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                                  ABSTRACT

  Both  vertical  and  horizontal samples  of  undisturbed  fibrous peat, whieh  were  obtained  by
maintaining  the  axes  of  thin-walled  tubes  parallel to the  vertical  and  horizontal directions in
peat ground,  were  used  in this investigatien. These  samples  contained  organic  matter  in the
amount  of  10%-80%.  After normal  isotropical consolidation  of  the  samples  in the  triaxlal
cell,  undralned  compression  and  extension  tests with  pore water  pressure measurement  were

performed, and  the  influences of  confining  pressure,  loading path, amount  of  organic  matter

and  fabric anisotropy  on  the  undrained  shear  behavior of  peat  were  investigated. Test re-

sults  indicate that  the undrained  shear  behavier of  saturated  peat  can  be discussed based on

the  principle ef  effective  stress,  in the  same  manner  as  inorganic sQils. However,  as  the  an-

isotropic fabric of  fibrous peat  which  had formed during accumulation  still remained  after  the
isotropic consolidation,  anisotropic  shear  behavior was  observed  ; the  undrained  deformation-
strength  preperties observed  in the  compression  test were  considerably  distinct from those  ob-

tained  in the  extension  test. Moreover,  it was  also  found that  the  normally  consolidated  fi-
brous peat had a  cohesion  intercept due  to the  effect  of  tension  in the  fibers, and  undrained-

strength  parameters  were  found  to  be greater than  those  of  inorganic soils.

  Furthermore,  based on  the  test results,  the  authors  proposed  a new  method  of  predicting
stress-strain  behavier of  peat under  triaxial compression  and  extension  conditions.

Key  words  : angle  of  internal friction, anisotropy,  cohesion,  consolidated  undrained  shear,
higbll organic  spi!t, shear  strength,  stress  path,  triaxia.! eompre.s.sion  test  (IGC :D61D5)

                                         gomposed  of  fibrous organic  matters,  i.e.
INTRODUCTION
                                         partly  decomposed plants  such  as  leaves and

  It has been said  that  peat which  is rnainly  stems,  shows  unique  mechanlcal  properties in
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comparison  with  those  of  inorganic soils  such

as  clay  and  sandy  soils.  Also, it is generally
said  that  it is material  which  strongly  shows

strength  anisotropy.  However, there  have

been only  a  few systematic  investigations

concerning  the  mechanical  properties  of  high-
ly organic  soils  and  peats ; in particular,

there  have  been very  few studies  on  the

shear  characteristics  of  peat. Therefore,

there  are  many  points which  must  be solved

regarding  the  fundamental shear  character-

istics of  peat. The  explanation  of  such  pro-
blems will  be useful  for practical geotechnical

problems  such  as slope  stability  or  bearing
capacity  of  peat  ground.

  In this paper, based on  the  results  obtained

from undrained  triaxial compression  and  ex-

tension  tests which  were  performed  by us-

ing both  the  vertical  and  horizontal samples

of  undisturbed  peat the  infiuences of  con-

fining pressure,  loading path,  ameunt  oi  or-

ganic matter  and  fabric anisetropy  on  the  un-

drained shear  characteristics  of  normally  con-

selidated  peat  are,  presellted. Moreover,

based on  the  experimental  facts and  the  orig-

inal Cambridge theory,  the  authors  also  pro-

posed  a  new  method  to explain  systematically

the  stress-strain  behavior of  peat under  tri-

axial  compression  and  extension  conditions,

EXPERIMENTS

Peat  Tested

 The  sample  used  in this investigation is fi-

brous peat with  the  physical  properties  shown

in Table 1, The  saturated  undlsturbed  sam-

ple was  brought from a  riverside  near  Ohmiya

city,  Saitama  Prefecture. The  sample  con-

tained  a  considerable  amount  of  vegetal  fi-

bers, and  we  could  therefore not  determine

   T.abl.e 1, Physical  properties  
of

 peat

     Properties  .Amounts
  Natural water  content  tv.(%)  110-1200

  Natural  void  ratlo  en 5iv19

  Specific gravity  Gp  1.52-v2. 56

  Degree  of  saturation  S.{%)  ]OO

  Ignition loss Lig(%)  10--85

  Degree  of  decornposition  DC%)  25N65

  Potential  of  hydrogen  pH  5N7
± Uquid  limit LL(%)  

-

  p]astic limlt  SPL(%)  II

  

e 
cN

            Clay  ].[ayer

Fig. 1. V  and  H  samples  from  peat  ground

the  values  of  the  liquid and  plastic limits of
sample.  The  amount  of  organic  matter  is

indicated by the  ignition loss, denoted by the

symbol  Li,. It is defined as  the  ratio  of  the

mass  lost by  heating at  a  temperature  of  800
OC

 to  the  total  dry mass  of  the  peat sarnple.

As illustrated in Fig. 1, the  ground  water  lev-
el (G.W,L.) of  the  peat  ground  vvas  only

slightly  below  the  ground  surface,  and  the

peat  layer under  the  ground  surface  reached

a depth of  about2m.  The  samples  were  ob-

tained  by using  thin-walled  tubes  75mm  in

diameter  and  500 mm  in length. In order  to

ensure  the  least variation  among  the  indi-

vidual  samples,  they  were  sarnpled  from a

depth range  of  O.7m  to 1.5m  below  the

ground  surface  in the  same  vicinity,  In sam-

pling, care  was  taken  to maintain  the  axes

of  the  samples  para!rel to the  vertical  and

horizontal directions in the  peat ground,  and

these  samples  were  designated as  vertical  CV)
and  horizontal (H) samples.  The  total unit

weight  of  each  peat  sample  was  about  10,8

kNtm3  and  the  sample  was  normally  consoli-

dated under  the  present  maxirnum  effective

overburden  pressure  of  about  10kPa.  The

samples  were  waxed  and  wrapped  in the  field,
anet  then  stored  in a  water  bath at  the  labo-
ratory.

