre-
quency  of  cyclic  Ioad or  way  of  repeated

loading (one-way or  two-way)  are  maintain-

ed  constant

PREDICTION  METHOD  OF  STRAIN  OF
CLAY  SUBJECTED  TO  REPEATED
LOADING

  Some  researchers  (Aboshi et  al.,  1984;
Johnson, 1970;Shibata  et  al.,  1984;Kawaka-
mi  et  al,, 1977) proposed  the  methods  for
calculation  of  settlement  after  removal  of

surcharge,  but they  have not  established  the

design of  surcharge  method  yet. Neither
the  design methed  of  surcharge  for a soft

clay  subjected  to repeated  loading has been
established  at  the  present.
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 e

wEntem1.u=g

        Con$otidation pre$sure Cogp'

  Fig, 7. Key sketch  for e-log  p' relation

      under  surcharge,  permanent  and

      repeated  loads

             '

  The  following assumption  has been made

in carrying  out  the  calculation  of  design of

surcharge  method  under  sustained  loading
conditions.  The  proposed  method  of  settle-

ment  analysis  is a  method  in which  the  effect

of  secondary  compression  

'is
 considered  into

a modified  versien  of  Terzaghi's theory  for
repeated  consolidation  of clay  (Fujiwara et

al.,  1987). The  total vertical  strain  et of  a

clay  undergoing  repeated  !oading after  remov-

al  of  surcharge  is composed  of  the strains

at  the  following five stages.  Fig.7 illus-
trates a  key sketch  for e-log  p' relation  -under

sureharge,  permanent  load and  repeated  load.
The  strain  of  first stage  is the  prirnary con-

solidation  strain  Ei for a  given  period  of  time

in which  the  degree of  consolidation  is given
by U, by surcharge.  The  location of  vertical

strain  and  consolidation  pressure is shifted

from  point  A  te point  B, (A.B), in Fig.

7. If degree of  consolidation  by surcharge

is 100%,  this location is shifted  from peint

A  to point F, (A.F). The  strain  of  second

stage  is the  swelling  strain  e2 by the  removal

of  the surcharge,  (B-C). The  strain  of

third  stage  is the  recoverable  strain  e3  by
repeated  load, (C-B).' The  $train of  fourth
stage  is the. primary  consolidation  strain  e4

by repeated  ioad for the  part of  unconsolida-

tion  due to surcharge,  (B--D). The  strain

of  final stage  is the  secondary  cornpression

strain  Es by repeated  load after  prirnary con;

A

tl

ltc B

DE4
p'

es
..P

En'

P;(P,'+p,D cpJ-pi+eioj+pg)

PRELOADiNG  METHOD

     solidation,  (D-E). .                               tt

      
'
 st=el+s2+ea+el+Eg'

            ei==  (liCeo) 
'itPs-t)

      , e,== (1-+Ci) 
'i,Ps'-)

          ea = ai'et) 
'p'l,T,Ps')

                                   81

                                 (1)

                 qiog(P" (2),

               [UL Iog(Pe 
.

          
-log(Pe

 )] (3)･

               [ULlog(Po 
..

          
-}.g(Po

 )] 
'(4)

     e`==  a+e,) [10g(PO' p,t )
           -qlog(PO'p+,,PS')]  (5)

     es=  afCe2) 
log(-;g,.)n!(i-X) (6)

where  ce, cs, cr and  c. are  compression  index,
swelling  index, recompression  index and  coef-

ficient of  secondary  compression,  respective-

!y, Po', Ps', Pt' and  dp'  are  overburden

load, surcharge,  permanent  load and  repeated

load respectively,  eo, e,, e! are  initial void  ratio

and  void  ratios  at  the  time  of  removal  of

surcharge  and  at  the  time  of  repeated  load,
respectively,  tD, t, are  time  at  the  end  of

primary  consolidatien  and  time  during
secondary  compression,  U, is degree of  con!

solidation  by surcharge  (degree of  consolSda-

tion is determined by strain),  R  and  2 are

catcc  and  c,lc,, respectively.

