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ABSTRACT

This study p r e s e n t s  the  r e s u l t s  of the t r i a x i a l  loading experiments 

performed to  dete rmine the  f r a c tu r e  s t r e n g th  c h a r a c t e r i s t i c s  of g r a n i t e  

sub jec ted t o  t r u l y  t h r e e  dimensional loading.  These measurements were c a r r i e d  

out on t h in  wal led  hollow cores which were s ub je c ted  to  various 

t e n s i o n - t o r s i o n ,  compression -to rs ion loading pa th s ,  in the  presence of 

confining p re s s u r e s  of  up t o  7000 p s i ,  a t  ambient temperature  and a t  300° F. 

These r e s u l t s  a re  compared with the  c l a s s i c a l  f a i l u r e  t h e o r i e s  of  Coulomb-Mohr 

and Drucker and P rager .  I t  i s  observed t h a t  none of the  above c r i t e r i a  are  

able  t o  p r e d i c t  t h e  f a i l u r e  over t h e  e n t i r e  range of s t r e s s e s ,  and at  

d i f f e r e n t  t em pera tu re s .  A new f a i l u r e  c r i t e r i o n  based on the s t r a i n  energy 

dens i ty  and f i r s t  s t r e s s  i nvar i an t  ( J i )  i s  proposed, to  p red ic t  the  f a i l u r e  

envelope over t h e  e n t i r e  range of s t r e s s e s  and a t  d i f f e r e n t  t em pera tu res .  

F i r s t l y ,  the r e s u l t s  of  t h e  work done by t h r e e  independent i n v e s t i g a t o r s  on 

the f a i l u r e  of g r a n i t e  are compared with the  Coulomb-Mohr, Drucker and Prager  

and the  proposed new c r i t e r i o n .  The improved e f f e c t i v e n e s s  of the  proposed 

new c r i t e r i o n  in  p r e d i c t i n g  the f a i l u r e  of g r a n i t e  r e l a t i v e  to  the  o th e r  two 

c r i t e r i a  i s  then demonstrated.  Also, f a i l u r e  r e s u l t s  of four o th e r  commonly 

s tud ied  rocks (Solenhofen Limestone, sandstone ,  marble,  and sha le )  are  

compared with t h e  Coulomb-Mohr, Drucker and Prager ,  and the  proposed new 

c r i t e r i o n .  The improved or equal e f f e c t i v e n e s s  of the proposed new c r i t e r i o n  

in p red i c t i n g  t h e  f a i l u r e  of these  common rocks r e l a t i v e  to  the o the r  two 

c r i t e r i a  i s  a l s o  demonstrated.
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I .  INTRODUCTION

S tud ie s  on th e  de fo rmat ion  and f r a c t u r e  of  rocks under combined s t r e s s e s  

have been of  i n t e r e s t  t o  r e s e a rc h e rs  s in c e  t h e  e a r ly  work of  Adams ( 1 - 4 ) .  At 

t h e  t u r n  of  the  c e n tu r y ,  Adams and NichoTson(l) demonstrated t h a t  rocks change 

t h e i r  c h a ra c t e r  when a conf in ing  p re s s u re  i s  ap p l i e d ,  so t h a t  they a r e  no 

lo nger  b r i t t l e  but  behave p l a s t i c a l l y .  This  was done by s u b je c t in g  t h e  rock 

samples t o  un iax ia l  compression,  t h e  rock i t s e l f  was cons t ra ined  in  t h e  rad ia l  

d i r e c t i o n  by a s t e e l  j a c k e t .  His appara tus  had inheren t  d e f e c t s ,  however, 

which made i t  im poss ib le  f o r  him t o  get  more than  q u a l i t a t i v e  measurements of 

t h e  fo rc e s  necessary t o  cause deformation and th e  s t r e n g th  under c onf in ing  

p r e s s u r e .  The f i r s t  t r i a x i a l  compression t e s t s  in  which a t r u l y  measurable 

h y d r o s t a t i c  conf in ing  p r e s s u r e  was a pp l i ed  t o  t h e  specimen were t h o se  o f  von
I I

Karman (5) who deformed c y l i n d r i c a l  specimens of  Carrara  Marble and red 

sandstone  under  p r e s s u r e  of  severa l  thousand atmospheres.  This has been 

fol lowed by the  work o f  Bridgman (6) who s t u d i e d  t h e  s t r e n g th  of  rocks under 

low t o  very high con f in in g  p r e s s u r e ,  in compression and in shear .

Griggs (7-10). was t h e  f i r s t  i n v e s t i g a t o r  t o  overcome th e  d e f e c t s  p resen t  

in  Adams' experimental  techn ique  by developing  confin ing  p res su re  surrounding 

th e  specimen us ing  a l i q u i d  of  f a i r l y  low v i s c o s i t y .  His s tu d i e s  gave values 

f o r  s t r e n g th  and change in  mode of  f r a c t u r e  and they perm i t t ed  t h e  s tudy of 

p l a s t i c i t y  in specimens caused by c onf in ing  p r e s s u r e .  He was a l s o  t h e  f i r s t  

i n v e s t i g a t o r  t o  ca r ry  ou t  t r i a x i a l  compression t e s t s  a t  e l e v a te d  t em pera tu re s .
I  I

Since the  p io n ee r in g  work of Adams and Nicholson,  as wel l  as von Karman 

and Gr iggs,  e x c e l l e n t  d a ta  on the  e f f e c t s  o f  h y d r o s t a t i c  p re s s u re  and 

t em pera tu re  upon rock s t r e n g th  and deformation c h a r a c t e r i s t i c s  have been 

r e p o r t e d .  An e x te n s iv e  bib l iography  on t h e  s u b je c t  can be found in  r e fe rence  

( 12) .
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G eolog is t s  developed an i n t e r e s t  in  t h e  p l a s t i c  flow and f r a c t u r i n g  of  

rocks in  t h e  m i d - t h i r t i e s .  Lei th  and Sharpe (13) expla ined  t h a t  f r a c t u r i n g  of 

rocks w i l l  r e s u l t  when s t r e s s e s  a r e  b u i l t  up more rap id ly  than t h e  m ate r i a l  

can reorgan ize  i t s e l f  by r e c r y s t a l l i z a t i o n .  La te r  Griggs (9) r e p o r t e d  

experimental  d a t a  c o n t r a d ic to ry  t o  t h i s  hypo thes i s .  He observed t h a t  the  

amount o f  p l a s t i c  deformation dec reases  as t h e  du ra t ion  o f  experiment  i s  

inc reased  f o r  specimen compressed under  con d i t io n s  of  s i m i l a r  t em pera tu re s  and 

confin ing  p r e s s u r e s ,  but  with d i f f e r e n t  r a t e s  of  inc re ase  of  d i f f e r e n t i a l  

p r e s s u re .

T r i a x i a l  compression t e s t s  on Solenhofen l imestone s ub je c ted  t o  2,000 

atmospheres and a t  room tempera tu re  were c a r r i e d  out  by Robertson (14) .  He 

i n v e s t i g a t e d  t h e  e l a s t i c  l i m i t  as a f u n c t io n  of  s t r a i n  r a t e ,  and r ep o r t e d  the  

e f f e c t s  of h y d r o s t a t i c  p res su re  and t em pera tu re  on the  p l a s t i c  de format ion  of 

rocks.  He a l s o  examined the  experimental  d a ta  with r e spe c t  t o  v a r ious  f a i l u r e  

c r i t e r i a .  S i m i l a r  t r i a x i a l  s t u d i e s  were l a t e r  c a r r i e d  out  by v a r ious  

i n v e s t i g a t o r s  (15-23)  a t  d i f f e r e n t  t em pera tu re s  and va r ious  s t r a i n  r a t e s  on a 

v a r i e ty  of  rocks .  The specimens used in  t h e s e  t e s t s  were e i t h e r  s o l i d  and /or  

hollow co re s .  Goldsmith (25) s tu d i e d  t h e  s t r e s s - s t r a i n  curve and t h e  

f r a c t u r e  s t r e n g t h  of  Barre  Gran i t e  u s in g  t h e  s p l i t  Hopkinson b a r  t echn ique .

An e f f e c t i v e  s t r e s s  law fo r  e l a s t i c  s t r a i n  of aggregates  w i th  pore 

p re s s u re  was proposed by Nur (26) .  The express ion  he der ived has i t s  

l i m i t a t i o n  in  t h a t  i t  can be a pp l i ed  f o r  only e l a s t i c  s t r a i n s  and t h e  law i s  

not  a p p l i c a b l e  t o  i n e l a s t i c  p rocesses  such as f r i c t i o n a l  s l i d i n g  and f r a c t u r e .  

Barla  (27) a t tempted  t o  develop t h e  c o n s t i t u t i v e  equa t ions  f o r  rocks with 

r e s p e c t  t o  s im u la t io n  of  t h r e e  m a t e r i a l  behavior  p a t t e r n s ,  l i n e a r l y  e l a s t i c ,  

no n l ine a r ly  e l a s t i c  and t ime dependent .

A t h r e e - p a r t  equa t ion  t o  r e l a t e  vo lumetr ic  s t r a i n  t o  ax ia l  s t r e s s  in 

compression was proposed by Bordia ( 2 8 ) .  He a l s o  developed an equa t ion  f o r
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Poisson 's  r a t i o  in  the  microcracking r eg ion .  Hudson e t  a i .  (29) s tu d i e d  the 

shape of t h e  complete s t r e s s - s t r a i n  curve with p a r t i c u l a r  emphasis on th e  rock 

specimen geometry. Fourteen physical  p r o p e r t i e s  o f  rocks were c o r e l a t e d  using 

a s t a t i s t i c a l  approach method by Judd and Hubner (30) .  They repo r ted  a d i r e c t  

l i n e a r  r e l a t i o n s h i p  between modulus of  r i g i d i t y  and Young's modulus, between 

compressive s t r e n g th  and Young's modulus, and between labora to ry  va lues  of  the 

s t a t i c  and dynamic moduli of e l a s t i c i t y .

