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                                     ABSTRACT

  Cyclic loading may  cause  settlements  in addition  to the settlements  due to static  loads.
'This

 paper  presents  a  study  of  recompression  settlements  occurring  in normally  consolidated

･clay when  pore  pressure  generated  by undrained  cyclic  loading dissipates. The  study  was

based on  18 stress-controlled  cyclic  direct simpre  shear  tests and  6 conventional  conselidation

'tests
 on  normally  consolidated  Drammen  clay.  The  specimens  were  subjected  to either  one  or

several  series  of  undrained  cyclic  loading and  drainage. Afterwards, most  of  the  specimens
'were

 consolidated  further to a  vertical  stress  three  times  the  effective  stress  at  start  of  cyc!-
'ing.

 .

  The  study  showed  that  undrained  cyclic  loading and  drainage rnakes  normally  consolidated

･clay rnore  resistant  to later undrained  cyclic  loading.

  The  recompression  index was  influenced by cyclic  loading, and  for nQrmally  consolidated

Dramrnen  clay  the  settlements  occurring  when  the  cyclically  induced pore pressure dissipates,
may  be ca!culated  by a  recompression  index which  is 1.5 times  the recompression  index from
.a conventional  consolidation  test.

  The  compression  index of  specimens  which  where  subjected  to undrained  cyclic  loading and

'then
 eonsolidated  past the  initial consolidation  stresses  decreases with  increasing cyclically

,induced  pore pressure and  increasing cyclic  shear  strain  at  the  end  of  cycling.

Key  words  : compression,  normally  consolidated  elay,  repeated  load, simple  shear  test(IGC  :

D  7/D 5)

INTRODuCTIoN  ieCted to earthquakes  (e. g. Zeevaert, 1972;

                                            Ohmachi  et  al. 1988), offshore  platforms sub-

  Cyclic loading may  cause  settlements  in jected to  sea  storms  (e. g. Eide  and  Ander-
,addition  to the settlernents  occurring  under  sen,  1984), foundation ssubjected  to machine

,statlc  loads. Examples of  casehistories  where  vibrations,  and  road  pavements  subjectde  to

･cyclic  leading causes  additional  settlements  trathcloads(YamanouchiandYasuhara,  1975).

jnclude buildings and  other  structures  sub-  Cyclic loading tends  to cause  volume  reduc-
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tion  in the  soil  beneath a  structure.  If the
excess  pore water  pressure cannot  dissipate

fast enough  for the  volttme  reduction  to

occur,  a  pore  water  pressure  is generated.
For  struetures  on  clay  the  cyclic  loading
event  may"  have a relatively  short  duration

cQrnpared  to the  time  needed  for the pore
water  pressttre to dissipate. The  conditions

will  then  be undrained  during the cyclic  load-
ing event,  and  excess  pore pressures will

be generated,  leading to reduced  effective

stresses.  The  reduction  in effective  stresses

together with  a  locar redistribution  of  static

Stresses due to cyclic  loading, may  lead to
increased shear  strains  and  settlernents  of  the

structure  during the  undrained  period.

  During  calmer  periods  between cyclic  load-

ing events,  the  generated  pore  pressure  rnay

get time  to dissipate, and  the  effective

stresses  increase again.  The  volume  reduction

that  tended  to  occur  originally  will  then

take  place, and  additional  settlements  result.

  The  cyclic  loading and  the  corresponding

un!oading  and  reloading  of  effective  stresses

may  also  change  the clay  structure  and  influ-
ence  the  behaviour of  the  clay  during later

cyclic  loading events.

  The  settlements  that  occur  under  undrained

conditions  are  discussed by Eide and  Ander-

sen  (1984), and  by Andersen (1988). This

paper concentrates  on  the following as-

pects : ,
'
  a)  The  effect  of  undrained  cyclic  loading
and  drainage on  behaviour during later un-

draiRed cyclic  loading.
･
 b) Settlements duetovolumetric  compres-

sion  when  the  cyclically  generated pore  pres-
sure  dissipates.

  c)  The  effect  of  cyclie  loading on  settle-

ments  due to volumetric  compression  during

consolidation  past  the effective  stresses  at  the

start  of  cyclic  loading.

