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ABSTRACT 

The paper presents the udopted strategy and the perspecti\.e 
h r  forec;~sting tlie success of cost-inttnsiw h>draulic stiniu- 
Ii~tions. Thess ~nodels s e n e  as basis for a further evaluation 
combining stochustic net~vorks to the juvenile rock niatris. 

The data suggest that "focused" stimulation may have a 
significant ad\  ;lntage compared to the single \veil stin~ulation 
tc.chniqw and may be a n  important step t o n x d s  efficient 
rcstrsoir stimuli~tion at larger separations between wells. thus 
improving the economic viability and acceptance of EGS 
s!'stems. 

Introduction 

The research at the European HDR site at Soultz started 
in 1988 folloning the encouragement of tile European Com- 
~nission to pool the limited available national funds to form a 
coordinated multi-national team. The main task %.as to develop 
the technology needed to access the vast en~ironmentally- 
friendly HDR energy resource. The European HDR research 
site is situated at Soultz-sous-ForPts at the western edge of the 
Rhinc Graben. about 50 km north of Strasbourg (Figure 1). 
Buria et al (1993). Garnish et al (1994). Baria et al (1995). 
Baumgirtner et al (1995). & Baumgiirtner et al (1998), Baria 
et al (1000) gi\re brief summaries of the various stages of the 
development of this technology at Soultz since 1987. 

The present phase started in April 2001 and will last until 
September 2004. It is called the Scientific Pilot Plant Phase . 
The aim is to drill two additional deviated 5000 m deep wells 
to form a three-well system and to create an enhanced perme- 
ability fractured rock reservoir by hydraulic stimulations. It also 
includes the use of various diagnostic techniques to understand 
and quantify \!;lrious properties of the stimulated reservoir. The 

program also includes the establishment of a database of the 
potential H D R  resource in the Western Europe. 

In the current phase of the European Hot Dry Rock Project 
at Soultz-sous-Forets two additional deep wells have to  be 
drilled to 5000 m depth into the crystalline basement, to form a 
module consisting of a central i~ijector and two producers. The 
first well GPK-1 nas  drilled to 5000 nl in 1999 and stimulated 

Figure 1.  The location o i  the European HDR site at Soultz-sous-For& 
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in 2000. The well GPK-3 
(the injector) was drilled 
in 2002 and targeted us- 
ing microseismic a n d  
other data. The bottom 
hole temperature  was 
200.6 "C and separation 
between the two wells 
at the bottom is around 
600 ni. GPK3 was then 
stimulated to enhance the 
permeability between the 
wells. A number of stim- 
ulation techniques have 
been tesred including 
"focused" stinlulation. a 

. V O , ~ ! , , ~ ~ ~  p,; I I novel method of inject- 
ing simult:~neously in 

Figure 2. C)rlent.>rion and location of two wells. Microseisniic 
CPKZ (lettr. C P K j  (center) ancl GPK4 , l l o n i t o r j n g ,  f low l o g -  
(right). 

ging and other diagnostic 
methods were used dur- 

ing these injections. Actually GPK4 is near completion at 
51 50 111 measured depth (see Figure 2). 

The "sparse" niicroseismic network at the Soultz site con- 
sists of  a number of seismic sensors deployed in wells between 
1500 in and 6600 in depth with bottom hole temperatures of 
130- 160 "C. A 18 channel, 22 bit data digitizing unit was used 
for data xquisition in conjunction with proprietary software 
to carry out automatic timing and location of microseismic 
events due to stimulation in real time. This gave a decision- 
making possibility and coi1tr01 of the reservoir in real time. 
This was the first time that such an interactive method had 
been carried out at this site. 

.Around 90 000 micro-earthquakes were triggered during 
these injections and about 9 000 events were automatically timed 
and located in real time. These stimulations created a total res- 
ervoir volume in excess of 3 km3. This is the largest stimulated 
volume in the development of HDR techiiology to date. 

Hydraulic Modeling Concept 

General 

During the 2002-2004 hydraulic stimulations at the Euro- 
pean HDRIEGS site in Soultz-sous-Forits the intercoiinection 
of the microseismic cloud and tlie hydraulic flow field should be 
assessed. The observations of the transient development of tlie 
clouds indicate clear structures that are likely to represent either 
hydraulic barriers or  well-conducting features. From a first 
purely visual, qualitative interpretation, micro-earthquakes 
generally occur in a well-bounded domain during a given time 
interval, before they start developing within "juvenile" areas. 
Figure 3 illustrates such a situation after a stimulat~on period of 
24hrs, both at GPK2 and GPK3. Towards the bottom of Figure 
3 (South-West) it can be clearly seen, that the same features 
bound both seismic clouds. It should be noted that the GPK3 
cloud was created 2 years after the GPK2 stimulation. 

