
The Japanese Geotechnical Society

NII-Electronic Library Service

TheJapaneseGeotechnical  Society

SOILS  AND  FOUNDATIONS

Japanese Geotechnical SocietyVol.

 46, Ne.  1,99-108, Feb. 2006

FEMSIMULATION  OF  THE  VISCOUS  EFFECTS  ON  THE  STRESS-STRAIN

  BEHAVIOUR  OF  SAND  IN  PLANE  STRAIN  COMPRESSION

MoHAMMED  S,A,  SID]]IQuEED, FuMTo  TA'rsuoKAli) and  TAt)A'['suGu TANAKA-}

                                         ABSTRACT

  A stress-strain  model  called  TESRA  (Temporary Effects of  Strain Rate  and  Acceleration), described in a  non-linear

three-component  framework, has been proposed  to simulate  the  effects  of  viscous  property  on  the  stress-strain

behaviour observed  in drained plane strain compression  (PSC) tests on  clean  sands.  According to the TESRA  model,

the current  viscous  stress component  is obtained  by integrating for a given history of  irreversible strain  increments of
viscous  stress component  that  developed by respective  instantaneous irrecoverable strain  increment and  its rate  and

have  decayed with  an  increase in the irreversible strain until the present. The TESRA  model  was  implemented into a
generalized elasto-plastic  isotropic strain-hardening  non-linear  FE  code.  The integration scheme  to obtain  the viscous

and  inviscid stress components  according  to the TESRA  model  in FEM  analysis  needs  somc  specific  considerations

including the  relevant  choice  of  the suitable  rate  paramcter,  The  shear  stress-shear  (or axial) strain-time  relations

from  five drained PSC  tests on  saturated  Toyoura  sand  and  air-dried  Hostun sand  were  successfully  simulated  by the
FE  code  embedded  with  the TESRA  model.  It is shown  that the FE  code  can  simulate  the time-dependent  stress-strain

behaviour  of  sand  accurately  without  spending  any  significant  extra  computational  time  or  storage.  The  results  of

simulation  using  one  element  and  multi-element  are  essentially  the same.

Key  words:  creep  deformation,  FEM  simulation,

property  (IGC: D61D7)
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EP2
INTRODUCTION

  The loading rate  efiects  due to material  viscosity  on

the  strcss-strain behaviour of  sand  (not due to delayed
dissipation of  excess  pore  water)  are  often  very  important
in geotechnical engineering  practiee. A  number  of

researchers  (e.g., Di Benedetto and  Tatsuoka, 1997; Lade
and  Liu, 1998; Matsushita et al., 1999; Di Benedetto et
al., 2002; Tatsuoka  et al,, 2002; Kuwano  and  Jardine,
2002; Nawir et al., 2003a, b; Tatsuoka,  2004) reported

significant  loading rate  effects observed  in laboratory
stress-strain  tests on  drained sand;  i.e., effects  of  strain

rate  and  its change  on  the stress-strain  relation,  creep

deformation and  stress-relaxation  during otherwise

monotonic  loading (ML) at  a  constant  strain  rate.

  Within  the  framework  of  the  general non-linear  three-

component  model  (Fig. 1), Di  Benedetto  et  al.  (2002) and
Tatsuoka  et  al.  (2002) proposed  a  set  of  stress-strain

modeLs  to simulate  the  efiects  of  material  viscosity  on  the

stress-strain  behaviour of  geomaterial (i.e,, clay,  sand,

gravcl and  sedimentary  softrock).  They  showed  that  the

viscous  property  of  clean  sand  (i.e., uniform  sand)  is
ditferent from that of  clay  in that the viscous  effeet  decays
with  an  increase in the irreversible strain  and  proposed a

i)]/)iio

-
v

eff

    bbe
 =

   Ei'(a)
s''

Fig. 1.Non-lincar  threc-componcnt  modcl  (Di Bcncdetto,1987)

specific model  as described below,
  In this paper, it is shown  that  this model  can  be

smoothly  implemented  in a  FE  code.  Then,  the  shear

stress-shear  (or axial)  strain  relations  obtained  from

typical  drained plane strain  compression  (PSC) tests

performed  at  fixed confining  pressure on  clean  sands  (i,e.,
Toyoura  and  Hostun  sands),  reported  by Di Benedetto

et al. (2002) and  Tatsuoka  et al, (2002), are simulated  by
the FE  code  embedded  with  the TESRA  model.
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MODEL  DESCRIPTION

  The  non-linear  three component  model,  depicted in
Fig. 1, has the  following general features:
1) A  given totaL strain  rate,  b, is decomposed  into the

   clastic component,  Sr, and  the  jrreversible (or inelas-
   tic or  visco-plastic)  component,  Sir (or S"P). Di

   Benedetto et  al.  (2002) assumed  that te takes place
   only  in component  EPI, while  component  EP2
   exhibits  tir only.  This assumption  grcatly simplifics

   the model  parameter  determination, EC is obtained  by

   integrating for a gjven stress path as EC =  S dsC, where
   dsC=dalEe(a); where  Ee(a) is the tangent elastic

   stiffhess,  which  is a  function of  instantaneous stress  o

   (and others)  (i.c,, the hypo-(quasi)-elastic modcl;

   Tatsuoka  and  Kohata,  1995; Hoque  and  Tatsuoka,

   1998; Tatsuoka  et  al.,  1999).

2) The  total  component  of  a  given efiective  stress,  a,

   which  is herein called  the  total stress component,  is

   decomposed  into thc  timc-independent  (inviscid) and

   time-dcpendent  (viscous) components,  af  and  a",  as:

                a=  af(eir,  h,)+a"  (l a)

   where  af(cir,  h,) means  the of-cir  relation,  called  the

   refcrence  stress-strain  relation,  whatever  strain  (or
   strcss) rates  take place when  traveling  along  a  given
   srrain  (Ei'') or  stress  (a[) path  (with or  without  cyclic

   loading); and  h, is the  parameter  representing  the

   loading history, Diffbrcnt af-Eir' relations  are  therefore

   formed for loading, unloading,  reloading,  cyclic

   loading and  so  on.  Empirical a[LEi'  relations  obtained

   for the respective  monotonic  loading (ML) test to be
   simulated  wcrc  used  in the prescnt study,  Hcre, ML  is

   defined as the loading condition  where  the irreversi-

   ble strain  rate, Si", is always  positive whether  its
   magnitude  changes  arbitrarily  with  time. a" is the
   viscous  stress component,  which  is a  function of  cir

   and  its ratc,  tii =OeirlOt,  and  the history paramcter.
  For primary  MI. a]ong  a fixed stress path, in which  the
irreversible strain rate, Sir, is always  positive, the history
parameter  h, for ai' in Eq. (la) becomes  unnecessary  and

Eq.  (la) is rewritten  as:

               o=ai'(eir)+a"  (1b)

In Eqs. (la) and  (lb), the  stresses  in the  integral form are

used,  because  they  represent  the  stress summation,  which

cannot  be rcprcscntcd  in terms  of  stress  incrcments,

Morcoyer,  the  viscous  stress  component,  o",  therefore,

the  total stress component,  a,  is loading history-depend-
ent  cannot  be properly  described only  in terms  of  stress

increments, On  thc  other  hand, the  general clasto-plastic

modcl  framework should  be described incremental in the
sense  that total strain  increments (elastic and  plastic) can

be defined in the objective  way  along  with  stress  incre-
ments.  It is also  the case  with  the gencral elasto-viscoplas-
tic model  framework, In thc present study,  the solution

algorithm  of  Eqs. (la) and  (lb) are  formulated in an

incremental way  (Eqs. (9) and  (10) in this paper) to be
suitable  for the FEM  solution  technique.

