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                                  ABSTRACT

  A  series  of  drained triaxial compression  tests at  extremely  low  pressures  was  performed
on  saturated  samples  of  fine, angular  sand  to know  the dependency of  both the  angle  of

internal friction O =arcsin  {(a,'-a3')1(ai'+a3')}... and  the  deformation characteristies  on

the  value  of  a3'.  Great cares  were  paid to the  stress  measurements  and  the  stress  corrections

for membrane  forces, Also in order  to confirm  the results  with  respect  to the value  of  g,
several  analyses  based both on  the  stress-dilatancy  relations  at  failure and  on  the  defermation
characteristics  of  sample  were  performed. It was  found  that the  change  of  ¢  with  the
change  of  a3' is very  small  when  a3'  is lower than  around  O,5kgf/cm2  (50kNlm2), especially

lower than  around  O.lkgf/cm2  (10kNlm2). It was  also  found  that  the  apparent  cohesion

intercept is not  needed  in using  the  Mohr-Coulomb  failure criterion  for the  saturated  sand

tested. Further, it was  found that  the  change  of  deformation characteristics  of  sand  with

the  change  of  as'  is rather  small  when  as'  is lower than  around  O.5kgflcm2 as  well.

Key  words  :.a.pgle. of  inte.r..nq.1-frict.imomn., dilatancy, drained shear,  sandy  soil, shear  strength,
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                                         tests on  saturated  sand  specimens.  These
INTRODUCTION
                                         are  also  needed  to analyze  the  results  of

  The  values  of  the  angle  of  internal friction model  tests using  sand  boxes such  as  bearing
defined as  ¢ =arcsin  {(ai'-ast)/(oit+a3')}... capacity  tests, earth  pressure  tests or  the

of  cohesionless  soils  at  low stresses  are  needed  like. However,  only  a  very  Iimited number
for the  analyses  of  for instances shallow  of  the  values  of  O at  low  stresses  lower
failures of  sand  slopes  and  for the  determina- than,  say,  O.5kgflcm2(50kNlm2)  have been
tion  of  stress-strain  relations  at  extremely  reported  in iiterature (Ponce and  Bell,
low  effective  stresses  during cyclic  undrained  1971, Stroud, 197i). Figs.1(a) and  (b)
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Fig.                             frietion

      hange  of  effective  minor  principal

stress  in triaxial compression  test (repro-
                         1971) (lkgf/

were  reproduced  from Ponce  and  Bell (1971),
in which  the  value  of  ip has been plotted

against  the  minor  principal  stress  o3'  (a) in
the  logarithmic scale  and  (b) in the

arithmetic  scale.  The  membrane  forces have

been corrected  for these  data by Method  I

which  will  be described in detail in the

latter part, These values  of  ip were  obtained

by 
'
 the  conventional  drained triaxial

compression  tests, It may  be seen  from

these  figures that  the  value  of  ip increases

very  sharply  with  the  decrease in as' when

a3'  is lower than  around  O.2kgftcm2  (20
kNfm2). These  results  suggest  that  if these

'
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results  are  true  there  is some  arnount  of  the

apparent  eohesion  intersept for this sand.

However,  it is alse  true  that  if the  value

of  di changes  so  largely with  the  change  of

as' at  lew stresses  as  shown  in Fig.1, it

becomes very  cornplicated  and  also  very

diMcult to  analyze  the  results  o/f model  tests

performed  on  small  model  sand  grounds.'
Also, in such  a  case,  the  angle  of  internal

friction at  extremely  low pressures  should  be

evaluated  for each  different kind  of  sand  used

for model  tests, because the  manner  of  the

change  of  ip with  the  change  ef  a3'  at  Iow

stresses  might  be very  different among  diffe-

rent  kinds of  sand.

  In view  Qf  the  above,  the  authors

perforrned a  series  of  drained triaxial

compression  tests for a wide  range  ef

confining  pressure  from O.02kgficm2  (2.0
kNtrn2) to 4kgf/cm2  (392 kNlm2) on  Toyoura
sand  which  has been used  extensively  in

model  tests at  the  Institute of  Industrial
Science, the  University of  Tokyo  (Fuku-
shima,  1982). In this paper  it will  be

shown  that  the  dependency  of  the  value  of

e of  Toyoura  sand,  which  is fine, angular

sand,  on  o3t at  low stresses  is much

smaller  than  that  shown  in Fig.1 and  the

value  of  di is almost  independent of  a3' when

a3'  is lower than  around  O.lkgffcm2  (10
kNlm2). In addition  to this, it will  also  be
shown  that  te obtain  an  adequate  conclttsion

with  respect  to this problem, great  cares

should  be paid to  the  stress  rneasurements

and  alse  the  membrane  forces should  be prop-

erly  accounted  for Furthermore,  it will  be

presented that  the  deformation characteristics

of  the  sand  do not  change  so  much  with

the  change  in a3'  when  a3' is lower than

around  O.5kgflcm2 (50kNIm2), especially

Iower  than  around  O. 1 kgflcm2 (10kN!m2).

TEST  PROCEDURE

  In this testing  program  (Table 1),

Toyoura sandi,  uniform  sand,  having  a  mean

grain size  of  O.16mm,  a  uniforrn  coeficient

of  1.46, a  specific  gravity  G,=L'2..64 and  an

angular  shape  was  used.  The  maximum

NII-Electionic  
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NOTE(2)
 conselidation  effective  stress

(3) o3' at  (ifi'!as')rnax measured  with  a

   ferential pressure  transducer,  uncerreeted  for

   brane  forces

(4) void  ratio  at  a.'==O.31cgf!crn!

(5) initial rnembrane  thiekness

(6) angle  ef  internal  iriction, uncorrected

   forces

high-capacity  dif-
        mem-･

fer  membrane

and  minimum  void  ratio  values  are  O.977
and  O. 605. The  nominal  values  of  diameter
and  height of  specimen  were  7cm  and  15 cm.
Samples  were  prepared  by the air  pluviation

rnethod;  air dry sand  was  pluviated  through

air  from an  nozzle  of  tube  keeping the  fall
height constant.  Densification of  the

samples  was  accomplished  by increasing the
farl height. The  following cares  were

taken  to maintain  the  accuracy  of  testing  at

lew stresses.

  (1) Both  ends  at  the  cap  and  at  the

pedestal were  made  of  acryl  platens  having
very  smooth  surfaces,  These  end  surfaces.
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were  well  lubricated by using  the  method

of  so  called  Type  2 (Tatsuoka et  al,  1984)

where  one  layer of  50ptm-thick Shin-etsu
silicone  grease  KS63G  is placed  between  a

300pm-thick  latex disc and  an  acryl  platen

and  this lubrication layer is doubled (in total
two  grease  layers and  two  latex discs at

each  end).  The  angle  of  friction between
a  mass  of  Toyoura  sand  and  this lubricated
surface  was  found by direct shear  tests to

be around  O. 4 degreeA-O, 5 degree at  a normal

stress  ranging  from  around  O, 25kgf/cm2  (25
kN/m2) to around  6,5kgffem2 (650kNlm2)
(Tatsuoka et  al, 1984). Shin-･etsu silicone

grease  KS  63 G  was  selected  because this kind
oi  grease  had been found very  suitable  for

tests at  relatively  lew  normal  stresses.

