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Abstract

Understanding the dynamics of naturally fractured systems and fractured reservoirs
in terms of flow, heat transport and fracture stability (e.g. earthquakes) is important
for a range of applications including geothermal systems, waste water injection and
natural fluid-driven seismicity. Many numerical codes exist that can simulate aspects
of these dynamics, but in general require either expensive licences or their utility is
limited mostly to the developers. In this thesis I present an open source MATLAB
package for efficient numerical simulations of the coupled processes in fractured
systems. I take advantage of the embedded discrete fracture model that accounts for
discrete fractures that are computationally efficient.

In a numerical thermo-elasticity study, I investigate the effect of cold fluid injection
on the reservoir and the resulting thermal stress change on potential shear failure
in the reservoir. I observe a strong influence of the hydraulic reservoir properties
on thermal stress propagation. I also find that thermal stress change can lead to
induced shear failure on non-optimally oriented fractures. The results suggest that
thermal stress changes should be taken into account in all models for long-term fluid
injections in fractured reservoirs.

Furthermore, I use the developed model to investigate an earthquake sequence that
occurred in Mogul west of Reno, Nevada, USA in late February 2008. It culminated in
a magnitude 4.9 main-shock after a foreshock-rich period of approximately 2 months
on a previously unidentified fault structure. Here I show that the foreshock sequence
may have been driven by a fluid pressure intrusion into this preexisting structure
and find a strong correlation between high fluid pressure fronts and foreshock
hypocenters.

Finally, I present a simple and efficient algorithm to generate hexahedral meshes
from a geological model to be used in numerical simulation tools. Using binary space
partitioning of the input geometry and octree refinement on the grid, a successive
increase in accuracy of the mesh is achieved. The algorithm provides a new method
for hexahedral mesh generation in geological settings. It generates high accuracy
discretizations with cell counts suitable for state-of-the-art subsurface simulators.

Keywords: Geothermal Energy, numerical modeling, heat transport, fluid flow,
discrete fracture networks, fluid-driven seismicity, hexahedral mesh generation
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Résumé

La compréhension de la dynamique des systemes naturels et des réservoirs fracturés
en termes des écoulements, des transferts de la chaleur ou de stabilité de fractures
(p. ex. les tremblements de terre) est importante pour diverses applications telles
que les systemes géothermiques et la séismicité naturelle induite par des fluides.
Aujourd’hui, beaucoup de codes numériques existent pour simuler certains aspects
de ces dynamiques, mais en général, ils sont tres couteux ou alors leur utilisation
n’est possible que par leurs développeurs eux-mémes. Dans cette thése, je présente
une solution open-source MATLAB efficace pour des simulations numériques de
processus couplés dans les systemes fracturés. Jutilise le modele des fractures
discrétes intégrées.

Dans une étude numérique thermoélastique, je cherche a comprendre l'effet de
I'injection de fluides froids dans un réservoir plus chaud et plus spécifiquement les
changements des contraintes associées aux variations de température. Ces change-
ments induisent des ruptures en cisaillement dans le réservoir. J'ai observé une
influence trés forte des propriétés hydrauliques du réservoir sur I’évolution des
contraintes thermiques. De plus, jai trouvé que le changement des contraintes
thermiques peut conduire a du cisaillement sur des fractures orientées non optimale-
ment pour la rupture.Ces résultats suggerent que les changements des contraintes
thermiques devraient étre pris en compte dans tous les modéles lors d’injections de
fluides de longue durée dans des réservoirs fracturés.

Jutilise le modele développé pour comprendre une séquence de tremblements de
terre qui prit place a I'Ouest de Reno, Mogul, Nevada, aux Etats-Unis 2 la fin février
2008. Apres 2 mois de séismes précurseurs répétés pres d’une structure de faille
inconnue préalablement, un tremblement de terre de magnitude 4.9 a eu lieu. Ici, je
montre que la séquence de séismes précurseurs a pu étre engendrée par l'intrusion de
fluides a haute pression dans la structure de faille préexistante et j’ai trouvé une forte
corrélation entre le front de pression et I’hypocentre des événements sismiques.

Finalement, je présente un algorithme simple et efficace pour générer des maillages
hexahedraux a partir d'un modele géologique utilisable par n’importe quels simula-
teurs numériques. En utilisant la méthode de «binary space partitioning» et d’«octree
refinement» sur la géométrie importée, un maillage précis est créé. L’algorithme
fournit une nouvelle méthode pour la création de maillages hexahedraux pour toutes
configurations géologiques.

Mots clés: systemes géothermiques, simulations numériques, transport de chaleur,
écoulement des fluides, fractures discrétes, séismicité induite par des fluides, génér-
eration des meillages hexahedraux
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Introduction

A journey of a thousand miles started with a first
step.

— Lao Tzu

The energy transition motivated by climate change and nuclear phaseout, turning
away from fossil fuels and nuclear power, leads to renewable and mainly carbon-free
energy production. Geothermal energy provides a renewable and sustainable energy
source in this context. It is energy in form of heat produced continuously by natural
radioactivity in the crust and heat exchange with the mantle that can be accessed at
natural appearances such as volcanoes, geysers and hot springs or by a well-placed
borehole. The name geothermal is constituted from the greek words geo ("earth")
and therme ("heat"). Over 99% of our planet exhibits temperatures above 1000°C.
On average, only the uppermost 3km are colder than 100°C (Fridleifsson et al.,
2008). This corresponds to an average geothermal gradient in the upper crust of
33°C/km or equally an increase of 1°C with each 30m depth.

The world-wide use of geothermal energy is rapidly growing (Bertani, 2007; Bertani,
2016). Depending on their depth, heat transported with water or steam from
geothermal energy occurrences or ’geothermal reservoirs’ can be used for domestic
hot water, district heating, process heat for agriculture and industry and power
production. In case of hydrothermal occurrences we can use hot water directly
from water-bearing layers. Petrothermal occurrences on the other hand are charac-
terized by temperatures at depth favorable for electricity production and heating
but only limited water content. In this case, cold water is injected into the deep
reservoir where the water circulates along cracks and fractures and is heated by the
surrounding rock before it is pumped back to the surface.

While many of the natural hydrothermal occurrences are geographically limited,
geothermal potential in petrothermal reservoirs is widely available at depths be-
tween 2 - 6km . However, petrothermal reservoirs often consist of dry crystalline
or dense sedimentary rocks, which do not have high enough natural permeability.
Therefore, they require stimulation in order to create artificial permeability through a
connected fracture network (Breede et al., 2015). Due to the fact that stimulation is
required, these systems are often referred to as enhanced or engineered geothermal
systems (EGS). The foundation for EGS was set by experimental studies at the Los
Alamos National Laboratory where the "hot dry rock" concept of petrothermal energy
production was investigated in the 1970s (Tester et al., 2006). Ever since it has
been applied around the world in numerous projects with varying success (e.g. Chen
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and Wyborn, 2009; Héring et al., 2008; Hickman and Davatzes, 2003; Genter et al.,
2010; Kelkar et al., 2016).

Despite its rather long history, technical, economical and social challenges remain
with the development of a successful engineered geothermal system. Especially the
stimulation or reservoir creation phase is associated with many of the challenges.
During this phase, cold fluid is injected into the fractured rock in order to enhance
permeability. This is achieved by inducing rock failure due to the high injection
pressure and thermal rock contraction. Rock failure, or more specifically the gen-
eration of new fractures or the shearing of existing fractures, creates irreversible
new or enhanced flow paths (permeability) but also triggers seismicity. Most of the
induced seismicity is microseismic and not felt by the local population. However,
moderate but strongly felt earthquakes may occur, as was the case in Soultz-sous-
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Figure 1.1: Depending on depth geothermal energy has many applications. At shallow
depths geothermal energy from hydrothermal reservoirs is used for domestic
heat pumps (A). Direct use of geothermal energy at intermediate depths include
(B) thermal springs, (C) agricultural/industrial heat and (D) district heating. At
large depths, petrothermal reservoirs with >120°C can be utilized for power
production (E). Modified from Geothermie-Schweiz.ch, (2018)
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Figure 1.2: The world’s main hot temperature zones where geothermal power can be
harnessed from hydrothermal reservoirs. The zones are located along active
plate boundaries or hot spots. Large parts coincide with the Ring of Fire in
the basin of the Pacific ocean that is associated with numerous earthquakes
and volcanic arcs. Based on information from the Icelandic National Energy
Authority.

Foréts, 2003 and Basel, 2006 (Majer et al., 2007). This has led to a major concern
in the population and raised the issue of public acceptance (Kraft et al., 2009).
Additional challenges include exploration methods for deep geothermal resources,
deep geothermal drilling technology and reservoir assessment (Rybach, 2010) as
well as economical challenges associated with the uncertainty of success in EGS
(Gehringer and Loksha, 2012). Nevertheless, by overcoming these challenges, engi-
neered geothermal systems can provide an important contribution in the carbon-free
energy production era.

If fluids are circulating in natural faults and fractures, fluid-driven seismicity can
occur and actually might be a primary driver of earthquake cycles (Miller, 2013). The
significance of fluids in many tectonic processes mostly by the reduction of effective
normal stress through high pore pressure has been long recognized (e.g. Hubbert and
Rubey, 1959; Nur and Booker, 1972; Hill, 1977). Throughout the scientific literature
many fluid-driven earthquake sequences have been documented for example in the
Apennines through the release of CO, (Miller et al., 2004; Chiarabba et al., 2009;
Lucente et al., 2010; Terakawa et al., 2010). Other sequences in countries around
the world include Japan (Sibson, 2007; Sibson, 2009; Wang et al., 2012), Ethiopia
(Noir et al., 1997) and Sumatra (Waldhauser et al., 2012). Swarms are observed in
volcanic environments, hydrothermal systems, and other active geothermal areas.
Fluids are certainly involved in these sequences as suggested by studies on the
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Bohemian swarms (Fischer and Horalek, 2003; Heinze et al., 2017), Mammoth
Mountain (Shelly and Hill, 2011), Yellowstone (Evans et al., 2010) and the East
African Rift (Lindenfeld et al., 2012). However, the physical processes connected with
the appearance and dissipation of these earthquake swarms is not fully understood
due to the complex interactions and feedbacks between fracturing, fluid flow, heat
transport and chemical reactions.

Numerical modeling can be a valuable investigation tool for both EGS technology
and natural fluid-driven seismicity. Understanding the underlying processes &
phenomena and describing them quantitatively is crucial to overcome the challenges
described above. In addition to invaluable laboratory and field experimentation,
mathematical modeling provides insight into these phenomena. While initially
scientists were able to address these problems analytically, it has become necessary
for some time now to use numerical modeling to achieve further understanding
of the remaining questions (Ismail-Zadeh and Tackley, 2010). This is particularly
true for naturally fractured systems with their high degree of inherent complexity.
Hence, this thesis seeks to advance our understanding of such systems by numerical
modeling.

Thesis Structure

This thesis is structured as follows: Chapter 2: 'Theoretical concepts & related work’
lays ground for the work presented in Chapters 3-6 and introduces basic physical
concepts for numerical modeling of flow and heat transport in fractured porous
media and its challenges as well as numerical discretization of geological models.
The contents of Chapters 3 - 6 are presented below as short summaries of their
corresponding scientific publication. As each of the Chapters 3 - 6 is a complete
research article, there will be sporadic repetitions. Wherever possible I deviated
from the original scientific publication and refer to appropriate sections throughout
the thesis in order to reduce the repetition of the physical method and used methods.
The concluding chapter of my thesis is Chapter 7 and provides a summary of the
findings as well as propositions for future work.

Chapter 3:
A MATLAB package for thermo-hydraulic modeling and fracture stability anal-
ysis in fractured reservoirs

In this chapter I present the implementation and validation of an open source
MATLAB package for efficient numerical simulations of the coupled processes in
fractured systems. I take advantage of the embedded discrete fracture model that ac-
counts for discrete fractures in a computationally efficient manner. I perform a series
of numerical benchmark experiments to validate the implemented approach against
established numerical methods. Finally, I use a simplified geomechanical model

Chapter 1 Introduction



and an integrated fracture stability analysis that allows estimating the potential for
shear stimulation, and thus a mechanistic assessment of induced seismic risk during
stimulation. The open source distribution of the source code and results can be
used as a blue print for the re-implementation of the method in a high performance
computing (HPC) framework or as a standalone simulation package for investigating
TH(m) problems in geothermal reservoirs. The code presented in this chapter can
also be further developed by the scientific community.

Chapter 4:
On the role of thermal stresses during hydraulic stimulation of geothermal
reservoirs

Massive quantities of fluid are injected into the subsurface during the creation of
an Engineered Geothermal System (EGS) to induce shear fracture for enhanced
reservoir permeability. In this chapter of my thesis, I analyze the effect of cold
fluid injection on the reservoir and the resulting thermal stress change on potential
shear failure in the reservoir. I use the methodology presented in Chapter 3 for the
coupled simulation of fluid flow, heat transport and thermo-elastic stress changes in
a fractured reservoir. I perform a series of numerical experiments to investigate the
effects of fracture and matrix permeability as well as fracture orientation on thermal
stress changes and failure potential. Finally, I analyze thermal stress propagation in
a hypothetical reservoir for the spatial and temporal evolution of possible thermo-
hydraulic induced shear failure. I observe a strong influence of the hydraulic reservoir
properties on thermal stress propagation. I also find that thermal stress change
can lead to induced shear failure on non-optimally oriented fractures. The results
suggest that thermal stress changes should be taken into account in all models for
long-term fluid injections in fractured reservoirs.

Chapter 5:

Fluid pressure triggered foreshock sequence of the 2008 Mogul earthquake
sequence

In Mogul west of Reno, Nevada, USA in late February 2008 an earthquake sequence
occurred that culminated in a magnitude 4.9 main-shock after a foreshock-rich
period of approximately 2 months on a previously unidentified fault structure. In
this chapter I show that the foreshock sequence may have been driven by a fluid
pressure intrusion. To this end I use 1082 previously calculated earthquake focal
mechanisms to infer the local stress field as well as 1408 relocated foreshock events
to determine the required excess fluid pressure field in the source region of the Mogul
earthquake sequence to trigger these events. The model of nonlinear pore-pressure
diffusion developed throughout this thesis is used to model the fluid flow in a highly
fractured subsurface. I find a strong correlation between high fluid pressure fronts
and foreshock hypocenters suggesting a natural fluid-driven earthquake sequence.
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Chapter 6:
Simple and fast generation of structured hexahedral meshes for improved sub-
surface simulations

This chapter introduces a new, simple and efficient algorithm to generate hexahedral
meshes to be used in simulation tools based on the finite element, finite volume or fi-
nite difference methods. The algorithm uses generic STL files describing a geological
model. Using binary space partitioning of the input geometry and octree refinement
on the grid, a successive increase in accuracy of the mesh is achieved. I present the
theoretical basis as well as the implementation procedure for three geological models
with varying complexity, providing the basis on which the algorithm is evaluated.
The presented algorithm generates high accuracy discretizations with cell counts
suitable for state-of-the-art subsurface simulators and provides a new method for
hexahedral mesh generation in geological settings.

Chapter 1 Introduction



Theoretical concepts & related
work

The aim of science is... a comprehension, as
complete as possible... and... the accomplishment
of this aim by the use of the minimum of primary
concepts and relations.

— Albert Einstein

The relevance of fractures and their influence on flow and transport covers a wide
area, ranging from subsurface water, oil, gas and geothermal reservoirs to storage of
nuclear and hazardous wastes as well as geotechnical applications such as mining
and tunneling. Research on fracture flow and transport has mainly been motivated
by the need for safe repositories for nuclear wastes (Dietrich et al., 2005). Insight
into fundamental processes influencing flow and transport in fractured rock was
gathered in many study sites including the Grimsel rock laboratory in Switzerland
(Dietrich et al., 2005; Majer et al., 1990). Characterization of fractured rock systems
is one of the biggest challenges for geologists. Comprehensive reviews on the current
state of research on the geological characterization of such systems are available.
Such reviews include various aspects such as the effect of heterogeneity, the issue of
scaling (e.g. Wang, 1991), as well as the fundamentals of flow and transport through
fractured rock systems (e.g. Evans et al., 2001; Bodvarsson et al., 2003; Dietrich
et al., 2005). Here I focus on the modeling concepts in fractured porous systems.

Natural geological systems are generally highly complex in both geological structure
and the physical processes occurring within. It is extremely difficult to describe
such a system in all its detail. Therefore, a conceptual model representing the
system’s most relevant structures and processes on a given scale is designed. Often
a mathematical model is required in order to understand the physical processes in
detail. However, analytical solutions are generally not available and the solution
is found through numerical models. This transformation inevitably leads to a
simplification of the real system. Hence, it is essential to keep in mind that a model
is merely an approximation of reality. Any results obtained by the model have to be
interpreted with respect to the assumptions and concepts in order to asses its results
correctly (Dietrich et al., 2005).

Fractured systems conceptually consist of two distinct separate media, the fractures
and the matrix. Different types of reservoirs can be defined that depend on their
properties (Nelson, 2001). In EGS, two cases typically prevail:
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1. Fractured systems with a low porosity matrix where both the permeability and
the storage capacity of the rock mass are controlled by the fractures (cf. type 1
in Nelson, 2001)

2. Fractured porous systems with sufficient matrix porosity such that fluid storage
is dominated by the matrix while the fractures contain only a small fraction of
the fluid but control the permeability (cf. type 2 in Nelson, 2001).

The model developed throughout this thesis is generally concerned with fractured
porous rock, which can be divided into three components (Dietrich et al., 2005):

* Fracture network - A network of (partially) intersecting fractures. The hydraulic
properties are characterized by the distribution of fracture size, permeability;,
spacing and orientation

* Fracture filling - Individual fractures may be open or filled with mineral deposits.
Open fractures generally represent major fluid pathways while depending on
the filling material’s composition filled fractures can also act as flow barriers

* Rock matrix - The influence of the matrix depends on the permeability contrast
between fracture network and matrix. Small scale rock fractures (fissures)
can enhance the rock matrix permeability significantly, which in this case is
sometimes referred to as damaged matrix.

In the following the model concepts of fractured porous media are discussed. The
focus lies on the basic ideas and challenges as the coupled thermo-hydraulic model
that is used in this thesis’ studies is described in detail in Chapter 3. Details on the
numerical method and its implementation are omitted at this point and the reader is
referred to the following chapters.

2.1 Modeling flow and transport in fractured porous
media

As discussed in the introduction to this chapter, a model is always an approximation
of reality. Different conceptual models exist for the description of fractured porous
media. The appropriate model concept is chosen based on the scale and purpose
of the model. In this thesis a combination of the continuum scale and the discrete
fracture scale is used. Their basic structures are outlined in this section.

On the continuum scale the concept of the representative elementary volume (REV)
as defined by Bear, (1972) is fundamental for a mathematical description of fluid flow
and transport in porous media. Through volume averaging, micro-scale properties
of the porous medium such as pore-space geometry are represented by equivalent
continuum properties on a larger scale (e.g. porosity). The size of the REV has to

Chapter 2 Theoretical concepts & related work



be chosen with care so that small-scale fluctuations are averaged but larger spatial
variability remains.

A widely used possibility to describe fractured systems on the continuum scale is to
transform the matrix and fracture systems on different scales into separate equivalent
continua. This approach originally presented by Barenblatt et al., (1960) is mainly
used on large scales. Flow and transport between the continua is represented through
exchange terms leading to the so called double continuum models. Depending on
the type of homogenization used the models are commonly also referred to as double
porosity and double permeability models. Double continuum models require an
appropriate homogenization of the parameters and exchange terms that are capable
of describing the correct physical behavior of the system.

Some natural systems contain dominant fracture networks or shear zones that control
flow and transport. In this case it is feasible to describe these features specifically,
neglecting the surrounding rock matrix. The resulting models that consider each
fracture individually are called discrete fracture models (Dietrich et al., 2005). In
discrete fracture models the parallel-plate concept is often applied. Natural fractures
generally have rough surfaces with asperities. Such asperities are responsible for an
irreducible fracture aperture (Figure 2.1a). Conceptual models on the other hand
describe fractures often as smooth surfaces or parallel plates between which fluid
flow and transport occur. The concept can be applied locally, maintaining a certain
variability through the fracture, or globally, leading to a uniform fracture aperture
(Figure 2.1b& c). Although it is clear that this approach is a strong simplification
of nature, other methods have not yet found general acceptance (Berkowitz, 2002;
Dietrich et al., 2005). Based on the parallel-plate model a relationship between
fracture aperture and permeability known as the Cubic law was defined (Romm,
1966; Witherspoon et al., 1980).

Natural fracture Local parallel plates Parallel plates

SR . SRS m

Level of simplification

Figure 2.1: From nature to parallel plate model. A natural fracture has a rough surface
due to asperities. The local parallel plate model reduces the complexity while
maintaining some of the initial heterogeneity. In the parallel plate model all the
aperture variability is removed and a single averaged value, representative for
the whole fracture, is used. After Dietrich et al., (2005).

In situations where fractures as well as the matrix play a significant role for fluid
flow and transport, the domain may not be homogenized accurately by any of the
previous approaches. In this case a conceptual model that uses a combination
of the continuum model and the discrete fracture model may be preferable. The
numerical model based on the embedded discrete fracture model (EDFM) developed

2.1 Modeling flow and transport in fractured porous media
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and applied in this thesis is such a combined model. The methodology was first
introduced by Lee et al., (2001) for single phase problems and later extended through
multiple scientific works (e.g. Li and Lee, 2008; Hajibeygi et al., 2011; Karvounis,
2013). The embedded fracture model and presents a suitable tool to study flow and
transport in fractured porous systems. The embedded discrete fracture model and
its implementation are described in detail in Chapter 3.

2.1.1 Mathematical model for fluid flow

Fluid motion in the porous subsurface is governed by the conservation equations of
mass, momentum and energy. Additionally, a set of constitutive equations for the
fluid and the porous rock is involved. In this section, the transport of a single phase
fluid that occupies the entire void space in a porous medium is considered. A single
phase fluid describes a fluid that consists of a single component or a homogeneous
mixtures of components.

The principle of mass conservation states that for any closed system, the mass of the
system must remain constant over time. With the assumption that the mass fluxes
due to dispersion and diffusion are sufficiently small compared to the advective mass

flux the mass conservation equation can be obtained:

99p _

where ¢ [—] is porosity, p [%] is the fluid density, v [*] the fluid velocity and ¢ [ks—g] a
source term. The fluid velocity can be replaced by an equation relating it to fluid
and rock properties. Equation 2.1 is also known as the continuity equation.

Generally, conservation of momentum is governed by the Navier-Stokes equations.
For the low velocity flow in porous materials the equations are simplified. Often, the
momentum conservation equation is given in the form of Darcy’s law (Darcy, 1856).
This empirically derived law indicates a linear relationship between the fluid velocity
relative to the solid and the pressure gradient.

vV = —EVp, (2.2)
1

where k [m?] is the permeability, p [1] the fluid viscosity and p [Pa] is the fluid
pressure. The theoretical basis for Darcy’s law was provided by Whitaker, (1966),
Bear, (1972) and Scheidegger, (1974). An alternative equation is the Forchheimer
equations for high velocity flow

Vp=—vE _ Py? (2.3)
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where k7 is known as inertial permeability factor. The Forchheimer equation is
considered appropriate for flows with Reynolds numbers greater than 1 - 10 (Nield
and Bejan, 2006). Another alternative is the use of the Brinkman equation, which
applies to both porous and non-porous flow:

Vp = —v% vty (2.4)

where [ is an effective viscosity. In most applications Brinkman’s equation reverts
back to Darcy’s equations for flow in porous media, since the last term then normally
is negligible. It reduces to Stoke’s equation for channel flow because the Darcy term
of the equation may be neglected in this case.

In the following the Darcy equation is assumed valid for the description of momen-
tum conservation in porous media.

Substituting Darcy’s equations (2.2) into the mass conservation equation (2.1) and
accounting for gravity yields

k
——~=V- (p;Vp —pg) +q. (2.5)

The left hand side (LHS) of this equation may be expanded as

=pa o4 (2.6)

Since porosity and density are functions of pressure only at a constant temperature,
the expressions are expanded such that

09 _ 9¢0p
ot dp ot @27)
and 5 508
p _Opdp
St 2.
ot~ Op ot 2.8)

The pressure dependence of the porosity is expressed through the rock compressibil-
ity 3, [Pa—!] at constant temperature (e.g. Segall and Rice, 1995):

-2,

A similar relationship can be defined for the fluid compressibility 3 [Pa~!] at
constant temperature:

__Lovy _1 (%
=y (8p)T o <8p>T’ @19
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where V stands for the volume occupied by the fluid. After substitution of these
relationships into equations (2.7) and (2.8), equation (2.5) becomes:

0 k
00 (81 + Br) G5 = V- [p (Vo= psa)| +a @11
Using the definition of the fluid compressibility and the fact that fluid compressibility
is generally very small, equation (2.11) translates to the single phase flow equation
for slightly compressible flow and rock:

0 k
¢ (By + Br) 67]; =V [M(Vp - pfg)] +q. (2.12)

2.1.2 Mathematical model for heat transfer

Heat transfer in porous media is mainly driven by two basic processes, thermal con-
duction and convection. Thermal conduction is the transfer of heat by microscopic
collisions of particles without movement of the transferring medium. In thermal
convection, heat is transferred by movement of fluids. Thermal convection takes
place through advection, diffusion or both. Additional heat transfer mechanisms,
such as thermal radiation and thermal dispersion exist. Their contributions may be
significant in some special cases but their description is beyond the scope of this
section. The fundamentals of heat transfer in porous media are also presented in e.g.
Nield and Bejan, (2006).

The energy conservation equation expresses the first law of thermodynamics and
governs heat transfer in a porous medium in form of a continuity equation. The
continuity equation states that the rate of change for a scalar quantity, such as
transfer of internal energy (heat), in a differential volume is given by flow and
diffusion into and out of that volume along with the generation or consumption
inside the volume.

Assuming a porous medium that is isotropic and where radiative effects, viscous
dissipation and the work done by pressure change are negligible, the heat transfer
equation for the solid phase is

o,
(1= 6)epp) BT = (1= )V - AVT) + (1 =g (213)

Similarly the fluid phase can be expressed as

oT
¢(cpfpf)a—f +¢(cp )V - VT = 6V - (AfVTy) + uy. (2.14)
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The subscripts r and f refer to the solid (rock) and fluid phases, respectively. Addi-

J
kgK

source ¢ [%] of solid and fluid are introduced. The fluid phase equation (2.14) has

tionally, the heat capacity ¢, [=7], the thermal conductivity A [%] and internal heat
an additional term due to advective heat transfer that is negligible in the solid phase.
The terms of equation (2.13) appear multiplied by the factor (1 — ¢) to account
for the volume occupied by the solid. Similarly, equation (2.14) is multiplied by
¢, which is the ratio of the volume occupied by fluid to the total volume. In the
fluid phase heat transfer equation (2.14) V is the intrinsic velocity. Through the
Dupuit-Forchheimer relationship it can be related to the Darcy velocity: v = ¢V.
Local thermal equilibrium (7, = Ty = T) can be assumed since the flow in porous
media is usually sufficiently slow so that fluid and rock temperatures remain in
equilibrium. This allows to express equations (2.13) and (2.14) in a single equation
resulting in the heat conservation equation in a porous medium:

oT
(¢(Cpfpf)+ (1 —(b)(cprp,,))g—l—cpfpvaT— (Gb)\f‘f'(l _(b))\r)VQT = ¢Qf+(1 —P)qr
(2.15)

2.2 Challenges in modeling flow and transport

Modeling flow and transport in fractured porous systems is connected to a num-
ber of conceptual and computational challenges. One of the biggest challenges,
excluding computational challenges, is probably the accurate formulation of the
conceptual and corresponding mathematical models. It is obvious that any results
obtained from a simulation based on a inaccurate conceptual model are highly
questionable. In addition to the fact that conceptual and mathematical models are
always a simplification of the complex natural system, multiple approaches can often
be utilized to describe the same physical processes. An example for such different
approaches was presented earlier in this chapter: The treatment of fractures in
numerical models. Double continuum and discrete fracture methods are both used
for the description of fractured porous media, yet they are fundamentally different.
Both approaches are valid and provide important insight into processes involved in
fractured systems. While a discrete fracture model is more suited to provide insight
into e.g. aperture changes during hydraulic stimulation and heat exchange between
fractures and surrounding matrix, a double continuum model is preferable when
detailed information on the fracture network geometry are missing. In the end, the
choice of the correct conceptual and mathematical model for the problem at hand is
of the utmost importance.

In the following I will present some of the most important computational challenges
in connection with flow and transport in fractured systems. Although the focus
rests on EGS modeling, a broader field including CO, sequestration and nuclear
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waste deposits is facing similar issues. Additionally, experience shows that overcom-
ing challenges related with one goal often provide unexpected solutions to other
applications as well. Most of the challenges presented here were formulated by a
working group of the International Partnership for Geothermal Technology (IPGT)
and published in a review of Fairley et al., (2010).

Arguably the most important challenge and a research focus is the realistic, fully
coupled thermo-hydro-mechanical (THM) modeling of the short-term reservoir per-
formance. This includes reasonable reproduction of borehole stimulation data and
reliable predictions of short to medium-term reservoir behavior (e.g. stimulated
volume, transmissivity increase and induced seismicity). In order to overcome this
challenge an appropriate conceptual model for simulating rock failure and growth
of fractures has to be formulated.

On the other hand models are required that can provide insight into dissolution
and precipitation processes. These thermo-hydro-chemical (THC) models are most
important for the accurate assessment of medium to long-term reservoir behavior.
Additionally realistic models of hydrothermal fluids such as saline waters ('brine’) or
supercritical CO2 are necessary to accurately model water-rock interactions.
Although the mathematical description is often similar for two and three dimensional
models, many modeling frameworks (including the one presented in this thesis)
are implemented solely in two dimensions. This is mainly due to the enormous
increase in computational effort required in 3D compared to 2D simulations and
only rarely associated with limitations of the employed method. In many situations,
valuable insight can be obtained from two dimensional modeling. However, in order
to understand certain physical processes accurately a 3D model is essential. Tsang
and Tsang, (1987) showed that preferential flow paths within natural exist that lead
to channeling effects. Channeling can significantly effect the flow and therefore heat
transport (e.g. Hirano et al., 2010; Ishibashi et al., 2015; Vogler et al., 2016). Only
three dimensional models can be used to investigate channeling and its impact on
the reservoir scale accurately.

