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1. Introduction 

1.1 General context  

Transport of fluids within rock mass, which is solid rock matter plus discontinuities such as 

fractures or faults, is a scale dependent phenomenon. On the small scale (micro-scale), 

which is within intact rock, transport is through pores and micro-fractures. Above a certain 

scale (on the meso-scale that is), which is in general in the decimetre range, persistent 

discontinuities are evident; these discontinuities may be layering in sedimentary rocks, such 

as shale, and fractures. The fractures are typically evident in distinct orientations, which is 

the result of geological processes at geological time scales (millions of years). Commonly, 

the fractures are connected and make up the so-called distinct fracture network (dfn). 

Transport is governed by these fractures on the meso-scale. 

 

At larger scale, decametre and above, faults are evident. Faults are large scale 

discontinuities that show high fracture densities. These faults may be conductive in certain 

cases but may also be smeared and impermeable due to diagenetic processes or large 

deformation. Non-conductive faults confine oil- and gas-bearing compartments. 

 

These general statements are valid for shale formations also. Pores contribute to fluid 

transport on the sub-centimetre scale, at larger rock volumes fractures increasingly become 

the dominant fluid transport pathway. Faults may be hydraulically confining reservoirs and 

act as fluid transport barriers. 

 

For a broader introduction to the matter, the reader is referred to Grotzinger and Jordan 

(2017).  

 

This deliverable D6.1 ‘Analytical models and software for describing convective and forced 

fluid transport within fractured shale formations’ is related to WP6. WP6 is tasked with 

establishing a connection between atomistic, molecular-scale calculations and predictions 

for large-scale transport of fluids within shale rock formations. Whereas D6.2 ‘Analytical 

model and software to describe the transport of hydrocarbons/water/contaminants 

through shale rock formations, including convective and forced transport and diffusive 

behaviour‘ is focusing on the atomistic and molecular-scale, the results presented here 

relate the outcome of D6.2, D3.1 and D3.4 to larger scales. 

 

1.2 Deliverable objectives 

The work summarised in this deliverable focusses on the influence of fractures on the 

transport of fluid in shale rock mass. Modelling of a typical shale play fracture network has 

been conducted and simulation of fluid transport with increasing model size has been 

conducted to identify a so-called representative elementary volume for bulk permeability. 
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This bulk permeability tensor, which is dependent on the rock permeability and the distinct 

fracture network appearance, may be used within reservoir scale simulations to analyse 

fluid transport on the large scale. 

 

The primary objectives are: 

• The incorporation of shale rock permeability measurements and analytical model 

validation into meso-scale simulations of fluid transport in shale rock mass 

• The development of a workflow to upscale bulk permeability for macro-scale 

reservoir simulations 

• Conduction of macro-scale simulation of a generic to show the feasibility of the 

approach in simulation of fluid distribution and production within shale plays. 

 

2. Methodological approach 
The combination of geomechanical modelling, based on D3.1, D3.4 and D6.2, and rock 

mechanical modelling yielded a shale rock mass model of the Whitby shale that served as a 

basis for establishing a workflow for identifying the representative elementary volume for t 

permeability of fractured shale rock mass. 

 

The model was implemented into the research software roxolTM of geomecon. roxol is a 2D 

extended finite element model (XFEM) based code, that is designed from ground up to 

analyse distinct fracture networks and related fracture extension (www.roxol.de). 

 

Simulating directional fluid flow through increasing domains of the geological model, the 

resulting scale-sensitive bulk permeability tensor was identified. Increasing asymptotically to 

a maximum, the representative bulk permeability and the hydraulic representative hydraulic 

elementary volume was identified. 

 

In a second step, the extension of the fracture network by hydraulic stimulation was 

simulated using roxol. This fracture network growth lead to an increased permeability for 

the hydraulically altered zone. 

 

The representative bulk permeability was introduced to a generic reservoir scale model in 

COMSOL Multiphysics. A hydraulic fracture with the before simulated permeability was 

introduced. Furthermore, depletion of the generic reservoir was simulated. 