  (2) Both  the  cap  and  the  pedestal  were

enlarged  (7.5cm in diameter compared  to a

diameter  of  sample  of  7 ¢ m)  and  the  cap  was

fixed to the  loading piston in order  to have
a  uniform  defermation of  sample,  Of
course,  it was  cenfirmed  before ea ¢ h test

that  the  surfaces  of  cap  and  pedestal  be

parallel to each  other,

  (3) A  membrane  having  an  inner-

diameter which  was  around  2mm  smaller

than  the inner-diameter of  split  mold  was

used  to  ensure  a goed  fitting between the

membrane  and  the  inside surface  of  the  mold

when  a vacuum  was  applied  to the space

between them.  It was  found from
experiences  that if these  two  kinds of

diameters are  similar,  there  may  be a  fold
or  folds in a  membrane  when  the  mem-

brane is set  in a  mold  andler,  after  a

sample  is consolidated.  This  arrangernent

induces an  initial horizontal tensile strain  of

an  order  of  3%  in the  membrane.  A

membrane  was  set  to a  split  mold  in such

that  no  initial axial  strains  induced in the

membrane.

  (4) After smoothing  and  fiattering the

sarnple  surface  by scraping  with  a  thin

wooden  plate, the following procedures were

employed  in order  not  to disturb the

sample:  (a) The  cap  was  placed with  a

seating  stress  of  as  small  as  around  3gf/cm2

(O.3kNfm2). (b) The  Ieading piston was

              CAP

SMOOTHED'SURFACE,
PARALLu  To  THE  ACRYL  PLATEN
PLATEcoSLULRAFRACE
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   ']
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Fig. 2, Schematic  diagram  showing  the

   condition  just before seating  ef  the

   cap  on  the sample  surface

clamped  to  the  top  portlon of  the  bearing
house. (c) The  membrane  was  carefully

sealed  to the  top  cap  in such  that no

membrane  axial  strain  induced in it. (d>
The  loading piston  was  unclamped  with

keeping the  seating  stress  to be 3gftcm2.

(e) The  split  collar  was  removed  very

carefully,  which  had  been  set  on  the  top  of

the  split  mold  in advance  as  shown  in Fig. 2.
It was  considered  that  while  the  sample  was

not  vacuumed  yet  at  this moment  most  of

the  sand  mass  located between the  bottom
surface  ef  the  top  acryl  platen  and  the  leve!
of  the  top  edge  of  the  mold  was  not

disturbed so  much  because the  free gap  was

only  4mm  and  some  shear  resistances  might

exist  between the  lubricated surface  of  the

cap  and  the  sample  surface  at  a  seating  stress

of  3gflcm2. (f) A  vacuum  was  applied  to
the  sample  with  its value  being O. 02kgflcm2

(1.96kNlm2) for the  sample  which  was･

sheared  at this value  of  effective  confining

pressure (O. 02 kgflcm2). The  vacuum  value･

was  O.05kgflcm2  (4.9kNlrn2) for the  sample

sheared  at  an  effective  confining  pressure  ef

O.05kgflcm2  or  higher, It was  confirmed

that  the  top  cap  fell free]y when  the

NII-Electionic  
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vacuum  was  applied  beeause of  the  presence
of  the  free gap made  by removing  the  collar

(Fig.2). Note  that  in spite  of  the  presence
of  this  kind of  gap  the  contact  between the

membrane  and  the  inside surface  of  the  mold

may  res'ist  to some  extent  against  the

perfectly free axial  deformation of  sample

when  vaeuuming.  This kind of  contact  may

disappear only  after  the  sample  is contracted

to  some  extent  in the  radial  direction, which

will  not'  be the  case  in the  beginning  stage

of  vacuuming.  This  is-because the  mem-

brane is compressed  radially  to some  extent

even  before the  application  of  vacuum.

Considering'this  ab'ove,  it,was  decided to

rninimize  the  vacuurn  value  to the  smal!est

operational  value  

'as
 described above,  But

this value  should  be'' l'tiiger than  the

horizontal stre$s  at  the  bottom of  sample

before the  application  of  vacuum,  which  is
only  around  O.Olkgf/cm2  (lkNirn2). (g)
The  split  brass mold  was  carefully

disassembled and  the  dirnensions of  sample

Were  measurecl.  For the  sample  sheared  at

an  effective  confining  pressure  of  O. 5kgf/cm2

(49kNlm2) or  higher, the  vacuum  was  then
increased to O. 3 kgflcm2 (29. 4 kNlm2) and  the

dimensions of  sample  were  measured  again,

  (5) Samples  were  saturated  by eircula"

ing suffcient  amount  of  carbon-dioxide  and

de--air water  through  a  specimen  and  app!ying

a  back pressure  of  2.0kgf/cm2  (196kN/m2)

              ia
    :PsATD6 NNI 

'
 EIGHT

    
d/a･=:a3mrn,l

          '

    
p,eA,m,e,Nu";'

 !,I.,zi.R,
           

           

           j,llll#1ik･:giD'T

Fig. 3. Schematic  diagram  of  triaxial

    compressien  test method  for tests
    at  an  effeetive  cenfining  stress  of

   O.5kgf/cme2  (49kN/m2) or  lower

AND  TATSUOKA

   for an  effective  confining  stress  a,' of  O.05

   kgf/cm2  (4.9kN/m2) or  higher. VLThen

   o,':=:O.02kgflcm2  (L96kN/m2), no  back

   pressure was  applied  in order  not  te disturb

   a  sample  during  the  appl!cation  of  back

   pressure, Back pressuring was  considered

   necessary  to measure  accurately  the  volume

   change  of  sample  by measuring  the  water

   height in burette. This  water  height was

   measttred  with  a  low-capacity differential

   pressure transducer  (LC-DPT) as  shown  in

   Fig,3 (Tatsuoka, I981).

