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Modelling the excavation damaged zone in claystone with strain localisation using coupled second gradient model and the influence of gallery ventilation
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	Abstract: Drilling of galleries induces stress perturbations that trigger damage propagation in the surrounding medium. The excavation process creates then the so-called excavation damaged zone around the galleries. The prediction of the extension and of the fracture structure within this zone remains nowadays a major issue especially in the context of underground storage. Since localised deformation in shear band mode is frequently observed in experimental works, the excavation damaged zone can be modelled by considering the development of shear strain localisation bands. To correctly model this behaviour, an enhanced model with a regularisation method is required. In underground structures, air ventilation inside the galleries induces a rock-atmosphere interaction that may lead to drainage and to rock desaturation close to the gallery wall. Such desaturation may influence the damage zone structure and needs to be studied. A hydro-mechanical modelling of a gallery excavation including air ventilation is thus performed and the numerical results provide information about the damaged zone extension, the strain localisation bands pattern and the influence of rock desaturation.
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1  Introduction

(
The solution currently being considered for long-term management of radioactive waste is the repository in deep argillaceous geological media with low permeability. Because of the stress perturbations, the excavation process engenders damage propagation. The latter can be either diffuse or localised and leads to the formation of the Excavation Damaged Zone, EDZ, in which the mechanical and hydraulic properties are significantly modified as described by Bossart et al. (2002). 

Previous experimental works, at small and large scales, have highlighted that the damage around underground galleries is localised and develops mainly as strain localisation in shear band mode. In the classical finite element framework, the strain localisation is mesh-dependent, thus an enhanced model is needed to correctly represent the localisation behaviour. We have chosen to use the coupled second gradient local model, which includes an enrichment of the continuum with microstructure effects.

We consider the Callovo-Oxfordian claystone as host material. This argillaceous rock surrounds the Underground Research Laboratory, URL, of the French national radioactive waste management agency, Andra, located in Bure, Meuse/Haute-Marne, France. In situ observations and measurements of fractures at the front and around an experimental gallery are available in Cruchaudet et al. (2010b). These measurements provide the extension of the EDZ and a description of the fracturing pattern such as the type of fractures that are present close to the gallery.