 
 
 
 
 

http://www.roxol.de/
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3. Summary of activities and research findings 

3.1 Development of mathematical and information-technological 
approaches 

As a basis for the aspired simulations an extension of roxol by means of fluid flow was 

necessary. This was initiated by geomecon by an extensive literature research on fluid flow 

in fractured media and its implementation in XFEM. In addition, distinct analysis of the 

necessary extension of the XFEM representation of the fracture tip was performed due to its 

critical influence on fracture propagation. To characterise a linear elastic fracture in roxol 

there are additional functions added at the fracture nodes in the XFEM mesh. Those needed 

to be defined and implemented now also for Darcy flow. At the fracture faces, we found 

ln(r*sin(θ)) to be a good solution for the pore pressure distribution around the fracture and 

in front of the fracture tip, ln(r) (Figure 1). The derivatives of those asymptotic field 

functions are used in the computation of the fluid flow. 

 

 
Figure 1: Fracture tip shape functions for Darcy flow. 

 
In extension of pure porosity and permeability simulations, a coupling between Darcy flow 

and linear elasticity was implemented for the volume elements of the simulation model. A 

volume element with a higher pore pressure leads to an increased strain, i.e. an expansion 

of the respective element.  

 
 

Additionally, the pore pressure changes in dependence of a modified strain, which is 

computed using 

 
 

where f is the body force per unit volume, σ the stress tensor, α is Biot’s effective stress 

coefficient, PP the pore pressure and k the permeability tensor [m2], M the Biot’s modulus, μ 

is the fluid viscosity [Pas], ρ is the fluid density [kg/m3], g the gravitational acceleration 

vector [m/s2], and εb the trace(ε): bulk strain. 
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In addition, the XFEM shape-functions in the fracture elements are now computed 

specifically for both fracture faces. The results of the poroelastically coupled simulation 

were validated against COMSOL Multiphysics® and against an analytical solution. 

 

In a subsequent step Darcy flow and linear elasticity were coupled also on fracture faces. An 

increase of fluid pressure inside a fracture opens the fracture. Coupling of Darcy flow and 

linear elasticity on fractures is an integral part in fracture propagation since the flow 

influences the stresses around the fracture tip and trace strongly. An opening of the fracture 

based on its internal pressure leads to tensile stresses at the fracture tip. Novel shape 

functions were developed for fracture elements relating to the poroelastic coupling in the 

volume elements of the model, which resulted in smooth displacements, stresses and 

strains at the fracture faces. 

 

Additionally, conventional concepts of poroelastic coupling and fracture properties were 

questioned and validated, e.g. frictional behaviour and its implementation in roxol. Coulomb 

friction is already implemented in roxol and its applicability in poroelastically coupled 

simulations was evaluated. The need to adopt friction on fractures for a more natural 

behaviour of the fractures was identified but could not fully be realised in the SXT project 

due to time limitations. Displacement-based friction may be a future development that may 

overcome the limitations identified; based on shear-displacement on the fracture surfaces 

in dependence of the angle of internal friction and cohesion, the displacement would be 

reduced or completely suspended. That would also reduce the stress concentration around 

the fractures and therefore reduce the criticality of the frictional fracture in contrast to the 

fracture without friction. 

 

An important feature for validation of roxol results is a possibility to compare solutions 

against each other. Therefore, a result difference tool was developed in roxol, which can 

compute the difference between solutions and also visualise the differences. That 

functionality permits a more detailed analysis of the computed and expected values, e.g. 

higher local deviations at mesh regions with lower solution. This provides a lot more 

information than a single error value and allows e.g. a finer mesh in critical regions, which 

lead to a good agreement with analytical solutions. 

 

The mathematically and information-technologically novel developments as implemented 

into roxol lay the basis for 

• the upscaling simulations as described in subsequent sections; 

• improved numerics-based analysis of the development of fracture networks during 

hydraulic stimulations; 

• bridging the gap between the laboratory (WP3) and statistically (WP6.2) derived rock 

parameters and the rock mass parametrisation as needed for reservoir scale 

simulations. 
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3.2 Development of a statistical fracture network generator 

geomecon developed a fracture network generator, which is used to statistically generate 

fracture networks, with typical shale fracture properties (see section on geomechanical 

modelling). For the simulations that were modelled and computed in the SXT project the 

fracture generator was used on Whitby Mudstone (UK) data (Boersma 2015). 

