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DETERMINATION OF PERMEABILITY 

OF GRANITIC ROCKS I N  GT-2 FROM HYDRAULIC FRACTURING DATA 

by 

Georg Delisle 

ABSTRACT 

The Los Alamos S c i e n t i f i c  Labora tory  is c u r r e n t l y  conduct ing a 

The i n v e s t i g a t e d  concept  calls  f o r  t h e  c r e a t i o n  of a 
s t u d y  t o  de te rmine  t h e  f e a s i b i l i t y  t o  extract geothermal  energy from 
d r y  h o t  rock.  
h y d r a u l i c  f r a c t u r e  i n  h o t ,  impermeable rock .  Heat w i l l  b e  exchanged 
subsequent ly  a t  t h e  f r a c t u r e  s u r f a c e  between t h e  r o c k  and a c i r c u l a t i n g  
f h i d .  

s e c t i o n  of e x p l o r a t o r y  h o l e s  GT-1 and GT-2 y i e l d e d  s u f f i c i e n t  d a t a  t o  
c a l c u l a t e  t h e  average  p e r m e a b i l i t y  of t h e  r o c k  n e x t  t o  a f r a c t u r e  by 
means of t h e  mathematical  model presented  i n  t h i s  r e p o r t .  The cal- 
c u l a t e d  p e r m e a b i l i t i e s  were found t o  b e  i n  t h e  microdarcy range  and 
prove t h e  g r a n i t i c  r o c k  p e n e t r a t e d  by GT-1 and GT-2 t o  b e  s u f f i c i e n t l y  
impermeable t o  test t h e  above concept .  

. 

The s u c c e s s f u l  c r e a t i o n  of h y d r a u l i c  f r a c t u r e s  in t h e  g r a n i t i c  

I .  INTRODUCTION 

A r e s e a r c h  program t o  i n v e s t i g a t e  t h e  f e a s i b i l -  

i t y  t o  e x t r a c t  geothermal  energy from d r y  h o t  r o c k  

is p r e s e n t l y  be ing  c a r r i e d  o u t  by t h e  Los Alamos 

S c i e n t i f i c  Labora tory .  The c u r r e n t  e f f o r t s  concen- 

trate on t h e  c r e a t i o n  of a l a r g e  f r a c t u r e  i n  a h o t  

g r a n i t i c  body i n  t h e  Jemez Mountains near  Los Alamos, 

New Mexico. The f r a c t u r e  is in tended  t o  serve as a 

heat-exchanging s u r f a c e  when c o o l  water is  f o r c e d  i n -  

t o  t h e  f r a c t u r e .  T h i s  concept  r e q u i r e s  t h a t  t h e  rock  

from which h e a t  w i l l  be  e x t r a c t e d  be e s s e n t i a l l y  i m -  

permeable t o  l i m i t  t h e  l o s s  of water i n t o  t h e  rock.  

From t h e  s u c c e s s f u l  c r e a t i o n  of s e v e r a l  f r a c t u r e s  

i n  g r a n i t i c  rock  in t h e  boreholes  GT-1 and GT-2, 

which served  p r i m a r i l y  f o r  exper imenta l  purposes ,  

s u f f i c i e n t  d a t a  have been c o l l e c t e d  t o  permit  t h e  ap- 

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

of t h e  rock  p r i o r  t o  f r a c t u r i n g .  For t h i s  purpose,  

a mathematical  method, which t a k e s  i n t o  account  t h e  

t i m e  dependence of t h e  f r a c t u r e  growth and of t h e  

pore  p r e s s u r e  bui ldi lp  in t h e  rock  a d j a c e n t  t o  t h e  

f r a c t u r e ,  is  p r e s e n t e d  below. 

T h i s  mathematical  method is a p p l i c a b l e  f o r  cases 

where a c o n s t a n t  f low rate of f l u i d  i n t o  t h e  opening 

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

i s  main ta ined .  The amount of f l u i d  r e t u r n i n g  from 

t h e  f r a c t u r e  upon v e n t i n g  must be a c c u r a t e l y  shown. 

Furthermore,  t h e  method assumes t h a t  t h e  nec- 

e s s a r y  o v e r p r e s s u r e  t o  m a i n t a i n  a c o n s t a n t  f low rate  
h a s  not  changed s i g n i f i c a n t l y  af ter  f rac ture  i n i t i -  

a t i o n .  T h i s  e f f e c t  h a s  been observed i n  a l l  hydrau- 

l i c  f r a c t u r i n g  experiments  i n  GT-1 and GT-2, which 

i n d i c a t e s  t h a t  t h e  f r a c t u r e d  rock  p o s s e s s e s  a r a t h e r  

uniform p e r m e a b i l i t y .  

