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ABSTRACT 

PRESSURE TRANSIENT ANALYSIS FOR LARGE SCALE HYDRAULIC INJECTIONS 
IN THE CARNHENELLIS GRANITE, ENGLAND 

R J PINE 

GOLDER ASSOCIATES & CAMBORNE SCHOOL OF MINES GEOTHERMAL ENERGY PROJECT 
PENRYN, CORNWALL, nu0 mu, ENGLAND 

Large vo ume h y d r a u l i c  i n j e c t i o n s  i n t o  t h e  
Carnmenel i s  g r a n i t e  have been completed a t  t h e  
CSM Hot Iry Rock P r o j e c t  d u r i n g  t h e  p e r i o d  
October 1982 t o  July 1983, w i t h  smal l  volume 
i n j e c t i o n s  be fo re  and a f t e r  t h i s  pe r iod .  The 
e f f e c t s  o f  t h e  i n j e c t i o n s  on t h e  h y d r a u l i c  
p r o p e r t i e s  o f  t h e  rock  mass have been est imated 
by pressure t r a n s i e n t  a n a l y s i s .  The growth of 
t h e  r e s e r v o i r  zone was t r a c k e d  w i t h  micro-  
se ismic l o c a t i o n s ,  and t h e  growth mechanism 
model led w i t h  t h e  computer program FRIP. 

The l i m i t e d  d u r a t i o n  o f  t h e  t r a n s i e n t s  amenable 
t o  a n a l y s i s  and t h e  tendency f o r  growth below 
t h e  i n j e c t i o n  zone meant t h a t  t h e  i n t e r -  
p r e t a t i o n s  cou ld  o n l y  desc r ibe  h y d r a u l i c  
c o n d i t i o n s  w i t h i n  about 100 m o f  t h e  we l l bo res .  
The e f f e c t  o f  t h e  l a r g e  volume i n j e c t i o n s  was 
t o  i nc rease  p e r m e a b i l i t y  va lues f rom l e s s  than  
100 pd t o  g r e a t e r  than 5 md, and t o  decrease 
s k i n  va lues f rom about - 3  t o  about -6. 

The FRIP m o d e l l i n g  exp la ined  t h e  observed 
r e s e r v o i r  growth i n  p l a n  w i t h  re fe rence  t o  
measured i n - s i t u  s t resses,  j o i n t i n g  and rock  
p r o p e r t i e s  and showed some o f  t h e  l i m i t a t i o n s  
o f  cont inuum mode l l i ng .  

INTRODUCTION 

The background t o  t h e  Hot Dry Rock (HDR)  
research p r o j e c t  operated by  t h e  Camborne 
School o f  Mines (CSM) i n  Cornwal l ,  UK, was 
summarised by  s a t c h e l o r  (1982) a t  a p rev ious  
Stal. 'ord workshop on geothermal energy. 
D e t a i l s  were i nc luded  o f  t h e  h y d r a u l i c  t e s t s  
conducted t o  l a t e  November 1982. 

The purposes o f  t h i s  paper a r e  t o  g i v e  a b r i e f  
update on t h e  t e s t s  and t h e  r e s u l t s ,  and t o  
examine i n  more d e t a i l  t h e  uses and l i m i t a t i o n s  
of pressure t r a n s i e n t  a n a l y s i s  as a p p l i e d  
d u r i n g  t h e  p r o j e c t .  

The i n t e r p r e t a t i o n  o f  pressure t r a n s i e n t s  
a r i s i n g  d u r i n g  t e s t s  on w e l l s  i n  f r a c t u r e d  rock  
i s  w i d e l y  recognised as a c h a l l e n g i n g  problem 
and a number of approaches have developed; eg, 
Gr ingar ten,  Ramey and Raghavan (19751, 
Ear lougher  (19771, Gr inga r ten  (19821, and 
Agarwal e t  a1 (1979) .  

The approach a t  CSM has been t o  use such 
analyses based on r a d i a l  and p l a n a r  d i f f u s i o n ,  
which assume no pressure dependence of key 
parameters such as format ion p e r m e a b i l i t y  and 
c o m p r e s s i b i l i t y .  These t e s t s  a re  used t o  
p r o v i d e  index va lues f o r  t h e  h y d r a u l i c  
parameters as c o n d i t i o n s  change w i t h i n  t h e  r o c k  
mass d u r i n g  success ive i n j e c t i o n ,  s h u t - i n  and 
v e n t i n g  cyc les .  

A t  t h e  same t ime ,  i n t e r p r e t a t i o n s  have been 
at tempted u s i n g  t h e  geometry o f  t h e  apparent 
shape and s i z e  of t h e  c rea ted  r e s e r v o i r  def ined 
by microseismic l o c a t i o n .  I n  a d d i t i o n ,  
i n j e c t i o n s  have been model led u s i n g  t h e  two 
dimensional  j o i n t - b l o c k  computer model, FRIP. 
Th is  mode l l i ng  g i ves  an i n s i g h t  i n t o  t h e  
r e l a t i v e l y  complex behaviour  o f  e l a s t i c  rock  
b locks  separated by  j o i n t s  whose aper tu res  a r e  
c o n t r o l l e d  by f l u i d  pressure,  i n  s i t u  s t r e s s ,  
s t r e n g t h  and s t i f f n e s s  c o n d i t i o n s .  

BACKGROUND INFORMATION 

The CSM HDR s i t e  i s  l o c a t e d  towards t h e  c e n t r e  
o f  t h e  Carnmenell i s  g r a n i t e  ou tc rop  which 
p robab ly  extends t o  a depth o f  a t  l e a s t  10 km. 
It i s  r e g u l a r l y  j o i n t e d  w i t h  two main s e t s  of 
or thogonal  s u b v e r t i c a l  j o i n t s  and a se t  of 
subhor i zon ta l  j o i n t s .  V e r t i c a l  j o i n t s  a r e  
spaced a t  t y p i c a l l y  1 t o  3 m a t  t h e  ground 
su r face  i n c r e a s i n g  t o  about 10 m a t  0.8 t o  2 km 
depth.  The s t r i k e s  o f  t h e  s u b v e r t i c a l  j o i n t  
s e t s  a r e  shown i n  F i g u r e  1. The j o i n t  p r o f i l e s  
v i  s i  b l e  a t  su r face  and underground exposures 
a r e  t y p i c a l l y  smooth, n e a r l y  p l a n a r  t o  smooth, 
u n d u l a t i n g  accord ing t o  t h e  c l a s s i f i c a t i o n  o f  
Bar ton (1976).  

