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ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A p r o p e l l a n t - b a s e d  t e c h n o l o g y ,  H igh-Energy  Gas  F r a c t u r i n g  ( H E G F  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ,  h a s  
b e e n  a p p l i e d  t o  f r a c t u r i n g  t h r o u g h  p e r f o r a t i o n s  i n  c a s e d  b o r e h o l e s .  
HEGF is a t a i l o r e d - p u l s e  f r a c t u r i n g  t e c h n i q u e  o r i g i n a l l y  d e v e l o p e d  by 
S a n d i a  N a t i o n a l  L a b o r a t o r i e s  f o r  a p p l i c a t i o n  i n  u n c a s e d ,  l i q i i i d - f r e e  
gas  w e l l s  i n  A p p a l a c h i a n  Devon ian  s h a l e s .  B e c a u s e  m o s t  o i l  and g a s  
w e l l s  are  l i q u i d  f i l l e d  as  w e l l  a s  c a s e d  and p e r f o r a t e d ,  t h e  p o t e n t i a l  
impact  o f  p r e s e n t  r e s e a r c h  is s i g n i f i c a n t l y  b r o a d e r .  A number o f  
commercial t a i l o r e d - p u l s e  f r a c t u r i n g  s e r v i c e s ,  u s i n g  a v a r i e t y  o f  
e x p l o s i v e s  or  p r o p e l l a n t s ,  are  c u r r e n t l y  a v a i l a b l e .  P r e s e n t  r e s e a r c h  
p r o v i d e s  v a l u a b l e  i n s i g h t  i n t o  p h e n o m e n a  t h a t  o c c u r  i n  t h o s e  
s t i m u l a t i o n s .  

The u s e  o f  p r o p e l l a n t s  t h a t  d e f l a g r a t e  or  b u r n  r a t h e r  t h a n  d e t o n a t e ,  
a s  do h i g h - o r d e r  e x p l o s i v e s ,  p e r m i t s  c o n t r o l l e d  bu i l d i i p  of pressure i n  
t h e  w e l l b o r e .  The key  t o  s u c c e s s f u l  s t i m u l a t i o n  i n  c a s e d  and p e r f o -  
ra ted  wel lbores is t o  c o n t r o l  t h e  p r e s s u r e  b u i l d u p  of t h e  c o m b i i s t i o n  
g a s e s  t o  max im ize  f r a c t u r i n g  w i t h o u t  d e s t r o y i n g  t h e  c a s i n g .  E i g h t  
e x p e r i m e n t s  u s i n g  c a s e d  and p e r f o r a t e d  w e l l b o r e  w e r e  c o n d u c t e d  i n  a 
t u n n e l  comp lex  a t  t h e  D e p a r t m e n t  o f  E n e r g y ' s  Nevada T e s t  S i t e ,  w h i c h  
p r o v i d e s  a r e a l i s t i c  i n  s i t u  stress e n v i r o n m e n t  ( 4 - 1 0  YPa [ 6 0 0 - 1 5 0 0  

p s i ]  ) and p r o v i d e s  access zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor m i n e b a c k  t o  d i r e c t l y  o b s e r v e  f r a c t u r i n g  
o b t a i n e d .  P r i m a r y  v a r i a b l e s  i n  t h e  e x p e r i m e n t s  i n c l u d e  p r o p e l l a n t  
b u r n  r a t e  and amount o f  p r o p e l l a n t  u s e d ,  p r e s e n c e  or  a b s e n c e  o f  l i q u i d  
i n  t h e  w e l l b o r e ,  i n  s i t u  stress o r i e n t a t i o n ,  and p e r f o r a t i o n  d i a m e t e r ,  
d e n s i t y ,  and p h a s i n g .  I n  g e n e r a l ,  t h e  p r e s e n c e  o f  l i q u i d  i n  t h e  
b o r e h o l e  r e s u l t s  i n  a much f a s t e r  p r e s s u r e  r i se t ime and a lower peak 
p r e s s u r e  f o r  t h e  same p r o p e l l a n t  c h a r g e .  F r a c t u r e  s u r f a c e s  p r o c e e d  
o u t w a r d  a l o n g  l i n e s  o f  p e r f o r a t i o n s  a s  d e t e r m i n e d  by p h a s i n g ,  t h e n  
g r a d u a l l y  t u r n  t o w a r d  t h e  h y d r a u l i c  f r a c t u r e  d i r e c t i o n .  

i- i i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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HIGH-ENERGY GAS FRACTURING I N  C A S E D  AND PERFOQATED BOREHOLES 

1. INTRODIJCTION 

H igh -Energy  Gas F r a c t u r i n g  (HEGF) is a p r o p e l l a n t - b a s e d  t e c h n o l -  

ogy  d e v e l o p e d  t o  e n h a n c e  p r o d u c t i o n  i n  n a t u r a l - g a s  w e l l s .  The b a s i c  

c o n c e p t  b e h i n d  HEGF is t h a t  b e c a u s e  p r o p e l l a n t s  a r e  man i i f ac t i i r ed  i n  a 

w i d e  r a n g e  o f  s i z e s  and b u r n  r a t e s ,  c a r e f u l  s e l e c t i o n  o f  t y p e  and 

q u a n t i t y  of p r o p e l l a n t  c a n  p r o d u c e  b o r e h o l e  p r e s s u r i z a t i o n  r a t e s  t h a t  

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

P r o p e  11 an t - b a s e d  f r a c t u r i n g  is a d v a n t a g e o u s  o v e r  c o n v e n t i o n a l l y  

u s e d  e x p l o s i v e ,  foam,  and h y d r a u l i c  f r a c t u r i n g  b e c a u s e  p r o p e l l a n t -  

b a s e d  f r a c t u r i n g  p r o v i d e s  c o n t r o l  o v e r  t h e  t y p e  o f  f r a c t u r i n g  pro- 

d u c e d .  Ve ry  f a s t  p r o p e l l a n t s  ( C O . 1  m s  p r e s s u r e  r i s e t i m e )  p r o d u c e  

r e s u l t s  s i m i l a r  t o  t h o s e  f rom e x p l o s i v e s ,  w h i c h  d e t o n a t e ;  b o t h  p rod i i ce  

a c r u s h e d  zone  a b o u t  t h e  w e l l b o r e  t h a t  c a n  d e c r e a s e  t r a n s m i s s i v i t y  i n  

t h e  rock i m m e d i a t e l y  s u r r o u n d i n g  t h e  w e l l b o r e .  s l o w  p r o p e l l a n t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( > 1  m s  p r e s s u r e  r i se t ime)  p r o d u c e  r e s u l t s  s i m i l a r  t o  t h o s e  o f  foam and  

h y d r a u l i c  f r a c t u r i n g ;  o n l y  a s i n g l e  h y d r a u l i c - t y p e  f r a c t u r e  is p r o p a -  

g a t e d .  B e c a u s e  h y d r a u l i c - t y p e  f r a c t u r e s  o f t e n  p a r a l l e l  e x i s t i n g  

n a t u r a l  f r a c t u r e s ,  a d d i t i o n a l  n a t u r a l  f r a c t u r e s  are n o t  c o n n e c t e d  t o  

t h e  w e l l b o r e .  When p r o p e l l a n t s  w i t h  i n t e r m e d i a t e  b u r n  r a t e s  ( 0 . 1  t o  

1 m s  p r e s s u r e  r i se t imes )  are u s e d ,  h o w e v e r ,  f o u r  t o  e i g h t  r a d i a l  f r a c -  

t u res  c a n  be p r o d u c e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe r a d i a l  f r a c t u r e  p a t t e r n  t e n d s  t o  i n t e r s e c t  

n a t u r a l  f r a c t u r e s  t h a t  o t h e r w i s e  would n o t  commun ica te  w i t h  t h e  w e l l -  

bore, t h e r e b y  e n h a n c i n g  t h e  p o t e n t i a l  o f  i n c r e a s i n g  p r o d u c t i o n .  

The i n i t i a l  r e s e a r c h  and d e v e l o p m e n t  f o r  HEGF f o c u s e d  on p r o d u c -  

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

p r e s s u r e  p u l s e  and f r a c t u r e  p a t t e r n  i n  l i q u i d - f r e e ,  u n c a s e d  b o r e h o l e s .  



Work p r o c e e d e d  i n  t h r e e  areas: (1) h a r d w a r e  d e v e l o p m e n t ,  ( 2 ) ' f i e ; d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

tes ts ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  m o d e l i n g  a c t i v i t i e s  (Cuderman ,  1 9 8 4 a ;  Cuderman and 

N o r t h r o p ,  1 9 8 4 ;  Cuderman,  1 9 8 4 b ;  Cuderman,  1 9 8 4 ~ ) .  Hardware  d e v e l o p -  

men t  s o l v e d  p r o b l e m s  s u c h  as how b e s t  t o  c o n t a i n  and i g n i t e  t h e  pro- 

p e l l a n t ,  how b e s t  t o  i s o l a t e  t h e  i n t e r c v a l  o f  b o r e h o l e  t o  be  p r e s s u r -  

i z e d ,  and how t o  i n s t r u m e n t  t h e  t e s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso t h a t  t h e  p r e s s u r i z a t i o n  c o u l d  

be  r e c o r d e d .  F i e l d  tests i n c l u d e d  s e v e r a l  ser ies o f  i n  s i t u  e x p e r i -  

m e n t s  t o  d e t e r m i n e  p r e s s u r e  p u l s e  and f r a c t u r e  b e h a v i o r  as  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa f u n c t i o n  

o f  b o r e h o l e  d i a m e t e r  and p r o p e l l a n t  m i x t u r e .  Most tests w e r e  con-  

d u c t e d  i n  G-Tunnel  a t  t h e  D e p a r t m e n t  o f  E n e r g y ' s  Nevada T e s t  S i t e  

( N T S ) ,  a l o c a t i o n  t h a t  p r o v i d e d  a r e a l i s t i c  g e o l o g i c  e n v i r o n m e n t  and 

where  t h e  f r a c t u r e  p a t t e r n s  were d i r e c t l y  o b s e r v a b l e  by m i n i n g  back  t o  

u n c o v e r  t h e  t es t  bed.  T e s t s  i n  Devon ian  s h a l e  a t  Rowan C o u n t y ,  

K e n t u c k y ,  and Me iys  C o u n t y ,  O h i o ,  p r o v e d  t h e  t e c h n o l o g y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas e q u a l l y  

a p p l i c a b l e  t o  p r o d u c i n g  g a s  w e l l s .  Models  d e v e l o p e d  e n a b l e  p r e d i c -  

t i o n s  of (1 )  pressure  r i se t imes and p r o p e l l a n t  m i x t u r e s  r e q u i r e d  f o r  

m u l t i p l e  f r a c t u r i n g ,  ( 2 )  stress and  a c c e l e r a t i o n  i n  t h e  format ion as a 

r e s u l t  o f  a g i v e n  p r e s s u r e  p u l s e ,  and ( 3 )  f r a c t u r e  t y p e ,  l e n g t h ,  and 

o r i e n t a t i o n .  