  Therefore, the  $train  of  clay  subjeeted  to

repeated  loading after  removal  of  surcharge

results  in (E3+s4+es).' In the  case  that  the

strain  due  to consolidation  by surcharge  is
equal  to the  strain  due to 100%  primary
consolidation  under  a  permanent  load and  ,a

repeated  load, after  removal  of  surcharge

strain  of  clay  subjected  to  the  repeated  load
becomes (E3+Es).
  Fig.8 shows  the  relation  between the  ex-

perimental  results  and  the  results  ca!culated

by the  proposed method  using  Eq. (1). The
strain  versus  time  relation  for the  clay  sub-

jected to repeated  leading over  a long period
of  time  may  be fairly accurately  predicted
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 Fig. s. Relation between  experimental

     results  and  calculated  ones  en  Kanda
     clay  under  repeated  Ioading after

     removal  of  surcharge

by t･he proposed methed.  In this calculation,
we  have adopted  the  assumption  that  the

swelling  index c, sheuld  be equal  to the  re-

compression  index c..

  When  the  soft  clay  deposit is thick, it may
sometimes  become necessary  to calculate  the

interval distance of  the  sand  drain piles in-
stalled  for the  purpose of  aceelerating  the

degree of  consolidation  by surcharge.

Generally speaking,  in the  preloading  method

for imprevement of  soft  soil,  it is important
tQ  determine at  what  time  the  surcharge

should  be removed.  For, if surcharge  were

removed  for a  short  periQd  of  time  which

is not  enough  to ensure  the  adequate  primary
consolidation  for the  thickness of  soil  lay-e[,
sureharge  would  not  be effective  as  improve-
ment  of  soft  clay.  However, if the  soft

clay  is subjected  to surcharge  for a  le.ng peri･od
of  time  which  is enough  to  avoid  the  recom-

pression after  removal  of  surcha･rge,  the  ef-

fect of  surcharge  would  not  be effect･ive  as

imprQvement  ef  soft  clay  in proportion  to a

!ong period of  time.  When  u･sing  a  surch･arg-

ing method,  it is customary  that  we  attempt

to  eliminat'e  primary  consolidation  strai･n.

In oth,er  words,  it is required  from  the stand

point fQr reduclng  the  post-cons±ruction  set-

tlement  that  the  end  of  primary  eonsolida-

tion  should  be attained  before remo-val  of  a

surcharge.  If primary  conselidation  strain

svas  eliminated,  the  strain  developed during
construction  and  post-construetion would

consist  of  the  strain  of  recoinpression  and

secondary  compression  under  permanent  and

repeated  load, respectively.  When  using  the

degree of  consolidation  of  the  soft  clay  fo,r
surcharge  removal  and  neglecting  the  pri-
mary  consolidation  under  repeated  loading,
it ls necessary  that  the  strain  by  surcharge

fer the  required  degree of  consolidation  cor-

responding  to the  time  of  surcharge  removal

must  be equal  to the  strain  the  100%  degree

of  consolidation  under  permanent  and  repeat-

ed  loading. In this case,  primary  consolida-

tion  strain  by repeated  loading s4  is equal  to

zero,  i.e. point B  is equal  to point  D.
Therefore, the  required  degree of  consolida-

tion  U,, by surcharge  to eliminate  the  pri-
mary  consolidation  under  repeated  loading
can  be expressed  by means  of  Eq. (7).

