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The problem o f  s t i m u l a t i n g  geothermal r e s e r v o i r s  has rece ived 
a t t e n t i o n  i n  recent  years.  Detonat ing exp los ives  i n  a borehole i s  one 
technique f o r  s t i m u l a t i n g  them. 
where p r e c i p i t a t i o n  o f  s o l i d s  near t he  produc ing w e l l  has s i g n i f i c a n t l y  
reduced t h e  p e r m e a b i l i t y  around i t .  However, t he  enhancement o f  t h e  
p e r m e a b i l i t y  around t he  borehole has i t s e l f  n o t  been we l l- de f ined ,  and 
hence, t he  e f f e c t s  o f  exp los i ve  s t i m u l a t i o n  a r e  d i f f i c u l t  t o  p r e d i c t .  
Below, we o u t l i n e  a theory which has c o r r e l a t e d  w e l l  w i t h  e x i s t i n g  
measurements o f  pe rmeab i l i t y  enhancement. 
can be found i n  Ref. 1. 

Explos ives may a l s o  have an a p p l i c a t i o n  

A more complete development 

Theory 

The theory i s  based on l i n k i n g  the Carmen-Kozeny expression, 

w i t h  t he  parameters invo lved  i n  t he  dynamic exp los ion  process, I n  Eq. (11 ,  
9 i s  t h e  p o r o s i t y  and S i s  t he  s p e c i f i c  su r face  area. 

To r e l a t e  t h i s  formula t o  t h e  complex phenomena o f  an exp los ive  
de tona t ion ,  i t  i s  use fu l  to  view t h e  exp los ion  process i n  two stages.2 
The f i r s t  stage i s  dominated by a large- ampl i tude s t r e s s  wave. The second 
s tage invo lves  an expansion o f  t h e  c a v i t y  by h igh- pressure gases from t h e  
de tona t ion .  The e f f e c t s  of t he  f i r s t  stage on t he  media a r e  of  a dynamic 
nature,  w h i l e  those o f  t he  second stage extend over  a much longer t ime 
i n t e r v a l  and can be regarded as q u a s i s t a t i c  processes. To o b t a i n  a 
d e s c r i p t i o n  o f  pe rmeab i l i t y ,  we must r e l a t e  these processes t o  Eq. ( 1 ) .  

According t o  K u t t e r  and Fa i rhu rs t , 2  t h e  p r i n c i p a l  r o l e  o f  the  s t r e s s  
wave i s  t o  i n i t i a t e  f r a c t u r e s .  The f r a c t u r e  dens i t y  n i s  r e l a t e d  t o  t h e  
p o r o s i t y  and s p e c i f i c  su r face  by 

where w i s  the  c rack  w id th .  G r i f f i t h 3  pos tu l a ted  a f a i l u r e  c r i t e r i o n  for 
r e a l  m a t e r i a l s .  From t e n s i l e  t e s t s ,  he learned t h a t  t h e  average s t ress  
a t  r up tu re  was smal l  compared w i t h  t h e  t h e o r e t i c a l  s t r e n g t h  of t h e  s o l i d .  
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He concluded t h a t  energy i n  t h e  t e s t  p iece  was no t  un i fo rmly  d i s t r i b u t e d .  
A t  p o i n t s  where t he  cracks o r i g i n a t e ,  h i g h  concent ra t ions  o f  s t r a i n  energy 
must e x i s t .  We assume t h a t  these concent ra t ion  po in t s  a r e  macroscopic 
f laws i n  t h e  m a t e r i a l .  A r e a l  geo log ic  medium w i l l  con ta i n  a d i s t r i b u t i o n  
o f  f laws having v a r i a t i o n s  i n  leng th  and o r i e n t a t i o n .  Flaws may be n a t u r a l l y  
occu r r i ng  f r a c t u r e s  having a d i s t r i b u t i o n  i n  leng th  and o r i e n t a t i o n ,  g r a i n  
boundary weaknesses, and s o l u t i o n  channels. 

I f  s i m i l a r  specimens o f  a g iven  m a t e r i a l  a r e  subjected t o  f a i l u r e  
t es t s ,  they do n o t  a l l  f a i l  a t  the  same s t ress ,  A d i s t r i b u t i o n  of  breakage 
s t reng ths  w i l l  be found.4 
conta ins a d i s t r i b u t i o n  o f  f l a w  s t reng ths .  V a r i a t i o n  i n  s t r e s s  l e v e l s  
from an app l i ed  load a t  f l a w  t i p s  i s  p r o p o r t i o n a l  t o  t he  square roo t  of 
t h e i r   length^.^ 
extending under a g iven  app l i ed  s t r ess .  

I t  can t he re fo re  be i n t e r p r e t e d  t ha t  the  ma te r i a l  

Longer f l a w s  w i l l  t h e r e f o r e  have a h igher  p r o b a b i l i t y  o f  

The dynamic s t r ess  wave w i l l  cause a l l  f l aws  whose s t reng ths  a r e  less  
than t he  magnitude o f  t he  l o c a l l y  app l i ed  s t r e s s  t o  extend. A r e l a t i o n  
between t h e  growth o f  f laws o r  the increase i n  s p e c i f i c  su r face  and energy 
can be obta ined from comminution theory.  Several comminution r e l a t i o n s  
have been proposed. 
Law, which s ta tes  t h a t  an increase i n  s p e c i f i c  su r face  area i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  energy inpu t :  

The one mos t  a p p l i c a b l e  t o  our s i t u a t i o n  i s  R i t t i n g e r ' s  

S a E .  (3) 

R i t t i n g e r ' s  law has been subs tan t ia ted  by t h e  general  s c a l i n g  laws o f  
Langefors and Kih ls t rom,6 which have been v e r i f i e d  f o r  burden dimensions 
va ry i ng  between 0.01 and 10 m w i t h  a l o 7  v a r i a t i o n  i n  exp los ive  charge. 