An e x tens ive  i n v e s t i g a t i o n  on th e  t e n s i l e  s t r e n g th  of laminated rocks was 

c a r r i e d  out  by Hobbs (32) .  Hardy (33) c a r r i e d  out  experiments t o  s tudy the  

f a i l u r e  of  Indiana l imestone under combined s t r e s s  s t a t e .  In h i s  experiments ,  

hollow c y l i n d r i c a l  rock specimens were loaded  s imul taneously under ax ia l  

t e n s i l e  loads and i n t e r n a l  p ressu re .  Yield and i n i t i a l  f a i l u r e  were de tec ted  

using a c o u s t i c  emission  techn iques .  The e f f e c t s  of  combined s t r e s s e s  on the 

f r a c t u r e  s t r e n g th  o f  two rocket  nozzle grade g raph i t es  was s tud ied  by Ely 

(34) .  He c a r r i e d  ou t  experiments a t  room temperature  and a b iax ia l  s t r e s s  

s t a t e  was c re a te d  by i n t e r n a l  p ressu re  and ax ia l  loads .  Few i n v e s t i g a t o r s  

have repor ted  t h e  e f f e c t s  of  i n te rm ed ia te  p r in c i p a l  s t r e s s  on t h e  f a i l u r e  of 

rocks.  Handin e t  a l . (36) are some of  them. They undertook th e  s tudy of  the 

in te rmed ia te  p r in c i p a l  s t r e s s  on th e  f a i l u r e  of  l imestone,  dolomite ,  and glass  

a t  t emperatures  in  the  range of 25 t o  500°C, confin ing p ressure  of  10 kb. and 

s t r a i n  r a t e s  ranging from 10"^ t o  ICT? p e r  second. They used s o l i d  as 

well as hollow c y l i n d e r s  in t h e i r  experiments .  Fa i lu re  and post f a i l u r e  of 

Westerly Gran i t e  were s tu d i e d  by Wong (46) a t  p res su res  of  up t o  400 MPa and 

temperatures  up t o  700°C. He repor ted  t h a t  a t  p ressures  above 80 MPa, crack 

morphology changes induced by thermal c rack in g  have no s i g n i f i c a n t  e f f e c t  on 

f r a c t u r e  s t r e n g t h ,  and the  loading h i s t o r y  plays  a s i g n i f i c a n t  ro le  in the 

pos t  f a i l u r e  behavior  of  Westerly G ra n i t e .
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A t h e o r e t i c a l  and experimental a n a ly s i s  o f  a change in volume of  a porous 

medium due t o  change in  ex te rn a l  and i n t e r n a l  p res su res  has been r epor ted  by 

Van Der Knaap (38) and Brace e t  a l .  (45).  Russe l l  and Hoskins (50) 

i n v e s t ig a t e d  the  problem of  res idua l  s t r e s s e s  in  rocks and concluded t h a t  the 

s i z e  of  s t r a i n  gage r e l a t i v e  t o  the g ra in  s i z e  i s  probably an important  f a c t o r  

in such a s tudy .  C r i s t e s c u  (39) has worked on t h e  problem of rock p l a s t i c i t y  

and th e  var ious e f f e c t s  o f  t ime on i t s  p r o p e r t i e s .  He has a l s o  proposed 

v i s c o e l a s t i c  c o n s t i t u t i v e  equa t ions  t o  d e s c r i b e  such rock behavior .  Recently 

Kim and Lade (40) have developed a c r i t e r i o n  t o  d esc r ibe  t h r e e  dimensional 

f a i l u r e  of rocks.  The c r i t e r i o n  they proposed was formulated in  terms of the 

f i r s t  and th e  t h i r d  s t r e s s  i n v a r i a n t s  and i t  a l s o  involves t h r e e  independent  

mate r ia l  paramete rs .  They have a lso  proposed an express ion f o r  t h e  eva lu a t i on  

of  un iax ia l  t e n s i l e  s t r e n g t h  on the bas is  o f  un iax ia l  compressive s t r e n g t h .

The above l i t e r a t u r e  review reveals  t h a t  t h e  most widely used method to  

study and understand t h e  behavior  and f a i l u r e  of  rocks has been " th re e  

dimensional compression" and " three  dimensional  t ens ion"  t echniques  where the 

s o l i d  c y l i n d r i c a l  core s  a re  loaded in u n i a x i a l  compression in t h e  p resence  of 

confining p r e s s u r e .  I f  t h i s  compression i s  l e s s  than the  confin ing  p re s s u re ,  

then i t  i s  assumed t o  g ive  a " th ree  dimensional  t e n s i l e "  load ing.  However, in 

both these  c a se s ,  a l l  t h r e e  p r in c ip a l  s t r e s s e s  a re  compressive in  n a tu re .

Also in  t o r s i o n  t e s t s  c a r r i e d  out on s o l i d  c o r e s ,  the  shear  s t r e s s e s  a re  not 

uniform through th e  t h i c k n e s s ;  they a re  f u n c t i o n s  of  the  rad ius  a t  any poin t  

on th e  core.

In most of  t h e  p rev ious  s t u d i e s ,  t h e  s t r a i n s  were c a l c u la t e d  by measuring 

displacements of  t h e  ends of  the  core  in t h e  ax ia l  and r ad ia l  d i r e c t i o n s .

This technique of  measuring s t r a i n s  i s  not  a c c u r a te ,  e s p e c i a l l y  f o r  small 

s t r a i n s .  These load ing  and s t r a i n  measuring techn iques ,  a lthough widely used.



d e f i n i t e l y  have l i m i t a t i o n s .  Also, in o r d e r  to  understand the t r u e  behav ior  

and f a i l u r e  o f  rocks which are  bimodular  ( d i f f e r e n t  Young's modulus in t e n s i o n  

and compression) i t  i s  necessary t h a t  t h e s e  d i f f e r e n t  p r o p e r t i e s  in  t e n s i o n  

and compression a re  incorporated in developing  the  f a i l u r e  c r i t e r i o n .  Very 

l i t t l e  or  no importance has been given t o  such rock behavior  in  the  p a s t .

In t h i s  p r e s e n t  s tu dy ,  an in -dep th  experimental  i n v e s t i g a t i o n  of  the  

behavior  and f a i l u r e  o f  g r a n i t e  a t  ambient temperature  and a t  300°F, under  

t ru l y  t h re e  dimensional  loading c o n d i t io n s  i s  undertaken.  This i s  

acconpl ished by des ign ing  and developing an experimental  appara tu s  which has 

the  c a p a b i l i t y  of  applying t r u l y  t h r e e  dimensional  loading on hol low rock 

co res .  The s t r a i n s  in the rock specimen a re  accu ra te ly  measured by bonded 

s t r a i n  gage r o s e t t e s  on the  s u r f a c e  of  t h e  core .  Numerous experiments  a re  

c a r r i e d  out  by s u b je c t in g  hollow rock specimens t o  var ious load ing pa ths  such 

as t e n s ion ,  compression,  t o r s i o n ,  combinations of t e n s i o n - t o r s i o n  load ing ,  

combinations of  compression- to rs ion  load ing  a t  a tmospheric p re s s u re  and under 

confining p r e s s u r e s  of  up to  7000 psi  t o  ob ta in  one, two and t h r e e  dimensional 

loading s i t u a t i o n s .  These experiments were c a r r i e d  out  a t  both t h e  ambient 

temperature  and a t  a temperature  of  300°F t o  understand and s tudy t h e  t h e  

behavior and f a i l u r e  of  rocks under  t r u l y  three-d imensional  loading  

cond i t ions ,  and the  e f f e c t s  of  tempera tu re  on such behavior .  All t h e  above 

experiments were c a r r i e d  out  on t h i n  wal led hollow c y l inde rs  cored from 

g r a n i t e  ( s ienna  pink)  rock, obtained from t h e  Roosevelt  Gran i t e  Company 

q u a r r y ,  west of  Snyder , Oklahoma, (SE SE NW 5 Sec. T.2N. ,R.17W.) . The choice 

of t h i s  p a r t i c u l a r  g r a n i t e  was made because of i t s  homogeneity, uniform g ra in  

s i z e ,  high s t r e n g t h , a n d  a v a i l a b i l i t y .

The experimental  r e s u l t s  obt ained from these  t e s t s  a re  then compared with 

the e x i s t i n g  f a i l u r e  c r i t e r i a  of Tresca ,  Coulomb-Mohr, Von Mises,  and Drucker



and Prager .  I t  i s  then shown t h a t  none of t hese  f a i l u r e  c r i t e r i a  are  ab le  t o  

p r e d i c t  the  f r a c t u r e  behavior  over  t h e  e n t i r e  range of  s t r e s s e s  and a t  

d i f f e r e n t  t em p e ra tu re s .  A new f a i l u r e  c r i t e r i o n  in terms of  s t r a i n  energy 

d e n s i ty  and the  f i r s t  s t r e s s  i n v a r i a n t  i s  proposed.  The v a l i d i t y  of t h i s  

proposed c r i t e r i o n  i s  then demonstrated over t h e  e n t i r e  range of  s t r e s s e s  a t  

f a i l u r e  and a l s o  a t  d i f f e r e n t  t em pe ra tu re s .  The proposed new c r i t e r i o n  along 

with the  c r i t e r i a  of  Coulomb-Mohr and Drucker and Prager ,  are  compared with 

t h e  experimental  r e s u l t s  of  t h r e e  o t h e r  independent i n v e s t i g a t o r s  on the 

f a i l u r e  of g r a n i t e  and o th e r  four  commonly s tud ied  rocks (Solenhofen 

Limestone, sands tone ,  marble and s h a l e ) .  The.improved e f f e c t i v e n e s s  of the  

proposed new c r i t e r i o n  in  p r e d i c t i n g  the  f a i l u r e  of rocks over the  o the r  two 

c r i t e r i o n  i s  then  demonstrated.



I I .  EXPERIMENTAL PROCEDURE

Hollow c y l i n d r i c a l  rock specimens a re  obtained  by coring tw ice ,  f i r s t  

with a core  d r i l l  o f  1.25 inches (31.75 mm) d iamete r  and then with a core  

d r i l l  of  1.875 inches (47.6 mm) d iameter .  This r e s u l t s  i n to  a hollow 

c y l i n d r i c a l  specimen with o u t e r  d iamete r  of  1.68 inches (42.6 mm) and inner  

d iamete r  of  1.25 inches (31.75 mm). Two d i f f e r e n t  assembly procedures  a re  

then  fol lowed in o rder  t o  mount the  hollow rock specimen on the  load ing 

a p p a ra tu s ,  depending on whether  a two dimensional  or  a t h r e e  dimensional  

loading experiment  i s  t o  be c a r r i e d  ou t .

