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STRESS-STRAIN  CHARACTERISTICS  OF  SAND

      IN A  PARTICLE-CRUSHING  REGION
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                               '

                                  ABSTRACT

  Yield curves  of  sand  in a  partiele-crushing  region  were  determined by a  mu!ti-step  stress

path  method  under  triaxial compression  and  extension  stresses.  The  yield curves  were  found
to have the  characteristic  dgfdp=G(v), irrespective of  the  stress  path, where  q is the

deviator stress,  p, the  effective  mean  principal stress  and  v, the  stress  ratio.  Using  the  rela-

tionship  between dqldp  and  v, families of  yield  eurves  were  depicted in both compression

apd  extension  stress  regions.  Based on  a  new  expression  for energy  dissipation per unit

volume,  a  yield curve  equation  was  derived and  this equation  was  proved  to be well  com-

parable with  the  experimenta!  curve.  An  eqttation  for predicting  the  stress-strain  relation

was  also  presented. This stress-strain  equatlon  was  shown  to be very  conformable  with  the

experimen  talstress-strain  curves  in conditions  of  censtant  a. and  constant  p in both triaxial

compression  and  extension  stress  regions.
                '

Key  words:drained  shear,  partiele breakage (particle-erushingi., sand,  sLtress:.s.!!tga)/p..c.urve,

triaxial compression  test, yield (IGC : D61E4)

                                         oi  sand  becomes so  great as  a  result  of  par-

                                         ticle-crushing  that  the  slope  of  the  e-ln  p
INTRODUCTION
                                         curve  is close  to that  of  normally  eonsoli-

 The  authors  have investigated the  mechani-                                         dated clay.  The  threshold  stress  of  particle-
cal  behavior of  sands  in particle-crushing crushing  is regarded  as  a  yielding stress

regions  in regards  to  such  matters  as  the  under  a  hydrostatic pressure and  the  stress

calculation  of  the  point  resistance  of  piles in range  higher than  the  yielding  stress  is the

granular  soils  and  the  stability  analysis  of  particle-crushing region  (Miura et al., 1982
high fi11 dams. The  io!lowing experimental  a), .

results  have  been  obtained  (Mlura et  al.,  The  effect  of  particle-crushing  on  shear

1977, 1979, 1982 a).  strength  can  be understood  asadecrease  ina

  In a  high stress  range,  the  compress!bility  dilatancy effect  caused  by the  particle-crush-
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ing, which  in turn  causes  a decrease in the

shear  strength  of  sand.  Therefore, the

greater  the  dilatancy effect  of  sand  is, the

more  the  decrease in shear  strength  due to

particle-crushing becomes,

  The  stress-strain  curve  changes  consider-

ably  through  particle-crushing;  that  is,

volumetric  strain  increases and  the  peak  of

the  stress-axial  strain  curve  loses its sharp-

ness.  This suggests  that  the  sand,  a  strain

hardening-softening materlal  in inherent

(Schofield and  Wreth,1968), changes  into a

strain  hardening material  due to  particle-

crushing.  In consideration  of  this, Miura

(1979) pointed out  that the  stress-strain  be-

havior of  sand  in a  particle-crushing  region

can  be predicted approximately  by the  Roscoe
model  (Roscee and  Burland, 1968)  proposed

for nermally  consolidated  clay.  However,

there  are  fundamental problems  in applying

this model  to sand  in a particle-crushing
region  such  that  the  predicted  yield eurve

and  stress-strain  curve  are  considerably  difu
ferent from the observed  data.

  In order  to  clarify  the  stress-strain  be-
havior of  granular soil  in particle-crushing
regions,  the  present paper investigates the

yielding characteristics  of  sand  in detail us-

ing a  multi-step  stress  path method  under

triaxial compression  and  extension  stresses,

and  presents a  new  equation  for predicting
the  yield curve  and  stress--strain  curve.

SAMPLE  USED

Specimen PreParation

  The  sand  used  in this study  was  Toyoura
sand,  whose  main  properties  are  as  follows:

specific  gravity==2.64, maximum  diameter=

O.25mm,  uniforrnity  coethcient=1,5,  maxi-

mum  void  ratio=O,92,  and  rninimum  void

ratio=  O. 58.