  The study  was  based on  stress-controlled

direct simple  shear  (DSS) laboratory tests on
saturated  undisturbed  normally  consolidated

clay.  In someof  the tests  the  specimens  were

subjected  to undrained  cyclic'loading,  dis-

sipation  of  the  generated  pore  pressure,  and

subsequent  consQlidation  past  the  initial'ef-

ANDANDERSEN

fective stress.  Other  tests were  run  as  ordi-

nary  consolidation  tests to provide a reference

to evaluate  the effect  of  cyclic  Ioading on  the

consolidation  characteristics.

  Cyclic DSS  tests  on  clays  followed by drain-
age  have previously  been carried  out  by
Andersen et al.  (1976), Suzuki  (1984) and

Ohara  and  Matsuda  (1988). The  last two

studies  used  strain  controlled  conditions.

EXPERIMENTAL  PROGRAMME

  The  tests were  run  on  undisturbed  plasti¢

Drammen  clay  because a  large number  of  cy.

clic tests have been carried  out  on  this clay

previously (Andersen et  al.,  1980, 1988).
Average  index properties  are:natural  water

content  tv.=52%,  liquid limit wL=  55%, plas-
ticity index Ip=27, and  specific  gravity Gs
=2.76.  The  tests in the  present study  were

run  with  the NGI  DSS  apparatus  (Bjerrum
and  Landva,  1966). The  specimens  were  cir-･

cular  with  an  area  of  35 cm2  and  an  initiar,
height of  16mm.  The  area  of  the  specimen

was  kept constant  by a  wire-reinforced  rub-

ber membrane  which  constrained  deforma-
tions in the  radial  direction. At  the top  and

bottom of  the  specirnen  filter plates equipped
with  approximately  1mm  pleng needles  pre-

vented  sliding  between  the  specimen  and  the

filters. The  filter and  the  drainage tubes･

wers  saturated  with  water  with  a  salinity  of

25 g  NaC!litre, corresponding  to the average

in-situ salinity  of  the  pore  water  of

Drammen  clay.  Cyclic loading was  applied  as･

a  cyclic  horizontal shear  stress,  Th, at  the  top

of  the specimen.  The  cyclic  load was  sinu-

soidal  with  le s period. Undrained  condi--

tions were  simulated  by keeping the volume-

of  the  specimen  constant.  As  it could  be

assumed  that the area  of  the  sample  did not.

change,  constant  volume  was  maintained  by
automatically  adjusting  the  vertical  effective

stress,  aiv,  on  the sample  to  keep the sam--

ple height constant.  The  vertical  effective

stress  was  measured,  and  the  stress  paths of

static  and  cyclic  DSS  tests in a  rh-a'v  dia-

gram  could  be established  ･as illustrated in

Fig,1. The  pore  pressure  generated  by statia
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  Fig. 1. Effectivestress paths  a"d  pore  pres-
      sures  in DSS  tests under  constant  vol-

      ume  cendition

or  eyclic  loading can  be derived from:
'
 Apt=:o.,t-a.' (1)
  where  a,,'= initial vertical  effective  $tress

         a.t=current  vertical  effective  stress

  The  speeimens  are  believed to be fully
'saturated,

 but slnce  the tests are  run  as  con-

stant  velume  tests, full saturation  is not  crit-

ical for the  quaiity  of  the  test results.

  The  validity  of  using  constant  volume

･conditions to simulate  undrainedi  conditions

in DSS  tests on  normally  consolidatea  clays
'has

 been shown  by Dyvik et  al.  (1987).
  The  pore  pressure  will  vary  continttously

during cyclic  loading. This paper concentra-

tes on  the  permanent  pore  pressure,  which
'is

 the  pore  pressure  when  the  horizontal
shear  stress  passes  through  zero.

