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ABSTRACT 

It i s  very important t o  know the undergraund 
stress state t o  design and complete a Hot Dry 
Rock geothermal r e s e w o i r  because the  d i rec t i on  
o f  the hydraul ic f ractures depends on the  earth 
stress. The hydraul i c  mini  f rac tu r ing  technique 
was introduced t o  determine the i n - s i t u  stress 
state without assuming the  borehole axis t o  be 
pa ra l l e l  t o  one o f  the  pr inc ipa l  stresses. *a l l  
scale hydraul ic f rac tu r i ng  tes ts  were conducted 
t o  v e r i f y  t h i s  technique a t  an underground power 
p lan t  and microseismic a c t i v i t i e s  were monitored 
for f rac tu re  mapping. The d i rec t i on  o f  the frac- 
t u r e  propagation was estimated from the i n - s i t u  
stress s ta te  and compared w i th  the f rac tu re  plane 
mapped by microseismic a c t i v i t i e s .  

INTRODUCTION 

The hot dry rock geothermal energy extrac- 
t i o n  system g e n e r a l l y  c o n s i s t s  o f  a man-made 
reservoir  connected w i th  two boreholes. From the 
f rac tu r ing  experience o f  the research and 
development work a t  the Fenton H i l l  p ro jec t  i n  
the U.S. and the Yakedake pro jec t  i n  Japan, It 
appears t h a t  the best way t o  create the hot dry 
rock reservo i r  system may be by the fo l low ing  
procedures: 

1. D r i l l  the f i r s t  borehole. 

2. Pressurize the  open hole section o f  the  
borehole t o  c rea te  f r a c t u r e s ,  and map t h e  
fractures with microseismic monitoring and/or 
other methods. 

3. D r i l l  the second borehole so as t o  i n te rsec t  
the f ractures which are mapped. 

To c r e a t e  t h e  hot. d r y  rock  r e s e r v o i r  system 
according t o  t h i s  procedure, i t  i s  important t o  
p red ic t  the d i rec t i on  o f  hydraul ic f ractures i n  
advance. The f r a c t u r e  w i l l  extend along t h e  
plane normal t o  the l eas t  p r inc ipa l  stress or  
along t h e  weak p lane o f  rock such as n a t u r a l  
j o in t s .  Therefore, bor ing cores must be checked 
very ca re fu l l y  t o  observe natural  j o i n t s  during 
d r i l l i n g ,  and the i n - s i t u  stress state must also 
be known beforehand. The overcoring technique I s  

usual ly used t o  measure the stress state, but  It 

i s  d i f f i c u l t  t o  use t h i s  technique a t  depth. The 
hydraul ic f rac tu r ing  technique i s  thought t o  be 
the  only method which can be cur ren t ly  employed 
f o r  the  i n - s i t u  stress measurements a t  depth. 
Before conducting 1 arge scale hydraul i c  
f rac tu r i ng  f o r  creat ing the reservoir ,  we propose 
t o  use the  mini hydraul ic f rac tu r i ng  technique t o  
obtain infonnation about the i n - s i t u  stress 
state. To measure the i n - s i t u  stresses by 
hydraul ic f ractur ing usual ly requires tha t  the 
borehole axis be oriented i n  the  d i rec t i on  of one 
o f  the pr inc ipa l  stresses. If t h i s  assumption i s  
true, then as the  borehole i s  normally d r i l l e d  i n  
the ve r t i ca l ,  the f rac tu re  must occur i n  e i t he r  
the  ve r t i ca l  or  horizontal planes. However, as 
i n c l i n e d  f r a c t u r e s  have been c rea ted  i n  some 
f i e l d s  including the Yakedake hot dry rock geo- 
thermal t e s t  s i te ,  t h i s  assumptioq may not be 
always s a t i s f i e d .  Mizu ta  e t  a l .  proposed a 
hydrau! IC fractur ing method t o  measure the three 
dimensional stress state using three non col inear 
boreholes. They assumed tha t  the pressure t o  
i n i t i a t e  the f rac tu re  and i t s  o r ien ta t ion  depend 
only on the stress i n  the plane normal t o  the 
borehole axis. The authors have been concerned 
whether o r  not t h i s  assumption can be applied t o  
i n - s i t u  condit ions and how t o  measure the three 
dimensional stress state w i th  one borehole. 

