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Abstract

The International Energy Agency predicts geothermal deliver about 3.5% of the total
electricity production by 2050 [IEA, 2013]. It can be realized by capitalizing the large
potency of the Enhanced Geothermal System (EGS). To achieve this goal, it is
important to accelerate our ability to ensure the stability of wellbore and to engineer
a volume of rock consisting of a network of fractures that provides sufficient fluid
flow pathways. Such an effort must rely on rock mechanics principles conditioned to
geothermal settings. Therefore, rock mechanics study constitutes an integral part of
a comprehensive approach to geothermal reservoir characterization and
development.

The goal of this thesis is an improved quality of the characterization of the
mechanical and stress distribution of the deep crystalline reservoir in Soultz-sous-
Foréts (France). One of the most important applications of in-situ stress
characterization in geo-reservoirs is associated with wellbore instability. Current
investigations of stress magnitude are based on various methods including hydraulic
fracturing, borehole breakouts, drilling-induced tensile fractures (DITF), focal
mechanism inversion and others. Particularly, existing borehole breakout
assessments in Soultz were revised, and the mechanisms of breakouts were studied
further. The background on the importance of rock mechanics for reservoir
engineering is presented in a special chapter. This thesis consists of four principal
studies, i.e. mechanical properties, in-situ stress field, hydraulic stimulation and
numerical modeling.

Iinfer the impact of fracture networks on the development of wellbore failures from
a detailed analysis of 1221 and 887 compressional and tensional failure pairs,
respectively, in the vicinity of 1871 natural fractures observed in the crystalline
section of the GPK4 well. It is found that the orientation of breakouts is strongly
influenced by the fracture orientation; a direct relationship between fracture and
breakout orientations is found and, in a zone with several fracture families occurred,
breakout orientations are especially heterogeneous. Subsequently, I show the first
and second order of breakout orientation heterogeneities which correspond to the
stress-related and fracture-related breakouts, respectively. The detailed analysis of
breakout geometry performed in this study enables us to distinguished both type of
breakouts. Using stress-related breakouts only, the regional in-situ stress field and its
local heterogeneity in the vicinity of major faults is then estimated.

Neural network clustering scheme is used to identify inherent structures present in
a set of geophysical log data, i.e. magnetic susceptibility, fracture, alteration, and
breakout. Three zones with different rock characteristics and mechanical properties
are proposed i.e. porphyritic, transition and two-mica granite. On the top of this, the
slip tendency of all fractures in each zone is estimated. With the limitation of available
deep core data, this integrated analysis presents a procedure for assessing mechanical
properties of the deep geothermal reservoir.

Using the Young modulus, Poisson’s ratio, and compressional strength distribution
estimated in this study, I am able to model the distribution of the wellbore failures in



the GPK4 well. The impact of the in-situ stress on wellbore failures is less pronounced
in the deviated section of the GPK4 well, i.e. the limitation of tensile failures in part
of the well inclined by less than 10°, and the delay of compressional failures
occurrence by about 700 m in a 25° inclined well. The significant reduction of the
compressional strength in a highly fractured granite, by approximately 30%, promote
the development of a cluster of wellbore failures at a shallower depth.

In a broader scale, the in-situ stress state and the mechanical heterogeneities in a
crystalline rock play a key role in governing the response of the reservoir to the
injection. The dynamic responses of reservoir to the increasing pore pressure during
fluid injection with respect to its mechanical properties are observed, e.g. an episodic
fracture reactivation from two-mica to porphyritic granite, an anti-correlation
between clay content and microseismic events, a significantly higher number of
microseismic events in the weaker two-mica granite and an extensive damage area in
the porphyritic granite. Furthermore, the pattern of the microseismicity in each zone
is also matched with the different injection scheme, suggesting that an adapted
injection strategy might be developed based on the geomechanical model proposed
in this study.

To gain a better insight into the wellbore failures in a complex medium, I developed
a numerical modeling to model the development of breakouts in an inhomogeneous
elastoplastic material. A continuum damage mechanics (CDM) concept that takes
into account the tensile and compressive modes is applied. Using CDM, I am able to
reproduce several characteristics of the failure processes during the breakout
development as observed in experimental tests, e.g. localized crack distribution in the
vicinity of the borehole wall, damage evolution which exhibits a widening process in
the beginning followed by subsequent growth in depth, and shear fracturing-
dominated breakout growth in sandstone. The CDM concept implemented in this
simulation, furthermore, allows us to reproduce breakout geometries obtained
through laboratory experiments.

I concluded that the wellbore stability problems and the dynamic behavior of the
Soultz reservoir during the hydraulic stimulation are highly related to its mechanical
and stress characteristic. The impact of the fracture network on mechanical properties
is very pronounced in crystalline rock. Hence, we could attribute the mechanical and
stress heterogeneities to the occurrence of fractures and accompanying alteration
only. As most of the EGS target the crystalline rock, the finding of the lithological and
petrographical controls on wellbore stability and induced seismicity in granitic rock
is crucial for the future development of the EGS. The breakout numerical code allows
us furthermore to perform a variation of the conditions that could not be achieved in
the laboratory experiments, e.g. high temperature and pressure condition, at a greater
scale comparable to the reservoir.

The database for the studies formed several geophysical logs and a catalog of
induced seismicity courtesy of GEIE Heat Mining in Soultz. The PhD project was
funded by the Indonesia Directorate General of Higher Education (DIKTI), the
German Academic Exchange Service (DAAD), Energie Baden-Wuerttemberg
(EnBW) and Helmholtz Funding Program.



Zusammenfassung

Die International Energy Agency prognostiziert, dass im Jahre 2050 ca. 3,5% der
gesamten Stromerzeugung von Geothermie gedeckt wird. Dies kann nur durch einen
Ausbau des grofien Potenzials von Enhanced Geothermal Systems (EGS) realisiert
werden. Um dieses Ziel zu erreichen, ist es wichtig, unsere Fahigkeiten, die
Bohrlochsicherheit zu gewédhrleisten und ein Gesteinsvolumen mit einem
ausgedehnten Kluftnetzwerk zu erschliefSen, das gentigend Fliefipfade aufweist. Aus
diesem Grund stellt die Felsmechanik einen integralen Bestandteil eines
umfassenden Ansatzes zur Reservoircharakterisierung und Erschliefsung dar.

Das Ziel dieser Arbeit ist eine verbesserte Charakterisierung der Mechanik und der
Spannungsverteilung des tiefen kristallinen Reservoirs in Soultz-sous-Foréts
(Frankreich). Eine der wichtigsten Anwendungen von in situ Spannungs-
Beschreibung in Georeservoiren ist verbunden mit Bohrlochinstabilitét.
Zeitgenossischen Untersuchungen der Spannungsmagnitude liegen verschiedene
Methoden zugrunde, darunter hydraulic fracturing, Bohrlochrandausbriiche,
bohrungsinduzierte Zugrisse (DITF), Inversion der Herdfldchenlosung und weitere.
Insbesondere wurden bestehende Untersuchungen von Bohrlochrandausbriichen in
Soultz tiiberarbeitet und die zugrundeliegenden Mechanismen wurden weiter
untersucht. Der Hintergrund fiir die Bedeutung der Felsmechanik fiir das Reservoir-
Engineering wird in einem separaten Kapitel beleuchtet. Diese Arbeit besteht aus vier
grundlegenden Studien: mechanische Eigenschaften, in situ Spannungsfeld,
hydraulische Stimulation und numerische Modellierung.