  The  specimens  were  consolidated  in several
'increments

 past their in, situ  preconsolidation
,stress  (p'cN125kPa) to a  normally  consoli-

dated  state  at  a  vertical  effective  stress  of
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  Fig. 2. Loading  sequences  of  Type  Bcyclic

      DSS  tests

                   '

o'..==392kPa  for most  of  tests,

  The  cyclic  shear  stress  applied  is normal･

ized with  respect  to  the  horizontal shear

stress  at  failure in undrained  static  DSS
tests, fsf-  '

  The  static  tests were  run  strain-controlled

with  approximately  4.5%  shear  strain  per
hour.                 '

  In the  cyclic  tests the  specimens  were  sub-

jected to either  one  or  five consecutive  series

of  undrained  cyclic  loading and  drainage. The
duration of  the  drainage period  was  in gen-

                     '

 Table 1. Testing  conditions  of  DSS  tests

       with  undrained  cyclic  loading and

       drainage on  normally  consolidated

       Dramrnen  clay

'

TestNo, ffvcl(irPa)rlt,cv(kPa)rA,cvfTtf   N(cycles)

2-112-122-132-13-22-142-152-162-172-1827192-202-213-2*3-3*4-2(B)4-3(B)4-4*(B)4-6(B)392"""""na235196･392fim"a7nm46emm""3742274!45a393456425649D.52

 "

 m

 m

 "

 mO.

 44O,
 50O,
 53O.
 96O.
 52

 orO.

 47O.
 41O.
 65o.

 seO,
 65o.
 sg

 706
 135

 7501,

 OOO1.270

 313

 500

 500

 fi50

  72,

 ooe
  741,OOO2,

 100

 500

 500

 300

 461

"
 undrained  static  tegt is carried  out  after  drainage

(B) denotes  type-B  test

r,f  is maximurn  horizontal  shear  stress  in  undrained

static  test
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3. Schernatical illustration of  e.Iog  a.'

relations  in oedometer  tests and  in
cyclic  PSS  tests follewed  by  drainage

(Type A)

eral  about  60min. Afthrwards, most  of  the

specimens  were  consolidated  in increments to
a  vertical  effective  stress  three  times the  effec-

tive stress  at  start  of  cyclic  loading (392
kPa). The  tests were  dienoted Type  A  (one
series)  and  Type  B  (five series).  The  load-
ing sequence  for the Type  B  tests is illus-
trated  in Fig,2. The  effective  stress  variations

and  the  volumetric  deformations in the  two

types  of  cyclic  DSS  tests with  drainage are

illustrated schematically  in Figs 3 (b) and  4

(b). The  testing  eondi'tions  for the  various

etsts  are  specified  in Table  1.
  The  consolidation  tests were  also  run  in

e

Fig.

    a'v oLJ

4. Schematieal illustration
av'  relations  in oedometer

in cyclic  DSS  tests followed
age  (Type B)

    gL'

 of  e-log

tests  andt/

 by  drain･

the  DSS  apparatus,  but without  applying/

any  horizontal shear  stresses.  The  purpose･
was  to provide  data to compare  the consoli-

dation characteristics  of  specimens  with  and,

without  cyclic  loading. In some  of  the  con--

solidation  tests the specimens  were  subjecte6.

to one  unloadinglreloading  sequence  from  a

vert{cal  effective  stress  of  392 kPa to com-･

pare with  the  Type  A  cyclic  tests (Fig.3).
In other  consolidation  tests the'specimens,
were  subjected  to five unloadingfreloading

sequences  to compare  with  the Type  B cyclic･

tests (Fig.4). 
'
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soe
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 of

BEHAVIOUR  DURING  UNDRAINED  CY-

CLIC  LOADING

  Typical results  of  the  undrained  cyclic

part of  the  Type  A  tests are  shown  in Fig.
5. The  results  from  the  first series  of  un-

drained cyclic  loading from  the  Type  B  tests

are  also  included. Both  the  cyclic  shear

strain  (sing!e amplitude)  and  the pore pres-

sure  increase with  increasing number  of  load

cycles.  The  increase in cyclic  shear  strain  is
relatively  modest  in the  early  part of  the

tests, but after  a  certain  number  of  cycles,

the  cyclic  shear  strains  begin to accelerate

and  large strains  develop in the  course  of  a

relatively  few additional  cyeles.  The  tests

were  generally stopped  at  a  cyclic  shear

strain  of  3%.  If additional  cycles  had been

3ge-"･fi'

 2I･etsghio

   o
    o ioo 2oa  3oo  

･
 4oo  soo

              Nvrnberofroadcydds.N

Fig, 6. Results from  tests with  seyeral

    series  ef  umdrained  cyclic  loading  and

    drainage  (Type B)

applied,  both the  cyclic  shear  strain  and  the

pore pressure would  have  increased further.