I n  s i t u  s t resses  i n  t h e  Carnmenel l is  g r a n i t e  
a r e  markedly a n i s o t r o p i c .  P ine e t  a1 (1983 a 
and b )  measured t h e  s t resses  t o  a maximum depth 
o f  2 km u s i n g  a combinat ion o f  ove rco r ing  and 
h y d r o f r a c t u r i n g  methods. A t  a depth o f  2 km, 
t h e  maximum and minimum h o r i z o n t a l  and v e r t i c a l  
t o t a l  s t resses  a r e  approx imate ly  60-70, 30 and 
52 BPa r e s p e c t i v e l y .  The bear ing  o f  t h e  maximum 
h o r i z o n t a l  s t r e s s  i s  about 130°-3100 r e l a t i v e  
t o  t r u e  Nor th .  

Typ ica l  mechanical and h y d r a u l i c  p r o p e r t i e s  o f  
t h e  i n t a c t  g r a n i t e  i n c l u d e  a u n i a x i a l  
compressive s t r e n g t h  o f  150 MPa, h y d r o f r a c t u r e  
t e n s i l e  s t r e n g t h  o f  1 5  MPa, de fo rma t ion  modulus 
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Figure 1 :  Directions o f  s t r ikes o f  major j o i n t  
sets and horizontal i n  s i t u  stresses 

o f  60 GPa, Po isson ' s  r a t i o  o f  0.2 and f l u i d  
p e r m e a b i l i t y  o f  10 nanodarcy. The p y a p e r t i e s  do 
no t  va ry  s i g n i f i c a n t l y  f rom ground su r face  t o  a 
depth o f  2 km. 

Two deep we1 1 s have been d r i l  l e d  a t  t h e  s i t e  t o  
a v e r t i c a l  depth of about 2 km. The i n j e c t i o n  
w e l l ,  RH12, i s  cased t o  a v e r t i c a l  depth of 
about 1.75 km and t h e  recove ry  w e l l ,  R H l l  , t o  a 
depth o f  1.45 km w i t h  open h o l e  l eng ths  o f  
357 m and 772 m r e s p e c t i v e l y .  The open h o l e  
d iameters a re  approx imate ly  0.22 m. Both w e l l s  
are i n c l i n e d  a t  30" f rom t h e  v e r t i c a l  i n  t h e  
open h o l e  sec t i ons ,  which l i e  i n  t h e  same 
v e r t i c a l  p lane  on a b e a r i n g  o f  about 125"-305" 

Figure 2: Vertical section showing micro- 
seismic locations viewed from the 
South West 

w i t h  a v e r t i c a l  c :?arat ion o f  300 m. The 
r e l a t i v e  p o s i t i o n s  o f  t h e  w e l l s  i n  t h e  
i n j e c t i o n  zone a re  shown i n  F igures 2 and 3. 

; 

c 

-2km 
P 

Figure 3: Ver t ica l  section showing micro- 
seismic locations viewed from the 
South East 

S U M Y  OF HYDRAULIC TESTS UNDERTAKEN 

The h y d r a u l i c  t e s t s  which have been performed 
on t h e  two deep w e l l s  can be d i v i d e d  i n t o  t h r e e  
groups : 

i Low f l o w r a t e  t e s t s  conducted b e f o r e  and 

ii High f l o w r a t e  major i n j e c t i o n s / s t i m -  

iii Medium f l o w r a t e  c i r c u l a t i o n s .  

a f t e r  t h e  major i n j e c t i o n s .  

u l a t i o n s .  

The m a j o r i t y  o f  t h e  low f l o w  r a t e  t e s t s  were 
conducted f rom A p r i l  t o  August 1982 and were 
desc r ibed  by Pine and Ledingham (1983).  The 
purpose o f  these t e s t s  was t o  o b t a i n  datum 
values f o r  t h e  und is tu rbed  h y d r a u l i c  p r o p e r t i e s  
needed f o r  q u a n t i f y i n g  t h e  f a r  f i e l d  losses and 
t h e  e f f e c t  near t h e  w e l l s  o f  t h e  major 
i n j e c t i o n s .  Constant pressure and f l o w r a t e  
i n j e c t i o n s  and s h u t - i n  t e s t s  were conducted. 
To ta l  water volumes o f  about 300 and 200 m3 
were i n j e c t e d  i n t o  R H l l  and RH12 r e s p e c t i v e l y .  
The a d d i t i o n a l  low f l o w r a t e  check t e s t s  
f o l l o w i n g  t h e  major i n j e c t i o n s  were conducted 
i n  November 1983, when r e s e r v o i  r pressures had 
reduced t o  near  h y d r o s t a t i c .  

The h i g h  f l o w r a t e  t e s t s  were c a r r i e d  o u t  ma in l y  
d u r i n g  t h e  p e r i o d  October t o  November 1982, 
when a t o t a l  n e t  volume o f  about 100 000 m3 of 
water  was i n j e c t e d .  The purpose o f  these t e s t s  
was t o  s t i m u l a t e  t h e  n a t u r a l  rock j o i n t s  
between t h e  w e l l s  and c r e a t e  a r e l a t i v e l y  
permeable f l o w i n g  zone w i t h  s u f f i c i e n t  su r face  
area t o  keep thermal drawdown t o  an acceptable 
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minimum d u r i n g  subsequent c i r c u l a t i o n s .  Both 
t h e  i n j e c t i o n  w e l l ,  RH12, and t h e  recove ry  
w e l l ,  RH11, were i n j e c t e d  and vented. There 
were a l s o  severa l  s h u t - i n  t e s t s .  

An a d d i t i o n a l  exper iment i n v o l v i n g  a 400 m3 
v iscous i n j e c t i o n  was undertaken i n  R H l l  i n  May 
1983. 