In case  of  two dimensional loading experiments ,  the rock specimen i s  

f i r s t  bonded t o  the  upper and lower g r ip s  and G|_ r e s p e c t iv e ly  by means of 

h i g h - s t r e n g t h  epoxy. This subassembly i s  then mounted on the experimental  

appara tu s  as shown in Figure 1. In case of  t h r e e  dimensional loading 

experiments ,  t h e  rock specimen i s  f i r s t  bonded between the  g r i p s ,  a t  the 

upper end, and Ĝ  a t  the lower end by means of  h ig h - s t r e n g th  epoxy, in  a 

s p e c i a l l y  designed assembly f i x t u r e  which ensures  t h a t  the  specimen ax is  

co inc ides  w i th  the  ax is  of  the g r ips  and t h e  ax i s  of  the p res su re  vessel  which 

i s  a lso  the  ax ia l  loading a x i s .  This subassembly i s  then assembled with the  

h ig h -p r e s s u r e  c y l i n d e r  and the  c y l in d e r  end caps using proper  s i z e  o - r in g s  and 

rubber  g a ske t s  between end caps and t h e  c y l i n d e r  (see Figure 2 ) .  The complete 

p res su re  vesse l  assembly i s  then mounted t o  the  t e s t i n g  machine. F ig .  3. The 

t e s t i n g  machine i s  a dead weight type t e n s i o n - t o r s i o n  machine in  which the 

l oad ing ,  un load ing ,  and reloading  i s  a p p l i e d  a t  a cons tan t  s t r e s s  r a t e .

The upper  g r ip  i s  a t t ached  t o  a 4.5- inches  (114.3 mm) d iamete r  drum ‘D‘ 

and fo rced  t a n g e n t i a l l y  t o  the  drum t o  apply to rque  to  the  specimen. The 

upper g r ip  i s  f r e e  t o  r o t a t e  about i t s  ax i s  whi le  such r o t a t i o n  of  the  lower 

g r ip  i s  p r eve n ted .  The lower gr ip  i s  f r e e  t o  r o t a t e  about the  o t h e r  two axes

7



00

Rock
Core

Figure l a .  Schematic diagram of  the  t e n s io n - to r s io n  machine ( f r o n t  view).



F igure  lb .  Schematic diagram o f  the  te n s io n - to rs io n  machine (s id e  view)
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Figure 2. Sec t iona l  view of  the high p ressu re  vessel  cy l inder  assembly. 
All dimensions in inches.
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F igure  3a. Schematic diagram o f  the  te n s io n - to rs io n  machine w i th  pressure vessel assembly ( f r o n t  v iew).
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Figure  3b. Schematic diagram o f  the  te n s io n - to rs io n  machine w i th  pressure vessel assembly (s id e  view)



perpend icu la r  t o  the  axia l  d i r e c t i o n  a t  G^. I t s  alignment in the v e r t i c a l  

plane i s  ensured by universa l  j o i n t s  and J|_ a t  the  upper and the  lower ends 

r e s p e c t iv e ly .  Tangentia l  forces  on th e  drum, which i s  connected t o  the upper  

g r ip ,  i s  achieved by means of a i r c r a f t  s t e e l  cab le  connected t o  t h e  loading 

bucket Lg through symmetrically loca ted  l o w - f r i c t i o n  pu l le ys .  Unloading i s  

achieved through an unloading bucket Ug, which causes  t angen t ia l  fo rces  in the  

oppos i te  di r e c t i  on.

The specimen i s  sub jec ted to  t e n s i l e  o r  compressive loading through 

ba rre l  or  r e s p e c t i v e ly ,  leve r  arm ' L ' ,  dual kn i fe  edge cam 'C ' ,  and 

un iversa l  j o i n t  Jy .  The universal  j o i n t  Jy i s  connected to  the  drum through 

t h r u s t  bearings and 8 2  so t ha t  the  two combinations of loads 

( t e n s io n - t o r s i o n  or compression-tors ion)  can be appl ied independently of each 

o ther .  In case of both tension/compression and t o r s i o n ,  the loading as well  

as the  unloading i s  achieved by water  flowing under a constan t  head from an 

overhead t an k .  The r a t e  of  loading and unloading can be c on t ro l led  by 

changing the  o u t l e t  nozzle;  a l a rg e r  i n s id e  d iamete r  of  the o u t l e t  nozzle 

r e s u l t s  in a h igher  s t r e s s  r a t e .

H ydros ta t ic  p ressu re  in the range of 0-15,000 psi can be developed 

surrounding t h e  core  using  a Haskell AW-150 a i r  a m p l i f i e r  pump and lOW-40 o i l  

as t h e  f l u i d  medium. The specimen i s  i n s u l a t e d  from both in s ide  and o u t s id e  

by coa t ing i t  wi th a t h i n  layer  of  commercially a v a i l ab l e  s i l i c o n e  rubber 

pas te  and allowing i t  t o  cure  fo r  24 hours.  The p ressure  gage 'G' measures 

the  f l u i d  p ressu re  in s ide  the  p ressure  chamber. The des ir ed  pressure in  t h e  

pressure  chamber i s  c o n t ro l le d  by r eg u la t i n g  t h e  i n l e t  a i r  p ressure  t o  t h e  a i r  

a m p l i f i e r  pump. A cons tant  i n l e t  a i r  p r e s su re  of  ' p '  maintains  a constant  

f l u i d  pressure  of "150 p" in the p ressure  chamber.

The s t r a i n s  in the  rock sample a re  measured by e l e c t r i c a l  r e s i s t a n c e
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m e t a l l i c - f o i 1 s t r a i n  gages bonded on the  ou t s id e  and ins ide  su r f a c es  of  the 

core .  Micro-Measurements cement type M-Bond 200 (or Eastman 910) i s  used to 

mount the s t r a i n  gages on the rock sample, f o r  ambient temperature  t e s t s .

For experiments a t  300° F, Micro-Measurements M-Bond 600 adhesive i s  used to 

bond the  s t r a i n  gage on the  rock sample wi th  the  recommended curing  procedure. 

Two d i f f e r e n t  kinds of gages, manufactured by Kyowa, wil l  be used. The f i r s t  

type (KDF-5-C1-11) i s  a general purpose Constant in  a l loy f o i l  gage with 

polymide backing of  gage length 5 mm and a r e s i s t a n c e  of 120 ohms. The other  

type (KFC-10-D17-11) i s  a s pec ia l ly  designed f o r  concrete .  The s t r a i n s  are 

measured and recorded using a Vi shay swi tch  and balance u n i t  (Model #SD-1) and 

s t r a i n  i n d i c a t o r  (Model #P-3500) manufactured by Measurements Group.

Experiments a t  the  high temperature  o f  300°F were c a r r i e d  out  by heat ing 

the  p ressure  vessel  ex te rna l ly  using F i s h e r  S c i e n t i f i c  Company heavy insu la ted  

heat ing  tape  (Cat No. 11-463-510) which i s  s u i t a b l e  fo r  d i r e c t  con tac t  with 

metals .  The temperature  of the  rock specimen was monitored by mounting a 

J - t y p e  thermocouple on i t s  sur face  and t h e  temperature was c o n t r o l l e d  using a 

temperature  c o n t r o l l e r  manufactured by OMEGA Engineering Inc.  (Model 4001).

In a l l  t h e  experiments  a t  high tempera tu re ,  white mineral o i l  was used as a 

confining f l u i d .  In the  ex ternal  p r e s s u re  t e s t  experiments (Figure 4 ) ,  hollow 

rock cores  with closed ends were sub je c ted  t o  external  p ressu re  u n t i l  f a i l u r e ,  

and the average s t r e s s e s  in the  rock were ca lcu la ted  using th ic k -w a l l  cyl inder  

equa t ions .
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F ig u re  4 . Schematic diagram  o f th e  e x te rn a l  p ressu re  t e s t .
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3. THEORETICAL ANALYSIS

The exp e r im e n ta l - in v e s t i g a t io n  f a i l u r e  r e s u l t s  are  compared with the  

following e x i s t in g  c r i t e r i a .

Tresca and Coulomb-Hohr C r i t e r i a : I t  i s  gene ra l ly  assumed t h a t  p l a s t i c

flow or  f a i l u r e  occurs  when, on any plane a t  any po in t  in the rock mass, the  

maximum shear  s t r e s s  x reaches an amount t h a t  depends l i n e a r ly  upon the 

cohesive s t r e s s  C, and the  normal s t r e s s  a  on the  f a i l u r e  plane, and i s  given 

by:

T = C + a t an*  (1)

This equation was f i r s t  suggested by Coulomb in  1773. The angle * i s  known as 

the  angle of i n t e r n a l  f r i c t i o n  of  rock.  I f  * i s  zero ,  then equation (1) 

represen ts  T re sc a ' s y i e l d  c r i t e r i o n .  The c ons ta n t s  C and * can be looked upon 

simply as parameters  which c ha ra c te r i z e  the  t o t a l  r e s i s t a n c e  of the  rock medium 

to  shear .  In o rde r  to  express (1) in terms of  p r inc ipa l  s t r e s s  components a i ,  

CT2  and ap p ro p r i a t e  fo r  general t r ea tm en t  of  three-dimensional  problems, one 

uses the graphical  r ep re s en ta t i o n  of s t r e s s  due t o  Mohr. In the Mohr diagram 

(Fig.  5) the normal s t r e s s  a and the  shear ing  s t r e s s  x a re  used as coord ina te s .

The values of  a ,  x s a t i s f y i n g  the  Coulomb y i e l d  c r i t e r i o n  (1) are 

represented  in  Fig .  5 by two s t r a i g h t  l i n e s  OE and EF, the  l a t t e r  i n c l in e d  at

angle  * t o  the  p o s i t i v e  a a x i s .  I f  a s t a t e  of  s t r e s s  a j ,  0 2 * <̂3 i s  such t h a t

the  Mohr c i r c l e s  l i e  w i th in  the wedge-shaped region (OEF), the rock remains in 

the  l i n e a r  e l a s t i c  range. P l a s t i c  flow or  f r a c t u r e  of  rocks occurs f o r  any 

s t r e s s  s t a t e  a t  o r  ou t s ide  t h i s  boundary. In terms of  pr incipal ,  s t r e s s e s ,  the 

c r i t e r i o n  is  given by equation (2 )

(ctI -  U3 ) / 2  = {(&! + 0 3 ) 7 2 } s in  * + C cos * (2)
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Figure 6  . Drucker and Prager  Cr i te r ion .  
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Equation (2) r ep re sen t s  a s t r a i g h t  l i n e  with ( as the o r d in a t e  and

as the  absc i s sa .

