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EDITOR'S NOTE 

The two p a p e r s  c o n t a i n e d  h e r e i n  d i s c u s s  some of  t h e  fundamental  con- 

s i d e r a t i o n s  on t h e  thermomechanical  a s p e c t s  o f  r e p o s i t o r y  d e s i g n .  Although 

fundamental  i n  scope ,  b o t h  p a p e r s  a l s o  c o n t a i n  s p e c i f i c s  which have s i g n i -  

f i c a n t l y  i n f l u e n c e d  t h e  d e s i g n  o f  t h e  h e a t e r  exper iments  a t  S t r i p a .  

The f i r s t  p a p e r ,  "An A p p r a i s a l  o f  Hard Rock f o r  P o t e n t i a l  Underground 

R e p o s i t o r i e s  o f  R a d i o a c t i v e  Waste ,"  by N e v i l l e  G .  W .  Cook, was f i r s t  

p r i n t e d  i n  October  1977,  a s  LBL Report  #7004. The second ,  " In  S i t u  Heat- 

i n g  Exper iments  i n  Hard Rock: T h e i r  O b j e c t i v e s  and Des ign , "  by N e v i l l e  

G .  W. Cook and P a u l  A. Witherspoon,  was p r e s e n t e d  a t  t h e  Seminar on I n  S i t u  

Hea t ing  Exper iments  i n  G e o l o g i c a l   orm mat ions h e l d  a t  Ludvika,  Sweden, i n  

September 1978. T h i s  mee t ing  w a s  sponsored by t h e  Nuc lea r  Energy Agency 

of  t h e  O r g a n i z a t i o n  f o r  Economic c o o p e r a t i o n  and Development (OECD), i n  

c o o p e r a t i o n  w i t h  t h e  Swedish Nuclear  F u e l  Supply Company (SKBF). The 

l a t t e r  p a p e r  is  i n c o r p o r a t e d  i n  t h e  p roceed ings  o f  t h a t  meet ing.  



Part I* 

AN APPRAISAL OF HARD ROCK FOR POTENTIAL 

UNDERGROUND REPOSITORIES OF RADIOACTIVE WASTES 

N e v i l l e  G .  W .  Cook 

D i v i s i o n  o f  E a r t h  S c i e n c e s  
L a w r e n c e  B e r k e l e y  L a b o r a t o r y  

a n d  
D e p a r t m e n t  o f  M a t e r i a l s  S c i e n c e  

a n d  M i n e r a l  E n g i n e e r i n g  
U n i v e r s i t y  o f  C a l i f o r n i a ,  B e r k e l e y  

SYNOPSIS 

U n d e r g r o u n d  b u r i a l  o f  r a d i o a c t i v e  w a s t e s  i n  h a r d  r o c k  may b e  an  e f f e c t i v e  a n d  s a f e  
means  o f  i s o l a t i n g  them f r o m  t h e  e n v i r o n m e n t  and  f r o m  man.  T h e  m e c h a n i c a l  s a f e t y  a n d  
s t a b i l i t y  o f  s u c h  a n  u n d e r g r o u n d  r e p o s i t o r y  d e p e n d s  l a r g e l y  on  t h e  v i r g i n  s t a t e  o f  stress 
i n  t h e  r o c k ,  g r o u n d w a t e r  p r e s s u r e s ,  t h e  s t r e n g t h s  o f  t h e  r o c k s ,  h e a t i n g  by t h e  d e c a y  of 
t h e  r a d i o a c t i v e  w a s t e s ,  a n d  t h e  l a y o u t  o f  t h e  e x c a v a t i o n s  a n d  t h e  d i s p o s i t i o n  o f  w a s t e  
c a n n i s t e r s  w i t h i n  t h e m .  A l a r g e  body o f  p e r t i n e n t  d a t a  e x i s t s  i n  t h e  l i t e r a t u r e ,  and  
e a c h  o f  t h e s e  f a c t o r s  h a s  b e e n  a n a l y s e d  i n  t h e  l i g h t  o f  t h i s  i n f o r m a t i o n .  The  r e s u l t s  
i n d i c a t e  t h a t  t h e r e  are n o  f u n d a m e n t a l  g e o l o g i c a l  n o r  m e c h a n i c a l  r e a s o n s  why r e p o s i t o r i e s  
c a p a b l e  o f  s t o r i n g  r a d i o a c t i v e  w a s t e s  s h o u l d  n o t  b e  e x c a v a t e d  a t  s u i t a b l e  s i tes  i n  h a r d  
r o c k .  However ,  s p e c i f i c  t e s t s  t o  d e t e r m i n e  t h e  m e c h a n i c a l  a n d  t h e r m a l  p r o p e r t i e s  o f  
t h e  r o c k s  a t  a  s i t e  w o u l d  b e  n e e d e d  t o  p r o v i d e  t h e  d a t a  f o r  t h e  e n g i n e e r i n g  d e s i g n  o f  a  
r e p o s i t o r y .  A l s o ,  l i t t l e  e x p e r i e n c e  e x i s t s  o f  t h e  e f f e c t s  o n  u n d e r g r o u n d  e x c a v a t i o n s  o f  
t h e r m a l  l o a d s ,  s o  t h a t  t h i s  a s p e c t  r e q u i r e s  t h e o r e t i c a l  s t u d y  a n d  e x p e r i m e n t a l  v a l i d a t i o n  
The  d e p t h s  o f  t h e s e  p o t e n t i a l  r e p o s i t o r i e s  wou ld  Lie i n  t h e  r a n g e  f rom 0 . 5  km t o  2 . 0  km 
b e l o w  s u r f a c e ,  d e p e n d i n g  upon  t h e  s t r e n g t h  o f  t h e  r o c k .  V i r g i n  s t a t e s  o f  stress h a v e  
b e e n  m e a s u r e d  a t  s u c h  d e p t h s  w h i c h  wou ld  r e t a r d  t h e  i n g r e s s  o f  g r o u n d w a t e r  a n d  o b v i a t e  
t h e  i n c i d e n c e  o f  f a u l t i n g .  A t y p i c a l  r e p o s i t o r y  c o m p r i s i n g  t h r e e  h o r i z o n s  e a c h  w i t h  a  
t o t a l  a r e a  o f  5 k m 2  w o u l d  h a v e  t h e  c a p a c i t y  t o  s t o r e  w a s t e s  w i t h  thermal output of  240 MW. 

CONTENTS Though e v e r y  p r e c a u t i o n  is t a k e n  t o  
p r o t e c t  t h e  e n v i r o n m e n t  a n d  man f r o m  t h e  

S y n o p s i s  a d v e r s e  e f f e c t s  o f  t h i s  m a t e r i a l ,  s u r f a c e  
s t o r a g e  d o e s  n o t  a p p e a r  t o  b e  a n  e f f e c t i v e  

1 .  I n t r o d u c t i o n  n o r  p r a c t i c a b l e  l o n g - t e r m  s o l u t i o n .  Even 
2 .  The  V i r c i n  S t a t e  o f  S t r e s s  i n  Rock t h e  m o s t  c a r e f u l l y  managed s u r f a c e  s t o r a g e  - 
3 .  The  S t r e n g t h  o f  Rock Around  Exca-  

v a t  i o n s  

may n o t  b e  a d e q u a t e l y  s e c u r e  a g a i n s t  
e v e n t s  s u c h  a s  m a j o r  m e t e o r o l o g i c a l  o r  
g e o l o g i c a l  d i s a s t e r s ,  a c t s  o f  t e r r o r i s m ,  

4 .  T h e r m o ~ n e c h a n i c a l  E f f e c t s  Gar a n d  p o l i t i c a l  t u r m o i l .  

4 . 1  S h o r t - t e r m ,  L o c a l  Phenomena 

4 . 2  L o n g - t e r m ,  R e g i o n a l  Phenomena 

4 . 3  O t h e r  Modes o f  H e a t  F low 

5 .  D i s c u s s i o n  

6 .  C o n c l u s i o n  

R e f e r e n c e s  

1. INTRODUCTION 

A r c h e o l o g i c a l  and g e o l o g i c a l  e x p e r i -  
e n c e  p r o v i d e s  c o g e n t  e v i d e n c e  t h a t  s u b s u r -  
f a c e  b u r i a l  g i v e s  l o n g  t e r m  p r o t e c t i o n  to 
a  w i d e  v a r i e t y  o f  d i f f e r e n t  o b j e c t s  a g a i n s t  
d i s a s t e r s  s u c h  a s  t h o s e  m e n t i o n e d  a b o v e ,  
amongs t  o t h e r s .  

Some u n d e r g r o u n d  m i n e s  h a v e  b e e n  i n  
e x i s t e n c e  f o r  m o r e  t h a n  a  c e n t u r y  a n d  m a r l y  
m i n e s  u s e  e x c a v a t i o n s  f i f l y  o r  more  y e a r s  
o l d .  A w e a l t h  o f  e x p e r i e n c e  e x i s t s  c o n -  
c e r n i n g  t h e  d e s i g n  and  c o n s t r u c t i o n  o f  
u n d e r g r o u n d  e x c a v a t i o n s  lo] .  c: i .vi  1 a n d  

N u c l e a r  w a s t e s  h a v e  h a d  t o  b e  s t o r e d  m i n i n g  e n g i n e e r i n g  p u r p o s e s .  Tn Lhc 18 
now f o r  m o r e  t h a n  t h r e e  d e c a d e s .  L a r g e  c o ~ u n t r i e s  o f  t h e  OECD ( O r g a n i z a t i o n  for 
q u a n t i t i e s  o f  r a d i o a c t i v e  w a s t e  a r e  c u r -  Economic  C o o p e r a t i o n  a n d  Deve lopmen t  ) ,  
r e n t l y  s t o r e d  a t  a number  o f  s u r f a c e  s i t e s ,  t h i s  involves  t h e  a n n u a l  cons t ruc t ion  o f  
a n d  t h e  q u a n t i t y  is i n c r e a s i n g  e a c h  y e a r .  t h e  o r d e r  o f  5 0 , 0 0 0  km o f  t u n n e l s  a l o n e  

This work was  p r e p a r e d  u n d e r  the a u s p i c e s  of the U .  5 .  D e p a r t m e n t  of E n e r g y  

* T h i s  report may be ordered separately as LBL-7004. 



(OECD A d v i s o r y  R e p o r t  o n  T u n n e l i n g .  1 9 7 0 ) .  
T h i s  e x p e r i e n c e  c o v e r s  m o s t  k i n d s  o f  r o c k s  
i n  virtually e v e r y  t e r r a i n  a n d  c l i m a t e ,  
b e n e a t h  l a n d  a n d  w a t e r ,  a n d  down t o  d e p t h s  
a p p r o a c h i n g  4 kni b e l o w  s u r f a c e .  

A c c o r d i n g l y ,  i t  i s  l o g i c a l  t o  e x p l o r e  
t h e  f e a s i b i l i t y  o f  u s i n g  a p p r o p r i a t e  u n d e r  
g r o u n d  s t o r a g e  f o r  t h e  e f f e c t i v e  i s o l a t i o n  
o f  ' a d i o a c t i v e  w a s t e s .  T h i s  i n v o l v e s  t h e  
s t u d y  a n d  e v a l u a t i o n  o f  t h e  many d i f f e r e n t  
a s p e c t s  o f  t h i s  p o t e n t i a l  s o l u t i o n .  O n e  
o f  t h e s e  a s p e c t s  c o n c e r n s  t h e  s a f e t y  a n d  
s t a b i l i t y  o f  t h e  e x c a v a t i o n s  o f  s u c h  a  
r e p o s i t o r y .  

A s  a b e g i n n i n g ,  t h i s  n e c e s s i t a t e s  a n  
e x a r n i n a ' c i o n  o f  t h e  p o t e n t i a l  e f f e c t s  o n  
s u c h  e x c a v a t i o n s  o f  t h e  v i r g i n  s t a t e  o f  
s t ress  i.n t b e  r o c k ,  t h e  s t a b i l i t y  o f ,  a n d  
i n t e r a c t i o n  b e t w e e n ,  a d j a c e n t  e x c a v a t i o n s  
a n d  t h e  c o n s e q u e n c e s  of h e a t i n g  o f  t h e  
r o c k  b y  t h e  r a d i o a c t i v e  d e c a y  o f  t h e  w a s t e .  
i rk  : . h i s  r e p o r t ,  t h e s e  q u e s t i o n s  a r e  acl- 
d r e s s e d  i n  g e n e r a l  t e r m s .  

2 .  THE VJKGIN STATE OF STRESS I N  THE ROCK ---- 

I n  g e n e r a l  t h e  v e r t i c a l  c o m p o n e n t  o f  
t h e  v i r g i n  s t a t e  o f  stress i n  r o c k  h a s  a  
v a l u e  c l o s e  t o  t h a t  g i v e n  b y  t h e  w e i g h t  o f  
t h e  o v e r b u r d e n .  D e p a r t u r e s  f r o m  t h i s  may 
o c c u r  i n  a r e a s  o f  u n e v e n  t o p o g r a p h y  a t  
d e l ? % h s  b e l o w  s u r f a c e  s h a l l o w  c o m p a r e d  w i t h  
t h e  r e l i e f ,  o r  i n  a n d  c l o s e  t o  i n c l u s i o n s  
a n d  i n t r u s i o n s  o f  r o c k  w i t h  m e c h a n i c a l  
p r o p e r t i e s  d i f f e r e n t  f r o m  t h o s e  o f  t h e  
s u r r o u n d i n g  r o c k .  

A s i g n i f i c a n t  n u m b e r  o f  a t t e m p t s  h a s  
b e e n  m a d e  t,o m e a s u r e  t h e  c o m p l e t e  v i r g i n  
s t a t e  o f  s tress i n  r o c k  a t  d i f f e r e n t  lo -  
c a t i o n s  a n d  d e p t h s  t h r o u g h o u t  t h e  w o r l d .  
T h e s e  m e a s u r e m e n t s  h a v e  s h o w n  t h a t  t h e  
v a l u e s  o f  t h e  h o r i z o n t a l  c o m p o n e n t s  o f  
t h i s  s t a t e  o f  stress r a n g e  f r o m  a b o u t  a 
t h i r d  t o  t h r e e  t i m e s  t h a t  o f  t h e  v e r t i c a l  
c o m p o n e n t .  A c o m p i l a t i o n  o f  many  o f  t h e s e  
m e a s u r e m c w L s  ha:; b c e n  d o n e  b y  H o e k  a n d  
Brown ( l 9 7 7 ) ,  a n d  is s h o w n  i n  F i g u r e  1. 
From t h i s  i t  c a n  b e  s e e n  t h a t  r e l a t i v e l y  
h i g h  v a l u e s  of '  t h e  h o r i z o n t a l  c o m p o n e n t s  
of  s t r e s s  t.i-.n(d t o  b e  a  s h a l l o w  p h e n o m e n o n ,  
p n s s i b l  y  a s s o c i a t e d  w i t h  t h e  e f f e c t s  o f  
r a p i d  t l e n u d a t i o n  (Voj g h t  , 1 9 6 6 ) .  

The v a l  I.IC of '  t h e  v e r t i c a l  c o m p o n e n t  
o f  rock :it.ros:i i s ,  or1 x v c r n g c ,  s o m e  2 .  7  
1 i trtr:s g r v a t c r  t h a n  t h c  h y d r o s t a t . i c  h e a d  o f  
w a t e r  : ~ t  t h e  same d e p t h ,  t h a t  i s ,  t h e  
v a l u c  o f  Lhc: r ' ; l t i o  o f  t l l e  h y d r o s t a t i c  h e a d  
l,o t 1 1 c .  vc.rLic:al :; trrxss i s  0 .  37 ,  a s  is i l -  
l u : . l  . , r , ~ t c d  ... a l s c ;  i n  Figiirc. l .  T h i s  is a 
r e c r 1 l t  o f  t h ( :  r : : t i o  h c t w e c 2 n  t h e  a v e r a g e  
, i r > v , c . ; i  ., 
U L I I . , L l , , y  tj: riji::i a n 6  t h z t  0f x b t e r .  

F o r  :n:iny r c a s o i ~ s  , t h e  p r c f ' e r r e d  d e p t h  
0 1 '  ;in r i n t l c ~ r g r o u n d  rcpo:; i t o r y  f o r  t h e  
s t c ) r : l g v  or '  r a t l i o a c t i v e  w a s t e  i n  r o c k  is  
l i k e l y  to be i n  t h e  r a n g e  f r o m  a h a l f  a  
l i ~  loiii~.l.i.:i. t o  t ~ ; o  1 i 1  lotii('l.'~rs b e l o w  ~ 1 1 r f a ~ e .  