 

A general and open architecture of the code allows the generation of fracture networks 

based on fracture length and orientation statistics typical for the rock material in question. 

This enables geomecon to do more realistic simulations with roxol, leading to a more 

convincing consulting portfolio in the area of roxol. 

 

3.3 Geomechanical modelling 

The Whitby Mudstone (Cleveland Basin, UK) was deposited during the Lower Jurassic 

(Toarcian) and can be considered as an analogue to the Posidonia shale formation in NW 

Europe. The fracture network of the Whitby mudstone has been investigated by means of 

fracture frequency, orientation, aperture, and length for different domains within the basin 

(e.g. Boersma 2015). The dominant fracture set is oriented approximately N-S (Figure 2). 

The cumulative number of fractures versus fracture length can be described by an 

exponential law for shorter fractures and a tangential law for larger fractures. The aperture 

of the fractures can be calculated according to a = 5.35×10-b×l0.5 with b as a constant 

(2<b<4) and l is the length (see Figure 2). For b = 2.3 and l varying between 0 m and 10 m 

the harmonic mean of the aperture a is 1.44 mm. Multiplying the aperture with a fracture 

porosity of 3% (Boersma 2015) yields the harmonic mean effective fracture width w of 0.08 

mm. Employing the cubic law for effective fracture permeability given by keff = w3/12a 

resulted in a computed effective fracture permeability of 3.37 D with reference to the data 

in Boersma (2015). This fracture aperture has been assigned to all fractures independent of 

their length in the model. The matrix permeability has been set to 0.1 µD, which is in the 

range reported for Whitby Mudstone (Houben et al., 2017).  
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Figure 2: Workflow for integrating information about (top left) fracture frequency, fracture aperture, and 
(bottom left) fracture orientation to get the (right) discrete fracture network. 

 
With the help of the given relationships a discrete fracture network (DFN) can be generated 

as presented in Figure 1 for different scales. The investigated quadratic areas range from 

25 m2 to 625 m2. For each scale three DFN realisations were simulated to calculate the 

average permeabilities for each scale. Furthermore, the permeability was calculated in 

horizontal and vertical direction to determine the anisotropy in permeability due to the 

inhomogeneous fracture orientations. 

 

3.4 Analysis of representative bulk permeability 

The simulation has been performed using the research and development software package 

roxolTM (www.roxol.de), which is based on the eXtended Finite Element Method (XFEM).  

 

Each model has two opposing pore pressure edges with 10 MPa and 0 MPa, respectively. 

The remaining two edges are no flow boundaries. The fluid flow follows the pressure 

gradient through the matrix and fractures via Darcy flow. The flow along fractures is derived 

by assigning each mesh element intersected by a fracture, the fracture permeability while 

for the remaining mesh elements the matrix permeability is prescribed.  

 

The bulk permeability of the model kf is then calculated along the 0 MPa pore pressure 

boundary through Darcy’s law by kf = q·µ/(∆p/l) in m2 with q = 1/h · ∫h q0·n dh, where h is 

length of the boundary where the pore pressure equals 0 MPa, l is length of the sample, µ is 

the dynamic fluid viscosity, qo is the fluid flow velocity, and is ∆p the pressure difference 

(i.e., 10 MPa). 
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Figure 3: Pore pressure distribution (background colour from red (10 MPa left; 6 MPa right) to green (0 MPa 
left; 5 MPa right)) and fluid flow calculated for a 10 x 10 m area (left) and close-up (right). 
 
 
Figure 3 shows exemplarily the pore pressure distribution along with an arrow surface of 

the fluid flow magnitude for a vertical flow through a 10 x 10 m model. At the top boundary, 

we observe pressures in the range of the assigned 10 MPa boundary conditions, which 

progressively decrease to ambient pressures at the bottom boundary. The fractures act as a 

fluid conduct through the low permeable rock matrix and average the pore pressure along 

their paths, e.g. a high pore pressure in the matrix at one fracture tip will be reduced in the 

fracture and transported to the end of the fracture surrounded by a low-pressure matrix. 

Figure 3 (right) is a close-up of the results in the centre of the model. It can be observed that 

fractures not connected to the remaining DFN or forming a dead-end do not contribute 

significantly as fluid pathways as indicated by the arrow surface.  