In this particular study, we focus on the modelling of a gallery excavation in order to reproduce the development of the EDZ at nuclear waste repository scale. The damage zone can also be influenced by rock-atmosphere interactions due to air ventilation in the galleries. The ventilation process is consequently modelled and the possible desaturation of the rock is analysed. A particular attention is paid to the prediction of the EDZ extension and the fracturing structure, and to the influence of the gallery ventilation. The modelling is performed with the non-linear finite element code Lagamine developed at the University of Liège. 
2  Fracturing evidences
In the context of underground galleries, fractures appear due to the drilling and a damage zone is created. This is the mechanical fracturing. The damage zone can also be modified by soil-atmosphere interactions due to air ventilation (Matray et al. 2007). 
2.1 Mechanical fracturing
At small scale, many laboratory tests lead to fracture and material rupture. Conclusions of experimental works on geomaterials indicate that strain localisation in shear band mode is frequently observed (Fig. 1) and leads to rupture, in fact stress peaks in stress-strain curves corresponds to the establishment of a shear band (Desrues 2005; Mokni and Desrues 1999). Therefore, the post peak or post localisation behaviour is important and needs to be properly modelled. Numerous experimental works have been devoted to strain localisation in soils and rocks for the last thirty years. They involve special techniques to study the evolution of the strain localisation processes such as X-ray microtomography, three dimensional digital image correlation (Lenoir et al. 2007) or stereophotogrammetry (Desrues and Viggiani 2004). 
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Fig. 1 Mechanical fracturing during a biaxial compression test on Hostun sand from Mokni and Desrues (1999).
At large scale, the drilling in clayey rocks induces stress redistribution that triggers damage and fracture propagation. This generates the creation of a damage zone with properties changes, such as permeability increase (Fig. 2; Bossart et al. 2002) that could alter the safety function of the rock in the case of nuclear waste repository.
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Fig. 2 Mechanical fracturing around a gallery in Opalinus clay and permeability change from Bossart et al. (2002).
2.2 Soil-atmosphere interaction
If the soil-atmosphere interaction leads to the drainage and the desaturation of a material, it can create shrinkage or even fracturing. Therefore, it creates a damage zone with modified properties. Plenty of laboratory drying tests have been developed at small scale to study the material evolution due to material-atmosphere interaction. The Fig. 3 from Ta (2009) shows the result of a drying test that led to fracturing. An efficient tool to characterise the cracks development and evolution during a drying test performed on a small scale sample is the X-ray microtomography coupled to image analysis. It also allows the determination of internal moisture profiles and geometrical parameter changes that describes the shrinkage process (Léonard et al. 2002; Léonard et al. 2003).
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Fig. 3 Cracks network on the surface of the Romainville clay after drying from Ta (2009).
At large scale, air ventilation is usually realised in the galleries composing underground structures. It could affect the material at the gallery wall and have an influence on the damaged zone by modifying its structure, size, and properties. To study the influence of rock-atmosphere interactions, ventilation tests are performed in URL. For instance, a ventilation test called SDZ is carried out by Andra (Cruchaudet et al. 2010a) in France and the VE experiment is performed at the Mont Terri underground laboratory in Switzerland (Mayor et al. 2007). The aim is to characterise the influence of controlled ventilation imposed in an experimental gallery on the behaviour of the rock mass and the damaged zone. The desaturation of the clay rock is most particularly studied.
2.3 Andra Underground Research Laboratory
The Callovo-Oxfordian claystone surrounds the Andra's URL. In situ measurements of fractures in the rock around the experimental gallery GED oriented in the direction of the minor horizontal principal stress are available. A brief summary from Cruchaudet et al. (2010b) is detailed in Fig. 4 and Fig. 5 where we can see pictures of the gallery front and a schematic representation of the fractures as well as the extension of the fractured zone. They exhibit chevron fractures around and at the front of the gallery. Two zones exist: a zone with shear and tension fractures close to the gallery and a zone with only shear fractures further in the rock. Along the gallery, the extension of the total fractured zone is about 0.6 to 1.1 diameter in the vertical direction and less than 0.1 diameter in the horizontal direction.
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Fig. 4 Picture and schematic representation of the fractures at the front of a gallery of the Andra URL from Cruchaudet et al. (2010b).
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Fig. 5 Extension of the zone of shear fractures and of shear and tension fractures of a gallery of the Andra URL.
3  Constitutive models
The mechanical and hydraulic constitutive models for the claystone are presented in this section. 
3.1 Stress definition
The total stress field is defined according to Bishop's postulate (Nuth and Laloui 2008), corresponding to Biot's definition and taking into account partial saturation : 
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where 
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 is the total stress field, 
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 is the Bishop's effective stress field, b is Biot's coefficient, Sr,w is the water degree of saturation, pw is the pore water pressure with pw<0 if suction, 
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 is the Kronecker symbol. 
3.2 Solid phase behaviour
Within the scope of poroelasticity defined by Detournay and Cheng (1993) and Coussy (2004), the isotropic behaviour linking the volume or density variation to the pore water pressure and Terzaghi’s mean effective stress variation 
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where ρs is the solid grain density, n is the porosity, Ks is the isotropic bulk modulus of the solid grains. It is calculated from Biot's coefficient and the drained bulk modulus of the poroelastic material K0 :
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where E0 and 
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are drained Young's modulus and drained Poisson's ratio.
The porosity time variation takes into account the compressibility of the solid grain skeleton and reads :
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where 
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 is the volumetric strain. 
3.3 Fluid phase behaviour

