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I n  o r d e r  t o  a s s e s s  i n  s i t u  j o i n t  p e r m e a b i l i t y  n e a r  w a s t e  
r e p o s i t o r i e s ,  i t  h a s  been p r o p o s e d  t h a t  i n s t r u m e n t a t i o n  h o l e s  
w i t h  axes  p a r a l l e l  t o  t h e  j o i n t  p l a n e  be  d r i l l e d .  However,  t h e  
d r i l l  h o l e s  a l t e r  t h e  n o r m a l  s t r e s s  a c r o s s  t h e  j o i n t .  The 
r e s u l t a n t  s t r e s s  c o n c e n t r a t i o n  d e c r e a s e s  t h e  j o i n t  a p e r t u r e  and 
can s i g n i f i c a n t l y  a f f e c t  t h e  j o i n t  p e r m e a b i l i t y .  D i f f e r e n t  
i n t e r s e c t i o n s  o f  t h e  h o l e  a x i s  r e l a t i v e  t o  t h e  j o i n t  p l a n e  w e r e  
e x a m i n e d  u t i l i z i n g  a p l a n e - s t r a i n ,  e l a s t i c  a n a l y s i s .  I t  was 
f o u n d  t h a t  a t a n g e n t i a l  j o i n t  i n t e r s e c t i o n  m i n i m i z e d  t h e  n o r m a l  
s t r e s s  change .  S t r e s s  a l o n g  t h e  j o i n t  i n c r e a s e d  b y  o n l y  10-15 
p e r c e n t  and t h e  p e r m e a b i l i t y - a p e r t u r e  p r o d u c t  d e c r e a s e d  t o  
65 -70  p e r c e n t  o f  i t s  o r i g i n a l  v a l u e .  
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INTRODUCTION 

N u c l e a r  w a s t e  d i s p o s a l  r e q u i r e s  t h e  e s t a b l i s h m e n t  o f  
numerous b a r r i e r s  be tween  t h e  w a s t e  and man’s  e n v i r o n m e n t  s u c h  
t h a t  a l a r g e  s a f e t y  m a r g i n  e x i s t s  w i t h  v e r y  l o w  p r o b a b i l i t y  o f  
c o m p l e t e  b a r r i e r  f a i l u r e .  Deep b u r i a l  p r o v i d e s  a n a t u r a l  

g e o l o g i c  b a r r i e r .  However ,  t h e  p r e d i c t i o n  o f  t h e  n u c l i d e  
r e t a r d a t i o n  p r o v i d e d  b y  t h e  g e o l o g i c  b a r r i e r  r e q u i r e s  k n o w l e d g e  

o f  t h e  h y d r o l o g i c a l  and c h e m i c a l  p r o p e r t i e s  o f  t h e  f o r m a t i o n .  
V o l c a n i c  t u f f  a t  t h e  Nevada T e s t  S i t e  (NTS) i s  b e i n g  

e v a l u a t e d  as a p o t e n t i a l  w a s t e  d i s p o s a l  medium. A f i e l d  
n u c l i d e  m i g r a t i o n  e x p e r i m e n t  h a s  been p r o p o s e d  i n  o r d e r  t o  
e v a l u a t e  h y d r o l o g i c  p r o p e r t i e s ,  e x a m i n e  c h e m i c a l  r e a c t i o n s  w i t h  
t u f f ,  and v e r i f y  c u r r e n t  n u m e r i c a l  t r a n s p o r t  m o d e l s  ( E r d a l ,  
e t  a l ,  1 9 8 1 ) .  Because o f  t h e  p o t e n t i a l  f o r  g r o u n d w a t e r  t o  
t r a n s p o r t  r a d i o n u c l i d e s  i n  t h e  j o i n t e d  t u f f ,  t h e  f o c u s  of  t h e  

p r o j e c t  h a s  been on u n d e r s t a n d i n g  f l o w  i n  a s i n g l e  f r a c t u r e .  
The h y d r o l o g y  o f  f r a c t u r e d  r o c k  i s  i n  t h e  e a r l y  s t a g e s  o f  

d e v e l o p m e n t ;  hence ,  t h e r e  a r e  f e w  l a r g e - s c a l e  l a b o r a t o r y  o r  
f i e l d  e x p e r i m e n t s  t o  e m u l a t e .  The n u c l i d e  e x p e r i m e n t  as 
p r e s e n t l y  c o n c e i v e d ,  i n v o l v e s  d r i l l i n g  i n s t r u m e n t a t i o n  h o l e s  
w i t h  axes p a r a l l e l  t o  t h e  j o i n t  p l a n e .  However,  t h e  d r i l l  
h o l e s  a l t e r  t h e  n o r m a l  s t r e s s  a t  t h e  j o i n t  w h i c h  changes  t h e  
j o i n t  a p e r t u r e  and s i g n i f i c a n t l y  a f f e c t s  t h e  j o i n t  
p e r m e a b i l i t y  Hence, c o m p a r i s o n s  o f  f i e l d  r e s u l t s  w i t h  
n u m e r i c a l  mode ls  a r e  made more d i f f i c u l t .  

