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Abstract
A study, started several years ago, aimed to construct a 3D hydro-mechanical model of the stimulation of the fracture network around each stimulated wells for the deep geothermal reservoir at Soultz-Sous-Forêts. A numerical approach based on the distinct element method (3DEC code) has been developed in order to understand and to explain the physical mechanisms which are at the origin of the hydraulic behaviour observed during stimulation tests conducted in the various wells. Previous studies have shown that there was a significant correlation between the orientations of the permeable fractures in relationship with the orientation of the in situ stresses. Knowing the most appropriate in-situ stresses is then a key issue.

This paper deals with the hydro-mechanical modelling of the stimulation tests performed in GPK3 and GPK4. Two stress fields are taken into account: the classical one used up to now, determined by Klee and Rummel (1993), and the new one determined by Cornet & al. (2006). Their influence in terms of shearing in the main fractures of the rock mass during hydraulic stimulations is analyzed.
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1. Introduction
Our current 3DEC models focus on the hydro-mechanical behaviour of the deep wells GPK3 and GPK4 during hydraulic stimulations. At this stage of our modelling work, we do not take into account the effect of a hydraulic stimulation performed in a well on the response of the hydraulic stimulation of another well, nor the thermal impact of the injection of a cold fluid in the hot rock. These two assumptions will be taken care of in a later modelling.
2. 3D Hydro-mechanical modeling

We used the 3DEC code (Itasca, 2003) in order to model the hydraulic stimulation in the fracture network around the wells. This code is based on the Distinct Element Method. Initially devoted to the modelling of three dimensions mechanical problems, 3DEC has been extended in order to simulate hydro-mechanical process due to fluid flows in deformable joints cutting three dimensions solids. Thus, it allows us to simulate interactions between the mechanical process (deformations, stresses, …) and hydraulic process (pressures, apertures, …) in a rock mass cut by discrete discontinuities which correspond to a realistic geometry of the fracture network. The resulting blocks are considered in 3DEC to be deformable, but impermeable. Indeed, the fluid flow occurs only in the joints and there’s no porous flow in the rock matrix. The fluid low is laminar, obeying to a cubic law, and monophasic: the joints either are fully saturated or totally dry. This assumption is considered true for the Soultz-sous-Forêts granite as the matrix permeability is negligible.

From a mechanical point of view, the behaviour of the fractures is assumed to be elasto-plastic, the elastic part of the behaviour of the joints being governed by a normal and a tangential stiffness. The elastic behaviour of the joints is limited by a standard Mohr Coulomb criterion above which the shear behaviour of the joints is perfectly plastic with dilation. The blocks are also deformable and are assumed to display an elastic behaviour.

Concerning the numerical aspects, the blocks are discretized into tetrahedral elements and the fractures into elementary domains. The numerical resolution of the transient flows is done by using a finite difference scheme. At each time step, the flows between nets induced by the pressure field are calculated. At constant time the excess (or loss) of fluid volume in each elementary domain is modified by running mechanical cycles during which the fluid pressure is modified proportionally to the “non-equilibrated” volume. The modification of the pressure field results in a modification of the actual stresses applied to the surrounding formations, which may themselves cause changes in the openings of the fractures and hence of the pressure field. Since the calculation method in 3DEC is incremental with preset time steps, equilibrium in the model is assumed to occur when the pressure and stress fields no longer change between two consecutive time steps.

The mechanical deformations in the normal direction (Un) and hydraulic apertures (a) are related by the expression above in which (a0) represent the initial hydraulic aperture defined for each discontinuity:
a = a0 + Un
(1)
3. Hydraulic stimulation tests
3.1 Preamble
To simplify access and data readability, we gathered in this chapter all the common features between the GPK4 and GPK3 models. Specific features, such as the fracture geometries, or the fractures hydro-mechanical properties are detailed in each corresponding GPK3 or GPK4 paragraph.
3.2 Size of the models

The numerical models are a parallelepiped volume, centred on the open hole of each studied well. The model size is 400m*400m*1000m. At this stage, the open hole of each well is considered as vertical. The Y-origin is located at the centre of each model which is extended over the range of ‑ 500m to + 500m.