A flow model is used to reproduce water transfer in partially saturated porous media. The fluid mass flow fw reads :
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where qw is the average speed of the liquid phase relative to the solid phase. The advection of the liquid phase is modelled by Darcy's flow :
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where k is the intrinsic water permeability, kr,w is the relative water permeability and 
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 is the water dynamic viscosity, g is the gravity acceleration, and z is the elevation.
The retention curve is given by van Genuchten's model from van Genuchten (1980) :
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where Sres and Smax are the residual and maximal degree of saturation, pc is the capillary pressure, N and M=1-1/N are the coefficients of van Genuchten's model and Pr is the parameter of van Genuchten's model. The water relative permeability curve is given by Mualem - van Genuchten's model :
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The isotropic compressibility of the fluid follows the relation :
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where 
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 is the fluid isotropic compressibility.
3.4 First gradient mechanical law
The constitutive mechanical law used for the clayey rock is an elastoplastic internal friction model with linear elasticity and a Drucker-Prager yield surface as detailed in Fig. 6. Under soil mechanic convention, in which the compressive stress is positive, the yield surface equation reads : 
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where 
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 is the first stress invariant, 
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 is the second deviatoric stress invariant, 
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 is the compression friction angle, c is the cohesion and m is a parameter of the law. The first and second stress invariants are given by :
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where 
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 is the deviatoric stress tensor :


[image: image34.wmf]ˆ

3

ijijij

I

s

ssd

=-



(14)
The coefficient m is defined as follow :
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[image: image36.emf]
Fig. 6 Drucker-Prager model under soil mechanic convention : (left) deviatoric stress versus mean effective stress plane, (center) deviatoric space, (right) hardening/softening.
The model allows friction angle and/or cohesion isotropic hardening and/or softening as a function of Von Mises’ equivalent plastic strain :
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Hyperbolic functions are used (Fig. 7) :
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where 
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 are the initial and final compression friction angles, c0 and cf are the initial and final cohesions, coefficients 
[image: image41.wmf]B

f

 and 
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 are the values of the equivalent plastic strain for which half of the hardening/softening on friction angle and cohesion is achieved.
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Fig. 7 Hardening/softening hyperbolic relation for two values of coefficient 
[image: image44.wmf]B

f

.
3.5 Second gradient mechanical law

As already mentioned, the damage around underground galleries is localised and develops as strain localisation in shear band mode. Within the framework of classical finite element, the strain localisation depends on the mesh size and orientation (Collin et al. 2009; de Borst and Mühlhaus 1992; Pietruszczak and Mróz 1981; Wu and Wang 2010; Zervos et al. 2001). An enhanced model, introducing an internal length scale, is therefore necessary to properly model the post peak and localisation behaviour. Different regularisation approaches exist and we can distinguish two main categories. The first one consists in the enrichment of the constitutive law. The internal length scale is introduced in the behaviour model. As examples we can mention the gradient plasticity and the non-local approaches. The second category consists in the enrichment of the kinematics. Within the scope of these methods, the continuum is enriched with microstructure effects : the kinematics include the classical one, the macrokinematics, and the microkinematics (Toupin 1962; Mindlin 1964; Germain 1973; Collin et al. 2006). Cosserat’s model is one of the most famous (Cosserat and Cosserat 1909). Among the existing regularisation methods with enrichment of the kinematics, the coupled second gradient local model (Chambon et al. 1998; Chambon et al. 2001) is chosen.

For the coupled second gradient model and for every kinematically admissible virtual displacement field 
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 and virtual pore water pressure field 
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, the two balance equations to be solved (Collin et al. 2006), i.e. the momentum and fluid mass balance equation, read in a weak form : 
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where 
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 is the total stress field, 
[image: image50.wmf]ijk

S

 is the double stress dual of the micro second gradient, which needs an additional constitutive law, and 
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 denotes the current solid configuration (volume). Gi is the body force per unit volume, 
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 is the classical external traction force per unit area, 
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 is an additional external double force per unit area, both applied on a part 
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 normal derivative. Further, 
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 is the time derivative of the water mass inside 
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, mi is the mass flow, Q is a sink term and 
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 is the part of the boundary where the input water mass per unit area 
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 is prescribed.