  Typical results  ef  the cyclic  part of  two

Type  B  tests are  shown  in Fig.6. The  cyclic

horizontal shear  stress,  Th,v,  was  56 kPa in
both tests, corresponding  to  65%  of  the  hor-
izontal shear  stress  at  failure in undrained

   .statlc

 tests.

  Test 4-2 was  run  by applying  five series

of  undrained  cyclic  loading with  drainage
after  each  series.  The  cyclic  shear  strain

increased rapidly  during the  ilrst series  of

cyclic  loading. After 45 cycles  the  eyelic

shear  strain  was  3%,  and  a  cyclic  failure
was  about  to develop. The  cycling  was  there-

Eore stopped  to avoid  a  complete  failure,

and  drainage was  permitted. The  generated
pore  pressure after  45 cycles  was  about  310

NII-Electionic  
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Fig. 7. e-log  a,'  relations  in Type  A
    DSS  tests

tpt

cyclic

kPa, corresponding  to 79%  of  the  initial
vertical  effective  stress.

  In the  following series  of  undrained  cyclic

loading both the  cyclic  shear  strains  and  the

generated  pore pressure were  smaller  that  in

the first series.  One  hundred cycles  could  be
applied  without  reaching  a  cyclic  shear  strain

of  3%,  and  at  the end  of  the  fifth seriesthe

cyclic  shear  strain  was  only  e.25%  and  the

generated  pore  pressure  only  20%  of  the

initial vertical  effective  stress.  The  results  of

Test 4-2 show  that  cyclic  loading accompa-

nied  by drainage makes  normaliy  consoli-

dated clay  rnore  resistant  to later undrained

cyclic  loading. This  tendency  was  also  obser-

ved  in cyclic  triaxial tests on  remoulded

Kaolinite clay  by Matsui  et  al.  (1977). The

opposite  effect  has been observed  in overcon-

¢

9'gy8

1.4

t,3

1.2

1.1

1.0os

O.8

 e7

   1 tO 10t toS

          Effectrve
 venicat  stress, vL' CkPa)

Fig. 8. Typical e-Iog  av'  relation

    consolidation  test

1ot

from

solidated  clays  (Andersen et  al.,  i976;
Yasuhara  and  Andiersen, 1989), where  cyclic

loading accompanied  by drainage made  the

specimens  less resistant  to later undrained

cyeli ¢  loading.

  The  results  from a  second  test, Test 4-4,
are  also  presented in Fig.6. In this test the
third period  contained  300 cycles  without

drainage. Another difference between the

two  tests was  the  duration of  the  drainage

period  which  was  longer in Test 4-4 (about
24 hours) that  in Test 4-2 (about 60 min-

utes).  The  different drainage periods do not

seem  to influence the  behaviour significantly,
and  the  results  ef  Test  4-4 confirm  the  con-

clusions  drawn  from Test 4-2.

POST-CYCLIC  RECOMPRESSION

  The  pore  pressure  generated  during un-

drained cyclic  loading causes  a  reduction  in
the  effective  stresses  in the  clay.  This corre-

sponds  to  going from point A  to point  B in
Fig,3(b).  With  time, drainage occurs,  and

the  excess  pore pressure  dissipates. The  effec-

tive  stresses  increase again,  and  the  clay

will  follow a  reloading  curve  from  point  B
to point  C. At  point  C  the effective  stress

has reaehed  the same  value  as  before start

of  cyclic  loading.

  The  path  BC  has similarities  with  the  re-
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           Effective vertical  stcess,  6.' (kPa)

Fig. 9. e-log  a.'  relations  in Type  B
    DSS  test

4

cyclic

compression  branch in a  conventional  oedo-

meter  test in which  the  specimens  are  sub-

jectedi to compression,  swelling  and  recom-

pression,  This is illustrated in Fig.3 for the
Type  A  tests and  in Fig.4 for the  Type  B

tests. It therefore  seems  reasonable  to inves-

tigate whether  conventional  oedemeter  tests

with  swelling  and  recompression  can  be used

to predict the  settlements  due  to cyclic  load-

ing.