  Morcover,  the stresscs,  o  and  thc  others,  in Eq. (1) and
other  sirnilar  cquations  basically mean  thc strcss  tcnsors,

A  specific  form of  the respective  stress  tensor under

general three-dimensional  (3D) stress  conditions  are  not

known  yet. In this paper, a  onc-dimensional  form (with a

single independent stress parameter) is first presented,
Then, all the  components  of  stress  and  strain  tensors that

are  used  in FEM  analysis  are  formulated and  expressed

for plane strain conditions,  Equations (11) and  (12)
(shown latcr in this paper) are an  adaptation  of  thc

TESRA  model  in this specific case.  By  the use  of  yield

surface  and  plastic potential function, the one-dimen-

sionally  expressed  elasto-viscoplastic  model  can  be
extended  to the  general 3D stress space.  Although  one

yield locus is used  for the analysis  undcr  plane strain

conditions  in thc present study,  it can  be extcnded  to a

multi-yield  locus variant  in a  rather  straightforward

manner.

  Di Benedetto  et  al.  (2002) and  Tatsuoka  et  al.  (2002)
showed  that  at  least three  different functional forms  of

the  viscous  component,  a",  are  necessary  to describe the

different viscous  properties of  geomaterial. Firstly,

a  stress-strain  model  called  the  
``new

 isotach'' was

proposed  to describe the  loading rate  efTects  of  clay-like

materials,  for which,  for primary  ML  along  a  fixed stress

path, the current  value  of  a"  is a  non-linear  function of
instantaneous value  of  b`V while  it is always  proportional
to the instantaneous vaLuc  of  a'  as:

            a"(sir,b'r)=af(c'r)･g.(b`V)  (2)

            a==af(eir)･{1+g,,(t[])}  (3)

whcre  g.(tiF) is the  viscosity  function, which  is always  zero

or  positivc and  given as follows for any  strain (sir) or

stress  (a]) history (with or  without  cyclic  loading):

   g,(s"')-a [1-exp (1-(1gll1+1)
i"

)] (2o) (4)

where  i Sir1 is thc abso]ute  value  of  Sit; and  cM, tl-' and  m  are

posirive materia]  constants.  According to this model,  as

far as ML  continues  along  a  fixed stress path, a' is a
unique  function of  instantaneous values  of  eir and  bii',
independcnt  of  prcvious loading history. Thc  term
``new''

 of  the model  name  comes  from that, with  the
original  isotach model  (Suklje, 1969), the  stress  a  (there-
fore a') is a  function of  instantaneous strain  rate,  S=  aEl
Ot, not  bir. This diffcrencc rcsults  into significant  diflbr-
ences  in the  modcl  behaviour, in particular during stress

relaxation  with  t=O  and  immediately after  a  step  change

in t during otherwise  ML  at  a  constant  S (Tatsuoka et al.,

1999a).

  It was  then  found that  the  viscous  properties of  clean

sand  (i.e., uniform  sand)  cannot  be properly described by
the  new  isotach model  (Eqs. (2) and  (3)). For example,

Fig. 2(a) shows  part of  the  results  from a  series  of  drained
PSC  tests performcd by increasing the  efTective vertical

(axial) stress,  at･ , at a  constant  effective  confining  pressure

(i.e., horizontal stress)  equal  to ah' -- 392 kPa  on  saturated

specimens  of  a  clean  sand  (batch A  of  RF  Hostun sand;  a

French  sand  with  Dso=O.31mrn,  U.=1.94,  G,=2,65,
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Fig. 2, Relationships  bct,yeen R=a;fa,l  and  7-E,-Eh  from  drained

   PSC  tests (og = 392  kPa)  at  different axiu]  strain  rntes: a> a  test with

   step  changes  in the  constant  strain ratc  and  b) a test in whieh  sus-

   tained ]ouding and  stress relaNation  were  performed, saturated

   Hostun  sand  (batch A)  (Mutsushita et  a]., 1999; Tatsuoka  et al,,

   1999a, 2000)

emax=O,95  and  en"n=O.55).  Hostun  sand  is a  quartz-rich
sub-angular  poor-graded  medium-sized  sand,  like
Toyoura  sand,  aC  and  aL{ are  the major  and  minor

effective  principal stresses. e,, is the  vertical  (axial) strain,

equal  to the major  principal strain, and  sh is the horizon-
tal (lateral) strain,  equal  to the minor  principal strain.

The  spccimens  were  rectangular-prismatic  (20 cm  high,

16 cm  long and  8 cm  wide  in the aK  direction) with  well-

lubricated top  and  bottom ends  and  ai  surfaces.  The

specimens  were  prepared by pluviating air-dried  sand

particLes through  air and  then  made  saturated.  The  initial
void  ratios, ee, measured  at an  isotropic stress state  when

al, ==  ai: =29  kPa  were  nearly  the  same  among  these  speci-

mens.  The specimens  were  anisotropically  consoLidated  at

a  constant  principal strcss ratio  R  =al･  !aL: =3.0  and  at a

constant  axial  strain  ratc,  t,=O.O125%!min  from thc
initial stress state at  aK  =  29  kPa towards  the final stress
state at ai(;392kPa.  Then,  drained PSC  tests were

performed.  to means  the basic axial  strain  ratc, equal  to

O.O125%lmin.  Continuous  ML  were  applied  to six speci-

mens  at  constant  axial strain  rates, t., that  were  differcnt
by  a  ractor of  up  to 500 (tests H302C  through  H307C), In
another  test (HOSOI), the  axial strain rate  was  changed

stepwise  several  timcs by a  factor of  100 during otherwise
ML  at  a  eonstant  S,,, It may  be seen  from Fig. 2(a) that the
relationships  between R 

=:
 aCla:  and  the  shear  strain, y=

e.-ah,  from the tests performcd  at different constant  S.s

are  essentially  independent of  t., Small cffects of  t. on  the

stress-strain  behaviour were  observed  only  immediately

after the start of  PSC  Loading from  R  
=

 3,O (Matsushita et

al., 1999). When  bascd on  only  the  results  from tests

H302C  through  H307C,  one  may  consider  that the

viscous  propcrty  of  Hostun  sand  is utterly  insignificant.