With the recent advances in computing technology and a widespread availability of
supercomputers, the need for numerical codes that are adapted to the simulation
of realistic large scale domains arises. Especially high-resolution representations
of geological complexities, discrete fractures and fracture networks are becoming
increasingly important but are still computationally challenging. Equally challenging
is the simulation of processes acting at very different timescales (e.g mechanical and
chemical processes) in fully coupled thermo-hydro-mechanical-chemical (THMC)
models that include all relevant processes on all time scales (Fairley et al., 2010).
Many of today’s modeling frameworks are not suited for modern parallel program-
ming techniques that are required to meet these needs.

The challenges listed in this section are not exhaustive. There are other challenges
associated with the mathematical description of physical processes as well as general
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challenges of scientific computing such as parallelization, accurate and stable solvers
and visualization. The presented challenges are arguably the most important in
modeling flow and transport in fractured porous media. Nonetheless, individual
researchers may face other challenges altogether depending on their specific field.
In any case novel approaches in simulating fractured porous media and the re-
evaluation of existing methods will be inevitable to overcome these challenges.

2.3 Discrete fracture model types

A number of different discrete fracture models (DFM) can be found in literature.
Contrary to double continuum methods, discrete fracture models use less assump-
tions regarding shape and properties of the fractures. Tube network approaches
were among the first DFMs (Cacas et al., 1990; Dershowitz and Fidelibus, 1999),
but generally neglect flow in the matrix. In consequence other methods that account
for flow in the matrix have been developed in which the additional computational
cost is outbalanced by the gained accuracy. Such discrete fracture models that treat
fractures explicitly and account for flow in the matrix can be categorized into con-
forming and embedded DFMs. Figure 2.2 visualizes this classification that is based
on how the matrix that surrounds discrete fractures is discretized. In conforming
DFM approaches the boundaries of the matrix grid cells coincide with the shape
of the fracture. In the most complex discrete fracture models, the realistic frac-
ture shapes are fully resolved (Figure 2.2a). This requires an enormous amount of
computational effort, which inhibits the simulation of realistic fracture networks. A
lower dimensional fracture representation (Figure 2.1b & c) reduces the complexity
of the fracture. Consequently, the computational cost is drastically reduced. Both
conforming and embedded DFMs benefit from the lower dimensional representation.
The main advantage of embedded approaches is that the boundaries of the matrix
grid cells do not have to coincide with the shape of the fracture and thus a matrix
grid cell may surround a fracture from both sides (Figure 2.2c). Numerous modeling
frameworks based on the different types of discrete fracture models exist. Some
of the modeling frameworks related to the work in this thesis are presented in the
following.

2.4 Related work

Various modeling frameworks for the simulation of fractured porous media in
general and geothermal reservoirs in particular exist. An exhaustive review of the
current modeling frameworks is out of the scope of this section. Nevertheless, some
better known modeling frameworks with a focus on flow and transport that are
directly related to the work in this thesis are presented here. Literature reviews
of current modeling approaches in geothermal reservoirs and hot dry rock systems

2.3 Discrete fracture model types
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Figure 2.2: Different types of discrete fracture models. The complexity of the fracture repre-
sentation decreases from left to right. The complexity reduction is accompanied
by an significant increase in computational efficiency.

are presented by Willis-Richards and Wallroth, (1995), Sanyal et al., (2000), and
O’Sullivan et al., (2001) and White and Phillips, (2015). Following Willis-Richards
and Wallroth, (1995) models are classified into reduced and realistic fracture models.
Reduced fracture models simplify the treatment of fractures as presented for the
double continuum methods. A widely used modeling framework of this type is
TOUGH2 that uses integral finite differences in a dual continuum model. It has
successfully been applied in geothermal reservoir studies and a wide range of other
applications (Pruess, 1991; Wu and Pruess, 2000; Pruess, 2004; Taron et al., 2009;
Quinao and Zarrouk, 2018). The coupling of TOUGH2 and the geomechanical
modeling framework FLAC has enabled simulations of EGS (Rutqvist et al., 2002;
Benato and Taron, 2016). Other modeling frameworks that fall into this category
are FEHM (Bower and Zyvoloski, 1997; Zyvoloski, 2007; Kelkar et al., 2014) and
FALCON (Podgorney et al., 2010a). Both models have been applied in geothermal
studies (e.g. Tenma et al., 2001; Tenma et al., 2003; Podgorney et al., 2010b; Xia
et al., 2017).

Realistic fracture models on the other hand do not simplify fractures with respect to
their position, orientation and shape. Nevertheless, depending on the type of model
fractures are represented as lower dimensional features. In combination with a
Darcy-like flow in the fracture this is usually considered an acceptable simplification
and used in many DFMs (Kohl and Hopkirk, 1995; Jing et al., 2000; Karimi-Fard
et al., 2003; Hajibeygi et al., 2011; Norbeck et al., 2014).

One such fracture network modeling framework is FRACSIM-3D, which includes
fluid flow and heat transfer (Jing et al., 2000). In FRACSIM-3D, discrete fractures are
treated as a 3D network of 2D planes, from which a representative porous medium
of equivalent properties is derived. Strictly speaking the solution procedure belongs
to the reduced methods. Since a fracture network can be imposed to derive the
averaged properties it is nonetheless included here. It is the extension of a former
code FRACSIM-2D (Sanyal et al., 2000) and has been used to model the Hijiori
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geothermal reservoir (Jing et al., 2014). FRACTure is a discrete-fracture, finite-
element code for simulating the coupled hydraulic, thermal and mechanical behavior
of fractured media (Kohl and Hopkirk, 1995). The Fluid flow can be modeled using
Darcian or turbulent flow equations. Heat transfer includes heat conduction in
the matrix and advective transport in the fractures. Thermoelastic and poroelastic
effects are included in the porous matrix. Fracture aperture is non-linearly linked to
ambient stress conditions. More recently a derivative called HEX-S was presented
(Kohl and Mégel, 2007). Both codes have been used amongst others to model the
Soultz EGS reservoir (Kohl et al., 2000; Kohl and Mégel, 2005) and geothermal heat
storage (Rohner et al., 2005).

A relatively novel fractured reservoir code is GEOS that focuses on the simulation
of hydraulic fracturing in the presence of a natural fracture network. The physical
processes involved in hydraulic fracturing are addressed as separate modules: a finite
element approach for geomechanics in the rock matrix, a finite volume approach for
resolving hydrodynamics and linear elastic fracture mechanics elements to resolve
fracture propagation (Fu et al., 2011). GEOS has been used to simulate thermal-
drawdown induced flow channeling in geothermal reservoirs (Guo et al., 2016).
The code CSMP+ +, short for "Complex System Modeling Platform", employs a hybrid
finite element - finite volume method where fractures are either fully discretized
or represented as lower dimensional manifolds (Geiger et al., 2006; Matthéi et al.,
2007b; Matthaii et al., 2007a; Coumou et al., 2008). It focuses on the accurate
description of multiphase flow and transport. CSMP+ + has been successfully applied
to geothermal resources, CO- injection, 0il& gas reservoirs, and used in studies on
multiphase thermohaline convection and crack growth (Scott et al., 2015; Scott
et al., 2016; Annewandter et al., 2013; Geiger-Boschung et al., 2009; Weis et al.,
2014; Paluszny and Matthai, 2009).

Certain frameworks and simulation platforms can use reduced as well as realistic
fracture models. OpenGeoSys is an open-source, multi-platform modeling package
based on the finite element method for the simulation of processes in porous and
fractured media. It has been used to model the geothermal system performance
in the Grol3 Schonebeck reservoir (Jacquey et al., 2016). Other application areas
besides geothermal systems include CO- sequestration and waste deposition (Bauer
et al., 2012; Rutqvist et al., 2009). A similar framework based on the finite volume
method is pflotran that focuses on massively parallel simulation of reactive flow and
transport processes (Hammond et al., 2014).

COMSOL Multiphysics and the MOOSE framework are two examples of finite element
packages that can be used for a very wide range of numerical simulations (Comsol
Inc., 2017; Gaston et al., 2009). Both frameworks include subsurface flow and
transport capabilities that have been applied to geothermal systems as well (Saeid
et al., 2013; Hu et al., 2017).

2.4 Related work
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As the numerical framework developed throughout this thesis is using an embed-
ded discrete fracture model (EDFM), the current state of research on these models
is presented in the following. Embedded discrete fracture models are promising
new techniques in modeling the behavior of naturally fractured systems. In these
models large and therefore assumed important fractures are treated discretely as
lower dimensional manifolds while small fractured are upscaled into the "damaged"
matrix (cf. Figure 2.2). The embedded fracture model was first introduced by Lee
et al., (2001) for single phase problems and later extended to two-phase flow (Li
and Lee, 2008). Recently the method was extended to 3D multiphase problems
(Moinfar, 2013). Hajibeygi et al., (2011) developed an embedded fracture model for
multi-scale finite volume (MSFV) fracture modeling purposes. One shortcoming of
the traditional EDFM is due to the fact that fracture volumes are surrounded only by
a single matrix block. Low permeability fractures that act as flow barriers tend to
become invisible in the traditional EDFM approach. However, this has just recently
been addressed by a projection based embedded fracture method (Tene et al., 2017).
Similar approaches to the embedded discrete fracture method are presented in Sarda
et al., (2001) and Vitel and Souche, (2007).

While the embedded multiphase flow methods are mainly directed at the extrac-
tion of oil and gas (Li and Lee, 2008; Moinfar, 2013; Shakiba, 2014; Xu, 2015),
single phase implementations are also used in the study of geothermal reservoirs
(Karvounis, 2013; Norbeck et al., 2016; Karvounis and Jenny, 2016). The first im-
plementation of the heat transport equation in the EDFM can be found in Karvounis,
(2013). The embedded fracture model has been applied in combination with a
statistical approach to better understand and possibly forecast seismicity induced
seismicity by fluid injection during the stimulation phase of an EGS (Karvounis et al.,
2014; Karvounis and Wiemer, 2015).

Recently, progress has been made in accounting for deformation processes in em-
bedded fracture models. Different approaches using boundary element methods,
multi-point stress approximations (MPSA) and extended finite volume methods
(XFVM) were proposed (Norbeck et al., 2016; Ucar et al., 2016; Deb and Jenny,
2016).

Norbeck et al., (2016) use linear fracture mechanics in order to describe the geome-
chanical processes related to reservoir stimulation, including hydraulic fracturing
and shear stimulation. The work is based on the reservoir model introduced by
McClure and Horne, (2013) and extended trough the EDF methodology. Fracture
and matrix deformation is computed using the boundary element method.

In the work of Ucar et al., (2017), a recently developed cell-centered finite vol-
ume method Multi-Point Stress Approximation (MPSA) is used to approximate the
fracture deformation in a linear elastic matrix (Ucar et al., 2016; Keilegavlen and
Nordbotten, 2017). Fractures are included as internal boundary conditions to the
momentum balance equation. However, poroelastic effects in the matrix are ne-
glected (Ucar et al., 2017).
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A similar approach is taken by Deb and Jenny, (2017) whom have developed an
extended finite volume method (XFVM) in order to model shear failure in fractured
reservoirs with a porous matrix. In the XFVM discontinuity basis functions are used
to represent shear slip on the embedded fracture manifolds. In case of shear failure,
an additional constraint for the frictional constitutive relation is solved.

All in all this sections shows that research on numerical simulation of fractured
systems is a very active field. Statistics from peer-reviewed publication records show
that the number of publications concerning discrete fracture methods is increasing
since the late 1990s (Clarivate Analytics, 2017). The growing interest in engineered
geothermal systems, CO5 sequestration and enhanced oil recovery methods motivates
further research on fractured systems and their simulation in the future.
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A MATLAB package for
thermo-hydraulic modeling and
fracture stability analysis in
fractured reservoirs

Talk is cheap. Show me the code.

— Linus Torvalds
(Creator of the Linux kernel)

The contents of this section are submitted for publication as: Gunnar Jansen, Benoit
Valley and Stephen A. Miller, “THERMAID - A MATLAB package for thermo-hydraulic
modeling and fracture stability analysis in fractured reservoirs,” to Computers &
Geosciences. The package is distributed as open-source and can be obtained from
https://github.com/gujans/THERMAID.

3.1 Introduction

A large fraction of the world’s water and energy resources are located in naturally
fractured reservoirs within the earth’s crust. Understanding the dynamics of such
reservoirs in terms of flow, heat transport and fracture stability is crucial to successful
application of engineered geothermal systems (also known as enhanced geothermal
systems, EGS) for geothermal energy production. Reservoir development character-
istics such as permeability creation and induced seismicity largely depend on the
properties of preexisting fractures, porosity, permeability and fracture orientation
within the local stress field. One of the primary driving mechanisms for permeability
creation in EGS involves shear failure induced by fluid injection at high pressures
(Barton et al., 1995; Evans et al., 2005; Hickman and Davatzes, 2003). Along
sections of the well that are free of natural fractures and in environments with low
differential stress (e.g. small shear stresses), tensile fractures may develop if the
injection pressure exceeds the minimal principal stress at the borehole wall and the
tensile strength of the rock (e.g. fracking). Shear and tensile fracture propagation
and reactivation are not exclusive and might occur simultaneously during the stim-
ulation of the reservoir (McClure and Horne, 2014). Clearly, preexisting, critically
stressed and optimally oriented fractures provide the most favorable conditions for
enhancing permeability of EGS (Barton et al., 1995; Combs et al., 2004; Ghassemi
and Kumar, 2007). Induced rock failure triggers micro-seismicity as new fractures
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are forming and propagating or preexisting fractures are reactivated in shear. In-
duced seismicity at levels above that tolerated by the local population, in either
frequency or magnitude, is a major concern in the development of an EGS. Reservoir
stimulation itself changes the local stress field due to thermo- and poro-elastic effects
as well as slip induced stress transfer. Thus fracture stability or criticality is likely
to be very heterogeneous in space and time. Therefore, understanding the stress
state and its changes in the fractured reservoir is of major importance in order to
understand reservoir development and mitigate the risk of induced seismicity.

The basis for EGS are fractured reservoirs, which are usually geothermal plays of the
“hot dry rock” type where the available water in the porous medium is considered
negligible (Brown et al., 2012). These conditions are found primarily in metamor-
phic or igneous terrains with low permeability and porosity, containing fractures
and faults that provide the major pathways for fluid flow (e.g. Fenton Hill, Soultz,
Basel, Cooper basin and Desert Peak (Kelkar et al., 2016; Hooijkaas et al., 2006;
Héring et al., 2008; Chen and Wyborn, 2009; Hickman and Davatzes, 2003)). In
geothermal energy systems, the fracture’s surfaces serve as the main heat exchanger.
Fractured reservoirs can be considered to consist of two distinct separate media, the
fractures and the matrix, and different types of reservoirs can be defined that depend
on their properties (Nelson, 2001). In EGS, two cases typically prevail: 1) reservoirs
with low porosity matrix for which both the permeability and the storage capacity of
the rock mass are controlled by the fractures (cf. type 1 in (Nelson, 2001)) and 2)
reservoir with sufficient matrix porosity such that fluid storage is dominated by the
matrix while the fractures contain only a small fraction of the fluid but control the
permeability (cf. type 2 in (Nelson, 2001)).

Simulation of flow and transport through fractured porous media is challenging due
to the high permeability contrast between the fractures and the surrounding rock
matrix. However, accurate and efficient simulation of flow through a fracture net-
work is crucial in order to understand, optimize and engineer reservoirs. Even after
decades of research, this is still a very active research topic. Additionally, accurate
estimations of the fracture stability are necessary in order to predict permeability
evolution and forecast induced seismicity. Discrete fracture models (DFM) have
been developed to address the computational problem of scales for fluid flow and
heat transport. Yet traditional conforming DFM, where the fractures are explicitly
resolved by the numerical grid, suffer from computationally expensive pre-processing
in the numerical grid generation and can encounter severe time step restrictions
during the simulation when using explicit time-stepping and small cells around the
fractures (Norbeck et al., 2014; Sandve et al., 2012).

An alternative approach uses the embedded discrete fracture models (EDFM), which
treat fracture and matrix in two separate computational domains. The embedded
fracture model was first introduced by Lee et al. for single phase problems and later
extended to two-phase flow (Lee et al., 2001; Li and Lee, 2008). The embedded dis-
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crete fracture model is a promising technique in modeling the behavior of enhanced
geothermal systems. Karvounis, (2013) employs EDFM and a statistical approach
to better understand and possibly forecast seismicity induced seismicity by fluid
injection during the stimulation phase of an EGS. Norbeck et al. additionally model
fracture deformation by linear fracture mechanics (Norbeck et al., 2016).

Slip tendency analysis is used in order to estimate fault reactivation potential in
earthquake prone areas as well as fracture stability in geothermal reservoirs (e.g.
Morris et al., 1996; Moeck et al., 2009). Slip tendency is the ratio of shear stress
to effective normal stress on a surface (Morris et al., 1996), and fracture or fault
reactivation is likely to occur when this ratio equals or exceeds the frictional sliding
resistance. In general, the stress field is heterogeneous due to the contrast of
mechanical properties and the previous slip history along fractures in the rock mass,
and stability of the fractures is controlled by the local stress field. However, assessing
this local stress field is not trivial. On the other hand, it may not be necessary to
determine the local stress field and resolve the complex deformation process during
fault slip in order to obtain an indicator for the likelihood of slip. Using slip tendency,
predictions on fracture instabilities during the hydraulic stimulation of a fractured
reservoir are feasible without solving for the typically non-linear evolution of the
stress equilibrium equation.

In this paper we present the to our best knowledge first open source implementation
of an embedded discrete fracture model for single phase flow and heat transport
with additional capabilities to determine fracture stability in fractured reservoirs.
THERMAID, an acronym for "Thermo-Hydraulic Energy Resource Modeling for Appli-
cation and Development", is a fractured reservoir modeling framework implemented
in MATLAB, which can be used as a standalone simulation package for TH(m) cases
in geothermal reservoirs or as a blue print for the re-implementation of the method
e.g. in a high performance computing (HPC) framework. We coin the term TH(m)
to indicate a coupled Thermo-Hydraulic code, and we use the lower case (m) to
indicate simplified mechanics. Of course, additional model capabilities can be imple-
mented by new users directly in the THERMAID package.

This paper is structured as follows. In the next section we present the methodology
of the embedded discrete fracture model, and describe in detail the underlying
theory of the fracture stability analysis. The section Implementation focuses on
the numerical discretization and the implementation details in MATLAB. The im-
plemented model is evaluated in the Results section by comparing it with a widely
used numerical model in several test cases. We conclude the paper by illustrating
possible applications of the code using some simple examples and a discussion of
the findings.

3.1 Introduction
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3.2 Methodology

We developed an embedded discrete fracture model (EDFM) using the methodology
described in other studies (Hajibeygi et al., 2011; Karvounis, 2013; Pluimers, 2015).
The conceptual idea of the EDFM is the distinct separation of a fractured reservoir
into a fracture and a matrix domain. We introduce a transfer function to account for
coupling effects between the two domains (cf. Figure 3.1), so the fracture and matrix
domains are computationally independent except for the transfer function. As the
fractures are generally very thin and highly permeable compared to the surrounding
matrix rock, the gradient of fracture pressure normal to the fracture is negligible.
This allows for a lower dimensional representation of fractures (i.e. 1D objects
within a 2D reservoir).
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Figure 3.1: A fractured domain a) is separated in a uniform grid b) and a fracture grid c).
The two resulting domains are coupled using the transfer function ¥/ .

3.2.1 Conceptual model

Numerical modeling of fractured reservoirs is not only challenging from the numeri-
cal and computational point of view, but also because it involves a variety of coupled
thermal, hydraulic, mechanical and chemical (THMC) processes. THERMAID focuses
on thermo-hydraulic processes and their coupling, with some additional mechanical
processes considered taken within a simplified geomechanical model.

Figure 3.2 shows the conceptual model of the most relevant thermal, hydraulic and
mechanical processes in fractured reservoirs. We consider the rock mass consists of
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a rock matrix crossed by a discrete fracture network. The geometry of the fracture
network is static, i.e. propagation of new fractures in not considered. We imple-
mented the processes in Figure 3.2 that are underlined, while relevant processes not
yet considered shown as not underlined and between brackets.

The core processes implemented in THERMAID are fluid flow through pressure
diffusion in the matrix, and the fracture network that is controlled by fracture aper-
ture or permeability and the accompanying heat transfer by advection and diffusion.
Pressure and heat are also exchanged between the rock matrix and the fracture at the
fracture walls by pressure and thermal diffusion and thermal advection, respectively.
Associated with the thermo-hydraulic processes, numerous thermo-mechanic or
thermo-hydraulic processes could be activated, but only a limited amount and
simplified processes are currently implemented in THERMAID. Poro-elastic and
thermo-elastic deformation of the fractures and of the matrix is currently not im-
plemented in the code. These effects could be important since they will modify the
fracture aperture and fracture transmissivity as well as impact pressure diffusion in
the matrix. The fluid pressure in the fracture is, however, considered in the compu-

Thermal and mechanical processes Hydraulic and mechanical processes

Far field s,
stress l
7‘53

(Poro-elastic
matrix deformation)

'\F Slip induced
= —~
Thermal stress luid exchangé Wy
change y matrix / fracture INCIEASE " (5)ip induced

)

stress changes

N
Fluid flow and ((__/
>
pressure diffusion < /

= infractures hearand

effective normal stréss
and rupture evaluation

(Thermo-elastic
matrix deformation) Heat exchange ..,
fracture / matrix

by conduction ,ﬁ:’l
and advection

(Pressure dependant
fracture apeyture

(Thermo-elastic and transmissivjty)

dependant fracture,
aperture and
transmissiyity)

Figure 3.2: A conceptual model of a fractured domain with relevant thermo-hydro-
mechanical processes. Underlined processes are included in THERMAID’s
current implementation. Processes in brackets are considered relevant but
are currently not included mainly due to ambiguity in the simplified geome-
chanical model.
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tation of fracture effective normal stress. This is an important parameter to evaluate
fracture stability. If a fracture becomes unstable it will slip, and the associated
dilation slip will thus increase the fracture transmissivity. The assessment of fracture
stability is included in the code, and the transmissivity increase is introduced in a
simplified manner: if a fracture segment reaches the slip condition, its transmissivity
is multiplied by a fixed permeability enhancement factor. In reality, slip on a fracture
perturbs local the stress state, potentially affecting the stability of other fractures.
This process is not implemented in the code because the direction and amount of slip
is ambiguous. However, stress change induced by thermal changes is implemented,
not yet in a fully coupled way, but instead computing the thermal stresses and
superposing thermal stresses onto the ambient stresses.

In addition to the processes shown in Figure 3.2, THERMAID properly accounts for
gravity effects, internal pressure and heat sources, and the pressure- and temperature-
dependence of fluid density and viscosity. The corresponding equations of state are
given by (Sun et al., 2008) for density and (Al-Shemmeri, 2012) for the viscosity of
water.

To summarize, THERMAID is a thermo-hydraulic code for fractured media that
accounts for mechanical stability of the fractures, slip-induced transmissivity increase
and thermally induced stresses. In the following, we introduce the governing
equations for fluid flow and heat transport, couplings between fracture and matrix,
and the implemented fracture stability analysis.

3.2.2 Governing equations

Flow in naturally fractured reservoirs is often described by the equations for slightly
compressible single-phase flow. We include gravity effects in the formulation because
gravity can play an important role in the flow field evolution of a reservoir fluid
with variable densities. We assume that the equations for nearly incompressible
single-phase flow are valid in both matrix and the fractures. This simplification
might not yield an adequate description of the flow in some fractured reservoirs
where very large fracture apertures result in non-Darcian flow. The methodology
presented here is however easily modifiable to extended Darcy flow models.

The pressure equation, derived from continuity and total mass balance equations for
single-phase fluid flow, is:

0 k
6(Br+8) G = V- (V= pra)| +Q (3.

where ¢ [-] is the porosity, ps [%] is the fluid density, p [Pa] is the fluid pressure and
Q [%3] a source term. The compressibilities 3 [Pa~!] are denoted with the subscripts
f for fluid and r for rock, respectively, k [m?] is the permeability and [%} the fluid
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viscosity. We consider only isotropic permeability k. Permeability is often linked
to fracture aperture through the Cubic law, which has been shown to be useful in
predicting fluid transport through fractured reservoirs and fractured porous media
in general. However, it does not account for the roughness of the fracture or flow
adjacent to the fracture walls due to the rock permeability. From the fluid pressure
p, the fluid velocity is calculated using Darcy’s law, i.e.

k
V= [Vp = pyg] (3.2)

The total mass balance equation derived above is separated into parts for the matrix
and the fracture domains, i.e.

op™ E™
o By ) B = [ )| £ QG

t

and
kS

opt
&' (By + Br) % =V- [M(fo —prg)| + W+ Q7 (3.4)

where U/ and /™ are the flux transfer functions between the matrix and the
fractures. Superscripts m and f denote matrix and fracture quantities respectively.

The heat transport equation is derived similarly to the pressure equation by balancing
the heat transport mechanisms. We assume local thermal equilibrium so that 7" =
T, = Ty where T, and T} are the temperatures of solid rock and fluid respectively.
Taking average over an elemental volume we find

oT -
S5+ cppfvVT — AV2T =73 (3.5)

where over-lined properties denote volume averaged mean values for the porous

medium.
Cpp = ¢(Cpfpf) + (1= @) (cp,pr) (3.6)
by =dAr+ (1 — )\, 3.7)
q = ¢q; + (1 — ¢)gr (3.8)

In equations 3.5 to 3.8 the heat capacity ¢, [,CQLK}, the thermal conductivity A [-2]
and internal heat source ¢ [%] of solid rock and fluid have been introduced. The
fluid velocity v used in the heat transport equation is the Darcy velocity given by
equation 3.2.

3.2 Methodology

27



28

The heat transport equation is separated into matrix and fracture parts according to
the same procedure as for the fluid pressure equation

o™ —

P gy T (cpppyv) VI — X'V =g+ X (3.9)
and ;
oT -
p’ 5 + (o) VT NVl =gt + xfm (3.10)

where X/ and X/™ are the heat transfer functions between the matrix and the
fractures.

3.2.3 Fracture matrix coupling

To obtain a conservative set of equations, we apply a transfer function governing the
mass and heat exchange between the two domains because flow and transport in
the damaged matrix is treated separately from the fractures. The transfer function is
treated as a source/sink term in the pressure and heat transport equations for dam-
aged matrix and fracture, respectively, similar to classical well models (Peaceman,
1978).

The transfer function for the pressure equation is defined as

wim=cr.z.(p’ —pm (3.11)

with = being the mean total mobility of the fluid, defined as the fraction of permeabil-
ity and viscosity (Lee et al., 2001). C1 is the connectivity index between matrix and
fracture that is dependent on the numerical discretization and will be defined in the
next section. From the separated mass balance equations, it becomes immediately
clear that the total flux between matrix and fracture has to be conserved:

/\Ifmde = —/\szmdA (3.12)

The transfer function for the heat equation is similarly defined. However, as two
heat transport mechanisms are present in the equation, the transfer function needs
to account for both mechanisms. Thus, the transfer function is defined as:

2
xfm — yxfm¥ o pfmV (3.13)
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where the superscript V denotes the heat advection contribution and V? denotes the
2

heat conduction contribution. The heat conduction contribution X" is derived

using the same approach as in the pressure transfer function.

2
XY —or AT —1T™) (3.14)

Here, A is the thermal conductivity at the fracture-matrix interface which can be
calculated as

2.

= - - 1
A+ am (3.13)

using the definition of the averaged thermal conductivity A given in equation 3.7.
The advection contribution X]Ym: on the other hand, explicitly shows the coupling to
the pressure equation based on the Darcy velocity:

ximY oy yfm (3.16)

In equation 3.16 we introduce the fluid velocity v/™ and specific heat capacity T at
the matrix-fracture interface. T is calculated analogous to equation 3.15 and based
on the averaged specific heat capacity given in equation 3.6. The fluid velocity at
the matrix-fracture interface is defined as

vim=_CI1.2.(vp)™ (3.17)

where (Vp)/™ is the pressure gradient at the interface of matrix and fracture. As
discussed for the pressure transfer function also the heat transfer flux has to be
conserved:

/ gy = - / xfmaa (3.18)

3.2.4 Fracture stability

Within THERMAID, the equations governing the poro- and thermo-elastic deforma-
tion of the rock matrix and the deformation process during fracture slip are not
solved. Nevertheless, a simplified analytical approach to fracture slip enables us to
estimate fracture stability based on slip tendency analysis. Following Amonton’s law

for purely frictional fault reactivation

T = lbs - Oneff (3.19)

3.2 Methodology
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with 7 as shear stress, oy as effective normal stress (o, —p and p as fluid pressure),
and pu; as sliding friction coefficient (Byerlee, 1978), slip tendency is the ratio of
shear stress to effective normal stress on a surface (Morris et al., 1996), i.e.

T

Oneff

Ts = (3.20)

Fracture failure or slip is likely to occur if the shear stress to effective normal stress
ratio equals or exceeds the frictional sliding resistance us. Thus we define the
stability of a fracture as follows

T— < g (stable)
T, = aers S H (3.21)

> lbs (unstable)

Oneff

Shear and effective normal stress acting on a given fracture depend on the orientation
of the fracture plane within the effective principal stress field. If the effective principal
stress field (, 17, 77) and the reference coordinate system (%, 7, 7) of the simulation
match, shear and normal stress can be calculated by simple expressions based on
the dip angle of the fracture (e.g. Miller et al., 2004). If the reference coordinate
system is oriented e.g. with the groundwater flow direction, which does not coincide
with the principal stress field, stress transformations are needed in order to calculate
the correct normal and shear stress in the fracture coordinate system (i, ¥, &). In
order to express the state of stress within the reference coordinate system we use

the following transformation

S:Eyz = RTlmnSlmanmn (322)

where R;,,,,, is the matrix of direction cosines of (f, m, ) relative to (¥, ¥, 2). Rynn
can easily be calculated if the orientations of the principal stresses are known (e.g.
Allmendinger et al., 2011).

- = =

We obtain the stress state in the fracture coordinate system (i, v, w) by a second

transformation

Suvw = Ruvw Sxyz RTuvw (3 23)
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with R, is the matrix of direction cosines of (i, U, W) relative to (Z, 7, Z). Rupw
can be expressed as a function of fracture azimuth ¢ and dip ¢

—cos(¢) cos(f) —sin(¢)cos(f) sin()
Ruvw = sin(¢) — cos(¢) 0 (3.24)
cos(¢) sin(#) sin(¢) sin(f)  cos(d)

Finally we compute the normal and shear stress on the fracture

On = Suvw(3,3) (3.25)
T = \/Suvw(la 3)? + Suvw(2,3)? (3.26)

Figure 3.3 shows a series of configurations of the reference coordinate system within
the principal stress field. If we fix the orientation of the fractures in the reference
system, the state of stress changes and thus fault criticality with the configurations
(cf. Figure 3.3).

