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SYNOPSI S A l abor at or y t est  t echni que was devel oped t o st udy hydr aul i c  f r act ur e i ni t i at i on i n
soi l s.  The soi l  used f or  t he st udy was a l abor at or y compact ed l ow pl as t i c i t y  cl ay.  The sampl es 
wer e t est ed i n a st andar d l abor at or y t r i axi al  cel l  wi t h a hypoder mi c  needl e i mpl ant ed i n t he cent er  
of  t he sampl e.  The i nt er nal  f l ui d pr essur e was i ncr eased vi a t he hypoder mi c  needl e unt i l  hydr aul i c  
f r act ur e was i ni t i at ed i n t he sampl e.  Onset  of  f r act ur e was measur ed by a por e pr essur e t r ansducer  
and f l ow met er .  The t est s wer e conduct ed at  var i ous conf i ni ng pr essur es t o eval uat e t he ef f ect  of  
ext er nal  st r ess l evel  on f r act ur e i ni t i at i on.

The pr essur es r equi r ed t o i nduce f r act ur es i n t he soi l  wer e compar ed wi t h anal yt i cal  
met hods f or  pr edi c t i ng f r act ur e.  I t  was f ound t hat  t he l abor at or y r esul t s wer e i n c l ose agr eement  
wi t h t he Mohr - Coul omb anal ysi s.  The r esul t s di d not  compar e f avor abl y wi t h Bj er r um' s  anal ysi s,  
poss i bl y  because of  t he var i at i on i n Poi sson' s  Rat i o due t o changi ng st r ess l evel s.  The t est i ng 
pr ocedur e was f ound t o be a v i abl e met hod f or  measur i ng t he t ensi l e st r engt h of  a soi l  under  var i ous 
conf i ni ng pr essur e condi t i ons.

I NTRODUCTI ON

The t echni que of  hydr aul i c  f r act ur i ng has been 
used f or  many year s i n t he mi ni ng i ndust r y  and 
i n gr out i ng pr ocesses.  Hydr aul i c  f r act ur i ng 
i s t he f or mat i on of  cr acks i n soi l  or  r ock due 
t o excess i ve f l ui d pr essur e.  Fr ac t ur i ng oc ­
cur s when t he i n- s i t u ef f ect i ve compr ess i ve 
st r ess i s r educed t o a negat i ve ( t ensi l e)  
val ue gr eat er  t han t he t ensi l e s t r engt h of  t he 
r ock or  soi l .  Hydr aul i c  f r act ur i ng has r ecen­
t l y been appl i ed t o soi l s and has had usef ul  
appl i cat i on i n det er mi ni ng t he i n- s i t u st r esses 
i n a soi l  medi um ( Bj er r um,  et  al . ,  1972 and 
Penman,  1976) .

Hydr aul i c  f r act ur i ng i s al so an i mpor t ant  con­
s i der at i on i n ear t h dam desi gn ( Nobar i ,  1973;  
Kul hawy,  1976) .  Recent  st udi es ( Cl emence and 
Pool ,  1977)  i ndi cat e t hat  hydr aul i c  f r act ur i ng 
may pr ov i de a usef ul  appl i cat i on i n t he excava­
t i on and r api d movement  of  soi l  masses.  A 
r ecent  l i t er at ur e r evi ew compl et ed by Leach 
( 1977)  concl uded t hat  l abor at or y t est s us i ng 
t he f r act ur i ng t echni que yi el ds an accept abl e 
val ue of  t ensi l e s t r engt h f or  soi l s and can 
be used as a pr oper t y  i ndex.

The t heor et i cal  and appl i ed basi s f or  hydr au­
l i c f r ac t ur i ng i s wel l  devel oped.  The pur pose 
of  t he pr esent  st udy was t o i nvest i gat e t he 
i nf l uence of  appl i ed st r ess on t he i ni t i at i on 
of  f r ac t ur i ng under  l abor at or y cont r ol l ed 
condi t i ons.  The pr essur es r equi r ed t o i nduce 
f r ac t ur i ng wer e compar ed wi t h anal yt i cal  
met hods f or  f r act ur e pr edi ct i on.

SOI L PROPERTI ES

The soi l  used f or  t he t est s was obt ai ned f r om 
Ot i sco Val l ey  i n New Yor k St at e.  The soi l  was

cl assi f i ed as a CL ( Uni f i ed Soi l  Cl ass i f i cat i on 
Syst em)  and has pr oper t i es  as l i st ed i n 
Tabl e 1.