Der  Einfluss von  Kluftnetzwerken  auf  die  Entstehung  von
Bohrlochrandausbriichen wird auf Grundlage einer detaillierten Untersuchung von
1221 kompresseren sowie 887 Zugbriichen in der Ndhe von 1871 nattirlichen Kliften
im Kiristallin der Bohrung GPK4 abgeleitet. Es zeigt sich ein starker Einfluss der
Kluftorientierung auf die Orientierung der Bohrlochrandausbriiche. Eine grofie
Heterogenitédt der Orientierung der Bohrlochrandausbriiche kann in einem Bereich
mit mehreren Kluftfamilien beobachtet werden. Anschliefend werde ich die
Heterogenitdten erster und zweiter Ordnung der
Bohrlochrandausbruchorientierungen die den spannungsabhéngigen und den Kluft
abhédngigen Bohrlochrandausbriichen entsprechen. Die detaillierte Analyse der
Geometrie der Bohrlochrandausbriiche, die in dieser Arbeit dargestellt wird,
ermoglicht eine Unterscheidung zwischen diesen beiden Arten von
Bohrlochrandausbriichen.  Auf = Grundlage  der  spannungsabhingigen
Bohrlochrandausbriiche wird das regionale in situ Spannungsfeld und seine lokale
Heterogenitdt in der Ndhe von grofien Kluftzonen abgeschatzt.

Mit Hilfe von Neural Network Clustering wurden inhérente Strukturen in einer
Reihe von geophysikalischen Logs untersucht: magnetische Suszeptibilitat,
Kluftdaten, Alteration und Bohrlochrandausbriiche. Es werden drei Zonen
unterschiedlicher Gesteinscharakteristika unterschieden. Das gehdufte Auftreten von
Bohrlochrandausbriichen und Kliiften im Zweiglimmergranit weist auf eine



geringere Festigkeit dieses Gesteinstyps im Gegensatz zum porphyrischen Granit
hin. Die Ubergangszone zwischen den beiden Gesteinseinheiten ist durch einen
hohen Tongehalt gekennzeichnet. Fiir alle Kliifte in den der definierten Zonen wurde
auflerdem eine Slip Tendency Analyse durchgefiihrt. Unter der Voraussetzung einer
vollstandigen Datengrundlage stellt dieses integrierte Verfahren eine Moglichkeit
dar, die mechanischen Eigenschaften des tiefen geothermischen Reservoirs
abzuschitzen.

Unter Verwendung des Young Moduls, der Poisson Rate und der Verteilung der
Druckfestigkeit, die in dieser Studie abgeschétzt wird, ist es moglich, die Verteilung
von Bohrlochausbriichen in der Bohrung GPK4 zu modellieren. Die deutliche
Verringerung von ca. 30% der Druckfestigkeit in stark zerkliiftetem Granit begiinstigt
die Bildung einer Anhdufung von Bohrlochrandausbriichen in einer geringeren tiefe
von ca. 3000 m. Der Einfluss der in situ Spannungen auf Bohrlochausbriiche ist im
abgelenkten Bohrungsabschnitt der Bohrung GPK4 geringer. Dies duflert sich in
einem begrenzten Auftreten von Zugrissen in den Abschnitten die <10° geneigt sind
sowie in einem versetzten Auftreten von kompressiven Ausbriichen von etwa 700 m
in einer 25° geneigten Bohrung,.

Auf groierem Mafistab spielen die in situ Spannung und die Heterogenitit der
mechanischen Eigenschaften eine zentrale Rolle als beeinflussende Faktoren fiir die
Antwort des Reservoirs auf Fluidinjektion. Die dynamische Reaktion des Reservoirs
auf ansteigenden Porendruck wihrend der Fluidinjektion in Bezug auf seine
mechanischen Eigenschaften werden zum Beispiel anhand einer episodischen
Kluftreaktivierung von Zweiglimmergranit zu porphyrischem Granit, einer
Antikorrelation zwischen Tongehalt und Mikroseismizitit, einem vermehrten
Auftreten von Mikroseismizitdt im weicheren Zweiglimmergranit und in einem
extensiven Schadenbereich im porphyrischen Granit beobachtet. Dariiber hinaus
kann das Muster der Mikroseismizitit in jeder der Zonen mit den verschiedenen
Injektionsschemata in Verbindung gebracht werden. Dies deutet darauf hin, dass auf
dem geomechanischen Modell, das in dieser Studie entwickelt wurde, eine
Injektionsstrategie entwickelt werden konnte.

Um einen besseren Einblick in Bohrlochrandausbriiche in einem komplexen
Medium zu bekommen wurde im Zuge dieser Arbeit ein numerisches Modell erstellt,
um die Entstehung von Breakouts in einem inhomogenen elastoplastischen Material
zu modellieren. Es wird ein Konzept angewandt, das auf Kontinuumsmechanik
basiert (CDM) und das die Zug- und Kompressionsmoden berticksichtigt. Mit Hilfe
von CDM konnen mehrere Charakteristika des Versagensprozesses von Gestein
wdhrend der Breakout-Bildung nachgebildet werden, wie sie auch in
Laborversuchen beobachtet werden: lokalisierte Bruchverteilung in der Nahe der
Bohrlochwand, Bruchentwicklung, die einen Aufweitungs-Prozess zu Beginn zeigt,
sich anschliefend jedoch in die Tiefe ausbreitet, und Scherbruch-dominiertes
Breakout Wachstum in Sandstein. Das CDM Konzept, das in diese Simulation
implementiert wurde, ermoglicht es auflerdem, die Breakout Geometrien
nachzubilden, die in Laborversuchen entstanden sind.



Daraus wird geschlossen, dass die Bohrlochstabilitit und das dynamische
Verhalten des Reservoirs in Soultz wahren der hydraulischen Stimulation eng mit
den mechanischen und Spannungseigenschaften zusammenhéngt. Der Einfluss des
Kluftnetzwerkes auf die mechanischen Eigenschaften ist im Kristallingestein sehr
ausgepragt. Daher konnen die mechanischen und Spannungsheterogenitédten allein
auf das Auftreten von Kliiften und Alteration zurtickgefiihrt werden. Da die meisten
EGS Systeme auf Kristallingestein zielen, ist das Ergebnis dieser Arbeit, das den
tiberragenden Einfluss der petrografischen und lithologischen Eigenschaften auf die
Bohrlochstabilitdt und induzierte Seismizitét in Granit zeigt von zentraler Bedeutung
tiir die weitere Entwicklung von EGS. Der entwickelte numerische Code erlaubt es
weiterhin, eine Variation der Bedingungen vorzunehmen, die unter
Laborbedingungen nicht erreicht werden kénnen, so z.B. hohe Temperaturen und
Druck auf einer grofieren Skala, vergleichbar mit dem Reservoir.

