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                                        ABSTRACT

  In order  to investigate the effects of  different geological ages  on  Iiquefaction properties of  sandy  deposits, a  series of

undrained  cyclic  triaxial tests was  performed  on  three kinds of  in-situ frozen and  their reconstituted  samples  which

were  retrieved  from  Holocene (Tone-river sand)  and  Pleistoeene (Edo-river B and  C sands)  deposits. The  specimens

were  subjected  to isotropic consolidation  at a  specified  confining  stress  which  is equivalent  to the in-situ overburden

stress  at  the depth of  sampling,  and  small  strain  shear  moduli  were  rneasured  before and  during the undrained  cyclic

loading tests. The  liquefaction properties and  the small  strain  shear  moduli  were  affected  by not  only  the natural  aging

effect  of  the  specimen  but also  the  inter-locking effect  that  was  enhanced  by  applying  drained cyclic  Ioading before the
undrained  cyclic  loading tests. During  liquefaction, different tendencies of  degradation in the sma!1  strain  sheaT  moduli

which  would  refiect  the  aging  effects  of  the  specimen  were  observed  between  Tone-river Holocene  sand  and  Edo-river B

and  C  PIeistocene sands.  The applicability  of  reconstituted  samples  as substitutes  for in-situ frozen  samples  was  con-

firmed with  Tone-river Holocene sand  that has no  cementation  effect between soil particles, whereas  it seems  diMcult to
simulate  fully the liquefaction behaviour of  Edo-river B  and  C  PIeistocene sands  which  have  higher cementation  effect.

Key words:  aging  efiect, in-situ frozen sample,liquefaction,sand,  small  strain  characteristics  (IGC: D6)

INTRODUCTION

  Liquefaction  resistance  of  a sandy  soil  deposit is in-
fluenced by not  only  relative  density and  the particle gra-
dation including the  fines content  but also  natural  aging

effect  which  affects  the structure  of  soil  particles. Since an

old  deposit may  have  strong  aging  effects,  the  Pleistocene

sand  deposits have not  been considered  as  liquefiable in
the  relevant  design guidelines in Japan.  However,  con-

sidering  high values  of  the peak  horizontal ground  ac-

celeration  (PGA) recorded  in recent  large earthquakes  in
Japan (e,g,, 818  gal during the 1995 Hyogo-ken  Nanbu
earthquake,  1676 gal durjng the 2004 Niigataken-Chuetsu
earthquake  and  879gal during Niigataken-Chuetsu-oki
earthquake),  the liquefaction susceptibility  of  such

Pleistocene deposits need  to be re-evaluated  (Yoshida et

al,, 2007).

  In the laboratory tests, Yoshimi et al. (1984, 1994),
Hatanaka  et al. (1985) and  Goto  et al. (1992) showed  that

the liquefaction resistance  of  the in-situ frozen sample

was  significantly  higher than  that of  the tube  sample  as

well  as a reconstituted  sample,  The  difference in the liq-
uefaction  resistanees  of  these samples  was  due to a  distur-

bance of  the tube  sample  and  difference in the aging

effects between the in-situ frozen sample  and  the other

samples.  Therefore,  it has been considered  that the use  of

the in-situ frozen sample  is necessary  to investigate the ac-

tual liquefaction behaviour, while  it is costly.

  In this study,  the aging  effects  are  considered  to be de-
veloped  by inter-locking and  bonding (cementation) of

the soil particles as reported  by Barton (1993). Speeifical-
ly, the  inter-locking between soil particles is structured
due to change  in the environment;  for example,  creep

deformation with  time, earthquake  histories and  change

in the effective  overburden  pressure due to change  in the
water  table or  the Iand form. Moreover, as  time  passes
by, the bonding effects may  have taken  place due to the

chemical  reaction.  In the previous study  that focused on
the  bonding effect, Koseki  and  Ohta (2001) investigated
the effects  of  different consolidation  conditions  on  liq-
uefaction  characteristics  of  artificial samples  prepared
by  mixing  Toyoura  sand  and  bentonite clay.  In addition,

the increase in the  liquefaction resistance  due  to applica-

tion of  drained cyclic  loading before  liquefaction tests

has been  observed,  since  the  inter-locking between  the

soil  particles would  be enhanced  by  such  a  loading history
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(Yoshimi et al., 1994). The  liquefaction resistance,  which

is afiected  by the  aging  effect  due to natural  or  artificial

processes, has been studied,  foeusing on  its possible cor-

relation  with  small  strain  characteristics  by Tokimatsu
and  Hosaka  (1986) and  Teachavorasinskun  et al. (1994)
among  others.

  The  srnall  strain  characteristics  that  are  rneasured  with

strain  level of  Iess than 10-5, such  as  shear  modulus  or

Young's  modulus  are  one  of  the important parameters
which  refiect the current  soil structure  including the aging
effects. Tanizawa et  al. (1994), Goto et  al.  (1999) and

Zhou  and  Chen  (2005) showed  degradation of  the small

strain  shear  moduli  of  sands  that were  measured  dynarni-

cally during undrained  cyclic  triaxial tests, Koseki  et  al.

(2000) compared  the small  strain  eharacteristics  of  Toy-

oura  sand  that were  rneasured  statically  during  isotropic

consolidation  and  liquefaction process, and  summarized

that the  values  of  small  strain  moduli  during  liquefaction

are  smaller  than  those  during isotropic consolidation  be-
cause  of  damage to soil structure  due to liquefaction.
However,  as  far as authors  are  aware,  there have been
few studies  that deal with  the liquefaction behaviour of
in-situ frozen specimens  which  have different aging

effects, in particular with  small  strain  characteristics.

  In this study,  therefore, in order  to investigate the

relationships  between aging  effects, liquefaction behav-
iour and  small  strain  characteristics,  a  series  of  undrained

cyclic  triaxial  tests was  performed  on  high quality in-situ
frozen samples  from  Holocene and  Pleistocene deposits,
and  their reconstituted  samples,  The  degradation of  the

aging  effects  ef  each  sample  on  the  liquefaction behav-
iour was  investigated based on  the  srnall strain  character-

istics. In addition,  the applicability  of  reconstituted  sam-

ples as  substitutes  for in-situ frozen samples  was  dis-
cussed  based on  the concept  that the liquefaction
resistance  of  a  disturbed sample  would  be the same  as

that of  an  undisturbed  sample  when  their relative  densi-
ties and  small  strain  characteristics  are  adjusted  as

proposed by Tokimatsu and  Hosaka  (1986).