The b a c k g r o u n d  w o r k  f o rmed  t h e  b a s i s  f o r  t h e  t e c h n o l o g y  o f  

p r o p e l l a n t - b a s e d  f r a c t u r i n g .  Data f r om m o r e  t h a n  3 0  f i e l d  tests 

d e m o n s t r a t e d  t h a t  f o r  l i q u i d - f r e e ,  u n c a s e d  b o r e h o l e s ,  ( 1  ) t h e  p r e s s l i r e  

r i set  i m e  , 
f r a c t u r i n g  o b t a i n e d ,  ( 2 )  t h e  presslire r i se t ime c a n  b e  c o n t r o l l e d  by 

p r o p e r l y  m i x i n g  p r o p e l l a n t s ,  and ( 3 )  t h e  p r i n c i p a l  f a r - f i e l d  i n  s i t u  

stresses g e n e r a l l y  c o n t r o l  f r a c t u r e  o r i e n t a t i o n  a n d ,  t o  a c e r t i t i n  

e x t e n t ,  f r a c t u r e  l e n g t h .  

is t h e  m o s t  c r i t i c a l  f a c t o r  i n  d e t e r m i n i n g  t h e  t y p e  of 
tm 

F i g u r e  1 is  a t y p i c a l  p r e s s u r e  p u l s e  o b t a i n e d  d u r i n g  m u l t i p l e  

f r a c t u r i n g  i n  u n c a s e d ,  l i q u i d - f r e e  w e l l b o r e s .  An i n i t i a l  p r e s s u r e  

r ise is n o r m a l l y  o b s e r v e d ,  a f t e r  wh ich  t h e  p r e s s u r e  d r o p s  and t h e n  

i n c r e a s e s  a g a i n  u n t i l  t h e  p r o p e l l a n t  b u r n  i s  c o m p l e t e .  The p r e s s u r e  

d r o p  a f t e r  t h e  i n i t i a l  rise is i n t e r p r e t e d  as b e i n g  d u e  t o  t h e  

i n c r e a s e  i n  f r e e  vo lume accompany ing  f r a c t u r e  i n i t i a t i o n .  The t i m e  

b e t w e e n  i n i t i a l  p r e s s u r e  r ise and t h e  i n i t i a l  peak  is t h e  p r e s s l i r e  

r iset  i m e  . 
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F i g u r e  1. P l o t  o f  C h a r a c t e r i s t i c  P r e s s u r e  H i s t o r y  

The m u l t i p l e - f r a c t u r e  r e g i m e  is d e f i n e d  i n  t e r m s  o f  p r e s s u r e  

r i se t ime,  t by 
m r  

8 IID < < - _. 

*CR cR 

where  C is t h e  R a l e i g h  s u r f a c e - w a v e  v e l o c i t y  and D is t h e  b o r e h o l e  

d i a m e t e r .  The e q u a t i o n  h o l d s  f o r  a n y  r o c k  t y p e  whose P o i s s o n ' s  r a t i o  

i s  i n  t h e  v i c i n i t y  o f  0.3  (Cuderman ,  1 9 8 4 a ) .  The term a t  t h e  l e f t  i n  

E q u a t i o n  1 is  a d e r i v e d  r e s u l t  (Cuderman ,  1 9 8 4 a )  t h a t  r e p r e s e n t s  t h e  

b o u n d a r y  be tween  t h e  m u l t i p l e -  and e x p l o s i v e - f r a c t u r e  r e g i m e s .  The 

t e r m  a t  t h e  r i g h t  r e p r e s e n t s  t h e  b o u n d a r y  b e t w e e n  t h e  h y d r a u l i c -  and 

m u l t i p l e - f r a c t u r e  r e g i m e s .  T h i s  term w a s  d e r i v e d  by a s s u m i n g  t h e  same 

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

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

d e  t e r m  i n e d  empi r i c  a1 1 y . 

R 

3 



F i g u r e  2 shows t h e  e x p l o s i v e - ,  m u l t i p l e - ,  and h y d r a u l i c l f r a c t u r e .  

r e g i m e s  d e f i n e d  by E q u a t i o n  1. Note t h a t  s m a l l e r - d i a m e t e r  b o r e h o l e s  

r e q u i r e  f a s t e r  r i se t imes f o r  e q u i v a l e n t  f r a c t u r i n g .  T e s t  r e s u l t s  

i n d i c a t e  t h a t  E q u a t i o n  1 is e q u a l l y  a p p l i c a b l e  t o  a s h - f a l l  t u f f  and 

Devon ian  s h a l e  (Cuderman,  1 9 8 4 a ;  Cuderman and N o r t h r o p ,  1 9 8 4 ;  

Cuderman,  1 9 8 4 ~ ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F i g u r e  2.  R i s e t i m e - S p e c i f  i c a t i o n  P l o t  

F i g u r e  3 i s  a s c h e m a t i c  of an opt imum m u l t i p l e - f r a c t u r e  p a t t e r n  

f r o m  a l i q u i d - f r e e  b o r e h o l e  e x p e r i m e n t .  I n  t h i s  e x a m p l e ,  t h e  b o r e h o l e  

p a r a l l e l s  o n e  o f  t h e  f a r - f i e l d  p r i n c ' i p a l  i n  s i t u  s t r e s s - d i r e c t i o n s ,  

w i t h  t h e  maximum and minimum p r i n c i p a l  i n  s i t u  stresses i n  t h e  p l a n e  

n o r m a l  t o  t h e  b o r e h o l e  a x i s  d e s i g n a t e d  as a and  d r e s p e c t i v e l y .  A s  

shown i n  F i g u r e  3 ,  t h e  l a r g e s t  f r a c t u r e  p r o d u c e d  is n o r m a l  t o  t h e  

minimum p r i n c i p a l  i n  s i t u  stress ( a  ) ,  w i t h  a n o t h e r  major  f r a c t u r e  

1 2 '  

2 
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/ /  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  S c h e m a t i c  o f  M u l t i p l e - F r a c t u r e  P a t t e r n  

o r i e n t e d  n o r m a l  t o  t h e  maximum i n  s i t u  stress ( a  ) .  S e m i m a j o r  f r a c -  

t u r e s  a t  4 5 '  t o  t h e  major f r a c t u r e s  c o r r e s p o n d  t o  p r i n c i p a l  s h e a r  

p l a n e s .  The p r i n c i p a l  stress p a r a l l e l  t o  t h e  b o r e h o l e  d o e s  n o t  i n f l u -  

e n c e  f r a c t u r i n g  b e h a v i o r  u n d e r  t h e s e  dynamic  c o n d i t i o n s .  

1 

The f r a c t u r e  p a t t e r n  d e p i c t e d  i n  F i g u r e  3 is p r o d u c e d  when pres- 

s u r e  r iset imes are  i n  t h a t  p o r t i o n  o f  t h e  m u l t i p l e - f r a c t u r e  r e g i m e  

c loses t  t o  t h e  b o u n d a r y  w i t h  t h e  e x p l o s i v e - f r a c t u r e  regime. F o r  

p r e s s u r e  r i se t imes  i n  t h e  h y d r a u l i c - f r a c t u r e  reg ime ,  o n l y  a s i n g l e  

f r a c t u r e  n o r m a l  t o  t h e  minimum p r i n c i p a l  i n  s i t u  stress (a , )  o c c u r s .  

F o r  r iset imes i n  t h e  m u l t i p l e - f r a c t u r e  r e g i m e ,  b u t  n e a r  t h e  h y d r a u l i c  

b o u n d a r y ,  a d d i t i o n a l  f r a c t u r e s  appear normal t o  t h e  maximum p r i n c i p a l  

i n  s i t u  stress ( a  ) .  F o r  r iset imes i n  t h e  c e n t e r  of t h e  m u l t i p l e -  

f r a c t u r e  r e g i o n ,  f r a c t u r e s  a lso  appear a l o n g  s h e a r  p l a n e s  i n  e a c h  o f  

t h e  f o u r  q u a d r a n t s  bounded by p r i n c i p a l  stress p l a n e s .  P r e s s u r e  

r i se t imes  n e a r  t h e  c e n t e r  o f  m u l t i p l e - f r a c t u r e  r e g i m e  p r o d u c e  shear  

p l a n e  f r a c t u r e s  o r i e n t e d  a b o u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30' r e l a t i v e  t o  a w h i l e  p r e s s u r e  

r i se t imes t h a t  a p p r o a c h  t h e  b o u n d a r y  be tween  t h e  m u l t i p l e -  and 

1 

1' 
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e x p l o s i v e - f r a c t u r e  r e g i m e s  p r o d u c e  s h e a r  p l a n e  f r a c t u r e s  clos(er t o  

45O.  The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 0 '  case c o i n c i d e s  w i t h  b r i t t l e  f r a c t u r e  b e h a v i o r ,  w h i l e  t h e  

4 5 O  case c h a r a c t e r i z e s  n e a r - d u c t i l e  f a i l u r e .  

B e c a u s e  p r e s s u r e  r i se t ime  i s  so c r i t i c a l  t o  o p t i m i z i n g  f r a c t u r -  

i n g ,  f o r m u l a t i o n  o f  a p r o p e l l a n t  m i x t u r e  t h a t  p r o d u c e s  t h e  d e s i r e d  

r i se t ime  i s  e s s e n t i a l .  E a r l y  d e v e l o p m e n t  tests showed t h a t  s t a n d a r d  

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

p r e s s u r e  r iset imes f o r  a g i v e n  b o r e h o l e  d i a m e t e r  and p r o p e l l a n t  t y p e .  

R i s e t i m e s  f rom f i e l d  tests are a l w a y s  f a s t e r  t h a n  p r e d i c t e d  by t h e  

b a l l i s t i c s  c a l c u l a t i o n s ,  p r o b a b l y  b e c a u s e  t h e  p r o p e l l a n t  c a n i s t e r s  

u s e d  c o n t a i n  a r a p i d - i g n i t i o n  pr imer  ( R I P )  t h a t  i n t r o d u c e s  an  i n s t a n -  

t a n e o u s  b u r s t  o f  f l a m e  and p r e s s u r e ;  s t a n d a r d  b a l l i s t i c s  c a l c u l a t i o n s  

assume a g r a d u a l  p r e s s u r e  b u i l d u p .  T h u s ,  e m p i r i c a l  d a t a  r e p l a c e d  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

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

p r o p e l l a n t  m i x t u r e  t h a t  p r o d u c e s  t h e  d e s i r e d  p r e s s u r e  r i se t ime.  The 

e q u a t i o n  is 

where  f is t h e  r e q u i r e d  f r a c t i o n  by w e i g h t  of  t h e  f a s t e r - b u r n i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApro- 

i s  t h e  r i se t ime  o f  p u r e  f a s t e r -  p e l l a n t  f o r  t h e  p r o p e l l a n t  m i x ,  

b u r n i n g  p r o p e l l a n t ,  tR is t h e  r i s e t i m e  of  p u r e  s l o w e r - b u r n i n g  pro- 

p e l l a n t ,  and t is t h e  d e s i r e d  r i se t ime .  Note t h a t  v a l u e s  f o r  t and 

t m u s t  be o b t a i n e d  u s i n g  t h e  s a m e  vo lume o f  p r o p e l l a n t  and vo lume 

p r e s s u r i z e d  ( b o r e h o l e  d i a m e t e r  t i m e s  l e n g t h  o f  t e s t  i n t e r v a l )  as t h a t  

t o  be  u s e d  i n  t h e  s t i m u l a t i o n  f o r  wh ich  t h e  p r o p e l l a n t  m i x t u r e  i s  

b e i n g  f o r m u l a t e d .  A l s o  n o t e  t h a t  peak  p r e s s u r e  is n o t  a r e q u i r e d  

parameter f o r  o p t i m i z i n g  f r a c t u r i n g .  

A 

t A  

m A 

B 

A p p l i c a t i o n  o f  H E G F  t o  C a s e d  and P e r f o r a t e d  B o r e h o l e s  

B e c a u s e  m o s t  gas w e l l s  are  c a s e d  and p e r f o r a t e d ,  a q u e s t i o n  

r e p e a t e d l y  a s k e d  by t h e  p e t r o l e u m  i n d u s t r y  w a s  w h e t h e r  or  n o t  t h e  HEGF 

t e c h n o l o g y  i s  a p p l i c a b l e  t o  c a s e d  and f l u i d - f  i l l e d  b o r e h o l e s .  To 
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a n s w e r  t h i s  q u e s t i o n ,  t h r e e  series of f o u r  e x p e r i m e n t s  e a c h  were 

d e s i g n e d  and f i e l d e d .  Two e x p e r i m e n t s  i n  T e s t  Series # 1  and t w o  

e x p e r i m e n t s  i n  T e s t  Series # 2  u s e d  u n c a s e d ,  f l u i d - f  i l l e d  b o r e h o l e s .  

R e s u l t s  f r o m  t h e s e  e x p e r i m e n t s  were d i s c u s s e d  p r e v i o u s l y  (Cuderman e t  

a l ,  1 9 8 6 ;  Cuderman,  1 9 8 6 a ) .  R e s u l t s  f r o m  t h e  r e m a i n i n g  e i g h t  e x p e r i -  

m e n t s  are  d i s c u s s e d  i n  t h i s  r e p o r t .  

The o b j e c t i v e s  of t h e  r e s e a r c h  were t o  d e t e r m i n e  ( 1 )  w h e t h e r  o n e  

c o u l d  o b t a i n  m u l t i p l e  f r a c t u r i n g  t h r o u g h  p e r f o r a t i o n s ,  ( 2 )  t h e  e x t e n t  

of s u c h  f r a c t u r e s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  p r e s s u r e  r a t e s  r e q u i r e d  f o r  o p t i m i z i n g  f r a c t i i r -  

i n g ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  a t t e n d a n t  c a s i n g  damage,  and ( 5 )  t h e  e f f e c t  o f  f l u i d  o n  

b o r e h o l e  p r e s s u r i z a t i o n .  