The second gradient law gives the double stress 
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 as a function of the micro second gradient. It is a linear elastic law with isotropic linear relationship deduced from  Mindlin (1964) and it depends only on one elastic parameter D. The shear band width is proportional to this elastic parameter (Chambon et al. 1998; Kotronis et al. 2007). 
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 has no link with the pore water pressure. 
4  Numerical simulations
The parameters of the Callovo-Oxfordian claystone needed for the models come from Charlier et al. (2012) where a synthesis of the main parameters obtained from laboratory testing and available in the literature is presented. The parameters of van Genuchten’s model come from previous experimental data fitting and the cohesion softening parameters are chosen to allow the triggering of the shear strain localisation. The parameters values are defined in Table 1. 
Table 1 Mechanical and hydraulic parameters for the Callovo-Oxfordian claystone.

	Parameter
	Symbol
	Name
	Value
	Unit

	Mechanical
	E
	Young's modulus
	4000
	MPa

	
	ν
	Poisson's ratio
	0.3
	-

	
	b
	Biot's coefficient
	0.6
	-

	
	ρ
	Specific mass
	2300
	kg/m³

	
	ψ
	Dilatancy angle
	0.5
	°

	
	φ0
	Initial friction angle
	10
	°

	
	φf
	Final friction angle
	20
	°

	
	Bφ
	Hardening coefficient
	0.002
	-

	
	c0
	Initial cohesion
	3
	MPa

	
	cf
	Final cohesion
	0.3
	MPa

	
	Bc
	Softening coefficient
	0.003
	-

	
	D
	Second gradient elastic modulus
	5000
	N

	Hydraulic
	khor
	Horizontal intrinsic water permeability
	4×10-20
	m²

	
	kvert
	Vertical intrinsic water permeability
	1.33×10-20
	m²

	
	n
	Porosity
	0.18
	-

	
	M
	van Genuchten coefficient
	0.33
	-

	
	N
	van Genuchten coefficient
	1.49
	-

	
	Pr
	van Genuchten parameter
	15
	MPa

	
	Smax
	Maximal degree of saturation
	1
	-

	
	Sres
	Residual degree of saturation
	0.01
	-

	
	1/χw
	Water compressibility
	0
	Pa-1


The major issue of the simulations is the prediction of the damaged zone extension and fracturing structure. We will also focus on the development of the fractures during or after the excavation and on the influence of gallery ventilation.

A hydro-mechanical modelling of a gallery excavation is performed in two-dimensional plane strain state. It takes into account the hydraulic permeability anisotropy and the initial anisotropic stress state corresponding to a gallery of the Andra URL drilled in Callovo-Oxfordian claystone :
pw,0 = 4.5 [MPa]

σh,0 = σv,0 = 12 [MPa]

σH,0 = 1.3 σv,0 = 15.6 [MPa]