The medium f l o w r a t e  c i r c u l a t i o n  pe r iods  were 
from November 1982 t o  A p r i l  1983 and f rom l a t e  
May t o  J u l y  1983. The w e l l s  were then s h u t - i n  
i u n t i l  t h e  r e c e n t  low f l o w r a t e  t e s t s .  The main 
purpose o f  t h e  c i r c u l a t i o n  t e s t s  was t o  
determine t h e  steady s t a t e  h y d r a u l i c  behaviour  
o f  t h e  s t i m u l a t e d  r e s e r v o i r ,  which i s  n o t  
covered i n  t h i s  paper.  However, d u r i n g  t h e  
course o f  these t e s t s  t h e r e  were severa l  
pressure t r a n s i e n t s  due t o  changes i n  pumping 
and v e n t i n g  f l o w r a t e s .  Several  o f  these t r a n -  
s i e n t s  were s u i t a b l e  f o r  a n a l y s i s .  F u r t h e r  t e s t  
d e t a i l s  a re  i n c l u d e d  i n  Table 1. 

THEORY 

Basic analysis 

Pressure t r a n s i e n t s  were analysed i n  t h e  
conven t iona l  manner; eg, Ear lougher  (19771, 
us ing  l o g - l o g ,  semi- log and r o o t  t i m e  p l o t s  o f  
pressure change aga ins t  t ime .  The a n a l y s i s  due 
t o  Gr inga r ten  e t  a1 (19821, which i s  based on 
i n f i n i t e  f r a c t u r e  c o n d u c t i v i t y  f o r  f r a c t u r e d  
sytems, was found t o  be t h e  most convenient  
l o g - l o g  a n a l y s i s .  I n t e r p r e t a t i o n  i n  terms o f  
double p o r o s i t y  per  G r i n g a r t e n  (1982) and 
f i n i t e  c o n d u c t i v i t y  f r a c t u r e s  pe r  Agarwal e t  a1 
(1979) were a l s o  at tempted. The mod i f i ed  t i m e  
sca le  due t o  Agarwal (1980) was found u s e f u l  
f o r  s h u t - i n  t e s t  analyses w i t h  l o g - l o g  drawdown 
t y p e  curves. 

The m a j o r i t y  o f  t h e  t r a n s i e n t s  analysed were 
f o r  i n j e c t i o n s  and shu t - i ns ,  w i t h  a few 
drawdown and two- ra te  i n j e c t i o n s .  A l l  t e s t s  
were analysed f o r  t h e  i n d i v i d u a l  w e l l s  w i t h o u t  
c o n s i d e r a t i o n  o f  any (m ino r )  i n t e r f e r e n c e  

Test 
group 

LOW FLOW 

H I G H  FLOW 

MEDIUM FLOW 

LOW FLOW 
CHECK TESTS 

e f f e c t s  f rom t h e  ad jacen t  w e l l .  The r a d i u s  o f  
i n v e s t i g a t i o n  f o r  r a d i a l  f l o w  t e s t s  was 
es t ima ted  pe r  van Poo l l en  (1964) .  

Reservoir arowth mechanisms and directions 

The water i n j e c t e d  i n t o  a j o i n t e d  c r y s t a l l i n e  
rock mass w i t h  a low m a t r i x  p e r m e a b i l i t y  such 
as g r a n i t e  moves predominant ly  w i t h i n  t h e  
e x i s t i n g  network o f  n a t u r a l  f r a c t u r e s .  Where 
i n j e c t i o n  pressures a re  h i g h  enough t h e  
aper tures o f  t h e  j o i n t s  a re  increased by e i t h e r  
j a c k i n g  (opening aga ins t  normal c l o s u r e  s t r e s s )  
o r  shear ing (as  a r e s u l t  o f  a n i s o t r o p i c  i n  s i t u  
s t r e s s e s ) .  Evidence f o r  t h e  shear ing  mechanism 
i s  p rov ided  by t h e  n a t u r e  o f  se ismic and micro-  
se i  smic s i g n a l  s de tec ted  by m o n i t o r i n g  
networks;  eg, Healy e t  a1 (19681, Pearson 
(19811, and Ba tche lo r  e t  a1 (1983) .  

I t  can be shown t h e o r e t i c a l l y  t h a t  shear ing 
w i l l  precede j a c k i n g  i n  most c i rcumstances; eg, 
P ine and Ba tche lo r  (1982, 1983). Fo r  r e l a t i v e l y  
h i g h  i n j e c t i o n  f l o w  ra tes ,  f l u i d  pressures can 
become h i g h  enough t o  cause j a c k i n g  near t h e  
w e l l s  w i t h  shear ing  f u r t h e r  o u t .  Beyond t h e  
zone o f  shear ing,  f l u i d  movement can be of a 
d i f f u s i v e  n a t u r e  through uns t imu la ted  j o i n t s .  
Shear growth w i l l  be m o s t l y  w i t h i n  j o i n t s  
s u b j e c t  t o  t h e  l e a s t  normal c l o s u r e  s t r e s s  w i t h  
some a d d i t i o n a l  growth i n  o t h e r  j o i n t s ,  
depending on t h e  j o i n t  and i n  s i t u  s t r e s s  
o r i e n t a t i o n s  and s t r e s s  magnitudes. 

When a j o i n t  has sheared, p a r t  o f  t h e  d i l a t i o n  
w i l l  be i r r e v e r s i b l e  because o f  non matching 
j o i n t  s u r f  aces. The i r r e v e r s i b l e  shear 
d i l a t i o n  w i l l  cause a r e s i d u a l  increased 
p e r m e a b i l i t y  even when f l u i d  pressures sub- 
sequent ly  d e c l i n e .  Where shear ing  occurs as a 
r e s u l t  o f  sus ta ined  h y d r a u l i c  i n j e c t i o n s ,  t h e r e  
w i l l  be a tendency f o r  an upward o r  downward 
component t o  t h e  zone o f  s t i m u l a t i o n  (P ine  and 
Batchelor ,  1983).  Downward growth w i l l  be 
associated w i t h  s i g n i f i c a n t  a n i s o t r o p i e s  i n  t h e  
i n  s i t u  p r i n c i p a l  s t r e s s  g r a d i e n t s .  Th is  i s  
l i k e l y  t o  be common i n  hard j o i n t e d  rock t o  
depths of a t  l e a s t  4 km; eg, McGarr (1980) .  