  The  undisturbed  sample  was  gently re-

moved  from  the  thin-walled  tube.  As

shown  in Photo. 1, a  specimen,  50 mm  in dia-

meter  and  125mrn  in length, was  trimmed

from  the  sample  with  a  very  fine wire  saw

and  a  cutter,  and  was  then  placed on  a  satu-

rated  porous stone  which  was  mounted  on
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  Fig, 2. Changes  of  pore  water  pressure
      due  to changes  of  confining  pressure

      under  undrained  conditions

the  base of  a  triaxial cell, A  slotted  filter
paper  drain was  wrapped  around  the  specirnen

in order  to accelerate  drainage. All speci-

mens  were  isotropically norrnally  consolidated

in the  triaxial  cel}  and  then  sheared  under

undrained  conditions.

Testing Procedztre

  In the  consolidation  process, an  initial back

pressure of  100 kPa was  applied  to  all  speci-

mens  to insure saturation,  an[1  an  all-round

pressure  in the  range  of  10kPa-50kPa  was

   1 5 10 W  1oo  5CO rm
              Ll//.1..c,] tLt,u t. CTi,O

    3. Excess  pore  water  pressure  vs.  elapsed

    time  curves  during  isotropic consolidation

raised  in several  steps  to  its final value.  The
completion  of  primary  consolidation  was  spe-

cified  by the  dissipation of  excess  pore  water

pressure  au  at the  final-stage pressure-in-
crease  increment, and  the  pore I)ressure para-
meter,  value  of  B, was  checked  at  each  stage

(see Fig,2). The  loading duration of  the

all-round  pressure  in each  stage  was  specified

to  be one  day;the  duration after  reaehing

the  final cell  pressure,  however,  was  specified

to be two  days. Therefore, the  excess  pore
water  pressure  prior to shear  was  essentially

equal  to zero.  Typical excess  pore  water

pressure  vs,  time  curves  during consolidation

of  V  and  H  specimens  are  shown  in Fig. 3.
The  time  required  for dissipation of  excess

pore  water  pressure "ras  found to  be from
700 min  to 1000 min,  After the  completion

of  consolidation,  as  shown  in Table  2, six
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zauuH.Hts

         Radial  stress  J'i- crr

Fig. 4. Various  loading paths  under

    undrained  conditions

series  of  undrained  shear  tests on  the speci-

mens,  with  consol{･dation  pressure a,'  ranging

from  about  100kPa  to  350kPa,  were  per-

fc)rmed under  the  following conditions  :

  i) UCL  Test  : Radial stress  o,  constant,

akial  stress  o.  increased; i,e. Ioading com-
 'ppesslon

 test. '

 l ii) UCP  Test : Radial stress  decreased and

akial  stress  increased so  that  the  tetal mean

pTincipal stress  p=:(a.+2a.)/3  remained  con-

stant  ; i. e. constant  total p compression  test,

  iH) UCU  Test  : Radlal stress  decreased,

axial  stress  constant  ; i. e. unloading  eompres-

slon  test.

 iv) UEL  Test: Radial  stress  increased,

axial  stress  constant;i.e.  Ioading extension

test.

  v)  UEP  Test  : Radial stress  increased and

axial  stress  decreased so  that  the  total mean

principal  stress  remained  constant;i,  e. con-

stant  total p extension  test,

  vi)  UEU  Test  : Radial stress  constant,  ax-

ial stress  deereased;i, e, unloading  extension

test.The

 total stress  paths  corresponding  to the

loading conditions  mentioned  above  are  il-

lustrated in a  Rendulic diagram (see Fig, 4).

In addition,  the  UCL  Test was  also  carried

out  under  another  condition  only  on  the  H-
specimens;that  is, as  shown  in Table 3 (test
results  at  failure are  also  shown  in this  ta-

ble), after  the  end  of  consolidation  at  the

consolidation  pressure a,' of  about  100kPa,

the  drainage llne was  closed  and  the  confining

pressure e,  of  200kPa  was  raised  to 300kPa
   /or

 400kPa,'and  then  the  shear  test was  car-

riedl  out.

  Iri Table  2, the  tests in group  (A) were

performed  under  the  strain-controlled  condi-

tion  with  the  rate  of  axial  strain  of  O. 05%!

rnin,  and  those  in group  (B) were  performed
under  the  stress-controlled  condition.  The

/

Table2.  Types  oftests

No.Test  type  Specimen

(A)

Wn(%) GpLig(%)  c,'{kPa)  lv,(.O.1)

/

/i

/i

V-29V-28V-30V-20V-4V-9H-3}Im5H･-7H.14H-16HJ15UCL

 "

 m

 "

 tt

 "

 m

 ff

 eUEU

 "

 fi

V-specimen
   ff

   ff

   m

   fi

   "H-speelmen

   "

   "

   "

    "

    "

109511848t942860852923997774S301000

 926

L5822.
 :-,aL9971.5521,72I.;,

 fiB71.
 7.t7L690l.763L7261.5S2L710

(B)

8310407S707i737359717470

UCLUCPUCUUEPUELUEPUEU

leo147199leo197343991972D9969S199

 H-2

 H.6

 H-4

 H-9

 H-12,
 H-S[

 HJIg

421631.584172662053SO29421!364413282

H-specimell
   fi

   "

   fi

    fi

    "

    n

94111149248998951027S851, 6231.6031,7821,7421.70S1.725L7127879676B7Z6572979S98999614998414446389349387338376

(A) : St-rain contr'el  (rate of  axial  strain  l.=V,05%lmin),
water  content,  Gpa:Specifie  gravity,  Lig:Ignition  loss,

sure,  tve  : Presinear  water  content.

(B):Stress contrvl,  wn:Natural

ge'  : Preshear  conseiidat･lan  pres-
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         was  almost  equal  te  that  at

        shear.  This  suggests  that
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   5. Infiuence  of  magnitude  of  cenfining

    pressure  prior  to shear  on  undraine
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 Table  3, Stress  conditions  prior  to shear
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   Fig. 6. Mohr  cireles  in  UCL  Test with

       different  rnagnitudes  uf  cenfining

      pressures

pore water  pressure  was  measured  at  the  bot-
tom  of  the  specimen.