3.3 Initial hydro-mechanical conditions

The aim of our study is to analyze the influence of the stress field on the deep wells hydro-mechanical response during hydraulic stimulation. We hence performed two sets of numerical models where we assumed as initial stresses in the model, either the classical stress field used up to now, determined by Klee and Rummel (1993), or the new stress field determined by Cornet et al (2006).

The stress field determined in the nineties by Klee and Rummel is the following:

h = 15.8[MPa] + 0.0149[MPa/m] (depth[m]-1458)

H =23.7[MPa] + 0.0336[MPa/m] (depth[m]-1458) (2)

v = 33.8[MPa] + 0.0255[MPa/m] (depth[m]-1377)

where h and H represent respectively the minimal and maximal horizontal principal stress; and v the vertical principal stress. The direction of the maximal horizontal principal stress H is N170°E ± 15°.

This natural stress had been determined for depths between 1450m and 3500m. However, as the open holes of the three deep wells GPK2, GPK3, and GPK4 were located at a 4000m to 5000m depth, and as there were, up to recently, no other stress field data, it had been assumed that one could extend the validity of this stress field below 3500m depth.

More recently, in 2005, Cornet et al. (2006) determined the following stress field:

h = (0.54 +/- 0.02)*v
H = (0.95 +/- 0.05)*v ,

oriented N175°E +/- 6°

(3)

v = 1377*0.024[MPa] + 0.0255[MPa/m] (depth[m]-1377)

where h and H represent respectively the minimal and maximal horizontal principal stress; and v the vertical principal stress. The direction of the maximal horizontal principal stress H is N175°E ± 6°.

Figure 1 shows the variations of h, H and v with depth for the two stress fields: n°1 determined by Klee and Rummel, and n°2 determined by Cornet et al. The main difference between these two stress fields is that the stress regime differs for depths below 3000m: with the 2nd stress field, the stress regime remains a normal fault stress regime (h < H < v) whereas with the first stress field, one has a normal fault stress regime for depths above 3000 m that change into strike slip regime (h < v < H) for deeper depths. With the stress field n°1, the sub-vertical fractures in the deep Soultz granite are less horizontally constrained than with the 2nd stress field. This should obviously change their hydro-mechanical behaviour when one performs the hydraulic stimulation.
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Figure 1.
Stress regimes at Soultz-sous-Forêts. Comparison of stress fields n°1 and n°2.

For the two sets of numerical models, we assume that the distribution of the initial fluid pressures in the fracture network obeys to a hydrostatic field as indicated in the equation below: 

P =  * g * y
(4)
where  represent the density of water, g is gravity and y is the depth.
3.4 Boundary hydro-mechanical conditions

The hydro-mechanical boundary conditions, shown Figure 2, are the following:

- Zero displacements are imposed at the North, West and bottom faces,

- Stresses, corresponding to the given stress field n°1 or n°2 are applied on the South, East and top faces, 

The hydrostatic pressure (Eq. 4) is fixed on each face of the rectangular model.
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Figure 2.
Initial and boundary hydro-mechanical conditions assumed in the model

3.5 Hydro-mechanical behaviour of blocks and fractures
In all the models, blocks are considered as elastic with the  mechanical properties given Table 1.

	Density

(kg/m3)
	Young Modulus (MPa)
	Poisson’s ratio



	2680
	52000
	0.29


Table 1.
 Blocks mechanical properties
All the fractures have the same mechanical constitutive law. The normal mechanical behaviour is elastic linear while the fracture is in compression; tensile strength is null. The tangential mechanical behaviour is elasto-plastic. It follows a Mohr Coulomb failure criterion with dilation effect. The shear strength of the joint verifies:

s ≤ c + n*tan ()
(5)

Where c is the joint cohesion, n is the normal stress applied on the joint,  is the joint friction angle.

