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       HYDROFRACTURING  PRESSURE  OF  COHESIVE  SOILS
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                                  ABSTRACT  
･

                                                                             '

  Investigated is the  relation  between the  hydrofracturing pressure Pf and  the  strength  of

cohesive  soils, Fracture tests on  slx  kinds of  cohesive  soils  (i.e. P::=O materials),  including
artificial  soils, were  performed.  The  direction of  fracture surface  was  chosen  not  only

vertical  (i,e. parallel to the  borehole) but also  horizental and  inclined. The  result  is the
following equatioll  in terms  of  total stress.

                               Pr  ==  ornin+qu  
'

      a.i.  : the  minimum  principal  stress,  q.  : the unconfined  cornpression  strength

  The  shear  failure-rather than  the tensile failure-near the  borehele initiates the  hydrofrac-
ture  of  cohesive  soils.  This  fracture mechanism  seems  to be reasonable,  especially  in
case  of  the  horizontal or  inclined fracture. The  viscosity  of  liquid in the  borehole, the

sarnple  size  and  the  pre-existent crack  around  the  borehole have little influence on  the
fracturing pressure as  far as the  pressurizing  rate  is high enough  te prevent  the  liquid
to penetrate into the  wedge,
                                        '
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                                                 / .

                                         hydraulic fracture occurs  in all cases.  After
INTRODUCTION
                                         the  chemical  grout  injected by  fracturing

  Since Bjerrum et  al  (1972) had indicated into the cohesive  soils  is solidified,  the

the  effect  of  hydraulic fracture in estimating  strength  is originated  structurarly  by the  flat
the  in-situ permeability, the  hydraulic frac- solidified  grout  in the  soil  mass.  The  struc-

ture  becomes more  important in soil  engi-  tural strength  is deeply related  to the  cir-

neering,  Massarsch  and  Broms  (1977) had cumstances  of  fracture. Therefore, it isim-
pointed  out  the  fracture phenomenon  caused  portant  to clarify  the  fracture mechanism,

by pile driving in clay,  Morgenstern and  including the  vertical  fracture and  the  hori-
Vaughan  (1963) had studied  the  allowabre  zontal  or  inclined fracture, in connection

grouting pressures in permeable  ground.  with  the  pressure  required  to arise  the  hydro-

  Thegroutingforcohesivesoilsiscornpletely  fracture, the confining  stress,  and  the

different from that  for cohesionless  soils  since  strength  of  cohesive  soils.

the  chemieal  grout can  not  permeat  and  the  In the  fileds of  rock  mechanics,  for the
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                     HYDROFRACTURING

purpose of  determining the  in-situ tectonic

stress  and  moreover  in petroleum  industry,
many  papers had been reported  about  the

hydraulic fracture. Hubbert  and  Willis

(1957) had investigated theoretically  the  hy-

draulic fraeture of  the  penetrating and  non-

penetrating  type.  
'
 Haimson  and  Fairhurt

(1967, 1970) had found through  the  fracture
tests on  many  kinds of  rocks  that  the  hydro-
fracturing pressure Pf  can  be given by Eq, (1)
or  Eq.(2) under  three  dimensional stress

condition.  
･

  permeable  type

                 3oE-g3+at
     ny-Pb

PRESSURE

                                (1)
            2-a[(1-2y)1(1-p)]

  impermeable  type

           Ilf-P, =:3a2-as+at  (2)

   az:the  intermediate effective  principal
       stress

   a3 : the  minimun  effective  principal stress

   at:the  effective  tensile  strength

    y  :the  poissons ratio

    ev : the  porus-elastic  parameter

             af=1-(Cr/Cb)

     C,=material matrix  compressibility

     Cb=material bulk compressibility

   Po:the pore  water  pressure  at  a  great
       distance from the  borehole

  However,  it had been demonstrated that

a, usecl  in Eqs.(1) and  (2) was  Iarger than

a,  determined in Braziiian tests on  the  rock

or  conerete  and  that  the  hydrofracturing

pressure  would  be influenced by the  pres-
surizing  rate  and  the  viscosity  of  the  liquid
in the  borehole (i.e. the  degree of  liquid

permeation).  (Zoback et al, 1977 ;Ishizirna
et  al, 1980lHarada  et al, 1985), Thus  it
is didicult to determine  the  hydrofracturing

pressure prior to the  fracture test. Lockner
and  Byerlee (1977) had  pointed  out  that  the
hydrofracture could  be initiated not  only  by
the  tensile failure but also  by the  shear

failure at  high  confining  pressure  and  dif-
ferential stress,  .