Die Grundlage dieser Studie waren mehrere geophysikalische Logs und ein Katalog
induzierter Seismizitdt der GEIE Heat Mining in Soultz. Die Doktorarbeit wurde vom
Indonesia Directorate General of Higher Education (DIKTI), dem Deutschen
Akademischen Austauschdienst (DAAD), der Energie Baden-Wiirttemberg (EnBW)
sowie vom Helmholtz Férderprogramm finanziert.
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Introduction

The source of geothermal energy is the vast heat stored within the earth. The Earth's
thermal energy flows to the surface under ambient conditions at a rate of 960 EJ / year
[Pollack et al., 1993]. This energy rate is almost twice the current energy consumption
from all primary sources (560 EJ/year in 2013) [IEA, 2013]. Yet, it was not until the
early 20th century that geothermal was harnessed for industrial and commercial
purposes. In 1904, electricity was first produced using geothermal steam at the
hydrothermal field in Lardarello, Italia. Since then, other developments have led to
an installed electrical capacity of about 11.7 GW. and direct use of more than 70 GW;
at 2015 [Lund and Boyd, 2015]. Geothermal energy has low environmental impact and
CO; emissions, able to provide base load powers and has ubiquitous resources.
Therefore, the International Energy Agency (IEA) envisions geothermal to supply a
substantial part of future energy production. IEA projects that geothermal could
contribute about 5.8 E]J per year by 2050 [IEA, 2013].

According to REN21 [2013], the total capacity of geothermal is currently
contributing to only ~2.4% of the total installed capacity of renewables. This small
share is mainly originated from the high conductive heat flow area near the tectonic
plate boundaries. In such area, the high enthalpy geothermal reservoir can be easily
found in few hundreds meter depth, e.g. in Iceland, New Zealand, the Philippines,
and Indonesia. However, often the high enthalpy zone are clustered in a small part
of the country. For instance, in Indonesia, the utilization of the geothermal energy is
centered only in Java and Sumatra islands while the mid enthalpy and a magmatic
geothermal system in the eastern part is much less developed (Figure 1.2).

Therefore, to exploid vast quantities of geothermal energy from a wider area, a new
concept of the Enhanced Geothermal System (EGS) is introduced. The idea is to
exploit geothermal energy from a body of rock containing commercially-sufficient
energy, the recoverability of which has been increased by artificial means such as
hydraulic stimulation [AGRCC, 2010]. The advantage of this concept, compared to
the conventional volcanic geothermal, is that it can be applied to almost every crustal
rock. Due to its enormous potential, IEA sees EGS as a major pillar of geothermal



energy production in the future, with more than half of projected increase of installed
capacity being of EGS-type by 2050. Hence, a lot of research and development,
particularly in EGS, has to be done to reach the IEA goal.

1.1  Enhanced geothermal systems

For the most of the continental crust, such as in central Europe, geothermal resources
need to be harnessed from deep crystalline basement rocks, typically from 3 to 5 km,
which provides much less natural permeability. The EGS concept is to drill two or
more boreholes to depths where temperatures are of commercial interest and extract
the heat from the rock mass between them by circulating fluid around the loop (Figure
1.2). In some fields, fault systems are the main target for circulation water since they
are expected to yield high production rates that are needed for economical operation
of the power plant.
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Figure 1.1: Distribution of geothermal potential and electrification ratios in Indonesia (data
from Poernomo et al. [2015]). The eastern part of Indonesia is characterized by low
geothermal potential but lack of other types of energy (low electrification ratios).

Often the natural permeability of the deep crystalline rocks is too low to provide the
required flow between the wells and thus must be enhanced. Hydraulic stimulation,
in which a large volume of fluid is injected into the rock mass at high flow rates,
serves as a potential mean for improving the connection between the borehole and
the natural fracture system. Hydraulic stimulations have been performed at various
EGS reservoirs and have produced mixed results in increasing the hydraulic
connectivity between the wells [Murphy et al., 1999]. Large induced microseismic
events, Mw > 2.0, have been reported during and after the stimulation at commercial-
scale EGS sites, e.g. Soultz (France) [Baria et al., 1999], the Cooper Basin (Australia)
[Baisch et al., 2006], and Basel (Switzerland) [Mukuhira et al., 2013; Majer et al., 2007].
Even in Basel, they cause considerable damage to buildings, with damage claims
amounted to more than US$9.0 million [Giardini, 2009]. This made the Basel project
was then suspended and was finally discontinued in 2009. Problems of wellbore
stability that might arise during the drilling of several geothermal wells could also
cause substantial additional cost, which endangered the whole project



Apart from its technical problem, there are also social and political issues such as
lack of public awareness, an inappropriate regulatory environment, and the
difficulties of competing with conventional energy sources [Pasqualetti, 2011; Barbier,
2002; Rybach, 2003]. Cost projections for EGS are also difficult to be calculated since
current projects are still pilot-scale with a large amount of research and development,
particularly in the drilling and the stimulation phases of the projects [IEA, 2013].
Nevertheless, geothermal is the only renewable energy sources that could serve as
base load due to its abundant energy sources availability and its low externality costs.

Power plaht

| Sediments or
volcanics

| T Production well

Low permeability

Injection well | !
\ | crystalline basement
‘ rock
Fractured | A
reservoir:

3-10 km depth

Figure 1.2: Schematic of a conceptual two-well Enhanced Geothermal System in hot rock in a
low-permeability crystalline basement formation [modified from US Department of
Energy, 2006].

To date, it can be concluded that EGS systems are not in regular use yet because the
technology to develop fully “engineered reservoir” is still under development.
Success in the development of EGS technology will greatly increase both the scale of
the usable resource and the number of countries that can benefit from this vast energy
resources. Specifically, research and technology development is needed in the
following areas: more cost-effective drilling, reservoir characterization, and
monitoring, improved numerical reservoir modeling and reservoir management
techniques.

1.2 Motivation

Extracting a heat energy from a deep EGS reservoir is a challenging task, in particular
because of the high in-situ stress acting on a deep fractured crystalline rock.
Hydraulic stimulation and wellbore stability have become constant issues frequently
encountered during the life geo-reservoir projects [Fjaer et al., 2008; Zoback, 2007].



Especially, in the last few years, hydraulic stimulation campaign has been heavily
criticized by the community due to its potential in creating large magnitude events.
For future use of this technique, the geomechanical aspects of induced seismicity
have to be better understood to increase the success ratio of the permeability
enhancement and facilitate future mitigation of felt seismicity. Authorities, politics,
and the society demand guaranteed safety and minimal nuisance by the exploitation
to be able to accept the application of these technologies.

A comprehensive geomechanical model of a reservoir could provide a basis for
addressing a broad range of rock-mechanics-related problems that might encounter
during the life of a geo-reservoir. Although significant progress has been made in oil
and gas industry, technical challenges unique to the geothermal area, e.g. high
temperature and pressure, crystalline basement, and fewer data collection, have
limited the use of geomechanics in the development of the geothermal reservoir. As
the geothermal industry move to develop more challenging resources using the
concept of EGS, the need for improving the geomechanical model and developing
specific technologies for geothermal reservoir has become critical.

Rock mechanics research can impact areas related to in-situ stress characterization,
initiation and propagation of artificial and/or nature fractures, and the effect of
coupled hydro-thermo-chemo-mechanical processes on induced seismicity. This has
an important role in optimizing reservoir design and heat extraction strategies for
sustainable geothermal energy development. The quality of such model is, however,
dependent on the nature of the reservoir geology. The limited availability of relevant
data is also part of the problem. For that reason, it is essential that we are aware of
the high potential of the technique, together with the actual limitations.