    (6) To  obtain  the  value  of  effective

  confining  pressure or  effective  mihor

  principal  stress  o3' during  a  triaxial

  eompression  test, the  differential pressure

  b.etween the  eell  water  pressure  and  the  pore
  water  pressure  was  directly mea$ured  with  a

  high capacity  differential pressure transducer  
'

   (HC-DPT) (Fuji Electric Co. Ltd, Model

  FFF-35) (see Fig.3). The  capaeity,of

  differential pressure  for the  HC--DPT  was

  adjusted  to  an  adequate  value  among  O.32

  kgf/cm2 (31.36kNtm2), 1,6kgfi'cm2 (156.8
  kN/m2) and  3.2kgf/crn2 (313.6kN,tmZ). The
  estimated  error  in the  mea$ured  differential

  pressure  was  around  ± O.3%  for the  maxi-

  mum  differential pressure ef  O.02kgf/cm2

  (i.96kNlm2), whieh  was  mainly  caused

  during the  analog--to-digital  cenversion

  procedure  in data acquisition,  The  error  in

  percentage decreases with  the increase in the

  measured  differential pressure. Thus  the

  value  of  a3'  was  calculated  as  
'1'

   '

               o3'=DP+ddr.  (1)

  in which  DP  is the  differential pre.t,sure as

  measured  with  the  HC-DPT  and  ria,. is the

  stress  correction  for the  iorces working  in
  membrane  which  will  be de$cribed in detail
  later. Note that  the  value  of  DP  is

  independent  of  the  level where  this is

  measured.  Thus, when  Ao,. is independent

  of  the  level, as'  obtained  by Eq. (1) is the

  same  at  any  level in a  sarnple.

    (7) While the  diameter of  the Ioading

  piston  was  20mm  for an  effective  confining

  pressure of,1kgffcm2  (98kN/m2) or  higher,
  this was  reduced  to  13mm  for an  effective

  confining  pre$sure  of  O, 5kgffcm2  (49kNfm2)
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or  lower to  reduce  the  piston friction. The
loading piston was  guided with  two  low-
'friction

 linear motion  bearings in a  bearing
house located at  the  top  plate of  triaxial

cell  (Fig.3). The  sealing  against  pres-
surized  cell  air  was  achieved  by  placing a

gap  of  O.Olrnm  between  the  inside wall

surface  of  the  bearing house and  the  loading

piston alollg  a  length of  5crn between two

bearings. For the  tests at  an  effective

confining  pressure of  O.5kgftcm2  (49kNIm2)
or  Iower, the  combined  weight  of  cap,

loading piston and  other  attachments  was

counter--balanced  as  illustrated in Fig. 3 from
the  stage  of  contacting  the  cap  with  the  top

surface  ef  sample  in order  to keep sample

disturbances to  

''th,e
 

'mlnimum.
 The  total

amount  of  friction against  the  upward  or

downward  movement  of  the  Ioading piston
L  was  carefully  evaluated  under  the  actions

of  thrusting  forces and  was  feund not  Iarger
than  16gf  (O. 16 N)  which  corresponds  to  an

axial  stress  of  as small  as  O.4gf/cm2 (O.039
kNIrnZ) for the  sample  dirnension employed

in this study.  The  effective  axial  stress  ai'

at  the  mid-height  of  sarnple  was  calculated

as

  ai'==(P.+IIJ-L)IA,+DP-[(o,+6'r.)a

      -Yti･rw･A,1!As+(hs12)'(G,-1)r.t(1

      +e)+ztaa,. (2)

  in which  P. is the  additional  axial  load
measured  with  a  load cell  located at  the  top

of  the loading piston, W  is the  combined

weight  of  cap,  loading piston and  other

attachments  (VV=O when  cottnter-balanced),

F, is the  loading piston  friction, A, and  h,

are  the  cross-sectional  area  and  the  height

of  sample,  D?  is the  differential pressure as

measured,  a,  is the  cell  air  pressure  as

measured  with  a pressure gage, 6 is the  cell

 water  depth above  the  cap,  d and  A,  are

 the thickness and  the  cross-sectional  area  of

cap,  r.  is the  unit  weight  of  water,  a is

the  eross-sectional  area  of  the  loading piston,
and  tiaa. is the  stress  correction  for
 membrane  forces which  will  be described in

detail later. The  load cell  was  carefully

calibrated  very  often  by using  dead weights.

  (8) The  axial  displacement rate  was  as

DEFORMATION  OF/SAND
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  Fig. 4. Schematic  diagram  showing  the

      ¢ hange  of  di along  an  identical

      isotropic  nermal  consolidiation  curye

                  '

small  as  O.25%tmin  so  that  no  excess  pore

pressure be aceumulated  within  a  sample.

  (9) All the  values  of  stresses  and  strains

were  automatieally  recorded,  /processed and

plotted  by using  a  micro-computer  in order

to  reduce  the  error  during  these  steps.

  In most  cases,  the  density o/f each  sample

wil!  be represented  by the  value  of  void

ratio  when  the  sarnple  is isotropically

consolidated  at  a  pressure of  O.3kgf/cm2

(29,4kN/m2), e,.,  (see Fig.4). The  values

of  di and  several  kinds of  stralin  values  will

be compared  among  different samples  having
an  identical value  of  e,.3. In this  sense,  the

changes  of  the  values  of  e or  strain  values

with  the  change  of  pressure  along  an

identical isotropic normal  consolidation  curve

will  be examined  in this paper, The  values

of  eo.3 for samples  which  were  sheared  at

stresses  lower than  O.3kgflcm2 such  as

Sample A  as  indieated in Fig.4 were

estimated  by using  the  consolidation  curves

up  to  O.3kgffem2 which  were  obtained  for
other  samples  having  similar  density values.'

TYPICAL  RECORDED  STRESS  AND
STRAIN  RELATIONS

  The  typical relationships  between  stress

ratio  ai'/a3',  axial  strain  e. and  volumetric

strain  v  in a  series  of  drained trlaxial

compression  tests  on  samples  having similar

densities are  shown  in Figs,5(a) and  (b)
and  also  in Figs.5(c) and  (d). Figs.5(a)
and  (b) are  on  dense samples,  Fig,5(a)

are  for the  samples  consolidated  to O. 1kgff

NII-Electionic  
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    axial  strain  and  volumetric

dense samples

    samples
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 F
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            AXIALSTRAeN,e.{eh)

  stress  ratio  at  the  mid-height  of  sample

                  strain  for a  rnembrane

 at  a,'=e.1-v4kgf/cm2,  (b) dense samples

at  a,'=O.1-v4kgflcm2  and  (d) loese samples

cm2  (9.8kNfm2) or  higher and  Fig.5(b) are

for those  consolidated  to O.lkgf/cm2  or

lower. Figs.5(c) and  (d) are  similar  ones

fer loose samples.  Note  that  the  membranes

used  for the  data presented in Figs.5(a)
through  (d) are  latex rubber  membranes

having  a  Young's  modulus  of  15.2kgffcm2

(1.49× 103kNlm2)  and  an  initial averaged

thickness to of  O.3mm.  The  stress  values

shown  in these  figures were  those  at  the
mid-height  of  sample  without  being cor-

rected  for membrane  forces. It may  be
seen  in these  figures that  for both cases,

dense or  loose, the  change  of  the  relationship

between axial  strain  and  uncorrected  stress

ratio  ai'la3'  with  the  change  ef  consolidation
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pressure a,t  becomes Iarger as  acr  decreases
while  the  change  of  the  relationship  between
axial  strain  and  volumetric  strain  with  the
change  of  a,'  becomes smaller  as  a,'  de-
creases.  This  apparently  contradictory

phenomenon  will  be explained  in the

following part by the  effects  of  membrane

forces on  measured  stresses.