  Jaworski et  al (1982) had performed  the

fracture tests on  compacted  soils  to  investi-

gate the  failure of  Teton  Dam  and  found
that  the  hydrofracturing pressure  Pf  was

  OF  COHESIVE  SOILS 15

given by Eq, (3) which  was  originally  derived
by  Vaughan  (1971).

             Pf==mah+at. (3)
   m:the  slope  of  the  linear function of

       fracturing pressure  with  horizontal
       stress

   ata;the  apparent  tensile strength

And  they  had pointed out  that  at.  was  much

larger than  o,  determined in Brazilian tests

and  that  the  maximun  value  of  Pr would

become the pressure  required  to  initiate the

cavity  expansion.

  The  object  of  thls study  is to  elucidate

the  meehanism  of  fracture initiation, especial-

ly the  value  of  aPparent  tensile strength

at..  The  reason  why  ot. is "apparent"
 is

that  the  failure rnechanism  by hydrofractur-
ing might  be different from the  tensile  failure
by the  uniaxial  tensile test or  the  Brazilian
test. In experiment,  the  fracture tests on

six  kinds of  cohesive  soils  (i,e, e==O materi-
als)  were  performed.

SAMPLES  AND  TEST  PROCEDURE

  Table 1 shows  the  mechanical  property
of  the  test samples.  The  tensile strength

a, was  determined  in Brazilian tests. Fig. 1
shows  the stress-strain  behaviour of  samples

in the  unconfined  compression  tests. Fig.2
shows  the  test results  of  unconsolidated  un-
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      Fig. 1. Unconfined compression

          tests : lkgf!cm2==98kNlm2
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Table 1.

AND  TAMURA

  Test  samples

SampleNe.  1
   1

Components   e"(kgffcm2)(kgg/e..e)   pt(gflcm3)w(%)

A

B

i, Kibushi  clay  2400, Bentonite  300,
l Water  18eO  (gram)

Gypsum  1100,-t. 
i

 L4o--Lso  l' o,32"11'o,3s l, i,7g /
 s6

               !

1 KibuBhi  elay  24eO, Benton;'te

i Watet  1800  (gram)
300, Gypsum  lOOO,i

 LOONL30  O.2INO.24
1 ,

1, 63'57

c
/

D ]

Kibushi  clay  2400, Bentenite  300,
Water  1700  (gram)

Gypsum  750,

Kibusht  clay  2400, Bentonite
Water  1600  (grarn)

300, Gypsum  500,o.7s..o,s31

      j
    iL61

 59

O.32-.O.38

E
'I

 Consolidated  Kaolin  elay  P,==3.00kgffcm2 1o.so...o,s7
1

1･
 L6659
    'i
 1.'7Ts"'. 3s 

-
'

WL(%)wP(%)

8031

7g I 2s

7926

F Comsolidated  Kaolin  clay  P,=2.eOkgfXcm2 i e.35NO.411

/6B

 i 22

473e

1
 L744o  i 47 I 3o

Sample  A,  B,C  and  D  were  mixed  clays  and  not  consolidated.

ct  of  sample  C, D,E  and  F  cottld  not  be determined  in  Brazilian  tests,Pt

 : Precons'olidationpressure  lkgflcn2==98kPa

"-Esc-vEP
s
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   Fig. 2. Unconsolidated  undrai"ed  test

      of  sample  A
   'drained

 triaxial compression  test in the  case

of  sample  A. Ov of  all  samples  were  equa!

to  zero.