Over the past 25 years, a number of European research teams have worked on
putting together a detailed picture of the deep crystalline rock at the site of the Soultz
EGS project. This project is arguably the most comprehensive research project in the
field of EGS, which has been developed so far. It has now a long history which is
broadly documented, e.g. Baria et al. [1999], Gérard et al. [2006], and benefits from a
vast amount of field observations in numerous domains (geology, geochemistry,
geophysics, petrophysics, hydrogeology, etc.) gathered during the exploration,
drilling, stimulation, circulation, production phases. Over the development phases of
the EGS, five wells have been drilled and stimulated to create underground heat
exchangers in the granitic formation. Due to its long-term operation experience and
its immense geodatabase, the Soultz-sous-Foréts site is predestined for the
development and testing techniques applicable to characterize the geo-mechanical
properties of crystalline reservoirs, and it was therefore selected as a basis for this
thesis.

1.3  Thesis structure
This thesis is presented as a cumulative dissertation comprising of four individual

studies on the characterization of the stress and mechanical properties of deep Soultz-
sous-Foréts reservoir. Two studies are published in or submitted to international



journals, one study is published as a reviewed conference paper of the World
Geothermal Congress in 2015, and one is currently prepared for publication in an
international journal. The studies are ordered such that a systematic description of
rock mechanics studies of deep EGS can be drawn.

As drilling and hydraulic stimulation are the major challenges for EGS campaign,
the main goals of this thesis are an increased understanding of most prominent
aspects of rock mechanics in characterizing the mechanical behavior of reservoir as
disturbed by drilling and massive fluid injection. The present thesis aims at
presenting novel approaches of geomechanical studies at various scale from minor-
fracture-scale to the reservoir scale (Figure 1.3).

Approaches developed in this thesis are based on an integrated analysis of borehole
data measured from the most inclined well GPK4 in Soultz-sous-Foréts. Hydraulic
data is used to analyze the characteristics of induced seismicity with respect to the
stress and mechanical heterogeneities in the reservoir. On top of this, numerical
modeling is performed to analyze the inelastic deformation that leads to the
development of wellbore failures.

Waellbore failures Lithology Hydraulic data Elastoplastic
Fractures Alteration Microseismic Damage mechanics
Drilling data In-situ laboratory Reservoir model Plastic law
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1 Stress indicator heterogeneities = Future development of test
EGS uBigger scale, engineering
Chapter 3 Chapter 4,5 Chapter 5 Chapter 6

Figure 1.3: Work flow of the various scale studies developed in this thesis. The green boxes
within the dashed line respresent the studies that are based on field observation
and analysis, while the blue box represent the numerical modeling.

The basic of rock mechanic in reservoir engineering is presented in Chapter 2. Then,
the studies are presented in separate chapters, as outlined in the followings.

The impact of fracture network

This thesis starts with an analysis of the impact of fracture networks on the
development of borehole breakouts (Chapter 3). This is inferred from a detailed
analysis of 1221 borehole elongation pairs in the vicinity of 1871 natural fractures
observed in the crystalline section of the GPK4 well of the Soultz-sous-Foréts
geothermal field (France). Details of stress perturbations associated with small
natural fractures, not only with major fracture zones, are studied for a better
understanding of the impact of the natural fracture network on breakout
heterogeneities in granite rock. Herein, I first identify all faults and fractures



accompanied by stress-induced breakouts in the crystalline section of the GPK4 well
at the Soultz-sous-Foréts geothermal field. Then, I investigate the possible
relationship between the breakouts and the mechanical perturbation due to the
presence of faults and fractures. The influence of fracture density to the material
heterogeneity, inferred from the detailed analysis of breakout shape, is outlined.
Furthermore, the importance of material heterogeneity resulting from fracture
occurrence to breakout development is examined.

Stress state in a fractured crystalline reservoir

In addition to the breakouts and fractures data from the previous chapter, 827
drilling-induced tensile failures are included to infer the in-situ stress field and its
heterogeneity in the Soultz geothermal field (Chapter 4). The distribution of the
compressional strength of the crystalline rock used for stress inversion are
determined based on previous in-situ laboratory measurements, sonic log run in the
shallower section of GPK2 well and the petrographic log. The different characteristics
of wellbore failures that might represent the stress field and its local heterogeneity
are discussed. The stress profile is estimated based on the selected wellbore failures
input data. Then, using the in-situ stress field profile and the compressional strength
profile obtained in this study, the impact of wellbore trajectory on the wellbore
stability in the most deviated GPK4 well is estimated.

Mechanical properties and hydraulic stimulation

The limitation of the deep core data necessitates tools to characterize the mechanical
properties indirectly from borehole data. In Chapter 5, I apply a neural network
clustering scheme to identify inherent structures present in a set of geophysical logs
of the GPK4 well, i.e. magnetic susceptibility, fracture, alteration, and breakout. The
variation of the fictional strength in the reservoir is identified based on the
characteristic of rocks observed from borehole data. On the top of this, the slip
tendency of all minor and major fractures in each zone is estimated. Hydraulic
stimulation data performed in the same well are then used to infer the patterns of the
microseismic events in the different zone proposed from borehole data, i.e. the
occurrence time and density of microseismic events as well as the stimulated area.
The role of each parameter in affecting the failure mechanism due to hydraulic
stimulation is discussed. This integrated analysis can provide key information on the
lithological controls on induced seismicity due to stimulation.

Numerical modeling of borehole breakouts

To improve the understanding of the mechanism of wellbore failures observed in
the previous studies, a numerical modeling that implicitly account the complex
fracturing process and inelastic deformation is developed (Chapter 6). A continuum
damage mechanics (CDM) concept that takes tensile and compressive failure
mechanisms into account is implemented to model the development of the borehole
breakout in an inhomogeneous elastoplatic material. This investigation allows us to
account for both tensile and compressive failure. I use the single constitutive law by
Lee and Fenves [1998] in our modeling scheme. The plastic law obtained by Busetti et



al. [2012b] is used as a basis for the non-linear deformation involved in the simulation.
A sensitivity study is performed to analyze the significance of each parameter
possibly affecting the dimensions of borehole breakouts. I compare the numerical
results to available experimental data [Haimson and Lee, 2004]. In general, a good
match between modeling and laboratory experiment results is achieved



Rock mechanics in reservoir engineering

The Committee on Rock Mechanics of the Geological Society of America defines rock
mechanics as “the theoretical and applied science of the mechanical behavior of rock;
it is that branch of mechanics concerned with the response of the rock to the force
tields” [Jaeger et al., 2007]. This illustrates the importance of rock mechanics in the life
of geo-reservoir.

The large tectonic forces caused the crustal rocks to be pre-stressed [Zang et al.,
2010]. These stresses are acting as we extract/inject materials from/to the crust in
boreholes, mines, and underground constructions. In a critically stressed area, failure
is likely to occur, e.g. a fault reactivation due to a hydraulic stimulation [Barton et al.,
1995; Rutquist et al., 2015], rock burst in deep mining [Brady and Brown, 2005] and
casing collapse in a high overburden stress area [Moos et al., 2003]. The inhomogeneity
of the mechanical properties of rock could also play a role in such failures [Amadei,
1996]. As those failures could bring damage to the geo-project operation as well as to
the community, this necessities an estimation of the pertinent parameters required to
properly characterize the geomechanical aspects of the targeted formation.