where pw,0 is the initial pore water pressure, σv,0 is the vertical principal total stress, σh,0 is the minor horizontal principal total stress and σH,0 is the major horizontal principal total stress. The modelled gallery has a radius of 2.3 meters, it is oriented in the direction of the minor horizontal principal stress and gravity is not taken into account in the model. A schematic representation of the model, the mesh and the boundary conditions is detailed in Fig. 8. The mesh extension is 60 meters both horizontally and vertically. The discretization is performed with a total of 9801 nodes and 2480 elements with a more refined discretization around the gallery.
[image: image64.emf]
Fig. 8 Schematic representation of the model used for the modelling of a gallery excavation.
Assuming symmetry along the x- and y-axes, only one quarter of the gallery is discretised. The initial stresses and pore water pressure are imposed at the mesh boundary, the water flow and the normal displacements are blocked to a value of zero along the symmetry axes. As mentioned by Zervos et al. (2001), a special care must be brought to the kinematics boundary conditions required to establish the symmetry. Because of the existence of gradient terms in the equilibrium equations, higher order constraints have to be characterised in addition to the classical boundary condition on the normal displacements. This second kinematic condition states that the radial displacement ur must be symmetric on both sides of the symmetry axes implying that its normal derivative, with respect to the tangential direction θ, has to cancel :
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which is equivalent to :
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To correctly model the fracturing pattern, the second gradient elastic modulus, which defines the width of the shear bands, has to be chosen in order to have a shear band width of about three element size. Considering the mesh, a value of D = 5000 [N] is used (Table 1). 
The gallery excavation is executed in five days during which the total stress and the pore water pressure at the gallery wall decrease from their initial values to the atmospheric pressure of 100 [kPa]. Then the calculation is extended to a thousand days under constant stress to highlight possible transient effects.
At the gallery wall, it is assumed that the liquid water inside the rock is in equilibrium with the water vapour of the gallery air. This assumption comes from the fact that inside a porous media, if both gaseous and liquid phases are considered in the pores, it is assumed that both phases of the water, the water vapour and the liquid water, are in equilibrium. The balance equation that expresses this equilibrium is Kelvin's law which gives the concentration of water vapour in the gas phase :
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where pv is the partial pressure of water vapour, pv,0 is the pressure of saturated water vapour, Mv is the molar mass of water vapour Mv = 0.018 [kg/mol], R is the gas constant R = 8.314 [J/mol K], T is the absolute temperature expressed in Kelvin, ρw is the liquid water density ρw = 1000 [kg/m³], and s is the capillary pressure corresponding to the matric suction s = pg - pw with pg the gas pressure and pw the pore water pressure. The gas pressure corresponds to the atmospheric pressure and the air temperature is chosen based on Andra's measurements performed during an in situ ventilation experiment detailed in Cruchaudet et al. (2010a), an average value of 25 [°C] (T = 298.15 [K]) is adopted. However, different conditions have been developed to model the exchanges between a cavity and the surrounding rock. They have been developed, for instance, in order not to apply directly to the material, the pore water pressure corresponding to the equilibrium detailed here above. Ghezzehei et al. (2004) propose a condition which implies that two modes of exchange can occur in ventilated cavities : seepage flow and a vapour exchange flow. Numerical modelling performed by Gerard et al. (2008) highlight that this type of flow boundary condition has a strong influence on the cavity convergence of a ventilated cavity. Despite this, such a condition is not taking into account in this work.
Two cases are envisaged for the air inside the gallery. On one hand, there is no ventilation inside the gallery, therefore the air is saturated with water vapour, this maximal concentration corresponds to RH = 100 [%]. According to Kelvin's law, the pore water pressure at the gallery wall corresponding to this air relative humidity is the atmospheric pressure. The pore water pressure is maintained constant after the end of the excavation and the claystone will remain almost saturated. On the other hand, ventilation is usually realised in the galleries composing underground structures. It may drain the water from the rock, desaturate it and modify the structure or the fracturing pattern as well as the size of the damaged zone. Ventilation can be imposed in the gallery in order to observe its effects on the rock material. The air injected in the gallery is dryer and has a lower relative humidity, we chose 80 [%] which corresponds to pw = -30.7 [MPa] according to the previous relation of Eq. 22. The decrease of pw is performed in two steps : firstly it decreases from its initial value to the atmospheric pressure during the excavation, secondly an initiation phase of ventilation is considered from day five to day ten, after it the ventilation is maintained constant. The imposed stresses and pore water pressure at the gallery wall are presented in Fig. 9.
[image: image68.emf]
Fig. 9 Imposed stresses and pore water pressure at the gallery wall for the modelling of a gallery excavation with and without air ventilation.
5  Results and discussion
The damaged zone creation and evolution can be observed through the evolution of strain localisation. For the modelling without ventilation, we focus on the influence of Biot’s coefficient on the fracturing pattern. A first calculation considers b=1 (Fig. 10), the second considers b=0.6 (Fig. 11). 
[image: image69.emf]
Fig. 10 Evolution of strain localisation during and after gallery excavation without gallery ventilation and for a Biot’s coefficient value of 1.
The numerical results presented in the figures are the evolution of strain localisation around the gallery in terms of deviatoric strain increment, total deviatoric strain and plastic zone, which is represented by the plastic loading mesh points. The modelling exhibits a chevron fracture pattern around the gallery corresponding to in situ observations. The chevron fractures are concentrated above the gallery because of the material anisotropic stress state.
[image: image70.emf]
Fig. 11 Evolution of strain localisation during and after gallery excavation without gallery ventilation and for a Biot’s coefficient value of 0.6.
The value of b induces a difference of shear bands pattern. With a value of 0.6 there are less bands and it delays the appearance of shear strain localisation. The strain remains diffuse until the fourth day of the excavation, nonetheless the localisation appears before its end. Matter of fact, with b=0.6 the effective stress at the gallery wall are higher than with b=1, the rock is more resistant and the shear strain localisation appears later.