  Sample A, B, C, and  D  were  the  artificial-

ly prepared  cohesive  soils  composed  of  Kibu-
shi  clay,  bentonite, gypsum  and  water,

They  were  mixed  in the  desired proportion

and  covered  with  vinyl  sheet  for one  day

to prevent  the  desiccation. Sample E and

F  were  the kaolin clay  consolidated  under

the  pressure  of  2.00 and  3,OO(kgffcm2) re-

spectively,  All sample  were  cut  down  in
the  desired size  from  the  soil  mass  and  were

not  consolidated  in the  fracturing apparatus,

  The  sample  size  is 75 mm  (==d : diameter
of  the  specimen)  and  4mm  (==de : diameter
of  the  borehole) in most  cases,  When  the

tests to investigate the  effect  of,the  sample

size  on  the  hydrofracturing pressure were

performed,  the  samples  of  three  different
d (50, 75 and  150mm)  and  twe  different
dB (4 and  8mm)  were  chosen,

  Fig. 3 shows  the  schematic  diagram  of  frac-

4.u

d.
.I･t･.X.."'.'.N''

s.

lh,1

7.-.

IiZ.s

dB,6,2,U

=

o/ &XNth>YtK.ifim

3,

 1:  Deviator  stress  2:  Lateral pressure
 3: Burette 4: Borehole  pressure

 5:Pressuremeter  6:Specimen

 7:Plasttc  gum

 d: diameter of  sample

 dB : diameter  of  borehole

 h:height  of  sarnple  (=[1. 0--2. 0]･d)
   Fig, 3. Triaxial fraeturing apparatus
                              '

turing  apparatus.  After the  borehole was

fi11ed with  the  liquid, the  plastic gum  was

packed  at  the  upper  end  of  borehole to pre-

vent  the  leakage of  liquid, The  impermeable

grease  layer was  formed  at  both ends  of

the  specimen.  To  prevent  the borehole te

be broken by the  lateral pressure under  the

zero  borehole pressure,  the  lateral pressure
was  applied  stepwise  at the  same  time  with

the  borehole pressure P. The  lateral pres-
sure  was  kept constant  during the  fracture
test. The  pressurizing rate  of  the  borehole

pressure  P. was  O,02(kgf/cm21s) in most
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4., Relati'on' between  infiow volume  [
and  bereho!e  pressure  P  (Sample A,
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cases.  The  effect  of  the  deviator stress  on

the vertica!  hydrofracturing pressure  was

small.  The  deviator stress  was  20-v30%  of

the  unconfined  compression  strength  q.  of

sample  in vertical  fracture tests.

  The  fracture initiation was  detected by
monitoring  the infiow volume  V  measured

by the burette. Fig.4 shows  the  typical re-

sult  of  the  relation  between the borehole
pressure  P  measured  by the  pressuremeter
and  the  inflow volume  V. The  sudden  in-
crease  of  inflew volume  was  accompanied

by the  deerease of  borehole pressure.  This
is probably due  to the  penetration  of  the

liquid into the  cracks  around  the  borehole
caused  by hydrofracturing. ･ 

'

  In horizontal or  inclined fraeture tests,

the  triaxial apparatus,  where  the axial  pres-

sure  could  be applied  independently irrespec-
tive of  the  lateral pressure,  was  used.  After

taking out  the  fractured specimen  from the

apparatus,  the  liquid colored  by Rhodamine
B was  slowly  injected into the  borehole,
The  direction of  fracture was  determined
by the  state  of  liquid penetration after  cut-

ting  down  the  specimen.  In vertical  frac-
ture, the  crack  near  the borehole was  de-
veloped  in the  radial  straight  way.  On  the

other  hand, in the  horizontal or  inclined
fracture, the  crack  was  not  straight  and  it
was  dificult to see  whether  the  crack  was

horizontal or  inclined clearly.

VERTICAL  HYDROFRACTURE

  Fig.5 shows  the  test results  of  sample

A. It can  be seen  from  Fig,5 that  the

effect  of  the  viseosity  of  the  liquid in the

         O･･t  2･  3

                  . Qh(kgglcm2)
 Fig. 5. Vertical fracture tests of  sample

     A:lkgflcm2=:98kN/m2  

'

                       '

borehole on  the  hydrofracturing pressure was
small,  for the  vertical  hydrofractqring pres-

sure  Pf. with  1 (cp) liquid was  atinost  equal

to the  hydrofracturing pressure with  500

(cp) liquid. The  viscosity  of  liquid was  ad-

justed by Sodium  Carboxymethyl  Cellulose.