In the following section, I give a brief overview of some most important aspects of
rock mechanics to characterize the mechanical behavior of reservoirs as disturbed
from its initial condition, e.g. drilling and hydraulic stimulation, which are the focus
of this thesis. The introduction of geomechanical aspects follows the monographs of
Zoback [2007], Brady and Brown [2005], Fjaer et al. [2008], Jaeger et al. [2007], Scholz
[2002], and Shen et al. [2014]. Then, the fundamental of mechanical properties and in-
situ stress for reservoir engineering are presented. This is followed by a brief
description of a numerical method for rock mechanics, with a focus on continuum
damage mechanics technique.

2.1 Basic constitutive laws

A constitutive law describes the deformation of a rock in response to an applied stress
or vice versa. A rock specimen starts to deform when it is submitted to a load; the
higher the stress level, the more strain the rock experiences. A concept of rock
mechanics test is presented in Figure 2.1 to illustrate how a rock exhibits different
characteristic over different range of applied stresses. Deformation begins with a



small degree of crack closure upon initial application of stress followed by linear
elastic behavior over a significant range of stresses. Then, deformation involves many
inelastic processes, e.g. microfracturing, formation of shear zones, compaction bands,
and tight folds, prior to eventual failure of the sample [Katz and Reches, 2004; Reches
and Lockner, 1994].

Failure

Onset of
inelastic behavior,

Elastic behavior

Stress (MPa)

‘7
03

”crack closing

Strain

Figure 2.1: Typical laboratory stress-strain data for a rock sample being deformed. Different
deformation stage are presented (modified after Paterson and Wong [2005])

2.1.1 Linear elasticity

In a linear elastic material stress and strain are proportional and deformation is
reversible. The description of elastic constitutive laws begins with a definition of
deformation by considering the components of the strain tensor ¢;; as a function of
displacement field u

S Su;

- E 53(]' 6xi
The general formulation that relates stress to strain is
0ij = Cijkié&ij 22

where c;jy;, the elastic stiffness matrix, is a fourth-rank tensor. Since the strain and
stress tensors are symmetric, ¢;j,; must be symetric in (k) and (i,j), respectively.
Furthermore, the strain energy function requires c;jx; = cyy;;[Scholz,2002]. In a
homogeneous and isotropic material, principal stresses and principal strains act in
the same directions. Stress can be expressed in terms of strain by a generalized
Hooke’s law

O'ij = /1511 Zi3=1 &ii + ZGEij (23)



where 1 is Lame’s constant and G is shear modulus and the Kronecker delta, 6

given by

ijr is

(2.4)

Table 2. 1: Relationships among elastic moduli in an isotropic material [from Zoback, 2007]
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The bulk modulus K of a volume V due to pressure P is obtained from

K=-v¥=-1+%¢
av 3

(2.5)

Finally, Young’s modulus E and Poisson’s ratio v are found from

3142G
E=G
A+G
S
T 2(1+6)

(2.6)
2.7)

An important aspect of the theory of elasticity in homogeneous, isotropic material
is that only two of the elastic moduli (4,G, K, E,v) are needed to describe material
behavior. Hence, it is often convenient to express elastic moduli with respect to each

other (Table 2. 1)

2.1.2 Poroelasticity and effective stress

Pore fluids in the reservoir rock play an important role because they support a
portion of the total applied stress. Hence, only a portion of the total stress, namely,
the effective stress component, is carried by the rock matrix (Figure 2.2). Obviously,
this effective stress changes over the life of the reservoir. In addition, the mechanical
behavior of the porous rock modifies the fluid response. Two basic mechanisms

highlight this coupled behavior [Detournay and Cheng, 1988]:
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* Anincrease of pore pressure induces rock dilation.
= Compression of the rock produces a pore pressure increase if the fluid is
prevented from escaping from the porous network.

Force

Figure 2.2: Load sharing by pore pressure. Total stress is the total of pore pressure and
effective stress carried by the grains.

Terzaghi [1923] first introduced the effective stress, o;;, concept for one-dimensional
consolidation and proposed the following relationship

O-ij = SU - Siij (28)

which means that pore pressure influences the normal components of the stress
tensor, 014, 033, 033 and not the shear components o01,, 033, ;3. Thus, to consider the
effect of pore fluids on stress we can re-write (2.3) as follows

0ij = A8y Xizq 0ui + 2Gej — 6P, 2.9)

Empirical data have shown that the effective stress law is a useful approximation
which works well for a number of rock properties, e.g. intact rock strength and the
frictional strength of fault [Lockner and Byerlee, 1993; Byerlee, 1978] .

2.1.3 Rock deformations

The deformation of most rock materials is a process of crack initiation and
propagation. Based on its displacement plane, the propagation of cracks can be
categorized into three modes (Figure 2.3). Mode I is tensile, or opening, mode in
which the crack wall displacements are normal to the crack. Mode II, or in-plane shear
mode, exhibits the displacements in the plane of the crack wall normal to the crack
edge. Mode III, or anti-plane shear mode, when the displacements are in the plane of
crack and parallel to the edge. Observations and experiments show that the
deformation of rocks is the combination of those three modes [Shen et al., 2014].
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Pl -

Figure 2.3: The three deformation mode. a) Opening mode, b) in-plane shear mode and c)
anti-plane shear mode

It has been shown in Figure 2.1 that most rocks exhibit nonreversible deformations
or at least a non-linear relationship between stress and strain during its deformation.
This means that rocks are not perfectly elastic materials, and a number of theories
have been developed to model such behaviors, e.g. continuum damage mechanics
[Lubliner et al., 1989; Chaboche, 1981] and time-dependent analysis (creep) [Kachanov,
1958; Rabotnov, 1968].

In the incremental theory of plasticity, the strain tensor ¢ is decomposed into the
elastic part ¢, and the plastic part ¢, which for linear elasticity is given by

E=¢€ +¢& (2.10)

Predicting the plastic strain increment requires a yield criterion that indicates
whether plastic deformation occurs, a flow rule that describes how the plastic strain
develops and a hardening law. The yield criterion is a relationship between stresses
that is used to define conditions under which plastic deformation occurs. In three
dimensions, this is represented by a yield function that is a function of the state of
stress and a hardening parameter:

f(o-ll 032,03, h) =0 (211)

with h is the hardening parameters which represents the increasing microcrack
density with increasing load which governs the evolution of the yield curve.

2.2  Mechanical properties of the rock

The information of the mechanical properties of reservoir are of major concern for
reservoir engineer. Often deformation initiated at points of low rock strength area
and inhibited from propagating into adjacent of higher strength [e.g. Zoback [2007],
Borg and Handin [1966], Kaiser et al. [1985]]. This is particularly essential for deep CO2
storage, underground mining and hydraulic fracturing, in which the mechanical
properties of the target formation and the surrounding rock must be known precisely.

This section briefly describes some important aspects of the estimation of the
mechanical properties of rock from typical laboratory and geophysical logging tools.

12



The example of characterization of mechanical properties of the deep crystalline
reservoir from an integrated analysis of borehole data is presented in chapter 6.