I I I I 

Test 
type 

I I I 

I I I 
I n j e c t i o n  5.5 0.1 t o  3.0 0.001 t o  0.06 -1 t o  -3 

I n j e c t i o n  14.0 46 t o  90 3.7 t o  13.0 7.6 -2.4 t o  -4 -3.4 
2.2 t o  3.9 3.2 -4.6 t o  -5.7 -5.1 Shut i n  

Drawdown 

I n j e c t i o n  3.2 -4.9 
Shut i n  -4.8 

TABLE 1 Sumnary o f  pressure transient tes t  analyses for in ject ion well ,  RH12 
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Joi nt-block model 1 i ng 

I n  r e c o g n i t i o n  o f  t h e  probab le  phys ics  o f  
j a c k i n g  and shear ing  processes i n  j o i n t e d  rock,  
t h e  F l u i d  Rock I n t e r a c t i o n  Program (FRIP) was 
developed f o r  t h e  CSM p r o j e c t .  The model was 
o r i g i n a l l y  s p e c i f i e d  by CSM and subsequent ly  
developed by an e x t e r n a l  c o n s u l t a n t ,  Cundal l  
(1982, 1983). The model has been used t o  
i n t e r p r e t  some o f  t h e  low f l o w  r a t e  i n j e c t i o n s ,  
sununari sed by P ine  and Led i  ngham ( 1  983). 

The model p e r m i t s  dynamic s i m u l a t i o n  o f  f l u i d  
f l o w  i n  j o i n t s  o f  v a r i a b l e  a p e r t u r e  between 
e l a s t i c  b l o c k s  o f  a u n i f o r m  s i z e  i n  a g r i d  
s u f f i c i e n t l y  l a r g e  t o  e l i m i n a t e  i m p o r t a n t  
boundary e f f e c t s .  It i s  i n  a f i n i t e  d i f f e r e n c e  
f o r m u l a t i o n  and so lves  t h e  equat ions  o f  mot ion 
f o r  t h e  b l o c k s  and t h e  f l o w  c o n d i t i o n s  f o r  t h e  
j o i n t s  a t  each t i m e  s tep  th roughout  t h e  g r i d .  
Laminar f l o w  i s  assumed. 

RESULTS 

Transient t e s t  analyses 

The r e s u l t s  o f  t h e  pressure  t r a n s i e n t  analyses 
f o r  RH12 a r e  summarised i n  Table 1 .  R e s u l t s  
f o r  R H l l  were s i m i l a r  b u t  l e s s  ex tens ive .  
P e r m e a b i l i t y ,  k, s k i n ,  s, and f r a c t u r e  h a l f  
l e n g t h ,  va lues were determined on t h e  
assumptioEf'  t h a t  c o n d i t i o n s  were u n i f o r m  
throughout  t h e  h e i g h t  o f  t h e  open h o l e  s e c t i o n ,  
and t h a t  t h e  f o r m a t i o n  c o m p r e s s i b i l i t y ,  6 , had 
a cons tan t  va lue  o f  10- l '  Pa-' . These 
assumptions a r e  d iscussed l a t e r .  

There was g e n e r a l l y  reasonable agreement 
between parameter va lues determined by log-1 og 
and semi- log o r  r o o t - t i m e  analyses f o r  t h e  same 
t e s t s .  Dur ing  i n j e c t i o n s  t h e r e  was a tendency 
f o r  t h e  f l o w  t o  appear as a l i m i t e d  p e r i o d  of 
p l a n a r  f o l l o w e d  by a more pro longed p e r i o d  o f  
r a d i a l  d i f f u s i o n  w i t h  s t r a i g h t  l i n e s  on r o o t  
t i m e  then semi - log  p l o t s .  Dur ing  s h u t - i n  t e s t s  
u s u a l l y  p l a n a r  d i f f u s i o n  o n l y  was e v i d e n t .  
There was no c o n v i n c i n g  ev idence f o r  double 
p o r o s i t y  t y p e  behaviour .  

The und is tu rbed rock  mass had v e r y  low va lues 
o f  p e r m e a b i l i t y ,  a minimum o f  1 p d  i n  RH12 and 
10 pd i n  R H l l .  These va lues were assoc ia ted  
w i t h  s of about -1, and x f  o f  about 1 m. By 
comple t ion  o f  t h e  low f l o w  r a t e  t e s t s ,  t h e  k 
had increased t o  about 60 pd and s had 
decreased t o  about -3, w i t h  xf about 5 m. 

The e f f e c t  o f  t h e  h i g h  f l o w r a t e  i n j e c t i o n s  was 
t o  cause v e r y  s i g n i f i c a n t  inc reases  i n  k and 
decreases i n  s, as expected. The peak k va lue  
seen d u r i n g  a h i g h  f l o w r a t e  i n j e c t i o n  was about 
13 md. Th is  was assoc ia ted  w i t h  a moderate s 
va lue of about -3. However, d u r i n g  subsequent 
s h u t - i n s  and medium f l o w  r a t e  i n j e c t i o n s  these 
va lues f e l l  t o  t y p i c a l l y  3 md and -5 r e s p e c t -  
i v e l y .  

F i g u r e  4 shows a t y p i c a l  semi- log p l o t  from 
p a r t  o f  an i n j e c t i o n  o f  21 l / s  which l a s t e d  f o r  

-1 El 1 2 
LOG TtUE(Hrs) 

Figure 4: Pressure-log time trace f o r  21 l/sec 
in ject ion in to  RH12, during main 
in ject ion period 

367 h r s .  The end o f  t h e  p l a n a r  and beg inn ing  o f  
t h e  r a d i a l  d i f f u s i o n  per iods  determined f r o m  
l o g - l o g  a n a l y s i s  were a t  about 3 and 12 h r s  
r e s p e c t i v e l y .  The va lues o f  k, s and xf were 
about 4.5 md, -5.3 and 42 m r e s p e c t i v e l y .  

