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Summary

Geothermal energy reservoirs can be used as sources of renewable and sustainable energy,
which technology resides on the harvesting of heat from deep rock formations. Geother-
mal reservoirs that require permeability improvement are termed Enhanced Geothermal
Systems (EGS). The presence of fractures will, on the one hand decrease the flow re-
sistance in the reservoir, yet on the other hand, lead to a higher rate of temperature
drawdown, which poses a contradicting dilemma. For a reservoir engineer, being able
to predict and control the size, orientation and density of the fractures is thus a crucial
component of the reservoir design optimisation. This study, therefore, aims to develop a
model using DIANA Finite Element Analysis software that can simulate the flow through
fractured rock.

The modelling of a geothermal energy system is a complex challenge as the model
should be able to represent the interplay between the geomechanical, hydraulic and ther-
mal mechanisms occurring in the rock. A model of geothermal energy systems in the
subsurface can be formulated as a coupled Thermo-Hydro-Mechanical fracture problem.
The continuously coupling between these aspects is governed by the stresses, pore pres-
sures, temperatures, deformation and fractures of the rock.

Cracks are often represented according to a discontinuum approach because of a
crack’s discrete nature. However, when examining a THM fracture problem, adhering
to a smeared approach is considered to be suitable as well. The smeared crack approach
expresses the cracked rock as a material with equivalent anisotropic continuum properties.
It is better capable at simulating fracture branching and representing multiple cracks with
non-predetermined directions, and also poses computational advantages over the discon-
tinuum approach.

The fluid flow through a porous, fractured medium can be described by Darcy’s law,
whereby the permeability represents the permeability of the porous rock and the fracture
networks. The permeability of a single fracture can be derived based on the cubic law
for fluid flow, which leads to an expression of the permeability as a quadratic function of
the aperture. The aperture can be calculated based on the rock deformation, and thereby
provides coupling between the hydro- and geomechanical behaviour of the medium.

Within the smeared crack concept Diana FEA offers two different non-masonry/concrete
fracture material models: the Total Strain crack model and the Multi-Directional Fixed
crack model. They are both capable of simulating multiple cracks occurring in one point
(both space and time) but differ in their definition of the crack strain. Diana FEA offers
a mixture analysis, which considers an extra degree of freedom in addition to the dis-
placement in the form of a pore pressure potential. Darcy’s law relates the fluid flow in
the porous media with the gradient in the pore pressure potential through the modified
permeability k’.
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This study proposes a new fracture-dependent material model, that can be used in
combination with other smeared, fracture models in the Diana FEA software. The model
takes into account the presence of fractures through the deformation of the material and
therefore enables the simulation of the altered fluid flow through the fractured rock. The
model considers only tensile cracks (mode I) and employs a rotating crack model for
computational purposes. Cracks are defined to occur if the principal strain exceeds a
crack strain threshold, whereby the fracture will propagate in the direction orthogonal
to the main principal strain. It assumes that a single fracture can be represented by the
parallel plate model and the fluid flow through the fracture can thus be described by the
cubic law, where the permeability is a function of the fracture aperture. For the actual
implementation of the fracture-dependent permeability, three new subroutines have been
created. These subroutines express the updated permeability as a relative permeability
factor, which direction and magnitude depends on the size and orientation of the fractures.
For achieving this, two different methods are suggested: method 1 treats the medium as
a continuum with fracture-dependent properties, thereby expressing the change in perme-
ability as an overall change in the permeability of the rock mass. Method 2 separately
takes the effects of the fractures into account by adding a fracture permeability to the ini-
tial permeability of the rock mass.

For evaluating the model’s ability to simulate fluid flow in fractures near geothermal
boreholes, the results are compared with a different numerical study on hydraulic frac-
turing. The comparison shows that the model is quite capable of simulating the develop-
ment of fractures and corresponding changes in permeability. The analyses indicate that
simulations according to method 1 display a much more instantaneous increase in perme-
ability at the onset of cracking, whereas method 2 shows a much more gradual increase.
A mesh-dependency analysis shows that the model is not entirely objective with respect
to its mesh. However, this dependence can be very much improved for method 1 if b0 is
defined as function of the tensile strain and crack bandwidth instead of a single parameter,
resulting in a converging solution. Furthermore, the model appears to be very sensitive to
its input parameters, being b0 (initial aperture) for method 1 and the JRC (Joint Rough-
ness Coefficient) for method 2. Method 2 next to this also displays a sensitivity to the
initial permeability, thereby limiting its applicability.

The applicability of the model is also evaluated in situations other than EGS. A case
study concerning the hydro-mechanical behaviour in excavation damaged zones near un-
derground galleries shows that the model is only capable of simulating the behaviour to
a limited extent. This limitation can most be attributed to the fact that the model lacks
an elaborate description of an initially cracked state or heterogeneities in the rock, and it
only incorporates mode I (extensional) fractures and can not account for shear fracturing.
Furthermore, the case study also illustrates that the strain crack criterion and a rotating
crack approach, may not be suited in every situation.

With regards to further development of the model, the study recommends a merging of
the two proposed methods, thereby combining both their advantages as well as disadvan-
tages. It also suggests incorporating a more detailed description of the initially cracked
stated of the rock, which includes not only the aperture of the fractures but also their di-
rection. And finally, for achieving a more comprehensive model, it is recommended to
incorporate the thermal effects and other modes of fracturing apart from tensile cracks in
the expression for the fracture-dependent permeability.
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Nomenclature

Abbreviations

EDZ Excavation Damaged Zone

EGS Enhanced Geothermal Systems

EPFM Elasto-Plastic Fracture Mechanics

LEFM Linear Elastic Fracture Mechanics

M1 Method 1

M2 Method 2

THM Thermo-Hydro-Mechanical

Symbols

α Permeability factor 1

αT D Fracture threshold angle rad

β Shear retention factor 1

ε Strain 1

εcr Global crack strain 1

εn Crack normal strain 1

εt Crack strain criterion 1

εcr
u Ultimate crack strain 1

εnst Strain in the crack coordinate system 1

εcr
u,min Minimum ultimate crack strain 1

εxyz Strain in element coordinate system 1

µ Dynamic viscosity N ·m−2 · s
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ν Poisson’s ratio 1

φ Friction angle rad

ψ Dilatancy angle rad

ψ Shear capacity 1

ρ Density kg ·m−3

σ Stress N ·m−2

σ cr Global crack stress N ·m−2

σH Major principal stress N ·m−2

σh Minor principal stress N ·m−2

σci Uniaxial compressive strength N ·m−2

σnst Stress in crack coordinate system N ·m−2

σxyz Stress in element coordinate system N ·m−2

τ Tortuosity 1

θ Crack direction angle rad

ξ Hydraulic aperture factor 1

A Area m2

b Mechanical fracture aperture m

b∗ Hydraulic fracture aperture m

b0 Initial fracture aperture m

c Cohesion N ·m−2

c Kozeny constant 1

COD Crack Opening Displacement m

CTOD Crack Tip Opening Displacement m

DF Darcy flux m−1 · s−1

E Young’s modulus N ·m−2

ecr Individual crack strain 1

fc Compressive strength N ·m−2

ft Tensile strength N ·m−2

G (Strain) Energy release rate (surface area) J ·m−2
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g Energy release rate (volume) J ·m−3

g Gravitational acceleration m · s−2

Gc Critical energy release rate J ·m−2

hcr Crack bandwidth m

I Identity matrix 1

J Energy release rate (non-linear) J ·m−2

JRC Joint Roughness Coefficient 1

K Hydraulic conductivity m · s−1

K Stress intensity kg · s−2 ·m−1/2

k Permeability m2

k′ Modified permeability m3 · s · kg−1

k′0 Initial modified permeability m3 · s · kg−1

Kc Critical stress intensity or fracture toughness kg · s−2 ·m−1/2

K f Bulk modulus fluid N ·m−2

Ks Bulk modulus solid N ·m−2

l∗ Characteristic length m

mb Hoek and Brown failure criterion constant 1

n Porosity 1

q Equivalent shear stress N ·m−2

qmc Morh-Coulomb failure criterion N ·m−2

R Crack resistance J ·m−2

S Surface area per volume m2 ·m−3

s Fracture spacing m

s Hoek and Brown failure criterion constant 1

scr Individual crack stress N ·m−2

smx Crack control characteristic m

T Temperature K

T Transformation matrix 1

T Transmissivity m2 · s−1

w Fracture width m
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1. Introduction

Geothermal energy reservoirs located in subsurface rocks can be used as sources of re-
newable and sustainable energy for heating systems or electricity networks. The concept
of geothermal technology relies on the harvesting of heat from deep rock by injecting
fluid that circulates through the porous, fractured reservoir rock between injection and
production boreholes and thereby transports the heat to the ground surface.

Flow rates in geothermal energy reservoirs depend on the porosity structures in the
rock, being the pores and the fractures. The presence of fractures can strongly increase
the permeability of the rock and thereby enhance the flow circulation in the system. Prop-
erly being able to model the fluid flow through the porous, fractured rock is therefore of
importance in the optimization of reservoir design. For that reason, this study aims to
develop a model using DIANA Finite Element Analysis software that can simulate the
fluid flow through fractured rock. The research, first of all, focuses on investigating how
the coupling between fracture development and fluid flow can be modelled, and once a
model has been established, explores the applicability and limitations of the model.

This study proposes a new material model, which relates fracture initiation and prop-
agation with a change in permeability of the rock, assuming a smeared approach. This
fracture-dependent permeability model can be used in combination with other fracture
models in the Diana FEA software, that account for the stress and strain redistribution due
to presence of fractures. The hydro-mechanical behaviour of fractured rock in geother-
mal energy reservoirs can be simulated, by performing a mixture analysis on a rock that
is described by the fracture-dependent permeability model.

A literature study is conducted, attempting to provide a theoretical framework for the
derivation of the model. This study deals with the following three main topics: thermo-
hydro-mechanical processes in geothermal energy reservoirs, fracture mechanics of rock,
and the effect of fractures on the bulk permeability and fluid flow of the rock. Subse-
quently, the steps required for the implementation of the model can be determined, by
evaluating the theoretical framework based on their computational aspects and by look-
ing into how the Diana software currently simulates fracture development and fluid flow.
Based on that evaluation, the context of the already existing fracture material models and
mixture analysis can be identified.

After the fracture-dependent permeability model has been defined and implemented
in the Diana FEA software, the simulations are evaluated. The main goal is to identify
the applicability and limitations of the newly developed model, and compare between the
two different methods that are proposed for the calculation of a fracture-dependent per-
meability. The final phase therefore considers a few different test cases that verify and
evaluate the workings and objectivity of the model according to its two methods. The ob-
jectivity evaluation includes a mesh-dependency analysis, and furthermore, aims to map
the sensitivity of the model to its input parameters. Simulations are first of all compared
with another numerical study on hydraulic fracturing in geothermal energy reservoirs.
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Secondly, a study on the hydro-mechanical behaviour in excavation damaged zones is
discussed, thereby evaluating the usage of the model to a broader extent.

The outline of the report is as following: The study commences with a short chapter
providing background information on geothermal energy reservoirs in Chapter 2. Next,
the literature study is discussed in Chapter 3. The function of this study is to provide the
theoretical framework for model development. Furthermore, a bridge is made between
the theory and the computational aspects of the model implementation, thereby also eval-
uating which models and type of analyses are already available in Diana as the model
will be developed forming an extension to the Diana FEA software. Based on this the-
oretical research, a model concept is proposed, and its practical implementation into the
software is dealt with in Chapter 4. Chapter 5 describes the first results of simple 2D and
3D simulations that were performed using the new code. The aim of this chapter is to
demonstrate and verify the workings of the model, thereby also providing initial insight
into the sensitivity of the model to some input parameters. A different numerical study
on hydraulic fracturing is discussed in Chapter 6, results are compared with simulations
by the fracture-dependent permeability model. Moreover, this study is used as a starting
point for the objectivity evaluation of the model, which considers a mesh-dependency
and a parameter sensitivity analysis. Both analyses can be found in Chapter 6 as well. A
case study describing a situation other than EGS, where potentially the model can also
be applied to, is presented in Chapter 7. This case study concerns the hydro-mechanical
behaviour of excavation damaged zones surrounding underground galleries. The aim of
comparing results with this case study is to investigate the applicability of the model in
a broader sense. All relevant methods and assumptions concerning the model develop-
ment and evaluation of the methods are discussed in Chapter 8. And finally, the study
is concluded on in Chapter 9. This chapter also includes recommendations for further
development.
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2. Geothermal energy reservoirs

2.1 Introduction
The concept of geothermal technology as a source of renewable and sustainable energy
resides on the harvesting of heat from deep rock formations. The collected thermal energy
can be converted into electricity or can be used directly in heating networks. The extrac-
tion of the geothermal energy aims at rock reservoirs located at a depth shallower than 5
km and temperatures between 100 and 400 °C. The fluid is injected into the hot rock mass
and circulates between the injection and production boreholes, thereby transporting heat
to the ground surface (Tomac and Sauter, 2018).

The rock formations that form the natural reservoirs for the harvesting of geothermal
energy are often tight and have low initial permeability. The rock must therefore be frac-
tured in order to generate sufficient fluid circulation rates. The fracturing can be achieved
through hydraulic fracturing techniques, in which (cold) pressurized fluid is injected into
the deep hot rock through wells, thereby producing new fractures. Geothermal reservoirs
that require permeability improvement are termed Enhanced Geothermal Systems (EGS).
The concept and modelling of EGS will be discussed in the following sections.

2.2 Enhanced Geothermal Systems
The term Enhanced Geothermal Systems (EGS) is used to describe projects that involve
the modification of rock permeability for the creation, or the enhancement of an existing,
geothermal reservoir (Grant, 2013). According to Grant (2013), there are two main pa-
rameters that summarise the performance of an EGS from an engineering point of view
being, firstly, the resistance to the flow between two wells, and secondly, the rate of
temperature drawdown of the produced water. The presence of fractures creates a con-
tradicting dilemma concerning these two parameters. On the one hand, the fractures will
decrease the flow resistance and thereby lower the required pumping power, however, on
the other hand, they will also lead to a higher rate of temperature drawdown due to the
increase surface area that is now available for heat exchange between the fluid and the
rock. A reservoir engineer should therefore aim to find an appropriate balance between
flow resistance on the one side and temperature draw down on the other in the design of
the EGS. Being able to predict and control the size, orientation and density of the frac-
tures is thus a crucial component of the design optimisation.

Fluid flow

The most straightforward representation of the flow in a geothermal reservoir is by the
analogy of fluid flow in a confined aquifer (Grant, 2013). A confined aquifer is a layer of
permeable, water-bearing rock that is fully saturated. Figure 2.1 shows the fluid flow in an

15



exploited geothermal reservoir. The arrows at the top of the figure illustrate the injection
and production wells. Pressurized, cold water is injected in the rock, as it travels through
the reservoir it slowly decreases in pressure and increases in temperature due to the heat
exchange with the rock formation. The heated water is extracted at the production well.

Figure 2.1: Fluid flow in an exploited geothermal reservoir (Grant, 2013).

Fracture development

The development of fractures around a geothermal well strongly depends on the in-situ
rock stress. Assuming S1, S2 and S3 are the principal (compressive) stresses of the rock,
where S1 is parallel to the direction of the wellbore axis and S2 ≥ S3, then the maximum
tensile stress at the edge of the wellbore (σθ ) is given by (Hubbert and Willis, 1957)

(σθ )max = p+S2−3S3 (2.1)

where p is the pressure of the injected fluid. The maximum tensile stress can be found at
points B and B’ at the edge of the wellbore shown in Figure 2.2. The wellbore has a radius
equal to Rw, and the length of the cracks is indicated by a. It is assumed that fracturing
occurs when σθ reaches the tensile strength of the rock.

Figure 2.2: In-situ rock stresses and injected fluid pressure around a wellbore with cracks
(Atkinson and Meredith, 1987).

If the tensile strength of the rock is reached, due to the increased fluid pressure in the
wellbore, the rock will part most easily in the direction of the least compressive stress
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(S3). Consequently, a fracture develops orthogonal to this direction, thus in the direction
of S2 (Grant, 2013). See Figure 2.3 below for the visualisation of fracture development.

Figure 2.3: Fluid pressure causing the rock to part in the direction of the least stress.

During the extraction of geothermal energy, there are also thermal effects that play a role
in the fracture development around a wellbore. As cold water is injected, the surface
of the crack is cooled by the fluid leading to thermal contraction of the rock. The con-
traction may result in the formation of tension cracks perpendicular to the surface of the
original fracture, consequently resulting in a loss of flow rate. Furthermore, the volume
and thus the aperture of the original fracture may increase significantly due to the thermal
contraction, increasing the local permeability. And finally, the thermal contraction poses
additional thermal stresses on the rock, giving rise to an increasing stress intensity at the
crack tip, which can result in fracture propagation (Atkinson and Meredith, 1987).

2.3 Thermo-Hydro-Mechanical modelling
The coupled processes in geothermal energy reservoirs can be represented by a Thermo-
Hydro-Mechanical model (THM model). Correctly modelling processes in geothermal
reservoirs can be a challenging task as it involves the coupling of many different com-
ponents. Geothermal processes disturb the initial stress field as fluid gradients, and rock
temperature differences cause additional stresses to the mechanical stress field in the rock.
Increased local shear stresses and pore pressures cause the stress field to rearrange and to
rotate the local principal stresses, which results in fracture initiation and propagation in
highly stressed rock (Tomac and Sauter, 2018). Fracture properties, such as aperture, ori-
entation, connectivity and length, are affected by the geomechanical response of the rock
to the thermal and fluid-induced stresses. These fracture properties consequently govern
the fluid and heat flow through the rock, thereby rearranging fluid and temperature gradi-
ents.

Many studies have been carried out in which an attempt is made to formulate a fully
coupled THM model, where generally speaking the outline of the models is more or less
the same. The THM model is subdivided into three sub-models: a geomechanical, thermal
and a flow model. In a fully coupled model, these three models run simultaneously and
continuously interact. In many THM models, the thermal and flow model are once again
subdivided in a matrix and a fracture thermal/flow model. In some cases this distinction
is also made for the geomechanical model, depending on the applied constitutive model.
A schematic overview of a simplified THM model is given in Figure 2.4. This scheme
has been assembled based on the models presented in the studies by Chen et al. (2007),
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Adachi et al. (2007), Zhou et al. (2009), Kissling et al. (2015), Gan and Elsworth (2016
and Salimzadeh et al. (2018). The following physical quantities govern the coupling
between the different mechanisms:

• Mechanical (in-situ) stress: Anisotropic stress field may lead to highly localised
stresses and strains, resulting in the initiation and propagation of fractures. Stresses
are affected by pore pressures and thermal influences;

• Pore pressure (gradient): Pore pressure affect the stress state, possibly causing the
principal stresses to rearrange and the bulk to deform. The pore pressure gradient
induces a fluid flow;

• Temperature (gradient): Temperature can induce thermal contraction of the rock
resulting in additional (secondary) cracks and thermal stresses. Furthermore, tem-
peratures affect the mechanical properties of the rock as well as the dynamic vis-
cosity of the fluid. And a temperature gradient results in advective flow through the
fractures and advective and conductive flow through the porous medium;

• Deformation: Deformation of the rock affects the fluid and thermal flow through the
porous medium and fractures. Deformation can be caused by additional (thermal)
stresses or increased fluid pressure;

• Aperture: Fracture development, and consequently an increase in fracture aperture,
is a result of highly localised stresses and strains. A greater aperture increases
the permeability of the fractures, thereby enhancing fluid flow and advective heat
transport.

Figure 2.4: Schematic representation of a simplified THM model.
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2.4 Conclusion
The rock forming the geothermal reservoir often has a low intrinsic permeability. In the
case of Enhanced Geothermal Systems, the permeability of the formation is increased
through hydraulic fracturing. The condition and direction of these induced fractures play
an important role in the optimization of the geothermal energy reservoir.

Fracturing occurs when the injected fluid pressure is increased, and the maximum
tensile stress at the edge of the wellbore exceeds the tensile strength of the rock. The fluid
pressure pushes the rock in the direction of the least resistance (least compressive in-situ
stress), and therefore the fracture propagates in the orthogonal direction. Temperature
differences can induce additional thermal effects, such as thermal contraction and the
occurrence of secondary tension cracks.

The modelling of a geothermal energy system is a complex challenge as the model
should be able to represent the interplay between the geomechanical, hydraulic and ther-
mal mechanisms occurring in the rock. A model of geothermal energy systems in the
subsurface is thus formulated as a coupled Thermo-Hydro-Mechanical fracture problem.
In short, a THM fracture problem consists of five main concepts (Gan and Elsworth, 2016;
Salimzadeh et al., 2018):

1. Fracture mechanics;
2. Fluid flow in the fracture;
3. Fluid flow in the porous rock;
4. Advective heat transport through the fracture;
5. Conductive and advective heat transport through porous rock.

The continuously coupling between these aspects is governed by the stresses, pore pres-
sures, temperatures, deformation and fractures of the rock.
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3. Literature study

3.1 Introduction
This study focuses on the first three concepts of the THM fracture problem, being the
fracture mechanics and the fluid flow through the fractures and the porous media. The
function of this literature study is first of all to provide an overview of the available theory
describing these concepts and providing insight into the coupling between them. Sec-
ondly, it discusses the fracture models and mixture analysis that are already available in
Diana FEA software, as the new code that will be written for the simulation of the fluid
flow through fractured rock will function as an addition to previously existing mixture
analysis and material models in Diana.

3.2 Theory
For the outline of this section, three main subdivisions have been identified. First of
all, the (classic) fracture mechanics is dealt with, discussing both linear elastic fracture
mechanics as well as elastoplastic fracture mechanics. Secondly, the concept of smeared
cracking is described, thereby also discussing its computational aspects. Next, the relevant
laws and physical quantities governing the fluid flow through the porous, fractured media
are discussed.

3.2.1 Fracture mechanics
Fracture-dominant failure in rock is related to highly localised plasticity. Fracture me-
chanics deals with why, how and when these points of highly localised plasticity occur
in the rock leading to the initiation and propagation of cracks. Several approaches and
methods have been developed over the years. The purpose of this section is to provide
some insight into the fundamental theories necessary for the understanding of crack initi-
ation and propagation in rock structures. The next sections, therefore, deal with the main
methods that are grouped under the ’classical fracture mechanics’.

Classical fracture mechanics

Classical fracture mechanics starts with the concept of a single, ideal flat, perfectly sharp
crack and the crack tip displacement is subdivided into three basic modes (Atkinson and
Meredith, 1987, Janssen and Wanhill, 2004):

1. Mode I: tensile/opening mode;
2. Mode II: in-plane shear/sliding mode;
3. Mode III: anti-plane shear or tearing mode.

20



Superposition of these three modes can be used to describe a simple, general case of crack
deformation. See Figure 3.1 for the illustration of the three fracture modes.

Figure 3.1: The three basic modes of tip displacement, where A corresponds to Mode I,
B to mode II and C to mode III (Atkinson and Meredith, 1987).

The classical fracture mechanics approach (ideal, atomically sharp cracks behaving
linear elastically) provides a suitable representation of cracks at a microscopic level.
Nonetheless, at a more macroscopic level of study, for example, when considering frac-
tured rock, the cracking shows more complex behaviour. Initially, upon loading, micro-
cracks are formed. When loading is increased, the intensity of the microcracking also
increases, and the behaviour in the crack tip becomes non-linear. Microcracks start link-
ing in this non-linear zone resulting in the macrocrack extension. This zone is known as
the process zone. The macrocracking propagates by taking with it microcracks and dam-
age in the process zone. If the process zone is relatively small compared to the dimension
of the cracked body, the assumption of linear elastic behaviour will still be valid. How-
ever, if the size of this plastic process becomes larger, then the application of non-linear
elastic fracture mechanics is required.

