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INTRODUCTION 

Recently a significant role of artificial and/ 
or natural cracks in the geor'iermal reservoir 
has been demonstrated in the literatures (Ab6, 
H., et al., 1983, Nielson, D.L. and Hullen, 
J.B., 1983), where the cracks behave as fluid 
paths and/or heat exchanging surfaces. Until 
now, however, there are several problems such 
as a design procedure of hydraulic fracturing, 
and a quantitative estimate of fluid and heat 
transfer for reservoir design. 

In order to develop a design methodology of 
geothermal reservoir cracks, a special distin- 
guished research project, named as 'IT-Project", 
started at Tohoku University (5 years project, 
1983-1988). In this project a basic fracture 
mechanics model of geothermal reservoir cracks 
is being demonstrated and its validation is 
being discussed both theoretically and experi- 
mentally. This paper descibes an outline of 
"r-proj ect" . 
FRACTURE MECHANICS CONCEPT OF GEOTHERMAL RES- 
ERVOIR: BACKGROUND OF "T-PROJECT" 

Linear Elastic Fracture Mechanics has been 
shown to be a powerful tool for the study of 
cracking behavior in material engineers, who 
have analysed the brittle failure of structural 
engineering components. Now the fracture me- 

chanics approach is being employed to provide 
new insight into the fracture of  rocks, espe- 
cially, in the design of crack-like geothermal 
reservoirs of both hot water/steam dominated 
and hot dry rock (HDR) types. 

Figure l(a) shows an evaluation procedure for 
crack-like geothermal reservoirs based on Frac- 
ture Mechanics, where a full understanding of 
three basic quantities, the fracture proper- 
ties of rock mass under the crustal condition, 
the location and size(geometry) of cracks, and 
stress components including earth stress is 
prerequisite. Fracture extension can be ana- 
lysed in terms of the stress intensity factor. 
If the stress intensity factor is raised above 
a critical value, Kc, which is a material con- 
stant, then the crack will propagate. recently 
it is found that the value Kc is influenced by 
the aggressive environment, when a crack tip 
strain rate is enough low for a chemical reac- 
tion. In addition, for many rocks, crack ex- 
tension can occur at much lower values of K 
than Kc. Therefore, a variety of environmen- 
tally dependen): mechanisms, notably stress cor- 
rosion cracking, can facilitate this stable, 
quasistatic subcritical crack propagation. 

Figure l(b) and (c) give an illustrative evalu- 
ation procedure of crack extension control both 
during hydraulic fracturing and heat extraction 
operation, respectively. Here the crack exten- 

Per fo rmance 
Requi r e w n t s  

F r a c t u r e  E v a l u a t i o n  

S t r e s s  w 
S t i m u l a t i o n  

R e j e c t  

Components 2 I n t e r a c t i o n  
I n c l u d i n g  A n a l y s i s (  K )  
E a r t h  S t r e s s  

I P e r i o d i c  1 
I n s p e c t i o n  

* Includes effect of operating environment, etc. 
** Includes expected crack growth due to corrosion, fatigue, etc. 

Figure l(a) Schematic representation of an idealized fracture 
control for geothermal reservoir 
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sion behavior is evaluatied essentially by use sidering a model construction of the geothermal 
of fracture mechanics parameter (K) analysed reservoir, geological inhomogenuities such as 
numerically and rock fracture data (KI~, da/dN- faults, joints and layered structures should be 
AK, da/dt-K) determined experimentally. Con- taken into account. Figure 2 gives a new crack 
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Figure l(b) Illustrative procedure for creation of 
reservoir cracks by hydraulic fracturing 
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Figure l(c) Illustrative procedure f o r  control of reservoir cracks 

H o t  Dry Rock Type I H o t  Water /S team Dominated  Type model proposed by GEEE, Tohoku University, 
where a role of a subsurface crack as a fluid 

strated both for an HDR and a hot waterfsteam 
dominated reservoirs which consist of various 
geological inhomogeneity. Consequently, when 
the fracture mechanics description of geother- 
mal crack is made accurately enough, we can de- 
sign the location, size and geometry of cracks 
as well as the amount of heat extraction from 
the rock mass. 

I 
- 1 -  

I path and/or a heat exchanging surface is demon- 

-m- I n j e c t i o n  W e l l  I n j e c t i o n  W e l l  

i. t l 

OUTLINES OF "T-PROJECT" 

a. Research organization 

"T-Project" is supported by the Government of 
Japan, Ministry of Education, Science and Cul- 
ture (MESC), and is a grant-in-aid for special 
distinguished research. Table 1 shows a pro- 

A r t i f i c i a l  Cracks  gram organization, key personnels and their 
contributions in GEEE at Tohoku University. 
In this project field experiments such as hy- 
draulic fracturing should be made to confirm 
a validation of the fracture mechanics approach, 
where an extensive cooperative investigation 
is planned in a variety of interdisciplinary 

a t h  o f  H o t  W a t e r )  

Figure 2 Role of cracks in geothermal energy 
extraction applicable to both HDR 
and hot waterlsteam dominated res- 
ervoir project by GEEE, Tohoku 
University fields as shown in Fig. 3 .  
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Figure  3 GEEE o rgan iza t ion  showing t h e  r e sea rch  a r e a s  and t h e i r  coopera t ions  

b. Main purposes o f  " r - P r o j e c t "  

Brief  d e s c r i p t i o n  of 5 yea r s  p r o j e c t  r e sea rch  
i s  g iven  i n  Table  2.  This  p r o j e c t  can  be  de- 
v ided  i n t o  t h r e e  r e sea rch  phases ,  Phase I,  I1 
and 111. The m a x i m u m  c rack  s i z e s  inc lud ing  
specimen s i z e  o r  w e l l  dep th  a r e  d i f f e r e n t  i n  
each  phase a s  shown i n  Table  3.  

