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SHEAR  MECHANISMS  OF  VANE  TEST
              IN  SOFT  CLAYS
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                                   ABSTRACT

  AItheugh  the  vane  shear  test has become a widely  used  site  investigation method  for

saturated  soft  clays,  its shear  mechanism  is very  complicated  and  consequently  the  sig-

nificance  of  the  resulting  vane  strength  is not  necessarily  clarified.

  In this paper,  the  shear  mechanism  of  vane  test in soft  clays  is investigated, rnainly

focussing the  stress  states  on  the  vertical  shear  plane.  Two  types  of  laboratory vane  tests

are  carried  out  for the  normally  Ke-consolidated clays,  involving total stress  and  pore
water  pressure  measurements  around  shear  plane.  Also, finite element  analysis  of  vane

test is carrled  out,  uslng  a  technique  of  multi-dimensional  elasto-plastic  consoSidation

analysis  developed by the  authors  elsewhere.

  Based on  both the  experimental  and  analytieal  resu!ts,  some  important implications

for the  vane  shear  mechanism  are  shown  through  considerations  of  stress  distributions and

stress  path  behaviers.

Key  words:  clay,  effective  stress,  finite element  method,  pore pressure,  shear  mechanlsm,

             shear  strength,  stress  distribution, stress  path, vane  shear  test
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                                 INTRODUCTION

  The  vane  shear  test was  developed to measure  the  in-situ undirained  strength  of  cohe-

sive  soils, and  has become  a  widely  used  site  investlgation method  for saturated  soft  clays.

Generally, the  vane  shear  is a  cylindrical  shear  due to four vane  blades, which  is developed

by inserting into the  ground  and  rotating  them. This process  in the  vane  test produees
such  an  advantage  that the in-situ strength  measurement  become possible with  less disturb-
ance  and  smaller  stress  changes  of  soil  than  in the  tests invorving  the  soil  sampling.

However, the  process conversely  makes  the  vane  test into a  non-element  test, involved by

a  non-uniform  stress  distribution on  the  shear  plane. Thus, the  vane  test has a compli-

cated  shear  mechanism,  and  consequently  the  significance  of  the  resulting  vane  strength  has

not  been necessarily  clarified.

  The  diMculty in the  vane  test exist  in the  point whether  the  vane  test which  is basically
considered  as  a  non-element  test  can  estimate  the  undrained  strength  of  a  soil  element.

It is no  exaggeration  to say  that,  to solve  the  diMcult point described above,  many
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researchers  have investigated the  vane  shear  mechanism  for the  effective  practical use  of

the  vane  test. Recently, a  symposiurn  on  the  vane  test was  held in Japan, directing the

search  for a  standard  of  its test procedure.
  It may  be general!y considered  that  the  investigatiens of  the  vane  test should  be devel-
oped  by both the  experimental  and  analytical  methods  as  supplemented  each  other,  as

seen  also  in the  study  of  Cadling and  Odenstad  (1950). As  for the  experimental  investi-

gation,  the  vane  shear  mechanism  has been estimated,  based on  the  in-situ vane  test

results  under  the  varieus  test conditions,  and  the factors influencing them  have been dis-
cussed  (Carlson, 1948; Aas, 1965, 1967; Flaate, 1966; Blight, 1968; La Rochelle et  al.,

1973; Wiesel, 1973; Arman  et  ai.,  1975;  Torstensson, 1977), and  also  the  results  of

various  laboratory and  field tests have been compared  for the vane  shear  mechanism  (Kenny
and  Landva,  1965; Shibata, 1967; Shibata and  Tagawa, 1968; Donald  et  al.,  1977; Eden

and  Law,  1980). Recently, shear  stress  distributions on  both vertical  and  horizontal blade

edges  were  measured  by using  a  special  instrumented vane  blade (Menzies and  Merrifield,

1980). To  clarify  the  vane  shear  mechanism  from the  viewpoint  of  the effective  stress,

it is essential  to  know  the  stress  states  on  the  shear  plane, especially  the  pore water  pres-

sure  distribution (Shibata, 1967; Bjerrum,  1973; Schmertmann, 1975). It may  be very

didicu!t, however, to measure  the  pore water  pressure  on  the  shear  plane  (Wilson, 1963),

because of  the  complicated  vane  shear  mechanism.  Consequently, the  effeetive  stress

clarification  of  the  mechanism  is not  suracient  up  to date.