The next sections deal with two different approaches: Linear Elastic Fracture Mechanics
(LEFM) and Elastic-Plastic Fracture Mechanics (EPFM). Each approach is subsequently
divided into two separate sub-methods defining crack criterion and parameters governing
crack initiation and propagation. The different approaches and derivation of the criteria
will be elaborated on in more detail in the coming sections.

Linear Elastic Fracture Mechanics (LFEM)

LEFM can be used to describe crack initiation and propagation in elastic material, having
no or a limited plastic region (process zone) in the crack tip. The applicability of the
LFEM approach depends on the size of the process zone compared to the smallest critical
dimension of the structure. The critical dimension can be the length of the crack itself or
possibly smaller; the distance from the true crack tip to the nearest free surface or joint,
where the true crack tip is located at the end of the process zone indicating the beginning
of the stress-free, true crack (see Figure 3.2).

21



Figure 3.2: Illustration of a true crack consisting of a process zone and an effective crack
(Atkinson and Meredith, 1987).

Two crucial parameters in the fracture mechanics are the stress intensity parameter
K, and the stress extension force/strain energy release rate G. The stress intensity factor
is the magnitude of crack tip stress field, for a particular mode (I, II or III), in a homo-
geneous linear elastic material. The crack extension force is more of a global parameter
and is defined as the loss of energy per unit of new crack separation area formed during
an increment of crack extension. It is therefore an energy release rate with respect to
length and not time. These fracture mechanics parameters form the basis of the two crack
propagation approaches in LEFM: The Stress Intensity approach and The Energy Balance
approach.

The Stress Intensity Approach

Figure 3.3 shows the coordinate frame for the analysis of linear elastic stress tip field
around a tensile mode I crack.

Figure 3.3: Coordinate frames for the analyses of linear elastic stress tip fields (Atkinson
and Meredith, 1987). Cartesian (xyz) and polar (r, θ , z) coordinates are shown at the
crack tip front.

For mode I, the stresses close to the crack tip are given by (Atkinson and Meredith, 1987)

σx =
KI

(2πr)1/2 cos
θ

2
(1+ sin

θ

2
sin

3θ

2
) (3.1)

22



σy =
KI

(2πr)1/2 cos
θ

2
(1− sin

θ

2
sin

3θ

2
) (3.2)

τxy =
KI

(2πr)1/2 cos
θ

2
sin

θ

2
sin

3θ

2
(3.3)

where KI is the magnitude of the crack tip stress field for mode I and can be defined as

KI = lim[σy(2πr)1/2]as r→ onθ = 0 (3.4)

with σy being the tensile stress normal to the crack plane. A similar expression can be
obtained for the crack intensity for modes II and III (KII and KIII respectively). The
material property governing the fracture is stated as the critical stress intensity Kc. This
critical stress intensity, also known as the fracture toughness, can thus be used to predict
failure by adhering to the following fracture condition for crack mode I

KI ≥ KIc (3.5)

The approach can be summarised according to the following key points (Atkinson and
Meredith, 1987):

1. Crack extension starts at the crack tip and propagates in a radial direction;
2. Crack extension starts in a plane normal to the direction of the greatest tension at

θ0 (see Figure 3.3) such that τrθ = 0
3. Crack extension begins when K reaches a critical, material constant value Kc.

The Energy Balance Approach

Griffith (1921) was the first to define the crack criterion based on the ’theorem of mini-
mum energy’, which states that the equilibrium state of an elastic solid body, deformed by
surface forces, is such that the potential energy of the whole system is at a minimum value.
To create a crack, work must be done against the cohesive forces between the molecules
on either side of the crack. This work is defined as the potential surface energy. Thus if
the application of surface forces deforms an elastic body, the sum of the potential energy
resulting from these forces is diminished by the formation of cracks, until an equilibrium
state is reached. In other words, the energy balance condition (see Equation (3.6)) states
that crack growth will occur when the energy available for crack extension (potential en-
ergy) due to an increase in forces and strains is larger than the energy required (crack
resistance) to break the cohesive bonds between the molecules on either side of the crack
(Atkinson and Meredith, 1987, Janssen and Wanhill, 2004). By balancing the potential
energy available with the crack resistance the crack extension condition can be written as

dUp

da
>

dUυ

da
(3.6)

where dUp = The change in potential energy due to cracking, dUυ = The change in sur-
face energy due to cracking, and a = The distance along the crack length

The left-hand side of Equation (3.6) equals the decrease in potential energy if the
crack would extend over a length da. The right-hand side represents the increase in sur-
face energy during that same crack extension. The energy available per increment of
crack extension has been defined as G, the energy release rate. The energy required per
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increment of crack extension is defined as R, the crack resistance. Rewriting Equation
(3.6) this results in the following extension condition (Janssen and Wanhill, 2004):

G > R (3.7)

The energy release rate varies at a distance from the crack tip. Crack extension oc-
curs in the direction along which R possesses a minimum value and G reaches a critical,
material value (Gc). The critical energy release rate Gc as a material-specific parameter is
related to the fracture toughness Kc.

Elastic-Plastic Fracture Mechanics (EPFM)

For brittle materials, and thus brittle cracking, it is assumed that the process zone (see
Figure 3.2) is non-existent or insignificantly small compared to the critical dimensions
of the structure. If this is the case, the LEFM can be used to describe crack initiation.
Nonetheless, there are also classes of material which behaviour is categorised as ductile.
The ductile behaviour results in a process zone that is too large compared to the critical
dimensions of the structure in order for the material to be described by the LFEM. Another
approach, which is better suited to deal with ductile material, however limited, is the
Elastic-Plastic Fracture Mechanics (EPFM).
The EPFM can model the initiation of cracks (using one or two parameters similar to
the ones used in the LEFM) in non-linear elastic materials, and to a limited amount,
ductile materials. Within the EPFM, two main approaches can be identified: the J integral
approach and the Crack Opening Displacement (COD) approach (Janssen and Wanhill,
2004). These two approaches will be described in the following sections.

J integral approach

The first primary approach in the EPFM is the J integral approach. The J integral is
introduced as a parameter in fracture mechanics when the contribution of a non-linear
elastic or inelastic process in the crack tip region is significantly large. J can be seen
as the non-linear elastic equivalent of G and is therefore also defined as the decrease in
potential energy per increment of crack extension. In the case of linear elastic stress-
strain behaviour, J is even identical to G. J can either be derived based on the energy
description (analogous to G) or it can be evaluated as a line integral along an arbitrary path
surrounding the crack tip (Atkinson and Meredith, 1987, Janssen and Wanhill, 2004).

The definition J suggests that there is a critical value of J, Jc, at which crack extension
is initiated. Thus, J values can be compared to Jc values (characteristic for certain mate-
rial) enabling fracture mechanics analysis to be carried out. This approach is very similar
to the energy balance approach in the LEFM.
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Crack Opening Displacement (COD) approach

The second primary approach in the EPFM is the Crack Opening Displacement (COD).
The reasoning behind the COD approach is as follows (Janssen and Wanhill, 2004): The
stresses and the strain in the vicinity of the crack are responsible for failure. At crack tips,
stresses exceed the yield strength, and therefore, plastic deformation occurs. It is argued
that the stress at the crack tip always reaches the critical value. Thus the plastic strain in
the crack tip region is the controlling factor of the crack. A measure of the amount of
plastic strain at the crack tip is the opening of the crack flanks close to the tip. The COD
at the initial crack tip is known as the Crack Tip Opening Displacement (CTOD). This
CTOD represents finite displacement at the original crack tip, which is the result of an
initially sharp crack that has been blunted due to plastic deformation (see Figure 3.4. It
is assumed that at the onset of crack initiation, the CTOD has a critical value, which is
material-specific and can therefore be used as a fracture criterion.

Several methods have been developed to determine the CTOD of cracks. In the case
of LFEM, the CTOD can be related to the crack tip intensity or the strain energy release
rate. A relationship between the J integral and the CTOD can also be expressed.

Figure 3.4: Crack tip opening displacement (Janssen and Wanhill, 2004).

An outline of the different methods that are grouped under either LEFM or EPFM is given
in Figure 3.5. The modelling of crack initiation and propagation according to either one of
these methods requires a discrete representation of cracks since it considers the occurrence
of highly localised plasticity. A different approach for the simulation of fractures is the
smeared crack concept. This concept and its computational aspects are discussed in the
next section.

Figure 3.5: An overview of a subdivision of the main fracture mechanics approaches.
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3.2.2 Smeared crack concept
A fractured rock mass can either be modelled as a network of discrete fractures (DFN
concept or discontinuum approach) or as a smeared rock concept (continuum approach).
The choice for either one of the two should consider the scale of the fractures with re-
spect to the characteristic length of the structure that is evaluated. The DFN concept is
a discrete approach, which considers fluid flow in fractured rock mass through a system
of connected fractures, where the fractures are represented by discrete elements, or it is
assumed that the rock is assembled of separate blocks, delimited by the fracture. The frac-
ture is modelled as a single, true discontinuity. In the case of a smeared crack concept,
the fractured medium, which includes the intact rock and the fractures, is considered to
behave like a continuum, where the actual stresses and strain are averaged over a specific
representative volume. According to this approach, a fracture is simulated by altering
the physical and mechanical properties of the material. The smeared crack model thus
expresses the cracked rock as a material with equivalent anisotropic continuum properties
(Taghipoor et al., 2020).

Both models are capable of describing thermo-hydro-mechanical coupled processes
using numerically based methods. The discontinuum approach, however, can characterise
the rock and fractures more explicitly, as it is better capable of modelling small-scale
fracture problems and thus more accurately simulating in-situ behaviour. The continuum
approach, on the other hand, is better capable of simulating fracture branching, rotation
and representing multiple cracks in non-predetermined directions. Even though a discrete
approach might be more suited to represent the discrete nature of a crack, it also poses
some computational difficulties. For example, fracturing increases the number of nodes
and changes the connectivity of mesh elements (Taghipoor et al., 2020). This results in
additional challenges for the automisation of the modelling approach. It can, therefore
also, demand more computational efficiency and time for large scale reservoir simula-
tions (Gan and Elsworth, 2016). For that reason, for the remaining part of this study, only
the continuum model approach is considered, and it is assumed that the reservoir rock
mass under consideration can be described to behave like a continuum.

Within the smeared crack concept, there is a subdivision with regards to computational
aspects of the fracture orientation modelling. It is subdivided into three categories: fixed,
multi-directional fixed crack or a rotating crack (Rots, 1988). These three categories will
be discussed in more detail the following sections. However, before doing so, the fracture
model of the smeared crack concept is explained.

Fracture model

The stress-strain law for smeared cracking in a traditional sense was set-up with refer-
ence to the nst-axes, which is set-up aligned with the crack. In this coordinate system
n refers to the direction normal to the crack and s and t to the directions tangential to
the crack, corresponding to crack modes I, II and II respectively (see Figure 3.6). The
general stress-strain relation in the crack coordinate system is defined in Equation (3.8)
with nine independent stiffness moduli. In the earliest versions of the application of this
stress-strain relationship, the moduli are set equal to zero upon the formation of cracks.
This is a rudimental approximation as it assumes that cracks are not at all capable of
transmitting tension, which in reality is not the case. Furthermore, the abrupt switch from
an initial isotropic linear-elastic law to an orthotropic law with stiffness moduli equal to
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zero implies a strong discontinuity and results in computational difficulties. Therefore,
researchers implanted reduction factors to account for the reduction in mode I stiffness
µ and shear stiffness β upon cracking. This adjustment resulted in the orthotropic law
according to Equation (3.9) (for a 2D configuration), where E is Young’s modulus, ν is
Poisson’s ratio (Rots, 1988).

For these traditional stress-strain relations, the strain-vectors in Equations (3.8) and
3.9 represent the total strain of the cracked continuum, which includes the crack strain as
well as the strain of the supposedly non-fractured rock material which is present between
the cracks.

Figure 3.6: Illustration of crack plane and strain with the corresponding coordinate system
(Rots, 1988).
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A disadvantage of this total strain representation (see Equations (3.8) and (3.9)) is that
some crack laws, which are based on the formulation of solely the crack strain, cannot be
transparently incorporated using this model. A solution to this problem was introduced
by decomposing the total strain into a crack strain ∆εcr and a strain corresponding to
the solid material in between the cracks ∆εco (see Equation (3.10)). This decomposition
is thereby a small movement in the direction of the discrete crack concept, where the
modelling of the crack is performed entirely separate from the solid material. In the case
of linear elastic material behaviour, ∆εco is equal to the elastic strain (∆εe), however, for
non-linear elastoplastic material ∆εco can also include, for example, plastic or thermal
strains.
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∆ε = ∆ε
cr +∆ε

co (3.10)

When the strain is decomposed into ∆εcr and ∆εco, the global crack strain vector in a
3D-configuration, which is aligned with the global x,y,z - axes reads

∆ε
cr =

[
∆εcr

nn ∆εcr
yy ∆εcr

zz ∆γcr
xy ∆γcr

yz ∆γcr
zx
]T (3.11)

Furthermore, a local crack strain vector can also be identified (Equation (3.12)). This
local vector is aligned with the local nst-coordinate system, where εcr

nn corresponds to the
normal mode I crack strain and γcr

ns and γcr
nt to the mode II and III shear crack strains

respectively.
∆ecr =

[
∆εcr

nn ∆γcr
ns ∆γcr

nt
]T (3.12)

The relation between the local and global crack strains is established according to
Equation (3.13), where T is the transformation matrix representing the crack orientation
with respect to the global system, εcr is the global crack strain and ecr the local crack
strain

∆ε
cr = [T ]∆ecr (3.13)

Computational aspects

Fixed crack

The fixed crack approach assumes that the local crack axes remain unaltered throughout
the analysis and the crack orientation is therefore determined upon initiation, i.e. the [T]
matrix is fixed. The main features of the fixed crack computational approach are:

1. Maximum of three orthogonal cracks in one point;
2. Crack is defined if the tensile strength is exceeded;
3. Crack orientation is fixed upon initiation;
4. Permanent memory of damage orientation.

Multi-directional fixed crack

The multi-directional fixed crack further builds upon the concept of strain decomposition,
whereby individual contributions of multi-directional cracks simultaneously occurring at
one point are considered (see Equation (3.14)). Each individual crack strain increment
contributes to the global crack strain εcr. A new crack is initiated when the tensile stress
exceeds the tensile strength, and the direction of the principal stress exceeds a certain
threshold angle with respect to the orientation of the already existing cracks.

∆ε
cr = ∆ε

cr
1 +∆ε

cr
2 + ... (3.14)

Besides this, each crack is also assigned a local crack strain vector ecr
i and transfor-

mation matrix Ti, which are assembled into multi-directional crack vectors and matrices
according to Equation (3.15) and (3.16). This yields the relation between local and global
crack strain according to Equation (3.17).

∆êcr =
[
∆ecr

1 ∆ecr
2 .....

]T (3.15)
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T̂ =
[
T1 T2 .....

]T (3.16)

∆ε
cr = T̂ ∆êcr (3.17)

The main features of the multi-direction fixed crack approach can be summarized as fol-
lowing:

1. Multiple active cracks occurring simultaneously;
2. Crack is defined if the tensile strength and threshold angle are exceeded;
3. Crack orientation is fixed upon initiation;
4. Permanent memory of damage orientation.

Rotating crack

The main point of criticism with regards to the fixed single crack approach is the misalign-
ment between the axes of principal stress and the fixed crack axes, as principal stresses
tend to sometimes rotate after crack formation. The rotating crack approach eliminates
this discrepancy as it forces coaxiality between the principal axes and crack axes by co-
rotating the crack axes with the principal axes. Crack directions are therefore not fixed
upon initiation, but instead are updated at the beginning of each incremental stage, so the
axes of material orthotropy correspond with the principal axes, i.e. [T] is not fixed but
updated continuously.

The following features describe the rotating crack approach:

1. Maximum of three orthogonal cracks in one point;
2. Crack is defined if the tensile strength is exceeded;
3. Crack orientation updated continuously at each stage of the incremental process;
4. No permanent memory of crack orientation, but the crack-opening history (maxi-

mum crack strain ever experienced) is kept as status parameter.

3.2.3 Flow through porous, fractured media
The following sections deal with the main concepts related to flow through porous, frac-
tured media. Because accurately describing the permeability of a porous, fractured medium
can be a difficult task, especially in the case of a THM coupled process, for simplifying
means, the flow model is often subdivided into two: matrix flow and fracture flow, with
both having there own contribution to the permeability of the system. Therefore, after
having discussed the basics of Darcy’s law, two sections deal with the description of ma-
trix and fracture permeability separately.

Darcy’s law

The fluid flow rate through a porous (fractured) medium can be described by Darcy’s law,
which is written as

q =− k
µ

∇φ (3.18)
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where k is the permeability of the medium, µ is the fluid viscosity and φ is the pore
pressure potential.

Permeability is an intrinsic property of a rock mass determined on its geometry. It
thereby deviates from the hydraulic conductivity, which is also a function of the fluid
viscosity, density and gravitational acceleration (Chen et al., 2007). The hydraulic con-
ductivity is defined as a function of the permeability according to Equation (3.19), where
ρ is the fluid density, g is the gravitational acceleration and µ is the fluid viscosity. In
literature different notations for the intrinsic permeability and hydraulic conductivity are
used. In this study, the permeability will be referred to with a small k, and for the hy-
draulic conductivity a capital K will be used.

K =
ρg
µ

k (3.19)

Fluid viscosity

The fluid flow rate q through the rock is a function of the fluid viscosity µ . The viscosity of
pure water is temperature-dependent: As temperature increases, the viscosity decreases
(Lyons and Plisga, 2011). In geothermal energy systems, cold water is injected in the
injection well, and hot water is extracted from the production well. Thus, as the water
flows through the reservoir rock, its temperature increases, and thereby, the viscosity
decreases. The viscosity of water can be defined as a function of temperature (Salimzadeh
et al., 2018), where Tf is the fluid temperature in Kelvin

µ = e
(−52.643+ 3703.6

Tf
+5.866·ln(Tf )−5.88·10−29·T 10

f )
(3.20)

This relation between the fluid viscosity and temperature will result in a viscosity of µ ≈
0.001 Pa · s for Tf = 20°C = 293.15 K.

Permeability tensor

In a 3D-configuration the permeability tensor can be represented by a symmetric, posi-
tively defined 3x3 matrix (see Equation (3.21)). The diagonal components represent the
dependence of the flow rate on the pressure difference in the same direction, whereas
the off-diagonal components represent the dependence of the flow rate on the pressure
difference in the orthogonal directions.

k =

kxx kxy kxz
kxy kyy kyz
kxz kyz kzz

 (3.21)

Matrix permeability

Generally speaking, the permeability of a porous medium can be expressed as the product
of a pore geometry function G and a porosity function f (n)

k = G f (n) (3.22)

Several approaches have been developed to more specifically define this permeability-
porosity relationship. One of the most well-known equations describing the relationship
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between the permeability and the properties of the pores is the Kozeny-Carman equa-
tion. The relation was first proposed by Kozeny (1927) and later modified by Carman
(1961), yet the authors never published together. The Kozeny-Carman law expresses the
permeability of a porous medium in the following form (Latief and Fauzi, 2012)

k =
n3

cτ2S2 (3.23)

where n is the porosity, S is the surface area per unit volume, τ is the tortuosity and c is
the so-called Kozeny constant, which depends on the geometry of the porous medium.

Fracture permeability

Cubic law

The simplest model of fluid flow through a single fracture is the parallel plate model,
which assumes the fracture to consists of two smooth, parallel plates separated by the
fracture aperture. Snow (1969) was the first one to show that the flow through a fracture
under this assumption can be described as a cubic function of its aperture (b), hence
the ’cubic-law’. The cubic law defines the transmissivity (T) of the fracture as a cubic
function of the aperture and fracture width (w). The transmissivity is the product of the
permeability (k) and the area (A), and the permeability of a single fracture is consequently
defined as a quadratic function of the fracture aperture (b), see Equations (3.24) and (3.25)
below.

T = kA =
wb3

12
(3.24)

k =
b2

12
(3.25)

The cubic law assumes a laminar fluid flow through a pair of smooth parallel plates
with infinite lengths. The mechanical aperture gives the distance between these plates.
However, for natural rock fractures, which have finite dimensions, rough walls and infill
material, it is not appropriate to directly implement Equation (3.25) to describe the per-
meability of the fracture, where b is equal to the mechanical aperture. In order to account
for this inconsistency with regards to the initial assumptions, the hydraulic aperture b∗

is introduced to replace the mechanical aperture b (Zimmerman and Bodvarsson, 1996).
The hydraulic aperture is generally smaller than the mechanical aperture due to fracture
roughness and infill. Some studies introduce a factor (ξ ) to account for the difference
between the hydraulic and mechanical aperture (Chen et al., 2007). In that case, Equation
(3.25) can be rewritten as

k = ξ
b2

12
(3.26)

Over the years, many empirical relationships between the hydraulic and mechanical
aperture of rocks have been found. A collection of these relations can be found in Table
3.1. This collection has been put together by Chen and Zhou (2011) based on the work of
many others.
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Table 3.1: Overview of a collection of empirical relations between the hydraulic (b*) and
mechanical aperture (b) (Chen and Zhou, 2011).

Authors Expression
Lomize (1951) b∗ = b(1.0+6.0(e/b)1.5)−1/3

Louis (1971) b∗ = b(1.0+8.8(em/DH)
1.5)−1/3

Patir & Cheng (1978) b∗ = b(1−0.9)exp(−0.56/Cv))
1/3

Barton, et al. (1985) b∗ = b2JRC−2.5

Olsson & Barton (2001)
b∗ = b2JRC−2.5

0 δ ≤ 0.75δp

b∗ = b1/2JRCmob δ ≥ δp

Symbol definition: e is the absolute asperity height, em the average asperity height, DH the hydraulic radius,
Cv the variation coefficient of b, JRC the Joint Roughness Coefficient, JRC0 the initial value and JRCmob
the mobilized value, δ the shear displacement and δp the peak shear displacement.

One example of an empirical relation between the mechanical and hydraulic aperture
is defined by Barton et al. (1985) (see Table 3.1 above). The relation between the two
apertures is described using the Joint Roughness Coefficient (JRC), see Equation (3.27).
The relation is defined for the aperture in microns. The JRC is a dimensionless parameter,
which typically ranges from 0 - 15 (and to a maximum of 20), where a low JRC represents
very smooth joint walls, and a high JRC indicates a rough surface (Barton et al., 1985).

b∗ = b2JRC−2.5 (3.27)

Strain-dependent permeability

Many models have been proposed for the formulation of either a stress- or a strain-
dependent hydraulic conductivity of permeability tensor of a fracture network. Chen and
Zhou (2007, 2011) formulate both stress- as well as strain-dependent hydraulic conduc-
tivity tensors. In comparing the two, it is stated that a strain-dependent formulation of
the hydraulic permeability has the advantage of being able to account form more complex
loading situations in comparison to stress-dependence as the formulation enables analysis
to include the effect of material non-linearity in the hydro-mechanical coupling process.

It is approximately valid that the aperture, or the average crack width over the crack
surface, is a function of the crack normal strain εn and the crack spacing (s) (Chen et al.,
2007 Chen and Zhou, 2011 Vecchio and Collins, 1986):

∆b = ∆εn s (3.28)

Using Equation (3.28) Chen et al. (2007) proposes the following formulation for the
strain-dependent hydraulic conductivity of the fth set of fractures

k = k f 0(1+
s f 0

b f 0
∆εn f )

3 (3.29)

where k f 0, s f 0 and b f 0 are the initial hydraulic conductivity, spacing and aperture of the
fth set of fractures respectively. Chen et al. (2007) showed that the hydraulic conductivity
could be rather sensitive to s f 0

b f 0
and estimates should therefore be carefully developed.