  Somewhat  unsmooth  stress  and  strain

relations  seen  in Figs,5(a) through  (d) for
extremely  lower stresses  (a,'SO,lkgflcm2)
can  be considered  due to their  stick-slip

behaviors, The  ang!e  of  internal friction
was  defined for the  rnaximum  recorded  or

calculated  stress  ratio  in any  case  in the

following part whether  stresses  were

corrected  or  uncorrected  for membrane

forces.

DEFORMATION

DEPENDENCY  OF  ANGLE  0F  INTER-
NAL  FRICTION  ON  PRESSURE

  The  angles  of  internal friction ip obtained

by using  membranes  havlng to ==  O. 3 mm  were

calculated  from the  maximum  stress  ratio  at

the mid-height  of  sample  without  performing

 Z5a
 x
 R
 x
 E
 9
 g45vags::r!xdZ,,ieig:--""ELq"

 to.63stu

 epr:oLPo-

  Fus ndiz-qrt30

Fig.

 e.6 e.7 o,s es  1.o

   VOID  FATSO  AT  a'.=O,3  kgUcm2,  eo,3

6, Ang!e  of  internal friction at  the

mid-height  of  sample,  uncorrected  for
membrane  forces for to= O.3mm,  plotted
against  eo.3  (lkgf/cm2=T98kNlm2)

OF  SAND 37

any  stress  eorrections  for mernbrane  forces
and  plotted  against  the  values  of  eo.3 (Fig. 6).
The  figures indicated in Fig.6 mean  the

values  of  minor  principal  stress  at  (ai't
a3')max,  (a3')f, which  have not  been
corrected  for membrane  forces either.  The
values  of  (a3')f were  slightly  different from

the values  of  consolidation  stress  a,' at  low
stresses  because of  the  unevitable  changes

of  the  surface  levels of  both cell water  and

water  in burette and  also  because of  the

slight  changes  of  both  cell  air  pressure  and

back air  pressure  during a test. These kinds
of  changes  were  Iet to occur  freely during
tests because it was  considered  that the
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adjustments  might  induce more  variations

in as'  than  it was  in the  case  of  no-

adjustment.  It rnay  be seen  in this figure
that  the  scattering  among  the  data is very

small  even  when  (a3')f is as  low as  O,2kgfl
cm2  or  lower. '

  Since the relationships  between ip and  eo.3

could  be well  defined for each  stress  Ievel,
the  values  of  g5 for ee,3=O.70  Qr  eo.3:=O.85

were  read  for each  stress  level and  plotted
against  (a3')f both  in the logarithmic scale

(Fig. 7) and  in the  arithmetic  scale  (Fig, 8).
At  least two  important points may  be seen

from  these  figures. First, the  true  values

of  e at lower stresses  should  be smaller

than  those  indicated by the  hollow circles

especially  at  ff3' lower than  O.lkgflcm2
(9.8kN/m2) because the  errors  due to the

effects  of  membrane  ferces for a  rather  thick

me/mbrqne  of  to=O.3mm  involved in these
  /datia

 always  increase the  caleulatecl  values

of  Ie, In spite  of  this fact, it may  be seen  /thdt'the
 rate  of  the  change  of  di with  the

change  of  a3'  in this  case  is much  srnaller

than  that  indieated  in Figs.1(a) and  (b).
The  reason  for this apparent  difference can

not  be explained  by the  present huthb'rs
mainly  because several  experimental  details
for the  data shown  in Figs,1(a) and  (b) are

not  presented  in the  literature.

  Secend, it may  be seen  from Fig.7 that
in the  ease  of  e,.3:=O.85  the  manner  of  the

change  of  di with  the  change  of  o3' when

as'  is between  O.5kgffcm2  (49kNlm2) and

O.2kgflcm2  (19.2kN/m2) is not  smooth,  but
is rather  unnatural.  This  may  be due to

that  at' e3'  lower than  O,5kgflcm2  the  effects

of  rPenibrane  forces are  especially  larger for
these  looser samples  having  eo.3=O.85  than

for denser samples  because the  maximitm

value  of  allg3'  is attained  at  a  larger strain

value  for a  looser sample,  resultipg  in

larger membrane  forces. This  trend  may

also  indicate the  necessity  of  stress  eorrec-

tions for membrane  forces at  least for the
cas.e  of.to=O.3mm.

  In view  of  the  above,  additional  drained
triaxial compression  tests on  specimens

censolidated  to an  effective  consolidation
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9. Angle  of  internal friction at  the mid-

height of  sample,  uncorrected  formembrane
ferces for to=e.lmm,  plotted against  eo.3

(lkgffcmZ=98kN/m2)

pressure a.'  of  O.lkgffcm2  (9.8kN/m2) or

lower were  performed  using  thinner  latex
membranes  having to==O.  l mm  or  O. 12 mtn.'

The  uncorrected  values  ef  e at  the  mid--

height of  samples  when  tD=O,lmm  were

plotted against  e,.3  (Fig.9), The  figures
indicated in Fig, 9 are  the  values  of  effective

minor  principal  stress  at  (at7ast)max, (a3i)r,
which  have not  been eorrected  for membrane

forces either.  Since no  clear  effects  of

(o3')f on  the  values  of  ip could  

'be
 seen

among  the  data, the  values  of  O for eo.3=

O,7Q and  O.85 were  read  frorn these  data
and/  indicated in Fig.7 by two  horizontal   'broken

 Iines, which  were  determined  as

di ==43  degrees for(a3'),:=O, 038--O. 117, kgf/cmZ
(3.7-vll.5kNlm2) and  P=37 degrees for
(o3')f==O.026"vO.103kgf/cm2 (2.5---10.1kN/
m2)r  It may  be seen  from Fig.7 that
when  stresses  are  not  corrected  for membrane
forces -the

 calculqted  values  oiv,  di- are

smaller  for .to=O, 1 mm  than for td=O.  3 mm,
with  the  difference increasing with  the
de,crease in a3'  or  (6s')f., This is also

another  evidence  for the  effects  of  membrane

forces on  the  measuted  value  of  e.
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  If the  effects  of  membrane  forces are  not

negligible  in,obtaining'the  true  values  ef

ip at o3'  lewer than  around  O,1kgflcin2 even

when  thin  membranes  having  an  initial

thiekness  to==O.1rnm  are  used,  another

important conelusion  may  be derived from

the data shown  in Fig, 9. If the  values  of

ip indicated in Fig,9 are  properly corrected

for membrane  forces, the  corrected  valties

of  ip will  decrease, The  amount  of  deerease

will  increase as  (a3')f decreases because the

effects  ef  membrane  forces on  the  values  of

ip are  larger for lower values  of  (a3')f.
Then, the  corrected  values  ef  O become
smaller  with  the  decrease in as' when  tis' is

lower than  around  O.lkgf!cm2  (10kNm2).
This conclusion  seems  rather  unnatural.