TESTED  MATERIALS

  Three  kinds  of  in-situ frozen samples  (denoted as FSs)

tested  in this study  were  taken  from  a  Holocene  deposit

(denoted as  Tone-river  sand)  and  Pleistocene deposits

(denoted as Edo-river B and  C sands).  They are  sandy

soils,  and  their  fines contents  are  less than  3%  as summa-

rized  in Table 1. The geological ages  of  these deposits
were  older  in the  order  of  the  Edo-river C  sand,  the  Edo-

river  B  sand,  and  the Tone-river sand  (Kiyota et al,,

2009). In addition,  reconstituted  samples  were  also  used

in this study.  The  details of  their preparation procedures
are  shown  later,

TEST  APPARATUS

 An  automated  tria)cial apparatus  was  used  to  test cylin-

drical specimens  that were  approximately  50 rnm  in di-
ameter  and  100mm  in height. Refer  to  Kiyota  et  al.

(2009) for the details of  the apparatus  and  the transducers
employed.  The  vertical  static  Young's  modulus,  E,,, was

evaluated  from  the  small  cyclic stress-strain  relationships

with  a double amplitude  vertical  strain  of  approximately

O.O02%,  which  were  measured  with  a pair of  local defor-
mation  transducers (LDTs, Goto et al., 1991). To  calcu-

late the static shear  moduli,  G," (denoted as GD, from the

E,, Eq. (1) was  used  while  considering  the effects  of  inher-
ent  and  stress-induced  anisotropies  on  the  small  strain

properties (Tatsuoka, et  al.,  1999).

            a･ 2(1-vo)
      Gs                                         (1)
          2(1+vo) 1+a･Rn-2"ff･Rn!2-v,

where  R is the principal stress  ratio  (=a"/aA), a  is the

parameter  regarding  the inherent anisotropy  of  Young's

moduli,  and  n  is the  power  number  that  is related  with  the

stress-state  dependency of  Young's moduli.  Note that the
value  of  the  reference  Poisson's ratio,  vo, was  set to  be
O.l7, which  was  assumed  for the fine sand  based on  the

study  by Hoque  and  Tatsuoka (1998).
  Since the static Young's moduli  of  saturated  specimens

obtained  under  undrained  condition  are  affected  by
change  in the pore  water  pressure during small  cyclic

loading and  inherent and  stress-induced  anisotropies,  the

values  of  E, during liquefaction were  converted  to those

under  drained condition  by Tatsuoka et al, (1997) as:

                  1 +  2(aRn)O･5vox
            a- =  Evu                                         (2)
                      1+x

where  x  is the stress increment ratio  during small  cyclic

vertical  loading under  undrained  condition  given by:

SampleTone-river

Edo-river B

Edo-river C

Depth  (GL-m)

11,8-12.1

10.3-11.0

16.0-16.3

I

Tableat1. Basic properaes  of  testes samples  (after Kiyota  et  al.,

                     i

'o;
 is in-situ overburden  stress  at  the  depth  of  sampling

t'K
 is shear  wavc  vclocily  mcasured  by  in-sit- PS  legging

2009)

JI*(kPa)Dso(mm)F,(C/.)Ueemax
i

e.,.iV,*X'(mls) Geologicalage

100tttttttttO.188 1.22.01.066O.675i240

O.7101270

Holocenedeposit
(8,OOOyr)

100 O.561 1.043
YoungPleistocenedepo

(130'10'yr).-

160 O.189

3,O

2.9

4.3

2.1

/
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    tdaAX 1-2(aR")O･Sv,
X=

 
-KdocJ

 2aRn[1-vo-(aR")-O'Svo+2(bEh/of,d)] 
(3)

where  E,･. is vertical  Young's moduli  under  undrained

condition,  EL  is horizontal Young's  moduli  under  drained

condition  that are  formulated as a  function of  the current

efiective  horizontal stress aA,  and  d  is the diarneter of  the

specimen  in cm.  Note that the parameter  regarding  the

effects of  membrane  penetration, b, was  set to 1.7× 10731
ln 10, which  was  experimentally  obtained  by Goto  (1986)
for fine sand.  The  value  of  a  was  back-calculated with

Eqs,  (2) and  (3) from  the E,, and  EL values  which  were

measured  during isotropic consolidation.  As a  result,  the

a  value  was  set at ] .2 for reconstituted  sample  of  the Edo-

river  B  sand,  and  O.8 for the  other  samples.  Note  that the

a  value  is the  inherent anisotropy  parameter  represented

as Ev/Ei,, Hoque  and  Tatsuoka  (1998) reported  some

degree of  inherent anisotropy  with  E.>Eh  for Toyoura

sand,  which  corresponds  to the result  of  the reconstituted

sample  of  the Edo-river B  sand.  This feature is opposite
to that of  EL･>Eh by AnhDan  and  Koseki  (2003), which

corresponds  to the other  samples  in this study.  Although
the specific  reasens  are  not  known  to the authors,  the type

of  the samples  (FS and  reconstituted  sample)  as  well  as

the difference in the uniformity  coeMcient,  UL, between
the Edo-river B sand  alld the other  samples  (see Table 1)
could  infiuence the value  of  a.  The value  of  n  was  ob-

tained  by using  Eq.  (4) (Tatsuoka and  Kohata,  1995). In

this study,  difierent values  of  n  were  set  for respective

specimens  based on  the results  from measurements  ofa

during isotropic consolidation,

               za=ao  (£i)
"

 (4)

where  ao  is the value  of  E,  when  aC  is equal  to a  reference

pressure, oCo  (1OO kPa  in this study).

  As  small  strain  characteristics,  the dynamic shear

modurus,  Gd, was  also  measured  in this study.  A  pair of
accelerometers  was  used  to  measure  the  arrival  of  S  wave

at two  different heights on  the side  surface  of  the speci-

men  and  thus evaluate  the dynamic shear  moduli  em-

ploying the  following  equation,  Refer to Kiyota et al.