EXPERIMENTAL  RESULTS

Inflztence of Confining Pressure

  The  normalized  effective  stress  paths and

stress  ratio  vs.  axial  strain  curves  are  shown

in Fig.5, where  g==a.-a.,  P'==(a.'+2G.')/3
and  e.  is the  axial  strain  and  a,' is the  effec-

tive  stress  at  the  beginning of  shear.  As
shown  in Table 3, these  results  were  obtained

from  the  UCL  Test on  the  H--specimens with
three  different confining  pressures  a,,  The
effective  stress  a,'  at  the  end  of  censo]idation

                                   5

                        the  beginning of
                       the  increment  of

confining  pressure corresponds  to that  of  pore
water  pressure. Then,  as  is obvious  from
Fig. 5, in spite  of  the  different magnitudes  of

eonfining  pressures, the  effective  stress  paths
durin.a undrained  shear  almost  coincide  and  to

a  great  extent  tbe  same  loci of  stress-strain

curves  are  observed.  It is further seen  from
Fig.6 that  the  angle  of  shear  resistance  ip.
given  from  the  three  Molir circles  in terms

of  total stress  is almcst  equal  to zero,  and

their effective  Mohr  circles,  which  are  shown

with  the  dotted circles,  agree  well.  Hanra-

han  (1954) also  reported  similar  results  frem
the  unconsolidated  unclrained  test on  satu-

rated  peat, AccordingJy, the  undrained

shear  behavior of  fibrous peat, as  well  as  of

saturated  inorganic seils,  is not  significantly

affected  by the  eonfining  pressure, and  can  be
discu$sed in the  conventional  way  based on

the  concept  of  effective  stress.

'lnY7uence

 of Loading  Path

  The  normalized  stress-strain  eurves  and  ef-

fective stress  paths  obtained  from the  tests

of  group  (B) in Table 2 are  plotted  in Figs.
7 and  8, respectively.  The  consolidation

pressure  a,' was  about  100kPa  for all  speci-

mens  except  for specimcn  H-8,  for which

the  pressure was  about  150kPa.  It can  be
seen  from these  two  figures that  the  un-

drained compression  Qr  extension  behavior
euring the  three  different loading collditions

 
 

 

  
Ea
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,',xtnl

 str,itn  Ea ty)

Fig. 7. Deviator stress  ys,  axial  strain

    eurves  for yarious  loading conditions
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 Normalized  effective  stress  paths

 variotts  loading eonditions

      part  essentially  independent

   stress  path  to failure ; if normal-

      specimens  are  subjected  to
'
 types  of  undrained  tests in com-

or  extcnsion  stress  space,  the  effee-

      and  the  undrained  strength

     conselidation  pressure  a,'  will

   same  for each  type  of  loading.

     first approxirnatien,  it can  be

    undrained  shear  behavior in the

   space  (compression or  extension)

      as  we!1  as  for inorganic clay

        only  upon  the  initial con-

      before shear  and  is indepen-

the  way  in which  the  shear  is ap-

   as shown  in Figs.7 and  &  the

        compression  and  extension

       is very  remarkable.  The

 
'
 curves  in the  extension  tests on

  
'
 show  a  rapid  increase in

stress  for the  changes  ill axial  strain

values  of  axial  strain.  Also, the  H-

  show  a  very  large effective  angle

ET  AL

of  shearing  resistance  and  undrained  shear

strength  in the  extension  tests, Such a  ten-

dency  is probably  due to the  anisotropic  fab--
ric of  fibrous peat,

lnnuence of  Amount  of Organic Matter
 Based on  the  results  of  the  UCL  Test on

.UbNcr

1.

O

Fig.

-eeKtr

1.0

Q5

 e

Fig.

              pt/g,
                 c

9(a). Influence  ef  amount  of

organic  matter  on  effective

stress  path  (V-specimens)

             p'fffE

9(b), Influence of  amount  of

organic  matter  on  effectiye

stress  path  (ll-specimens)
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the  V-specimens  (V-4, V-28  and  V-30) and

the  H-specimens  (H-5 and  H-7), the  influ-
ence  of  the  arnount  of  organic  matter  on  un-

drained compression  behavior was  investi-

gated. The  normalized  effectiye  stress  paths
are  shown  in Figs.9(a) and  (b). As can  be
seen  in these  figures, the  effectiye  stress

paths  of  peat are  influenced eonsiderably  by
the  amount  of  organic  matter  and  move  away

from  the  origin  with  an  increase in this a-

mount.  In particular, in the  V-specimen  re-

sults,  such  a  tendency  appears  to a marked

extent  in the  range  of  organic  matter  con-

tent  between'10% and  40%.  For  both V  and

H  specimens  which  contain  an  organic  matter

content  ef  about  70%, the  effective  stress

paths  indicate that  the  deviator stress  g ifi-
creases  to  the  maximum  value  under  almest

constant  effective  mean  stress  p' during  un-

drained shear.  Adams  (1965) also  observed  a

similar  stress-path  locus from  an  undrained

triaxial compression  test on  saturated  fibrous

peat with  an  Lt, of  77%-80%.  It is also  seen

from  Fig, 9 that  the  values  of  maximum  devi-
ator  stress  and  shear  stress  ratio  mobilized  at

failure (represented by the  symbol  M')  in-
crease  with  the  increase in the  amount  of

organic  matter.  This M'  corre$ponds  to the

effective  angle  of  shearing  resistance.  From
the  results  of  undrained  and  drained triaxial

eompression  tests on  reconstituted  samples

of  mixed  clay  and  peat  (Muck) in various

ratios  of  mass,  Tsushima  et  al  (1982) showed

that  the  value  of  the  angle  of  shearing  resist-

anee  increased with  the  increase in the  amo-

unt  of  peat, and  that  the  value  ef  the  dilatancy
coethcient  also  increased in proportion  to the

arnount  of  peat. That  is, it can  probably be
said  that  the shear  behavior of  soil  is consid-

erably  influenced by the  amount  of  vegetal

matter,  and  that  large strength-parameter

values  may  be obtained  wlth  an  increase in
the  amount  of  vegetal  matter  involved.

 Fig.10 shows  the  normalized  pore water

pressure  Au/a,' vs.  e. curves  fer V  and  H

specimens  in the  UCL  Test.  The  amount  of

organic  matter  has a  significant  infiuence on
pere  water  pressure  behavior fer specimens

containing  a  relatively  low organic  matter

CHARACTERISTICS  OFPEAT 7

 

               Aiial
 

sLruiTL
 Ea 

(Z}

 Fig. 10. Influence of  amount  of  organic

     matter  en  pore water  pressure  ys.

     axial  strain  curves

content  of  40%  or  less. The  values  of  Au/
a,' for the  V-$pecimen V-28, with  an  Lt, of

10%,  are  very  small  in comparison  with  those

for the  V  specimens  V-30  (Lt,==40%) and  V-
4 (Lig=70%) at  strains  larger than  3%.  In
the  cases  of  V  and  H  specimens  with  organic

matter  content  greater  than  40%,  the  liulo.'
vs. e. curves  almost  agree,  and  there  is no

apparent  infiuence related  to  the  amount  of

Fig.11. Effective  stress  paths  under

cornpression  and  extensien.con-

ditions
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vegetal  matter.