20 22 2+ 26 28 
(T~CJI-AT (Hrsf) 

Figure 5: Pressure-root time function trace 
f o r  shut-in o f  RH12, during main 
in ject ion period 
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F i g u r e  5 shows a p l o t  of p ressure  vs t h e  r o o t  
t i m e  f u n c t i o n  ( t  + A t ) '  - A t ' f o r  a s h u t - i n  
p e r i o d  t o f  35 h r s  d u r a t i o n  f o l l o w i n g  an 
i n j e c t i o n  o f  26 l / s  f o r  a p e r i o d  t o f  700 hrs .  
There i s  a good s t r a i g h t  l i n e  c o r r e l a t i o n ,  
i n d i c a t i n g  p l a n a r  d i f f u s i o n .  The t h e o r e t i c a l  
end o f  t h e  p l a n a r  d i f f u s i o n  p e r i o d  f rom l o g - l o g  
a n a l y s i s  was a t  approx imate ly  4 h r s  a l though 
t h e r e  i s  a s i m i l a r  s lope f o r  much longer .  The 
produc t  A&& where A i s  t h e  t o t a l  d i f f u s i v e  
source area (one s i d e ) ,  was about 
3.3 x l o - '  m3Pa-'. Us ing a k va lue  o f  4 md f r o m  
a p rev ious  i n j e c t i o n  and assuming a 6 va lue  o f  
lO-'OPa-' g i v e s  an A va lue  o f  52 000 m2,  
e q u i v a l e n t  t o  an x va lue  o f  73 m f o r  a f u l l  
h e i g h t  symmetrical f r a c t u r e .  
The low f l o w r a t e  t e s t s  of November 1983 showed 
o n l y  p l a n a r  d i f f u s i o n  behaviour  d u r i n g  bo th  
i n j e c t i o n s  and s h u t - i n s .  (The pressure- roo t  
t i m e  response o f  RH12 t o  a 3.2 l / s e c  i n j e c t i o n  
i s  shown i n  F i g u r e  6.) T h i s  made t h e  deduct ion  
o f  k and s va lues d i f f i c u l t  because r a d i a l  
d i f f u s i o n  had n o t  developed by t h e  end o f  t h e  
t e s t  and an independent va lue  f o r  k c o u l d  n o t  
be der ived .  Note t h a t  k had i t s e l f  been 
a f f e c t e d  by t h e  s t i m u l a t i o n s  s i n c e  e a r l y  
measurements. 
The va lues shown i n  Table 1 a r e  f o r  t h e  
i n f i n i t e  c o n d u c t i v i t y  f r a c t u r e  model per  
G r i n g a r t e n  (1982) .  The e q u i v a l e n t  x va lues a r e  
about 30 m. Us ing t h e  f i n i t e  l o n d u c t i v i t y  
f r a c t u r e  model per  Agarwal e t  a1 (19791, k i s  
o n l y  110 pd and xf i s  130 m. The produc t  
AJi;;B i s  about l o - '  m3Pa-' i n  bo th  cases. Th is  
can be compared w i t h  a va lue  o f  o n l y  3 x 
lo-' '  m3Pa-' f r o m  s i m i l a r  t e s t s  b e f o r e  t h e  main 
i n j e c t i o n s .  

0.1. 

0.0 - 

1 

1 I 

Figure 6: Pressure-root time trace for 
3.2 l/sec in ject ion in to  RH12, 
following main in ject ion period 

The v iscous f r a c t u r i n g  o p e r a t i o n  conducted on 
R H l l  d i d  n o t  r e s u l t  i n  any s i g n i f i c a n t  inc rease 
i n  k o r  decrease i n  s.  However, e x t e n s i v e  new 
f r a c t u r i n g  was observed i n  t h e  w e l l b o r e  w i t h  a 
TV survey, and subsequent c i r c u l a t i o n  t e s t s  
showed an improved connect ion  between R H l l  and 
t h e  main r e s e r v o i r .  

Microseismic locations 

The mic rose ismic  l o c a t i o n  system used a t  t h e  
CSM p r o j e c t  and t h e  progress ion  of mic rose ismic  
l o c a t i o n  w i t l i  t i m e  d u r i n g  t h e  h i g h  f low r a t e  
i n j e c t i o n s  were descr ibed by Batcheor  e t  a1 
(1983). F i g u r e s  2 and 3 show t h e  mic rose ismic  
l o c a t i o n s  i n  v e r t i c a l  s e c t i o n s  towards t h e  end 
o f  these i n j e c t i o n s .  F i g u r e  7 shows a p l a n  w i t h  
t h e  v iewing  d i r e c t i o n  approx imate ly  10" o f f  
v e r t i c a l  t o  maximise t h e  a l ignment  o f  t h e  
l o c a t i o n s .  P r e l i m i n a r y  v e r s i o n s  o f  these p l o t s  
were presented by Batche lo r  (1982) .  

SET 1 
N 

JOINT STRIKE f 

F i g u r e  7: P l a n  view o f  microseimic  l o c a t i o n s  
viewed 10" from ver t ica l  

It i s  cons idered t h a t  t h e  o v e r a l l  r e g i o n  
de f ined by t h e  mic rose ismic  l o c a t i o n s  c o n t a i n s  
zones o f  i r c r e a s e d  p e r m e a b i l i t y ,  a l though i t  i s  
n o t  p o s s i b l e  t o  conclude t h a t  i n d i v i d u a l  
l o c a t i o n s  a r e  assoc ia ted  w i t h  t h e  inc reased 
permeabi 1 i t  i e:;. 

A l though t h e  w e l l s  a re  enveloped by t h e  
mic rose ismic  l o c a t i o n s ,  most o f  t h e  r e s e r v o i r  
growth has been downward. There i s  a l s o  a 
p l a n a r i t y  t o  t h e  s t i m u l a t e d  zone a l i g n e d  c l o s e  
t o  t h e  maximum p r i n c i p a l  s t r e s s  d i r e c t i o n .  

FRIP modelling 

Some o f  t h e  low f l o w r a t e  i n j e c t i o n s  have been 
s u c c e s s f u l l y  model led u s i n g  t h e  FRIP program. 
D e t a i l s  a re  presented by Pine and Ledingham 
(1983) .  M o d e l l i n g  o f  t h e  h i g h  f l o w r a t e  
i n j e c t i o n s  u s i n g  r e a l i s t i c  rock  and h y d r a u l i c  
parameters ha!; been unsuccessfu l  so f a r  because 
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o f  t h e  h i g h  computer CPU usage. T h i s  problem 
has been avoided t o  a c e r t a i n  e x t e n t  by 
m o d e l l i n g  i n j e c t i o n s  w i t h  a r t i f i c i a l l y  h i g h  
v i s c o s i t i e s ,  w i t h i n  r e l a t i v e l y  compress ib le  
r o c k  b locks  (Murphy and Pine 1984). These 
adjustments have t h e  e f f e c t  o f  a c c e l e r a t i n g  
j o i n t  s t i m u l a t i o n  and damping o u t  s h o r t  
pressure t r a n s i e n t s ,  thus i n c r e a s i n g  t i m e  steps 
and reduc ing  CPU usage. 

