
ABSTRACT: This study analyzes the propagation of fractures around a gallery submitted to fluid 
injection. After recalling some concepts of fracture modeling in a porous medium, 2D simulations 
are carried out with the finite element code Disroc®. These simulations account for the anisotropy of 
the in-situ stress state. The impact of hydro-mechanical couplings under the effect of fluid injection 
is addressed by three approaches of increasing complexity: 1- The pressure is assumed to act only in 
the existing fractures and in the tunnel with no coupling in the rock mass. 2- The pressure field is 
assumed stationary, obtained from an independent simulation, and used as an input for the 
mechanical calculation. 3- The transient flow of the fluid in the fracture and in the rock, mass is 
considered and coupled with the mechanics. A comparison of these approaches clarifies the various 
contributions of hydromechanical couplings on fracture propagation over different time horizons. 

Keywords: Fracture propagation, porous media, underground storage, numerical modeling (FEM), 
hydromechanical coupling, Cohesive zone model (CZM). 

1 INTRODUCTION  

Generally, fluid fracturing is the process by which a fracture is generated and propagates as a result 
of fluid loading (i.e., pressure) applied by a fluid inside the fracture. Fluid fracturing modeling 
requires the coupling of at least three processes: (i) the mechanical deformation induced by the fluid 
pressure on the fracture surfaces; (ii) the flow of fluid within the fracture; and (iii) the fracture 
propagation. The rock’s mechanical behavior is modeled as a linear poroelastic material. The 
criterion for fracture propagation is given by the well-known critical energy-release rate approach of 
linear elastic fracture mechanics (Griffith theory): the fracture propagates if the stress intensity factor 
at the tip exceeds the toughness of the rock. 

There are many examples and applications of fluid fracturing in geomechanics. Magma-driven 
dykes are among natural examples, usually on the scale of tens of kilometers (Lister 1990, Rubin 
1995, Spence et al.1985). Regarding applications, hydraulic fracturing of oil and gas reservoirs is a 
frequent reservoir stimulation technique (Mack et al. 2000). Fluid fracturing is also applied for the 
disposal of waste drill cuttings underground (Moschovidis et al. 2000), for the heat production from 
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geothermal reservoirs (Pine 1985), for fault reactivation (Board et al. 1992) in mining, and for the 
measurement of in situ stresses (Fairhurst 1964, Haimson 1993, Haimson & Cornet 2003). 

In the framework of ANDRA's Cigéo project for the underground storage of radioactive waste in 
France, the fracture network generated around galleries dug in the Callovo-Oxfordian claystone is 
being studied. This fracturing exhibits a common mixed mode I / II propagation profile which results 
from the stress relaxation in the claystone due to excavation (Armand et al. 2014). In the long term, 
this fracture network is expected to undergo additional solicitation by gases (mainly H2) emitted by 
the long-term corrosion process of the metallic components of the repository and also arising from the 
radiolysis of the water. The accumulation of these gases could potentially affect the fracture network. 

In this study, we investigate the role of hydro-mechanical couplings in the propagation of fractures 
around a gallery submitted to fluid injection, using FEM numerical modeling (Disroc® code). We 
address in particular the fluid flow and poro-mechanical couplings within both the rock 
(poroelasticity) and the fracture (cohesive zone model). In addition, we also assess the effect of the 
shear fracture geometry, and of the in-situ stress anisotropy.  

2 METHOD 

2.1 Poroelasticity 

A porous medium is a solid that comprises a connected network of pores through which a fluid, liquid 
or gas, can circulate. The pore network and the solid part are described as a continuous biphasic 
medium which we refer to as the porous medium. We are interested in the mechanical and hydraulic 
behavior of this medium, which is the object of the well-accepted theory of poroelasticity (Coussy 
2004, Cheng et al. 1993). In this study, the porous material is assumed to be fully saturated and under 
isothermal conditions, we consider Darcy's law for the fluid flow in the pore network, and Poiseuille 
law for the flow in the fracture. 