 

As more fractures are generated with increasing scale (see Figure 4 left) forming a greater 

connection in between the DFN, the fluid can be transported faster through the low 

permeable matrix. Hence, the bulk permeability increases with investigated scale until the 

permeability does remain constant with increasing area. The increase in permeability is 

about 3 to 5 times greater for the flow from top to bottom, i.e., along most of fractures as 

can be observed in Figure 4 for large scales. Smaller scales show an increasing ratio of 

permeabilities between the flow direction with decreasing scale. Figure 4 also indicates, that 

the range of bulk permeability values for one area and different DFN realisations is 

maximum about 150 mD. For small scales, we obtain bulk permeabilities in the range of the 

matrix permeability (0.1 µD) irrespective of the flow direction (not shown in Figure 4). For 

large-scale simulations, the permeability is about 500 mD for the vertical directed flow while 

the horizontal directed flow is about 150 mD. The change in bulk permeability with 

increasing area can be described by logarithmic laws and correlation coefficients R2 > 0.98 
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for both flow directions. However, the largest investigated scale (i.e., 625 m2) shows lower 

values as predicted by the logarithmic laws and indicates a transition towards constant bulk 

permeabilities with increasing scale.  

 

 
Figure 4: Increasing number of fractures and fracture density with increasing area (left) and increasing bulk 
permeability with increasing investigated scale following a logarithmic law for vertical and horizontal flow 
(right). 

 
A boundary-to-boundary connecting fracture network is derived in horizontal and vertical 

direction at about a scale of 100 m2 and 25 m2, respectively. It is therefore obvious, that the 

increase in permeability in horizontal direction is obtained for larger scales compared to the 

flow in vertical direction. Explicitly, the flow in horizontal direction is close to the matrix 

permeability for the 25 m2 scale while the flow in vertical direction has already increased 

significantly. 

 

The simulations show that with increasing scale the total amount of fractures increases until 

a constant fracture density per m2 is achieved (see Figure 4 left). Similarly, the permeability 

in vertical and horizontal direction increase by a logarithmic law of the form kf,vertical = 

120·ln(area)-247 and kf,horizontal = 45·ln(area)-146. Conclusively, with increasing fractures or 

fracture density the bulk permeability increases until the fracture density and bulk 

permeability values are constant and independent of the scale. 

 

For the Whitby Mudstone, the reference area (no further increase of fracture density and 

bulk permeability) seems to be about 625 m2, with computed bulk permeabilities of kf,vertical 

= 527 mD and kf,horizontal = 144 mD even though the logarithmic law indicates further 

increasing permeabilities with increasing area. Upon this reference scale, the determined 

bulk permeability can be used for field scale simulations without the necessity to model a 

huge amount of small-scaled fractures, saving computational cost and time. With this 

workflow, the permeability simulations in European gas shales reservoirs can be computed 

for various scales. 
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3.5 Simulation of fracture network evolution by hydraulic stimulation 

To gain an understanding about the change in rock mass during hydraulic stimulation, a 

series of fracture mechanics numerical simulations was performed. 

3.5.1 Permeability evolution 

To quantify the change in permeability, the distinct fracture network as described in section 

3.4 was subject to an injection pressure into a central fracture. Fluid was pumped into the 

fracture at a constant rate, yielding a maximum injection pressure of about 11 MPa. The 

fracture network was extended by fracture propagation and coalescence. Figure 5 shows 

examples of the fracture network evolution. 

 

 
Figure 5: Examples of fracture network extension due to a fluid injection at constant rate. The fracture 
domains are 5x5, 10x10 and 15x15m and depicted in relative scale. The colour code indicates fluid 
overpressure in fractures, blue: 0 MPa and red: 11 MPa. 

 
The evolution of the fracture network was not confined to a small zone of interconnecting 

fractures, but a distinct volume was altered, as is to be expected in fractured rock mass like 

in shales. This alteration of the fracture network also yields changed permeability. 

 

The permeability of the stimulated fracture network was determined with the workflow 

described previously in section 3.4. An increase of permeability could be shown (Figure 6) 

which is solely mechanically introduced; fracture healing or chemical effects are not 

considered here. Permeability was increased by a factor of about 1.5. 
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Figure 6: Change of permeability due to simulation of a hydraulic stimulation of a shale fracture network. 

