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The critical-stress-intensity factor of thick-walled rock 
specimens is determined from the pressure at failure 

by R. J. Clifton, E. R. Simonson, A. H. Jones and S. J. Green 

ABSTRACT---Stable crack growth is obtained by subjecting 
prenotched thick-walled cylinders to internal pressure, with 
the bore jacketed to keep the crack faces traction free. The 
critical-stress-intensity factor KIe is determined from the 
pressure at failure. Results are presented for PMMA and a 
variety of rocks. 
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Introduction 
The tensile strength of a rock is general ly reported 
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as the ma x i mum tensile stress in a test specimen at 
the load which causes rupture.  Test configurations 
commonly used include disks compressed diametr i -  
cally by parallel  platens, beams loaded in three-  or 
four-point  bending, and thick-wal led cylindrical 
tubes subjected to in ternal  pressure. From the point  
of view of fracture mechanics, the load at failure in 
these tests depends on the size, orientat ion and spac- 
ing of preexist ing cracks and the rock's resistance to 
the extension of these cracks. Because the geometry 
of preexisting cracks is unknow n  and highly complex,  
such tests do not provide informat ion which can be 
used  to determine the rock's resistance to the exten-  
sion of cracks. On the other hand, it is this resistance 
to crack extension that must  be known  if improved 
unders tanding of fracture development  during hy-  
draulic fracturing, underground  test ing and blasting 
is to be obtained. 

A test configuration which shows promise for de- 
termining a rock's resistance to crack extension is 
that  of a prenotched thick-walled cylinder subjected 
to internal  pressure on the walls of the borehole but  
not on the faces of the notch. The advantages of this 
method are that: (1) the stress in tens i ty  at fracture 
need not be determined b.y the size of the crack at 
ini t ia l -crack extension, (2) the value of the stress- 
in tensi ty  factor at fracture should be obtained rel i-  
ably from an accurate measurement  of pressure at 
fracture and an approximate measurement  of the 
crack length at fracture, and (3) core samples taken 
from field drill  holes are readily made into test speci- 
mens by using the core directly and dri l l ing only a 
small  hole in  the center. Analyt ical  results regarding 
crack growth in this configuration were reported in  
Ref. 1. Herein, these results are reviewed and results 
of experiments using this configuration are reported. 
The analysis of Ref. 1 is also extended to include the 
practically impor tan t  case of two diametrically op- 
posed cracks. 

The general  approach in this work is to apply the 
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Fig. 1--Geometry of crack emanating from interior surface 
of a thick-walled cylinder 

principles of l inear-elast ic  f racture mechanics to the 
study of the tensile f racture  of rocks. That  is, l inear-  
elastic mater ia l  behavior  is assumed eve rywhere  ex-  
cept in a small  region near  the crack tip. The crack-  
tip region where  inelas t ic-deformat ions  occur is as- 
sumed to be small re la t ive  to the crack length and 
other characterist ic lengths associated with t h e  ap- 
plied loading. Then, the intensity of the loading ex-  
perienced by the near -c rack- t ip  region is de termined 
by the strength of the singulari ty of the l inear-e las-  
ticity solution at the crack tip (see, e.g., Rice2). 

The s ingular i ty  is one in which stresses near a 
sharp-crack tip are proport ional  to R -1 /2  where  R is 
the distance from the crack tip. Thus, in l inear -  
elastic f racture mechanics, the pararneters to be eval-  
uated, in order to de termine  whether  or not a given 
crack will  begin to extend under a given applied 
loading, are the so-called s tress- intensi ty factors 
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Fig. 2--Stress-intensity factor for unjacketed cylinder with 
a single radial crack 

which are the coefficients of the singular  terms (i.e., 
R -1 /2  terms) in the mathemat ica l  expansion of the 
stress state about  the crack tip. For  the case of 
radia l -crack  growth in a th ick-wal led  cyl inder  under  
internal  pressure, the stress field is symmetr ica l  wi th  
respect  to the crack plane, so that  a pure ly  opening 
mode or "Mode 1" type of crack extension would  
occur. The  s t ress- intensi ty  factor associated wi th  
this mode is denoted by KI and is defined by: 

KI -- l im (2~R)1/2 a~(R, 0) , (1) 
R ~ 0  

where  ~ ; ( R ,  0) is the normal  stress perpendicu la r  to 
the crack plane at a distance R f rom the crack tip, 
as shown in Fig. 1. The object ive of the exper iments  
is to de termine  the critical va lue  of K1 at which  
crack extension occurs under  the conditions of plane 
strain; this value is denoted by Kic. 