p e r m e a b i l i t y .  T h i s  r e p o r t  a t t e m p t s  t o  e v a l u a t e  e f f e c t s  o f  t h e  
p r e s e n t  e x p e r i m e n t  c o n f i g u r a t i o n  on t h e  f r a c t u r e *  p e r m e a b i l i t y .  

A d o m i n a t i n g  f e a t u r e  o f  t h e  f l o w  b e h a v i o r  i s  t h e  f r a c t u r e  

*Rock d i s c o n t i n u i t i e s  o r  f a i l u r e  s u r f a c e s  a r e  o f t e n  r e f e r r e d  
t o  as:  1) f a u l t s  when l a t e r a l  movement h a s  o c c u r r e d  a l o n g  
t h e  f a i l u r e  p l a n e ,  2 )  j o i n t s  when s u b p a r a l l e l  s e t s  o f  f a i l u r e  
s u r f a c e s  e x i s t ,  and 3 )  f i s s u r e s  f o r  d i s c o n t i n u i t e s  w h i c h  a r e  
s m a l l  i n  e x t e n t  and a p e r t u r e .  The t e r m  f r a c t u r e  i s  u s u a l l y  a 
more g e n e r a l  d e s c r i p t i o n  o f  a f a i l u r e  s u r f a c e .  However ,  f o r  
t h i s  r e p o r t  f r a c t u r e  and j o i n t  a r e  u s e d  i n t e r c h a n g e a b l y  t o  
d e s c r i b e  a s i n g l e  f a i l u r e  s u r f a c e .  
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A N A L Y S I S  i 
S t r e s s e s  

I n  r o c k  s t r e s s e d  b e l o w  o n e - h a l f  i t s  u l t i m a t e  c o m p r e s s i v e  
s t r e n g t h  and i n  w h i c h  j o i n t s  a r e  t i g h t  and w i d e l y  spaced,  i t  i s  
u s u a l l y  , a c c e p t a b l e  t o  c o n s i d e r  t h e  r o c k  as a c o n t i n u o u s ,  

l i n e a r l y  e l a s t i c  m a t e r i a l  (Goodman, 1980). ’ By a l s o  assuming  
.-. t h e  r o c k  i s  homogeneous, i s o t r b p i c ,  and i s o t h e r m a l ,  t .he s t r e s s  

d i s t r i b u t i o n  a r o u n d  a c y l i n d r i c a l  h o l e  i s  d e s c r i b e d  b y  t h e  
K i r s c h  s o l u t i o n  ( P o u l o s  and D a v i s ,  1974). (Terms a r e  d e f i n e d  

i n  F i g u r e  1.) 

The above  f o r m u l a t i o n  does n o t  i n c l u d e  g r a v i t y  f o r c e s  ( a n d  
t h u s  t h e r e  i s  n o  s i z e  e f f e c t )  s i n c e  g r a v i t y  f o r c e s  on t h e  s m a l l  
d r i l l  h o l e s  p r o p o s e d  w o u l d  b e  n e g l i g i b l e .  

f o l l o w i n g  f a m i l i a r  e q u a t i o n s :  
D e t e r m i n i n g  t h e  s t r e s s e s  i n  t h e  x and y d i r e c t i o n s  b y  t h e  

a U e + r + (‘8 cos 2 e  + Tre s in 2e  ‘=-r X - 
a e +  U r (‘e - ‘ r )  

uy = -2 - c o s  243 - T~~ s i n  28 

* 
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DEFINITION OF TERMS 

W 
P,= nPy 

F i g u r e  1. D e f i n i t i o n  o f  Terms: a )  C y l i n d r i c a l  D r i l l  H o l e  i n  S o l i d  
Mass Under  P l a n e  S t r a i n ,  I s o t h e r m a l ,  and E l a s t i c  
C o n d i t i o n s ;  b )  D r i l l  H o l e  - F r a c t u r e  C o n f i g u r a t i o n  
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and e x p r e s s i n g  t h e  r e s u l t s  i n  n o r m a l i z e d ,  C a r t e s i a n  

c o o r d i n a t e s ,  one o b t a i n s :  