  In test HOSO12,  howcvcr,  thc R=a(･!at{ valuc  in-

creascs  or decreases at a very  high rate  immediately  after

h, increascs or decreases stepwise  by  a  factor of  100

(Fig. 2(a)), which  should  be attributed  to thc  viscous

property of  sand.  Then,  as long  as  ML  continues  at  a

changed  strain  rate,  the stress-strain  curve  exhibits  a

marked  change  in the  tangent  modulus  and  the stress-

strain  curvc  gradually converges  into the essentially

unique  stress-strain  curve  that  is obtained  by continuous
ML  at  any  constant  strain  rate.

  Moreover,  in Fig. 2(b), thc R-y relation  from anothcr

test (tcst HOSB1),  in whieh  several  sustained  loading tests
and  one  strcss  relaxation  test were  performed  during
otherwise  ML  at  a  constant  strain  rate,  is compared  with

those  from  tests H302C  through  H307C.  It may  bc seen
that  significant  creep  deformation and  stress relaxation

took  place in test HOSBI,  which  should  also  be
attributed  to the viscous  property of  sand.

  In these tests, the  stress, a, is not  uniquely  controlled

by the  instantancous values  of  6iV and  Sir, not  as indicated

by Eq. (3). Similar peculiar trends of  viscous  behayiour

have been observed  in othcr  PSC  tests on  air-dried

Hostun sand  and  saturated  Toyoura  sand  (as shown  later
in this paper), in the  torsional  shcar  tests on  air-dried

Hoston sand  (Di Benedetto  et  al.,  2001), in the triaxial

compression  tests (TC tcsts) on  water-saturated  and  air-

dried Toyoura  sand  (Matsushita et  aL.,  1999; Nawir  et  al,,

2003 a and  b) and  in the  triaxial compression  and  exten-

sion  tests on  water  saturated  fine silica sand  (Kiyota et al.,

2005). The  trcnds  of  viscous  behaviour seen  from
Figs. 2(a) and  (b) arc  therefore  not  unique  to these

draincd PSC  tests on  saturated  Hostun  sand.

  Thcn,  Di Benedetto  et  al, (2002) and  Tatsuoka et al.

(2002) rnodified  Eq. (2) to describe such  a deeay of

viscous  efTect with  an  increase in Ei" as  described above:

    0' =  Sl=,r [dd](T r' )=  SE,-,, [daV]o'gdeta}(eii 
-
 T)

      =Si

"

 
,,,

 [d{at･g,(eir)}]ce･gdec,,(E''-O (5)

whcre  0  is the current  viscous  stress  component  (whcn
Eir =eii'); and  the term  [da"](,,,,,) is the viscous  stress  incre-
ment  that developed  in the  past when  aiV=T  and  has
decayed until the present (when sir=sir).  [doV]co is the
viscous  stress incrcment  that  developed  following Eq. (2)
when  eV=T,  equal  to [d{of･g.(tiT)}]o; El`' is the strain at

the start of  integration, where  aV  =O;  and  gd.,.,(eir-T) is
the dccay function, given as  folLows (Tatsuoka et  al.,

2000; Di Bcnedetto  et  al.,  2002):

             gdec.y(eir-T)=r:E"-') (6a)

where  ri is a  positivc constant  smaller  than  unity.

Although  other  forms that  arc  different from Eq. (6a) can
describe the  decay of  aV  with  Eit', thc available  experimen-

tal results  support  this form of  equation,  while  the  power
form has a fundamental advantage  over  the other  forms
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as  described later in this paper. The physical meaning  of

rT of  Eq, (6a) can  be readily  seen  by rewriting  to:

              g,t,,.y 
--

 (O.5)(n'-i)"H (6b)

where  H  is the irreversible strain  increment, eiLT, by
which  [dai']o becomes  half as  ML  continues.  The
relationship  between  the  parameters  ri and  His  given by:

         ri-(tT)
i";

 or  H=:!i'i.gg(:,!3) (6c)

When  ri ± 1.0, H  beeomes infinitive, On  the other  hand,
when  ri =O,  Hbecomes  zero.

  When  ri=1.0,  Eq. (5) returns  to Eq. (2) (the new

isotach model).  By  this decay feature (Eqs. (6a) and  (6b)),
the effects of  irreversible strain  rate,  Sii'=OETrlnt, and  its

rate  (i.e,, irreversible strain  accelcration),  giC'=e2si'let2,

on  oV  becomes non-persistent,  or  temporary,  during

subsequent  ML.  The new  model  is called  the  TESRA

model  according  to this property (i.e., temporary  eflbcts

of  irreversib]e strain  rate  and  irreversiblc strain  accelera-

tion  on  the viscous  stress component),  As  demonstrated
by Di Benedetto et al. (2002) and  Tatsuoka  et  al. (2002),
when  ri is less than  unity,  the value  of  0' could  become
eirher  positive or zero  or negative  depending on  rccent

loading history even  when  Si[ has been kcpt positive.
  Figure 3(a) shows  the measured  R-e. relation  from a

drained PSC  test on  water-saturated  Toyoura sand  (a
Japanese  sand  with  Dso=O,18mm,  UL=1.64, G,=:2.65,
enm.=O.99  and  emii] =:O.62). In this test, thc axial  strain

rate,  b.  was  decreased and  increascd at a constant  rate

for some  axial  strain  range,  respectively,  two  times and

one  sustained  loading test was  performed  during other-
wise  ML  at  a  constant  S.. The  test result  is compared  with

the  simulatjon  obtained  by  directly intcgrating the Eq. (5)
using  the parameters presented in thc figure (not by the
FEM  method).  The  procedurc  to  obtain  the  model

parameters  is explaincd  in Dj  Benedetto  et  al. (2002), The

integration was  made  based on  the measurcd  time  history

of  irrcversjble axial  strain  rate,  tV, cxcept  for the  sus-

taincd loading stage,  at  which  thc integration was  made

under  the condition  that  b=O.  The  stitihess immediately
after  the  start of  PSC  loading from R=3.0  is rclatiyely

Iarge. This was  due to a sudden  increase in the  axial  strain

rate  from  a  ]ow value  equal  to O.O125%fmin  at the end  of

anisotropic  compression  at R=3.0  to a  constant  value

equal  to about  O,07%!min, Figure 3(b) shows  thc

measured  timc history of  axial strain  and  its simulation,
It may  be seen  from Figs. 3(a) and  3(b) that all these

observed  viscous  features are  wcll  simulated  by the
TESRA  model.