  The  e-log  a.' paths for two  ef  the  Type
A  cyclic  tests are  shown  in Fig.7. The
cyclic  shear  stress  has been  the  same  in the

two  tests, but the  number  of  cycles  has
been different.

  Five consolidation.tests  with  compression,

swelling  and  recompression  were  perfermed.

The  e-log  a.' path for one  of  the  tests is

shown  in Fig,8. This test was  unloaded  from

392kPa  to 9.8kPa  and  reloaded  to 1, 175 kPa.
The  four other  consolidation  tests were  unlo-

aded  to 39.2, 98, 196, and  295kPa,  respectively,

  The  e-log  a,'  path for one  of  the  Type  B

cyclic  tests is shown  in Fig,9. The  cyclic

shear  strain  and  the  pore pressure generatien
during the  five undrained  cyclic  parts Qf  this

test were  presented  in Fig.6. In Fig.6 it

was  shown  that  the  pore  pressure  generated

by cyclic  loading became smaller  for each

series  of  cyclic  loading. This  can  also  be
seen  in Fig.9.

SETTLEMENT
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                  o'v

Fig. 11. Recompression  index  from

    consolidatiell  tests

 A  consolidation  test with  several  series  of

swelling  and  recompression  was  also  perform-
ed  to provide comparison  with  the Type  B
cyclic  test. The  result  from  this consolida-

tion test is shown  in Fig.10. It was  attempt-

ed  to follow the  vertical  effective  stresses

measured  in the  cyclic  DSS  test in Fig.9 to

enable  a  direct comparison  between the  two

types of  tests.

  The  recompression  index, C.  from the

consolidation  tests is shown  in Fig.11. e,  is
the  void  ratio  at  start  ef  unloading.  C,  is

NII-Electionic  
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Cemparison  between  observed  and

     volumetric  strain  using  re-

   
'

 index C,. (Tests Type  A
first series  of  tests Type  B)
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13. Comparisen  between  ebserved  and

calculated  recempression  volumetric

strain  using  recompression  index  Cr
(Tests Type  A  and  first series  of  tests
Type  B)

calculated  .as the  secapt  value  frem  point B
to  point  C  in Figs.3(a) and  4(a).  The
recornpression  index increases with  increasing
magnitude  of  unloading,  i, e.  with  increasing
value  of  the  ratio  a,,'la.'.  

'There
 is a  tend-

ency  for the Cfvalue to be slightly  smaller

in the consolidation  test with  5 series  of

swelling  and  recompres$ion  than'in  
'the'

 5               '
tests with  one  series  of  swelling  atid  recom-                                 '                                '
pression in each  test.

  The  recompression  volumetric  strains  in
the cyclic  DSS  tests were  calculatea  by :

   ev7 =  
'ilitiVe"E

 ::: iC+'e, 
･ log(-:'t.c,L)

     :='IC+'.,  
･log(

 i-  A!'ifrm.g;,;', ) (2)

  where  e, is the  void  ratio  at'start  ef  cyclie

loading, Au is the  pore  pressure  due to un-

drained cyclic  loading and  C, is the  recom-

pression index from oedometer  tests in Fig.
11, determined  for the  value  of  a,,'/a.' cor-

responding  to the  values  of  11(1-Aufa.c')
observed  in the  cyclic  DSS  tests.

  The  recompression  volumetric  strains  eal-

culated  using  C, frem the  average  line
drawn in Fig.11, are  compared  to the meas-

ured  values  for the Type  A  cyclic  DSS
tests in Fig. 12. The  calculated  recompression

strains  are  smaller  than  measured.  There is
some  scatter  in the  measurements,  but reason-
able  agreement  between calculated  and  meas-

ured  reeompression  strains  is obtained  by
multiplying  C, by a  factor a.