 

 

 
Figure 7: Pore pressure evolution in a 100m long beam (height 5m) with a hydraulic gradient of 10 MPa. 
(top) pressure distribution at an early stage, (bottom) static solution. 

 

3.5.2 Stimulated volume 

To understand how far fracture coalescence would reach into the formation, a second series 

of simulations was set up. To a beam like fracture free model a hydraulic gradient of 10 MPa 

was assigned (Figure 7). The pressure gradient in this time-dependent Darcy flow 

simulations evolved as would be expected. 

 

Classical hydraulic stimulation analysis would simulate the propagation of a single fracture 

in a homogeneous medium. The respective work packages have advantages in the field of 

fluid and proppant selection, based on physico-empirical routines. 

 

The propagation of a single fracture in roxol is depicted in Figure 8. The starter fracture 

propagates with slight deviations from a straight path (the fracture direction is determined 

in each step and minimal stress fluctuations contribute to the propagation direction). 
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Fracture propagation is occurring when a tensile strength criterion is reached at the fracture 

tip.  

 

Analysis of the permeability evolution of the beam yields Figure 9. For this analysis roxol 

was extended and now the change of the model permeability over time can be computed. 

As expected, for a fracture-free model the permeability converges against the permeability 

given for the model material. 

 
 

 
Figure 8: Extension of a single starter fracture in an otherwise homogeneous medium, for boundary 
conditions see Figure 6. 

 
 

 
Figure 9: Evolution of the beam permeability over time (i.e. computation step). As expected the 
permeability increases from matrix permeability to fracture permeability with extension of the fracture. 

 

 
To be able to analyse permeability spatially and independently from model domain 

boundaries, a novel functionality was implemented into roxol. This allows to define multiple 

permeability computation lines over which fluid flow is integrated and pore pressure is 

averaged (Figure 10).  

 

The resulting pore pressure and permeability profiles for the model are shown in Figure 11 

and Figure 12. The influence of the fracture extension is clearly visible both in pore pressure 

and permeability evolution. 
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The key feature of roxol is the ability of describing the fracture network evolution; hence 

this functionality was combined with the newly developed mathematical features in a 

coupled code implementation. Figure 13 shows an example simulation of a beam with a 

Whitby mudstone fracture network and a constant injection rate into a centre fracture. The 

poroelastic and fracture mechanics coupled simulation allowed for fluid injection and 

subsequent fracture extension. Fracture propagation was running ahead of the fluid front, 

which is discussed in fracture mechanics literature also. Therefore, the fractures propagated 

outside of the fluid front and stopped, hence propagated stable within the distinct fracture 

network as multiple fractures created potential arrester positions. 

 
 
 

 
Figure 10: Location of integration lines for permeability determination within the model domain. 
 

 
For interlink with WP9, a simulation campaign was set up with boundary conditions inspired 

by the hydraulic stimulation first injection stage in the Preese Hall-1 (de Pater and Baisch 

2011). With a pore pressure increasing from 10 to 14 MPa on the left-hand boundary and 0 

MPa on the right-hand side, the fractures on the left side of the model start propagating and 

connecting (Figure 14). The fracture propagation stops at about 30m into the rock. With 

constant injection pressure, therefore, mechanically no further fracture extension is to be 

expected.   

 

For further discussion refer to WP9 documentation. 
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Figure 11: Pore pressure evolution as function of propagation step and (integration line) distance. 

 
 

 
Figure 12: Permeability evolution as function of pore pressure and and (integration line) distance. 
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Figure 13: Fracture network extension within a fractured Whitby mudstone, two steps. Colour code: pore 
pressure 0-10 MPa. 

 
 
 

 

 
Figure 14: Fracture extension from a stimulation of the fracture network (top: whole model, bottom: close-
up of fractured region on the left). From left an increasing pressure of 10 to 14MPa was applied, resulting in 
a fracture network alteration that reached like 30 m into the formation. Colour code: pore pressure 0 -14 
MPa. 

 
 

3.5.3 Conclusions 

With the extensions of the fracture network simulator roxol and the development of 

workflows it became possible to: 

• upscale permeability from laboratory measurements on rock samples to reservoir 

scale relevant permeability for rock mass; 

• analyse the mechanical and geometrical influence of a fracture network on 

permeability and hydraulic fracture extension; 

• to estimate the radius of permeability enhancement due to a hydraulic stimulation in 

fracture shale formation. 