  In the  prescnt study,  the TESRA  model  was  im-
plemented  into an  existing  non-Iinear  clasto-plastic  FE
code  (Siddiquee and  Tatsuoka,  2001; Siddiquee et al.,

1999, 2001). Some  specific  considerations  were  made  on

the relevant  choice  of  the internal variable  for Ioading
rates,  which  is the  key for the  success  of  this implementa-

tion. Thc  FE  code  enriehed  with  the  TESRA  model  were

vaLidated  by simulating  the shear  stress-shear  (or axial)
strain relations  from  drained PSC  tests on  sand,  includ-
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  Equation (2) can  be rewritten  as:

   ai 
-Sl.,,,

 [(oOa,,l) g,(E'T)+uf (-a-g-eiSf 
L/)
 fll],,, dT e)

where  the term  [(Oaffeei")･g.¢ V)･dei'](,) represents  thc
componcnt  of  [dai']o that develops by deir when  si"=T

during ML  at a  constant  k; and  the second  term  [ai･
(og,(Cir)lati")･dti[]e represents  thc component  of  [daV](,)
that  develops by the  incrcment of  irreversible strain rate,

dS'[, at  a  fixed eir (=T). To  derive Eq. (7), dbiV=sii' ･dt == e`r･

(dcir!s'r) was  used.  By  substituting  Eq. (6a) into Eq, (5)
while  rcfcrring  to Eq. (7), we  obtain:

a･-Sl

'l,,,

 [(gg,:) g,(ei[)+.t･ (gL5'gfiir') gll. ,sE"-r) d,

                                           (8)
When  directly using  Eq.  (8) to obtain  the current  value  of

a",  an  integration procedure  should  be  repeated  for every
small  incrernent of  Eir to update  the  value  of  oV.

  In Eqs, (7) and  (8), the  irreversible strain  acceleration,

eir, is used,  Inclusion of  a  strain  acceleration  term  in the

viscosity  formulation does not  mean  that  inertia force is
incorporated in the proposed constitutive  model,  which  is
indeed totally irrelevant, making  the constitutive

equation  totally non-objective.  The strain  rate  and  strain

acccleration  terms are  used  only  in the  incremental
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viscosity  calculation  generating viscous  stress  increments
as  the  rnaterial  property. It should  also  be noted  that, in

the laboratory stress-strain  tests that  provided  the data

that were  used  to develop the  proposcd  model,  the  inertia
force of  the testing system  and  specimen  due to accelera-

tion was  utterly  negligible  (Matsushita et  al.,  1999),

  As an  incremental solution  technique  is usually

employed  in the FEM,  it is extremely  difficult, if not

impossible, to perform to obtain  a solution  for a given
boundary valuc  problem  by a  FE  code  in which  Eq. (8) is
implemented,  Tatsuoka  et  al.  (2002) showed  that Eq. (8)
can  be transformed  into the  following incremental form
without  losing accuracy  for a suMcicntly  small  increment:

a'!iSl

'

l
'

,1.i['[dat'gv(ei')]o'gdecay(E'F-T)'dT+zl0

  
=

 [S:
':,1

 
""

 [da[･g.(b" )](,)･rSE"'T- 
1riE"1)･

 dT] 
･rlriE"1

 +Aa,

  =[a"](,...i,-)'rl"C'i+z]{af･g.(bii')}･rlMt"'i"2  (g)
where  [aVL,.･,-ri,/,) is the  viscous  stress  at  one  step  immedi-

ately  before, where  the irreversible strain is equal  to Eii -

A6ir; AEir is the irreversible strain  increment  taking  place
between  one  step  imrnediately before and  the  current

step,  which  is positive for loading; andA{ai'･g. ¢
V)}

 is the
difference in uf･g,(tii') between the current  step  and  one

step  immediately before, given as:

   A{af･g.(tii)}-[a'･g.(ti`')][,･J-[ai'g.(Si")][,･.A,-] (10)

So, for given values  or  [oV](,=-M,") as well  as the known
parameters  rcpresenting  the loading history between one
step  immediately before and  the eurrent  step  (i.e,, the

values  of  Aeit and  zt t or  tiT =Acir!zl t), the valucs  of  eir and

aV  at the current  state  (where eir=siV) can  be obtained  by
Eqs. (9) and  (10) without  repeating  the integration from
the start of  loading. Repeating this incremental proce-
dure from the start of  loading, the whole  stress-strain-

time  relation  for any  given history of  strain  or stress can

be  obtained.  In the present FEM  simulation,  a one-step

Euler type integration was  cmployed  with  Eq. (9). This
method  is very  fast despite that  the  use  of  Eq.  (9) has
some  restrictions  in accuraey  and  stability.

imptementation  into a  FE  Code

  The TESRA  model  was  implemented into an  existing

non-Iinear  elasto-plastic  FE  code  (Siddiquee and

Tatsuoka,  2001; Siddiquee et  al., 1999, 2001), which  was

developed based on  the matrix-free  dynamic relaxation

(DR) technique that was  highly optimized  for very  fast
and  accurate  computation  of  highly non-linear  equatjons

emerging  from material  non-linearity.  Due  to the  inher-
ent  featurcs of  the DR  technique, the following steps  were

revised  carefully  when  implementing the TESRA  model

into the FE  code.

  Firstly, as  the  governing  equations  of  motion  are

integrated by  the  solution  technique of  the DR  method,

no  other  integration is apparently  necessary  in the time
domain  even  when  dealing with  problems  including

loading rate  effects  due to material  viscosity.  However,

the use  of  a fictitious diagonal mass  matrix  in the DR
technique to obtain  solutions  eMciently  may  affect the
accuracy  of  the  solution  when  incorporating material

property  into the  material  stress-strain  model.  Then,  a

real  mass  shouLd  be used  when  actually  solving  any

probLem  including viscous  efTects.

  Secondly, the  basic controlling  variable  in the  present
version  of  the TESRA  model  is the irreversible shear

strain  rate  at  any  step  of  calculation.  Then,  the relevant

parameter  for the  rate  variable  should  be chosen  in the
non-lincar  FEM  analysis  so  that  accurate  irreversible
shear  strain rates  can  be obtained.  With  the present FEM

analysis  based on  an  isotropic hardening model,  the  rate

of  the  effective  plasticity parameter,  K,  defined as  follows,
becomes thc primary candidate  for the  rate  variable.

                    r

               
K-=

 .vl  7., (E fi, )2 (1 1)

where  e:C" is the deviatoric irreversible strain, which  has
some  advantages  in that this quantity is a scalar  quantity
and  it is already  being calculated  in the FE  analysis,

However,  as this quantity is always  positive whether  the
Ioading condition  is `loading'  or  

`unloading',
 it cannot  be

used  in the  analysis  of  the  unloading  process. One
alternative  is the  rate  of  maximum  irreversible shear

strain,  which  is also  being calculated  in any  FE  analysis,

So  the  maximum  irreversible shear  strain  and  its rate,

given below, are  used  in the present formulation:

           7ir=eir- £lr; pir-dyirldt (12)

yiT=etV-e//r is equal  to el'I-etr  in the prescnt casc,  Then,

loadinglneutrallunloading conditions  are  determined as
follows: 1) Pi`'>O: loading; 2) if=O: neutral  loading; and
3) P'F<O: unloading.