(2009) as  well  for the  details of  the dynamic measure-

ment,

                 G, =p-  Vi (5)
where  p is the rnass  density of  the specimen,  and  K  is S
wave  velocity.

TEST  PROCEDURES

  In this study,  since  a low confining  pressure during
thaw  process caused  disturbance to the  FSs  as  reported  by
Kiyota  et al. (2009), the FSs  were  thawed  at  a  confining

pressure of  98 kPa  which  is almost  equivalent  to  the  in-

situ overburden  stress at the depth of  sampling  of  the
Tone-rjver  sand  and  the  Edo-river  B  sand  (see Table  1) as
well  as  the  limit value  of  the capacity  of  conventional

vacuum  pumps. On  the  Qther  hand, the FSs of  Edo-river

C  sand  were  thawed  at  confining  pressure of  30 kPa  or  98
kPa  which  is lower than  those  of  in-situ overburden

stress. However,  Kiyota  et al. (2009) confirmed  that  the

disturbance due to low confining  pressure with  Edo-river

C  sand  was  insignificant. The  other  details of  the  sample

preparations were  given elsewhere  (Kiyota et  al.,  2009),
The FSs were  saturated  while  keeping  a constant  confin-

ing pressure, After confirming  that the B  value  of  the

specimens  is not  smaller  than  O.96, the specimens  were

subjected  to isotropic consolidation  up  to a specified  con-

fining stress which  is equivalent  to the in-situ overburden

stresses  at the depth of  sampling,  with  a back pressure of
200 kPa.
'
 The  reconstituted  samples  (denoted as RSs) of  the

above  three  samples  were  prepared  in order  to study  the

effect  of  aging.  The  RSs  were  prepared  by pluviating
oven-dried  material  of  the FSs  through  air, and  the height
of  pluviation was  changed  to  adjust  the  dry densities at

the same  level as that  of  the FS. After  saturating  at a  con-

fining pressure of  30 kPa  and  confirming  the B  value  of

the specimen  (B >O.96),  the RSs were  consolidated  to the

same  isotropic effective  stress states  as those of  respective

FSs with  a  back pressure of  200 kPa. After isotropic con-
solidation,  some  of  the RSs were  subjected  to 10,OOO or
20,OOO cycles  of  yertical  load with  double amplitude  verti-

cal  strain,  e,oA),  ofO.1%  at  C.=O.6%/min  under  drained
condition.  This  is one  of  the procedures to increase the
stiffness  and  the liquefaction strength  of  the  specirnen

without  significantly  changing  the specimen  density

(Drnevich and  Richart, 1970; Seed, 1979), and  Goto

(1993) also  used  the  value  of  s.oA)  of  O,1%  to increase the
liquefaction resistance.  The  RS  which  has such  a  stress

history is called  RSCL  in this paper.
  After the  aboye  procedures, undrained  cyclic triaxial

tests were  performed  with  constant  amplitude  of  cyclic

stress at  t.= O.2%lmin, The  static and  dynamic small

strain  shear  moduli,  G," and  Gd, were  measured  on  the

FSs, RSs  and  RSCLs  during the processes of  the isotropic
consolidation  and  the undrained  cyclic  loading, When  the

6," and  Gd were  measured  during undrained  cyclic load-
ing, the t. value  was  reduced  to O.02%fmin,

TEST  RESULTS

Small Strain Characteristies during lsotropic Consolidu-
tion

  In order  to normalize  for the  effects  of  different void

ratios,  e,  the following function proposed  by Hardin  and

Richart (1963) is applied  to normalize  the shear  moduli

measured  by  static  and  dynamic  measurement,  G,* and
Gd.

           .f<e)=(2.17-e)2/(1+e) (6)

  Figure 1 shows  the relationships  between G,', Gd  and  a

stress parameter,  (oC･aA)O'i, of  the Tone-river sand  meas-

ured  during  isotropic consolidation.  The G," and  Gd
values  for the FSs were  measured  only  at aC=oA=100

kPa  because the  initial isotropic stress  state of  the FSs
was  98 kPa. Data  with  small  dots and  thin lines represent
the test results  of  individual specimens  of  the FSs  and  the
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 and  their average  values  for the  FSs were  larger than

 those for the RSs  even  though  they were  normalized  by

 the void  ratio function of  Eq. (6).
   Figures 2 and  3 show  the G," and  Gd values  of  the Edo-
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river  B  and  C  sands  measured  during isotropic consolida-
tion. Note again  that the G," and  Gd values  for the FSs
were  measured  at  a  confining  pressure of  1OO kPa  because
the {nitial isotropic stress  state  of  the FSs was  98 kPa. The
average  values  of  Gi  and  Gd for the FSs were  larger than
those of  the  RSs.

  The  results  of  in-situ PS  logging are  also  shown  in Figs.
1, 2 and  3 with  thick horizontal lines. The  range  of  the

horizontal line represents  the  in-situ stress states (esti-
mated  assuming  aA/o(,=O.5)  of  the  soil layer where  the

FSs were  retrieved.  Since the Gd yalues  of  the FSs were

almost  similar  to the results  of  in-situ PS  logging as

shown  in Figs. 1(b), 2(b) and  3(b), it could  be  inferred

that the  disturbanee of  the FSs was  smaN.  Howeyer, the
G," values  were  smaller  than  the Gd values.  Such  a  feature

that small  strain  moduli  by dynamic measurement  are

larger than  those  by static  measurement  has been report-
ed  by previous researches  (e.g,, Yarnashita, et al., 2003).

In particular, Tanaka  et  al.  (1994) showed  that the stiffL

ness  from the static rneasurement  refers  to the overall

deformation behaviour, whereas  the elastic  wave  meas-

urement  refiects predominantly  that  of  the  local stiff part.
  The  remarkable  feature of  the  test  results  shown  in
Figs, 1 to 3 was  the difference in the  shear  moduli  be-
tween  the FSs and  the RSs.  The  ratios  of  average  value  of

G," and  Gd of  the RSs to those ef  the FSs, G.'- cRs}ayclGs"cFs)avc

and  Gd{Rs}avcfGd{Fs)avc, which  were  measured  at the end  of

isotropic consolidation  are  also  shown  in these  figures.