  Uls =::  Iog ( PO' + Pp`i,+ lt lbt )/IQg ( 
'p,,

                            
Po
 
+Ps')

                                (7)

  The  calculated  relations  between U,, and

P,7Pi' are  summarized  in Fig.9 tltrough  a

parameter  ef  dpVpe'. The  required  degree
of  censolidation  of  the  soft  clay  before sur-

charge  ean  be obtained  frem Fig,9 in case

of  norma}ly  consolidated  soils. When  the

required  degree oS  consolidation  of  the  soft

clay  U,, is known  for an  assumed  va･lue  ef

sureharge  loading ratio  p,7Pi' and  a  known
value  of  permanent  loading ratio  pi'IPo'
through  an  assumed  value  of  repeated  load-
ing ratio  Ap'tpD', the  time at  surcharge  re-

moval  can  be calculated  in the  usual  manner

from t=:T.H2/c,.  In many  cases  the  time
at  sttrcharge  removal  is pre-determined,
because of  necessity  of  the  time  for opening

te tradic. If a  repeated  load intensity and  a

time  at  surcharge  removal  are  determined,
we  can  calculate  the  required  surcharge  load-
ing ratio  p,7Pi'. It is also  suggested  that
this proeedure should  be commonly  available

with  the  situations  under  sustained  and  re-

peated loading; Therefore, adaptation  of

Fig. 9 is convenient  fo･r the  design of  preload-
ing method  at  the  field to  determlne the
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Fig. 9. Degree  of  consolidation  by surcharge

    Ioad  required  to eliminate  prirnary  eon-

    solidation

effective  surcharging  time.  The  strain  can

be estimated  in a  cenventional  manner,  but
subsequent  settlement  may  be produced  by
re'sulting  from  secondary  compression.

  In the  case  that  soft  soil  is subjected  to

surcharge  for a  long period  of  time,  it is

said  that  the  soft  soil  behaves as  though  it

                        t.'o tg

        El'ap'sed' tsime ttig t'Crnirr)'

Fig. Ie. Key  sketeh  for strain-tirne  relation

    unde'r  surcharge

were  under  overconsolidation.  In addition,
it is known  that  delayed compresslon  causes

soft  soit  to behave like the  overconsolidat'ed

soil, since  it brings about  an  increase in the
effective  stress.  The  authers  have regarded

the  soft  soil  subjected  to sureharge  for a long

period of  time  as  a  quasi-overconsolidated

soil. In this type  of  soil, the  behavior is
assumed  te be equivalent  to that of  overcon-

solidated  soil  due to release  of  overburden

pressure. Fig. 10 shows  the  typic/al example

of  vertical  strain  s versus  elapsed  time  rela-

tion  in which  a  soft  soil  is subjected  tQ sur-

charges  p,' and  (p,'+5p'), respectively,  for
a  long period  of  time.  The  strains  of  soil

due to primary  consolidation  and  secondary

compression  during  the  elapsed  tirne  t, under

surcharge  p,' are  equivalent  to a  difference
between the  strain  of  soil  due  to prirnary

consQlidation  subjected  to p,' and  (Ps+fiP')',
respectively.  The  strain  of  soil  due  to

secondary  compression  is calculated  as

        de!  (lftCe) 
log(L;:,7)El(i-a} (s)

On  the  other  hand, Ae is considered  to be a

differenee between the  strain  of  soil  due to

primary  consolidation  subjected  to p,' ancl

(p,'+6p'), respectively.

 ds=  aft',) [log(PS'p+,,6P')-log('pP5:1,-)]
                                 (9)
Therefore, by equalizing  Eq. (8) to Eq. (9),
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 we  have
i='

 

'

 log(Ps'p+,,aS")=rog(£
,,)Rf(i-i)  ao)

t t       '/ - /

i
 (p,'+fip')I,it,,' is, in faE't, the  oyerconsolida-

tion ratio.  Frorp Eq.(10)  the  inerease lrm
 the  effective  stress  is glven by, 

i''

         6pt .,  p,t[(-;:,.) 
Rl(i-A)-1]

 abl 
'1'

                                   '