Some r e s u l t s  a re  shown i n  F igu res  8 and 9. 
30 th  f i g u r e s  show p l a n  views o f  an or thogonal  
v e r t i c a l l y  j o i n t e d  rock  mass sub jec ted  t o  a 
maximum h o r i z o n t a l  p r i n c i p a l  s t r e s s  a l i g n e d  30" 
a n t i c l o c k w i s e  f rom t h e  s t r i k e  o f  j o i n t  s e t  1 as 
a p p l i c a b l e  a t  t h e  CSM s i t e .  F l u i d  was i n j e c t e d  
i n t o  a j o i n t  i n t e r s e c t i o n  a t  t h e  c e n t r e  o f  t h e  
models. The f i g u r e s  show t h e  j o i n t  s t i m u l a t i o n  
p a t t e r n .  The d i l a t i o n  o f  t h e  j o i n t s  due t o  
b o t h  shear ing and j a c k i n g  i s  shown by l i n e  
th i ckness .  The r a t i o s  o f  t h e  e f f e c t i v e  i n  s i t u  
h o r i z o n t a l  s t resses  OH'/% ' were 2 and 5 i n  
F igu res  8 and 9 r e s p e c t i v e l y .  (The e f f e c t i v e  
h o r i z o n t a l  s t resses  a re  t h e  t o t a l  s t resses  
minus t h e  h y d r o s t a t i c  pressure presumed t o  
e x i s t  i n  t h e  j o i n t s  b e f o r e  i n j e c t i o n ) .  

The growth o f  t h e  r e s e r v o i r  shown i n  F i g u r e  8 
i s  s i m i l a r  t o  t h a t  shown by t h e  microseismic 
l o c a t i o n s  i n  F i g u r e  7. The shear ing  o f  joint 
s e t  1 induced by t h e  i n j e c t i o n  reduced t h e  
normal s t resses  a c t i n g  on s e t  2 s u f f i c i e n t l y  
t h a t  f l u i d  c o u l d  pene t ra te  and cause shear ing 

i n  t h a t  se t  over a l a r g e  area. This  l e d  t o  a 
s t e p - l i k e  growth i n  an o v e r a l l  d i r e c t i o n  
between those o f  j o i n t  s e t  1 and OH. 

The growth shown i n  F i g u r e  9 i s  q u i t e  d i f -  
f e r e n t .  Because o f  t h e  s t i l l  ve ry  h i g h  normal 
s t resses  a c t i n g  on se t  2 a f t e r  shear ing  i n  s e t  
1, shear growth i n  s e t  2 was i n h i b i t e d .  There 
was o n l y  a l o c a l i s e d  tendency f o r  growth away 
f rom t h e  d i r e c t i o n  o f  j o i n t  s e t  1, towards q. 

0 I SCUSS I O N  

Pressure transient tes t  results and analysis 

The d i f f e r e n t  responses t o  i n j e c t i o n s  and 
shu t - i ns ,  as shown by t h e  h y d r a u l i c  parameters 
i n  Table 1, i n d i c a t e  t h e  pressure dependent 
n a t u r e  o f  t h e  rock  mass. The h i g h e r  permea- 
b i l i t y  and s k i n  va lues seen d u r i n g  i n j e c t i o n s ,  
w i t h  t h e  apparent r a d i a l  d i f f u s i o n  behaviour,  
suggests t h a t  t h e  i n j e c t i o n s  l o c a l l y  and 
t e m p o r a r i l y  overcome t h e  i n f l u e n c e  o f  any 
p l a n a r  s t r u c t u r e s ,  w i t h  j o i n t s  opening up i n  
a l l  d i r e c t i o n s  ( s e t s  1 and 2 ) .  Dur ing  t h e  l e s s  
energe t i c  and pro longed s h u t - i n  and drawdown 
t e s t s ,  j o i n t s  n o t  a l i g n e d  near t o  t h e  uH 
d i r e c t i o n  ( s e t  2 )  c l o s e  p r e f e r e n t i a l l y ,  
r e s u l t i n g  i n  a more p l a n a r  t y p e  o f  d i f f u s i v e  
behaviour.  

The r e s u l t s  o f  t h e  November 1983 low f l o w r a t e  
t e s t s  show t h a t  t h e  ne t  e f f e c t  o f  t h e  main 

N 

4 140.40 BLOCKS1 
EDGES OF FRIPMODEL 

Figure 8: Plan view o f  hydraulically 
stimulated j o i n t  network from FRIP 
mdel ;  2: l  horizontal stress r a t i o  

N 

4 140.40 BLOCKS1 
EDGES OF FRIP MODE 

Figure 9: Plan view of  hydraulically 
stimulated j o i n t  network from FRIP 
model; 5:l  horizontal stress r a t i o  
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i n j e c t i o n s  was t o  c r e a t e  e s s e n t i a l l y  p l a n a r  
permeable zones b u t  w i t h  some u n c e r t a i n t y  
rega rd ing  d i  mensi ons and permeabi 1 i t  i es . The 
h ighe r  p e r m e a b i l i t y  s h o r t e r  f r a c t u r e  and lower  
p e r m e a b i l i t y  l onger  f r a c t u r e  o p t i o n s  may be 
seen as compat ib le  w i t h  t h e  2 : l  and 5 : l  s t r e s s  
FRIP models r e s p e c t i v e l y .  F u r t h e r  a n a l y s i s  o f  
these recen t  r e s u l t s  i s  i n  hand. 

One d i f f i c u l t y  w i t h  t h e  p ressu re  t r a n s i e n t  
a n a l y s i s  was t h e  s e l e c t i o n  o f  va lues f o r  t h e  
f o r m a t i o n  c o m p r e s s i b i l i t y  6, needed f o r  
c a l c u l a t i n g  s and x . When t h e  j o i n t  system 
connected t o  t h e  we l fbo re  i s  a c t i v e l y  d i l a t i n g  
o r  compressing due t o  f l u i d  p ressu re  changes, 
t h e  l o c a l  f o r m a t i o n  c o m p r e s s i b i l i t y ,  i s  lower  
than  t h e  o v e r a l l  va lue .  The l o c a l  compress- 
i b i l i t y  depends on t h e  j o i n t  p o r o s i t y  and t h e  
r a t e  o f  j o i n t  d i l a t i o n  w i th  f l u i d  p ressu re  
changes. 