An important addition to the effects of pore pressure and far field stresses for fracture
stability is thermal stress. A body will change its shape and/or volume when exposed
to a temperature change AT If the body’s deformation is restricted, as it would be
the case for a small volume inside a rock mass, the strain results in thermal stress.

E
= aATd, (3.27)

OT;;

where « is the coefficient of linear thermal expansion in %, E is the Young’s modulus
(Pa) and v the Poisson ratio (-). d;; is the Kronecker delta, which is 1 for identical
indices 7 and j, and O otherwise. The thermal stress is positive (relative compression)
if the temperature difference is positive (AT > 0), and if the temperature difference
negative, the thermal stress is negative (relative tension). In the following we
assume that the thermal stress is independent of the fluid pressure and the in-situ
stress state of the rock. Thus, the resulting stress can be obtained by superposition
of the effective stress (o.rs = 04t — p) and the thermal stress. We formulate the
superposed effective stress as

Ocff = Otot — P+ 0T (3.28)

which can be used in equation 3.19 in order to account for thermal stress during the
fracture stability analysis.

Clearly, other stress contributions as slip induced stresses and stresses induced by
chemical reaction have to be considered in a general case. However, especially the
estimation of slip induced stress changes is ambiguous as the amount of slip and slip

3.2 Methodology
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Figure 3.3: Possible reference system orientations and their influence on the fracture stabil-
ity depending on the principal stress field. 1st column The principal stress field
is aligned with a NED coordinate system. The trend and plunge of the principal
stresses are given. 2nd column Three basic orientations of the reference plane
(simulation plane) within the principal stress field. 3rd column Resulting stress
orientations in 2D view. A fracture with angle 6 to the horizontal in the refer-
ence plane is shown. The corresponding dip and azimuth of the fracture in the
principal stress field is given. 4th column Mohr-Coulomb diagrams for each
case. In color the ’active’ plane is shown for each case. The dashed circles show
the remaining Mohr-Circles resulting from the principal stress field.
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direction for potentially failing fractures is not known a-priori unless the underlying
governing equations for fracture slip are solved explicitly. Thus, for reasons of
simplicity we restrict ourselves to only pore pressure and thermally induced stress
changes.

As fractures are reactivated they generally show an increase in aperture as the
fracture surfaces are not smooth but have many asperities. Due to a strong aperture
dependence of permeability (e.g. Nemcok et al., 2002), where small changes in
aperture result in very large changes in permeability, it can be assumed that unstable
(or sliding) fractures undergo a stepwise change in fracture permeability (Miller and
Nur, 2000). Here we adopt the most simple model

kf if T, < i
il — { ' a (3.29)

where v is an permeability enhancement factor. This model successfully described
the distribution of the induced seismicity in the Basel EGS site, and fluid-driven
aftershock sequences (Miller et al., 2004; Miller, 2015). It should be noted, that
the sudden permeability increase potentially has a great impact on the flow field
evolution during the simulation of a EGS stimulation. In cases without the impact of
fracture stability on the flow simulation, the permeability enhancement factor can
be settoy =1.

3.3 Implementation

Here we describe the discretization of the governing equations by the finite volume
method and implementation of the two-dimensional embedded discrete fracture
method in MATLAB. Our implementation if based on the concepts used in MAFLOT,
an open source MATLAB flow and transport solver (Kiinze and Lunati, 2012). As
briefly discussed in the introduction, the matrix and fracture domains are discretized
by regular Cartesian grids in 2D for the matrix and 1D for the fractures respectively
(cf. Figures 3.1 and 3.4).

3.3.1 Numerical discretization in space

Using a finite volume approach, we discretize the domain 2 as the integration
over finite control volumes 2;; with Q = Zgzl €2;;. Using the Gauss theorem, the
divergence integral over the volume can be rewritten as the surface integral normal
to the boundary of the volume.

3.3 Implementation
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Pressure equation Applied to a matrix grid cell on the right hand side (RHS) of
the pressure equation 3.3 this yields

k m k m
/ V-(-Vp) +wmf+deV:»/ <<-Vp) +\Ilmf>-nd8—l—/ Qmav
Q5 K 05 H Qij
(3.30)

Note that gravity is neglected here and in the remains of this section to better
facilitate comprehension of the implementation. The pressure gradient over the cell
boundary 0f2;; is approximated by a two-point flux approximation that is similar to
the central difference scheme of the finite difference method and is second-order
accurate in space. As the domain is generally heterogeneous in terms of rock
properties, a harmonic averaging technique is used to calculate the appropriate
values at the cell boundaries. This leads to the discretized expression for the RHS of
the matrix pressure

Ay (5, Ay (3]
_Mimgdm _m Mg m _om
Az (pi,] pz—l,j) + Az (pi7] pz—i—l,j)
e (8] e (8]
Hlij=5 m m Rlij+5 ( m _am
+ Ay (P} — pis—1) + Ay (P — pie1)
k
—Qr+ Y oL () Wl-pm) (33D
Qi N, 2 ij,k

where Az and Ay represent the lengths of the grid cells in x and y direction,
respectively. All other notations are adopted from the elemental literature of the
Finite Volume Method. Note that the matrix-fracture interaction term has already
been moved to the right-hand side using [ V™ = — [ ¥/™,

The RHS for the fracture pressure can be expressed using the same approach as

f f
(%) (%)
Mok=3 0 f _ f Pokts o f o f
TfQ(pk —Pr_1) t TfQ(pk = Diy1)
k
=Ql- Y ¢ () (pf, — pI"%) (3.32)
Q450 K ij,k

Here, Azfis the discretization lengths of the fracture segments and b the aperture of
the fracture.

The discretization of the RHS of the temperature equation is analogous to the
pressure equations and omitted here for brevity. It is worth noting, however, that
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the advection term must be treated with special care. This is not a limitation of the
EDFM but a consistent issue in a wide range of numerical methods. In this EDFM
implementation, we use an upwind method in the fractures in combination with a
minmod-flux limited QUICK scheme in the matrix (Courant et al., 1952; Leonard,
1979; Roe, 1986).

3.3.2 Connectivity index

The connectivity index C'I between matrix and fracture is discretization-dependent,
and defined based on the linear pressure distribution assumed within a grid cell
intersected by a fracture (Hajibeygi et al., 2011). It is defined as the length fraction
Ajj 1 of fracture segment k inside matrix cell 5 divided by the average distance
(d);;,1 between matrix cell ¢j and fracture segment k.

Aijk

Clijk = (3.33)
PP )i
The average distance (d);; , can be calculated as
‘o (2)da!
(d)ijr = Jar(a)da’ k‘(/ ) (3.34)
j

where z}, is the distance from the fracture within the matrix cell and Vj; the volume
of the matrix cell. This allows a proper accounting for the reduced influence of
a fracture segment on a matrix cell if the fracture segment does not cross the
matrix cell through its center. Figure 3.4 shows the numerical discretization of
a single fracture within a regular matrix and helps to understand the concept
of the connectivity index. In many cases equation 3.34 has to be evaluated by
numerical integration. For rectangular grids however, there exists an analytical
solution for fracture intersections horizontally, vertically or on the diagonal to
a grid cell (Hajibeygi et al., 2011). This has later been extended to arbitrary
intersections with rectangular grid cells by (Pluimers, 2015). For enhanced efficiency,
the analytical expressions given in (Hajibeygi et al., 2011; Pluimers, 2015) are used
in the present implementation.

3.3.3 Fracture intersections

Fractures often intersect other fractures in naturally fractured reservoirs, which
potentially significantly impacts flow dynamics in the reservoir. Therefore, we must
also consider fracture-fracture coupling in the model. The additional transmissivity at
a fracture intersection can be obtained using an approach similar to that in electrical

3.3 Implementation
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Figure 3.4: Discretization of a single fracture within a regular matrix. Black indices denote
matrix cells whereas colored indices belong to the fracture discretization. The
fracture segment £k is intersecting cells 4,5 — 1, 4,5 and ¢ + 1, j. It is obvious
that the fracture’s influence on the matrix cells is not equal. This is captured by
the connectivity index CI, which depends on the lengths and position of the
fracture intersection with the matrix cell.

engineering and known as the star-delta transformation in circuits (Karimi-Fard
et al., 2003). The additional fracture-fracture transmissivity can be calculated as

Qg - Oy . =
T;,j = ——— witha; = ————
T +a Y05 At

="

(3.35)

where b? denotes the fracture aperture, Z; the total mobility and Az/ the numerical
discretization spacing in the fracture. This approach can be generalized to more
than two fractures intersecting in a single point on a fracture segment, but is omitted
here due to its rare occurrence.

3.3.4 Time-discretization

The time derivatives in equations 3.1 and 3.5 are treated using the backward Euler
method, which is an implicit time-discretization of order one. This means that the
local truncation error (defined as the error made in one step) is O(h?). The backward
Euler method is an unconditionally stable implicit time-discretization scheme that
theoretically allows arbitrarily large time steps. In practice, when encountering
non-linear behavior, such as the temperature- and pressure-dependent evolution
of fluid density, issues with non-convergence might appear and place an indirect
restriction on the time-step. Nonetheless, much larger time steps are allowed in the
implemented method when compared to explicit schemes.
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3.3.5 System of equations

The discretized equations for pressure and transport can be assembled separately
as linear systems of equations of the form A - = = b. Since the matrix and fracture
domains are strongly coupled, the solution for both domains must be found either
in iteratively where the fracture and matrix systems are solved independently until
reaching convergence, or implicitly at the same time. The implicit solution can be
achieved through the assembly of a block matrix of the pressure or the transport
systems respectively, i.e.

Amm Amf
A= (Afm Aff> (3.36)

Assuming that A has been assembled for the pressure equation, then the diagonal
submatrix block A™™ contains the matrix transmissivities. A’/ contains the fracture
transmissivities, including the additional transmissivities due to fracture-fracture
intersections, and the off-diagonal submatrix blocks contain the fracture-matrix and
matrix-fracture transmissivities A/™/A™/ . The block matrix structure for the heat
transport equation remains unchanged. Of course the transmissivities are replaced
by the appropriate coefficients of the heat transport equation. Due to the numerical
treatment of the advection term a different sparse pattern arises. In any case, the
solution of the assembled block matrices is performed by the backslash operator of
MATLAB in the current implementation.

3.3.6 Solution strategy

We adapt a serial iterative scheme in order to accurately account for the coupling
between the pressure and transport equations. Instead of assembling and solving a
very large system for pressure and transport in a single step, the problem is divided
in two parts. In a first step, the pressure system is assembled and solved. Using
Darcy’s law, the fluid velocities can be calculated in an intermediate step. Once the
fluid velocities are found, the transport system can be assembled and subsequently
solved. At this point the fracture stability is evaluated. As this is an analytical
analysis no additional system of equations is involved. In strongly coupled problems,
multiple iterations must be used to capture any arising nonlinearities. In most cases,
the flow and transport exhibit rather loose coupling in which only a few iterations
are needed to converge to the solution. If on the other hand, fracture stability
ceases and permeability enhancement in unstable fracture parts is used, the number
of iterations might increase significantly and even place a limit on the allowable
timestep.

3.3 Implementation
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Flowchart THERMAID consists of multiple parts that are involved in the solution of
a coupled flow, heat transport and fracture stability problem. The general structure
of the main function that controls the simulation and calls most of the sub functions
is presented in a simplified flow chart in Figure 3.5. Throughout the flowchart the
following terms are used: time denotes the current point in time in the simulation,
timeEnd is the specified duration of the simulation, err(p,T) is the residual error of
the pressure and temperature solutions between iterations and tol a user specified
tolerance of the acceptable residual error. The sub functions that deal with specific
parts of the program, such as initialization, discretization and solution of the flow
and transport equations, are further explained throughout the user manual and in
the inline documentation.

Interface for user defined calculations As shown in the flowchart in Figure 3.5,
there are two points in the procedure where users can introduce additional calcu-
lations easily without having to modify the general implementation. This allows
users to add their own visualization procedures, model calculations such as e.g.
the implementation of time-dependent boundary conditions and even interfaces to
third-party programs. This interface is presented as two additional MATLAB scripts
that can be specified during the simulation startup that are executed at the specified
positions in each time-step. Using conditionals, it is possible to restrict the additional
computations only at certain times during the simulations. Examples of how to use
the interfaces are provided with the package and in the user manual.

3.4 Results

We present the results of three benchmark experiments and an application ex-
periment that provide insight into the capabilities of THERMAID and validate the
implemented method. The effect of gravity is neglected in the numerical experiments
presented in this paper, as well as the pressure and/or temperature dependence of
the fluid density and viscosity. Fracture permeability and aperture are treated as
independent from each other in the following. This allows simulating also ’filled’
fractures with relatively high aperture and comparably small permeability and allows
fracture permeability estimates independent of Cubic law.

First we validate the implemented model with a simple flow problem independently.
We then evaluate the coupled results of fluid flow and heat transport on the same
geometry over a long time period. The last benchmark validates the solution of
a coupled flow and heat transport problem on a more realistic complex fracture
network over a similarly long time period. The final numerical experiment is the
application of the implemented approach to a field scale problem were we take
advantage of the implemented fracture stability analysis in order to characterize the
stimulated reservoir during injection of a geothermal reservoir. We combine results
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Figure 3.5: The simplified flowchart of the implemented solution strategy for coupled flow
and transport problems including fracture stability analysis. time denotes the
current point in time in the simulation, timeEnd is the specified duration of
the simulation, err(p,T) is the residual error of the pressure and temperature
solutions between iterations and tol a user specified tolerance of the accept-
able residual error. Round objects denote parts of the code where the user
has (optional) abilities to perform additional calculations and add runtime
visualization.
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and their discussion to emphasize each experiment’s outcome. A more general
discussion of the results as well as a conclusion is provided in the final section.

3.4.1 Validation of the pressure equation: Steady-state flow
in the presence of a fracture

In order to validate the implementation of flow equations of the model, we use an
analytical solution for the steady-state flow in a porous medium in the presence of
a fracture (Strack, 1982; Kolditz et al., 2012). Figure 3.6a shows the benchmark
geometry, a square with a length of 10m with a 2m-long inclined fracture in its center.
The aperture of the fractures is fixed at b = 0.05m. Uniform flow is maintained by
imposing a specific discharge ¢y from the left boundary into the domain. To compare
numerical results with the analytical solution, pressures calculated by the analytical
solution are used at the lateral boundaries, i.e. p;,, = 49646Pa and p,,; = —49646Pa
(cf. Figure 3.6). On the top and bottom a no-flow Neumann boundary is applied.
The remaining material properties of the numerical model are shown in Table 3.1.

Table 3.1: Model parameters used for the inclined fracture solution.

Parameter Value Unit
! Fracture angle 45 °
bmae | Maximum fracture aperture | 0.05 m
L Fracture length 2 m
k™ | Matrix permeability 1-1072 | m?
kf Fracture permeability 1-10710 | m?
u Fluid viscosity 1-107% | Pas
Q0 Specific discharge 1-107* | ms™!

The pressure distribution obtained by THERMAID is shown in Figure3.6a. The lateral
uniform flow is disturbed in the vicinity of the inclined fracture where the flow is
faster than in the surrounding porous media. Figure 3.7b shows the pressure profile
along a diagonal line from the bottom-left to the top-right. The results show very
good agreement between the numerical solution obtained by THERMAID and the
analytical solution.

3.4.2 Validation of the pressure equation: Flow field with
intersecting fractures

Additionally we validate the implementation of flow equations of the model by
using a benchmark experiment first presented by (Hajibeygi et al., 2011). The same
benchmark is also used by (Pluimers, 2015) to study the sensitivity of the EDFM with
respect to numerical resolution and fracture position within the intersecting grid
cells. Figure 3.8 shows the benchmark geometry that consists of two perpendicular
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Figure 3.6: a) Numerical setup to evaluate the performance of the flow equations solution.
Incompressible fluids are assumed in this benchmark experiment. On the left
boundary a constant pressure of 49646Pa is assumed. The right boundary is
set to -49646Pa to enforce the specific discharge gy. On the other boundaries a
no-flow boundary condition is applied. b) Pressure field computed for the flow
field including a single inclined fracture.
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Figure 3.7: Comparison between simulated (continuous red curve) and analytical derived
(empty black circles) pressure distribution along diagonal from bottom left to
top right of the model
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5m-long fractures intersecting in the middle of a square domain. The aperture of
the fractures is fixed at b = 4mm. The domain is 9m by 9m square domain with
Dirichlet boundary conditions on the left and right sides. On the left, a constant
pressure of 1Pa is applied, whereas the right side is fixed to OPa. On the top and
bottom a no-flow Neumann boundary is applied. The matrix domain is discretized
by 301x301 cells while the fractures are modelled by 304 fracture segments (152
each). As fracture permeability and permeability contrast between fracture and
matrix are some of the most important variables to be determined in EGS reservoirs
to accurately predict flow in the reservoir, we evaluate our method with two different
permeability contrast values, namely lf—?i = 10% and ,’j—fn = 10°. We compare the
solution at steady state obtained by THERMAID to a reference solution computed by
COMSOL Multiphysics, which is a widely used finite element package with subsurface
flow and transport capabilities (Comsol Inc., 2017). It should be noted that we use
the implementation of the governing equations of the subsurface flow module of
COMSOL. This established and independent implementation provides the basis for
the validation of our model. The reference solution is computed on a conforming
discrete fracture network were the matrix elements are aligned exactly on the grid
with a total of 1’750’693 degrees of freedom (dof).

no flow
=3 |e=b=4mm
!
i I
o ! o
Il 1 e}
; =)5m= «25m= % 3
o 1 o 1
N
(0]
3
kf !
/km=103/105
no flow

< 9m >

Figure 3.8: Numerical setup to evaluate the performance of the flow equations solution.
Incompressible fluids are assumed in this benchmark experiment. On the left
boundary a constant pressure of 1Pa is assumed. The right boundary is set to
OPa. On the other boundaries a no-flow boundary condition is applied.

The fracture pressure shown in Figure 3.9 shows a very good match between the

reference and the implemented model. However, if the results are compared in
detail, a slight offset between the reference solution and the current implementation
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Figure 3.9: Steady-state fracture pressure through the horizontal fracture. For both perme-

ability contrasts we see very good agreement between the implemented method
and the reference solution.

becomes visible. We quantify the difference between our model with the reference
by the 'normalized root mean squared error (NRSME)’ as well as the 'normalized
mean absolute error (NMAE)’.

S (mmayl)
NRSME = n (3.37)

NMAE = n (3.38)

max(xzef) - min(azgef)

We decided to use two measures of performance due a recent scientific debate
on both measures (e.g. Willmott and Matsuura, 2005; Chai and Draxler, 2014).
Especially (Chai and Draxler, 2014) suggest that a combination of measures is
required to assess model performance.

The results are shown in Table 3.2. We observe errors of well below 2% compared
to the pressure range in the benchmark setup. Both NRSME and NMAE show
slightly bigger fracture pressure errors for a permeability contrast of ,% = 10°.
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Figure 3.10: Steady state matrix pressure at y=4.5m - the position of the horizontal fracture.
We evaluated two permeability contrast between matrix and fracture. In both
cases we see very good consistency between the implemented method and the
reference solution.

Especially the fracture pressure at this permeability contrast shows, with a deviation
of ~ 1.5%, the largest observed error in this benchmark. Figure 3.10 shows the
matrix pressure at y = 4.5m, which corresponds to the matrix cells intersected by
the horizontal fracture. Again, the reference case and the THERMAID solutions
are in good agreement. Slight deviations from the reference solution (~ 0.5%) are
visible and the error quantification is shown in Table 3.2. Based on the overall good
agreement of the implemented model and the reference solution, the implementation
of the fluid flow equations is validated in this benchmark experiment.

Table 3.2: NRSME and NMAE errors for the fluid flow equation benchmark (presented in
Fig. 3.9 and 3.10) showing pressure difference in the fracture (p/) and in the
matrix (p™) with respect to the reference model. Both permeability contrast
ratios r are shown.

p'(r=10% | p™(r=10% | p’(r = 10°) | p™ (r = 10%)
NRMSE [%] | 0.5 0.47 1.58 0.67
NMAE [%] | 0.43 0.40 1.50 0.49
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3.4.3 Validation of the heat transport equation

We validate the coupled flow and heat transport equations using a similar geometry
of the benchmark to the previous benchmark (Figure 3.11). The aperture of the
fractures is fixed at b = 1mm. The domain is 100m by 100m square domain with
Dirichlet boundary conditions on the left and right sides. On the left a constant
pressure of 10MPa is applied, whereas the right side is fixed to OMPa. On the
top and bottom a no-flow Neumann boundary is applied. The domain is initially
at Ty = 180°C, which is a typical temperature for economic heat extraction in a
geothermal reservoir. The inflow temperature at the left side of the domain is set
to T;, = 50°C (cf. Figure 3.11). As shown in the previous section, the flow solver
is accurate for both investigated permeability contrasts. Here we restrict ourselves
to the case of % = 10°. The material parameters for this benchmark were chosen
realistically and are shown in Table 3.3. The benchmark’s results are evaluated
after 40 years of simulation. Consistent with the previous benchmark the matrix
domain is discretized by 301x301 cells while the fractures are modeled by 304
fracture segments (152 each). The reference solution is computed by COMSOL on a
conforming discrete fracture network with a high resolution grid. As the pressure
in the fractures and matrix of this geometry have already been investigated in the
previous section, here we focus on the temperature solutions.
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Figure 3.11: Numerical setup to evaluate the performance of the coupled flow and heat
transport solution. A simple fracture geometry and incompressible fluids are
used. On the left boundary a constant pressure of 10MPa at 50°C is applied.
The right boundary is set to OPa. On the other boundaries a no-flow boundary
condition is applied. The interior has an initial temperature of 180°C. All
parameters for this model setup are shown in Table 3.3.
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Table 3.3: Properties used in the coupled flow and heat transport models. Superscripts: f -
fracture, m - matrix. Subscripts: f - fluid, r - rock.

Permeability EF=1-100"Um?2 | k™ =10"10m?
Porosity »f =0.3 P =0.3
Density pr=1-10° pr=2.5-10329
Viscosity pr=1-10"Pa-s

Specific heat oy = 4000,@%[( Cpr = 1000,@—@
Thermal conductivity | Ay = 0.5-17 Ar = 2.0

Figure 3.12 shows the temperature in both fractures after 40 years of coupled flow
and heat transport simulation. Additionally, Table 3.4 shows the quantitative error
analysis for the fracture temperatures. We observe a very good agreement between
the temperature distribution in both fractures with the reference solution. The
horizontal fracture presents changes in temperature over most its extent, which
is in accordance with the principal flow direction. As the vertical fracture is not
aligned with the flow, a rather homogeneous temperature decrease is observed to
about 140°C' after 40 years. This is in good agreement with the matrix temperatures
at the position of the fracture. Nevertheless, a significant change in temperature
is observed close to the intersection of both fractures. Here the fracture-fracture
interaction is clearly visible as both fractures show nearly identical temperatures at
the intersection (cf. Figure 3.12). The quantitative error analysis shows differences
between our solution and the reference of ~ 0.8% for the vertical fracture and
~ 0.1% for the horizontal fracture although the two error measures differ slightly
(cf. Table 3.4).

Table 3.4: NRSME and NMAE errors for the first coupled fluid flow and heat transport
equation benchmark.

Tvertical Thorizontal
NRMSE [%] | 0.89 0.16

NMAE [%] | 0.71 0.11

Ultimately, the benchmark shows that our model accurately solves the coupled
flow and heat transport equations for this geometry. The simulated time-frame is
consistent with the estimated lifetime of a typical enhanced geothermal reservoir.
The agreement of our model and the reference solution shows additionally that
the implemented time-marching scheme is accurate for the problem at hand. With
these results we can evaluate the model on a more complex geometry in the next
section.
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Figure 3.12: Fracture temperatures through vertical and horizontal fractures. For both
fractures we see very good agreement between the implemented method and
the reference solution.

3.4.4 Validation of the heat transport equation on a complex
fracture network

We evaluate the coupled flow and heat transport on a more complex fracture
geometry. The geometry (Figure 3.13) consists of a total of 13 fractures within a

square domain. Boundary and initial conditions are equal to the previous experiment.

The fracture aperture is set to b = 0.5mm. The remaining parameters governing the
heat transport are consistent with the benchmark in the last section and shown in
Table 3.3. We evaluate the results after 40 years of simulation. The reference solution
computed by COMSOL contains 419’594 DOF. In this experiment we evaluate also
grid dependence of the implemented model by comparing the results for different
resolution simulations with the reference.

In the previous section we focused on the temperature distributions in the fractures.

Here we take a closer look at the matrix temperature distributions. Figure 3.14a
shows the final pressure distribution for a matrix grid resolution of 301x301. As
we still consider the fluids to be incompressible in this benchmark, the pressure
distribution does not change throughout the simulation and is obtained as the
steady-state solution. The temperature distribution in the domain after 40 years
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Figure 3.13: Numerical setup to evaluate the performance of the coupled flow and heat
transport solution with a more realistic complex fracture geometry. Incom-
pressible fluids are used. On the left boundary a constant pressure of 10MPa at
50°C is applied. The right boundary is set to OPa. On the outer boundaries a
no-flow boundary condition is applied. The interior has an initial temperature
of 180°C. All parameters for this model setup are shown in Table 3.3.

of simulation is shown in 3.14b. Both pressure and temperature fields show a
heterogeneous distribution due to the influence of the fractures.

Figures 3.15a and 3.15b show the percental deviation of our solution from the
reference for the matrix grid resolution of 301x301 of our model. The pressure
solution shows only small errors with a NRMSE of 0.35%. In the lower third of the
domain between 20m and 60m in z-direction, a region of elevated error (~ 1%)
is present (cf. Figure 3.15a). Bigger deviations are visible close to some fracture
tips where typically on the high-pressure (inflow) side of the fracture our model
overestimates the matrix pressure compared to the reference. The low-pressure
(outflow) sides of the fractures show predominantly underestimations of pressure.
Interestingly, fractures that exhibit error concentration around one of the tips, do
not necessarily show the opposite error on the other side of the fracture. Maximum
pressure deviations from the reference are below +5%.

The errors in the temperature distribution are generally larger than for the pressure
as the additional error occurs due to the time-stepping. Figure 3.15b shows the
percentage error at the final stage of the simulation for a matrix grid discretization of
301x301. Compared with the error in the pressure solution, we find that our model
seems to always overestimate the matrix temperature compared to the reference.
We find the same region of elevated error in the temperature as in the pressure
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Figure 3.14: The heterogeneous pressure distributions shows the significant influence of the
fractures and leads to inhomogeneous fluid velocities, which is consequently
shown in the temperature evolution. Resolution: 301x301.
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with deviations of up to 10% close to fracture tips that lie in this region. However,
the normalized RMS error for this resolution over the whole domain is comparably
low at 2.22%. We suspect that the elevated temperature deviations are caused by
the relatively small error in the pressure solution. The small error in the pressure
leads to comparably larger differences in flow velocities that are controlling heat
advection. Thus, over a simulation of 40 years this error accumulates to the values
observed here.
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Figure 3.15: Deviation of THERMAID (resolution 301x301) from reference solution: a)
Pressure. A region of elevated error is visible in the lower part of the domain.
Significant deviations are also visible at some fracture tips. b) Temperature.
Measured at the final stage of the simulation. The error in the pressure
solution are reproduced in the temperature solution. The matrix temperatures
are generally overestimated compared with the reference.

We further want to investigate the influence of the resolution on the accuracy of the
results, so we compare four different resolutions (101x101, 301x301, 501x501 and
1001x1001). We investigate the improvement of solution accuracy in the pressure
and heat transport solutions by using the NRMSE and NMAE values compared
to the high resolution solution obtained by COMSOL. Table 3.5 shows both error
measurements for all resolutions. We find a general improvement of the accuracy
with an increase in resolution. For the temperature, this is a decrease in NRMSE
from 4.6% (101x101) to 1.2% (1001x1001). The pressure error is consistently
about one magnitude smaller, showing a decrease from 0.78% (101x101) to 0.15%
(1001x1001). Overall we find a significant increase in accuracy with an increase
in resolution. Nevertheless, the deviation is not changing significantly between
501x501 and 1001x1001 (1.74% vs 1.22% in case of the temperature). This in-
dicates a systematic difference between the reference solution and our method.
There are multiple possible origins of this systematic error. Since we observe the
systematic deviation also in the pressure, we think it is likely to be a difference in
methodology concerning the fluid flow equation. These differences could include
the treatment of fracture-fracture intersections, the definition of matrix-fracture
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Table 3.5: NRSME and NMAE errors for the second coupled fluid flow and heat transport
equation benchmark in dependence of resolution.

pm Tm
NRMSE [%] | NMAE [%] | NRMSE [%] | NMAE [%]
101 x 101 | 0.78 0.64 4.59 4.0
301x 301 | 0.35 0.26 2.22 1.87
501x 501 | 0.23 0.17 1.74 1.51
1001 x 1001 | 0.12 0.12 1.11 1.02

interface permeability, and inherent numerical differences between finite element
and finite volume methods. As mentioned above, the time discretization is further
causing additional errors, magnifying them with time.

Although the observed deviations are larger than in the previous benchmark experi-
ments, we nevertheless find very good agreement between the reference simulation
and our implementation for large parts of the model. Even in regions of signifi-
cantly elevated deviation, we find acceptable agreement with differences below 10%
between the two methods. The definitive source of the difference is currently not
resolved but presents excellent future research opportunities.