The effect of dilation appears as soon as the maximum shear strength is reached. When the joint is slipping, the increase of the walls joint normal displacement Un-dil due to the dilatation is governed by the following equation:

Un-dil = Us*tan()
(6)
Where Us is the tangential displacement increment and  is the dilation angle 

In order to avoid an infinite opening of the joint when shear displacements are long, the dilation effect is cancelled in 3DEC as soon as the tangential displacement reaches a threshold called Z_dil. The shear behaviour is illustrated in Figure 3 in the case of a null cohesion.

[image: image3.wmf] 

Z_dil

 


Figure 3.
Illustration of the Mohr-Coulomb model with dilation effect (for a null cohesion) (ITASCA, 2003)

The fractures hydro-mechanical parameters for GPK3 and GPK4 are detailed in each corresponding paragraph.

3.6 Hydraulic stimulation of the deep wells
The simulation of the hydraulic test is carried out by adding an overpressure ((P) in the open part of the well (Figure 4). For each overpressure stage, a specific hydro-mechanical coupling procedure, developed with the macro language FISH, allows us to:

· calculate the flow rate injected in the well throughout the fracture network and the flow rate at the external boundaries,

stop automatically the run when there is equilibrium between the injected flow and the flow that goes out of the model.

The several overpressure stages are defined from the in situ experimental stimulation tests. However, in order to avoid any numerical instability, we apply intermediate stages of overpressure instead of the two or three real overpressure values that have been applied during the real stimulation test (Table 2). 
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Figure 4.
Overpressure conditions used in the simulation of the hydraulic stimulation

	Overpressure stages applied in GPK3 [MPa]
	Overpressure stages applied in GPK4 [MPa]

	2.5
	3.0

	5.0
	6.0

	10.5*
	9.0

	12.5*
	13.75*

	15.0*
	15.5

	17.0
	18.3*


* Reference overpressure values issued from in situ measurement in the wells

Table 2.
Overpressure stages applied in the wells for modelling

4. GPK4 hydraulic stimulation test

4.1 GPK4 - fractures data
In this deep well, very little data is available. A preliminary fracture network has been defined essentially by comparing the thermal anomalies issued from the temperature log (July 2004) with the UBI (Gentier et al. 2005). Nine fractures have been selected and introduced in the GPK4 3DEC model. Their geometry is detailed Table 3. The GPK4 3DEC model, shown Figure 5, is centred on Fracture F6, at 4797m depth. Fractures are roughly sub-vertical and parallel to the maximum horizontal stress.

	Fracture N°
	Depth (m)
	Dip (°)
	Dip Direction (°)

	F1
	4797 - 244
	86
	274

	F2
	4797 - 146
	83
	281

	F3
	4797 - 99
	80
	272

	F4
	4797 - 62
	85
	257

	F5
	4797 - 23
	75
	75

	F6
	4797 - 0
	66
	57

	F7
	4797 + 27
	69
	255

	F8
	4797 + 61
	70
	263

	F9
	4797 + 162
	78
	290


Table 3.
GPK4 fractures planes geometry
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Figure 5.
GPK4 3DEC model fractures perspective view

We use a 45° friction angle (Table 4) and a 5.0 m initial hydraulic aperture a0 (Table 5).

	Kn [MPa/m]
	Ks [MPa/m]
	Cohesion [MPa]
	Friction angle
	Dilation angle
	Z_dil

[mm]

	80000
	80000
	0
	45°
	1°
	10


Table 4.
GPK4 basic set of fractures mechanical properties

	Initial aperture

a0 [m]
	Residual aperture

ares [m]
	Maximum aperture

amax [m]

	5.0
	2.5
	150


Table 5.
GPK4 basic set of fractures hydraulic properties

4.2 GPK4 - influence of the stress field
We performed two numerical hydraulic stimulation tests:

· Case1, corresponding to the stress field n°1 proposed by Klee and Rummel,

· Case2, corresponding to the stress field n°2, proposed by Cornet et al.
Figure 6 represents the Flowrate (Q) vs Overpressure stages (P) stimulation curves obtained with 3DEC for the two cases and the one obtained in-situ. At the 18.3 MPa overpressure stage, the flowrates injected in the well are very much comparable between the two stress fields: 60.7 l/s for stress field n°1, and 63.1 l/s for stress field n°2, whereas the in-situ injected flowrate is about 45 l/s. Although one does not have a very good fit of the in-situ Q-P stimulation curve with these fractures hydro-mechanical properties (Table 4 & Table 5), taking into account the first or the second stress field does not change much the total flowrate in the well.
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Figure 6.
GPK4 – Case 1 & 2 – Evolution of the total well flowrate as a function of the overpressure stages P applied into GPK4 – Comparison of the two stress fields n°1 & n°2