TABLE 1
PROPERTI ES OF OTI SCO VALLEY CLAY______

Per cent  Sand -  2 
Per cent  Si l t  -  60 
Per cent  Cl ay -  38 

Li qui d Li mi t  ( %)  -  31 
Pl ast i c  Li mi t  ( %)  -  19 

Opt i mum Wat er  Cont ent  ( %)  -  16. 7-  
Max i mum Dr y Densi t y  -  18. 22 kN/ m 
Uni f i ed Soi l  Cl ass i f i cat i on -  CL

Pr oper t i es of  Cl ay at  Maxi mum Dr y Densi t y 
( St andar d Pr oct or )

Per meabi l i t y  -  5. 8 x 10 ^ cm/ sec
Tot al  St r ess Fr act i on Angl e ( <t> u)  -  10. 4°

Tot al  St r ess Cohesi on ( c ) -  40. 7 k Pa
u

The sampl es f or  t he t r i axi al  compr essi on and 
hydr aul i c  f r act ur i ng t est s wer e pr epar ed by 
st at i cal l y  compact i ng t he soi l  i n a hol l ow 
st eel  cy l i nder  spl i t  ver t i cal l y  t o al l ow f or  
easy r emoval .  The soi l  was pr epar ed at  t he 
opt i mum wat er  cont ent ,  16. 7%,  and compact ed 
t o t he maxi mum dr y densi t y  ( St andar d Pr oct or )  
The mol d f or med a sampl e t hat  was 7. 12 cm i n 
di amet er  and 15. 24 cm i n l engt h.

A ser i es of  consol i dat ed undr ai ned ( CU)  t r i ­
ax i al  shear  t est s wer e conduct ed on t he 
st at i cal l y  compact ed sampl es.  The sampl es 
wer e end- dr ai ned,  back pr essur e sat ur at ed and 
consol i dat ed pr i or  t o shear i ng.  The cohesi on 
( c ) was 40. 7 kPa and t he measur ed f r i ct i on 
an^ l e (<t>u) was 10. 4° .
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TESTI NG EQOI PMENT

The f r act ur i ng equi pment  cons i s t ed of  a s t an­
dar d t r i ax i al  cel l ,  ai r  suppl y f l ui d r eser voi r ,  
pr essur e t r ansducer ,  pr essur e r egul at or ,  f l ow 
met er  and i nj ect i on needl e ( Fi gur e 1) .  The 
f l ui d i nj ect ed i nt o t he sampl e was di s t i l l ed 
wat er  whi ch was dyed r ed t o al l ow f or  easy de­
t ec t i on of  l eaks wi t hi n t he t r i ax i al  cel l .
The pr essur e t r ansducer  was connect ed t o an 
el ec t r oni c  r ecor der  so t hat  a r ecor d of  t he 
pr essur e appl i cat i on and poi nt  of  f r act ur e was 
r ecor ded f or  each t est .

FI GURE 1.  Di agr am of  Hydr aul i c  
Fr act ur e Equi pment  

The i nj ect i on needl e cons i s t ed of  an esophageal  
ai r way needl e No.  13 ( 2. 40 mm di am. ) whi ch was 
pl ugged at  t he t i p.  Two 1. 01 mm di amet er  hol es 
wer e dr i l l ed on t he c i r cumf er ence of  t he needl e 
at  180° .  The needl e was pl aced i n t he sampl e 
such t hat  t he hol es wer e l ocat ed on t he cent r al  
axes of  t he sampl e ( Fi gur e 2) .

FI GURE 2.  Locat i on of  Needl e i n t he 
Soi l  Sampl e

TEST PROCEDURES

The soi l  sampl e was pl aced i n t he t r i axi al  
cel l  and cover ed wi t h a r ubber  membr ane and 
at  t he l ocat i on wher e t he i nj ect i on needl e 
was i nser t ed,  a smal l  squar e of  r ubber  mem­
br ane was pl aced bet ween t he sampl e and t he 
envel opi ng membr ane t o i nsur e t hat  no l eak ­
age woul d occur  when t he needl e was i nser t ed 
As an added pr ecaut i on,  af t er  t he needl e

was i nser t ed appr ox i mat el y  75 per cent  of  t he 
ent i r e l engt h,  a l ayer  of  s i l i con l ubr i cant  
was appl i ed t o t he needl e t o act  as a gr out  
t o hel p pr event  l eakage ar ound t he needl e.

Af t er  t he needl e was i n pl ace and t he t r i axi al  
cel l  assembl ed,  t he sampl e wi t hi n t he t r i axi al  
cel l  was back pr essur e sat ur at ed and t hen con­
sol i dat ed at  t he appr opr i at e conf i ni ng pr es ­
sur e.  When consol i dat i on was compl et e,  t he 
sampl e was f r act ur ed.