Von Mises and Drucker-Prager: The Von Mises c r i t e r io n  may be w r i t t e n  in

terms of  the second inva r i an t  of  the d e v i a t o r i c  s t r e s s  tensor  J 2 d and the  

p r inc ipa l  s t r e s s e s  cri, ct2> ? 3 . I t  i s  expressed by the equat ion:

J2d = ^  [(*1 - *2)2 + (32 -  *3)2 + (as -  cri)2] = (3)

where K is the  y i e l d  s t r e s s  in pure shear .  A modif ication of the  above 

equat ion fo r  rocks was proposed by Drucker and Prager  (11) in 1952. This is 

given by equation (4 ) ,  and is  g r aph ic a l ly  represen ted in Figure 6 .

/ J 2 d ” * J i " K = 0  (4)

where i s  the f i r s t  invar ian t  of the s t r e s s  t ensor  and = and K are  

mater ia l  parameters .  In order  to  e s t a b l i s h  the f a i l u r e  envelope f o r  a 

mater i a l  i t  i s  necessary to  perform labora to ry  t e s t s  up to  f a i l u r e  

condi t ions .

R e la t ionsh ip  Between Young's Modulus, Po isson ' s  Ratio,  and Shear  Modulus 

fo r  a Bimodular Rock: A bimodular rock i s  defined as one which has d i f f e r e n t

Young's modulus in t ens ion  and compression. Hence, the normal equat ion  

r e l a t i n g  Young's modulus, Pois son 's  r a t i o ,  and shear  modulus i s  no longer  t rue  

fo r  a bimodular rock. Let E^, and Ê ., be the Young's moduli and 

P o i s s io n ' s  r a t i o s  in tension  and compression,  re spec t ive ly ,  and G the  shear  

modulus. Then fo r  a bimodular rock the  equat ion r e l a t i n g  these  t h r e e  mater ia l  

cons tant s  was f i r s t  proposed in 1965 by Ambartsumyan (48). In 1968 Bert 

der ived i.t in a d i f f e r e n t  way, and t h i s  equat ion was ve r i f ied  experimenta l ly  

using Novak's experimental  r e s u l t s  (49) .  This equation can be de r ived  as 

fol lows:  Figure 7a represen ts  an element in the s t a t e  of pure shear .  Figure

18



xy

F igure 7 a. Element in  s t a t e  of pure sh ear.

max

=  T,- T max

Figure 7 b. M ohr's s t r e s s  c i r c le  fo r pure shear

45-

F igure 7 c . Element o r ie n te d  w ith  i t s  faces p a r a l le l  to  the 
p r in c ip a l  p lan e .
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7b i s  t h e  Mohr's c i r c l e  r e p r e s e n ta t i o n  f o r  the  corresponding s t a t e  of  s t r e s s  

and Figure  7c shows the  element  o r i e n t ed  with i t s  faces  p a r a l l e l  to  the  

p r in c i p a l  p lane s .  Here a j  and ag a re  t h e  maximum and the  minimum p r in c ip a l  

s t r e s s e s  r e s p e c t i v e l y .  Expressing t h i s  b i a x i a l  s t a t e  of s t r e s s  in terms of 

Hooke's law one ob ta ins :

(Ti Cn

a„ a.

T

'xy " ~G

Now in case  of pure shear  a i  = +|Tyy| and a i  = -|TxyI equa t ions  (5) and (6 ) 

can be r e w r i t t e n  a s ,

" 1  = \ y  E /

and ■ ( i -  + A  (9)

The maximum shear  s t r a i n

^x.y
Y = El -  G2 = (10)

xy G
S u b s t i t u t i n g  (8 ) and (9) in (10) one ge t s  

1 1 1 
= (1 + V ) + (1 + V ) (11)

G Et  t  E(. c
For the  s p e c i a l  case when V(- = and Ê . = E^ equation (11) reduces to  the 
i s o t r o p i c  e l a s t i c  case.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 

This experimental study was c a r r i e d  out  In two main s ta ge s .  In s tage  one 

approximately f o r t y  t e s t s  were c a r r i e d  out  a t  ambient temperature  on hollow 

rock specimens up t o  f a i l u r e  to  study f r a c t u r e  behavior  under d i f f e r e n t  

loading c ond i t ions  and various loading p a th s .  The d i f f e r e n t  load ing paths  to  

which the  rock specimen were sub jec ted  a re  t e n s io n ,  t o r s i o n ,  t en s io n  followed 

by t o r s i o n ,  t o r s i o n  followed by t e n s i o n ,  combined t e n s l o n - t o r s l o n ,  compression 

followed by t o r s i o n .  In te rna l  p r es su re ,  confin ing  pressure followed by 

tens ion ,  t en s io n  followed by confin ing p r e s s u r e ,  compression followed by 

confining p r e s s u r e ,  t o r s io n  followed by confin ing  p ressu re ,  compression 

followed by conf in ing  pressure followed by t o r s i o n ,  and equal In te rna l  

ex ternal  p r es su re  and exte rnal  p r e s s u re .  In the  second s tage twenty 

add i t iona l  experiments  were performed under the  loading cond i t ions  and loading 

paths as descr ibed  above, but a t  a tempera tu re  of  300°F.

All the  t e s t s  c a r r i e d  out In s tage  one are  t abu la te d  In Table 1 with the 

corresponding values of the s t r e s s  components a t  f a i l u r e .  P r in c ipa l  s t r e s s e s  

ca lc u la te d  from t h e s e  s t r e s s  components are  t ab u la te d  In Table 2. Simi la r  

t e s t  data  fo r  the  experiments performed In s tage  two ( I . e .  a t  300°F) are  

t ab u la te d  In Tables 3 and 4. The coord ina te  system used Is  shown In Figure 8 .

4a. Experimental Resul ts  a t  Ambient Temperature

From the  un iax ia l  tension  t e s t  the  average t e n s i l e  s t r e n g th  was measured 

as 1068 p s i ,  and the  average values of the  Young's modulus and P o i s son 's  

r a t i o  were measured to  be 6 . 6 8  x lO® psi  and 0.178.  A t y p ic a l  s t r e s s - s t r a l n  

curve f o r  a u n iax ia l  t e n s i l e  t e s t  Is  as shown In Figure 9. A pure t o r s i o n  t e s t  

measured the  shear  modulus and the  shear  s t r e n g th  to  be 3.07 x 1 0  ̂ psi and 960 

psi r e s p e c t i v e ly .  Figure 10 shows a p l o t  of  shear  s t r e s s  versus  shear  s t r a i n  

fo r  a t y p i c a l  t o r s i o n  t e s t .  The average Young's modulus and Po i s son ' s  r a t i o
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F ig u res  . Coordinate system. 
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TABLE I

Values of s t r e s s  components a t  f a i l u r e  fo r  var ious t e s t s  a t  ambient 
temperature.

Experiment
number

Experiment
type

Or
psi p s i J i ?

12, 24, 25, 27 
31, 32, 33 Tension -1068

13, 25, 
45, 46 Torsion 960

6

Tension-*-
Torsion -581 405

18
Torsion-*-
Tension -710 525

23
Combi ned 
Tension-  
Torsion -599 633

28
Torsion*
Tension -1045 216

29
Torsion*
Tension -948 327

30
Tension* 
Torsion -499 770

34
Torsion*
Tension -517 799

35

Tension*
Torsion*
Tension 407 814

36

Combined
Tension-
Torsion -1082 117

37
Tension*
Torsion -271 778

42
Compression* 

Torsion 854 1155

43
Compression*

Torsion 546 1188

44
Compression*

Torsion 1245 1331

47, 48
External
Pressure +5857 +44119* +24989

49, 50
In te rna l
Pressure +125* -841* +357

51
Pressure*
Tension + 1 0 0 0 + 1 0 0 0 -553

52
Pressure*
Tension + 1 0 0 0 + 1 0 0 0 -880

54

Equal I n t e r 
na l-Externa l  

Pressure +2500 +2500

55
Tension*
Pressure + 1 2 0 0 + 1 2 0 0 -614

56
Compression*

Pressure +3300 +3300 +1422
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TABLE I ( c o n ' t . )

Experiment
number

Experiment
type

Or
psi psi psi

57
Torsi  on+ 
Pressure +2800 +2800 643

58
Compression-*-

Pressure +4500 +4500 +1610

59
Compression-*-

Pressure +3600 +3600 +1626

60
Compression-*-

Pressure +6000 +6000 +2779

61

Compression-*-
Pressure»
Torsion +4300 +4300 +3042 445

62

Compression-*-
Pressure-*-
Torsion +3000 +3000 +3756 884

63

Equal I n t e r 
na l-Exte rna l  

Pressure +2800 +2800

64
Torsion-*-
Pressure +1400 +1400 472

65
Pressure-*-
Torsion + 2 0 0 0 + 2 0 0 0 425

6 6

Compression-*-
Pressure +5000 +5000 +2805

67

Compression-*- 
Pressure» 
Torsi  on +5000 +5000 +2300 1429

6 8

Compression-*-
Pressure +3500 +3500 +1457

69
Compression-*-

Pressure +6000 +6000 +3475

70
External
Pressure +6129* 45051* +25590*

71

Equal I n t e r 
na l-Externa l  

Pressure +2600 +2600

Note: Tp0  = Tp2  = 0 f o r  a l l  t e s t s .  Sign Convention: compression: p o s i t i v e ;
tens ion :  nega t ive.

* Average value
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TABLE H

Princ ipa l  s t r e s s e s  a t  f a i l u r e  for  various t e s t s  a t  ambient tempera tu re .