  The  relation  betWeen the  vertical  hydro-
fracturing pressure Pf. and  the  Iateral pres-
sure  ah  is given by Eq. (4),
'
          Pfv =ah+atatFah+qu  (4)

   at.:the  apparent  tensile strength

  Although the  circumferential  total stress

around  the berehole is not  negative  when

P  becomes larger than  ah,  the  tensile stress

would  be mobi!ized  effectively  when  P>a},

(i. e. the  decrease of  effective  tangential  nor-

mal  stress),  because all tests were  performed

in unconsolidated  condition,

  The  at.  is a  little smaller  than  the un-

confined  cempressien  strength  gu of  the  sam-

ple A, for the  value  of  g.  is 1,40･vl.80

(kgflcm2).
  Figs.6, 7 and  8 show  the  test results  with

        5

      .-. 4

      
NE

      g3
      ia
      tt'- 2

        1.

o-
       O 1 2 3

                   Uh (kg flc m2)

Fig. 6. Vertical fraeture tests of  sample

    C:500  (ep) liquid
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Fig.7.D:
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 Fig. 8. Vertical fracture tests ef  sample

     E  and  F:500  (cp) liquid

sample  C, D, E  and  F. It is found from
these  results.that  Eq. (4) can  be applied  to

the results  and  that  a,.  is almost  equal  to

the  unconfined  strength  of  these  samples.

  The  solid  circle  in Fig.7 presents  the frac-

turing  pressure given by the  balloon lnstead
of  the liquid. The  fracturing pressure  by
the  balloon is much  larger than  Rr. by, the
liquid. Table 2 shows  the relation  between
the  cavity  expansion  pressure P. suggested

by  Vesic (1972) or  Massarsch  (1978) as  well

as  the  fracturing pressure  given by the  bal-
loon. Table 2 indicates that  the  fracturing

pressure  by the  balloon was  alrnost  equal

to Pu. Thus  the  hydrofracturing pressure
might  become  Pu  when  the  viscosity  of  the

  Table2.  Fracturing  pressure  Pt  by  the

       balloon

TAMVRA

    1.4

 NA

 gi,o
i-

 tiS
  l. O.6
 n"

    O,2

  Fig.

fractuing  prtissure
   (kgf!crii2)

            '
cavity  exPansien

pressure  PL(kgf/crn2)
lateral stress

 (kgf/crn2)oltr

O,51,e

-O.

 901,35

ai]

O,83-O.99

1,33--1,49

11,O.

 83--e. 99
1,33-pl'.49

R,t=C'[ln{EX2C(1+v)}+1]+alt  (Vesic, 1972)

Pla2=C･ln[1.36EtC(1+p)]+ak (Massarsch, t978)

(C=q./2, E=100･a., p==O.50,  q.=O,32--O,3Sltgf/crn2:
lkgf!crne=g8kN!mt)

     o lo 2e  3o 4o

                   R(=d/de)  
'
 .

     9. Effect of  the  sample  size  on  the

     hydrofacturing pressure  Pf,  of  sample

     B:50e  (ep) liquid .

Iiquid were  remarkably  high. However,  the

pressure given by Eq.(4) rather  than  the

cavity  expansion  pressure Pu  as  the  hydro-
fracturing pressure in engineering  practice

would  be chosen,  because the  viscosity  of

the  grout  is not  high enough  generally.

  Fig,9 shows  the  results  with  sample  B.

In these  tests, the  effect  of  the  size  of  sample

on  the  hydrofracturing pressure w'as  ex-

amined.  When  the  diameter ratio  R(=:dfdB)
was  37.5, d  and  dB  were  150(mm)  and

4(mm)  respectively,  These results  indicate
that  the  effect  of  the  sample  size  on  the

hydrofracturing pressure is not  necessary  to

consider.  The  value  of  (Pf,-ah) of  sample

B  was  almost  equal  to  the  unconfined  com-

pression  strength  of  sample  B (qu=1.00-J
1. 30 (kgffcm2)).
  Therefore, it is concluded  that  the vertical

hydrofracturing pressure  Pf. can  be given

by Eq. (4), irrespective of  the  sample  size.