Behauior  under  ComPression  and  Extensiori

Cenditions '

 The  results  of  the  strain-controlled  UCL

Test on  V--speeirnens and  the  UCL  and  UEU

Tests on  H-specimens are  plotted in Figs. 11-

13. The  specirnens  of  peat  used  in these

tests, containing  almost  the  same  amount  of

organic  matter  (about 70%), were  isotropical-

ly normally  consolidated  in the  range  of  con-

solidatlon  pressure  a,'  between  appreximately

100kPa  and  350kPa.  As  shown  in Figs.11-

13, the  undrained  shear  behavior of  the  spe-

cimens  in the  eompression  test  is very  differ-
ent  from that  of  the  El'-specimens in the

same  test. Similarly, fer the  same  H'-spe-
cimens,  the  behavier under  compression  con-

-10
 C:') EaFig.

1,D

 -vR

 1. 
e.5

 :
 r,
 a'
 a
 u
 l
 p

 e
 £

  
-aSFig.

  -) o s lo LIS tte

      "xlal  !/luLtl  Ea  UT[)

12, Deyiator stress  vs.  axial  strain

curves  under  cempression  and  ex-

tensien conditions

13, Pore  water  pressure  ys.  axial  strain

curves  under  compression  and  extension

conditions

ET  AL.

ditions is quite  distinct from  that  under  ex-

tension  conditions.  As  pointed  out  in Figs.

7 and  8, this suggests  that  the anisotropic

fabric of  fibrous peat still remains  after  iso-

tropic  consolidation,  and  this eharacteristic  is

particularly  apparent  during  shear.  From

the  difference between  the  effective  stress

pathg for V  and  H' specimens  under  compres-

sion,  it can  be said  that  the  developing pore
water  pressure  due to the  deviator stress  com-

ponent  for V-specimens  at  any  identical shear

stress  ratio  is large compared  with  that  for

H-specimens,  Namely, the  V-specimen un-

der compression  takes  the  ferm of  a  fabric
enriched  with  a  negative  dilatancy,

  It is also  expected  from  Fig. 11 that  nor-

mally  consolidated  peat not  only  has a  large
effective  angle  of  shearing  resistance  but also

shows  a  vertical  intercept due to the  develop-
ment  of  tension  in the  fibers extending  across

the  failure plane.  The  shear  stress  ratio  at

failure in the  compression  test on  V-speci-
mens  and  in the  extension  test on  H-speci-

mens  will  become very  large compared  with

that  in the  cornpression  test  on  H'--specimens.

It is for this reason  that  the  or{entation  in
fibers for V-specimens  during compression

shear  may  be very  sirnilar  to that  for H-spe-
cimens  during extension  shear.

  From  the  results  of  normalized  qia,' vs,

E.  in Fig. 12 and  ifula,'  vs.  s. in Fig. 13, it

is seen  that  the undrained  shear  behavior un-
der compression  or  extension  conditions  can

be approximate!y  norrnalized  by the  effective

stress  o,'  at  the  beginning of  shear.  Similar

results  can  be rcad  from  Figs. 7 and  8, How-

ever,  rapid  changes  in deviator stresses  at

sma!1  strains  are  observed  in the  extension

test  on  H-specimens.  As can  be seen  in Fig.

I3, this  is probably  due to  the  development
of  negative  pore  water  pressure,  which  pro-

duces an  increase in effective  stress  during

extension  shear.

Undrained  Strength  Parameters

  Based on  the  test data on  neTmally  consoli-

dated V  and  H' specimens  with  an  L,/g of

about  70%  deseribed in the  previous  section,

only  the  stress  states  at  failure, which  are
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   Fig. 15, States of  stress  at  failure

       plotted  in q  vs. p' plane

determined from deviator stress  maximum

criteria,  are  plotted  again  Figs.15 and  16,

where  qf  and  pf' are  equal  to q and  p' at

failure, and  c.  is the  undrained  shear

strength  lgff21. Also, the  symbolsMand  m

in Fig.15 are,  respectively,  the  inclination
and  vertical  intercept of  the  gf  vs. pl  rela-

tionship,  approximated  by  a  straight  line.

    Fig. 16. cw  vs.  ea'relationships  for

        normally  consolidated  peat

In the  UCL  und  UEU  Tests, the  effective

angle  of  shearing  resistance  Q', the  cohesion

intercept c', and  the  pore water  pressure  pa-

rameter  at  failure Af  are  given  by the  fol-

lowing  equations  :

  UCL  Test (Loading compression)  :

            3M  -smO'
                             

-?n,
           6+M  6cosO'¢

t=:smuz1(

Ar:=: SIa".',
), ct ..,  

3

UEU

¢
tTest-i(

 6

(Unloading
3:MI  

,))
 c--extension)

 :

 3+sinO'

(1)

  =sm

          -IMI

AI =1-  titioUi

6cos ¢
'[m[t

                                (2)
where  duf and  da.f are  the  change  in pore
water  pressure  and  the  axial  stress  to failure.

Since normally  consolidated  peat  has a  verti-

cal  intercept on  the qr  vs.  pf' plane  of  Fig.

15, the  c.  vs, a,'  relationships  in Fig. 16 also

have vertical  intercepts, but can  be repre-

sented  approximately  by straight  lines. The
inclinations thla.' of  these  straight  lines cor-

respQnd  to  the  rate  of  increase in undraincd

shear  strength  due  to  consolidation.  In ad-

dition to these  values  of  e', c' and  Af  cal-

culated  by Eqs. (1) and  (2), c.,la.' in Fig. 16

and  the  values  of  axial  strain  at  failure er

are  summarized  in Tab!e 4. The  value  of  di'
for soils  must  be within  the  range  of  OO-90e.
Then, from Eqs. (1) and  (2), the  range  of

NII-Electionic  
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M  values  corresponding

ip'<900 is given

             
-L5<M<3

That  is, if the  value

tests satisfies  Eq.