However,  it is to be noted  that the stress

condition  within  a  sample  becomes very

non-uniform  at  extremely  low  pressures.
The  values  of  e indicated in Fig,9 were

calculated  from the  maximurp  stress  ratio

value  (ai'/a3') 
...

 at  the  mid-height  of  sample.

For example,  suppose  that  at  the  mid-height

of  sample  the  true  stress  values  are  (o3')f=
O.045kgflcm2  (4.41kNlm2) and  (ai').ax=
O,227kgflcm2 (22.2kNimZ), resulting  in

(ai'fa3')mai==5･045or di=42.0degrees, When
the  void  ratio  value  e is O. 7, the  value  of

(ai')ma. at  the  bottom  becgmes  O,2342kgf/

em2  (22.95kNIm2). When  the  effects  of

rnembrane  forces on  the  value  of  (a3')f are

the  sarne  at  any  level' in the  sample  and

also  the  horizontal shear  stress  working  on

the  bettom surface  ef  sample  can  be
neglected,  . the  value  of  (ff3')f at  the  bottem

of  sample  is also  O.045kgflcm2. Then,  the

value  of  (ai!Ios')... at  the  bottom  of

sample  becomes 5. 20, giving  ip =42,  7degrees,

which  is O,7degreeslarger  than  the  value  of

" calculated  from the  stress  values  at  the

mid-height  of  sample.  Therefore, it can

be said  that  if the]  failure of  sample  is

controlled  by the  maximum  value  of

(ai'la3')... within  a  sample,  the  values  of

di obtained  from the  stresses  at  the  mid-

height of  sarnple  are  underestimated  ones

especially  at  lower stresses  even  if stresses

have been properly'corrected for membrane
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       (a) a3'==e.51--4kgffcm2  and  (b) a,'==

     O.e26-vO.122kgfXcm2, with  stress  values  
･

       follows  being  uncorrected  for memb-

     rane  forces (lkgffcm2=98kN/m2)
  'forces,

 Therefore, it seems  that  the  trend

indicated in Fig,9 be quite possible. This

point will  be discussed again  later. 
'

  In an  attempt  to know  the  extent  of- the

effects  of  membrane  forces on  measured

values  of  ip, another  kind of  analysis  was

performe'd as  follows, In Fig,10(a)-are
shown  the  $ttess-dilatancy  plottings a.t

failure for (o,')f= O.51A-4.01kgflcm2(50.0--

392 kNlm2) where  the  membrane  forces -have

pply,negligible effects  on  measured  valu.es  of

(ai'tas')in.s. While  a  small  scattering･.can

be seen  among  the  data, the  relations  can

be/considered quite  independent of  the  value

oi  (os')f.･ In Fig.10(b) are'shewn  the
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similar  stress-dilatancy  plottings at failure
for (a3')f=O.026heO.122kgf/cm2 (2.5-sv12.0
kNlm2) for two  membrane  thickness  values,

to=O.lmm  and  O,3mm.  The  range  for
(a3')t==O.51A-4kgflcm2 is also  indicated in
Fig,10(b). Note  that  the  values  of  (ai'1
as')...  and  (a3')f indicated in Fig, 10(a) and

(b) are  the  ones  uneorrected  for membrane

forces, measured  at  the  mid-height  Qf

sample.  It may  be clearly  seen  in Fig. 10(b)
that  the  data points  for to==O,3mm  are

located quite  higher than  those  for to=O.1

mm  which  are  in turn  located slightly

higher than  those  for (c3')f=O,51N4kgf/
cm2.  If the  stress-dilatancy  relation  at

failure is independent  of  the  value  of  (ce')f
for the  range  of  a3'  between O.026kgftcm2

(2.5kNtm2) and  4. 0kgffcm2  (392 kN!m2),  we

can  conclude  from  the  data shown  in Fig. 10
(b) that  for both to ==  O. 3 mm  and  O. 1 mm  the

effects  of  membrane  forces should  be
accounted  fer to obtain  the  true  values  of

e, with  the  correetion  being larger for to =

O. 3 mm  than for to=O.  1 mm.

STRESS  CORRECTION  FOR  MEMBRANE
FORCES

  The  shape  of  membrane  during a  triaxial

compression  test at  low stresses  is rather

complicated  because of  very  rough  surfaces

of  sand  samples  and  also  because the  buckling
of  membrane  ean  occur  at  a larger axial

strain  especially  at  extremely  low  pressures.
By  these reasons,  it is very  dithcult to find
an  exact  rnethod  of  stress  corrections  for
membrane  forces for sand  specimens.

Therefore, the  following three  methods

were  compared.

  Method  l:In  this  method,  it is assumed

that  a  membrane  has a  shape  of  perfect
thin--wall  cylindrical  shell,  Thus  this

method  was  called  
"Compression

 shell

theory"  by Henkel  and  Gilbert (1952). The
stress  corrections  for membrane  forces are

expressed  on  the  theory  of  elasticity  as

   zfaa.=  
-(813)[E.'t(2Ea.+ee.)]ld

                                (3)
   dar.  =  -  (4f3) [E. ' t(ea.  +2  Ee.)]fd

ANDTATSUOKA

in which  Aaa.  and  da,. are  the  cerrections

to  the  axial  and  radial  stresses  (refer to

Eqs, (1) and  (2)), E.  and  t are  the Young's
modulus  and  the  present averaged  thickness

of  membrane,  d  is the  present diameter ef

sample  and  ea.  and  sa. are  the  averaged  axial

and  circumferential  strains  in membrane

which  were  assumed  equal  to the  averaged

axial  and  radial  strains  in a  sample  in this

study.  Of  course  the  values  of  ea.  and  se.

were  obtained  accounting  for initial strains

in membranes.  Note  that  a  Poisson's ratio

of  O. 5 is used  to derive Eq. (3) and  will  also

be used  in the  following two  methods,

Eq. (3) or  similar  ones  with  slight  modifica-

tions  has been used  by rnany  researchers;

for clay  samples  by Henkel  and  Gilbert

(1952), Duncan  and  Seed  (1967) and  Berre

(1982) and  for sand  samples  by Ponce  and

Bell (1971) and  Molenkamp  and  Luger

(1981).
  Method  II:It is assumed  that  in a

membrane  the  axial  deformation occurs

independently of  the  radial  and  circumferen-

tial deformations, The  equations  for stress
      .
correctlons  are

         Zlaa.=-(4Em't'Ea.)ld

                                (4)
         dur.=L(2E.'t'se.)ld

  Method  III : In this method  it is assumed

that  the  resistance  of  membrane  against

axial  deformation is negligible  due  to such

a  buckling phenomenon  as  schematically

illustrated in Fig.11 which  is assumed  to
occur  over  the  whole  area  of  membrane.