Figure7 represents the flow contribution, in percentage, of each fracture to the total flow in the well for each overpressure stage (P). One can see that the flowrates distribution along the 9 fractures does not drastically change between the two stress fields. Moreover, the small differences become negligible when the overpressure P increases. Also, for the two stress fields, the flow contribution of each fractures get smoother while the overpressure P increases. For the first numerical overpressure stage, 3 MPa, the main part of the flow goes trough the first two fractures that are located on the top of the model: F2 (48-50%) and F1 (25-30%), the flow contribution of the other fractures being negligible (<10% in F3 as well as in F4, and <2% in each deeper fracture). For the last overpressure stage, 18.3 MPa, the flow distribution is much more homogenous between the 9 fractures: 17-19% in F1, 14-16% in F2 and F4, 9-10% in F6, F7, F8, F9, 8% in F3 and 6% in F5. Only fracture F4 seems to have a different behaviour than the other fractures. As soon as starts the stimulation test, F4 gives a non negligible flow contribution, 8%, and gives after the second overpressure stage a constant flow contribution whereas the flow contribution of the other fractures change with the overpressure stages. The flow contributions of fractures F1, F2, F3, located above F4, decrease when the overpressure increases, whereas the flow contributions of fractures F6 F7, F8 and F9 increase when the overpressure increases.
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Figure 7.
GPK4 – Case 1 & 2 – Flowrate percentages in each fracture vs. overpressure stages P applied into GPK4 – Comparison of the two stress fields n°1 & n°2

If there is very little difference in terms of flow in the well between the two stress fields, the mechanical behaviour is on the contrary really different. Table 6 summarizes the values of the maximum shear displacements in the fractures planes measured, at the 18.3 MPa overpressure stage, in the entire model, as well as in a set of 7 vertical cross sections parallel to the West-East axis. The highest values of shear displacements are measured in cross sections close to the model centre, far away from the external faces that have zero displacements boundaries (West and North) or fixed stress boundaries (East and South). However, these maximum values are not measured in the cross section that goes through the well. With the stress field n°1, which corresponds to a strike slip stress regime for depth greater than 3000m, it is not surprising that the fractures shear displacements are greater than with the second stress field which allows the fractures to remain in a normal fault regime. The maximum shear displacements in the fractures planes obtained with the first stress field is about 12.9 cm, twice as much as the maximum shear displacements obtained with the second stress field: 6.15 cm.
	
	Vertical cross section, located at z =
	Entire model

	
	156
m
	96
m
	36
m
	0
m
	-24
m
	-84
m
	-144
m
	

	Case1
	4.25
	7.19
	12.67
	6.59
	5.97
	4.48
	3.83
	12.91

	Case2
	2.62
	4.33
	5.63
	5.22
	5.32
	4.56
	2.87
	6.15


Table 6.
GPK4 – Case 1 & 2 – Maximum shear displacements [cm] in the fractures planes, measured in the entire model and in a set of 7 vertical cross sections, parallel to the West-East axis at P = 18.3 MPa – Comparison of the 2 stress fields

Figure 8 represents the shear displacement vectors along the fractures in one of the studied vertical cross section, parallel to the West-East axis, located at z = +36 m (towards North), at the 18.3 MPa overpressure stage. These shear displacement vectors give a very useful information on the shearing directions and help understanding the overall model mechanical behaviour. One can see here that the shearing directions in F1 and F4 are almost along the vertical axis, whereas the shearing direction in F9 is more horizontal and perpendicular to the cross section. The maximum shear displacements obtained in this cross section located at z = +36 m, respectively 12.7 cm and 5.6 cm for stress fields n°1 & 2, correspond roughly to the maximum shear displacements obtained in the entire model. This great shearing for this cross section is mainly located in fractures planes F1 and F4.