HORIZONTAL  OR  INCLINED  HYDRO-

FRACTURE

  Haimson  and  Fairhurt (1970) had pointed

out  through  the  hydraulic fracture tests on

many  kinds of  rock  samples,  
"horizontal

fraeture were  initiated only  in those  samples

where  a  vertical  stress  concentration,  near

the  end  of  the  pressurized hole, was  pos-
sible".  

'

  However, in the  fracture tests of  cohesive
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 Fig. 10. Horizental  or  inclined fracture

     tests of  sample  B in a.=ah-O.5e  (kgfl
     cm2)  :1  (cp) liquid
     The  dashed line presents  the vertical

     hydrofracturing  pressure  given by

     Eq.(6), q.=::1,20 (kgflcm2)

soils, the  hydraulic fracture can  be seen

even  in the  middle  of  the  sample  not  only

in the  end  of  borehole. The  directien of

fracture was  horizontal or  inclined. The  hor-
izontal or  inclined hydrofracture indicates
that  the  hydrofracture ef  cohesive  soils  is
not  necessarily  initiated by tensile failure.

  Fig,10 shows  the  test results  of  sample

B. The  vertical  (axial) pressure  was  smaller

than  the  lateral pressure and  the  difference
was  O. 50 (kgf/cm2) in these  tests. These  re-

sults  indi¢ ate  that  Eq.(5) can  be' applied

to  the  results.  And  a.  was  nearly  equal

to the  unconfined  compression  strength  gu.

          Pfh=av+aa#av+qu  (5)

   a.:the  intercept in Pfh axis

  The  vertical  fracture was  not  seen.  The
dashed line in Fig.10 shows  the  vertical  hy-
drofracturing pressure  given by Eq.(6).
The  reason  why  the  vertical  fracture was

not  generated  in these  cases  is that  the

fracturing pressure was  smaller  than  the  pres-
sure  required  to arise  the  vertical  hydro-
fracture.

       Pfv=  ah+qu=a.+qu+O.  50 (6)
  In addition,  it should  be noted  that  the

horizontal or  inclined hydrofracture was  un-

expectedly  seen  even  in the  isotropic stress

condition.  Fig. 11 shows  the  test results  on

NnyEx-q:

 eq

43,2'

1o

oo

          O 
'1

 2 3

                    Uv(kgflcni2)

 Fig. 11. Horizontal or  inclined fractuTe

     tests of  sample  C in isotropic  stress

     condition:1  (cp) liqu.id

sample  C  under  the  isotropic stress  condition

demonstrating that  the  relation  between  the

hydrofracturing pressure Pfh and  the  vertical

pressure a.  is given by Eq. (5). The  pos-

sibility  of  horizontal or  inclined hydrofrac-
ture  increases as  the strength  q.  of  sample

becomes  small.

EFFECT  OF  PRE-EXISTENT  WEDGE
AND  PRESSURIZING  RATE  ON  HY-

DROFRACTURING  PRESSURE

  In ordef  to clarify  the  effect  of  the  tensile

craek  around  the  berehole on  the  hydrofrac-
turing  pressure,  the  authors  performed  the

fracture tests on  the  sample  which  had the

pre-existent  wedge.  The  pre-existent  wedge

was  given by the  steel  wire  before setting

the specimen  in the  fracturing apparatus  as

shown  in Fig.12, The  test results  are  pre-

sented  in Table 3, The  results  indicate that

the  effect  of  the  pre--existent  wedge  on  the

7S4

.J--1'

         ta) Cb)

Fig. 12. Pre-existent wedge  ef  sample

(a) Horizontal pre-existent  wedge

    e)
(b) Vertical pre-existent  wedge  (V)
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Table 3. Effect of  pre-gxistent

AND  TAMURA

wedge  on  thehyarpfracturing  pressure

-  
SaN.ple
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 ...
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             1
Pre-existent  wectge
             i'av
t 
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 ff--.
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witP.g.tt!.lr,rle.dge''.u