  On  the other  hand, the analytical  investigations of  the  vane  test have been carried  out

far less than  the  experimenta!  ones.  One  of  the reasons  may  come  from  the  dificulty of

the mathernatical  treatment.  However, the  development of  the  numerical  calculation

techniques,  especially  the  finite element  method,  makes  comparatively  easy  the  analysis  of

the  vane  test. Nevertheless, finite element  analyses  of  the  vane  shear  have been carried

out,  assuming  that  soils  are  linearly elastic  (Donald et  al., 1977) or  non-linearly  elastic,

without  considerations  of  the  eonsolidation  or  the  local water  migration  during shear.

Therefore, it is necessary  to analyze  the vane  shear  based on  a  mere  realistic  constitutive
    ,equatlon.

  Thus, the  direct approach  te  the  clarificatien  of  stress  distributions on  the  vane  shear

plane have  not  suMciently  been carried  out,  because of  both the experimental  and  analyti-

cal  diMculties. In view  ef  sueh  a  situation  as  described above,  this  investlgation was

begun prior to 1973 and  some  results  were  reported  (e.g. Matsui and  Oritate, 1973; Ito
et  al., 1975). In this paper,  first, the  total stress  and  pore  water  pressure  distributions

on  the  vertical  shear  plane of  laboratory vane  are  measured  experimentally  for the  normal-

ly K,-consolidated clays.  Then, the experimental  results  are  compared  with  the  analytical

ones  due  to  finite element  method  using  a  technique  of  murti-dimensional  elasto-plastic

eonsolidation  analysis  developed by the  authors  (Matsui and  Abe, 1981). Finally, based
on  those experimental  and  analytieal  results,  the  vane  shear  mechanism  is discussed in

detail, and  some  implicatiens for the  meehanism  will  be shown.

          MEASUREMENT  OF  STRESS  DISTRIBUTIONS  ON  VANE  SHEAR  PLANE

Outline of Laborator), Tibne I:est

  To  clarify  the  stress  state  around  the  shear  plane of  the  vane  test, two  kinds of  labo-

ratory  vane  tests are  earried  out,  involving measurements  of  the total normal  stress  and

the  pore pressure on  the  vertical  shear  plane. Test  specimens  are  prepared by the normal-

ly Kli-consolidation within  soil  container  cells, as  shown  in Fig,1, to turn  out  a  consoHda-

tion state  as  in the  existing  ground. In one  of  the  vane  tests, an  ordinary  four-blades

vane  is used  and  the  pore pressure on  the  shear  plane  is measured  through  a  probe in-
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         Fig. 1. Consolidation cells  (a) for standard  type yane  blade and  (b)
             for special  type  yane  blade

serted  into the  consolidation  cell,  as  shown  in Fig.
1(a).  In another  vane  test, measurements  of  the

total  normal  stress  and  the pore  pressure  around

the  vertical  shear  plane are  attempted  using  a

special  cylindrical  vane,  in which  small  miniature

transducers  of  pore  water  and  earth  pressures  are  
PoRous

 
sToNE

mounted,  as  shewn  in Fig.2. In the  following
chapter,  the  former vane  test is called  as  

"standard
                                                PORE PRESSURE
                                                TRANSDUCER ･
type", while  the  latter as  

"special

 type".  Each

test is carried  out  for almost  identical several
                                                                       EARTH PRESSURE

specimens,  varying  the relative  position between                                                      NSDUCER

vane  blades and  the  measuring  points  of  the  pore

pressure  or  the total normal  stress.  Checking  the

                                                      identity of  those  specimens,  the distributions of

excess  pore pressure and  total normal  stress  incre-

ment  on  the  vertical  shear  plane atacertain  angle  vANE BLADE

of  vane  rotation  can  be obtained.  Therefore, the

authors  paid  special  attentions  to the accuracy  of
                                                  Fig. 2. Special  type  yane  blade
tests and  the  reproducibility  of  specimens,  especial-

ly to the  reduction  of  side  friction ef  consolidation  cell  for a  uniforrn  specimen,  the  pre-

vention  of  eccentric  vane  axis  and  the  stability  of  measuring  system.

