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ABSTRACT
We present a procedure for testing the interpretation of the induced seismicity. The procedure is 
based on Coulomb stress changes induced by deep fluid injection during well stimulation, providing 
a way to estimate how the potential for seismic failure in different volumes of a geothermal 
reservoir might change due to the water injection. It was successfully applied to reproduce the 
observations collected during and after the complex stimulation cycle of the GPK2 and GPK3 wells 
at the Soultz sous Foret Enhanced Geothermal System EGS site (Alsace, France).
In this paper, a conceptual model that  links the induced stress tensor and the permeability 
modifications is considered, with the aim to estimate the permeability change induced during the 
water injection. In this way, we can adapt the medium behaviour to mechanical changes, in order to 
better evaluate the effectiveness of the stimulation process for the enhancement  of the reservoir 
permeability, while also refining the reconstruction of the Coulomb stress change patterns. 
Numerical tests have been developed that  consider a physical medium comparable with the granitic 
basement of the Soultz EGS site, and a geometry of the system that  is compatible with that of the 
GPK2-GPK3 wells. In such a way, the forecasting of the areas of higher likelihood for induced 
seismicity results in a good agreement between Coulomb stress change patterns and induced 
seismicity.

Key Words: Heat Transfer, Finite Elements, Natural Convection.

1. INTRODUCTION

Conventional geothermal resources, such as hot springs, have been effectively exploited in the past 
century, although their distribution and potential for supplying electricity is somewhat  limited [1], 
[2]. However, geothermal resources span a wider range of heat  sources from the Earth, and 
represent a large, indigenous resource that  can provide base-load electric power and heat at  a level 
that can have a major impact on economies [1]. Among these resources, there are enhanced 
geothermal systems (EGS), which were originally known as ‘hot dry rock’ systems.  An EGS 
system involves drilling of a deep borehole into a layer of non-porous rock that  is characterised by 
high temperature (i.e., usually more than 150 °C). The well is initially stimulated, with the injection 
of high-pressure fluid, to induce the rock to fracture, and thereby to increase its permeability. At the 
end, a reservoir for a fluid injected from surface is created, and additional boreholes can be drilled 
to extract  the heat  from the rock mass by circulating the fluid through the fracture network. These 
systems have huge potential for primary energy recovery using heat-mining technology that is 
designed to extract and use the stored thermal energy of the Earth [3], [4]. There are, however, 
drawbacks related to the potential for induced seismicity due to the deep borehole water 
stimulation. This problem is indubitably felt as being an unacceptable price by local communities, 
as demonstrated by the Deep Heat  Mining Project  that  was started in Basel, Switzerland, in 1996, 
but is now suspended after a M 3.4 earthquake was recorded on December 7, 2006 [5], [6]. To make 
this risk acceptable for local communities, the potential for seismicity becomes an environmental 
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factor in the determination of the economics of EGS project  development, and adequate procedures 
have to be developed for its estimation and mitigation. 
We present  a procedure for testing the interpretation of the induced seismicity that is based on 
Coulomb stress changes induced by deep fluid injection during well stimulation [7]. This provides a 
way to estimate how the potential for seismic failure in different volumes of a geothermal reservoir 
might  change due to the well stimulation. This methodology was successfully applied to reproduce 
the observations collected during and after the complex stimulation cycle of the GPK2 and GPK3 
wells at  the Soultz sous Foret  EGS site (Alsace, France). It  represents a tool for the interpretation 
and mitigation of induced seismicity that  can be used to forecast the areas of higher likelihood for 
induced seismicity, and also for better planning of oil and gas activities that imply injection and/or 
withdrawal of fluids in deep wells. To obtain an evaluation of the permeability enhancement 
obtained during the stimulation process, a conceptual model that links the induced stress tensor and 
the permeability modifications is considered, with the aim to estimate the permeability change 
induced during the water injection. In this way, we can adapt the medium behaviour to mechanical 
changes, in order to evaluate the effectiveness of the stimulation process for the enhancement of the 
reservoir permeability, while also obtaining the reconstruction of the Coulomb stress change 
patterns. Numerical tests have been developed that  consider a physical medium and a system 
geometry comparable with the Soultz EGS site. 
At the first  stage, a continuous injection of cold water in one single well is simulated and the 
permeability enhancement  effects evaluated. Once the procedure has been calibrated for this 
essential case, the previously mentioned stimulation cycle that involved cold-water injection into 
the GPK2-GPK3 Soultz system  is reproduced.

2. METHOD

Our method of analysis consists of a two-step procedure. In the first  step, injection of water is 
simulated (Pruess, 1991) in a homogeneous medium, approximating a crystalline granite basement 
compatible with the deep structure of the Soultz-sous-Forets (France) EGS site. The modelled 3D 
physical domain and the imposed initial conditions are shown (Figure1). Water at ambient condition 
is injected. In such a way we obtain the pressure and temperature changes at  each point  in the 
medium, at  the final time. Such P  and T  changes at  any point are subsequently considered as 
elementary sources, heterogeneously distributed in the whole discretised volume, which generate an 
incremental stress tensor field estimated by using a finite element code [8], [7]. The incremental 
changes in the stress tensor due to fluid injection (or withdrawal) are successively summed with 
background regional tectonic loading, which is assumed to be purely deviatoric and is modelled as 
stated in [9].