W i c h i n  t i i i s  r a n g e ,  t h e  v i r , ; i r l  s i a t e  o f  
stress i n  t h e  r o c k  a t  a n y  p o t e n t i a l  r e p o s -  
i t o r y  s i t e  s h o u l d  m e e t  t h r e e  c r i t e r i a :  

i )  T h e  v a l u e  o f  t h e  minimum h o r i z o n -  
t a l  c o m p o n e n t  o f  t h i s  s t a t e  o f  s t r e s s  
s h o u l d  b e  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  
o f  t h e  h y d r o s t a t i c  h e a d  o f  w a t e r  a t  t h e  
s a m e  d e p t h .  O t h e r w i s e ,  s u c h  n e a r .  v e r t i c a l  
j o i n t s  a n d  c r a c k s  a s  e x i s t  I n  t h e  r o c k  may 
n o t  b e  t i g h t  a g a i n s t  g r o u n d w a t r r  o r  c o u l d  
b e  o p e n e d  b y  t h e  p r e s s u r e  of  I t s  h y d r o -  
s t a t i c  h e a d .  

i i )  T h e  r a t i o  b e t w e e n  t h e  v a l u e s  oP  
maximum a n d  minimum c o m p o n e n t s  o f  t h i s  
s t a t e  o f  stress s h o u l d  b e  relatively s m a l l  
s o  as  t o  o b v i a t e  t h e  l i k e l i h o o d  oS 
f a u l t i n g ,  e v e n  i n  t h e  p r e s e n c e  o f  h y d r o -  
s t a t i c  w a t e r  p r e s s u r e s .  If t h e  v a l u e  o f  
t h e  minimum c o m p o n e n t  01 t h e  s t a t e  o f  
s tress i s  L p ,  w h e r e  p  = t h ?  h y d r o s t a t i c  
p r e s s u r e ,  t h e n  t h e  v a l u e  o f  t h e  maximum 
c o m p o n e n t  n t ~ t s l .  b e  less  t h a n  Mp t o  p r e c l u d e  
f a u l t  m o v e m e n t ,  

w h e r e  

a n d  p = c o e f f i c i e n t  o f  f r i c t i o n  ( J a e g e r  
a n d  C o o k ,  1 9 7 6 ) .  

E q u a t i o n  (1) c a n  b e  written as 

a n d  s o l v e d  f o r  a  r a n g e  o f  v a l u e s  of u a n d  
L, as g i v e n  i n  T a b l c  1 b e l o w  I f  t h e  
v e r t l c a l  c o r n p o n e n t  is t h e  maxlmurn p r l n L 1 -  
p a l  s t r e s s ,  t h e  v a l u e  o f  M 1s a b o u t  2 7  
T h i s  e x c l u d e s  t h o s e  combinations o f  a n d  
L I n  t h e  u p p e r ,  l e f t  h a l f  o f  T a b l c  I .  

TABLE I 

V a l u e s  o f  M ( t h e  r a t i o  b e t w e e n  t h e  v a l u e  
t h e  v a l u e  o f  t h e  maximum c o m p o n e n t  of t h e  
v i r g i n  s t a t e  o f  stress a n d  Lhe h y d r o s t a t i c  
p r e s s u r e  a t  a n y  d e p t h )  f o r  d i  l ' f c i r e n i  v a l -  
u c s  o f  IJ ( t h e  o o c f ' f l c i c ~ n  t  i u l '  I'r r c : t  i o n )  a n d  
1, ( t h e  r ; r t i o  I ~ c ~ t , w r ~ c ~ n  I h ( ,  m i n i m ~ ~ n i  v n  I I I C .  o f  
t h o  v i r g i n  s t a . 1 . e  o l '  sLrc?ss :inti 1 111, 1 1 y t l r ~ -  
s t a t i c  p r e s s r l r c  a L l h~ :;;lrnc3 t i c ~ p t l i )  



- Average  Horizontal  Stress r h o v ,  
K = 

V e r t ~ c a l  Stress U v  

F i g u r e  1. T h e  r a t i o  b e t w e e n  m e a s u r e d  v a l u e s  o f  t h e  a v e r a g e  of t h e  
h o r i z o n t a l  c o m p o n e n t s  a n d  t h e  v e r t i c a l  c o m p o n e n t  of t h e  
v i r g i n  s t a t e  o f  s t ress  a s  a  I u n c t i o n  o f  d e p t h .  T h e  
h a t c h e d  r e g i o n  b e t w e e n  5 0 0  rn a n d  2 0 0 0  rn b e l o w  s u r f a c e  
r e p r e s e n t s  t h o s e  s t a t e s  of  stress w h i c h  w o u l d  p r e c l u d e  
f a u l t i n g  a n d  d i m i n i s h  t h e  i n g r e s s  of g r o u n d w a t e r .  T h e  
c o n t o u r s  m a r k e d  100 MPa, 200 MPa a n d  300 MPa d e f i n e  
t h o s e  p a r t s  o f  t h i s  r e g i o n  w i t h i n  w h i c h  i t  is  c o n s i d -  
e r e d  s a f e  t o  p l a c e  a  r e p o s i t o r y  i f t h e  u n i a x i - a 1  com- 
p r e s s i v e  s t r e n g t h  o f  t h e  r o c k  h a s  t h e s e  v a l u e s .  ( D a t a  
f r o m  Hock a n d  B r o w n ,  1 9 7 7 )  

A l s o ,  a s  i t  may b e  u n s a  f e  1-0 assllmci 
"h - "v 

= 25 - 0.005z, t h a t  p is ~ r e a t e r  t h a n  O . G ,  t h c  v t ~ l u e  o f  1, ( 3 )  

s h o u l d  be 1 . 75 or more. Therefore, o n l y  
t h e  h a t c h e d  r e g i o n  of' T a b l e  I c a n  b e  c o n -  w h e r e  o = t h e  a v e r a g e  v a l u e  of t h e  h o r i -  
s j  d e r e d  t o  r e p r e s e n t  s3f c c o n i h i n : ~  L i o n s  of '  I '  zonL:l l  components o f  strcsss 
li a n d  L ,  s u c h  t h a t  f a u l  t niovemenl  i s  n o t  ( MPa ) 

1 I k c l y  t o  o c c u r  e v e n  a l o n g  p r e - e x 1  xL1ng 
f r a c t u r e s .  

1 . 1 )  T h e  rnnxirnunt strcs:; d i i ' l ' c r c n c c  
s h o u l d  b e  l e s s  t h a n  some sare v a l u e .  An 
arglurnent i o r  a v a i u e  i o r  t h i s  d l  i t e r e n c c  
of 2 5  MPa is p r e s e n t e d  b e l o w .  

T h e  u p p e r  b o u n d  t o  t h e  v a l u e s  o f  t h e  
r n c a s u r e d  h o r i z o n t a l  c o m p o n e n t s  of t h e  
v i r x i n  s t a t e  01 s t r e s s  d e r i v t d  h y  I ioek  : ~ n t l  
Brown c a n  be c x p r e : i s e d  a s  : 

z = t h e  depth b e l o w  s u r l ' a c c :  (111) 

E y u a t  i o n  ( 3 )  s u g g e s t s  t h a t  t h e  maximum 
stress d i  1 f e r e n c e  w h i c h  r o c k s  n e a r  the sur- 
face c a n  s u s t a i n  may bc  a b o u t  2 5  MPa.  
I l o w e v e r ,  t h e  d r l ' i n i l i o n  of ';h as an " i r e r a g e  
v n l u c .  i n t r o d r ~ c e s  a dcYr:rc.c 0 1  : u n b i g ~ t i t . y  i n t o  
i l l  I S  1 n t r . r p r ( ~ I . : ~ t j  (:;; . I !  I h c ,  v e r t 1 c : r l  (;om- 



p o n e n t ,  a,, i s  t h e  min imum p r i n c i p a l  
s t r e s s ,  t h e n  o121 Oh2 2 a v ,  w h e r e  o h 1  a n d  
o h 2  a r e  t h e  t w o  h o r i z o n t a l  p r i n c i p a l  
s t r e s s e s .  I n  t h i s  c a s e ,  t h e  s t ress  d i f -  
f e r e n c e  g i v e n  b y  e q u a t i o n  ( 3 )  is e x a c t  f o r  
ohl  = al12 o r  may c o r r e s p o n d  t o  o n l y  h a l f  
t h i s  d i f f e r e n c e ,  t h a t  i s ,  ( o h 1  - o , ) / 2  i f  
ah:! = o v .  I f  o h 1  i s  t h e  maxlrnum p r i n c i p a l  
s t r e s s  a n d  o h 2  1s t h e  minimum p r i n c i p a l  
s t r e s s  t h e n  o h 1  2 o v  2 al12,  a n d  t h e  s t r e s s  
d i f f e r e n c e  b y  e q u a t i o n  ( 3 )  c o r r e s p o n d s  t o  
( o l l l / Z )  - o v  l o r  t h e  e x t r e m e  c a s e  of 
( 1 ~ 2  = 0. T h u s ,  t h e  a c t u a l  d i f f e r e n c e  b e -  
t w e e n  t h e  c o m p o n e n t s  o f  t h e  v i r g i n  s t a t e  
o f  s t r e s s  may b e  t w o  o r  m o r e  t imes g r e a t e r  
t h a n ,  b u t  n o t  l e s s  t h a n ,  t h e  v a l u e  d e f i n e d  
b y  e q u a t i o n  ( 3 ) .  T h e r e f o r e ,  i t  s e e m s  r e a -  
s o n a b l y  s a f e  t o  a s s u m e  t h a t  t h e  v a l u e  o f  
t h e  maximum p r i n c i p a l  s t ress  s h o u l d  n o t  
e x c e e d  t h e  v a l u e  o f  t h e  minimum p r i n c i p a l  
s t r e s s  b v  m o r e  t h a n  2 5  MPa. 

A s s u m i n g  t h a t  t h e  v a l u e  o f  t h e  v e r -  
t i c a l  c o m p o n e n t  o f  t h e  v i r g i n  s t a t e  o f  
stress is  e i t h e r  t h e  maximum o r  t h e  minimum 
p r i n c i p a l  s tress a n d  t h a t  t h e  v a l u e s  o f  
t h e  h o r i z o n t a l  c o m p o n e n t s  a r e  c o m p a r a b l e ,  
t h a t  p o r t i o n  o f  F i g u r e  1 f a l l i n g  w i t h i n  
t h e  c r i t e r i a  d e s c r i b e d  a b o v e  i s  d e l i n e a t e d  
a n d  s h o w n  h a t c h e d .  

3 .  THE STRENGTH OF ROCK AROUND EXCAVATIONS 

U n d e r g r o u n d  e x c a v a t i o n s  c a n  h a v e  many 
d i f f e r e n t  c o n f i g u r a t i o n s .  I n  m i n i n g ,  t h e s e  
a re  d i c t a t e d  l a r g e l y  by  t h e  d e s i r e  t o  e x -  
t r a c t  a  r e l a t i v e l y  h i g h  p r o p o r t i o n  o f  t h e  
o r e .  I n  c i v i l  e n g i n e e r i n g ,  l a r g e  e q u i p -  
m e n t  m u s t  o f t e n  b e  a c c o m m o d a t e d .  N e i t h e r  
o f  t h e s e  r e q u i r e m e n t s  s e e m s  t o  b e  i rnpor -  
t a n t  i n  l a y i n g  o u t  t h e  e x c a . v a t i o n s  f o r  a n  
u n d e r g r o u n d  r e p o s i t o r y  o f  r a d i o a c t i v e  
w a s t e s .  P r o b a b l y  t h e  m o s t  i m p o r t a n t  c o n -  
s i d e r a t i o n  i n  t h i s  case is t h e  s a f e t y ,  
s t a b i l i t y  a n d  s e c u r i t y  o f  t h e  e x c a v a t i o n s .  
I n  g e n e r a l ,  t h e r e f o r e ,  s u c h  e x c a v a t i o n s  a r e  
l i k e l y  t o  t a k e  t h e  f o r m  o f  a  series o f  a d -  
j a c e n t  b u t  m o r e  o r  less i n d e p e n d e n t  t u n n e l s  
T h i s  r c s u l t s  i n  s i m p l ~ e ,  s a f e  e x c a v a t i o n s  
w i t h  a h i g h  d e g r e e  o f  i s o l a t i o n  b e t w e e n  
e a c h  t u n n e l .  

B a s e d  o n  1 a b o r a t o r y  r n e u s u r e m c n t s  o f  
t h e  strengths ol' smal .1 i n t a c t  s p e c i m e n s  of 
r o c k  a n d  t h c o r c ~ l i c a l  analysci : ;  of' t h ( :  
s t resses  a ro l tnd  t u n n ~ ) l  -1  i  k t  c - x r a v : ~  t. I o n s ,  
r o c k  C a i l u r e  w o u l d  n o t  a p p c a r  Lo b c  a 
s ign jCi . r : an  t  J I I Y I ~ I  I crrn. Ilowcivc.r, j. L i s  gcri- 
e : r a l l y  a c c c p t c t l  t h a t  s u c h  n s i m p l e  n p p r c ~ ; r c l ~  
d o c ~ s  not .  ac:cord w i t h  r t r n l i ~ t , y .  I t  r i o g l c c L s  
21.t  l e a s t  t w o  ~ r n p o r t a n t  f : ~ c L o r . s ,  n a m c l y ,  
t h e  c l  P c c t s  of' s i z e  ;rntl 01 ~ c i o l o g i c ~  stril- 

t u r e  o n  t h e  strength o l  roc!<. 

S i z e  .is ~ n o u y ; h ~  t o  ilavc? a  s 1 g n l l i c : ; \ n t  
ef'Sect, o n  t h e  s t r e n g t h  of '  g e o l o g i c  m a t e  
r i a l s  b u t  t h e r e  is a d e a r t h  of q u a n t i t a t i v c  
d a t a  rin this question. J a e p ; < ? r  a n d  Cook  
( 1 9 7 6 )  d e v o t e  a C h a p t e r  Lo t h i s  s u b j e c t ,  
d i s c u s s i n g  b o t h  e x p e r i m e n t a l  r o s l r l t s  a n d  
H'c<il)l!l 1 ' 5 ;  .;I.;I L I  s t i  c a l  t h c o ~ , y .  M o s t  o f  l .h ( ,  

e x p e r i m e n t a l  l n f o r m a t l o n  t h a t  1s a l a l l a b l e  
c o n c e r n s  m o r e  o r  less cubical specimens of 
c o a l .  E v a n s  a n d  P o m e r o y  ( 1 9 5 8 )  a n d  E ~ n n 5  
P o m e r o y  a n d  B e r e n b a u m  ( 1 9 6 1 )  q u o t e  a  n l d e  
r a n g e  o f  c r u s l l i n g  s t r e n g t h s  f o r  c u b e s  of 
coa l ,  t h e  mean  a n d  m o d a l  v a l u e s  o f  w h i c h  
v a r y  a s  

w h e r e  a c  = t h e  c r u s h i n g  s t r e n g t h ;  

K = a  c o n s t a n t ;  

a = t h e  s i d e  l e n g t h  o f  t h e  c u b e .  

a n d  d  = a n  e x p o n e n t  w i t h  v a l u e s  b e -  
t w e e n  0 . 1 7  a n d  0 . 3 2 .  

From a  s t a t i s t i c a l  a n a l y s i s  o f  c a s e  
h i s t o r i e s  o f  p i l l a r s  i n  c o a l  m i n e s  S a l a m o n  
a n d  Munro  ( 1 9 6 7 )  c o n c l u d e d  t h a t  t h e  
s t r e n g t h  of  a  p i l l a r  d e c r e a s e s  i n v e r s e l y  
w i t h  s i z e  as  i t s  v o l u m e  t o  t h e  p o w e r  0 . 0 6 7 ,  
w h i c h  a c c o r d s  w e l l  w i t h  t h e  v a l u e s  f o r  d  
g i v e n  i n  e q u a t i o n  ( 4 )  a b o v e .  D a t a  f o r  
h a r d  r o c k  a r e  e v e n  m o r e  s p a r s e  t h a n  f o r  
c o a l .  P r a t t  e t  a 1  o b t a i n e d  t h e  r e s u l t s  
r e p r o d u c e d  i n  F i g u r e  2 f o r  l a b o r a t o r y  a n d  
i n  s i t u  s p e c i m e n s  o f  q u a r t z  d i o r i t e ,  s h o -  
w i n g  a  p r o n o u n c e d  e f f e c t  o f  s i z e  o n  
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s t r e n g t h .  However ,  O b e r t  -- e t  a 1  ( 1 9 4 6 )  a n d  
Hodgson a n d  Cook ( 1 9 7 0 )  f o u n d  s i z e  t o  h a v e  
l i t t l e  e f f e c t  on  s t r e n g t h .  C l e a r l y ,  t h i s  
is  a n  i m p o r t a n t  matter t h a t  c a n n o t  b e  
s e t t l e d  now f o r  w a n t  o f  s u f f i c i e n t  d a t a .  

I n  p r a c t i c e ,  t h e  b e h a v i o r  o f  r o c k  
a r o u n d  many e x c a v a t i o n s  is  d e t e r m i n e d  b y  
I t s  s l r u c  t ~ l r ~ e  a n d  t h e  p r e s e n c e  o f  g e o l o g -  
( -21  d i s c o i ~ t  i n u i  t i e s  ( H o e k ,  1 9 7 7 ) .  l iow-  

ev?r, l i t t l e  is  t o  b e  g a i n e d  i n  terms o f  
n g e n e r a l ,  a s  d i s t i n c t  f r o m  a  s i t e  s p e c i f i c  
x c t e m p t  t o  e v a l u a t e  t h i s  phenomenon.  A 
w o r s t  c a s e  a n a l y s i s  a l w a y s  r e s u l t s  i n  r o c k  
f a i l u r e  a n d  a n y  less d e m a n d i n g  t h e o r e t i c a l  
a s s u m p t i o n s ,  n o  m a t t e r  how o b s c u r e  t h e y  
are, m e r e l y  b e g  t h e  q u e s t  i o n  o f  s p e c i f i c  
d a t a  on  t h e  f r e q u e n c y ,  c h a r a c t e r ,  o r i e n -  
t a t  i o n  a n d  p r o p e r t i e s  o f  s u c h  d i s c o n t  i n u -  
i1;ilzs. 