  A  fully saturated  specimen  in a  loese
state  (initial void  ratio,  about  O.84) was

formed being 50mm  in diameter  and  130mm

in height. The  general procedure for the

high pressure  triaxial  cornpression  test was

essentially  the  same  as  that  of  the  standard

Fig.1.  Schematic
sure  triaxial
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triaxial test at  an  ordinary  confining  pres-

sure,  In order  to perform  the  triaxial ex-

tenslon  test,  additional  procedures were

necessary  in assembling  the  triaxial chamber.

This  procedure is illustrated in Fig. 1. After
molding  the  specimen,  the  upper  pedestal  @
was  joined to the  piston  e  by a  screw  @,
To  avoid  twisting  the  specimen  by the  screw

action,  the rods  @  projecting from the  up-

per pedestal were  placed  in the  slits  of  the

outer  cylinder  @.

Material  Constants
  Three kinds of  material  constants,

M,  defined by Roseoe et  al,  (1968)

O.S5

O,80

 C,75mp9E..-

 O,70.e

O,S5

 A, mand

were  also

 O,60
  O.I O,2 O,S 1,O 2,D
             Jsotropic  pressure

Fig.  2. Determination  af

     and  N

  5,O 10,O 20,O
Pts.(MPa)soil

 constants  2



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

STRESS-STRAIN  OF  SAND  79

used  in this study.  The  constant  2 is the

slope  of  the  e-ln  p curve  in a  normally

consolidated  (particle-crushing) region,  i. e.,
A==(ei,re2)11n(f}21pi), and  the  constant  m  is

the  slope  of  the  swelling  curve  of  the  e-ln

P relationship  as  shown  in Fig,2. From
these  results  the  constants  were  determined
as  a==O. 141 and  rc ==O,  O09. Another  constant

M  is concerned  with  the  frictional properties
of  sand,  and  is equal  to the  stress  ratio  op=
q/p  at  the critical  state  (c.s.) (Schofield
and  Wroth,1968). Let  a.  and  a,  be the

axial  and  radial  effective  stresses;  then,

        "f;-;gLpg;, 
::=

 
opcs

 l ,,,
         P=(aa+2a,)/3  J
The  p-g  plots of  triaxial  compression  and

extension  tests are  shown  in Fig.3, from
which  we  ebtain  M,=1.30  and  M,==-O.  90.
On  the  basis of  Mohr-Coulomb  hypothesis
that the internal friction angle  under  eom-

pression  stress  O, is the  same  as  that  under

extension  stress  O,, the  following relation-

ship  between M,  and  M,  can  be derived.

               
h3Mc

           Me=                                (3)
               3+Mc

Using the  value  M,==1.30, Eq.(3) predicts

  40

  50

G  20alu

  10m9-co."

 O:.A･

 -ID

 -20

Fig.3.  p-a  plot  to determine  the  frictienal

constant  M

that  M,=  -.  091 which  is close  to the  obs'erved

value  of  -O.  90.
The  stress  parameters  p and  q are  associated

with  the  strain  parameters  v  and  e, respec-

tively. Let e.  and  e. be the  axial  and  radial

principal  strains,  we  obtain,

       
'

 i::t iei;er)

 ] (4)

MULTI-STEP  STRESS  PATH  TEST

  To  invegtigate the  characteristics  of  a

yield curve  of  sand,  Pooreoshasb  et  al.  (1967)
and  Tatsuoka  et  al,  (1974) performed  triaxial

compression  tests in multi-step  stress  paths.
Relerring to  their  methods,  the  authors

carried  out  several  rnulti-step  stress  path
tests under  both compression  and  extension

stresses,  as  shown  in Fig.4 on  Toyoura
sand.  Before shearing,  each  specimen  was

consolidated  isotropically at  a  given  pressure
for about  sixteen  hours. For  the  isotropic
eonsolidation  in a  specimen  employed  in
the extension  tests, the  axial  load P  was