Once the complete field of stress changes is computed, a conceptual model linking induced stress 
and permeability modification in orthogonally fractured media is adopted, incorporating the 
influences of both normal strain and shear dilation on the effect of fluid flow. The permeability 
changes caused by the solid deformation may be expressed as a function of induced stress tensor 
[10]. An estimate of the permeability change along the whole volume is so obtained. 

Due to the anisotropy of the induced stress tensor, permeability changes are, in principle, different 
in the three orthogonal directions, however, a mean value is assumed as k’, the new medium 
permeability after fluid stimulation. If values of k’, are selected exceeding the mean of the enhanced 
permeability more than 1 standard deviation, the corresponding points in the volume can be 
considered as the zone where borehole have been effectively stimulated.  The procedure can be re-
iterated to reconstruct the permeability of the medium as function of the time, during stimulation 
process composed by different injection rates.
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3. RESULTS

Two distinct cases were considered here. 
As the first  case, ten days of 50 kg/s water continuous injection was 
simulated in the considered volume, and the induced stress tensor was 
evaluated at  the end of the injection time. Following the procedure 
previously described, a mean permeability enhancement is obtained, 
giving a value of k’ = 4.2 �10-16 m2, which represents a permeability that 
is about three-fold the starting permeability (k0 = 1.8 �10-16 m2), in a 
spherical volume of about 0.5 km3. 
As the second case, the combined stimulation cycle realised in the 
GPK2-GPK3 wells (Soultz-sous-Forets, France) and descripted in [11] is 
reproduced. The whole injection cycle has  been separated in six 
contiguous time step, as shown in Figure 2. At  the end of each step, the 
induced stress tensor change was calculated following the proposed 

procedure, and the permeability enhancement  was evaluated. In the following 
step, the permeability was changed, taking in account this result. Finally, a 
permeability as an injection function was reconstructed and considered during 
the stimulation. A final permeability of k’ = 8 �10-15 m2 is obtained, about 
fourty-fold the starting permeability, in a volume of about 0.4 km3. At each 
time, the Coulomb stress change was also calculated, to have a comparison 
with the experimentally induced seismicity related to time a and time f, as 
shown in Figure 3. 

4. CONCLUSIONS

Coulomb stress changes appear to be the main cause for the induced seismicity during the 
stimulation that  is generated by the water injection. These stress changes do not  only result  from 
changes in the pore pressure, but also from the whole change in the stress tensor at  any point  in the 
medium, which results from the pressure perturbations due to the injection. The numerical 
procedure presented here takes into account the permeability increase that is due to this induced 
stress changes.

 A marked elongation of the Coulomb 
stress change patterns in the north 
direction was retrieved, compatible with 
the induced se ismici ty pat tern . 
Furthermore, at  the first simulated time 
step (time a), when the water was 
continuously injected only into well 
GPK3, the Coulomb stress changes 
already showed an elongated behaviour. 
T h i s b e h a v i o u r h i g h l i g h t s t h e 
dependence of the induced seismicity 
pattern on the pre-existing loading of the 
regional stress field. 
The high correlation between the coulomb stress changes and the induced seismicity distribution 
supports the reliability and robustness of the main hypothesis of this study of the relationship 
between the induced stress tensor variation and the permeability enhancement. The use of stress-
dependent permeability constitutes an important step towards the theoretical planning of stimulation 
procedures, and towards interpretation and mitigation of the induced seismicity. 
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Figure captions

Figure 1. Sketch of the simulation volume. (a) Positions of the GPK1, GPK2 and GPK3 wells 
projected on the Earth surface. (b) The whole volume analysed. Blue plane, Earth surface; red 
plane, injection plane. (c) Positions of the GPK1, GPK2 and GPK3 wells projected on the injection 
plane. The pressure and temperature initial conditions on the plane are also indicated. (d) Initial 
pressure (blue) and temperature (red) conditions as a function of depth.
Figure 2. Simplified stimulation functions for the GPK2 and GPK3 Soultz- sous-Foreˆts wells, 
representing the rates of injected water. (a–f) Times of the stimulation cycle shown.
Figure 3. Maximum Coulomb stress changes (bar; projected on horizontal slices at z=-5000 m) at 
the times a and f indicated in Figure 2. Coulomb stress changes are also compared with seismicity 
that occurred during these periods. Note the good agreement between positive stress changes and 
seismic areas. Y axis (blue) of the reference system is along the direction passing between the two 
wells, with the X (red) and Z (black) axes.
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