Stress-intensity Factors 
Two types of in te rna l ly  pressurized cyl inders  must  

be dist inguished in considering the s t ress- intensi ty  
factors associated wi th  radial  crack growth. One con- 
figuration, the so-called "unjacketed"  case, involves  
no membrane  be tween the pressurized fluid and the 
inner  wall  of the rock cylinder.  In this case, the 
fluid pressure is regarded as acting on the newly  de- 
veloped crack surface as well  as on the inner  wal l  
of the cylinder. In the other  configuration, the 
" jacketed" case, a soft impermeable  l iner  is placed 
inside the bore of the cyl inder  to prevent  the fluid 
f rom enter ing cracks emanat ing f rom the inner  wal l  
of the cylinder: The analyses for the jacketed  and 
unjacketed cases are considered separately.  

U n j a c k e t e d  C a s e  

The stress- intensi ty factor for a th ick-wal led  tube 
with  a radial  crack or cracks subjected to in ternal  
pressure, p, which also acts on the crack surfaces, is 
the same as for the case of un i form externa l  tension 
acting on a tube of the same geometry  wi th  stress-  
free internal  boundaries.  The equivalence  of the two 
loading cases follows immedia te ly  by noting that  the 
former  is obtained f rom the la t ter  by superposi t ion 
of a uniform hydrostat ic pressure which negates t h e  
external  tension (the s t ress- intensi ty  factor is, of 
course, unchanged by the superposit ion of a un i fo rm 
stress field). The la t ter  problem has been solved by 
Bowie and Freese 3 by means of an approximate  con- 
formal  mapping technique which preserves  the 
sharpness of the crack tips and which is genera l ly  
regarded as providing values for s t ress- intensi ty  fac- 
tors which differ f rom exact values by less than  0.1 
percent.  

In their  published work, a Bowie .and Freese  con- 
sider only modera te ly  thick cyl inder  walls for which 
the ratio "W = b / a  of inner and outer  radii  is less 
than 2; however ,  they kindly agreed to provide  nu-  
merical  solutions for larger  values of W. 4 The results  
are shown in Fig. 2 for the case of a single radial  
crack and, in Fig. 3, for two diametr ica l ly  opposed 
radial  cracks. Two features of the dependence of the 
dimensionless s t ress- intensi ty factor KI* on the di-  
mensionless crack length  l : L / ( b  -- a) (L is the 
crack length)  shown in Fig. 2 and 3 have par t icu lar  
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significance in the in terpre ta t ion  of fracture tests on 
thick-wal led cylinders. First, Kz* is a monotonical ly 
increasing funct ion of l. This means, for example, 
that once crack extension is init iated for a given 
crack size, the s t ress- intensi ty  factor will increase 
fur ther  as the crack extends at constant  pressure. A 
larger value for the s t ress- intensi ty factor will tend 
to cause fur ther  crack extension so that  crack exten-  
sion is unstable.  That is, complete separation of the 
vessel can occur once the  pressure is increased to the 
po in t  where  the s t ress- intensi ty  factor is large enough 
for fracture ini t iat ion to occur. Crack growth could 
perhaps be stabilized or arrested if the expansion of 
the inner  bore due to the crack opening caused a 
sufficient reduction in the in te rna l  pressure; also, the 
critical value of the s t ress- intensi ty  factor which is 
necessary for crack extension may increase with dis- 
tance of crack propagation and, thereby, contribute 
to stabilization of the crack. However, it appears 
l ikely that unjacketed tests involve unstable  crack 
growth at the pressure necessary to init iate fracture. 

The second feature to be noted in Figs. 2 and 3 is 
that the steepness of the curves indicates a very  
strong dependence of the s t ress- intensi ty factor on 
the length of the critical crack. Thus, a small change 
in length of the longest crack can result  in a large 
change in  the pressure needed to cause fracture. Un-  
less init ial  cracks whose lengths are known accur- 
ately are put  into the cylinders, it appears that there 
would be so much scatter in the burs t  pressure that 
the tests would not provide rel iable information on 
the critical value of the s t ress- intensi ty  factor. 