A f t e r  f r a c t u r e  i n i t i a t i o n ,  a c c n s t a n t  f low rate  

of f l u i d  i n t o  t h e  f r a c t u r e  causes  a growth and widen- 

i n g  of t h e  c rack .  The amount of newly c r e a t e d  f r a c -  

t u r e  s u r f a c e  per  u n i t  of t i m e  depends on t h e  f l u i d  

f low r a t e  minus t h e  q u a n t i t y  of f l u i d  which pene- 

trates i n t o  t h e  rock .  We assume i n  t h i s  mathematical  

model t h a t  an  i d e a l i z e d ,  Sneddon -Sack,2 penny-shaped 

f r a c t u r e  is c r e a t e d  whose r a d i u s  R is  g iven  by a n  

e q u a t i o n  proposed by Aamodt 
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The t o t a l  amount Q of water l o s t  from t h e  f r a c t u r e  

i n t o  t h e  r o c k  f o r  any area A is  g iven  by 

where : 

t = t i m e ,  sec 

Qr = f l u i d - f l o w  rate minus f l u i d - l o s s  rate i n t o  r o c k ,  

The s u r f a c e  area of t h e  f r a c t u r e  can  b e  c a l c u l a t e d  as 

liters/sec. 

A s  a f r e s h  f r a c t u r e  s u r f a c e  i s  g e n e r a t e d ,  water w i l l  

p e n e t r a t e  t h e  rock  immediately,  due t o  t h e  water- 

p r e s s u r e  g r a d i e n t  between t h e  f r a c t u r e  and t h e  rock.  

The water -pressure  d i s t r i b u t i o n  i n  t h e  r o c k  n e x t  t o  

t h e  f r a c t u r e  as a f u n c t i o n  of d i s t a n c e  and t i m e  i s  

g i v e n  by 

P ( x , t )  = P + AP e r f c  (2k) - [ b a r s ]  , ( 3 )  

assuming one-dimensional, l aminar  f low through an 

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

t h e  f r a c t u r e ,  where: 

P = p o r e  f l u i d  p r e s s u r e  e x i s t i n g  i n  r o c k  p r i o r  t o  

f r a c t u r i n g  , b a r s  ; 

AP = o v e r p r e s s u r e  a p p l i e d  d u r i n g  f r a c t u r i n g ,  b a r s ;  

x = d i s t a n c e  from f r a c t u r e ,  c m ;  
v = - =  h y d r a u l i c  d i f f u s i v i t y ,  cm2/sec; 

W Q  
k 

p = v i s c o s i t y  of water, c e n t i p o i s e  (0 .01  g/cm-sec); 

c 

= p e r m e a b i l i t y  of r o c k ,  d a r c y s  o r  c m 2 ;  

= mean c o m p r e s s i b i l i t y  of rock  and water combined, 

bars-’ o r  (dynes/cm2)-’; 

$I = p o r o s i t y  of rock .  

The v e l o c i t y  of water p e n e t r a t i n g  t h e  rock  is  g iven  

by Darcy’s  l a w :  

(4)  

A t  t h e  f r a c t u r e - w a t e r  i n t e r f a c e ,  x = 0, t h e  v e l o c i t y  

of water i s  obta ined  by combining Eqs. (3) and (4)  

[cm/sec]  . 
vo = 6 

( 5 )  

Q = 2 {’A Vodt 

0 
[cm3/sec]  , 

where V i s  t h e  p e n e t r a t i o n  rate of water a t  t h e  in-  

terface x = 0 and t i  i s  t h e  time which e lapsed  be- 

tween opening of t h e  area A by h y d r a u l i c  f r a c t u r i n g  

and v e n t i n g  of t h e  c rack .  A s  v e n t i n g  o c c u r s  i t  can 

be expected t h a t  some of t h e  water f o r c e d  i n t o  t h e  

p o r e  s p a c e s  of t h e  rock  dur ing  f r a c t u r i n g  w i l l  f low 

back i n t o  t h e  f r a c t u r e  due t o  t h e  r e v e r s a l  of t h e  

p r e s s u r e  g r a d i e n t .  However, t h e  r e t u r n  f low of water 

w i t h i n  a c l o s i n g  f r a c t u r e  is a much more e f f i c i e n t  

p r o c e s s  than  t h e  removal of pore  f l u i d s  from n e a r l y  

impermeable rock  through a r a p i d l y  c l o s i n g  f r a c t u r e  

i n t o  t h e  borehole .  Consequent ly ,  t h e  amount of re- 

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

u m e  of f l u i d  forced  i n t o  t h e  opening c r a c k ,  g i v e s  a 

f a i r l y  a c c u r a t e  estimate of t h e  q u a n t i t y  of w a t e r  

t h a t  has  p e n e t r a t e d  i n t o  t h e  rock.  F i g u r e  1 shows 

t h e  h i s t o r y  of a p r e s s u r i z a t i o n  experiment  i n  Zone 7 

6600 f t  (Q2012 m) of GT-2. The p r e s s u r e  a p p l i e d  t o  

grow t h e  f r a c t u r e  e q u a l s  approximately 2250 p s i  

(157.5 b a r s )  above t h e  h y d r o s t a t i c  p r e s s u r e .  A f t e r  