  Thirdly, a relevant  stress parameter should  be chosen
when  evaluating  the viscous  stress, ai'. In the prescnt
study,  based on  the experimental  results  (Di Benedetto et
al., 2002), the effective principal stress ratio, R=aflaf,
was  chosen  as the stress parameter,  o, in Eqs. (9) and  (10)
for primary  ML  at a fixed confining  pressure. Nawir et al.

(2003a, b) showed  that it is also  the case  for stress paths
along  different confining  pressures and  when  the confin-

ing pressure is changing  during ML.  Then, it is consid-
ered  that  Eqs. (9) and  (10) can  also  be applied  to general
ML  stress  conditions  where  a{and  a5change  arbitrarily.

Rseudo-Aigorithm

  The  following pseudo-algorithm  was  developed revis-
ing the original  solution  technique  of  the DR  method  not

including viscous  etfects.  That  is, the  total stress  (i.e., a  in
Eq. (1)) at  equilibrium  is calculated  at  two  levels of

integration as follows,
  At the first level of  integration, incremental elasto-

plastic equations  are solved  inside the  
``return

 mapping

algorithm''  (Ortiz and  Simo, 1986), where  the stress is
returned  to the growing  yield surface  while  fulfi11ing the

consistency  condition  (abiding by the flow ruLe), At each

step  of  return  mapping  iteration, when  necessary,  the

second  Ievel of  integration is made,  where  the stress is
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returned  to the  inviscid yield surface  with  an  incremental
integration based on  the  TESRA  modcl  whilc  calculating

the viscous  stress.  This scheme  presented in Fig. 4 and

described below.

Gl.  Calculation of  trial strain

G2. Calculation of  total stress  increment as  an  elastic

  solution  based on  the hypo-elastic constitutive  law

  (Hoque and  Tatsuoka,  1998):

      Ei,=Eo･all; E,,=Eo･aL';

      vvh  ==  vo･(ax!ah)"i2;  vh,  =  vo,(ah!o,)'V2  (13)
G3, Execution of  

``return
 mapping''  scheme:

  (1) It is checked  whcther  the  current  total  stress

      component  is over-shooting  thc instantaneous

      yield surface  (described in the total strcss compo-

      nent).

  (2) If the  current  total stress  eomponent  lies above

      thc instantaneous yield surface,  the total stress

      component  should  be  integrated back  to  thc  yicld

      surface  by iterations according  to  thc  
``rcturn

      mapping''  scheme.

  (3) The  elasto-pLastic  solution  (without viscous

      efTbcts)  is obtaincd.  That  is, applying  the plastic

      consistency  conditions  and  the  flow rule, cach

      trial total  stress  component  is integrated back to

      the inviscid yield surface,  f", as:

                   aspr
ctf"(aij, K)  =O,  dE?j ==  J,
                   ea[.1

(14)

    where  Vis the plastic potential function originally
    defined in the inviscid stress, whieh  is equal  to the

    total stress at this stage.

(4) For the calculation  of  
``return

 mapping''  starting

    from step  (1), the current  inviscid stress

    parameter,  R 
`'
 (R = af laD, is calculated  based on

    the matcrial  modcl  (the material  inviscid stress

    ratio-maximum  irreversiblc shcar  strain  rela-

    tion).

(5) While  calculating  the  current  inviscid stress  at  step

    (4), the viscous  stress increment  is also  calculated

    by the following steps:
    Vl: The  irreversible shear  strain  incremcnt

      (Eq. (12)) is calculated.
    V2:  For  a  known  time  increment obtained  from

      thc  information  of  applied  loading history, the

      irreversible shear  strain  ratc  is calculated,  Thc

      previous rate  is known  as  it has been saved  at

      the end  of  previous step.

    V3: By  following Eq. (10), which  is derived

      from Eq.  (5), the  viscous  strcss  incremcnt,

      A{a"-g,,(eiT)}, in terms of  zlR"  (R=ai!oS) is
      calculated.

    V4:  By  following Eq. (9), by adding  the present

      viscous  stress increment, A{of･g.(tir)}, to the

      saved  viscous  stress  at the  previous step  while

      using  the appropriate  decay parameter, the

      present viscous  stress, aV,  is obtained.
    V5: Thc new  total stress component,  o, is

<AF;ff/sl;,linX.
xgalculateg.
 T
    ,

 

!

ks tt
  Return

 mappingt･-

 Res/dual.
 at nodes/calculated

b'ig, 4.

Eg6e8vadi

t t,
 lnvlscidstress(ab.!gui!n;geg.i

 
t
 
dlrfe"ersib[Estrain

 ratecalculate.d.

TESRAmodel

 epplied  to
 

Satl$tyy)eld&flowrule

DeoayappL/ed
 tecurrentAff'

  byEg.9[

 Thesetwo
 termsadded

 to obtain  cr"       -t'

lmplementation  of  the  
"TESRA''

 model  i"to u  FEM  code

        obtaincd  by adding  the  viscous  component,  0',

        to the  inviscid strcss,  af,  that  has bcen obtained
        from  the  reference  stress-strain relation,

  (6) Now,  it is checked  whether  the  new  total stress,

      cr=of+d,  satisfies  the  current  yield surface

      (described in a),  1fit is not,  iteration continues  by

      returning  to step  (2),
G4. Element stresses  are integrated to form nodal

  forces and  cornpared  with  the applied  load. The itera-
  tion  continucs,  starting  from step  Gl again,  until the

  global equilibrium  is rcachcd.

  It is to be noted  that  the plastic potential, SF, (Eq. (14))
is defined in tcrms  of  inviscid stresses in the numerical
mcthod  that is proposcd  in the framcwork  of  the  three-

component  model.  This feature is different from thc

over-stress  model  (Perzyna, 1963), in which  the current

plastic potential is dcfined in terrns of  instantaneous total

strcsscs  while  thc inviscid stress  is not  evaluated.

NUMERICAL  SIMULATION  BY  FEM

Probtem  Der7nition
  A  10cmXJOcm  onc-clemcnt  configuration  was

devised (Fig. 5(a)). To  confirm  whether  the  present FEM

simulation  can  be applied  to general boundary  value

problems,  multi-clement  PSC  test simulations  were  also

performed  using  the  mesh  prcsentcd in Fig. 5(b) and  the

results  were  compared  with  thosc by onc-clcment  simula-

tions. The  top and  bottom  ends  of  the domajn are sup-

ported with  roLlers  to simulate  a  high quality of  lubrica-
tion in the  physical PSC  tests.

  In each  simulation  casc,  thc rcfcrcncc  stress-strain

curve  was  first simulated  with  some  rrial and  error  by thc

FEM  simulation  without  including any  viscous  compo-

nent.  The  reference  strcss-strain  rcLation  thus obtained

was  used  as  the inviscid stress-strain  relation  in thc  FEM
simulation.  The FEM  simulation  was  made  at a  very  slow

strain rate  (10'e %fs).