7 -  8 
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2. DESIGN AND INSTALLATION OF EXPERIMENTS 
USING CASED AND PERFORATED WELLBORES 

I m D o r t a n t  V a r i a b l e s  i n  F r a c t u r i n a  T h r o u a h  P e r f o r a t i o n s  

I n  HEGF f r a c t u r i n g  o f  u n c a s e d  w e l l b o r e s ,  t h e  p r e s s u r e  r iset ime a s  

a f u n c t i o n  of b o r e h o l e  d i a m e t e r  and r o c k  t y p e  p r o v e d  t o  be  t h e  c r i t i -  

c a l  v a r i a b l e  d e f i n i n g  t h e  t y p e  o f  f r a c t u r i n g  o b t a i n e d .  The a d d i t i o n  

o f  p e r f o r a t e d  c a s i n g  p r o v i d e s  a d d i t i o n a l  c o n s t r a i n t s .  Factors  con-  

t r o l l i n g  f r a c t u r i n g  t h r o u g h  c a s e d  and p e r f o r a t e d  b o r e h o l e s  i n c l u d e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 1 )  P e r f o r a t i o n  d i a m e t e r  

( 2 )  Number o f  p e r f o r a t i o n s  per  u n i t  l e n g t h  of c a s i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 3 )  P r o p e l l a n t  b u r n  r a t e  

( 4 )  P r o p e l l a n t  c h a r g e  s i z e  

( 5 )  P e r f o r a t i o n  o r i e n t a t i o n  

( 6 )  P r e s e n c e  or  a b s e n c e  o f  l i q u i d  i n  t h e  b o r e h o l e  

( p e r f o r a t i o n  d e n s i t y )  

The number and d i a m e t e r  o f  p e r f o r a t i o n s  d e t e r m i n e  g a s  f l o w  o u t  o f  t h e  

c a s i n g  d u r i n g  p r o p e l l a n t  b u r n .  I f  t h i s  e x i t  area is i n s u f f i c i e n t ,  t h e  

c a s i n g  acts  as a g a s  b o t t l e  u n t i l  e i t h e r  c o m p l e t i o n  o f  t h e  b u r n  or  

r u p t u r e  of t h e  c a s i n g .  B e c a u s e  c a s i n g  s p l i t s  m u s t  b e  a v o i d e d ,  e i t h e r  

t h e  number and d i a m e t e r  o f  p e r f o r a t i o n s  m u s t  be i n c r e a s e d ,  t h e  quan-  

t i t y  of p r o p e l l a n t  mus t  be r e d u c e d ,  or t h e  p r o p e l l a n t  b u r n  r a t e  m u s t  

be s u f f i c i e n t l y  s l o w  t h a t  t h e  p r o p e l l a n t  gas h a s  ample t i m e  t o  e x i t  

t h e  w e l l b o r e .  

E f f e c t  o f  P e r f o r a t i o n  D i a m e t e r  a n d  D e n s i t y  o n  W e l l b o r e  P r e s s u r i z a t i o n  

An est imate  of maximum mass of t h e  g a s  e x i t i n g  t h r o u g h  p e r f o r a -  

t i o n s  c a n  be made u s i n g  t h e  e q u a t i o n  f o r  c h o k e d  f l o w :  

2 - -  d t  dm - ( c o n s t a n t )  PNd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  

9 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw h e r e  dm/d t  i s  t h e  mass f l o w  p e r  u n i t  t i m e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP i s  t h e  p r e s s u r ? ,  N i s  
I 

t h e  number of p e r f o r a t i o n s ,  a n d  d is p e r f o r a t i o n  diameter.  

The r a t e  of  p r e s s u r e  l o s s  a t  a g i v e n  p r e s s u r e  c a n  be d e r i v e d  f rom 

t h e  g a s - l a w  e q u a t i o n :  

PV = nkT ( 4 )  

w h e r e  P is t h e  p r e s s u r e ,  V i s  vo lume of t h e  t e s t  z o n e ,  n is t h e  number 

o f  m o l e c u l e s  of g a s ,  k i s  B o l t z m a n ' s  c o n s t a n t ,  a n d  T i s  a b s o l u t e  

t e m p e r a t u r e .  

D i f f e r e n t i a t i n g  E q u a t i o n  4 y i e l d s :  

dP - kT d n  
d t  V d t  
- - - -  

m 
O R  

G i v e n  t h a t  n = A 

w h e r e  m i s  mass o f  g a s ,  M i s  m o l e c u l a r  w e i g h t ,  a n d  A. i s  A v o g a d r o ' s  

c o n s t a n t ,  t h e n  

S u b s t i t u t i n g  E q u a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 i n t o  E q u a t i o n  6 r e s u l t s  i n  

PNd2A kT 

MV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 d P  = ( c o n s t a n t )  8-E 

( 5 )  

E q u a t i o n  7 shows  t h a t  f o r  a q i v e n  p r e s s u r e  a n d  t e m p e r a t u r e  f rom a 

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

t i o n s  is p r o p o r t i o n a l  t o  t h e  number o f  p e r f o r a t i o n s  ( N )  a n d  t o  t h e  

s q u a r e  o f  t h e  p e r f o r a t i o n  d i a m e t e r  ( a ) .  A s  a r e s u l t ,  t h e  p r e s s u r e  

10 



1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w i t h i n  t h e  c a s i n g  is more e f f e c t i v e l y  c o n t r o l l e d  by v a r y i n g  p e r f o r a -  

t i o n  s i z e  t h a n  by i n c r e a s i n g  t h e  number o f  p e r f o r a t i o n s .  

E f f e c t  o f  P e r f o r a t i o n  O r i e n t a t i o n  and  P h a s i n g  o n  F r a c t u r i n g  

E x p e r i m e n t s  i n  f l u i d - f r e e  u n c a s e d  b o r e h o l e s  d e m o n s t r a t e d  t h a t  t h e  

t y p e  of f r a c t u r i n g  o b t a i n e d  is g o v e r n e d  by t h e  p r e s s u r e  r iset ime i n  

t h e  b o r e h o l e  (Cuderman ,  1 9 8 4 a ;  Cuderman and N o r t h r o p ,  1 9 8 4 ) .  Reca l l  

t h a t  f o r  m u l t i p l e  f r a c t u r i n g ,  t h e  r i se t ime m u s t  be  i n  t h e  r a n g e  

7cD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA87cD - < t m < -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2c R c R  

L o n g e r  r i se t imes r e s u l t  i n  h y d r a u l i c  f r a c t u r i n g ,  and s h o r t e r  r i se t imes 

r e s u l t  i n  e x p l o s i v e  f r a c t u r i n g  or  w e l l b o r e  c r u s h i n g .  F o r  cased and 

p e r f o r a t e d  b o r e h o l e s ,  p r e s s u r e  r iset imes c o r r e s p o n d i n g  t o  c r u s h i n g  i n  

u n c a s e d  w e l l b o r e s  l o g i c a l l y  c a n  b e  e x p e c t e d  t o  d e f o r m  or  s p l i t  c a s i n g .  

F i g u r e  2 ,  t h e  p l o t  o f  E q u a t i o n  1, shows t h a t  p r e s s u r e  r i se t imes  re- 

q u i r e d  t o  p r o d u c e  m u l t i p l e  f r a c t u r i n g  i n  n o m i n a l - s i z e d  b o r e h o l e s  

( 0 . 1  m [ 4  i n ]  or l a r g e r ) ,  h o w e v e r ,  w i l l  n o t  p r o d u c e  m u l t i p l e  f r a c t u r e s  

i n  t h e  p e r f o r a t i o n  c h a n n e l s  ( d i a m e t e r s  t y p i c a l l y  0 .015  m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 0 . 6  i n ]  or  

l ess ) ,  wh ich  f o r  t h i s  s i m p l i f i e d  mode l  c a n  be  r e g a r d e d  a s  m i n i a t u r e  

b o r e h o l e s .  O n l y  a h y d r a u l i c - t y p e  f r a c t u r e  c a n  be  o b t a i n e d  i n  e a c h  

p e r f o r a t i o n .  

O r i e n t a t i o n  o f  t h e  h y d r a u l i c  f r a c t u r e  c a n  be  p r e d i c t e d  by a n a l y z -  

i n g  a n  e x a m p l e  o f  a c a s e d ,  p e r f o r a t e d  w e l l b o r e  o r i e n t e d  a l o n g  t h e  

maximum p r i n c i p a l  stress ( a  i n  a f o r m a t i o n  ( F i g u r e  4 ) .  P r e v i o u s  re- 

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

by  t h e  p r i n c i p a l  f a r - f i e l d  i n  s i t u  stresses n o r m a l  t o  t h e  w e l l b o r e  and 

t h a t  t h e  p r i n c i p a l  i n  s i t u  stress p a r a l l e l  t o  t h e  w e l l b o r e  d o e s  n o t  

a p p e a r  t o  a f f e c t  f r a c t u r i n g  ( C u d e r m a n ,  1 9 8 4 a ;  Cuderman and N o r t h r o p ,  

1 9 8 4 ) .  C o n s i d e r  t h e  s i t u a t i o n  w h e r e  a l i n e  o f  p e r f o r a t i o n s  is 

o r i e n t e d  a t  some a n g l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 t o  t h e  minimum i n  s i t u  stress ( F i g u r e  4 a ) .  

T h i s  is t h e  g e o m e t r y  u s e d  i n  a l l  e x p e r i m e n t s  i n  c a s e d  and p e r f o r a t e d  

w e l l b o r e s  a t  NTS t o  d a t e  and is t y p i c a l  of gas  and o i l  we l l s .  

1 
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I WELLBORE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C 

--4 

b 

CASING 

* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 3  

! 

PERFORATIONS 

h 

d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt I  
WELLBORE CASING I / 

F i g u r e  4 .  S c h e m a t i c  o f  P e r f o r a t i o n  O r i e n t a t i o n  and 
P r e d i c t e d  F r a c t u r e  P a t t e r n  

1 2  



t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Assuming t h a t  e a c h  p e r f o r a t i o n  c h a n n e l  a c t s  as a m i n i a t u r e  b o r e -  

h o l e ,  t h e  p r i n c i p a l  f a r - f i e l d  i n  s i t u  stress componen ts  no rma l  t o  t h e  

p e r f o r a t i o n  are 

I 

1 
u = u  
1 

I 2 2 u zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= u cos 0 + u s i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 
2 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

The component  p a r a l l e l  t o  t h e  p e r f o r a t i o n  is 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 = (a2 - a3) s i n  0 cos 0 3 

T h e s e  p r i n c i p a l  stress componen ts  are  shown r e l a t i v e  t o  t h e  p e r f o r a -  

t i o n  i n  F i g u r e  4b where  t h e  p e r f o r a t i o n  c h a n n e l  is o r i e n t e d  i n t o  t h e  

p l a n e  o f  t h e  p a p e r  a l o n g  t h e  u d i r e c t i o n .  B e c a u s e  o n l y  h y d r a i i l i c -  

t y p e  f r a c t u r i n g  is e x p e c t e d  i n  t h e  p e r f o r a t i o n  c h a n n e l s ,  a n d  u ' is 

a l w a y s  less t h a n  u t h e  f r a c t u r e  o b t a i n e d  i n  t h e  p e r f o r a t i o n s  w i l l  be  
1' 

p e r p e n d i c u l a r  t o  u I i n  t h e  p l a n e  o f  u and  u I .  F r a c t u r e s  f r o m  
2 1 3 

i n d i v i d u a l  p e r f o r a t i o n s  are  t h e r e f o r e  a l i g n e d ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso t h a t  t h e y  c a n  com- 

b i n e  t o  f o r m  a s i n g l e  f r a c t u r e  p l a n e  g o i n g  t h r o u g h  a l l  o f  t h e  per- 

f o r a t i o n s .  The p r e d i c t e d  f r a c t u r e  is d e p i c t e d  i n  F i g u r e  4 c .  