3.4.5 Utilization of the fracture stability analysis

We present the fracture stability analysis to show the influence of permeability
enhancement, thermal stress, and the orientation of the simulation plane on fracture
stability. We model fluid injection into a complex fracture network with a range
of fracture orientations. The geometry consists of a total of 196 fractures within a
square domain (Figure 3.16). The borehole is located in the middle of the domain
with an open hole section of 6m. Above the injection region of the well, its influence
on the reservoir is neglected here for simplicity. The fracture aperture in the reservoir
is set to b = 0.1mm. The remaining parameters used in this section are shown in
Table 3.6. The upper limit of the fractured reservoir domain is assumed to be at 5km
depth. The injection pressure is held constant at 25MPa overpressure. To all sides
of the domain a no-flow Neumann boundary is applied. The principal stresses are
oriented as shown in Figure 3.3, which corresponds to a normal faulting regime.
The magnitudes of the principal stresses are 125MPa, 107.5MPa and 81.25 MPa
respectively, which corresponds to a relative stress ratio of R = 0.4. The in-situ pore
pressure is assumed to be hydrostatic (~ 50MPa). The stress conditions roughly
resemble the relative conditions at the Fenton Hill and Hijiori geothermal projects
although both projects were situated above 4km depth (Xie et al., 2015; Barton
et al., 1988; Oikawa and Yamaguchi, 2000).
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Figure 3.16: Numerical setup to evaluate the fracture stability on a realistic complex fracture
geometry. A constant injection pressure of 25MPa is applied in the borehole
(blue line). On the outer boundaries a no-flow boundary condition is applied.
All parameters for this model setup are shown in Table 3.6.

Table 3.6: Properties used in the fracture stability analysis model. Superscripts: f - fracture,
m - matrix. Subscripts: f - fluid, r - rock.

Permeability Ef=1-1072m2 [ k™ =10"18m?
Porosity ¢’ =0.9 ™ =0.1
Density pr=1-10324 pr=2.5-10°5%
Viscosity pr=1-10"3Pa-s

Specific heat cpy = 40005 % ¢p, = 1000575
Thermal conductivity Ap =057 Ar = 2.0
Thermal expansion. coeff. | a = 7.9- 107 6K ~!

Shear modulus G = 29.0GPa

Poisson ratio v =0.25

Simulation in a sub-critical stress state In a sub-critical stress state, the local co-
ordinate system is in the o; — o3 plane as shown in the last row in Figure 3.3.
Within this orientation the maximal shear stress values will be observed and thus
high fracture slip potential is expected. We evaluate the results after 10 days of

continuous fluid injection.
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Figure 3.17: Matrix pressure in the reservoir after 10 days of injection. Due to the orien-
tation of the fractures a preferential flow direction in the vertical direction is
visible.

Figure 3.17 shows the pressure distribution after 10 days of injection. Due to the
orientation of the pre-existing fractures, a preferential flow direction in the vertical
direction is visible. Slight pressure changes due to the injection are measured at
distances up to 55m in the vertical and 35m in the horizontal directions from the
injection point. The zone of 10MPa pressure changes extends roughly 10m around
the borehole. Very high pressures > 20MPa are concentrated in the direct vicinity of
the injection.

The in-situ fracture stability is influenced by the additional injected fluid pressure.
Figure 3.18 shows the final normalized fracture slip tendency. Note that a normalized
slip tendency value of 1 represents a fracture that is eligible for failure and slip.
We observe a range of values in the reservoir based on the fractures’ orientations.
The average fracture stability is high with values well below the failure condition.
However, closer to the injection the increased slip tendency due to the injection is
visible. Zones with fluid overpressure of > 5MPa show significant increase in slip
tendency (yellow colors in the plot). The region with at least 10MPa additional fluid
pressure is very close to or eligible for slip on the fracture.

Permeability enhancement in the sub-critical stress state In the previous section
fracture segments eligible for slip did not have any feedback on the fluid pressure dis-
tribution. Here we investigate this feedback by introducing the stepwise permeability
enhancement for failing fractures. The setup used is identical to the previous section
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Figure 3.18: Fracture stability in terms of normalized slip tendency in the reservoir after
10 days of injection. Values are normalized by the friction coefficient © = 0.6.
High values denote higher slip tendency. The general fracture stability is good
at levels well below the instability condition. Stability reduces closer to the
injection. Very close to the injection point high fluid pressures lead to unstable
fracture segments (red).

except a 10-fold increase in permeability is assumed for failing fracture segments.
Figure 3.19 shows the pressure distribution after 10 days of injection if permeability
enhancement is considered. Although the general flow directions remain unchanged,
the fluid pressure distribution shows significant differences in extent and magnitude.
Small pressure variations are visible over the whole vertical extent of the domain.
The horizontal extent has increased as well, but appears to be more non-symmetric
in this case. As fracture density is a little higher on the left side of the injection point,
the extent of the pressurized zone is larger on the left than on the right side of the
borehole. Very high fluid pressures (> 20MPa) are concentrated at the borehole.
However, a large zone of ~ 10 — 15MPa overpressure is now present up to 35m from
the borehole due to permeability enhancement.

Fracture stability is changed drastically if permeability enhancement is considered
(cf. Figure 3.20a). The in-situ fracture stability remains unchanged in the outer
regions of the domain at very stable levels. On the other hand, most of the fractures
within the overpressured regions show elevated slip tendency with fractures closer to
the injection being eligible for slip. Compared to the previous simulation, 20-times
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more fracture segments are unstable and capable of slip. Failing fractures, which
have increased in permeability allow fluid to propagate more easily. As we assume a
constant pressure injection, the amount of injected fluid is increased significantly. In
this way a much larger stimulated area is observed compared to the case without
permeability enhancement.

Thermal stress has only a small influence during the relatively short injection period
of 10 days in this simulation. The resulting thermal stress distribution is shown
in Figure 3.20b and shows thermal stresses concentrated at the borehole. As the
fractures within the vicinity of significant thermal stress are eligible for slip also by

the injection fluid pressure, no additional unstable fracture segments are observed.

In the following we will present a rotated model in which the thermal stress becomes
important for reservoir stimulation.

Simulation in a stable stress state We demonstrate the influence of stress field
orientation on fracture stability in this section. The local reference system is rotated
by 90° compared to the previous example so that the simulation takes place in the
o1 — o9 plane. This corresponds to a stable stress state and is shown in the first
row of Figure 3.3. Note that the fractures’ orientations remain unchanged in the
local reference system. Within this orientation the maximal normal stresses will be
observed and thus comparably low fracture slip potential is expected.
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Figure 3.19: Matrix pressure in the reservoir after 10 days of injection if permeability
enhancement is used. Here a enhancement factor of v = 10 is used. Due to
the constant injection pressure and increased permeability in unstable fracture
segments, the high-pressure zone is increased drastically.
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Figure 3.20: a) Fracture stability in terms of normalized slip tendency in the reservoir after
10 days of injection for the case of permeability enhancement. Values are
normalized by the friction coefficient 4 = 0.6. High values denote higher
slip tendency. Stability drastically reduces closer to the injection as the high
fluid pressure zone is much bigger if permeability enhancement is used (red).
b) Thermal stress after 10 days of injection into the fracture network. The
thermal stress is concentrated close to the injection well. The color-scale in the
figure starts at 0.25MPa with the darkest blue. Everything below is neglected
in the graphical representation and shown in the background color. Note that
the absolute value of the thermal stress is shown and all thermal stress here is
tensional.
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Figure 3.21: Fracture stability in terms of normalized slip tendency in the reservoir after
10 days of injection for the rotated reference system. None of the fractures
are close to unstable conditions. Stability reduces closer to the injection but
remains completely intact.

Figure 3.21 shows the normalized fracture slip tendency in the o1 — o2 plane if
thermal stresses are neglected. Throughout the whole domain very high stability
(i.e. very low slip tendency values) is visible. Note that in Figure 3.21, the range
of the color-bar has been changed from [0.5 - 1.0] to [0.0 - 0.5]. This shows that
all fractures, even in direct vicinity of the injection, are less likely to slip as the
least well oriented fracture in the o; — o3 plane. Very close to the borehole a slight
increase in fracture slip tendency is visible. Nevertheless, the fracture network
remains completely stable during the injection experiment.

The pressure distribution is identical to the pressure distribution obtained in the case
without permeability enhancement from the previous section. Although permeability
enhancement is allowed in this setup, the fracture stability is very high and no
fractures are eligible for slip. Thus the fluid pressure behaves identically to the first
example as no further stress - fluid pressure interactions are taken into account.

In a separate simulation, we found that the injection pressure in order to induce
any failure in the reservoir under these stress conditions without thermal stress
contributions would be at least 50MPa. This would lead to fracture instability in the
fracture segments that intersect the injection point. An even higher injection pressure
of 656MPa would lead to a significant increase in fracture failure and stimulated
reservoir volume. However, the stimulated region remains smaller than presented in
the previous section and shown in Figure 3.19.

3.4 Results
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Thermal stress in the stable stress state In a recent study (Jansen and Miller,
2017), we investigated the role of thermal stress in a geothermal reservoir during
fluid injection. We found that thermal stresses can facilitate slip on non-optimally
oriented fractures, and this is especially important in long-term injection scenarios
where the thermal stress changes become more significant with time.

In the previous section we showed that the reservoir remains intact for an injection
pressure of 20MPa without thermal stress contributions. Accounting for thermal
stress leads to thermal stresses concentrated around the borehole. After 10 days of
fluid injection significant increase in failure potential is observed at distances of 5m
from the borehole with two fracture segments becoming unstable and eligible for
slip.

We further investigate the effect of thermal stress during a one year duration fluid
injection in the stable stress state. The results from the previous section suggest
that without thermal stress effects the reservoir should remain completely stable
also for such long-term injections. Figure 3.22 shows the normalized fracture slip
tendency in the o7 — 09 plane if thermal stresses are explicitly taken into account.
Throughout most of the domain very high stability (i.e. normalized slip tendency
values < 0.3) is visible. In the vicinity of the injection and distances up to 15m from
the borehole, fracture stability is significantly reduced. Note that the color-bar still
ranges from [0.0 - 0.5]. After one year of continuous injection, 32 fracture segments
exhibit unstable fracture stability values. Interestingly, the propagation of thermal
stress appears to be rather homogeneous and mainly driven by heat diffusion from
the matrix (cf. Figure 3.22). (Jansen and Miller, 2017) show that thermal stress
propagation is largely influenced by the hydraulic properties of both fracture and
matrix, and a more fracture-driven thermal stress development is likely to be linked
to higher permeability of the surrounding matrix.

The experiments presented here show the importance of stress field orientation
and fracture stability analysis. We showed that a stepwise permeability increase in
potentially failing fracture segments has a major impact on the stimulated reservoir
volume and allows fracture slip in larger parts of the domain. Additionally, thermal
stress contributions can lead to reduced fracture stability especially for longer periods
of injection. This emphasizes the importance of coupling thermo-hydraulic models
with the mechanical changes during fracture slip.

3.5 Conclusion

We developed, implemented and validated a fractured reservoir modeling frame-
work in MATLAB for investigating coupled thermo-hydraulic problems including
fracture stability analysis in geothermal reservoirs and other naturally fractured
systems. The numerical benchmark experiments show the capabilities and accuracy
of THERMAID.

Chapter 3 A MATLAB package for thermo-hydraulic modeling and fracture stability analysis
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Figure 3.22: a) Fracture stability in terms of normalized slip tendency in the reservoir after
1 year of injection for the rotated reference system. Values are normalized
by the friction coefficient 1 = 0.6. High values denote higher slip tendency.
Stability drastically reduces closer to the injection as thermal stress propagates
through the reservoir (red). b) Thermal stress after 1 year of injection into
the fracture network in the rotated reference system. The propagation of
thermal stress appears to be rather homogeneous and mainly driven by heat
diffusion from the matrix. The color-scale in the figure starts at 0.9MPa with
the darkest blue. Note that the absolute value of the thermal stress is shown
and all thermal stress here is tensional.
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Our results show with high confidence that the accuracy of the implemented MATLAB
package are within the limits of commercial simulators for fractured reservoirs.
Especially the results of the coupled flow and heat transport on a complex fracture
network show the importance of discrete fractures in numerical analysis of fractured
reservoirs. Both pressure and temperature distributions show heterogeneities due to
fracture-matrix interactions. Although the benchmark experiments present slight
differences to the reference solutions, the benefits of our open source implementation
outweigh these differences. THERMAID presents easy access to the underlying
implementation that enables the user to further investigate the embedded discrete
fracture model and coupled processes in naturally fractured reservoirs.

As discussed earlier in the results, the deviations in the pressure solution could be
caused by different treatment of fracture-fracture intersections or the definition of
matrix-fracture interface permeability between the models. Currently there is no
clear indication about which weighting to use at fracture-matrix interfaces, which
presents an excellent future research opportunity for combined laboratory and
numerical experiments. We assume that differences in the temperature solutions
are caused by the deviations in the pressure solution that are magnified with time.
However, also differences in the numerical treatment of the heat advection term can
cause significant errors. The optimal choice of the appropriate numerical scheme
remains an open question and should be studied in detail in the future.

We showed that the embedded discrete fracture model is a viable alternative to the
existing methods. As numerical discretization is simplified compared to conforming
discrete fracture models, dynamic changes of the fracture network are possible
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without large numerical overhead. The extension of the embedded discrete fracture
model to three dimensions has not been discussed so far in this article. Due to
the relatively simple numerical discretization, the grid generation process in three
dimensions becomes trivial. Additionally, as the two computational domains are
independent except for the transfer functions, also the extension of the discretized
equations is straight forward. The treatment of the transfer functions involves the
intersection of planes instead of lines in three dimensions. Increased flow is expected
along the intersection of fractures, which has to be included in the transfer functions.
Although the extension to three dimensions is feasible, THERMAID is currently
only developed in a 2D version. This is however not a limitation of the embedded
fracture model but a computational limitation of the implementation in MATLAB.
Nevertheless, the approach taken in THERMAID could be efficiently re-implemented
and extended to 3D in a high-performance computing environment. The embedded
discrete fracture model is not necessarily restricted to regular grids and can be
extended to general geometries. However, using regular grids can be advantageous
for the application of massively parallel computation techniques to further increase
computational efficiency and enable large scale, high resolution simulations.

Our results further show the importance of including the mechanical behavior of
fractures and the reservoir in thermo-hydraulic simulations. Although the deforma-
tion process during fracture slip was not explicitly taken into account, the assumed
step-wise increase in fracture permeability during slip provides a necessary feed-
back for the pressure equation in order to capture the often observed increase in
injectivity during hydraulic stimulation. We propose that changes in permeability
and aperture should be incorporated in all models that seek to fully understand the
thermo-hydraulic evolution during fluid injection in fractured reservoirs. Although
our model exhibits a very simplified view on the complex fracture mechanics, it still
provides important insight into reservoir stimulation that helps in identifying some
challenges and opportunities for future studies. More advanced models currently
under development will consider both pre-existing fractures as in the present work,
but also the generation of new fractures in response to the evolving stress state from
both thermo-and hydraulic perturbations. Future models might also include fracture
roughness and morphology, and solving the full equilibrium equations to estimate
aperture changes that influence permeability. Recently, progress in this direction
has been made using boundary element methods, multi-point stress approximations
(MPSA) and the novel extended finite volume method (XFVM) (Norbeck et al.,
2016; Ucar et al., 2016; Deb and Jenny, 2016). However, these models are not yet
as computationally efficient as to allow an adaption for THERMAID. A method to
estimate magnitude from computed slip (e.g. Heinze et al., 2015), is currently not
implemented, but is essential for a mechanistic assessment of seismic hazard associ-
ated with injection. Currently, induced seismicity can not be quantified in terms of
magnitude because slip on the fracture is not computed. Moreover, fracture slip can
occur in a seismic or aseismic manner, thus further complicating the assessment of
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induced seismicity. These are all areas that we are currently pursuing in order to
extend and refine THERMAID’s capabilities.

Although this paper focuses on the application of enhanced geothermal systems,
other possible applications for THERMAID include seasonal thermal energy stor-
age in fractured aquifers, and natural or anthropogenic fluid-driven earthquake
sequences. Furthermore, a wide range of research questions related to fractured
reservoirs and their properties can be addressed using THERMAID. Even beyond the
current model capabilities, we expect further applications and research opportunities
because the open source code will allow a community to evolve and contribute to
this common platform.

THERMAID is an accurate and efficient modeling framework for a broad range of
applications in the fractured subsurface. The open source distribution and GNU GPL
v3.0 license enables the scientific community to use and modify THERMAID to their
needs. The implementation in MATLAB ensures that even novice programmers can
easily understand the underling equations and their implementation and develop
their own numerical models based on the examples provided with THERMAID.
Simulation of coupled processes in fractured reservoirs is becoming increasingly
important in today’s research as it is connected to many possible remedies of climate
change. With THERMAID we present a starting point from which new insight can be
gained into the complex coupled processes in fractured domains in the subsurface.

3.5 Conclusion
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On the role of thermal stresses
during hydraulic stimulation of
geothermal reservoirs

Nothing has such power to broaden the mind as
the ability to investigate systematically and truly
all that comes under thy observation in life.

— Marcus Aurelius
(Roman Emperor from 161 to 180)

The contents of this section are published as: Gunnar Jansen and Stephen A. Miller,
“On the Role of Thermal Stresses during Hydraulic Stimulation of Geothermal
Reservoirs,” Geofluids, 2017. doi:10.1155/2017/4653278.

4.1 Introduction

One of the primary driving mechanisms for permeability creation in engineered
geothermal systems (also known as enhanced geothermal systems), or EGS, involves
shear failure induced by fluid injection at high pressures. In environments with low
differential stress, tensile fractures may develop if the injection pressure exceeds the
minimal principal stress (e.g. fracking). The injection of cold water into a reservoir at
substantially higher temperature also induces thermal stress changes that contribute
to the overall evolution of the local stress and failure potential. The cooling of
the reservoir can lead to thermal fracturing and thus further enhance permeability
(Wang et al., 1989; Harlow and Pracht, 1972; Gringarten, 1980; Pearson et al.,
1983). On the other hand, thermal fracturing and thermal fracture propagation or
fracture reactivation may also contribute to premature cold water breakthrough into
producing wells.

The basis for EGS are usually geothermal plays of the "hot dry rock" type where the
available water in the porous medium is considered negligible. These conditions
are found primarily in metamorphic or igneous terrains with low permeability and
porosity containing fractures and faults that provide the major pathways for fluid
flow. In geothermal energy systems, the fracture’s surfaces serve as the main heat
exchanger. Clearly, pre-existing, critically stressed and optimally oriented fractures
provide the most favorable conditions for enhancing permeability of EGS (Ghassemi
and Kumar, 2007; Combs et al., 2004).
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In this paper we focus on the role of thermal stresses during cold fluid injection
and stimulation of an EGS site. Of special interest here is the interplay of hydraulic
and thermally induced stresses. The processes involved in permeability creation
during hydraulic stimulation act on different timescales. While the poro-mechanical
coupling is active throughout the injection, its dominance over thermo-mechanical
effects depends on the state of the injection. Thermo-mechanical coupling plays a
particularly important role during prolonged periods of injection (weeks to years) be-
cause the variation of injectivity with injection water temperatures can be attributed
to thermal stress (Ghassemi et al., 2005).

A major concern in EGS is induced seismicity at levels above that tolerated by the
local population, in either frequency or magnitude. Usually induced seismic events
are attributed to the change in effective stress due to the change in fluid pressure
(Shapiro and Dinske, 2009; Goertz-Allmann and Wiemer, 2012; Miller, 2015). How-
ever, thermal stress also significantly contributes to induced seismicity in petroleum
and geothermal fields (Ghassemi et al., 2005; Sherburn, 1984; Stark, 1990). Stark,
(1990) found that in the Geysers geothermal field in northern California, USA, half
of the measured earthquakes appear associated with cold water injection.

In this paper we present the theoretical basis for thermal stresses, evaluate the
temperature distribution during injection in a borehole, and determine a modeling
framework for evaluating the influences of thermal stress generation and propagation
in a hypothetical reservoir. We describe the numerical method, and present results
of numerical experiments focusing on the influence of thermal stress on permeability,
fracture orientation and failure potential. We discuss the results in terms of thermal
influence on induced seismicity and reservoir characteristics.

4.2 Theory

Here we present the mathematical basis for the formulation of thermal stresses. In
addition, the temperature profile in an injection well is considered because this has
a significant impact on the initial conditions of the numerical simulations.

4.2.1 Mathematical description of thermal stress

A body will change its shape and/or volume when exposed to a temperature change
AT. This change is called thermal strain and can be expressed as

€T = aAT (4 ]-)

where « is the coefficient of linear thermal expansion in % In most solids « is

positive and on the order of 106 %. In isotropic materials the thermal strain acts
only on the normal strains with the same magnitude. If the body’s deformation is
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restricted, as it would be the case for a small volume inside a rock mass, the strain
results in thermal stress.
opr =C -ep 4.2)

where C' is the elastic stiffness tensor of the material. If we restrict ourselves to
isotropic conditions, the thermal strain has only normal components with equal
magnitude in which case we can simplify the previous expression to

T T T o

where F is the Young’s modulus (Pa) and v the Poisson ratio (-). It is important to
note that equation 4.3 is only nonzero for the three normal stresses o7y, 07yy, 0722
It is immediately obvious that larger temperature differences will result in higher
thermal stress changes. Additionally, the thermal stress is positive (relative com-
pression) if the temperature difference is positive (AT > 0), and if the temperature
difference negative, the thermal stress is negative (relative tension). The magnitude
of thermal stress can change widely depending on the material. Assuming a constant
thermal expansion coefficient o = 107} and and fixed temperature difference of
AT = —10°C the resulting thermal stress for an elastic sandstone (F =~ 20G Pa) is
60% smaller than the resulting thermal stress in a typical granite (F =~ 50GPa).
The granite would undergo a stress change of 1MPa in this case compared to a
0.4MPa stress change in the sandstone.

Thermal expansion coefficients are well-constrained by experiments, and show only
minor influences of temperature and pressure on the thermal expansion coefficients
(Richter and Simmons, 1974; Wong and Brace, 1979). Cooper and Simmons, (1977)
attributed some change in the thermal expansion coefficient to the formation of
micro-cracks by differential expansion of mineral grains. Considering the small mag-
nitude in the change of the thermal expansion coefficient compared with the order
of magnitude expected in temperature and pressure change, it is a valid assumption
that the thermal expansion coefficient is constant.

In the following we assume that the thermal stress is independent of the fluid
pressure and the in-situ stress state of the rock. Thus, the resulting stress can be
obtained by superposition of the effective stress (c.ff = 0yt — p) and the thermal
stress. Changes in the far-field in-situ stress of the rock are negligible on the
timescales of interest for hydraulic stimulation. Considering only stress changes
resulting from pore pressure and thermal expansion, we can formulate the total
stress change as

Ao = Ap+ Aorp 4.4)

Other stress contributions as slip induced stresses and stresses induced by chemical
reaction have to be considered in a general case. However, for reasons of simplicity
we restrict ourselves to only pore pressure and thermally induced stress changes.

4.2 Theory
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4.2.2 Induced shear failure potential

Induced shear failure potential is estimated by a Mohr-Coulomb failure condition.
We restrict ourselves to a cohesion-less material with a friction coefficient of 1 = 0.6.
A fracture segment is able to slip and is thus categorized as "potential slip" if the
following condition is met:

T — o, >0 (4.5)

The effective normal stress 7, is defined as
Op = Ocff + 01 =0 —pg+ 07 (4.6)

where o, is the normal stress, p; is the fluid pressure and o7 the thermal stress as
introduced in the previous section. The effective normal stress 7,, and shear stress
acting on a fracture segment are:

0'1+0'3_2pf+20'T+01_U

5 3 cos 20 4.7)

op =

01— 03

T = 5 sin 260 (4.8)

where o7 and o3 are the maximum and minimum principal stresses acting in the
far field and @ is the angle between oy and the fracture segment measured from the
normal to the oy plane.

The poro-elastic deformation of the fractured reservoir during the injection as
well as the deformation due to fracture slip is not included in the present model.
Consequently, this simple model does not predict magnitudes or estimation of the
amount of slip, but rather identifies when a frictional failure condition is met, similar
to other approaches in modeling EGS (Goertz-Allmann and Wiemer, 2012; Miller,
2015).

4.2.3 Heat distribution in a geothermal well

The temperature inside an injection well is not constant with depth. The injected
water is heated by the rock mass surrounding the borehole while moving downwards
through the borehole. Although the heat distribution in geothermal boreholes can
be measured, in many cases it is still useful to describe it mathematically. Such
calculations can be used in numerical simulations and aid the drilling crews during
their operation. In most cases description of well bore heat transmission is based
on a well bore heat balance equation. Most of the literature is based on the initial
work of Ramey, (1962) in which he derived the temperature distribution in a well
used for hot fluid injection. The work was later enhanced by the rate of heat loss
from the well to the formation by Ramey, (1964). The main assumptions of Ramey’s
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model are a homogeneous and isotropic formation, constant fluid properties and
fluid flow at constant flow rate in the direction of the well only. Recent work from
Hagoort, (2004) re-evaluated Ramey’s classical work and found that it is an excellent
approximation.

Following Satman and Tureyen, (2016) the temperature in an injection well into
which a single phase fluid is injected is given by

T(Z) = TSUTf + -z + (En] + Tsu,’,,f + aA) . e(_%) (4.9)

Here, z is the distance downwards from surface in meters, « the geothermal gradient
in %, Tsur is the surface temperature in °C' and 7, the temperature in °C of the
injected fluid. A is a variable defined as

Qcpf f (t)

where @ is the mass flow rate in k—sg, cpy the heat capacity of the fluid (assumed
constant) and A the thermal conductivity of the formation (also assumed constant
with depth). The dimensionless function f(¢) describes the transient heat transfer to
the formation. There are a number of different formulations for the function f(t)
available. Here we assume that the temperature at the boundary between the fluid
in the well and the formation is constant and that the heat flow in the formation
is conductive. For simplicity, we further assume a single-phase liquid flowing in a

casing without tubing.Kutun et al., (1981) provide a simple formulation for this case

F#) = (14 1.7v%p), (4.11)

which is based on a best curve fit of the data provided by Ramey, (1962), Ramey,
(1964), and Ramey, (1981). According to Satman and Tureyen, (2016) it is accurate
within 1% for the relevant time scales. In equation 4.11 ¢, is a dimensionless time
defined by

tp = —s (4.12)

where « is the mean thermal diffusivity of the formation in ™~ and r,, the well radius
in meters.

A detailed review on the methods to describe well bore heat distributions, prevalent
assumptions and different formulations for the transient heat transfer function f(¢)
can be found in Satman and Tureyen, (2016).

Based on equations 4.9 to 4.12 the general characteristics of fluid injection in the
well are presented and examined in detail. The model parameters are given in
Table 4.1. Figure 4.1 shows the temperature distribution with depth of well bore
temperature during prolonged fluid injection. The profiles are plotted for different
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injection times: 1d, 10d, 30d, 365d. The geothermal gradient shown as a dashed
line represents also the static (long term) temperature distribution in the well bore.
It is clearly visible that it is not a static profile but contains a dynamic evolution
with time. During the first days of injection, the temperature profile changes most
rapidly. After about 10 days of continuous injection, the rates of the temperature
profile change decreases. After 365 days of continuous injection, the bottom hole
temperature has decreased from 70°C after 1 day of injection to 52°C' in the case
of an injection rate of 40’“5—9. Is the injection rate lower at 20’“—59 the temperature
decreases from initially 93°C after 1 day of injection to 63°C' after one year. This
demonstrates the highly dynamic temperature distribution during injection with
respect to time and injection rates.

The dynamic behavior is driven by advective heat transfer during injection of the
fluid at the well-head, and conductive heat exchange with the formation. Initially
heat transfer from the formation to the fluid is high, leading to a rapid increase in
the fluid temperature. During the course of injection, the formation is cooled by
the injected fluid leading to reduced conductive heat transfer from the formation to
the fluid. This subsequently lowers the overall temperature distribution in the well
bore.

Figure 4.1 shows that the temperature within the wellbore varies greatly with
depth and time of the injection. This shows that the assumption of a constant
temperature distribution in the well in numerical modeling of fluid injection is
generally not valid. Especially for very low injection rates (not shown here), the
thermal gradient in the borehole is comparable to the static geothermal gradient. In
long duration high injection rate scenarios a constant temperature at the borehole
becomes more acceptable as the formation is cooled quickly and the well bore
temperature approaches the injection temperature. From the findings of this section
we can conclude that the temperature change in the well bore is significant and must
be taken into account when thermal stresses are to be evaluated accurately.

Table 4.1: Properties used in estimation of well temperature profiles.

Surface temperature 20°C
Injection temperature 40°C
Geothermal gradient 0.04%

Well depths 5000m

Well radius 0.11m
Injection rate 20/ 40]‘;—9

Rock density 2650%

Mean thermal conductivity (formation) 2.92#{,0
Mean thermal diffusivity (formation) 1.102 - 10*67”72
Specific heat capacity (fluid) 3160,@%0
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Figure 4.1: Temperature profiles in a 5km deep injection well for an injection temperature
of 40°C and an injection rate of 20% (left) and 40% (right).

4.3 Methods

We developed an embedded discrete fracture model (EDFM) using the phenomenol-
ogy described in other studies (Hajibeygi et al., 2011; Karvounis, 2013; Pluimers,
2015). The conceptual idea of the EDFM is the distinct separation of a fractured
reservoir into a fracture and a damaged matrix domain. We introduce a transfer
function to account for coupling effects between the two domains, so the fracture
and matrix domains are computationally independent except for the transfer func-
tion. As the fractures are generally very thin and highly permeable compared to the
surrounding matrix rock, the gradient of fracture pressure normal to the fracture is
negligible. This allows for a lower dimensional representation of fractures (i.e. 1D
objects within a 2D reservoir).

The flow in naturally fractured reservoirs is often described by the equations for
nearly incompressible single-phase flow. We note that the following equations are
assumed valid in both the damaged matrix and the fractures. From mass balance
and single-phase fluid flow, the pressure equation is,

0 k
¢ (B + Br) ai; =V [M(Vp - pfg)} +4q (4.13)
Where ¢ [-] is the porosity, p [%] is the fluid density and p [Pa] is the fluid pressure.
The compressibilities 3 [Pa~!] are denoted with the subscripts f for fluid and r for
rock, respectively. Moreover, k [m?] is the permeability and [%] the fluid viscosity.

From the fluid pressure p, the fluid velocity is calculated using Darcy’s law, i.e.

k
v = —;Vp 4.14)
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The velocity can subsequently be used in the heat transport equation. The heat
transport equation is derived similarly to the continuity equation by the balancing
the heat transport mechanisms and described as

or -
&Pi 5y T oV T = AV2T =0 (4.15)

if local thermal equilibrium is assumed. Over-lined properties denote volume aver-
aged mean values for the porous medium (i.e. ¢, = pepy + (1—¢)cp,).

As the methodology and its implementation is described in detail in chapter 3 further
details are omitted at this point.