The validation of the workflows was not possible yet as industry data was not accessible. 

 

3.6 Reservoir scale analysis 

Analysis of geomechanical reservoir performance may be done using the derived 

permeability characteristics of shale reservoirs. In the following a workflow is outlined, that 

shows how the parameters may be used on the example of induced seismicity. 

 

Dedicated analysis to compare the modelled rock mass permeability was not performed, as 

industry data was not available. However, the outlined workflow can in a next step be used 

for such a validation analysis. 

 

Induced seismicity has become a topic of major awareness not only in the hydrocarbon or 

geothermal industry, but in public as well. The reason for the growing interest is manifold. 

While the public is concerned about safety, the interest in the fluid mining industry on 
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induced seismicity stems from the wish to monitor changes in the reservoir performance 

(Zoback 2010), observe stress changes on faults (King et al. 1994), or to estimate the extent 

of hydraulic fracturing campaigns (Shapiro 2015). Induced seismicity has also been used to 

optimise the fluid injection rates of geothermal power plants or to avoid earthquakes of a 

certain magnitude (Gauchner et al. 2015). 

 

From research on induced seismicity, it can be concluded that the majority of earthquakes 

are located on larger faults; however, the deformations induced by fluid transport may be 

considered permeability and porosity dependent. This work investigates numerically by 

means of the Finite Element Method (FEM) the influence of a) homogeneous poro-elastic 

medium, b) a heterogeneous poroelastic medium containing small-sized defects, and c) a 

hydraulic fracture within a poroelastic medium on the stability of a fault system during 

simultaneous depletion and injection.  

 

Since the mechanisms of fault slip are a matter of research, this modelling campaign aims at 

investigating the size of a possible reactivated area on the fault system. The size of the 

reactivation is related to Amonton’s law that governs fault reactivation as soon as the ratio 

of the shear (τ) to normal (σn) stress acting on a fault exceeds the friction coefficient (µ) of 

the fault (see for example Moeck and Backers 2011). The size of the reactivated area can 

then be related to moment magnitudes through empirical correlation (e.g., Wells and 

Coppersmith 1994). This approach assures a conservative measure of possible earthquake 

magnitudes by employing numerical methods linked with statistics. 

3.6.1 Methodology 

COMSOL Multiphysics was employed to numerically simulate the simultaneous and volume 

constant injection and depletion along two deviated wells in a fully thermal-hydraulic-

mechanical coupled, stationary study in a generic reservoir compartment (Figure 15). The 

reservoir compartment may be parametrised by the values derived from the developed 

upscaling relations. The reservoir compartment is overlain by a low-porous, low-permeable, 

and soft layer. Three steeply dipping, E-W oriented faults are cutting the reservoir and form 

elongated E-W oriented compartments. The fault zones are modelled as thin elastic layers. 

 

The model domain is formed by two larger non-conductive fault zones confining the model 

to N and S, and boundaries to the E and W limit the extent of the model to approximately 

3.5 km x 4.0 km. The vertical extent of the model is 2 km ranging from -2.5 km to -4.5 km. 

 

The vertical stress and pore pressure gradients are approx. 25 MPa/km and 10 MPa/km. The 

horizontal stresses are related to the vertical stress by Poissons ratio and influenced by the 

movement of the faults. The horizontal stress in E-W direction is reduced by 10 MPa 

implying a normal stress regime with S3 normal to the E-W striking faults. The temperature 

follows a standard geothermal gradient of 30 K/km. 
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The outer boundaries are roller boundaries supressing displacements in boundary normal 

directions at the same time the pore pressure and temperature gradients are prescribed. 

The upper boundary has a vertical load of 62.5 MPa, i.e. equivalent to the vertical stress 

gradient at a depth of 2.5 km. 

 

The injection and depletion rates are set to 570 l/h; injection is with cold water (ΔT = 16K). 

Water properties are fixed and do not change with pressure or temperature. 

3.6.2 Simulation and Post Processing 

Three different scenarios are presented to investigate the size of the altered area on the 

faults.  