Figure 9 to Figure 11 represent, for the two stress fields n°1 and n°2, the shear displacement contours in fractures planes F1, F2 and F4, at the 18.3 MPa overpressure stage. These contours confirm somehow the shear displacements vectors drawn Figure 8 and clearly indicate that for the first stress field, used up to now in the modelling of the stimulations tests, the maximum shearing does not occur so close to the well. The maximum shear displacements do not appear round the well, but are located in some faces that are delimited by intersections with other fractures:

· in F1, the maximum shear displacements are in the area delimited by the intersections with F4 and F5,

· in F2, they are located in the area delimited by the intersections with F3 and F4,

· in F4, they are located in the area delimited by the intersections with F1 and F2, but also in the area between the intersection with F1 and the external boundary limit (note that the grey colour used by 3DEC for drawing some shear displacements contours in F4 correspond to values that are greater than the maximum value of 11 cm specified by the user. The maximum shear displacement in F4, located in the grey contour, is therefore greater than 11 cm and corresponds to the maximum of 12.9 cm measured in the entire model).

Figure 12 shows a perspective view of the blocks displacements vectors at the 18.3 MPa overpressure stage. For the two stress fields, there is a global movement of the blocks delimited by F4 and F5. For the stress field n°2, the maximum block displacement is about 7 cm, whereas with the first stress field the maximum block displacement is over 10 cm. However, with the stress field n°1, the displacement vectors point towards the South vertical face, which has fixed stress boundaries, whereas with the stress field n°2, the displacement vectors are not so horizontally spread and they point towards the bottom. This shows that the rock mass with the first stress field n°1 and the 18.3 MPa overpressure stage is almost unstable, whereas, with the second stress field, it is more likely to remain stable even with greater overpressures stages.

This 12.9 cm fracture shear displacement obtained with the first stress field corresponds therefore to some rock mass instability. This leads us to conclude that the first stress field is not the best appropriate for modelling the Soultz-sous-Forêts stress regime at 5000 m depths.
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Case 1 (stress field n°1)
Case 2 (stress field n°2)

Figure 8.
GPK4 – Case 1 & 2 – Shear displacements vectors in a vertical plane, // to the East axis & located at z = 36m, at P = 18.3 MPa – Comparison of the 2 stress fields
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Case 1 (stress field n°1)
Case 2 (stress field n°2)

Figure 9.
GPK4 – Case 1 & 2 – Shear displacements contours in F1 at P = 18.3 MPa – Comparison of the 2 stress fields
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Case 1 (stress field n°1)
Case 2 (stress field n°2)
Figure 10.
GPK4 – Case 1 & 2 – Shear displacements contours in F2 at P = 18.3 MPa – Comparison of the 2 stress fields
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Case 1 (stress field n°1)
Case 2 (stress field n°2)
Figure 11.
GPK4 – Case 1 & 2 – Shear displacements contours in F4 at P = 18.3 MPa – Comparison of the 2 stress fields
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Case 1 (stress field n°1)
Case 2 (stress field n°2)
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Figure 12.
GPK4 – Case 1 & 2 – Perspective view of the displacement vectors in blocks at P = 18.3 MPa – Comparison of the 2 stress fields

4.3 Best fit of the GPK4 hydraulic stimulation test

The total well flowrates obtained with either the first or with the second stress fields were too high compared to the in-situ injected flowrate (Figure 6). We tried to obtain a better fit of the Q-P stimulation curve by choosing more appropriate fractures hydro-mechanical properties (Table 7).

Without any flow logs, we used only the UBI logs available. As F1 and F9 seemed to be less damaged than the other fractures, we decreased by a factor of 10 the hydraulic apertures used for the basic cases, case 1 and 2. As the UBI logs for F3, F4, F7 and F8 show regions much more fractured than for F2 and F5, we decided to keep constant the hydro-mechanical properties for F2 and F5, and to reduce the friction angle from 45° to 40° for fractures F3, F4, F7 and F8. For F4, we also decreased by a factor of 2 the hydraulic apertures.