Main t o p i c s  and h i g h l i g h t s  i n  each p r o j e c t  
phase are as fo l lows:  

Phase I :  T h e o r e t i c a l  and exper imenta l  va l ida-  
t i o n  of rock  f r a c t u r e  mechanics 
should be made dur ing  t h e  hydrau l i c  
f r a c t u r i n g  experiments  of medium 
s i z e  specimen (lm x l m  x l m  sample 
s i z e )  and l a r g e  s i z e  specimen (10m X 

1Om x l O m ,  "F ie ld  Laboratory")  (see 
Fig. 4 )  

Phase 11: Appl i ca t ion  phase of "Phase I Pro j -  
ect'"; F i e l d  experiment should be 
i n t e r p r e t e d  based on rock  f r a c t u r e  
mechanics. Seve ra l  new exp lo ra t ion  
techniques  and equipments w i l l  a l s o  
be (developed ( s e e  Fig. 5 )  

Phase 111: ( i )  Data of rock  f r a c t u r e  p r o p e r t i e s  
under t h e  s imula ted  geothermal  res- 
e r v o i r  cond i t ion  w i l l  be c o l l e c t e d  
by iise of au toc lave  test f a c i l i t i e s  
( s e e  Fig.  6 )  
( i i )  T h e o r e t i c a l  modeling and com- 
pu te r  s imula t ion  of f l u i d  and hea t  
t r a n s f e r  are made where t h e  des ign  
procedure of an  a c t u a l  geothermal  
r e s e r v o i r  is  d i scussed .  
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Lab0 h y d r a u l i c  Lab0 h y d r a u l i c  H y d r a u l i c  f r a c -  
f r a c t u r i n g  [l] f r a c t u r i n g  [ 2 ]  t u r i n g  i n  " F i e l d  

Phase (Specimen s i z e :  (Specimen s i z e :  Laboratory" 
lmxlmxlm) I:st and 2nd exp. )  

I 0.5mxO.5mxO. 5m) Decimen s i z e :  

1907 

I , 

P r o j e c t  ~ ~ ' b e d ~ ~ ~ ~ u ~ ~ ~ ~ c k  Size) Labo. Exp. C o n d i t i o n  
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I 1  

Field V a l i d a t i o n  Exp. 

Phase 

1 1 1  

Phase I -  

D r i l l i n g  o f  

( W e l l  d e p t h :  ( 1 s t  and 2nd 

t e s t  s i t e  c o r e  sample t r a c e r  t e s t s  
and e x p l o r a t i o n  

( W e l l  d e p t h :  - 5 O h )  

-500m) A€ m o n i t o r i n g  
o f  s u b s u r f a c e  
c r a c k s  

Lab0 a u t o c l a v e  Rock f r a c t u r e  mechan ics  under  t h e  c o n d i t i o n  o f  a c t u a l  g e o t h e r m a l  
e x p e r i m e n t :  r e s e r v o i r  ( c o n f i n i n g  p r e s s u r e :  -40MPa. t e m p e r a t u r e :  -350"C, 

i n  p r e s s u r i z e d  h o t  w a t e r )  

T r a n s m i s s i o n  p r o p e r t i e s  o f  e l a s t i c  wave i n  r o c k  mass 

room t e m p e r a t u r e  
no c o n f i n i n g  p r e s s u r e  ( 1 )  0.5 m (0 .1  m) 

( 2 )  5 m ( 1  m) no c o n f i n i n g  p r e s s u r e  
room t e m p e r a t u r e  

Computer 
s i m u l a t i o n :  f r o m  s u b s u r f a c e  r o c k  mass 

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

Phase I 1  500 m (10-50 m) t e s t  temp.: max. 100°C 
c o n f .  p r e s s . :  max. 10 MPa 

Phase 111 [1-5  km (-500 m ) ] *  temp': ma'. 3500c 
c o n f .  p r e s s . :  max. 40 MPa 

r Project P r e s s u r l z e d  

-- Phase  I -- 

Crock S i z e :  10-30cm 
5-IOcm 

Crock System 

Loboratory " F i e l d  Laboratory" 

Figure  4 Hydraul ic  f r a c t u r i n g  experiments i n  Phase I 
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Figure  5 F i e l d  experiments  and main h y d r a u l i c  f r a c t u r i n g  i n  Phase I1 p r o j e c t  
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Figure 6 Autoclave test facilities in Phase 111 project 

CONCLUDING REMARKS 

With special reference to subsurface crack de- 
sign methodologies applied to geothermal res- 
ervoir engineering, a validation of rock frac- 
ture mechanics concept will be demonstrated 
both theoretically and experimentally. Several 
case studies depicted in "T-Project" will pro- 
vide an appropriate information of data inter- 
pretation in actual reservoir performances as 
well as well stimulations by hydraulic frac- 
tur ing . 
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