M  and  m  from

possible  to calculate

However,  as  can

value  of  M  obtained

on  H-specimens
H'-specimens, we

values  of  di' and

condition.  Fig.17

circles  obtained

Tests on  H-specimens,
the magnitude  of

failure becomes
a.. That  is, the

axial  stress  aaft

as  the  value  of  consolidation

creases,  this ff.ft

  Mehr  circles  in UCL  and

oll  ffLspecimens

      to the  condition  Oe<
as  follows:

                   (3)
    of  M  obtained  from the

 (3), by using  the  values  of

Eqs. (1) and  (2), it will  be

   the  values  of  ip' and  c'.

  be seen  in Table 4, the

     from  the  UEU  Test

 was  -2.97.  So, for the
  could  not  determine  the

   c'  under  the  extensien

  shows  the  effective  Mohr

from  the  UCL  and  UEU

       In the  UEU  Test,

   pore water  pressure  at

larger than  the  axialstress

 negative  value  in effective

is measured  at  failure, and

           pressure  a,t  in-
 shows  further increased ne-

ET  AL.

gative  value.  Therefore, it was  impossible
to  determine the  two  values  of  di' and  c' for                           J
fl'-specimens under  the  extension  condition.

As  the  most  probable explanation  for the

results  obtained,  it may  be said  that  the  ten-

sion  in vegetal  fibers centributes  to the

strength  parameters  of  peat to a  greater  ex-

tent  than  might  be expected,  and  the  effect

of  tension  depends on  the  magnitude  of  con-

solidation  pressure.  Hanrahan (1954) re-

ported  from  the  results  of  unconsolidated  un-

drained tests on  saturated  fibrous peats  that

the  developing excess  pore  water  pressure at
failure becarne larger than  the magnitude  of

confining  pressure ; he reported  also  that  ne-

gative Iateral effective  stress  was  obtained.

Thus, in the  case  of  the  extension  test  on

ll-specimens  in this experirnent,  it may  be
said  that  such  a  tendency  is produced  by the

considerable  development  of  tension  in fibers
extending  across  the  failure plane.

  As  seen  in Table 4, the  fibrous peat shows
predominantly  anisotropic  strength  proper-
ties. The  P' of  52" from the  compression

test on  V-specimens  was  very  large compared
with  the  ip' of  35e for H-specimens.  Also,
the  values  of  c.lo,'  larger than  O. 5 were  mea-

sured,  and  the value  of  O.8 from the  exten-

sion  test on  H-specimens  was  a  particularly
large value.  Such  large values  in the

strength  parameters  of  peat have been also

reported  by other  research  workers,  Table 5
shows  the  results  of  typical triaxial  compres-

sion  carried  out  bv other  researchers  on  un-

disturbed and  rerfioulded  peats, where  the

ICU  Test corresponds  to the  UCL  Test in
this paper, where  the  K,CU  Test corresponds

to the  UCL  Test on  K.  consolidated  samples,

and  where  the  ICD  and  K.CD  Tests are  stan-

dard drained triaxial tests  on  sarnples  consol-

idated under  isotropic stress  and  K.  condi-

tions,  Values  of  Q' larger than  50" have
been  measured  by other  research  workers.

The  very  large value  of  ip'=78,30 was  indi-
cated  by Oikawa  et  al (1980), Also, Adams

(1962), Ozden et  al (1970) and  Oikawa  et al

(1980) indicated that  normally  consolidatecl

fibrous peats  had  a  cohesion  intercept c'.

The  value  of  c'  for undisturbed  Muskeg, ac-
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Table 5. Strength  parameters  of

     to various  research  reportsnormallyconsolidated

 peat  according

Authors Samplestv.(%)

Adzms(I962) Muskeg  (U) 1 375-430

1

Gp

Adarns(19ff5)

L62NL70

       
---1--

               1
Muskeg  (U)         200-v600 1,62-L73

/

Lig(%)

Ozden  et  al

(1970)

            ... .'"c'acpa)
 di' or  pd(o)l

7z  sNBz6  1

Muskeg  (U)

cvlaet

14 
'I'

 so

       Sl

Tsushima  et  at  Muck  (R)
(1977) /

1
o!1

800 1.57 96

48

15 46

TestsICUICDICU

    
･1O.

 54e,
 52

ICU

L84-LS6

Oikawa  et  al

ogso)

lt57n-58

1 Muek  (u)/ 1.62-.!.77

Oooo

Tstrshima  et  al

(1982)

Muck  (R)

..1..
    LO
 i1

'5L960.251.551,5

/

5E.1--67.4 /7R.3

/1

L82

Ed:,1 e-L al

{lgsD

Peat  (U)Peat
 CU)Peat
 (U)

56'ol  5Ll

  .50. 
2

'

O. 63

24060DSIO 1, 941,
 921,4!

  20.

  31.

  64*

  sample

tiallysearchon

 thelowing

ooo

/

'

  50.2

  53. BI
 57･,41

ICUKoCUICDKoCDICU

ICUICD

 KoCUi

 
Kocu1

 KoCu

    
*:Fiber

 content,  (U):Undisturbed sample,

cording  to Adams  (1962), was  14kPa. The
values  of  c.Sa,'  for Ohmiya  peat were  very

near  the  values  for Muck  obtained  by Tsu-
shirna  et al  (1977) and  Oikawa et  al  (1980).
The  values  of  Af  in the  UCL  Test on  V-

s.pecirnens  and  in the  UEU  Test on  H-speci-
mens  were'  closer  to  unity.  However,  this

value  from the  UCL  Test on  H-specimens
was  about  57%  in the  UEU  Test, and  the

value  ef  ef=6%-8%  for H-specimens  in the

UCL  Test was  very  srnall  cempared  with  that

of  ef=12%-I5%  for V-specimens  in the  same

test,

(R):Remolded

UNDRAINED  STRESS-STRAIN  RELA-

TIONSHIP  FOR  NORMALLY  CONSOLI-

DATED  PEAT

Assuntptiens

 The  stress-strain  equations  of  peat  under

triaxial  compression  and  extension  conditions

derived by the  present authors  are  based on

the  theory  of  Roscoe et al (1963) and  the

methods  of  Mitachi et  al (1979) and  Yama-

guchi  et  al  (1983) which  make  use  of  the  di-
latancy function, which  represents  approxi-

mately  the  experimental  dilatancy vs.  stress

ratio  relationships  of  clay  soils.  The  assump-

tions  of  the  present  authors,  then,  are  essen-

     the  same  as  those  of  these  three  re-

     groups,  Further, in thispaper,  based

      experimental  facts, we  made  the  fol-

      assumptions  in order  to derive the
stress-strain  equations  for normally  consoli-

dated peat :