Crea t ing  f r ac tu res  does n o t  i n  i t s e l f  generate permeab i l i t y .  Th is  i s  
because t he  s t r e s s  wave propagates a t  the  compressional-wave v e l o c i t y  C p  , 
w h i l e  f r a c t u r e s  can grow i n  a r e c t i l i n e a r  pa th  a t  a maximum v e l o c i t y  l / 3  c 

New f r a c t u r e s  w i l l  then be i n i t i a t e d  on o t h e r  f l a w  s i t e s  i n  t he  ma te r i a l .  
A t  t h i s  moment i n  t he  process, t he  medium cons i s t s  o f  a noninterconnected 
system of f r ac tu res  w i t h  e s s e n t i a l l y  no new p o r o s i t y .  

, 
Hence, t he  s t r e s s  wave w i l l  i n e v i t a b l y  ou t run  t he  f r ac tu res  i t  generates. P 

The second stage o f  t h e  e s s e n t i a l l y  cont inuous exp los ion  process i s  
dominated by t h e  q u a s i s t a t i c  expansion o f  the  gas i n  t he  c a v i t y .  
c a v i t y  v o i d  space i s  produced by i r r e v e r s i b l e  pressure-volume work o f  the  
exp los i ve  gases. Void space i s  created bo th  by f ree- sur face displacement 
and by compression o f  the  surrounding rock.  Th i s  model assumes t h a t  the  
f r a c t u r e  p o r o s i t y  surrounding the  c a v i t y  i s  created by i r r e v e r s i b l e  r a d i a l  
compression and t h e  t a n g e n t i a l  tens ion  o f  t h e  surrounding rock. The 
f r a c t u r e  p o r o s i t y  w i l l  be p ropo r t i ona l  t o  t he  f i r s t  i n v a r i a n t  of  the  s t r a i n  
tensor,  6 

The 

where A i s  the f i r s t  i n v a r i a n t  and c o n t r i b u t e s  t o  p o r o s i t y  o n l y  when i t  
assumes p o s i t i v e  values ( d i l a t a t i o n ) .  
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I f  we use the dynamic wave solutions of Selberg,7 the energy decay 
laws at the wave front are given by: 

E a l/r2 (dynamic, spherical geometry) 

and 

E a l/r (dynamic, cylindr 

I f  the static,solution for a pressur 
identically zero in both cylindrical 
rock will exhibit bilinear behavior; 

cal geometry) . (6  1 

zed cavity is used, dilatation wil 
and spherical geometries. However 

1 1  . and hence, the-elastic modul i w 
have different values in tension and compre~sion.~~~ 
analysis of Haimson and TharpY8 

Following the 

be 

where f = 2 f o r  spherical geometry and f = 1 for cylindrical geometry. 

For well stimulation, the following appears to be a good approxi- 
mat ion. 1 

where E i s  a small positive number. Substituting ( 3 ) ,  (5), (61,  (71, and 
(8) into (l), and assuming the explosively generated porosity to be small, 
the functional behavior of the permeability in the linear elastic case 
will be approximately 

k n., l/r4 (cylindrical symmetry) (9 1 
and 

k Q l/r5 (spher 

Comparison with Experiment 

cal symmetry 

There are only two known explosive stimulation experiments reporting 
extensive permeability measurements as a function of distance from the 
borehole. They are the 5 kt Hardhat nuclear eventlo fired in granite, 
and the 59 kg chemical explosive detonated in coal near Kemmerer, Wyoming.” 

Fig. 1 shows the comparison between the theoretical expression 
[Eq.  (lo)] and the measured permeability around Hardhat. 
the comparison between the permeability measured as a function of distance 
from the cylindrical cavity and Eq. (9) for coal. 

Fig. 2 shows 

Discussion 
* 

Despite a large variation i n  explosive yield and rock type 
between the Hardhat twclear event and the Kemmerer coal experiment, 



the  p r e d i c t i o n s  of t he  theory i n  bo th  sphe r i ca l  and c y l i n d r i c a l  symmetries 
a r e  i n  e x c e l l e n t  agreement w i t h  the  experiments. No measurements a r e  
a v a i l a b l e  f o r  geothermal r ese rvo i r s .  However, because o f  the  agreement 
obta ined t o  date,  we b e l i e v e  t h a t  reasonable p r e d i c t i o n s  can be made f o r  
s p e c i f i c  geothermal r ese rvo i r s .  For very  deep app l i ca t i ons ,  overburden 
s t resses must be inc luded t o  o b t a i n  t he  c o r r e c t  decay laws. P r a c t i c a l  
implementation w i l l  r e q u i r e  c a r e f u l  eva lua t i on  o f  e x i s t i n g  explos ives 
for s u i t a b i l i t y  and s a f e t y  i n  t h e  ho t  environment o f  geothermal r ese rvo i r s .  
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Fig. 1 .  Comparison of theoretical and measured permeability values. The 
log of permeability k is given as a function of distance scaled 
in terms o f  the cavity radius rc . 
in both horizontal and vertical holes, and is independent of 
direction. 

Permeability was measured 
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Fig.  2 .  Coal postshot  pe rmeab i l i t y  versus rad ius  f o r  a 
chemical exp los ive  detonated i n  a coal  seam. 
emplacement geometry possessed c y l i n d r i c a l  symmetry. 
Pe rmeab i l i t y  i s  i n  Darcies,  w h i l e  the  r a d i a l  d is tance  
i n  meters i s  measured from the  a x i s  of the c a v i t y .  
The smal l  box on the  upper r i g h t  represents two 
measurements. 

The 
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