The pr ocedur e f or  i nduci ng t he f r act ur e st ar t ed 
wi t h a uni f or m i ncr ease i n pr essur e i n t he f l ui d 
r eser voi r  whi ch was t r ansmi t t ed t o t he pr essur e 
t r ansducer  at t ached t o t he el ect r oni c r ecor der  
and t o t he i nj ect i on needl e vi a t he f l ow met er .  
The f l ow met er  was v i sual l y  moni t or ed and when 
t he f l ow showed an abr upt  i ncr ease,  i t  was de­
t er mi ned t hat  f r act ur e had occur r ed.

The t r ace f r om t he el ect r oni c r ecor der  was i n­
spect ed and t he pr essur e at  whi ch f r act ur e 
occur r ed was det er mi ned f r om t he dr op i n pr es ­
sur e i n t he t r ansducer ,  whi ch cor r esponds t o 
t he cr ack devel opment  i n t he sampl e.  The 
r esul t s  of  t he hydr aul i c  f r act ur e t est s ar e 
shown i n Tabl e I I .

TABLE I I  
HYDRAULI C FRACTURE TEST RESULTS

Conf i ni ng Pr essur e Fr act ur e Pr essur e

P 3 ) ( Au)
Test  1 Test  2 Aver age

( kPa) ( kPa) ( kPa) ( kPa)

34. 5 99. 3 110. 3 104. 8
70. 0 171. 0 172. 4 171. 7

103. 4 227. 5 243. 4 235. 5
137. 9 296. 5 303. 4 300. 0

DI SCUSSI ON OF RESULTS

Bj er r um,  et  al .  ( 1972)  devel oped an anal yt i cal  
sol ut i on f or  hydr aul i c  f r act ur e i n soi l s f or  
var i ous st r ess condi t i ons and soi l  pr oper t i es.  
For  t hi s st udy,  an i sot r opi c st r ess condi t i on 
was assumed and soi l  pr oper t i es  measur ed i n 
t he l abor at or y wer e used i n t he f ol l owi ng 
equat i on devel oped by Bj er r um t o pr edi c t  f r ac ­
t ur e :

Au = ( l - v) ( p'  + 2 - a  + e ) ( k p ' ) ( S) - 1  ( 1)
t. O O

Thi s equat i on pr edi ct s  f r act ur e af t er  t he soi l  
has under gone some r adi al  out war d st r ai n and 
Au = pr essur e at  whi ch f r act ur e occur s,  v = 

Poi Si on' s  Rat i o,  P^  = t ens i l e s t r engt h of  soi l  
( usual l y 0. 5 Cu i s as s umed) , “  P = f act or s de­
pendent  on soi l  compr essabi l i t y , k = r at i o 
of  ver t i cal  t o hor i zont al  ef f ec t i ve st r ess,
P f  =  ef f ect i ve over bur den st r ess and S =  shape 
f act or  dependent  upon r adi us of  needl e or  
pi ezomet er .  Pr edi c t ed val ues f r om t he Bj er r um 
anal ys i s  us i ng sever al  val ues of  Poi sson' s 
Rat i o ar e compar ed wi t h exper i ment al  r esul t s  
as shown i n Fi gur e 3.  The pr edi c t ed and 
measur ed val ues do not  agr ee ver y cl osel y,  
poss i bl y  because of  a var i at i on i n Poi sson' s  
Rat i o due t o changi ng st r ess l evel s.  A l i near  
r el at i onshi p was f ound t o ex i s t  bet ween t he 
por e pr essur e r equi r ed t o f r act ur e t he sampl es
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FI GURE 3.  Compar i son of  Aver age
Exper i ment al  Tes t  Resul t s  and 
Val ues Pr edi c t ed by Bj er r um 
Anal ys i s

and t he conf i ni ng pr essur e as shown i n Fi gur e 3.  
The l i ne i nt er sect s t he i n ax i s  ( a,  = 0)  at
41. 4 kPa.  Si nce t he conf i ni ng pr essur e i s zer o,  
t he onl y r est r ai nt  act i ng on t he soi l  t o pr e ­
vent  f r act ur i ng i s t he t ensi l e st r engt h.  
Ther ef or e,  Au  t o cause f r act ur e must  be a 
measur e of  t he t ensi l e s t r engt h of  t he soi l .