Experiment
number

Experiment
type

*3
psi

(T2

psi psi psi
/Ü2 d
psi

Up
psi

1 2 , 24, 25, 2 / 
31, 32, 33 Tension -1068 -1068 617 0.08

13, 26, 
45, 46 Torsion -  960 0 +960 0 960 0.15

6

Tension-»-
Torsion -  789 0 +208 -581 526 0.052

18
Torsion*
Tension -  988 0 +289 -699 670 0.0826

23
Combi ned 
Tension-  
Torsion -1027 0 +428 -599 748 0.0985

28
Torsi  on-»- 
Tension -1088 0 +43 -1045 641 0.089

29
Torsion*
Tension -1050 0 + 1 0 2 -948 638 0.085

30
Tension*
Torsion -1059 0 +560 -499 822 0.115

34
Tensi on* 
Torsi  on -1079 0 +562 -517 834 0.119

35
Tension*
Torsion -1042 0 +635 -407 846 0 . 1 2

36

Combi ned 
Tension-  
Torsion -1109 0 +28 -1081 648 0.093

37
Tension*
Torsion -  925 0 +654 -271 793 0.104

42
Compression*

Torsion -  804 0 +1658 +854 1255 0.259

43
Compression*

Torsion - 946 0 +1492 +546 1229 0.247

44
Compression*

Torsion - 847 0 +2092 +1245 1513 0.378

47, 48
External
Pressure +5857 +24989 +44119 +74964 19131 117.1

49, 50
In te rna l
Pressure - 841 -  358 +125 -1074 483 0.055

51
Pressure*
Tension - 553. + 1 0 0 0 + 1 0 0 0 +1447 896 0.150

52
Pressure*
Tension -  880 + 1 0 0 0 + 1 0 0 0 + 1 1 2 0 1086 0 . 2 0

54

Equal I n t e r 
na l-Externa l  

Pressure 0 +2500 +2500 +5000 1443 0.586

55
Tension*
Pressure -  614 + 1 2 0 0 + 1 2 0 0 +1786 1047 0 . 2 1

56
Compression*

Pressure 1422 3300 3300 8022 1084 0.933
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TABLE I I  ( c o n ' t . )

Experiment
number

Experiment
type

*3
psi

0 2

psi * 1psi
/ J 2 4

psi PS?

57
Torsion-*-
Pressure -162 +2800 +2962 -5600 1740 0.804

58
Compression-*-

Pressure +1610 +4500 +4500 -10610 1668 1.732

59
Compression-*-

Pressure 1629 +3600 +3600 -8826 1140 1 . 1 1 2

60
Comp res  s i  on-*- 

Pressure +2779 +6000 +6000 -14779 1800 3.09

61

Compression-*- 
P res su re-* 
Torsion +2901 +4300 +4442 -11643 1119 1.827

62

Compression-*-
Pressure*-
Torsion +2412 +3000 +4344 -9756 990 1.4

63

&Hual I n t e r 
na l-Exte rna l  

Pressure 0 +2800 +2800 -5600 1611 0.736

64
Torsion-*-
Pressure -145 +1400 1545 -2800 936 0 . 2 2

65
Pressure-*-
Torsion -87 + 2 0 0 0 +2087 -4000 1231 0.401

6 6

Comp re s s ion -*- 
Pressure +2805 +5000 +5000 -12805 1267 2.185

6 8

Compression-*
Pressure +1457 +3500 +3500 -8457 1180 1.046

69
Compression*-

Pressure +3475 +6000 +6000 -15375 1458 3.16

70
External
Pressure +6129 +25590 +45051 -76770 19461 121.87

71

&iual I n t e r 
na l-Externa l  

Pressure 0 +2600 +2600 -5200 1501 0.631
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Figure 10. Shear s tre ss-S h e a r  s t r a i n  curve fo r g ra n ite  a t  ambient tem perature.
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in  compression were measured to  be 8.63 x 10® psi and 0.196 psi r e s p e c t iv e ly .

A typ ical  axial  s t r e s s - s t r a i n  curve in  un iaxia l  compression i s  as shown in

Figure 11. The p l o t  of  equ iva len t  s t r e s s  versus  equivalent  s t r a i n  f o r  a

t e n s io n - to r s io n  t e s t  i s  shown in Figure 12.

All the experiments up to  t e s t  number 44 were ca r r ie d  out  under  one

dimensional or  var ious  combinations of  two dimensional loading cond i t ions

un t i l  f a i l u r e .  Beyond t e s t  number 44, confining  pressure of d i f f e r e n t

magnitudes i s  introduced with various ax ia l  and/or  t o r s iona l  load combinations

t o  produce th re e  dimensional cond i t ions  except fo r  t e s t  numbers 54, 63, 71

where only an equal in te rn a l  and ex te rna l  pr essure loading cond i t ion  e x i s t s .

The mater ia l  parameters a ssoc ia ted  with the f a i l u r e  c r i t e r i a  descr ibed in

the previous se c t ion  can now be eva lu a ted .  The two parameters a s soc ia te d  with

the Coulomb-Mohr f a i l u r e  c r i t e r i o n ,  t h e  angle  of in te rna l  f r i c t i o n  4, and the

cohesive s t r e s s  C can be determined us ing equation (2) and a p lo t  of ^

versus  ̂ [Figure  13]. The parameters assoc ia ted  with the Drucker and
Prager  f a i l u r e  c r i t e r i o n  are eva lua ted  using equation (4) and a p l o t  of

versus / J ^  [Figure 14].

The numerical values of these m ate r ia l  parameters eva luated from Figures

13 and 14 are  as follows:

Tresca:  average ^  ^  ^  6.45 MPa (936 psi)
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Coulomb-Mohr: * = 24.14°

C = 6.43 MPa (932 psi)

Von Mises: average ~ 7.14 MPa (1035 psi)

Drucker and Prager:  K = 5.69MPa (825 psi)

« = 0.166

The p lo t s  of ‘̂ 1- versus *̂ 1 and 0% versus  /J2d» shown in

Figures  13 and 14 r e s p e c t i v e l y ,  reveal t h a t  n e i t h e r  of  the  above mentioned 

f a i l u r e  c r i t e r i a  i s  ab le  t o  p r e d i c t  the experimental  f a i l u r e  r e s u l t s  over the

e n t i r e  range of s t r e s s  values  a t  f a i l u r e .  I t  can be seen f u r t h e r  from the

p lo t  in Figure 13 t h a t  t h e  Coulomb-Mohr c r i t e r i o n  agrees  well with the 

experimental da ta  up t o  a c e r t a i n  value of ^ 1  but  a t  higher  values of 

2  T re sc a ' s  c r i t e r i o n  seems to  dominate the  p re d i c t i o n  of  the f a i l u r e

behavior.  An almost  s i m i l a r  t rend  i s  a lso observed from the  p lo t  in Figure 

14. At lower values  of  the  Drucker and Prager  c r i t e r i o n  is  able to  

p r e d i c t  the  f a i l u r e  envelope but a t  higher  values  of  the  experimental data 

agree much b e t t e r  with t h e  von Mises c r i t e r i o n .  Due to  these  reasons,  an 

attempt was made to  develop a f a i l u r e  c r i t e r i o n  which w i l l  be able  t o  p red ic t  

the  f a i l u r e  behavior  over  the  e n t i r e  range of  s t r e s s  va lues .  Also t h i s  new 

f a i l u r e  c r i t e r i o n  should have the  provis ions t o  i nco rpo ra te  bimodular mater ia l  

behavior  which i s  not accounted fo r  in the f a i l u r e  th e o r i e s ,  discussed in the 

previous s e c t io n .

One obvious choice fo r  such a f a i l u r e  c r i t e r i o n  i s  in terms of s t r a i n  

energy d e n s i t y ,  which can be evaluated from the equa t ion:

Uq =  ( o y Z  +  a y ^  +  CTZ^) -  ^  [ a y ,  a y  +  O y  a ^  +  a ^  a ^ )  +

( f x y ^  + Txz^ + Ty z^ )
(12)

  j. _ -  .iA
2G
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For bimodular m a te r i a l  behavior  equat ion (13) ,  which i s  the  modified 

vers ion of  equation (1 2 ) ,  i s  used to  take i n to  c o n s ide ra t ion  the  proper  value 

of  the mate r ia l  c ons ta n t s  in t ens ion  and compression.

+ *z *x  IG  ( \ y  " ^yz ^

This s t r a i n  energy d e n s i ty  is  evaluated fo r  the  var ious  t e s t s  performed 

and is l i s t e d  in Table 2.  In Figure 15 th e  experimental  values are p lo t t e d  

with as the  absc i s sa  and  Uq as the o rd in a t e  fo r  a l l  t e s t s  except  the  

ex te rnal  pressure  t e s t s  (numbers 47, 48, 70) .  In a l l  t e s t s  p l o t t e d ,  the value 

of  J i  ranged between -1 ,200 psi to  16,000 p s i .  I t  i s  observed from t h i s  plo t  

t h a t  a nonl inear  r e l a t i o n s h i p  e x i s t s  between Uq and . In order  to  determine 

t h i s  non l inear  r e l a t i o n s h i p  between Uq and J j ,  a l e a s t  square f i t  procedure i s  

u t i l i z e d  to  determine th e  equation of the  bes t  f i t  curve.  I t  was determined 

t h a t  the  experimental  r e s u l t s  are best  p r ed ic te d  by a cubic equation given by:

Uq = <* + e J i  + + 0j^3 (14)

where =, 8 , T and 6  a re  mate r i a l  parameters arid t h e i r  numerical values fo r  

g ran i t e  t e s t e d ,  are  determined to  be:

* = 0.12097 psi

9 = 3.087 X 10-5

T = 8 . 6  X 10“ ^ psi"^

0 = 1 . 3 9 9 6  X 1 0 - 1 3  p s i - 2

In order  to v e r i f y  the  v a l i d i t y  and e f f e c t i v e n e s s  of equation (14) to 

p r e d i c t  f a i l u r e  behavior  fo r  values  of above 110 MPa (16,000 p s i . ) ,  

equat ion (14) is  p l o t t e d  and compared with t h e  experimental  r e s u l t s  a t  a very

high value of  J^ .  This t e s t  was on hollow rock core with closed ends and
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subjected to  an ex te rna l  pr essure .  In t h i s  case has a value of

75,000 psi a t  f a i l u r e .  A p lo t  of  equation (14) and the experimental values of

Uq and obtained from the  external  pressure  t e s t  i s  shown in Figure 16.