where  

X 
A = -  a 

Y 
a ) J = -  

a = p 2 + k  - ( y 2 + x )  2 
-7 

2 2 
8 = p  - A  

l + n  s = 7  

1-n  t = 7  

E q u a t i o n s  ( 1 )  and  ( 2 )  d e s c r i b e  t h e  s t r e s s  f i e l d  a r o u n d  a 

d r i l l  h o l e  i n  a c o n t i n u u m .  
i n d u c e  s t r e s s  changes ,  s t r e s s e s  a l o n g  a h y p o t h e t i c a l  j o i n t  c a n  
be c a l c u l a t e d .  F i g u r e  2 p l o t s  e q u a t i Q n  ( 1 )  f o r  t h r e e  
h o r i z o n t a l - v e r t i c a l  s t r e s s  r a t i o s :  
and  n = 2.0. 
o f  t h e  f r a c t u r e  w i t h  t h e  d r i l l  h o l e .  

( h o r i z o n t a l  s t r e s s  l e s s  t h a n  o r  e q u a l  t o  t h e  v e r t i c a l  s t r e s s )  
a r e  s i m i l a r  i n  shape .  I n  b o t h  c a s e s  t h e  n o r m a l  s t r e s s  i n c r e a s e s  
d r a m a t i c a l l y  as t h e  j o i n t  p l a n e  a p p r o a c h e s  t h e  d r i l l  h o l e  a x i s  
(p = Y/a = 0 .0 ) .  

v e r t i c a l  s t r e s s  ( n  = 2 . 0 ) ,  t h e  s t r e s s  change  due t o  t h e  d r i l l  

h o l e  does n o t  show a u n i f o r m  p r o g r e s s i o n .  T h i s  phenomenon 
causes  odd  b e h a v i o r  i n  t h e  p e r m e a b i l i t y  changes  as seen i n  
F i g u r e  4 w h i c h  i s  d i s c u s s e d  l a t e r .  ( T h i s  s t r e s s  c o n d i t i o n  

I f  i t  i s  assumed a j o i n t  does n o t  

P x  = nP n = 0.5, n = 1.0,  
The c u r v e s  t e r m i n a t e  a t  t h e  p o i n t  o f  i n t e r s e c t i o n  

Y ’  

B o t h  F i g u r e s  2a a n d  2b 

When t h e  h o r i z o n t a l  s t r e s s  i s  t w i c e  as l a r g e  as t h e  

B 
t 
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STRESS CONCENTRATION NEAR DRILL HOLE 
3.0 I I I 1 1 i 

p = 0.0 I \  
2.0 t \ 

Px = nPy 
n = 0.5 

baP3*o I I I I 

’ pX = nPy 
n = 1.0 

E 
E 

I 

3.0 4.0 5.0 4.0 5.0 

3.a 

2.a 

1 .o 

I I I 1 1 
Px = nPy 
n = 2.0 

. 

i 

I I I I 

2.0 3.0 4.0 5.0 1 .o 
DISTANCE ALONG FRACTURE-HOLE RADUS RATIO(*) 

F i g u r e  2. Normal  S t r e s s  C o n c e n t r a t i o n  A l o n g  a J o i n t  f o r  T h r e e  
H o r i z o n t a l - V e r t i c a l  S t r e s s  Ratios., P X  = nPy 
a )  n = 0.5 b )  n = 1.0 c )  n = 2.0. 
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e x i s t s  a t  s e v e r a l  p l a c e s  where  t h e  n u c l i d e  m i g r a t i o n  e x p e r i m e n t  

may b e  c o n d u c t e d . )  I t  i s  e v i d e n t ,  h o w e v e r ,  t h a t  t h e  n o r m a l  
s t r e s s  e x c u r s i o n  d e c r e a s e s  f o r  a l l  as n i n c r e a s e s  i n  r e g i o n s  

beyond  t h e  c i r c l e  r a d i u s  ( x / a  > 1). 
The o p t i m a l  d r i l l  h o l e  p o s i t i o n  i s  t h a t  w h i c h  m i n i m i z e s  

s t r e s s  changes .  A t a n g e n t i a l  i n t e r s e c t i o n  o f  t h e  d r i l l  h o l e  
c l e a r l y  m i n i m i z e s  t h e  j o i n t  n o r m a l  s t r e s s  changes  f o r  n 1. 
A s  n i n c r e a s e d  b e y o n d  1.0, t h e  o p t i m a l  p o s i t i o n  s h i f t s  t o  
CI = 0.866. A t a n g e n t i a l  i n t e r s e c t i o n  o n l y  s l i g h t l y  r e l i e v e s  

j o i n t  s t r e s s e s .  However,  i t  i s  s t i l l  n e a r l y  o p t i m a l .  

m i g h t  o c c u r  i n  t h e  s m a l l  t r i a n g u l a r  r e g i 6 n  b e t w e e n  0 < x / a  < 1 .  