The dashed segments of the curves in  Figs. 2 and 3 
are extrapolations of the data of Bowie and Freese. a 
The behavior  for extremely small  I should be predict-  
able by superposit ion of the s t ress- intensi ty factor for 
the uni form tension of an edge-notched plate 
(Koiter 5) and the equivalent  problem of uni form 
pressure on the faces of a crack in an edge-notched 
plate Bueckner. 6 The uni form tension is taken to be 
the hoop stress #e at the inne r  radius of the tube 
without cracks. That  is (see, for example, Timo- 
shenko and Goodier~): 

W ~ + l  
#e = - -  P (2) 

W 2 - -  1 

from which Koiter 's solution gives, as the, s t ress- in-  
tensi ty factor due to the tension #e, the value: 

K I - -  1.13 W 2 -  1 P(~L)I/2 (3) 

where  L is the crack length. The stress- intensi ty fac- 
tor associated with the pressure, p, acting on the 
craek faees is, aceording to Bueckner 's  solution, given 
by: 

KI = z.13 p ~/~E (4) 

Superposit ion of eqs (3) and (4) and the in t roduc-  
t ion of dimensionless variables defined in Figs. 2 and 
3 gives the following asymptotic expression for the 
dimensionless s t ress- intensi ty  factor Kz* at small  
values of l: 

1.13(W 2 + 1) 
K z *  ,'~ ( W - -  1)1/21 z/2 (5) 

(W 2 -- 1) 

Equat ion (5) was used as a guide in the extrapola-  
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Fig. 3--Stress-intensity factor for unjacketed cylinder with 
two radial cracks 
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t i o n  of t he  c u r v e s  i n  Figs.  2 a n d  3 f r o m  t h e  l a s t  d a t a  
p o i n t s  to  t h e  o r ig in .  

J a c k e t e d  Case 

W h e n  a sof t  l i n e r  is p l a c e d  in s ide  t h e  b o r e  of  t h e  
c y l i n d e r ,  t he  a p p r o p r i a t e  b o u n d a r y  c o n d i t i o n s  a r e  
t h o s e  of u n i f o r m  p r e s s u r e  o n  t h e  i n n e r  w a l l  of  t h e  
c y l i n d e r  a n d  ze ro  t r a c t i o n  on  t he  faces  of  t h e  r a d i a l  
c r a c k  or  c racks .  B o w i e  a n d  F r e e s e  4 h a v e  also b e e n  
v e r y  h e l p f u l  i n  p r o v i d i n g  n u m e r i c a l  s o l u t i o n s  u n d e r  
t h e s e  cond i t i ons  for  t he  case  of a s i n g l e  r a d i a l  c rack ,  
Fig.  4, a n d  t h e  case  of t w o  d i a m e t r i c a l l y  opposed  
r a d i a l  cracks,  Fig.  5. T he  o u t s t a n d i n g  f e a t u r e  of t h e  
c u r v e s  s h o w n  i n  t h e s e  f igures  is tha t ,  fo r  l a r g e  v a l u e s  
of  t h e  r a t i o  W (say,  W g r e a t e r  t h a n  5 f o r  t h e  s i n g l e -  
c r a c k  case a n d  W g r e a t e r  t h a n  10 f o r  t h e  d o u b l e -  
c r a c k  c a s e ) ,  t h e  s t r e s s - i n t e n s i t y  f a c t o r  is no t  a m o n o -  
t o n i c a l l y  i n c r e a s i n g  f u n c t i o n  of c r a c k  l eng th .  T h e  
n e g a t i v e  s lope  s e g m e n t s  of t h e  c u r v e s  s u g g e s t  s t a b l e  
c r a c k  g r o w t h  in  tha t ,  a f t e r  t he  e x t e n s i o n  of t h e  c rack ,  
a n  i n c r e a s e  in  p r e s s u r e  is r e q u i r e d  to b r i n g  t h e  s t r e s s -  
i n t e n s i t y  f ac to r  b a c k  up  to i ts  o r i g i n a l  va lue .  F o r  t h e  
case  of a n  in f in i t e  m e d i u m  (i.e., W ---- ~c), O u c h t e r -  
l o n y  s e v a l u a t e d  t he  s t r e s s - i n t e n s i t y  f a c t o r  n u m e r i -  
c a l l y  as a f u n c t i o n  of c r a c k  l e n g t h  a n d  o b s e r v e d  t h a t  
s t a b l e  c r ack  g r o w t h  is p r e d i c t e d .  