Using d i l a t i o n  parameters f o r  g r a n i t e  j o i n t s  
d e r i v e d  f r o m  Walsh (1981) and a l o c a l  j o i n t  
p o r o s i t y  o f  0.1% t o  i% r e s u l t s  i n  compressibi:; 
i t i e s  o f  about 5 x l o - ’ ’  t o  2.5 x lo-’ ’ Pa . 
The o v e r a l l  compressi b i  1 i t y  f o r  t h e  Carn- 
m e n e l l i s  g r a n i t e  w i t h  a low j o i n t  p o r o s i t y  i s  
about 2.5 x l o - ”  Pa-’. A cons tan t  va lue of 
l o - ”  Pa-’ was se lec ted  f o r  t h e  pressure 
t r a n s i e n t  analyses. 

E r r o r s  i n  t h e  va lues o f  s due t o  e r r o r s  
i n  B w i l l  be smal l  because o f  t h e  l o g a r i t h m i c  
r e l a t i o n s h i p .  E r r o r s  i n  x a r e  much g rea te r ,  
be ing approx imate ly  p r o p o h i o n a l  t o  e r r o r s  
i n  6 .  The e r r o r  magnitudes a r e  p robab ly  l e s s  
than  1 f o r  s and l e s s  than  20 m f o r  xf f o r  
t y p i c a l  t e s t  r e s u l t s .  

The shape and dimensions o f  t h e  s t i m u l a t e d  zone 
as def ined by  t h e  microseismic l o c a t i o n s  show 
t h a t  o n l y  approximate va lues o f  near  we1 l b o r e  
h y d r a u l i c  c o n d i t i o n s  can be expected f rom 
pressure t r a n s i e n t  ana lys i s .  Th i s  i s  p robab ly  
t r u e  f o r  a l l  HOR i n j e c t i o n  and recove ry  w e l l s .  
It i s  e v i d e n t l y  t r u e  f o r  t h e  CSM system where 
t h e  major  p o r t i o n  o f  t h e  r e s e r v o i r  i s  below t h e  
open h o l e  l e n g t h s  o f  t h e  boreholes.  

F r a c t u r e  h a l f  l e n g t h s  o f  t y p i c a l l y  50 t o  100 m 
a re  i n f e r r e d  from t h e  analyses conducted d u r i n g  
t h e  h i g h  and medium f l o w r a t e  t e s t s .  Radius o f  
i n v e s t i g a t i o n  concepts f o r  u n i f o r m  r a d i a l  f l o w  
c o n d i t i o n s  l e a d  t o  s i m i l a r  d imensions f o r  
t y p i c a l  p e r m e a b i l i t i e s  and t r a n s i e n t  pe r iods  o f  
up t o  about 100 h r s .  These dimensions a r e  much 
smal l e r  t han  t h e  o v e r a l l  r e s e r v o i r  dimensions. 

The i m p l i c i t  assumption o f  u n i f o r m  f r a c t u r e  
c o n d i t i o n s  throughout  t h e  open h o l e  l e n g t h  i s  
a l s o  a s i m p l i f i c a t i o n .  Temperature and f l o w -  
meter l o g g i n g  have i n d i c a t e d  d i s c r e t e  f l o w i n g  
zones, which have tended t o  p o l a r i s e  w i t h  
i n c r e a s i n g  i n j e c t i o n  f l o w r a t e s  and pressures.  
Some of t h e  f r a c t u r e  h a l f  l eng ths  may be, 
therefore,  s i g n i f i c a n t l y  g r e a t e r  t han  
c a l c u l a t e d .  

I h e  r e s u l t s  are,  however, a u s e f u l  measure o f  
induced changes. They w i l l  be p a r t i c u l a r l y  
r e l e v a n t  d u r i n g  t h e  n e x t  phase o f  t h e  p r o j e c t ,  
when i t  i s  hoped t o  l i n k  a t h i r d ,  deeper w e l l  
w i t h  RH12 vi.a t h e  e x i s t i n g  s t i m u l a t e d  zone. 
The planned separa t i on  o f  t h e  w e l l s  i s  about 
300-400 m. 

Numerical model 1 i ng 

The 5 : l  e f f e c t i v e  s t r e s s  r a t i o  used i n  F i g u r e  9 
i s  c l o s e s t  t o  t h e  measured s t r e s s  c o n d i t i o n s  
b u t  t h e  model w i t h  t h e  2 : l  r a t i o  shown i n  
F i g u r e  8 appears more compat ib le  w i t h  t h e  
microseismic growth shown i n  F i g u r e  7. I n -  
spec t i on  o f  t h e  j o i n t  d i r e c t i o n s  shown i n  
F i g u r e  1 shows t h a t  s e t  2 i s  u n l i k e l y  t o  be 
everywhere pe rpend icu la r  t o  s e t  1. I n  t h i s  case 
j o i n t s  i n  s e t  2 a r e  l i k e l y  t o  be o r i e n t e d  a t  
cons ide rab ly  ‘less than 60” t o  t h e  OH d i r e c t i o n  
(as  i n  t h e  miodel) and t h e  types o f  shear ing 
seen w i t h  t h e  2 : l  s t resses  may w e l l  be p o s s i b l e  
w i t h  t h e  5:l  s t resses .  

The observed v e r t i c a l  growth o f  t h e  r e s e r v o i r  
by  shear ing diJr ing h y d r a u l i c  i n j e c t i o n s  cannot 
be demonstrated by t h e  two dimensional  FRIP 
f o r m u l a t i o n .  A f u l l  t h r e e  dimensional  model 
would be necessary.  However, t h i s  would r a i s e  
f u r t h e r  problems w i t h  computer CPU usage under 
c u r r e n t  circuimstances. Some e f f o r t s  a re  be ing  
made t o  m in im ise  t h e  usage f o r  t h e  two 
dimensional  model and t h e r e  may then be some 
a p p l i c a t i o n  t o  a t h r e e  dimensional  model. 