This  method  was  called  
"Hoop

 tension

theory"  by  Henkel  and  Gilbert (1952). The
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   Fig. 12. Stress-strain relationships  for

      stresses  corrected  or  uncorreeted  for

      membrane  forces (lkgf/cm:=98kN/
      M2)

equations  for stress  corrections,  which  are

slightly  different from the  equations  shown

by Henkel  and  Gilbert, are                                   '

    Aaa.  :O,  AOr.='(2Em't'So.)!d (5)

  In Fig,12 are  shown  the  relationships

between axial  strain  and  principal stress  ratie

at  the  rnid-height  of sample  which  are  either

uncorrected  or  corrected  for membrane

forces by these  three  methods  for a  sample

consolidated  to  a,'==O.02kgflcm2  (L96kNl
m2).  Of course,  the  initial strains  of

the  membrane  were  accounted  for, which

are  (ea.)i=O.O% and  (se.)i=-2.7%. It

may  be seen  in Fig,12 that  the  stress

corrections  for rnembrane  forces are  quite

large when  the  confining  stress  is extremely

low and  a  thick  membrane  (to==O.3mm) is

used.  It may  also  be seen  that  the  corrected

stress  values  are  different between Method  II

and  the  other  correction  methods  (Methods
I and  III), Since Method  II is rather

unrealistic  from the  viewpoint  of  the

elasticity  theory,  this  method  will  not  be
considered  anymore  in this  paper.

  It may  also  be seen  in Fig. 12 that  Methods

II and  III provide  very  similar  stress  values,

 a
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while  in these methods  quite different modes

of  deformation of  membrane  are  considered,

In Fig.13 are  plotted the  corrected  values

of  di at  the  mid-height  of  sarnple  obtained

by Method  I against  those  by Method  III

for all  the  tests performed  at  a,'==O.  1 kgflcm2

(9.8kNIm2) or  lower. It may  be seen  that

the  difference of  ip between  these  two

methods  are  very  small.  In particular, the

difference is not  larger than  around  O.1

degree when  to=::O.1rnm,  which  is of  a

similar  order  of  the  estimated  error  in this

study.  This  result  seems  only  to  be

fortuitous, because Method  I and  Method

III may  provide different results,  for example,
in constant-volume  tests on  sands  or  in

drained tests on  non-dilative  soils  such  as

normally  consolidated  clay.  This  is because

in these  tests  the  volumetric  strains  can  be

much  less than  the  radial  strains,  resulting

in different corrections  to radial  stress

between Methods  I and  III.

  In Fig. 14(a) are  shown  the  angles  of

internal friction ip ealculated  by using  the

stresses  at  the  mid-height  of  sample,  which

are  either  uncorrected  or  corrected  for
membrane  forces by two  methods  (Methods
! and  III), obtained  for the  samples  conso-

lidated to  a,'==O.  02 kgf/cm2, using  two  kinds

of  membrane  thickness,  t,=O.1mrn  and  O.3

NII-Electionic  
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mm.  Also  in Fig. 14(b) are  shown  the  angles

of  internal friction for the  samples  consoli-

dated to a,'=O.  05 kgflcm2. It may  be seen

in Figs. 14(a) and  (b) that  the  values  of  ¢
corrected  by either  Method  I or  Method  III
are  very  similar  between  for to=O,  1 mm  and

for to:::O.3rnm.  Accordingly, both Method

I and  Method  III can  be considered  appro-

priate  for the  membrane  force correction

at  peak  stress  conditions  for the  test condition

employed  in this study  or  for similar

conditions,

  It was  observed  in the  tests at  extremely

low  pressures that  membranes  did not  buckle
at  small  axial  strains,  where  dense samples

had  their  peak  stress  values,  while  most

membranes  buckled at larger axial  strains,

where  loose samples  had  their  peak  stress

values  as  typically  shown  in Photo. 1. Many
horizontal lines seen  on  the  surface  of

sample  in Photo.1 are  the  results  of

bucklings of  membrane.  In physical  terms,

it seems  that  Method  I is more  reasonable

than  Method  III at  smaller  axial  strains,

while  Method  III is more  reasonable  than

MethodIat  larger axial  strains.  Since any

clear  difference in the  corrected  values  of  e
between these  two  methods  was  not  seen  in
this study  for both dense and  loose samples,

both methods  will  be used  together  in the

following part. Of  course,  it is likely that
both Method  I and  III are  still  not  the

perfect  ones  due to  many  reasons  as  described
later.

  In Figs.15(a) and  (b) are  shown  the

summaries  of  the  angles  of  internal friction

ip corrected  by (a) Method  I and  (b) Method
III obtained  for three  kinds of  membrane

thickness,  t,=O,  1 mm,  O, 12 mm  and  O. 3 mm

fQr three  ranges  of  stress,  (o3')f,,, which  is
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the  minor  principal  stress  at  failure corrected
for membrane  forces, It may  be seen  that

for any  stress  range  the  rnembrane  thicknest

to has no  clear  effects on  the  value  of  di'
when  stresses  are  6orrected' for membrane

forces. The  vhlues  of  e fof eo,3=O.70  4nd
O. 85 were  read  from the' re'lations  shown  

'in

       O.8 ID  1.2 1.4 1.e 1.s 2.e 2.2

         DILATANCY  RATE,  C-2tslt1) AT  (O;1 cri)mEx

        Stress.dilatancy plottings at  failure
     for stress  ratio  at  the mid-height  of

     sample  corrected  for membrane  ferces by

     (a) MethodI  and  (b) Method  III at

     extremely  low pressures  as  compared
                     '
     with  that at  (e,')f=e.51--4.0kgf/cm2
     (l kgffcm2 =98  kN!cm2)

Figs,15(a) and  (b) and  plotted in Fig.7
using  the  averaged  value  of  cr3=(ea')f,,  for
each  stress  range  indicated in Figs.15(a)

and  (b), without  distinguishing these  two

method$.  Solid eircles  shown  in Fig,7
'represent

 the  values  of  ip for te=O,3mm

corrected  by either  Method  I or  Method  III
'obtained

 for the  samples  consolidated  to a,'==

O. 2 kgffem2 and  O. 5kgflcm2. 1[t may  be seen

{n Figs.7 and  15 that  the  values  of  e
obtained  from the  stress  values  at  the  mid-

height of  sample  corrected  by either  Method

I or  Method  III becomes  smaller  as  ff3'

decreases when  ak' is lower than  aroind
                       '
O,lkgflcm2. This  trend  may  be due to an

NII-Electionic  
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 underestimation  of  ip at  lower values  of

 ast.