I t  i s  l i k e l y  t h e  j o i n t  w o u l d  open s l i g h t l y .  I t  i s  a l s o  
p o s s i b l e  f o r  t h e  t r i a n g u l a r  r e g i o n  t o  b r e a k  o u t  d u r i n g  d r i l l i n g .  
However,  i t  was assumed t h e  j o i n t  d i d  n o t  i n t r o d u c e  any  change  
i n  t h e  s t r e s s  f i e l d .  The v a l i d i t y  o f  t h i s  c o n t i n u u m  a p p r o a c h  
was v e r i f i e d  b y  e v a l u a t i n g  s h e a r  s t r e s s e s  a l o n g  t h e  j o i n t  and 

c o m p a r i n g  w i t h  s h e a r  s t r e n g t h  f o r  p o s s i b l e  s l i p p a g e .  F i g u r e  3 
p l o t s  t h e  r a t i o  o f  t h e  s h e a r  s t r e s s  and t h e  n e a r  f i e l d ,  n o r m a l  

s t r e s s  ( T  / U  ) v e r s u s  x / a .  The r e l a t i o n s h i p  was o b t a i n e d  
f r o m  e q u a t i o n s  (1) and ( 2 ) .  

Goodman ( 1 9 7 6 )  s t a t e s  t h a t  g e n e r  a1 l y  t h e  c o e f  f i c i  en t o f  
f r i c t i o n  ( f  = Tela 
s t r e s s )  v a r i e s  i n  t h e  r a n g e  o f  0.4 t o  0.8 and c a n  d i p  as l o w  as 
0.2 f o r  s h e e t  m i n e r a l s  such  as m i c a .  B y e r l e e  ( 1 9 7 8 )  f o u n d  t h a t  
a t  i n t e r m e d i a t e  n o r m a l  s t r e s s  ( 1 - 1 5 0  k s i  o r  5-100 MPa) t h e  
f r i c t i o n  g e n e r a t e d  was i n d e p e n d e n t  o f  r o c k  t y p e  and i n i t i a l  

s u r f a c e  r o u g h n e s s  and e q u a l  t o  a b o u t  0.85. The l a t t e r  f r i c t i o n  
c o e f f i c i e n t  v a l u e  was p l o t t e d  on F i g u r e  3.  

I t  i s  seen  t h a t  o n l y  a s m a l l  segmen t  o f  t h e  j o i n t  i s  
s u b j e c t e d  t o  s h e a r  s t r e s s e s  g r e a t  enough t o  c a u s e  s l i p p a g e .  
No s l i p p a g e  i s  p r e d i c t e d  f o r  x / a  v a l u e s  g r e a t e r  t h a n  1.06. 
When t h e  h o r i z o n t a l  s t r e s s  i s  e q u a l  t o  o r  l e s s  t h a n  t h e  

v e r t i c a l  s t r e s s  n o  s l i p p a g e  i s  p r e d i c t e d  b e y o n d  x / a  = 0.82.  
Thus i t  a p p e a r s  r e a s o n a b l e  t o  model  t h e  r o c k  mass as a 

c o n t i n u u m  w i t h o u t  a j o i n t  f o r  p o i n t s  b e y o n d  t h e  h o l e  r a d i u s .  

F o r  a t a n g e n t i a l  i n t e r s e c t i o n ,  u n u s u a l  s t r e s s  b e h a v i o r  

XY Y 

where  T = s h e a r  s t r e s s  and un = n o r m a l  n 

? 



4 

4 

h 

Permeab i l  i t y  
F r a c t u r e  p e r m e a b i l i t y  ( k )  i s  a f u n c t i o n  of  c o n f i n i n g  

p r e s s u r e  ( P c ) ,  i n t e r n a l  f l u i d  p r e s s u r e  ( P f ) ,  t empera tu re ,  
a p e r t u r e  ( e )  a n d  s u r f a c e  roughness  ( K r a n z ,  e t  a l ,  1979). 
A n a l y t i c a l l y ,  t h e  f r a c t u r e  p e r m e a b i l i t y  i s  f r e q u e n t l y  r e l a t e d  
t o  t he  square  of t he  a p e r t u r e  ( e )  from a p a r a l l e l  p l a t e  model 
(Bear ,  1972). ( T h e  a p e r t u r e ,  in t u r n ,  i s  dependent on t h e  
loading  due t o  p r e s e n t  and p a s t  mechanical ,  t he rma l ,  a n d  f l u i d  
s t r e s s e s .  ) 

c . e l  

. e L  
k = T T -  

or 

3 
Q I A h  a ke = l-7 ( c u b i c  law) ( 3 )  

e 

where 
k = f r a c t u r e  i n t r i n s i c  p e r m e a b i l i t y  = (u /y )K 
K = h y d r a u l i c  c o n d u c t i v i t y  ( L / T )  
TI = v i s c o s i t y  (M/LT) 

e = crack a p e r t u r e  ( L )  
Q = d i s c h a r g e  ( L  / T )  
h = h y d r a u l i c  head change ( L )  