2.2 Fracture mechanics 

As for fracture propagation, its modeling is based on the concepts of energy release rate and stress 
intensity factors of fracture mechanics. These quantities fully characterize the severity of mechanical 
loading concerning fracture propagation, via the mechanical energy release upon propagation 
(energy release rate), or via the singularity of stresses and strains in the vicinity of the fracture front 
(stress intensity) (Anderson 2017). Although energy release and stress intensity may seem unrelated, 
it is not the case, and they are actually directly related (Bar1980; Anderson 2017). When loading is 
restricted to mode I, we have: 

𝑑𝑑
𝑑𝑑𝑑𝑑

(𝑃𝑃 − 𝑈𝑈) = 𝐺𝐺𝐼𝐼 = 𝐾𝐾𝐼𝐼
2

𝐸𝐸1
   (1) 

where P is the work of the external forces applied to the fracture, U is the recoverable elastic 
deformation energy of the solid and a is the fracture length. The quantity 𝑑𝑑 𝑑𝑑𝑑𝑑⁄ (𝑃𝑃 − 𝑈𝑈) represents 
the dissipated energy per unit length of the fracture propagation, which defines the energy release 
rate 𝐺𝐺𝐼𝐼. 𝐾𝐾𝐼𝐼 is the mode I stress intensity factor, and the above equation shows that it is fully 
determined by the energy release rate. According to the theory of fracture mechanics, fracture 
propagates when 𝐺𝐺𝐼𝐼 reaches a critical value 𝐺𝐺𝐼𝐼𝐼𝐼 (Anderson 2017). Conversely, fracture propagation 
occurs when the stress intensity also reaches a critical value 𝐾𝐾𝐼𝐼𝐼𝐼 called toughness. 𝐺𝐺𝐼𝐼𝐼𝐼  (or 𝐾𝐾𝐼𝐼𝐼𝐼) 
characterizes the resistance of the material to fracture propagation and are material properties, 
independent of the geometry or loading.  

2.3 Numerical model 

The numerical calculations are performed with the Disroc® code (Fracsima 2016). It is a Finite 
Element code enriched with joint elements, dedicated to the modeling of coupled thermo-hydro-
mechanical phenomena in materials and structures in the presence of fracturing. In particular, it is 
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adapted to the consideration of discontinuities such as fractures, contact interfaces in materials, rock 
masses, and masonry structures, as well as linear inclusions such as bolts and tie rods in geotechnical 
structures and reinforcing fibers in composites. 

2.4 Cohesive Zone Fracture with damage and plasticity 

A way to numerically model the process of fracture propagation, consistent with the theory of fracture 
mechanics, is using the cohesive zone model. In particular, in this work, we consider the cohesive 
zone model for joint elements called ‘’CZFrac 21510’’ (Fracsima 2016). This is an interface model 
that accounts for the damage process at the interface causing an irreversible degradation of the 
strength parameters (cohesion and tensile strength) and of the friction angle (Figure 1b). It describes 
the evolution of a rock joint-type interface, from a cohesive plane to a cohesionless frictional fracture. 
The model includes a softening behavior after peak stress (Figure 1 a). 
 
 
             (a)            (b) 

 

 

 

 

Figure 1. Cohesive zone fracture model (Fracsima 2016). 

The cohesive law describing the stress-displacement relation at the interface is given by:  

𝜏𝜏 = [(1 −𝐷𝐷)𝑘𝑘𝑡𝑡 + 𝑠𝑠 𝑘𝑘0𝑡𝑡] 𝑢𝑢𝑡𝑡𝑒𝑒  (2)            𝜎𝜎𝑛𝑛 = �(1− D)𝑘𝑘𝑛𝑛 +
𝑆𝑆 𝑘𝑘0𝑛𝑛

1 + 𝑢𝑢𝑛𝑛
𝑒𝑒
�𝑢𝑢𝑛𝑛𝑒𝑒  (3) 

where σn and τ are the normal and shear stresses, respectively, and un and ut are the normal and 
tangent relative displacements across the interface, respectively. D is a damage variable varying from 
0, for the initial intact state (rock joint), to 1 for the final entirely damaged state (fracture). The 
parameter k0t represents the residual shear stiffness for the fully damaged interface, and 
k0n represents the residual normal stiffness. Note that, in this equation, the compression stress σn is 
counted negatively and so is the displacement un corresponding to a closure. The parameter e 
represents the maximum closure, corresponding to an infinite compressive stress. Lastly, the 
parameter s ensures the unilateral contact condition for the fully damaged state: it takes only the 
values 0 (if un > 0) or 1 (otherwise). 