4.4 Results & Discussion

We present the results of three numerical experiments that provide insight into
the effects of thermal stress on the stimulation of a geothermal reservoir. First we
evaluate the influence of contrasts in the fracture permeability and the fracture-
matrix permeability. We then investigate the influence of the fracture orientation on
potential slip in combination with thermal stress. In a final numerical experiment,
we simulate fluid injection into a complex fracture network over a prolonged period
to evaluate the temporal evolution of thermal stress and failure potential. In all
experiments the pressure and/or temperature dependence of the fluid density and
viscosity is taken into account. The underlying equation of state is given by Sun
et al., (2008) for density and Al-Shemmeri, (2012) for the viscosity of water. In
this section we combine results and their discussion to emphasize each experiment’s
outcome. A more general discussion of the results as well as a conclusion is provided
in section 4.5.

4.4.1 Influence of fracture & matrix permeability on thermal
stress

Fracture permeability is one of the most important variables to be determined in
EGS reservoirs to accurately predict flow in the reservoir. Here we evaluate to what
degree the fracture permeability has an impact on thermal stress. To this end we
model the fluid injection in a well that is intersected by a single fracture as depicted
in Figure 4.2.

Table 4.2 lists the physical parameters for the matrix and fracture used in this study.
In this experiment, we investigate the results after a continuous injection of 30
days. In contrast to the previously presented temperature distribution in the well, we
assume a homogeneous temperature distribution in the open hole section throughout
the injection as the open hole section is short (100m) compared to the length of
the borehole. The injection temperature is variable with time and obtained by a
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Figure 4.2: Numerical setup to evaluate the influence of fracture permeability on thermal
stress. A constant injection pressure is applied to the left side of the domain.
The right side serves as a zero pressure outflow well.

least-squares fit of the data presented in Figure 4.1 for a depth of S5km. The initial
temperature is set at 7p = 200°C. The injection pressure is constant at 25 MPa.
Gravity is neglected in this experiment. We vary the fracture permeability in five
steps over a range from 8.33 - 1078 — 110~ '2m?. Further we evaluate two matrix

permeabilities 10716m? and 10~ 18m2.

Figure 4.3 shows the temperature distribution and resulting thermal stress after 30
days of fluid injection for a matrix permeability of 10~'m?. The temperature profiles
along the fracture show significant differences based on fracture permeability. For
the two highest fracture permeabilities (k7. = 10712/10~1m?) the profiles are very
similar and show temperature variations only within the first 10 meters of the frac-

Table 4.2: Properties used in the fluid injection simulation.
Subscripts: fr - fracture, m - matrix, f - fluid, r - rock.

Permeability kg =8.33-1078 — 10712m? | kyy, = 10716/~ 1852
Porosity ¢pr=1.0 ¢m = 0.1
Compressibility Bf=5-10"1"Pa"! Br=1-10"1pa"!
Specific heat Cpy = 4000‘/&7‘]}( ¢p, = 100057
Thermal conductivity Ap =292 Ay = 0.5%
Thermal expansion. coeff. | o = 7.9 - 10_6K -1

Shear modulus G = 29.0GPa

Poisson ratio v=20.25

4.4 Results & Discussion
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ture. At the injection point the temperature dropped down to approximately 140°C.
The resulting thermal stress is approximately —70MPa. An intermediate fracture
permeability of ks, = 107'°m? shows a further propagation of the thermal front
within the 30 days. We observe temperature change on almost 60m of the fracture
resulting thermal stress perturbations along the same length. At an approximate
distance of 30m from the injection point, the thermal stress reaches -9MPa. The two
highest tested permeabilities (ks = 8.33 - 1078/8.33 - 10719m?) show distinctively
different profiles compared to the lower permeability values. Here the temperature
propagates the full length of the fracture with an almost linear profile. The tem-
perature at the injection point however is greater than for the other permeabilities
with approximately 150°C. Due to the temperature profiles, the thermal stress is
significantly larger along the whole length of the fracture for these very permeable
fractures.
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Figure 4.3: Temperature and thermal stress distributions after 30 days of injection for a
matrix permeability of k,,, = 10~16m2,

We further evaluated the mean velocity in the fracture throughout the 30 days of
injection. The result is shown in Figure 4.4. Overall the mean velocity varies over
four orders of magnitude due to the wide range of fracture permeabilities. For all
fracture permeabilities an initial decline in the fracture velocity is visible. This is
more pronounced for high fracture permeabilities (kf, = 8.33 - 1078/8.33 - 107 1%m?)
with a "stabilization time" of only a couple of days. Lower fracture permeabilities
show less variability in the mean fracture velocity.

Figure 4.5 shows the temperature distribution and resulting thermal stress after
30 days of fluid injection for a matrix permeability of 10~ '¥m?. The temperature
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Figure 4.4: Mean fracture velocity during the simulated 30 days of injection.

profiles along the fracture show significantly fewer differences compared to higher
matrix permeability. The three highest permeabilities show nearly identical behav-
ior. The temperature front advanced as far as 25m, which is the maximum for
a matrix permeability of k,, = 107'8m?2. The two higher fracture permeabilities
(kg = 10712/1071m?) show less temperature change after 30 days compared to
the other permeabilities as well as the higher matrix permeability. All profiles exhibit
a temperature at the injection point of 150 — 155°C.

A comparison of thermal stress distribution for the fracture permeability kf, =
10~ '%m? with both matrix permeabilities is shown in Figure 4.6. As already discussed
earlier the different propagation depths of the temperature and thus thermal stress
is visible. Additionally, the matrix effect is also shown. For the higher matrix
permeability the thermal stress front propagates as far as 6m into the reservoir, and
we observe a wedge-shaped thermal stress disturbance close to the fracture. In the
case of the lower matrix permeability, the thermal stress front barely penetrates
the matrix. The 1MPa isoline is already at a distance of approximately 2 meters
from the injection well. Close to the fracture a more pronounced thermal stress
alteration zone is visible. In contrast to higher matrix permeability this zone is
relatively small.

Figure 4.7 shows that the pressure diffusion for the higher matrix permeability
is much more homogeneous than for a lower matrix permeability, leading to a
significant pressure gradient in the fracture. If the matrix permeability is very
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Figure 4.5: Temperature and thermal stress distributions after 30 days of injection for a
matrix permeability of k,,, = 10~ ¥m2,
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Figure 4.6: Thermal stress distribution after 30 days of injection. Fracture permeability
kg = 1071%m? Left: higher matrix permeability k., = 10~'%m?. Right: lower
matrix permeability k,,, = 10718m?

low, a high pressure zone develops around the fracture causing a smaller pressure
gradient in the fracture. This is also observable in the mean fracture velocities. For
high fracture permeabilities the difference in fracture velocity increases one order
magnitude with increasing matrix permeability. For low fracture permeabilities there
is no significant change in observed mean fracture velocity with respect to matrix
permeability. The observed "stabilization time" in the fracture velocities is caused by
the initial pore pressure diffusion through the matrix and fracture.

The differences in the pressure field and the fracture velocities can, however, not
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fully explain the observed thermal stress distributions. In order to explain these
differences we examine the heat transport in more detail. It is clear that the matrix-
fracture interaction plays an important role in the thermal stress propagation. With
increasing matrix and fracture permeabilities, also the interface permeability between
matrix and fracture is increased allowing heat transfer by advection between matrix
and fracture. Only by advection has the fluid in the fracture a chance to cool down
the surrounding matrix. Once the surrounding matrix is cooled to a certain extent,
the temperature front can also advance within the fracture. In case of a low matrix
permeability, the main heat transfer mechanism between matrix and fracture is
heat diffusion. Here heat diffusion from the matrix into the fracture dominates,
leading to a heating of the fracture and thus significantly slowing down the thermal
stress propagation. The second scenario is favorable in terms of sustainability of an
geothermal reservoir. Here the heat is efficiently extracted from the matrix rather
than prematurely cooling down the matrix surrounding the fractures.
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Figure 4.7: Pressure distribution after 30 days of injection. Fracture permeability kf, =
10~ 1%m? Left:higher matrix permeability k,,, = 10~ '*m?. Right: lower matrix
permeability k,, = 107 18m?

4.4.2 Influence of thermal stress on shear failure potential

In this section we investigate the thermal stress influence on shear failure potential.
As mentioned in the introduction and methods, shear failure in the reservoir occurs
mainly on optimally oriented fractures. Here we investigate whether thermal stress
leads to earlier onset of slip and how this is influenced by fracture orientation, and
model the fluid injection into a single fracture (Figure 4.8).

All parameters except for the matrix and fracture permeabilities are identical to the
previous experiment and shown in Table 4.2. We apply a fracture permeability of
k¢ = 1071%n? with a matrix permeability of k,, = 10~7m?. The injection pressure
is constant at 9MPa. The minimum and maximum principal stresses are 45MPa and
20MPa, respectively. Stresses are oriented in alignment to the coordinate axis as
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Figure 4.8: Numerical setup to evaluate the influence of fracture orientation and thermal
stress on shear failure potential. A constant injection pressure is applied to the
middle of the fracture. On the outer boundaries a no-flow boundary condition
is applied.

shown in Figure 4.8. We vary the fracture orientation (measured in degree from
the normal to the maximum principal stress) from 35° to 85° in steps of 2.5°. The
injection pressure was chosen so that only very close to optimally oriented fractures
at 60° are eligible for slip. In this experiment we investigate the results after a
continuous injection of 10 days. The injection temperature is variable with time
and obtained as presented in the previous experiment. The initial temperature is set
again at 7 = 200°C' and we neglect gravity.

Figure 4.9 shows the result for a rotation of 45° after 10 days of injection. It
shows a pressure ellipse with its principal axis aligned with the fracture. The initial
point source is not recognizable in the matrix pressure after 10 days of continuous
injection. This can be explained by the fast pressure diffusion in the fracture and
consequential pressure diffusion from the fracture to the matrix. The thermal
stress is distributed symmetrically around the injection point in the fracture. The
temperature front propagates roughly 10m in each direction. The maximum cool-
down and consequently maximum thermal stress is found at the injection point.
Thermal stress in the matrix is propagated again from the fracture. The propagation
direction is normal to the fracture leading to an elliptic thermal stress alteration
zone surrounding the injection point. The rotation of the fracture barely influences
the pressure and thermal stress distributions. Minor differences were observed but
can be attributed to numerical effects.
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Figure 4.9: Results after 10 days of injection into the fracture. Fracture permeability
k¢ = 10719m?2. Matrix permeability k,,, = 10~'7"m?. Left: Pressure distribution.
Right: Thermal stress distribution.

We use the Mohr-Coulomb diagram to evaluate the failure potential due to thermal
stress with respect to fracture orientation. Figure 4.10 shows the failure potential
for each fracture orientation, where each point in the diagram is the mean normal
and shear stress calculated over the whole fracture length. We show the effective
stress modified solely by the fluid pressure as well as modified by thermal stress and
fluid pressure combined. Figure 4.10 shows that accounting only for fluid pressure

in the effective normal stress only fractures oriented at 55° — 65° are able to slip.

All other orientations do not meet the failure condition. If we further consider the
effects of thermal stress we observe a wide range of fracture orientations that fulfill
the failure condition and are able to slip. The results after 10 days of injection show
that fractures orientated up to 17.5° from the optimum (42.5° — 77.5°) are critically
stressed. As Figure 4.10 only considers the average stress state in the fracture we
evaluate the failure potential in greater detail with a histogram. Figure 4.11 shows
the percentage of fracture segments for each orientation that could demonstrate
slip. Considering only fluid pressure effects, we find that the injection pressure of
9MPa propagated as far as necessary to induce slip over the whole length of the
optimally oriented fracture. Fractures oriented at 5° from the optimum already
show significantly less segments with failure potential (—(25 — 50)%). Adding the
thermal stress effect we observe a broad spectrum of potential slip in up to 35%
of the fracture segments (at +7.5°). However, also fractures with an orientation
further from the optimum show a significant ability to slip with ~ 20% at +15° and
~ 5 — 10% for fracture oriented at +25° from the optimum.

The observed asymmetry in the failure potential is of numerical origin because as
the fracture is rotated the number of matrix grid cells intersected by the fracture is
changing. Consequently, this leads to small differences in the solution that propagate
to the failure potential.

4.4 Results & Discussion
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Figure 4.10: Failure potential for rotated fractures due to thermal stress. The failure
potential is depicted in the classical Mohr-Coulomb diagram. A fracture
is eligible for slip if its corresponding point in the diagram touches/crosses
the failure line (black dashed). Failure occurs only in a narrow range of
orientations with the selected injection pressure. After 10 days of injection
thermal stress leads to possible slip in a wide range of orientations.
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Figure 4.11: Failure potential for rotated fractures due to thermal stress in a bar diagram.
It shows the percentage of fracture segments eligible for slip. Again, failure
occurs only in a narrow range of orientations with the selected injection
pressure. After 10 days of injection, thermal stress leads to possible slip in a
wide range of orientations.
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This experiment shows that thermal stress can greatly enhance the range of fracture
orientations eligible for slip. This has a potentially large impact for the stimulation
of geothermal reservoirs with a complex tectonic history and multiple fracture sets.
If one or more fracture sets are non-optimally oriented and unsuitable for hydraulic
stimulation, they might still be suitable for thermal stimulation. However, due to
different propagation speeds of the fluid pressure and thermal front, thermal stimu-
lation might be challenging for short stimulation scenarios. The significantly slower
propagation of the thermal front suggest that enhanced slip on close to optimally
oriented fractures is unlikely. Nevertheless, thermal stresses can be expected to add
to slip in the reservoir on non-optimally oriented fractures and on fractures with
highly heterogeneous frictional properties in the long run. The role of the different
timescales of fluid pressure and thermal stress will be examined in more detail the
third numerical experiment.

4.4.3 Cold water fluid injection into a complex fracture
network

In the third numerical experiment we investigate the spatial and temporal evolution
of potential failure due to fluid pressure and thermal stress. We model the fluid
injection into a complex fracture network with a range of fracture orientations. The
initial setup is shown in Figure 4.12. The domain represents a fractured reservoir at
a depth of 5km. We used the fracture network generator FracSim3D (Xu and Dowd,
2010) to create the fracture network used in this study. It consists of a total of 310
large scale fractures within a damaged rock matrix. The borehole is located in the
middle of the domain with an open hole length of 50m (cf. 4.12).
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Figure 4.12: Numerical setup to evaluate the spatial and temporal evolution of potential
slip due to fluid pressure and thermal stress. A constant injection pressure
is applied to the borehole in the middle of the domain (blue). On the outer
boundaries a no-flow boundary condition is applied.
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All parameters except for the matrix and fracture permeabilities are identical to
the previous experiments (cf. Table 4.2). We apply a fracture permeability of
k¢ = 1071'm? with a matrix permeability of k,, = 10~ 8m?. The injection pressure
is constant at 31.1MPa. The minimum and maximum principal stresses are 113MPa
and 175MPa respectively. The in-situ pore pressure is assumed to be hydrostatic
at 50 MPa. We neglect the hydrostatic gradient within the reservoir due to the
relatively small vertical extent of the model. Stresses are oriented with 2° rotation
to the coordinate axis as shown in Figure 4.12. In this experiment we investigate
the results during a continuous injection of 30 days. The injection temperature is
variable with time and obtained as discussed previously. The initial temperature is
set to Tp = 200°C, and we include gravity effects.

An important addition to this experiment is a stepwise change in fracture per-
meability when a fracture segment reaches the failure condition (Miller and Nur,
2000). That is, when the failure condition is reached, then the permeability adopts
k¢, = x - k., where x is a multiplication factor. For the simulations presented here,
the enhancement factor x is set to 100. The geological basis for stepwise change in
permeability (Miller and Nur, 2000) rests with the strong aperture dependence of
permeability (e.g. Nemcok et al., 2002), where small changes in aperture result in
very large changes in permeability. The proposed model has been used to successfully
describe the distribution of the induced seismicity in the Basel EGS site, and for
modeling fluid-driven aftershock sequences (Miller et al., 2004; Miller, 2015).

Figure 4.13 shows the pressure distribution after 30 days of injection. Due to the
heterogeneity of the fracture network the pressure distribution is complex. As is also
visible in Figure 4.12, the fracture density on the left side of the injection well is
much higher than on the right side. This leads to more flow towards the left side of
the reservoir as clearly indicated by the pressure field. The pressure distribution is
dominated by the fracture network. After 30 days of injection, a pressure change of
at least 1MPa is measured in the whole domain. The maximum extent of the area
with at least 30 MPa is approximately 30m on the right side of the injection and
up to 75m on the left side of the well. A distinct anisotropy is visible between the
horizontal and vertical extents of the high pressure zone. Vertically the pressure
propagates slower compared to the horizontal direction and is caused by the main
direction of the fracture set.

Figure 4.14 shows the thermal stress caused by the fluid injection into the reservoir.
As predicted by the results of the previous experiments, the thermal stress alteration
is concentrated to a region close to the injection well. Thermal stress evolves around
the fractures intersecting the well as most of the fluid enters the reservoir here.
The color-scale in the figure starts at 0.65MPa with the darkest blue. Everything
below is neglected in the graphical representation and shown in the background
color. This low cutoff shows the extent of the thermal stress alterations in the
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Figure 4.13: Pressure distribution after 30 days of injection into the fracture network.
The heterogeneous fracture distribution influences the pressure field and
leads to preferential flow directions in the reservoir. Fracture permeability
kg = 107''m?2. Matrix permeability k,,, = 10~ ¥m?2.

domain. The propagation of thermal stress in the matrix is rather homogeneous and
mainly driven by heat diffusion. Additional thermal stress of 0.65MPa occurs in a
distance of 6 - 10m from the borehole. Close to the borehole thermal stress in the
matrix reaches up to 20MPa. The thermal stress in the fractures differs from the
thermal stress in the matrix. Maximal thermal stress perturbation is measured at
the fracture intersections at the borehole with up to 40MPa additional stress. Due to
the complex flow pattern, the thermal stress propagation in the fractures is equally
strong. Some fractures show stress perturbations up to 10m from the borehole while
for others alterations do not reach 5m into the reservoir. This shows that heat in
the fractures is transported also by advection. A distinctive separation of the heat
transfer mechanisms as previously performed for a single fracture is not possible
here due to the interplay of the various effects.

We further evaluate failure potential in the reservoir due to the fluid injection. Figure
4.15 shows the distribution of potentially slipping failure segments in the reservoir
at the end of the injection period. Each fracture segment is tested for potential
failure based on equation 4.5. If the failure criterion is met, a star is shown in the
figure to indicate potential slip on this segment. The color indicates the failure
mechanism. Symbols in red indicate potential shear failure solely due to the fluid
pressure. Blue symbols, on the other hand, signal failure due to the combined effects
of increased fluid pressure and thermal stress. Pressure induced shear failure (or
hydraulic failure) occurs mainly on the left side of the injection well and up to 65m
away from the well. Note that not all fractures are hydraulically stimulated as their
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Figure 4.14: Thermal stress after 30 days of injection into the fracture network. The thermal
stress is concentrated close to the injection well. Note that the absolute value
of the thermal stress is shown and all thermal stress here is tensional.
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orientation is not suitable for slip although the fluid pressure inside the fractures is
comparable (cf. Figure 4.13). Close to the well thermo-hydraulic failure is visible.
The extent corresponds to the size of the thermal-stress alteration zone. These
fractures are not aligned optimally for slip and thus do not show potential failure
with hydraulic stimulation alone. Once thermo-hydraulic stimulation is taken into
account, the reduction in effective normal stress on these fractures is high enough to
make them eligible for slip as indicated by the blue symbols in Figure 4.15.
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Figure 4.15: Potentially slipping fracture segments after 30 days of injection into the fracture
network. The two colors indicate the mechanism of failure. Red: Fracture
segments failing due to fluid pressure alone. Blue: Failure due to the combined
effects of fluid pressure and thermal stress.

The temporal evolution of the failure potential has been neglected so far. In Figure
4.16, we evaluate the simulated seismic events to gain more insight into the mecha-
nisms at play and their evolution. An event is counted if the corresponding fracture
segment is eligible for slip. In the present numerical model we assume that all
events are seismogenic. Due to the simplified failure model, the separation of seismic
and aseismic slip is not possible within the scope of this study. So-called H-events
indicate failure only due to fluid pressure. The TH-events are all events including
both hydraulic failure and thermo-hydraulic failure. Initially, during the first days of
injection both event curves are close to each other. Later in the injection cycle, the
difference between the curves grows larger, indicating the increased significance of
the thermo-hydraulic failure events. Throughout the 30 days of fluid injection the
difference between H and TH events is about 15%. With continued injection this

4.4 Results & Discussion
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difference is expected to increase as the fluid pressure propagation slows down the
higher the radial distance from the well and thermal-stress propagation continues.
Note that both curves share many of the sharp gradients and subsequent plateaus.
This indicates that hydraulic failure dominates the shape of the measured event
curves. Steep gradients indicate abrupt failure in many connected fracture segments
possibly leading to microseismicity. Overall, the microseismicity is likely to increase
due to combined thermo-hydraulic failure. However, large felt microseismic events
are not a necessary consequence as there are no sharp gradients in the difference
between the two curves (black dashed line in Figure 4.16) during the 30 days of
injection into the reservoir.
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Figure 4.16: Temporal evolution of the simulated seismic events during the injection period.
An event is counted if the corresponding fracture segment is eligible for slip.
The two colors indicate the mechanism of failure. Blue: Fracture segments
failing due to fluid pressure alone (H). Red: Failure due to the combined
effects of fluid pressure and thermal stress (TH).

This third numerical experiment shows that thermal stress can play and important
role in shear stimulation of a fractured reservoir close to the well. Figure 4.15
showed that two distinct stress domination regimes can be defined. In one region
only hydraulic failure is observed, while in the other region (more or less confined
close to the well) thermo-hydraulic failure occurs. We showed that these regions
act on different timescales. Fractures that are not optimally oriented for failure
and are not prone to slip early in the injection cycle might be triggered due to the
combined thermo-hydraulic stress changes later during the injection. This could
help to explain the sometimes non-intuitive temporal evolution of micro-seismicity
observed during fluid injection. We can compare our results to typical changes in
the static Coulomb stress transfer model that is widely used. Typical changes in
Coulomb stress during fluid injection are observed in the range of -2MPa to 1MPa

Chapter 4 On the role of thermal stresses during hydraulic stimulation of geothermal



(Schoenball et al., 2012; Catalli et al., 2013). In our experiments we showed that
thermally induced stress changes can easily exceed these changes in proximity to the
fractures and the injection point. This further emphasizes the importance of thermal
stress during reservoir stimulation.

4.5 Conclusion

We developed and implemented a fast and efficient methodology for investigating the
role of thermal stress in a geothermal reservoir. The numerical experiments presented
in this study give insight into the role of thermal stress during hydraulic stimulation
over short and long periods. We showed that thermal stresses can facilitate slip
on non-optimally oriented fractures and that thermal stress propagation is largely
influenced by the hydraulic properties of both fracture and matrix. We found that
thermal stress change is spatially more concentrated and generally propagates much
slower than fluid pressure. Nevertheless, thermal stress changes can exceed fluid
pressure especially close to the well.

Some of our simulations showed that the combination of pore-pressure and thermal
stress can exceed the minimum principal stress, which would thermally induce
tensile cracks. However, these tensile cracks are not self-propping, so hydraulic
pressurization would be needed to facilitate flow. This is not considered in our
current model, but could be introduced as shown e.g. in Ghassemi, (2012) Figure

6 using a damage methodology for the matrix blocks surrounding the fracture.

Including these effects would lead to an enhanced heat exchange between matrix
and fracture in addition to that discussed previously. We also identified two different
failure regimes that act on different timescales. The hydraulic failure regime acts on
the timescale of days to weeks whereas the thermo-hydraulic regimes acts on the
scale of weeks to years. Future studies should aim to determine whether this can be
observed in micro-seismic data from real-world fluid injection experiments.

Finally we showed that thermal stress changes can be significantly larger than the
injected fluid pressure as well as the slip-induced Coulomb stress change in some
situations. This is especially important in long-term injection scenarios where the
thermal stress changes become more significant with time and during the production
phase of high flow rate geothermal systems.

Although we assumed water as the working fluid, it would be interesting to observe
how the model behaves by implementing an equation of state for CO as the working
fluid. Since C'Os is typically at super-critical conditions in the reservoir, we would
expect similar hydraulic outcomes. However, specific heat capacity, density, and
viscosity of super-critical CO, differ significantly from those of water, which could
affect the spatial evolution and heat flow, consequently influencing thermal stress
propagation within the reservoir.

Our model using simplified mechanics provided important insight into the dominant
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thermo-elastic effects, and helped to identify some challenges and opportunities for
future studies. More advanced models currently under development will consider
both pre-existing fractures as in the present work, but also the generation of new
fractures in response to the evolving stress state from both thermo-and hydraulic
perturbations. Future models might also include fracture roughness and morphology,
and solving the full equilibrium equations to estimate aperture changes that influence
permeability. Finally, including a method to estimate magnitude from computed
slip (Heinze et al., 2015), not currently modeled, is essential for a mechanistic
assessment of seismic hazard associated with injection. Induced seismicity can not
be quantified in terms of magnitude as fracture slip in the fractures is not computed.
These are all areas that we are currently pursuing.

We conclude that thermal stress changes in the reservoir should be incorporated
in models that seek to fully understand the processes at play during fluid injection
(covering initial stimulation as well as the production phase) in fractured reservoirs

over long-periods.
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Fluid pressure triggered foreshock
sequence of the 2008 Mogul
earthquake sequence

Water its living strength first shows,
when obstacles its course oppose.

— Johann Wolfgang von Goethe

The contents of this section are currently in preparation for submission as: Gunnar
Jansen, Christine J. Ruhl and Stephen A. Miller, “Fluid pressure triggered foreshock
sequence of the 2008 Mogul earthquake sequence".

5.1 Introduction

Many shallow earthquakes were generated by the Mogul earthquake sequence that
began in late February 2008, 10 km west of Reno, Nevada, USA. Although the
earthquakes were relatively small, they were widely felt by the local population due
to their shallow occurrences. A temporary network of seismic stations was installed
directly above the sequence just prior to the first significant increase in activity (Ruhl
et al., 2016b). Over a two month period earthquake activity increased resulting in
a My 5.1 (My = 4.9) main shock on April 25, 2008. Thousands of well recorded
events present an excellent opportunity to investigate the role of fluid pressure
during the earthquake sequence. A previously suggested role of high-pressure fluid
(Ruhl et al., 2016b) in this sequence was left unquantified.

Prior to the mainshock and the succeeding aftershock sequence, seismicity presented
itself similarly to typical earthquake swarms. Thus, in the literature the Mogul
earthquake sequence is sometimes also referred to as Mogul swarm. Seismic swarms
are often attributed to fault creep, magmatic events and fluid flow (e.g. Hill, 1977;
Sibson, 1996; Lohman and McGuire, 2007; Shelly et al., 2013; Wei et al., 2015;
Heinze et al., 2017). The distinction of seismicity bursts as either foreshock sequences
or seismic swarms mainly relies on the occurrence of a significantly larger seismic
event at later stages of the sequence. Their connection however remains unclear. It
is possible that foreshocks and seismic swarms share the same underlying processes
that eventually trigger an unusually large event in the former case.

Since foreshocks are one of the few well-documented precursors to large earthquakes,
understanding their nature is very important. Therefore, in this paper we take the
opportunity to investigate the role of fluid pressure especially during the foreshock
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period of the sequence using a combination of analytical and numerical methods.
We use stress inversion to infer the local stress field and estimate the required fluid
overpressure to trigger the sequence. This allows us test the physical feasibility of
the proposed fluid pressure trigger. Numerical simulations are then used to develop
and evaluate a scenario for the spatio-temporal evolution of the Mogul earthquake
sequence. The results provide strong evidence that at least the foreshock sequence
of the Mogul earthquake sequence is fluid-driven.

This paper is structured as follows. In the remainder of the introduction we present
the current state of research for the Mogul earthquake sequence its tectonic setting,
regional hydrothermal activity and the data used in this study. The following section
is concerned with the determination of the local stress field and excess fluid pressure.
Based on this we develop a numerical model for the foreshock period of the Mogul
swarm and presents its results. We conclude the paper by a discussion of the findings
and a conclusive statement.

5.1.1 The Mogul Earthquake sequence

Beginning in late February 2008, many shallow earthquakes (< 6 km depth) were
generated by an earthquake sequence west of Reno, NV, USA. Many of the earth-
quakes were felt in the residential Mogul and Somersett neighborhoods which lead
to significant public concern. Locatable seismicity occurred on 21-22 February 2008
and was preceded by around 30 micro-earthquakes that were detected in January
and early February 2008. The nearby Nevada Seismological Laboratory (NSL) at
the University of Nevada, Reno, installed a temporary, telemetered instrument ar-
ray by 3 March 2008, several days before the first significant increase in activity
(Ruhl et al., 2016b). Over the next two months distinct bursts in seismicity grew
in spatial extent and seismic intensity culminating in the My, = 4.9 main shock
on 26 April 2008 06:40 (UTC). Seismicity rates following the main shock decayed
similarly to typical aftershock sequences, following the modified Omori’s law (Ruhl
et al., 2016b; Utsu, 1961). Ruhl et al., (2016b) estimate the Gutenberg-Richter
magnitude-frequency b-value of the Mogul sequence at 0.94. This is similar to typical
main schock - aftershock earthquake sequences. The Mogul earthquake sequence
is also referred to as Mogul swarm (e.g. Ruhl et al., 2016b; Bell et al., 2012).
Earthquakes swarms linked to magmatic or volcanic intrusions often show b-values
much greater than 1 (e.g. Farrell et al., 2009; Jakobsdéttir et al., 2008). However,
close to 1 b-values were recognized in e.g. the Voigtland swarms that are assumed
to be fluid driven by the degassing of COy (Heinze et al., 2017; Hainzl, 2004).
Lower b-values (0.8-1) have been found in seismic swarms hosted in extensional
environments (Ibs-von Seht et al., 2008; Ruhl et al., 2010). Previous studies on the
Mogul sequence show consistently that the main shock was caused by right-lateral
slip on a concealed, steeply dipping, northwest-striking fault (cf. Figures 5.1 and
5.2) that was not previously identified by published geological mapping (Anderson
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et al., 2009; Bell et al., 2012). Figure 5.1 further shows the focal mechanisms of
the ten largest events of the sequence. Three of these events occurred during the
foreshock period showing predominantly strike-slip. The largest six events of the
aftershock sequence include strike-slip as well as normal faulting. The measured
line of sight (LOS) deformation was +3 cm from April to August 2008 using InSAR
data which suggests that the earthquake sequence was generated by 25-75 cm of
right-lateral displacement on a fault with ~3 km rupture length and a rupture depth
of ~2 km (Bell et al., 2012). Bell et al., (2012) further show that the total seismic
moment modeled using InSAR is approximately twice the cumulative moment of the
main shock and all My, > 3.0 events. This suggests significant aseismic slip, which
is found to be primarily post-seismic (Bell et al., 2012). However, limitations in data
collection (e.g. InSAR satellite image coverage) may mask the presence of slow slip
in the days prior to the main shock (Ruhl et al., 2016b). Ruhl et al., (2016b) perform
statistical clustering to quantitatively isolate spatio-temporal clusters which they
interpret to be fluid driven based on observations of event migration, fault-fracture
mesh geometry and fault-valve behavior. Fault-Valve behavior is suggested based
on the observed upward migration of clusters after the largest foreshock cluster,
indicating a rupture into a suprahydrostatic fluid reservoir at very shallow depths
(Ruhl et al., 2016b). The fault-fracture mesh is revealed as a network of en eche-
lon strike-slip faults, extending from ~2.5 km depth to 4 km depth, activated by
clustered and background earthquakes (Ruhl et al., 2016b). Seismicity is found to
spread at velocities near 30m/d or a diffusivity of 0.25 m?/s consistent with pore
pressure changes related to fluid flow (Ruhl et al., 2016b). Recently, Ruhl et al.,
(2017) investigated the variation of stress drop during the earthquake sequence. The
observed variability can best be explained by a difference in rheology along the fault
plane (Ruhl et al., 2017). They also found increasing stress drop with distance from
the first relocated events for the foreshock period, which is interpreted to be a result
from pore pressure diffusion with patterns very similar to fluid-driven seismicity in
geothermal fields (e.g. Kwiatek et al., 2014; Goertz-Allmann et al., 2011).