T h e  v a r i o u s  poss ib i l i t i e s  for  s t a b l e  a n d  u n s t a b l e  
c r a c k  g r o w t h  can  be  s u m m a r i z e d  b y  r e f e r r i n g  to t he  
case  W = 7 in  Fig. 4. If  t he  i n i t i a l  c r a c k  l e n g t h  Ii is 
less  t h a n  11, t h e n  u n s t a b l e  c r a c k  g r o w t h  at  c o n s t a n t  
p r e s s u r e  is l ikely .  I f  ll < Ii < 12, t h e n  i n i t i a l  c r a c k  
g r o w t h  s h o u l d  be  u n s t a b l e ,  b u t  t he  c r a c k  w o u l d  t e n d  
to b e  a r r e s t e d  b e f o r e  l r e a c h e s  l~,. I f  12 < Ii ~ 13, t h e n  
s t a b l e  g r o w t h  w i t h  i n c r e a s i n g  p r e s s u r e  is e x p e c t e d  
fo r  l~ ~ l:~. F o r  li > l:~, u n s t a b l e  c r ack  g r o w t h  a n d  f ina l  
s e p a r a t i o n  s h o u l d  occur  w i t h o u t  i n c r e a s e  in  p r e s s u r e .  

T h e  p r e c e d i n g  d e s c r i p t i o n  of c r a c k  p r o p a g a t i o n  
s h o u l d  be  i n t e r p r e t e d  as h e u r i s t i c  r a t h e r  t h a n  as a 
s t a t e m e n t  of u n q u e s t i o n a b l e  n e c e s s a r y  c o n s e q u e n c e s  
of t he  d e p e n d e n c e  of KI* a n d  I s h o w n  in  Figs.  4 and  
5. Poss ib ly ,  i m p o r t a n t  effects  s u c h  as t he  effects  of 
a c c e l e r a t i o n  of t h e  c r a c k  in  r eg ions  of i n c r e a s i n g  KI* 
a n d  d e c e l e r a t i n g  in  r eg ions  of d e c r e a s i n g  KI* h a v e  
no t  b e e n  d iscussed .  Also, t he  in f luence  of c r a c k  e x -  
t e n s i o n  on  t h e  s t r e s s - i n t e n s i t y  f a c t o r  n e c e s s a r y  for  
f u r t h e r  c r ack  e x t e n s i o n  ha s  no t  b e e n  t a k e n  i n to  ac-  
count .  N e v e r t h e l e s s ,  t h e  e x i s t e n c e  of s t a b l e  c r a c k  
g r o w t h  p r i o r  to the  u n s t a b l e  c r a c k  g r o w t h  w h i c h  
l eads  to s e p a r a t i o n  is to b e  e x p e c t e d  for  j a c k e t e d  
c y l i n d e r s  w i t h  suf f ic ien t ly  l a r g e  v a l u e s  fo r  t he  r a t i o  
W. F u r t h e r m o r e ,  t h e  e x i s t e n c e  of a b r o a d  m i n i m u m  
in  t he  p lo ts  of KI* vs. l sugges t s  t h a t  t h e  s t r e s s - i n -  
t e n s i t y  f a v o r  ( a n d  c o n s e q u e n t l y  t h e  p r e s s u r e )  a t  
f r a c t u r e  s h o u l d  be  r e p r o d u c i b l e  f r o m  one  e x p e r i m e n t  
to a n o t h e r .  Thus ,  e x p e r i m e n t s  on  j a c k e t e d  c y l i n d e r s  
h a v e  two  i m p o r t a n t  a d v a n t a g e s  o v e r  e x p e r i m e n t s  on  
u n j a c k e t e d  c y l i n d e r s :  (1) t h e  s t r e s s  i n t e n s i t y  a t  f r ac -  
t u r e  n e e d  no t  be  d e t e r m i n e d  b y  t h e  size of t he  c r a c k  
a t  i n i t i a l  c r ack  ex t ens ion ,  a n d  (2) t h e  v a l u e  of t h e  
s t r e s s - i n t e n s i t y  f a c t o r  at  f r a c t u r e  s h o u l d  b e  o b t a i n e d  
r e l i a b l y  f r o m  a n  a c c u r a t e  m e a s u r e m e n t  of p r e s s u r e  
a t  f r a c t u r e  a n d  a n  a p p r o x i m a t e  m e a s u r e m e n t  of t h e  
c r a c k  l e n g t h  at  f r a c t u r e  