3 

2 

T h i s  f r a c t u r e  s u r f a c e  s h o u l d  f i r s t  p r o c e e d  i n  t h e  g e n e r a l  per- 

f o r a t i o n  d i r e c t i o n ,  and  t h e n  g r a d u a l l y  t u r n  toward t h e  f a r - f i e l d  

h y d r a u l i c  f r a c t u r e  d i r e c t i o n  no rma l  t o  t h e  minimum i n  s i t u  stress 

( a 2 ) .  I f  t h e  p e r f o r a t i o n s  a re  o r i e n t e d  a l o n g  u or  u s u c h  t u r n i n g  

may b e  m i n i m a l  and l o n g e r  f r a c t u r e s  may be p r o d u c e d .  F i g u r e  4d shows 

t h e  f r a c t u r e  g e o m e t r y  e x p e c t e d  f o r  a 1 2 0 ° - p h a s e ,  r a n d o m l y  o r i e n t e d  

p e r f o r a t i o n  g e o m e t r y .  

2 3 '  

I t  is u n d e r s t o o d  t h a t  t h e  a c t u a l  stresses i n  t h e  v i c i n i t y  of t h e  

w e l l b o r e  and i ts  p e r f o r a t i o n s  are more complex t h a n  d e p i c t e d  i n  t h e  

mode l .  However ,  a more e x a c t  a n a l y s i s  u s i n g  a c t u a l  stresses n e a r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

b o r e h o l e  ( J a e g e r  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACook, 1 9 7 5 )  y i e l d s  t h e  same p r e d i c t i o n s .  T h i s  i s  

1 3  
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St 

t 

r' 

i I  

a. 

0 1  

i I  

Pa 

Tc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

P' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M1 

M I  

TC 

i r  

ai 

WC 

t :  

bc 

d :  

2-  

mc 

WC 

1 

hc 

i 1  

t C  

- .  

D 

e c a u s e  t h e  d i r e c t i o n  o f  maximum and  minimum stresses a b o u t  t h e  b o r e -  

3le m a t c h e s  t h o s e  o f  t h e  p r i n c i p a l  f a r - f i e l d  i n  s i t u  stresses, and  

h e  r e l a t i v e  o r d e r  o f  t h e i r  m a g n i t u d e s ,  u1 > u > Q r e m a i n s  t h e  

3 m e .  
2 3 ,  

A l l  o f  t h e  d a t a  f r o m  t a i l o r e d - p u l s e  f r a c t u r i n g  t h r o u g h  p e r f o r a -  

i o n s ,  t o  d a t e ,  w i t h  u p a r a l l e l  t o  t h e  w e l l b o r e ,  m a t c h  p r e d i c t e d  

3 s u l t s  f r o m  t h i s  mode l  (Cuderman ,  1 9 8 6 b ) .  However ,  a d d i t i o n a l  e x p e r -  

n e n t s  are n e e d e d  t o  d e t e r m i n e  w h e t h e r  t h e  s i m p l i f i e d  mode l  i s  g e n e r -  

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

r w h e t h e r  n e a r - f i e l d  stress p e r t u r b a t i o n s  need  t o  be i n c l u d e d .  An 

n p o r t a n t  t es t  would b e  o n e  i n  w h i c h  t h e  minimum p r i n c i p a l  stress is 

s r a l l e l  t o  t h e  w e l l b o r e  a x i s .  

1 

e s t - B e d  P r e p a r a t i o n  

E i g h t  e x p e r i m e n t s ,  d e s i g n a t e d  A t h r o u g h  H ,  t h a t  i n v o l v e d  c a s e d ,  

z r f o r a t e d  wellbores were c o n d u c t e d  i n  t h e  e n d  f a c e  o f  d r i f t s  i n  t h e  

-Tunne l  comp lex  a t  NTS. T e s t  Series #1 and  # 2  w e r e  located i n  t h e  

\C d r i f t ,  where  p r i n c i p a l  f a r - f i e l d  i n  s i t u  stresses are Q = 1 0 . 3  

PA ( 1 4 9 0  p s i ) ,  u 2  = 8 . 6  MPa ( 1 2 5 0  psi), and  Q = 5 . 4  MPa ( 7 8 0  p s i ) .  

?st S e r i e s  # 3  was moved t o  t h e  PTE 2 d r i f t ,  where  p r i n c i p a l  f a r - f i e l d  

I s i t u  stresses are  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 = 6 . 9  MPa ( 1 0 0 0  p s i ) ,  a2 = 5 . 9  MPa ( 8 5 0  p s i ) ,  

id Q = 3.8  MPa ( 5 5 0  p s i ) .  I n  a l l  e i g h t  e x p e r i m e n t s ,  t h e  b o r e h o l e s  

?re a l i g n e d  p a r a l l e l  t o  t h e  maximum p r i n c i p a l  i n  s i t u  stress d i r e c -  

i o n  b e c a u s e  t h i s  t y p i f i e s  c o n d i t i o n s  i n  an  o i l  or  g a s  w e l l  where  t h e  

> r e h o l e  g e n e r a l l y  p a r a l l e l s  t h e  maximum p r i n c i p a l  i n  s i t u  stress 

i r e c t i o n .  

1 

3 

1 

3 

Each t es t  ser ies  c o n s i s t e d  o f  f o u r  e x p e r i m e n t s  a r r a n g e d  i n  a 

-by-2 a r r a y  ( F i g u r e  5 ) .  I n  T e s t  Ser ies #1 a n d  # 2 ,  t h e  t w o  e x p e r i -  

3 n t s  o n  t h e  r i g h t  s i d e  of t h e  t u n n e l  f a c e  were n o t  c a s e d ,  and r e s u l t s  

?re d i s c u s s e d  e l s e w h e r e  (Cuderman e t  a l ,  1 9 8 6 ) .  Note t h a t  t u f f  

i t h o l o g y  is n o t  u n i f o r m  i n  t h e  t w o  t es t  b e d s .  I n  T e s t  Series # 3 ,  

> w e v e r ,  t h e  t es t  bed w a s  almost  e n t i r e l y  r e d  a s h - f a l l  t u f f .  A l i s t -  

Ig o f  t h e  p r o p e r t i e s  o f  t h e  t w o  p r e d o m i n a t e  t u f f  u n i t s  i n  t h e  t h r e e  

?sts is p r o v i d e d  i n  T a b l e  1. 
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I 

EXPERIMENT ( 
A 

EXPERIMENT( 
B 

EXPERIMENT 
C 

EXPERIMENT 
D 

RED ASH-FALL 

TUFF OGT-1 

RED ASH-FALL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 GT-2 
TUFF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

TEST SERIES #1 

RED ASH-FALL 
TUFF 

RED ASH-FALL 

4 

TUFF 
I 
I 
I 

/ 
I 

/ I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 GT-4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
I 
I 

PERALKALINE 
TUFF 

I 
I 

# 

TEST SERIES #2 

F i g u r e  5. S c h e m a t i c  of Mined-Back D r i f t  Face Showing  L i t h o l o g y  
a n d  Hole L o c a t i o n s  f o r  T e s t s  Ser ies  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA# I  a n d  # 2  

1 5  



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T a b l e  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

P h y s i c a l  P r o p e r t i e s  o f  T u f f  i n  t h e  T e s t  Red 
( f r o m  Cuderman e t  a l ,  1 9 8 6 )  

Red 
A s  h - F a l l  P e r a l k a l  i n e  

P r o p e r t y  T u f f  T u f f  

D e n s i t y  ( kg/m3 ) 2000 1850  

Young 's  Modu lus  (GPa)  8 .2  3.2 

s h e a r  Modulus (GPa)  3 . 4  1 . 3  

B u l k  Modulus  ( G P a )  6.2 1 . 6  

P o i s s o n ' s  R a t i o  0 .27  0 .19  

C o m p r e s s i v e  wave 2590 2500 

S h e a r  Wave V e l o c i t y  ( m / s )  1670  1500  

V e l o c i t y  ( m / s )  

C o m p r e s s i v e  S t r e n g t h  (MPa) 22 

Compress ive  S t r e n g t h  (MPa) 3 9  

( U n c o n f i n e d )  

( 6 . 8 9 5  MPa c o n f i n i n g  
p r e s s u r e )  

1 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 2  

T e n s i l e  S t r e n g t h  (MPa) 1 . 5 8  0 .34  

F o r  e a c h  e x p e r i m e n t ,  a 0.15-m ( 6 - i n )  d i a m e t e r  b o r e h o l e  a n g l e d  a t  

3.5O below h o r i z o n t a l  w a s  d r i l l e d  i n t o  t h e  d r i f t  f a c e  ( F i g u r e  6 ) .  

D r i l l h o l e s  i n  T e s t  S e r i e s  #1 were 1 2 . 2  m ( 4 0  f t )  i n  l e n g t h ,  w h i l e  

t h o s e  i n  T e s t  S e r i e s  # 2  a n d  # 3  were 7 . 6  m ( 2 5  f t )  i n  l e n g t h .  I n  a l l  

e i g h t  e x p e r i m e n t s ,  a 0.10-m ( 4 - i n )  I . D .  c a s i n g  w i t h  c e n t r a l i z e r s  was 

i n s e r t e d  i n t o  t h e  b o r e h o l e  and  g r o u t e d  i n  p l a c e .  The b o t t o m  2 . 4  m 

( 8  f t )  o f  c a s i n g  t h e n  w a s  p e r f o r a t e d  u s i n g  10-g ( 0 . 3 5 - o z )  c h a r g e s .  A 

h o l l o w  c a r r i e r  gun w a s  u s e d  f o r  p e r f o r a t i n g  i n  a l l  e x c e p t  E x p e r i m e n t  

H ;  i n  E x p e r i m e n t  H ,  a s t r i p  gun  w a s  u s e d .  

The number ,  s i z e ,  and  p h a s i n g  o f  p e r f o r a t i o n s  v a r i e d  f rom e x p e r i -  

m e n t  t o  e x p e r i m e n t .  V a l u e s  o f  key  p a r a m e t e r s  i n  e a c h  e x p e r i m e n t  are  

t a b u l a t e d  i n  T a b l e  2. Compar i son  of t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  

t h e  v a r i o u s  p r o p e l l a n t s  u s e d  is p r o v i d e d  i n  T a b l e  3.  

1 6  



DRIFT FACE 

EMPLACEMENT VIEW 

DRIFT 

MAXIMUM 
PRINCIPAL 

STRESS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I -  

*FOR TEST SERIES #1, X EQUALS 12.2 m (40 ft) 
FOR TEST SERIES #2 AND #3, X EQUALS 7.6 m (25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11) 

ELEVATION VIEW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F i g u r e  6. S c h e m a t i c  of B o r e h o l e  P l a c e m e n t  R e l a t i v e  

t o  t h e  D r i f t  Face 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

Values of the Variable Parameters i n  the Experiments zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA Through H 

P e r f  orat ions Propellant 
Fluid- Perfs 

Experiment 

A 
B 

C 

D 
E 
F 
G 
H 

Bore hole 
Depth 

( m  [ f t l )  

12.2 (40 )  
12.2 ( 4 0 )  
7.6 (25 )  
7.6 ( 2 5 )  
7.6 (25)  
7.6 ( 2 5 )  
7.6 (25 )  
7.6 ( 2 5 )  

F i l l ed /  per Perf 
Fluid- meter Diameter 
Free ( f t )  (mm [ i n ] )  

Free 13 ( 4 )  9.5 (0.375) 
Free 13 ( 4 )  9.5 (0.375) 
Free 13 ( 4 )  9.5 (0.375 
F i l l e d  13 ( 4 )  9.5 (0.375 
F i l l e d  20 ( 6 )  15 (0.6) 
F i l l e d  20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 6 )  15 ( 0 . 6 )  
Free 20 ( 6 )  15 (0.6)  
F i l l e d  13 ( 4 )  9.5 (0.375 

Phasing 
(deg)  

120 
120 
90 
90 

120 
120 
120 
180 

2 Y E  

M 5B 
M 5A 
M 5B 
M5B 
M30B 
M5B 
M30B 
M 5A 

Canister zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(kg [lbl) (m [ i n ] )  

Weight O . D .  