According to Vecchio and Collins (1986), the mechanical aperture can be calculated as a
function of the crack normal strain according to Equation (3.28), where s is the spacing for
the particular set of cracks that depends on the direction angle θ of the set of cracks. The
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crack spacing is estimated based on the direction of the crack and crack control parameters
of the medium, see Equation (3.30). Vecchio and Collins (1986) give this description for
the calculation of the crack width in concrete, where smx and smy are indicators of the
crack control characteristics of the x-reinforcement and y-reinforcement respectively.

sθ =
1

sinθ

smx
+ cosθ

smy

(3.30)

3.3 Fracture and fluid flow simulation in Diana
The next sections deal with the basics of the fracture material models, being the Total
Strain crack model ad the Multi-Directional fixed crack model, and the mixture analysis
that is available in Diana (DIANA FEA bv, 2019).

3.3.1 Fracture models
Cracks can be modelled by means or discrete cracking or smeared cracking using DIANA
FEA software. In the case of the smeared cracking method, Diana supports five different
material models of which two are non-concrete/masonry specific. These two are:

1. Total Strain crack model;
2. Multi-directional fixed crack model;

The next two sections deal with the implementation of the Total Strain crack model and
the Multi-directional fixed crack model. After that, the two material models are discussed
and reflected on their applicability and limitations.

Total Strain crack model

The constitutive model of the Total Strain crack model has been developed in Diana along
the lines of the Modified Compression Field Theory, which has initially been proposed
by Vecchio and Collins (1986). The Modified Compression Field Theory has been devel-
oped for reinforced concrete in torsion and shear. In contrast to the original compression-
field theory, which ignores tension in cracked concrete, the modified theory does take the
tensile stresses between cracks into account. In both the models, the cracked concrete
is treated as new material having its own stress-strain characteristics. Overall relation-
ships of the concrete are formulated in terms of average stresses and strains (Vecchio and
Collins, 1986). Furthermore, the Modified Compression Field Theory assumes the coin-
cidence of the principal stress and strain axes. The Total Strain crack model in Diana can
employ the fixed and rotating crack model.

The basic concept of the Total Strain crack model is that the stress-strain relation-
ships are evaluated in the direction of the principal strain vector εxyz and that the material
characteristics are defined as a 1D stress-strain relation in tension and in compression.
The strain vector in the element coordinate system (εxyz) is updated with the strain incre-
ment (∆εxyz) according to Equation (3.31). In the case of the rotating crack concept, the
crack directions (nst) are continuously rotating with these directions according to Equa-
tion (3.32), where the strain transformation matrix [T] depends on the current principal
strain vector (ε t+∆t

xyz ), see Equation (3.33). Figure 3.7 illustrates the rotation of the crack
axis with respect to the element coordinate system.
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If the crack is assumed to be fixed, then [T] is determined upon crack initiation and
will remain constant throughout the whole analysis. In that case, Equation (3.33) does
not apply. The strain transformation matrix is determined by calculating the eigenvectors
of the strain tensor with the Jacobi method. The eigenvectors are stored in the rotating
matrix R.

ε
t+∆t
xyz = ε

t
xyz +∆ε

t+∆t
xyz (3.31)

ε
t+∆t
nst = [T ] ε t+∆t

xyz (3.32)

[T ] = T (ε t+∆t
xyz ) (3.33)

Figure 3.7: Rotation of the crack axis with respect to the element coordinates system.

The constitutive model in the crack coordinate system is given by Equation (3.34).
And the updated stress vector in the element coordinate system is calculated according to
Equation (3.35), where [T] is given by the current strain transformation matrix (Equation.
(3.33)) in the case of the rotating crack concept, and [T] is determined upon the incipient
of cracking for the fixed crack concept.

σ
t+∆t
nst = σ(ε t+∆t

nst ) (3.34)

σ
t+∆t
xyz = [T ]T σ

t+∆t
nst (3.35)

Multi-directional fixed crack model

The basics of the Multi-directional fixed crack model have already been described in
Section 3.2.2, according to Rots (1988). The fundamental concept of the Multi-directional
fixed crack model is the decomposition of the total strain into an elastic strain and a
crack strain (see Equation (3.36)). This decomposition allows for a more transparent
manner of combining the crack model with other models that depend on the crack strain.
Furthermore, the decomposition of the total strain also gives the possibility of modelling
several cracks that simultaneously occur, i.e. at the same time and location (integration
point). The concept of multiple cracks co-occurring thus assumes that a stress si and a
strain ecr

i exist in the nst-coordinate system for each crack, with i representing the specific
crack number. A new crack is initiated when the tensile stress exceeds the tensile strength
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and the direction of the potentially new crack exceeds a certain threshold angle αT D with
respect to the direction of the other crack(s) (see Figure 3.8).

Figure 3.8: Illustration of the concept of two cracks occurring simultaneously (same time
and location) with a threshold angle α DIANA FEA bv, 2019.

The vector ecr assembles all the contributions of the individual cracks according to
Equation (3.37), where ecr

i = [εcr
nn,i γcr

nt,i γcr
ns,i]. The relationship between the global crack

strain and the ecr vector is given by Equation (3.38), where [T] is the assembled transfor-
mation matrix according to Equation (3.39). In the case of plane strain, the transformation
matrix for crack i ([Ti]) is given by Equation (3.40), where nt = lx,mx,nx is the normalized
vector normal to the crack plane. As it concerns a multi-directional fixed crack model,
[Ti] is fixed upon initiation of crack i.

ε = ε
e + ε

cr (3.36)

ecr =
[
ecr

1 ecr
2 ... ecr

i ... ecr
n
]T (3.37)

ε
cr = [T ]ecr (3.38)

T =
[
T1 T2 ... Ti ... Tn

]
(3.39)

Ti =


l2
x lxly

m2
x mxmy

n2
x Nxny

2lxmx lxmy + lymx

 (3.40)

Similar to the strain vector, a vector is assembled for the crack stress scr (see Equation
(3.41)), where scr

i = [σ cr
nn,i τcr

nt,i τcr
ns,i]. The relationship between the global stress and the

stress vector scr is derived according to Equation (3.42), where [T] is given by Equation
(3.39). This derivation gives rise to the assumption that the crack stresses are functions
of the crack strains. Furthermore, it is assumed for computational purposes that there is
no coupling between the occurring cracks. Thus the crack stresses are solely governed by
the corresponding crack strain.

scr =
[
scr

1 scr
2 ... scr

i ... scr
n
]T (3.41)

scr = [T ]T σ (3.42)
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Crack bandwidth

A common feature of smeared cracking models is their non-objectivity to the size of
the elements when using regular continuum elements. A way to overcome this non-
objectivity is by modifying constitutive relations and making them dependent on the mesh
size by introducing a ’characteristic length’ or ’crack bandwidth’ (Oliver, 1989). Oliver
proposes a direct characteristic length theory in order to define an expression of the oth-
erwise rather intuitively employed crack bandwidth parameter, which is also applicable
for irregular meshes having arbitrary crack directions. The basic idea of the theory is that
the ’strain energy release rate’ or ’fracture energy per unit area crack advance’ G f (see
Section 3.2.1), which is a material property, is related to the energy dissipated per unit
volume (gc) in the continuum theory through the expression

gc =
Gc

l∗
(3.43)

where l∗ is the characteristic length of the element or also referred to as the ’crack band-
width’.

In smeared crack modelling the crack bandwidth (hcr) is used to define the length of
the fracture process zone, and it is thus related to the area or volume of the element. Two
methods that can be applied in Diana to determine the crack bandwidth are (DIANA FEA
bv, 2019):

1. Rots’ element based method
2. Govindjee’s projection method

Rots defined the crack bandwidth dependent on the size, shape and interpolation function
of the finite element. According to Govindjee et al. (1995), the crack bandwidth is the
projected length of the element onto the crack plane. It thereby does not only include
the element size, but also includes the element ratio and the direction of the crack (DI-
ANA FEA bv, 2019). Govindjee et al. (1995) derive a continuous definition of the crack
bandwidth building on the theory proposed by Oliver (1989).

3.3.2 Mixture analysis
This section describes the mixture analysis that is available in Diana FEA software. In
this particular context, mixture analysis means the simultaneous solution of deformation
and pore pressures for the mixture of a fluid and a porous solid like soil or rock. It thus
considers an extra degree of freedom in addition to the displacement (u) which can be
specified as an input value in the form of a pore pressure potential (φ ). The pore pressure
potential can be split into a pore pressure (p) and a gravitational part and thus pore pres-
sure can be determined using Equation (3.44), where φ is the pore pressure potential and
xinit− xre f is the intial position vector, with x = xinit +u (u being the displacement).

p = φ +ρ f g(x− xre f ) (3.44)

Darcy’s law relates the fluid flow in the porous media with the gradient in the pore
pressure potential through the modified permeability k’, see Equation (3.45). The modi-
fied permeability is a function of the permeability according to Equation (3.46), where µ

is the dynamic viscosity.

q = k′∆φ (3.45)
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k′ =
k
µ

(3.46)

The modified initial permeability is a required input parameter for the mixture analysis
in Diana. A single input value indicates isotropic permeability. Anisotropic permeability
can be implied by introducing three (2D) or six (3D) terms. The mixture analysis also
requires the initial porosity n0. The porosity can be updated throughout the analysis if
the porosity is specified as being deformation-dependent, i.e. as a function of the defor-
mation gradient (see Equation (3.47)). Subsequently, the updated porosity can be used to
determine the actual density.

n = 1+
n0−1

1+det(F)
(3.47)

with F being

F = det∇x (3.48)

For mixture continuum elements, Diana supports a porosity- and a saturation-dependent
permeability. The permeability is calculated accordingly

k′ = k′rel,n x k′rel,s x k′init (3.49)

where krel,n is a factor, which is a function of the porosity. This porosity dependence can
be defined by the user preliminary to the analysis or determined according to the Kozeny-
Carman law (Kozeny, 1927; Carman, 1961; Meijer, 1985; Latief and Fauzi, 2012). In the
latter case, the relative permeability factor is expressed as

krel =
n( n

1−n)
2

n0(
n0

1−n0
)2 (3.50)

If the porosity dependence of the permeability is defined in a user-specified diagram,
Diana determines krel,n utilising linear interpolation. The same holds for krel,s, which can
also be defined in a user-specified diagram.

3.4 Conclusion
Theory

The purpose of the theoretical review is to provide a theoretical framework upon which
the concept of a model allowing for the simulation of fracture-dependent mixture analysis
can be built. The following main conclusions with regards to the model development were
drawn based on the available theory:

• From a fracture mechanics point of view, it is arguably more appropriate to simu-
late fractures according to a discontinuum approach because of a crack’s discrete
nature, thereby following the lines of either a LEFM or EPFM approach depending
on the mechanical behaviour of the material. However, when examining a THM
fracture problem, adhering to a continuum approach could be considered to be suit-
able as well, as it can properly represent multiple cracks occurring simultaneously
in non-predetermined directions. The smeared crack concept is furthermore also
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favourable from a computational point of view as it is a more straightforward ap-
proach with regards to the automisation of the model.

• The fluid flow through a porous, fractured medium can be described by Darcy’s law,
whereby the permeability represents the permeability of the porous rock as well as
the permeability of possible present fracture networks.

• A single fracture can be represented by two parallel plates separated by the fracture
aperture. Fluid flow through this fracture can therefore be described through the
cubic law, which assumes laminar fluid flow through a pair of smooth, parallel
plates with infinite lengths.

• The cubic law forms the coupling link between the geomechanical response of the
rock and the fluid flow as it leads to the definition of the fracture permeability as a
function of the fracture aperture. The fracture aperture is subsequently defined as a
function of the crack normal strain and a length parameter describing the width of
the cracked material (when considering only crack mode I tensile opening) .

Fracture models and mixture analysis in Diana FEA software

The Diana software offers two different smeared fracture models: the Total Strain crack
model and the Multi-directional Fixed crack model. Both these material models are con-
sidered to be smeared crack models, thus treating the cracked material as a continuum
having anisotropic characteristics due to the presence of fractures. Concerning the com-
putational aspects, the Total Strain Crack model can employ a fixed and rotating crack
approach, whereas the Multi-directional Fixed crack model, employs, as its name sug-
gests, the multi-directional fixed approach. Both the fixed and the rotating approach can
simulate up to a limit of three orthogonal cracks in one point. From a physical point of
view, the fixed approach appears more accurate and better suited at simulating in-situ be-
haviour as cracks are not expected to rotate due to a load or strain increment. However,
from an engineering point of view, the rotating crack approach is more attractive as it en-
sures coincidence between the principal axes and crack axes. If no or limited rotation of
the principal axes from the moment of crack initiation is expected, the rotating approach
might be more convenient to employ than the fixed approach. Due to the monotonic load-
ing conditions it is not expected that the differences between the rotating and the fixed
approach will be very relevant with regards to the application of EGS.

The Multi-Directional Fixed approach allows for the simulation of multiple cracks
occurring simultaneously in one point. The angle between the cracks is not constricted to
90° but instead depends on the defined threshold angle. Being able to simulate multiple
cracks in one point might be more appropriate in some cases, however, when the coupling
is made between the occurrence of cracks and the corresponding increase in permeabil-
ity, it can be argued that the simulation of three orthogonal cracks is sufficient as the
permeability is also limited to three orthogonal directions. Another important difference
between the Total Strain Crack model and the Multi-direction Fixed Crack model is the
decomposition of the total strain in an elastic strain and a crack strain in case of the lat-
ter. This decomposition allows for better and more transparent cooperation between the
Multi-directional Fixed Crack model and other fracture-dependent models that require the
definition of the separate crack strain.
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The Diana code includes two different methods for estimating the crack bandwidth.
When comparing the two definitions of the crack bandwidth, i.e. Rots’ element based
method and Govindjee’s projection method, it can be argued that Govindjee’s projection
method might be better capable of defining the length of the fracture process zone as it
does not only take into account the size of the element but also the direction of the cracks.
This difference is of importance when non-uniform, elongated elements are used, and the
direction of the fractures does not correspond with the main element axes. Furthermore,
by taking into account the direction of the crack Govindjee’s definition of the crack band-
width shows similarities to the crack parameters (Smx and Smy) as described by Vecchio
and Collins (1986) in their modified compression field theory.

With regards to the mixture analysis, Diana can account for the coupling between
deformations and changes in permeability for the porous medium, through the implemen-
tation of a porosity-dependent permeability. A similar approach could be incorporated
for a fracture-dependent permeability, where the initial modified permeability is updated
through a relative permeability factor, which depends on the aperture development of the
cracks.

The derivation of the proposed model concept, based on the theory which has been out-
lined in this chapter, is described in a step-wise manner in the next chapter. Chapter 4 also
includes a more practical description of the implementation of the model into the already
existing Diana code through the creation of new subroutines, which form an extension to
the mixture analysis in Diana.
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4. Model concept and implementation

4.1 Introduction
In order to be able to simulate fluid flow through fractured rock, a new material model is
created as a part of the Diana code. This model is capable of determining the direction
and estimating the size of fractures based on the current stress state. Based on these frac-
ture properties, it calculates the updated permeability of the rock material by means of a
smeared crack approach. The material model will be further referred to as the fracture-
dependent permeability model. It can be used in combination with smeared fracture mod-
els in Diana, such as the Total Strain crack model and the Multi-Directional Fixed crack
model. These fracture models account for the strength and stiffness degradation of the
rock due to the presence of fractures. By including the fracture-dependent permeability
model in the description of the rock material, it is possible to simulate a mixture analysis
in fractured rock.

This chapter explains how the framework of the fracture-dependent permeability model
was established and implemented in the Diana code. First of all, Section 4.2 works
through the derivation of the concept following the lines of the theory as described in
Chapter 3. For the definition of the fracture-dependent permeability, two different meth-
ods are proposed. According to the first method, the permeability is updated in the pres-
ence of fractures by treating the rock mass a continuum, whereas the second method
includes the effect of the crack by adding an extra fracture permeability. Section 4.3,
provides an overview of how the new subroutines are linked to the previously existing
mixture analysis in Diana, and describes the three subroutines (CRKPER, CRKDIR and
CRKAPT) that have been written in order to accomplish a fracture-dependent permeabil-
ity. The final Section (4.4) summarises and concludes on the model derivation.

4.2 Concept
The model concept proposes two different methods for defining the fracture-dependent
permeability. Most of the steps in the definition of these two methods are the same. How-
ever, the essential difference between the two is that method 1 treats the medium as a
continuum with fractures dependent properties, thereby expressing the change in perme-
ability as an overall change in the permeability of the rock mass. Method 2, on the other
hand, separately takes the effects of the fractures into account by adding a fracture per-
meability to the initial permeability of the rock mass.
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The derivation of the fracture-dependent permeability consists of the following steps:

1. Stress/strain evaluation at the integration point level
2. Definition of the crack strain
3. Definition of the fracture aperture
4. Derivation of modified permeability according to the cubic law
5. Definition of relative permeability factor for method 1 and 2
6. Definition of permeability in crack coordinate system
7. Transformation of permeability to element coordinate system

1. Stress/strain evaluation at the integration point level

The definition of the fracture-dependent permeability takes place at the integration point
level of each element (see Figure 4.1).

Figure 4.1: Evaluation of permeability at the integration point level.

At each integration point, the stress and strain state is evaluated and transformed into
the principal stress and strain directions (see Figure 4.2). The occurrence of a crack at
the integration point is defined based on the main principal strain. If the main principal
strain exceeds a certain threshold, a crack is assumed to occur orthogonally to the main
principal strain. The choice for a strain criterion rather than a stress criterion allows for
the modelling of material non-linearity and post-peak behaviour.

The model has been formulated under the assumption of a rotating crack model, mean-
ing that at each loading step, the principal stresses/strains are reevaluated, and the di-
rection of the crack is determined. The principal strain axis thus always has the same
directions as the crack axes (see Figure 4.3).
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(a) Regular stress state.

(b) Principal stress state.

Figure 4.2: Stress state defined along element and principal axes.

(a) Element axes. (b) Crack axes.

Figure 4.3: Crack state defined along the element and crack axes.

2. Definition of the crack strain

Because the principal strain axes coincide with the crack axes, the direction of the main
principal strain (ε1) is equal to the crack normal strain (εn). For method 1, the crack nor-
mal strain (εn) is assumed to be equal to the main principal strain (ε1) (Equation (4.1)),
whereas, for method 2, the crack normal strain (εn) is defined as the main principal strain
minus the strain criterion threshold (εt) (Equation (4.2)).

M1 : εn = ε1 (4.1)

M2 : εn = ε1− εt (4.2)
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3. Definition of the fracture aperture

The model only takes into account tensile fracture opening according to mode I (Atkinson
and Meredith, 1987) as it is assumed that mode I cracks will contribute most significantly
to the change in permeability around geothermal wellbores. The fracture opening, or
aperture (b), is assumed to be constant along the fracture. The aperture depends on the
crack normal strain and a spacing parameter as defined by Vecchio and Collins (1986) (see
Equation (4.3)). Whereas Vecchio and Collins (1986) define the crack spacing parameters
based on the reinforcement spacing in the concrete, this model employs an expression for
the so-called crack bandwidth according to Govindjee’s projection method (Govindjee
et al., 1995). The crack bandwidth (hcr) is an expression for the fracture zone, which is
determined based on the element’s size and the direction of the fracture.

b = εn ·hcr (4.3)

4. Derivation of modified permeability according to the cubic law

In order to create coupling between the geomechanical response of the rock, i.e. the ini-
tiation of cracking and crack growth (aperture increase), to a corresponding change in
permeability, the cubic law has been employed. The cubic law expresses the transmissiv-
ity of a crack as a cubic function of the crack aperture (Equation (4.4)). The permeability
is derived from this expression and is therefore defined as a quadratic function of the
aperture (Equation (4.5).

T = kA =
wb3

12
(4.4)

k =
b2

12
(4.5)

Under the theory of the cubic law, the crack is assumed to consist of two smooth,
parallel plates forming a pathway through the rock for the laminar fluid flow (Figure 4.4).
Natural fractures do not have smooth, parallel walls, but are often rough and possibly con-
tain infill material (Figure 4.5). In order to account for this deviation, a hydraulic aperture
is implemented replacing the purely mechanical aperture. The hydraulic aperture is a
function of the mechanical aperture and other rock fracture parameters, depending on the
specific empirical relation that is adhered.

Figure 4.4: The parallel plate model for a fracture.
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Figure 4.5: The difference between the assumptions under the cubic law and ’reality’.

5. Definition of relative permeability factor for method 1 and 2

The rock has an initial permeability as defined by the input value (k′0). Once fracturing oc-
curs, two different ways of expressing the updated modified permeability due to fracturing
are implemented in the model concept:

• Method 1: The presence of fractures results in a change in the initial permeability
(k0), whereby k0 is multiplied by a relative permeability factor (krel).

• Method 2: The presence of fractures results in an additional increase of the perme-
ability (k f r) on top of the initial permeability (k0).

See Figure 4.6 for the visualisation of the two methods.

Figure 4.7 shows how fracture orientation affects the anisotropy of the permeability.
If fractures are orientated purely in the x- or y-direction, this will lead to an increase in
k′xx or k′yy. If the fractures are rotated with respect to the xy-coordinates, it results in an
increase in both k′xx as well as k′yy, where the magnitude of the respective increase depends
on the orientation of the crack axes.

Figure 4.6: Definition of the updated modified permeability according to method 1 and 2.
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Figure 4.7: Effect of fracture orientation on the anisotropy of the modified permeability.

The permeability factor, according to method 1, is defined as the ratio between the
mechanical aperture (b) and a theoretical initial aperture (b0). This derivation is made
under the assumption that the other parameters in the expression for the permeability
remain constant during the analysis, thus defining krel as

krel =
k′

k′0
=

b∗2
12µ

b∗20
12µ

=
b∗2

b∗20
=

f (b, ...)2

f (b0, ...)2 =
b2

b2
0

(4.6)

Method 2, in contrary to method 1, requires an appropriate expression of the aperture
in the form of a hydraulic aperture. For this model, the hydraulic aperture is defined ac-
cording to the empirical relation by Barton et al. (1985) (see Section 3.2.3). In order to
preserve a similar flow in the model implementation, the updated modified permeability
for method 2 is also expressed in terms of a relative permeability factor,

k′ = k′0 + k′f r = k′0 +
b∗2

12µ
= krel · k′0, (4.7)

where

krel = 1+
b∗2

12µk′0
(4.8)

6. Definition of permeability in the crack coordinate system

The fracture permeability is initially defined in the crack coordinate system (see Figure
4.3). As the crack plane is assumed to be aligned orthogonal to the crack normal strain,
this increases the permeability orthogonal to the n-direction

k
′ns
f r =

[
0 0
0 f (b)

]
(4.9)

The model allows for the definition of three orthogonal cracks (in the direction of
the principal strains). Each crack contributes to an increase in permeability in specific
directions. The fracture permeability along the crack axes is therefore defined according
to Equation (4.10) and Equation (4.11) for method 1 and 2, respectively. b1, b2 and b3
represent the relative apertures of the cracks in the three directions for method 1, and the
absolute apertures of the cracks in the three directions for method 2. For method 1, if no
cracking occurs, the relative aperture is equal to 1 and consequently f (b) = 1, thus the
diagonal components of k

′ns
f r are always ≥ 1. This is not the case for method 2, where if

no cracking occurs b = 0, and thus f (b) = 0.

45



k
′ns
f r =

 f (b2) · f (b3) 0 0
0 f (b1) · f (b3) 0
0 0 f (b1) · f (b2)

 (4.10)

k
′ns
f r =

 f (b2)+ f (b3) 0 0
0 f (b1)+ f (b3) 0
0 0 f (b1)+ f (b2)

 (4.11)

7. Transformation of permeability to element coordinate system

Once the permeability tensor has been determined in the crack coordinate system, it is
transformed back to the element coordinate system (xy) under the assumption that the
crack coordinate system coincides with the principal axes, by making use of the same
strain-transformation matrix [T] (see Equation (4.12)), which also performed the trans-
formation to the principal stress/strain state. This rotation results in an expression for
the fracture permeability in the direction of the element axes. For computational aspects,
a rotating crack model is adopted, meaning that the direction of the crack axes is deter-
mined at each loading increment, i.e. the transformation matrix [T] does not remain fixed.

k
′xy
f r = [T ]−1k

′ns
f r (4.12)

Figure 4.8: Crack transformation to the xy-coordinate system.