Testing APParatus  and  Clay Samples

  The  vane  shear  tests were  carried  out  using  a  laboratory vane  testing  apparatus  designed

at  the  Osaka  University. The  apparatus  is of  the  rotating  type  of  the  turntable  on  which

the  specimen  is placed, and  can  give  eonstant  angular  velocities  between  O.O02degfs and

5.0degfs to the  specimens.  The  vane  torque  is measured  by means  of  a  small  capacity

load transducer  of  high accuracy  through  an  arm  fixed on  the  vane  axis.  The  advantage

of this type  of  torque  measurement  is almost  negligible  rotation  of  vane  blades during

shear,  which  leads to a  uniformly  constant  angular  velocity  regardless  of  the  magnitude

I
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Table  1. Physical properties of  clays

1 Kaolin  elay  sei}'i clay  MixE'd'clay'
/

LiquidllEIit  wL  (%)
Plastlc limit w?  (%)
Plasticity  index  llo (%)

Specific gravity  C,
Clay  fraction  (<2pm)  (%)

S,O.e.ffi.CAeb"i ii tOyf k (c rn1rnin)/

 52,8

 32.7

 20,1

  2. 69
 60.03,Ox10-s

  92,6

  37.7

  54,9

  2. 6S
  43,O2.5xle-s

65. 933,232,

 72.
 6g56.0

of  torque.  The  vane  axis  is vertically  supported  by a  ball bearing, and  then  its small
retation  makes  a  little torque  loss, which  is cerrected  through  the preliminary experiments.

  The  inside size  of  the standard  type  consolidation  cell  is 120mm  high and  85mrn  in
diameter, and  a  hole, through  which  a  probe to measure  the  pore pressure is inserted,
is equipped  at  the  side  wall  of  the cell, while  that  of  the special  type  is 15emrn  high
and  120 rnm  in diameter, as  shown  in Figs.1(a) and  (b), respectively.  In each  cell, a

consolidation  pressure is applied  to a  specimen  through  an  air bag, in which  the pressure
is controlled  by a  regulator,  and  a  rigid  loadiing plate laterally supported  by linear motion
bearings. The  drainage during conso!idation  is permitted  through  both ends  of  a specimen.

To  rediuce  the side  friction of  the  cells, their insides are  treated  with  teflon  coating.  Two
earth  pressure  transducers  in the side  wall  of  each  cell  and  one  in the  bottom plate ef

each  cell  are  installed to measure  the  stress  states  of  a specimen.  In the  special  type  is

used  a  special  device to support  the  vane  axis  at  the  center,  because the  consolidatiQn  is

carried  out  with  the special  type vane  blade buried in the specimen.

  The  standard  type vane  blade is of  ordinary  four blades and  has the  height of  30mrn,

the  wiath  of  15mm  and  the  thickness  of  1mm.  The  special  type  vane  blade is shown  in

Fig,2, in which  a  cylinder  of  50mm  high, 40mm  in diameter and  2.5mm  thick is fixed

to  the  vane  axis  through  a  cross-shaped  support.  Four  vane  blades of  50mm  high and

5mm  wide  are  attached  to  the  cylinder  in the regular  angular  interval of  90e, To  vary  the

relative  position between vane  blades and  the measuring  points, twenty  cuts  are  made  on

the  side  wall  of  the  cylinder.  Those cuts  also  serve  to prevent  the  slide  between the

gylinder surface  and  the soil.

  The  test samples  used  are  Kaolin'clay, Senri elay  and  Mixed clay  (Kaolin clay  and  Senri
clay,  4 : 1 in weight),  of  which  the  physical  properties  are  shown  in Table 1. Kaolin clay

is used  for both the  standard  and  special  type  vane  tests, while  other  two  kinds of  clays

only  for the  former test

Tlest kocedure  
'