221 Rock strength

The first parameter to be determined from the test is the strength of a rock, which is
the stress at which the rock fails or loses its integrity. The failure of rock in
compression is a complex process that involves the creation of small tensile cracks
and frictional sliding on grain boundaries [Brace et al., 1966]. Eventually, there is a
coalescence of these microscopic failures into a major shear plane [Katz and Reches,
2004; Reches and Lockner, 1994]. In brittle rock, the failure occurs abruptly with the
material essentially losing all of its strength (sudden stress drop in stress-strain
curves like that shown in Figure 2.1. While in ductile rock, it occurs more gradually.
The compressional strength of the rock is the peak stress before this failure occurred.
The uniaxial compressive strength (UCS) of massive granites vary from around 100
MPa to 200 MPa [Paterson and Wong, 2005].
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Figure 2.4: Relationship between uniaxial compressive strength of granite samples from
Himalayan area with elastic Young’s modulus (a), uniaxial tensile strength (UTS)
(b), mean mineral grain size (c), and P-wave velocity (d). Symbol are same for all
subfigures. Color in (c) indicates different mineral: grey for quartz and black for
plagioclase (modified from Sajid et al. [2016]).

The tensile strength of most rocks is quite low, on the order of just a few MPa [Moore
and Lockner, 1995]. Especially, when pre-existing cracks exist in rock, e.g. in the case
when considering tensile fractures creation in borehole [Peska and Zoback, 1995],
tensile strength would be expected to be near zero.

Laboratory measurements of granites from Himalayan regime show that the
strength of the rock highly affected by the petrographic features of the rock [e.g. Sajid
et al. [2016], Copeland et al. [1990], Le Fort et al. [1980]]. The level of fracture and
alteration and the size of mineral grain are found to have a negative correlation with
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UCS (Figure 2.4). Studies from other regions are also supported this finding [e.g. Alm
et al. [1985], Sousa [2012], Rigopoulos et al. [2013]]. The explanation might be that those
existing cracks promote the initiation of deformation at much lower stress [Heap and
Faulkner, 2008]. In addition, the process of alteration is usually accompanied by an
enrichment of clay minerals in the veins and rock matrix. In this case, clay might act
as a zone of weakness in either the rock matrix or the fracture core and, hence, reduce
the strength of the rock as well [Julia et al., 2014; Tembe et al., 2010; Sausse, 2002].
Different schemes recommended for classification of granites based on their degree
of weathering and alterations are presented in Table 2. 2.

A number of other factors, e.g. occurrence of shale layers [Kohli and Zoback, 2013],
high differential stress [Nur and Simmons, 1969], aligned minerals (such as mica and
clay) along bedding planes [Thomsen, 1986; Sayers, 1994a] can also affect the
mechanical properties of the reservoir.

Table 2. 2: Weathering classification systems of granitic rocks [modified from
Brown, 1981; Norbury et al., 1995]

Grade Rock type Rock description P-wave velocity
(m/s)
I Fresh rock No visible sign of rock material weathering 3320 - 4315
I Slightly Slight discoloration and weakening. Schmidt 2000 - 2450
altered hardness >45
I Moderately Considerable weakening. Penetrative.
altered Discoloration. Schmidt hardness 25-45
v Highly Large pieces broken by hand. Schmidt hardness 518 - 900
altered 0-25
\% Completely All rock materials are decomposed and/or
altered disintegrated to soil. The original mass structure

is still largely intact

2.2.2 Static and dynamic elastic moduli

Elastic property measurement can be made under static conditions or under dynamic
conditions. Static elastic properties are usually measured using the laboratory
measurement. Whereas, sonic measurements conducted in the laboratory can be used
to determine the elastic properties under dynamic conditions. To obtain them, a
mechanical pulse is imparted to the rock specimen, and the time required for the
pulse to traverse the length of the specimen is determined [Mavko and Nolen-
Hoeksema, 1994; D. Goldberg and B. Zinszner, 1989]. Elastic wave theory shows that the
velocities of P-waves and S-waves (V, and V;, respectively) obtained in this
measurements are related to the elastic constants through the following relationships
[Fjaer et al., 2008]:
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where p refers to the mass density of the rock specimen.

An alternative is to determine the properties downhole, through sonic log
measurement. The concept of this sonic log is that a pressure pulse is created in a
wellbore filled with fluid which result in the propagation of several types of waves
into the formation [Roever et al., 1974]. Using (2.16) and (2.17), the dynamic elastic
properties of the rock can also be determined from sonic data.
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Figure 2.5: Correspondence between static and dynamic Young’s modulus of rocks. The
linear regression line with its 90% confidence limit are plotted in black and grey
dashed line, respectively. (Source: Eissa and Kazi [1988], King [1983], Ricketts and
Goldsmith [1970])

The ratio of the dynamic to static moduli may vary from 0.8 to about 3 and is a
function of rock type and confining stress [Eissa and Kazi, 1988; Simmons and Brace,
1965; King, 1983]. Figure 2.5 shows the typical correlations between static and
dynamic moduli for sedimentary rock. These correlations allow an estimation of
static in-situ elastic moduli values from log data where core data are not available.
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2.3 State of stress in the reservoir

Long term geological processes like plate tectonics are driven by mechanisms that
generate different types of stresses in the earth’s crust. These stresses are acting as we
extract materials from the crust in boreholes, mines and underground constructions.
To better manage the underground reservoir, therefore, there is an obvious need for
a good understanding of mechanical stresses in the earth’s crust.

2.3.1 Crustal stress model

The stress field of the earth’s crust is often described by three compressive principal
stress components, namely the minimum horizontal stress (Shmin), the maximum
horizontal stress (Sumax) and the vertical stress (S,). The stress regime in a given
environment depends on regional considerations, e.g. tectonics, topography, and
local considerations, e.g. lithology, fracture characteristic, alteration [Zang et al., 2010].
Understanding the interaction between regional and local considerations is
important as it controls the state of stress in the reservoir.

It is generally assumed that the vertical stress is given by the weight of the
overburden.

Sy =, p(2)g dz (2.14)

with (z) is the depth-dependent density of the rock formation. The magnitude of the
horizontal stresses determined by the tectonic setting and constrained by faulting as
outlined in the following.

Faults form in the upper part the earth crust and are defined as planar
discontinuities along which displacement (slip) occurs [Knipe, 1992]. Anderson [1951]
developed the modern mechanical concepts of the origin of faults and defined the
three principal stress regimes according to the relative magnitudes of the principal
stresses. The three types of Andersonian faulting are summarized in Figure 2.6, i.e.
reverse or thrust faulting, normal faulting and strike slip faulting.

Deep drilling and induced seismicity experiments at several locations worldwide
indicate that, in general, the brittle crust in intraplate regions is critically stressed and
pore pressures are close to hydrostatic, e.g. Zang et al. [2010]. This restricts possible
magnitude of principal stresses for each faulting type even further. Using the Mohr-
Coulomb faulting theory, the upper and lower bound of the magnitude of the in-situ
stress state can be determined, and a stress polygon of allowed stress states can be
drawn [Zoback, 2007].

2.3.2 In-situ stress field in the reservoir

Reservoir stress model starts with a rough estimates of the stress profile as a function
of depth and rock properties. Later studies show that rock heterogeneities may
induce local deviations from these linear trends [Cornet and Rockel, 2012]. The
widespread use of hydraulic fracturing and wellbore imaging, especially in the oil
and gas industries, has been a critical development that makes realization of the
reservoir stress model possible.
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Hydraulic fracturing techniques are commonly used to measure the minimum
stress [Haimson, 1978]. This technique uses the pressure response obtained during
initiation, propagation and closure of a hydraulically induced fracture to accurately
determine the state of stress.
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Figure 2.6: Anderson’s classification scheme for the magnitude of principal stresses in normal
(a), strike-slip (b) and reverse (c) faulting regions and its corresponding
earthquake focal mechanisms.