Since it would  be reasonable  to assume  that the FSs  from
both  the  Holocene  and  the Pleistocene deposits have their

own  aging  eflects while  their RSs do not  have such  effects,

the  values  of  Gs*t'Rs}ave/Gs*a,s)ave and  Gd(Rs)avcfGdus)avc refiect

probably  the degree of  aging  effects of  each  deposit.

  Note  again  that the  aging  effects in this study  are consi-

dered to be  developed  by inter-locking and  cementation.

Especially, in the case  of  Pleistocene deposits like the FSs

of  Edo-river B and  C sands,  the cementation  effect  may

have taken  place due to the diagenesis,

 Kiyota  et  al. (2009) performed unconfined  compression

tests on  the  same  materials  as tested in this study.  As  sum-

rnarized  in Table  2, the  cementation  effect of  Edo-river C

sand  could  be stronger  than  that of  Edo-river B  sand,  and

Tone-river  sand  and  the RSCL  are  not  infiuenced by this

factor. Therefore, the larger values  of  the small  strain

shear  moduli  with  the  FS  of  Tone-river sand  in compari-
son  with  the RSs  (see Fig. 1 and  Table 2) would  not  be
due to cementation  but due to inter-locking of  soil parti-

cles.

Possibte Aging ELOI7cts due to dyciic Loading  Histoi:y

  Drnevich  and  Richart (1970) showed  that  the  stiffriess

of  the specimen  is increased due to cyclic  loading history
without  significant  volume  change  of  the specimen,  On
the  other  hand, Wichtmann  and  Triantafyllidis (2004)
showed  only  moderate  changes  of  small  styain  stithess

even  though 100,OOO cycles  of  vertical  loading was  ap-

plied. Those  previous studies  were  carried  out  with  dry
sands  while  saturated  sands  were  used  in the present

study.  In any  case,  if the aging  effects  of  specimen  could

be Iinked with  the  small  strain  characteristics  as  men-

tioned above,  they would  be  more  or  less produced  by
drained cyclic  Ioading history. In this study,  some  of  the

RSs were  subjected  to 10,OOO or  20,OOO  cycles  of  vertical

loading with  constant  e.(DA) of  O.1%  under  drained condi-

tion  after  isotropic consolidation,

  Figure 4 shows  the relationships  between number  of

cycles  and  changes  in the shear  moduli  of  all samples,  The

increases in the  static  and  dynamic shear  moduli,  G," and
Gd, were  observed  with  increase in the number  of  cycles,

This feature implies that the specimen  couEd  be strength-

ened  with  enhanced  inter-locking between the soil parti-
cles due to drained cyclic loading, Seed (1979) and

T. able  2.

Sample

SmaLL strain  shenr  moduli,  liquefactioll Tesistance  und  unconfined  compression  strength  of  tested samples

Type

Tone-riverI

 FS
1-

whtSCL1oooo)
1FS

Gs*Hve(f(e) 
+

 (MPa)

  70.8

  62.6

  7S.6

  126,3

GdHveij(e)+

 (MPa)

  93.1

Edo-river B1RS

Edo-river C

RSCLaooomFS

    RS 
'

FIgii;ioooo)

63.782.8

 
i

I57.496.5132.3

70.791.6/

O.43O.17

R,,]

    l

O.43

 Reduct[on
rate  for G,"  

'
            Reduct5on Reduction
           rate  for R";rate  for Gd"

  
'-'

 

''
qu'"' (kPa)

    60%

e  -1!'-

    Liquefied
-r

129.1 O.40[

91.5 O.16

115.3iO.38

283.7 O.32

140.7 e.14

192.3 O.30

so%  t,,.
 1

l

i:: 
'i

29%11%

50%32%

60%50/o-57CM,6C/,

Li'

19.5

28.6

Liquefied

+  : Average values  of  G,'U(e> and  Gdij(e) measured  irnmedtately before the  ]iquefaction test {a;= aS  
=

 100 kPa  for Tone-river sand  aad  Edo-

     river  B  safid:  a;,=oA=160  kPa  foT Edo-river C  sand)

 + + : Defined, for example,  as { t - GG'Itl iliili } x 100 (%), for the case  with  Gcr of  RS
+  +  +  : Refer to Kiyota  et al, (2009)
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   C  sand

Tokimatsu  and  Hosaka  (1986) among  others  reported

that such  drained smal1  cyclic  loading caused  increase in
stiffriess  as  well  as liquefaction resistance  of  the specimen.

The  change  in the liquefaction resistance  is shown  later,

  The  Gd values  of  the  RSs  after  drained small  cyclic

loading became  sirnilar to or  larger than  that of  the FS in
the  case  of  Tone-river  sand  as  shown  in Fig. 4(a). There-

fore, the RSs  of  Tone-river sand  seem  to have produced
the same  aging  efiect as  the FSs in terms of  the small

strain  shear  moduli.  On  the other  hand, as shown  in Figs.
4(b) and  (c), the Gd  values  of  the RSs  of  Edo-river  B and

C  sands  could  not  reach  the Gd values  of  the  FSs even

though  the number  of  cycles  exceeded  20,OOO.

  The  shear  moduli  could  be also  increased due to a den-･
sification  of  the  specimens  by drained cyclic  loading, As
shown  in Fig. 4, the  increment in the volurnetric  strain

caused  by drained cyclic  loading, 6vo]cc,e} was  approximate-

ly O.5%,  1%  and  3%  for Tone-river sand,  Edo-river B
sand  and  Edo-river  C  sand,  respectively.  However,  since

the  values  of  shear  moduli  were  increased by the  applica-

tion of  the drained cyclic  loading even  though  they  were

normalized  by the yoid  ratio  function, such  increment in
the  shear  moduli  could  be  linked with  enhanced  inter-
locking between the soil  particles.