This plo t  confirms the  e f f e c t iv en e s s  of the  proposed f a i l u r e  c r i t e r i o n  even at  

high values of J%.

4b. Experimental Resul ts  a t  300° F

Twenty-two experiments were c a r r ie d  out  a t  t h i s  temperature  and the 

materia l  p ro p e r t i e s  of  the  rock were determined and the s t r e s s  components a t  

f a i l u r e  were measured. From the  uniax ial  t e n s io n  t e s t  the average t e n s i l e  

s t rength was measured a t  706 p s i ,  and the average values of the Young's 

modulus and Po isson 's  r a t i o  were measured to  be 4.47 x 10^ psi and 0.228.  A 

typ ica l  s t r e s s - s t r a i n  curve for  a un iax ia l  t e n s i o n  t e s t  is  as shown in Figure 

17. In a pure t o r s i o n  t e s t  the shear  modulus and the shear  s t reng th  were 

determined to  be 3.035 x 10^ psi and 778 psi r e s p e c t i v e ly .  Figure 18 shows a 

p lo t  of shear  s t r e s s  versus  shear s t r a i n  for  a t y p ic a l  to rs ion  t e s t  a t  300° F . 

Young's modulus and Po i s son 's  r a t i o  in compression at  t h i s  temperature  were 

measured to  be 7.03 x 10® psi and 0.251 r e s p e c t i v e l y .  Figure 19 shows a plot  

of  a typ ica l  axia l  s t r e s s - s t r a i n  curve in  compression.

Experiments number 74 to  84 were performed e i t h e r  under one dimensional 

or  two dimensional loading condi t ions.  Test  numbers 85-97 represen t  th ree  

dimensional loading experiments a t  300° F.  In t h e s e  experiments,  confining 

pressure of d i f f e r e n t  magnitudes is  introduced  with various axial  and/or 

t o r s iona l  load combinations to  produce t h re e  dimensional loading cond i t ions .  

The values of the  s t r e s s  components a t  f a i l u r e  f o r  these  t e s t s  are t abu la te d  

in Table 3. Corresponding values of  the p r in c i p a l  s t r e s s e s  are then 

ca lcu la ted  along with t o t a l  s t r a i n  energy d e n s i ty  and are t abu la ted  in Table 

4. Now in order  to  compare the experimental r e s u l t s  a t  300° F with the
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TABLE I I I

Values of  s t r e s s  components a t  f a i l u r e  f o r  various t e s t  a t  300° F.

Experiment
number

Experiment
type

a y
psi

ad
psi

a z
psi 51?

74, 76 Torsion - - — 774*
75, 77 Tension - - -706* -

78
Tension*
Torsion -410 6 6 6

79
Torsion*
Tension -547 379

82
Compression*

Torsion- +691 1085

83
Compression*

Torsion +473 1163

84

Equal In ternal
External
Pressure +1400 +1400

85
Compression*
Pressure +1650 +1650 +1154

8 6

Torsion*
Pressure + 1 2 0 0 + 1 2 0 0 584

87
Compression*

Torsion* +671 907

8 8

Compression*
Torsion*

Pressure +1350 +1350 +671 560

89
Compression*
Pressure +2800 +2800 +1562

90
Tension*
Pressure +800 +800 -244

91
Compression*
Pressure +4000 +4000 +2904

92
Compression*
Pressure +4500 ' +4500 +3401

93
External
Pressure +3500* +29811* +16441

94
Compression*

Pressure +4000 +4000 +2885

95
External
Pressure 3671* 32444* 18133

96
External
Pressure 3878* 32872 18375

97
Compression*

Pressure 5200 5200 4297

Note: Tp0 , = Tp2  = 0  fo r  a l l t e s t ;  Sign Convention: compression: p o s i t i v e ;
ten s io n : negat ive.

Average values
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TABLE IV

Pr inc ipa l  s t r e s s e s  a t  f a i l u r e  fo r  var ious t e s t s  a t  300° F.

Experiment
number

Experiment
type

<̂3
psi PS? PSÎ psi

/Ü2 çi
psi PS?

74. 75 Torsion -778 0 4-778 0 778 0.0997
75, 77 Tension -706 - - -706 408 0.055

78
Tension-*.
Torsion -902 4-492 -410 707 0.0919

79
Torsion-*.
Tension -741 -194 +547 493 0.057

82
Compression-*.

Torsion -793 0 4-1484 +691 1156 0.228

83A
Compression-*.

Torsion -950 0 4-1423 +473 1194 0.239

84

Equal In te rna l  
External  
P re ssu re 0 4-1400 4-1400 +2800 808 0.208

85
Comp res  s i  on-*. 
P ressu re 4-1154 4-1650 4-1650 +4454 286 0.248

8 6

Torsion-*.
P ressu re -237 4-1200 +1437 +2400 906 0.209

87
Compressions

Tors ions -632 +1303 +671 987 0.167

8 8

Compressi ons 
Tors ions  
P ressu re 4-355 4-1350 +1666 +3371 684 0.213

89
Compressi ons 
P re ssu re 4-1552 4-2800 +2800 +7162 715 0.697

90
Tens ions
Pressu re -244 4-800 +800 +1356 603 0.089

91
Compressions
P ressu re 4-2904 4000 4000 +10906 633 1.48

92
Compressions
P ressu re 4-3401 4-4500 +4500 +12401 636 1.89

93
Externa l
P ressu re 4-3500 4-16441 +29811 +49752 13156 57.9

94
Compressions

Pressure 4-2885 4-4000 +4000 +10885 644 1.462

95
External
P ressu re 3671 18133 32444 54248 14387 71.36

96
External
P ressu re 3878 18375 32872 55125 14497 73

97
Compressions

Pressu re 4297 5200 5200 14697 521 2.58
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f a i l u r e  c r i t e r i a  descr ibed  in cha p te r  3, versus  and J i  versus  / J z d

are  p l o t t e d  in  Figures  20 and 21 r e s p e c t i v e l y .  The p lo t s  in  Figures  20 and 21

when compared with t h e  f a i l u r e  c r i t e r i a  of Coulomb-Mohr and Drucker and Prager

res p e c t iv e ly  reveal  t h a t  n e i th e r  of  the  two are  able  t o  p r e d i c t  t h e  f a i l u r e  of

rock over  t h e  e n t i r e  range of  s t r e s s e s  a t  300® F. Now comparing t h e  p l o t s  in

Figures 20 and 21 with the p lo t s  in Figures  13 and 14 respec t ive ly  one can

observe t h a t  a t  high temperature a l s o  t h e  Coulomb-Mohr c r i t e r i o n  agrees  well  

with the  experimental  data  f o r  lower values o f  but a t  h igher  values  of

g l^ ‘̂ 3. t h e  experimental  r e s u l t s  a re  in  b e t t e r  agreement with T r e sc a ' s  
c r i t e r i o n .  A s i m i l a r  t rend  i s  observed when th e  p l o t  in Figures  21 i s

compared with t h e  Drucker and Prager  and Von Mises c r i t e r i a .

Since none of the  above f a i l u r e  c r i t e r i a  are  able  to  p r e d i c t  the  f a i l u r e

of rock over the  e n t i r e  range of  s t r e s s  values  a t  300° F . , a s i m i l a r  procedure

to  the  one used a t  ambient temperature  i s  adopted,  and the  experimental

r e s u l t s  a re  p l o t t e d  with Ug as the  o r d in a t e  and as the a b s c i s s a  t o  compare

the  experimental  r e s u l t s  with the  proposed new f a i l u r e  c r i t e r i o n  as given by

equat ion (14) .  This p lo t  of Ug versus  i s  given in Figure 22; a non l in ea r

r e l a t i o n s h i p  between Uq and i s  observed from t h i s  p lo t  and a s im i l a r

procedure o f  l e a s t  square f i t  i s  adopted t o  determine the  equa t ion  of  t h e  b e s t -

f i t  curve. A t h i r d - o r d e r  cubic equa t ion  as given by equat ion (14) gave the

bes t  f i t ,  and numerical values of the  m ate r ia l  parameters  in t h i s  case were

eva lua ted  t o  be

« = 0.115 psi

0  = 1 .9  x. 10-5

T = 4.62 X 10"^ 1/psi

6 = 4.46  X 10-13 i /p s i 2

In o r d e r  t o  v e r i fy  the  v a l i d i t y  of  equat ion (14) ,  inco rpo ra t ing  th e  above 

mater i a l  parameters  to  p red ic t  f a i l u r e  behavior  a t  300° F f o r  h igher  values  of
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J l  equation (14) i s  p lo t t ed  and compared with the experimental r e s u l t s  of the 

ex ternal  p ressure  t e s t s  a t  300° F. The p l o t  comparing the values  is  given in 

Figure 23, which once again confirms the  e f f e c t iv en e s s  of the proposed f a i l u r e  

c r i t e r i o n  not only at  high values of  but  a lso a t  high tempera tu re .  In 

order  to  study the  r e l a t ionsh ip s  between the  cons tan ts ,  «, 9, T, and g and 

temperature a combined p lo t  of Uq versus  i s  made fo r  a l l  t he  t e s t s  a t  

ambient temperature  and at  300° F and i s  given in Figure 24. The s c a t t e r  

observed in t h e  p lo t  i s  Figure 24 between the  values a t  ambient temperature 

and a t  300° F was so minimal t h a t  we a r r iv e d  a t  a prel iminary conc lusion t h a t  

the  constants  «, 9, T, and g were temperature  independent,  a t  l e a s t  up to  300° 

F. Least square f i t  procedure i s  once again u t i l i z e d  to  determine one common 

equation of the  best  f i t  curve fo r  a l l  t he  r e s u l t s  a t  ambient temperature  as 

well as a t  300° F. The constants  *,  9, T, and g fo r  t h i s  equa t ion  are  given 

as follows.

Œ = 0.1152 psi 

9 = 2.995 X 10-5 

T = 7.8 X 10“^ 1/psi  

g = 1.9366 X 10-13 i / p s i 2  

The plot  of t h i s  equation and the  experimental  r e s u l t s  are given in Figure 24. 