On a series of benchmarks, the fracture propagation obtained with the CZFrac model proves to 
agree very well with the usual fracture mechanics (Fallah Soltanabad et al. 2023). 

3 RESULTS 

3.1 Geometries and parameters 

The geometry of the model studied is a square of 200 m, representing the rock mass formation in 
which there is a tunnel at the center with a single shear-type fracture on the tunnel wall. The length 
of the initial fracture is 5.2 m, and the tunnel radius is 2.6 m. We studied two different directions of 
fracture: horizontal and vertical shear fractures, with two in-situ stress fields (isotropic at 12.55 MPa, 
and anisotropic at 12.55 MPa vertical and 16.1 MPa horizontal). An isotropic material is considered 
for the rock, with a Young’s modulus of E= 5200 MPa and a Poisson’s ratio of ν= 0.3. The parameters 
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of the CZFrac model for the initial fracture are represented in Table 1. This initial fracture is fully 
damaged. The CZFrac model is also considered at all mesh interfaces in a domain around the crack 
(blue domain in Figure 2) but with no initial damage. The parameters for the undamaged zone are 
the same as the pre-existing fracture except for the following parameters: e=0.001 m, 𝑘𝑘0𝑡𝑡= 300 
MPa/m, 𝑘𝑘0𝑡𝑡= 300 MPa/m, 𝐾𝐾𝐼𝐼𝐼𝐼= 2.5 MPa.m1/2. It should be noted that the toughness considered is 
larger than the actual toughness of the COx (0.25 MPa.m1/2), but this has a minor effect on the 
fracture propagation which is primarily controlled by the magnitude of the in-situ stress. A higher 
toughness makes it possible to consider coarser mesh by preventing spurious cracking far from the 
tip and thus avoiding numerical instabilities (Fallah Soltanabad et al. 2023). 

Table 1. Mechanical parameters applied to the pre-existing fracture. 

𝑘𝑘𝑡𝑡 𝑘𝑘𝑛𝑛 e 𝜎𝜎𝑅𝑅 C 𝜑𝜑  ℎ𝑟𝑟 β β' 𝑘𝑘0𝑡𝑡 𝑘𝑘0𝑛𝑛 

3.00E+05 
MPa/m 

3.00E+05 
MPa/m 

0.00001 
m 

5.05 
MPa 

50 
MPa 

27° 1 
- 

0.1 
- 

1 
- 

30000 
MPa/m 

30000 
MPa/m 

3.2 Effect of stress anisotropy 

We first consider a purely mechanical loading, with a uniform fluid pressure applied only inside the 
initial fractures and in the tunnel, and with no poromechanical coupling in the rock. Importantly, the 
pressure is not applied to the propagating fracture, which would lead to an unstable propagation. This 
simplistic loading can be viewed as the case of fluid pressurization on a short time scale with 
negligible transfer in the rock. 

Figure 2. (left) Effect of stress anisotropy on the length of propagation for the single shear horizontal and 
vertical fractures and comparison with the semi-analytical approach. (right) geometry of the fracturing, for 

the cases of isotropic and anisotropic in-situ stresses (upper and lower part, respectively). 

Figure 2 compares the cases of isotropic and anisotropic in-situ stresses. We display with yellow dots 
the fracture propagation for the isotropic case and with blue dots the anisotropic case. These results 
are quite consistent with theoretical estimates from fracture mechanics (black and red curves) based 
as above (Fallah Soltanabad et al. 2023), assuming straight horizontal and vertical fractures, which 
confirms the validity of the CZFrac modeling. It also shows that the curved shape of the shear fracture 
has little influence on the propagation, and the newly created crack mostly follows a radial path, 
irrespective of the initial fracture shape and in-situ stress. The length of propagation is smaller for 
the anisotropic stress case than for the isotropic case, which is the direct consequence of the higher 
stress orthogonal to the fracture (16.1 MPa instead of 12.55 MPa). Interestingly, in the anisotropic 
case, the fracture tends to propagate towards the radial direction, which suggests that the direction of 
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propagation is primarily controlled by the fluid pressurization, whereas the anisotropy of in-situ 
stress would tend to reorientate the propagation in the horizontal direction (direction of major stress). 