Liquefaction  Properties

  Figures 5 and  6 show  the typical results  of  undrained

cyclic  triaxial tests on  a  FS of  the Tone-river sand  and  its
RS  respectively,  The  square  symbols  on  the stress-paths

and  stress-strain  relations  represent  the measuring  points
of  small  strain shear  moduli,  G," and  Gd. As shown  in the
figures, the respective  relative  densities, D,, of  the FS  and

the RS  were  similar  to each  other.

  However, as indicated on  the  stress-paths  shown  in
Figs. 5(a) and  6(a), the liquefaction processes of  the  FS
and  the RS  were  different from each  other  irrespective of

the sarne  cyclic  stress  ratios  applied,  ad/2a[=O.4  where

ad  and  aa  denote single  amplitude  of  the cyclie  vertical

stress  and  the effective  confining  pressure at  the end  of

isotropic consolidation,  respectively,  The  effective  stress

of  the RS  was  decreased significantly  at the  first cycle

(Fig. 6(a)), whereas  that of  the FS was  decreased gradual-
)y with  the increase in the  number  of  cycles  as shown  in

Fig. 5(a).

  As indicated on  the  stress-strain  relations  shown  in
Figs. 5(b) and  6(b), developments of  the e. which  shifted

to the extension  side  could  be observed  with  both the FS

and  the RS. The  increase in the 6.(bA) with  the number  of

cycles,  IV,, of  the  RS  was  more  significant  than  that  of  the

FS. More  specifically,  the  required  numbers  of  cycles  to

cause  s.oA)  
=

 3%  of  the  FS  and  the RS  which  are  shown  in
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Figs. 5 and  6, were  29 and  3.5, respectively,  from that of  the RS  (Fig, 6). The  extent  of  the reduction

  Figure 7 shows  the undrained  cyclic  test results  of  a  of  effective  stress of  the RSCL  was  much  smaller  than
RSCL  of  the Tone-river  sand  which  was  subjected  to  that  of  the RS.  Although tbe relative  density, D,, of  the

10,OOO cycles  of  vertical  load  with  e,oA)=O.1%  under  RSCL  was  higher than  those of  the FS and  the  RS,  the

drained condition  after  isotropic consolidation.  The  liq- liquefaction behaviour of  the RSCL  rather  corresponded

uefaction  behayiour of  the RSCL  was  totally different to that of  the FS (Fig. 5). It could  be inferred that  the
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higher liquefaction resistance  of  the RSCL  was  caused  by
formation of  inter-Iocking of  the soil particle due to the
application  of  drained cyclic  loading before the  liq-

uefaction  test as  mentioned  previously. However,  as indi-
cated  on  the stress-strain  relation  shown  in Fig. 7(b), de-
velopment  of  the s. values  to both the  compression  and

the extension  sides  could  be  observed  with  the RSCL,
while  they  shifted  only  to the extension  side  for the FS
(Fig. 5(b)), Figure  8 shows  the  stress-strain  relations  of

60

  40g･

za"". 
20

S,'fn
 -2o

4e

6e
 
-O.10 o.os  o.oo o.es

    Vertical strain, e. (%)
O.10

Fig. 8. Stress-strain relations  during drained cyclic  ]oading of  RSCI,

   of  Tone-river  sand

the  RSCL  for the first and  10,OOOth cycles  during the
drained cyclic Ioading with  constant  e.oA)  of  O.1%. The
stress-strain  relation  after  the 10,OOO cyclic  loading shift-
ed  by about  20 kPa  to the extension  side. This anisotropic
stress history of  the RSCL  could  probably cause  the

different stress-strain  behavior from the FS. On  the  other

hand, for the RSCL  (Fig, 7(b)), since  the s. values  shifted

to the compressien  side  when  s.{DA)  exceeded  about  4.5%,
there is a  possibility that  a strain  localization was  devel-
oped,  which  altered  the overall  deformation  characteris-

tics as  well.

  Other  series of  undrained  cyclic  triaxial  tests were  per-
formed  with  Edo-river B and  C  sancls. As  shown  in Figs,

9(a), (b), 10(a) and  (b), the tendency  of  the reduction  of

effective  stress  for the  FSs  and  the RSs  of  Edo-river B  and

C  sands  were  similar  to that  of  the Tone-river sand  shown

in Figs. 5(a) and  6(a), even  though  the reiative  density of
the  RS  of  Edo-river C  sand  was  higher than  that of  the

FS. In addition,  the liquefaction resistance  of  the  RSCL

of  Edo-river B and  C sands  became  larger than  that of  the

RS  due to the application  of  20,OOO cyclic  loading with

e.oA)  of  O.1%  under  drained condition  as  shown  in Figs.
9(b), (c), 10(b) and  (c). However, the  liquefaction
resistance  of  the RSCL  seems  to  be still lower than that of
the  FS  for Edo-river  C  sand.  It was  also  the  case  with

Edo-river B sand,  although  the  difference in the liq-
uefaction  resistance  of  the RSCL  and  the FS  became
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smaller.  Since, they weye  similar  to each  other  for Tone-  stress  parameter,  (a(,･afi)O'5. Decrease  in the values  of  G,'
river  sand,  it could  be suggested  that the aging  effects  of  and  Gd was  observed  with  thedecrease  in (c7C･aOO'S during
the  FSs  were  stronger  in the order  of  Edo-river C  sand,  liquefaction, However,  the G,' values  somewhat  fluctuat-
Edo-riverBsandandTone-riversand.  ed  while  more  unique  relationships  between Gd  and

  Figure 11 shows  the values  of  G," and  Gd of  the FS of  (aC･ofi)O'5 could  be  observed.  Figure 12 shows  the Gd
Tone-river  sand  during undrained  cyclic  triaxial test, values  of  the RS  and  the RSCL  of  Tone-river sand.
which  were  rneasured  under  the isotTopic state,  triaxial AIthough  their initial yalues  were  different from  that  of

compression  (denoted as  TC)  state  and  triaxial extension  the  FS, they exhibited  a trend of  reduction  during  liq-

(denoted as TE)  state,  and  protted versus  the effective  uefactiQn  that xvas  similar  to that with  the  FS  as  shown  in
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        a)  Stressparameter. k.'oLVOf(kPa) b) stress parameter, q,'q'P'''

                 Fig, 12. Gddie)  during liquefaction process of  a) RS  and  b) RSCL  of  Tone-river sand
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   sand