sustained  so  as  to yield P==Aa., where  A
is a  current  cross-sectional  area  of  the

specimen,  The  specimen  was  then  subjected

to leading and  unloading  according  to a  spe-

cified  program.  A  single  cycle  of  loading

and  unloading  required  about  two  hours.
The  Ioading was  carried  out  in four to five
steps  by applying  an  incremental Ioad when-
ever  the  strain  rate  under  the  present load
became less than  O.Ol%fmin  (axial defor-
          '
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Fig. 4. Stress path

    stress  path  test

        e: =const

       E,S,L

       E-2
     q

for  the  multi-step
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mation  of  O. O15mm  per minute).

  Yield points  were  determined on  the  stress-

strain  curves  g-e  and  p-v, which  are  usually

hyperbolic in shape  (Kondner et  aL,  1963).

While  there  is no  generally  accepted  method

of  determining a  yield peint,  we  considered

the  point ef  rnaximum  curvature  as  the

yield  point,  in the  same  manner  as  in the

previous study  (Miura and  Yarnamoto, 1982

a).

CHARACTERISTICS  0F  YIELD  CURVE

Yield Curve Segment

  To  determine the  yield  curve  segments,

Miura  et  al.(1982a)  employed  the  method

illustrated in Fig. 5, in which  points 1 and

Y  are  considered  to be the  associated  yield
points. Fig.6 indicates the family of  yield
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resp.ec.tiv.el,y,  by usl.ng  yield stress

curve,  and  pv ori p-v  curve.  This method,
however, brings such  a  few problems  that

the entire  yield  curve  constructed  from
these  yield curve  segments  is eonsiderably

different from the  predictecl yield  curve,  and

besides that  the entire  yield curve  does not

satisfy  the condition  dePldvP= O at  the  criti-

cal  state  (Miura et  aL,  1982b). Hence,
another  method  for determininig the yield
curve  segrnents  is examined  to remove  the

above  stated  problems, and  the  results  ob-

tained  by these  two  methods  are  compared

in the  following discussion. .

. At  the  associated  yield polnts  on  a-e
curve  and  P-v  curve,  as  shown  in Figs. 7(a)
and  (b), the  plastic strain  increments  6eP
and  6vP corresponding  to certain  stress  in-
crements  6g  and  6p  are  determined, thereby

we  can  depict a  plastic strain  increment
vector  on  p-g  diagram, Fig.7(c). Accept-
ing the  normality  condition,  we  obtain  the

15

IO
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Fig. 8. Family

 STRESS-STRAIN

qer on  g-e

eFSAND

9

z6
 

L  
e--,.9>8

   Shear

      :
      t
      L
      e      p

      .E
      >

      8

Fig. 7.

strain  e'

6$2us,ev-[tsg2

8!.

Volumetrlcstraln v

      Mean prtnclpal  stress  p
                  '
   Determination  of  plastic  strain  in-
crements,  (a) and  (b), and  plastic strain･
increment  yector  (c)

ef  yield  curvesegmentsbased  enthenormalitycondition



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

 82

yie!d cu'rve  
'segment

 as  a, eurve  perpendicular
to the  vector  as  shown  in Fig,8 in broken
lines, 

'
     tt                            '

  Miura  et al,(1982b)  found.that  the  charL

acteristics of  the  curve  segments  sthown  in
Fig. 6 are  of  unique  function of  stress  ratio  op,
i'ti both compression  and  extension  stress

regions. Now,  the  general movement  of  the

yield curve  segments  shown  in Fig.8 seem

also. to  be a  uniqe  function of  stress  ratio,

i. e; there  may  exist  the  next  relationship;

            ddpg -:'G(n)'  
'

 
'

 
'

 (s)
                     tt                               '
To  examine  this relationship,  