N e v e r t h ~ l e s s ,  i t  i s  n e c e s s a r y  t o  f o r m  
some  i d e a  o f  t h e  magn iLude  of Lhe e f I e c t s  
o i  s i z e  a n d  of g e o l o g i c  d i s c o n t i n u i t i e s  on  
t h e  s t r e n g t h  o f  h a r d  r o c k ,  i n  o r d e r  t o  
: + v a l u a t e  i r s  p o t e n t i a l  a s  a  l o c a t i o n  f o r  
a n  u n d e r g r o u n d  r e p o s i t o r y  o f  r a d i o a c t i v e  
x.ia.stes. Some g u i d a n c e  may b e  g a i n e d  f r o m  
a n  e x a m i n a t i o n  o f  t h e  v a l u e s  o f  t h e  f i e l d  
stresses known t o  h a v e  c a u s e d  damage  t o  
t u n n e l s  i n  h a r d  r o c k .  Cook ( 1 9 7 6 )  showed 
t h a t  f a i l u r e  by  s l a b b i n g  o f  t h e  s i d e w a l l s  
o f  t u n n e l s  a b o u t  3m s q u a r e  o c c u r r e d  when 
t h e  m a j o r  componen t  o f  t h e  f i e l d  stress 
Lo w h i c h  t h e s e  t u n n e l s  was  s u b j e c t e d ,  
r e a c h e d  a v a l u e  o f  b e t w e e n  0 . 1 5  a n d  0 . 3 0  
Limes t h e  u n i a x i a l  c o m p r e s s i v e  s t r e n g t h  
of l a b o r a t o r y  s p e c i m e n s .  T h e  t u n n e l s  w e r e  
i n  a r g i l l a c e o u s  a n d  a r e n a c e o u s  q u a r t z i t e s  
o f  t h e  W i t w a t e r s t r a n d  S y s t e m ,  i n  w h i c h  t h e  
m e d i a n  s p a c i n g  o f  a l l  j o i n t s  is  o f  t h e  
o r d e r  o f  1 0  meters.  T h e s e  d a t a ,  c o v e r i n g  a  
r : r ~ l g e  o f  u n i a x i a l  c o m p r e s s i v e  s t r e n g t h s  
lrom 1 7 0  MPa t o  336 MPa, a r e  p l o t t e d  i n  
F i g u r e  3 .  They s u g g e s t  t h a t  t h e  m o s t  
l i k e l y  v a l u e  f o r  t h e  r a t i o  o f  t h e  v a l u e  o f  
t h e  m a j o r  .C ie ld  stress a t  w h i c h  f a i l u r e  
 round s u c h  a  t u n n e l  becomes  a p p a r e n t  t o  
Lhc  u n i a x i a l  c o m p r e s s i v e  stress i s  0 . 1 8 ,  
a n d  t h a t  t h i s  v a l u e  i n c r e a s e s  as t h e  
s t r e n g t h  o f  t h e  r o c k  d e c r e a s e s .  

111   he a b s e n c c  of a n y  b e t t e r  ~ n f o r m a t l o n ,  
~ s s u r n e  t h a t  a  s a f e  v a l u e  f o r  t h e  r a t l o  o f  
'he f l c l d  stress t o  t h e  u n i a x i a l  compres -  
, I  V P  s t r e n g t h  1s 0 . 1 5 .  T h o s e  r e g i o n s  o f  
I i g u r e  1 l n  w h ~ c h  I t  wou ld  t h e n  b e  s a f e  t o  
i l t e  t u n n e l 5  I n  r o c k s  w i t h  u n i a x i a l  com- 

C - S ~ I  v(, s t r c l n g i  h s  o f  1 0 0  MPa, 2 0 0  MPa a n d  
,300 MPa ~ r c  5hown by t h e  r e l e v a n t  c o n t o u r s .  
riom t h e s e  l t  a p p e a r s  t h a t  t h e  u n l a x i a l  
I (m~Jressi vc s t r e n g t h  of t h e  r o c k  a t  a s u l t -  
? i l l  (, 5 1  ( r  p r o b a b l y  s h o u l d  b e  a t  l e a s t  

" 0 0  MPa 

Probab  Ly a repository would  c o m p r i s e  
~ ~ l ~ m b e r  o f  a d j a c e n t  t u n n e l s .  Any l n t e r -  

. I <  t 1 on be tuc ' en  t h e s e  t u n n e l s  w i l l  l n c r e a s e  
[ h e  I l k e l l h o o d  of f a i l u r e .  I t  is p r o b a b l y  
d r s ~ r a b l c  l h a t  t h e y  b e  s o  s p a c e d  a s  t o  
lrLudll y el m l n a t e  t h e  e f f e c t s  o f  ~ n t e r -  

~trass/~'niax. io!  Strength 
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F i g u r e  3 .  D i a g r a m s  s h o w i n g  t h e  r a t i o  
b e t w e e n  t h e  maximum v a l u e  
o f  t h e  f i e l d  stress a t  
w h i c h  s i d e w a l l  f a i l u r e  o f  
t u n n e l s  i n  h a r d  r o c k s  o c -  
c u r r e d  a n d  t h e  u n i a x i a l  
c o m p r e s s i v e  s t r e n g t h s  o f  
t h e  r o c k  c o n c e r n e d ,  and  
t h e  numbers  o f  t h e s e  f a i l -  
u r e s .  ( D a t a  f r o m  Cook ,  
1 9 7 6 )  

a c t i o n .  From e x p e r i e n c e  i t  is known t h a t  
a d j a c e n t  t u n n e l s  i n t e r a c t  a d v e r s e l y  i f  
t h e i r  d i a m e t e r  is  m o r e  t h a n  a  t h j . r d  o f  
t h e i r  c e n t r e - t o - c e n t e r  s p a c i n g .  I n  F l g u r e  
4 is p l o t t e d  t h e  a v e r a g e  stress c o n c e n t r a -  
t i o n  i n  t h e  p i l l a r s  b e t w e e n  a  s e r i e s  o f  
a d j a c e n t ,  p a r a l l e l  t unne1 . s  a n d  t h e  maximum 
stress c o n c e n t r a t i o n  a t  t h e  c i r c u m f e r e n c e  
o f  s u c h  a  s e r i e s  o f  t u n n e l s  o f  c i r c u l a r  
c r o s s - s e c t l o n ,  a s  a  f u n c t l o n  o f  t h e  r a t i o  
be tween  t h e  t u n n e l  d i a m e t e r s  a n d  t h e i r  c e n -  
ters .  N o t i c e  how t h e  s l o p e  o f  t h e  c u r v e s  
r e p r e s e n t i n g  t h e  s t ress  c o n c e n t r a t i o n s  i n -  
c r e a s e s  a s  t h e  r a t i o  o f  d i a m e t e r  t o  c e n t e r  
s p a c i n g .  From t h i s  d e r i v e s  t h e  p r o p e n s i t y  
f o r  i n s t a b i l i t y .  A c c o r d i n g l y ,  i t  s e e m s  
a d v i s a b l e  t o  c h o o s e  a  r a t i o  o f  d i a m e t e r  t o  
c e n t e r  s p a c i n g  s i g n i f i c a n t l y  less t h a n  a 
t h i r d ,  s a y ,  0 . 2 .  
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concentrations b e t w e e n  a  s e r l e s  
o f  a d j a c e n t  c l r c u l a r  t u n n e l s  a s  
a  l ~ ~ n c t l o n  o f  Lhe r a t l o  o f  t h e  
d l a r n c l e r  t o  t h e  c e n t e r  s p a c i n g .  

4 . 7  S h o r t - 1  e r m ,  L o c a l  P h e n o m e n a  

I t  seems l i k e l y  t h a t  t h e  r a d i o a c t i v e  
w a s t e s  w h i c h  may b e  b u r i e d  i n  a  r e p o s i t o r y  
w i l l  b e  s e a l e d  i n  s t e e l  c y l i n d e r s  p r o b a b l y  
m e a s u r i n g  a b o u t  0 . 3 m  i n  d i a m e t e r  b y  a b o u t  
3 . h  i n  1 . e n g t h  ( O W I ,  1 9 7 6 ) .  A t  t h i s  s t a g e ,  
t h e  c o m p o s i t i . o n  o f  t h e s e  w a s t e s  is u n c e r -  
t a i n .  1 P  t h e y  w e r e  t o  b e  h i g h - l e v e l  w a s t e s  
t h e y  w o u l d  h a v e  a. t i m e - d e p e n d e n t  h e a t  o u t -  
p u t  s u c h  as  is  i l - l u s t r a t e d  i n  F i g u r e  5.  
T h e  n v e r a g e  t h e r i n a i .  l o a d  f r o m  s u c h  a w a s t e  
c a n i i i s t e r  a f t e r  1 0  y e a r s  is o f  t h e  o r d e r  
o f  I kw b u t  t h e  p e a k  l o a d  i s  a s t r o n g  
f u c c t i . o n  o f  t h e  a g e  01 Lhe w a s t e .  

I t  i s  w e l l  known t h a t  t e m p e r a t u r e  is 
:r.f i  i m p o r t a n t  a g e n t  i n  t h e  d e g r a d a t i o n  o f  
r o c k .  T h e r m a l  d e g r a d a t i o n  o c c u r s  i n  s e v -  
e ra l  w a y s .  

Many m i n e r a l s  u n d e r g o  c h a n g c s  ns a 
r c s u l t  a:' i n c r e a s i n g  ' i e m p e r . a L u r e .  F o r  e x -  
a m p l e ,  s o m e  c l ~ a y  m i n e r a l s  c h a n g e  as  a re- 
s u l  t  of d e h y d ' r a t i o n  at t e m p e r a t u r e s  oC l e s s  
t h a n  2OO"C. S u c h  c h a n g e s  a r e  a c c o m p a n i e d  
b y  c h a n g e s  i n  v o l u m e ,  w h i c h  a f f e c t  t h e  
r n c c : h a n i c a l  p r o p e r t i e s  of  t h e  r o c l t s  o f  
wll  i (:I) L ~ P S C  m i - n e r a l s  may b e  p a r t .  

Kven i n  t h e  a b s e n c e  o f  c h a n g e s  i n  com- 
po:-,.i l , i o n  s l o w ,  u n i f o r m  h e a t i n g  oJ' r o c k  c a n  
h ; ~ v e  a  n ~ a . j o r  cf f ' c c t  o n  i t s  m e c h a n i c a l  p r o -  
p c r l i e s .  M o s t  r o c l t s  a r c  p o l  y c r y s t a l l i n c  
, ~ ~ g r e g a t e s  of d i f  f ' e r e n t  m i n e r ~ 3  1s a n d  c e m e n -  
L i t  i o ~ l s  mx t e r i n l s .  T h e  t h e r m o m e c h a n i c a l  
r~ r .ope r t  ies o f  t h e  v a r i o u s  m i n e r a l s  u s u a l  1 y  
i i j  f f e r  f r o m  o n e  a n o t h e r ,  a n d  t h e s e  p r o p e r -  
t i c s  f o r  a n v  o n e  m i n e r a l  a r e  se l .dom i s o -  
t r o p i c .  T h e r e f o r e ,  e v e n  i n  t h e  a b s e n c e  o f  
t h e r m a l .  g r a d i e n t s ,  d i f  f e r e e t i a l  t h e r m a l  e x -  
p a n s j o n  o f  i n d i v i d u a l  c r y s t a l s  a n d  b e t w e e n  
d i f f e r e n t  c r y s t a l s  se ts  u p  h i g h  d e v i a t o r i c  
s t resses  w i t h i n  t h e  r o c k .  T h e  c o e f f i c i e n t s  
o f  l i n e a r  t h e r m a l  e x p a n s i o n  p e r  " C  f o r  

---- High level waste 

-+ Planar isothermal source 

Time (years) 
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F i g u r e  5 .  T h e  p o w e r  o u t p u t  o f  a s t a n d a r d ,  
h i g h - l e v e l  w a s t e  c a n n i s t e r  as  
a  f u n c t i o n  o f  t i m e  a n d  t h e  
h e a t  f l o w  f r o m  a p l a n a r  i s o -  
t h e r m a l  s o u r c e . ( D a t a  o n  r a d i o -  
a c t i v e  w a s t e  f r o m  O W I ,  1 9 7 7 )  

common m i n e r a l s  l i e  i n  t h e  r a n g e  f r o m  zero 
t o  m o r e  t h a n  1 0 - 5  f o r  t e m p e r a t u r e s  o f  u p  
t o  1 0 0 ° C  ( i n  c e r t a i n  d i r e c t i o n s  s o m e  o f  
t h e s e  c o e f f i c i e n t s  a c t u a l l y  h a v e  n e g a t i v e  
v a l u e s )  ( C l a r k ,  1 9 6 6 ) .  T h u s ,  e v e n  m o d e s t  
i n c r e a s e s  i n  t e m p e r a t u r e ,  o f  t h e  o r d e r  o f  
1 0 0 ° C ,  c a n  r e s u l t  i n  d i f f e r e n t i a l  s t r a i n s  
o f  t h e  o r d e r  o f  l o p 3 .  A s  t h e  e l a s t i c  c o n -  
s t a n t s  o f  t h e s e  m i n e r a l s  a re  o f  t h e  o r d e r  
o f  5 0  GPa t h i s  may g i v e  r i s e  t o  d i f f e r e n -  
t i a l  stresses of t h e  o r d e r  o f  5 0  MPa, 
w h i c h  is o f  t h e  s a m e  o r d e r  a s  t h c  c o h e s i v e  
s h e a r  s t r e n g t h  o f  r o c k .  I t  is n o t  s u r p r i s i n g ,  
t h e r e f o r e ,  t h a t  c h a n g e s  i n  t e m p e r a t u r e  o f  this 
o r d e r  may d e g r a d e  t h e  m e c h a n i c a  L s t r e n g t h  of 
many r o c k s .  H o w e v e r ,  t h i s  p h e n o m e n o n  d o e s  
n o t  a p p e a r  t o  h a v e  b e e n  s t u d i e d  q u a n t i t a -  
L i v e l y  t o  a n y  g r e ; l . t  e x t e n t .  J a t - g e r  a n d  
Cook ( 1 9 7 6 )  r c ? S c r  Lo t h e  e f f e c t s  o f  s l o w l y  
h e a t i n g  a. snnip1.c o f  marb1.e  t o  5 0 0 ° C  a n d  
Lhen a 1  l o w i n g  i t  t o  c o o l  s l r ~ w l y .  T h c  p e r -  
m a n e n t  c h a n g e s  b r o u g h t  a b o u t  b y  t h i s  t h e r -  
rnal c y c l p  a r e  s h o w n  i n  F i g u r e  6 .  F r o m  t h i s  
F i g u r e  i t  c a n  b e  s e e n  t h a t  t h e  u n i a x i a l  
c o r n p r o s s i v e  s t r e n g t h  of t h i s  m a r b l e  w a s  
r e d ~ i i : f > d  f r o m  a n  i n i t i n l  va  llic o f  a . t )out  7 5  
MPa t o  a b o u ~  15 lvlI1a, b u t  w i t h  i n c r e a s e d  
con r i i - , i n g  i3i-exsuj-c t h e  t r i a x i a ?  c o m p r e s -  
s i v e  s t i . o n g t h  r a p i d l y  a p p r o a c h e d  t h a t  o f '  
Lhe o r i g i n a l  m a r b l e .  What t h e  e f f c c t s  of 
s i z e ,  d i s c u s s e d  i n  S e c t i o n  3 ,  o n  t h i s  
p h e n o m e n o n  may b e  a r e  n o t  k n o w n .  

T h e r e  a r e  many d i f f e r e n t  w a y s  i n  
w h i c h  t he  t h e r m o m e c h a n i c a l  s tresses i n d u c e d  
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F i g u r e  6 .  A d i a g r a m  s h o w i n g  t h e  e f f e c t  o f  
t h e r m a l  d e c r e p i t a t i o n  o n  t h e  
t r i a x i a l  s t r e n g t h  o f  m a r b l e .  
( F r o m  J a e g e r  a n d  C o o k ,  1 9 7 6 )  

by  t e m p e r a t u r e  g r a d i e n t s  may b e  c a l c u l a t e d  
I f  t h e  e l a s t i c  a n d  t h e r m a l  c o e f f i c i e n t s  
c a n  b e  r e g a r d e d  a s  i n d e p e n d e n t  o f  t e m p e r -  
a t u r e ,  t h e s e  stresses c a n  b e  e x p r e s s e d  
v e r y  s i m p l y  i n  t e r m s  o f  a t h e r m o m e c h a n i c a l  
f a c t o r ,  t h e  m e a n  a n d  a c t u a l  t e m p e r a t u r e  
c h a n g e s ,  a n d  a g e o m e t r i c a l  f a c t o r  
( T i m o s h e n k o  a n d  G o o d i e r ,  1951 ) . 

F o r  s h o r t  p e r l o d s  o f  t l m e ,  t h e  t e m -  
p e r a t u r e  f ' l e l d  a r o u n d  a c a n n l s t e r  a p p r o x -  
m a t e s  t h a t  f r o m  a l i n e  s o u r c e  a n d  f o r  
i n t e r m e d i a t e  p e r i o d s  o f  t i m e  i t  a p p r o a c h e s  
L h a t  f r o m  a  p o i n t  s o u r c e .  T h e  t h e r m o -  
mechanical f a c t o r  f o r  b o t h  c a s e s  i s  

w h e r e  u = t h e  c o e f I i c i e n t  o f  l i n  
t h e r m a l  e x p a n s i o n  ( "C- 

E = Y o u n g ' s  m o d u l u s  ( G P a ) ,  a n d  

d = P o i s s o n ' s  r a t i o  

Not,e t h a t  j t .  is  i n  f a c t  t h i s  t h e r m o -  
rriec:hanjr:;~l S a c t o r  a s  a  w h o l e  w h i c h  m u s t  
bc tnore  o r  l e s s  i n d e p e n d e n t  o f  t e m p e r a t u r e ,  
r:r t h e r  t h a n  t h e  i n d i  v i d u a l  c o n s t a n t s .  