Materiat Modet

  The generalized elasto-plastic  isotropic strain-harden-

ing and  softening  model  used  in the present study  takes
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Fig, 5, a)  One-e]emcnt  and  b) multi-element  ror FEM  simulation  of

   PSCLest(nottothescale,olle-rourthofthewholedomain,8cm ×

   20 cm,  is presented here)

into account  strain  localization associated  with  shear

banding by introducing a characteristic  width  ot' shear

band in the  additive  elasto-pLastic  decomposition of

stram.

  A  generalized hyperbolic equation  (GHE) (Tatsuoka
et  al., 1993) is uscd  as the  growth  function of  the yield
surface  ofthe  generalized Mohr-Coulomb  type,  given by:

                      1,
                        VJ2-K (15)            di=-opI,+
                     g(e)

where  Ii is the first stress  invariant (i,e., hydrostatic stress

component,  positive in compression);  and  his the second

deviatoric stress  invariant (i.e,, the deviatoric stress).  The

growth  function is explained  in detail in Siddiquee et  al.

(1999, 2001a  and  b). The  function g(e) in Eq. (15) is the
Lode  angle  function, defined as (Nayak et al,, 1972);

        g(e)=2,fi  
cos3e--SSnsiOnMbbsm

 ip.., 
(i6)

In Eq, (15), ny is the  magnitude  of  the deviatoric stress at

e-300  (on the n-plane),  which  is related  to the mobilized

angle  of  friction, op.,vb, as;

             op=v[i33S-M,,O.'"i'i..,) (i7)

Using the viscosity  function incrementally, the viscous

component  of  effective principal stress  ratio,  Ri', is

ealeulated  for a  given inviscid stress ratio  R  
i',
 from  which

the  inviscid component  of  q..b is obtained.  The  sum  of

thcse two  produces  the  total stress  ratio,  R, rrom  which

the value  of  e,..b is obtained.

  The  plastic potential, LP', (Eq. (14)) is defined as;
                       r
            Y=-a'J,+VJ.,-K=O  (18)

This plastic potential function, of  the  Drucker-Prager

type,  is similar  to  the  yield function cxccpt  that g(e) in
Eq. (15) is equal  to unity  in Eq. (18). Equation  (18) is
employed  so  as  to  have differcntiability at  all  stress  states.

The  factor a'  depends on  the  typc of  analysis.  The factor
ev' used  in the  present analysis  under  plane strain

conditions  is linked to the mobilized  dilatancy angle  v as;

                     tan  v

              
of=

 9+12tan2v  (19)

a)

b)

c)
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Fig. 6. 
't'est

 result  and  FEM  simulation  of  PSC  test 
'`Combil"

 on

   Toyourn  sand  (bHsic b,=O.07  and  O.0359t,fmin refer  to Fig. 3): a)

   stress  ratio-axial  strain  relation  (simulation using  sing]e element),

   b) a  zoom-up  and  c) timc  histor}' of  shenr  strain  (simulation using

   single  clcmcnO

              v=  arcsm  (- [:till lggll) (2o)

where  dcii' and  deiT are  the major  and  rninor  irreversible

principal strain  increments (positive in comprcssion),

which  are  linked to cach  other  through  the Rowe's stress-
dilatancy relation  (Rowc, 1962);

               :li--K(g:ll) (,,)

where  K  is a material  constant  (equal to 3.5 for Toyoura
sand  and  3.0 for Huston  sand  in the  present case).  As  the

model  has the yield function and  plastic potential surface

having different forms, it is one  of  the non-normal

plasticity models  or non-associated  fiow models  (Vcrmeer
and  de Borst, 1984).

FEM  SIMULATION  OF  PSC  TEST  RESULTS

  The  results  from  three drained PSC  tests on  saturated

Toyoura  sand  (batch E) and  two  drained PSC  tests on

air-dried  Hostun  sand  (batch B) that  are  reported  in Di
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Fig. 7. Tcst rcs""  and  FEM  simulation  (using single  elcmcnt)  of  PSC

   test 
``Crp-f"

 on  To}･oura sand  (basic S.-O,25?6fmin): n) stress

   ratio-axial  strain  relntion,  b) a  zoom-up  and  c)  time  history  of

   axial  strain

Benedetto  et  aL.  (2002) and  Tatsuoka  et  al.  (2002) were

simulated  by the  FEM.  In these  PSC  tests, at several

intermediate stages,  the axial  strain  rate  S. was  increased

and  decreased stepwise  or  gradually at  a  constant  rate,

while  sustained  loading was  applied  one  or  two  times

during otherwise  ML  in some  tests.

FLEMSimutation

  The reference  stress-strain  curve  used  jn the  respective

FEM  simulation  is presented in the  respeetive  figurc

presented bclow. The parameters  of  the viscosity  func-
tion (Eq, (4)) used  in the FEM  simulation  are  the same  as

those used  by the direct TESRA  model  simulation  report-

ed  by Di Benedetto et al, (2002) and  Tatsuoka et  aL.

(2002), which  are  as follows:
1) cr-O.25,  m-O.05  and  b;i-O.OOOOOI%fs (10-6%!s)
   for Toyoura sand;  and

2) or=O.25,  m=O.04  and  tF-O.OOOOOI%ls  for Hostun
   sand.

For  the decay function for the TESRA  viscous  property

(Eq. (6a)), ri=O.2  (Toyoura sand)  and  ri =-O.1  (Hostun
sand),  both defined in terms  of  irreversible shear  strain

increment in %, were  used,  It is to be noted  that, even  for

c)

oSOuuu  /uoueu /f.oza/u ../o/mo  2fibOO[, SOODOO

     k.["psedtimeCsec)

Fig. 8, 
'1'est

 result and  FEM  simuLation  (usiilg single  elerrient)  of  PSC

   test 
"Crp

 s"  on  To}'oura sand  (basic S.=O.O025%lmin):  a)  stress

   ratio-nxitt1  strain  relation,  b) H zoom-up  and  c) time histor}, of

   axial strain

the  same  PSC  test data, thc value  of  ri (Eq. (6a)) is larger
when  based  on  the shear  strain,  y=s,,-eh,  than when

based on  the axial strain, e., due to ditferent decay rates
when  based on  y and  e.. For example,  Di Bencdctto et al,
(2002) used  ri =O.2  and  O.1 in thc direct TESRA  model

simulation  of  the  drained PSC  test data of  Toyoura sand

when  based  on,  respectively,  7=E,,-sh  and  e.. Thc
parameters  of  the  hypo-elastic model  (Eq. (13)) are:

1) Eo  
==

 173 MPa  for Toyoura  and  Hostun  sands;  and

2) vo=O.17  and  n=O.41  for both Toyoura  and  Hostun
   sands.