  (i) The  tetal change  of  void  ratio  during

shear  d, is represented  by the  sum  of  the

change  due  to  the  increment  of  effective

mean  stress  (d,), and  that  due  to  the  incre-

rnent  of  deviatoric s!ress  (de)d:

            de;(de)  c+  (de)d (4)
As  shown  in Fig. 8, from  the  volume  change

behavior in isotropic compression-swelling

tests on  V-specimens  of  peat, by using  the

inclinations A", rc* of  the  straight  lines plot-

oo.

-2.0

Fig.

  rLO G

         fi1=. IT

18, Changes  of  void
- 4               .
Isotroplc  compresslon

..c 2,O

ratio  during

and  swelling
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    (V and  H  specimens)  under  constant  mean

    effective  principal  stress

ted  in the  dln e vs.  dln p' plane, the  (d,),
in the  above  equation  and  its elastic  and  plas-
tic component$  (d,)ce, (d,)g are  approximate-

ly expressed  as  follows :

         (da)c= 
-pPm,', 

"+

SP,' (5)

                        
X -(A±-ml)

  (d,) ,e -= e,r(A*-  rc*) (
          l( fi, )L"*
<de) c" 

--
 
nv
 (A"-rc*) eo(

  pt
  p,'

1 dptti
 lbi

P,Po,

)

)-(AS-rc*)

-1*

dptpt

(6)

(7)

 where  e,  and  p,' are  the  void  ratio  and  the

 consolidation  pressttre at  the  initial state  in

 the  normal  consolidation  range,  respectively.

   (ii) As  shown  in Table 4, normally  con-

 selidated  peat has a  cohesion  intercept  c',  but

 in order  to slmplify  the  equations,  we  let c'

 be equal  to zero  as  in Fig.19, and  assume

 tbat  the  critical  state  Iines become  straight

 lines through  the  origin  with  the  moclified

 inclinatiens ef  ME  or  ME  in the  g vs.  p'
plane.

  (iii) As  noted  in Fig. 20, from  the  resurts

 of  loading-unloading tests  under  constant  ef-

 fective mean  principal stress  (p' =eonst.)  on

 V  and  H  specimens,  as  well  as  the  assump-

tion  of  Cambridge  theory  for clay  soils,  it
can  be assumed  also  in the  case  of  peat  that

the  enly  elastic  component  of  strain  that  oc-

curs  during shear  is the  volumetric  strain,

and  that  there  is never  any  elastic  component

of  shear  strain  ;thus,

  (dv)e= ltte [1 (A*-m*)( 
oit
 )-C"T"D

       
wui'(f,i"']

 
d,',L

 :(8)
(d,)a:=O, des･==o ,1

where  (d,)e is the  elastic  component  of  the

total volumetric  strain  increment, (d,)a" is
the  elastic  component  ef  the  volumetric

strain  increment due  to the  deviatoric stress

increment, and  dsg is the  elastic  component

of  the  deviatoric strain  increment,

  (iv) For undrainea  shear,  from Eqs.(4)

and  (5), the  equivalent  dilatancy F(n),

which  is assumed  to  be a  function of  the

stress  ratio  T=gip'  ()vditachi et  al (1979)), is

represented  as  follows:

       F(,)---tiiif[1-(-pp-,-',)-"'] (g)

where  F(ep) is the  volumetric  strain  due  to

the  deviatoric stress  component,  which  is cal-

culated  by subtracting  the  change  of  pore  wa-

ter pressure  due to  the  increment  of  mean

principal stress  from the  observed  total

change  of  pore water  pressure du:ing un-

drained shear.
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Basic Stress-Strain Equations

  Referring to existing  theories  and  using

the  assumptions  described in the  preceding
section',  the  basic equations  of  stress-strain

relationships  for isotropically normally  con-

solidated  peat  can  be derived. From  Eqs, (4),
(5) and  (9), the  change  of  total void  ratio

during shear  is represented  by the  following
equatlon  :

  d, =-A"e,(  pP,', )"A' 
dltP,,'

 
-
 (1+e,)F'(i7)cil?

                                (10)
                                '

where  F'(rp) is the  differential form of  F(ny).

Accordingly, the equation  oi  the  state  bound-

ary  surface  is given  by integrating Eq. (10)
with  the  initial conditions  e=e,  and  p'=po'
at  rp=O  as  follows:

        e=eo(  ;o't )'A'-a+eo)F(rp) al)

Also, by integration  of  Eq. (6), the  equation

of  the  elastic  wall  is given as  follows :

    e-ee=eo[-(  
pPott

 )r(A'-rcD+(=Xi )-1
                                 (12)

By  combining  Eq,(12)  with  Eq.(11), the

equation  of  the  yield locus is expressed  as  fol-

lows:

  eo [( pPi,-)-(" 

-"D-i]-a+e,)F(op)

 :=o  a3)

Assuming  the  normality  condition  to be ap-

plied, the  basic equations  of  incremental
stress-strain  relatienships  are  given  as  fol-
Iows:

  (d,) 
p
 =  

ii+-:
 
e.o

 
-[
 
-ee
 
-(
 iA tt-. 