(1) The first scenario considers a homogeneous poroelastic rock mass behaviour; this has 

been discussed as a trigger mechanism for earthquakes occurring beyond the pore pressure 

front. The material may be characterised by permeability as derived from upscaling. 

 

(2) In a second simulation, this scenario is complemented by randomly distributed defects, 

which if reactivated, enhance the fluid flow in the matrix. Within this scenario, the mesh 

element containing the defect shows increased matrix permeability and porosity, if the ratio 

of the initial maximal to minimal principal stress is exceeded by the altered maximal to 

minimal principal stress ratio plus a randomly distributed value. 

 

By this process, a rock mass volume of increased permeability and porosity is created by the 

fluid injection and production. This may be considered a complementary approach to 

fracture network extension by hydraulic injection. 

 

(3) In a third scenario, the presence of a hydraulically generated fracture is investigated. It 

incorporates an elliptical hydraulic fracture connected to the injection well; the flow inside 

the fracture is modelled by a modified tangential Darcy law. The permeability may be 

estimated from the workflow outlined in section 3.5. 

 

From the simulation results (a) the change of reactivation potential on faults as change of 

the shear to normal stress ratio prior and during injection and depletion and (b) increase of 

normal stress on faults is calculated. 
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Figure 15: [top left] Model for the numerical simulations. The model consists of a cap- (light grey on faults) 
and a reservoir rock mass (dark grey) that are cut by permeable faults. Injection of cold water is through an 
open hole section in the southern compartment (blue line) while production is conducted in the northern 
compartment (red line). [top right] Results of the simulation with poroelastic rock mass. Large areas of the 
southern fault become destabilised during injection (red), while the northern fault is stabilised by 
production (green). Stability on the faults is not aligned with pore pressure (isolines). The rock mass shows 
some increase in differential stresses at the injection well and close to the faults (red isobar). In the 
production compartment large volumes get depressurised as indicated by the blue isobar. [bottom left] 
Results from simulation with a non-homogeneous fracture containing rock mass highlight reduced areas of 
stability change on faults. [bottom right] The results of simulation of the influence of a hydraulic fracture 
treatment show comparable fault stability pattern compared to the homogeneous solution (top right) but 
with altered influence on rock mass. 
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3.6.3 Results and Interpretation 

The results from the geomechanical system simulations are shown in Figure 15. 

The simulation with the rock mass modelled homogeneous poroelastic indicates a large 

reactivated area on the southern fault, a smaller reactivated area on the fault in-between 

the injection and depletion well, and almost no reactivation on the northern fault. This is 

supported by the formation of iso-surfaces of the maximum normal stress (blue, (S1-S3)/2) 

and the maximum shear stress (red, (S1-S3)/2) in the rock. A large volume of rock mass on 

the production side is subject to increased normal stresses that extend even into the seal. 

The injection side on the other hand shows increased shear stresses, which are cut-off at 

the interface to the seal. Increased shear and normal stresses are indications for de- and 

stabilization of defects inside the rock mass, respectively.  

 

For the simulation with the rock mass modelled with random flaws it was to be expected 

that the greatest number of reactivated flaws is on the injection side. Despite this 

observation, a similar distribution of reactivated areas can be observed as in the poroelastic 

case without random flaws. The iso-surfaces of the maximum normal and shear stress 

indicate a smaller stabilized and a larger destabilized volume of rock around the wells, 

respectively. 

 

The results of the simulation containing a large hydraulic fracture show a large reactivated 

area on the southern fault, a smaller reactivated area on the middle fault in-between the 

injection and depletion well, and almost no reactivation on the northern fault. Furthermore, 

the hydraulic fracture cuts the cloud of increased shear stress, while the stabilizing normal 

stress volume is similar to the poroelastic solution. 

 

Interestingly the simulations consistently not only show a volume of increased differential 

stresses around the injection well, indicating increased shear loading of the fractures in the 

rock mass, but also in the rock mass close to the faults. These ‘sheets’ of destabilisation may 

be interpreted as the result of movement of the faults due to the changed stress conditions 

during reservoir operation and need to be considered as relevant to fault reactivation 

understanding also. 

