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                TECHNICAL  NOTE

THE  VARIATION  IN  UNDRAINED  SHEAR

        CHARACTERISTICS  DURING

         CONSOLIDATION  PROCESS

               TAKEsHi  KAMEii), SHoJi OGAwAtD and  NoBuyuKi TANAKAM)

                                  ABSTRACT

 In order  to investigate a  quantitative  approach  to the  shear  strength  gained due to a

consoiidatlon  process within  a  24 hours period and  to check  the  validity  oi  a  3t method  fer
the closing  of  the  consolidation  period  (JSSMFE, 1979), a  set  of  undrained  triaxial tests was

performed  on  a cohesive  soil, It was  iound that  the  process of  increase in undrained  shear

strength  consists  of  prinnary and  secondary  processes, and  that  the 3t method  for the  closing

of  the consolidation  period  in laboratory tests (JSSMFE, 1979), is a  useful  method  for
determining undrained  shear  strength,  The  2t  method,  however, may  be used  when  the

shortening  o £ the  eonsolidation  period  is required.

Key  words  : cohesive  soil,  consolidated  undrained  shear,  pore pressure, secondary  eornpres-

sion,  shear  strength,  stress  path, stress-strain  curve,  test  procedure,  time  effect,  triaxial

compression  test (IGC : D6)

                        . became more  brittle with  smaller  failure
INTRODUCTION
                                         strain  and  the  undrained  shear  strength

  It has been well  known  that  the  undrained  showed  a slight  increase, They  explained

shear  strength  of  elays  inereases with  an  these results  by the  growing  of  cehesive

increase in cosolidation  period. The  influ- bonds at  the  eontact  points  between the par-

ence  of  cQnsolidation  period on  the  stress-  ticles. These  bonds' lead to a greater resist-

strain  characteristics  of  the  c!ay  has been ance  against  deformation, however,  it was

reported  by many  researchers.  Bierrum  and  gradually  destroyed by increasing strain.

Lo (1963) pointed  out  that the shear  charac-  Bjerrum (1967) also  explained  that  the re-

teristics of  elay  were  dependent upon  the  duction of  water  content  during  delayed con-
age  of  the  sample,  and  with  tirne the clay  solidation  led to a more  stable  configuration
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of  thb  structure,  thus  developing increased
strength.  A  similar  resttlt  of  this sort  of

study  was  reperted  by Whitman  (1960). The
increase in pore presSure in specimens  subject-

ed  te undrained  shear  for variogs  perieds

after  consolidation  has also  been investigated

(Walker, 1969a, 1969b).

  tsfikasa et  al.  (1971) investigated the  in-

fluence of  consolidation  period on  shear

strength  of  remeulded  clays  by  using  direct
shear  apparatus.  In the  experirnent,  they

reported  that  the  shear  strength  of  clay

increases with  anlogarithum  of  the  consolida-

tien  periods.  Shen et al. (1973) stated  that

secendary  compression  would  cause  an  increase
in undrained  strength  and  a  yield stiffer  stress-

strain  characteristics  for a  clay.  Yasuhara

and  Ue  (1983) proposed a method  for esti-

mating  the  amount  of  increase in undrained

shear  strength  of  clay  due to secondary  com-

pression, i.e., the  increase in strength  to be
a  power  function of  the elapsed  time during
secondary  compression,  including three  param-
eters  which  can  be obtained  from oedometer

tests and  triaxial compression  tests.

  The  Japanese Society of  Soil Mechanics
and  Foundation Engineering  (1979), on  the

other  hand, recommended  the  3t method

based on  the  leg t method  for the  closing  of

consolidation  period  in laboratory tests. The

reduction  in consolidation  period is one  of

the  main  merits  in using  laboratory tests.

  In spite  of  the  above-mentioned  studies,

however, there  has not  been  enough  under-

standing  of  the  undrained  shear  characteris-

tics during consolidation  process  especially

near  the  point of  the  end  of  primary  con-

solidation.  In construction  works  on  soft

clays,  the  steploading  method  is often  employ-

ed  to increase soil  strength.  In some  cases,

however, it is dificult to  deterrnine the  cen-

solidation  period for each  steps.  Becaus,e
such  consolidation  period  may  be determined
from the  settlement-time  relationship  with-

out  considering  the  distributien of  soil

strength  in the  ground.  It is very  important

to understand,  therefore,  the  gain  in shear

strength  of  the  soil  under  consolidation  in
engineering  sight.  In addition,  it is desir-

ET  AL.