5.1.2 Tectonic Setting

The Mogul earthquake sequence occurred within the transtensional Walker Lane (cf.
Figure 5.2), a broad zone (~ 100km width and ~ 700km length) of predominantly
northwest-striking right-lateral strike slip and normal faulting (Stewart, 1988). The
Walker Lane parallels the San Andreas fault system and accommodates northwest
translation of the Sierra Nevada (GPS models suggest 7 - 10mm/yr (Hammond and
Thatcher, 2007)) as well as 20 - 25% of relative plate motion between the Pacific and
North American plates (Surpless, 2008). Regardless of the measured strain, there is
little geological evidence for continuous northwest-striking right-lateral strike slip
faulting in the Reno-Carson City-Lake Tahoe area (cf. Figure 5.2) (Surpless, 2008;
Wesnousky et al., 2012). The area is dominated by large westward titled en echelon
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Figure 5.1: Map of the relocated seismicity in the Mogul earthquake sequence west of Reno,
NV sized by magnitude. Events are colored by their occurrence with respect to
the Main shock (yellow star). Events that occured during the foreshock period
are denoted by red circles while events of the aftershock sequence are shown in
blue. Additionally, the focal mechanism solution of the ten largest events of the
sequence are shown. The coloring follows the aforementioned convention.

normal-fault-bounded range blocks (Surpless, 2008; Wesnousky et al., 2012; Ruhl
et al., 2016b). Abundant regional seismicity occurs often in the transition zones
between major normal faults at seismogenic depths between 5 and 17 km (Ichinose
et al., 1998; Ruhl et al., 2016a). A long history of moderate earthquakes, where
stronger events were preceded by energy foreshock periods, were suggested from
historical accounts in the Reno area (dePolo et al., 1997).

Directly above the Mogul sequence area, discontinuous surface faults are cutting
Tertiary sediments, volcanic units and older granites at a variety of orientations
(Bell and Garside, 1987; Ruhl et al., 2016b). In addition, local quaternary faults
are mapped at various orientations which suggests a long history of overprinting
and deformation in a highly fractured shallow subsurface (Bell and Garside, 1987;
Cashman et al., 2012).

5.1.3 Hydrothermal activity

In addition to a highly fractured shallow subsurface, the presence of fluids is evident
by the occurrence of hot springs. Multiple hot springs are located in proximity to the
Mogul sequence area with the Lawton hot springs being just at the southern end of
the observed seismicity. Other geothermal areas within a 20km radius from Mogul
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Figure 5.2: Regional overview of the Reno area on a color-coded elevation map. The Mogul
earthquake sequence (grey circles) occurred west of Reno on a concealed strike-
slip fault between the Peavine mountain and the Carson range. The studied
cross-section A-B is shown in yellow. Quaternary faults of the region are shown
in red. The three main geothermal fields of the region are shown. Natural hot
springs are denoted by blue symbols and geothermal power-plants as yellow
triangles. The inset shows the tectonic setting of the region within the Walker
lane at the border between California (CA) and Nevada (NV).

are the Moana and Steamboat hot springs (cf. Figure 5.2).

Lawton hot springs flows with a surface temperature of 45 - 50°C that originates
from fractured granite with an estimated minimum reservoir temperature of 117°C
(Stearns et al., 1937; Scheibach, 1975). Outflow at the spring is estimated at
1000L/min according to Waring and Blankenship, (1965). As the spring is located
approximately 10m away from the Truckee river along a north-south trending fault,
a considerate amount of mixing is expected (Scheibach, 1975).

The Moana geothermal area, southwest of Reno, supports the largest low to mod-
erate direct heat usage development in Neveda. Over an approximately 3km? area
more than 250 wells ranging from 3m to 3000m with temperatures ranging from 40°
C to 100° C have been drilled since the early 1900s (Flynn and Enterprises, 2001).
However, the Moana hot springs have not flowed at the surface since at least 1979
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(Garside and Hess, 1994). The Moana geothermal area is structurally-controlled by
at least two near-vertical faults, striking northwest and north-northeast respectively
(Flynn and Enterprises, 2001). The reservoir constitutes of Tertiary sediments and
hydrothermally altered andesite (Flynn and Ghusn Jr, 1983).

The Steamboat geothermal area is Nevada’s best known and most intensively studied
geothermal area with a history going back to the 1860s (Garside and Schilling,
1979). The local geology has been described in detail in White, (1964), Thomp-
son and White, (1964), and Bonham and Bell, (1993). The basement consists of
fractured granodiorite overlain by faulted andesite and other volcanic and sedi-
mentary rocks. There are at least three prominent fault systems, trending north-
south, northeast-southwest and northwest-southeast. Geothermal production for
the Steamboat power-plants is primarily from the fractured granodiorite along the
northeast-southwest trending fault system (Skalbeck et al., 2002). Production test-
ing at the Steamboat power plant indicates that flow of thermal water is fracture
controlled (Skalbeck et al., 2002). The springs exhibit temperatures close to boil-
ing and exploration wells have reported temperatures as high as 187°C (Garside
and Schilling, 1979). A reservoir temperature of 230°C is estimated from geother-
mometers (Nehring, 1980). There is evidence for a magmatic source of heat for
the Steamboat geothermal system, yet disagreement about the conceptual model
exists (Arehart et al., 2003; Skalbeck et al., 2002). Recharge has been identified to
be mainly precipitation in the Carson range at a mean elevation of 2100m based
on stable isotope analysis (Nehring, 1980). However, a small portion of magmatic
water (~ 5%) has been suggested to explain the observed discharge in COo, Li, B
and heavy metals (White, 1968; Nehring, 1980).

In addition to the geothermal areas mentioned here, at least 7 other areas of hy-
drothermal occurrences are present in Washoe County alone (Garside and Schilling,
1979). The region reveals numerous fracture-driven geothermal areas that originate
mainly from highly fractured basement rocks. The presence of natural geothermal
fluids also at supra-hydrostatic conditions, evident by the occurrence of flowing hot
springs, is one of the driving motivations to investigate the role of fluid pressure in
the 2008 Mogul earthquake sequence.

5.1.4 Conceptual model

The presence of fractures and excess fluids in the subsurface motivates the investiga-
tion of the role of fluids in the earthquake sequence. These aspects have also been
recognized by previous studies (e.g. Ruhl et al., 2016b; Ruhl et al., 2017). However,
no study on whether it is physically possible to trigger the earthquake sequence
by fluids in this setting and the prevailing tectonic conditions exists. Therefore, in
this paper we take to opportunity to investigate the role of fluid pressure especially
during the foreshock period of the sequence. We seek to provide insight using a
combination of analytical and numerical methods. The first objective is whether
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fluid pressure triggering is physically possible in the local tectonic setting. To this
end, we use stress inversion to infer the local stress field and estimate the required
fluid overpressure to trigger the sequence. This will allow us to test the physical
feasibility of the proposed fluid pressure trigger.

Numerical simulations are used to evaluate a scenario for the spatio-temporal evo-
lution of the Mogul earthquake sequence based on the conceptual model for this
study (Figure 5.3). The model is similar to the conceptual model for the Steamboat
Hills geothermal system that lies 15-20km to the south. We consider a system where
meteoric water from the Carson range and Peavine mountains is able to deeply infil-
trate the subsurface through steep fractures. Possibly, additional fluids might result
from a magmatic source at depth. Deep magmatic injection events were recently
inferred just west of the Mogul area beneath Lake Tahoe and the Sierra valley (Smith
et al., 2004; Smith et al., 2016). In contrast to the Steamboat hills we suggest that
these fluids are initially trapped within a confined reservoir at supra-hydrostatic
conditions. Within numerical simulations we then evaluate the evolution of fluid
pressure and fluid-driven seismicity if the seal is broken and fluids are migrating
towards the surface through pre-existing faults and fractures.

SSW NNE
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Peavine mountains
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Figure 5.3: Conceptual model for fluid-driven seismicity in the 2008 Mogul earhquake
sequence. The conceptual model is similar to the Steamboat Hills (e.g. White,
1968; Skalbeck et al., 2002).
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5.1.5 Data

We use the data set originally presented in Ruhl et al., (2016b) with a total of
7752 relocated events comprising 1082 well-constrained focal mechanism solutions
events. Absolute earthquake relocation, double-difference relocation with cross
correlation and determination of the focal mechanism as well as a clustering analysis
were performed by Ruhl et al., (2016b). Here we use the data resulting from
event relocation and the focal mechanisms. Absolute earthquake relocation in this
dataset was performed using HYPOINVERSE (Klein, 1978). Due to the high-density
monitoring network, uncertainties in absolute vertical and horizontal location are
less than 1.2 and 2.0km, respectively. Relative relocation uncertainties, defining the
accuracy of observed structures in the seismicity, are ~1 order of magnitude less
than absolute uncertainties (~ 100m).

Stress inversion analysis requires knowledge of the focal mechanisms. The double-
couple earthquake focal mechanism were computed from the full catalog of relocated
events from P wave polarities using the USGS program HASH (Hardebeck and
Shearer, 2002). The available 1082 events show fault-plane uncertainties < 35°,
include events with M = 0 — 4.14 and are located between 0.7 and 6.1km depth
(Ruhl et al., 2016b). The large data set additionally allows us to classify the focal
mechanisms in detail according to the criteria set forth by Johnston et al., (1994)
using FMC (Alvarez—Gémez, 2014).

5.2 Analytical analysis: Determining the local
stress field and excess fluid pressure

We determine the local stress field orientation by stress inversion of 1082 well-
constrained focal mechanism solutions using MSATSI (Martinez-Garzon et al., 2014).
Although earthquake focal mechanism parameters (i.e. strike, dip, rake) often have
fairly large uncertainties, a large enough data set (>30 mechanisms) can provide an
accurate stress tensor orientation (Hardebeck and Michael, 2006). The estimation
of stress-field orientation is a nonlinear inverse problem that is often solved in a
linearized least-squares inversion scheme (Martinez-Garzon et al., 2014; Hardebeck
and Michael, 2006; Michael, 1984). The inversion method used in MSATSI is based
on one of the standard methods for determining a single stress tensor that best
fits a set of focal mechanisms. The implemented method in MSATSI minimizes the
differences between the slip vector and the resolved shear stress vector on each fault
plane (Martinez-Garzon et al., 2014; Michael, 1984). The use of focal mechanisms
to determine the stress field orientation assumes a uniform stress field and that
traction on the fault plane is parallel to the slip direction (Wallace, 1951; Bott, 1959;

Michael, 1987). The inversion provides the orientations of the three principal stress

(01—02)

axes and the relative stress magnitude R = (o1=0)"
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Stress inversion yields the orientation of the principal stresses: The maximum
and minimum principal stresses are trending north (0°) and east (90°) on nearly
horizontal planes, respectively. The intermediate principal stress o5 is trending NW
on a 83°-dipping sub-vertical plane (cf. Figure 5.4a). The optimal R-value from the
inversion is 0.22, indicating similar magnitudes for vertical and maximum principal
stress (cf. Figure 5.4b). The orientations of the local stress field are consistent with
the regional stress field determined in previous studies (Ruhl et al., 2016a).

From the distribution of focal mechanisms, we have determined the regional stress
field to be primarily characterized by strike-slip (Sgmaz > Sv > Shmin). FoOr
simplicity, we assume a uniform stress field with S, = o9 = pgz (vertical) where
p is the crustal density (2600 %), g is acceleration of gravity, and z is depth. We
constrain the horizontal principal stress magnitudes assuming that the ratio of shear
to normal stress on pre-existing faults does not exceed the frictional strength of the
faults (Jaeger et al., 2009):

NPE_ (1422 4] (5.1)
03 — Pf
Using reasonable values for p of 0.6 < pu < 1.0 (Byerlee, 1978), upper and lower
bounds on the horizontal stresses may be placed. Note that we constrain Sp;,;, by
replacing o in equation 5.1 with an expression solely depending on o3 and o5 and
R. We assume ;. = 0.6 and a to some degree overpressured subsurface (~ 15%)
as indicated by the occurrence of multiple hot springs. This suggests a minimum
principal stress magnitude Sy, = 03 = 0.65-5,. Note that the approach to estimate
the minimum principal stress taken here differs from related works. Terakawa et al.,
(2010) assume that an optimally oriented fault is eligible for slip under hydrostatic
fluid pressure. Here we argue that this does not apply to the Mogul sequence as
elevated fluid pressure levels in the region are evident (hot springs) and can be
sustained in the subsurface without continuous fault slip.

The focal mechanisms of the Mogul earthquake sequence show coexistence of
strike-slip and normal faulting events (cf. Figure 5.6). This implies that o; and o9
interchange in the region. Based on the relative stress ratio R estimated from stress
inversion, the difference between intermediate and maximum principal stress is
estimated to be small. From this, the maximum principal stress o can be constrained
using the relative stress ratio R at oy = 1.1 - S,,.

We estimate the excess fluid pressure necessary to trigger seismic events from

Amonton’s law of purely frictional fault reactivation:
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where 7 is the shear stress, o, is the normal stress, p; is the fluid pressure, and p
the friction coefficient taken as 0.6 (Byerlee, 1978).

We use the orientation of the local stress field calculated by stress inversion and the
corresponding estimated principal stress magnitudes to determine the shear and
normal stresses acting on any plane through Cauchy’s relation. The excess fluid
pressure required to induce failure is obtained by re-arranging equation 5.2. The
lower and upper physical limits of the calculated fluid pressure are given by the
hydrostatic and lithostatic pressures (cf. Figure 5.7). We attribute the observation
of fault planes at varying orientations (determined from focal mechanisms) within
the prevailing stress field to variations of fluid pressure within the causative fault
(Terakawa et al., 2010). This concept is illustrated by a 3-D Mohr diagram (Figure
5.5). The Mohr diagram shows the normal and shear stress acting on any fault
plane within a uniform stress field. Any fault plane orientation exhibits unique levels
of shear and normal stress and is represented by a unique point within the Mohr
diagram. Seismic slip occurs when shear stress reaches the fault strength, so that
the necessary excess fluid pressure to induce slip for any point is represented by the
horizontal distance of this point to the failure condition line.

5.2.1 Results

The fluid pressures calculated by equation 5.2 show that the majority of foreshock
events occurred at significantly elevated fluid pressure levels (Figure 5.5). While
most of the events show p; < o3, consistent with our hypothesis, some events
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Figure 5.4: Results of the stress inversion of 1082 focal mechanism of the Mogul sequence.
a) The orientation of the local stress field is defined with high confidence.
Maximum and minimum principal stresses are trending north (0°) and east
(90°) on nearly horizontal planes, respectively. The intermediate principal stress
o9 is trending NW on a 83°-dipping sub-vertical plane. b) Distribution of the
inverted R-value. The best-fit solution yields R=0.22.
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Figure 5.5: Mohr diagram for the critical fluid pressure analysis in the strike-slip regime.

The principal stresses are shown in fractions of the vertical stress. Lines show
fault strength for hydrostatic, moderate overpressure, high overpressure and
lithostatic fluid pressure, respectively.

indicate fluid pressure values above the hydro-fracture condition.

The required fluid pressure to facilitate slip on optimally oriented faults is nearly
constant with depth (Figure 5.7), suggesting a relatively homogeneous overpressure
distribution. Nevertheless we observe a wide range of required fluid pressures from
close to hydrostatic up to pressures nearly as large as the vertical stress. Notably, the
number of events with p; > o3 increases with depth, exhibiting a maximum around
4km depth. Figure 5.7 also shows the slip tendency as ratio of shear to effective
normal stress normalized by the friction coefficient and assuming hydrostatic fluid
pressure. We observe that events within the physical limits of fluid overpressure
exhibit the highest undisturbed slip tendency, while events with fluid pressures
pr > o3 should have been stable under the prevailing stress conditions. Noting
the position of such hydro-fracturing events within the Mohr diagram (Figure 5.5),
indicates slip on very far from optimally oriented fault planes.

Figure 5.6 shows the distribution of focal mechanism types classified according to
the criteria set forth by Johnston et al., (1994) on a ternary diagram. Further we
distinguish between events with py < o3 from others by color. We observe that ~ 80
percent of the strike-slip dominated events are events that show ps < 3. Even more
striking, 70 — 90 percent of the events where a normal faulting focal mechanism was
detected show py > o3 (cf. Figure 5.6 and Table 5.1). This discrepancy suggests the
presence of other, masked trigger mechanisms for these events.

The analytical analysis strengthens the hypothesis for a fluid pressure triggered
earthquake sequence. Overall, about 70% of all observed foreshocks present re-
quired overpressures that are physically possible. The required overpressure varies
greatly between close to hydrostatic levels up to the vertical stress. We observe that
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the majority of events that are likely to be fluid pressure triggered are strike-slip
dominated. On the other hand, improbable events are predominantly linked to
normal faulting mechanisms.

Table 5.1: Foreshock events classified according to the criteria set forth by Johnston et al.,
(1994) and further separated into physically possible and impossible events due
to their estimated required triggering fluid pressure.

Detected events | ps < o3 (physical) | py > o3 (impossible)
all foreshocks 328 67.9% 32.0%
strike-slip 98 83.7% 16.3%
strike-slip-normal | 91 81.3% 18.7%
strike-slip-reverse | 52 80.8% 19.2%
normal 42 11.9% 88.1%
normal-strike-slip | 33 27.3% 72.7%
reverse 3 66.7% 33.3%
reverse-strike-slip | 9 100% 0%
Strike-slip
90 4 Mw
(o]
Pr <03
o P =03
10 S5
Normal ° | Reverse
2 % 40 50 60 70
T axis plunge

Figure 5.6: Ternary diagram of focal mechanisms during the foreshock period. Foreshocks
are further separated into physically possible and impossible events due to their
estimated required triggering fluid pressure. Events are classified according
to the criteria set forth by Johnston et al., (1994). The ternary diagram was
generated with FMC (Alvarez-Gémez, 2014).
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5.3 Numerical simulation: A model for fluid
pressure triggering

We use numerical simulations to evaluate whether the spatio-temporal evolution
of the Mogul earthquake sequence can be reproduced based on our conceptual
model of a deep supra-hydrostatic fluid source. We numerically model the foreshock
sequence by solving a nonlinear diffusion equation in a highly fractured porous
medium and evaluate fault slip based on fracture stability analysis. We use an
embedded discrete fracture model (EDFM) following the phenomenology described
in other studies (Hajibeygi et al., 2011; Karvounis, 2013) to determine the evolution
the fluid flow evolution in the fractured subsurface. The conceptual idea of the
EDFM is the distinct separation of the fractured subsurface into a fracture and a
matrix domain. We introduce a transfer function to account for coupling effects
between the two domains, so the fracture and matrix domains are computationally
independent except for the transfer function.

The flow in the naturally fractured subsurface is often described by the equations for
slightly compressible single-phase flow. From mass balance, assuming single-phase
fluid flow, the pressure equation is,

0 k
6B+ 50 5 = V- | L(Tp = py0)| +Q 53
Where ¢ [-] is the porosity, p [%] is the fluid density and p [Pa] is the fluid pressure.
The compressibilities 3 [Pa~!] are denoted with the subscripts f for fluid and r for
rock, respectively. Moreover, k [m?] is the permeability and p [%] the fluid viscosity.
From the fluid pressure p, the fluid velocity is calculated using Darcy’s law, i.e.

k
v=—-Vp (5.4
1

The total mass balance equation derived above is separated into for the matrix and

the fracture domains, i.e.

op™ E™
oy + ) T =V [ )| £ @ 69

and
kS

op’
of (B; +B,) - =V - [Mprf —pr9)| W+ Q (5.6)

where U/ and U/™ are the flux transfer functions between the damaged matrix
and the fractures. Superscripts m and f denote matrix and fracture quantities
respectively.
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We apply a transfer function governing the mass exchange between the two domains

since flow in the damaged matrix is treated separately from flow in the fractures.

The transfer function is treated as a source/sink term in the pressure equation
for damaged matrix and fracture, respectively, similar to classical well models
(Peaceman, 1978). As the methodology and its implementation is described in detail
elsewhere (e.g. Jansen and Miller, 2017) further details are omitted at this point.

A simplified analytical approach to fracture slip enables us to estimate fracture
stability based on slip tendency analysis. Following Amonton’s law for purely
frictional fault reactivation in equation 5.2, slip tendency is the ratio of shear stress
to effective normal stress on a surface (Morris et al., 1996). Fracture failure or slip
is likely to occur if the shear stress to effective normal stress ratio equals or exceeds
the frictional sliding resistance ;.. We define the stability of a fracture as follows

T < stable
Ts — (Un—Pf) K ( ) (5.7)
T >pu (unstable)

(on=py)
Reactivated fractures generally show an increase in aperture. Due to a strong
aperture dependence of permeability (e.g. Nemcok et al., 2002), where small changes
in aperture result in very large changes in permeability, it can be assumed that
unstable (or sliding) fractures undergo a stepwise change in fracture permeability
(Miller and Nur, 2000). Here we adopt the most simple model

kS if Ty <
Bl — { ' a (5.8)

’Y'k:f lfTsZ:u

where 7 is an permeability enhancement factor. This model successfully described
the distribution of the induced seismicity in the Basel EGS site, and fluid-driven
aftershock sequences (Miller, 2015; Miller et al., 2004). Quantification of the
modeled seismicity in terms of magnitude is not possible within this approach
because slip on the fault is currently not explicitly resolved.

5.3.1 Initial conditions

We numerically model the foreshock sequence by solving the nonlinear diffusion
equation as presented in the previous section. We use the dataset originally presented
in Ruhl et al., (2016b) to compare our numerical results with the data. The initial
conditions are determined as a qualitative best fit from a series of more than 800
simulations.

The numerical analysis is simplified by considering the two-dimensional profile A-B
shown in Figure 5.8 (cf. Figure 5.2). All foreshock events within 2km to each side
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(1372 of 1409 relocated foreshock events) of the profile are projected onto the
two-dimensional domain for comparison with model results (cf. Figures 5.2 and
5.8). The two-dimensional model domain covers an area of 8km x 8km. The profile
was chosen so that 73% (5630 of 7752 relocated events) including the main shock
are included in the comparison.

Although the occurrence of thermal springs suggests slightly elevated fluid pressures,
the domain is assumed to rest at hydrostatic fluid pressure in the initial conditions.
We use this approximation due to a lack of detailed information on the in-situ fluid
pressure distribution. The source region below the modeling domain is initialized at
52% of lithostatic (130% of hydrostatic). The depth dependence of the hydrostatic
pressure limits the theoretically observable overpressure to 40% at 6km and 60% at
4km depth. These bounds are in agreement with the previously estimated required
excess fluid pressures in section 5.2.

Flow initiates when the over-pressured fluid from below enters the numerical domain
in a zone approximately 2km in width in the beginning of the simulation. Faults
and fractures are modeled as 1m wide damaged shear zones within the domain
(Figure 5.8). Orientations (e.g. strike and dip) follow a distribution determined
from the observed focal mechanisms (assuming the correct mechanism was chosen
in the data). Fault locations are chosen consistent with the assumed fault structure.
Following Faulkner et al., (2011), damage zone thickness is linked to the amount
of deformation. As the Mogul fault structure was not previously identified and
no surface rupture occurred, we infer deformation mainly in the deeper parts of
the faults. Consequently, we decrease shear zone thickness above 3km depth. We
estimate the damage zone permeability to be &/ = 1.99 - 10~'m? using the Cubic
law (e.g. Witherspoon et al., 1980) assuming highly fractured damage zones and
fracture aperture estimates from laboratory experiments (Kulatilake et al., 2008). We
adopt the model of Ingebritsen and Manning, (1999) to estimate matrix permeability
where permeability is a function of depth.

As introduced in the previous section, we assume that sliding fractures undergo a
stepwise change in fracture permeability. We have chosen v = 100, that is a 100-fold
increase in permeability consistent with observations from fluid injection sites (Evans
et al., 2005; Miller, 2015).
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Figure 5.8: Vertical cross section of A-B (cf. Figure 5.2) with the hypocenters of all foreshock
events for the 2008 sequence, sized by magnitude. In the background, the faults
and fractures modeled as 1m wide damaged shear zones for the numerical

model are shown in light gray.

Table 5.2: Properties used in the foreshock simulation.
Superscripts: f - fracture, m - matrix; Subscripts: f - fluid, r - rock.

Matrix permeability

Mean fracture permeability
Permeability enhancement
Porosity

Density

Fluid viscosity
Compressibility

Emo— 10—14—3.2~10g10(z) m2
kf =1.99-10"10m2

v = 100

¢ =0.1

ps = 1000 24

pr = 2600 2%
pr=0.001Pa-s
Br=5-10"10 pgt
Br=1-10"10 P!
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5.3.2 Results

Figure 5.9 shows the results of the subjectively chosen best fit simulation. The
evolution of the propagating fluid pressure field is superposed with the modeled
seismic events and the data hypocentres of the foreshocks. The results are shown for
four respective points in time after the first modeled seismicity occurs.

Prior to any seismic events, our simulation shows a rapid propagation of fluid pres-
sure into the model domain along the shear zones. Pressure propagation into the
surrounding matrix is much less pronounced and more diffuse. Diffusion into the
matrix is enhanced with decreasing depth due to the decrease in o,, and consequent
increase in permeability. The invading fluid pressure front extends to a depth of
approximately 1km below the surface with an average width of 2km.

The evolution of the excess fluid pressure in the system presents a significant correla-
tion with the observed seismicity in space and through time. The high-pressure fluid
front triggers the first events at a depth of around 3km, similar to the observed data,
at approximately 10MPa excess pore pressure (Figure 5.9a). Continuous recharge
from depth allows the fluid pressure front to propagate upward, triggering further
events (Figure 5.9b). A very shallow cluster of seismic events occurred approximately
16 days from the beginning of the sequence, which is not captured by our simulation.
We observe a clustering of modeled seismicity at 2-4 km depth. This coincides well
with a similar clustering in the data. Additionally, modeled seismicity also begins to
significantly migrate down- and outwards (cf. Figure 5.9b & ¢). With progressing
fluid inflow and increased permeability in failing fault segments, seismicity spreads
throughout the domain in a diffusive pattern until the main shock. (Figure 5.9d).
The fluid pressure within the main fault zone continually increases throughout the
sequence. Most of the modeled seismicity falls into regions with fluid pressure levels
between 10-15 MPa over hydrostatic conditions. In the lower parts of the domain, we
observe fluid overpressures >20MPa but only little modeled or measured seismicity.
On the right hand side of the main fault zone, a branch where fluid pressure has
propagated further into the domain than elsewhere is clearly visible (Figure 5.9d).
In general, we find that most of the measured seismicity lies within regions where
our simulation shows overpressures of at least 1-5MPa. However, overpressures in
that order don’t trigger seismicity within our simulation. Finally, some measured
seismicity occurs in regions where the simulation does not show any change in fluid
pressure during the sequence (e.g. upper right parts of the domain).

In order to compare the spatial extent and temporal evolution of modeled seismic
events and foreshock data we determine a confidence ellipse. It is calculated so that
it encloses 95% of the foreshocks at a given point in time. The resulting ellipse is
also shown in Figure 5.9. In the first snapshot (Figure 5.9a) all modeled events
are located well within the confidence ellipse. However, due to a relatively remote
foreshock (~6km depth) the confidence ellipse is rather large. The shallow cluster
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Figure 5.9: Evolution of the seismicity, modeled excess fluid pressure, and modeled events
during the foreshock sequence of the 2008 Mogul sequence. All hypocenters of
fore-shocks within 2km of each side of the cross-section A-B are shown (black
squares) for different times. The dashed ellipse is the 95% confidence best fit
approximation surrounding the hypocenters. Red stars indicate modeled slip
events. The tiles show the evolution for (a) 5 days, (b) 20 days and (c) 40 days
after the first locatable seismicity and (d) ~63 days, immediately before the
main shock on April 25, 2008.
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of seismic events in Figure 5.9 distorts the ellipse so that some modeled events are
located on the outside. In Figure 5.9c& d most of the modeled seismicity lies within
the best-fit ellipse calculated based on the data. Overall, we find good agreement
between data and simulation results, especially for later stages of the foreshock
sequence (Figure 5.9c& d).

Figure 5.10 shows the migration of foreshock events with time. Migration is mea-
sured by the signed radial distance of foreshocks with respect to the first event.
The corresponding sign is computed based on the event’s depth with respect to the
first event. The observed seismicity and modeled fault-slip events migrate roughly
on the same parabolic distance envelope that corresponds to linear fluid pressure
diffusion from a point source. Yet different diffusivities seem necessary to describe
the upward and downward migrations respectively. In both simulation and data we
observe more downwards migration than in the opposite direction. Additionally, de-
viations from linear behavior are visible through seismicity bursts in both foreshock
data and simulation. Between 25 and 40 days from the beginning of the sequence,
many spatially and temporally clustered foreshocks were observed in the data. This
variability in earthquake location and seismicity rate is reasonably well captured by
the numerical simulation. Towards later stages of the foreshock sequence, larger
deviations between the model and simulations appear. While the modeled seismicity
rate remains rather constant and shows mainly homogeneous migration in the days
prior to the mainshock, the data shows significant seismic bursts as well as rapid
downwards migration. Nevertheless, for the largest part of the foreshock sequence
(up to ~50 days) we see good agreement between simulation and the foreshock
data.