  The  standard  type  vane  test is carried  out  by the  following procedure.  (1) A  remold-

ed  column-shaped  sample  of  clay  is set  within  the  consolidation  cell. (2) A  consolidation

pressure  larger than  the  preconsolidation one  is applied  through  the loading p!ate. The
consolidation  period is five times  primary  consolidation  period for Kaolin  clay,  while  two

times  for the other  clays,  The  vertical  and  horizontal earth  pressure$ are  measured  by
the  installed transducers  during consolidation.  (3) A  pore pressttre measuring  probe is
inserted through  the  cell  wall,  so  that  the  tip of  the  probe  is located at  1mm  outside  the

potential  shear  plane. (4) The  standard  type  vane  blade is inserted so  as  to give  a  cer-

tain  relative  position  between vane  brades and  the probe.  (5) The  stress  changes  due to
the  vane  insertion are  measured  through  the  installed transducers.  After the  excess  pore

pressure  due to the vane  insertion was  dissipated, the vane  shear  is started.  . The angular

velocity  of  the  vane  is 1.0degls or  O.1deg!s.

  On  the other  hand, the  procedure  in the special  type  vane  test is armost  the  same  as  in

the  standard  type, except  methods  of  the vane  insertion and  stress  measurements  on  the
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shear  plane.  That  is, the  special  type  vane  blade is inserted before conso!idation  as  fol-
lows: i. e,. a  hole of  a  certain  dlameter is bored at  the  center  of  clay  sample  to reduce  the

inserting resistance  and  the  sample  disturbance, followed by fi11ing the  water  in it and

inserting the  special  type  vane  blade. The  total normal  stress  and  pore  pressure  around

the vertical  shear  plane  are  measured  by  the small  miniature  transducers installed on  the
cylindrical  wall,  and  their relative  positions to vane  blades can  be varied  by changing  the

positions  of  vane  blades. The  vertical  consolidation  pressure  was  O.20kgf/cm2  (19.6kPa)
and  O.18kgf/cm2  (17.6kPa) for the  standard  and  special  type  vane  tests, respectivery.

Experimental Results
･ Table  2 shows  the  vertical  and  horizental normal  stresses  before and  after  the  vane  in-
sertion,  the coeMcient  of  earth  pressure at rest,  the  maximum  shear  resistance  of  soils  and

the  water  content  of  specimens  in the  standard  type  vane  tests. The  averaged  value  for
seven  or  eight  specimens  i$ $hown  in each  data, foilowed by the  amount  of  scatter  in the

parentheses. .

  The  distributions of  excess  pore pressure on  the  vertical  shear  plane, measured  at  the

maximum  shear  resistance,  are  shown  in Fig.3 for three  kinds of  clays,  in case  of  the

angular  velocity  of  O. 1degls. It is seen  from this figure that  for Kaolin clay  a  positive

pore pressure is almost  uniformly  distributed, while  for the  other  ciays  non-uniform  pore
pressure distributions occur,  showing  positive ones  in front of  the  vane  blades to the

direction of  vane  rotation  (around e==OO in the  figure) and  negative  ones  behind the  vane

                   Table 2. Test results  fer standard  type  vane  test
-. .L.t.t....-t.t.t...t.t.-.t....t-......-.. . .... .. ..t.....t..-..t... .-...--L.....-7....t.t.t.-.7.....r.... t
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Figt 3. Distributions of  excess  pore  pres-

   sure  fer standard  type  vane  test
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Fig. 5. Distributions  of  excess  pore  pressure,  total and  effective  normal  stress  increments

   for  special  type  vane  test

blades (around e==900 in the  figure). Fer  Mixed  clay,  the  excess  pore pressure on  a large

part of  shear  plane are  positive, while  for Senri clay  negative.  Fig.4 shows  the same

distribution for Kaolin clay  as  in Fig,3, comparing  with  the  case  of angular  velocities  of

1.edegfs. In case  of  the  faster angular  velocity,  the  negative  pore  pressure  occurs  behind
the  vane  blades to the  directlon of  vane  rotatlon,  and  consequently  the  distribution becomes
non-uniform.

  Thus, it is substantiated  from the  results  of  the standard  type  vane  tests that  the pore
pressure distribution around  the shear  plane significantly  changes  depending on  both the

permeabitity  of clay  and  the  angular  velocity  (the shearing  period).  
'

  Figs.5(a)  and  (b) show  the  results  of  the  speeial  type  vane  tests  for Kaolin clay  in
cases  of  angular  velocities  of  1.0degls and  e.1dieg/s, in which  the  distributions of  the

excess  pore pressure, total and  effective  normal  stress  increments around  the  vertical  shear

plane  are  illustrated. It is clearly  noticed  from these  figures that  both the  excess  pore
pressure and  the  total normal  stress  increment  gradually decrease with  increasing the angular

distance from positive values  in front of  the  vane  blades to  the  direction of  vane  rotation

(e[=O") until  negative  yalues  behind the  vane  blades (0=t90'), and  that  the  resulting

effective  normal  stress  increments are  distributed around  zero,  and  then  the effective  nor-

rnal  stress  itself does not  change  largely.