With the modified fractures hydro-mechanical properties given Table 7, we performed two numerical hydraulic stimulation tests:

· Case3, corresponding to the stress field n°1,

· Case4, corresponding to the stress field n°2.

Figure 13 represents the Flowrate (Q) vs. Overpressure stages (P) stimulation curves obtained with 3DEC for the two cases and the one obtained in-situ. At the 18.3 MPa overpressure stage, the flowrates injected in the well are still very much comparable between the two stress fields, but they also exactly match with the in-situ injected flowrate.

The maximum fractures shear displacements obtained in the models are respectively 7.3 cm for case 3 and 8.3 cm for case 4 (Table 8). These values are not located in the same fractures:

· for case 3, the maximum fracture shear displacement is measured in F2, around the well (Figure 15),

· for case 4, it is located in F7 (Figure 17).

Reducing the F4 hydro-mechanical properties (Table 7) changes drastically the mechanical behaviour of the rock mass. The shear displacements in F4 are less than 4 cm (Figure 16), and there is no instability of the blocks delimited by fractures F4 and F5 like with the basic set of hydro-mechanical properties (cases 1 & 2). Also, in the vertical cross sections, the shear displacements are of the same order of magnitude between the two stress fields (Table 8). 

Whatever the fractures hydro-mechanical properties are, it is interesting to note that the maximum shear displacements obtained in a model are not automatically located around the well, but far away from it, in some areas of fractures planes delimited by intersections with other fractures. For case 4, one can see that the maximum shear displacement is obtained in F7, more than 100 m from the well. However, we need to perform some more detailed analysis to check if this is due to an instability and if this 40° friction angle is realistic.

	
	Fracture N°
	Initial aperture

a0 
[m]
	Resid. aperture

ares 
[m]
	Max. aperture

amax 
[m]
	Friction angle (
(°)

	Case 1 &
Case 2
	F1 to F9
	5.0
	2.5
	150
	45

	Case 3 &
Case 4
	F1
	0.5
	0.25
	15
	45

	
	F2
	5.0
	2.50
	150
	45

	
	F3
	5.0
	2.50
	150
	40

	
	F4
	2.5
	1.25
	75
	40

	
	F5
	5.0
	2.50
	150
	45

	
	F6
	5.0
	2.50
	150
	40

	
	F7
	5.0
	2.50
	150
	40

	
	F8
	5.0
	2.50
	150
	40

	
	F9
	0.5
	0.25
	15
	45


Table 7 – GPK4 – Changes fractures hydro-mechanical properties
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Figure 13.
GPK4 – Best fit of Qwell-P -stimulation curve Cases 3 & 4, respectively with the two stress fields n°1 & n°2

	
	Vertical cross section, located at z =
	Entire model

	
	156
m
	96
m
	36
m
	0
m
	-24
m
	-84
m
	-144
m
	

	Case3
	2.40
	4.50
	6.68
	7.25
	6.75
	5.57
	4.30
	7.31

	Case4
	2.96
	5.92
	6.90
	7.26
	7.45
	8.16
	7.18
	8.32


Table 8.
GPK4 – Case 3 & 4 – Maximum shear displacements [cm] in the fractures planes, measured in the entire model and in a set of 7 vertical cross sections, parallel to the West-East axis at P = 18.3 MPa – Comparison of the 2 stress fields
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Case 1 (stress field n°1)
Case 2 (stress field n°2)