1.50L50l.50

 ･L5e1,501,50

lah1T1
1.001.eo1.00!.o[}Leo1.00 1

 1500
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 1500
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    v
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O.OO16o.e2O.
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   tl
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      l
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  v'v

  vvvv

L552.562,822,2S2,39'2.671,

 061.20!,20

P.:pressurizing  rate  (kgflcm2fs), Df:Direction  of  fracture,
av,  ehi  qu, Pf  : (kgffcrnt) 1kgflctn!==98kNfmt

.A  1,2Egga"`

 O.8

     O.4 
      o,eol aol O.10

                  F} (kgt/6fie!sec)

 Fig. 13. Effect of  pressurizing  rate  P. on

     the  vertical  hydrofracturing  pressure

     Pf.:500  (cp) liquid

hydrofracturing pressure was  negligible  ex-

cept  when  the pressurizing  rate  P. was  very

slow  (P,=O.OOI6(kgflcmZ/s)). Whether or

net  the  hydrofracturlng pressure !s influenced

by the  wedge  depends upon  the degree of

liquld penetration  into the  wedge.  Thus  the

influence would  depend upon  the width  or

Iength of  wedge,  the  viscosity  of  the  liquid,

and  the  pressurizing  rate.

  Fig. 13 shows  the  effect  of  the  pressurizing
rate  on  the hydrofracturing pressure, Fig,

14 shows  the  typieal  results  of  the  relation

between the  borehole pressure P  and  the

inflow volume  ･V in the  case  of  sample  C.

When  the  pressurizing rate  L  was  slow,

the  strength  of  the  soil  around  the  borehole

would  decrease because of  swerling  or  liquid

permeatiQn. The,tensile crack  areund  the

borehQle might  influence on  the  hydrQfrac-

turing  pressure. Therefore, Pf. would  de-

crease  as  ?.  decreases. As  seen  in Fig.13,

however,  there  would  be a  upper  limit of

v:(cp),  H:HerizontaL  V:Vertical,

     .5

       
      4 

   S3
   e

   >2

     1

     e
      o e.4 os  t.2

                 P Ckgf/cm2)

 Fig. 14. Effect  ef  the  pressurizing  rate  P.
     on  the  relation  between  inflow yolume

     V  and  borehole pressure  P  of  sample

     B:5eO  (cp) liquid, ah:=Okgf/em2

the  hydrofracturing pressure, irrespective of

the  pressurizing rate.

  The  hydrofracturing pressure in the  fields

rnay  be lower than' the  value  given by Eq.

(4) or  Eq,(5), becau$e the  pre--existent
wedge  may  be large enough.  Thus  the  hy-
drofracturing pressure given by Eq, (4) or

Eq.(5) would  be the  maximurn  value  as

long as  the  viscosity  and  the  pressurizing
rate  are  of  ordinary  ones,

HYDROFRACTURE  CRITERIA  OF  CO-

HESIVE  SOILS

  Through  the previous  sections,  the  au-

thours  suggested  that  the hydrofracturing

pressure  Pf  is given  by Eq, (7), irrespective
of  the  direction of  fracture surface.

             Pf=a.t.+gtt  (7)
    ff.i. : the  minimum  princlpal stress
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                      HYDROFR･ACTURING-

, The  hydraulic fracture of  eohesive  soils

is not  necessarily  initiated by tensile failure,
since  the  horizontal or  inclined fracture was

initiated in 'some  eases.

  The  shear  failure cri'tetiti' given  by the
radial

 
str.ess

 g. and  the  tangential  normal

9tre$S.ae ls:.  , , .. ,                          '

         
'
 ar-ae=  q" (8)

As, in elastic  theory,  the  shear  failure
around  the  borehole would  be initiated 

when

the  borehole pressure P reaches  Pf,e (=ah+
g.f2), the  hydrofracturing pressure  Pf. is
larger than  Pf.,. The  initiatlon of  hydro-
fracture might  require  the  shear  failure to
some  extent  near  the  borehole, The  inter-
mediate  principal stress  a,  might'add  some

more  pressure to the  pressure Pf,, given
by Eq.(8), for Eq. (8) disregards the  effect

of  o.  on  the  shear  strength.