2.15 (4.75) 0.044 (1.75) 
1.81 (4.00) 0.044 (1.75) 
2.72 (6.00) 0.044 (1.75) 
2.38 (5.25) 0.044 (1.75) 
4.65 (10.25 0.068 (2.66) 
5.90 (13.00 0.068 (2.66) 
4.69 (10.35 0.068 (2.66) 
2.09 (4.60) 0.044 (1.75) 



Tab le  3 

Comparison of M5 and M30 P r o p e l l a n t s  
( f rom Cuderman e t  a l ,  1986)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 
V a r i a b l e  M5A 

Gra in  l e n g t h  ( m m )  6.73 

Gra in d i a m e t e r  ( m m )  1.40 

P e r f o r a t i o n  d i a m e t e r  ( m m )  0.33 

Number of p e r f o r a t i o n s  1 

1660 Dens i t y  (kg/m 

I s o c h r o n i c  f lame tempera tu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( K )  3245 

0.88 Gas p r o d u c t i o n  c o n s t a n t  ( m  / k g )  

B u r n  r a t e  c o n s t a n t  ( A ) *  0.000761 

Burn  r a t e  c o n s t a n t  ( n ) *  0.895 

3 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

B u r n  r a t e  R ( m / s )  = A C 0 . 1 7 5  P(MPa)In 

M5B 

11.0 

5.00 

0.50 

7 

1660 

3245 

0.88 

0.000761 

0.895 

M30B 

23.75 

11.87 

1.07 

7 

1660 

3040 

0.96 

0.00576 

0.652 

Hardware used i n  each exper iment  i nc luded  a p r o p e l l a n t  c a n i s t e r  , 
p r e s s u r e - t r a n s d u c e r  c a n i s t e r ,  p a c k e r ,  and c a b l e  t u b e  ( F i g u r e  7 ) .  The 

p r e s s u r e  t r a n s d u c e r s  were four-arm, b r i dge - t ype  , commerc ia l ly  a v a i l -  

a b l e  gages r a t e d  a t  207 MPa (30 ,000  p s i ) .  T h e  p a c k e r ,  f a b r i c a t e d  of 

l i g h t w e i g h t  e l a s t o m e r ,  con f ined water  t o  t h e  t es t  zone: an i n t e r n a l  

p r e s s u r e  of 0.10 t o  0.17 MPa ( 1 5  t o  25 p s i )  was adequa te  t o  c o n f i n e  

wa te r  t o  t h e  t es t  zone. T h e  c a b l e  tube  prov ided a c o n d u i t  f o r  i n s t r u -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m e n t a t i o n  c a b l e s  and l i n e s  for p r e s s u r i z i n g  the p a c k e r  to  be r o u t e d  to 

t h e  bo reho le  c o l l a r .  

Two d i f f e r e n t  p r o p e l l a n t  c a n i s t e r  d e s i g n s  were used i n  t h e  t h r e e  

t es t  ser ies.  I n  T e s t  S e r i e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA# I r  which i n c l u d e s  exper imen ts  A and B ,  a 

p o l y v i n y l c h l o r i d e  ( P V C )  c a n i s t e r  f i l l e d  w i t h  p r o p e l l a n t  was i n i t i a t e d  

us ing  th ree  exp lod ing  b r idge -w i re  (EBW) d e t o n a t o r s ,  each sur rounded by 

a b o u t  6 g (0 .21 o z )  of b l a c k  powder. W h i l e  t h i s  d e s i g n  had proven 

adequate  f o r  f l u i d - f r e e  b o r e h o l e s ,  t h e  d e s i g n  proved u n s a t i s f a c t o r y  

f o r  u s e  i n  f l u i d - f i l l e d  b o r e h o l e s  because o f  quenching.  Subsequent  

t es t  s e r i e s  used a d e s i g n  ( F i g u r e  8 )  c o n s i s t i n g  o f  a s e c t i o n  of PVC 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F i g u r e  7. S c h e m a t i c  of B o r e h o l e  I n s t r u m e n t a t i o n  

CABLE TUBE 

PRESSURE-TRANSDUCER 

EBW INITIATOR 

STANDARD PVC TUBING 

PROPELLANT 

RIP IGNITOR 

F i g u r e  8.  S c h e m a t i c  of P r o p e l l a n t  C a n i s t e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p i p e  a n d  a c e n t e r e d  r a p i d  i g n i t i o n  p r i m e r  ( R I P )  i g n i t o r ,  w i t h  t h e  

a n n u l u s  b e t w e e n  i g n i t o r  a n d  p ipe f i l l e d  w i t h  p r o p e l l a n t .  One e n d  of 

t h e  a s s e m b l y  w a s  c losed o f f  w i t h  a n  e n d c a p ,  t h e  o t h e r  by t h e  p r e s s u r e  

t r a n s d u c e r  assembly.  T h e  R I P  i g n i t o r  is i n i t i a t e d  by a n  e x p l o d i n g  

b r i d g e - w i r e  i n i t i a t o r ;  i t  i g n i t e s  t h e  e n t i r e  l e n g t h  of t h e  p r o p e l l a n t  

e s s e n t i a l l y  s i m u l t a n e o u s l y ,  g i v e n  t h a t  t h e  b u r n  ra te  of t h e  RIP 

i g n i t o r  is 7000 m / s  (23000 f t / s ) .  The R I P  had a c e n t e r  core of  lead-  

s h e a t h e d  m i l d  d e t o n a t i n g  f u s e  (MDF) s u r r o u n d e d  by  B / K N 0 3  p y r o t e c h n i c .  

The e n d s  of t h e  MDF were t e r m i n a t e d  w i t h  a n  a luminum e n d c a p  c o n t a i n i n g  

a smal l  p r e s s i n g  of R D X  e x p l o s i v e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s h o r t  l e n g t h  of  MDF r i b b o n  w a s  

s a n d w i c h e d  b e t w e e n  two EBW i n i t i a t o r s  a n d  t h e  R I P  e n d c a p .  T h i s  d e s i g n  

p r o v  i ded  e x c e l  1 e n  t f i r i n g  r e d u n d a n c y .  

Upon i n s t a l l a t i o n  of t h e  h a r d w a r e ,  water  w a s  added t o  t h o s e  t es t  

z o n e s  t h a t  were t o  be l i q u i d - f i l l e d ,  t h e  p a c k e r  w a s  i n f l a t e d ,  a n d  t h e  

z o n e  a r o u n d  t h e  cab le  t u b e  was b lown d r y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l l  e x p e r i m e n t s  were 

stemmed w i t h  damp O v e r t o n ,  Nevada ,  s a n d .  Rough ly  0.3 m (1 f t )  of  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 0 / 5 0  w e i g h t - p e r c e n t  m i x t u r e  of s a n d  a n d  s u l f a t e - b a s e d  c e m e n t  w a s  

p l a c e d  a t  t h e  c o l l a r  t o  e n s u r e  t h a t  t h e  s temming  r e m a i n e d  i n  t h e  

boreho le  d u r i n g  t h e  t es t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 1 - 2 2  





3 .  TEST RESULTS 

The H E G F  prog ram i n  c a s e d  and p e r f o r a t e d  b o r e h o l e s  p r o g r e s s e d  i n  

t h e  s e q u e n c e :  Ser ies  #1, E x p e r i m e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ,  E x p e r i m e n t  B ( f o l l o w e d  by GT-1 

and GT-2, wh ich  u s e d  u n c a s e d  b o r e h o l e s ) ,  m i n e b a c k  o f  t h e  t es t  bed t o  

r e v e a l  f r a c t u r e  p a t t e r n s ;  Series # 2 ,  E x p e r i m e n t  C ,  E x p e r i m e n t  D ( f o l -  

lowed by GT-3 and GT-4,  which  u s e d  u n c a s e d  b o r e h o l e s ) ,  m i n e b a c k  o f  t h e  

t es t  bed ;  and S e r i e s  # 3 ,  E x p e r i m e n t s  E t h r o u g h  H ,  and  m i n e b a c k  o f  t h e  

t e s t  bed .  P a r a m e t e r s  v a r i e d  among t h e  e x p e r i m e n t s  i n c l i i d e d  number o f  

p e r f o r a t i o n s  per  meter o f  c a s i n g  ( p e r f o r a t i o n  d e n s i t y ) ,  p e r f o r a t i o n  

d i a m e t e r ,  p e r f o r a t i o n  p h a s i n g  r e l a t i v e  t o  t h e  f a r - f i e l d  i n  s i t u  

stresses, t y p e  and amount o f  p r o p e l l a n t  u s e d ,  and p r e s e n c e  o r  a b s e n c e  

of l i q u i d  i n  t h e  b o r e h o l e  ( T a b l e  2 ) .  P a r a m e t e r s  h e l d  c o n s t a n t  i n  t h e  

e x p e r i m e n t s  i n c l u d e d  b o r e h o l e  o r i e n t a t i o n  r e l a t i v e  t o  t h e  f a r - f i e l d  i n  

s i t u  stresses, b o r e h o l e  d i a m e t e r ,  and l e n g t h  o f  t h e  t e s t  z o n e ,  w h i c h  

w a s  t h e  b o t t o m  2 .4  m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 8  f t )  o f  t h e  b o r e h o l e .  R e s u l t a n t  f r a c t u r e  

p a t t e r n s  and c a s i n g  damage are  summar i zed  i n  F i g u r e  9.  

T e s t  Ser ies #1 ( E x p e r i m e n t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA and  B )  

The t w o  e x p e r i m e n t s  i n  T e s t  Ser ies  #1 i n v o l v i n g  c a s e d  and per- 

f o r a t e d  wel lbores ( E x p e r i m e n t s  A and  B )  were s c o p i n g  e x p e r i m e n t s  

d e s i g n e d  t o  e x a m i n e  t h e  b e h a v i o r  o f  t h e  HEGF t e c h n i q u e  when t h e  w e l l -  

b o r e  is  c a s e d  and p e r f o r a t e d .  The e x p e r i m e n t s  w e r e  c o n f i g u r e d  w i t h  

r e l a t i v e l y  s m a l l  p e r f o r a t i o n  d iameters  and  number o f  p e r f o r a t i o n s  per  

meter o f  c a s i n g  ( T a b l e  2 ) .  A s  a r e s u l t ,  o n l y  s m a l l  amoun ts  o f  p r o p e l -  

l a n t  g a s  e x i t e d  t h r o u g h  t h e  p e r f o r a t i o n s  d u r i n g  p r o p e l l a n t  b u r n .  T h i s  

l i m i t e d  t h e  amount o f  p r o p e l l a n t  t h a t  c o u l d  be u s e d  b e c a u s e  o f  t h e  

desi re  t o  a v o i d  b a d l y  s p l i t t i n g  t h e  c a s i n g .  C o m p l i c a t i n g  f a c t o r s  s u c h  

as  f l u i d  i n  t h e  b o r e h o l e  were a v o i d e d ,  and  v a r i a b l e s  o t h e r  t h a n  pro- 

p e l l a n t  t y p e  were h e l d  c o n s t a n t .  I n  b o t h  e x p e r i m e n t s ,  a 0.044-m 

( 1 . 7 5 - i n )  O.D.  p r o p e l l a n t  c a n i s t e r  was u s e d  and p e r f o r a t i o n s  w e r e  
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F i g u r e  9.  S c h e m a t i c  of Mineback  R e s u l t s  from E x p e r i m e n t s  A 

T h r o u g h  H Showing F r a c t u r e  P a t t e r n s  a n d  C a s i n g  Damage 
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9.5 mm (0 .375  i n )  i n  d i a m e t e r ,  s p a c e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 3  per  m e t e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4  p e r  f o o t ) ,  

and p l a c e d  1 2 0 '  a p a r t ,  w i t h  one  r o w  o r i e n t e d  r o u g h l y  p a r a l l e l  t o  d 

( T a b l e  2 ) .  
3 

I n  E x p e r i m e n t  A,  2.15  kg ( 4 . 7 5  l b )  o f  t h e  s l o w e r - b u r n i n g  M5R 

p r o p e l l a n t  was i n i t i a t e d  u s i n g  t h e  e x p l o d i n g  b r i d g e - w i r e  d e t o n a t o r s .  

N o  p r e s s u r e  t r a c e  w a s  o b t a i n e d  b e c a u s e  t h e  c a b l e  and c a b l e  t u b e  w e r e  

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

s o o n  a f t e r  i n i t i a t i o n .  