Figure 14.
GPK4 – Case 3 & 4 – Shear displacements contours in F1 at P = 18.3 MPa – Comparison of the 2 stress fields
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Case 1 (stress field n°1)
Case 2 (stress field n°2)
Figure 15.
GPK4 – Case 3 & 4 – Shear displacements contours in F2 at P = 18.3 MPa – Comparison of the 2 stress fields
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Case 1 (stress field n°1)
Case 2 (stress field n°2)
Figure 16.
GPK4 – Case 3 & 4 – Shear displacements contours in F4 at P = 18.3 MPa – Comparison of the 2 stress fields
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Case 1 (stress field n°1)
Case 2 (stress field n°2)
Figure 17.
GPK4 – Case 3 & 4 – Shear displacements contours in F7 at P = 18.3 MPa – Comparison of the 2 stress fields

5. GPK3 hydraulic stimulation test
5.1 GPK3 fractures data
In order to study the influence of the stress field on the GPK3 stimulation test, we used the GPK3 geometry, as well as the hydro-mechanical parameters, that have been used in the previous studies of the GPK3 stimulation test (Gentier et al. 2003). For easier access and readability, we give the several parameters hereafter.

The GPK3 3DEC model has been built on the base of eight fracture zones identified on UBI data and temperature logs. As there was no data on the F0 geometry, one had performed in the previous studies some tests on the F0 geometry. Table 9 gives the fractures planes geometry used in our GPK3 models cases 1 and 2 where we apply either the first stress field or the second stress field. The GPK3 3DEC model is centred on Fracture F3, at 4900m depth (Figure 18).

	Fracture N°
	Depth (m)
	Dip (°)
	Dip Direction (°)

	F0
	4900 - 300
	66
	30

	F1
	4900 - 150 
	64
	234

	F2
	4900 - 40
	78
	57

	F3
	4900 - 0
	74
	262

	F4
	4900 + 20
	71
	263

	F5
	4900 + 60
	72
	47

	F6
	4900 + 80
	79
	270

	F7
	4900 + 115
	66
	292


Table 9.
GPK3 – fractures planes geometry

The fractures hydro-mechanical properties used are given Table 10. Note that the normal and tangential stiffnesses, the dilation angle and Z_dil are the same as the one used for the GPK4 stimulation test (given Table 4). The F1 hydro-mechanical properties correspond to a very thick permeable fracture zone (25 m), observed on the UBI data.

	
	Fracture N°
	Initial aperture

a0 
[m]
	Resid. aperture

ares 
[m]
	Max. aperture

amax 
[m]
	Friction angle (
(°)

	Case 1 &
Case 2
	F0
	5.0
	2.50
	250
	52

	
	F1
	140.0
	70.0
	12000
	48

	
	F2 to F7
	5.0
	2.50
	150
	54


Table 10.
GPK3 – fractures hydro-mechanical properties
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Figure 18.
GPK3 – 3DEC model – fractures perspective view

5.2 GPK3 – Influence of the stress field

As for GPK4, we performed two numerical hydraulic stimulation tests:

· Case1, corresponding to the stress field n°1 proposed by Klee and Rummel,

· Case2, corresponding to the stress field n°2, proposed by Cornet et al.
Figure 19 represents the Flowrate (Q) vs. Overpressure stages (P) stimulation curves obtained with 3DEC for the two cases and the one obtained in-situ. For GPK3, three overpressure stages have been applied in situ. We applied in 3DEC the six overpressure stages given Table 2. Until the 15.0 MPa overpressure stage, the flowrate injected in the well is very much comparable between the two stress fields. For the last overpressure stage, 17 MPa, which has not been applied in-situ, the flowrate calculated with the second stress field seems to be in accordance with the general slope of the curve Q-P, whereas with the first stress field one can observe that there is a high increase in the injected flowrate (over 100 l/s instead of 70 l/s).
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Figure 19.
GPK3 – Evolution of the total well flowrate as a function of the overpressure stages P applied into GPK3 – Comparison of the two stress fields n°1 & n°2

Figure 20 represents the flow contribution, in percentage, of each fracture to the total flow in the well for each overpressure stage (P). Except for the last overpressure stages, the flowrates distribution along the 8 fractures is comparable between the two stress fields. Due to its great initial hydraulic aperture, the strong F1 contribution to the global response is obvious. F6 is the most permeable fracture and F5 the less permeable one whatever the overpressure in the well is. Between the last two overpressure stages 15 and 17 MPa, the F1 flow contribution remains constant with the second stress field, whereas it increases from 60% to 80% with the first stress field. This results, for this first stress field, in a decrease of each fracture flow contribution to the total flowrate.