Interval time [hrs] 24 - 26 

Figure 3. I'l,l~w vlew on microscisni~c events occurring aiwr 2 1 h  ot 
injection inlo GPKZ mcl  GPK3. Events iron? stirnulaling CPKZ ,Ire shom,n 
In g r . ~  irorn CPK3  in I ~ l a c k .  Also shown ,ire the trajcsctorics or thr  
horel~oles iblack) - see F~gure 2.  for loc'~tion o l  the boreholes. 

Baria et al. (2004) have sho\vn that seisinic signals were 
correlated to a -3 MPa fluid overpressure threshold. 

Numerical Procedure 
Stochastic Fracture Network 

In order to simulate and map these features. a neu- approach 
was taken to merge deterministic and stochastic fracture zones 
from a fracture network model with continuous numerical F E  
models. The new procedure takes adwntage of tu.0 \\:ell-expe- 
rienced programs: FracSini3D and FRACTure. 

The FracSini3D code has been dewloped in se\ era1 stages. 
Originally written b>. Willis-Richards et al. (1996) in 3D. it was 
extended in 3D b!. Jinp et al. ( 1  998). Since then it  \i,as continu- 
ously improved (Biichler et al. 2001). modified and integrated 
into the HEX-S package that has now a GU1 interface allowing 
for the definition of wrious fracture sets nit11 their physical 
parameters and tlie \kualizing of thc imposed shear events. 
The 3D fracture netuork simulator especially addresses the 
problem of hydr,~ulic stimulation by an approximation of the 
conivlex fracture meclianics behavior in a fractured reservoir. 
The effective normal stress UII,,~. and the effective shear stress 
T?,,. on the plane of each fracture are derived from the local 
principal stress components and tlie fluid pressure. Since the 
fractures are assunied to be well connected the fluid pressure 
P, although locally acting on tlie fracture wall. is isotropic. 
The normal stress an,,,. and shear stress T,IT acting 011 a planar 
fracture being the keg stress parameters for the opening and 
shearing processes ase determined from the principle stress 
coniponents corrected by the fluid pressure P. Originally only 
operational with a strongly simplified hydraulic solution, a 
major improvement is now realized in the HEX-S package by 
calculating P from accurate numerical equations. 

FRACTure is a versatile. 3-D finite element program for the 
simulation of various processes in geoscience (Kohl & Hopkirk 
1995). It was designed with the specific aim of studying the 
coupling of different physical processes in the subsurface. Its 
flexible niodular structure facilitates the addition of further 
processes and elements to the existing library and the handling 
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of linear and non-linear constitutive laws and the calculation 
of their interactions. FRACTure can simulate individual hy- 
draulic (laminar, turbulent), different transport (thermal, non 
reactive solute, radioactive solutes) and elastic processes as 
well as special coupled inter-actions between these processes. 
Hydraulic calculations can be performed as function of the 
Reynolds Number: hydraulic regimes may switch from laminar 
to turbulent-like and vice versa. The name FRACTure is an ac- 
ronym for its functional capabilities (Flow, Rock And Coupled 
Temperature effects) whilst at the same time emphasizing the 
fracture as the dominant hydraulic structure in crystalline rock. 
Currently, the interaction only accounts for pure hydraulic 
effects - it is intended to activate density effects and poro-1 
thermoelastic stress perturbations at a later stage. 

In the present approach, both codes interact with each 
other through an iterative, explicit algorithm. Therefore, firstly 
the appropriate fracture sets are defined from determjnistic 
observations and from stochastic parameters. Generally, sets 
of >20'000 single fractures are generated this way, If how- 
ever, the later process only requires less, but more significant 
fracture sets, this number can be adapted accordingly. The 
intersection of these fractures with the continuous F E  grid 
is performed by a special routine, that accounts for the cur- 
rent aperture, a Rock-to-Fracture volumetric index (RFVI).  
The mapping procedure results in individual FE volumes of 
strongly anisotropic properties that are adapted at every time- 
step. The degree of shearlnormal compliance in the fracture 
network is predicted from the orientation of the fracture sets 
and from the change of hydraulic pressure. It results that the 
effective stress field will be strongly reduced at the injection 
boreholes. thus creating the most significant aperture changes. 
Generally. such hydraulic non-linear behavior is clearly observ- 
able at successful stin~ulation data. together with the transient 
extension of the microseismic cloud. At later interpretation. 
the modeled shearing events are compared to the location of  
the microseismic events. 