Fig, 11(b), With  the RS,  the Gd values  during liq- Figure 13 compares  the relationships  between the cy-

uefaction  wereequalto  er  slightly  smallerthan  those  dur- clic  stress  ratio,  ad/2cC,  and  the number  of  cycles  re-

ing isotropic consolidation  under  the same  stress  level. quired to cause  E.(DA}=3%  for all samples.  The
This may  suggest  that soil structure  was  less stable  during resistances  of  the FSs against  liquefaction were  obviously

liquefaction than  during isotropic consolidation.  Further higher than  those of  the  RSs for all samples.  Hatanaka  et

discussion on  the small  strain  shear  moduli  during liq- al. (1985) and  many  studies  have reported  the same  ten-
uefaction  are  given later. dency as  obtained  in this study.  It should  be noted  again
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that the liquefaction resistances  of  the RSCLs  were  in-
creased  significantly  and  approached  those of  the FSs.
Note  also  that  the  extent  of  the  increase in the  liq-
uefaction  resistance  of  the RSCLs  seem  to be linked with
the number  of  drained cyclic  loading.

  The  reduction  rate  for the  liquefaction resistance  de-
fined as the ad/2aC  to cause  e.pA>  

=
 3%  in 15 cycles,  RLis,

weTe  shown  in Table 2. The  reduction  rate  for the RL]s of

the RSs of  the Edo-river B  and  C  sands  should  be higher

than  that of  the Tone-river sand  if the aging  effects of  the

former sands  are  stronger  than  those of  the latter sand.
However, in the present study,  the differences in the
values  of  reduction  rate  for the RLis between the Holo-
cene  and  the Pleistocene sands  were  relatively  small  in
comparison  with  the differences in those for G," and  Gd

that were  measured  during isotropic consolidation  as

shown  in Figs. 1, 2 and  3.

Corretations between Liquqfdctien  Rasistance and  Smalt

Strain Characteristies
  Figure  14 shows  the  retationships  between  the  RLis and

small  strain  shear  moduli,  G,"N and  GdN, which  were  meas-

ured  immediately before the liquefaction tests. The
values  of  G,"N and  GdN were  evaluated  by the following
equation  in order  to normalize  for the effects of  minimum

void  ratio, e.i., and  the stress level, as proposed  by
Tokimatsu and  Uchida (1990).

              GN=f(,G..) (i:/')
"

 (7)

where  a6  is reference  pressure (100 kPa  in this study),  al.

is the effective  stress  (denote as  (a<, 
･ofi)"'S)

 when  the shear

moduli  (G,' or  Gd) were  measured  andf(e.i.)  is the value
of  the void  ratio  function (Eq, (6)) at  the minimum  void

ratio.  Note  that the power  number,  n,  is the same  as used

in Eq,  (1).
  As  shown  in Fig. 14(a), relationships  between  the
values  of  GdN and  Ri,is were  unique  for each  sample,  while

they  were  different from  each  other,  depending  on  the

types of  the tested material.  A  larger value  ofRLis  was  ob-

served  when  GdN was  larger. In the case  of  the RSCL  of

Tone-river  sand  with  IO,OOO cycles,  almost  the same

values  of  GdN andRLis  were  obtained  as  those of  the  FS,

In the case  of  Edo-river B and  C  sands,  although  the

values  of  GdN and  RL]j of  the RSCL  could  not  reach  those

of  the FS, they were  significantly  increased from the origi-

nal  values  of  the RS.

  Note  again  that the  unconfined  compression  tests could

not  be carried  out  with  the  FS  of  Tone-river  sand  and  the

RSCL  of  Edo-river C  sand  as summarized  in Table  2.

This  observation  suggests  that the  larger values  of  the

small  strain  shear  moduli  and  liquefaction resistance  with

the FS of  Tone-river sand  and  the  RSCL  in comparison

with  the RSs  (see Figs, 13 and  14) would  not  be due to

cementation  but due to inter-locking of  soil particles.

  Meanwhile, the relationships  between the G,"N and  the

RLis shown  in Fig. 14(b) rather  fiuctuated in comparison
with  the GdN and  RLis relations.  In this study,  therefore,

the small  strain  shear  moduli  by dynamic measurement,

Gd, was  found  to  be mere  relevant  than  those by static

measurement,  G,*, in estimating  the liquefaction
resistance,  which  is affected  by the aging  effects,

DISCUSSIONS

inter;preting Degradation of Aging  EJ(7lects during Li-
queftlction

  Figure 15 compares  the relationships  between the dy-
namic  small  strain  shear  moduli,  Gd, and  the effective

stress parameter, (aC･a£)O'5 during liquefaction test of  the

FSs and  the RSs, In order  to simplify  the relationships  in
Fig. 15, the Gd  values  measured  only  at  isotropic stress

states  were  plotted for the FSs  while  all  the data were

plotted for the RSs,  because the Gd  values  were  measured

at a  large number  of  points for the FSs  in comparison
with  the  RSs  as  shown  in Figs. S and  6.
  As  shown  in Fig. 15(a), in the case  of  Tone-river  sand,

the  Gd  value  of  the  FS  which  was  measured  at the begin-
ning  of  liquefaetion test was  larger than  that of  the RS,
The Gd values  of  the FSs approached  those of  the RS
when  the (oC- ･ aA)e'j  value  was  approximately  40 to 80 kPa
at e.oA)=  1,O% on  average.  On  the other  hand, although
the Gd values  of  Edo-river B  sand  also  decreased with  the

decrease in the effective  stress  as  shown  in Fig. 15(b), the

o.s
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 o.3c8'g

 e,2ee8g-

 ,.,

o,o
 SO 100 ISO 200 250

a) NeTmalized dynamic shear  modali,  Gd,; CMPa)

O.5

xi' 
O.4s.tla

 e.1:tt

 02Edi:V.

 
e,L

e.ob)SO
 100 150

Noimalized static sheaT  moduli,  G,; (MPa)2oe

Fig. 14.Relationships  between  liquetnction resistance  and  a) GdN  alld b) G,*N

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

270 KIYOTA  ET  AL.

  120"atSiOovs

 
-..