( L 2 )  

y = s p e c i f i c  weight  ( M / L  2 2  T ) 

3 

Witherspoon, e t  al., (1980) found t h e  cub ic  law t o  un ique ly  
d e f i n e  p e r m e a b i l i t y  whether t he  f r a c t u r e s  were he ld  open o r  
c losed  under s t r e s s .  More impor t an t ly  t h e  r e s u l t s  were 
independent  of rock t y p e ,  loading  p a t h ,  a n d  l o a d  h i s t o r y .  

I t  i s  r e a d i l y  apparent  t h a t  whi le  p e r m e a b i l i t y  might be 
uniquely  determined by a p e r t u r e ,  f r a c t u r e  dimensions cannot  be 
determined in t h e  f i e l d .  Thus, t h e  r e l a t i o n s h i p  of a p e r t u r e  o r  
p e r m e a b i l i t y  ve r sus  a p p l i e d  s t r e s s  must be k n o w n .  Unfo r tuna te ly ,  
p e r m e a b i l i t y  a n d  a p e r t u r e  do  n o t  appear t o  be unique f u n c t i o n s  
of s t r e s s .  Several  exper imenters  ( K r a n z ,  e t  a l ,  1979; Iwai ,  
1976; Nelson a n d  Handin, 1977') have found permanent a 1  t e r a t i o n s  

11  
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n = 0.5 P= 0.866 

- -- TYPICAL ROCK FRICTION COEFFICENT 
0.86 

P = 0.500 

SHEAR STRESS CHANGE NEAR DRILL HOLE 
I I I I 1 

1.0 - 
-- - 

0.5 - 

C .  

I I I 

1 .o 2 .o 3.0 4.0 5.0 

Pa= nPy 

P = 0.866 

E 
3 
I!! 1.0 - - 

TYPICAL ROCK FRICTION COEmCEWT 
0.86 

2 .o 9.0 4.0 s.0 1 .o 

P,, = nq( 
n = 2.0 P = 0.866 

1 .o 

I :AL ROCK FRICTION COEFFICYNT 

I 

b 

F i g u r e  3 .  Shear  S t r e s s  Changes A l o n g  a J o i n t  f o r  T h r e e  
H o r i z o n t a l - V e r t i c a l  S t r e s s  R a t i o s ,  'Px = nP,, 
a )  n = 0.5 b )  n = 1.0 c )  n = 2.0. 



h 

( h y s t e r e s i s )  
a f t e r  4 t o  
p e r m e a b i l  
T h i s  o b s e r v a t i o n  
c o n s o l  i d a t i  

Gangi  

o f  p e r m e a b i l i t y  u n d e r  c y c l i c  l o a d i n g .  However,  

i t y - s t r e s s  c u r v e s  w e r e  o f t e n  p r o d u c e d  ( I w a i ,  1 9 7 6 ) .  
6 c y c l i c  l o a d i n g s  a t  s i m i l a r  s t r e s s  l e v e l s ,  r e p e a t a b l e  

i s  s i m i l a r  t o  t h e  s i t u a t i o n  e n c o u n t e r e d  i n  s o i l  
3n t e s t s .  

( 1 9 7 8 )  h a s  p u b l i s h e d  a p o w e r - l a w  p e r m e a b i l i t y - s t r e s s  

r e l a t i o n s h i  u s i n g  a b e d - o f - n a i l s  model  as f o l l o w s :  b 

where 

k e '  = 

E = 

Pf  = 
m = 

3 z w o  p r e s s u r e  p e r m e a b i l  i t y - a p e r t u r e  p r o d u c t  ( L  ) 

e . ' f e c t i v e  modu lus  o f  a s p e r i t i e s  (M/LT  ) 
f ' u . i d  p r e s s u r e  (M/LT ) 
c o n s t a n t  c h a r a c t e r i z i n g  d i s t r i b u t i o n  f u n c t i o n  o f  
a s p e r i t y  l e n g t h s ,  0 < m < 1 (m w o u l d  s u p p o s e d l y  

change  a f t e r  each l o a d i n g )  