U s i n g  t h c  c o n v e n t i o n  of p o s i t i v e  com- 
I J l " ( ' ~ s i V e  s t r e s s e s ,  t h e  r a d i a l  a n d  t n n g e n -  
t i a l  s t r e s s e s  a n d  t h e i r  s u m s  a n d  d i f J e r -  
elices f o r  an j n f ' i n i t e  lint: s o u r c e  a r e  g i v e n  
Iby : 

w h e r e  u = t h e  r a d i a l  c o m p o n e n t  o r  r stress ( M P a ) ;  

o = t h e  t a n g e n t i a l  c o m p o n e n t  ' stress ( M P a ) ;  
- 
T  = t h e  mean  t e m p e r a t u r e  c h a n g e  

i n s i d e  a r a d i u s  r ( " C ) ,  a n d  

T  = t h e  a c t u a l  t e m p e r a t u r e  c h a n g e  
a t  a  r a d i u s  r ( " C ) .  

L i k e w i s e ,  t h e s e  stresses f o r  a p o i n t  
s o u r c e  a re  g i v e n  b y :  

N o t i c e  t h a t  t h e  g e o m e t r i c a l  f a c t o r  
f o r  t h e  l i n e  s o u r c e  i n  e a u a t i o n s  ( 6 )  a n d  ~, 

( 7 )  i s  1/22, a n d  t h o s e  f o r  t h e  p o i n t  s o u r c e  
i n  e q u a t i o n s  ( 1 0 )  a n d  ( 1 1 )  a r e  2 1 3  a n d  
1 / 3 ,  r e s p e c t i v e l y .  T h e s e  e q u a t i o n s  
s h o u l d ,  t h e r e f o r e ,  p r o v i d e  r e a s o n a b l y  
c l o s e  b o u n d s  t o  t h e  a c t u a l  v a l u e s  o f  t h e  
t h e r m o m e c h a n i c a l  stresses a r o u n d  c a n n i s -  
t e r s .  

T h e  mean atid a c i u a l  t e m p e r a t u r e  
c h a n g e s  a t  v a r i o u s  r a d i i  f r o m  a n  i n r i n i ~ t e  
l . i n e  a n d  a p o i n t  s o u r c e  h a v e  b e e n  c a l c u -  
l a t e d  u s i n g  t h e  s t a n d a r d  f o r m u l a s  f o r  t h e  
c o n d u c t i o n  o l  h e a t  i n  s o l i d s  ( C a r s l a w  a n d  
J a e g e r ,  1 9 5 9 ) .  T h e  l l n e  s o u r c e  h a s  a pow- 
e r  o u t p u t  o f  4 0 0  w a t t s  p e r  m e t e r ,  t h a L  i s ,  
1 kW o v e r  2 . 5  rn of' l e n g t h ,  a n d  t h e  p o i ~ n t  
s o u r c e  h a s  a  p o w e r  o u t p u t  o f  1 kW. T h e  
p r o p e r t i e s  o f  t h e  r o c k  h a v ~  been as:;umc:tl 
a s :  c o n d u c t i v i . t y  2 . 5  W/m " C ;  d e n s i  1.y 
2 6 0 0  kg /m3,  a n d  speci 1 j c  h e a t  0 . 9  k.J/I<g " C .  
V a l u e s  o f  t h e s c  t e m p e r a t u r e s  S o r -  L i rncs  r j  1' 
1 5  d a y s  a n d  9 0  d a y s  a r e  g i v e n  i n  T a h l c s  I 1  
a n d  111, a.nd a r e  p l o t t e d  i n  F i g u r e  7 .  N o  
v a l u e s  f o r  r a d i i  l e s s  t h a n  0 .  5 rn : i r e  g i v e n ,  
b e c a u s e  i n  p r a c t i c e  t h e  c a n n i s t c r s  a r e  i n -  
t e n d e d  t o  b e  p l a c e d  i n  b o r e h o l e s  w i t h  x 
r a d i u s  01 a b o u t  0 . 2  m .  A time of'  15  days ;  
is s u f f i c i e n t l y  s h o r t  For t h e  i , c ~ ~ r p c \ r : ~ i  l.rr(, 
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801 \ P o ~ n t  Source  

F i g u r e  7 .  T h e  mean  a n d  a c t u a l  t e m p e r a t u r e  
c h a n g e s  a s  a f u n c t i o n  o f  r a d i u s  
f r o m  a  l i n e  a n d  a  p o i n t  s o u r c e  
a t  15  d a y s  a n d  9 0  d a y s .  T h e  
l i n e  s o u r c e  h a s  a p o w e r  o u t p u t  
o f  400 W/m a n d  t h e  p o i n t  s o u r c e  
1 kW. 

f i e l d  s t i l l  t o  be d i s t i n c t l y  t r a n s i e n t  111 

c h a r a c t e r ,  b u t  a t  9 0  d a y s  i t  is a p p r o a c h i n g  
t h e  s t e a d y - s t a t e  d i s t r i b u t i o n  o f  t e m p e r a -  
t u r e s  q u i t e  c l o s e l y .  

T h e  v a l u e s  o f  t h e  c o r r e s p o n d i n g  r a d ~  a 1  
a n d  t a n g e n t l a 1  c o m p o n e n t s  o f  s t r e s s  I n -  
d u c e d  b y  t h e s e  t e m p e r a t u r e  d l s t r i b u t l o n s  
h a v e  h e e n  c a l c u l a t e d  f r o m  e q u a t i o n s  ( 6 ) ,  
( 7 )  a n d  ( l o ) ,  ( X I ) ,  a s s u m l n g  t h a t  t h e  
t h e r m o m f c h a n l c a l  f a c t o r ,  e q ~ ~ a t i o n  (5), h a s  
a v a l u e  o f  GPa/"C T h c s e  a r e  g i v e n  
I n  T a b l e s  I1 a n d  1 1 1 ,  a n d  a r e  p l o t t e d  i n  
F ~ g u r e  8 f o r  t h e  ~ n f l n ~ t e  l i n e  s o u r c e .  

O n e  01 t h e  m o s t  i n t e r e s t i n g  a n d  i m -  
p o r t a n t  f e a t u r e s  t o  e m e r q e  f r o m  t h i s  
a n a l y s i s  is t h e  m c d e s t  v a l u e s  of  t h c  t h c r -  
m i l  s t r e s s e s .  T r u e ,  t h e s e  a p p l y  t o  a 
p o w e r  o u t p u t  o f  1 kW, b u t  e v e n  i f  t h e  
p o w e r  l e v e l  w e r e  t o  b e  i n c r e a s e d  f o u r  f o l d  
t o  4 kW t h e  maximum c o m p r e s s i v e  a n d  m i n i -  
mum t e n s i l e  stresses w o u l d  o n l y  j u s t  a p -  
p r o a c h  t h e  l i k e l y  u n i a x i a l  c o m p r e s s i v e  a n d  
t e n s i l e  s t r e n g t h s  of t h e  r o c k .  

XBL779-6096 

F i g u r e  8 .  T h e  t h e r m a l l y  i n d u c e d  r a d i a l ,  
a, a n d  t a n g e n t i a l ,  a o ,  s t r e s -  
ses a s  a  f u n c t i o n  o f  r a d i u s  
f r o m  a  l i n e  h e a t  s o u r c e  o f  
4 0 0  W / m  a t  15 d a y s  a n d  9 0  
d a y s .  N o t e  t h e  n e g a t i v e  ( t e n -  
s i l e )  v a l u e s  o f  t h e  t a n g e n -  
t i a l  s t ress  a t  l . a r :ye  r a d i i .  

T h e  s u m s  a n d  d i f f e r e n c e s  o f  t h e  t h e r -  
m a l  s t resses  h a v e  b e e n  p l o t t e d  o n  a  Mohr 
d i a g r a m  i n  F i g u r e  9 .  T h e  m o s t  g e n e r a l l y  
a c c e p t e d  c r i t c r i o n  f o r  t h e  f a i l u r e  o f  h a r d  
r o c k  is  t h e  Coulomb c r i t e l . i o n  ( J a e g e r  a n d  
C o o k ,  1 9 7 6 ) .  A l s o  a  Mohr e n v e l o p e  f o r  a  
C o u l o m b  c r i t e r i o n  w i t h  v a l u e s  t y p i c a l  o f  
a h a r d  r o c k  w i t h  a  u n i a x i a l  c o m p r e s s i v e  
s t r e n g t h  o f  2 0 0  MPa i s  shown i n  t h i s  F i g -  
u r e .  I t  c a n  b e  s e e n  t h a t  n o w h e r e  d o e s  t h e  
r o c k  a p p r o a c h  f a i l u r e ,  e v e n  i f  t h e  t h e r m a l  
stresses w e r e  q u a d r u p l e d  by  i - n c r e a s i n f i  t h c  
p o w e r  o u t p u t  t o  4 kW. 

H o w e v e r ,  t h e  a b o v e  a n a l y s i  s i s  d c S  i- 
c i e n t  i n  o n e  i ~ n p o r t a n t  r e s p e c t ;  i t  n e g l e c t s  
t h e  f a c t  t h a L  t h e  s o u r c e  o f  h e a L  is  l i k e l y  
to  b c  p l . a c e d  i n  a  b o r e h o l e .  T h e  asla1 
c o m p o n e n t  o f  t h e  t h e r m a l  s t r e s s  a r o u n d  a 
l i n e  h e a t  s o u r c e  is t h e  s a m e  a s  t h c  t a n -  
g e n t i a l  c o m p o n e n t  a t  t h o  s r ~ r f ' a c , f ?  of' a h o r c y -  
h o l e  a n d  b o t h  a rc?  g i v e n  b y  

w h e r e  a a n d  i i , ,  = t h c  axixl a n d  t a n g e n t i a l  
7 

" c o m p o n e n t s  o f  s t ress .  
T h e  r t m a j n i n g  s y m b o l s  
a r e  a s  d e j j n e d  n h o v c .  

T h e s e  v a l u e s  a r e  p l o t t e d  f o r  a  b o r e -  
h o l e  w l t h  a  r a d ~ u s  o j  0 . 2  m ~n F l g u r e  9 
f o r  t l m e s  o f  1 5  c l ay5  t h r o u ~ : h  90 clays nnd  



TABLE I1 

Mean a n d  a c t u a l  t e m p e r a t u r e  c h a n g e s  a t  d i f f e r e n t  r a d i i  f r o m  a  i n f i n i t e  
l i n e  h e a t  s o u r c e  w i t h  a  power  o u t p u t  o f  400 W / m ,  t o g e t h e r  w i t h  t h e  c o r -  
r e s p o n d i n g  t h e r m a l  s t r e s s ,  1 5  d a y s  a n d  90 d a y s  a f t e r  t h e  s t a r t  o f  
h e a t i n g  

R a d i u s  
(m > 

TABLE I11 

T e m p e r a t u r e s  a t  
1 5  d a y s  ( " C )  

Mean a n d  a c t u a l  t e m p e r a t u r e  c h a n g e s  d i f f e r e n t  r a d i i  f r o m  a p o i n t  s o u r c e  
a n d  t h e  c o r r e s p o n d i n g  t h e r m a l  stresses f o r  a  power  o u t p u t  o f  1 kW 
1 5  d a y s  a n d  90 d a y s  a f t e r  t h e  s t a r t  o f  h e a t i n g .  

- 
Mean 

38 

3 2 

2 6 

2 0 

14 

7 

T e m p e r a t u r e s  a t  
15 d a y s  ( O C )  

A c t u a l  

3 3 

2 3 

17 

10 

5  

I: 

-- 

T e m p e r a t u r e s  a t  
90 d a y s  ( O C )  

T e m p e r a t u r e s  a t  
90 d a y s  ( O C )  

A -- 
S t r e s s e s  a t  

15 d a y s  a n d  90 d a y s  (RIPa 
- 

Mean 

64 

5 6  

50 

4 0 

3 4 

2 4 

13 

1 4  

S t r e s s e s  a t  
1 5  d a y s  a n d  90 d a y s  (MPa) 

" r 
19.0 32.0 

16.0 28.0 

13.0 25.0 

10.0 20.0 

7.0 17.0 

3.5 12.0 

9.0 

7.0 

A c t u a l  

5  5  

4  5  

3 8 

2 8 

2 2 

13 

8 

5  

Mean 

8 

14.0 23.0 

7.0 17.0 

4.0 13.0 

0 8.0 

-2.0 5.0 

- 2 . 5  1 .O 

-1.0 

-2.0 

A c t u a l  Mean A c t u a l  

N o t e :  A s  i n  T a b l e  I 1  t h e  v a l u e s  o f  u o  must  become n e g a t i v e  a t  l a r g e  r a d i i  
t o  m a i n t a i n  e q u i l i b r i u m ,  b u t  t h e s e  n e g a t i v e  v a l u e s  a r e  l o w e r  t h a n  i n  
T a b l e  I1 b e c a u s e  o f  t h e  l a r g e  c r o s s - s e c t i o n a l  a r e a s  o f  a s p h e r e  a t  t h e s e  
r a c l  i i . 



I 
Point 1 

Line 90 days 
0 
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F i g u r e  9 .  A Mohr d i a g r a i n  c o l : l p a r i ~ ~ c  t h e  
a v e r a g e  v a l u e s  o f  t h e  d i f f e r -  
e n c e s  a n d  s u m s  o f  t h e  p r i n c i -  
p a l  t h e r m a l l y - i n d u c e d  compo-  
n e n t s  o f  stress a r o u n d  l i n e  
(400 W/m) a n d  p o i n t  ( 1  kW) 
h e a t  s o u r c e s  a t  15 d a y s  a n d  
90 d a y s  a n d  t h e  a x i a l  a n d  
t a n g e n t i a l  c o m p o n e n t s  o f  
s t ress  o n  t h e  w a l l  o f  a bore- 
h o l e ,  w i t h  t h e  s t r e n g t h  o f  a 
t y p i c a l ,  ha??d r o c l : .  

a r e  1,he g r e a t e s t  v a l u e s  u l  s L r c 2 : ; s  [ o u n d  
a r o u n d  t h e s e  h e a t  s o u r c e s .  

A c c o r d i n g  t o  e q u a t i o n  ( 1 4 ) ,  L a r g e  
t h e r m a l  c o m p r e s s i v e  s t r e s s e s  m u s t  b e  c x -  
p c c t e d  i n  d i r e c t i o n s  p a r a l l e l  t o  t h e  a x i s  
o f ,  a n d  t a n g e n t i a l  t~ t h e  s u r f a c e  o f ,  t h e  
b o r e h o l e  c o n t a i n i n g  t h e  c a n n i s t c r s .  A t  
90 d a y s ,  f o r  :t h o l e  w i t h  a  r a d i u s  o f  0 . 2 ~ 1 ,  
t h e  t e m p e r a . L u r e  i s  e s t i m a t e d  t o  bc, a b o u t  
80°C S o r  a  powc;r o u t p l j t  of' 1 kW, c o r r e -  
s p o n d i n g  t o  s t r e s s e s  of 8 0  MPa. A s  t h e  
min imum,  o r  r a d i a l  , c o m p r e s s i v e  s t r e s s  o n  
t h e  w a l l s  o f  s ~ t c h  a b o r c h o l e  is z e r o  i n  
Lhe a b s c n c c  ~ f '  s u p p o r t ,  f a i l u r e  o S  t h e  
w a l l s  of t h e  b o r e h o l e  i n  a x i a l  c o m p r e s s i o n  
c o u l d  p u s s j b i y  o c c u r  at: a p o w e r  o u t p ~ ~ t  of '  
1 kW a n d  is p r o b a b l e  a t  a p o w e r  o u t p u t  o l  
4 kW. S u c h  f a i l u r e  i s  n o t  l i k e l y  t o  
d a m a g e  a w e l l  - d e s i g n e d  c a n n i s t e r  b u t  woul t i  

c e r t a i n l y  m a k e  i t s  r e t r i e v a l  a  d i f f i c u l ~ t  
o p e r a t i o n .  

4 . 2 .  L o n g - t e r m ,  R e g i o n a l  P h e n o m e n o n  

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

Mos t  c o n c e p t s  f o r  u n d e r g r o u n d  r e p o s -  
i t o r i e s  i n v o l v e  o n e  o r  m o r e  n e a r  p l a n e  
h o r i z o n s  of  e x c a v a t i o n s ,  w i t h i n  w h i c h  t h e  
c a n n i s t e r s  a r e  c o n t a i n e d .  A s  t h e  l a t e r a l  
d i m e n s i o n s  i n  t h i s  p l a n e  a r e  e n v i s a g e d  t o  
b e  o f  t h e  o r d e r  o f  a  k i l o m e t e r ,  t h e  l o n g -  
term h e a t  f l o w  c a n  b e  a p p r o x l r n n t e d  a s  one- 
d i m e n s i o n a l  f l o w  i n t o  t h e  s u r r o u n d i n g  r o i l ;  
m a s s  n o r m a l  t o  t h i s  p l a n e .  

I m p o r t a n t  q u e s t i o n s  w h i c h  m u s t  b e  
e x a m i n e d  a r e  t h e  t e m p e r a t u r e s  o n  t h e  h o r i -  
z o n  o f  a  r e p o s i t o r y  a s  a f u n c t i o n  o f  t h e  
w a s t e  c a n n i s t e r  d e n s i t y ,  a n d  t h e  h e a t  f l o w  
i n t o  t h e  s u r r o u n d i n g  r o c k  a s  a  f u n c t i o n  o f  
t i m e .  