Table 1. Index  properties

      of  soil  sample

Seil sample

  Ge
  WL  (%)

  Wp  (%)
  lp

  Sand  (%)
  Silt (%)
  C!ay  (%)
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  Fig. 1. Grain size  distrib"tion curve  of

      the  sample

able  to short  the  date of  construction  based

on  the  study  in economy  sight.  The  pur-

pose of  this paper is to investigate a  quan-
titative approach  to the  gain  in shear  strength

due to consolidation  process  within  a 24
hours period and  to checlc  the  validity  of  the

3 t method  for the closing  of  the  censolidation

period from shear  strength  peint of  view.

r-n-m
'

''

'

EXPERIMENTS

SamPle

  Yoneyamared  clay  was  used  in the  experi-

rnents  described in this paper. Dredged
Yoneyama  red  clay  was  thoroughly  remoulded

by adding  distilled water,  put through  a 840

ptm sieve.  Index  properties  of  the  soil  sam-

ple is summarized  in Table 1. Fig, 1 shows

the  grading  curve  of  the  soil  sample.  It is
noted  that  the  Yoneyama  clay  has a  high
diffusion ability  as  expected  from  the  grading

curve.  Test specimen  for triaxial tests was

prepared  as  follows. The  soil  sample  was

puddled at a  water  content  of  approximately

1.3 times  the  liquid Iimit in a soil mixer  for
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about  an  hour, then  put  into a  preconsolida-
tion  eell,  Preconsolidation was  performed
one-dimensionally  under  a  vertical  pressure
of  68.6kPa.  After completion  ef  consolida-

tion,  the  consolidated  seil  block was  taken

out  of  the  cell  and  cut  into twelve  pieces,
and  the  test specimen  for triaxial tests

was  trimmed  from  each  soil  pieees. The
test specimen  prepared through  these  pro-
cedttres  may  be considered  fully saturated.

Size of  the  test specimen  was  50mm  in
diameter and  125mm  ln height.

T)'iaxial Tests

  A  series  of  consolidated  undrained  triaxial

compression  tests was  performed  on  the  soil

sample.  In the  compresslon  tests, speclmens

are  consolidated  isotropically or  under  Ko

condition  to  a  given  eonsolidation  period and

then  subjected  to  undrained  compression  by
increasing axial  pressure,  lateral pressure
being kept constant  during compression  pro-
cess:.  These  triaxial  tests  are  denoted as

CIUC  and  CKe  UC  tests, respectively.

  Two  different values  of  vertical  effective

consolidation  pressure  156kPa  and  196kPa
were  used  in the  consolidation  process. A
back pressure of  98kPa  was  applied  to all

the  test specimens  throughout  the  consolida-

tion  and  shear  processes,
  Although the  complicated  phenomena  were

produced  in the  speeimen  by stop  being con-

solidation,  the  specimens  failed at  the  centre

of  speeimen,  where  can  be considered  as  the

point  ef  the  most  delayed dissipation of  excess

pore pressure.

  As  mentioned  above,  most  of  the  previous

studies  on  the  consolidation  period  of  the  soil

speeimen  had adopted  rnore  than  a day be-
cause  their  studies  aimed  at  the increase in
undralned  shear  strength  due to  secondary

compression.  Fig.2(a)  shows  the 3t meth-

od  which  has been recommended  by JSSMFE
(1979) as  a  practical method.  One  can  arrive

at  the  closing  of  the  appropriate  eonsolida-

tion  period  tE by means  of  this figure by
following the steps  Iisted belew :

   i) The  time  tT is defined as  the  intersec-
tion  of  the  steepest  gradient Iine of  the

SHEARSTRENGTH
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time

         O,2T  O,5TT2T3T  10T  100T ･tin:e

      2. The  3t method  for the closing  of

      consolidation  period  (JSSMFE) and

      the  point  T  of  leO%  primary  com-

      pression

volume  change-time  curve  and  the  horizontal
line on  semi-logarithum  graph  paper.
  ii) The  time  tE  is defined as  the  intersec;
tion  of  the  experimental  curve  and  the  shift-

ed  line sheuld  be parallel to the  steepest

gradient  line where  the  amount  of  shifting

is three  times  of  tT on  semi-logarithum  graph

paper.