,rc')
 (;,',-)-(i'U"")glP,. ,I

                =

         +Ft(if)dopll (14)

  de? =:  de, 
--
 
-+ ±

+-e,e ["O 
CIA+*

 ZI,rc*)( pP,', )-["'-""
     × 

dpP,'
 +Fi(rp)dop1

     × [Ft (,),- eo (t 
F

/tSil.I,rc"l)( i', )(hr)- 1
                                 (1-5)
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 dv=  l-;eeO [IZI".O,( pP,', )-A' 
dpe'

 +F'(op)drp]

                                (16)

where  (d.)p is the  plastic component  of  the

total  volumetric  strain  incrernent d. and  dse

is the  plastic component  of  the  deviatoric
strain  increment ds,. In the  undrained  shear

test, applying  the  conditions  d.aO  and  e=eo,

the  equations  of  effective  stress  path, incre-

mental  stress-strain  relationship  and  pore  wa-

ter pressure  become  as  follows :

      (-pit,)==[1+(llfo-)F(n)1-i'A' a7)

 
ddS77S
 =  [( A"x-. rc" ) (i +(  i f,eo )F(?Fli ) 

-"'A*-

 i]

   × {F' (n) } 
2]

 /[opF' (op) '  
eO

 
(f
 
"+Te,rc")

  ×(1+(II,eo)F(op)](i':"alX-')1 as)

 du=p,r[(-l;-i)((il'l,eo)FIrp)+il 
i':'+i]

                                 (19)

where  tiu is the  excess  pore  water  pressure

in the  UCL  and  UEU  Tests, with  the  total

stress  path represented  by q=3  (p-P.')･
Accordingly, if the  F(T)  vs. rp relationship

and  the  values  of  eo,po',  2* and  rc* are

known, the  calculation  of  undrained  stress-

strain  relationships  for normally  consolidated

peat  wM  become  possible.

YeriY7cation

  In this section,  the  validity  of  the  present

method  for predicting the  stress-strain  rela-

tionships  of  peat  is examined  by using  the

data from the  triaxial tests  under  undrained

compression  and  extension  conditions  men-

tioned  previously.  The  undrained  stress-

strain  equations  shown  as  Eqs. (17)-(19) are

based on  the  function of  F(v), Therefore,
in order  to predlct  accurately  the  stress-

strain  behavior, it is necessary  to deterrnine
the  appropriate  function of  F(o). Then,

based on  the  typical data in the  UCL  and

UEU  Tests on  V  and  H' specimens  ef  peat
with  an  ignition loss of  abeut  70%,  the  val-

ues  of  F(ny) for any  stress  ratio  calculated

NII-Electionic  
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from  Eq, (10) are  plotted  against  stress  ratio

op in Figs.21(a)-(c). In these  figures, the

solid  curves  are  F(rp) vs.  v relationships

which  were  calculated  in order  to represent

appropriately  the  relationships  which  were

observed,  From  these  results,  F(T)  for V
and  El specimens  under  compression  and  for
H-specimens  under  extension  can  be approx-
imated by the  exponential  and  linear func-
tions of  ny, That  is, the  F(ny) vs.  v relation-

ships  for normally  consolidated  peat can  be

{Z}
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20

zo
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o

<"by･)

20
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o

Fig.

1.e

21(a). F(7)  ys.

V-specimens  in

F(7)

     2.0
7

 T relationship  for
UCL  Test

s

 

21(b). Ii'(v) vs. v relationship  for
H-specimens  in UCL  Test

  

 

  

eaO

a)30

20

ID

TC7i}

 -1.o -3.0 -2.0 -l.O
 O

              vr.

  Fig. 21(c). P(v)  vs. v relationship  for

      H-specimens  in UEU  Test

represented  as  follows:

               F(op)=anb (20)
where  a  and  b are  experimental  coeficients,

Also, as  can  be seen  in Fig,22, from the

results  of  the  UCL  Test on  V-specimens  of

10%-85%,  the  effect  of  the  amount  of  organ-

ic matter  in the  range  equivalent  dilatancy
behavior of  peat  will  be approximately  repre-

sented  by the  same  exponential  function of

rp with  different values  of  the  coeMcient  a.

The  degree of  influence of  the  amount  of  or-

 so(Z)

tl.o

F(rl)

  30

Fig.

20

JO

  O 1,O  2,O  3.0
                     "

22. Equivalent  dilatancy behavior
for V-speeimens  with  different
amounts  of  organic  matter
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   e
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                                (21)     Gp
         Ge(1-LigllOO)+GsLtgflOO

where  Gp is the  specific  gravity  of  the  peat

specimen,  and  G,. G, and  Go represent  speei-

fic gravity  of  water,  of  soil  partic!es, and

the  organic  matter  itself, and  these  values

are  assumed  as  G.:=1,O, G,=2,7  and  Ge=
1.5, respectively.

  Then,  substituting  I']'q. (20) into Eqs. (17)-
(19), respectively,  for the  cases  of  the  UCL
and  UEU  Tests on  V  and  H  specimen$,  the                                     '
comparisons  of  the  experimental  and  calcu-

lated results  of  effective  stress  paths, axial

strain  vs.  stress  ratio  and  pore water  pressure
vs.  axial  strain  relationships  are  shown  in
Figs, 24-26. The  coethcients  prepared  for the

calculations  are  indicated in Table  6, The
values  of  2* can  be determined from the  iso-
tropic  consolidation  process data prior  to

shear.  By  combining  Eq. (18) with  the  con-

ditions at the  critical  state,  dv/dE,=O and

dE,>>O, the  values  of  rc" can  be obtained

from the  following equation  (Mitachi et  al,

     
!･5o

 2o 4o 6o so  loo

            Ignition  loss  Lig  (Z)

   Fig. 23, Degree  of  amount  of  organic

      matter

ganic matter  on  individual specimens  is

shown  as  the  positions plotted on  the  specific

gravity  G, vs,  ignition loss Li, plane  in Fig.
23. In this  figure, the  solid  curve  is repre-

sented  by the  following equation  :

                 GsGo

  

  
40

]o

20

10n"mscvvo

=].o

-20

-30

     -40

    Fig. 24. Comparison  of  calculated

        effectiye  stress  paths  with

        observed  ones

1979;Yamaguchi  et  al,  1983):

""=Z"+2FtSi'J[1fOee

  
-/(lii.,)2+4MrF'(].,l,r)F(Mt)]

 (22)

where  F'(M')  and  F(M')  are  F'(o) and  F(T)

at  lj=M', respectively.  The  measured  val-

ues  of  m*  were  very  close  to  those  obtained

from  Eq. (22). Also, the  modified  values  of

M'  are  dependent on  the  magnitude  of  the

cohesion  intercept c',  but these  values  deter-
mined  from the  nerrnally  conselidated  speci-

mens  in the range  of  consolidation  pressures

between 100kPa  and  350kPa  were  about

O. 98-1.1  times  the  rneasured  values  of  M,
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  As seen  from Fig.24, the  calculated  stress

paths  agree  fairly well  with  the  observed

ones,  because the  stress  paths  predicted  by
Eq. (17) are  based on  the  dilatancy functions
whieh  are  experimentally  derived from  the  ob-

served  F(T)  vs,  17 relationships.  If the  ex-

perimental  relationships  for dilatancy vs.