2 
2 

s t u d y ,  s t r e s s  e f f e c t s  on t h e  j o i n t  a p e r t u r e  w e r e  

u s i n g  t h e  p r e l i m i n a r y  r e s u l t s  o b t a i n e d  b y  Walsh 

b = 

E q u a t i o n  
e m p i r i c a l l y  

P c  d e n o t e s  

Gang i  ( 1 9 7 8 )  
d a t a  c o l l e c t e d  

( 1 9 8 1 )  : 

where  

.m.s. o f  f r a c t u r e  s u r f a c e  p r o t u b e r a n c e s  ( L )  

( 4 )  i s  s i m i l a r  i n  f o r m  t o  J o n e s '  ( 1 9 7 5 )  
d e r i v e d  f o r m u l a : ,  ( k e )  'I3 = A - BRnP, w h e r e  

t h e  c o n f i n i n g  p r e s s u r e .  B o t h  Walsh ( 1 9 8 1 )  and  
h a v e  a p p l i e d  t h e i r  e q u a t i o n s  t o  c a r b o n a t e  r o c k  

b y  Jones  ( 1 9 7 5 )  a n d  f o u n d  f a i r l y  good a g r e e m e n t .  

(4) 

2 r m e a b i l  i t y - a p e r t u r e  p r o d u c t  a t  ' r e f e r e n c e  s t a t e  

a t i o  b e t w e e n  unknown and r e f e r e n c e  e f f e c t i v e  p r e s s u r e s  

( L 3 )  
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By a s s u m i n g  t h e  v a l i d i t y  o f  e q u a t i o n  ( 3 ) ,  i t  i s  p o s s i b l e  t o  
d e r i v e  an e x p r e s s i o n  f o r  t h e  a p e r t u r e  ( e )  u s i n g  e q u a t i o n  ( 4 ) :  

The p a r a m e t e r  b w o u l d  p r e s u m a b l y  a c c o u n t  f o r  h y s t e r e s i s  
e f f e c t s  as s t r e s s  was a p p l i e d  $nd t a l l e r  a s p e r i t e s  c r u s h e d .  

From d a t a  f o u n d  i n  K r a n z ,  e t  a1 ( 1 9 7 9 )  and B a r r e  and S t e s k y  
( 1 9 8 0 ) ,  Walsh b a c k - c a l c u l a t e d  t h e  t e r m  f i b / e o  ( f r o m  k 

v e r s u s  Rn P d a t a )  and f o u n d  i t  was a p p G o x i m a t e l y  1.4 f o r  B a r r e  
g r a n i t e  and a b o u t  0.57 f o r  p y r o x e n e  g r a n u l i t e .  D a t a  f o r  J o n e s '  
c o e f f i c i e n t  B ( e q u i v a l e n t  t o  f i b / e o  i n  Walsh f o r m u l a t i o n )  

i s  n o t  a v a i l a b l e  f o r  v o l c a n i c  t u f f .  F o r  t h e  c a l c u l a t i o n s  i n  
t h i s  r e p o r t ,  B was assumed t o  b e  u n i t y .  

b e  v a l u a b l e  e x p e r i m e n t a l  d a t a  t o  o b t a i n  f o r  f u t u r e  w o r k .  B o t h  
l a b o r a t o r y  and f i e l d  d a t a  w o u l d  b e  u s e f u l .  No s t u d i e s  h a v e  
been  c o m p l e t e d  on t h e  c o r r e s p o n d e n c e  o f  l a b  and f i e l d  f r a c t u r e  

p e r m e a b i l i t y  c o e f f i c i e n t s .  C o n s e q u e n t l y ,  t h e  n e c e s s a r y  l a b  
spec imen  s i z e  t o  o b t a i n  r e p r e s e n t a t i v e  f i e l d  v a l u e s  i s  n o t  

known ( W i t h e r s p o o n ,  1 9 8 1 ) .  
The e f f e c t s  o f  changes  i n  b o t h  c o n f i n i n g  p r e s s u r e  (P,) 

a n d  t h e  f l u i d  p r e s s u r e  i n  t h e  f r a c t u r e  ( P f )  a r e  u s u a l l y  

comb ined  t o  g i v e  an e f f e c t i v e  p r e s s u r e  ( P e ) .  
P e  i s  d e f i n e d  as P c - P  f 
( 1 9 8 1 )  p o i n t s  o u t  t h e  r e l a t i o n s h i p  P e  = P c  - SPf  may b e  a 

more a p p r o p r i a t e  e f f e c t i v e  s t r e s s  l a w  f o r  f r a c t u r e d  m e d i a .  
T h i s  r e l a t i o n s h i p  i s  s u p p o r t e d  b y  t e s t  r e s u l t s  o f  K r a n z ,  e t  a1 