3.3 Effect of fluid flow 

In order to evaluate the effect of fluid flow (stationary or transient) on the poro-mechanical couplings, 
the fluid penetration in the porous medium is modeled with two scenarios: stationary flow (limit of 
a very long-time horizon) and transient flow (fluid pressure increase in 1s inside the tunnel, and then 
maintained constant for 1 day). In both cases, the hydro-mechanical couplings are accounted for both 
in the fracture and in the porous matrix. In this study, the hydromechanical coupling is made only 
from the hydraulic pressure field to the mechanics and therefore the mechanical calculation does not 
modify the hydraulic calculation. Moreover, the effect of fluid pressure is applied only to the pre-
existing fracture, in order to compare with the purely mechanical fluid calculation of the previous 
section. We considered an initial Biot coefficient of 0.8 both in the rock and in the closed fracture. 
As the fracture opens, the Biot coefficient is changed to 1, so that the normal stress across the fracture 
is fully supported by the fluid. The permeability of the rock for the stationary and transient 
calculations is considered as an intermediary isotropic permeability which is: k= 2.7×10-20 m2. Also, 
the storage coefficient for the rock is 𝐶𝐶𝑀𝑀= 2.8×10-4 (MPa)-1. For the flow in the pre-existing fracture, 
a hydraulic conductivity of 2.7×10-17 m3 is considered. Finally, for the transient hydromechanics, the 
storage coefficient for the pre-existing fracture is: 𝐶𝐶𝑀𝑀𝑀𝑀= e/𝐾𝐾𝑀𝑀 (𝐾𝐾𝑀𝑀 is the incompressibility modulus 
of the fluid).  

Figure 3. Effect of fluid flow on the propagation of fracture. 

We display in Figure 3 the length of propagation as a function of the fluid pressure in the tunnel, for 
the three types of calculation (purely mechanical, stationary flow, and transient flow in an isotropic 
stress case). While, for the stationary calculation, the pressure field decreases smoothly from the 
tunnel to the boundary of the domain; for the transient calculation, the fluid has almost not diffused 
after the 1s of loading. Yet, after 1 day of maintaining the pressure, it fully filled the existing fracture 
but did not penetrate the rock, as a consequence of the large contrast between the permeability of the 
rock and that of the fracture. The stationary calculation exhibits significantly smaller propagations 
than the mechanical calculation because the pressure field inside the fracture is reduced, and because 
the poromechanical coupling in the rock opposes the propagation. The short time propagation of the 
transient case is even smaller, mainly because only the tunnel is loaded after 1s. But, as the fluid 
diffuses inside the fracture at constant tunnel pressure, it further propagates and after 1 day one 
recovers almost the same propagation as for the mechanical calculation. This is expected since the 
pressure field is then almost the same as for the mechanical calculation (full diffusion in the fracture 
but not in the rock).  
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4 CONCLUSIONS AND PROSPECTS 

In this work, we performed numerical simulations of fracture propagation around a gallery submitted 
to fluid pressurization. Our case studies have shown that the in-situ stress anisotropy plays a 
significant role in the reactivation and propagation of fractures, in so far as propagation is mostly 
opposed by the stress orthogonal to the fracture. However, with this model, the fracture does not 
reorient in the most favorable direction with respect to the in-situ stress, but follows the radial path 
favored by the fluid loading. A significant effect of fluid pressure distribution in the rock matrix was 
observed on the length of propagation when the stationary pressure field was considered. The 
poromechanical coupling in the rock exposed to the stationary pressure field tends to act against 
fracture propagation. Finally, under transient conditions, before any significant fluid diffusion (1s) 
the propagation is even smaller than for the stationary case, but after 1 day (diffusion in the fracture 
but not in the rock) one recovers the simple mechanical case (constant pressure loading in the tunnel 
and fracture). 

As perspectives for this study, various aspects that have been disregarded so far require a careful 
analysis: evolution of the flow and poromechanical coupling with fracture aperture, medium and 
fracture desaturation and gas dissolution in water, full coupling between fluid flow and mechanics, 
and long-term evolution with respect to nuclear waste applications. 
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