stress  ratio  relationships  are  simulated  closely

by the  dilatancy function, it will  be natural

that  the  calculated  stress  paths agree  with

   
Axial  strain  Ea(.Z)

pore  water  pressure  vs.  axial  strain

  the  experimental  results.  On  the  other

  hand, it can  be seen  that  the  degree of  a-

  greement  between  the  experimental  and  cal-

  culated  values  for stress  ratio  vs.  axial  strain

  and  pore water  pressure vs. axial  strain

  curves  is lower  than  that  for the  stress  paths.
  In particular, for the  results  of  the  UCL

  Test  on  V-specimens  it was  found  that  the

  calculated  values  exceed  the  observed  values

  of  the  strain  increments  for changes  of  rp at
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Table

     SHEAR  CIIARACTERISTICS  OF  PEAT

6. values  of  eoemcients  used  for  dalculation of

stress-strain  relationships

17

No.Ls,(%)  Po'(kPa)eo ]' a b ne Tests

V-4v.g 7071 197343 5. 0523.
 463

O,450O,435 O. 086O.086 L5L5 2.12.1 UCL(V-specimen)

H-3II-5H.10 7373E8 991971oo 6.6434.
 9756.684

O.387O,394O,428O.055O.055e.oss2,O2.02.0 1.4L4L4

UCL(ff-specimen)

H.14I･IT15H.16 717074 961999S 6.2844.8286.

 408

O.388O.413O.401O.075O.075O.075Le1.0LO 3.33.33.3

UEU(Wspecirnen)

        V.28  10 147 1.605 O,170

        V-29  85 100 6. 470 O. 432

        V-30  40 199  3.147 e.375

small  values  of  T. However, as  a  first ap-

proximation,  the  present  method  which

was  derived from the  existing  theories  on  the

stress-strain  relationships  for normally  consol-

idated clay  soils  would  be very  useful  in

Ieaching a  systematie  understanding  of  the

undrained  shear  behavior of  nermally  consol-

idated fibrous peat,

CONCLUSIONS

  1) As  well  as  in the  case  of  inorganic
soils,  the  shear  behavior of  fibrous peat  under

undrained  compressien  or  extension  condi-

tions is not  affected  by the  magnitude  of  con-

fining pressure  prior  to shear  or  by the  load-
ing  path during shcar,  and  can  be discussed
in terms  of  the  effective  stress.

  2) The  aniostropic  fabric of  fibrous peat
still  remains  after  the  end  of  isotropic con-

solidation  and,  to a  considerable  extent,  ani-

sotropic  shear  behavior is observed.

  3) The  undrained  shear  behavior of  peat
under  compressien  conditions  is quite  distinct
from that  under  extension  conditions  due  to

the  effect  of  vegetal  fibers;however,  the  be-
havior under  both compression  and  extension

conditions  can  be normalized  by the  consoli-

dation pressure.

  4) Normally consQlidated  fibrous peat has
a cohesion  intercept and  shows  very  large val-
ues  in undrained  strength  parameters  com-

pared with  those  of  inorganic  soils.  These
values  are  closely  related  to the  amount  of

organic  matter  involved,

  5) Asa  first approximation,  the  proposed

         1.5

         1.5 UCL

         L5  (V-specimen)

method  by the  present  authors,  which  was

derived from  the  existing  theories  on  the

stress-strain  relationships  for clay  soils  by
refiecting  the  effect  of  fabric anisotropy  in
the  equivalent  dilatancy vs.  stress  ratio  rela-

tionships, would  be very  useful  in arriving

at a  quantitative  understanding  of  the  shear

behavior of  normally  consolidated  specimens

of  fibrou$ peat under  compression  and  exten-

sion  conditions.

NOTATION

         Af=pore  pressure coeMcient  at  failure

  F(rp), F'(rp)=dilatancy  function and  differential

            form  of  F(rp)

        Lig=ignition  loss

 Go,Gp,Gs,G.=:speeific  gravities  of  the  organic

            matter  itself, peat, soil  particles

            and  water

         c'=effectiye  cohesion  intercept

          v==  volumetric  strain

      eo.  po'=e and  p' at  the  end  of  consolidation

         m=vertical  intercept in the  gf vs,  pf'
            plane

       p', q=effective mean  principal  stress  and

            deviator stress,  p'==(a.'+2a/)13
            and  4==aa-ar

      Pr', gf=P'  and  g  at  iailure
      M;  M'=inclination  of  critical  state  Iine in

            the  gf  vs.  pf' plane
dm  (de)c, (de)d:=increment of  void  ratio,  compo-

            nents  due  to effective  mean  prin-
            cipal  stress  inerement  and  devia-

            toric  stress  inerement  of  de

  (de)S, (de){=elastic and  plastic  components  of

            (de)c
 (de)G,(de)E=elastic and  plastic components  of

O.040O.
 140O.
 073
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                (dc)d
   dv, (dv)c, (d.)a=increment of  volurnetric  strain,

                components  due to effective  mean

                principal stress  increment ancl

                deviatoric stress  inerement  of  d.

      (d.)e, (d.)P=:eJastic and  plastic cornpenents  of

                dv

     dss,dees,dsPs--increment of  deviatoric strain,

                elastic andi  plastic components  of

                ds,, de,=de.-d,f3

            tiu=excess pore  water  pressure

             op=shear  stress  ratio,  ny=q/p'
           sa,  Ef=  axial  strain  and  Ea  at  failure

             2*=inclination of  normal  consoliclation

                Iine in the  ln e  vs.  In p' plane

             rc*=inclination  of  swelling  line in the

                ln e  vs.  In p' plane  or  value  cal-

                culated  from Eq. (22)

             a.'=consolidation  pressure

          aa,aa'=total  and  effective  axial  stresses

          ar,  ar'=:total  and  effective  radial  stresses

        aaf',arl  =:a.'  and  u.'  at  failure

     '
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