The r e s u l t s  of  the  external  p ressure  t e s t  a t  ambient temperature  and a t  300° F 

a re  p lo t t ed  along with the above equat ion in Figure 25. Figures  24 and 25 

confirm the e f f e c t i v e n e s s  of the  proposed f a i l u r e  c r i t e r i o n  t o  p r e d i c t  the 

f a i l u r e  behavior  of g ran i te  under wide range of s t r e s se s  and a t  d i f f e r e n t  

tempera tures .
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4c. Comparison with Previous Fracture  Data on Grani te  a t  Ambient Temperature

and a t  High Temperature

Experimental r e s u l t s  of  t h r e e  Independent i n v e s t i g a t o r s  (Wong (46) ,  Brace

e t  a l .  (45),  and Smith e t  a l .  (21)) who have performed f a i l u r e  t e s t s  on

g r a n i t e  under d i f f e r e n t  p ressu res  and a t  var ious  temperatures  were s e l e c t e d ,

and t h e i r  experimental  r e s u l t s  were compared with t h e  e x i s t i n g  c r i t e r i a  of

Coulomb-Mohr, Drucker-Prager  and our new proposed c r i t e r i o n  in terms of  Uq and

J ^ .  Wong (46) has thoroughly i nves t iga ted  the  f a i l u r e  of  Westerly g r a n i t e  a t

pressures  of up to  58 ksi (400 MPa) and tempera tu res  up t o  1290° F (700° C).

Experimental i n v e s t i g a t i o n  on the  volume change of  g r a n i t e  under t r i a x i a l

compression at  conf in ing p ressure  of as much as 110 ksi (SKbar) was c a r r i e d

out  by Brace e t  a l .  (45) .  Fa i lu re  data  o f  g r a n i t e  under t r i a x i a l  compression

have also been repor ted  by Smith e t  a l .  in  t h e i r  experiments the rocks were

t e s t e d  a t  confining p r e s s u re s  as high as 90 k s i .  The experimental r e s u l t s  of 

these  th ree  i n v e s t i g a t o r s  a re  p lo t t ed  in terms of versus  -"̂ l-̂ ,

versus / J ^  and ve rsus  Uq in Figures 26, 27, and 28 respec t ive ly .

Observing the  p l o t  of these  experimental  values  in Figure 26 and 

comparing i t  wi th equa t ion (2 ) ,  which r ep re sen t s  t h e  Coulomb-Mohr c r i t e r i o n ,  a 

wide s c a t t e r  i s  observed between the p r e d i c te d  and the  experimental va lues .  

S imila r ly  observing th e  same experimental da ta ,  but  now in terms of and 

/Jgd and comparing i t  with equation (4 ) ,  which r e p re s en t s  the  Drucker and 

Prager  c r i t e r i o n  an equal amount of s c a t t e r  i s  observed between the  p red i c te d  

and the experimental  va lu es .  From the  p l o t s  in  Figures  26 and 27, i t  i s  a l s o  

observed t h a t  f o r  d i f f e r e n t  values of p re s s u re ,  Wong's r e s u l t s  f e l l  on 

d i f f e r e n t  s t r a i g h t  l i n e s .  In order t o  demonstrate  the  e f f e c t iv en e s s  of  the 

new proposed c r i t e r i o n  [ i n  terms of Uq and as given by equation (14) over  

t h a t  of Coulomb-Mohr and Drucker and Prager  c r i t e r i a  the  same experimental
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data  are p l o t t e d  in terms of Uq and and compared with equat ion (14) in 

Figure 28. A very minimal s c a t t e r  i s  observed between the experimental 

r e s u l t s  and th e  values  p red i c te d  by equation (14) .  The cons tan ts  eva lua ted  by 

using the  l e a s t  square f i t  program in t h i s  case a re  given by 

* = 1.07 psi 

9 = 19 X 10"^

T = 3 .7 1 1  X 1 0 -8  p s i - 1  

0 = 3 X 10-18  p s i - 2

Also, the  pre l iminary  conc lus ion t h a t  the  m ate r ia l  parameters  <*, 6, T, and 0  

are  independent of  t empera tu re  i s  f u r th e r  confirmed when the  experimental  data  

of  Wong (45) (Figure 28 ) ,  which ranged from ambient tempera ture  to  as high as 

1300° F) ,  i s  observed t o  f a l l  on the  same curve. Thus i t  has been 

demonstrated t h a t  the proposed f a i l u r e  c r i t e r i o n  in  terms of  Ug and as

given by equat ion (14) i s  very e f f e c t i v e  in  p r e d i c t i n g  the  f a i l u r e  behavior  of  

g r a n i t e  not only under  a wide range of s t r e s s  values  but a l s o  a t  various 

temperatures .

4d. Comparison of  the  F ra c tu re  C r i t e r i a  with the  F a i lu r e  Resul ts  of Four 

Commonly Studied Rocks

In the  previous  s e c t i o n  i t  was success fu l ly  demonstrated t h a t  the 

proposed new c r i t e r i o n  in terms of Ug and was r e l a t i v e l y  more e f f e c t i v e  in 

p r ed ic t ing  the  f a i l u r e  behavior  of  g r an i t e  f o r  the  experimental r e s u l t s  of  

t h re e  independent  i n v e s t i g a t o r s .  In t h i s  s e c t i o n ,  t h e  f a i l u r e  r e s u l t s  of  four 

commonly s tu d ied  rocks ,  (Solenhofen Limestone, sandstone ,  marble and sha le )  

w i l l  be compared with the  f a i l u r e  c r i t e r i a  of  Coulomb-Mohr, Drucker and 

Prager ,  and th e  proposed new c r i t e r i o n .

The f a i l u r e  behavior  of  Solenhofen Limestone has been extens ively  s tud ied
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by many i n v e s t i g a t o r s  in the p a s t .  The experimental  r e s u l t s  of  Heard, Handin,

Robertson,  Se rdengec t i  and Boozer^^®), and Green e t  a l . ( ^ ^ ) ,  f o r  t h e  f a i l u r e

of Solenhofen l imes tone  a r e  compared with t h e  t h r e e  f a i l u r e  c r i t e r i a .  Figures

29, 30 and 31 show the  p l o t  of  versus  versus  and
versus Ug r e s p e c t i v e l y ,  which r ep re s en t  the  Coulomb-Mohr, Drucker and P rager ,

and the  proposed new c r i t e r i o n  r e s p e c t i v e l y .  Observing the  p l o t s  of  t h e s e

th re e  f a i l u r e  c r i t e r i a  with the experimental  r e s u l t s  in Figures  29, 30 and 31

one sees  a wide s c a t t e r  between th e  experimental  r e s u l t s  and the  p r e d i c t e d

values using Coulomb-Mohr and Drucker and Prager  (Figures  29 and 30) .  The

s c a t t e r  band i s  cons iderab ly  narrowed when th e  same experimental  da ta  a re

p l o t t e d  in terms of t h e  proposed new c r i t e r i o n  in terms of and Ug. Thus,

once aga in ,  t h e  improved e f f e c t i v e n e s s  of t h e  proposed new c r i t e r i o n  in

p r e d i c t i n g  th e  f a i l u r e  of  Solenhofen l imestone r e l a t i v e  t o  the  o t h e r  two

c r i t e r i a  i s  demons tra ted .  The f a i l u r e  behavior  of  the o the r  t h r e e  commonly

s tud ied  rocks ( sands tone ,  marble, and s h a le )  has been e x te ns ive ly  i n v e s t i g a t e d

by Smith e t  a l .  The f a i l u r e  r e s u l t s  o f  t h es e  t h r e e  rocks a r e  a l s o

compared with f a i l u r e  c r i t e r i a  of  Coulomb-Mohr, Drucker and P rager ,  and the

proposed new c r i t e r i o n .  The p l o t s  of  t h e s e  t h r e e  f a i l u r e  c r i t e r i a  a long with

the  experimental  r e s u l t s  of sandstone ,  marble ,  and sha le  are  p l o t t e d  in

Figures  32, 33,  and 34 r e s p e c t i v e ly .  Observing the  p l o t s  in Figures  32, 33,

and 34, one conc ludes t h a t  the f a i l u r e  of  sands tone ,  marble,  and s h a le  can be

equal ly  e f f e c t i v e l y  p red ic ted  by f a i l u r e  c r i t e r i a  of  Coulomb-Mohr, Drucker and

Prager ,  and t h e  proposed new c r i t e r i o n .
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5. SUMMARY AND CONCLUSION

An experimental  apparatus  has been developed to  study the  behavior  of 

rocks u n t i l  f a i l u r e  under t ru ly  t h r e e  dimensional loading.  In these  

experiments,  s t r e s s  components are  p resc r ibe d  and the r e s u l t i n g  s t r a i n s  are 

accura te ly measured by bonded s t r a i n  gage ro s e t t e s  on the su rface  of the core .  

The two loads ,  tension/compression and t o r s i o n ,  are appl ied independently of 

each other  and a lso  the  corresponding s t r a i n s  are  measured independently of 

each o ther .  All the experiments were c a r r i e d  out  on th in  wal led hollow core s ,  

and t h e r e f o r e ,  the assumption of uniform shear  s t r e s s  or s t r e s s e s  due to 

p ressure  through the thickness  is  more appropr ia te  than in the  case of sol id  

or  thick wal led cores .

The experimental  r e s u l t s  are compared with the f a i l u r e  c r i t e r i a  of 

Tresca,  Coulomb-Mohr, von Mises, and Drucker and Prager . I t  i s  shown tha t  

none of these  f a i l u r e  c r i t e r i a  are able  t o  p red ic t  the f a i l u r e  behavior  over 

the e n t i r e  range of s t r e s s  va lues .  A new f a i l u r e  c r i t e r i o n ,  which 

incorporates  bimodular rock behavior ,  i s  developed in terms of s t r a i n  energy 

dens i ty  Uq and the  f i r s t  in v a r i an t  of s t r e s s  t ensor  and i s  given by 

equation (14) .  I t  has a lso been shown t h a t  t h i s  new f a i l u r e  c r i t e r i o n  is  able 

t o  p red ic t  the  f a i l u r e  behavior over  the  e n t i r e  range of s t r e s s  values a t  

f a i l u r e  includ ing extremely high values  of J^ ,  and i s  a lso able  to  p red ic t  the 

f a i l u r e  behavior  of g ran i te  a t  d i f f e r e n t  temperatures .