･the
 charac-

teristics of  the  yield curve  segments  of  the

sample  were  investigated under  the  condl-

tions  both  of  compression  and  extension

stresses  as  follows. Let the  stress  parame-
ters at  both  ends  of  a.yield  curve  segment

be (Pi, qp rpi) and  (py, qy, rpy), respectively,

tS.IEen the  values  of  dqldp  and  rp of  the  segment

1Y  may  be evaluated  by'the following equa-
 'tlons:

      dg
         =  (gi-gy)f(Pi-Pv)
      dp

         -  ni+opy
        rp-
             2

  Fig,9 shows  the  dq/dP-n
of  the  yield  curve  segments

Fig.8, Lwhich suggests  that

plicabre for cases  of  extension

as  cornpression  stress.  Then,
that, within  the  scope  of

perlments, the  yield curve

particle-crushing region

stress  ratio,  and  not  on  the

Formation  of the  Yield

  Using Eq. (5) an  entire

formed as  follows. From  the

rpp, we  get  dq=opdp+pdop.

Iationship into Eq. (5) and  
'

obtain,

           pt
      P=: Up(v,) 

'
 
Ufo(op)

       q=TP

   ufo(op) =exp  (Ji" G(opl -op 
dv)

MIUR･A･  ET/

(6)

     characteristies

      presented in

     Eq,(5) is ap-

     stress  as  well

      we  conclude

   the  present ex-

    of  sand  in a

depends  only  on  the

   stress  path.

Curves

 yield curve  can  be

      equatlon  q==
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          .
   Integratlng,  we

1
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 Fig. 9. dqfdp-pcharacteristicsoftheyield

     curve  segments  represented  in Fig.8 
'

where  pt is an  integrating constant,  i.e.,
the  value  of  p on  the' current  yield curve  at

a  value  of  op equal  to opi. Now  consider  a

new  parameter  p, defined as  the  value  of  p
corresponding  to op of  zero.  The  pararneter
Pti is obtained  from the  first equation  of  Eq,
(7);･. Po-Q=:Pe=(PilUp(vt))'Up(O), where  U,

(O)=1,
Hence,

             -  pt
                                (8)           f)em
               Ulo(Tt)

Therefore, EqL <7) can  be expressed  as,

         e.-.-fs' 
Ub(op)

 ] ,,,

To  depict the  yield curve  in the  p-a  dia-

gram  using  Eq. (7) or  (9), it is necessary  to

use  arhitrarily  chosen  stresses  (pi,rpi) and

the  op-U)(op) relationship.  So far, we  have
no  analytical  equation  for op- Ulo(op); instead,
the  dqldp-v  curve  was  obtained  by numeri-

cal  integration, as  shown  in Fig. 10. Fig, 11
shows  the  yield curves  depicted using  Eq. (9)
and  v-  Ulo(op) relationship  of  Flg, 10, togeth-

er  with  the  yield curve  segrnents  of  Fig. 8.
This  figure indicates that  the  yield curves
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-1,O O 1,O

   . Stre$s ratio  n                               '

Fig. 10.. n-7Up(p)  curye  obtained  by

     grating  the  dcr/dp-ny curve
                         '
                            '

based on  Eq. (9) approxlmately  agree

the  yield curve  segments  observed.
                    '

Fig.
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'
 Fig. 12 comPares  the'yield cU'fVle' I depicted
by the  abeve  stated  rnethod  w.ith  the'yield

curve  II eonstructed  by th,e method  iillus-

tfated  in Fig.5 (detailed description of  lcurve
II appeared  in Miura  et  .aL, 1982b).  It
s6ems  that  the  distance between the  two

curves  beeomes larger as  the  stress  ratio  n
increases, As  stated  previously,  the  curve

II does not  satisfy  the  normality  condition

a,nd  depfdvP=O at  the  critieal  state,  whilg

the  curve  I satisfies  both conditions.  The
differenee between the  two  curves  might  be'
explained  by applying  an  anisotropie  hqrden-

ing model  (Mr6z et  al.,  1981; Hashlguchi,
1983), whefe  the  yleld  surfabes  are  assiumed

to  move  in a  boundary sutface.  In 
'other

words,  the  curve  II rnay  be interpretated as

an  elastic-plastic  boundary that  take$  into

eonsideration  of  the  yield curve  movement

caused  by  unloading  and  reloading.  How-
ever,  detalled discussions on  

'this
 problem

requires  further investigatipn and  it is out

IL  Family  ofyieldcurvesdepicted  from  Fig. 
'le

 and  Eq.(9)

NII-Electionic  
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Fig: 12. Comparison  of  the  predicted and

     experimental  yield  curyes

of  the scope  of  this study.  In the following,

therefore,  discussions will  be made  only  on

the  yield curve  I.