  In addition,  the  following explanation

might  be possible. Assume  that  the  tensile
strength  of  the  sample  is the  value  deter-
mined  in Brazilian test, then  the  tensile
crack  around  the  borehole may  be generated
when  the  borehole pressure  P  reachs  (oh+
at).  It should  be noted  that  the  tensile
strength  ff, is determined  as  the  total stress.

But the  Iiquid in the  borehole probably could

not  penetrate into the  crack  when  the pres-
surizing  rate  is high enough,  because the
effect  of  tensile wedge  around  the  borehole
on  the  hydrofracturing pressuTe is negligible

as  shown  in Table  3,

  If the  tangential  normal  stress  could  not

exceed  the  tensile  strength,  Eq. (9) is sug-

gested in terms  of  total  stress,  because all

tests were  performed  in unconsolidated  condi-

tion,

               ae>=ah-at  (9)

  Therefore the  minimum  radial  stress  re-

quired  to initiate the  shear  failure around

the  berehole is given  by Eq. (10).

             a.:=ah+q.-at  (10)

  Eq.(10) becemes Eq.(11), for the  ratio

of  at  to  q. is generally  (115--lf6) in cohesive

soils  (Nishigaki, 1979).

          a.  
==

 ah+(O.  80"-O, 84) g.  (11)
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  The  shear  failure criteria  given by the

radial  stress  a.  and  the  vertical  axial  stres$･
  .av

 ls  :

               a.-av=:gu  (12)

  Thb  radial  stress  a. given  by Eq. (11) and

Eq..(12)
 are  nearly  equal  to the  hydrofrac-

turing  pressure, because a,  around  the  bore-1
hole is equal  to  the  borehole pressure P.
  Therefore, it would  be the  shear  failure'
near  the  borehole-rather than  the  tensile
failure-which  initiate the  hydraulic fracturei
of  cohesive  soils, irrespective of  the direction
ef  the  fracture surface,  This  fractute mechaL

nism  seems  to  be reasonable,  especially  in case
of  the  horizontal or  inclined hydrofracture.

  In the  cases  of  rock  and  concrete,  the
hydrofracturing pressure when  oh=O  is con-

siderably  smaller  than  g.. The  hydrofrac-
ture  of  them  would  be initiated by the  tensile
failure rather  than  the  shear  failure. How-
ever,  the  tensile  crack  in cohesive  soils,

the  strength  of  which  is mueh  smaller  than
the  rock  and  concrete,  would  generally grow
as  the  closed  crack  unless  the  soil  is very

brittle. Thus  it is deduced  that  the  Iiquid
in the  borehole could  not  penetrate into
the  crack  untill  the  shear  failure around

the  borehole is generated. The  hydrofrac-
turing  pressure given by Eq. (7) is the  maxi-

mum  value  in the  cases  of  cohesive  soils

asi long as  the  viscosity  of  the  liquid and

the  pressurizing rate  are  oi  ordinary  ones.

  The  hydrofracture after  the  liquid pene-
trates into the  craek  is, progressed  by the
wedge  action.  And  the  direction of  fracture
is generally normal  to the  direction of  the
minimum  principal  stress,  because the  liquid
penetrates  into the  direction easily,

CONCLUSIONS

  Through  the  test results  on  six  kinds of

cohesive  soils,  it was  found that  the  hydro-
fracturing pressure is given  by Eq.(7) in
terms  of  total stress,  irrespective of  the
direction of  fracture surface.  The  possibility
of  the  horizontal or  inclined hydrofracture
to take  place increases as  the  unconfined

strength  of  the  sample  becomes smaller.

NII-Electionic  
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 The  viscosity  of  the  Iiquid in the  borehole
and  the  size  of  sample  have little influence

on  the  hydrofracturing pressure as  far as

the  pressurizing rate  is high enough.

 It is the  shear  failure near  the  borehole-
rather  than  the  tensile  failure-, whlch  initi-

ates  the  hydraulic fracture ln cohesive  soils,

because the  effect  of  the  tensile crack  on

the  hydrofracturing pressure seems  to  be
negligible  as  long as  the  liquid can  not  pene-

trate into the  crack.
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