  Thus,  instead of  Eq. (2), we  have:

     svr at :=  
ui
 +Ci,'log( i-  tiiulti,,, ) (3)

  For  Drammen  clay  we  adopt  the  value  of

ev=  1.5 which  was  deterrnined' from  a  regres-

sion  analysis  of  the results  in Fig.13. The
reason  why  the C, from the  consolidation

tests must  be corrected  by a  factor ev, may

be because the  cyclic  loading not  only

generates an  excess  pore pressure in the

clay,  but that  it also  disturbes the  clay  struc･

ture.

 Since recompression  volumet!ic  strain  due

to dissipation of  cyclically  induced  pore
pressures  is considered  to  be infiuenced by
cyclic  shear  strains  as  well  as  cyclically
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 Fig. 14. Ratie ef  obseryed  and  calculated

     recompression  volumetric  strains  as

     fumction  of  cyclic  shear  strain

induced pore  pressures,  the ratio  of  observed

to calculated  volumetric  strains  is plotted
versus  cyclic  shear  strain  in Fig.14. The
results  in Fig.14 indicate that  the  ratio  of

(Svr)ob/(evr)cai is a!most  constant  1.5 inde-

pendent  of  the  amplitude  of  cyclic  shear
   .stram.

  Tests similar  to the  Type  A  tests have
been perforrned by Ohara and  Matsuda(1988)
on  reconstituted  Kaolinite. They  interpreted

their tests with  an  expression  similar  to Eq.
(2), but used  an  index Cdv., instead of  the

recompression  index C,. They  found that

the  numerical  value  of  Cdv.  was  between  the

swelling  index, C,, and  the  virgin  compres-

sion  index, C,, from conventiona!  oedometer

tests. They  did not,  however, compare  Cdvn

to the recornpression  index, C,, which  is
believed to  be more  relevant  since  the  dis･
sipation  ef  the cyclically  induced pore  pres-
sure  is a  reloading  situation.

  The  recompression  volumetric  strains  for
the  Type  B  tests with  several  series  of  un-

drained cyclic  loading and  drainage are  pre-
sented  in Fig. 15. The  recompression  volume-

tric  strains  during each  series  of  undrained

cyclic  Ioading and  drainage can  also  be cal-

culated  from Eqr (2) with  a  recompression

index  of  1.5･C.  independant  of  whether  the

clay  has been subjected  to undrained  cyclic
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15. Comparison  between  obser･ved  and

calculated  voluvaetric  strain  using

recompressiem  index C,. (Test Type  B)

                '

 and  drainage previously.
  the clay  is subjected  to several  se-

 undrained  cyclic  loading and  drainage,

    from  the  Type  B  cyclic  DSS  tests

.9 shows  however, that the reeom-

   volumetric  strains  will  accumulate

  settlements  for each  series  should  be
to get the total recompression  volume-

          This  is an  important differ-
     conventional  consolidation  tests

       series  of  swelling  and  recom-

    The  result  fr6m  the  consolidatien

 Fig. 10 shows  that  in the  consolidation

swelling  occurs  during the  unloading

  each  series  of  swelling  and  recom-

   This  will  reduce  the  accumulated

      cempared  to cyclic  tests where

    ing occurs  under  undrained  con-

 and  no  swelling  occurs.

               PVRING  CONSOLI-

    PAST  THE  INITIAL  CONSOLI-
    RTRESSES

  the pore  pressure  due to cyclic  load-

   dissipated, in most  of  the  cyclic

NII-Electionic  
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 cyclic  loading e,', for conselidation

the  izaitial effe ¢ tive stress

DSS  tests the specimens  were  consolidated

to stresses  higher that  the stresses  at  start

of  cyclic  Ioading. This  was  done  to  investi-

gate the  effect  of  cyclic  loading on  the  com-

pressibility for vertical  loading past the  in-
itial effective  stresses.

  In the  consolidation  test in which  the  spec-

imens  had not  been subjected  to cyclic

loading (Fig. 8), the  recompression  curve

approached  and  joined thevirgin  compression

line relatively  soon  after  the  vertical  stresses

passed  the  vertical  stress  prior to unloading.