The experimental  r e s u l t s  of t h r e e  independent i n v e s t i g a t o r s  are

compared with the f a i l u r e  c r i t e r i o n  of  Coulomb-Mohr, Drucker and Prager  and

our new proposed c r i t e r i o n  given by equat ion (14) in Figures 26, 27, and 28

re s p e c t i v e ly .  Observing the p lo t  in Figures 26, 27, and 28, one can conclude

t h a t  the proposed new f a i l u r e  c r i t e r i o n  i s  more e f f e c t i v e  in p red ic t ing  the 

f a i l u r e  of g r a n i t e  than the Drucker and Prager and Coulomb-Mohr c r i t e r i a .
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L a s t l y ,  the  f a i l u r e  r e s u l t s  of fou r  commonly s tud ied  rocks (Solenhofen 

Ll imestone,  sandstone ,  marble , and sha le )  a r e  compared with the  f a i l u r e  

c r i t e r i a  of  Coul omb-Mohr, Drucker and P rager ,  and th e  proposed new c r i t e r i o n .  

In the  case of Solenhofen l imestone,  the  proposed new c r i t e r i o n  was shown to  

be more e f f e c t i v e  in  p r e d i c t i n g  the  f a i l u r e  of  l imestone  over t h e  o t h e r  two 

c r i t e r i a .  But , in  the  case of sandstone,  s h a l e ,  and marble, a l l  t h e  t h r e e  

f a i l u r e  c r i t e r i a  were shown to  be equa l ly  e f f e c t i v e .
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TABLE 5

Experimental  Data of  Wong (46 ) ,  f o r  Westerly Grani te

Sp.
No.

^1.ksi I h
Temp.

°C
E X 106 

psi k^i

PFW26 126 11.6 11.6 20 10.4 0.731
PFW22 118.9 11.6 11.6 150 9.46 0.693
PFW23 113.1 11.6 11.6 350 8.47 0.697
PFW28 107.3 11.6 11.6 551 7.49 0.7
PFW30 97.17 11.6 11.6 659 6.95 0.62
HTW53 110.2 7.25 7.25 151 9.46 0.61
HTW52 147.9 14.5 14.5 151 9.46 1.07
HTW51 188.5 21.75 21.75 151 9.46 1.72
MTW8 128.18 36.26 36.26 668 6.93 1.0
MTW9 143.58 36.26 36.26 611 7.2 1.25
MTW7 185.6 36.26 36.26 551 7.49 2.03
MTW5 187.1 36.26 36.26 455 7.9 1.96
MTW4 210.29 36.26 36.26 302 8.72 2.25
MTWl 223.35 36.26 36.26 155 9.4 2.37
MTWll 230.6 36.26 36.26 20 10.1 2.36
MTW12 223.35 36.26 36.26 20 10.1 3.21
HTW54 298.76 58 58 20 10.1 3.9
HTW50 292.96 58 58 154 9.46 4.00
HTW49 279.9 58 58 352 8.47 4.07
HTW43 281.36 58 58 353 8.47 4.11
HTW33 269.76 58 58 426 8.1 3.94
HTW46 265.4 58 58 503 7.74 3.99
HTWO 246.55 58 58 550 7.49 3.54
HTW45 229.15 58 58 611 7.2 3 17
HTW28 207.3 58 58 680 6.85 2.73
HTW36 275.56 58 58 425 8.1 4.12
HTW47 274.11 58 58 422 8.1 4.07
HTW35 266.86 58 58 499 7.7 4.06
HTW30 252.36 58 58 507 7.74 3.6
HTW44 240.75 58 58 580 7.35 3.44
HTW27 223.35 58 58 660 6.95 3.12
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TABLE 6

Experimental Data of  Brace (45) [E = 7.25 x 10® p s i ,  v = 0 .2 ]  
For Gran i t e  a t  Ambient Temperature

*3
ksi k i i

20.3 7.25 7.25 0.0264
21.75 7.395 7.395 0.03
47.85 14.5 14.5 0.144
56.55 14.5 14.5 0.207
75.4 21.75 21.75 0.354
90.625 29 29 0.514

175.45 63.8 63.8 1.954
195.75 55.1 55.1 2.38
175.45 46.4 46.4 1.911
150.8 37.7 37.7 1.411
131.95 21.75 21.75 1.095

97.15 14.79 14.79 0.596
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TABLE 7

Data of  Smith (21) f o r  G r a n i t e  (E = 7.5 X 106,

Run <̂1 02 ^ 3 ^0
No. ksi ksi ksi ksi

100 167 35 35 1.678
101 136.7 27 27 1.126
103 53.4 5 5 0.178
104 110 23 23 0.728
105 162.2 30 30 1.59
106 90.4 11 11 0.504
108 183 34 34 2.02
109 123 23 23 0.914
110 185 40 40 2.057
111 172.9 31 31 1.8
200 204 62 62 2.5
201 265.5 67.5 67.5 4.23
202 280 75 75 4.7
203 200 47 47 3.4
204 232 56 56 3.23
205 222.6 51.6 51.6 2.975
206 243 58 58 3.54
207 230.5 59.5 59.5 3.188
209 246.4 70 70 3.65
210 157 40 40 1.479
211 254.8 69 69 4.07
300 184 84 84 2.18
301 238.5 83.5 83.5 3.47
302 225.5 67.5 67.5 3.06
303 221 91 91 3.06
304 250 90 90 3.83
400 137.3 44 44 1.14
401 58.8 28.8 28.8 0.228
402 26.5 5.5 5.5 0.0425
403 36 5 5 0.0794
404 60 25 25 0.226
405 178.5 52.5 52.5 1.918
406 204 56 56 2.499
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TABLE 8

Exper im enta l Data o f  Smith e t  a l .  (21) f o r  Sandstone
[E = 2.44 X 1Q6 p s i ,  v = 0 .25 ]

Run
No.

*1
ksi k l ,

0 3
ksi

1 20.37 . 0.085
2 97.5 27.5 27.5 1.63
3 129.1 40 40 2.84
4 64.5 18 18 0.71
5 105 33 33 • 1.88
6 24 - - 0.118

20 141.12 61 61 3.46
21 62.5 15 15 0.678
22 154 50 50 4.05
24 107.5 30 30 1.98
25 125 40 40 2.67
26 74 20 20 0.942
27 222.36 81 81 8.46
28 202 70 70 6.97
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TABLE 9

(21) fo r  MarbleExperim enta l Data o f  Smith e t  a l .  (21)
[E = 3.82 X 10° p s i ,  V -  0 .2 5 ]

Run
No.

®1
ksi

02
ksi

<J3
ksi k : i

501 147 47 47 2.36
502 99 25 25 1.08
503 44 10 10 0.215
500 25.8 - - 0.087
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TABLE 10

Experim enta l Data o f  Smith e t  a l .  (21) f o r  Shale
[E = 2.44 X 1Q6 p s i ,  V = 0 .2 5 ]

Run
No.

*1
ksi

( 3̂
ksi

Uo
ksi

8 38.2 0.146
9 61.8 30 30 0.331

10 22.3 - - 0.05
11 45.4 20 20 0.175
12 86 45 45 0.656
13 119.8 62.5 62.5 1.27
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TABLE 11

E xper im enta l Data o f  Green e t  a l .  (18) f o r  Solenhofen Limestone
[E = 10.2 X 1Q6 p s i ,  V = 0 .25 ]

*1
ksi

*2.
ksi

*3
ksi k : i

39.87 0.078
63.8 7.25 7.25 0.18
74.7 14.5 14.5 0.236
86.3 29 29 0.304

100.8 43.5 43.5 0.42
45.7 - - 0.1
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TABLE 12

Exper im enta l da ta  o f  Hendin e t  a l .  (36) f o r  Solenhofen Limestone
[E = 10.2 X 1Q6 p s i ,  V = 0 .25 ]

Number Ih Ih Uq

183 58.43 5.075 5.075 0.1547
1184 74.38 10.005 10.005 0.242
1185 85.98 14.935 14.935 0.3158
1186 96.135 20.01 20.01 0.388
1278 67.425 5.075 5.075 0.208
1283 73.8 10.005 10.005 0.238
1277 81.63 14.935 14.935 0.283
144 50.31 - - 0.124
28 79.895 11.02 11.02 0.278
24 85.26 14.935 14.935 0.31
116 82.07 14.935 . 14.935 0.286
115 91.35 18.415 18.415 0.351
27 95.7 22.185 22.185 0.381
1708 81.925 14.5 14.5 0.279
1712 112.52 43.5 43.5 0.52
1709 183.28 72.5 72.5 1.38
GT117 57.71 - - 0.163
GUI 2 59.3 . - - 0.172
GT116 71.483 2.9 2.9 0.24
GT118 77.285 5.8 5.8 0.273
G UI 9 79.025 8.7 8.7 0.278
GT120 86.13 11.6 11.6 0.324
GT121 92.075 14.5 14.5 0.365
399 39.875 - - 0.078
583 55.535 4.35 4.35 0.14
386 71.05 14.21 14.21 0.21
389 115.13 28.42 28.42 0.55
387 129.34 42.65 42.65 0.683
388 171.97 56.84 56.84 1.2

39.44 - - 0.0762
689 58.87 5.075 5.075 0.157
587 66.99 10.0 10.0 0.19
652 76.995 15.08 15.08 0.25
628 86.565 20.01 20.01 0.312
10 58.87 58.87 0.58 0.253
9 73.66 73.66 6.09 0.379
124 103 103 18.27 0.704
125 110.5 110.5 19.14 0.812
GT541 14.5 14.5 -1 .6 0.022
GT542 14.5 14.5 -2.17 0.022
GT539 29 29 -1 .74 0.085
GT540 29 29 -1 .6
GT543 43.5 43.5 -0.725
GT544 43.5 43.5 -2.03 0.19
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TABLE 12 (C o n t . )

*1 a2 *3 Uo
Number ksi ksi ksi

G-27,102
112 3.335 G -3.335 0.00136

G12 26.97 7.25 -12.47 0.051
G3 39.44 14.5 -10.44 0.091
G2 63.8 29 -5 .8 0.21
G95 101 43.5 -14.06 0.54
G94 121.8 58 -5 .8 0.746
G125 128.76 65.25 1.74 0.807
G32 143.5 43.5 1.45 0.94
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