ex tending  t h e  c r a c k  f o r  8 .5  min a t  a f low rate  of 

25 ga l /min  ( 9 4 . 6 1 i t e r s / m i n ) ,  t h e  f r a c t u r e  w a s  vented  

immediately and y i e l d e d  72.4 g a l  (274 l i t e r s )  of 

r e t u r n  f low w i t h i n  2 min, whereby t h e  o v e r p r e s s u r e  

observed a t  t h e  s u r f a c e  decayed t o  approximate ly  261 

p s i  (18 b a r s ) .  We assume t h a t  t h e  recovered  amount, 

a f t e r  be ing  c o r r e c t e d  f o r  decompressional  e f f e c t s  i n  

t h e  p r e s s u r e  l i n e ,  r e p r e s e n t s  roughly t h e  p o r t i o n  of 

t h e  water which e x i s t e d  i n  t h e  f r a c t u r e  p r i o r  t o  

v e n t i n g .  

To d e s c r i b e  mathemat ica l ly  t h e  t o t a l  amount of 

f l u i d  l o s t  from t h e  f r a c t u r e  i n t o  t h e  rock  through 

any g iven  area, w e  d e f i n e  as fo l lows:  

The t i m e  between t h e  o n s e t  of f r a c t u r e  i n i t i a t i o n  

( t  = 0) and v e n t i n g  of t h e  c r a c k  ( t  = t t )  w i l l  be  

d iv ided  i n  a t i m e  s t e p s ,  d t .  

t t  d t  = - 
U 

2 
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Fig .  1. P r e s s u r e  and f low h i s t o r y  f o r  a h y d r a u l i -  
c a l l y  f r a c t u r e d  r e g i o n  of GT-2 (Zone 7 ,  
6500 t o  6701 f t  [1981 t o  2042 m]) .  

Then 

where An is t h e  area genera ted  a t  t i m e  nd t  and V ( t )  n 
i s  t h e  p e n e t r a t i o n  rate of water a t  t h e  i n t e r f a c e  

x = 0 f o r  t h e  g iven  area An,  

The t o t a l  amount of water p e n e t r a t i n g  t h e  rock  then  

amounts t o  

t t -nd t  

[ndt)'.' - ( ~ n - l ) d t ) o * ) ~  V n ( t ) d t  ; 

0 

and by r e a r r a n g i n g ,  

Q O s 8  
U 

A P a  Q = 2 n= l  1 5.74 105n(*) 
6 

which can  be s i m p l i f i e d  t o  

The v a l u e  of Qr i s  somewhat t i m e  dependent  as 

= i n i t i a l  flow rate.  
Qri  
The v a l u e  of t h e  summation e x p r e s s i o n  increases 

a f t e r  a s h o r t  per iod  of t i m e  v e r y  s lowly ,  Qr s t a y s  

i n  e s s e n c e  c o n s t a n t  and ,  on t h e  average ,  e q u a l s  

, [ l i t e r s / s e c ] .  i n j e c t e d  - Q l o s t  i n t o  rock  

t t  
Qr 2 Q  

Since  t h e  t o t a l  f r a c t u r e  area At is g i v e n  by, 

3 
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11. DISCUSSION 

4 A t A P q  
Q =  

fi 

The series 

can  be  shown t o  be  convergent  and t o  approach t h e  

v a l u e  ~ 0 . 7 0 7 4 7  as a -+ w. The pe rmeab i l i t y  of t h e  

rock  a d j a c e n t  t o  t h e  f r a c t u r e  can  now b e  eva lua ted  

from Eq. (8 ) .  

k = (  Q f i  

4 A t A P q  0.70747 

Equat ion  (9 )  can  b e  a p p l i e d  t o  e v a l u a t e  t h e  i n  s i t u  

p e r m e a b i l i t y  of t h e  g r a n i t i c  rock  s e c t i o n  i n  Zone 7 

of GT-2 from exper iment  GT-2-7-258 ( s e e  a l s o  F ig .  1 ) .  