The definitions of the relative permeability according to methods 1 and 2 are given in
Equations (4.13) and (4.14), respectively. It holds for both methods that if no cracking
has occurred, then krel is equal to the identity matrix [I]. According to method 1, k

′xy
f r =

[I] in case of no cracking, because of the definition of the relative aperture (see previous
section). And according to method 2, if no cracking has occurred b = 0 and thus k

′xy
f r = 0,

consequently krel = [I].

krel = k
′xy
f r (4.13)
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krel = [I]+
k
′xy
f r

k′0
(4.14)

4.3 Subroutine description
Diana FEA is an extensive finite element software package that can be used in a wide
range of civil and geotechnical engineering sectors. For the modeling of THM-processes,
the software includes mixture and thermo-poroelastic analysis. In these analyses, nodal
degrees of freedom consists of not only displacements, but also pore pressures, for the
mixture analysis, and pore pressures and temperatures, for the thermo-poroelastic analy-
sis. For the description of fractured rock or concrete/masonry material, Diana provides
several different fracture material models, adhering to either a discrete or smeared ap-
proach.

The model concept, as described in the previous section, has been formulated by creat-
ing three new subroutines: CRKPER, CRKDIR and CRKAPT. The combination of these
subroutines, together with the YNMIXT subroutine in Diana FEA software allows for
the simulation of a mixture analysis where the permeability is fracture dependent. The
purpose of the YNMIXT subroutine is to determine the internal forces and the fluxes for
mixture analysis. The nodal results consist of displacements and pressure potentials. A
description of the tasks of subroutine YNMIXT is also provided in the next section. Fig-
ure 4.9 below shows an overview of the linking between the three new subroutines and
the Diana mixture analysis subroutine.

YNMIXT
Determine internal forces for mixture analysis

CRKPER
Determine aperture dependent permeability

CRKDIR
Determine principal stress and strain field

CRKAPT
Check crack criterion and calculate aperture

Figure 4.9: Overview of the fracture dependent mixture analysis model

The next section (Section 4.3) gives the task description of the YNMIXT subroutine and
the new subroutines (CRKPER, CRKDIR and CRKAPT) in more detail. The three addi-
tional subroutines call on other already existing, subroutines in the Diana FEA software,
these subroutines have been underlined in their corresponding task description.
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4.3.1 YNMIXT
The purpose of the YNMIXT subroutine is to determine the internal forces and fluxes for
mixture analysis. The nodal results consist of displacements and pressure potentials. An
overview of the subroutine tasks is shown below.

Start subroutine YNMIXT

• Update nodal pressures from calculated pressure d.o.f. increment

• Update displacement d.o.f.

• Update pressure d.o.f., get/set pore pressure related data

• Start loop over integration points

– Get/set general interpolation matrices and deformation data

– Get/set pore pressure related data

– Determine relative permeability

* Porosity dependent

* Saturation dependent

* Aperture dependent→ CRKPER

– Apply relative permeability

– Calculate pore pressure contribution to right hand-side

* Material time derivative

* Inertial effects

* Mass/weight correction

* Buoyancy force

– Determine velocity divergence solid and pressure gradient

– Store updated permeability

– Calculate and store Darcy flow

– Store pore pressure potential and pore pressures

– Calculate internal forces

– End loop over integration points

End subroutine YNMIXT
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4.3.2 CRKPER
The purpose of the subroutine CRKPER is to calculate the relative permeability and de-
termine the corresponding relative permeability factor in tensorial form. The relative
permeability can be calculated according to two different methods. The subroutine calls
on the other subroutines: CRKDIR and CRKAPT. The tasks of the subroutine are shown
below.

Start subroutine CRKPER

• Determine crack direction, normal strain and transformation matrix→ CRKDIR

• Calculate crack aperture→ CRKAPT

• Calculate permeability increase in crack directions

– Method 1: Calculate relative permeability as a function of the relative aperture
increase

– Method 2: Calculate the relative permeability as a function of the fracture
permeability and the initial permeability

• Transform to element coordinate system

• Determine permeability factor tensor

End subroutine CRKPER

4.3.3 CRKDIR
The purpose of the subroutine CRKDIR is to determine the principal stress and strain
field. It also calculates the crack bandwidth according to Govindjee’s projection method.
It calls on the following other subroutines in Diana: MSGAXI/MSGSOL, SORTRI, TEPSA/TEPS3
and CRACKB. The tasks of the subroutine are shown below.

Start subroutine CRKDIR

• Calculate and sort principal stress→MSGAXI/MSGSOL, SORTRI

• Calculate strain in principal stress direction→ TEPSA/TEPS3

• Calculate crack bandwidth→ CRACKB

End subroutine CRKDIR
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4.3.4 CRKAPT
The purpose of the subroutine CRKAPT is to first of all define all the additional, required
input parameters. Next, it checks the crack criterion, determines the crack strain and
thereafter the (relative) aperture according to method 1 or 2. The tasks of the subroutine
are shown below.

Start subroutine CRKAPT

• Define input parameters

• Check crack criterion

• Determine crack strain

• Determine (relative) crack aperture

– Method 1: Determine the relative aperture increase with respect to the initial
aperture

– Method 2: Determine the hydraulic aperture as a function of the mechanical
aperture according to an empirical relation

End subroutine CRKAPT

4.4 Conclusion
For the simulation of fluid flow through fractured rock, a new material model is developed
that provides hydro-mechanical coupling by relating fracture direction and size to the
permeability of the rock material. The model concept proposes two different methods for
the definition of the fracture-dependent permeability, where method 1 treats the rock mass
as a continuum containing fractures, resulting in an overall update in the permeability and
method 2 separately adds the effects of the fractures by including a fracture permeability.

For the implementation of the fracture-dependent permeability into the Diana code,
an extension to the subroutine YNMIXT (responsible for the mixture analysis) has been
created. This extension consists of three new subroutines being: CRKPER, CRKDIR,
CRKAPT. Generally speaking, CRKPER defines the permeability in the crack coordinate
system (for both method 1 and 2) and performs the transformation to the element coordi-
nate system. CRKDIR evaluates the stresses/strains at the integration point level, thereby
defining the direction of the crack axes and corresponding crack bandwidth. CRKAPT
calculates the crack strain and (relative) aperture for both methods.

To summarise, the proposed model has been developed in line with the following assump-
tions and concepts:

1. A single fracture is represented by two parallel plates separated by the fracture
aperture. Fluid flow through this fracture can therefore be described using the cubic
law, which assumes laminar fluid flow through a pair of smooth, parallel plates with
infinite lengths;
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2. Only tensile cracking (crack mode I) is considered, as it is assumed that this type
of cracking will contribute most significantly to the increase in permeability around
a geothermal borehole. The fracture aperture is thus defined as a function of the
tensile strain and crack bandwidth;

3. The model treats the cracked material as new material having its own permeability
characteristics. The model evaluates the hydro-mechanical relations in the direction
of the principal strain vector and thus allows for the modelling of a maximum of
three orthogonal cracks at one point.

4. It is assumed that fracturing occurs if the principal strain exceeds a tensile strain
threshold. Consequently, a fracture will develop perpendicular to the direction of
the principal strain, resulting in an increase in permeability in the fracture direction;

5. For computational purposes the rotating crack model has been employed, which
reevaluates the crack direction at each load increment and therefore the strain-
transformation matrix is not fixed, thereby ensuring coincidence between the prin-
cipal strain and crack axes.
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5. Model evaluation and verification

5.1 Introduction
This chapter aims to evaluate and verify the proposed model for a simple two-dimensional
(plane-strain) and a three-dimensional test case analysis, thereby comparing and dis-
cussing the results generated by the two different methods as proposed in the model con-
cept in the previous chapter (Chapter 4). The 2D test case is described in Section 5.2. It
demonstrates the rotation of the crack axes with respect to the principal axes, and thus a
permeability with a changing directionality. The correct implementation of the model is
verified by comparing the numerical results with an analytical calculation. The 3D test
case is described in Section 5.3 and demonstrates the agreement between the proposed
fracture-dependent permeability model and the Total Strain crack model.

5.2 2D test case
The purpose of this first test case is to demonstrate the workings of the fracture-dependent
permeability model and show how the rotation of the principal axes (and thus the crack
axes) corresponds with changes in permeability. For verification, expectations with re-
gards to the results generated by the model have been made on beforehand. Both methods
1 and 2, as described in the previous chapter, have been implemented. The results pro-
duced by the different methods will be evaluated and compared in the final section.

5.2.1 Analysis
This section discusses a two-dimensional test case, consisting of plane-strain elements,
that is subjected to fracture-dependent permeability analysis. For this analysis, the pore
pressure remains equal to zero (see Figure 5.1), and therefore, the effective stresses are
equal to the total stresses.

Figure 5.1 shows the visualisation of the plane-strain test case. The dimensions of
the block are 1 x 1 m. It is supported at the bottom edge in only the normal direction
(y-direction), except for the left vertex, which is constrained in both directions. No flow
(pore pressure potential) boundary conditions are imposed. The mesh consists of nine
plane-strain, quadrilateral elements of equal size. A relatively rough mesh density was
adopted because the primary purpose of this analysis is to demonstrate the capability
of the model to determine the direction of the permeability with respect to direction of
the applied loading. The mesh consisting of nine elements was considered sufficient to
provide the qualitative assessment.

A linearly elastic, isotropic rock material is applied in combination with the fracture-
dependent permeability model. A linearly elastic, isotropic rock material description was
implemented such that the rotation of the crack axes would not be affected by any per-
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manent deformations or heterogeneities. The material properties can be found in Table
5.1. The initial modified permeability (k′0) is equal to 1 ·10−6 (isotropic). Table 5.1 also
shows the values for the method-dependent input parameters (b0 and JRC), which will be
discussed in their corresponding sections. And finally, it should be noted, that the ten-
sile strength has only been included in the fracture-dependent permeability model for the
definition crack strain criterion, it thus does not affect the linearly, elastic rock material
model.

Figure 5.1: 2D test case dimensions, boundary conditions and loading.

Table 5.1: Material properties of the linear, elastic rock in combination with the fracture-
dependent permeability model used in the 2D test case.

Parameter Value Unit

General

Young’s modulus E 3 ·104 MPa
Poisson’s ratio ν 0 -
Density γ 2.5 T/m3

Porosity n 0.2 -

Fracture-dependent
permeability model

Initial modified
permeability k′0

1 ·10−6 m3s/T

Dynamic vsicosity µ 1 ·10−6 T/ms
Initial aperture b0 1 ·10−5 / 1 ·10−6 m
JRC 2.5 / 13
Tensile strength ft 800 kPa

The block is subjected to tensile loading in both the x- and y-direction. The total
duration of the analysis is 20 seconds, during which the applied loading is varied. The
time dependency of the tensile forces (Fx and Fy) can be found in Figure 5.2, where the
development of the loading factors has been plotted versus time. The reason for applying
this specific stress path is to illustrate how the dominant direction of the permeability can
change over time following the direction of the applied loading. Both Fx and Fy are dis-
tributed forces having a magnitude of 100 kN/m. Fx is applied at the lateral edges of the
block, and Fy at the top (see Figure 5.1).
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Figure 5.2: Loading factor applied to Fx and FY during the analysis.

5.2.2 Expected results
As defined in the proposed model, the rock will fracture if a tensile strain exceeds the
fracture strain criterion. In this case, the strain criterion has been determined based on an
assumption of the tensile strength and the Young’s modulus of the material (see Equation
(5.1)). For this analysis ft = 800 KPa and E = 3E+07 KPa, and therefore, the crack strain
criterion is equal to 800/3 · 10−7 = 2.67 · 10−5. Note that the linearly elastic, isotropic
material model description of the material does not include a tensile strength parame-
ter. Tensile stresses can therefore exceed the 800 KPa without this resulting in failure or
plastic deformation. However, the fracture-dependent permeability model will update the
permeability if during the analysis the tensile strain exceeds the crack strain criterion.

ε ≥ εt =
ft
E

(5.1)

Rotation of the crack axes

Following the definition of the model, a crack will occur in the direction orthogonal to
the main principal direction. Consequently, the modified permeability will increase in the
direction of the crack and thus orthogonal to the principal direction. Assuming a rotating
crack model, the direction of the crack axes is not fixed upon initiation but instead rotates
along with the direction of the principal axes.

Initially, a tensile force is applied only in the y-direction (Fy) resulting in a principal
vertical stress. The principal stress exceeds the 800 kPa at t = 8 s (see Figure 5.3a), a
first increase of the permeability in the x-direction (k′xx) is therefore expected to occur at
this moment. At t = 10 s, Fy reaches its maximum (see Figure 5.3b) after which it starts
decreasing, while Fx continues to increase until t = 20 s. This results in a rotation of the
principal axes and thus also a corresponding rotation of the crack axes. An increase of k′yy
relative to k′xx should be observed. At t = 20 s, Fx has reached its maximum, while Fy is 0.
This results in a principal stress in the x-direction (see Figure 5.3c). Consequently, crack
formation is entirely vertical, and k′yy is dominant over k′xx.
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(a) t = 8 s

(b) t = 10 s

(c) t = 20 s

Figure 5.3: Direction of principal stresses for t = 8, 10 and 20 seconds.

Analytical verification

For the verification of the numerical solution, a simple analytical analysis is executed.
Due to the imposed boundary conditions and symmetrical loading, the stress-strain field in
the domain is homogeneous, which consequently results in a homogeneous permeability
development.

For example, the final solution at t = 20 s is evaluated. At that moment, the main
principal direction is parallel to the x-axis (see Figure 5.3c), and thus a crack will occur

55



in the orthogonal direction, i.e. in the y-direction. As a consequence, the permeability
will also increase in the direction of the crack. At t = 20 s, the main principal strain (ε1)
is equal to 5 · 10−5 (> εt), see Figure 5.4 below, and the crack bandwidth is equal to the
height of the element, which is 3.33 ·10−3 m.

Figure 5.4: The principal strain (ε1) at t = 20 s.

This results in the following derivation of the modified permeability according to both
methods:

According to method 1, assuming b0 = 1 ·10−6 m:

εn = ε1 = 5.00 ·10−5

b = εn ·hcr = 1.67 ·10−5 m

k′ =
b2

b2
0
· k′0 = 2.78 ·10−4 m3s/T

According to method 2, assuming JRC = 2.5:

εn = ε1− εt = 2.33 ·10−5

b = εn ·hcr = 7.78 ·10−6 m

b∗ = b2 · JRC−2.5 = 6.12 µm = 6.12 ·10−6 m

k′ = k′0 +
b∗2

12µ
= 1 ·10−6 +3.12 ·10−6 = 4.12 ·10−6 m3s/T

Note that the empirical relation for calculating the hydraulic aperture for method 2,
considers the aperture expressed in micrometers. Moreover, interesting to see is that if
method 2 is employed with, for example, JRC = 10, the hydraulic aperture b∗ equals
1.97 ·10−7 m. This results in a fracture permeability k′f r equal to 3.05 ·10−9 m3s/T . This
fracture permeability only has a minimal contribution to the initial modified permeability
in this case. However, if the initial modified permeability was assumed to be much lower,
than its contribution would have been more significant.
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(a) Method 1 b0 = 1 ·10−6 m (b) Method 2 JRC = 2.5

Figure 5.5: The maximum permeability (k′yy) at t = 20 seconds.

5.2.3 Results
The next sections discuss the results of the two-dimensional test case that is subjected
to fracture-dependent permeability analysis according to the two proposed methods. The
imposed boundary conditions and the symmetrical loading created a homogeneous stress-
strain field. Results are therefore evaluated in one node (node 36) as it can represent the
development of the whole domain. The location of this node can be seen in Figure 5.6
below.

Figure 5.6: The 2D test case consists of nine elements. The location of the node 36 has
been indicated.

Method 1

Figure 5.7 shows the development of the modified permeability for the total duration of
the analysis according to method 1. The analysis has been performed for two values of
b0: 1 ·10−5 m (Figure 5.7a) and 1 ·10−6 m (Figure 5.7b).

The results show the initial increase in k′xx at t = 8 s when b0 = 1 · 10−6 m and at
t = 9 s when b0 = 1 · 10−5 m. This difference in onset of permeability increase can be
explained by the difference in b0, which also functions as a threshold parameter. Due to
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the formulation of the crack strain criterion, crack formation will already occur at t = 8 in
both cases. However, the corresponding aperture is 1 ·10−6 ≤ b < 1 ·10−5 m and therefore
a increase in the permeability can only be observed when b0 = 1 · 10−6 m. k′xx reaches
its maximum value at t = 10 s for both cases. The difference in the absolute maximum
value for k′xx can also be attributed to the difference in b0. The parameter thus affects the
initiation of the permeability increase as well as the magnitude of the solution.

At t = 12 s, the principal stress has dropped below 800 KPa and thus the permeability
is equal to its initial value. From that moment on wards as Fx continues to increase, the
development of k′yy can be observed. This increase once again shows a slight delay when
b0 = 1 · 10−5 m compared to b0 = 1 · 10−6 m and also reaches a lower final value. The
final result at t = 20 s shows that for b0 = 1 ·10−6 k′yy has reached a value of 2.78 ·10−4

m3s/T , which is in agreement with the analytical calculation.
The model appears to behave more sensitive for a lower value of b0, showing a greater

response to a small change. Furthermore, noticeable is the drop in k′xx to its initial value
of k′0. This has two reasons. First of all, a linearly elastic material model has been em-
ployed, and therefore no permanent deformation will occur. Secondly, the model adheres
a rotating crack model, meaning that the occurrence and direction of the fractures are
reevaluated at each load increment, and thus fractures can ’disappear’ if the strain drops
below the crack criterion.

(a) k′ for b0 = 1 ·10−5m (b) k′ for b0 = 1 ·10−6m

Figure 5.7: Development of the modified permeability according to method 1.

Method 2

Figure 5.8 shows the development of the modified permeability for the total duration of
the analysis according to method 2. The analysis has been performed for two values of
the input parameter: JRC = 10 (Figures 5.8a) and JRC = 2.5 (Figures 5.8b).

For JRC = 10, the changes in permeability are minimal. The maximum of k′xx at t =
10 s can not be observed, and thus k′xx remains more or less constant at its initial value
throughout the analysis. k′yy does increase slightly, however, this increase is minimal as
well. For JRC = 2.5, an increase in kxx is observed starting at t = 9 s, consequently
dropping to the initial value at t = 12 s value after having reached its peak at t = 10 s.
This observation is in line with the expected result. The final result at t = 20 s shows
that for JRC = 2.5 k′yy has reached a value of 4.12 · 10−6 m3s/T , which is in agreement
with the analytical calculation. The very minimal increase in k′ for JRC = 10 might
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be explained by the relatively high k′0, resulting in an insignificant contribution of the
fracture permeability to the overall permeability. This phenomenon was also observed in
the analytical calculation.

(a) k′ for JRC = 10 (b) k′ for JRC = 2.5

Figure 5.8: Development of the modified permeability according to method 2.

The results of both analyses show the rotation of the crack axes and the corresponding
changes in permeability as expected, where k′xx reaches its maximum at t = 10 s, after
which, k′yy becomes dominant over time due to the rotation of the crack axes. The final
values of k′yy at t = 20 s have been verified by comparing the results with a simple analytical
solution. For method 1 and b0 = 1 · 10−6 m, k′yy = 2.78 · 10−4 m3s/T , and for method 2
and JRC = 2.5, k′yy = 4.12 ·10−6 m3s/T at t = 20 s. The simulations correspond with the
expected results, and thus it can be concluded that the methods have been implemented
correctly.

When comparing the simulations according to the two methods, one thing that can
be observed, is a difference in permeability development, meaning that simulations for
method 1 show a sudden, jump-like increase or decrease in permeability, whereas the re-
sults for method 2 display a much more gradual change. Apart from that, the permeabil-
ity development is quite comparable. However, the quantitative results between the two
methods, as well as the different input values for b0 and JRC, vary significantly. Hence,
the results display an indication of the model’s sensitivity to the method-specific input
parameters. Moreover, it is expected that the results generated by method 2 are also quite
dependent on k′0. This expectation is expressed because for JRC = 10 barely any increase
in permeability is observed. It could be explained by the fact that the permeability change
in method 2 is defined as an additional permeability increase due to cracking instead of an
overall increase in the rock permeability. Thus if the initial permeability is relatively high,
an increase in permeability due to the presence of a fracture is less significant, especially
when the JRC is higher, indicating a smaller hydraulic aperture.
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5.3 3D test case
This section discusses a three-dimensional test case that is subjected to fracture-dependent
permeability analysis. The purpose of this test case is to demonstrate that the fracture-
dependent permeability model can be used in combination with the Total Strain crack
model, and therefore, both models are combined to describe the rock material. The anal-
ysis shows the development of a fracture plane in a three-dimensional domain.

5.3.1 Analysis
A three-dimensional block of 10 x 10 x 10 m is subjected to a fracture-dependent mixture
analysis. The block is supported in x- and y-direction at its eight vertices, see Figure
5.9 below. Pore pressure constraints are imposed on two domain boundaries; the left and
right yz-plane. A pore pressure potential of 0 kPa is applied on both boundaries. This will
remain constant throughout the entire analysis. The block is also subjected to a tensile
load. The tensile load consists of a distributed force of 100 kPa applied at the top and
bottom xy-plane in the z-direction. The total duration of the non-linear analysis is four
seconds. For each second, the tensile load is increased by a factor one.

Figure 5.9: The boundary conditions and applied loading of the 3D test case.

The block is subdivided into three layers (for dimensions see Figure 5.10). The top
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and bottom layer are considered to consist of ’strong’ rock (see Table 5.2 for the material
properties), both layers being made up of a total of 500 equal-size, quadrilateral elements
of 0.9 x 0.9 x 0.9 m. The middle layer, that lays in between the ’strong’ rock formation,
is 1 m thick and consists of a ’weak’ rock (see Table 5.2 for the material properties). It is
made up of a total of 100 equal-size quadrilateral elements of 1 x 1 x 1 m. A relatively
rough mesh was considered to be appropriate, because the analysis concerns a qualitative
evaluation of the results by combining it with the Total Strain crack model. The mate-
rial of the block (both for the ’strong’ as well as the ’weak’ rock) is described by the
fracture-dependent permeability model in combination with a rotating, Total Strain crack
model, assuming brittle failure behaviour. The crack bandwidth is determined according
to Govindjee’s projection method.

The fracture-dependent material model requires additional method-dependent input
parameters (b0 and JRC) on top of the ones required for a regular mixture analysis (k′ and
µ). These parameters can also be found in Table 5.2. A slightly higher initial modified
permeability (1 ·10−10 m3s/T ) has been chosen than in the 2D analysis, so results gener-
ated by method 2 could also be properly evaluated. Even though the fracture-dependent
permeability model also takes into account the tensile strength and Young’s modulus of
the material for the determination of the crack strain criterion. These parameters have
been gathered under the ’Total Strain crack model’ and ’General’ sections in Table 5.2.

Figure 5.10: The three layers in the model consisting of ’strong’ and ’weak’ (red layer)
rock.
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Table 5.2: Material properties of the ’strong’ and ’weak’ rock.