Ot her  t est s wer e conduct ed,  i nc l udi ng a r e-  
pet et i ve f r act ur i ng of  t he same sampl e.  I n 
t hi s r epet et i ve t est ,  t he val ue f or  f r act ur i ng 
was f ound t o be cons i s t ent  wi t h t he ot her  r e­
sul t s unt i l  a poi nt  was r eached wher e t he pr es ­
sur e r equi r ed t o i nduce f r act ur i ng r educed t o 
a val ue equal  t o t he conf i ni ng st r ess.  I t  i s 
pos t ul at ed t hat  t he r ef r ac t ur i ng must  have 
caused a r emol di ng and sat ur at i on of  t he soi l  
i n t he v i c i ni t y  of  t he cr ack caus i ng i t  t o l ose 
i t s t ensi l e st r engt h.  However ,  t he pr essur e 
r equi r ed t o f r act ur e t he sampl e was equal  t o 
t he conf i ni ng st r ess i ndi cat i ng t hat  t he mem­
br ane sur r oundi ng t he soi l  di d not  pr ov i de any 
r est r ai nt  t o t he soi l  and t he measur ed val ue 
was r el at ed onl y t o t he soi l ' s  t ensi l e st r engt h.

The f ai l ur e envel ope f or  t he compact ed soi l  
i s shown i n Fi gur e 4 wi t h a dashed l i ne i n t he 
t ens i l e st r ess r egi on.  Si nce f ai l ur e was ob ­
ser ved as a cr ack openi ng i n t he sampl es 
wi t h no pl ast i c  shear  occur r i ng,  t he f ai l ur e 
poi nt  was pl ot t ed as shown i n Fi gur e 4.
Thi s  r epr esent at i on of  f ai l ur e i n t he t ensi l e 
st r ess r egi on i s i n c l ose agr eement  wi t h t he 
val ue t hat  may be pr edi c t ed f r om t he Mohr -  
Coul omb anal ysi s.

CONCLUSI ONS

1.  The t ensi l e s t r engt h of  a soi l  can be 
det er mi ned by a ser i es of  hydr aul i c  
f r ac t ur e t est s as conduct ed i n t hi s 
st udy.  The exper i ment al  equi pment  de­
vel oped pr ov i des a v i abl e met hod f or  
i nduci ng hydr aul i c  f r act ur e and measur e­
ment  of  por e pr es s ur e. r equi r ed t o cause 
f r act ur e.

FI GURE 4.  Mohr - Coul omb Fai l ur e Envel ope 
f or  Compact ed Soi l  ( CU Test s)

2.  Exper i ment al  r esul t s di d not  compar e 
f avor abl y  t o r esul t s pr edi c t ed by 
Bj er r um' s  anal ys i s  poss i bl y  because of  
var i at i on i n Poi sson' s  Rat i o of  t he soi l  
i nf l uenced by changi ng st r ess l evel .

3.  The measur ed t ensi l e s t r engt h was f ound 
t o be i n c l ose agr eement  wi t h t he val ue 
t hat  may be pr edi c t ed f r om a Mohr  Coul omb 
anal ys i s .

REFERENCES

Bj er r um,  L . , Nash,  K. L. ,  Kennar d,  R. M.  and 
Gi bson,  R. E.  ( 1972) .  Hydr aul i c  Fr act ur i ng 
i n Fi el d Per meabi l i t y  Test i ng.  Geot echni que,
22,  No.  2,  pp.  319- 332.

Cl emence,  S. P.  and Pool ,  J. M.  ( 1977) .  St r i p 
Mi ne Rec l amat i on by I nduced Sl ope Fai l ur es.
Pr oc.  Geot ech.  Spec.  Conf .  on Geot echni cal  
Pr act i ce f or  Di sposal  of  Wast e Mat er i al s,  
pp.  680- 696.

Kul hawy,  F. H.  and Gur t owski ,  T. M.  ( 1976) .
Load Tr ansf er  and Hydr aul i c  Fr ac t ur i ng i n 
Zoned Dams,  ASCE Jour ,  of  Geot ech.  Eng. ,
Vol .  102,  GT9, Sept . ,  pp.  963- 974.

Leach,  R. E.  ( 1977) .  Hydr aul i c  Fr ac t ur i ng of  
Soi l s,  A Li t er at ur e Revi ew.  U. S.  Ar my Cor ps 
of  Engr s. ,  Vi cksbur g,  Mi ss. ,  Mi sc.  Paper ,
5- 77- 6.

Nobar i ,  E. S. ,  Lee,  K. L.  and Duncan,  J. M.
Hydr aul i c  Fr ac t ur i ng i n Zoned Ear t h and 
Rockf i l l  Dams ( 1973) ,  U. S.  Ar my Cor ps of  
Engr s. ,  Vi cksbur g,  Mi ss. ,  Cont r act  Repor t  
5- 73- 2.

Penman,  A. D.  Ear t h Pr essur es Measur ed Wi t h 
Hydr aul i c  Pi ezomet er s ( 1976) .  Gr ound Engi neer i ng,  
Vol .  9,  No.  8,  November ,  pp.  17- 23.

575