TEST SITE 

The hydraul i c  f ractur ing t e s t  s i t e ,  p a r t  o f  
an underground power plant, i s  located a t  160 
meters deep from t h e  sur face  i n  a s i l i c e o u s  
sandstone fonnation containing many natural  
j o i n t s .  Eleven boreholes w i th  the ve r t i ca l  depth 
o f  about 10 meters were d r i l l e d  as shown i n  
Fiq.1. Three boreholes, F, R 1  and R2 were used 
f o r  hydraul ic f ractur ing.  F was d r i l l e d  i n  the 
ve r t i ca l ,  and R 1  and R2 were i nc l i ned  30 deqree 
from the ve r t i ca l  and or ientated i n  the d i rec t i on  
shown by d o t t e d  l i n e s  i n  F ig .  1. I n L  f o u r  
boreholes, A l ,  A2, A3, and A4, which are arranged 
around borehole F, microseismic sensors were 
placed f o r  f rac tu re  rnapplng. The loca t ion '  of 
these boreholes i s  also shown i n  Fig. 1. 

EXPERIMENTAL PROCEDURE 

The boreho le  w a l l s  I n  F, R 1  and R2 were 
observed by a borehole te lev is ion .  With t h i s  
Inspection, natural  j o i n t s  were i d e n t i f i e d  and 
locat ions f o r  pressurization were established. 
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Impression packer records were taken before the  
f rac tu r ing  operations. These were capared with 
those taken a f t e r  f ractur ing to reveal any newly 
c rea ted  f rac tu res .  The f l u i d  pressure I n  a 
sealed element o f  packer was raised until the  
breakdown occurred, fol lowed by venting the water 
from the reservoir.  The borehole was pressurized 
again unt i l  the  secondary breakdown o r  the peak 
value o f  the pressure ms obtained. A f te r  
v e n t i n g  t h e  water, f l u i d  was pumped again t o  
extend t h e  f r a c t u r e .  Pumping was stopped t o  
measure the  Instaneous Shut i n  Pressure ( I S I P ) .  
The same flow ra te  was used f o r  each t e s t  cycle. 
A f te r  the f rac tu r fng  operations the created 
fractures were traced using impression packers 
and the direction o f  the fracture uas determined. 

METHOD FOR DETERMINING STRESS 

Hydraul ic f rac tu r i ng  operations were 
repeated two times i n  each borehole as l i s t e d  i n  
Table 1. Two types o f  f ractures were created. 1) 
fractures along the borehole and 2) f ractures 
across the  borehole. Fig. 2 shows pressure-time 
h i s to r i es  obtained by hydraul ic f ractur ing a t  
4.5% and a t  6 .7h  i n  R1. The sketch of 
f rac tu res  i n  these in te rva l s  are shown i n  Fig. 3. 
I n  t h i s  f i g u r e ,  n a t u r a l  j o i n t s  are shown by  
dotted l i n e s  and n e w  cracks created by hydraul ic 
f rac tu r ing  are shown by s o l i d  l ines .  The 
fractures were i n i t i a t e d  pa ra l l e l  t o  the borehole 
a t  4.59111 i n  R 1  and normal t o  t h e  boreho le  a t  
6.70m i n  R1. When a c rea ted  f r a c t u r e  i s  
pa ra l l e l  t o  the  borehole the fo l lowing equation 
holds 