The compressive and tensile failures, especially in arbitrarily inclined wellbores, are
used to determine the orientation and magnitude of the principal horizontal stresses
[Barton et al., 1997; Brudy and Zoback, 1999; Zoback et al., 2003]. The principal
assumptions in those analyses are that the rock is isotropic and that it deforms
elastically to the point of failure [Guenot, 1989; Cheatham Jr, 1993]. The magnitude of
the stresses in the vicinity of borehole can be estimated using following equations,

1 R? 1
0rr = 5 (Sumax + Shmin = 2Pp) (1 - r_Z) 2 Simax = Shmin) (219
4R?  3R* PyR?
X(l—r—2+r—4)C0529+ 1;2
1 R? 1
Ogg = E (SHmax + Shmin - ZPp) (1 + r_z) - E(SHmax - Shmin) (216)
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Trg = 3 (SHmax - Shmin) (1 + 7z r_4) sin20 (2'17)

where 6 is measured from the azimuth of Sper and P, is pore pressure. o7 represents
thermal stresses arising from the difference between the mud temperature and
formation temperature (T).

Experimental tests [e.g. Haimson et al., 2010] and numerical models [e.g. Sahara et
al.,submitted] reveal that the development of breakouts involves complex fracturing
process and inelastic deformation. The results of those studies give more constraints
in using wellbore failures as stress indicator; only one far field principal stress
component can be estimated from breakout geometry if the other two principal
stresses are known and sufficient data on the plastic parameters are available.
Therefore, geological features, e.g. fractures, alterations, and lithologies, have to be
taken into account as it might affect the mechanical properties of the rock.

24 Numerical methods of rock deformations

Field and experimental studies display inelastic deformation of complex networks of
fractures that cannot be explained by elastic analysis. This motivated the application
of numerical methods in geoscience and engineering. Since beginning of 80’s

advances in the use of numerical methods in rock mechanics have been impressive
[Jing and Hudson, 2002].

The Finite Elements Method (FEM) is perhaps the most widely applied numerical
method across the geoscience and engineering fields. Since its origin in the early
1960s, much FEM development work has been specifically oriented towards rock
mechanics problems [Jing, 2003]. The complex behavior of fractures initiation and
growth, however, remains the main limiting factor in the application of the FEM and
other numerical methods for rock mechanics problems. Special algorithms have been
developed in an attempt to overcome this disadvantage, e.g. the ‘enriched FEM’ and
‘generalized FEM’ approaches [Belytschko and Black, 1999; Strouboulis et al., 2001] and
implicitly model the crack using continuum damage mechanics approach [Sahara et
al., submitted; Lee and Fenves, 1998].

24.1 Continuum damage mechanics

The continuum damage mechanics (CDM) approach does not prescribe the
microcracks that causes the damage, it rather uses a damage parameter to define the
effect of damage on the free energy of the system [Chaboche, 1988]. In this concept
damage D and effective stress g, represent the degradation of the elastic stiffness £

Ocrf = Eo(e — €P) (2.18)
E o

Oeff = O'FO = 1-D (219)

D=1-— (2.20)
0
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The yield surface evolves with the damage and effective stress variable and limits
the current admissible stresses. To account for the different damage responses of rock
in tension and compression, a yield function which has more than one variable to
describe the evolving yield surface, is used. Two state variables f, and f; are used to
represent the uniaxial tensile strength and compressive strength of the material,
respectively. Then the yield function is constrained by the following condition:

Flo,f..f) <0 (2.21)

It is assumed that F is a first-degree homogeneous function with respect to all three
variables. Also, it is assumed that F itself is an isotropic function in the stress space.
The yield function remains isotropic even though its hardening behavior provides a
more general evolution that the simple expansion or contraction of the yield surface.

fe=1[1- Dt(Kt)]?t(Kt); fe=1[1- Dc(Kc)f_;‘(Kc) (2'22)

where 0 < D¢ <1 and 0 < D, <1 are tensile and compressive degradation damage
responses, respectively; and f; and f; are functions that represent the effective-stress
responses in the uniaxial tensile and compressive stress functions, respectively.
Because Dy, (or D) is a function of only k;, (or k.), the single degradation damage
variable D can be used to describe both tensile and compressive degradation
responses if it is defined as

D=D(k)=1-(1-D,)(1-D,) (2.23)

The yield function in (2.21) can be rewritten as a function of stress and damage
variables F(5,x) = F(G, f.. f;)

F(5,%) < 0 (2.24)

in which F also is an isotropic, first-degree homogeneous scalar function with
multiple-hardening evolution. With this framework, the elastoplastic responses in
the present plastic-damage model are described only in terms of ¢ and k. The present
constitutive system can be implemented effectively for numerical computation,
because the solution for the elastoplastic response is separate from the degradation
damage.

Following Lee and Fenves [1998], in term of stress invariants, the yield function takes

the form
1
F= 1-a (\/ 32 +aly + Bomax — yUmax) - C’c(gf) =0 (2.25)
with
%bo_
=9 0<a<
a 2(@)_1,0 <a<05 (2.26)
9co
_0c(e) N
p=g(l-0-0+ad) (2.27)
— 3(1_1(6)
Y =%k (2.28)
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where I; = tr(o) is the first stress invariant, |, = %tr (s?) is the second invariant of the

. . . . . . g . .
deviatoric stress tensor s, 0,4, is the maximum principal stress; % is the ratio of
co

initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress;
K, is the stress intensity factor; o,(el) is the tensile cohesion stress; and o, (ef) is the
compressive cohesion stress.

A flow rule, which is assumed to be a non-associated potential plastic flow rule, is
then used to evaluate the plastic strain. The flow rule can be written as:

G = \/(e orotand)? + J,72 — I, tand (2.29)

where 0 is the dilation angle measured in the I; - J; plane at high confining pressure,
0y is the uniaxial tensile stress at failure; and e is the eccentricity

24.2 Damage propagation

Hillersborg’s concept [Hillerborg et al., 1976] is used in modeling the crack formation
and growth during the damaging process. They proposed that when the crack opens
the stress is not assumed to fall to zero at once, but to decrease with increasing crack
width w (Figure 2.7). At the crack width w < w, the stress has fallen to zero. As there
is a stress to be overcome in opening the crack, energy is absorbed. A propagation
criterion based on the Hillersborg's concept is easily implemented in finite element
modeling. With this approach the rock's brittle behavior is defined by a stress-
displacement response rather than a stress-strain response. This concept is
implemented by defining a characteristic length associated with an integration point.

a) b)
crack length ) \
plastic zone o.
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_

0
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Figure 2.7: a) The Hillerbourg model ] for stress intensity in the vicinity of crack tip. b)
Assumed variation of stress o with crack width w, in general case [modified from
Hillerborg et al., 1976.
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3

Impact of fracture networks on borehole
breakout heterogeneities in crystalline rock

This chapter is published in International Journal of Rock Mechanics and Mining
Sciences, d0i:10.1016/j.ijrmms.2014.07.001.