  In Fig. 12, other  two  yield curves  are  also

depicted based on  the  Cam-clay equation  and

its modified  equation  (Roscoe and  Burland,

1968). The  curve  I is located between the

two  predicted  curves,  suggesting  that  there

exists  a  more  conformable  equ,atio,n  for pre-
dicting the  yield curve  of  sand  in a parti-
cle-crushing  region.  

'
 

'

EQUATION  FOR  THE  YIELD  CURVE

  The  yield curve  of  tke  Cam-clay equation

and  its modified  equation  are  expressed  as

follows(Roscoe and  Burland, 1968).

Cam-clay  equatien:

          -p-P,=:exp(-Mop) ao)
              '

Medified equation:

            P M2

            po 
=M"

 -l- v2 
(11)

where,  p. is the,  value  of  pi at  rp equal  to

zero.The

 above  equation  was  derived assuming

 AL.

the  next  expressions  for the  energy  dissipa-
tion  per unit  volume,  61V.
For  the  Cam-clay  equation:

           6W=pM6sP  (12)
For  the  modified  equation;

      6W  =:  pV  (6vp) 2+  (M'E 
Le-p)2

 (13)                                     '

where,  6vP is a  plastic volumetrib  strain

increment  and  6eP, a  plastic shear  distorr

tional strain  increment, The  difference of

the  yield curve  Eqs. (10) and  (11) depends
only  on  the  difference in the  expressions  for
6W. On  the  other  hand, as  seen  in Fig. 12,

the  experimental  yield curve  lies within  the

Cam-clay  and  the  modified  equation  curves

in compression  region,  and  it lies without

the  two  curves  in the  extension  region.

Therefore, in order  to obtain  a more  con-

forrnable equation  that  agrees  with  the  ex-

perimental yield curves  in both compression'

and  extension  stress  regions,  the  .authors

searched  for a better expressien  for 6W.
The  similar  investigatien was  rnade  by Hashi-

guchi(1978).  After all,  the  authors  found

the  following expressien  te give an  excel-

lent result,

6 W  ==  p V (6b-, ) 2 I  < M"8s p ) i=(  M'op-)'E 

'6'ti
 ab'5E7,

                                (14)
Based on  this expression  the  yield curve

equation  is derived as,

   i =exp[-A"M(,2i,+MilV+)Mop  ,dep]  as)

The  yield curve  of  Eq.(15) is depicted in
Fig.12 in thick  Iine, vihich is well  compara-

ble with  the  experimantal  yleld curve  I.

Thus,  Eq.(15)  proves to be reasonable  for

predieting the  yield  curve  of  sand  in a parti-

cle--crushing  region.  
'

                                '

PREDICTION  0F  THE  STRESS-STRA,IN

RELATIONSHIP

  To  predict the  stress--strain  relationship  of

the  sand  in a  particle-crushing region,  the

appllcability  of  the  following three  stress-

strain  equations  are  comparably  investigatedi

the  Cam-clay  equation  and  the  mQdified

equation(Roscoe  and  Burland, 1968),  and  the

proposed  equation.
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The  Cam--clay equation  is

    6V= 1te  (Aiiii!"7+2 
6pl')

    6e-A,-.:[S}$n,'.M-6,P,]
Burland  (Roscoe and

the  following modified  
'

the  Eq. (13) fer en-ergy

vplume,

 6":: ll,  [(Z 
m
 rc) ]$ ge+6 

rpop,
 +R  

6pP
 ]

 as-1'.:(.?!,,)(]iY-Y,-,+",')
Besides the  se  two  equations,  we

new  stress-strain  relationship

using  the  Eq.(14) instead of

expression  (13). The  revised

6v and  6e are  given as,

STRESS-STRAIN  OF

expressed  as,

(16)

Burland, 1968) proposed
  equation  based on

   dissipation per unit

(17)

    present  a

obtained  by
the  Burland's

 equation  fer

SAND 85

j
"

,!al,iitpli,il3/ei'l.,M

,,,g,t?