Numerical Model 
The numerical model used for the simulation of the hydrau- 

lically induced shearing events consists of -450'000 nodes. The 
model is strongly refined towards its center, along the open 
hole sections of GPK2-GPK3 and GPK4 between 4500-5000ni 
depth. Figure 4 illustrates this refinement in vertical and hori- 
zontal direction. Towards the boreholes, 25x75x25m3 cubes 
have been implemented. 

By a complex 3D, inverse numerical evaluation the interac- 
tion of microseismic events and hydraulic pressure field were 
evaluated for a typical Soultz situation. The applied numerical 
model included the three deep Soultz boreholes GPK2, GPK3 
and GPK4 (Figure 4). In the present model a simulation of 
the GPK3 stimulation is intended. Therefore, the focus of 
the simulation is concentrated on  the nearfield of GPK3 in- 
cluding measured deterministic and stochastic (derived from 
fracture distribution) fractures next to GPK3. The mapping 
of a ~tochasticldeterministic fracture network includes the 
measured GPK3 UBI log as well as further typical fracture 
Parameters. 

Figure 4. Numerical f~nite elenlent grid with open hole sections of GPK2, 
GPK3 and GPK4. A stochastic iracture network 1s mapped into the 3 0  
elements. 

Results and Discussion 

The simulation results highlight the strong complexity of 
non-linear processes occurring in the host rock. In the present 
paper, especially the initialization of shearing events and frac- 
ture dilatation will be discussed. The dependency of fracture 
aperture calculated from the current stress state is superim- 
posed by the anisotropic distribution of fractures. Therefore 
the pressure field starts initiating along the N-S direction, 
perpendicular to the minimum horizontal strcss.The transient 
development of the individual pressure isolines is not constant, 
but is strongly related to the individual fracture transmissivity. 
As a general pattern it can be observed thi~t high pressure zones 
develop as transient effects disappearing after a certain time . 
Due to the spatially heterogeneous fracture distribution it can 
well happen that the pressure does not develops radially from 
the borehole (i.e. in horizontal direction) but vertically. In  a 
horizontal slice through the 3D pressure field, such zones seem 
to be hydraulically disconnected from its neighborhood. 

It has been carried out in our sin~ulations that only a part 
of the pressure field is linked to seismic shearing events. A link 
between pressure and a shear event can be established for an 
over-pressure of 3 MPa. Lower overpressures penetrate into 
the host rock or adjacent fracture systems without any shearing 
effects. The calculated shear events align along major fracture 
zones. Clearly. many shearing events are simulated during a 
model run (>100'000 events during the first 10'000 sec). In 
comparison to the measured microseismic signals, it needs 
to be taken into account that not all shearing movements are 
locatable events, since they fall below a n  so-called "aseismic" 
threshold. In our analysis, we consider events below a shearing 
displacement of  1 cm to  be aseismic. 

The shearing events mostly group along the stimulation 
borehole (herein GPK3). On Figure 5 ,  overleaf, it can be clearly 
recognized that these events occur along the same features that 
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Figure 5. Shearing events in the vicinity of GPK3, occurring in the first 10'000 sec after injection start 

also show up as high-pressure fluid zones. Within the shape 
of theses features, the seismic signals seem to strongly perturb 
the host rock. The increase of transmissivity is well simulated. 
Tnjectivity increase of a factor 5 or more can be forecasted, 
depending on the stimulation rate. Sudden strong stin~ulation 
(Heavyside step function) seems to be more effective than 
slowly increasing flow rate. 

Conclusions 

A new simulation tool is now in operation that allows 
forecasting seismic events in space and time due to massive 
hydraulic injection into fractured rock. The interaction between 
the hydraulic pressure field and the shearing induced seismicity 
can now be demonstrated. This has a strong impact on the de- 
sign of cost-intensive stimulation experiments. Now, it becomes 
possible to predict the shearing response and the evolution of 
microseismicity un'der given deterministic/stochastic fracture 
distributions and stress field. 

Our analysis highlights the nature of seismic signals. they 
seem to correlate to fracture or fault zones that act as transient 
drainage system during stimulation. With increasing stimula- 
tion, these features can re-shear, however, the deeper penetrating 
pressure front activates more fractures at larger distance from 
the borehole. At a given stage, a nearly steady-state pressure 

field is reached and the extension of 
the microseismic cloud nearly stops. 

In future, this concept will be 
further developed. While the present 
approach is well suited for the simula- 
tion of short-term effects, occurring 
in the first days, the simulation of the 
long-term response has to account 
for the effects of poro- and ther- 
moelasticity in the host rock. Also, 
the application of our concept for 
sedimentary rock should be targeted 
in future. 
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