 goe'

 ttt=pv

 6ecEde2

 4evo'Ea

 ?Os>1Q

   o

Tone-mversand

Dpvo FS.TxTon-FT.ofg,LOAS

FS, 
'I'xTtm.F4,

 fiO o.  
L-

 O 40

FS, TxTon-F7, qPc.LO.40

Rg,1'xlon-Rl,ff.Pa.LO,40
     1 1ttttt ttttttttttttttttt
 S.aH=  1･3 Yo o'

twges...v

       o
  FS O       pt
'o{''

 
'pa"

    es @Q
        1

 
''/''

 
'''･'

 
''"''''',RS'''

   s =O.8%

   ,a/A./

c -- r.1%v,O･-

a)o

20   40 60

Stressparameter,
    8.0c2I,'g,V"'100

  1ecthfi

 
140vS

 12o"

 trb

 1oori8

 sosNts

 60B

¢
o  40.:2k

 
2e-

   o

     o

 b)
2.0   40 M  SO

Strcssparameter. k,'q,V"'i
1-O

!･
gl-･g:i.;;･Q

3oo

200

100

oc)o2040

 60 80 100 120 140 160 lgO

  stress parameter, (lr.'g,V'''[

Fig. 15.Comparisom  of  Gil4f(e) during liquefactio" between  FS  and  RS  on  a)  Tolle-riyer sand,b)  Edo-river B  szand  and  c)  Edo-river C  sand

Table 3.Summar},  of  applicabMty  of  reconstituted  sample  (RSCL) for in-situ frozen sample  (FS)

Sarnple

Tone-river

Type

FS

Stateswhentheweredeg

ttt(ff;,･af,)"S(kPa)

38-76

RSCLtiouou) 52-66

Edo-riverB
FSRSCLaoonn) 10-25

i 85
'

Edo-riverC
FS 5

RSCLc2mmo) 80-11S

#: Except  f'or the  data with  e.cDA)=7.6%  in Fig.IS(c)

!

i

lSimilarity
 between

 FS  und  RSCL

Sv(DA} (%)O.8ml.3O.4-O.62,8-4.3

 O.33.4-3.6

 1.S#

NL!NL(]ut)-ev(DA)

Marginal

1

Marginal

No

            1
Silpgia,rAt,,llg`."

£
e"
 i' A,,iicabiiity

    
--

 
/
 ofRSCL

IVLIN.own-MufaE

Yes

No
//

Yes

No

No

/No

reduction  of  the  Gd  values  was  slower  in comparison  with

those  of  Tone-river  sand.  Moreover,  the reduction  in the
Gd values  of  Edo-river  C  sand  was  slower  than  that of  the

Edo-river B  sand  as shown  in Fig. I5(c). In this study,  the

values  of  (o(,･oA)O'5 and  e.(DA}, at which  the Gd values  of

the FSs  approached  to those of  the RSs, are  considered  as

the states when  the aging  effects  of  the FSs  were  complete-

ly degraded,  and  they are  surnrnarized  in Table3.

However,  it is still diMcult to evaluate  separately  the

effects  of  inter-locking and  cementation  on  the Iiq-
uefaction  behaviour.
 Consequently, the soil structure  of  the  FSs  of  Tone-

river  sand  which  possibly have  only  the inter-locking
effect  would  be fragile against  generation  of  excess  pore
water  pressure caused  by liquefaction, whereas  it would
not  break easily  for the FSs  of  Edo-river B  and  C sands
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due to their stronger  aging  effects; more  stable  inter-lock-
ing and  cementation  effects, This feature may  suggest  the
fact that  liquefaction of  Pleistocene deposits has been sel-
dom  observed.

  Comparisons  of  the Gd values  during liquefaction
process between the RSs and  the RSCLs  are  rnade  in Fig.

16. Note again  that the Gd values  measured  only  at

jsotropic stress states  were  plotted for the  RSCLs  while  all

the data were  plotted for the RSs,  AIthough  the  Gd  value

of  RSCLs  which  was  measured  at  the beginning of  liq-
uefaction  test was  larger than  that  of  the RS,  a  sudden

reduction  in the Gd values  of  RSCLs  was  observed  at an

initial part of  the liquefaction process. This feature could
be seen  with  all the samples.  The  values  of  (a;-aOO'S and

e.oA)  at which  the Gd values  of  the  RSCLs  approached  the
results  of  the RSs are  shown  in Table  3. In tbe case  of  the
RSCLs,  since  the increase in the  Gd  values  and  liq-
uefaction  resistance  were  due only  to inter-Iocking be-
tween  soil particles as  mentioned  previously, the  above

tendencies of  degradation  of  the Gd values  during Iiq-
uefaction  tests corresponded  well  to those of  the FSs  of

Tone-river sand  as shewn  in Fig. 15(a) and  Table 3.

Applicability of Reconstituted Samp  te for 1}i -situ IJlrozen
Sample

  As  mentioned  previously, good  correlations  of  liq-
uefaction  resistance,  RLis with  dynamic shear  moduli,  Gd,
were  obtained  for each  sample.  Tokimatsu et al.  (1986)
showed  similar  results  by using  sands  obtained  by  in-situ

freezing and  tube  samplings.  They  concluded  that it
would  be a  promising  means  for assessing  liquefaction
characteristics  to measure  Gd  in the  field, to obtain  sam-

ples by an  economical  method,  and  to prestress them  to
recreate  the in-situ shear  modulus  and  density under

simulated  in-situ stress  condition.  Therefore,  in this
study,  in order  to investigate the  applicabMty  of  the
RSCL  in substitution  for the FS  obtained  from  Holocene
and  Pleistocene deposits, the  liquefaction behaviour of
the RSCL  and  the  FS  of  each  sample  were  cornpared  in
terms of  changes  in double amplitude  vertical  strain,  ex-

cess  pore  water  pressure, and  small  strain  shear  moduli.

  Figure 17 shows  the  relationship  between the e.oA), and

the normalized  number  of  cycles,  7VllNle%), where  Nle%)
is defined as the number  of  cycles  to  cause  evoA)=3%.