A t  p r e s e n t  ~t is n o t  t h e  intention t o  
p r o d u c e  h i g h - l e v e l  w a s t e  b y  r e p r o c e s s i n g  
u s e d  f u e l ,  b u t  t h e  characteristics o f  h l g h  
l e v e l  w a s t e  d o  p r o v l d e  s o m e  g u l d a n c e  c o n -  
c e r n i n g  t h e  t h e r m a l  c h a r a c t e r l s t l c s  of 
w a s t e s  w h i c h  may h a v e  t o  b e  l s o l a t e d  i n  a 
r e p o s l t o r y .  T h e  p o w e r  o u t p u t  o f  a s t a n -  
d a r d  c a n n l s t e r  o f  h i g h - l e v e l  w d s t ~  a 5  a  
f u n c t i o n  of t l m e  h a s  b e e n  s h o w n  I n  Fig- 
u r e  5 ,  S e c t i o n  4 . 1 .  T h e  d e c l l n e  i n  p o w e r  
o u t p u t  w l t h  t i m e  o f  t h l s  w a s t e  b e c o m e s  
s l g n i f l c a n t  I n  t h e  l o n g  term I t  1s con -  
v e n i e n t  t h a t  t h i s  characteristic c a n  b e  
approximated c l o s e l y  b y  t h e  p o w e r  o u t p u t  
o f  a p l a n e ,  isothermal h e a t  > o u r c P ,  a s  1 %  

a l s o  l n d l c a t e d  i n  F i g u r e  5 U s i n g  t h e  
s t a n d a r d  e c l u a t l o n s  f o r  I l n c a r  h ~ a t  c r l i l -  

d u c t l o n  ( C a r s l a w  a n d  J a c g e r ,  19531, a n d  
remembering t h a t  h e a t  I l o w s  away f r o m  a 
r e p o s l t o r y  b o t h  u p w a r d s  a n d  d o w n w a r d \ ,  
T a b l e  IV h a s  b e e n  p r e p a r ~ d ,  5 h o w i n g  Lhc 
p o w e r  d c n s l  t l e s  f o r  d l  1 l c r c n  t L r r n p c ~ r , ~ t u ~ - e ~  
nf- t h e  r e p r i c , l t o r y  horizon a n d  t h f  c o r ~ c -  
b p o n d l n g  a r p a 5  r e q u l r ~ d  b y  car11 h ~ g h -  
l e v e l  w:r\tc. c a n n l 5 t c r  a1 2 0  v P , i r >  . I  i l (  r 
r e p r o c e s s ]  n g ,  a s s u m m g  t h a t  t hcxv  ~ r c  
c o o l e d  f o r  10 y e a r s  b c l o r c  1 1 1 1 1 - 1 ~ 1 1  

TJsi n g  t h e  s a m e  e c l l ~ a t i o n : ,  , I 1 1 1 ,  d I:,-- 
t a n c e s ,  away  f r o m  t h e  p l a n t r  o f  1 hc  ?'( . -  

p o s l t o r y ,  t o  w h i c h  t h c  i s n t h r ~ r r n . ;  r ( ~ p r f ? -  
s e n t i n g  50 p e r c e n t ,  25  p e r c e n t  ant1 1 0  1 , c . r ' -  
c e n t  o f  t h p  : j curce  t e m p e r a ; u r e  i f i i g i - a t p  
a  f u n c t i o n  of t i m e  h a v e  b e e n  c:r 1 ~ , L I  l : r l , e i I ,  
a n d  a r e  g i v e n  i n  T a b l e  V .  

I h e s e  d a t a  s h o w  t h a t  t h e  hc-a t  r e 1  f ~ ~ x c ~ l  
by  t n e  d e c a y  o f  t h e  w n x L i - s  rn1c:r:\tcs o n l y  :) 



TABLE I V  

The  a v e r a g e  power  d e n s i t y  f o r  a  p l a n a r  r e p o s i t o r y  a t  1 0  y e a r s  a f t e r  l o a d -  
i n g  a n d  t h e  c o r r e s p o n d i n g  a r e a  r e q u i r e d  f o r  e a c h  c a n n i s t e r  w i t h  a  power  
o u t p u t  o f  1 . 7  kW a t  2 0  y e a r s  a f t e r  r e p r o c e s s i n g  f o r  d i f f e r e n t  t e m p e r a -  
t u r e s  o f  t h e  r e p o s i t o r y  h o r i z o n .  

1 I R e p o s i t o r y  T e m p e r a t u r e  ( ' C )  1 

TAULE V 

Power  d e n s i t y  (W/m2) 
2  

Area p e r  H . L . W .  C a n n i s t e r ( m  ) 
( 1 . 7  kW a t  2 0  y e a r s )  

T h e  n o r m a l  d i s t a n c e  away f r o m  a  p l a n a r  r e p o s i t o r y  o u t  t o  w h i c h  
t h e  i s o t h e r m s  r e p r e s e n t i n g  5 0  p e r c e n t ,  2 5  p e r c e n t  a n d  1 0  
p e r c e n t  o f  t h e  s o u r c e  t e m p e r a t u r e  m i g r a t e  a s  a  f u n c t i o n  o f  
t i m e  . 

7 . 9  1 5 . 8  3 1 . 6  4 7 . 4  

2 2 0  1 1 0  54 3  6 

D i s t a n c e  (m) 1 5 0  p e r c e n t  1 9 . 6  2 7 . 6  3 9 . 1  5 5 . 0  1 
2 5  p e r c e n t  3 2 . 5  46 .0  6 5 . 0  

1 0  p e r c e n t  4 7 . 5  6 7 . 0  9 5 . 0  1 3 2  
- 9 2 0  I 

r e l a t i v e l y  s m a l l  d i s t a n c e  away f r o m  t h e  
p l a n e  o f  t h e  r e p o s i t o r y  e v e n  o v e r  l o n g  
p e r i o d s  o f  t i m e ;  t h i s  j u s t i f i e s  t h e  u s e  o f  
o n e - d i m e n s i o n a l  h e a t  f l o w  i n  t h e  a n a l y s i s .  
I t  shows  a l s o  t h a t  i t  is p r a c t i c a b l e  t o  
c o n s i d e r  a r e p o s i t o r y  c o m p r i s i n g  a  number  
o f  h o r i z o n s  s e p a r a t e d  b y  a  n o r m a l  d i s t a n c e  
o f  t h e  o r d e r  o f  200 m. 

T h e  s t resses  i n d u c e d  i n  t h e  r o c k  
m a s s  a r o u n d  a r e p o s i t o r y  h o r i z o n  by t h e r -  
m a l  e x p a n s i o n  r e s u l t i n g  f r o m  t h e  t e m p e r -  
a t u r e  f i e l d  d e s c r i b e d  i n  T a b l e  V ,  m u s t  b e  
c o n s i d e r e d .  I n  t h e  a b s e n c e  o f  s p e c i f i c  
k n o w l e d g e  c o n c e r n i n g  t h e  s h a p e  o f  a  r e p o s -  
i t o r y ,  d e t a i l e d  a n a l y s i s  is n o t  w a r r a n t e d .  
T h e  e x t e n t  o f  t h e  h e a t e d  m a s s  o f  r o c k  i n  
d i r e c t i o n s  p a r a l l e l  t o  t h e  p l a n e  o f  t h e  
r e p o s i t o r y  is l i k e l y  t o  b e  much g r e a t e r  
t h a n  i t s  e x t e n t  n o r m a l  t o  t h i s  p l a n e .  
T h e r e f o r e ,  t h e  s h a p e  o f  t h e  h e a t e d  r o c k  
m a s s  w i l l  t e n d  t o  b e  e l l i p t i c a l  o r  e l l i p -  
s o i d a l .  I n  g e n e r a l ,  t h e  v a l u e s  o f  t h e r -  
m a l l y - i n d u c e d  stresses a r o u n d  s u c h  s h a p e s  
a x e  s i g n i f i c a n t l y  less i n  t h e  v i c i n i t y  o f  
t h e i r  s h o r t  a x i s  t h a n  t h e y  a r e  i n  t h e  
v i c i n i t y  o f  t h e i r  l o n g  a x i s .  T h e  v a l u e s  
o f  t h e  t a n g e n t i a l  t e n s i l e  stresses i n -  
d u c e d  o u t s i d e  a  c i r c u l a r  c y l i n d e r  o r  
s p h e r e ,  h e a t e d  t o  a  u n i f o r m  t e m p e r a t u r e ,  
a r e  o n l y  h a l f  t h o s e  a t  t h e  e n d s  o f  t h e  
l o n g  a x i s  o f  a  f l a t  e l l i p t i c a l  c y l i n d e r  

o r  o i  a n  e l l i p s o l d  ( T i m o s h e n k o  a n d  Good ie r ,  
1 9 5 1 ) .  

A c c o r d i n g l y ,  e q u a t i o n  ( 1 1 )  may b e  
u s e d  t o  e s t i m a t e  t h e  t h e r m a l l y - i n d u c e d  
t a n g e n t i a l  stress n o r m a l  t o  t h e  p l a n e  o f  
a  r e p o s i t o r y ,  r e c o g n i s i n g  t h a t :  

a )  The  t e m p e r a t u r e  g r a d i e n t  a l o n g  
t h i s  p l a n e  o u t s i d e  t h e  a x i s  o f  t h e  r e p o s -  
i t o r y  is s o  s t e e p  t h a t  t e m p e r a t u r e  c h a n g e s  
o u t s i d e  t h e  r e p o s i t o r y  c a n  b e  d i s r e g a r d e d  
i n  a  f i r s t  a p p r o x i m a t i o n ,  a n d  

b )  T h e  maximum v a l u e  01 t h e  stress 
t e n s i l e  c o n c e n t r a t i o n  n o r m a l  t o  t h e  p l a n e  
o f  t h e  e q u a t o r  o f  an e l l i p s o i d  is t w i c e  
t h a t  a r o u n d  a  s p h e r e  w i t h  a  d i a m e t e r  e q u a l  
t o  t h a t  o f  t h i s  e q u a t o r .  T h e  r e s u l ~ t s  o f  
s u c h  a  c a l c u l a t i o n  a r e  a s  shown i n  F i g u r e  
1 0 ,  f o r  a  r e p o s i t o r y  h e a t e d  by an  a v e r a g e  
o f  1 0 0 ° C .  From t h i s  F i g u r e ,  i t  c a n  b e  
s e e n  t h a t  t h e  v a l u e  o f  t h e  t h e r m a l l y -  
i n d u c e d  t e n s i o n  e x c e e d s  t h e  v a l u e  o f  t h e  
v e r t i c a l  siress c a u s e d  b y  t h e  o v e r b u r d e n  
f o r  r a d i a l  d i s t a n c e s  f rom t h e  e d g e  o f  t h e  
r e p o s i t o r y  o f  t h e  o r d e r  o f  a  f ew h u n d r e d  
m e t e r s ,  d e p e n d i n g  upon t h e  d e p t h  b e l o w  
s u r f a c e  and  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  
r e p o s i t o r y .  



s t a t i c  h e a d  c o r r e s p o n d s  t o  ri p r e s s u r e  
g r a d i e n t  o f  a l m o s t  b a r  p e r  crn. T h e  
c o e f f i c i e n t  o f  v o l u m e t r i c  t h e r m a l  e x p a n -  
s i o n  o f  w a t e r  is  a b o u t  0 . 5  x  1 0 - 3  p e r  "C. 
F o r  a n  a v e r a g e  t e m p e r a t u r e  d i f f e r e n c e  o f  
2 5 " C ,  t h i s  c o r r e s p o n d s  t o  a  d i f f e r e n t i a l  
h e a d  o f  a b o u t  1 2  mm p e r  m e t e r  o r  a l m o s t  
1 2  x  b a r  p e r  cm.  B o t h  t h e s e  g r a d i e n t s  
a r e  s i g n i f i c a n t l y  l e s s  t h a n  t h a t  o f  1 b a r  
p e r  cm w h i c h  w o u l d  b e  n e e d e d  t o  g e n e r a t e  
a  f l o w  o f  a b o u t  1 0  c m 3  p e r  s e c o n d .  

I f  h e a t  f l o w  w e r e  t o  t a k e  p l a c e  b y  
m a s s  t r a n s f e r  a s  a  r e s u l t  o f  b o i l i n g  t h e  
w a t e r ,  t h e  q u a n t i t y  o f  w a t e r  n e e d e d . t o  
d i s s i p a t e  1 kW o f  p o w e r  d e c r e a s e s  t o  less  
t h a n  0 . 5  cm3 p e r  s e c o n d ,  i n  v i r t u e  o f  t h e  
r e l a t i v e l y  h i g h  l a t e n t  h e a t  o f  w a t e r .  T h e  
p r e s s u r e  g r a d i e n t  n e c e s s a r y  t o  m a i n t a i n  
t h i s  f l o w  w o u l d  d e c r e a s e  c o r r e s p o n d i n g l y  
t o  a b o u t  5  x  b a r  p e r  cm. T h i s  v a l u e  
i s  g r e a t e r  t h a n  t h a t  c o r r e s p o n d i n g  t o  t h e  
h y d r o s t a t i c  h e a d .  A l o c a l  p r e s s u r e  g r a d -  
i e n t  c o m p a r a b l e  i n  v a l u e  w i t h  t h e  h y d r o -  
s t a t i c  h e a d  c o u l d  b e  g e n e r a t e d  as  a  r e s u l t  
o f  t h e  d i s p l a c e m e n t  o f  water b y  s t e a m .  I t  
w o u l d  a p p e a r ,  t h e r e f o r e ,  t h a t  h e a t  f l o w  
by m a s s  t r a n s f e r  as  a r e s u l t  o f  b o i l i n g  is  
n o t  l i k e l y .  

F i g u r e  1 6 .  A d i a g r a m  i l l u s t r a t i n g  
t h e  t h e r m a l l y - i n d u c e d  
t e n s i o n  n r o m a l  t o  a  
p l a n e  c o n t a i n i n g  a  
c i r c u l a r  r e p o s i t o r y  a s  
a  f u n c t i o n  o f  r a d i u s ,  
f o r  a n  a v e r a g e  i n c r e a s e  
i n  t h e  t e m p e r a t u r e  o f  
t h e  r e p o s i t o r y  of 1 0 0 ° C .  

5 .  DISCUSSION 

A l t h o u g h  a  n u m b e r  o f  q u e s t i o n s ,  s u c h  
a s  t h e  e f f e c t  o f  r a d i a t i o n  o n  t h e  r o c k  
a r o u n d  c a n i s t e r s ,  h a s  n o t  b e e n  a d d r e s s e d  
i n  t h i s  a p p r a i s a l ,  t h e r e  a p p e a r  t o  b e  n o  4 . 3 .  O t h e r  b lodes  o i  Iieat k ' low 
f u n d a m e n t a l  r e a s o n s  why a  r e p o s l t o r y  f o r  
t h e  isolation o t  radioactive w a s t e s  s h o u l d  
n o t  b e  e x c a v a t e d  u n d e r g r o u n d  i n  h a r d  r o c k .  
One  q u e s t i o n  w h i c h  d o e s  a r i s e  is w h e t h e r  
o r  n o t  s u c h  a  r e p o s i t o r y  w o u l d  b e  a b l e  t o  
a c c o m m o d a t e  a s l g n i l i  c a n t  p r o p o r t i o n  o f  
t h e  w a s t e  t o  b e  g e n e r a t e d .  Amongs t  o t h e r s ,  
B l o m e k e  a n d  Bond ( 1 9 7 6 )  s u g g e s t  t h a t  t h e  
t o t a l  i n s t a l l e d  n u c l e a r  c a p a c l t y  may r e a c h  
1 2 0 0  GW b y  t h e  y e a r  2 0 0 0 ,  a n d  i n d i c a t e  t h a t  
t h e  a c c u m u l a t e d  t h e r m a l  p o w e r  o f  t h e  h i g h -  
l e v e l  w a s t e s  may be about 770 M W  b y  t h e  
s a m e  d a t c .  F o r  d l l f  e r e n t  r e p o s l t o r y  t c m -  
p e r a t u r e s ,  t h e  area o f   tory r e y u l r ~ d  
t o  i s o l a t e  1 0 , 0 0 0  h ~ g h - l e v e l  w a s t e  c a n n l 5 -  
t e r c ; ,  ~ ~ i \ u r n l n ~  t h n l  t h ~ y  a rc ,  cool t d f o r  1 0  
y e a r 5  b ~ l o i - c  b u r l d l  ( c l  F l g u r e  5 )  a n d  
u $ l n g  L h r  d a t , ~  1 rom T ~ b l c  I V ,  is f ouncl t o  
bc r ) f  I hc o r d c > r  i j f  a l t m z  p c ' r  y t x c l r  , I \  i.: ~ v c  11 

b e  low I n  Tab l r. V I 

T h e  p r o c e s s e s  o f  convection a n d  m a s s  
L l , a n s f e r  o f t e n  o v e r w h e l m  t h e  e f f e c t s  o f  
h e a t  c o n d u c t i o n .  T h e r e f o r e ,  l t  is i m p o r -  
t a n t  t o  e s t l m a t e  t h e  o r d e r  o f  magnitude of 
11ot  e n  t  l a 1  m o d e s  o f  c o n v e c t  i o n  a n d  m a s s  
t r a n s f e r  o n  t h e  t e m p e r a t u r e s  a r o u n d  a  re- 
p o s i t o r y .  