3.6.4 Discussion 

The simulations show that the simultaneous operation of injecting and withdrawing fluid 

induce (a) changes in the rock matrix and (b) non-uniform and asymmetric changes in the 

stress field that can stretch out from the vicinity of a well to faults. Faults closer to the 

injection side (southern and middle fault) show the largest reactivated area, while faults 

close to the depletion side (northern fault) tend to be stabilized by increased normal 

stresses. 
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Figure 16: Diagram of the de- and stabilized areas on the faults (left) and moment magnitude (right). 

 
This observation applies to any of the simulated scenarios with deviations in the size of the 

reactivated area. Integration of the failure criterion (i.e. Δµ/µ > 0.1%) yields actual size of 

the reactivated areas on the faults. The largest reactivation on the southern fault was 

observed for the scenario containing the large hydraulically introduced fracture, followed by 

the poroelastic and random flaw scenario (see Figure 16). Stabilizing effects in terms of 

increase in normal stress (Δσn/σn > 0.1%) on the faults are maximized on the northern faults 

for the poroelastic scenario, followed by the hydraulic stimulation and random flaw 

scenario. The middle and southern faults do not show stabilized areas. 

 

The derived areas can then be linked to empirical rupture area (RA) versus magnitude (M) 

relations. For example, based in 244 investigated earthquakes, Wells and Coppersmith 

(1994) derived the following relationship M = 4.07 + 0.98 log(RA). This relationship has been 

used to relate the reactivated area with a possible empirically derived magnitude. The 

results are presented in Figure 15. 

 

The parameters employed within this modelling campaign are scalable and can be adjusted 

for the reservoir under investigation. The employed factors for the change in permeability 

and porosity will influence the outcome of the simulations. Certain assumptions for the 

change in permeability and porosity combined with a parametric study can yield reasonable 

estimation on the to-be-expected magnitude using this hybrid method between numerical 

modelling and empirical relations. The upscaling workflow for permeability as developed 

within this study applies realistic values. 

 

3.6.5 Conclusions 

The presented workflow for THM coupled simulation of the geomechanical system 

behaviour for hydrocarbon or geothermal reservoirs is capable to incorporate complex 

geometries and geomechanical models. It can be employed to analyse and optimise the 

effect of operation and stimulation of such a reservoir on rock mass stability, rock mass 

permeability enhancement, spatial and temporal distribution of stresses and porosity, and 
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resulting fault stability. The model building may be complemented with upscaled and hence 

realistic rock mass parameters. Relating the destabilised areas on faults with empirical 

relationships to seismic magnitudes may be a way forward to gain confidence in public. 

 

4. Conclusions and future steps 
 
The research conducted aimed at bridging the scales in shale rock mass permeability. For 

this purpose, the following achievements have been made. 

 

 A workflow has been developed that allows to numerically derive the effective bulk 

permeability tensor of shale rock mass from fracture mapping (statistics) and 

laboratory measurements 

 A workflow for upscaling permeability from laboratory measurements on rock 

samples to reservoir scale relevant permeability for rock mass was developed 

 To analyse the mechanical and geometrical influence of a fracture network on 

permeability evolution and hydraulic fracture extension a dedicated workflow was 

developed 

 Based on a novel software implementation it is possible to estimate the radius of 

permeability enhancement due to a hydraulic stimulation in fracture shale formation 

 

This may in future be used to 

 

 Prove the validity of the upscaling relation by comparing the reservoir simulations to 

pump tests, as will be tested in the S4CE project (EU H2020) 

 Compare the predicted fracture network extension and related permeability 

enhancements to field data 

 

5. Publications resulting from the work described 
 
Meier T, Grühser C and Backers T. 2018. Workflow For Homogenising Permeability Of A Low 

Permeable Rock Containing A High Permeable Discrete Fracture Network. 80th EAGE 

Conference and Exhibition 2018. DOI: 10.3997/2214-4609.201801635. 

Meier T and Backers T. 2018. Reactivation of Fault Zones due to Thermo-Poroelastic Stress 

Changes. 80th EAGE Conference and Exhibition 2018. DOI: 10.3997/2214-4609.201800715. 

Porter RTJ, Meier T, Grühser C, Backers T, Striolo A. Numerical simulations of permeability 

enhancement during hydraulic fracturing using extended finite element and non-linear 

diffusion models. (in preparation) 
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