  Comparing  Fig,5(b)  with  Fig.4, ln case  of  the  angular  velocity  of  O.1degls for Kaolin
clay,  the  trends  of  excess  pore  pressure  distributions in both the standard  and  special  type

vane  tests are  clearly  different. This is so  because the sizes  and  shapes  of both type  vane

blades are  different, which  leads to the  different conditions  of  the  local pore  water  migra-

tion. Therefore, suMcient  care  for such  different faetors from in the  standard  type  vane

should  be taken  to explain  test results.

                     ANALYSIS  OF  VANE  TEST  AND  RESULTS

Analytical Model  of Clay  and  Analytical Method  of VZtne Test

  The  special  type  vane  test  in the  previous  chapter  is analyzed  by finite element  method

using  a  technique  of  multi-dimensional  elasto-plastic  consolidation  analysis  developed by the
authors  (Matsui and  Abe, 1981). The  technique  makes  possible to  consider  the effect  ef

the  consolidation  or  the  loeal pore  water  migration  during vane  shear.  The  stress-strain

relation  can  be derived through  a  strain-hardening  elasto-plastic  model,  which  is derived
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l FIXED

 INpERvrous

VANE BLA]E

jFORCED DISPLACEMEST

(IMPERVIOUS

Table  3. Basic  mech

    Kaolin  clayanicalconstants

 of

                                                      O. 161                  Compression  index  2

                  Swelling  index  r  O. 031

                  Stress ratio  at  active  critical  state  ML                                                      L42
                                                      1. 42                  Stress  ratio  at  passive  critica1  3tate  Mlo

                  Veid  ratio  at  p' t:1kgf!cm2  (9S kPa)                                                      1. 104                                               eS

                    X!:ilous POisson's  ratio  v'  O. 32o7
                                                                         O.472                                     CoeMcient  ef  earth  pressure  at  rest  K6

  Fig. 6. Boundary  and  drainage  coefiieientefpermeability(em!min)  k                                                                        S.Ox10-5

     conditions  of  analyzed  semi-  

'-

     circle  region

by referring  to the  concept  of  Cambridge theory.

  The  yleld function F  of  the model  is given by the  following eqttation.

         F=p'(MiYtl  ?i.ev-"i)iep)in,l(aaa-ai)-pu'==o for the active  state

                                                                           (1)

         F=p'(-MM',-+Ii(ll--evi-l-)op-opkO- l(i-a'apn)-p,'=o for the passive  state

in which  p' is the  mean  effective  principal stress,  n is the  stress  ratio  (= q/p', where  q is

the  generalized shear  stress),  rpko is the stress  ratio  on  the K,-line, M.  and  Mp  are  stress

:atios  at  the  critical  state  in the  active  and  passive  stTess  states,  respectively,  ar. and  cyp

are  parameters  on  the plastic strain  increment ratio  for the  actlve  and  passive  stress

states,  respectively,  which  are  evaluated  from the  dilatancy behavior of  shear  test results

of  clays,  and  pv' is the straln  hardening parameter. The  relation  between the strain

hardening parameter  and  the  plastic volurnetric  strain  t,P is shown  by the  following

equatlon.

                         . .6.pP.,t'--(Ai-'f)6vp (2)

in which  e  is the  void  ratio,  Z and  rc are  the  compression  and  swelling  indexes, respec-

tively. The  other  detailed presentation of  the  analytical  model  can  be found e}sewhere

(Matsui and  Abe, 1981).

  It is assumed  that  the  model  clay  is normally  Ko-consolidated, and  the  basic mechanical

constants  for Kaolin clay  are  shown  in Tabie 3. Furthermore,  it is also  assumed  that  the

model  clay  is perfectly  elasto-plastic  after  reaching  failure, and  is not  time-dependent.