T h e  s p e c i f i c  h e a t  o f  w a t e r  is a b o u t  
4 . 2  k J /  l i t e r  OC. A s s u m e  t h a t  a n y  w a t e r  
f l o w i n g  t h r o u g h  t h e  r o c k  i n  t h e  v i c i n i t y  
o f  a  c a n n i s t e r  may h a v e  i ts  t e m p e r a t u r e  
i n c r e a s e d  b y  a n  a v e r a g e  o f  2 5 O C .  I n  t h i s ,  
e v e n t ,  a f l o w  o f  a l i t t l e  less t h a n  0 . 0 1  
l i t e r s  p e r  s e c o n d  w o u l d  b e  s u f f i c i e n t  t o  
d i s s i p a t e  1 kW of p o w e r .  To e s t i m a t e  
w h e t h e r  o r  n o t  s u c h  a f l o w  r a t e  is f e a -  
s i b l c ,  a s s u m e  t h a t  t h e  c r o s s - s e c t i o n  of  it 

p l a n e  t h r o u g h  t h e  v o l u m e  o f  r o c k  a r o u n d  a  
c a n n i s t c r ,  w i t h i n  w h i c h  s u c h r  f l o w  may 
c j c c u r ,  h a s  a n  a r e a  o f  1 o5 crnL. ' r h ~  p c : ~  
m e i r b i l i t y  o f  t h ~  r o c k  m a s s  a t  a n y  s u ~ t a b l e  
r e p o s i t o r y  s i t e  is  e x p e c t e d  t o  b e  s i j i n i  1 ' -  
i c : n n t l y  less  Lhan 0 . 1  m i l l i c l a r c y .  To 
a c h i e v e  a f l o ~  of ' ,10 ern.) p e r  s e c o n d  t h r o u g h  
a n  a r e a  of L O J  c m "  w i t h  a  p e r m e a b ~ l i t y  of 
0 . 1  m i l l i d n r c y  w o u l d  r e q u i r c  a p r e s s u r e  
g r a d i e n t  o r  I b a r  p e r  cm. 

r , l h e s < ~  ; i 1 - ca5  ill-(: L L L ~ ~ C ,  b u t  1 L  s c ~ l . , l l l s  

q u i t e  p r a c l . i c . a b l e  t o  t h i n k  of :: r r , p o s i t o r y  
w i t h  a n  ;rre:i p ~ r  h o r i z o n  oL. 5 km2 a n d ,  s i r y ,  
3 d i  l'f'crel~l l i o r ~ z o n s  s c p ; i r a t c d  b y  200 n l ,  

 hat i s ,  :r t o t . a l  x r e a  0 1  1 5  km2 ,>c>r r v p o s -  
i t o r y .  I f  a r e p o s i t o r y  t e m p e r a t u r e  U P  
100°C wc,r,e c h o s e n ,  o n e  s u c h  r e p o s i t o r y  
w o u l d  b o  a d e c j u a t c  I 'or  t h e  i s o l a t i o n  of' 
w a s t e s  with a p o w e r  o u t p u t  o f  2/10 b1l.V a t  1 0  
y e a r s  a1'tc.r b u r i a l  , w h i c h  r o r n y r i s c : ~  ;I sill,- 
s 1 a n t i : i l  1 ' 1 - a c t i o n  of' :11 1 Llic: h i g h -  I c?vc-I 
w a s t e s  p r o r l u c c d  f '~-cm 1 2 0 0  GW r ~ l '  jnstnll ed 
n u c l  i ' a u  c.:tp:~c,i t y  , r - s l ~ w i a l  1 y  I l' the-y 21-r-. 

c:oc,l ed f ' o r  1 0 \.(,:I 1,s 1-I(, f'ril-cj l~lrr 1 ;i 1 . 

Two d i i f c r e n t  v a l u e s  o f  t h e  p r e s s u r e  
g r a d i e n  t  s h o u l d  b e  c o n s i d e r e d  ; t h e  b y d r o -  
s t a t i c  h e a d ,  a n d  t h a t  c a u s e d  b y  a tern1)er-a- 
t u r e  d i  t P e r e n c e  o f  a b o u t  25°C. The- h y t l r o -  



TABLE VI  

T h e  a r e a  o f  r e p o s i t o r y  r e q u i r e d  t o  a c c o m o d a t e  1 0 , 0 0 0  
w a s t e  c a n n i s t e r a  a f t e r  c o o l i n g  f o r  1 0  y e a r s  f o r  d i f -  
f e r e n t  r e p o s i t o r y  t e m p e r a t u r e s .  

R e p o s i t o r y  T e m p e r a t u r e  *C 5 0  1 0 0  200 
2 A r e a  (km ) 2 . 2  1.1 0 . 5 4  0 . 3 6  

A n o t h e r  p r a c t i c a l  p r o b l e m  c o n c e r n s  t h e  
s i z e  a n d  l a y o u t  o f  t h e  t u n n e l s  f o r  a re- 
p o s i t o r y .  T o  a c c o m m o d a t e  c a n n i s t e r s  o f  
t h e  l e n g t h  c u r r e n t l y  e n v i s a g e d ,  n a m e l y ,  
a b o u t  3 m  a n d  f o r  c o n v e n i e n c e  o f  e x c a v a -  
t i o n ,  a t u n n e l  w i t h  l a t e r a l  a n d  v e r t i c a l  
d i m e n s i o n s  o f  b e t w e e n  4 m a n d  5 m  is 
p r e f e r r e d .  H o w e v e r ,  i n  S e c t i o n  3 i t  w a s  
a d v o c a t e d  t h a t  t h e s e  t u n n e l s  s h o u l d  o c c u p y  
n o t  m o r e  t h a n  20 p e r c e n t  o f  t h e  area o f  a 
r e p o s i t o r y .  A c c o r d i n g l y ,  t h e i r  c e n t e r - t o -  
c e n t e r  s p a c i n g  w o u l d  b e  20 m  t o  2 5  m .  I f  
e a c h  c a n n i s t e r  is t o  o c c u p y  n o  l e s s  t h a n  
a b o u t  1 0 0  m2 ( c f  T a b l e  I V )  t h e  s p a c i n g  o f  
t h e  c a n n i s t e r s  w o u l d  h a v e  t o  b e  a b o u t  4 m  
a p a r t  f o r  a s i n g l e  r o w  o f  c a n n i s t e r s  p e r  
t u n n e l ,  o r  8 m  a p a r t  i f  t h e r e  w e r e  t w o  
r o w s  p e r  t u n n e l ,  a s  is i l l u s t r a t e d  i n  
F i g u r e  11. An u n e v e n  s p a c i n g  f o r  t h e  c a n -  
n i s t e r s  o f  a b o u t  4 m x  2 5  m  w i l l  g i v e  r i s e  
t o  l o c a l  t e m p e r a t u r e  c o n c e n t r a t i o n s  a l o n g  
t h e  a x i s  o f  l e a s t  s p a c i n g ,  w i t h  s i g n i f -  
i c a n t ,  t h e r m a l l y - i n d u c e d  t e n s i o n  n o r m a l  t o  
t h i s  a x i s  b e t w e e n  c a n n i s t e r s ,  e s p e c i a l l y  
i n  t h e  s h o r t - t e r m  ( c f  F i g u r e  8 ) .  Alter- 
n a t i v e l y ,  s t a g g e r e d  s p a c i n g  o n  e a c h  s i d e  
o f  t h e  t u n n e l  i n  e i t h e r  v e r t i c a l  o r  h o r i -  
z o n t a l  b o r e h o l e s  a p p e a r s  t o  h a v e  a n u m b e r  
o f  a d v a n t a g e s .  I n  b o t h  c a s e s ,  t h e  i n -  
c r e a s e d  s p a c i n g  b e t w e e n  c a n n i s t e r s  r e d u c e s  
s i g n i f i c a n t l y  t h e  m a g n i t u d e  o f  t h e  t h e r -  
m a l l y - i n d u c e d  t e n s i o n ,  a n d  i n  t h e  c a s e  o f  
t h e  v e r t i c a l  b o r e h o l e s  t h i s  t e n s i o n  is 
f u r t h e r  o f f s e t  b y  t h e  r a d i a l  c o m p r e s s i o n  
f r o m  t h e  c a n n i s t e r  o n  t h e  o t h e r  s i d e  o f  
t h e  t u n n e l .  

6. CONCLUSION 

T h e  r e s u l t s  p r e s e n t e d  I n  t h l s  r e p o r t  
s u g g e s t  t h a t  t h e r e  a r e  n o  f u n d a m e n t a l  r e a -  
s o n s  o f  a g e o m e c h a n l c a l  n a t u r e  why h a r d  
r o c k  s h o u l d  n o t  I o r m  a p o t e n t i a l l y  5 a t ~ s -  
l a c t o r y  s l t e  f o r  a n  u n d e r g r o u n d  r e p o 5 l t o r ~  
f o r  t h e  1 5 o l a t l o n  o f  r a d ~ o a c t i v e  w a s t e s .  

V i r g i n  s t a t e s  01' s tress h a v e  b e e n  i d c n -  
t i f i e d  w h i c h  w o u l d  r e t a r d  t h e  i n g r e s s  o f  
g r o u n d w a t e r  a n d  o b v i a t e  t h e  o c c u r r e n c e  01' 
f a u l t i n g ,  e v e n  i n  t h e  p r e s e n c e  o f  w a t e r  
p r e s s u r e  e q u a l  t o  t h e  h y d r o s t a t i c  h e a d ,  i n  
r o c k  a r o u n d  r e p o s i t o r i e s  s i t u a t e d  b e t w e e n  
0 . 5  km a n d  2 km b e l o w  s u r f a c e .  T o  meet 
t h e s e  r e q u i r e m e n t s  t h e  v a l u e  o f  t h e  m i n -  

--------- 
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/\ skotch shoal n! ;  : I  ; ; ( ! . - : ; : I  (, I \ . ( .  

I n y o u  t s  f o r  c;in11i st(.]- 1301. (~-  

h o l e s  i n  a t u n n e l .  E21ch l a y -  
o u t  h a s  t h e  s a m e  c a n n i s t c . 1  
d e n s i t y  ( 1  c a n n i s t u r  per 
1 0 0  rn2) b u t  t h e  p r o x i n i ~ t , :  oi. 
: x d , j a c e n t  c a n n i  s t e r s  a n d  a d -  
v e r s e  interaction b e t w e o n  
t h e m  v a r i e s  s i : n i f i c ; l n t , l v .  

imum horizontal c o m p o n e n t  o f  t h l s  s t a t e  



o f  s t r e s s  m u s t  b e  g r e a t e r  t h a n  t w o  t h i r d s  
t h a t  o f  t h e  v e r t i c a l  c o m p o n e n t ,  a n d  t h e  
maximum v a l u e  o f  t h e  stress d i f f e r e n c e  
s h o u l d  b e  l e s s  t h a n  2 5  MPa. 

I t  1s r e c o m m e n d e d  t h a t  t h e  a r e a  o f  t h e  
e u c a x a t l o n s  I n  a n y  o n e  h o r l z o n  o c c u p y  n o  
m o r e  t h a n  2 0  p e r c e n t  o f  t h e  a r e a  o f  t h a t  
h o r l ~ o n ,  t o  o b v l a t e  a d v e r s e  l n t e r a c t l o n  
b e t n e e n  excavations. F o r  d e p t h s  o f  u p  t o  
1 . 2  km, t h e  l a b o r a t o r y  u n i a x l a l  c o m p r e s -  
i l ~ c  s t r e n g t h  o f  t h e  r o c k  s h o u l d  b e  2 0 0  
hlPa h l e a s u r e m c n t s  o f  s l z e  e f f e c t s  o n  
s p e c l m e n 5  u p  t o  a b o u t  a m e t e r  n e e d  t o  b e  
m a d e ,  a n d  s l t e  s p e c l f  i c  l n v e s t l g a t l o n s  o f  
geological s t r u c t u r e  w l l l  b e  r e q u i r e d .  

N e l t h e r  l o c a l ,  s h o r t - t e r m  n o r  r e g i o n a l  
I o n g -  tern1 t h e r m o m e c h a n i c a l  s t r e s s e s  a p p e a r  
t o  p o s e  s e r i o u s  d i f f i c u l t i e s ,  p r o v i d e d  
t l ~ a t  p o w e r  d e n s i t i e s  a r e  k e p t  b e l o w  a b o u t  
16 w / m 2  a n d  t e m p e r a t u r e s  b e l o w  1 0 0 n C .  I f  
 his t e m p e r a t u r e  is e x c e e d e d  s i g n i f i c a n t l y  
e v e n  i n  t h e  r o c k  i n m e d i a t e l y  a r o u n d  a  c a n -  
n i s t e r ,  t h e r m a l  d e c r e p i t a t i o n  o f  t h e  b o r e -  
h o l e  is  l i k e l y  t o  o c c u r ,  m a k i n g  r e t r i e v a l  
o f  t h e  c a n n i s t e r  d i f f i c u l t  u n l e s s  t h e  
b o r e h o l e  i s  c a s e d .  H o w e v e r ,  t h e r e  is  
l i t t l e  e x p e r i e n c e  c o n c e r n i n g  t h e  e f f e c t s  
o f  t h e r m a l  l o a d i n g  o n  u n d e r g r o u n d  e x c a -  
v a t i o n s  a n d  t h i s  a s p e c t  r e q u i r e s  t h o r o u g h  
e x p e r i m e n t a l  a n d  t h e o r e t i c a l  i n v e s t i g a t i o n .  
T h e r e  a p p e a r  t o  b e  d i s t i n c t  a d v a n t a g e s  i n  
c e r t a i n  d i s p o s i t i o n s  o f  c a n n i s t e r s  w i - t h i n  
i n d i v i d u a l  t u n n e l - l i k e  e x c a v a t i o n s  t o  
o b v i a t e  a d v e r s e  i n t e r a c t i o n  o f  t h e  t h e r -  
m o m e c h a n i c a l  s t r e s s e s  i n d u c e d  a r o u n d  t h e  
c x n n i s t e r s .  

A s i n g l e  r e p o s i t o r y  c o m p r i s i n g  h o r i -  
z o n s  e a c h  w i t h  a  t o t a l  a r e a  o f  a b o u t  5 km2 
separated b y  a b o u t  2 0 0  m a p p e a r s  Lo h a v e  
t h e  c a p a c i t y  t o  s t o r e  w a s t e  w i L h  1)owt.r o u t -  
p u t  a t  1 0  y e a r s  a f t e r  b u r i a l  o f  t h e  o r d e r  
o f  2 4 0  hl\V c o r r e s p o n d i n g  t o  a s i g n i  f i c a n  t  
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p r o d u c e d  b y  1 2 0 0  GW o f  i n s t a l l e d  n u c l e a r  
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I N  SITU HEATING EXPERIMENTS I N  HARD ROCK:  -- 
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SYNOPSIS 

O f  the  many a l t e r n a t i v e s  t h a t  a r e  be ing  considered fo r  the  d isposal  
of nuc lear  wastes, deep underground b u r i a l  i s  favored. The weal th  of 
experience concern ing t h e  design and c o n s t r u c t i o n  o f  underground exca- 
va t ions  does n o t  i n c l u d e  the  unique e f f e c t s  o f  hea t ing  excavations by 
r a d i o a c t i v e  decay, n o r  the i ssue  o f  long- term i s o l a t i o n .  The e f fec ts  
of hea t ing  a r e  impor tan t  i n  e s t a b l i s h i n g  t h e  f e a s i b i l i t y  of t h i s  method 
of d isposal ,  and a r e  e s s e n t i a l  f o r  t h e  des ign o f  an underground repos i -  
t o r y .  N e a r - f i e l d  phenomena around i n d i v i d u a l  c a n i s t e r s  can be s tud ied  
by f u l l - s c a l e  experiments, us ing  e l e c t r i c a l  heaters.  The thermal 
d i f f u s i v i t y  o f  rock  i s  so low t h a t  i n f o r m a t i o n  concerning the  i n t e r -  
a c t i o n  between f u l l - s c a l e  heaters and o f  t h e  e f f e c t s  of hea t ing  a l a r g e  
volume o f  rock  cannot be measured i n  f u l l - s c a l e  experiments l a s t i n g  l e s s  
than a few decades. To overcome t h i s  d i f f i c u l t y ,  a t ime-scaled hea t ing  
experiment has been developed i n  which a r e d u c t i o n  i n  l i n e a r  scale i s  
accompanied by an a c c e l e r a t i o n  o f  the t ime s c a l e  t o  the second power. 
I n  t h i s  experiment. t h e  l i n e a r  sca le  i s  about a  t h i r d ,  so t h a t  the 
t ime scale i s  about t e n  f o l d .  

* T h i s  paper  was p r e s e n t e d  at the OECD Seminar  on  
I n  S i t u  H e a t i n g  E x p e r i m e n t s  i n  G e o l o g i c  F o r m a t i o n s ,  
S t r i p a  , Sweden ,  S e p t e m b e r  12-  15, 1978. 



I. INTRODUCTION 

Successful d i sposa l  o f  n u c l e a r  wastes by deep b u r i a l  requ i res  t h a t  t h e  heat  
produced by the r a d i o a c t i v e  decay o f  these wastes should n o t  compromise the  a b i l i -  
t y  o f  a  s u i t a b l e  geo log ic  s i t e  t o  f s o l a t e  t h e  wastes from t h e  biosphere over  long  
per iods  of t ime, nor  should t h i s  heat  c rea te  d i f f i c u l t i e s  dur ing  t h e  comnission- 
i n g  o f  an underground r e p o s i t o r y .  