  Fig.2(b)  shows  the  intersection of  the

two  corresponding  tangents  suggested  by
Casagrande to determine the point  T  of

100%  primary  compression.

  Eight  different consolidation  periods  within

a  24 hour$ were  employed  in this study,  i. e.,
O.2T,  O,5T,  T, 2T,  3T,  10 T, 100T  and  24
hours. The  T  and  tE/3 (U= 100%)  point and
its tlme  in this soil  sample  show  fairly good
agreement  as  shown  in Fig, 2, For the  time,

O.2T  and  O,5T, corresponding  to the  time

for U=50%  and  U=  90%  were  observed,  re-

spectively.  The  distribution of  excess  pore

pressure  at  the  ending  of  consolidation  would

be in the  shape  of  parabola. Although the

excess  pore  pressure  values  were  checked  by
the  two  pore pressure transducers  at  the  top

and  bottom platens, the  specimens  were

maintained  for about  four hours  for the  distri-
bution of  excess  pQre pressuretobecome  a

quadrangle.  The  portions  of  the top and  end

near  the  point  of  platen  were  in the  overcon-
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solidated  area  where  they,mighthave  dissipar-

ed  away  easily  during  the  consolidation,  the

failure plane occurred  at  the  centre  of  speci-

men  which  is considered  as  the  weakest  area.

To  be exact,  although  the  distribution of

shear  strength  in the  specimen  is different,
it may  be possible to estimate  the  undrained

shear  strength  of  the  clay  gained due  to a

cQnsolidation  process qualitatively,
  Pore pressure  coeMcient  B  in the  present
series  of  specimens  was  found practically

equal  to unity,  the  smallest  va!ue  being O, 99.

Shear tests  were  carried  out  with  a  constant

rate  of  axial  strain  of  O.2%fmin  (JSSMFE,
1979). For  each  test  conditions,  two  to four
tests were  carried  out.  The  repeatability  of

the  test  results  was  satisfactorily.

TEST  RESULTS  AND  DISCUSSIONS

Stress-Strain Characteristics

  Figs.3 and  4 show  typical stress-sttain

curves  for the  different periods of  consolida-

150

a. IoDs

cr

50

Fig.

o
 o 5 IO
                ea  

,(e.,}

3. Typical  stress-strain  curves  for the

different periods  of  consolidation  in the

CIvc test

tion  in the  CIUC  and  eK,UC  tests  respective-

Iy, where  the  principal  stress  difference q=:a.
-a,  was  used.  

'

  It will  be seen  in these  figures that  the

maximum  principal  stres$  differe.nce in the

compression  tests increases with  a  proceed  in

the  censolidation  periods.  In addition,  the

shapes  of  stress-strain  curves  seem  to  be

similar  for each  consolidation  cenditions.  As
seen  in Fig. 4, the  stress-strain  curves  of  the

CK,UC  tests have a  pronounced  peak,  the

peak  stress  is observed  at  e.  of  about  O, 25%

irrespective of  the  consolidation  periods.

This  result  can  be seen  in elsewhere  (Nakase
and  Kamei, 1983 and  1986).

Excess  Pore  Pressure--Strain Characteristics

  Figs. 5 and  6 show  typical excess  pore  pres-

sure-strain  curves  for the  different periods

of  consolidation  in the  CIUC  and  CKeUC
tests respectively,  where  the  excess  pore

pressure  is denoted as  Au. It can  be seen

that the  amount  of  exess  pore  pressure bui!d
up  decreases with  an  increasing period of

consolidation,  In all  the  cases,  the  excess

pore  pressure builds up  rapidly  at  the  begin-

Ao"yw

U
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o
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4. Typical stress-strain  curves  for the
different pgriods of  consolidation  in the

CKoUC  test
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Table2.  Summary  of  triaxial  test results

 O.1 1 IO
            leg T

9. The  yariation

strength  with  the
tion  perieds

loo looO

in undrained  shear

different consolida-

shearing  resistance  of  36. 4e was  obtained

respective  of  the  different censolidation

riods  and  consolidation  conditions.