T h e  d a s h e d  s e g m e n t s  of t he  c u r v e s  in  Figs. 4 a n d  5 
are obtained bv extrapolation of the data of Bowie 
and Freese 4 and by requiring the asymptotic behavior 
at small I to be that of eq (3) or, in dimensionless 
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fo rm,  t h e  f i rs t  t e r m  of eq  (5) .  T h e  g e n e r a l  f e a t u r e s  
of the  e x t r a p o l a t e d  cu rves ,  i n c l u d i n g  t h e  f ac t  t h a t  
t h e y  cross,  a r e  b e l i e v e d  to be  r e l i a b l e ;  h o w e v e r ,  i n  
Fig. 4, t he  p e a k  v a l u e s  of KI* fo r  W = 7 a n d  W = 10 
a re  h i g h l y  u n c e r t a i n .  F u r t h e r  c a l c u l a t i o n s  fo r  l < 0.1 
w o u l d  be  of v a l u e  a l t h o u g h  the  m a i n  r e g i o n  of i n t e r -  
est  is t h e  r e g i o n  w h e r e  KI* is a r e l a t i v e  m i n i m u m .  
The  l a t t e r  r e g i o n  is we l l  c h a r a c t e r i z e d  b y  Fig. 4. 

E x p e r i m e n t a l  M e t h o d s  a n d  R e s u l t s  

S a m p l e  P r e p a r a t i o n  

Tes t  s p e c i m e n s  used  in  t h e s e  s t ud i e s  w e r e  t h i c k -  
w a l l e d  c y l i n d e r s  of geo logic  m a t e r i a l  w i t h  a n  o u t e r  
d i a m e t e r  of 10.16 cm a n d  an  i n n e r  d i a m e t e r  of 0.91 
cm. Tes t s  w e r e  also c o n d u c t e d  on  P M M A  c y l i n d e r s  
w i t h  a n  o u t e r  d i a m e t e r  of 10.16 c m  a n d  a n  i n n e r  d i a m -  
e t e r  of 12.7 ram.  Al l  s p e c i m e n s  w e r e  a p p r o x i m a t e l y  
6.35 c m  long  w i t h  b o t h  e n d s  g r o u n d  fiat  a n d  p a r a l l e l  
to w i t h i n  0.002 m m / m m .  T h e s e  d i m e n s i o n s  g ive  a 
w a l l  r a t i o  W ( r a t i o  of o u t e r  d i a m e t e r  to i n n e r  d i a m -  
e ter ,  b / a )  of 11.1 w h i c h ,  as s h o w n  in  Fig.  5, s h o u l d  
p r o d u c e  s t a b l e  c r a c k  p r o p a g a t i o n  p r o v i d e d  t h e  i n i t i a l  
c r ack  l e n g t h  l ies in  t h e  i n t e r v a l  2.54 m m <  l / ( b  --  a) 
< 5.08 ram.  To t h i s  end,  t h e  t h i c k - w a l l e d  c y l i n d e r s  
w e r e  p r e c r a c k e d  or, m o r e  p rec i se ly ,  p r e n o t c h e d  to a 
d e p t h  c o r r e s p o n d i n g  to l / ( b  --  a)  = 2.54 m m  or L = 
4.57 m m .  P r e c r a c k i n g  was  a c c o m p l i s h e d  w i t h  a d i a -  
m o n d - i m p r e g n a t e d  c o p p e r  wire ,  0.203 m m  in  d i a m e t e r .  
Two  d i a m e t r i c a l l y  opposed  r a d i a l  c r a c k s  w e r e  i n -  
s e r t e d  on  t he  ins ide  d i a m e t e r  a l o n g  t h e  fu l l  l e n g t h  
of t he  cy l i nde r .  Th i s  t e c h n i q u e  p r o d u c e d  a c r a c k  0.23 
m m  wide .  F r a c t u r e  gages  w e r e  a p p l i e d  on  t h e  flat  
s u r f a c e s  at  e ach  e n d  of t he  r o c k  s p e c i m e n s .  T h e s e  
gages  w e r e  s u p p l i e d  b y  M i c r o - M e a s u r e m e n t s  a n d  a r e  
b a s i c a l l y  a n  a r r a y  of v e r y  t h i n  p a r a l l e l  w i r e s  s i m i l a r  