I t i s  genera l l y  agreed t h a t  s i g n i f i c a n t  q u a n t i t i e s  o f  nuc lear  wastes w i l l  
have t o  be i s o l a t e d  f rom the  biosphere f o r  per iods o f  t ime  which are unprecedented 
b o t h  i n  the  h i s t o r y  o f  human s o c i a l  i n s t i t u t i o n s  and i n  the  d u r a b i l i t y  o f  most 
engineered s t r u c t u r e s  [1 , 2 ,  31. The c h a r a c t e r i s t i c s  and p r o p e r t i e s  o f  geologic  
s i t e s  which a re  now s t a b l e ,  and have been s t a b l e  f o r  l ong  per iods o f  geologic  
h i s t o r y ,  a re  n o t  l i k e l y  t o  change w i t h i n  the  geologic  near f u t u r e ,  such as the 
nex t  m i l l i o n  years.  I n  a d d i t i o n  t o  t h e i r  s t a b i l i t y ,  some o f  these s i t e s  may have 
v i r t u a l l y  no connect ion t o  t h e  biosphere. Accord ing ly ,  such s i t e s  have the  
p o t e n t i a l  f o r  i s o l a t i n g  f rom the b iosphere nuc lear  wastes through b u r i a l  i n  re -  
p o s i t o r i e s  excavated deep below sur face  [4 ,  53. 

The p r a c t i c a l  u t i l i t y  o f  s u i t a b l e  geologic  s i t e s  hinges upon the e x t e n t  t o  
which t h e  a b i l i t y  o f  a  s i t e  t o  i s o l a t e  nuc lear  wastes from t h e  biosphere may be 
impai red by excavating, commissioning and s e a l i n g  o f  an underground r e p o s i t o r y .  
The e f f e c t s  o f  excavat ing underground a r e  understood r e l a t i v e l y  w e l l .  For example, 
t h e  24 coun t r ies  o f  the  OECD develop about 50,000 k i lomete rs  o f  underground 
tunne ls  each year  [ 6 ] .  Unfor tuna te ly ,  t h i s  experience does n o t  inc lude  t h e  
e f fec ts  o f  l oad ing  excavat ions w i t h  nuc lear  wastes which produce heat,  no r  of 
s e a l i n g  such excavations over  long  per iods o f  t ime. The s e a l i n g  o f  these excava- 
t i o n s  i s  amenable t o  techno log ica l  s o l u t i o n .  However, the  e f f e c t s  of the  thermal 
loads imposed on the rock  around a  r e p o s i t o r y  by the  r a d i o a c t i v e  decay o f  the  
waste i s  fundamental t o  the  u t i l i t y  o f  the concept o f  deep geo log ic  d isposal .  

The o b j e c t i v e  o f  i n  s i t !  hea te r  experiments i s  t o  measure t h e  response of 
t h e  rock t o  thermal loading,  so as t o  p rov ide  an understanding o f  the e f f e c t s  of 
thermal loading,  and q u a n t i t a t i v e  data s u f f i c i e n t  t o  ensure t h a t  underground 
r e p o s i t o r i e s  f o r  nuc lear  wastes can be designed w i t h  adequate sa fe ty .  

Although i n  s i t u  hea te r  experiments have been done i n  s a l t  [7, 81, and an 
experiment i n  g r a n i t e  has r e c e n t l y  been completed [9], t h e  design o f  these e x p e r i -  
ments i n  hard rock must a t  p resen t  be based l a r g e l y  on t h e o r e t i c a l  p r e d i c t i o n s  
because o f  t h e  smali  amount o f  exper ience ava i lab le .  As c u r r e n t  experiments ge t  
underway and y i e l d  r e s u l t s ,  t h i s  s i t u a t i o n  w i l l  change r a p i d l y .  

I I. THERMAL I-OADING 

The way i n  which the  temperature o f  the rock in f luenced  by t h e  re lease  of 
heat  f rom t h e  nuc lear  wastes, changes w i t h  t ime i s  o f  c r u c i a l  importance t o  the  
sa fe ty  o f  an underground r e p o s i t o r y .  

I f  t h e  r a t e  a t  which nuc lear  wastes re lease  heat decayed so s low ly  w i t h  t ime  
as t o  be v i r t u a l l y  constant ,  temperatures i n  t h e  rock around i n d i v i d u a l  c a n i s t e r s  
and i n  a  r e p o s i t o r y  as a  whole would increase con t inuous ly  u n t i l  they caused a 
f a i l u r e  of some k ind.  For tuna te ly ,  t h i s  i s  n o t  the  case. The r a t e  a t  which heat  
i s  re leased by spent f u e l  f rom l i g h t  water reac to rs  and by reprocessed h igh  l e v e l  
waste f rom such reac to rs ,  decays as a  f u n c t i o n  o f  t ime as i s  i l l u s t r a t e d  i n  
F i g u r e  1  [2]. From t h i s  f i g u r e  i t  can be seen t h a t  t h i s  r a t e  decays more r a p i d l y  
than t ime t o  the power -1/2. According t o  the  theory o f  the  conduct ion of heat 
i n  s o l i d s  [ l o ] ,  i t  f o l l o w s  t h a t  t h e  temperature mustreach some peak values i n  t h e  
rock  around any source where the  r a t e  a t  which heat i s  re leased decays more r a p i d -  
l y  than t ime t o  the  power -1/2. I f  t h e  decay i n  the  r a t e  o f  re lease  of heat  were 
l e s s  r a p i d  than t h i s ,  i t  would be necessary t o  design a  r e p o s i t o r y  so as t o  make 
use o f  d i ve rgen t  r a d i a l  heat  conduct ion t o  ensure t h a t  temperatures i n  the  vock 
reached some peak va lue r a t h e r  than inc reas ing  con t inuous ly .  

I t has been shlmn [Il, 121 t h a t  t h e  thermal load ing  o f  a  r e p o s i t o r y  wit11 
nuc lear  wastes having c h a r a c t e r i s t i c s  such as those i l l u s t r a t e d  i n  F igure 1 ,  
r e s u l t s  i n  a thermal pu lse  such as one o f  those i l l u s t r a t e d  i n  F igure  2. This  
f i p r e  sho!.!s t h a t  the  tnmpe~;3tsre i~ ;r p lanar  repnsl: tory reaches a maxim~~rn v a l ~ r ~  
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Fig.  1. The decay w i t h  t ime  i n  the  r a t e  a t  which spent f u e l  and 
reprocessed h i g h  l e v e l  waste re lease  heat,  per t o n  of heavy 
meta l ,  a f t e r  removal from a r e a c t o r .  The s t r a i g h t  l i n e  w i t h  
a s lope o f  -1/2 i l l u s t r a t e s  t h e  decay w i t h  t ime of t h e  heat 
f l u x  by conduct ion i n  one dimension from an isothermal  source. 
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Fig.  2. Curves showing how t h e  average temperatures of a p lanar  
r e p o s i t o r y  f o r  spent fue l  and reprocessed h igh  l e v e l  waste 
a re  expected t o  change w i t h  t ime.  The hatched t a i l  of each 
curve represents t h e  range of temperature d i f fe rences  caused 
by d i f f e r e n t  depths o f  the  r e p o s i t o r y  below surface. 



some 25 years a f t e r  emplacement o f  t h e  waste, f o r  t-eprccessed h igh  l e v e l  waste, 
and some 40 years a f t e r  emplacement of the waste f o r  spent fue l  assuming bo th  
t o  be emplaced 10 years a f t e r  removal from t h e  r e a c t o r .  The va lue o f  t h i s  peak 
temperature i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  i n i t i a l  power load ing  d e n s i t y  o f  the 
r e p o s i t o r y .  I n  a d d i t i o n  t o  t h e  fundamental importance t o  t h e  design o f  a  safe 
p r a c t i c a b l e  r e p o s i t o r y  of a  peak temperature as d i s t i n c t  f rom a  temperature which 
increases i n d e f i n i t e l y  w i t h  t ime, i t  i s  most encouraging t h a t  t h i s  peak tempera- 
t u r e  i s  reached w i t h i n  such a  s h o r t  p e r i o d  o f  t ime. This  a l lows p r e d i c t i o n s  
concerning t h e  thermal pu lse  t o  be v e r i f i e d  w i t h i n  the  foreseeable f u t u r e ,  and 
be fo re  waste need be sealed f i n a l l y  i n  e r e p o s i t o r y .  

111. HEATER EXPERIMENTS 

The heat  re leased by t h e  r a d i o a c t i v e  decay o f  the  nuc lear  wastes must be 
d i s s i p a t e d  i n  t h e  subsur face  rock mass w i t h o u t  adverse e f f e c t s .  Temperatures 
reached by t h e  c a n i s t e r s  c o n t a i n i n g  the  wastes and by t h e  surrounding geologic  
media must, the re fo re ,  be l i m i t e d  t o  some safe values. The p r i n c i p a l  o b j e c t i v e  
o f  hea te r  experiments i s  t o  measure the response o f  the rock t o  a  thermal pulse, 
so as t o  determine what a r e  these sa fe  values. 

Immediately a f t e r  emplacing c a n i s t e r s  the  temperature o f  the rock  around 
each c a n i s t e r  increases.  L a t e r  these i n d i v i d u a l  temperature f i e l d s  merge, 
inc reas ing  the  temperature of the  rock around the  a r ray  o f  c a n i s t e r s  comprising 
the  waste r e p o s i t o r y .  These temperature f i e l d s  produce thermo-mechanical stresses 
i n  t h e  rock which cou ld  cause i t  t o  f a i l .  Two modes o f  rock  f a i l u r e  have been 
i d e n t i f i e d  as p o t e n t i a l l y  hazardous [ I 1  , i3]. F i r s t ,  increased compressive s t ress  
p a r a l l e l  t o  t h e  w a l l s  o f  t h e  holes con ta in ing  the c a n i s t e r s  cou ld  cause decrepi -  
t a t i o n  of t h e  rock  i m e d i a t e l y  around these holes. I f  t h i s  were t o  decrease the  
thermal c o n d u c t i v i t y  o f  t h i s  rock  s u f f i c i e n t l y ,  the  temperature o f  the  can is te rs  
cou ld  r i s e  t o  unacceptable values. Also, d e c r e p i t a t i o n  may make r e t r i e v a l  o f  a  
c a n i s t e r  d i f f i c u l t  and cou ld  cause mechanical damage t o  i t, unless t h e  holes 
con ta in ing  the  c a n i s t e r s  a r e  cased. Casing would n o t  necessar i l y  prevent  a  
decrease i n  thermal c o n d u c t i v i t y  as a  r e s u l t  o f  d e c r e p i t a t i o n .  Accord ing ly ,  i t  
i s  impor tan t  t o  e s t a b l i s h  t h e  cond i t i ons  under which thermal d e c r e p i t a t i o n  occurs 
and t o  measure i t s  e f f e c t  on t h e  thermal c o n d u c t i v i t y  o f  the  rock.  Second, the  
thermal expansion of t h e  rock mass compr is ing t h e  r e p o s i t o r y  creates a  compressive 
s t r e s s  w i t h i n  i t  and a  corresponding t e n s i l e  s t r e s s  i n  t h e  rock ou ts ide  it. The 
compressive s t r e s s  may cause f a i l u r e  o f  the  rock  adjacent  t o  the  excavations com- 
p r i s i n g  the  r e p o s i t o r y .  More, impor tan t l y ,  the  t e n s i l e  s t r e s s  ou ts ide  of i t  may 
enhance the  h y d r a u l i c  p e r m e a b i l i t y  o f  the s i t e ,  p a r t i c u l a r l y  if i t  should decrease 
the  value o f  t h e  t o t a l  s t r e s s  t o  a  l e v e l  l e s s  than the  h y d r a u l i c  head of water a t  
any place. 

The magnitude and c h a r a c t e r i s t i c s  o f  these thermo-mechanical e f f e c t s  can be 
est imated by c a l c u l a t i n g  conduct ive temperature f i e l d s  and the  r e s u l t i n g  the rma l l y  
induced st resses.  However, t h e  r e s u l t s  o f  these c a l c u l a t i o n s  depend upon the  
values used f o r  the  thermal and mechanical p r o p e r t i e s  o f  the  rock.  I n  general,  
few o f  these values have been measured and most o f  them have been obta ined by 
l a b o r a t o r y  measurement [14]. The p r o p e r t i e s  o f  the  rock mass i n  s i t u  can be 
expected t o  d i f f e r  s i g n i f i c a n t l y  from those of l a b o r a t n r y  specimens o f  rock,  
p a r t i c u l a r l y  when the  e f f e c t s  o f  geo log ica l  d i s c o n t i n u i t i e s  i n  the  former a re  
s i g n i f i c a n t  as i s  l i k e l y  t o  be the case a t  the  s i t e  o f  any subsurface r e p o s i t o r y .  
To reso lve  these u n c e r t a i n t i e s  i t  i s  necessary t o  conduct a p p r o p r i a t e l y  i n s t r u -  
mented, i n  s i t u  hea te r  experiments underground, us ing e l e c t r i c a l  heaters t o  
s imu la te  t h e  thermal e f f e c t s  o f  the  r a d i o a c t i v e  waste c a n i s t e r s .  

The n o n - l i n e a r  compressive s t ress-deformat ion c h a r a c t e r i s t i c s  o f  a  diamond 
saw-cut and an a r t i f i c i a l l y  induced tens ion  f r a c t u r e  across a  g r a n i t e  specimen. 
about a  meter i n  diameter,  a re  as i l l u s t r a t e d  i n  F igure  3 [15]. The e f f e c t i v e  
v i r g i n  s t ress  a t  a  depth o f  about a  k i l omete r ,  r e s u l t i n g  from the  d i f ference 
between the  weight  o f  the  o v e r l y i n g  rock  and t h e  h y d r o s t a t i c  head, i s  about 
15 MPa. I f  t h e  d i s c o n t i n u i t i e s  i n  the  rock  mass have deformat ion c h a r a c t e r i s t i c s  
s i m i l a r  t o  those i l l u s t r a t e d  i n  F igure  3, and a re  separated by a  mean spacing o f  
the o rder  o f  1 /2 meter, t h e  r e s u l t i n g  s t ress-deformat ion behavior  o f  the  rock  
mass about a  mean e ' f fect ive s t r e s s  o f  15 MPa would be as i s  i l l u s t r a t e d  by the 
dashed curve i n  F igure  3. Th is  may be compared w i t h  the s o l i d  l i n e  represen t ing  
an e l a s t i c  Young's modulus o f  40 GPa, suggest ing t h a t  the  s t ress-deformat ion 
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Fig. 3. Curves showing the deformation between adjacent surfaces 
of a diamond saw cut and an induced tension fracture 
across a specimen of granite about 1 m in diameter, as 
a function of normal stress. The effects of such joints 
with an average spacing of 0.5 m on the deformation of a 
rock mass about an effective stress of 15 MPa is 
illustrated by the dashed curve. The solid line 
represents the deformation of rock with a Young's 
modulus of 40 GPa. 

characteristics of a jointed rock mass are likely to be non-linear and significant- 
ly more compliant than those of solid rock. According to the theory of linear 
therno-elasticity, thermally induced displacements are determined by the coeffi- 
cient of thermal expansion and Poisson's ratio and are independent of the value 
of Young modulus, but the values of the thermally induced stresses are linearly 
proportional to the value of Young's modulus [I 63. The increased compliance 
introduced into the rock mass by geological joints has the effect of diminishing 
the Young's modulus o f  the rock. As a result, the values of both the thermally 
induced compressive stress components within the heated zone of a repository and 
the thermally induced tensile components outside the heated zone are likely to be 
less than those calculated from the theory of thermo-elasticity, using the value 
of the intrinsic Young's modulus for rock. Both these changes are advantageous, 
the latter particularly so, as the decrease in compressive stress across joints 
in the tensile zone leads to enhanced hydraulic transmissivity of these joints. 
The non-1 ineari ty in the deformation of the rock mass arises from displacements 
between adjacent joint surfaces which are related closely to the hydraulic 
transmissivity of the joints, and hence to the permeability of the rock mass, 
so that measurements of thermally induced displacements across joints are of 
fundamental importance. 

The first phase of in situ heater experiments, therefore, should involve a 
detailed study of the temperatures, displacements and stresses induced in the 
rock mass by electrical heaters siniilating the thermal output of canish-s of 
radioactive wastes. 



i )  F u l l - s c a l e  expe r imen ts  

The n e a r  f i e l d  t he rma l  e f f e c t s ,  b o t h  i n  t h e  s h o r t - t e r m  and i n  t h e  l o n g - t e r n ,  
can be s t u d i e d  i n  s i t u  u s i n g  e l e c t r i c a l  h e a t e r s  t o  s i m u l a t e  t h e  hea t  re leased  by 
r a d i o a c t i v e  decay o f  t h e  waste  i n  c a n i s t e r s .  Temperature change as a  f u n c t i o n  o f  
r a d i a l  d i s t a n c e  f r o m  t h e  b o r e h o l e  c o n t a i n i n g  a  c a n i s t e r  f o r  v a r i o u s  t imes  a f t e r  
emplacement o f  t h e  c a n i s t e r  has been c a l c u l a t e d  u s i n g  t h e  t h e o r y  o f  l i n e a r  hea t  
c o n d u c t i o n  [17] and t h e  r e s u l t s  a r e  as i l l u s t r a t e d  i n  F i g u r e  4. From t h i s  f i g u r e  
i t  can be seen t h a t  t hese  temperatures  approach t h e i r  peak va lues  r a p i d l y ;  l i t t l e  
change occu rs  i n  t h e  second y e a r .  To s i m u l a t e  t h e  n e a r  f i e l d  e f f e c t  o f  i n t e r -  
a c t i o n  between a d j a c e n t  h e a t e r s ,  wh i ch  occurs  a f t e r  decades i n  p r a c t i c e ,  t h e  
t empera tu re  o f  t h e  r o c k  around a  h e a t e r  can be r a i s e d  r a p i d l y  by  a  number o f  
p e r i p h e r a l  h e a t e r s  spaced e v e n l y  abou t  a  c i r c l e  c o n c e n t r i c  w i t h  t h e  main h e a t e r  
and e x t e n d i n g  a x i a l l y  f o r  a  s i g n i f i c a n t  d i s t a n c e  above and below t h e  main  h e a t e r .  
C a l c u l a t i o n s  show t h a t  8 such hea te rs  w i t h  a  power o u t p u t  o f  1  kW o v e r  a  l e n g t h  
of 4 m  on a  r a d i u s  o f  0.9 ni w i l l  r a i s e  t h e  tempera tu re  o f  t h e  c y l i n d e r  o f  r o c k  
w i t h i n  them by abou t  100°C i n  30 days. 