( 1 9 7 8 ) .  The c o e f f i c i e n t .  S r e l a t e s  t o  t h e  p o r e  v o l u m e  and t h e  
c o m p r e s s i b i l i t y  o f  t h e  s u r r o u n d i n g  r o c k .  A p p r o p r i a t e  v a l u e s  o f  

S c o u l d  b e  o b t a i n e d  f r o m  l a b o r a t o r y  e x p e r i m e n t s  r e l a t i n g  k 

v e r s u s  Rn P c  f o r  t h e  m a t e r i a l  o f  i n t e r e s t .  Because i t  was 
n o t  p o s s i b l e  t o  e v a l u a t e  an e f f e c t i v e  p r e s s u r e  (P,) i n  t h e  

P e r m e a b i l i t y  v e r s u s  s t r e s s  r e l a t i o n s h i p s  f o r  N T S  t u f f  w o u l d  

T r a d i t i o n a l l y  
i n  s o i l  m e c h a n i c s ,  b u t  Walsh 



a n a l y s i s ,  i t  was assumed P c  could be used in p l ace  of P e  a s  

a r o u g h  approximation.  The s u b s t i t u t i o n  impl i e s  an a tmospher ic  
f l u i d  pore p r e s s u r e .  

S. < 1 ,  i t  i s  obvious t h a t  when P c  i s  much l a r g e r  t h a n  P f  
t h e r e  should be l i t t l e  d i f f e r e n c e  between P e  a n d  P c .  
f a c t  t h a t  Jones (1975)  was s u c c e s s f u l  .in ‘using c o n f i n i n g  

accep t  a b  1 e .  

- t h e  d r i l l  ho le  s t r e s s  pe r tu rbance  a r e  p l o t t e d  in F igu re  4 f o r  
v e r t i c a l - h o r i z o n t a l  s t r e s s  r a t i o s  ( n )  o f  0 .5 ,  1 .0 ,  2 .0 .  
Examining the  c a s e  where n = 1.0 ,  t he  t a n g e n t i a l  j o i n t  
i n t e r s e c t i o n  ( p  = 1.0)  o n l y  reduced t h e  p e r m e a b i l i t y - a p e r t u r e  
product  ( k e )  a max imum of 31.5 pe rcen t  ( x l a  = 1 . 7 5 ) .  The v a l u e  
o f  ke decreased  6 3 . 5  pe rcen t  a t  t h i s  d i s t a n c e  f o r  p = 0.0.  A t  
t he  p o i n t  of i n t e r s e c t i o n  with t h e  d r i l l  h o l e ,  ke t h e o r e t i c a l l y  
decreased  9 7 . 2  pe rcen t  f o r  ,, = 0.0  which sugges t s  p e r m e a b i l i t y  
changes could be s u b s t a n t i a l .  

I t  i s  e v i d e n t  a t a n g e n t i a l  j o i n t  i n t e r s e c t i o n  minimizes t h e  
p e r m e a b i l i t y  changes f o r  n - < 1. T h i s  r e s u l t  fo l lows  d i r e c t l y  
f rom t h e  cubic  law a n d  t h e  p lane  s t r a i n ,  e l a s t i c  a n a l y s i s .  B u t  
as i n d i c a t e d  e a r l i e r ,  unusual s t r e s s  behavior  or c rack ing  m i g h t  
occur in t h e  r eg ion  0 < x / a  < 1 f o r  a t a n g e n t i a l  i n t e r s e c t i o n .  
I t  i s  a l s o  p o s s i b l e  t h e  j o i n t  would open. However, t he  
i n c r e a s e  in j o i n t  width and consequent  p e r m e a b i l i t y  i n c r e a s e  
w o u l d  be p r e f e r r e d .  Entrance v e l o c i t i e s  w o u l d  be lower.  The 
experiment  would thus  s imula t e  seepage c o n d i t i o n s  more 
r e a l i s t i c a l l y .  A t a n g e n t i a l  i n t e r s e c t i o n  s l i g h t l y  i n c r e a s e s  
Pe rmeab i l i t y  f o r  n > 1 b u t  s i m i l a r  arguments apply.  The re fo re ,  
a t a n g e n t i a l  j o i n t  i n t e r s e c t i o n  i s  p r e f e r r e d  in a l l  c a s e s .  