   To  confirm  this  point, the  stress-dilatancy

 relatiens  at  failure were  plotted  in Figs. 16(a)
 and  (b) where  stress  values  were  the  ones

 at  the  mld-height  of  sample,  corrected  by

 (a) Method  I and  (b) Method  III, obtaiped

 at  (a3')f., equal  to  (a) O.125kgf/cm2  (12,3
 kNlm2) or  lower or  (b) O. 132kgftcm2  (12.9
 kgf/crn2) or  Iower. It may  be seen  in both

 Figs.16(a) and  (b) that  while  there  is a

 seattering  among  the  data, the  data points
 for (a3')f., less than  O.060kgflcmZ  (5,9
 kN/m2) are  located slightly  below  the  range

 for (a3')f==O.51--4.0kgfi'cm2 (50-392kNt
 rn2),  This  may  indicate that  when  the

 effects  of  (a3')fon the  true stress-dilatancy

 relations  at  failure are  negligible  for the

 range  of  (ffs')f between O, 029kgf!cm2  (2.8
 kNIm2)  and  4.0kgf/cm2  (392kNlm2), at

 least the  values  of  (aitlos')max fOr (a3')t･e
 less than  O. 060 kgf/cm2 (5. 9 kN/m2)  indicated

 in Figs,16(a)  and  (b) are  slightly  underes-

 timated  ones  in obtaining  the true  angle  of

 internal friction.

  In view  of  the  above,  the  value  of

 (ai'la3')... at  the  bottom of  sample  were

calculated  accounting  for the  self-weight  of

sample  assurning  that the  value  of  a3'  is the
same  at  any  level in a  sample  as  described
before, Then,  the  angles  of  internal
friction were  calculated  from these  values  of

(oi'/a3').ax- These  values  are  indicated by
hollow  triangles  in Fig.7 and  solid  circles

in Fig, 8. The  relationships  between di and

a3' thus  obtained  look smoother  and  rnore

natural  than  the  others,  Probably, these

relations  are  very  close  to the  true  relations.

However,  these  relations  may  still involve .
sorne,  probably very  small,  errers  due to

the  fellowing causes.  First, when  a  sample

is long with  the  initial height to  diameter
ratio  of  2.1 as  in this  study  it does not

deform as  a  right  cylinder  even  with  the

well  lubricated ends,  while  the  shape  is more
closer  to a right  cylinder  than  that  in tlie

case  of  tests using  regular  or  non-Iubricated

ends.  Furthermore,  the  horizontal shear

stress  at  the  top  and  bottom  of  sample  is

AND  TATSUOKA

   not  perfectly zero  due  to  bDth imperfect

   lubrication and  the  forces working  in the

   end  latex discs. In adition  to these, in

   Method  I, since  the  shape  of  the  membrane

   even  before buckling is not  of  perfect thin

   wall  cylinder  shell  as  assumed,  Eq. (3) rnay

   not  be an  exact  one,  AIso in Methocl III,

   since  the  manner  of  buckling of  membrane

   when  it occures  is not  as  perfect  as  assumed,

   the  resistance  of  membrane  against  axial

   deformation  may  not  be perfectly  zero.  It

   was  considered  not  capable  for the  present
   authors  to obtain  the  truly  exact  stress

   condition  within  a  sample  which  is needed

   to obtain  the  true  value  of  e at extremely

   ]ow  stresses.  Further  researches  will  be
   necessary  to clarify  this point.

    Another  independent attempt  was  made  to

   correct  the  stress  values  for membrane

   forces, It was  assumed  that  the  differences

   in the  locations of  the  stress-diiatancy

  plottings among  the data for different stress

  ranges  presented in Fig.10(b) are  caused

  only  by the  errors  in measured  stress  values.

  The  stress  ratio  values  (aiVa3').a. fo'r te=

  O. l mm  and  at  (o,') f 
:=  O, 026A-O. 122 kgf/cm2

  (2.5--12, OkNfm2)  were  reduced  in sueh  that

  the  range  of  these  data overlapped  the  range

  for (a3')f==O.51-v4kgflcm2. The values  of

  ip at  eo.3==O.  70 and  O. 85 for to=O.  1 mm  were

  obtained  from  the  values  of  (aiVa3')maN
  corrected  as  above  and  these  reduced  values

  of  e were  indicated by two  solid  horizontal

  lines in Fig. 7 and  two  solid  circles  in Fig. 8.

  The  ranges  of  ifs' for these  Iines shown  in
  Fig,7 were  taken  to  be the  same  with  the

  ranges  for the  broken lines expediently.  It

  may  be seen  in Fig,7 that  the  values  of  ip
  thus  obtained  are  quite  similar  to those

  values  of  ¢  obtained  from the  values  of

  (ai'tas')... at  the  bottom of  sample  with

  being corrected  for membrane  forces by
  either  Method  I or  Method  III,

    In summary,  it may  be concluded  that

  the  true  value  of  ip at  extremely  low

  values  of  a3'  lower than  around  O.1kgflem2

  (10kNlm2) may  be very  close  to either  the

  values  obtained  from the  values  of  (ai'1
  as').a.  at the  bottom of  sample  corrected
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for membrane  forces by either  Eq,(3)

(Method I) or  Eq. (5) (Method III) or  the

values  obtained  by the correction  method

based on  the  stress-dilatancy  relations  at

failure. The  curves  shown  in Fig. 17 were

obtained  by averaging  two  relations  obtained

by these  two  methods  above.  It may  be

seen  that  the change  of  ip wlth  the  change

of  a3' is quite  small  when  as' is lower than

around  O.5kgflcm2 (49kN/m2). In particu-

lar, there  is almost  no  change  ln the  value

of  ip when  oi  is lower than  around  O.1

kgftcm2 (10kNlrnZ).
  Another  important  conclusion  may  be

obtained  from Fig.8. .The  relationships

between ip and  a3'  represented  by two  solid

curves  shown  in Fig.8 eorrespond  to those

shown  in Fig,17. From  these  curves,  the

values  of  e at a3'=O.O  can  be reasonably

obtained  by extrapolating  these  curves  to

the points  of  a3'==O.O,  which  are  ip=42.4
degrees for eo.s==O,  70 and  ip ==36.  1 degrees for

eo.3==O.85,  This  indicates that  it is net

necessary  to introduce the  apparent  cohesion

intercept when  the  Mohr-Coulomb  theory  is

used  for the  data obtained  by this investiga-

tion. Furthermore,  it may  be seen  in Fig.8

that  when  a3' is represented  in the  arithmetic

scale  the  rate  of  the  change  of  O with  the

change  of  o3'  does not  change  so  much  as

ast  changes.

  It seems  that  these  conclusions  can  simplify

the  analyses  of  model  test  results,  because

these  results  suggest  that  the  angle  of

internal friction within  a unlform  modei

sand  ground  or  slope  is not  needed  to change

or  is needed  to  change  only  slightly  at

ny-x
seopEgEEx
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different depths. Of  course,  due to the

anisotropic  nature  of  strength  of  sand  the

value  of  ¢ may  change  with  depth if the

directions ef  principal  stresses  changes  with

depth. This  point is beyond the  scope  of

this paper.  The  reason  for very  small  or

negligible  dependency of  e en  the  value  of

a3' at  extremely  Iow pressures  for Toyoura

sand  is not  clarified  yet. Further  researches

will  be needed.