M ineback  o f  t h e  t es t  bed showed t h a t  a f r a c t u r e  p r o p a g a t e d  f r o m  

e a c h  l i n e  o f  p e r f o r a t i o n s ,  as p r e d i c t e d  ( F i g u r e  9 a n d  1 0 ) .  A l s o ,  a s  

p r e d i c t e d ,  t h e  f r a c t u r e  o r i e n t a t i o n  c u r v e d  t o w a r d  t h e  n o r m a l  t o  t h e  

minimum i n  s i t u  stress as t h e  f r a c t u r e  p r o p a g a t e d  i n t o  t h e  s u r r o u n d i n g  

r o c k .  F r a c t u r e  l e n g t h s  o f  u p  t o  1 . 2  m ( 4  f t )  w e r e  o b s e r v e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s i n g l e  

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

c l o s e d  a f t e r  p r e s s u r i z a t i o n  and no  p e r m a n e n t  c a s i n g  d e f o r m a t i o n  

o c c u r r e d .  

F i g u r e  1 0 .  P h o t o g r a p h  o f  Mineback  f o r  E x p e r i m e n t  A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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E x p e r i m e n t  B w a s  i d e n t i c a l  t o  E x p e r i m e n t  A except  t h a t  1.81 kg  

(4.0 l b )  of t h e  f a s t e r - b u r n i n g  M5A p r o p e l l a n t  w a s  u s e d .  I f  t h e  

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

cor rec t ,  t h e n  t h e  r e s u l t s  o f  E x p e r i m e n t s  A and  B s h o u l d  y i e l d  e s s e n -  

t i a l l y  t h e  same r e s u l t s ,  g i v e n  t h a t  comparable a m o u n t s  of p r o p e l l a n t  

were u s e d  i n  b o t h .  

T h e  p r e s s u r e  h i s t o r y  r e c o r d e d  f o r  E x p e r i m e n t  B ( F i g u r e  11) 

showed a pressure r iset ime of 2 m s  and  a p e a k  p r e s s u r e  of 130 MPa 

( 2 0 , 0 0 0  p s i ) .  The  p r e s s u r e  t h e n  d r o p p e d ,  p r e s u m a b l y  b e c a u s e  of pres- 

s u r e  l o s s  t h r o u g h  p e r f o r a t i o n s  and  p o s s i b l y  c a s i n g  f r a c t u r e s ,  t h e n  

i n c r e a s e d  a g a i n  to  band e d g e  a t  276 MPa (40,000 p s i ) .  P r e s s u r e s  a b o v e  

a b o u t  110 MPa (16000 p s i )  s h o u l d  n o t  h a v e  o c c u r r e d  f o r  a 0.044-m 

( 1 . 7 5 - i n )  O.D. p r o p e l l a n t  c a n i s t e r  i n  a 0.10-rn ( 4 - i n )  d i a m e t e r  b o r e -  

hole.  Upon r e e n t r y ,  water w a s  o b s e r v e d  v e n t i n g  t h r o u g h  t h e  cab le  

t u b e ,  a l t h o u g h  t h e  amount  c o u l d  n o t  be d e t e r m i n e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(II zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F i g u r e  11. P l o t  o f  P r e s s u r e  H i s t o r y  f o r  E x p e r i m e n t  B 
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The f r a c t u r e  g e o m e t r y  w a s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  of E x p e r -  

i m e n t  A ( F i g u r e  9), t h u s  s u g g e s t i n g  t h a t  p e a k  p r e s s u r e s  i n  t h e  t w o  

e x p e r i m e n t s  were s i m i l a r .  The f r a c t u r e  e m a n a t i n g  from t h e  l i n e  of 
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p e r f o r a t i o n s  a l o n g  e x t e n d e d  2 .13  m ( 7  f t )  i n t o  t h e  f o r m a t i o n .  The 

o t h e r  t w o  f r a c t u r e s  e x t e n d e d  i n t o  t h e  s i d e  and  f l o o r  o f  t h e  d r i f t ,  

r e s p e c t i v e l y ,  and w e r e  n o t  f u l l y  e x p o s e d  t o  d e t e r m i n e  t h e i r  e x t e n t  

( F i g u r e  1 2 ) .  C a s i n g  damage w a s  s i m i l a r  t o  E x p e r i m e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA e x c e p t  t h a t  

t h e  c r a c k  o c c u r r e d  a l o n g  t h e  l i n e  o f  h o r i z o n t a l  p e r f o r a t i o n s  ( F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 

F i g u r e  1 2 .  P h o t o g r a p h  of Mineback f o r  E x p e r i m e n t  B 

The pressure  h i s t o r y  o b t a i n e d  i n  E x p e r i m e n t  B is n o t  c o n s i s t e n t  

w i t h  p r e d i c t i o n s  f o r  e i t h e r  a l i q u i d - f r e e  or  a l i q u i d - f i l l e d  b o r e h o l e .  

T y p i c a l l y  i n  l i q u i d - f i l l e d  b o r e h o l e s ,  t h e  peak  p r e s s u r e  i s  l o w e r  and  
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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t h e  r iset ime f a s t e r  (Cuderman e t  a l ,  1986)  t h a n  o b s e r v e d  i n  E x p e r i m e n t  

B. The  p r e s e n c e  of water i n  E x p e r i m e n t  B s h o u l d  h a v e  y i e l d e d  a lower 

p e a k  p r e s s u r e ,  n o t  a h i g h e r  o n e  t h a n  pred ic ted .  E x a m i n a t i o n  of  t h e  

d a t a  a n d  t h e  i n s t r u m e n t a t i o n  s e t u p  r e v e a l e d  n o t h i n g  t h a t  wou ld  a c c o u n t  

f o r  t h e  anomalous p r e s s u r e  reco rd ,  g i v e n  t h e  f r a c t u r i n g  o b t a i n e d .  

T e s t  Ser ies # 2  ( E x p e r i m e n t s  C a n d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD )  

T h e  t w o  e x p e r i m e n t s  i n  T e s t  Ser ies # 2  i n v o l v i n g  c a s e d  and  p e r -  

f o r a t e d  w e l l b o r e s  ( E x p e r i m e n t  C a n d  D )  were d e s i g n e d  t o  i n v e s t i g a t e  

t h e  e f f e c t  of  p e r f o r a t i o n  p h a s i n g  and  o r i e n t a t i o n  o n  f r a c t u r i n g  ob- 

t a i n e d ,  as w e l l  a s  t h e  e f f e c t  on f r a c t u r i n g  when t h e  b o r e h o l e  i s  

f i l l e d  w i t h  l i q u i d .  I n  b o t h  e x p e r i m e n t s ,  t h e  l i n e s  of p e r f o r a t i o n s  

were o r i e n t e d  p a r a l l e l  to  t h e  maximum a n d  minimum i n  s i t u  stresses, 

r e s u l t i n g  i n  a 90"  p h a s i n g  ( F i g u r e  9 ) .  Parameters s u c h  a s  number of 

p e r f o r a t i o n s  per u n i t  l e n g t h ,  p e r f o r a t i o n  diameter ,  a n d  p r o p e l l a n t -  

c a n i s t e r  diameter m a t c h e d  t h o s e  o f  E x p e r i m e n t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA a n d  B ( T a b l e  2 ) .  

B e c a u s e  s i m i l a r  r e s u l t s  were o b t a i n e d  i n  E x p e r i m e n t s  A a n d  B, u s i n g  

M5B a n d  M5A p r o p e l l a n t s ,  r e s p e c t i v e l y ,  M5B w a s  c h o s e n  for b o t h  

E x p e r i m e n t  C a n d  E x p e r i m e n t  D.  

I n  E x p e r i m e n t  C ,  t h e  b o r e h o l e  was l i q u i d - f r e e  a n d  l o a d e d  w i t h  

2.72 kg  (6.0 l b )  of M5B p r o p e l l a n t .  The r e s u l t a n t  p r e s s u r e  r e c o r d  

appears  i n  F i g u r e  13. M ineback  of  t h e  t e s t  bed u n c o v e r e d  a f r a c t u r e  

f rom e a c h  l i n e  of p e r f o r a t i o n s  ( F i g u r e  1 4 ) .  C a s i n g  damage w a s  s i m i l a r  

t o  t h a t  i n  E x p e r i m e n t  A,  w i t h  a crack  o c c u r r i n g  a l o n g  t h e  90"  ( v e r t i -  

c a l )  p e r f o r a t i o n  l i n e ,  c o r r e s p o n d i n g  t o  t h e  p l a n e  n o r m a l  t o  t h e  m i n i -  

mum f a r - f i e l d  p r i n c i p a l  i n  s i t u  stress p l a n e  ( F i g u r e  9 ) .  

E x p e r i m e n t  D was e s s e n t i a l l y  i d e n t i c a l  i n  d e s i g n  t o  E x p e r i m e n t  C 

e x c e p t  t h a t  t h e  b o r e h o l e  was f i l l e d  w i t h  water .  The i n i t i a t i o n  of  

2 .38  kg (5 .25  l b )  of M5B p r o p e l l a n t  p r o d u c e d  t h e  p r e s s u r e  c u r v e  

p l o t t e d  i n  F i g u r e  15. Mineback  of t h e  t es t  bed u n c o v e r e d  f r a c t u r e s  

o n l y  from t h e  t w o  l i n e s  of p e r f o r a t i o n s  o r i e n t e d  n o r m a l  t o  t h e  minimum 

f a r - f i e l d  i n  s i t u  stress p l a n e  ( F i g u r e s  9 a n d  1 6 ) .  The a b s e n c e  o f  

f r a c t u r e s  n o r m a l  t o  t h e  maximum f a r - f i e l d  i n  s i t u  stress p l a n e  is  

c o n s i s t e n t  w i t h  r e s u l t s  o b t a i n e d  from u n c a s e d ,  f l u i d - f i l l e d  b o r e h o l e s  

(Cuderman e t  a l ,  1986) .  
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F i g u r e  1 4 .  P h o t o g r a p h  o f  Mineback  f o r  E x p e r i m e n t  C 
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F i g u r e  15. P l o t  o f  P r e s s u r e  H i s t o r y  f o r  E x p e r i m e n t  D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

, 

I t  w a s  p o s t u l a t e d  t h a t  t h e  o r i e n t a t i o n  o f  t h e  p e r f o r a t i o n s  a l o n g  

p r i n c i p a l  p l a n e s  o f  stress s h o u l d  y i e l d  l o n g e r  f r a c t u r e s  t h a n  t h e  

random o r i e n t a t i o n  o b t a i n e d  w i t h  1 2 0 °  p h a s i n g .  The m i n e b a c k  r e s u l t s  

showed t h a t  t h i s  w a s  m a r g i n a l l y  t h e  case.  However ,  t h e  f a c t  t h a t  t h e  

set  o f  f r a c t u r e s  p e r p e n d i c u l a r  t o  t h e  maximum p r i n c i p a l  stress i n  t h e  

w a t e r - f  i l l e d  b o r e h o l e  d i d  n o t  p r o p a g a t e  s u g g e s t s  t h a t  s u c h  a n  o r i e n t e d  

g e o m e t r y  i n  a l i q u i d - f i l l e d  wel lbore may n o t  be a s  e f f e c t i v e  as t h e  

m o r e  random 1 2 0 '  p h a s i n g .  

T e s t  Series zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA# 3  ( E x p e r i m e n t s  E T h r o u g h  H )  

I n  e v a l u a t i n g  f a c t o r s  c o n t r o l l i n g  f r a c t u r i n g  t h r o u g h  c a s e d  and 

p e r f o r a t e d  wel lbores,  T e s t  S e r i e s  # 1  a n d  # 2  p r o v i d e d  e m p i r i c a l  

d a t a  f o r  cases where  p e r f o r a t i o n s  were r e l a t i v e l y  s m a l l  ( 9 . 5  mm 
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F i g u r e  16. Photograph of  Mineback f o r  Exper iment D 

10.375 i n ]  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) ,  n o t  c l o s e l y  spaced (13  p e r  meter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 4  p e r  foo t1  ) ,  and 

o r i e n t e d  e i t h e r  w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA120° phasing or a long p r i n c i p a l  i n  s i t u  stress 

p l a n e s  w i t h  9 0 °  phas ing .  P r o p e l l a n t  c h a r g e s  were r e l a t i v e l y  s m a l l  and 

t h e  p r o p e l l a n t  used w a s  r e l a t i v e l y  s m a l l  g r a i n e d  and f a s t  burn ing  

(Tab le  3 ) .  The o b j e c t i v e  of T e s t  S e r i e s  #3 b a s i c a l l y  was t o  p r o v i d e  

e m p i r i c a l  d a t a  f o r  cases w h e r e  

p e r f o r a t i o n s  w e r e  l a r g e r  i n  d i a m e t e r  and spaced i n  such  a 
manner as t o  produce t h e  maximum p r a c t i c a l  p e r f o r a t i o n  
d e n s i t y  

p r o p e l l a n t  c h a r g e s  were as l a r g e  as  p o s s i b l e ,  g i v e n  t h a t  
we l l bo re  damage w a s  t o  be avoided 

l a r g e - g r a i n e d ,  s low-burning p r o p e l l a n t s  w e r e  compared t o  
sma l le r -g ra ined  , f a s t e r - b u r n i n g  p r o p e l l a n t s  , g iven  t h a t  o t h e r  
v a r i a b l e s  were h e l d  c o n s t a n t .  