  Outline of  the  numerical  caleulation  and  the  necessary  assumptions  to analyze  the  stress

states  during vane  shear  are  as  fellows: (1) The  analysis  is carried  out  on  the  vertical

vane  shear  plane.  The  deformation condition  is a  plane strain  one,  restrained  to the

vertical  direction. (2) The  clay  layer before vane  shear  is normally  K,-consolidated, of

which  the  direction of  the  rnaximum  prineipal  stress  is vertical.  (3) The special  type

vane  blade is used,  and  the  vane  blade itself is rigid.  (4) There  is no  slip  or  separa-

tion  between  the  vane  blade and  the  clay.  (5) The  analyzed  region  is a  semicircle  of  a

diameter of  12cm.  The  boundary and  drainage conditions  of  the  semicircle  are  shown

in Fig.6. The  analytical  results  in the  region  of  a  sector  OAB  in Fig.6 are  always  used

in the  following discussions. (6) Such  three  cases  as  a  case  ef  the  undrained  in each

element  (no local pore water  migration)  and  two  cases  of  the  drained in angular  velocities

of  1.0deg/s  and  O.1deg/s  are  analyzedi.

ComParison between Analytical and  ExPerimental Results

  Figs,7, 8 and  9 show  the  distributions on  the  vertical  shear  plane of  the  excess  pore
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pressure  Ati, the  total normal  stress  inerement Aa  and  the  effective  norrnal  stress  incre-

ment  tia' at the  maximum  shear  resistance,  respectively,  comparing  with  the  experimental

results.  In these  figures, (a) and  (b) correspond  to  the  cases  of  angular  velocities  of

1.0degfs and  O.1degfs, respectively.  It is seen  in these  figures that  beth analytieal  and

experimental  results  quantitatively  agree  well,  including thelr distribution forms, although

there  may  be slightly  larger difference in both results  near  vane  blades (et=OO or  900).

Consequently, judging from  the  good agreement  deseribed above,  it may  be possible to

estimate  the  stress  states  around  the  vertical  shear  plane  Qf  vane  test, based on  both

results.

  Fig.10 shows

shear  plane  at

rnigration.  It is

thetheseen

 CONSIDERATIONS  ON  VANE  SHEAR  MECHANISM

analytical  results  of  excess  pore  pressure  distributiQns on

maximum  shear  resistance  for various  conditions  of  the

in this  figure that the  slower  the  angular  velocity  of  vane,

the  vertieal

pore  water

the  smaller
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the changes  m  excess  pore pressures, and

that the  result  of  drained case  ef  tu==1,O

degls is very  close  to that  of  the  ttndrained

case.  Thus, synthetically  judging from
all  results  obtained  before, the  undrained

condition  for Kaolin clay  may  be approx-

imately satisfied  in cases  of  tu)1.0deg/s.

  Based  on  the  vane  test  results  for silts

(Blight, 1968), a  practieal criterion  fer

the  undrained  condition  (the degree ef

drainage is less than  about  ten  percent)

can  be obtained  as  follows;

     T=::-Cit,f.$O. 02 to O. 04 (3)

in which  T  is a  time  factor, c, is the

coeMcient  of  consolidation,  tf is the  test

duration or  time  to  failure and  D  is the  wi

Kaolin clay  at  ld=1.0degls  is calculated  as

(3) can  be also  applied  to cohesive  soils.

  In the  vane  tests of  normally

occur  in front of  and  behind the  vane

Approximately holding the undrained

pore pressure  and  the  total normal  stress

those decrease. The  resultlng  effective

cantly.  Such the  vane  shear  mechanism

experimental  and  analytical  results,  may

clays  can  be assumed  an  element  test.