  The  FEM  simulations  were  performed  by  strain control

bascd on  the measured  time histories o"rreversible  shear

strain, except  for sustained  loading stages,  for which  the

simulations  were  performed  by  stress  control  with  b=O
(i.e., R=O).  The  stress  ratio-shear  (or axial)  strain

curves  and  time  histories of  shear  (or axial)  strain

obtajned  from the  FEM  simulation  are  compared  with

measured  ones  in Figs. 6 through  10. Despite that the

R-e,, relations  are  presented in Figs. 6, 7 and  8 for

Toyoura  sand  following Di  Benedetto  et  al.  (2002), the

FEM  simulations  were  performed  based on  thc time
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Fig, 9. Test results  and  FEM  simulation  (tLsing single e]emenO  of  PSC

   tesC "Hsd02''
 on  Hostun  sand  {basic S,=O,O12S%lmin):  a) stress

   ratio-shear  strain  relation,  b) a zoom-up  and  c) time histor), of

   shear  strain  (given datu for sim"]ation)

histories of  irreversible shear  strain,  yir,
  The following trends of  behaviour may  be seen  from
these figures:
1) In all the  PSC  tests, the  axial  strain  rate  was  stepwise

   increased at the start of  PSC  loading. Subscqucntly,

   during otherwise  ML,  the axial strain rate  was

   changed  gradually at a constant  rate  in test Combil
   (Fig. 6) and  stepwise  by a  factor of  100 in test HsdO2
   (Fig. 9) and  by a  factor ranging  from  10 to 1,OOO in

   test Hsd03  (Fig, 10). Note that the changing  ratc  of

   irreversible shear  strain  was  always  approximately

   the  same  as  that  of  axial  strain.  The  behaviour  that

   the  stress  exhibits  gradual and  sudden  changes  upon

   gradual  and  sudden  changes  in the  strain  rate,

   including the  one  immediately  after  the start  of  PSC

   loading, is well  simulated.

2) Despite that  the basic axial  strain  rate  (therefore, the

   irreversible shear  strain  rate)  was  different by  a factor

   of  100 between test Crp-f (Fig. 7) and  test CrpMs

   (Fig. 8), the stress-strain behaviour gradually became
   the  same  as  ML  at  a constant  strain  ratc  continued.

   On  the other  hand, the  creep  strain rate  was  larger

   when  sustained  loading started  at a  larger initial
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Fig. Ie. Test res"lts  and  FEM  simulatien  of  PSC  tcst ``Hsd03"
 on

   Hostun  sand  (basic e. =O.O125%fmin): a) stress ratio-sheur  strain

   relution  (sim"lution using  m"lti-elcinent  und  single  clcmcnO,  b) a

   zoom-up  (simLtlation using  single  element)  and  c) local relations  of

   stress ratio  and  shear  strains  in a  multiple-eleme"t.

   strain  rate  in test Crp-f than  when  sustained  loading
   started  at a  lower initial strain  rate  in test Crp-s.
   All these viscous  aspects  of  stress-strain  behaviour,
   including the time  histories of  strain  during sustained
   loading, were  simulated  very  well  by the FEM  analy-

   sis. In test Crp-s (Fig. 8), a  stress relaxation  test was

   performed,  which  was  also  well  simulated.

3) The  results  from  the  FEM  simulations  carried  out  on

   a single-clcrncnt  and  a  multi-element  are essentially

   the  same  (Fig. 10). A  small  difrerencc, as  seen  in

   Fig. 10(b), is due to different numcrical  errors

   between the  single  and  multiple  element  analysis,  In

   Fig. 10(c), local stress-strain  relations  in several

   representative  local elements  (indicated in Fig. 5(b))

   in the multiple-element  analysis  are  presented. The
   local stress-strain  rclations  arc  very  similar.  The

   multi-element  simulations  took  longer time  than  the

   one-element  simulation  (about ten times).

The result 3) indicates that  the FE  code  enriched  by
implementing the TESRA  rnode!  can  be applied  to gener-
al boundary value  problcrns, in which  multiple-element
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simulations  should  be inevitably performed.  Results from
simulations  of  such  boundary  value  problems  taking  into

account  the  effects  of  the  viscous  property  of  sand  was

reported  in Tatsuoka  (2004) and  will also  in the near

future by  the  authors.

  The  implementation of  the  new  isotach model  into a

FEM  code  is much  simpler  than  that of  the  TESRA

model.  The  implementation of  the general TESRA  modcl

(Tatsuoka et  al.,  2002), which  simulates  the  increase in
the decay rate  of  viscous  stress  with  an  increase in the
irreversible strain,  eir, into a  FE  code  is also  possible by

updating  the parameter  ri as  a  function of  instantaneous
value  of  eir in Eq. (9).

CONCLUSION

  A  non-linear  three-component  model  (named the

TESRA  model),  which  had been developed to  describe
the peculiar viscous  property of  uniform  sand,  was

implemented suceessfully  in a  nonlinear  elasto-plastic  FE

code  without  major  modifications  to the original  code.

It is shown  in this paper  that the FE  codc  cnriched  by
implementing  the TESRA  model  can  simulate  very  well

the loading rate  effects on  the relationships  between the
shear  stress  (i.e., the  etfective  principal stress  ratio)  and

the  shear  srrain  (and the  axial  strain)  due to the  material

viscous  property  observed  in a  series of  drained PSC  tcsts
on  Toyoura  and  Hostun  sands  pcrformed  using  various

loading bistories, In particular, the  decay  of  viscous

effeets  with  an  increase in the strain  was  simulated  suc-

cessfully.  Finally, FEM  simulations  of  PSC  tests carried

out  on  both  one-eLemcnt  and  multi-element  provided
essentia]ly  the  same  results,  although  the  multi-element

simulation  took  longer time  (about ten times).

REFERENCES

 1} Di Bcncdetto, H. (1987): Modelisation du comportement  des

  geomateriaux: appticat.ion  aux  enrobes  bizumincux et aux  biLumes,

  
'thase

 (ie Docteur  ti'Etat bs Sciences, INPG-  USTIVfG-E'NT.PE,  31O

  (inErench),
2) J)i Jlenedetto, E{. and  1/atsuoka, F. (1997): Small strain  behaviouT

  efgeomateria]s/modellingofstraineffects,Soilsandlbundations,

  37(2), 127-138.
3) Di  BenedelLo, H,, Sauzeat, C. and  Geoff'roy, H. {2001): Modelli]]g

  viscous  cfilects and  behaviour in thc small  strain domains, Proc. 2nd

  J}Tt. flymp. on  Profkeiiui'e Dcformation  C/hai'acteristias of
  Geotnateriats, rs 7lorino (eds. by Jamiolkowski et al.), 2,
  13S7-1367,
4) Di  Benedetto,  H.,  Tatsuoka, F. and  Ishihara, M.  (2002}: Time-

  depe]]dent sheur  deformation  characteristics  of  sand  and  t.heir

  constitutive  modeling,  Soits and  Fbundations, 42(2). 1-22.
5) Hoque,  E. and  TaLsuoka, F. (1998): Anisotropy  in the  elustic

  deformation  of  materials,  Soils and  Fbundations,  38(1}, 163-179.

6) Kiyota. T., Tatsueka, F. and  Yamamuro,  J. (2005): I]rained and

  undrained  creep  eharacteristics  ef  loose saturated  sand  and  their

  relation,  Georvontier05, GeolnsLiluLe, Austin, Texas.