Consolidation
Time

Test  Type
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 50

the  table, the  angle  of  shearing  resistance

dir was  determined at  the  condition  of  (ai'/
a3').a.,  but all other  parameters such  as

Af  and  Ef  were  values  corresponding  to  the

condition  (aras)..., since  the  main  topic of

the  present paper was  the  undrained  shear

strength.  As  seen  in the  table, the different

consolidation  periods of  the  specimens  have

practically no  effect  on  the  effective-stress

failure envelope  of  clay,  i.e., the  angle  of

The  Variation in Undrained  Shear Strength
with  the  Dij71erent Consolidation Periods
  The  variatien  in undrained  shear  strength

with  the  different consolidation  periods was

plotted  on  semi--logarithum  graph  paper  in

Fig.9. As  seen  in the  figure, the  undrained

shear  strength  shows  the  bilinear relationship

irrespective of  consolidation  conditions.  The

intersection point of  two  straight  lines ex-

trapelated  from the  initial and  final portions
of  the  curve  is situated  at  the  point  of  2 T.

Judging from this result,  the  process of  in-

crease  in undrained  shear  strength  consists

of  primary  and  secondary  processes as  was

the  case  with  consolidation  process  of  clay.

The  primary  process can  be considered  that

the  void  ratio  decreases with  an  increasing of

the  mean  effective  stress.  The  secondary

process, by contrast,  can  be considered  that

the  void  ratio  decreases while  mean  effective

stress  is constant,  i.e,, secondary  compres-

sion.  At this stage,  the  consolidation  period

3t method  is situated  at  the  point  of  secon-

dary part  in undrained  shear  strength  dia-

gram,  As above  mentioned,  the  3t  method

is a  useful  method  for determining undrained
shear  strength  and  it has been  a  conservative

evaluation  in the  sight  of  undrained  shear

strength,  Alternately, the  2t  method  may
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 Fig. 10. The  variation  in pore  pressure

     ceeMeient  at  failure  Ar  with  the dif-
     ferent consolidation  periods

be recommended  when  the  shortening  of  the

consolidation  period is required.

Pore  Pressure Coefiicient A  (Sfeempton, 1954)

  The  pore pressure eoeMcient  at  failure Af
obtained  in the  present  experiment  is plotted
against  conselidation  periods in Fig.10.
Larger  values  of  Af  in the  isotropically con-

solidated  specimens  as compared  with  that  in
the  Ko-consolidated specimens  was  observed.

When  the  consolidation  period lies between
O.5T  and  2T  there  is a 

`trasitiQnal'

 part of

the  values  irrespective of  consoridation  eon-

ditions, the  values  are  constant  at the  con-

ditions of  less than  consolidation  period O,5

T  and  more  than  consolidation  period 2T
is stable  irrespective of  eonsolidation  condi-

tlons,

CONCLUSIONS

  The  variation  in undrained  shear  character-

istics during consolidation  process was  inves-
tigated  by a  set  of  undrained  triaxial tests.

The  following conclusions  were  obtained  :

  1) The  process  of  increase in undrained

shear  strength  consists  of  primary  and  secon-

dary  processes.

  2) The  3t  method  for the  closing  of  the

consolidation  period in laboratory tests (JS-
SMFE,  1979)  is a  useful  method  for deter-

rnining  undrained  shear  strength.  The  2t
method,  however, may  be used  when  the

shortening  of  the  consolidation  period  is re-
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    quired.

    NOTATION

        Af==pore pressure coeficient  at  failure

        cu!=undrained  shear  strength

     CIUC=isotropically consolidated  undrained  com-

               ,

           presslon test

    CKoVC=Ke-consoTidated  undrained  compression

           test

    Ko=  coethcient  of  earth  pressure at  rest

    p' =mean  effective  stress,  (o.'+2ar')f3
     q==principal stress  difference, aa-ar

     tT=  the  intersection ef  the  steepest  gradient

       line of the volume  change-time  curve

       and  the  horazontal line on  semiloga-

       rithum  graph  paper

    tE=the  intersection of  the  volume  change-

       time  curve  and'  the  shifted  ]ine should

       be parallel to the  st.eepest  gradient  line
       where  the  amount  of  shifting  is three

       times  of  tT on  semi-logarithum  graph

       papen

    T==the  point Qf  100%  primary  compression

       of  the  specimen

    Au  =excess  pore pressure

    Ea=axial  strain

    ef=::axial  strain  at  failure

    O'==angle of  shear  resistance  (at'fa3')max was

       taken  as  the  failure conditions
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