F o r  T e s t  S e r i e s  #3 ,  t h e  number of  p e r f o r a t i o n s  p e r  meter of 

c a s i n g  i n  Exper iments E ,  F ,  and G w a s  i n c r e a s e d  f rom t h e  13 used i n  

T e s t  Series #1 and # 2  t o  20 ( 4  p e r  f o o t  t o  6 p e r  f o o t ) .  P e r f o r a t i o n  

d i a m e t e r  w a s  i n c r e a s e d  from 9 . 5  t o  1 5  mm ( 0 . 3 7 5  t o  0 . 6  i n ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P r o p e l l a n t - c a n i s t e r  s i z e  w a s  i n c r e a s e d  f r o m  0.044-m ( 1 . 7 5 - i n )  O.D. t o  

0.068-m ( 2 . 6 6 - i n )  O.D., w h i c h  e s s e n t i a l l y  d o u b l e d  t h e  q u a n t i t y  o f  

p r o p e l l a n t  p r e s e n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 1 2 0 °  p e r f o r a t i o n  p h a s i n g  w a s  u s e d  i n  a l l  t h r e e  

tests ( F i g u r e  9 )  b e c a u s e  t h e  r e s u l t s  o f  T e s t  S e r i e s  #1 and  # 2  d i d  n o t  

i n d i c a t e  a s i g n i f i c a n t  f r a c t u r i n g  improvement  f o r  90O-phased p e r f o r a -  

t i o n s  o r i e n t e d  a l o n g  p r i n c i p a l  f a r - f  i e l d  stress p l a n e s .  P e r f o r a t i o n  

l i n e s  g e n e r a l l y  were o r i e n t e d  i n  t h e  manner  t h a t  o p t i m i z e d  o b s e r v a t i o n  

o f  f r a c t u r e s  d u r i n g  m i n e b a c k .  

The d e s i g n  o f  E x p e r i m e n t  H w a s  t h e  o n e  e x c e p t i o n  t o  t h e  bas ic  

g o a l  of T e s t  Series #3 .  I n  E x p e r i m e n t  H ,  p a r a m e t e r s  s u c h  as p e r f o r a -  

t i o n s  p e r  u n i t  l e n g t h ,  p e r f o r a t i o n  d i a m e t e r ,  p r o p e l l a n t  w e i g h t ,  and  

c a n i s t e r  d i a m e t e r  c l o s e l y  m a t c h e d  t h o s e  o f  T e s t  Ser ies #1 a n d  # 2 .  The 

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

t h e  minimum f a r - f i e l d  i n  s i t u  stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( a  ) ,  i . e . ,  n o n n a l  t o  t h e  

h y d r a u l i c  f r a c t u r e  d i r e c t i o n .  S u c c e s s f u l  g e n e r a t i o n  of t h e s e  f r a c -  

t u r e s  would d e m o n s t r a t e  t h a t  t h e  H E G F  t e c h n i q u e  could p r o d u c e  f rac -  

t u r e s  i n  a n y  d i r e c t i o n  d e s i r e d .  

3 

E x p e r i m e n t s  E a n d  G -- E x p e r i m e n t s  E and  G were e s s e n t i a l l y  

i d e n t i c a l  e x c e p t  t h a t  t h e  b o r e h o l e  i n  E x p e r i m e n t  E w a s  w a t e r - f i l l e d  

and  t h e  b o r e h o l e  i n  E x p e r i m e n t  G w a s  l i q u i d - f r e e .  The o b j e c t i v e  of 

t h e s e  t w o  e x p e r i m e n t s  w a s  t o  p r o d u c e  l a r g e  f r a c t u r e  s u r f a c e s  f rom t h e  

t h r e e  l i n e s  o f  p e r f o r a t i o n s  w i t h  n o  a t t e n d a n t  c a s i n g  damage.  The 

p r o p e l l a n t  u s e d  was t h e  r e l a t i v e l y  l a r g e - g r a i n ,  s l o w - b u r n i n g  M 3 0 R  

p r o p e l 1  a n t .  

The p r e s s u r e  t race f o r  E x p e r i m e n t  E ( F i g u r e  1 7 a )  shows t h e  4 .65  

kg ( 1 0 . 2 5  l b )  o f  M30B p r o p e l l a n t  p r o d u c e d  a p r e s s u r e  r i se t ime o f  

a p p r o x i m a t e l y  6 m s  and  a p e a k  p r e s s u r e  of 8 6 . 9  MPa ( 1 2 , 6 0 0  p s i ) .  The 

p r e s s u r e  t race  f o r  E x p e r i m e n t  G ( F i g u r e  1 7 b )  shows t h e  4 .69  kg ( 1 0 . 3 5  

l b )  o f  M30B p r o p e l l a n t  p r o d u c e d  a p r e s s u r e  r i se t ime o f  1 3 . 9  m s  and  a 

peak  p r e s s u r e  o f  1 1 4  MPa ( 1 6 , 5 0 0  p s i ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs i n  t h e  case of E x p e r i m e n t s  

C a n d  D ,  t h e  r e s u l t s  are c o n s i s t e n t  w i t h  t h o s e  f r o m  u n c a s e d ,  l i q ~ i d -  

f i l l e d  b o r e h o l e s ,  where  p r e s s u r e  r iset imes were f o u n d  t o  be c o n s i d e r -  

a b l y  f a s t e r  and p e a k  p r e s s u r e s  c o n s i d e r a b l y  lower t h a n  t h o s e  m e a s u r e d  

i n  l i q u i d - f r e e ,  u n c a s e d  b o r e h o l e s  (Cuderman ,  1 9 8 6 a ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 2  
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1 '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F r a c t u r e  p a t t e r n s  o b s e r v e d  i n  m i n e b a c k  f o r  b o t h  E x p e r i m e n t  E and  

E x p e r i m e n t  G were g e n e r a l l y  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  E x p e r i m e n t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A a n d  B ( F i g u r e s  9 ,  1 8 ,  and  1 9 ) .  F r a c t u r e s  e m a n a t e d  f rom e a c h  l i n e  o f  

p e r f o r a t i o n s  and  b e n t  t o w a r d  t h e  p l a n e  n o r m a l  t o  minimum i n  s i t u  

stress as d i s t a n c e  f r o m  t h e  b o r e h o l e  i n c r e a s e d .  

F i g u r e  9 p o r t r a y s  d i a g r a m m a t i c a l l y  t h e  f r a c t u r i n g  o b t a i n e d  i n  t h e  

t w o  e x p e r i m e n t s .  A new phenomenon o b s e r v e d  i n  t h e  f r a c t u r e  p a t t e r n s  

f o r  E x p e r i m e n t s  E and  G was t h e  p r e s e n c e  o f  a number o f  s m a l l e r  f rac -  

t u r e s  t h a t  p a r a l l e l  t h e  t h r e e  ma in  f r a c t u r e s .  S i m i l a r  s a t e l l i t e  

f r a c t u r e s  were n o t  o b s e r v e d  i n  T e s t  Series #1 a n d  # 2 .  As n o t e d  p r e v i -  

o u s l y ,  T e s t  S e r i e s  # 3  w a s  c o n d u c t e d  i n  t h e  PTE 2 d r i f t ,  w h i l e  T e s t  

Ser ies  #1 a n d  # 2  were c o n d u c t e d  i n  t h e  MAC d r i f t .  One d i f f e r e n c e  

n o t e d  d u r i n g  m i n e b a c k  of T e s t  S e r i e s  # 3  w a s  a s i g n i f i c a n t l y  g r e a t e r  

t e n d e n c y  t o w a r d  rock s l a b b i n g  t h a n  i n  t h e  MAC d r i f t .  The p a r a l l e l  

f r a c t u r e s  t h u s  may b e  d u e  t o  d i f f e r e n c e s  i n  r o c k  f a b r i c  i n  t h e  PTE 2 

drift. 

E x p e r i m e n t s  E and  G were s u c c e s s f u l  i n  that no s p l i t t i n g  of t h e  

c a s i n g  or  c a s i n g  d e f o r m a t i o n  o c c u r r e d ,  r e g a r d l e s s  o f  w h e t h e r  or  n o t  

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

e x p e r i m e n t s  w a s  t h a t  t h e  c o m b i n a t i o n  o f  r e l a t i v e l y  s l o w  p r o p e l l a n t ,  

maximum p r a c t i c a l  p e r f o r a t i o n  d i a m e t e r ,  and  maximum p r a c t i c a l  p e r -  

f o r a t i o n  d e n s i t y  r e s u l t  i n  w e l l - d e f i n e d  f r a c t u r e s  f r o m  e a c h  l i n e  o f  

p e r f o r a t i o n s  w i t h  n o  a t t e n d a n t  c a s i n g  damage.  T h i s  is t r u e  e v e n  when 

a r e l a t i v e l y  l a r g e  q u a n t i t y  of p r o p e l l a n t  is u s e d .  

E x p e r i m e n t  F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- The o b j e c t i v e  o f  E x p e r i m e n t  F w a s  to d e t e r m i n e  

t h e  e f f e c t  o f  p r o p e l l a n t s  w i t h  f a s t e r  p r e s s u r i z a t i o n  r a t e s  on c a s i n g  

damage when p e r f o r a t i o n s  are r e l a t i v e l y  l a r g e  and  t h e r e  is a h i g h  

d e n s i t y  of p e r f o r a t i o n s  p e r  u n i t  l e n g t h  o f  c a s i n g .  As a r e s u l t ,  

E x p e r i m e n t  F w a s  e s s e n t i a l l y  i d e n t i c a l  t o  E x p e r i m e n t  E e x c e p t  t h a t  t h e  

f a s t e r - b u r n i n g  M5B p r o p e l l a n t  was u s e d  i n  E x p e r i m e n t  F. B e c a u s e  of 

t h e  smal ler  g r a i n  s i z e  and  h i g h e r  p a c k i n g  d e n s i t y  o f  M5R p r o p e l l a n t  

r e l a t i v e  t o  M30B p r o p e l l a n t ,  m o r e  p r o p e l l a n t  ( 5 . 9 0  kg E13.00 lb] 

v e r s u s  4 .65  kg  E10.25 l b l  i n  E x p e r i m e n t  E )  f i t  i n t o  t h e  0.068-m 

( 2 . 6 6 - i n )  O.D.  i n  E x p e r i m e n t  F .  

3 4  



F i g u r e  18.  P h o t o g r a p h  of Mineback  of E x p e r i m e n t  E 

F i g u r e  1 9 .  P h o t o g r a p h  of Mineback  of E x p e r i m e n t  G zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 5  



1 '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The pressure h i s t o r y  f o r  E x p e r i m e n t  F i s  p r e s e n t e d  i n  F i g u r e  20. 

The p r e s s u r e  t race shows  a pressure  r iset ime o f  0.12 m s  and  a p e a k  

p r e s s u r e  of 114 MPa ( 1 6 , 5 0 0  p s i ) .  Note t h e  o s c i l l a t i o n s  i n  t h e  pres- 

s u r e  t r ace ,  wh ich  are s im i la r  t o  o s c i l l a t i o n s  observed i n  u n c a s e d ,  

f l u i d - f i l l e d  b o r e h o l e s  ( Cuderman,  1 9 8 6 a ) .  