The numerical analysis further strengthens the hypothesis for a fluid pressure trig-
gered earthquake sequence. Overall, both Figures 5.9 and 5.10 show that the
simulation is reproducing the spatio-temporal behavior of the observed seismic-
ity. Nevertheless, not all observed seismicity can be reproduced by the numerical
simulation. Especially foreshocks at larger distances to the main fault zone and
some distinct bursts of seismicity at high migration rates in the days preceeding the
mainshock are not captured in the simulation.

5.4 Discussion

The 2008 Mogul foreshock sequence presents a complex spatial and temporal evolu-
tion. This is certainly true for numerous sequences, however accurate and extensive
datasets are rare. A high-density coverage of seismic stations provided a large dataset
of accurately relocated events and focal mechanism solutions. We have performed
analytical and numerical simulations based on this dataset in order to provide insight
into the sequence.

The analytical analysis shows that the local stress conditions are generally in favor of
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Figure 5.10: Seismicity migration during the foreshock period. Distances are measured
radially from the first event for the sequence events (black circles) and the
results of the simulation (red stars). Distances are located in the upper/lower
half of the domain relative to their vertical occurrence. Lines represent event
migration curves following the linear diffusion model (Shapiro et al., 1997)
for diffusion rates of 0.05m?/s (point-dashed), 0.1m? /s (solid) and 0.25m?/s
(dashed), respectively. On the far right side the mainshock-cluster is visible.

a fluid-pressure trigger. We show that the majority of events that are likely to be fluid
pressure triggered are strike-slip dominated. Improbable events are predominantly
linked to normal faulting mechanisms. The simultaneous occurrence of physically
possible and improbable seismic events indicates a combination of fluid-pressure
triggering and kinematic processes. Alternatively, a shift in the local stress regime
from strike-slip to normal faulting could permit slip on these otherwise unlikely fault
planes. However, we believe that kinematic processes on the regional scale (e.g. pull
aparts in en echelon strike-slip segments) were more likely to have triggered these
events. Although significant amounts of seismicity were observed on non-critically
stressed fault planes, we find strong evidence suggesting the fluid pressure trigger-
ing of the foreshock sequence. The occurrence of Lawton hot springs within the
area of the earthquake sequence indicates a permeable and likely highly fractured
sub-surface and ubiquitous fluids.

Our numerical model is based on the conceptual model of Ruhl et al., (2016b) and
follows the general idea of Sibson, (1996), where fault-fracture meshes are related
to fluid-driven earthquake swarms in a variety of tectonic settings. The simulation
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reproduces the spatio-temporal behavior of the observed seismicity. Yet, a distinctive
number of foreshocks do not coincide with our modeling results. We link this misfit
to a lack of knowledge on the fault geometry and general model uncertainty. We
acknowledge that a large amount of model uncertainty remains, so we do not seek
to fully reproduce the observed foreshock pattern in detail. Accordingly, we focus
on general behavior rather than individual structures. In this regard, our model
produced exceptionally good correlation in terms of extent, location and migration
of the observed seismicity.

Accounting for the faults and fractures discretely in the numerical model allows
rapid fluid pressure propagation within the fault zone at rates exceeding classical
linear diffusion models. This is potentially important as the observed branching in
Figure 5.9¢ & d could explain how seismicity far away from the main fault zone
is triggered. The branching in our simulations did not trigger seismicity as fluid
pressure levels remained low. Nevertheless, pre-existing permeable fractures that
provide fluid pathways towards the outer regions of the fault zone might be missing
form our fault geometry.

Model uncertainty does not only persist in the fault geometry, but also in the con-
straints of the physical properties used in our model. The results presented in this
study were subjectively determined to be the best fit to the data from a series of
more than 800 simulations. Within these simulations we have determined several
other parameter combinations of fault zone width, permeability and pressure of
the supra-hydrostatic reservoir at depth that were reproducing the foreshock data
reasonably well. Consequently, definitive conclusions about fault zone geometry and
properties remain elusive. On the other hand, this further strengthens our hypothesis
since fluid-pressure triggering is not tied to a single set of parameters.

In combination with the analytical analysis, the numerical simulations provides
strong evidence for a likely fluid-driven foreshock sequence. In the following we will
highlight the impact of our findings and discuss questions of special interest that
result from our study.

5.4.1 Event migration

In order to test for fluid diffusion as triggering mechanism, the equation of Shapiro
et al., (1997) is often used.
r=vanDt (5.9)

It calculates the distance r of a propagating fluid pressure front diffusing at rate D
through a homogeneous isotropic saturated poroelastic medium from a point source.
The solution is parabola-shaped and utilized in Figure 5.10. The model is based on
a point source injection and assumes linear diffusion as main driving mechanism.
Observed seismicity suggests spreading rates that correlate well to linear diffusivities
between 0.05m?/s and 0.25m?/s. Migration rates on this order are associated with
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fluid flow through a fractured volume (e.g. Parotidis et al., 2003; Shelly et al.,
2015). However, deviations from the parabolic envelope (e.g. bursts in seismicity,
differences in migration direction) suggest significant contribution from nonlinear
fluid pressure diffusion. Especially bursts are visible in both the simulation results
as the original dataset. We observed a discrepancy of event migration between
simulation and data in the days preceeding the main shock (cf. Figure 5.10). The
data shows significant seismic bursts as well as rapid downwards migration, which
is not completely captured by our numerical model. This suggests that a different
driver (e.g. aseismic slip, dynamic triggering) is taking over.

The Mogul foreshock sequence presents significant differences in upward and down-
ward migration. During the first foreshock phase only weak downwards migration
is visible. More apparent and rapid downward migration is visible later in the
foreshock sequence. While upward migration is intuitive for a high pressure fluid
source at depth, our simulation shows that downwards migration can similarly be
triggered by fluid-pressure. Downwards migration in our simulations is caused by
recharge. In lower parts of the fault system the required overpressure to induce
fault slip is generally higher (cf. Figure 5.7). However, with continuous fluid inflow
from the source at the base of the model, excess pore pressure accumulates over
time. At critical levels, this induces fault slip at depths below the initial seismicity
(cf. Figure 5.9¢). Since the described mechanism requires a certain build-up time,
the delayed downward migration, observed in the Mogul foreshock sequence, can
be explained.

5.4.2 Source of fluids

Despite the evidence of a fluid-driven foreshock sequence for the 2008 Mogul
sequence provided in this study, the source of these fluids remains unclear. Lawton
hot springs in the area of the Mogul earthquakes shows the presence of fluids and
permeable fractures in the subsurface.

Although seismicity appears to migrate at velocities consistent with linear fluid
pressure diffusion of a point source in a fractured volume (e.g. Parotidis et al., 2003;
Shelly et al., 2015), we do not find any plausible argument for an intrinsic fluid
source around the hypocenters of the first events. This indicates an alternative
origin of the excess fluids that could be present at depth as suggested by our model
results. One possible explanation for the fluid flow and sudden occurrence of
seismic activity is the perturbation of an extensive and overpressured reservoir at
depth. The origin of this reservoir remains elusive. Geothermal reservoirs in the
region are believed to be supplied from a deep magmatic intrusion recharged by
meteoric water (Nehring, 1980; Arehart et al., 2003) that could be the origin of
large amounts of fluid within the crust. We suggest that meteoric water from the
Carson range and Peavine mountains is able to deeply infiltrate the subsurface
through steep fractures. In contrast to the Steamboat hills we propose that fluids are
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initially trapped within a confined reservoir leading to supra-hydrostatic conditions.
Although the Nevada Seismological Laboratory dismissed volcanic activity as a cause
for the Mogul sequence at the time, a magmatic intrusion beneath the Mogul area
could provide extensive amounts of fluids. There is evidence for a deep magmatic
intrusion to the west and northwest of the Mogul area (Smith et al., 2004; Smith
et al., 2016). Nevertheless, there is no supporting evidence (e.g. surface uplift) of
such an intrusion beneath the Mogul area up to date.

The results of our study suggest that a reservoir at supra-hydrostatic conditions
exists beneath Mogul; however, the origin of this reservoir remains hypothetical and
should become a research focus in the future.

5.4.3 Aseismic slip & kinemetic processes

A distinctive number of foreshocks do not coincide with our numerical modeling
results. In addition to transient mechanisms such as dynamic triggering that are
very effective in fluid-rich environments (Hill et al., 1993); static stress transfer,
aseismic slip and local changes to the stress-regime are likely to contribute to the
triggering of foreshocks, especially on non-optimally oriented faults. In fact, as
indicated by the in-situ stress conditions determined in the analytical analysis, not
all observed foreshock events could have been triggered by excess fluid pressure.
The required pore pressure would exceed the minimum principal stress for these
events. This indicates kinematic processes, local heterogeneities in the stress field,
dynamic poro-elastic effects, as well as aseismic slip are likely to be important. These
processes are currently not captured by our model. InSAR data suggests significant
aseismic slip, primarily in the aftershock phase (Bell et al., 2012). However also for
the foreshock clusters immediately prior to the main shock, speeds consistent with
aseismic slip (~1km/h) were inferred (Ruhl et al., 2016b). In the present numerical
model we assume that all fault instability is seismogenic. Due to the simplified fault
failure model, the separation of seismic and aseismic slip is not possible within the
realm of this study.

5.4.4 Main shock & aftershock sequence

In this sutdy we have focused on the foreshock sequence. The main shock or
the aftershock sequence were not yet investigated. Our results suggest that the
main shock resulted from the consequences of the foreshock fluid intrusion and
migration. The observed diffusion-like spreading of the seismicity until the main
event corresponds well to the hypothesis of Ruhl et al., (2017) that the opening of
fluid pathways and continued fluid migration could have caused the main shock.
The aftershock sequence exhibits the characteristics of typical mainshock-aftershock
sequences (Ruhl et al., 2016b) where triggering is expected to be the consequence
of various triggering possibilities including fluid-pressure (e.g. Miller et al., 2004).
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Dynamic and static stress transfer can be expected to be controlling parameters of
aftershock location and intensity (Toda et al., 2012; Kilb et al., 2000). Since our
results show that fluids were of major importance during the foreshock period, we
expect a significant fluid-driven contribution to the aftershock sequence as well.

5.5 Conclusion

Comparisons between model and observations provide strong evidence for a pre-
dominantly fluid-driven foreshock sequence. The structural, seismic and modeling
response of the 2008 Mogul earthquake sequence support a scenario where high
pressure fluid infiltrates a highly fractured shallow subsurface leading to fault slip
throughout the domain. Our combined analytical and numerical analysis provides
important insight on foreshock sequences. Stress inversion and overpressure estima-
tions are well suited to evaluate the feasibility of fluid-pressure triggering based on
the regional stress conditions. Our numerical simulation further shows that the lack
of dominant upward migration of seismicity does not exclude fluid-pressure as the
driving mechanism. Finally, we expect that the approach presented can be applied
to other studies of swarms or swarm-like earthquake sequences.

5.5 Conclusion
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Loki: I have an army.
Iron Man: We have a Hulk.
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This Section is published as: Gunnar Jansen, Reza Sohrabi, Stephen A. Miller,
HULK - Simple and fast generation of structured hexahedral meshes for improved
subsurface simulations, In Computers & Geosciences, Volume 99, 2017, Pages 159-
170, doi:10.1016/j.cageo.2016.11.011.

6.1 Introduction

A geological model should incorporate structural information and rock properties
for any kind of subsurface simulation because simulation accuracy strongly depends
on the relevant rock properties and their distribution in space. Therefore, reliable
results can only be expected when well-constrained structural and lithological
information is used in the simulation. Due to complexities in both the geological
modeling and subsurface simulation, an integrated approach of modeling the geology
and the physics of the subsurface (e.g. flow, deformation, etc.) is in many cases
not available. Commercial software exists that provides integrated modeling and
simulation, especially in the oil/gas industry, but often requires months of expert
training and their usage might be unsuited for academic purposes. Unfortunately
most researchers are only expert in a single field. Thus, they might be either experts
in geological modeling or very good in simulators, but rarely both. Consequently,
this often leads the situations where very detailed geological models are never used
to simulate physics, while simulators with highly sophisticated physics are often
only applied to simple and over-simplified geologies. We address this problem
for simulators using hexahedral grids by proposing an efficient mesh generation
method. The method is based on octree refinement and provides for direct transfer
of structural geological information to the numerical simulator of the underlying
physics.

113



114

6.1.1 Discretization of geological models

Most meshing algorithms focus on aligning the mesh exactly with the boundaries
of the structural geological model. This is inevitable in some cases, such as the
prototyping of engineering parts. In other cases, such as structural geological models,
this requirement of a so-called conforming mesh is too strict and not always necessary
because of the uncertainties associated with the geological model itself (Bardossy
and Fodor, 2001; Thore et al., 2002; Lindsay et al., 2012; Wellmann et al., 2014).
A well-discretized geological model therefore does not necessarily follow the exact
boundaries of the geological model, but more importantly enables the simulator to
capture the most relevant aspects and to properly model the underlying physics.
Structural geological models can be built using several different methods if the
amount of data (e.g. geological, geophysical or seismic surveys) is sufficient and
are readily implemented in widely used commercial software packages Geomodeller
(Intrepid-Geophysics), GOCAD (Paradigm) or Petrel (Schlumberger). In cases where
the geological information available is sparse, solely the interpretation of the geolo-
gist might be used to build a structural model using a computer aided design (CAD)
program. Of course, with less data available, the accuracy of the structural model
and thus ultimately of the subsurface simulation is limited.

The type of discretization requested by the wide variety of subsurface simulators
varies largely due to the different underlying numerical methods that impose differ-
ent restrictions on the geological model’s discretization. Finite Element simulators
are often based on triangular or tetrahedral meshes, while many finite volume based
tools require quadrilateral or hexahedral meshes (Pruess et al., 1999; Hammond
et al., 2012; Jasak et al., 2007; Trefry and Muffels, 2007; Li et al., 2009). Automatic
high quality mesh generation software is available for triangular and tetrahedral
elements using Delaunay triangulation (Ho-Le, 1988; Chan and Anastasiou, 1997;
Du and Wang, 2006). However, many simulators exist, especially in the field of
computational fluid dynamics in general and in high performance computing, that
are based on quadrilateral discretizations. Unfortunately, where a quadrilateral /
hexahedral mesh is required or beneficial, a general and stable automatic solution
method for the generation of a conforming mesh is not available and a field of
ongoing research (Yu et al., 2015; Botella et al., 2014; Owen and Shelton, n.d.).
Significant progress was made in recent years and also applied to geological mod-
els (e.g. (Xing et al., 2009; Zehner et al., 2015; Botella et al., 2016)). However,
these methods share a certain complexity in terms of automatism and are rather
time-consuming (Stupazzini, 2004; Casarotti et al., 2008).

The methods previously described (including most methods from tetrahedral mesh-
ing) have their “bottom-up” approach in common. First, two dimensional surfaces
based on the vertices on the geological formation boundaries are meshed by quadri-
lateral elements. The model is then divided into different meshable regions, which
are meshed separately by one of the methods in hexahedral meshing such as sweep-
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ing or the advancing front technique (Scott et al., 2005; Lohner, 1996). These
separated volumes are connected in a last step to a complete discretization.

As outlined previously, a conforming discretization as targeted by these algorithms is
not completely necessary. Octree-based meshing algorithms are generally considered
very efficient if a good but non-conforming discretization is targeted. Octree methods
were introduced in (Yerry and Shephard, 1984) and further enhanced by various
authors (e.g. (Schneiders, 1996; Schneiders, 1997; Shephard and Georges, 1991;
Marechal, 2001; Tu and O’Hallaron, 2004; Maréchal, 2009)). In general, octree
based discretization have good mesh quality , are adaptive and support automatic
generation (Xing et al., 2009). The Los Alamos Grid Tool Box (LaGriT) is specifically
designed to generate meshes for geological applications and also supports meshing
procedures based on octree refinement. Using the octree refinement method, (Miller
et al., 2007) used LaGriT to discretize a geological model that demonstrated good
performance.

6.1.2 Outline and scope

The purpose of this work is to present a new and simple-to-use tool to reduce the
gap between numerical simulators based on structured or octree grids and geological
modeling. Short for Hexahedra from Unique Location in (K)convex Polyhedra - HULK
is a simple and efficient algorithm to generate hexahedral meshes from geological
models. We achieve rapid mesh generation by binary space partitioning and the
octree refinement. While the method of octree refinement is not enhanced in this
work, we present an alternative approach for handling all geological formations at
the same time, classifying their position in space efficiently. We therefore utilize a
“top-down” approach in our method, in contrast to most of the meshing procedures
mentioned previously.

In the following, we focus on the underlying theory of the implemented algorithm.

We first describe the discretization procedure, followed by the theory of binary space
partitioning that is essential for method efficiency. We briefly introduce the methods
to evaluate its performance and provide insight into the implementation. The HULK
algorithm is then applied a series of test cases, including an irregularly shaped two
component system, a sedimentary basin, and a complex example from the Swiss Jura
Mountain range. We then evaluate the method’s overall performance (e.g. different
input mesh sizes for the same model), and conclude with some perspectives for
future research.

6.2 Theory

A fundamental target of geological modeling is to identify the boundaries between
geological formations in the subsurface. Consequently, the output of any geological
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modeler is in most cases a discretized (triangulated) boundary volume represen-
tation of the formations. This discretized boundary representation can be used as
the input for the meshing preprocessor of the subsurface simulator. We use this
representation to generate a binary space partitioning and successively refine a
hexahedral background mesh as further described in this section.

6.2.1 Octree-based meshing

The grid generation process in HULK is based on the octree refinement technique
(Yerry and Shephard, 1984; Schneiders, 1996; Schneiders, 1997; Shephard and
Georges, 1991; Marechal, 2001; Tu and O’Hallaron, 2004; Maréchal, 2009). Initially,
a structured background mesh is generated circumscribing all of the volumes to be
discretized. In the next step, each cell is associated with the corresponding geological
formation. In HULK this cell-to-formation mapping is performed by binary space
partitioning of the input volumes, discussed in detail below.

Once the correct position within the input model is determined, cells can be flagged
for refinement (or coarsening) based on their affiliation in a third step. Several
refinement criteria can be used. Here we chose to flag all cells whose neighbors
have non-matching material identifiers for refinement, and cells which have only
matching-id neighbors for coarsening (Figure 6.1). The refinement is then executed
according to the flags that were previously set. If these two steps are repeated until
a desired accuracy or number of mesh cells has been generated, it forces a cyclic
refinement towards the boundaries of the geological formations (c.f. figure 6.2). The
actual implementation in HULK differs slightly from the general approach introduced
here and is further explained in section 6.3.

cell marked for
refinement

cell marked for
coarsening

N
N

Figure 6.1: A simple model with two materials. All cells which are at the interface of the
two materials are flagged for refinement. In the lower part of the model, were
many cells do not have neighbors close to the interface, the cells are marked for
coarsening.
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Geological model Initial material mapping First octree refinement

Figure 6.2: Conceptual model of octree based mesh refinement in the context of geological
models. Left: Geological model to be discretized. Middle: In a first step the
material properties from the geological model are mapped onto the initial
grid. Right: Cells are marked for refinement if any of its neighbors belong to
another geological formation. This shows the result after the first cycle of octree
refinement, and shows that the initial input are better resolved. With increasing
number of refinement cycles, the approximation will become very close to the
input geometry.

6.2.2 Binary space partitioning

A key element in the efficiency, and the main novelty of our approach, is the efficient
mapping of a cell to the corresponding geological formation. Unlike many other
meshing algorithms, all input geometries are treated in a single step. This requires
an algorithm that is able to swiftly decide whether or not a point (such as the center
of a cell) is contained in a geometry. This test is often called “collision detection”
and is a well-studied field in computational geometry (Lin and Gottschalk, 1998;
Ericson, 2004). A simple and common technique of collision-detection is ray-tracing,
where multiple rays are sent out from the query point in arbitrary directions. Each
ray is then tested for its number of intersections with the geometry in order to
determine its relative position as “inside” or “outside” of the geometry. Unfortunately,
the ray-tracing approach has non-optimal efficiency and is prone to errors due
to a number of special cases that need to be treated accordingly (Smits, 2005).
Another popular approach is binary space partitioning. Binary space partitioning
trees (or BSP trees for short) are structures that can be used to recursively partition
n-dimensional boundary representations into subspaces with respect to dividing
hyperplanes. They are one of many spatial partitioning methods, but considered to
be the most versatile and powerful in collision detection algorithms (Ericson, 2004).
Originally, BSP trees were developed to address the "hidden surface problem" (Fuchs
et al., 1980), but also the computer game engine community takes advantage of
the tree structure due to their ability to perform fast collision tests even for a very
large number of polygons. If the space to be partitioned is three dimensional, the
dividing hyperplanes become regular two dimensional planes. The two partitions or
half-spaces generated by a dividing plane are usually called positive and negative
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half-spaces. We use the convention that the positive half-space lies in front of
the dividing plane and the negative half-space behind the dividing plane. In two
dimensions the specification of front and back-sides is ambiguous, but as our target
geometries are three dimensional the definition is useful. Henceforth, the front side
is the side of the geometry’s discretized elements whose normal points outward from
the geometry.

Generation of a binary space partitioning tree A quick and easy separation of inside
and outside the volume (“collision test”) is accomplished with BSP trees. Unlike
other types of BSP trees, in our method, the dividing planes must be identical with
the input geometry’s polygons. This selection of the dividing planes is also known
as auto-partitioning. Furthermore, all polygons have to be selected exactly once as
dividing planes in order to correctly represent the geometry. Note that no actual
geometry is stored in the nodes - merely the information pointing to the next nodes
in the tree. The end-nodes of a tree partitioning are often called leaves. The leaves
store whether the half-space in front / behind the last dividing plane is within the
geometry (solid) or outside (empty).

Figure 6.3: A dart shaped geometry represented by a solid leaf BSP tree. a) Geometry
consisting of 4 vertices and 4 edges resulting in 5 dividing planes as the dividing
plane along DA divides edge BC into two pieces. b) The final corresponding
BSP tree when all edges are chosen exactly once as dividing plane. Boxes with
E signal empty (meaning outside) and dark boxes with S are solid (inside the
geometry).

The generation of a BSP tree is illustrated in figure 6.3 for a simple dart shaped
geometry in 2D. The initial geometry is composed of four vertices (A,B,C,D) con-
nected by four edges (AB, BC, CD and DA). Now, an edge is arbitrarily chosen
to serve as the first dividing plane (1), in this example DA. All remaining edges are
classified according to (1). On the positive side of (1), edge AB is found and which
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is going to be the next dividing plane (2) and a part of edge BC. In order to con-
tinue the decomposition, edge BC has to be split into its parts on the positive sides
respectively (BC" — (3) & BC™ — (4)). The generation of the tree is continued
with (2), which will produce a leaf on its positive side (pointing to empty space)
and the third dividing plane on the negative side. (3) points to empty space on its
positive side. Since all other dividing planes on the negative side of @ have already
been considered, it can concluded that it points to solid volume inside the geometry.
The tree construction is continued in the same manner until all polygons have been
chosen once as dividing plane. With this the BSP tree generation is complete and
can be used to query for a location of a arbitrary point with regard to the geometry.
Figure 6.4 shows a graphical representation of such queries for the cases that the
query-point is located within and outside of the geometry. Finally note that, although
the initial geometry in figure 6.3 is concave, the spatial regions corresponding to the
leaves are always convex.

Qoutside
°

(a) (b)

Figure 6.4: Two query points Q;nsige and Qoursiqe are tested against a collision of the dart-
shaped geometry to obtain a result for the relative position of the query point
with respect to the geometry. a) Geometry with the two query points - the first
outside and the second inside the geometry. b) The corresponding BSP tree
query path is visualized for both query points. At each node, the query point is
tested against the corresponding plan and sent down in the respective direction.
The red path belongs to the outside point, whereas the blue path is assigned to
the inside query point. It is evident, that not all nodes of the geometry have to
be tested for a collision query. This figure visualizes the optimal complexity of
the BSP tree algorithm (c.f. 6.2.2)

Complexity of binary space partitioning Due to the hierarchy formed by a BSP tree
with n objects in the tree, only on the order of O(log(n)) objects need to be tested by
a query (Ericson, 2004). This is due to the fact that typically half of the possibilities
can be disregarded with each test. However, in poorly balanced trees the query can
cost up to the order of O(n). It is worth noting that the ray-tracing approach is also
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O(n), yet having higher computational cost per element than the corresponding
worst case BSP tree. Auto-partitioning of a square yields in fact a worst case BSP tree
and is shown in figure 6.5a. Since none of the dividing planes actually divides the
square, no possibilities can be disregarded during queries, leading to an O(n) cost.
With this in mind the BSP tree generation of our geological model benefits from
complexities in the model as the number of self-intersections is greatly increased.
On the other hand, it is clear that we can not expect to generate perfectly balanced
BSP trees from our input geometries with auto-partitioning. Thus a query cost in
between O(log(n)) and O(n) can be expected.
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Figure 6.5: The square geometry. This shows how auto-partitioning can lead to unfavorable
BSP tree structures. No part of the tree can be neglected after each test. Real
world geometries are not likely to suffer from this problem to the same degree,
as irregularities in the domain boundaries will most likely provide suitable
dividing planes.

6.3 HULK - combining octree meshing and space
partitioning

The theory is implemented into an efficient and rapid mesh generator. As our
primary targets are finite element simulations on adaptively refined grids, we build
the mesh generator based on the finite element library deal.II (Bangerth et al., 2016;
Bangerth et al., 2007). This library has already previously been used for multiphase
flow and transport simulations in the subsurface (Chueh et al., 2010; Chueh et al.,
2013). Using these subsurface simulators on adequate geological domains is a logical
extension of the previous work.
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In the following specific parts of the implementation are presented in depth. The
pseudo-code for the currently implemented HULK procedure is given in algorithm
1.

for all input geometries do
read input data from file;
generate BSP tree;
end
while cycle < maxCycles and number of cells < MaxCells do
for all cells do
for all BSP trees do
if is inside current BSP tree then
set id = corresponding material identifier;
break loop;

else

‘ continue with BSP tree for next input geometry;
end
end
if (neighbor’s id # cell’s id ) for any neighbor then

‘ flag cell for refinement;
end
if (neighbor’s ID = cell’s ID) for all neighbors then

| flag cell for coarsening;
end
if cell’s distance to cell’s corresponding BSP tree < € - max (L, Ly, L)

then

‘ remove cell’s flag for refinement;
end
end
execute refinement;

end

Algorithm 1: Pseudo-code for the algorithm used in HULK using octree refinement
to resolve complex geometries in hexahedral cells.

6.3.1 Preparation of the input data

There is currently no standard in the output format of geological modelers or CAD
programs. Rather, a set of widely used formats has evolved. A well known format is
the STereoLithography (STL) format, which is available as an export format in almost

any of the relevant programs from the geological modeling or CAD environments.

The STL format is based on triangulated surfaces describing only the boundaries of
the domain. Due to its wide availability, we use the STL output format as input to our
mesh generator. STL files contain only an information header, the overall number
triangles to be expected, and then a list of all individual triangles. Each triangle is
defined by three vertices and a normal vector, and no information is given about the
connectivity. While the data format is fairly simple, a number of issues may arise
during their creation. Evidently, the input geometry must be an orientable surface
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for which a system for determining a normal vector can be consistently defined.
In other words, it must not contain any holes, self-intersections or multiple shells.
Furthermore, any triangle can not share more than two vertices. This ensures that at
least a minimal distance is maintained between all triangles. Fortunately, a number
of STL repair methods exist, that can detect and often fix these defects automatically
(e.g. implemented in the open-source software MeshLab and the freeware netfabb
and recently (Chong et al., 2007)). Note that a BSP tree can be generated also if
these defects are left unaccounted for, but it is clear that a valid “collision” query
on the BSP tree is only possible for orientable geometries. In general, the quality
of the input STL does not so much influence the final resulting mesh, but more the
generation of the BSP tree structures.

6.3.2 Generation of the BSP trees

The BSP tree generation is performed once at the beginning of the program exe-
cution after the corresponding geometry has been read from a file. For each input
geometry an individual BSP tree is generated. The pointers to the root nodes of
the trees are stored in a shared vector to allow easy queries for all geometries. The
current implementation does not cover the selection of a preferable splitting plane to
guarantee the generation of a balanced BSP tree. Rather, the first polygon (triangle)
from the STL is chosen as a root node of the tree, and generation is performed
accordingly until all polygons of the input file are used once as splitting planes.
Clearly, the time to generate the tree structure is directly related to the number of
triangles in the geometry. But since it is performed previously to the actual mesh
refinement, the overhead is kept small. During refinement the optimal complexity of
the BSP tree queries minimizes the dependence on the tree size, largely contributing
to the efficiency of HULK.

6.3.3 Refinement criteria

Flagging cells for coarsening or refinement is the main control on the cell size and
count in the final discretization. A number of different criteria could be used. In
HULK relatively basic criteria are implemented at the current state. As the name
octree suggests, in the uniform case where all cells are refined, the total number
of cells is increased by a factor of 8. Thus, choosing cells to be refined has to be
performed cautiously to prevent an unpleasantly large number of cells. On the
other hand, cells must be refined enough to resemble the input geometry as close as
possible. To this end the following criteria based on each cell’s geometric affiliation
in terms of an material identifier (:d) are used:

* Refinement: if id # id; for any i neighbors — refine

* Coarsening: if id = id; for all ¢ neighbors — coarsen
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Additionally, a suitable criterion to cease refinement has to be defined. Here, the
generation stops once the distance d of the query point z is sufficiently close to the
BSP tree.

* Evaluate Distance: if d(z) < e — clear refine flag

Here € is the only actual tuning parameter in HULK. From experience, good results
are achieved when e ~ 0.005 - max(L,, L,, L.) where L; are the model extents in
the coordinate directions.

In order to assure numerical accuracy, the maximum level difference in refinement
between adjacent cells may not be greater than one. This implies that also cells
that are not directly associated to the interface might be flagged for refinement in
a second internal step. Furthermore, due to the implemented criteria, the number
of cells in the initial mesh has to be chosen appropriately to the smallest geometric
feature that is to be resolved in the final grid.