The block displacements as well as the fractures shear displacements remain very small compared to the GPK4 stimulation test. The existence of the very permeable fracture F1 limits the possibility of shearing in the other plans of fracture located below. At the 15 MPa overpressure stage, the displacements are comparable between the two stress fields, and remain below 1 cm (Table 11). The shearing is hence very limited, and it increases only for the highest overpressure stage 17 MPa applied with 3DEC into the well (note this overpressure stage has not been applied in-situ). For such an overpressure stage, the maximum fractures shear displacements reach 2.7 cm for stress field n°1 and 1.4 cm for stress field n°2 (Table 11) 

Note that this shearing is not located in the same fractures for the 2 stress fields:

· the 2.7 cm maximum fracture shear displacement is obtained in F1 (Figure 21) and F2 (Figure 22) for stress field n°1, whereas

· the maximum 1.4 cm fracture shear displacement is obtained in F3 (Figure 23) for stress field n°2.

	
	Maximum blocks displacements 
in entire model [mm]
	Maximum fractures shear displacements in entire model [mm]

	
	P=
15 MPa
	P=
17 MPa
	P=
15 MPa
	P=
17 MPa

	Case 1
	5.6
	17.2
	9.9
	27.2

	Case 2
	4.7
	9.6
	7.1
	14.0


Table 11.
GPK3 – Case 1 & 2 – Maximum blocks and fractures shear displacements for two overpressure stages 15 and 17 MPa – Comparison of the 2 stress fields
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Figure 20.
GPK3 – Flowrate percentages in each fracture vs overpressure stages P applied into GPK3 – Comparison of the two stress fields n°1 & n°2
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P = 15 MPa
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P = 17 MPa


Case 1 (stress field n°1)
Case 2 (stress field n°2)
Figure 21.
GPK3 – Shear displacements contours in F1 at P = 15 MPa & 17 MPa – Comparison of the 2 stress fields
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P = 15 MPa
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P = 17 MPa

Case 1 (stress field n°1)
Case 2 (stress field n°2)
Figure 22.
GPK3 – Shear displacements contours in F2 at P = 15 MPa & 17 MPa  – Comparison of the 2 stress fields
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P = 15 MPa
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P = 17 MPa

Case 1 (stress field n°1)
Case 2 (stress field n°2)
Figure 23.
GPK3 – Shear displacements contours in F3 at P = 15 MPa & 17 MPa – Comparison of the 2 stress fields

6. Developments in progress

The fractures mechanical constitutive law we have used up to now is the Mohr-Coulomb slip model with dilation effect. We are aware that with this constitutive law, we may not be able to reproduce a shut-down hydraulic test, as we may not have significant irreversible permeability increase with the Mohr-Coulomb model. We plan to use another constitutive law, the Continuously Yielding Joint Model that is available in the 3DEC code, which takes into account the fracture damage associated to the shearing of the fractures. 

Then, we plan to enlarge our model size and modify our hydro-mechanical coupling procedure in order simulate several wells. Thus, we will be able to take into account the effect of a hydraulic stimulation performed in a well on the response of the hydraulic stimulation of another well. 

At last, we plan also to take into account the thermal impact of the injection of a cold fluid in the hot rock. 

7. Conclusion

In the current phase of this program we studied the influence of the stress field on the hydro-mechanical behaviour of the rock mass during hydraulic stimulations. We performed with 3DEC some hydro-mechanical modelling of the stimulation tests performed in GPK3 and GPK4 and took into account two stress fields: the classical one used up to now, determined by Klee and Rummel (1993), and the new one determined by Cornet & al. (2006). We analyzed their influence in terms of shearing in the main fractures of the rock mass, and showed that, with the classical stress field, the shear displacements could be two times larger than with the second stress field. We showed that for GPK4, these large displacements were not located close to the well, but at a great distance from the well and were due to some block instabilities. 
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