DEFORMATION  CHARACTERISTICS

AT  EXTREMELY  LOW  PRESSURES

 It may  be seen  from  Figs.5(a) through
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Fig. 18. Volumetric strain  yalues  at  (a)
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 Fig. 2e. Axial strain  vaEues  at  cri'las'=3  or

     4 versas  o3'  for eo.3=O.70  aRd  O.85 with

     stresses  beimg  eorrecte'd,  for inembrane

     forees by Method  III(lkgf/'cm2=98kNfm2)

<d) that  the  volumetric  strain-axial  strain

£ urves  show  small  differences at  different
confining  pressures when  a,' is around  O.1
kgflcm2  or  lower, 

'while
 at  higher stresses

this difference inereases with  ttie increase
in confining  pressure, In Figs, 18(a)  and  (b)
are  plotted the  values  of  volumetric  strain

v  at an  axial  strain  e.  of  5%  or  10%

against  the  valttes  of  e,.s,  Any  corrections

to  measured  values  of  a.  and  v  were  not

made  for bedding  errors  for the  data shown

in Figs.18(a)  and  (b) and  the  following
figures. Since rather  Iarge strain  yalues  are

pTesented  in these  figures, it can  be
considered  that  the  effects  of  bedding error

on  the  relationships  shown  in these  figures
be rather  small,  Alse it was  consideTed  that

the  volume  change  due to  the  ,eh4nge of

effective  confining  pressure  during triaxial

.AND TATSUOKA

   corppression  be negligible.  It may  be seen

   that for the  data when  (a3')i equals  O.1

   kgflcm2 or  lower the  effects  of  membrane

   thitikness on  the  values  of  v  are  negligible.

   In Fig,19 are  plotted  the  values  of  v  at

   e.=･5%  or  10%  for eo,3==O,70  and  O,85
   obtained  from the  relations  indtcated in

   Figs.18(a) and  (b). It may  be seen  that

   the  trends  of  the  change  of  v  with  the

   change  of  a3' are  very  similar  to those  for

   ip shown  in Fig.17,  Furthermore,  in Fig.i

   20  are  shown  the  relationship  between axial

   strain  values  observed  at  oi'/Sa3':=3  or  4 and

   a3' which  were  obtained  by the  procedure

   similar  to that  used  to make  Fig.19. In

   Fig.20, the  value  of  aiVa3'  and  a3'  are

   those  at  the mid-height  of  sample  eorrected

   for membrane  forces by Method  III. It may'

   be seen  in Fig.20  that  the  changes  of  the

   value  of  e. thus  defined with  the  change  of

   as' are  virtually  smaller  when  o3'  is Iess

   than  around  O.5kgflcm2 (50kNfm2),
   especially  when  a3' is less than  around  O.1

   kgflcm2  (10kN/m2). This trend  seems  to

   correspond  very  well  to that  seen  in both
   Figs,17 and  19. These  results  shown  in

   Figs,19 and  20,may  support  the  conciusions

   with  respect  to ip obtained  by this

  investigation, because the  deformation

  characteristics  of  nQrmally  consolidated  sand

  samples  are  in general closely  related  to  their

  strength  characteristics.

    It may  be seen  in Fig. 19  that  the  tendency

  of  volume  expansion  when  a3' is lower than

  around  O. 1kgf/cm2  is slightly  Iarger than  as

  expected  from  the  smooth  change  of  velume

  change  with  the  change  of  a3' "rhich  are

  indicated by broken lines. This tendency

  may  be attributed  to  the  strain  hardening

  caused  before the  start  of  shearing.  It is

  very  likely that  this kind of  strain  hardening

  induced some  amount  of  volume  decrease

  due  to  shear  deformat-ion, which  is larger
  for a  Iooser sample.  This kind of  extra

  volume  decrease can  be induced under  the

  anisotropic  stress  conditions  during the

  stages  of  the  setting  of  eap  and  membrane

  and  the  saturation  of  sample.  When  triaxial

  compression  tests are  performed  at  a  pressure
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of  ,a's low as O.02A-O.05kgflem2, the  effects

6f this kind of  strain  hardening rnay  still

be preserved  in the  deformation properties

of  the  sample  in the  beginning of  triaxial

compression,  resulting  in decreasing the

tendency  of  volume  decrease or  increasing the

tendency  of  volume  expansien,  Therefore,

it seems  that  if the  strain  hardening
described above  were  not  caused  before the

start  of  triaxial eompression,  the  volume

change  characteristics  at  a3'  less than  around

O.lkgffem2  would  have  been  such  ones  as

indicated by  .broken lines shewn  in Fig,19.

Further  researches  will  be needed  to ansyver

this  question after  improving the  testing

method  more,

  Furthermore,  it may  be seen  in Fig.20
that  the  axial  strain  values  are  larger for

smaller  values  of  a3' when  as'  is less than

around  O.05kgflcm2. This may  correspond

to the  fact that  the  value  of  stress  ratio

ai'!o3'  or  ip obtained  at  the  mid-height  of

sample  are  underestimated  ones  as  the

maximum  values  of  ai'/a3'  within  a sample

at  an  extremely  low stress.  Further

researches  will  also  be needed  in this

respect.

DEFORM'ATION

CONCLUSIONS

  The  angle  ef  internal friction ip=arcsin
{ (ai' -a3')f(el  +  o3')  }... of  saturated  Toyoura

sand  and  its deformation  characteristics  at

extremely  low  pressures were  measured  by

the  conyentional  drained triaxial compression

tests  while  paying great  cautions  to stress

rneasurements.  On  the  basis of  the  limited

number  of  tests  reported  in this paper,  the

following were  found :

  (1) To  obtain  accurate  values  of  ip at

extremely  low pressures, the  effects  of  both

membrane  forces and  self-weight  of  sample

should  be properly accounted  for in calculat-

ing stresses  within  a  sample,

  (2) The  angle  of  internal friction of

saturated  Toyoura sand  does not  change  so

much  with  the change  of  the  minor

principal stress  as'  when  a3' is lower than

arouRd  O.5kgflcm2 (50kNlm2), all other

      OF  SAND  4.7

things  bbing equal.  In particular, the

change  of  g5 with  the  change  of  as' was

found  to  be very  small  at  a3'  lewer than

around  O.lkgf/cm2 (9.8kNfm2), In using

the  Mohr-CQulomb  failure criterion  for

saturated  Toyoura  sand,  it is not  needed  to

introduce the  apparent  cohesion  intercept,

ysing reasonable  values  of  O which  decreases
slightly  at  a  rather  cottstant  rate  as  o3'

-lncreases.

  (3) The  deformation  characteristics  at

large strains  of  saturated  Toyoura  sand,

change  only  $Iightly  with  the change  of

a3'  when  a3' is lower than  around  O,5kgf/

cm2  (50kNfm2), especially  when  a3'  is Iower

than  around  O.lkgflcm2  (10kNfm2). This

phenomenon  corresponds  well  to  such  a

trend  in e as  described above,
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