't

,

v,
'i
7

i
'kL･6"]

l
                                 (18)
For  simplicity  these  eq･uations  assume  that

the  elastic  component  of  the  shear  distor-
tional  strain  increment 6ee is negligible.

Therefore, a  stress  change  within  the  yield
curve  gives  only  the  elastic  volumetric  strain

ve. When  stress  is applied  across  the  present
yield curve,  elastic  and  plastic strains  occur

and  the values  of  strain  can  be caluclated  by
Eqs, (16), (17) and  (18).
  For  the standard  triaxial test (constant a.),

the  stress-strain  curves  were  predicted  as

shown  in Fig. 13, compared  with  the  experi-

mental  curves.  In thls figure, the  va!ues  of

 10Ga.vv$eutsGs;no

ogev>=-vL"mU=56sF>

Fig.  13.Prediction  ofstress.-strain  ¢ urye

Gk"vzaeortsw.EBm
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for standard  triaxial  test (constant ar)
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          Fig. 14. Pr,ediction of  stress--strain

    'gl

 predicted  .by the  three  equations  apparently

approach  to q==MpilL30p  at  a large axial

sgrain,  hence  it is sudicient  to  discuss within

al/limited  axial  strain  of  15%. 
-for

 comparison

of  the  experimental,  curve  with  the  predicted
curves.  These  results  show  that  the  Cam-                              '
clay  equation  tends  to overestimate  the  axial

strq{n'1,l'n  botb compression  and  extensiop

st'ress r'e. gions. On  the  other  hand, the  modified

equ'ation  ･'underestimates the  axial  strain  in

cqmpression  stress  region,  but overestirnates

in extension  s.tre.$tt region.  A  similar  tendency

w,as  also  observed  for a  normally  consolidated

cl'ay (Roscoe ahd"Btirland,  1968), As  com-

pared wlth  the  results  predicted by the  Cam-
clay  and.  the modified  equations,  the  stress-

stirain'curves  pred!Cted  by Eq. (18) agree  very

well  with  the  experimental  curves,  although

the  proposed  equation  stlll  lies apart  from the

observed  s.-v  curves.

  For the  drained triaxial tests at  constant

p, the  .experimen-tal and  predicted  stress-

strain  cury,e.  s are,  compared  as  shown  in Fig. 14.
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Fig.  I5."Prediction of  stress-strain  curve
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 compression  stress-  regio"  for multi-

    step  stress  path  test (A-1 type)
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･The /result  is very  similar  to t･he case'  of  .the
constant  a.  ttiaxial tests.  ･ 

'
 

'
 ･

. Fig. 15'shows  the  comparisons  6f the  ex-

perimental/,curve with  the  predicted stress-

strain  curves  in compression  stress  region  for
the  multl-step  stress  path  test  of  type  A-1,
and  Fig. 16 is the  same  diagram  in the  exten-

sion  stress  region  for the  test of  type  E-2.
In these  c'alculations  the  yield points were

predicted  on  the  basis of  the  Eqs. (10), (11)
and  (15). It is elear  ･that these  results  show

the  similar  tendency  in the  case  of  standard

triaxial test. In all  cases,  the  proposed Eq.