M ineback  o f  t h e  t es t  bed  r e v e a l e d  a f r a c t u r e  a l o n g  e a c h  l i n e  o f  

p e r f o r a t i o n s  b u t  e x t e n s i v e ,  c l e a r l y  u n a c c e p t a b l e  c a s i n g  damage a l o n g  

t h e  l i n e  of p e r f o r a t i o n s  c l o s e s t  to  t h e  p l a n e  no rma l  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAci ( t h e  

h y d r a u l i c - f r a c t u r e  d i r e c t i o n )  ( F i g u r e s  9 and  2 1 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA f o u r t h  f r a c t u r e  

emana ted  from t h e  s p l i t  i n  t h e  c a s i n g  and a l s o  p r o p a g a t e d  a l o n g  t h e  

p l a n e  no rma l  t o  t h e  minimum f a r - f i e l d  i n  s i t u  stress ( F i g u r e  9 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

The e x t e n s i v e  c a s i n g  damage and h y d r a u l i c  f r a c t u r e  e m a n a t i n g  f rom 

t h e  s p l i t  i n d i c a t e s  t h a t  g i v e n  t h e  p e r f o r a t i o n  parameters s e l e c t e d ,  

t h e  amount  o f  p r o p e l l a n t  u s e d ,  and  f l u i d  i n  t h e  b o r e h o l e ,  M5B prope l -  

l a n t  p r e s s u r i z e s  t h e  b o r e h o l e  too  r a p i d l y  t o  avo id  cas ing  damage. 

E x p e r i m e n t  H -- As n o t e d  p r e v i o u s l y ,  t h e  o b j e c t i v e  o f  E x p e r i m e n t  

H was t o  d e t e r m i n e  w h e t h e r  f r a c t u r e s  wou ld  propagate f rom p e r f o r a t i o n s  

i f  a l l  were o r i e n t e d  a l o n g  ci zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI i .e. ,  norma l  t o  t h e  h y d r a u l i c - f r a c t u r e  

d i r e c t i o n .  Recal l  t h a t  i n  f l u i d - f i l l e d  E x p e r i m e n t  D, f r a c t u r e s  f a i l e d  

t o  form i n  t h e  p l a n e  no rma l  t o  t h e  h y d r a u l i c - f r a c t u r e  p l a n e ,  b u t  

3 

f r a c t u r e s  d i d  fo rm i n  t h e  p l a n e  n o r m a l  t o  t h e  h y d r a u l i c - f r a c t u r e  p l a n e  

i n  l i q u i d - f r e e  E x p e r i m e n t  C. E x p e r i m e n t  H w a s  d e s i g n e d  t o  c l o s e l y  

m a t c h  E x p e r i m e n t  D, e x c e p t  t h a t  p e r f o r a t i o n  p h a s i n g  w a s  180°, w i t h  a l l  

p e r f o r a t i o n s  o r i e n t e d  a l o n g  ci I and f a s t e r - b u r n i n g  M 5 A  p r o p e l l a n t  w a s  

u s e d .  M5A p r o p e l l a n t  w a s  c h o s e n  t o  d e l i m i t  c o n d i t i o n s  u n d e r  w h i c h  t h e  

r e l a t i v e l y  f a s t - b u r n i n g  p r o p e l l a n t  p r o d u c e s  a c c e p t a b l e  r e s u l t s .  

3 

I n i t i a t i o n  of t h e  2 .09  kg  (4 .60 l b )  of M5A p r o p e l l a n t  p r o d u c e d  

t h e  p r e s s u r e  t race  p l o t t e d  i n  F i g u r e  22. Mineback  o f  t h e  t es t  b e d  

r e v e a l e d  t h a t  f r a c t u r e s  fo rmed  a l o n g  t h e  l i n e s  of p e r f o r a t i o n s ,  b u t  

i n s t e a d  of p r o p a g a t i n g  a l o n g  ci t h e  f r a c t u r e s  p r o p a g a t e d  a r o u n d  t h e  

c a s i n g  and  t h e n  i n  t h e  h y d r a u l i c - f r a c t u r e  d i r e c t i o n ,  e v e n  t h o u g h  t h e r e  

were no p e r f o r a t i o n s  i n  t h a t  d i r e c t i o n  ( F i g u r e s  9 a n d  2 3 ) .  An a d d i -  

t i o n a l  f r a c t u r e  p r o p a g a t e d  from t h e  e n d  of t h e  b o r e h o l e ,  a r e s u l t  

3' 
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2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s i m i l a r  to  t h a t  o b s e r v e d  i n  u n c a s e d  f l u i d - f i l l e d  b o r e h o l e s  (Cuderman 

e t  a l ,  1 9 8 6 ) .  C a s i n g  damage w a s  s e v e r e ,  w i t h  a s p l i t  and  s e p a r a t i o n  

o b s e r v e d  a l o n g  t h e  p e r f o r a t i o n  l i n e s .  

S e v e r a l  f a c t o r s  may h a v e  c o n t r i b u t e d  t o  t h e  s u r p r i s i n g  r e s u l t .  A 

180" s t r i p  gun w a s  u s e d  to  p r o d u c e  t h e  9.5-m ( 0 . 3 7 5 - i n )  p e r f o r a t i o n s  

i n  t h e  c a s i n g  of E x p e r i m e n t  H. T h e s e  p e r f o r a t i o n s  were n o t  a s  l a r g e  

a s  t h o s e  o b t a i n e d  w i t h  t h e  h o l l o w  c a r r i e r  gun u s e d  i n  E x p e r i m e n t s  A 

t h r o u g h  G. S m a l l e r  p e r f o r a t i o n s  mean l e s s  p r o p e l l a n t  g a s  v e n t s  f rom 

t h e  b o r e h o l e ,  r e s u l t i n g  i n  an  i n c r e a s e d  r i s k  o f  s e v e r e  f r a c t u r i n g  o f  

t h e  c a s i n g .  

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

when f a s t e r - b u r n i n g  p r o p e l l a n t s  are  u s e d ,  seems t o  e n c o u r a g e  t h e  

f o r m a t i o n  and p r o p a g a t i o n  o f  f r a c t u r e s  n o r m a l  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu ( t h e  h y d r a u l i c -  

f r a c t u r e  d i r e c t i o n ) .  R e s u l t s  f rom E x p e r i m e n t  H are  s i m i l a r  t o  t h o s e  

of  E x p e r i m e n t  D ,  w h i c h  a l s o  was water f i l l e d  and u s e d  M5 p r o p e l l a n t ,  

i n  t h e  s e n s e  t h a t  f r a c t u r e s  emana ted  from t h e  h y d r a u l i c - f r a c t u r e  

A d d i t i o n a l  e x p e r -  d i r e c t i o n  b u t  n o t  f rom p e r f o r a t i o n s  p a r a l l e l  t o  Q 

i m e n t s  w i t h  l a r g e r ,  more c l o s e l y  s p a c e d  p e r f o r a t i o n s  o r i e n t e d  p a r a l l e l  

t o  u 3 ,  w i t h  s l o w e r - b u r n i n g  p r o p e l l a n t s  s u c h  a s  M30, a n d  b o t h  w i t h  a n d  

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

p o s s i b l e  t o  crea te  a s i n g l e  f r a c t u r e  p l a n e  no rma l  t o  t h e  h y d r a u l i c  

f r a c t u r e  d i r e c t i o n  and t o  d e t e r m i n e  t h e  c o n d i t i o n s  u n d e r  wh ich  t h i s  

m i g h t  b e  a c h i e v e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS U M M A R Y  A N D  CONCLUSIONS 

E x p e r i m e n t s  A t h r o u g h  H d e m o n s t r a t e d  t h a t  m u l t i p l e  f r a c t u r e s  c a n  

be o b t a i n e d  t h r o u g h  p e r f o r a t e d  w e l l b o r e s  w i t h  m i n i m a l  c a s i n g  damage.  

E x p e r i m e n t s  E a n d  G showed e s ' s e n t i a l l y  i d e n t i c a l  f r a c t u r i n g  f o r  b o t h  

l i q u i d - f r e e  a n d  l i q u i d - f i l l e d  w e l l b o r e s  o f  t h e  same g e o m e t r y .  E x p e r -  

i m e n t s  E a n d  G d e m o n s t r a t e d  t h a t  u s e  o f  t h e  l a r g e s t  p r a c t i c a l  p e r f o r -  

a t i o n  d i a m e t e r  a n d  s p a c i n g  i s  d e s i r a b l e .  

Slower p r o p e l l a n t s  a r e  a d v a n t a g e o u s  b e c a u s e  more p r o p e l l a n t  c a n  

e s c a p e  d u r i n g  t h e  p r o p e l l a n t  b u r n  t i m e .  U s e  o f  t h e  s lower  p r o p e l l a n t  

a l s o  perm i t s  t h e  u s e  o f  l a r g e r  p r o p e l l a n t  c h a r g e s .  Even w i t h  t h e  

0.068-m ( 2 . 6 6 - i n )  O.D. p r o p e l l a n t  c a n i s t e r ,  m u l t i p l e  f r a c t u r e s  were 

p r o d u c e d  t h r o u g h  p e r f o r a t i o n s  i n  E x p e r i m e n t s  E a n d  G w i t h  n o  c a s i n g  

damage. 

The M30B p r o p e l l a n t  b u r n  r a t e  may b e  n e a r l y  o p t i m a l  f o r  u s e  i n  

l a r g e - p e r f o r a t i o n r  h i g h - p e r f o r a t i o n - d e n s i t y  a p p l i c a t i o n s .  I f  t h e  b u r n  

ra te  were much  s lower ,  i t  is  l i k e l y  t h a t  o n l y  a s i n g l e  h y d r a u l i c -  t y p e  

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

f r a c t u r e  d i r e c t i o n .  For  f a s t e r  b u r n  r a t e s ,  s u c h  a s  i n  E x p e r i m e n t  F ,  

s e v e r e  c a s i n g  damage r e s u l t s .  A s l i g h t l y  l a r g e r  p r o p e l l a n t  c h a r g e  

t h a n  t h a t  u s e d  i n  E x p e r i m e n t s  E a n d  G m i g h t  b e  p o s s i b l e  f o r  l a r g e r  

c a s i n g  s i z e s .  

T h e  p r e f e r e n c e  f o r  f r a c t u r i n g  o n l y  i n  t h e  h y d r a u l i c  f r a c t u r e  

d i r e c t i o n  i n  w a t e r - f i l l e d  e x p e r i m e n t s  w i t h  p e r f o r a t i o n s  o r i e n t e d  a l o n g  

p r i n c i p a l  p l a n e s  o f  stress ( E x p e r i m e n t s  D a n d  H )  was u n e x p e c t e d .  T h i s  

may i n d i c a t e  t h a t  t h e  more random 1 2 0 "  p h a s i n g  r e s u l t s  i n  more pre- 

d i c t a b l e  f r a c t u r e  b e h a v i o r .  A d d i t i o n a l  e x p e r i m e n t s  w i t h  slower 

p r o p e l l a n t s  a n d  more o p e n  p e r f o r a t i o n  geometries a r e  r e q u i r e d  t o  
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d e t e r m i n e  w h e t h e r  t h e  90'- a n d  180O-phased and o r i e n t e d  g e o k e t r i e s  c a n  

b e  u s e d  f o r  e f f e c t i v e  f r a c t u r e  c o n t r o l  i n  l i q u i d - f i l l e d  w e l l b o r e s .  

However ,  i n  t h e  w a t e r - f i l l e d  E x p e r i m e n t  F ,  f r a c t u r e s  a l o n g  l i n e s  o f  

p e r f o r a t i o n s  p h a s e d  a t  120 '  p r o p a g a t e d  as e x p e c t e d ,  e v e n  w i t h  s e v e r e  

c a s i n g  damage.  

The f r a c t u r i n g  mode l  p r o p o s e d  c o r r e c t l y  d e s c r i b e s  t h e  b e h a v i o r  of 

p r o p e l l a n t -  i n d u c e d  mu1 t i p l e  f r a c t u r i n g  t h r o u g h  c a s e d  and p e r f  o r a t e d  

w e l l b o r e s  when t h e  maximum f a r - f i e l d  p r i n c i p a l  i n  s i t u  stress is 

o r i e n t e d  p a r a l l e l  t o  t h e  b o r e h o l e .  A d d i t i o n a l  e x p e r i m e n t s  are  

r e q u i r e d  t o  t es t  t h e  m o d e l ' s  v a l i d i t y  f o r  cases where  o t h e r  b o r e h o l e  

o r i e n t a t i o n s  are s e l e c t e d .  One p a r t i c u l a r l y  i n t e r e s t i n g  e x p e r i m e n t  

would i n v o l v e  a b o r e h o l e  o r i e n t e d  p a r a l l e l  t o  t h e  minimum f a r - f i e l d  

p r i n c i p a l  i n  s i t u  stress. The model  p r e d i c t s  f r a c t u r e s  n o r m a l  t o  t h e  

a x i s  o f  t h e  b o r e h o l e .  
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