Let us now consider the modelling with b=0.6 and with gallery ventilation. Until the end of the drilling, this calculation is the same as when ventilation was not applied thus only the results after the excavation are displayed on Fig. 12. The suction imposed at the wall strongly influences the results. Following Bishop's stress definition, higher the suction, higher the effective stress (Fig. 17), meaning that the material is even more resistant and becomes elastic again. This inhibits the shear strain localisation around the gallery. The extension of the EDZ for this simulation is detailed in Table 2 and corresponds fairly well to the in situ experimental measurements of shear fractures.
[image: image71.emf]
Fig. 12 Evolution of strain localisation after gallery excavation with gallery ventilation and for a Biot’s coefficient value of 0.6.
Table 2 Comparison between the thickness of the numerical strain localisation zone around the gallery and of the observed fractured zone from Cruchaudet et al. (2010b).
	Direction
	Numerical 
[m]
	Shear and tension fractures [m]
	Shear fractures [m]

	Horizontal
	0.5
	0.5
	0.8

	Vertical upward
	4.6
	1.7
	3.9

	Vertical downward
	4.6
	2.0
	5.1


Various results at the gallery wall and in the rock mass are detailed hereafter, they are compared for the cases including (RH = 80 [%]) or not (RH = 100 [%]) ventilation. The cross-sections and gallery wall observation points are localised as described in Fig. 13. 
[image: image72.emf]
Fig. 13 Positions of cross-sections and gallery wall observation points.
The evolution of pore water pressure for the vertical and horizontal cross-sections is detailed in Fig. 14. In the rock mass, we observe an increase of pressure in the vertical direction and a decrease in the horizontal direction up to a radial distance of about 30 [m]. The influence of the strain localisation bands is visible in the vertical direction, mostly until 50 days of calculation then it tends to vanish. This is due to the strain increment inside the bands (band activity) and the hydro-mechanical coupling. The influence of the ventilation is of course marked close to the gallery wall but tends to disappear deeper in the rock.
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Fig. 14 Evolution of pore water pressure after gallery excavation along vertical (left) and horizontal (right) cross-sections.
The evolution of the degree of saturation along the cross-sections is detailed in Fig. 15. For the modelling without ventilation, the observations concerning the influence of the strain localisation bands are the same as for the pore water pressure. Nevertheless, the claystone remains almost saturated at the gallery wall and fully saturated after a distance of 3 [m] in the rock for the modelling without ventilation. For the modelling with ventilation, a strong desaturation is observed close to the wall. Fig. 16 details the evolution of the degree of saturation at the gallery wall and allows to see more clearly its desaturation.
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Fig. 15 Evolution of the degree of saturation after gallery excavation along vertical (left) and horizontal (right) cross-sections.
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Fig. 16 Evolution of the degree of saturation during and after gallery excavation at the gallery wall.
The stress paths at the gallery wall are detailed in Fig. 17. As mentioned earlier, in case of ventilation the stresses are much higher because of the suction. This explains the difference between the stress paths of the modelling with or without ventilation after the end of the drilling phase.
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Fig. 17 Stress path during and after gallery excavation at the gallery wall.