From examination of t h e  e f f e c t i v e  s t r e s s  law a n d  assuming 

The 

L p r e s s u r e  ( P , )  i n  f i t t i n g  d a t a  . sugges ts  t h e  s u b s i t u t i o n  i s  

P o s t u l a t e d  permeabil i t y - a p e r t u r e  product  ( k e )  changes from 
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F i g u r e  4. P o s t u l a t e d  P e r m e a b i l i t y  Changes U s i n g  C u b i c  L o g a r i t h m i c  
Law, P x  = nPy a )  n = 0.5 b )  n = 1 .0  c )  n = 2.0. 
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CONCLUSIONS AND RECOMMENDATIONS 

r! 
Based on t he  s i m p l i f i e d  a n a l y s i s ,  a t a n g e n t i a l  i n t e r s e c t i o n  

of t h e  j o i n t  by t h e  d r i l l  h o l e  should be used t o  minimize 
d i s tu rbances  of j o i n t  p e r m e a b i l i t y  i n  the  f i e l d  nuc l ide  mig ra t ion  
exper iment .  T h i s  assumes t h e  in s t rumen ta t ion  ho le  can be 
a c c u r a t e l y  placed along t h e  j o i n t .  

from a r edes ign  t o  a pe rpend icu la r  i n t e r s e c t i o n  of  t h e  j o i n t  by 
both t h e  i n j e c t i o n  and c o l l e c t i o n  ho le s .  The r a d i a l  f low 
experiment  has two d i s t i n c t  advantages.  F i r s t ,  t h e  s i n g l e  
f r a c t u r e  of i n t e r e s t  does n o t  have t o  be a c c u r a t e l y  t r a c e d .  
Brace (1978)  and Wi t h e r s p o o n  (1981)  p o i n t  o u t  r e s e a r c h e r s  have 
g e n e r a l l y  found l a r g e  v a r i a t i o n s  i n  i nd iv idua l  j o i n t  behavior  a t  
d i s t a n c e s  g r e a t e r  than 1 m ( 3  f t ) .  Second, t h e  pe rpend icu la r  
i n t e r s e c t i o n  would e l i m i n a t e  normal s t r e s s  c o n c e n t r a t i o n s  along 
t h e  j o i n t .  Laboratory experiments  t o  d a t e  h a v e  avoided 
sheet-f low experiments  ( I w a i ,  1976) i n  f avor  o f  t h e  e a s i l y  
prepared and performed r a d i a l  f low exper iments .  

A r a d i a l  flow experiment  can s u f f e r  from i n h e r e n t  h y d r a u l i c  
d i f f i c u l t i e s  due t o  high i n l e t  v e l o c i t i e s  w i t h  t he  p o t e n t i a l  t o  
nega te  Darcy 's  law. F o r t u n a t e l y ,  v e l o c i t i e s  encountered a t  
i n l e t s  f o r  f r a c t u r e s  a r e  probably n e g l i g i b l e  ( Iwai  , 1976) .  

A1 though t h e  pe rpend icu la r  i n t e r s e c t i o n  would e l i m i n a t e  
normal s t r e s s  c o n c e n t r a t i o n s ,  smal l  shear  s t r e s s e s  could 
P o t e n t i a l l y  develop d u r i n g  d r i l l i n g .  A s  a d r i l l  h o l e  approached 
a j o i n t ,  t h e  rock mass above t h e  j o i n t  would be f r e e  t o  r e l a x  
wh.ile t h e  lower p o r t i o n  would n o t .  Th i s  s i t u a t i o n  would cause  
shear  s t r e s s e s  along t h e  j o i n t .  The shear  s t r e s s  could be 
diminished by d r i l l i n g  beyond t h e  j o i n t .  L i t t l e  da t a  e x i s t  on  
t h e  e x t e n t  shear  s t r e s s  a f f e c t s  pe rmeab i l i t y .  Conceivably 
d i l a t a n c y  w i t h  a subsequent  i n c r e a s e  i n  p e r m e a b j l i t y  occur s  i f  

h 

The experiment  w i l l  be d i f f i c u l t  t o  perform and might b e n e f i t  

b 

b 
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P 
t h e  n o r m a l ,  i n - s i t u  s t r e s s  i s  n o t  l a r g e .  P r a t t ,  e t  a1 ( 1 9 7 7 )  
f o u n d  t h a t  a 3 MPa (0.44 k s i )  s t r e s s  a p p l i e d  n o r m a l  t o  a f r a c t u r e d  
3 m ( 6  f t )  b l o c k  o f  g r a n i t e  h a l v e d  t h e  o r i g i n a l  p e r m e a b i l i t y .  I t  

was n e c e s s a r y  t o  a p p l y  1 2  MPa ( 1 . 7  k s i )  p a r a l l e l  t o  t h e  j o i n t  t o  
d o u b l e  t h e  p e r m e a b i l i t y .  Thus, i t  can b e  t e n t a t i v e l y  assumed 

shear  s ' t r e s s  h a s  l e s s  i n f l u e n c e  t h a n  n o r m a l  s t r e s s  on 
permeab i 1 i t y  . . .  

h 

'L 

a 
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