  For  example,  Kanda  clay  has c,FO･  65i lc2"
 O. 02 and  c,=O:09.  Let us  censider  the con-

 ditibn that  surcharge  ls 353 
'kPa'ti'fid

 
'PriMary

 conselidat,ipn  ti,m.e. /t, is 100  min,  (d;ain length
 of  specimen  is 1cm).  If secondary  compres-

 sion  time  t, is 1 week  or  1 month,  quasi-

 overconsolidation  ratio  induced by secondary

 compression  is 1. 18 or  1. 30, and  the  increase

 in effective  stress  ap' is 64  or  86kPa,  re-

 spectively  using  Eq, (11), Therefore, quasi-
 overconsolidation  ratio  and  the  increase in

 effective  stress  of  soft  soil  subjected  to second-

 ary  cornpression  can  easily  be calculated  usH

 ing the  above-mentioned  equation.  When

 we  have a  eneugh  time  until  construction

of  structures  during placement  of  surcharge

 for a  leng period  of  time,  the  effective  stress

of  soft  clay  will  gradually increase,

SECeNDARY  COMPRESSION  UNDER

REPEATED  LOADING  AFTER  SUR-
CHARGE  REMOVAL

  It has been made  clear  from the previous
study  (Fujiwara et al., 1987) that  the  behav-
ior of  soft  clay  grounds  subjected  te repeated
loading is different from the  one  subjected

to sustained  ioading. Besides, it has been
emphasized  that  the difference in settlement

between these  two  loading patterns must  be
due  to secondary  compression  over  a long
period of  time.  Then, the  authors  have
made  clear  that  soft  clay  grounds  subjected

to  repeated  loading tend  to be more  compress-

ible than  those  subjected  to sustained  load-
ing. It is expe ¢ ted from the  above  men-

tioned  laboratory test results  that  the  preload-
ing is considered  to be promising  as  a  counter-

measure  to reduce  the  settlement  of  clay

under  repeated  loading. Aboshi  et  al.

AND  UE

 (;981), Yasuhqr.a.et,aL (1981) and  Shirako

 et  a!... (1987) lshdWed..t･hat the  coecacient  ef

 secondary  e6pspression  is .p16tted .against the
o/verconsolidation,..ra'ti6,  They  cencluded

 th4t.the  largei the  degree'of consolidatien

 by surcharge  beeam'e. the  mote  eminently

 coefieient  of  secondary  compression  decreas-

 ed. In the  present papef,' the  authors  at-
 '
 tpmpted  to make  sure  Qf this matter  by car-

 rying  out  the  repeated  cQnsolidation  tests on

reconsolidated  Kanda clay  which  was  previous-
ly described.

  Fig.11 shows  the' relation  between void

ratio  and  elapsed  time  during repeated  load-

ipg cohsolidatioti  of  Kgnda clay,  In the  case

that  the  degre'e pf  consolldation  is 55%  by
surcharge,  the'eminent  primary  consolidation

by rep'eated  load is apparently  observed  after

repeat6d  loadi/ng,- On  the  other  hand, after

re'p'eated  Ioading the  primary  consolidation  by

 repeated  load is not  observed  for th6  case

 that  the  degree of  primary  consolidation  by
sgrcharge  is 100%.  With reference  to load-

 ing pattern,.it is clear  that..the  cQeMcient

6f secondary,  lcorppre,ssig,n 
'c.'

 has becom6 large

under  repeated  loading in comparison  with

the  one  under  sustained  loading. The  mag-

 rii{'ude 6f'se'6ondtiry'eompv.essign tQ start  upon

 cgmpletion  of  prlltiary'.consQlidation  can  be

 cbmputed  as  ss mentioned  above  and  illus-
 t t... t. ...t.           ..t..          '

l,45

1.40

,T,35

o.9

 1.le-gp.e>

 1.2S

 
T'22ai

 te lo' lo2 :o3 :o4

            E!apsFd  tirne Cmin)

Fig. 11. Relation between  yoid  ratio  and

    elapsed  time under  repeated  loading
    after  remoyal  of  surcharge
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     by the  amount  of  repeated  load and  the

    i!flagd)ing
 
pattern

 
(sustained

 
or
 

repeated

 
load-

      The  values  of  the  coethcient  of  secondary

    compression  are  proportional  to the intensity

    of  the  sustained  or  repeated  load; i. e. sec-

    ondary  compresslon  strain  corresponding  to

    an  increase in the amount  of  the  sustained

    or  repeated  load over  a  long period  of  time.