Parameter ’Strong’ rock ’Weak’ rock Unit
Young’s modulus E 3 ·104 3 ·104 MPa
Poison’s ratio ν 0 0 -
Density ρ 2.5 2.5 kg ·dm3General

Porosity n 0.1 0.1 -
Tensile strength ft 2.5 0.2 MPa
Tension softening Brittle Brittle -
Residual tensile strength fr - 0.05 MPa

Total Strain
crack model

Compressive strength fc 200 200 MPa
Dynamic vsicosity µ 1 ·10−6 1 ·10−6 T/ms
Initial modified
permeability k′0

1 ·10−10 1 ·10−10 m3s/T

Initial aperture b0 5 ·10−6 5 ·10−6 m
Fracture-dependent
permeability model

JRC 13 13 -

The only difference between the two rocks is the difference in tensile strength. For
the ’strong’ rock this is equal to 2.5 MPa, and for the ’weak’ rock it is equal to 200 kPa.
Apart from that, the properties do not differ, see Table 5.2 above. However, the difference
in tensile strength affects the crack criterion for the Total Strain crack model as well as the
fracture-dependent permeability model. For the fracture-dependent permeability model,
the crack criterion is defined as tensile strain criterion, which consequently is defined as
function of the tensile strength and the Young’s modulus. For that reason, the ’weak’
layer is expected to start cracking earlier that the stronger formations when subjected to
the tensile loading. Because the tensile loading is applied solely in the z-direction, a
horizontal fracture plane is expected to develop parallel to the xy-plane. This should lead
to an increase in permeability in both k′xx and k′yy. The results are discussed in the next
section.

5.3.2 Results
This section will first of all show the development of the principal strain and pore pres-
sures during the analysis if no cracking occurs. After that, the results according to method
1 and method 2 are discussed. Results are evaluated along a contour probe. This contour
probe is located in the middle of the ’weak’ layer, parallel to the x-axis. The red line
indicates the location in Figure 5.11 below.

62



Figure 5.11: The model showing the direction of the evaluation probe along the defined
axis (red line).

No cracking

If all three layers in the model are assigned the ’strong’ rock properties, no cracking
will occur during the analysis. For this analysis, no modifications have been made with
respect to the boundary or loading conditions (tensile loading and prescribed pore pressure
potential). Only in this particular case, the middle layer has been assigned the ’strong’
rock material properties.

Figure 5.12 shows the evolution of the principal strain (ε1), permeability, pore pressure
and Darcy flux along the contour probe. The dotted black line in Figure 5.12a indicates
the strain crack criterion (εt). For the ’strong’ rock, this is equal to ft/E = 2500/3 ·10−7

= 8.33 ·10−5. It can be observed that the principal strain does not exceed this threshold,
and thus, no cracking occurs. The permeability will therefore remain at its initial value
(Figure 5.12b). Due to the tensile loading, the pore pressures will become more negative
during the analysis. Pore pressure development is constraint at the boundaries (x = 0
m and x = 10 m), because of the prescribed pore pressure potential. The pore pressure
gradient induced a Darcy flux in the x-direction towards the centre of the plane (Figure
5.12d).
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(a) ε1 (b) kxx/kyy

(c) p0 [kPa] (d) DFx

Figure 5.12: Development of principal strain, permeability, pore pressure, and Darcy flux
along the contour probe if no cracking occurs.

Method 1

For the analysis according to method 1, the middle layer is assigned the ’weak’ rock
properties and the initial aperture has been set at 5 ·10−6 m. Figure 5.13 shows the evo-
lution of the principal strain (ε1), permeability, pore pressure and Darcy flux along the
contour probe. Moreover, Figure 5.14 shows the formation of a horizontal crack plane in
the middle layer according to the Total Strain crack model. This crack plane first starts
developing at t = 3 s.

The dotted black line in Figure 5.13a indicates the strain crack criterion (εt) for the
’weak’ rock. This is equal to ft/E = 200/3 ·10−7 = 6.67 ·10−6. In Figure 5.13a, it can
be observed that this threshold value is first exceeded at t = 3 seconds at the outer edges
of the contour probe. Consequently, an increase in the permeability can be seen in Figure
5.13. At t = 4 s, a crack plane along the entire length of the contour probe has evolved,
showing a corresponding increase in permeability. Assuming brittle tension failure, the
effective stresses in the rock instantaneously drop to their prescribed residual value (0.05
MPa in this case, see Table 5.2) upon crack formation. As a result, the pore pressures in
the fractured elements will become more negative (see Figure 5.13c). This pore pressure
gradient induces an increase in the Darcy flux in the x-direction (Figure 5.13d) when
comparing it to the non-cracked situation.
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(a) ε1 (b) kxx/kyy

(c) p0 (d) DFx

Figure 5.13: Development of principal strain, permeability, pore pressure, and Darcy flux
along the contour probe for method 1.

(a) t = 3 s (b) t = 4 s

Figure 5.14: Crack strain development (εn) for method 1.
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Method 2

For the analysis according to method 2, the middle layer is assigned the ’weak’ rock
properties and the JRC has been set at 13. Figure 5.15 shows the evolution of the principal
strain (ε1), permeability, pore pressure and Darcy flux along the contour probe. And
Figure 5.16 shows the formation of a horizontal crack plane in the middle layer according
to the Total Strain crack model. This crack plane first starts developing at t = 3 s.

The results generated by method 2 are very similar to the simulation according to
method 1. Absolute values in permeability increase and Darcy flux differ a little bit but
this can most likely be attributed to the choice in method-dependent input parameters. The
simulation according to method 2 also shows the first crack development at t = 3 seconds
(see Figure 5.15a when ε1 exceeds ε1) and a corresponding increase in the permeability
can be observed (Figure 5.15b).

(a) ε1 (b) kxx/kyy

(c) p0 (d) DFx

Figure 5.15: Development of principal strain, permeability, pore pressure, and Darcy flux
along the contour probe for method 1.
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(a) t = 3 s (b) t = 4 s

Figure 5.16: Crack strain development (εn) for method 1.

The results according to both methods show that the development and the directional-
ity of the permeability increase is in accordance with the direction of cracking as indicated
by the Total Strain crack model. Both the fracture-dependent permeability model and the
Total Strain crack model show the development of a horizontal fracture plane in the middle
layer, which leads to an increase in both kxx and kyy. Although it has not been illustrated
in the diagrams, kzz remains constant at its initial for both methods 1 and 2 during the
analysis. This is as expected, since a crack is formed orthogonal to the z-direction, and
thus the permeability will not increase in this direction.

When comparing the results generated by the two methods, the simulations show
many similarities, apart from small differences in absolute values for the permeability and
Darcy flux increase. However, it should be noted that this most likely can be attributed to
the definition of the method-dependent input parameters b0 and JRC. Furthermore, it is
also expected that the definition of the initial modified permeability field might influence
the results, especially for method 2. A second thing that can be observed, is that the
evolution of the permeability in space (along the contour probe) is a little more gradual
for method 2 than for method 2. This is especially noticeable at the onset of cracking (t =
3 s).

5.4 Conclusion
The results of this chapter demonstrate and verify the workings of the model as proposed
in Chapter 4 for both method 1 and 2. A 2D test case consisting of plane-strain elements
is evaluated in Section 5.2, showing the rotation of the crack axes and hence the modified
permeability during the analysis. The absolute values in permeability increase at the end
of the analysis according to the numerical simulations by the fracture-dependent perme-
ability model are verified by comparing them to a simple analytical analysis. A 3D test
case is evaluated in Section 5.3, showing that the simulations by the fracture-dependent
permeability model can be used alongside with the Total Strain crack model. Both mod-
els showed the development of a horizontal fracture plane through the middle layer of the
block.
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The important takeaways that can be concluded from the results of these first simple test
cases are:

1. The fracture-dependent permeability model, including its two methods, has been
implemented correctly. Simulation first of all show the expected rotation of the
crack axes and corresponding increase in permeability with a rotating stress-strain
field, and secondly, the absolute values of the permeability increase at the end of
the analysis have been verified by comparing them with an analytical calculation.

2. The fracture-dependent permeability model can be assigned in combination with
the rotating, Total Strain crack model, showing similar crack development during
the three-dimensional analysis.

3. A noticeable qualitative difference between the two methods is the difference in
permeability evolution, whereas method 1 shows a very responsive jump in perme-
ability increase at the onset of cracking, method 2 shows a more gradual increase.
It could be argued that either one of the representations of the permeability increase
is correct depending on the type of fracture development.

4. These first results have also provided an indication of the model sensitivity to its
input parameters: b0 and JRC. Qualitative results between the two methods and
between simulations having different input values can differ notably. A sensitivity
analysis is therefore required to more appropriately map the influence of the input
parameters on the solutions. The results of the sensitivity analysis will be discussed
in the next chapter (Chapter 6). These first analyses also gave the impression that
the model, primarily if defined according to method 2, might be fairly dependent
on k′0. The sensitivity analysis will therefore evaluate the extent of influence of the
parameters: b0 for method 1, JRC for method 2, and k′0 for both methods.
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6. Hydraulic-fracturing analysis

6.1 Introduction
The purpose of this chapter is to compare the simulations of the fracture-dependent per-
meability model with a different numerical study on hydraulic fracturing, and to evaluate
the objectivity of the generated results by investigating the mesh-dependency and the pa-
rameter sensitivity of the model.

The case description of the analysis, which forms the basis of this chapter, is based on
the numerical study and field data which were part of a research on hydraulic fracturing
in Lac du Bonnet granite by Souley et al. (2001) and AbuAisha et al. (2016). The results
generated the numerical model developed by AbuAisha et al. (2016) are compared with
the simulations produced by the fracture-dependent permeability model for both methods.
Next, the analysis is re-executed (in Section 6.4) for a variety of mesh densities, thereby
evaluating the response of the solution to different element sizes. And in Section 6.5 the
influence of the method-dependent input parameters b0 and JRC on the simulations is
investigated. Besides that, the sensitivity analysis also looks at how the initial modified
permeability affects the results for both methods. The main findings with respect to the
model’s objectivity are summarised and concluded on in the final section.

6.2 Simulations by Abuaisha et al. (2016)
The following sections describe a hydraulic-fracturing model (HFM) and a test case which
has been employed for model verification by AbuAisha et al. (2016). The HF model
forms part of a study on hydraulic fracturing in a thermo-poroelastic framework, and can
simulate stable mode I fracture evolution. The findings of this numerical study, which
incorporates an elaborate definition of fracture initiation and propagation, will be com-
pared to simulations generated by the fracture-dependent permeability model in order to
illustrate its applicability and identify its shortcomings.

6.2.1 Model description
For the illustration of the HF model, the author considers a situation as depicted in Figure
6.1. The vertical borehole crosses a rock formation, which is assumed to be homogeneous
and isotropic regarding its elastic and transport properties.

Hydraulic fracturing is achieved by pumping pressurized fluid into the borehole until
the maximum principal effective stress becomes tensile and exceeds the tensile strength of
the rock. If cold fluid is injected in the rock, the consequent cooling of the rock mitigates
the compressive stresses and will lead to an even more tensile effective tangential stress
(σ ′

ξ
), resulting in fracturing of the rock if the tensile strength is exceeded. This process is

illustrated in Figure 6.2.
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Figure 6.1: Hydraulic-fracturing situation displaying vertical wellbore and fractures
(AbuAisha et al.).

Figure 6.2: The effect of increasing pore pressure and decreasing temperature on
hydraulic-fracturing, illustrated using Mohr’s circles and a failure curve (AbuAisha et
al., 2016).

AbuAisha et al. (2016) assume an initial group of fractures having an arbitrary average
length (l) and a normal direction (n) in the horizontal plane. If the effective tangential
stress in the fracture tip becomes tensile due to the increasing pore pressure and exceeds
the rock material strength, the group of fractures is assumed to start propagating, and their
apertures are expected to increase. The material strength is formulated in terms of material
toughness parameter (KIc) because the stresses are evaluated in the crack tip, assuming
only cracking mode I. The fracture criterion that is adopted to examine the initiation and
propagation of the group of fractures is

F(σ ′n, l) = f (l)σ ′n
√

πl−KIc = 0, (6.1)

where KIc is the material toughness of the material for mode I fracturing and f (l) is a func-
tion that controls the fracture propagation and depends on l, l f (critical fracture length)
and η (fracture growth stabilization parameter). The fracture aperture is assumed to be a
power function of the fracture length.

The overall permeability tensor of the fractured medium is defined as a summation
of two separate parts: an initial permeability tensor (k0) and a fracture-induced perme-
ability tensor (k f r). k0 is assumed to remain constant throughout the analysis. Under the
assumption that individual fractures are viewed as channels with parallel boundaries that
can develop in any spatial direction (n), k f r is obtained by averaging the individual flows
over the considered spatial directions (assuming a local uniform pressure).
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6.2.2 Analysis
AbuAisha et al. (2016) defined the following test case to validate its hydraulic-fracturing
model (HFM) against experimental results by Souley et al. (2001) on the Lac du Bonnet
granite:

A sample of the Lac du Bonnet granite is subjected to a triaxial compressive stress
state (see Figure 6.3). The ’-’ sign indicates the compressive stresses. The sample is
drilled at the centre, where pressurised fluid is injected. The pressure of the fluid is in-
creased from 0 to 60 MPa. The parameters that were used in the HFM can be found in
Table 6.1.

Figure 6.3: A parallelepiped sample of Lac du Bonnet granite is subjected to a triaxial
compressive stress state. The out of plane stress is equal to -10 MPa (AbuAisha et al.,
2016).

Table 6.1: Parameters used in the HF model (AbuAisha et al., 2016).

Parameter Value Unit
Drained Young’s modulus E 68 GPa
Drained Poisson’s ratio ν 0.21 -
Initial length of fractures l0 3.0 mm
Final length of fractures l f 9.0 mm
Material tensile strength Tc 8.3 MPa
Material toughness KIc 1.87 MPa

√
m

Fracture growth stabilizing parameter η 1.6 -
Fracture density 2 ·106 1/m3

Constant cc* 0.0001 -
Initial permeability k0 10−21 m2

*The positive constant cc is a value that defines the microstructure of the damaged material. For this HFM
it is used in an attempt to indicate that the connectivity of the fractures increases as they propagate.

The analytical solution that defines the initiation of hydraulic fracturing in the pres-
ence of a mud cake is formulated as following (Fjar et al., 2008):

pHF
w − p∞

r = σH−3σh− p∞
r +

E
1−ν

α

3
θ +Tc (6.2)
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where θ is the change in temperature in the rock and p∞
r is the geostatic rock formation

pressure. The pore pressure required to initiate the fracturing is calculated using Equation
(6.2). Assuming no temperature change, σH = -40 MPa, σh = -15 MPa and Tc = 8.3 MPa,
pHF

w thus equals -40 - - 3 · 15 + 8.3 = 13.3 MPa. AbuAisha et al. (2016) determined the
stabilizing parameter η at 1.6 such that the fractures start propagating at a pore pressure
of 13.3 MPa. This stabilizing parameter controls the fracture propagation function ( f (l))
(see Equation (6.1)).

6.2.3 Results
Figure 6.4 shows the results of the analysis that were produced by the HF model, where
k11 is the permeability in the major principal direction and k33 in the minor principal
direction. From 6.4a it is visible that hydraulic fracturing initiates at pw = 13.3 MPa,
showing an increase in permeability from 10−21 to approximately 10−16 when at point
B fractures in all directions have reached their final length (l = l f ). The most notable
increase in permeability takes place within the interval pw ∈ [15,24] MPa. There is an
initial preference for fracture propagation in the direction of the major principal stress,
resulting in k11 to increase significantly with respect to k33. The ratio k11/k33 reaches
a maximum of 1.6 at point C and decreases to 1 as the pore pressure increases and is
dominant over the anisotropic stress field.

Figure 6.4: The results generated by the HF model (AbuAisha et al., 2016), where (a)
shows the permeability development with increasing fluid pressure and (b) the ratio be-
tween the permeability evolution in the major principal (k11) and minor principal (k33)
direction.

The HF model, as defined by AbuAisha et al. (2016), is capable of simulating stable
fracture evolution and corresponding fracture-induced permeability increase near a bore-
hole. It assumes an initially fractured state, with fractures having an arbitrary direction
n. The contributions to the overall permeability of groups of fractures with different di-
rections are averaged. The fracture-dependent model proposed in this study can model
a maximum of three orthogonal cracks directions (two in a 2D case) at one point. How-
ever, the directions in different points do not depend on one another. The total number of
directions is therefore endless, but the model does not account for possible crack connec-
tivity. Furthermore, the contribution of individual cracks to the overall permeability is not
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averaged but instead is evaluated separately.
Fracture initiation and propagation are evaluated in the crack tip, and for that rea-

son, the fracture criterion is formulated as a function of the material toughness parameter
(KIc). The employed fracture criterion requires several additional input parameters such
as an initial fracture length (l0), final fracture length (l f ), growth stabilising parameter (η),
fracture density and a constant (cc) defining the microstructure of the damaged material.
The growth stabilising parameter is calibrated such that the numerical solution for the ini-
tiation of hydraulic fracturing matches the analytically determined hydraulic-fracturing
pressure (pHF

w ). The fracture-dependent model, as proposed in this study, does not eval-
uate crack initiation in the tip but instead evaluates cracking based on the tensile strength
of the material. For method 1, it similarly assumes an initially crack state of the medium
and therefore requires an additional state variable in the form of an initial aperture (b0).
This parameter is comparable to the initial fracture length (l0). Method 2, on the other
hand, does not necessarily assume an initial presence of fractures. The definition of the
permeability tensor as a summation of the initial and fracture-induced permeability for
the HF model is similar to method 2.

The description of the numerical boundary value problem in the study by AbuAisha et
al. (2016) is fairly brief and does not include a mentioning of the model discretisation and
dimensions. This makes it slightly more challenging to replicate the study and enforces
the assumption of certain conditions.

6.3 Simulations by fracture-dependent permeability model
This section covers the simulation of the simplified hydraulic fracturing test case accord-
ing to the fracture-dependent permeability model as proposed in this study. The analysis
will be performed for both method 1 and 2 and compared to the findings of the numeri-
cal simulation executed by AbuAisha et al. (2016). The purpose of the comparison is to
examine to what extent the results generated by two different methods show similarities
with the more detailed numerical study. By doing so, the applicability of the model can
be illustrated and its shortcomings identified.

Due to the in some cases limited information that was provided by AbuAisha et al.
(2016) with regards to the description its numerical analysis, assumptions have been made
concerning specific parameters and problem dimensions. These will be explained in the
next section.

6.3.1 Analysis
The triaxial test state and the fluid injection of the granite sample are represented by
circular domain with a radius of 1 m and the borehole having a radius of 0.1 m. The total
vertical depth of the borehole is 1 m, and it has an inclination angle of 0°. The model is
represented by a full mesh consisting of ’complete plane strain’ elements (12 elements in
the radial direction and 32 in the tangential direction, with a size factor of 10 in the radial
direction). See Figure 6.5 for the model dimensions. The smallest elements are found at
the edge of a borehole having dimensions of approximately 0.02 x 0.02 m. The elements
increase in size in the radial direction. The largest elements can be found at the model
boundary. These elements have dimensions of 0.15 x 0.2 m (width x height).

The complete plane strain assumption is a generalisation from the standard plane
strain assumption and satisfies the following conditions (DIANA FEA bv, 2019):
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1. Every cross-section is a plane of symmetry for the geometry of the structure;
2. The stresses and strains are independent of the coordinate along the out-of-plane

axis.

Complete plane strain elements are an assumption to pseudo three-dimensional problems
and differ from standard plane strain elements by removing the restriction on out-of-plane
displacements and shear stresses, meaning that the out-of-plane strain does not necessarily
equal zero, but can be defined as a constant value or a function. The ’complete plane strain
concept’ therefore produces a full three-dimensional stress and strain tensors (DIANA
FEA bv, 2019).

Figure 6.5: Model dimensions. The mesh consists of 12 elements in the radial direction
and 32 in the tangential direction.

The initial conditions and rock stresses are given in Table 6.2. The mud pressure in
the borehole is increased from 0 MPa at t = 0 days to 60.0 MPa at t = 60 days (install time)
by increasing the applied pressure potential linearly with time at the inner boundary of the
domain. The pore pressure at the outer boundary of the domain is kept constant at 0 MPa.
For illustration, the pore pressure potential distribution at t = 10 days is given in Figure
6.6. It can be seen that at t = 10 days, the pore pressure potential at the borehole edge is
equal to 10 MPa, and at the outer edge, the pore pressure is and will remain constant at 0
MPa.

Table 6.2: Initial conditions and rock stresses of the borehole analysis.

Parameter Value Unit
Pore pressure gradient 0.0 MN/m3

Vertical total stress gradient 10 MN/m3

Horizontal total stress gradient in x-direction 15 MN/m3

Horizontal total stress gradient in y-direction 40 MN/m3
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Figure 6.6: Pore pressure potential distribution in the domain at t = 10 days.

The fracture-dependent permeability model as proposed by this study requires differ-
ent input parameters than the HFM by AbuAisha et al. (2016). These input values were
based on the parameters used in the numerical studies on granite by Souley et al. (2001),
Shao et al. (2005) and AbuAisha et al. (2016)). The parameters can be found in Table
6.3. The choice for the method-specific parameters b0 and JRC, will be discussed in more
detail in their corresponding sections.

Table 6.3: Material properties used to describe the isotropic rock material in combination
with the fracture-dependent permeability model (Souley et al., 2001; Shao et al., 2005
and AbuAisha et al., 2016).

Parameter Value Unit

General

Young’s modulus E 68 GPa
Poisson’s ratio ν 0.21 -
Porosity n 0.1 -
Bulk modulus solid Ks 50 GPa
Bulk modulus fluid K f 2.2 GPa

Fracture-dependent
permeability model

Initial permeability k0 1 ·10−21 m2

Dynamic vsicosity µ 3 ·10−10 MPa s
Initial aperture b0 3 ·10−8 m
JRC 9
Tensile strength ft 8.3 MPa

The fracture criterion is formulated as a strain criterion, being a function of the mate-
rial’s tensile strength and Young’s modulus,

ε ≥ εt =
ft
E
, (6.3)

6.3.2 Results
The results according to method 1 and 2 have been evaluated in the major and minor
principal stress direction for the total duration of the analysis. See Figure 6.5 in the
previous section for the direction of the major and minor principal stresses. k11 indicates
the permeability in the major direction and k33 in the minor direction. For clarification,
unless stated otherwise, if the results refers to either k11 or k33, the number indicates the
observed maximum value of the permeability in the entire domain in the major or minor
direction respectively.
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Anisotropic stress field

The in-situ stress field is anisotropic. The degree and direction of the anisotropy influ-
ences the fracture development and the corresponding permeability evolution. The crack
criterion is strain-dependent and has been defined as a function of the tensile strength
of the rock and its Young’s modulus (see Equation (6.3)). Because ft = 8.3 MPa and E
= 68 GPa, the tensile strain threshold for fracturing is equal to 8.3/6800 = 1.22 · 10−4.
Extensional fractures are expected to occur in the direction of the maximum principal
stress (σH) when the principal strain exceeds this threshold. This observation is in agree-
ment with the development of fractures at the edge of a borehole, as explained in Chapter
2. A large maximum principal confinement (σH) and a considerable formation pressure
(σv) advance fracture growth in the direction of σH , whereas a large minimum principal
confinement (σh) and high tensile strength hinder fracture development (AbuAisha et al.,
2016). The influence of the existing stress field on fracture development has been illus-
trated in the Figures 6.7a, 6.7b and 6.7c below. The figures illustrated the development of
the deformation zone in terms of the primary principal strain (E1). Because the fracture
criterion has been defined as a strain threshold, fractures and permeability development
will be observed in high deformation zones. The figures correspond with the following
stress fields:

• Figure 6.7a: The maximum principal confinement (σH) coincides with the y-direction.
Extensional fractures will therefore develop (mainly) in the direction of the y-axis
resulting in an increase in k11.

• Figure 6.7b: The maximum principal confinement (σH) coincides with the x-direction.
Extensional fractures will therefore develop (mainly) in the direction of the x-axis
resulting in an increase in k33.

• Figure 6.7c: The maximum principal confinement (σH) coincides with the y-direction,
nonetheless, due to a relatively greater in confinement in the minor principal direc-
tion (x-direction), the development of the extensional fractures in the direction of
the y-axis will be less distinct.

Note that Figure 6.7a is a representation of the test case presented in this analysis.
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(a) σH (y) = -40 MPa, σh (x) = -15 MPa and σv

= -10 MPa.
(b) σH (x) = -40 MPa, σh (y) = -15 MPa and σv

= -10 MPa.