236 [ June 1976 



PRESSURE INLET 

I I I I I I I I ~" 
i~ ~ ~ ~ VINYL JACKET 

OP 0 aq ~7 0 ~ o o ROCK SAMPLE 

VINYL SPACER 

STEEL SPACER 

R U B B E R  ENDPLUG 

Fig. 6--Cross section of a typical  burst-test specimen 
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crack length for a burst test on PMMA 

to strain gages wi th  all e lements  equally spaced with 
a separat ion of 0.13 mm. F igure  8 shows a schematic 
drawing of the f rac ture-gage  placement  on the ends 
of the test samples. Basically, as a fracture propa-  
gates into one of the arrays, successive wires will  be 
cut, producing a loss in electrical  continuity and pro-  
viding an approximate  measure  of the crack-t ip posi- 
tion. This technique proved useful to correlate crack-  
tip position as a function of internal  pressure and to 
help answer  the question of whether  one or two 
cracks propagated as the specimen was pressurized. 

Experimental  Test Results 

PMMA. AS a check on the val idi ty  of this technique 
for de termining Kic values for various materials,  it 
was decided to first study polymethyl  methacry la te  
(PMMA):  T w o  important  advantages are gained by 
studying this material .  First, PMMA has been ful ly 
characterized as t o  its chemical  and mechanical  prop-  
erties by many  exper imenters  and, second, it is t rans-  

parent  and offers a visual  inspection of the crack- 
propagat ion phenomenon.  Several  specimens were  
prepared  as previous ly  outlined, except  that  the cyl-  
inders were precracked to a depth of 1.02 mm due to 
technique l imitat ions in these first tests. Internal  
pressure was slowly applied to the specimen until  a 
crack was o b s e r v e d  to propagate. As predicted by 
the analysis, the f rac ture  was indeed stable and prop-  
agated to a distance of 2.54 mm before arresting. TWO 
cracks were observed to propagate simultaneously. 
At this point, the  pressure was manual ly  decreased 
and the freshly f ractured surface observed. The crack 
was almost planar  and had propagated radial ly  in the 
plane containing the precrack. The results were  en- 
couraging and the pressure was reapplied. When a 
crit ical  pressure grea te r  than the first pressure caus- 
ing f racture  was reached, the cracks extended once 
again and arrested at a crack length  of approximate ly  
5.08 ram. As before, the internal  pressure was re-  
duced and the f r ac tu re  surfaces examined.  This proc- 
ess was repeated unt i l  catastrophic fa i lure  occurred 
at a crack length of approximate ly  15.24 mm. These 
data are shown in Fig. 7. This par t icular  sample had 
a wal l  ratio of about 8. For this ratio, and interpo-  
lat ing the data for W = 8 in Fig. 5, there  is a broad 
m i n i m u m  in the curve  which suggests the pressure 
should only sl ightly increase over  this stable region 

since K:* ~ const ---- K # ( p ~ / ~ a )  --> p ~ const. The 
data show the pressure to increase ini t ial ly by about 
0.69 MPa as the crack extends f rom 1.02 mm to 5.1 
mm and then decrease by 0.69 MPa unti l  the fracture 
point is reached. If the value for K:c* is taken to be 
the min imum of an in terpola ted curve for W = 8 in 
Fig. 5, then the value for Kic is easily determined to 
be 

Kit  - -  Pf~/~a Kz* 

Krc = 12.7 MPa~/~(.64) (.45) 
or 

Kzc : 0.810 M N / m  s/2 . 

The value used for Pt was the pressure  at which 
catastrophic fai lure occurred, i.e., Pf = 12.7 MPa. 
This value compares favorably  with the value of 
0.812 M N / m  3/2 repor ted  by McClintock for cast 
PMMA at room- tempera tu re  conditions. 9 This value 
lends considerable credence to the burs t - tes t  ap- 
proach for de termining cr i t ical-s tress- intensi ty fac- 
tors by requir ing only knowledge of the pressure at 
fracture.  

ROCKS. Encouraged by the results of burst  tests on 
PMMA, the technique was extended to geologic m a -  
terials. The rock samples tested var ied from coarse- 
gra ined sandstones wi th  a porosity of 17 percent  to 
f ine-grained shales with a porosity of 0.2 percent. 
The wal l  ratio for these tests was 11.1 for an internal-  
bore diameter  of 9.14 mm. In all cases, stable crack 
propagat ion was observed by means of fracture gages 
glued to the rock. These gages indicated that two 
cracks were extending on the rock and that  crack ex-  
tension was symmetric.  This result  is consistent with 
the calculation of KI* for the s ingle-  and double- 
crack case (see Figs 4 and 5) since a greater  pressure 
is required to extend a single crack than a double 
crack. 