7) Kuwuno.  R. and  Jardine, R. J, (2002): On  measuring  crccp

  behaviour in granular materiaLs  throLLgh  triaxial testing, Can.
  Geotech. J., 3Y, 1061-1074.

8) Lade, P. and  Liu, C.-T, (1998): Experimental  study  of  drained

  creep  behavior of  sand,  J. Engrg. ,Wbch., ASCE,  124(8), 912-920,

Y) Matsushita, M., Tatsuoka, F., Koseki, J., Cazacliu, B., Di

  Benedetto, H.  und  Yasin, S, J. )vT.{t999): Time  effects  on  zhe  pre-

  peak  derormation  properties of  sands,  Proc. ?nd  int. Coof. on  Pre-

  deilure Dqformcrtion Characteristics ofGeomateriats, IS Tbrino 
'99

   (eds. by  Jamiolkowski et al.), Balkema,  1, 681-689,
10) Na",ir, H., Tatsuoka, F. and  Kuwano,  R.  (2003a): Experimental

  cvaluation  or  Lhe  viscous  propcrLies or  sand  in shear,  Soits' and

  feundations, 43(6), 13-31.
1l) Nawir,  H., Tatsueka, F. and  Kuwuno,  R. (2003b): Viscous effects

  on  the  shear  yielding characterisLics  of  sand,  Soits and  foundcr-

   tions, 43(6), 33-50,

12) Nayak,  G. C. and  Zienkiewicz, O.  C. (1972)/ Elastic-p]astic stress

  analysis:  a  generalizaLion for various  constitutive  relations  inelud-

   ing strain  softcning,  Int. J. Num.  Meth, h'ngrg., 5(1), 11]-12S.

13) OTtiz, M.  and  Simo, J. C. {19S6): An  analysis  of  a  new  class  of

  illtcgration algoriLhms  1'or elasteplastic  consLiLutive  relations,  Iht,

  J. Num.  ,-4eth, h'ngng,, 23, 353-366.

14) Perzy]]a, P. (t963): 

'rhe
 constitutive  equatiens  for work-hardening

  and  rate-sensitive  plastic muteTials,  Proc. Vibrationai Probleins,

   Warsaw,  4(3), 281-290.

IS) Rowe,  P. W.  (1962): 1/hc stress  dilatancy rctation  for static

   equilibriuill  of  an  asse]nbly  of  particles  in contact,  Proc. Rayai

  Socieu?, Lolldon, series A, 500-527.

16) Siddiquee, M, S. A. and  Tatsuoka, b', (2001): Modeling  time-

   dependent stress-strain behaviour of' stiff geomaterials and  its

   applicaLions,  Proc. 10th int. Conjl Comput.  Mltth. Adv.  Geoniech.

   (IA CMA  GV, January  7-12, Tucson,  Arizona.
I7) Siddiquee, M.  S. A., Tunaku,  T., Tazsuoka, F., Tani. K.  and

   Morimoto,  T, (1999): FEM  simulation  ol' scale ell'ect in bearing
   capacity  of  strjp footing on  sand,  Soils and  Foundations, 39(4),
   91-109.

18) Siddiquce, rvl. S. A., TaLsuoka, F., Tanaka,  T., Tani, K,, Yeshida,

   K.  and  NTorimoto, T. (200t)/ Model  test.s and  FEM  simulation  of

   some  ractois aiTecting  the  bearing capacity  ot' t'ooting on  sand,  Soits'

   and  Fouftdatio"s, 41(2), 53-76.

19) Suklje, I.. (t969): RheoJoLgical aspects  of  soil mcchanics,  "7iley-
   intenvc'iencu, Londen.

20) Tatsuoka, F. {2004): Efi'eets ot' viscous  properties ulld  ageing  on  the

   stress-strain  behavjour ef  geomaterials,  Proc, C;l-JGS PVorkshop

   (eds. by  Yumamuro  and  Keseki), ASCE  Geotechnical SPT  (to
   appeaD.

21) 1/atsuoka, F, and  KohaLa,  Y. (1995}: Stiffness ot' hard soils  and  sol'L

   recks  in engineering  applications,  Keynot.e J.ccturc, Proc. Int.

  Symp. Pre-deiiure Dqtbrmation  oj'GeomateriaLv (eds. by Shibuya

  et  al,),  Balkcma,  2, 947-1063,

22) Tatsuoka, F., Siddiquee, M.  S. A., Park, C.-S,, Sakamozo,  M.  and

  Abe,  F. {1993)/ Modelling  stress-strain  re]ations  of  sand,  Soity and

  fibundcrtions, 33(2), 60-81.

23) Tatsuoka, F,, jardine, R. J., 1,o Prcsti, D,, Dj Bencdctto, H.  and

  Kodaka,  T. (l999): Characterising the  pre-failure  deformation

  properties ol' geornaterials, 1/heme Lecture ibr Lhe  Plenary Session

   No.  1, Proc. XIVIC,  Scptcmber  ]997, tianiburg, 4, 2129-2164.

24) Tatsuoka, F., Santucci de Magistris, F.. Hayano,  K., Momoya,  Y.

  and  Koseki, J. (2000): Some  ne",  aspecLs  of  time  elt'ects  on  the

  stress-strain  bchaviour of  stiff geomat.crials, Keynotc  Lccturc, The

  Ceotechnics oj' Hdrd  Soity-Soj1 Rocks, Proc. 2nd  lnt. Conj/ on

  Hcrrd Soils and  Sclf? Roeks,  Napoli, 1998 {eds. b>, Ex･amgelista and
  Picarelli}, Jlalkcma, 2.
25) Tatsuoka,  F., Uchimura,  T., E{ayano, K,, Di  Benedctto, H.,

  Koseki, J. and  Siddiquee, )vT, S, A.  (2001): 
']'ime-dependent

  dcrormaLion  characLeristics  ol' sLill' geomaterials in engineering

  practice, Theme  Lccture, Proe. 2nd  Iht. Coof  Pre:fZtiture DqR)r-

  tnation  Characteristics of Geomaterials, Torino, 1999, Bulkcma

  (eds. by  Jamio]kowski et al.), 2, 1161-1262.
26} Tatsuoka, F., Ishihara, M.,  Di  Benedetto, H.  and  Kuwano,  R.

  (2002): Time-dependent  sheai  deformation  eharacteristics  of

  geomaterials and  their simulation,  Soits and  b'oztndations, 42(2),
   103-129.
27) Vermeer.  P. A. and  de Borst, R. (1984): Non-associated plasticity

  for soils,  concrete  and  rock,  Heron,  29(3), 1-64.

28) Yasin, S. J. M.  and  Tazsuoka, F. {2000}: Strcss hiszory-dependenz

  deformation  characteristics  of  dense sand  in plane strain,  Soits and

  Foundations,  40(2}, 55-74.

NII-Electionic  