In t h e  t i m e  i n t e r v a l  of 106 t o  118.5 min a f t e r  t h e  

beginning  of t h e  exper iment ,  a t o t a l  of 300 g a l  

(1136 l i t e r s )  w a s  i n j e c t e d  i n t o  t h e  borehole .  I n  t h e  

f i r s t  4 min, 100 g a l  (379 l i t e r s )  of water flowed in-  

t o  t h e  bo reho le  w i t h  no f r a c t u r e  presenc .  Thirty-two 

g a l  (121 l i t e r s )  of t h i s  amount can be  a t t r i b u t e d  t o  

t h e  compression of t h e  wa te r  column i n  t h e  p i p e  

s t r i n g .  S ix ty -e igh t  g a l  (258 l i t e r s )  were l o s t  i n t o  

t h e  s i d e  w a l l s  of t h e  open h o l e  and p o s s i b l y  by leak-  

i n g .  During f r a c t u r e  p ropaga t ion ,  a comparable 

amount of water loss must be  expec ted .  Then t h e  to-  

t a l  q u a n t i t y  of f l u i d  i n j e c t e d  i n t o  t h e  f r a c t u r e  

amounts t o  300 g a l  - 2.13 x 68 g a l  - 32 g a l  = 123.5 

g a l  (467 l i t e r s ) .  A f t e r  v e n t i n g ,  72  g a l  (273 l i t e r s )  

have been recovered .  S ince  32 g a l  (121 l i t e r s )  must 

be  a t t r i b u t e d  t o  t h e  decompression of t h e  water  c o l -  

umn, a maximum of 40 g a l  (151  l i t e r s )  could  have 

o r i g i n a t e d  from t h e  f r a c t u r e .  From t h e s e  d a t a ,  t h e  

p e r m e a b i l i t y  of t h e  rock  can  be  c a l c u l a t e d  us ing  con- 

s i s t e n t  u n i t s  t o  amount t o  4 .1  x darcy  (L! = 

0.0002 Pa-sec,  c@ = 3 x lo-”  Pa-’, 

AP = 20.5 MPa, A 

l i t e r s ,  and Q = 0.316 m3). 

t t  = 510 sec, 

= 5.455 x 10’ m 2  f o r  Q r t t  = 151  
t 

The c a l c u l a t e d  pe rmeab i l i t y  is  i n  c l o s e  agree- 

ment w i t h  r e p o r t e d  v a l u e s  ranging  from s e v e r a l m i c r o -  

da rcys  t o  a f r a c t i o n  of a microdarcy ,  de r ived  inde- 

pendent ly  by o t h e r  means from c loseby  rock  s e c t i o n s  

in GT-2.4’5 

model needs  f u r t h e r  r e f inemen t ,  e s p e c i a l l y  i n  t h e  

de t e rmina t ion  of t h e  amount of f l u i d  r e j e c t e d  from 

t h e  f r a c t u r e  upon ven t ing .  

de te rmine  t h e  time of f r a c t u r e  c l o s u r e  from seismic 

d a t a  o r  from t h e  t e rmina t ion  of t h e  n a t u r a l  o s c i l l a -  

t i o n  of t h e  f r a c t u r e  du r ing  ven t ing .  A l t e r n a t i v e l y ,  

a n  a c c u r a t e  de t e rmina t ion  of t h e  r e t u r n  f low of w a t e r  

a f t e r  v e n t i n g  should  r e v e a l  changing f low rates w i t h  

time, which can  b e  a t t r i b u t e d  t o  t h e  decompression 

of t h e  water column i n  t h e  p r e s s u r e  l i n e ,  t h e  r e t u r n  

f l o w  of water from t h e  f r a c t u r e ,  and f i n a l l y ,  from 

t h e  rock  i t s e l f .  From t h e s e  d a t a ,  an  a c c u r a t e  esti- 

mat ion  of t h e  amount of f l u i d  r e j e c t e d  from t h e  f r a c -  

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

f e c t s  of decompression and po re  f l u i d  flow. 

Never the l e s s ,  t h e  proposed mathemat ica l  

I t  might prove u s e f u l  t o  

The above model may prove  t o  be  one of s e v e r a l  

ways t o  conf i rm t h e  v a l i d i t y  of t h e  concep t s  by which 

t h e  t o t a l  area of a c r e a t e d  f r a c t u r e  i s  c a l c u l a t e d .  

Any l a r g e  d e v i a t i o n  of t h e  c a l c u l a t e d  area A t  from 

t h e  a c t u a l  s u r f a c e  area of t h e  c r a c k  should  cause  

Eq. ( 9 )  t o  y i e l d  va lues  of k which are i n  s e r i o u s  

d isagreement  wi th  v a l u e s  ob ta ined  by o t h e r  methods, 

( i . e . , b y  measurement of k i n  t h e  l a b o r a t o r y  on c o r e  

samples) .  

111. CONCLUSION 

The g r a n i t i c  rocks  p e n e t r a t e d  by GT-2 and sub- 

j e c t e d  t o  h y d r a u l i c  f r a c t u r i n g  were found t o  posses s  

p e r m e a b i l i t i e s  i n  t h e  microdarcy r ange .  
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