Fig. 18 shows the displacements evolution along the vertical and horizontal cross-sections. A strong influence of the strain localisation bands is observed close to the gallery in the vertical direction and until the end of the calculation. Horizontally the cross-section does not go through a localisation band. For both directions, the displacements are important during the excavation and keep increasing afterwards for the modelling without ventilation. When ventilation is applied, the displacements do not increase much after the excavation. This can also be observed in the evolution of the gallery convergence in Fig. 19 where the matching with experimental results from the same gallery of the Andra URL is presented. These results come from measurement sections named OHZ120 A, B and C performed in the GED gallery (Cruchaudet et al. 2010b). A difference is noticeable whether ventilation is applied or not. For the modelling with ventilation, pw remains negative close to the gallery (Fig. 14), the effective stresses increase after the excavation (Fig. 17) and the material becomes elastic again. As already mentioned, the desaturation of the rock close to the gallery inhibits the shear strain localisation (Fig. 12) which has the effect of restricting the further deformation. Without ventilation, pw close to the gallery wall increases after the excavation (Fig. 14), the effective stresses reduce (Fig. 17) and the material remains partly plastic close to the gallery (Fig. 11). This increases the deformation, and therefore the gallery convergence. 
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Fig. 18 Evolution of displacement after gallery excavation along vertical (left) and horizontal (right) cross-sections.
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Fig. 19 Evolution of the vertical (left) and horizontal (right) convergence during and after gallery excavation with comparison to experimental results from Cruchaudet et al. (2010b).
One can also observe that the convergence is anisotropic because of the material anisotropic stress state, but mostly because of the shear strain localisation bands located above the gallery that imply larger displacements. Besides, the simulation without ventilation gives a good prediction of the convergence in the vertical direction but overestimates it in the horizontal direction. In that direction, the proximity of the shear band localisation induces excessive deformations.
To summarise, the modelling results bring some important observations. The shear bands pattern and its extension correspond fairly well to fracture observations and measurements. The convergence is well reproduced in the vertical direction. The shape of the chevron fractures, the anisotropy of the convergence and the differences between results in the horizontal and vertical directions are due to the material anisotropic stress state and to the strain localisation bands. Furthermore, even if important changes occur during the drilling, transient effects are still visible after it. The influences of gallery ventilation as well as of the strain localisation bands on the displacements, pore water pressures and degree of saturation are highlighted.
6  Conclusion and outlooks
The Excavation Damaged Zone around a gallery in claystone had been fairly well modelled with shear strain localisation and using the coupled second gradient model. Within this zone, the modelling provides information about the fracture structure and its evolution as observed in situ. In fact, fracturing represented by strain localisation bands develops during the gallery excavation and the modelling exhibits a chevron fracture pattern around the gallery. The convergence is well reproduced in the vertical direction and the influence of the gallery ventilation was highlighted.

Nevertheless, even if the modelling provide information about the rock structure within the damaged zone, the rock state and its properties changes still have to be considered. Characterising the influence of the rock fracturing or damage on mechanical and hydraulic properties remains a major issue.

It would also be necessary to improve the modelling with a more accurate modelling of the rock anisotropy and of the hydro-mechanical coupling occurring in the damaged zone (Levasseur et al. 2009). Different ways are possible to introduce the structural inherent anisotropy of argillaceous rock in the mechanical constitutive model. Among others, we could consider the fabric tensor concept which introduce a second order tensor describing the spatial distribution of the strength parameters (Chen 2009; Chen and Shao 2009; Pietruszczak and Pande 2001; Pietruszczak et al. 2002). Concerning the hydro-mechanical coupling, it is known that permeability is not homogeneous in the damaged zone. One way to model it could be to consider a dependency of the permeability with a mechanical parameter such as the plastic deformation (Levasseur et al. 2010). 
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