D isp lacements  and s t r e s s e s ,  c a l c u l a t e d  f r o m  t h e  l i n e a r  t h e r m o - e l a s t i c i t y  
1181, as a  f u n c t i o n  o f  r a d i a l  d i s t a n c e  t h r o u g h  t h e  m idp lane  o f  t h e  h e a t e r  f o r  
v a r i o u s  t imes  a f t e r  emplacement o f  t h e  h e a t e r  a r e  i l l u s t r a t e d  i n  F igu res  5 and 6. 

F i g .  4 .  Changes i n  t empera tu re  a l o n g  a  r a d i u s  f r o m  t h e  c e n t e r  of 
a  c y l i n d r i c a l  hea t  sou rce  2 .5  m  l o n g  a t  v a r i o u s  t imes,  
c a l c u l a t e d  u s i n g  t h e  t h e o r y  n f  l i n e a r  h e a t  conduct ion,  
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F i g .  5. T h e r m a l l y  induced d isp lacements  a l o n g  a  r a d i u s  f r o m  t h e  

c e n t e r  o f  a  c y l i n d r i c a l  hea t  sou rce  2 . 5  m  l o n g  a t  v a r i o u s  
t imes  c a l c u l a t e d  u s i n g  t h e  t h e o r y  o f  l i n e a r  hea t  conduc t i on .  

- - ----- 8 days 
80  days --- 730 days 
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F i g .  6. T h e r m a l l y  induced r a d i a l  and t a n g e n t i a l  s t r e s s e s  a l o n g  a 
r a d i u s  f r o m  t h e  c e n t e r  o f  a  c y l i n d r i c a l  hea t  sou rce  2.5 m  
i n  l e n g t h  i n  a  b o r e h o l e  0.4 m  i n  d iame te r  c a l c u l a t e d  u s i n g  
t h e  t h e o r y  of 1 ip lear t h e m e - e l a s t i c i t y .  



i i )  T ime-scs led expe r imen ts  

F u l l - s c a l e  e l e c t r i c a l  h e a t e r s  can be used f o r  i n  s i t u  expe r imcn ta l  s t u d i e s  
o f  t h e  n e a r  f i e l d ,  thenna? e f f e c t s  o f  c a n i s t e r s  o f  r a d i o a c t i v e  wastes on t h e  r o c k .  
However, i t  does n o t  appear  p r a c t i c a b l e  t o  s t u d y  t h e  f a r  f i e l d ,  l o n g - t e r m  thermal  
e f f e c t s ,  even f o r  t h e  p e r i o d  of s e v e r a l  decades r e q u i r e d  t o  reach  peak tempera- 
t u r e s ,  b e f o r e  t h e  need a r i s e s  t o  ernplace c a n i s t e r s  o f  n u c l e a r  wastes i n  a r e p o s i -  
t o r y ,  A l t hough  v a l u a b l e  measurements can he made i n  any a c t u a l  r e p o s i t o r y  d u r i n g  
t h j s  p e r i o d ,  P.hey w i l l  be done ~ f t e r  sonie n u c l e a r  wastes have been emplaced. If 
t h e  f u l l - s c a l e  exper iments  w i t h  e l e c t r i c a l  hea te rs  have e s t a b l i s h e d  a h i g h  degres  
o f  con f i dence  t h a t  c a n i s t e r s  o f  n u c l e a r  waste can be r e t r i e v e d  d u r i n g  such a  
p e r i o d ,  t h e  r i s k s  o f  r e l e a s i n g  r a d i o a c t - i v e  m a t e r i a l s  t o  t h e  b iosphe re  would be 
m in ima l  shou ld  measurements nn an a c t u a l  r e p o s i t o r y  suggest  t h a t  r e t r i e v a l  i s  
necessary .  Neve r the l?ss ,  i t  i s  most  d e s i r a b l e  t h a t  some i n  s i t u  expe r imen ta l  
d a t a  be ga the red  concerning t h e  f a r  f i e l d ,  l ong - te rm e f f e c t s  b e f o r e  t h e  des ign  
o f  a  r e p o s i t o r y  becomes t o o  f a r  advanced l e t  a l one  b e f o r e  a c t u a l  commissioning 
o f  a  r e p o s i t o r y  beg ins ,  F o r t u n a t e l y ,  t i m e  and l i n e a r  d imens ions o c c u r  i n  a l l  
s o l u t i o n s  t.o problems o f  t h e  l i n e a r  c o n d u c t i o n  o f  hea t  i n  s o l i d s  i n  t h e  f o r m  
k t / x 2 ,  where k i s  t h e  thermal d i f f u s i v i t y ,  t i s  t i m e  and x i s  a  l i n e a r  d imens ion 
[ lo ] .  As t h e  f a r  f i e l d ,  l o n g - t e r m  changes i n  t empera tu re  a r e  n o t  l i k e l y  t o  be 
l a r g e ,  and c o n v e c t i v e  h e a t - f l o w  i n  t h e  f l u i d  phase must be s m a l l  i n  a success fu l  
r e p o s i t o r y ,  V inear  h e a t  c o n d u c t i o n  may p rove  t o  be an adequate mode! f o r  t h i s  
aspec t  o f  t h e  t h e m a l  e F f e c t s  o f  an u n d e ~ r o u n d  r e p o s i t o r y  f o r  n u c l e a r  wastes .  
A c c o r d i n g l y ,  t h e  concept  o f  a  t i m e - s c a l e d  exper iment ,  i n  wh i ch  t h e  r e l a t i o n s h i p  
g i v e n  above i s  used t o  a c c e l e r a t e  t i m e  by an o r d e r  o f  magni tude th rough  r e d u c i n g  
t h e  l i n e a r  s c a l e  t o  abou t  a  t h i r d  o f  f u l l  s i z e ,  i s  b e i n g  t e s t e d  i n  a  l i m i t e d  and 
s m a l l  way. Shou ld  t h i s  expe r imen t  be s u c c e s s f u l  and u s e f u l ,  l a r g e r  and more 
e l a b o r a t e  t ime -sca led  e x p e r i w n t s  c o u l d  become an i m p o r t a n t  way of  p r o v i d i n g  
s i t u  expe r imen ta l  d a t a  t o  v a l i d a t e  p r e d i c t i o n s  conce rn ing  t h e  l o n g e r  t e rm  b e h a v i o r  -- 
o f  underground n u c i e a r  waste  r e p o s i t o r i e s  a t  a  r e l a t i v e l y  e a r l y  s tage  i n  t h e i r  
d e s i g n  and c o n s t r u c t i o n .  F i g u r e  7 shows t h e  p r e d i c t e d  expans ion of i so the rms  from 
t h e  t i m e - s c a l e d  exper in ier ! t  now b e i n g  done underground a t  S t r i p a  [191. 

F i g .  7 .  A p l d r i  v i ew  o f  t h e  t i m e - s c a l e d  exper iment  a t  S t r i p a  showing 
t h e  30°C i nc re inen t  i s o t h e ~ m  a t  t imes o f  7, 30, 90, 365  and 
730 days c a l c u l i i l ~ d  u s i n g  t h e  t h e o r y  o f  l i n e a r  h i : ~ d i  conduc- 
t i o n .  The j c a l i n g  o f  t h i s  exper iment  i s  abou t  1 / 3  l i n e a r  
sca ' le  ar;d 19  time: t i m e  sca le .  so t h a t  t h e  f i n n !  - i r ; n t h ~ m  
cor responds t o  abou t  20  y e a r s  i n  f u l l  s c a l e .  



I V .  CONCLUSIONS 

An i m p o r t a n t  c o n s i d e r a t i o n  i n  the d i s p o s a l  o f  n u c l e d r  has tes  by deep b u r i a l  
i j  t h e  e f f e c t  o f  t h e  t h e m a l  l o a d i n g  o f  t h e  subsu r fnc? ,  b o t h  i n  t h e  s h o r t - t e r m  
w h i l e  a  r e p o s i t o r y  i s  be ing  comiss;on;d, and i n  v i e  l o n g - t e r m  a f t e r  f i n a l  s e a l i n g .  

T h e o r e t i c a l  ana l yses  o f  t hese  s f f e c t s ,  u s i q g  t h c  t h e o r i e s  o f  l i n e a r  hea t  
c o n d u c t i o n  and t h e r m o - e l a s t i c i t y ,  s u g g e j t  ?.hat: t h e  decay w i t h  t ime  i n  t h e  r a t e  
a t  wh ich  h e a t  i s  r e l e a s e d  by spen t  f w l  o r  r cp rocessod  h i g h  l e v e l  :.raste f r om 
b o i l i n g  o r  p r e s s u r i s e d  wa te r  reai : torz i s  s ! : i . f i c - i c ~ t l y  r ~ p i d  t h a t  t h e  temperatures  
o f  t h e  r o c k  i n  t h e  v i c i n i t y  o f  an ~nc ie rg i -ound  repos ' i t : ' ,~y  reach  peak va lues  w i t h i n  
a  few decades a f t e r  emplacement, t h e r e a f i e r  d s c r c a s ~ n g  g r a d u a l l y  w i t h  t ime ,  and 
t h a t  t h e r e  a r e  two zones where t h e  t h e n n a l ! y  induced s t r e s s e s  may be of  concern .  
F i r s t ,  i n c r e a s e d  compress ive  s t r e s c  p n r a l i e i  t o  t h e  s u r f a c e s  of  boreho les  and 
e x c a v a t i o n s  c o n t a i n i n g  t h e  wastes n:ust be k e p t  i.o safe va lues  t o  a v o i d  d e c r e p i t a -  
t i o n  o f  t h e  r o c k  a d j a c e n t  t o  these w a l l s .  T h i s  d e c r e p i t a t i o n  may i m p a i r  t h e  
t he rma l  c o n d u c t i v i t y  o f  t h e  r o c k  and c o u l d  make r e t r i e v a l  o f  t h e  wastes d i f f i c u l t  
i n  t h e  s h o r t  term. Second, d i m i n i s h e d  conpress iv i .  s t r e s s  i n  t h e  rock  mass o u t s i d e  
o f  t h e  r e p o s i t o r y  c o u l d  enhance t h e  hydrau' l i i-  t r a n s r n i s s i v i t y  o f  j o i n t s  and o t h e r  
g e o l o g i c  d i scon tSnu i t i e ; ,  t h e r e b y  i x ; > a i r i n g  i s o l a t i o n  c f  i ~ u c l e a r  wastes f r o m  t h e  
b i o s p h e r e  i n  t h e  l o n g  te rm un iess  peak i :mper ; i t ~ i r es  a r e  ;Snlited t o  s a f e  va lues .  

The p r i n c i p a l  u n c e r t a i n t i e s  i n v o l v e  t h e  d e t e r m i n a t i m  o f  these s a f e  va!ues 
and an unde rs tand ing  o f  t h e  n o n - l i n e a r  response o f  t h e  r o c k  t o  thermal  i c a d i n g .  
N o n - l i n e a r  b e h a v i o r  o f  t h e  r o c k  mass i s  expec ted  on t h e  b a s i s  or' p r e i i m i r i a r y  
l a b o r a t o r y  s t u d i e s  o f  t h e  s t r e s s - d e f o r m a t i o n  c h a r a c t e r i : t i c s  o f  j o i n t s  i n  rock .  
As t h e  h y d r a u l i c  t r a n s m i s s i v i t y  o f  h a r d  r o c k  w i t h  l ow  i n t r i n s i c  p e r m e a b i l i t y  
a r i s e s  m a i n l y  i n  t h e s e  j o i n t s ,  i t  . is i m p o r t a n t  t h a t  t h e i r  thermo-mechanical  and 
h y d r a u l i c  p r o p e r t i e s  be unde i x tood  w e l l  b e f o r e  t h e  adequacy o f  an underground 
r e p o s i t o r y  f o r  t h e  i s o l a t i o n  o f  n u c l e a r  wastes f rom t h e  b iosphe re  can be assessed 
a c c u r a t e l y .  

D e t a i l e d  measurements o f  the  temperatures ,  d i sp lacemen ts  and s t r e s s e s  i n -  
duced i n  t h e  r o c k  around e l e c t r i c a l  hea te rs  s i m u l a t i n g  c a n i s t e r s  o f  n u c l e a r  
wastes  s h o u l d  p r o v i d e  an unde rs tand ing  o f  t h e  phenomena i n v o l v e d  i n  t h e  s h o r t  
t e rm .  I n i t i a l l y ,  expe r imen ts  shou ld  be r u n  a t  r a t e s  o f  h e a t  r e l e a s e  s u f f i c i e n t  
t o  cause f a i l u r e  o f  t h e  r o c k  o r ,  i f  t h i s  does n o t  occu r ,  a t  r a t e s  o f  hea t  r e l e a s e  
s i g n i f i c a n t 1 . y  g r e a t e r  than t h a t  o f  any n u c l e a r  waste  c a n i s t e r ,  and a t  r a t e s  o f  
h e a t  r e l e a s e  below e i t h e r  o f  t hese  c r i t i c a l  va lues .  C a r e f u l  i n t e r p o l a t i o n ,  
gu ided  by  s u i t a b l e  t h e o r e t i c a l  unders tand inq,  between t h e  r e s u l t s  o f  t hese  two 
expe r imen ts  s h o u l d  se rve  t o  d e f i n e  t h e  l i m i t i n g  r a t e  o f  h e a t  r e l e a s e  a t  wh i ch  
f a i l u r e  i s  l i k e l y  t o  occu r .  However, i t  i s  necessary  t o  des ign  r e p o s i t o r i e s  f o r  
n u c l e a r  waste  so t h a t  t h e  p r o b a b i l i t y  of  f a i l u r e  i s  n e g l i g i b l e .  Th i s  r e q u i r e s  
t h a t  a d d i t i o n a l  d a t a  be ga the red  t,o e s t a b l i s h  how much below t h e  l i m i t i n g  r a t e  
o f  h e a t  r e l e a s e  i t  i s  necessary  t o  go to e v c u r s  t h a t  t h e  p r o b a b i l i t y  o f  f a i l u r e  
becomes n e g l i g i b l e .  The c o ' i l e c t i o i i  O F  t h i s  info:mat ior? i s  comp l i ca ted  by  t h e  
r e l a t i v e l y  v a r i a b l e  n a t u r e  o f  g e o l o g i c  m a t e r i a l s  compared w i t h  o t h e r  m a t e r i a l s  
u s u a l l y  used i n  eng inee r i ng ,  To a c q u i r e  t h i s  i n f o r m a t i o n  i t  w i l l  be necessary  
t o  r u n  t e s t s  o f  h e a t e r s  n o t  o n l y  o v e r  a  range o f  r a t e s  o f  h e a t  re lease ,  b u t  
a l s o  t o  r u n  many h e a t e r s  a t  each r a t e  o f  h e a t  r e l e a s e  so as t o  assess t h e  
g e o l o g i c  v a r i a b i  1 - i t y .  

As i t  i s  u n l i k e l y  t h a t  it wi17 be p r a c t i c a b l e  t o  t e s t  a  nea r  f u l l  s c a l e  
r e p o s i t o r y  o v e r  t h e  p e r i o d  o f  s e v c r a l  decades r e q u i r e d  t o  reach  peak temperatures  
u s i n g  e l e c t r i c a l  h e a t e r s  o n l y ,  b e f o r e  any n u c l e a r  wastes a r e  emplaced, some 
means o f  a c c e l e r a t i n g  t h e  exper iment-a1 s t u d y  o f  t h e  e f f e c t s  o f  t henna l  l o a d i n g  
o v e r  t h e  l o n g  t e r m  .is needed. F o r t u n a t e ? j /  t h e  q u a d r a t i c  r e l a t i o n s h i p  between t h e  
t i m e  and s p a t i a l  va r i ab ' l es  i n  l i ne ;$ r  d i f f u s i o n  phenomena p r o v i d e s  a means o f  
a c c e l e r a t i n g  the t i m e  s c a l e  by  an order. of  niaqiiit.ube thrcjugh a  r e d u c t i o n  i n  t k  
l i n e a r  s c a l e  t.0 abou t  a  t h i r d  o f  t h e  f v l  s i z e .  :P t i l e  resu1t.z o f  t h e  i i r s i  
t i m e - s c a l e d  expe r  inlent c o n f i r m  t h e  u s e f u l n e s s  o f  t h  I s t.heoret. ical conce:tt, more 
e x t e n s i v e  and e l a b o r a t e  t i m e - s c a l e d  e x p r i r r ; e n t  7 - ; i lo~, ld be under taken Lo p r o v i d e  
an expe r imen ta l  b a s i s  f o r  unde rs tand ing  and p t ~ ~ i f i - i i n g  t h e  l ong - te rm h c h a v i o r  
o f  an underground r e p o s i t o r y .  Such c-xtend: i t i  'c l i i ~ c - s c a l n  ~:xzzr imenl.s ; \ I O U  Id 
encompass a  s u f f i c i e n t l y  l a r g e  vo:umc o f  r o c k  [ h a t  they need n o t  be c f u ~ l i c a z e d  
as i s  r e q u i r e d  i n  i h e  f u  i i -  S L ~ ~ E  I . i e i i t ~ i  era~;iment;. zxcep t  t o  s tudy  T:u!?cian~er!t?l i y  
d i f f e r e n t  k i n d s  o f  r o c k s .  
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