Although the increments in the s.<DA) values  of  the RSCLs
were  small  at  an  initial part of  liquefaction, they were

suddenly  increased when  the  IV}11VLe%) were  about  O.4, O.7
and  O,9 for Tone-river, Edo-river B  and  C  sands,  respec-
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tively. On  the  other  hand,  the increments in the e.cDA)

values  of  FSs were  gradual from  the beginning to the end

of  liquefaction. The  differences in the  above  incrernents
between the RSCL  and  the FS of  Edo-river B and  C  sands

were  larger than  those of  Tone-river  sand.

  Figure 18 shows  the relationships  between the  ratio  of

excess  pore water  pressure to the initial confining  pres-

ge-.3la}rf-estrMg2'ls8g.dl:RgoA

  [)o,o

Fig. 17.

O.2o.4  e.6

 N.,Ar.fi..,

verB,(!O,OOUCL)

c,,OoOCL)

o,s1,O

Relationships between  s.cnA) alld  IVLIIVI(]za)

sure,  zl ulaE,  and  IVI/IVLe%), The  value  of  zlu  was  defined
as its minimum  value  at the respective  cycle.  In the case  of

Tone-river sand,  the  z]u/aE  value  of  the FS  jncreased

gradually with  increase in the N}/AiEe?e, and  similar  ten-
dencies were  obtained  with  the  RSCLs  as  shovvn  in Fig,

18(a). On  the  other  hand, in the case  of  Edo-river B  and  C
sands,  significant  differences were  observed  between the
FSs  and  the  RSCLs  as  shown  in Figs. 18(b) and  (c), The

fact that both the E.oA)  and  the zlufaE  values  of  FSs are

larger than  those of  RSCLs  at the same  IV}IAC,(3%) could

imply that the persistency of  the FSs against  liquefaction
was  stronger  than  that of  the RSCLs  in particular with

the cases  of  Edo-river B  and  C  sands.

  Figure 19 shows  the Gd values  of  the FSs and  RSCLs  of

all  samples  during undrained  cyclic  triaxial tests, which

were  measured  under  the  isotropic stress  state,  plotted
versus  (aC･af,)O'S, Note that the Gd value  was  normalized

by  the  void  ratio  function, f(e), in Eq.  (6). Decreases  in

the  Gd  values  during liquefaction were  observed  with  the

reduction  of  the effective  stress Ievel on  all the specimens.
In the  case  of  Tone-river  sand,  the  change  in the  Gd  values

of  the RSCL  seerns  to correspond  to those of  the FSs  as

shown  in Fig. 19(a). On  the other  hand, in the case  of

Edo-river B  and  C  sands,  although  a sudden  reduction  of

the Gd values  was  observed  at an  initial part of  the liq-
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uefaction  process on  the RSCL,  a slower  reduction  of  the
6d values  was  observed  during liquefaction with  the FSs
as  shown  in Figs, 19(b) and  (c),
  The above  contrastive  tendencies between Holocene
and  Pleistocene sands  are  summarized  in Table 3, lt
would  be  diMcult to simulate  the behaviour of  the FS
which  have a  cementation  eflect; i.e., Edo-river B  and  C
sands  from  Pleistocene deposit, by employing  the RSCL
even  if the  Gd  values  were  adjusted  by applying  drained
cyclic  loading history, Meanwhile, it would  be possible to
employ  the RSCL  in substitution  for the FS  in the case  of

un-cemented  sarnple;  i.e,, Tone-river sand  from  Holo-
cene  deposit.

CONCLUSION

  The  present paper  investigates the effects  of  aging  on

smal1  strain  shear  moduli  and  liquefaction properties of
three kinds of  in-situ frozen samples  which  were  retrieved

from Holocene (Tone-river sand)  and  Pleistocene (Edo-
Tiver  B and  C sands)  deposits and  their  reconstituted  sam-

ples with/without  drained cyclic  loading history, The
conclusions  could  be  summarized  as follows;

  a) Small strain  shear  moduli  could  refiect the extent  of

    natural  aging  efiects  of  tested samples.  Higher

  values  of  small  strain  shear  moduli  were  obtained

  with  the in-situ frozen samples  than  with  the recon-

  stituted  samples  during  isotropic consolidation,

  and  larger difierence between thern was  observed

  with  the Edo-river B  and  C  PIeistocene sands  than

  with  the Tone-river Holocene sand.  In addition,  the
   small  strain  shear  moduli  of  the reconstituted  sam-

  ples increased due to drained cyclic  loading history.
b) Although  the relationships  between the liquefaction
  resistance  and  the small  strain  shear  moduli  which

  were  measured  immediately before liquefaction test

  were  not  unique  among  different sarnples,  larger
  liquefaction resistance  was  observed  with  an  in-
  crease  in the  small  strain  shear  moduli.

c) From  the observation  o'f change  in the small  strain

  shear  moduli  during  liquefaction, degradation of

  the  aging  effects  of  the tested samples  could  be

  recognized.  The  soil structure  of  the Tone-river

  Holocene sand  which  have  only  inter-locking effect

  would  be fragile against  the  generation of  excess

  pore  water  pressure, whereas  it would  not  break
  easily  for the Edo-river B  and  C  PIeistocene sands

  due to more  stable  inter-locking and  cementation

  effects.

d) Puring the liquefaction process of  the Tone-river
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Holocene  sand,  similar  tendencies of  changes  in the
double amplitude  vertical  strain, excess  pore water

pressure and  small  strain  shear  moduli  could  be ob-

served  between the in-situ frozen sample  and  their
reconstituted  sample  which  has drained cyclic  load-

ing history. On  the other  hand, the above  tenden-

cies were  different between the in-situ frozen sarnple
and  their reconstituted  sample  for the Edo-river B
and  C  PIeistoeene sands.  Consequently, the appli-

cation  of  the reconstituted  sample  in substitution
for in-situ frozen sample,  as  suggested  by
Tokimatsu and  Hosaka  (1986) for assessing  in-situ
liquefaction characteristics,  would  be relevant  in
the case  of  Iess-cemented sample,  whereas  it seems
diMcult  to simulate  fully the liquefaction behaviour

of  in-situ frozen sample  which  has higher cementa-
tion effect.
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