r e l a t i n g  t o  the f rac tu re  opening pressure, 
P (T=OO), t o  the  maximum and minimum pr inc ipa l  
stresses, 0 and 0 on the plane pa ra l l e l  t o  the 
borehole aAs ,  an8 the formation pore pressure 
Po. The f rac tu re  opening pressure was detennined 
as the pressure a t  which the pressure bui ldup 
curve  i n  t h e  second c y c l e  dev ia tes  from tha t  
establ ished fn the f i r s t  cycle p r i o r  t o  
breakdown. This procedure was proposed by 
Hickman e t  a l ?  Fig. 4 may be used t o  obtain the 
f rac tu re  opening pressure. The formation pore 
pressure, which i s  unknown, i s  assumed t o  be zero 
i n  t h i s  analysis. I n  the plane (x,y) nom181 t o  
the bolehole axis, the shear stress t i n  the 
d i rec t i on  o f  f rac tu re  extension become?Yzero. as 
the f rac tu re  i n i t i a t e s  i n  the d i rec t i on  o f  the 
minimum pr inc ipa l  stress i n  t h i s  plane. 

f =D 
XY 

(2) 

The d i rec t i on  o f  the f rac tu re  created pa ra l l e l  t o  
the  borehole axis i s  inf luenced by the  borehole 
direct ion,  so t h a t  the f rac tu re  may t u r n  t o  the 
d i rec t i on  nonnal t o  the l eas t  p r inc ipa l  stress 
when the dimension o f  the f rac tu re  becomes 
several times than t h a t  o f  t he  borehole diameter, 
as the borehole no longer inf luences the  stress 

state. The d i rec t i on  o f  the f rac tu re  can not be 
de t tm ined  by the t race  o f  the  f rac tu re  a t  the 
wal l  o f  the  borehole. Therefore. the I S I P  i s  not 
used for the stress analysis i n  the case tha t  the 
f rac tu re  pa ra l l e l  t o  the  borehole i s  created. 

Wen the f rac tu re  i s  created along a weak 
plane which in te rsec ts  the  borehole, such as a 
natural  j o i n t ,  the d l rec t i on  of the f racture i s  
not inf luenced by the  or ien ta t ion  of the 
borehole. The f rac tu re  may have less  chance to  
change i t s  d i rec t i on  during pumping. The 
or ien ta t ion  can then be determined by the obser- 
v a t i o n  of  t h e  w a l l  o f  t h e  borehole.  I n  t h i s  
case, the  I S I P  i s  re la ted  t o  the s t ress0  normal 
to the f rac tu re  plane. Y 

P ( I S I P  1 = a y  13) 

EXPERIMENTAL RESULTS 

Table 1 scmnarizes experimental f rac tu re  opening 
pressures and I S I P ,  together w i th  f rac tu re  types. 
I n  the hydraul ic f rac tu r ing  experiments a t  4.59111 
i n  R 1  and a t  6.61m i n  R2, f ractures developed 
pa ra l l e l  to the borehole axis, whi le i n  other 
experiments, f ractures i n i t i a t e d  across the 
borehole axis. The s t r i k e  and the d ip  o f  the 
f rac tu re  a t  6 .7h  f n  R 1  are N325" and 19'3, and 
those a t  4.56m i n  R2 are N338O and 24' S. As the 
or ien ta t ion  of these two fractures are close t o  
tach other, we conclude tha t  we opened fractures 
whose d i rec t i on  i s  almost the same and tha t  we 
would use the one o f  the two data sets which was 
more re l iab le .  The data a t  6.7Om i n  R 1  are used 
f o r  the analysis. The data a t  5 .68~  i n  F are not 
used because the  or ien ta t ion  o f  the f rac tu re  was 
not  i d e n t i f i e d  by the Impression packer. The 
three dimensional p r inc ipa l  stresses which were 
determined using equation (11, ( 2 )  and ( 3 )  are: 

o1 = 0.72MPa 
02 = 1.87MPa 
03 = 3.634Pa 

These stresses are p lo t ted  on the equal angle 
equator ia l  net o f  the lower hemisphere as shown 
i n  Fig. 5. I f  the f rac tu re  was extended i n  the 
plane nonnal t o  the  l eas t  p r inc ipa l  stress, i t s  
o r i en ta t i on  and i n c l i n a t i o n  may become N101' and 
55.5OS. 