The FRIP m o d e l l i n g  has demonstrated some o f  t h e  
l i m i t a t i o n s  o f  cont inuum m o d e l l i n g  o f  pressure 
t r a n s i e n t s ,  wliether o f  t h e  conven t iona l  t y p e  
w i t h  hydrau l i c :  parameters independent o f  f l u i d  
pressure o r  t h e  more s o p h i s t i c a t e d  f i n i t e  
element o r  f i n i t e  d i f f e r e n c e  f o r m u l a t i o n s  w i t h  
pressure dependence. None o f  t hese  approaches 
have t o  t h e  a u t h o r ’ s  knowledge s a t i s f a c t o r i l y  
addressed t h e  i n t e r a c t i o n s  o f  r o c k  j o i n t s  and 
b locks,  f l u i d  pressure t r a n s i e n t s  and i n  s i t u  
s t resses.  

Conceptual permeabi 1 i ty model 

The p ressu re  t r a n s i e n t  ana lys i s ,  microseismic 
l o c a t i o n  and FRIP mode l l i ng  r e s u l t s  i n d i c a t e  
t h a t  a reasonable conceptual  model f o r  t h e  
p e r m e a b i l i t y  d i s t r i b u t i o n  assoc ia ted  w i t h  t h e  
i n j e c t i o n  w e l l ,  RH12, would be as shown i n  
F i g u r e  10. There i s  an i n n e r  h i g h l y  s t i m u l a t e d  
core,  Zone A, w i t h  a p e r m e a b i l i t y  o f  up t o  5 md 
and p r o g r e s s i v e l y  lower  permeabi l i t i e s  i n  t h e  
o u t e r  zones B ( s t i m u l a t e d )  and C (unst im-  
u l a t e d ) .  The f i g u r e  shows a c ross  s e c t i o n .  
The l e n g t h s  o f  zones A and B, approx imate ly  
p a r a l l e l  t o  UH c o u l d  be o f  t h e  o rde r  o f  
100-200 rn and 300-600 m r e s p e c t i v e l y .  It w i l l  
be necessary t o  e s t a b l i s h  t h e  main c i r c u l a t i o n  
o f  t h e  system w i t h i n  zones A and B. 

Th is  model i s  a p p l i c a b l e  where t h e  r e s e r v o i r  
p ressu re  i s  seve ra l  MPa above h y d r o s t a t i c .  The 
s i z e s  and p e r m e a b i l i t i e s  o f  t hese  zones a re  
probably  smal l e r  a t  r e s e r v o i r  pressures near 
h y d r o s t a t i c .  
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Figure 10: Conceptual model o f  permeability 
distr ibut ion i n  the hydraulically 
stimulated zone 

CONCLUSIONS 

The use o f  convent iona l  d i f f u s i o n  t h e o r y  f o r  
p ressure  t r a n s i e n t  a n a l y s i s  o f  t h e  CSM iiD2 
w e l l s  has prov ided a u s e f u l  index  o f  t h e  
changes caused t o  t h e  rock  mass near t h e  
we l lbores  by h y d r a u l i c  i n j e c t i o n s .  The 
p e n e t r a t i o n  o f  t h e  t e s t s  has been i n s u f f i c i e n t  
t o  determine h y d r a u l i c  c h a r a c t e r i s t i c s  beyond 
about 100 m f r o m  t h e  w e l l s ,  and has more 
t y p i c a l l y  g i v e n  i n f o r m a t i o n  w i t h i n  about 50 m 
f r o m  t h e  w e l l s .  

Reservo i r  growth as a r e s u l t  o f  t h e  i n j e c t i o n s  
has been predominant ly  downwards and m o s t l y  
beyond t h e  range o f  i n f l u e n c e  o f  t h e  pressure  
t r a n s i e n t  t e s t s .  The downward growth i s  
b e l i e v e d  t o  be due t o  a shear ing  mechanism i n  a 
s i g n i f i c a n t l y  a n i s o t r o p i c  i n  s i t u  s t r e s s  
regime. 

The e f f e c t  o f  t h e  h i g h  f l o w  r a t e  i n j e c t i o n s  ( u p  
t o  90 l / s e c )  was t o  i n c r e a s e  t h e  lumped 
p e r m e a b i l i t y  o f  t h e  r o c k  mass f r o m  l e s s  than 
100 pd t o  g r e a t e r  than 5 md i n  t h e  v i c i n i t y  of 
t h e  w e l l s .  S k i n  va lues  were reduced t o  about 
-5 t o  -6. 

The n e t  e f f e c t  a f t e r  t h e  r e s e r v o i r  p ressure  had 
r e t u r n e d  t o  near h y d r o s t a t i c  was t o  inc rease 
t h e  e x t e n t  o f  more permeable f r a c t u r e s  by a 
f a c t o r  o f  about 30 compared w i t h  e a r l y  va lues.  

The use o f  t h e  d i s c r e t e  j o i n t - b l o c k  model FRIP 
has g i v e n  some u s e f u l  i n s i g h t s  i n t o  t h e  
i n t e r a c t i o n s  o f  r o c k  mechanics and h y d r a u l i c s  
i n  s t ressed j o i n t e d  rock  d u r i n g  h y d r a u l i c  
i n j e c t i o n s .  A l though t h e  model i s  c u r r e n t l y  

two d imensional  and uses s i g n i f i c a n t  computer 
CPU t ime,  i t  may be p o s s i b l e  t o  develop a more 
e f f i c i e n t  f o r m u l a t i o n  w i t h  eventua l  t h r e e  
d imensional  a p p l i c a t i o n .  

It has been p o s s i b l e  t o  use t h e  r e s u l t s  o f  t h e  
t r a n s i e n t  t e s t s ,  m ic rose ismic  l o c a t i o n s  and 
FRIP m o d e l l i n g  t o  e s t a b l i s h  a conceptual  
permeabi 1 i ty  model f o r  t h e  r e s e r v o i r  zone 
ad jacent  t o  t h e  i n j e c t i o n  w e l l ,  RH12. The 
model w i l l  r e q u i r e  f u r t h e r  c a l i b r a t i o n  f r o m  t h e  
r e s u l t s  o f  c i r c u l a t i o n  t e s t s ,  t r a c e r s ,  w e l l  
l o g g i n g  and thermal  drawdown. 
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