  Because the dlstributien gradient of

especially  around  the vane  blades, is

rapidly  occur.  As  the  results,  the  clays

tive (conso!idated), follewed by the  
'
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 Fig. 10. Effect of  local pore  water  migration

    on  excess  pere pTessure distribution

dth of  the  vane  blades. The  time  factor for

TttO.025. Therefore, it is suggested  that Eq.

consolidated  clays,  the contractive  and  dilative zones  may

     blades to the direction of  vane  rotation,  respectively.

    condition,  in front of  the vane  blades,, both the  excess

        increase, whiie  behind the  vane  blades, both of

       normal  stress,  however, does not  change  signifi-

         as  described above,  substantiated  through  both

       imply that  the  vane  test for normally  consolidated

        excess  pore pressure around  the  shear  plane,

    large, the  smoothing  of  the  excess  pore  pressure  will

        in front of  the vane  blades may  become contrac-

    mcrease  of  the  effective  normal  stress,  and  the  clays
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behind the  vane  blades may  become dilative (swelled), followed by the  decrease of  it.
Figs.11 (a) and  (b) show  the  analytical  stress  paths  for Kaolin clay.  It is seen  in this
figure that, in case  of  the  slower  angular  velocity,  an  element  in front of  the vane  blade
does not  reach  failure because of  the  eonsolidation  effect,  while  that behind the  vane  blade
reaches  failure at  a  lower shear  stress  because of  the  swelling  dilation. These  results  give
a  support  to the  vane  shear  mechanism  described above.

                                  CONCLUSIONS

  In this paper, the  shear  mechanism  of  vane  test has been clarified,  based on  both the
experimental  and  analytical  results.  The  main  conclusions  obtained  are  summarized  as

follows:

  (1) The  analytical  results  of  the  stress  states  around  the  vertical  shear  plane ef  vane

test, which  are  obtained  by finite element  method  using  a  technique  of  multi-dimensional

elasto-plastic  consolidation  analysis  developed by the authors,  quantitatively  agree  well

with  the  experimental  ones.  Consequently, it may  be possible to estimate  the vane  shear

rnechanism,  based on  both results.

  (2) The  excess  pore  pressure  distribution around  the vertical  shear  plane  of  vane  test
significantly  changes  depending on  both the permeability  of  soils  and  the  angular  velocity

of  vane  (the shearing  period).

  (3) For  Kaelin clay  used,  the  undrained  condition  (no pere  water  migration)  is
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approxlmately  satisfied  in cases  of  to)1.0deg!s.  A  practical criterion  of  Eq. (3) for the

undrained  condition  may  be also  valid  for clays.

  (4) As  far as  the  undrained  condition  approximately  holds, in front of  the vane  blades
to the  direction of  vane  rotation,  both the  excess  pore pressure  and  the total normal  stress

on  the  vertical  shear  plane increase, while  behind the  vane  blades both of  those  decrease.
The  effective  normal  stress  on  it, however, does not  change  significantly.  Such a  vane

shear  mechanism  is given a support  by  the  stress  path  considerations.

  (5) The  vane  shear  mechanism  described above  may  irnply that  the  vane  test for
normally  consolldated  clays  approximately  under  the  undrainea  condition  (no pore  water

migration)  can  be assumed  an  element  test.

 In this paper, the  vane  shear  mechanism  for soft  clays  has been discussed, mainly  focus-
sing  the  stress  states  on  the  vertieal  shear  plane. Studies on  the diisturbance and  consoli-

dation of  clays  due  to the  vane  insertion, the adhesion  characteristics  between  the  vane

blade and  the  clays,  and  the  rotation  of  the  principa! stress  on  the  shear  plane  are  left
out  To  clarify  the  vane  shear  mechanism  for various  types  of  soils, further investiga-
tions are  also  nece$sary  especially  on  the  effects  of  lthe loading rate,  the  anisotropy  and

the  progressive failure.
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                                  NOTATION

    c.,==coeMcient  of  consolidation

    D==width of  vane  blade
    e==void  ratio

    F=yield  function

   p'= mean  effective  principal stress

   pv'=strain  hardening parameter
    q=generalized  shear  stress

    T==time faetor

   ti=test  duratien or  time  to failure

   aes=excess pore  pressure
   vP==prastic  volurnetric  strain

a.,  crp  =parameters  on  plastic stragn  increment  ratio  for active
             '
    v=  stress  ratlo

   nko= stress  ratio  en  Ko-line

    e=  angular  distance

    rc=swelling  index
    2=compression index

M.,ltd},=:stress ratios  at  the  critical  states  in active  and  passive
   Aa==total normal  stress  increment

  dff'=effective normal  stress  increment

    di=angular  velocity

and  passive stress  states,  respectively

stress  states,  respectively
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