MICROSEISMIC RESULTS 

The microseismic a c t i v i t i e s  were monitored 
dur ing hydraul ic f rac tu r lng  experiments using 
microseismic sensors. T h i r t y  four sensors were 
s t a t i o n e d  i n  t h e  boreholes A l ,  A2, A3 and A4 
which were d r i l l e d  around borehole F as shown i n  
Fig. 6. Two types o f  sensors, type A and B. were 
used: type A has a resonance frequency o f  25 kHz 
and type B has a resonance frequency of 65 kHz. 
The ve loc i t y  o f  the cmpression wave (Vp) o f  the 
rock  i s  5.3 kmfs a t  t h e  t e s t  s i t e .  which w a s  
determined by shooting e l e c t r i c  detonators a t  the 
depth o f  4.86, 5.81 arnd 5.96111 i n  F. Twelve 
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sensors out o f  t h i r t y  four were selected and used 
f o r  mappfng t h e  f r a c t u r e  on each t e s t  a t  t h e  
d i f f e r e n t  depth. Ffg. 7 i s  the plane and 
elevat ion views o f  the  loca t ion  o f  the f rac tu re  
obtafned by f rac tu r fng  experiment a t  5.68~1 f n  
borehole F. The f r a c t u r e  extended a l o n  th$ 
plane whose s t r f k e  and d ip  i n c l i n a t i o n  are i l l 2  
and 78'5, which I s  also shown I n  Fig. 5. It I s  
found that the plane mapped by mfcroselsmfc 
a c t i v i t i e s  i s  close t o  the tens f l e  f rac tu re  
plane, which i s  normal t o  the l eas t  p r lnc fpa l  
stress. 

CONCLUSION 

The three dfmensf onal pr fncf  pal stress s ta te  
was determined by hydraul ic f rac tu r ing  a t  - t he  
s i t e  of an underground power plant using three 
boreholes, one i s  ve r t i ca l  and the  others are 
i n c l  f ned. During the experfeents, the 
microsef smfc a c t f v f t i e s  were nonftored and the  
or ien ta t ion  o f  f ractures was mapped. It i s  found 
tha t  the or ien ta t fon  o f  f rac tu re  i s  close t o  the  
tens f l e  f rac tu re  plane normal t o  the l eas t  
p r inc ipa l  stress. 
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Fig.  1. Loca t ion  o f  s t r e s s  measurement and 
microseismic monitoring boreholes a t  an 
underground power plant. 
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Table 1 Hydraulic Fracture test resu l ts  

F I RI I ne ow(#. I I 

min. 

Fig. 2. Pressure-time h i s to r i es  by hydraul ic 
f r a c t u r i n g  ( a )  a t  4.59~1 and (b )  a t  6.70111 i n  
borehole R1. 

N 

R1 4 . h  

R1 6.7m 

Fig. 3.  Sketch o f  impressfan packer from tests 
(a) a t  4.59111 and (b) 6.61m i n  R1. Newly created 
cracks are shown by s o l i d  l i ne .  
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Fig. 4. The pressure bui ldup o f  the f i r s t  and 
second pressur izat ion cycles a t  4.5- i n  R l .  The 
dev iat ion o f  the second pressure bui ldup from 
t h a t  o f  the f i r s t  one shows the f rac tu re  opening 
pressure. 
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F i  g . 5. Lower hemi sphere sterographic pro ject ion Fig. 6. Layout o f  microseismic sensors i n  
o f  the pr inc ipa l  planes normal t o  the maximum boreholes A l ,  A2, A3 and A 4 f o r  f rac tu re  
stress and mapped by microseismic a c t i v i t i e s  a t  
5.68111 i n  borehole F. 

mapping. 
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Fig .  7. L o c a t i o n  o f  mic rose ismic  events  by 
h d r a u l i c  f r a c t u r i n g  a t  5.68m i n  F. ( a )  i s  a 
p&me view. and (b) and (c )  are e levat ion views 
In t h i s  f igure,  A 1  t o  A4 show loca t fon  of the$; 
boreholes . 
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