(c) σH (y) = -40 MPa, σh (x) = -30 MPa and σv

= -10 MPa.

Figure 6.7: Principal strain at the onset of fracturing.

Method 1

The definition of the fracture-dependent permeability according to method 1, requires an
additional input parameter in the form of a theoretical initial aperture b0. Shao et al.
(2005) state that due to the formation history of brittle rocks, it is not unlikely for them
to have pre-existing cracks, which actually should be taken into consideration. In their
study they, therefore, define an initial fracture length (l0), which is estimated at 3 mm,
in correspondence with the average grain size of the Lac du Bonnet granite (Shao et al.,
2005). According to Kranz (1983), the length/width ratio of microcracks generally lies
between 10−3 and 10−5. For that reason, if l0 is determined at 3 mm, an estimation of b0
would lie between 3 ·10−6 and 3 ·10−8 m.

When the analysis is performed for b0 = 3 ·10−8 m, the simulation shows quite some
agreement with the results produced by the HFM by AbuAisha et al. (2016), see Figure
6.8a. The permeability development in the major (k11) and minor (k33) principal direc-
tion as the fluid pressure in the borehole increases from 0 to 60 MPa has been plotted
separately in Figure 6.8b, and the ratio between k11 and k33 can be seen in Figure 6.8c.

Hydraulic fracturing occurs at pw = 15-16 MPa (point A in Figure 6.8b) when the
initial increase in permeability is observed. k11 jumps to a value of around 1 ·10−17 m2 in
point C at the onset of fracturing. k33 shows a smaller increase, reaching an initial value
of approximately 3 · 10−20 m2. At that moment, the ratio between k11 and k33 reaches
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its maximum value of a little over 400. From point C to B, both permeabilities display a
stagnating increase, reaching almost equal final values of 1.7 · 10−16 and 1.4 · 10−16 m2

for k11 and k33 respectively. These values result in a ratio of approximately 1.2 at the end
of the analysis.

When comparing these results with the result generated by the HFM by AbuAisha
et al. (2016), see Figure 6.8a, similarities that show are, first of all, the increase in per-
meability to a final value of approximately 1 ·10−16 m2. Second of all, both simulations
show the most significant increase in permeability within the interval pw ∈ [15,24] MPa,
and thirdly, the stagnating increase in the final phase is valid for both analyses. On the
other hand, a notable difference is the slower development of k33 compared to k11. At the
initial moment of hydraulic fracturing, the increase in k33 is significantly smaller than k11.
They do approach almost equal values at t = 60 days, but the ratio is not entirely reduced
to 1 again, even though this was expected to occur when the pore pressure in the borehole
becomes greater than 40 MPa, and therefore should become dominant over the existing
anisotropic stress field.
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(a) Comparison of k11 and k33 evolution with simulations
by AbuAisha et al. (2016).

(b) Evolution of k11 and k33 with increasing fluid pressure.

(c) Evolution of ratio k11 over k33 with increasing fluid
pressure.

Figure 6.8: Results of HF analysis according to method 1 for b0 = 3 ·10−8 m.
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Figure 6.9 shows the pore pressure development along the contour probe at different
times throughout the analysis for method 1. The applied pore pressure potential at the
borehole edge (distance in y-direction = 0 m in Figure 6.9) is increased linearly with time:
At t = 0 days it equals 0 MPa and at t = 60 days it is equal to 60 MPa. The pore pressure
potential at the domain boundary (y = 0.9 m) will remain constant and equal to zero
throughout the entire analysis. These boundary conditions correspond to the pore pressure
development which is displayed in Figure 6.9. Furthermore, the fracture initiation and
development can also be observed. At t = 16 days, the first cracks will form predominantly
in the major principal direction. From that moment onward, a constant pore pressure is
visible at the edge of the borehole propagating till a certain distance in the y-direction.
This distance illustrates the crack length development, which is approximately equal to
0.1 m at t = 30 days and reaches a final length of 0.2 m at t = 60 days. Figures 6.10a
and 6.10b show the contour plot of the pore pressure distribution over the entire domain
at times t = 30 days and t = 60 days, respectively. These figures show that the initially
crack development is predominantly in the y-direction (see Figure 6.10a). However, this
becomes less pronounced as the analysis continues, which can be observed in Figure
6.10b, where pore pressure evolution is also observed in other directions.

Figure 6.9: Pore pressure development along contour probe over time for method 1.
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(a) t = 30 days (b) t = 60 days

Figure 6.10: Pore pressures in the domain at different times for method 1.

Method 2

The definition of the fracture-dependent permeability according to method 2, requires an
additional input parameter in the form of the joint roughness coefficient. The JRC has
been estimated at an average value of 9 for granite (Barton and Choubey, 1977). The
results of the corresponding analysis can be seen in Figure 6.11, where Figure 6.11a
shows the comparison with the simulation performed by AbuAisha et al. (2016). The
permeability development in the major (k11) and minor (k33) principal stress direction as
the fluid pressure in the borehole increases from 0 to 60 MPa has been plotted separately
in Figure 6.11b, and the ratio between k11 and k33 has been plotted in Figure 6.11c.

Hydraulic fracturing and a corresponding increase in permeability for both k11 and
k33 are first observed when pw = 15-16 MPa (point A in Figure 6.11b). However, the
increase in k33 is less significant. The change in permeability shows less of a jump, in
contrast to the results produced by method 1, but instead displays a more gradual increase,
which stagnates when the fluid pressure approaches 60 MPa. k11 reaches a final value of
approximately 1 · 10−14 m2 and k33 of 6 · 10−15 m2. The ratio reaches a maximum value
of 300 at pw = 20 MPa, after which it finally drops to a value of around 1.6.

When comparing it to simulations by AbuAisha et al. (2016), see Figure 6.11a, and to
the results generated by method 1, this simulation shows a higher increase in permeabil-
ity (factor 100 approximately) and a more notable difference between k11 and k33. This
greater increase in permeability can most likely be attributed to the estimation of the JRC.
For method 1, b0 has been calibrated to match the results of the numerical analysis by
AbuAisha et al. (2016), whereas for method 2, an average value for the JRC for granite
(Barton and Choubey, 1977) has been adopted. Furthermore, the permeability develop-
ment at the onset of fracturing does not show a jump but instead follows a more steady
increase. The most significant increase however is again observed within the interval
pw ∈ [15,24] MPa after which the progression stagnates.
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(a) Comparison of k11 and k33 evolution with simulations
by AbuAisha et al. (2016).

(b) Evolution of k11 and k33 with increasing fluid pressure.

(c) Evolution of ratio k11 over k33 with increasing fluid
pressure.

Figure 6.11: Results of HF analysis according to method 2 for JRC = 9.
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Figure 6.12 shows the pore pressure development along the contour probe at different
times throughout the analysis for method 2. This pore pressure development is very sim-
ilar to the development according to method 1 (shown in Figure 6.12), where the same
pore pressure development corresponding to propagating fractures at the edge of the bore-
hole (y = 0 m) is observed from the moment of crack initiation onward (t = 16 days). The
contour plots of the pore pressure development in the entire domain at t = 30 days and t =
60 days are displayed in Figures 6.13a and 6.13b, respectively. These diagrams depict the
same fracture propagation, which is initially dominant in the major principal direction.

Figure 6.12: Pore pressure development along contour probe over time for method 2.

(a) t = 30 days (b) t = 60 days

Figure 6.13: Pore pressures in the domain at different times for method 2.
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6.4 Mesh-dependency evaluation
An analysis will be performed evaluating the dependency of the solution on the defini-
tion of the element mesh. The number of elements is varied in the radial and tangential
direction. Furthermore, a size factor is also applied to the mesh altering the size of the
elements in the radial direction. The mesh elements are thus not of equal size, but are
smaller near the borehole and increase in size when moving towards the perimeter of the
model. The mesh dependency analysis is executed, and convergence of the solution is
determined according to the following steps:

1. A rough mesh is created, using the fewest, yet reasonable number of elements and
the corresponding solution of the model is analysed.

2. A finer mesh is created, consisting of smaller elements in both the radial and tan-
gential direction. The solution is re-analysed, and results are compared with the
simulation of the previous mesh.

3. The mesh density is increased, repeating the second step, until the change in results
between meshes are limited, and hence the convergence of the solution is satisfac-
tory.

The analysis has been performed for both method 1 and 2. For method 1, b0 equals 3 ·10−8

m, and for method 2 the JRC is equal to 9. The results; k11 and k33 at the initiation of
hydraulic fracturing (the moment when the first change in permeability is observed) and
the corresponding fluid pressure in the borehole are displayed in Table 6.4 for different
mesh sizes. The results for different mesh sizes at the end of the analysis (t = 60 days and
pw = 60 MPa) can be found in Table 6.5. In Tables 6.4 and 6.4 M1/M2 corresponds to the
results for method 1 and method 2, respectively.

The findings for k11 and k33 at t = 60 days have been visualised for both methods. In
Figure 6.14a, the solution has been plotted versus the total amount of elements. When
looking at these diagrams, it appears that the solution generated by method 1 converges
slightly better than the solution according to method 2. Simulations according to both
methods show that a finer mesh will consequently lead to a smaller increase in permeabil-
ity. No complete convergence of the solution was found, not even for very fine meshes
consisting of elements near the borehole having dimensions of 0.005 x 0.005 m (not indi-
cated in the diagram).

The initiation of hydraulic fracturing (when the first changes in permeability are ob-
served) is method-independent, and only deviates for very rough meshes. The hydraulic
fracturing initiation pressure quickly converges to a value of 16/15 MPa when the mesh
size is refined. The results are displayed in Figure 6.14b. This mesh-objectivity can be
explained by the fact that the initiation of hydraulic fracturing mainly depends on the de-
fined crack criterion. Cracking is initiated if the occurring strain exceeds the strain crack
criterion, which depends on the tensile strength and Young’s modulus of the material. Be-
cause those two material properties and the calculated strain field are mesh-independent,
the initiation of hydraulic fracturing also shows no (to a little) mesh-dependency.
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Table 6.4: Different mesh sizes and corresponding results of the permeability at the initi-
ation of hydraulic fracturing (pHF

w ).

Mesh size Size factor
(radial) Nr. of nodes pHF

w
[MPa]

M1: k11
[m2]

M1: k33
[m2]

M2: k11
[m2]

M2: k33
[m2]

2x8 1 80 31 3.93E-15 2.23E-17 3.63E-19 3.06E-21
3x8 3 112 20 6.96E-16 2.48E-18 9.00E-20 1.27E-21
4x16 4 288 17 2.47E-16 1.32E-19 1.62E-21 1.00E-21
6x12 5 312 16 1.16E-16 4.80E-20 1.55E-21 1.00E-21
8x20 5 680 16 5.97E-17 7.23E-21 1.14E-20 1.00E-21
10x24 10 1008 16 2.21E-17 4.20E-20 3.48E-21 1.00E-21
12x32 10 1600 16 1.37E-17 3.30E-20 2.82E-21 1.00E-21
15x32 10 1984 16 1.01E-17 1.98E-20 2.51E-21 1.00E-21
18x36 12 2664 15 5.04E-18 3.42E-21 1.70E-21 1.00E-21
20x40 12 3280 15 4.98E-18 5.34E-21 1.68E-21 1.00E-21

Table 6.5: Different mesh sizes and corresponding results of the permeability at t = 60 sec
and pw = 60 MPa.

Mesh size Size factor
(radial) Nr. of nodes M1: k11

[m2]
M1: k33
[m2]

M2: k11
[m2]

M2: k33
[m2]

2x8 1 80 1.29E-14 1.07E-15 1.06E-11 8.79E-13
3x8 3 112 2.90E-15 1.75E-15 9.81E-13 3.24E-13
4x16 4 288 1.13E-15 1.04E-15 1.40E-13 1.01E-13
6x12 5 312 6.81E-16 6.36E-16 1.08E-13 7.89E-14
8x20 5 680 5.01E-16 3.90E-16 9.00E-14 3.93E-14
10x24 10 1008 2.69E-16 1.84E-16 2.25E-14 1.14E-14
12x32 10 1600 1.70E-16 1.39E-16 1.04E-14 6.39E-15
15x32 10 1984 1.25E-16 1.04E-16 5.34E-15 3.63E-15
18x36 12 2664 9.24E-17 6.12E-17 3.06E-15 1.27E-15
20x40 12 3280 6.84E-17 5.07E-17 1.58E-15 9.03E-16
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(a) Permeability solution at t=60 days.

(b) pHF
w solution for different mesh sizes.

Figure 6.14: Mesh dependency analysis.

A way of improving the model’s mesh objectivity is investigated for method 1. Such an
improvement is only considered for method 1, because an element size dependency can
more straightforwardly be incorporated in the definition of b0 than in the JRC value for
method 2. This enhanced mesh-objectivity for method 1 is achieved by redefining b0 as
a function rather than a constant parameter. In this case, the parameter is formulated as a
function of tensile strain and crack bandwidth,

b0 = εt ·hcrack ·0.01, (6.4)

where the factor 0.01 has been applied for calibration. Because of the dependency on
the crack bandwidth, which is a function of the element dimension and crack direction
(according to Govindjee’s projection method), b0 differs per element in the model and
has a smaller value for the smaller elements in the vicinity of the borehole. Figure 6.15
displays the results simulated by this solution. It can be argued whether it is appropriate
to define a non-homogeneous value for b0 if other initial state flow parameters, such as
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k0, are considered to be homogeneous in the entire domain. Nonetheless, this solution
converges better than when b0 is defined as a constant value for the whole model. The
solution appears to have converged satisfactorily when a mesh consisting of 10x24 ele-
ments is used. The smallest dimension of the elements near the borehole is approximately
0.026 x 0.026 m (width x height), whereas the largest elements, which can be found at the
perimeter of the model, have a dimension of 0.2 x 0.26 m.

Figure 6.15: Permeability solution at t=60 days and pw = 60 MPa for different mesh sizes
when b0 is defined as a function according to Equation (6.4).

6.5 Parameter-sensitivity evaluation
A parameter investigation has been performed to evaluate the sensitivity of the model to
the method-dependent additional parameters, being the initial aperture (b0) and the Joint
Roughness Coefficient (JRC). Furthermore, the dependence on the definition of the initial
permeability has also been evaluated. The analyses have been executed using the mesh
consisting of 12x32 elements (as described in the previous section).

The results have been evaluated along a contour probe, which starts at the edge of the
borehole in node 401, and continues to the perimeter of the model in the y-direction (see
Figure 6.16). The permeability results are investigated at the end of the ’install time’ (t =
60 days) when the fluid pressure inside the borehole equals 60 MPa.
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Figure 6.16: Model showing the defined y-axis along which results are evaluated.

Initial aperture

For method 1, the influence of the initial aperture on the results has been evaluated. b0
ranges from 1 ·10−5 m - 1 ·10−9 m while keeping all other parameters constant. Because
of the uncertainty in determining this (theoretical) parameter a broad range has been de-
fined, thereby also accounting for the definition of the length/width ratio 10−3 - 10−5 of
microcracks, as suggested by Kranz (1983).

The results of k11 and k33 along the defined contour probe have been plotted for the
different input values of b0 in Figure 6.17. The graph shows that magnitude of the per-
meability input is very sensitive to b0, which was not unexpected, as it had already been
suggested by Chen et al. (2007) and because the permeability is defined as a quadratic
function of b0 in the proposed model. Furthermore, the graph shows that the radial dis-
tance to which the increase in permeability (and hydraulic fracturing) extends, almost
does not depend on b0, but is fixated at 0.4 m. Except for the largest value of b0 = 1 ·10−5

m, when only a minimal increase in k11 is indicated in approximately the first 0.15 to
0.3 m (different for k11 and k33). It can be observed that if the initial aperture value is
sufficiently small (smaller than b0 = 1 ·10−5 m in this case), the spatial extent of the per-
meability development only depends on the defined strain crack criterion, which is the
same for all the analyses. And thus the spatial extent of the permeability evolution is not
affected by b0.

Figure 6.18 shows the development of k11 and k33 when b0 is defined as a function
instead of a constant value, where n is a factor as applied in Equation (6.4). These results
indicate similar sensitivity and contour plots to previous findings when b0 is defined as a
model constant input parameter.
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(a) k11 (b) k33

Figure 6.17: Development of permeability along the defined axis for b0 is constant in the
model.

(a) k11 (b) k33

Figure 6.18: Development of permeability along the defined axis for b0 as a function of
the tensile strain and crack bandwidth (n is a factor as defined in Equation (6.4)).

Figure 6.19 clearly shows the linear relation between b0 and k11, as well as k33, in the
log-log space. In this case, b0 is defined as a singular value. The maximum values for k11
and k33 located along the defined axis at t = 60 days have been taken into account for this
analysis. Moreover, interesting to observe is that the maximum values for k11 and k33 are
almost equal, even though they do not occur at the same distance from the borehole (see
Figure 6.17).
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Figure 6.19: Maximum permeability along the defined axis at the end of install time for
different values of b0.

Joint roughness coefficient

For method 2 the influence of the joint roughness coefficient on the results has been eval-
uated. The JRC ranges from 1 (smooth, parallel walls) - 20 (rough, undulating walls),
while keeping all other parameters constant.

The results have been plotted for k11 and k33 along the contour probe for different
values of JRC (see Figure 6.20). It can be observed that the model is quite sensitive to the
JRC, displaying a range in simulated permeabilities approximately 10−10 m2 and 10−16

m2. However, as JRC increases, the difference in results becomes less pronounced, and
the solution seems to approach a value of approximately 10−16 m2 for both k11 and k33.
The range to which the permeability increase extends is constant and reaches a maximum
value of 0.4 m. However, a permeability decline is observed for all values of the JRC
when moving further away from the borehole.

(a) k11 (b) k33

Figure 6.20: Development of permeability along the defined axis.

The maximum values of k11 and k33 along the defined contour probe at t = 60 days
have been taken into account for the analysis. Figure 6.21 also shows that the sensitivity
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of the model to the input parameter becomes less pronounced when the JRC increases
(when JRC is larger than 8). The permeability solution even shows no dependency on the
JRC when small values are employed. This independency is valid for both k11 as well as
k33.

Figure 6.21: Maximum permeability along the defined axis at the end of install time for
different values of JRC.

Initial permeability

In this final section of the sensitivity analysis, the dependence on the initial permeability
is evaluated for both methods. Figure 6.22 shows kmax versus k0 for different values of b0,
where kmax is the maximum permeability value which is observed along the contour probe
at t = 60 days irrespective of its direction (could be k11 or k33). This diagram displays a
clear and constant (linear) relation between the two parameters in the log-log space.

Figure 6.23, on the other hand, displaying the relation between JRC, k0 and kmax,
shows a very different relationship. For larger initial permeabilities, the influence of the
JRC reduces to zero. Moreover, no increase in permeability is even observed when k0 is
equal to 1 ·10−12 m2 and JRC is larger than 1. The opposite is true for smaller values of
k0 when k0 does not appear to show or shows a minimal influence on the maximum final
permeability kmax.
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Figure 6.22: Development of maximum permeability versus the initial permeability for
different values of b0.

Figure 6.23: Development of maximum permeability versus the initial permeability for
different values of JRC.
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6.6 Conclusion
The purpose of this chapter was to first of all compare simulations generated by the
fracture-dependent permeability model to a different numerical study performed by AbuAisha
et al. (2016) which investigates the changes in permeability in the vicinity of a borehole
due to hydraulic fracturing. And secondly, to evaluate the objectivity of these results, by
performing a mesh-dependency and parameter-sensitivity analysis. The key points of the
evaluations are presented and discussed in the corresponding sections.

Comparison of numerical simulations

When comparing the comparing simulations of the fracture-dependent permeability model
with the results according to the numerical study by AbuAisha et al. (2016) the following
should be taken into consideration:

• For the evaluation of the results, the maximum value of the permeability (both k11
and k33) at each load step was considered. The observations were not restricted to
a specific location in the model. Based on the description provided in the study by
AbuAisha et al. (2016), it was assumed that they too evaluated maximum values in
arbitrary directions, but this is not entirely certain.

• The description of the numerical test case by AbuAisha et al. (2016) did not include
model dimensions or any mentioning of the mesh size. Because the anisotropy
of the in-situ stress field influences the fracture evolution, as described in Section
6.3.2, assumptions that were made regarding the model dimensions could have af-
fected the solution.

Nonetheless, simulations, according to both methods, show similarities to the hydraulic
fracturing model (HFM) presented by AbuAisha et al. (2016) with regards to the perme-
ability evolution. Both indicate an initially dominant evolution of k11 over k33, which
later on becomes less prominent as the pore pressure increases. The predominant ex-
tensional fracture development in the direction of the major principal confinement and a
corresponding increase in k11 is as expected and can be attributed to the in-situ anisotropic
stress field. A difference between the two methods in the permeability evolution is ob-
served once again, where method 1 shows a clear jump at the onset of cracking and
method 2 displays a more gradual increase. Moreover, absolute values in permeability
increase differ, where method 2 depicts the greatest increase in permeability at the end
of the analysis. It should, however, be noted that a rough estimation was made for the
JRC, whereas the value of b0 has slightly been calibrated to match the results generated
by AbuAisha et al. (2016).

Finally, the comparison with the more detailed numerical model for the simulation of
hydraulic fracturing identified the following shortcomings of the fracture-dependent per-
meability model:

• The existence of pre-existing cracks is only taken into account in a limited amount
for method 1, where method 2 does not include any influence of an initially cracked
state of the material. The initial aperture (b0) is defined for method 1. However, this
input parameter does not consider the direction of the cracks. If cracks are present
prior to the hydraulic fracturing, this will most likely influence the development of
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the permeability, especially if these cracks have a pronounced direction. There is
less resistance for the pressurised fluid to reach these cracks surface and cause them
to further propagate in their initial direction.

• The numerical study presented by AbuAisha et al. (2016) validates the working
of its HFM as part of a more extensive research and model development for the
simulation of enhanced geothermal energy reservoirs. It thus also takes into account
the influence of temperature on the coupling mechanisms that occur in the thermo-
poroelastic framework of a geothermal energy reservoir. The fracture-dependent
permeability model as proposed in this study, on the other hand, does not include
the effect of temperature on the fracture and permeability evolution, and is therefore
limited in its description of a geothermal energy reservoir.

Mesh-dependency evaluation

When evaluating the magnitudes of the permeabilities at t = 60 days, both methods show
a mesh dependency, resulting in smaller values of k for finer meshes, where method 1
appears to converge slightly quicker than method 2. Because of the observed trend with
increasing mesh size, it is difficult to conclude the definition of an appropriate mesh den-
sity and corresponding element size based on only the mesh-dependency analysis for k11
and k33 at t = 60 days. On the other hand, the solution for the initiation of the hydraulic
fracturing pressure (pHF

w ) converges quite quickly, showing a constant value of around
15/16 MPa for relatively rough meshes. This solution was first found with a mesh con-
sisting of 6x12 elements. Taken the latter into account, as well as the fact that the solution
(in order of magnitude) that is found for the permeability increase is comparable to results
generated by AbuAisha et al. (2016), for method 1 a mesh consisting of 12x32 elements
is considered to be appropriate in this case. For method 2, the employment of a finer
mesh might be more appropriate, consisting of, for example 20x40 elements. In this case,
the smallest element size is equal to 0.099 x 0.012 m (width x height). The computa-
tional time increases with a factor 1.6 when comparing it to the mesh consisting of 12x32
elements.

Nonetheless, the convergence of method 1 can be improved significantly when a dif-
ferent definition of b0 is implemented, thereby defining it as a function of the tensile strain
criterion and the crack bandwidth. In this case, a satisfactory converged solution is found
for mesh consisting of 10x24 elements. However, from a physical point of view, it can be
argued whether this definition of the initial aperture is appropriate, as it defines cracks in
the vicinity of the borehole having a smaller initial aperture than the cracks further away
from the borehole. Moreover, it is also arguable whether a non-homogeneous definition
of b0 is appropriate at all if k0 is considered to be homogeneous in the entire domain.
A similar modification for method 2 was not considered because its expression can less
straightforwardly be made element size dependent.