(18) seems  to  predict the  stress-strain  rela-

ttwiOonSehqiPual]l/oOnrg. 
aCCUrately

 
than

 
do
 

the
 
other

  The  applicability  of  the  propoSed  stress-

strain  equation  for the  other  soils  is briefiy
mentioned.  Fig,17 indicates the  comparison

of  the  predicted and  experimental  stress-

strain  curves  for-a normally  consolidated

kaolin tested  by Walker  (Roscoe and  Bur-
land, 1968), showing  that the  proposed equa-

tion  satisfactorily  predicts the  expetlmehtal

curve's.  Besides, thefauthors  had･ found that
'the

 stress-strain  curves  of  rockfi11  

'materials

and  a  normally  conselidated  clay  locates be-
tween  the  Cam-clay  and  the  modified  equa-

tion  curves  (Miura･ et  al,, 1977, 1980), From

  O,7

  O,6axP,
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 - Snear digtortiomal･stra-ln e  {Z)

17. 'Pred.ieti'on
 of  stress-strain  euryeiof  a  normally  consel

(Roscoe tind Burlafidv･1968)
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Volumetrtc  strain  v (X)

idated kaolin tested by Walker
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these  facts, it can  be said  that  the  proposed
equation  has a  wide  conformability  not  only

l･or granular soils  -in partiele-crushing region
but  also  for normally  consolidated  clays.

,CONCLUSIONS,                '

 . To  investigate the  stress-strain  character-

istics of  sand  in a  particle--crushing  region,

various  kinds of  triaxial tests including
'multi-step

 stress  path  tests were  carried  out

on  Toyoura sand  in a  saturated  Io6se state

using  a  high pressure triaxial apparatus.

-The  following main  co'nclusions  were  ob-

tained.

  (1) The  values  of  the  frictional constant

-M, and  M,  measured  under  compression  and

extension  stresses  were  Mle=1.30 and  M}=
-O,90,  respectively.  These  values  approxi-

mately  satisfy  the  relationship  M,=-3M}/

(3+Mk), deri,ved from  the  Mohr-Coulomb

hypothesis ¢ e=:Oe･
 ' 

'

･ (2) The  characteristics  ef  the  yield curve
which  is determined  on  the  basis of  the

plastic strain  increment  vectors  under  triaxial

.conipression and  extension  stresses  can･be

expressed  as  dq/dp=:G(op), irrespective of

stress  path. ,

  (3) On  the  basis of  the  dqldp-n  curve

determined  by the  experiments,  a family of

yield curves  was  obtained.  These  yield curves

are  quite comparable  to the  yield curve  seg-

ments  obtained  fforn the  multi-step  stress

path tests. .

  (4) The  yield curve  depicted by the  pro-

posed  equation  is well  comparable  with  the

experimental  yield  eurve,  The  proposed
stress-strain  equatlon  can  predict the  experi-

menta!  stress-straln  curves  satisfactorily  in
conditions  of  constant  o, and  constant  p in

both trlaxial compression  and  extension  stress

   '                                   '
reglons.  ..

  (5) The  propo$ed  stress-strain  equation

has a  wide'conformability  not  only  fog gran-
u!ar  soils  in particle-crushing regionS  but

also  for norrnaliy  cohsolidated  clays,

ET  AL･.-
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NQTATION

       e==vbld  rtitlo

      eo=initial  void  ratio

      p=effective mean  principal stress

      Pe =stress  parameter

      Pt==integrating constant

      Po= value  of  pt at  rp equal  to zero

py  and  qy=yield  stresses

      q=axial  deviator stress

      v=:volumetric  strain  (=::ea+2Sr)
      ve=elastic  volumetric  strain

     6W==dissipated energy  per unit  volume  of

         material

     esvP==plastic volumetric  strain-increment

     aeP::=plastic shear  distortional strain-incre-

         ment

       e=shear  distortional strain  (=-Z'(sa-Sr))
 sa and  er==axial  and  radial  principal  strains

      ny==stress ratiO  ( :9XP)

     vcs=stress ratio  at  the  critical  state

      rc=slope  of  swelling  line of e-Iogp  curve

      1=slope of  normally  consolidation  llne of

         e-Iog  p curve

      M=frictional  constant  at  the  critical  state

McandMe==frictional constants  under  compression

         and  extension  stresses

aa  and  ar=axial  and  radial  effective  stresses

     a,t=radial  effective  stress  after  consolida-
                '         '
         t!on  

･

thc and  ¢ e==internal  friction･ angles  under  compres-

      
'
 sion  and  extenSion  stresses
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