In specimens  which  have been subjected  to

cyclic  loading, however, the  recompression

curve  approaches  the  virgin  compression

curve  much  slower  (Fig.7). This is very

similar  to stress-compressibility  characteristics

ANDANDERSEN
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18. Compression  imdex ratio  as  a

function ef  cyeiie  shear  straiR

of  undisturbed  clay  undergoing  disturbance
due  to remoulding  (Schmertmann, 1956).
The  results  from the  two  tests in Fig.7 also

indicate that  the recompression  line appro-

aches  the  virgin  compression  line slower  the

higher the  cyclically  induced pore  pressure
has been. Similar behaviour was  observedby

Ohara and  Matsuda (1988) in strain-control-

led cyclic  DSS  tests on  reconstituted



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

CYCLIC-INDUCED

Kaolinite.

  A  more  systematic  interpretation of  the

effect  of  cyclic  loading on  the  compressibility

of  Drarnrnen clay  for loading past  the  effec-

tive stresses  at  start  of  cyclic  loading is

presented in Figs.17 and  18. These figures
show  the  ratio  between the compression

index after  cyclic  loading, C,', and  the
compression  index in tests without  cyclic

loading, C,. The  value  of  C,' depends on

how  far beyond a.,' the  specimen  is loaded.
To  have a  well  defined value  of  C,' to work

with,  it was  decided to use  a  value  of  C,'

determined from the secant  between  point  C
at  a.,'  and  point D  at  3･a,,' (Fig. 16). C, is

the  virgin  compresslon  index in the same

stress  range.  In speeific  practical cases,  one

should  keep in mind  that  the  use  of  the

secant  value  of  Cc' from a,e' to 3･a,,' may

overestimate  the  settlements  if the  actual

Ioading stops  at  an  effective  stress  lower

than  3･avc'.

  The  ratio  C,'/C, is plotted  as  a function
of  the  pore pressure generated by  cyclic

!oading in Fig.17, and  as  a function of  the

cyclic  shear  strain  at  the  end  of  cyclic  load-
ing in Fig,18. The  results  from  some  tests

on  overconsolidated  Drammen  clay  (Yasuhara
and  Andersen,  1989) are  also  included as

reference.

  The  results  in Figs. 17 and  18 clearly  show

that  the  compressibility  for ,censolidation

past the  effective  stresses  at  start  of  cyclic

loading is influenced by cyclic  loading.

  The  ratio  of  the  compression  indices, C,'/

C,, decreases with  increasing pore pressure

(Fig.17). There  is a  correlation  between the
cyclically  induced pore  pressure  and  the

cyclie  shear  strain  at  the end  of  cyclic  load-
ing. It is therefore  logical that  C,'!C, de-

creases  with  increasing cyclic  shear  strain  too

(Fig. 18).

CONCLUSIONS

  1. Undrained cyclic  loading and  drainage
may  make  normally  consolidated  elay  more

resistant  to later undrained  cyclic  loading.

  2. Recompression  settlements  occur  when

SETTLEMENT  93
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cyclieally  induced pore  pressures dissipate.
The  recompression  index is influenced by the

cyclic  loading, and  for normally  consolidated

Drammen  clay  the  recompression  settlements

may  be calculated  by using  a  recompression

index which  is 1.5 times the recompression

index from a conventional  consolidation

test. If the c!ay  is subjected  to several  series

of  undrained  cyclic  loading and  drainage,

the total recompressien  settlements  are  the

sum  of  the  recompression  settlements  for all

the series  of  undrained  cyclic  loading and

drainage. This  is different from a  6onven-
tional consolidation  test with  several  series  of

unloading  and  reloading,  because swelling

occurs  during unloading  in a  conventional

consolidation  test, Due  to this swelling,  the

total settlement  will  in a  conventional  con-

solidation  test be smaller  than  the  sum  of

the  recompression  settlements  for the  various

reloading  series.

  3. The  compression  index for consolida-

tion  past the  initial consolidation  stresses  is
infiuenced by cyclic  loading. The  compres-

sion  index decreases with  increasing values  of

the  cyclically  induced  pore  pressure  and  with

increasing values  of  the  cyclic  shear  strain

at  the  end  of  cyclic  loading.
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