6.4 Methods for mesh quality analysis

Measuring the quality of the generated discretized domain is an important part of
a meshing algorithm. Standard procedures include the measurement of element
skewness, aspect ratio and distortion. These quantities are mainly used to determine

the quality based on the degree of conformity and to identify degenerate elements.

Since we do not seek a conforming discretization of the input geometries and the
discretization is based on regular octree meshes, some techniques of defining mesh
quality no longer apply; for example element skewness and aspect ratio become
constant and attack optimal value in this case. In order to give a measure of the
degree of conformity nonetheless, we compute the "mean distance" between the
triangulated input and our hexahedral approximation as well as the volumetric space
filling.

Measuring the distance or similarity of two discretized surfaces is not straightforward.

Many of the more sophisticated theories developed are used in the field of automatic
face recognition (Abate et al.,, 2007). A simpler approach is used here which
computes the minimum distance between the cell centers of cells at the interfaces
and the BSP tree of the corresponding geological formation. From this, the mean
distance is calculated. Ideally, the BSP tree - cell center distance distribution should
have it’s maximum at zero. However, since we compare the cell centers we expect a
shift of the mean distance towards the half the size of the largest element on the
boundary. In any case, with progressing refinement of the mesh the mean distance
is expected to decrease continuously.

Further, the accuracy in volume of the mesh is considered. To this end, the percentage
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deviation between the volume of the input Vj and the final discretized mesh V is
calculated:

Vv
Deviation,. (%) = 7 100% — 100% (6.1)
0

The deviation by itself is not a good indicator for the mesh quality, as no information
about the shape of the geometries is incorporated and in fact could lead to very poor
discretizations. However, in combination with the mean distance it becomes a viable
indicator for mesh accuracy.

The quality of octree-based discretization in general is known to be good (e.g.
Xing et al., 2009), but the accuracy of the numerical method depends on the
overall distribution of the cell sizes. Assuming the numerical accuracy is ideal
if all cells are of the same size, the utilization of octree refinement can increase
computational efficiency while maintaining the same numerical accuracy only if
the cell size distribution is only mildly altered. In other words, smooth cell size
distributions with a single peak should always be preferred. Again, this is not a
direct measurement of mesh quality, but serves as an important indicator for the
expectable accuracy of the applied numerical simulators.

6.5 Results

The implemented algorithm is validated against three test geological scenarios. The
first is a 3D model of an artificial dike intrusion into a single constituent host rock
to demonstrate the general performance of the algorithm. We then present an
example of a simplified three-dimensional model of the newly born hydrothermal
system called 'LUSI’ in Indonesia (Mazzini et al., 2012; Lupi et al., 2013). This
model already consists of multiple geological layers of a sedimentary basin. A third
example is a full scale geological model of a part of the Swiss Jura Mountains. The
models vary in size and complexity. Table 6.1 shows detailed information on the test
geometries used.

Table 6.1: Three model types from different settings are used to evaluate HULK’s perfor-
mance. They vary in size, amount of shells and their underlying complexity.

Model Setting Vol- Input size Complexities
name umes | (triangles)
Dike Volcanic 1 1.9-10° Locally steep gradients
intrusion
LUSI Sedimentary | 5/7 4.5 —17.5-10° None/Large scale faults
basin zones
GeoNE | Swiss Jura 25 1.5—11.9-10% | Folding & faulting
including offset
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6.5.1 Dike intrusion

Figure 6.6 shows the initial model for the first example. As the model consists only
of two geological formations, the volcanic intrusion at the bottom and a host rock
on top, only the resulting hexahedral mesh for the volcanic intrusion layer is shown.
Note that the input consists only of one shell which describes the geometry of the
dike. We assume that the region of interest is a rectangular box around the dike,
thus making a second input geometry for the host rock unnecessary.
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Figure 6.6: The geological model and input for the dike model. The dike has a non-trivial
shape with steep gradients to evaluate the implemented algorithm.

The geometry was discretized using four refinement cycles. In table 6.2 the resulting
number of cells in the whole (both volcanic intrusion and host rock) are shown
for all cycles. Furthermore we evaluated the performance of volumetric filling for
the dike intrusion model. To this end we compared the meshed volume against
the computed volume of the input STL file. The resulting deviation in volume as
well as the distance (measured to the BSP tree) from the input geometry are also
presented in table 6.2. The accuracy of the upper layer can easily be computed by

(6%)" = 1 — (6%)°.

As mentioned in section 6.4 the volumetric filling is not a sufficiently good indicator
by itself. This is clearly visible as it is already very high even when the visual
accuracy of the mesh is still unsatisfying. Regardless, a clear trend towards the
correct theoretical volume is visible. In combination with the measured distance to
the BSP tree we can conclude that the mesh accuracy increases with the number of
refinement cycles.
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Figure 6.7: The generated mesh for the dike model after different refinement cycles. a)
After the 2nd cycle. The general shape of the dike is already captured but its
extends are slightly overestimated and smaller features not yet captured. b)
Mesh after the 3rd cycle of refinement. The peak shape is still not matching the
input model completely. Yet on the rather flat zones of the interface refinement
towards smaller features is visible.

Table 6.2: Mesh statistics for the dike model. The number of cells, volumetric filling
accuracy as well as the distance to the corresponding BSP tree can was analyzed
for all performed refinement cycles on the dike intrusion model. The volumetric
deviation alone is not a sufficient indicator but shows in combination with the
BSP distance an overall increase in mesh accuracy with refinement cycles.

Cycles Cells | Deviation(%) | BSP distance (-) -1073
0| 32768 0.04 23.8
1 21715 1.33 52.6
2| 77708 0.47 34.3
3 | 269746 0.13 22.6
4 | 861617 0.19 13.8

Figures 6.7a and 6.7b show the mesh after different cycles. Clearly the refinement
towards the boundaries is visible. The final model is shown in figure 6.8, which
shows that all important features of the initial model were captured by the algorithm.
Note that due to the selection of refinement criteria the cell size distribution is not
uniform at the interface. Rather flat regions of the model are less refined, whereas
areas with steeper geological features exhibit a stronger refinement to capture
the curvature of the geometry correctly. After the last cycle the mesh contains
roughly 1 million cells which might be too big for initial simulations. However, the
accuracy of the preceding cycles is also good and yield a cell count of maximum a
few hundred-thousand cells, which can be handled by modern parallel computing
systems (Hammond et al., 2014).
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Figure 6.8: The final mesh of the dike model after 4 cycles of refinement by HULK. All
important geometric features of the input geometry are captured and provide a
good hexahedral approximation to the initial geometry (cf. also 6.2 for detailed
accuracy evaluation). Different levels of refinement are visible depending on
the curvature of the dike’s shape. Flat regions are slightly less refined than the
peak for which cells are highly refined to capture its extends.

6.5.2 LUSI

The second example is a simplified model of the LUSI mud eruption in Eastern Java,
which appeared in 2006 and continues today as a geyser system Mazzini et al.,
(2012), Lupi et al., (2013), and Sawolo et al., (2009). LUSI is located in a back-arc
sedimentary basin that is likely influenced by nearby active volcanism. The eruption
is located at the intersection of two major regional faults which were included in
the geological model as finite width faults. In the following we present the model
with and without the faults to increase the clarity in analyses. In general, the model
does not show many complexities, as the sedimentary basin is mostly undisturbed
except for the intersecting strike-slip faults. We generated a model based on seismic
and borehole data obtained in the framework of the LUSI Lab project and computed
with Geomodeller Lajaunie et al., (1997) and Calcagno et al., (2008). The number of
input geometries range from 5 formations up to 7 formations if the two major faults
are included. The initial model is shown in figure 6.9.

The final discretizations of the LUSI model consist of 346,991 hexahedral cells
without and 513,409 cells including the faults. The final meshes without and
including the faults are shown in figure 6.10. A visual comparison of the input
geometry and the final discretization shows that all important geological features
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Figure 6.9: The geological model for LUSI used to generate a hexahedral mesh with HULK.
Note that the two faults are implemented a posteriori into the model which
makes certain analysis unavailable for this model.

of the sedimentary basin are preserved. The LUSI geological model was discretized
using five refinement cycles in HULK. For each cycle all volumes are compared to
the reference volume of the input geometry. Unlike the dike model, the accuracy
of the volumetric filling is not as high during the first refinement cycles. This is
mostly due to a different refinement strategy chosen in this example. For this model
we decided to change the refinement strategy to a uniform refinement without
coarsening or removal of refinement flags in order to show the excellent refinement
towards the models boundaries. However, as shown in figure 6.11 the accuracy is
greatly increased in later refinement cycles. The final accuracy can also be seen
in the y-slice view of the model which is shown in figure 6.12 for the final mesh
where the boundary cells for each layer and the outline of the corresponding input
geometry are shown. Here it is very well visible that the boundary cells coincide
very well with the input geometry after the last refinement step.

6.5.3 GeoNE

The GeoNE model is by far the most complex model that we use to evaluate the per-
formance of HULK. Between May 2010 and July 2012, the Laboratory of Geothermics
at the University of Neuchatel studied the potential of deep geothermal resources
in the Canton of Neuchétel in Switzerland (cf. CREGE Laboratoire de Géothermie,
2014). As part of the project a detailed 3D geological model was built. We present
a part of this geological model here to generate a hexahedral mesh. This model is
going to be used also for the input mesh scaling in the next section. In this section
the GeoNE50 model containing a total of 5.9 million triangles is used. The geological
model as we use it here is shown in figure 6.13a. The model features geological
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Figure 6.10: The final LUSI model based only on the geological layers of the sedimentary
basin with and without big scale faults. The successive refinement into the
boundaries of the geological formations is visible and working well. yellow -
Sandstone formation, brown - Clay formation, red - Volcanoclastic formation,
blue - Carbonate formation and green - Mudstone formation. a) without faults
b) with faults
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Figure 6.11: The deviation of volumetric filling for the LUSI model is shown for the refine-
ment cycles used. The accuracy is increased by one or two order of magnitude
for all formations.
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Figure 6.12: The accuracy around the formation boundaries after the 5th and final cycle of
refinement is greatly increased as visible in this slice through the model. The
achieved accuracy is sufficient for a structured hexahedral approximation of
the input geometries.

formations of different sizes as well as folds and faults including offset. Figure 6.13b
shows a cross section through the model, were the intersection of multiple faults in
a fold is visible. This provides an excellent opportunity to investigate the algorithm’s
performance in complex settings. The model consists of overall 25 parts which are
all included in the meshing procedure.

Due to the high complexity of this model the final discretization includes 1.4 million
hexahedral cells. The final result for the whole model and the cross section through
the model are shown in figures 6.14 and 6.15 respectively. A visual comparison of
the input geometry and the final discretization shows very good agreement. The
GeoNES50 geological model was discretized using 4 refinement cycles in HULK. The
high complexity of the model prohibits a meaningful volume analysis as performed in
the other examples. However, the mean distance to the BSP tree of the corresponding
geological formation could be calculated and shown in table 6.3. The overall decrease
in the distance indicates a distinct increase in accuracy with later refinement cycles.

(a (b)

Figure 6.13: The GeoNE model containing 11 formations in a total of 25 parts. a) An outside
view of the complete model. b) Cross section through the model showing the
complex interior including multiple faults including offset.
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This further supports the conclusion of the visual analysis of the final discretization.

A detailed comparison on the cross section through the geological model (cf. figure
6.13b) and the discretization (cf. figure 6.15) shows how detailed the hexahedral
approximation by HULK really is. Although the faults in the model could not be
included in the meshing process as they were modeled as 2D surfaces instead of
finite width faults, their resulting offset is clearly visible. Overall, all 11 formations
were resolved with very good accuracy, capturing also the complex interior with
intersecting fault offsets in a folding environment.

Table 6.3: Simple mesh statistics for the GeoNE50 model. The number of cells as well
as the distance to the corresponding BSP tree was analyzed for all performed
refinement cycles on the complex geological model. The BSP distance indicates
an overall increase in mesh accuracy with refinement cycles.

Cycles Cells | BSP distance (-)
0 32768 1.91
1 40489 2.84
2 135290 2.74
3| 459040 1.91
4 | 1408975 1.20

Figure 6.14: The final mesh of the GeoNE50 model after 4 cycles of refinement by HULK
and contains 1.4 million cells. All important geometric features of the input
geometries are captured and provide a good hexahedral approximation to the
initial geometry. Even smaller features such as a small intrusion (shown in
gray at the front corner) as well as the very fine quaternary deposits at the top
of the model are well-resolved. Dynamic cell size changes are visible especially
in vicinity of the large offset fault visible on the right face of the model.
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Figure 6.15: Cross section through the complex interior of the final mesh of the GeoNE50
model after 4 cycles of refinement by HULK. The whole model contains roughly
1.4 million hexahedral cells. In comparison with figure 6.13b the accuracy
is very good. All three main offset faults visible in the cross section are
resolved by the mesh. Solely, a small intrusion (shown in gray in figure6.13b
is not resolved by the hexahedral approximation. Note that the adaptivity of
the octree mesh is not as clearly visible in this section through the mesh as
many complexities have to be resolved, leaving little room for cell number
optimization through mesh coarsening.

6.6 Discussion

In the previous section, three models with varying degree of complexity were used.
However, in order to evaluate execution timings as well as scalability a more reliable
basis needs to be created. To this end the GeoNE model is used. We use the quadric
edge collapse decimation technique to reduce and increase the number of triangles in
the input geometries while conserving all formations and faults in the model (Hoppe,
1999). The initial model is the GeoNE50 model consisted of roughly 6 million
triangles. In the following we will consider two down-sized models (GeoNE25
~ 3 million and GeoNE13 ~ 1.5 million triangles) as well as one up-sized model
GeoNE100 with a total of ~ 12million triangles in the input geometries in addition
to the initial GeoNE50 (~ 6 million), LUSI (~ 0.5 — 0.8 million) and Dike (~ 0.2
million triangle models.

6.6.1 Mesh quality

As discussed in section 6.4 the quality of octree based meshes is in general quite
good. However, for accurate simulation results the cell size distribution within the
model might be important. In order to guarantee high accuracy the maximum level
difference between neighboring cells is set to 1. Here we present the distribution
of refinement levels for the cells in the different models. Figure 6.16 shows the
distributions for all three models presented in the previous section and additionally
the largest version of the GeoNE model. In general, smooth distributions are visible
for all models, which indicates good quality with respect to the expected numerical
accuracy. The dike model’s distribution has its peak at the highest level of refinement,
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which is due to the high curvatures in the input geometry. The effect of the curvature
of the input geometries is also visible in the LUSI model that contains only moderate
curvatures and which leads to a more widened distribution of the cell sizes within
the model. Both GeoNE models show a similar distribution of cell sizes indicating
that the resolution of the input geometries - given that it is reasonably good - does
not significantly influence the distribution of cell sizes in the final discretization.

The distance to the BSP tree is also an indicator for the accuracy of the discretizations.
Figure 6.17 shows the calculated mean distances to the corresponding BSP tree
structures for all cells in each refinement step for the dike and GeoNE models.
The mean distance is decreasing continuously after the first cycle for the GeoNE
models. This is due to the fact that indeed within the first refinement cycle more
cells are coarsened than refined, leading to an initial shift in the medium distance
towards bigger distances. For the final models the distances are well below the initial
distances, indicating the overall increase in accuracy as already indicated by the
volumetric deviation and the visible confirmation.

6.6.2 Computing timings

We show the performance and efficiency of the proposed method by a series of
execution timings. All simulations were run in serial, single threaded on a Intel
Xeon E5-2650 CPU with 2.3GHz clock speed. Figure 6.18 shows the time needed
to generate the BSP trees for all models used in this article. The generation of the
BSP tree shows a linear scaling with size of the input geometry. Solely for small
inputs small deviations from the linear behavior are visible. This in however not
related to the BSP tree construction but due to a small computational overhead when
generating multiple BSP trees from different geological formations. With increasing
size of each formation this overhead is relatively reduced, showing better linear
scaling.

The overall timings for the generation of the final discretization for all models
is shown in figure 6.19. Output of the final discretization as well as the actual
refinement are the main contributors to the overall runtime of the execution. Again,
the near-linear scaling of the generation of the BSP trees is visible, particularly for
the four GeoNE models. We observe that the time consumed by the refinement
procedure does not appear to strongly depend on the size of the BSP tree, and also
not strongly dependent on the number of triangles in the input. The figure further
shows that the a main contributor to overall execution time is the output. This time
is shared also with other mesh generators and needs to be taken into account when
comparing execution timings. In general, the execution times range from less than
one minute for the simple LUSI model without faults up to about 12 minutes for the

largest of the GeoNE models with an overall input size of roughly 12 million triangles.
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Figure 6.16: Mesh quality analysis based on the refinement level distribution of the cells
in four different models. Sharp distributions are likely due to sharp gradients
in the input geometries, as for example the dike model. Rather smooth
distributions as seen for the LUSI model also indicate rather smooth input
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Figure 6.17: The mean distance to the BSP tree is shown for the dike and GeoNE models.
The initial increase in distance is caused by a dominating cell coarsening in the
first refinement cycle of the GeoNE models. The final discretizations exhibit
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The BSP generation shows excellent linear scaling for moderate to large input
files. Small input files suffer from a slight computational overhead if multiple
BSP trees are generated for a series of geological formations such as the
smallest GeoNE model.
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Comparison of the execution times of the different models discretized by
HULK. All models were executed in a single threaded on a Intel Xeon E5-2650
CPU with 2.3 GHz clock speed. The execution time strongly depends on the
complexities in the geological model (cf. table 6.1).

6.6 Discussion

135



136

It becomes evident that the execution time strongly depends on the complexities in
the model. Better refinement criteria might mitigate this effect in the future.

6.6.3 Comparison with uniform refinement

We can further evaluate the efficiency of our refinement technique by comparing
the refinement behavior of all models compared to uniform global refinement.
The refinement curves in figure 6.20 show the number of cells depending on the
refinement cycle. Two theoretical curves for uniform global refinement with different
number of initial cells are also shown. It can be seen that the proposed method
is effective in terms of refinement cost as both models have a refinement factor
much less than the uniform refinement. Nevertheless, the possibility to utilise the
algorithm also on a structured grid with uniform refinement is very useful because
many reservoir simulators still utilise this type of grid, and where our algorithm can
simplify and speed up the grid generation process. In cases where the structured
grid is coarse, our algorithm can be interpreted as a very simple upscaling technique
mapping the geological domains and properties on the structured grid.
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Figure 6.20: Comparing the refinement factor for the models under consideration. The
dashed lines represent uniform global refinement. All models show a slope
much lower than the unfavorable uniform refinement curve, showing the effi-
ciency of the chosen octree refinement in the algorithm. (Note the logarithmic
scale on the y-axis.)
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6.7 Conclusion

All three examples demonstrate that the implemented algorithm works very well. The
input geometries are reasonably well represented in the hexahedral discretizations.
In general the number of cells needed for a satisfying model is on the order of a
few hundred thousand to roughly 1.5 million cells. This is quite a large number, but
compared to the grid resolution used in classical benchmark models (e.g. Johannsen
formation with 149 x 189 x 16 = 450,576 cells and SPE10 with 60 x 220 x 85 =
1,122,000 cells) it is competitive Eigestad et al., 2009; Christie and Blunt, 2001. A
common solution strategy for these large full field models is the division into smaller
sections and a successive solution of each section. This procedure could also be
applied to the mesh constructed by our algorithm if the required number of cells
is too big for a full field solution. Nonetheless, state-of-the-art parallel subsurface
simulators such as pflotran are able to handle large number of elements (Hammond
et al., 2014). With the utilization of new programming techniques and the advances
in hardware accelerators will enable and promote simulations with multi-million
cells. The number of hexahedral cells necessary for the models is also comparable to
the number of cells in a corresponding tetrahedral triangulation. To compare against
a tetrahedral discretization, we used the open source software gmsh and computed a
conforming tetrahedral triangulation on each formation of the LUSI model Geuzaine
and Remacle, 2009. We find that in this case the number of tetrahedral cells
(gmsh: 421,392) needed is even greater than the hexahedral approximation by
HULK (346,991). It is important to note that the tetrahedral discretization algorithm
builds a conforming mesh which coincides exactly with the input geometry. Thus
the quality, namely the number of elements of the input geometries’ discretization,
is directly linked to the number of cells in the final mesh. In HULK however, the
accuracy of the initial boundary description is not directly linked to the number of
cells as we are only interested in a good quality non-conforming approximation.

The implemented algorithm could be improved by a technique called edge-snipping,
which would result in a conforming mesh by moving the outer boundary vertices to
the exact position of the input geometry surface. This procedure, however, comes
at a high computational effort, and even prohibits some parallelization techniques
such as scalable adaptive mesh refinement that performs better on structured octree
grids (Burstedde et al., 2011). Therefore it has been omitted in the current work but
yields a possible extension of the algorithm for the future.

Accounting for structures in the subsurface using a geological model efficiently helps
increase the accuracy of any kind of numerical subsurface simulation. We developed
and implemented a fast and efficient hexahedral mesh generator for subsurface
simulations. The underlying theory and the simple structure of the algorithm makes
it also possible to implement the algorithm directly in the discretization part of other

6.7 Conclusion
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simulation software. However, it can also be used as a stand-alone preprocessing
unit. Simulators that use adaptive mesh refinement based on the physics can utilize
our method within their simulations to dynamically resolve only those parts of the
input geometry that are of interest in the current state of the simulation.
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Conclusion

In theory there is no difference between theory
and practice. But, in practice, there is.

— Attributed to multiple authors

Simulation of coupled processes in fractured reservoirs is becoming increasingly
important in today’s research as it is connected to many applications. These include
possible remedies of climate change such as geothermal energy production and CO,
sequestration. This thesis compiles applied case studies and theoretical-numerical
studies of fluid flow and heat transport through fractured systems. The outcome
is a fractured reservoir modeling framework that is open source and distributed
under the GNU GPL v3.0 license that enables the scientific community to use and
modify it according to their needs. The developed model finds application in a broad
range of applications in the fractured subsurface. Throughout this thesis the focus
has been the investigation of coupled thermo-hydraulic problems including fracture
stability analysis in geothermal reservoirs and other naturally fractured systems.
Nevertheless, I expect further applications and research opportunities beyond the
current model capabilities because the open source code will allow a community to
evolve and contribute to this common platform.

The presented studies show that the embedded discrete fracture model is a viable al-
ternative to the existing methods. As numerical discretization is simplified compared
to conforming discrete fracture models, dynamic changes of the fracture network
are possible without large numerical overhead. Numerical benchmark experiments
presented in this thesis validate the model and its capabilities, and demonstrate
the accuracy of the implemented MATLAB package within the limits of commercial
simulators for fractured reservoirs. The results presented in this thesis show further
the importance of including the mechanical behavior of fractures and the reservoir
in thermo-hydraulic simulations. Although the deformation process during fracture
slip was not explicitly taken into account, the assumed step-wise increase in fracture
permeability during slip provides the necessary feedback for the pressure equation.
In this way the developed model is able to capture the observed increase in injectiv-
ity during hydraulic stimulation and inferred permeability increase in natural fluid
driven seismicity. Although the model exhibits a very simplified view on the complex
fracture mechanics, it still provides important insight into reservoir stimulation that
helps in identifying some challenges and opportunities for future studies.

I investigated the role of thermal stress during the stimulation of geothermal reser-
voirs in a numerical study . The results suggest that thermal stress can facilitate slip
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on non-optimally oriented fractures and that thermal stress propagation is largely
influenced by the hydraulic properties of both fracture and matrix. Thermal stress is
found to be more concentrated and much slower propagating than fluid pressure.
Nevertheless, thermal stress changes can exceed fluid pressure and even minimal
principal stress, especially close to the well. In the latter case, thermally induced
tensile cracks can form, which would lead to an enhanced heat exchange between
the matrix and the fluid in the fractures. Two different failure regimes were identified
that act on different timescales. The hydraulic failure regime acts on the timescale
of days to weeks whereas the thermo-hydraulic regime acts on the scale of weeks
to years. Finally, the study shows that thermal stress changes can be significantly
larger than the slip-induced Coulomb stress change. This lead to the conclusion that
thermal stress changes in the fractured subsurface should be incorporated in models
that seek to fully understand fluid injections over long-periods.

The case study of the 2008 Mogul earthquake sequence presents an application of the
implemented model to fluid-driven seismicity in a naturally fractured system. The
structural, seismic and modeling response supports a scenario where high pressure
fluid infiltrates a highly fractured shallow subsurface leading to consecutive and
sustained fault slip. The occurrence of multiple hot springs in the region and the
analysis of focal mechanisms suggest the presence of excess fluids. The model results
present strong evidence for the fluid pressure triggering of the foreshock sequence of
the 2008 Mogul sequence. Both the Omori and Gutenberg-Richter laws are satisfied
by this sequence, which suggests that similar fluid-driven foreshock sequences may
be found elsewhere. This study presents important insight on foreshock sequences
and demonstrates the broad range of utility provided by the modeling framework
developed in this thesis.

In addition to the numerical model for coupled thermo-hydraulic problems, a novel
discretization technique was introduced in this thesis. The algorithm called HULK,
short for "Hexahedra from Unique Location in (K)convex Polyhedra", is simple and
efficient, and generates hexahedral meshes from generic STL files describing a
geological model. Using a geological model efficiently helps to increase the accuracy
of numerical subsurface simulations by constraining structures in the subsurface.
The three tested geological models with varying complexity demonstrate that the
implemented algorithm works very well. In general the number of cells needed for a
satisfying model is on the order of a few hundred thousand to roughly 1.5 million
cells. Nonetheless, state-of-the-art parallel subsurface simulators such as pflotran are
able to handle large number of elements (Hammond et al., 2014). The utilization of
new programming techniques and the advances in hardware accelerators will enable
and promote simulations with multi-million cells in the future.
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The numerical modeling framework for coupled thermo-hydraulic simulations dis-
tinguishes itself from related works by the included fracture stability analysis that
accounts for thermal and porous effects by efficient superposition, a user friendly
MATLAB implementation and an open source distribution of the source code. Sanyal
et al., (2000) present a review on the state-of-the-art of numerical simulation of
enhanced geothermal systems. Although the review does not include the most
recent advances EGS modeling, the key features desired in a practical simulator
for enhanced geothermal systems remain unchanged. These features include the
ability to handle two-phase fluid flow, heat transfer and tracer transport in porous
and fractured media, explicit representation of fractures, change in fracture aper-
ture due to effective stress, thermo-elastic effects, a relationship between fracture
aperture and fracture conductivity, shear deformation of fractures, channeling of
fluid flow within fractures and chemical reaction between water and rock (Sanyal
et al., 2000). The majority of these features is included in the current version of
the modeling framework delivered with this thesis. However, certain aspects are
currently covered in a simplified manner while others are only meaningful in a 3D
implementation or are missing altogether. Thus the following final section of this
thesis will point out possible research directions and opportunities for future work
with the aforementioned desirable features in mind.

Future Work

The numerical modeling framework developed in this thesis uses a simplified ap-
proach on the mechanical processes in the reservoir. This can be regarded as one
of the biggest advantages and disadvantages of the model at the same time. The
simplification allows important insight into reservoir stimulation that helps in iden-
tifying challenges and opportunities for more complex models. On the other hand
the simplified model allows a very efficient implementation and solution of the
coupled thermo-hydraulic equations. Future models might solve the full equilibrium
equations to fully resolve the shear deformation process of fractures. However the
required degree of complexity of the geomechanical model is still under research
and part of the scientific discussion (e.g. Hoedeman and Zee, 2016). In state-of-
the-art coupled thermal-hydraulic-mechanical-chemical (THMC) simulations, the
geomechanical model requires most of the computational effort (B. Galvan, personal
communication, 2017). Nevertheless, more advanced models could consider both
pre-existing fractures as in the present work, but also the generation of new fractures
and their propagation in response to the evolving stress state from both thermo-and
hydraulic perturbations.

While validating the numerical model against a commercial simulator, slight dif-
ferences in solutions became visible. As discussed earlier the exact source of the
deviation remains elusive. This could be addressed in the future using a systematic
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study of different numerical advection schemes and the definition of matrix-fracture
interface properties between the models. Currently there is no clear indication about
what weighting to use at fracture-matrix interfaces, which presents an excellent
future research opportunity for combined laboratory and numerical experiments.
Tracer transport is mathematically very similar to heat transport. Therefore, the im-
plementation of a simple tracer transport module is feasible. Additionally, chemical
reaction between fluid and rock could either be implemented in terms of a reactive
flow module or through the coupling of the model with an external chemical simula-
tor using one of the provided interfaces. Currently there is only single-phase flow
available in the model. The extension to a two phase flow model in the future should
be envisioned as it will allow the simulation of a broader spectrum of applications.
Applications where multiphase flow in fractured systems is considered relevant,
include CO, sequestration and hydrothermal systems in volcanic environments.

A natural extension of the work presented in this thesis is the efficient implemen-
tation of the model in three dimensions. Currently the modeling framework is
implemented in MATLAB. This enables a broad audience to the developed model
without deepened programming knowledge. On the other hand the MATLAB plat-
form is not particularly well suited for large scale 3D simulations. Omlin, (2016)
presents a promising new approach for the automated transfer of MATLAB code
to modern parallel computation techniques. However the methodology is not as
sophisticated yet as to allow the transfer of my modeling framework. Nevertheless,
a manual re-implementation of the model in a high-performance environment based
on the MATLAB implementation could be efficiently extended to 3D.

Currently the developed fractured reservoir framework is restricted to regular numer-
ical grids. The embedded discrete fracture model can in principle be implemented
for general unstructured grids as well. However, using regular grids can be advan-
tageous for the application of modern parallel computation techniques that will be
required in a 3D extension of the model.

Finally, the combination of the numerical modeling framework with the mesh gener-
ation algorithm presented in this thesis would be desirable in order to facilitate the
integration of detailed information about the subsurface in the numerical simulator.
As previously mentioned, this would be particularly beneficial for 3D simulations in a
high-performance computing environment where a high degree of spatial complexity
of the subsurface geology can be resolved.

The different research opportunities presented here may vary in their required
effort and complexity. Prioritizing any of the aspects over the others remains to the
researcher and largely depends on the focus of the corresponding work and partly
personal preferences. In theory all the aforementioned open research directions can
be addressed in the future. Ultimately the scientific community as potential users
of the open source coupled TH(m) fractured reservoir simulator presented in this
thesis will decide on the prevailing research directions.
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