To summarise:

• Both methods show a decreasing trend in the permeability increase with a finer
mesh. Nonetheless, method 1 appears to converge slightly better than method 2. It
might therefore be recommended to apply a more refined mesh for method 2 than
for method 1.

• The convergence of method 1 can significantly be improved if b0 is defined as
a function of the tensile strain criterion (εt) and the crack bandwidth. Because
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the crack bandwidth in its definition according to Govindjee et al. (1995) depends
on the element size, b0 is not homogeneous for this problem as the element size
increases in the radial direction moving away from the borehole. It can be argued
whether a non-homogeneous definition of b0 is appropriate if k0, on the other hand,
is homogeneous.

Parameter-sensitivity evaluation

Based on the sensitivity analysis that has been performed, it can be concluded that both
methods are quite sensitive to the newly defined additional input parameters: b0 and JRC.
Furthermore, method 2 also showed a sensitivity to k0. The main findings are:

• Method 1 is highly sensitive to the input parameter b0, showing a significant differ-
ence in outcome in order of magnitudes. Because b0 can in some cases be seen as
a more or less theoretical parameter or state variable that is difficult to determine,
caution should be made in defining its value.

• Method 2 shows quite some sensitivity to the JRC, mostly when it ranges between
4 and 8. This sensitivity becomes less pronounced when the JRC increases. When
comparing the JRC to b0 as an input parameter, the JRC might be defined more ap-
propriately as it is more generally accepted parameter, and therefore, more tangible
concept.

• Method 2 also shows an interesting dependence on k0, based on which it might
be concluded that method 2 is only applicable to k0 falling into a specific range.
This dependence can most likely be explained by the fact that method 2 defines the
overall permeability as a summation of both k0 and k f r. Because k f r is independent
of the initial state of the rock medium, its contribution can become increasingly
more significant or insignificant depending on the initial permeability of the rock.
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7. Case study: EDZ surrounding
underground galleries

7.1 Introduction
This chapter covers a case study on the hydro-mechanical behaviour of Callovo-Oxfordian
claystone in the surroundings of underground galleries. The case study has been presented
by Armand et al. (2014) discussing its experimental findings which form the basis of a
conceptual model of the excavation-induced fracture network. The experimental findings
by Armand et al. (2014) will be compared with the simulations generated by the fracture-
dependent permeability model as proposed by this study. The case study is also used by
Pardoen (2015) as a part of their numerical study on the hydro-mechanical response of
fracturing induced by excavation using shear banding. Their interpretation of the in-situ
conditions and insights in the results will provide support for the representation of the
case study.

The purpose of this case study is to investigate and identify to which extent the
fracture-dependent model is capable of simulating hydro-mechanical behaviour due to
in-situ conditions other than EGS, and examine its applicability on the simulation of exca-
vation induced damaged zones. The focus will lie mainly on the comparison in qualitative
outcome and similarities rather than quantitative results.

The first section describes the case study and the corresponding conceptual model, as
presented by Armand et al. (2014). The section after that discusses the analysis and the
results generated by the model proposed in this study. Conclusions are drawn in the final
section.

7.2 Case description
Excavation of underground galleries causes damage in the rock material in the vicinity of
the drift wall, thereby affecting the hydro-mechanical properties of the rock. The extent
of the damage generally depends on the initial properties of the rock, in-situ stress field,
the geometry of the opening and the time and method of the excavation (Armand et al.,
2014). The ’Excavation Damaged Zone’ (EDZ) can be defined as the zone, adjacent to
the opening, which has been substantially damaged by the excavation resulting in hydro-
mechanical modifications that induce changes in flow and transport properties.

Investigating the hydro-mechanical changes of the EDZ can, for example, be of im-
portance for feasibility studies for deep geological repositories of radioactive waste. The
French national radioactive waste management agency (ANDRA) for that reason devel-
oped the Meuse/Haute-Marne underground research laboratory (URL). The host forma-
tion of this URL is Callovo-Oxfordian claystone. A scientific study on the excavation-
induced fractures in the EDZ was conducted at the main level of the URL (-490 m). Obser-
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vatory methods included: structural analysis on cores, geological surveys and hydraulic
conductivity measurements. The paper presented by Armand et al. (2014) discusses the
main findings of the study concerning the geometry and properties of the excavation-
induced fracture network. Pardoen (2015) used this study as the starting point for their
research, which main purpose was to reproduce EDZ behaviour in rock material with
shear banding, thereby highlighting its important hydro-mechanical aspects.

7.2.1 Callovo-Oxfordian claystone
In the Meuse/Haute-Marne Underground Research Laboratory (URL), an extensive re-
search program has been carried out consisting of an experimental study to examine the
hydro-mechanical properties and response of the Callovo-Oxfordian claystone (argillite).
The claystone can be found between 420 and 550 m below the ground. The main labora-
tory level is located at -490 m (Armand et al., 2014).

Material properties

Numerous laboratory tests have been conducted on claystone core samples to determine
its main hydro-mechanical properties. The main findings are summarised in Table 7.1.
Note the low permeability of the claystone, which is due to the small mean pore diam-
eter ( 0.02µm). Table 7.1 does not account for the slightly anisotropic behaviour of the
claystone caused by the sedimentation process (Armand et al., 2014).

Table 7.1: Hydro-mechanical properties of the Callovo-Oxfordian claystone determined
the main URL level (Armand et al., 2014).

Parameter Value Unit
Density ρ 2.39 g/cm3

Porosity n 18 ± 1 % -
Young modulus E 4000 ± 1470 MPa
Poisson ratio ν 0.29 ± 0.05 -
Uniaxial compressive strength UCS 21 ± 6.8 MPa
Hoek-Brown criteria
S
m

0.43
2.5

-
-

Compressive strength σc 33.5 MPa
Intrinsic permeability k 5 ·10−20 m2

Water content w 7.2 ± 1.4 % -

Stress state

Wileveau et al. (2007) conducted a comprehensive in-situ stress field examination of the
Callova-Oxfordian claystone formation and the two stiffer limestone formations, which
surround the claystone. The investigation was performed at a URL at the Bure site in
Northeastern France. The minor horizontal stress direction approaches lithostatic values
and thus σv ≈ σh. The KH ratio for the claystone has an average value of 1.2 but ranges
with depth. For the argillite formation, an estimation of the in-situ stress field at approxi-
mately -490 m depth, according to Wileveau et al. (2007) is:
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σv 12.7 MPa
σh 11.4-12.4 MPa
σH 13.7-14.8 MPa

7.2.2 Induced fracture network
Armand et al. (2014) discuss the experiments and observations regarding the excavation
induced fracture network in different drift directions of the URL, where the first direction
is parallel to the major horizontal stress (GET/GCS) and the second one parallel to the
minor horizontal stress (GED). These drifts can be observed in Figure 7.1, which displays
a complete overview of the URL drift network. The following experimental methods were
used during the investigation to characterise the induced fractures network:

• Structural analysis of core samples in combination with 3D analysis to determine
fracture type and density;

• Geological survey of drift face and walls;

• Seismic measurements;

• Permeability measurements;

• Visualisation and measurement of fractures by resin filling.

Figure 7.1: Meuse/Haute-Marne URL drifts network (Armand et al., 2014).

The structural analysis of both drifts identifies two fracture structures that were observed
near the faces and walls of the excavation: a ’chevron’ structure and a ’bulge’ structure.

• Chevron structure: This structure consists of two types of fractures ’Upper chevron
fractures’ and ’Lower chevron fractures’, which have been generated by normal
shear. The ’Lower chevron fractures’ are located in the lowest third of the drift’s
face and walls. They are curved in the horizontal plane and dip towards the ex-
cavated zone. The ’Upper chevron fractures’, which are located in the upper part,
have the same curve in the horizontal plane but dip towards the unexcavated zone.

• Bulge structure: The fractures forming the ’bulge’ are located between the ’Upper
and Lower chevron fractures’ and are generated by extension. Their plans have
a double curve, following the curve of the chevron fractures horizontally and a
bulging curve in the vertical direction.
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The core drillings showed that two zones of excavation-induced fracturing could be dis-
tinguished. The first zone consists of extensional and shear fractures. The orientation
of the fractures in this zone is very heterogeneous. The second zone, which is located
further away from the drift, consists of shear fractures only and has a more homogeneous
orientation.

Based on the observations, the study defined two conceptual models of the induced
fracture network around a drift parallel to the horizontal major (σH) and minor principal
stress (σh). Their findings concluded that the hydraulic permeability measurements in the
two drifts exhibit the same behaviour. Results, however, differ considering the location
of the most significant increase in hydraulic conductivity and extent of the fracture net-
work. The highest hydraulic conductivity increase is observed in the areas where tensile
fractures are located, which is denoted as the highly disturbed zone and can be found in
a range < 0.5 m from the excavation wall for the drift parallel to σH (GET/GCS) and up
to the extent of 2 m from the ceiling and floor of the excavation for the drift parallel to σh
(GED). In these highly disturbed areas, the hydraulic conductivity (and the permeability)
can experience an increase of a factor 104-106. The transmissivity of the shear fractures in
the shear fracture zone, which extends further into the rock than the extensional fracture
zone, appear to have a lower impact on the hydraulic conductivity.

The conceptual model and the results from the field measurements for the drift par-
allel to σh (GED) are summarised in the next section. The results from the permeability
measurements are displayed in diagrams by plotting the hydraulic conductivity versus the
distance from the drift wall. It should be noted that an intrinsic permeability of 5 ·10−20

m2 corresponds to a hydraulic conductivity of approximately 5 ·10−13 m/s, assuming that
the gravitational constant g = 9.81 m/s2, the water density ρw = 1000 kg/m3 and the
dynamic viscosity of the water µ = 1 ·10−3 Pa · s (see Equation (7.1) below).

K =
ρg
µ

k (7.1)

Finally, there are a few points that should be noted before the conceptual model and
findings by Armand et al. (2014) are discussed:

• In their representation of the permeability measurements, they did not take into
account the time-dependency of the hydraulic conductivity.

• The conceptual model does not always sufficiently represent the heterogeneity of
the extent of fractures in the excavation damaged affecting its behaviour and proper-
ties, which can differ quite considerably along the drift axis. The conceptual model
is, therefore, a representation of average values.

• In some boreholes, to a minimal limited extent, < 1 x the diameter of the drift (D),
rocks cuttings induced by the drift excavation or boring were observed. However,
because the fractures were difficult to identify, and their orientation could not be
determined, they have not been included in the global induced fracture model.

Results GED - parallel to σh

The model shown in Figure 7.2 shows the visualisation of the concept of the excavation
induced fracture network along a drift parallel to the minor horizontal stress (σh) (Armand
et al., 2014). In this case, most of the fractures are expected to occur at the floor and
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ceiling of the excavated gallery, where the extensional fracture zone extends to 1.24/1.27
m and the shear fracture zone to 2.75/3.70 m. Similar observations are summarised in
Table 7.2, where the extent of the fractures zones is displayed as a function of the drift
diameter (D). From the table, it can once again be concluded that the shear fracture zone
is greater than the extensional fracture zone, and that fractures predominantly occur at the
gallery floor/ceiling instead of the wall.

Figure 7.2: Conceptual model of the induced fracture network with a drift (GED) parallel
to the minor horizontal stress. The dotted line indicates the extent of tensile fractures and
the dashed line the shear fractures (Armand et al., 2014; Pardoen, 2015).

Table 7.2: Extent of fracture zones for a drift parallel to σh (Armand et al., 2014). The ’-’
indicates no extent further than the extensional fracture network.

Extensional fractures Shear fractures
Min Average Max Min Average Max

Ceiling 0.2 x D 0.3 x D 0.4 xD 0.5 x D 0.6 x D 0.8 x D
Wall 0.1 x D 0.1 x D 0.2 x D - - -
Floor 0.2 x D 0.4 x D 0.5 x D 0.8 x D 0.8 x D 1.1 x D

Figure 7.3 shows the results of the permeability measurements, where the hydraulic
conductivity is plotted versus the distance from the gallery wall. The left diagram shows
the results measured in horizontal boreholes alongside the wall and the diagram on the
right displays the results for vertical boreholes located at the floor and ceiling of the
gallery. The arrows above the diagrams indicate the extent of the fracture zones. From
these diagrams, it can be deduced that the highest increase in hydraulic conductivity is
observed in the extensional fracture zone reaching values of 1 ·10−9 m/s in the horizontal
boreholes located at the wall and almost 1 ·10−7 m/s in the vertical borehole near the floor
of the gallery.
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7.3 Analysis
A fracture-dependent permeability analysis is performed considering the situation of the
drift parallel to the minor horizontal stress σh (GED).

The claystone formation and the excavated drift is represented by a simplified two-
dimensional boundary value problem consisting of plane-strain elements. The model is
supported in the normal directions along its boundaries. A pore pressure potential support
is also applied at the domain boundaries. The dimensions are 40 x 40 m (see Figure 7.4).
The dimensions of the domain have been chosen such that its boundary conditions would
not affect the excavation damaged zone, considering this zone extended to a maximum
of 1 x D (diameter) of the excavation according to the study performed by Armand et al.
(2014). The tunnel is represented by circular excavation with a diameter of 4.6 m. This
dimension was chosen based on the conceptual model, see Figure 7.2 in the previous
section.

The mesh density has been generated such that the desired element size near the ex-
cavation is equal to 0.1 x 0.1 m, and elements near the boundary are equal to 1 x 1 m.
The localised mesh refinement accounts for the fact that fractures are only expected to
occur in the vicinity of the excavation, and at this location elements of 0.1 x 0.1 m are
sufficiently small to allow for an appropriate evaluation of the effects on the permeability
evolution near the excavation, while also conserving a reasonable computational time.

Figure 7.4: The dimensions, boundary conditions and desired element sizes of the mesh
of the boundary value problem.

The process of excavation is represented in simplified form by a non-linear phased
analysis consisting of two phases. During the first phase (initialisation), when no excava-
tion is present yet, the in-situ stresses (σv, σh and σH) and the pore pressure in the rock are
initialised by applying an element pre-stress and a pore pressure potential condition along
the boundary of the domain, see Figure 7.5 for illustration. With regards to the in-situ
stress state, the following values have been implemented: σv = - 12.7 MPa. σh = - 11.4
MPa and σH = - 14.8 MPa (confining stresses). These values were determined, taking into
account the average ranges observed by Wileveau et al. (2007). These values result in a
KH ratio of 1.3, which was also adopted in the numerical simulation by Pardoen (2015).
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Figure 7.5: Phase 1: Homogeneous stress and pore pressure field.

Moving on to phase 2, the tunnel is excavated and the pore pressure potential is sup-
ported along the ’gallery wall’, thereby allowing water drainage from the rock into the
excavation. The stress in the domain is initialised by making use of the load as defined
in phase 1 (see Figure 7.6a) . Next, a time-dependent analysis is performed. At the be-
ginning of second phase, the pore pressure potential at the gallery is reduced to zero by
prescribing a pore pressure potential deformation of -4.7 MPa (see Figure 7.6b). The total
duration of the time-dependent analysis is two days and 13 hours. Time steps are di-
vided into thirteen time increments, which are smaller at the beginning and become larger
towards the end of the analysis.

(a) Start (b) Time

Figure 7.6: Phase 2: Pore pressures during start and time steps.
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The claystone material will be described by the fracture-dependent permeability model
in combination with the Multi-Directional Fixed crack model. The choice for this partic-
ular fracture model and not the Total Strain crack model resides on the fact that the Total
Strain crack model is less suited in dealing with initial stresses, as it describes stress as
a function of strain. In contrast to the fracture-dependent permeability model, the Multi-
Directional Fixed crack model, as its name suggests, assumes the direction of a fracture
to remain fixed upon the moment of crack initiation. To determine crack initiation, the
model applies the following two criteria which must be satisfied simultaneously:

• The principal tensile stress exceeds the tensile strength (or maximum stress condi-
tion) of the material;

• The angle between an already existing crack and the new potential crack exceeds a
threshold angle value (αT D).

With regards to the tension softening of the rock material, linear tension softening, based
on the ultimate strain (εcr

u ), is assumed. Figure 7.7 shows this tension softening curve. The
ultimate strain is the parameter that controls the extent of ductile softening behaviour of
the material, and it is assumed to remain constant throughout the analysis. The minimum
value of the ultimate crack strain (εcr

u,min is given by Equation (7.2)). Implementation of
this value would correspond with brittle failure. Another input parameter that is required
for the Multi-Directional Fixed crack model, is the shear reduction factor β . This param-
eter governs the shear stiffness reduction of the material due to cracking.

ε
cr
u,min =

ft
E

(7.2)

Figure 7.7: Linear tension softening curve based on the ultimate strain (DIANA FEA bv,
2019).

The material properties for the applied Multi-Directional Fixed crack model in combi-
nation with the fracture-dependent permeability model can be found in Table 7.3. Because
shear fractures are also expected to occur in the surroundings of the excavation, according
to the conceptual fracture model by Armand et al. (2014), Mohr-Coulomb yield criterion
has also been included to account for shear failure. The material properties were deter-
mined based on the parameters used in the studies by Gens et al. (2007), Armand et al.
(2014) and Pardoen (2015). Except for the crack model specific parameters, for which
either a standard value is adhered to (β ) or values are estimated (εcr

u and ft).
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An estimation of the tensile strength of the claystone is made based on the Hoek and
Brown parameters provided in the study by Armand et al. (2014). According to Hoek
et al. (2002), the tensile strength can be calculated as

σt =−s
σci

mb
(7.3)

where s and mb are material constants and σci is the uniaxial compressive strength of the
intact rock material (Hoek et al., 2002). In this case s = 0.43, mb = 2.5 and σci = 21 MPa.
Thus the tensile strength is approximately 6 MPa.

Table 7.3: Material properties of the Callovo-Oxfordian claystone described by the
fracture-dependent permeability model in combination with the Multi-Directional Fixed
crack material model and a Mohr-Coulomb yield criterion.

Parameter Value Unit

General

Young’s modulus E 4 GPa
Poison’s ratio ν 0.29 -
Density ρ 2.3 kg/m3

Porosity n 0.18 -

Multi-Directional
Fixed crack model

Tensile strength ft 6 MPa
Ultimate strain εcr

u 1.5 ·10−3 -
Shear retention factor β 0.05 -

Mohr-Coulomb
plasticity

Cohesion c 25 MPa
Friction angle φ 23 °
Dilatancy angle ψ 0.3 °

Fracture-dependent
permeability model

Initial permeability k0 5 ·10−20 m2

Dynamic viscosity µ 1 ·10−3 Pa · s
Initial aperture b0 f (εt ,hcr) m

7.4 Results
The results section has been subdivided into two subsections: evaluation of tensile crack
development according to the Multi-Directional Fixed crack model, and evaluation of
the permeability evolution according to the fracture-dependent permeability model. The
findings will be compared and discussed.

In some cases, results are evaluated along two specific directions. The first contour
probe is located at the ceiling of the excavation and extends 5 m in the vertical direction
and the second contour probe is located at the wall of the excavation and extends 5 m in
the x-direction (see Figure 7.8). These locations and directions have been chosen such
that results can be best compared by the vertical and horizontal boreholes which were
located alongside the drift. An extent of 5 m is adopted because the conceptual model
proposed by Armand et al. (2014) defined the EDZ up to a maximum of approximately 5
m.
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Figure 7.8: Location of the contour probes at the ceiling (y-direction) and the wall (x-
direction) of the excavation.

Tensile crack development

The initial in-situ conditions consist of compressive stresses only. However, as a result of
the excavation, a ring of tensile stress is formed around the perimeter of the drift. At t =
0 (phase 2), see Figure 7.9a, the effective principal stress is at a maximum value of 4.7
MPa. Due to the drainage of water into the excavation, and the corresponding decrease
in pore pressure over time, the effective principal stress will decrease to 0 MPa at (see
Figure 7.9b).
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(a) Contour plot at t = 0

(b) For the duration of the entire drained analysis

Figure 7.9: Development of effective principal stress over time (phase 2).

Because the tensile strength of the material was estimated at 6 MPa, this tensile stress
will not lead to the initiation of tensile cracks according to the Multi-Directional Fixed
crack model. For that reason, a lower value of the tensile strength is adopted. The tensile
strength is now estimated at 4 MPa. In that case, tensile cracks do develop according to
the crack model. Figure 7.10a shows the maximum normal tensile crack strains at t = 0
(phase 2). Due to the decrease in effective stresses, these normal tensile crack strains (εcr

n )
will drop to zero (see Figure 7.10b). The extent of the tensile cracks is very limited and
only present in the closest vicinity of the perimeter of the excavation (approximately 0.3
m).
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(a) t = 0 (b) t = 14 min (time step 5)

Figure 7.10: Normal tensile crack strains (εcr
n ) according to the Multi-Directional Fixed

crack model.

Figure 7.11a and 7.11b, show the development of the effective principal stress and
principal strain at the ceiling of the excavation for two different values of the tensile
strength ( ft) and ultimate crack strain (εcr

u ). It can be observed that a lower ft results in
a slightly lower principal effective stress and higher principal strain. A different value
for the ultimate crack strain was adopted to evaluate the effects on the stress and strain
development. If ft = 4 MPa, then εcr

u,min = ft /E = 1 · 10−3. The value of εcr
u = 1.5 · 10−3

is close to the minimum value and therefore the behaviour will resemble more brittle
cracking, resulting in greater strain development than for a higher value of εcr

u (see Figure
7.11b).
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(a) SE1

(b) E1

Figure 7.11: Development of effective principal stress (SE1) and principal strain (E1) for
different values of the tensile strength ( ft) and ultimate strain (εcr

u ) of the material.

Permeability evolution

The simulation has been performed according to method 1 for b0 = εt · hcr · 0.01. The
definition of b0 as a function rather than a constant parameter was employed to reduce the
mesh-dependency. The factor of 0.01 was adopted for calibration of the results.

The results according to method 2 are not discussed in this section. The reason for
this is that simulations according to method 2 results in extremely high permeabilities (or
hydraulic conductivities). This phenomenon might again be attributed to the very low
initial permeability of the claystone, thereby resulting in a relatively high increase in per-
meability due to the presence of fractures.

Figure 7.12a shows the hydraulic conductivity development along a vertical contour
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probe from the ceiling of the excavation, and Figure 7.12b for a horizontal probe from
the wall. The diagrams show both the hydraulic conductivity at the start ( t = 0 ) and at
the end of the analysis ( t = 2 days and 13 hours). The values for the hydraulic conduc-
tivity (K) along the contour probe have been determined based on the computed modified
permeability, and assuming that g = 9.81 m/s2 and ρw = 1000 kg/m3.

When evaluating these diagrams, a maximum hydraulic conductivity of approximately
1 · 10−7 m/s can be observed at the edge of the excavation. This corresponds with the
measurements by Armand et al. (2014). However, the extent of the permeability increase
(maximum distance at which an increase in permeability is observed) is much greater than
expected. For the final values, an extent of 2.5 m increase in hydraulic conductivity can
be found along the vertical contour probe at the ceiling, and an even greater reach, a little
over 3 m, for the horizontal contour probe at the wall. This extent is not only greater than
predicted in the conceptual fracture model by Armand et al. (2014) but also than the extent
of cracking according to the Multi-Directional Fixed crack model, which only showed a
maximum extent of approximately 0.3 m. This discrepancy between the Multi-Directional
Fixed crack model and the fracture-dependent permeability model can most likely be at-
tributed to the difference in crack criterion, which is defined as a stress criterion for the
Multi-Directional Fixed crack model and a strain criterion for the fracture-dependent per-
meability model. In this case, the strain criterion for the fracture-dependent permeability
model as a function of the tensile strength and the Young’s modulus does not seem to be
appropriate, and appears to be an underestimation of the tensile strength of the material.
Furthermore, it should also be noted that under these circumstance (being decreasing ten-
sile stresses and strains over time) the rotating crack approach of the fracture-dependent
permeability model is also not suitable, since it could lead to the complete disappearance
of cracks over time.
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(a) Ceiling (y-direction)

(b) Wall (x-direction)

Figure 7.12: Development of hydraulic conductivity along a vertical (ceiling) and hori-
zontal (wall) contour probe at the beginning and end of the analysis (phase 2).