The exper imenta l  results of burst  tests on geologic 
mater ia ls  at room tempera ture  and pressure condi- 
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TABLE 1--SUMMARY OF BURST-TEST RESULTS ON 
GEOLOGIC MATERIALS 

Internal Pressure 
Rock Radius, Density, Porosity, At Failure, K:~, 
Type* mm gm/cm s n (%) MPa MN/m3/~ 

SS 4.62 2.3 13.0 16.0 0.81 
SS 4.57 2.32 7.9 11.3 0.57 
SS 4.60 2.48 8.0 12.8 0.65 
SS 4.60 2.49 6.8 28.9 1.46 
SIL 4.62 2.42 9.5 20.6 1.04 
SIL 4.60 2.65 4.4 27.I 1.37 
SH 4.60 2.47 6.7 17.2 0.87 
SH 4.62 2.59 0.2 18.8 0.95 
SH 4.70 2.66 3.2 12.0 0.61 
SH 4.70 - -  - -  25.3 1.29 

* SS = Sandstone SIL = Siltstone SH = Shale 

tions are listed in Table 1. The values repor ted  for 
K~e were  calculated from the results of a single test 
and do not represent  an average over  a series of 
tests. Addit ional  tests on the same mater ia l  wil l  be 
required to establish the min imum number  of tests 
requi red  for repeatabil i ty.  

Examinat ion  of the f racture  surfaces after test ing 
these rocks revealed some ra ther  interest ing results. 
The sandstones and siltstones showed smooth f racture  
surfaces as opposed to the Shale samples which 
showed coarse, undulat ing surfaces. Frac ture -sur face  
roughness for the sandstones and siltstones was mea-  
sured to be approximate ly  ___1.27 mm while, for shale, 
the surface roughness was --+3.81 ram. This observa-  
tion suggests that  fractures in shales fol low more  
tortuous paths than fracture  in sandstones. 

A soft impermeable  jacket  of Tygon tubing with  a 
thickness of 1.52 mm prevents  the pressurizing fluid 

FOIL GAGE GLUED 
ROCK SURFACE-~ 

l )-, l I I I I I I IF  I \ ELECTRICAL 

I L ~ -  

INITIAL 
P R E C R A C K  

Fig. 8--Schematic drawing showing the 
placement of fracture gages on the end of a 
thick-walled-cylinder burst-test specimen 

f rom loading the crack faces and permeat ing  the rock 
specimen. The jacket  extends into steel end caps 
which are at tached to each end of the sample. The  
seal for the pressurizing fluid is made  in the steel end 
caps using the technique shown in Fig. 6. A smal l  
axial  load causes the rubber  end plug, placed be-  
tween the end caps and the compression rod, to p ro-  
vide a fluid seal. The  seal pressure  is var ied by chang-  
ing the amount  of in te r fe rence  be tween  the steel end 
caps and the compression rod. A small  steel tube in 
the upper  rubber  seal hydraul ica l ly  connects the 
inner  bore wi th  the h igh-pressure  line. 

Conclusions 

Analysis of crack propagat ion  in th ick-wal led  
vessels wi th  in ternal  pressure has been examined 
f rom the point of v iew of l inear-e las t ic  f rac ture  
mechanics. For  the par t icular  case of a jacketed 
specimen in which the crack surfaces are t ract ion 
free and pressure acts only on the borehole,  calcula-  
tions show a broad re la t ive  m in im um  in the plot  of 
dimensionless s t ress- intensi ty  factor vs. crack length  
for a cyl inder  with a d iameter  ratio greater  than 7 
for the case of one radial  crack, and wi th  a d iameter  
ratio greater  than 10 for the case of two radial  cracks. 
The presence of this min imum suggests a region in 
which stable crack growth  is possible at constant 
pressure. Exper iments  confirm the predict ion of 
stable crack growth and support  the usefulness of 
the jacketed, precracked th ick-wal led  cylinder for 
s tudying tensile f racture of rocks. This configura- 
tion has the impor tant  feature  that  an accurate value 
of the critical-stress-intensity factor can be deter- 
mined even when the crack length at fracture is 
known only roughly. 
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