         39 7'e 11e 176  tKPa}

          Sustained  or  repeatecl  lead Ap'

      12. Relation between  the coeMcient

      of  seeondary  compression  and  the

      intensity  of  sustained  and  repeated

      loads ･
        '

trated  in Fig. 7. '

  In this study,  
'the

 value  of  the  coetheient

of  secondary  compression  by repeated  load

after  the  removal  of  surcharge  is illustrated

in Fig.12. In the  case  which  a  surcharge

was  removed  after  a  short  period of  time

during preconsolidation, the  coeMcient  of

secondary  compressiQn  is large because the

degree of  consolidation  by surcharge  is $mall.

There is no  significant  difference about  the

coeMeient  of  secondary  compression  at  a  re-

gion  beyond  85%  of  degree of  consolidation

by surgharge  as  illustrated in Fig. 12.

Therefore, when  we  want  to reduce  the  resid-

ual  secendary  compression,  the  surcharging

time  required  should  be longer than  the

elapsed  time  corresponding  to the  degree of

consolidation  under  surcharge  to  eliminate

primary consolidation.

 
'With

 referenee  to ,loading pattern  the

values  of  the  coeMclent  of  secondary  com-

pression under  repeated  loading are  of  about

50%  increase in comparison  with  the ones  of

sustained  loading. These  results  are  similar

to those  described in the previous  paper

(Fujiwara et  al.,  1987). Therefore, the

strain  of  soft  soil  subjected  to  repeated  load-

ing is larger than  that  subjected  to sustained

loading cornpared  with  the  corresponding

period  of  time.  It is indicated from Fig. 12

that  the magnitude  of  coeMcient  of  secondary

compression  under  repeated  loading is affected

CONCLUSIONS

  The  following conclusi6ns  were  obtainea

from the  present study;  

'

  1) Settlemetit characterlstics  of  a clay  sttb-

jected to repeated  loading are  affected  by the
amount  ef  surcharge,  the  degree of  consolida-

tion  at  the  remoyal  .of surcharge,  the  amount

of  permanent  load and  the  amount  of  repeat-

ed  load. . '

  2) When  using  the  degree of  consolidation

at  surcharge  removal  and  eliminating  the

primary  consolidation,  the  required  degree of
consolidatien  is determined  from  the  relation

between  surcharge  loading ratio  and  intensity

of  permanent  loading rtitie  as  a  parameter  of

repeated  loading ratio,

  3) The' coethcient  of  secondary  compres:

sion  under  repeated  leading is influenced by
the  amount  of  load increment  rati.o and  the

loading pattern, such  as  sustained  or  repeated

loading pattern, In particular, the  coeM-

cient  of  secondary  cempression  increased pro-
portionally to the  intensit･y of  additional  ap-

plied  load after  rernoval  of  surcharge.  ･

 4) The  strain-time  relation'  for the  clay

subjected  to  repeated  loading. over  

'a
 long               '

period of.time  aftet  rerpdval  of  surcharge

may  be fairly aceurately  predi'cted by the
simplified  method  proposed  in the  present
paper.
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NOTATIONS

  er=recompression  index

 c.==coeMcient  oi  secondary  cempression

 Po'==overburden load

 Ps'==surcharge Ioad

 pi';=perrnanent load

  to= time  at  leO%  degree of  primary  consolidation

  ts=time  during secondary  compTession

 U,= degree of primary  consoliclatien  by surcharge

     load
 U}s==degree of  consolidation  required  to eliminate

     primary  conso]idation  under  surcharge

4P'==incremental repeated  load
  et==total  vertical  strain

  ei  =strain  clue to surcharge  load

  s2=strain  after  surcharge  load removal

  s3=  recoverable  strain  due  to repeated  Ioad

  s4==primary  

'conselidation
 strain  due to repeated

     load for the part of  unconsolidation  due to

     surcharge

  es=strain  due to secondary  compre$sion

REFERENCES

1) Aboshi,H.  Matsuda,Ha and  Oku･da,M.