Figure 7.13 shows the contour plot of the modified permeability in the borehole vicin-
ity, where (a) displays the maximum values of k′ irrespective of its direction, moreover,
(b) and (c) show the values of k′xx and k′yy, respectively. From these figures, it can be
observed that the increase in permeability k′xx is more significant at the excavation ceil-
ing/floor than alongside the wall. The opposite is true for k′yy. This specific evolution of
k′ in a particular direction could correspond with ’bulging’, or so-called ’onion-like skin’
fractures. This bulging structure has been illustrated in Figure 7.14.
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(a) k′

(b) k′xx

(c) k′yy

Figure 7.13: Contour plot of the modified permeability at phase 2 for drift parallel to σh
(GED).
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Figure 7.14: Visualisation of extensional fractures in the highly disturbed zone represent-
ing a bulging structure.

The pore pressure distribution in the vicinity of the excavation over time is shown in
Figure 7.15. It can be seen that due to the drainage of water into the excavation, the
pore pressures in a radius of approximately 5 m, drops completely to zero. Due to the
bulging structure of the fractures surrounding the excavation, the initial zero pore pressure
front shows a square-like shape. As time progresses, this shape disappears and the pore
pressures become more evenly distributed.
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(a) Time step 0 (b) Time step 1 (c) Time step 2

(d) Time step 3 (e) Time step 4 (f) Time step 5

(g) Time step 6 (h) Time step 7 (i) Time step 8

(j) Time step 9 (k) Time step 10 (l) Time step 11

(m) Time step 12

Figure 7.15: Pore pressure development in the vicinity of the excavation.

Modified crack strain criterion

The previous analysis demonstrated that the current crack strain criterion is not appropri-
ate in this case; it results in an underestimation of the tensile strength of the rock material
because it does not take into account the initial stress state in the domain. For that reason,
the model’s crack strain criterion has been modified, see Equation (7.4). For σ0 the lowest
value of the three confining stresses (σx0, σy0 and σz0) has been adopted, and thus σ0 =
σz0 = -11.4 MPa. Due to this modification, the strain threshold for cracking is higher than
before, resulting in a more limited increase in hydraulic conductivity. This can be seen
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in Figures 7.16a and 7.16b, showing the development of the hydraulic conductivity along
the contour probes at the ceiling and wall. The development has been evaluated over the
first 2 m of the contour probes (instead of over the full length of 5 m). The first thing that
can be observed, is that the hydraulic conductivity at the exact edge of the excavation (dis-
tance = 0 m) is a factor 10 smaller than the simulations of the previous analysis, adhering
to the original definition of the strain crack criterion. Secondly, an increase in hydraulic
conductivity is only observed over a distance < 0.75 m from the excavation, where for the
previous analysis, this could extend up to a maximum of 4 m. This more limited extent is
in better agreement with the results from the Multi-Directional Fixed crack model, which
only indicated cracking in the closest vicinity of the excavation.

εt =
ft−σ0

E
(7.4)

(a) Ceiling (y-direction)

(b) Wall (x-direction)

Figure 7.16: Development of hydraulic conductivity along a vertical (ceiling) and hor-
izontal (wall) contour probe at the beginning and end of the analysis (phase 2) for the
modified crack strain criterion.
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Figure 7.17a and 7.17b show a contour plot of the modified permeability development
in the vicinity of the borehole at the beginning and end of the second phase. It can be
seen that over time the absolute value of the permeability decreases as well as the spacial
extent of permeability development. This can be explained by the fact that tensile stresses
and thus tensile strains decrease over time, and by adhering to a rotating crack approach,
it will consequently affect the permeability evolution.

(a) k′ (start)

(b) k′ (final).

Figure 7.17: Contour plot of the modified permeability at phase 2 according to the updated
crack strain criterion.

7.5 Conclusion
The simulations according to the fracture-dependent permeability model correctly show
an increase in hydraulic conductivity of approximately 1 ·10−10 m/s in the closest vicin-
ity of the excavation, and the directional development of the permeability displayed a
bulging-like structure. Apart from that, there are quite a few dissimilarities between the
simulations according to the fracture-dependent permeability model and the conceptual
fracture model proposed by Armand et al. (2014), as well as the fracture development
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denoted by the Multi-Directional Fixed crack model. Based on that, it can be concluded
that given the current state of the fracture-dependent permeability model, it is not very
suited for representing the hydro-mechanical behaviour in the excavation damaged zone
of the Callovo-Oxfordian claystone. This conclusion is supported by the following points,
highlighting the limitations and room for improvement of the model:

• The crack criterion formulated as a strain criterion (based on the tensile strength of
the material), might not be appropriate in this case. The fracture-dependent perme-
ability model accounts for mode I cracking; extensional cracks. Extensional cracks
can form as a result of tensile stresses exceeding the tensile strength of the material,
i.e. tension cracks are formed. However, they can also propagate due to increased
pore pressure, which consequently results in tensile strains, but not necessarily ten-
sile stress exceeding the tensile strength of the material. In this particular case study
on the EDZ, we are looking at purely tension cracks. And therefore, this strain crite-
rion might not be suitable. The greater spacial extent of the permeability evolution
according to the fracture-dependent permeability model when comparing it to the
results generated by the Multi-Directional Fixed crack model, can be attributed to
this difference in crack criterion. A second fracture-dependent permeability anal-
ysis showed that this could be improved if the initial stress state of the domain is
included in the definition of the strain crack criterion.

• In this situation, a decrease in tensile stresses was observed over time. If the
fracture-dependent permeability model had adhered to a stress crack criterion or
a higher threshold for the strain crack criterion, cracks would have ’disappeared’
over time due to the rotating crack approach that is employed by the model. It is
possible that the aperture of tension cracks could somewhat decrease over time, due
to the decrease in tensile stress. However, it is not very realistic if they would have
completely disappeared. A rotating crack approach is therefore not very suitable in
this case.

• The model is not able to capture the effects of shear fractures on the hydro-mechanical
behaviour of the rock, since the model only incorporates cracking and aperture de-
velopment according to the crack mode I (extensional cracks). The absence of shear
fractures in the definition of the permeability increase could have also affected the
results for the extensional fracture zone, which also includes shear fractures. In
the case of simulating excavation damaged zones, shear fractures play a significant
role, and therefore this model might not be most appropriate.

• The description of cracks in the fracture-dependent permeability model could ar-
guably be improved by incorporating a more refined interpretation of the initial
fracture state and fracture development. Initial heterogeneity as a result of bedding
planes will most likely have affected the hydro-mechanical behaviour of the rock
and thus the field measurements. Defining the rock material as an initially frac-
tured medium with cracks of a particular dimension and direction would probably
be more appropriate.
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8. Discussion

This chapter discusses the most relevant concepts and methods that were adhered to in
the development of the fracture-dependent permeability model, and thereby attempts to
provide a critical review on the interpretation of the findings.

Cubic law

The cubic law adheres to the simplest representation of a fracture in the form of two
smooth, parallel plates, and assumes a laminar fluid flow, which is a cubic function of
the fracture aperture. The fracture-dependent permeability model consequently defined
the modified permeability as a quadratic function of the aperture. It can be questioned to
which extent this quadratic relation is valid, and if the expression is also appropriate for
larger scale fractures. It should be further investigated if the model would benefit from a
maximum aperture value. Moreover, literature already indicated that a direct implemen-
tation of the mechanical aperture in the expression for the fluid flow in terms of the cubic
law is not very appropriate since the parallel plate model is not a very realistic represen-
tation of a rough, undulating fracture, possibly containing infill. It is therefore suggested
to account for this deviation by either applying a reduction factor or by incorporating an
empirical formula to determine the equivalent hydraulic aperture of the fracture. In this
study, the expression for the hydraulic aperture as a function of the joint roughness co-
efficient by Barton and Choubey (1977) was adhered to. However, it could be evaluated
if this is the most suited expression for determining the equivalent hydraulic aperture, or
if another empirical formula would me more appropriate in different circumstances or
considering different types of rock.

Rotating crack concept

From an engineering point of view the rotating crack concept is very attractive, because it
ensures coincidence between the principal directions and the crack axes. However, from a
physical point of view, it is not possible to provide a logical explanation as to why cracks
are able to rotate freely upon different loading conditions. Nonetheless, for monotonic
loading conditions, which is generally the case for EGS, the difference between a rotating
and a fixed crack concept is not so relevant. It does become relevant if the rock material
is subjected to cyclic loading, due to for example seismic waves, resulting in the fracture
initiation and propagation. In such a situation, the current adoption of the rotating crack
concept in the fracture-dependent permeability model would not be appropriate. Fur-
thermore, the final case study on the hydro-mechanical behaviour in excavation damaged
zones also provided an exemplary situation in which the rotating crack concept is less
suited than the fixed crack concept due to the decreasing tensile stresses over time, which
would lead to the complete ’disappearance’ of fractures that were initially present.
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Besides that, the model is very limited in describing the initially cracked state of rock
material. It could be argued that the model should include a more detailed description
of the initial conditions of the cracks, being its size and direction, as this will ultimately
affect the development of the fracture growth. Method 1 defines the initial aperture, yet
this parameter functions more as a threshold value for the onset or propagation of crack-
ing than that it is a state parameter. Moreover, the expression of b0 does not include any
information regarding the initial direction of the fractures. Method 2 does not take into
account any expression for the fact that cracks might already be present on beforehand.
Heterogeneities in the rock material that are already present, due to for example a drilling
method or bedding planes, can very much affect the propagation of fracture development.
A more elaborate description of the initial state of the material should therefore be re-
flected in the model. If such a description is implemented, the adoption of the rotating
crack model will have to be reconsidered, since it is not very logical to on the one hand
predetermine the direction of cracks while at the same time allowing them to rotate during
the analysis.

Permeability as a function of the crack normal strain

A strain-dependent rather than a stress-dependent permeability has been employed, be-
cause it is arguably better suited to deal with non-linear/post-peak behaviour. This is also
reflected in crack criterion, which has also been formulated as a strain criterion instead
of a stress criterion. Adopting a strain dependency is more convenient if the rotating
crack concept is adopted, since upon fracturing tension softening is expected to occur
leading to a decrease in effective tensile stresses, which would consequently result in
the ’disappearance’ of cracks. However, the determination of a tensile strain criterion
is less straightforward than the implementation of a tensile stress parameter, because in
most literature and experimental studies the strength of a material is expressed in terms
of maximum stresses. For that reason, the fracture-dependent permeability model defined
the tensile strain criterion as a function of the tensile strength and Young’s modulus of the
rock material. Nevertheless, in the final case study, this definition did not appear to be ap-
propriate because it did not take into account the initial stresses in the rock and therefore
resulted in an underestimation of the crack criterion of the material. A reconsideration of
the strain crack criterion could therefore be argued.

Moreover, the fracture-dependent permeability model only takes into account the de-
velopment of mode I (extensional) fractures. For the incorporation of crack modes II and
III, the model should reconsider the definition of the aperture as a function of the crack
normal strain only, as it can also be affected by shear dilation. Nevertheless, the case
study also showed that the extensional fractures affected the permeability development
the most, showing the highest increase in the zones containing these fractures. On top of
that, it should also be further examined to which degree a geothermal hydraulic fracturing
problem would benefit from the inclusion of shear fracturing.

Method evaluation

When evaluating the results generated by both methods the first noticeable thing is the dif-
ference in permeability evolution. Method 1 shows a very responsive jump in permeability
increase at the onset of cracking, whereas, method 2 shows a more gradual increase. This
difference was first observed for the simple 2D test case analysis in Section 5.2 and later
on also when comparing the results with the hydraulic fracturing analysis in Chapter 6.
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It could be argued that either one of the representations of the permeability increase is
correct depending on the type of fracture development. If fracture growth is gradual and
can be described as a relatively stable process of an increasing linking of microcracks,
method 2 might be more accurate. The fracture development could, on the other hand,
also be more sudden, corresponding with an immediate local increase in permeability
and therefore more similar to method 1. Nevertheless, because of this difference in ex-
pressing the overall permeability of the fractured element, method 1 is slightly less stable
and therefore possibly more prone to errors as it could cause more significant, sudden
differences in permeability.

The simulations, according to both methods, show a mesh dependency, indicating a
lower increase in permeability for a finer mesh. Yet method 1 appeared to show a slightly
better convergence of the results. Furthermore, convergence of the solution, according
to method 1, can be achieved if b0 is defined as a function of the tensile strain and the
crack bandwidth, thereby making it dependent on the size of the element. If b0 were to
be defined accordingly, this would mean that smaller elements have a lower initial aper-
ture. It is disputable whether such a definition for the initial aperture is appropriate from
a physical point of view. It is not at all unlikely for cracks to initially not be evenly devel-
oped over the domain, however, it would be more logical if this would also be reflected in
different parameters such as k0.

Both models show sensitive responses to differences in input parameters. For method
1, the solution considerably depends on the initial aperture, which is not very unexpected
as the permeability is defined as a quadratic function of its aperture. However, because
this initial aperture is a bit of an abstract concept, it might be difficult to define it appro-
priately before the analysis. On the other hand, the analyses have also shown that the
parameter can be used to calibrate the results. Calibration of the solution is slightly more
challenging for method 2, which depends on the JRC. The JRC is a more well-known and
therefore more tangible rock property than b0, making it easier to estimate correctly on
beforehand but thus making calibration more difficult. Moreover, method 2 also indicates
a dependency on the initial permeability. For low permeable rocks, having a low initial
permeability, the simulations according to method 2 show incredibly high increases in
permeability. The opposite is true for rock having a relatively high initial permeability.
In that case, almost no increase in permeability is observed even though fracturing did
occur. This phenomenon can probably be explained because the permeability is defined
as a summation of the initial permeability and a fracture-dependent permeability. This
fracture permeability is calculated irrespective of the initial state of the rock and thus will
contribute much more significantly if the initial permeability is low, and will also most
have no contribution at all if k0 is relatively high. Due to this specific definition of the
permeability, method 2 is only applicable in a limited range of k0.
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9. Conclusion and recommendations

The main purpose of this research is to develop a model, as a part of the Diana FEA
software, that is able to simulate fluid flow through fractures, which consequently can be
used for the simulation of (enhanced) geothermal energy systems. This chapter, first of
all, concludes on the current state of the model with respect to the simulation of fluid flow
through fractures, and secondly, provides suggestions and recommendations for further
model development.

Conclusion

In case of hydraulic fracturing in EGS, cracking occurs when the tensile stresses around
the borehole exceed the tensile strength of the rock material due to the increasing fluid
pressure. Fracture development strongly depends on the in-situ stresses, as the rock will
most easily part in the direction of the least confining stresses, causing fractures to prop-
agate in the orthogonal direction. In order to properly represent the hydraulic fracturing
process, the model should be able to link the changes in the direction and magnitude of
the permeability to the presence of fractures. The fracture-dependent permeability model
does so by defining a material model that includes a description of the permeability as a
function of the fracture aperture. The model defines the direction and size of the fractures
based on the existing principal strain field. By linking the fracture aperture development
to the crack normal strains, the model is able to represent the development of mode I
(extensional) fractures, which develop orthogonal to the main principal strain.

The model can be used in combination with other smeared, fracture models in the
Diana FEA software, being the Total Strain crack model and the Multi-Directional fixed
model. Both models can simulate multiple cracks occurring simultaneously in one point
at a specific time, where for the Total Strain crack model these cracks are either fixed or
constantly rotating and for the Multi-Directional fixed crack model the direction of these
cracks depends on a threshold angle. Because the fracture-dependent permeability model
adopts a rotating crack approach, it shows better agreement with the Total Strain crack
model than with the Multi-Directional Fixed crack model. Concerning the simulation of
fluid flow, Diana offers a mixture analysis. It considers an extra degree of freedom for the
non-linear analysis in the form of pore pressure potentials in addition to displacements.
It adheres to Darcy’s law relating the fluid flow in the porous medium with the gradient
in pore pressure potential through the modified permeability. This modified permeability
can be updated throughout the analysis, by incorporating a relative permeability factor.
The fracture-dependent permeability model has therefore been formulated in such a way
that it defines a relative permeability factor, which can update the direction as well as the
magnitude of the permeability in case of fracturing.

Two different methods are included for the formulation of the fracture-dependent per-
meability. According to the first method, the permeability is updated in the presence of
fractures by treating the rock mass a continuum, whereas the second method includes the
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effect of the crack by adding a fracture permeability. Method 1 requires an initial input
parameter in the form of an initial aperture b0, and for method 2 the extra input parameter
is the JRC. Both methods adhere to the cubic law for the expression of the permeability
change due to the presence of fractures. Based on the objectivity evaluation of the model
and the two different methods, it can be concluded that the model is not completely mesh-
independent, and that it also shows quite some sensitivity to its input parameters. This
is true for both methods, and it is therefore not completely straightforward to draw a
final conclusion on which approach is best suited for the simulation hydro-mechanical
behaviour, because neither one of the two methods works perfectly. Nevertheless, there
are two important arguments making method 1 favourable over method 2. Firstly, the
mesh-dependency of method 1 can be successfully reduced by adopting an element size
dependent definition of b0. This is less straightforward for method 2, since it does not
include a length-related parameter. And second of all, even though both methods show
sensitivity to their input parameters (b0 for method 1 and JRC for method 2), method 1
appears to be applicable to a greater range of situations than method 2 due to its inde-
pendence of k0. Based on those reasons it is concluded that method 1 is favourable over
method 2.

In short, the main conclusions thus are:

• The fracture-dependent permeability model is able to simulate the occurrence and
corresponding changes in permeability due to the presence of mode I (extensional)
fractures that occur in the vicinity of geothermal boreholes, by evaluating the prin-
cipal strain field, and linking the permeability to the fracture aperture by means of
the cubic law.

• The model is implemented in the Diana FEA software through the definition of a
new material model, which defines a fracture-dependent permeability that can be
used in mixture analysis. The new material model can be used in combination with
other smeared fracture models in Diana.

• Even though both methods show their advantages and disadvantages in the imple-
mentation, it is concluded that the first method is slightly favourable over the sec-
ond method, because its mesh dependency can be reduced considerably and it can
be applied to a wider range of situations because of its independence on the initial
permeability field.

Nevertheless, model evaluation indicated that there is still a lot of room for improve-
ment. First of all, the model lacks the ability to also incorporate thermal effects, which
play an important role in the simulation of geothermal energy reservoirs. It is therefore
not yet capable of simulating all the THM coupled processes that are relevant in EGS.
And furthermore, when looking at the applicability of the fracture-dependent model for
a greater range of situations other than only EGS analyses, model limitations have been
identified as well. For example, the results were compared with a case study investigating
the hydro-mechanical behaviour of excavation induced damaged zones in the surround-
ings of underground galleries. This comparison shows that the model is only capable
of replicating complex in-situ behaviour to a limited extent. It is not able to simulate
fractures other than extension fractures (mode I) and their influence on the permeability
evolution. On top of that, the fracture-dependent permeability model is also very limited
in describing an initially cracked state leading to heterogeneous conditions. The initially
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cracked state could nevertheless be very important when, for example, the rock formation
shows evident bedding planes and thus has an initial preferred direction of cracking. And
finally, the rotating crack approach is suited for the simulation of EGS due to the mono-
tonic loading conditions. However, under different loading conditions, such as for exam-
ple cyclic shear loading or unloading conditions, the rotating approach is not appropriate.
It can therefore be concluded that the current state of the fracture-dependent permeability
model is not very suited for the simulation of a wider range of hydro-mechanical fracture
problems other than (enhanced) geothermal energy systems.

Recommendations

The model would be able to describe the fluid flow through fractured rock in geothermal
energy reservoirs more properly if also were able to represent the thermal effects on frac-
turing and fluid flow. In the case of thermo-hydraulic fracturing, cold water is injected,
which subsequently cools the surface of the hot rock which it encounters, leading to the
formation of secondary cracks perpendicular to the primary crack. The model should be
able to simulate the formation of these secondary fractures, which consequently lead to
leak-off and thus a loss of flow rate. Furthermore, it poses additional stresses on the rock
leading to thermal contraction and thus an increase in fracture aperture. The additional
contraction should be included in the calculation of the aperture based on the deforma-
tion. The differences in temperature can also affect the rock properties such as the tensile
strength and fracture toughness. Incorporation of these temperature influences should
thus be included in the definition of the crack criterion. Moreover finally, as the cold wa-
ter travels through the rock formation and increases temperature due to the heat exchange
with the rock, its viscosity will decrease thereby affecting the fluid flow. An assumption
of a constant dynamic viscosity would therefore not be valid.

Based on the evaluation of the simulations, a merging together of the two methods
is proposed to overcome their limitations and join their strengths. On top of that, it is
also recommended to incorporate a better description of a possible initially cracked state.
For example, in their study on gas flow through clay barriers, Olivella and Alonso (2008)
proposes the following definition of the equivalent intrinsic permeability of an element in
the direction of parallel to the fractures

k = k0 +
b3

12w
(9.1)

where w is the width associated with each fracture and can be calculated as

w =
s
n

(9.2)

with s being the element size in the direction orthogonal to the flow direction and n the
number of fractures in the element. Furthermore, Olivella and Alonso (2008) defines the
aperture of the fracture as following

b = b0 +∆b (9.3)

where the definition of ∆b is similar to b in this study being a function of the deformation
and an expression of the crack width according to

∆b = w∆ε = w(ε− ε0) =
s
n
(ε− ε0) (9.4)
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In short, adhering to this line of reasoning in merging methods 1 and 2 results in the
following definition of kx being the permeability in direction x

kx = kx0 +
b3

x
12wx

(9.5)

where kx0 is the initial permeability, bx is the aperture and wx is the width associated with
each fracture in direction x, which can be calculated as

wx =
hcr

nx
(9.6)

with hcr being the crack bandwidth, according to Govindjee et al. (1995), and nx the
number of cracks in direction x. The aperture is defined as

bx = bx0 +∆bx = bx0 +wx∆ε (9.7)

This newly defined expression for fracture-dependent permeability adheres to method
2 by expressing it as a summation of both the initial and the fracture permeability. It uses
an expression for b0 as proposed in method 1, which is not only assumed to be more appro-
priate in many cases when fractures will most likely initially be present, but it also allows
for some calibration of the results. Furthermore, in order to reduce mesh-dependency it is
recommended to define b0 as an element size dependent parameter rather than a constant
value. On top of that, the new definition adds an aspect of initial fracture directionality
in the expression by employing a valuation of the number of fractures present in a spe-
cific direction (nx). It is assumed that the fracture-dependent permeability model would
benefit from this redefinition of the permeability due to the more detailed description of
an initially cracked state of the rock while maintaining its simplicity and only requiring
two additional input parameters in the form of b0 and n. However, if such a description
is included, the rotating crack approach becomes less appropriate and should therefore be
reconsidered.

Moreover, in the case of further model development, it would be recommended to
either seek for a different numerical study simulating the hydro-mechanical behaviour of
rock in the vicinity of geothermal boreholes, which contains a more detailed and precise
description of the experimental conditions, (numerical) parameters and results. Or alter-
natively, the other option is to self perform a small-scale experimental study investigating
hydraulic fracturing, such that all conditions and results are known precisely, and findings
can be compared more appropriately.

And finally, if there is a wish to apply the model to a broader spectrum of situations,
for example, in describing the behaviour of excavation induced damaged zones near un-
derground galleries, it is recommended to not only include tensile cracking (mode I) but
also the development of shear cracking (mode II and mode II). Taking it one step further
this would mean that the definition of the aperture according to Equation (9.7) would not
only be a function of the crack normal strain but would also incorporate an expression of
the shear deformation. In this case, the rotating crack approach that the model currently
adheres to should definitely also be changed, or the user should be given the possibility to
change it to either a fixed or a multi-directional fixed approach.
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