   .(1981) : 
"Precenselidation

 by separate-type  con-

   solidometer,"  Proc. 10 th Int. Conf. on  SMFE,

   pp, 19-22.

2) AboshLH.  Ishii,K･ and  Inoue,T. (1984) :

   
"Construction

 of  west  sewage  treatment  station

   by preloading,"  Tsuchi-to-Kiso,  JSSMFE,
   Voli32, No.5,  pp.29-34  (in Japanese).
3) Akaishi,M.  Tonosaki,A.  Nitanai,M. and

   Inada,M, (1981) : 
"Predictlen

 of  settl.ements

   after  surcharge  unloading,"  JSCE, No. 315, ppJ

   95-101 (in Japanese)i
 4) Fujiwara,H.,  Yamanouchi,T,, Yasuhara,Ki and

   Ue,S.  (1985):"Consolidation af  alluvial  clay

   under  Tepeated  loading," Soils and  Founda-
   tions, VoL25, No.3, pp.19-30.

 5) Fujiwara,H.,  Ue,S. and  Yastthara,K. (1987) :

   
"SecQndary

 compression  ot clay  under  repeated

   loading," Soils and  Foundations,  Vol,27, No･
   2, pp.21-30.

 6) Johnsen,S･J. (1970):"Precompression for im-

   proving  fottndation soils,"  Prec. ASCE,  SM1,

   pp.111-144.
7) Kawakami,H.  Abe,H.  and  Ishizawa,K.

   (1977):"Effects of  preloading  on  secondary

   compression  of  organic  soil,"  Proc,, 12th  An-

   nual  Meeting, JSSMFE,  pp.195-198  (in Japa-
   nese),

 8) Muromachi,T,  and  Watanabe,S. (1963) : 
"Lab-

   oratoTy  tests of  preloading rnethod,"  Tsuchi--

   to-Kiso,  JSSMFE,  Vol.11, No.6, pp.3-10 (in
   Japanese).

 9) Pilot,,G. (198e) : 
"Met,hods

 ei  improving  the

   engineering  properties of soft  soil,"  Seft Clay

   Engineering,  Chapter  9, Elsevier, pp.636-650,
le) Samson,L.  and  Rochelle,P, L. (1972):"Design
   and  performance  of  an  expressway  constructed

   ever  peat  by preloading," Canadian  Geotechni-

   cal  Journal, Vol.9, pp,447-466.
11) Shibata,T. Abe,S,  and  Matsueka,T･ (1984) ;

   
"Prediction

 of  settlement  of  pre-loaded  soft

   grouncl," Proc. I9th  Annual  Meeting,  JSS-
   MFE,  pp.921-922  (in Japanese)･
12) Shirako,H.  Sugimoto,M.  Akaishi,M. and

   Inada,M,  (1987) : 
"Effect･s

 of  surcharge  on'sec-

   ondiary  consolielatlon,"  Proc,, 23rd Annual

   Meeting, JSSMFE,  pp.2rs-274  (in Japanese)･
13) Starnatepeulos,A,C.  and  Katzi･as,P. C, (1982):
   

"Settlement-time

 predic±ion in preloading,"

   ASCE,  GT,  Vol.109, Ne.6,  pp.807-820.

14) Watanabe,S. Komine,  T. and  Nasu,M.

    (1969):"Stabilization of  soft  subsoils,"  Rail-
   way  Technical  Research Report, pp,1-84  (in
   Japanese).
15) Yasuhara,K.,  Hirao,K.  ancl  Kato,S. (1'981) :

   
'"Swellingtrecompression

 and  change  in shear

   strength  of a saturated  clay  dtae to rebound,"

   PToc., 16 th  Annual Meeting, ISSMFE,  pp. 257-･

   260 (in Japanese).