Abstract

Breakouts are commonly used as principal indicator of stress orientation. However,
variation of breakout orientation with depth, especially in the vicinity of fracture
zones, is frequently observed. This study describes a systematic analysis of breakout
occurrence, variation of breakout orientation and fracture characteristics. We infer
the impact of fracture networks on the development of breakouts from detailed
analysis of 1221 borehole elongation pairs in the vicinity of 1871 natural fractures
observed in the crystalline section of the GPK4 well of the Soultz-sous-Foréts
geothermal field (France). Breakout orientation anomalies are found to concentrate
in the immediate vicinity of fault cores and to decrease with distance to the fault core.
Patterns of breakout orientation in the vicinity of natural fractures suggest that the
breakout rotation, relative to the mean Spmin direction, is strongly influenced by the
fracture orientation. Even a direct relationship between fracture and breakout
orientations is found in some depth intervals. In highly fractured zones, with
different fracture families present, breakout orientations are especially
heterogeneous, resulting from the overlapping effects of the fracture network.
Additionally, breakouts are typically found to be asymmetrical in zones with high
fracture density. Borehole breakout heterogeneities do not seem to be related to the
principal stress heterogeneity only, but also to the effect of mechanical
heterogeneities like weak zones with different elastic moduli, rock strength and
fracture patterns. Consequently, care has to be taken when inferring the principal
stress orientation from borehole breakout data observed in fractured rock.
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3.1 Introduction

To ensure wellbore stability is one of major problems for drilling in hydrocarbon and
geothermal industries, depending on the state of stress and the rock strength [Moos
et al., 2003a]. The present day state of stress has a key influence on fluid flow through
fractured geo-reservoirs. For example, hydraulically active fractures tend to be
critically stressed in the contemporary stress field [Barton et al., 1995]. Current
investigations of stress orientations and magnitudes are based on various methods
including analysis of hydraulic fracturing, borehole breakouts [Bell and Gough, 1979],
drilling induced tensile fractures (DITF), focal mechanism inversion and many
others.

Borehole breakouts are cross-sectional elongations in the minimum horizontal
stress direction, which are caused by localized failure around a borehole due to stress
concentrations [Zheng et al., 1989; Zoback et al., 1985]. Breakouts are one of the direct
indicators of the contemporary tectonic stress field [Heidbach et al., 2008]. However,
breakout orientations can vary and differ from the mean minimum horizontal stress
orientation. We call these localized breakout orientations which differ significantly
from the mean minimum horizontal stress “orientation anomalies”. Those orientation
anomalies are commonly observed in the vicinity of fracture zones [Barton and Zoback,
1994].

Paillet and Kim [1987] suggested that slip on active faults penetrated by boreholes
was the source of breakout anomalies. Barton and Zoback [1994], Shamir [1990] and
Shamir and Zoback [1992] compute the local stress perturbation in the vicinity of
fractures, which is required to distort the breakout orientation based on slip on the
fault plane. In their studies near complete stress drop on the fracture plane (around
26 MPa at 5400 m depth) is required to match the observed breakout orientation
anomalies by this model.

In this paper we consider the changes in mechanical properties affecting the
breakout orientation, in particular in the Young’s modulus and the Poisson’s ratio,
induced by the high microcrack density of the fault zone. Fault zones have a high
microcrack density near the fault core. This microcrack density decreases
exponentially with distance from the fault core [Janssen et al., 2001; Vermilye and
Scholz, 1998]. Changes of rock mechanical parameters due to changing crack density
could lead to local heterogeneous zones around the fault core [Heap and Faulkner,
2008; Heap et al., 2010]. Faulkner et al. [2006] showed that crack density influences the
elastic properties of rock and, hence, the stress state of surrounding faults.
Furthermore, they found that the mean stress as well as the magnitude of the highest
principal stress decrease and the least principal stress increase as the fault core is
approached, resulting in overall decrease in the differential stress. Thus, the breakout
orientation anomalies might also be attributed to varying crack density. Zang et al.
[1989] investigated the petrophysical properties of drill cores of the Continental Deep
Drilling Program (KTB) and the relation of foliation, microcrack and stress
anisotropy.
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Valley [2007] analyzed breakouts and drilling-induced tensile fracture (DITF)
patterns in two 5 km deep wells of the enhanced geothermal system in Soultz-sous-
Foreéts (France). He clearly identified a breakout orientation rotation by 50° with a
wavelength of about 250 m in the vicinity of a fracture zone supposed to be 400 in m
width and length intersecting the well [Sausse et al., 2010]. However, the origin of this
deviation remains unclear. He suggests that it might be related to fracture zones that
intersect the wells or to lithology changes. In other publications, it is also suggested
that such heterogeneity might also be related to lithology changes [Teufel, 1991], or to
fluid pressure [Chang and Haimson, 2006]. Crack closure pressures have been
examined by Zang et al. [1996] using ultrasonic P-wave velocities and helped to
identify the SH orientation at the KTB site in addition to breakout investigation by
Mastin et al. [1991].

Following the work from Valley [2007], details of stress perturbations associated
with small natural fractures, not only with major fracture zones, are studied for a
better understanding of the impact of the natural fracture network on breakout
heterogeneities in granite rock. Herein, we first identify all faults and fractures
accompanied by stress-induced breakouts in the crystalline section of the GPK4 well
at the Soultz-sous-Foréts geothermal field. Then, we investigate the possible
relationship between the breakouts and the mechanical perturbation due to the
presence of faults and fractures. We outlined the influence of fracture density to the
material heterogeneity, inferred from the detailed analysis of breakout shape.
Furthermore, the importance of material heterogeneity resulting from fracture
occurrence to breakout development is examined.

3.2  State of stress in the Soultz-sous-Foréts geothermal field

3.21 Geological context

The Upper Rhine Graben (URG) forms the central part of the European Cenozoic rift
system, which consists of a rift-related sedimentary basin bounded by the Rhenish
Massif and Vogelsberg volcano in the north and the frontal thrust of Jura Mountains
in the south [Ziegler, 1994]. Major faults in the intra-graben and the shoulder areas,
which were derived mainly from 2D seismic interpretation [Peters, 2007], are shown
in Figure 3.1

The intra-graben faults predominantly strike in N10°E direction parallel to the main
border faults, whereas faults in the shoulder areas are bimodal with a main strike
orientation towards N45°E and N115°E. These fracture trends are known as the
Variscan and Hercynian, respectively. The kinematics of the intra-graben faults is
predominantly extensional [Cardozo and Behrmann, 2006; Ford et al., 2007], which
suggests that the current maximum principal horizontal stress is oriented parallel to
the orientation of those faults (NNE). This is confirmed by the world stress map on a
regional scale [Heidbach et al., 2008]. Furthermore, it is suggested that the stress regime
in the URG varies from normal faulting in the northern part to strike slip faulting in
the south [Larroque et al., 1987; Rotstein and Schaming, 2011].
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Figure 3.1: a) Geological map and major fault map of the Upper Rhine Graben rift system
modified from Peters (2007). b). N-S cross section of the five wells in the Soultz-
sous-Foréts geothermal field.

Soultz-sous-Foréts is located in the URG and hosts a deep Enhanced Geothermal
System (EGS) test site (Figure 3.1.a). Its reservoir is in crystalline rocks which are
characterized by low matrix porosity. Natural and forced fluid circulation takes place
through the fracture network. At its current state of development, the EGS consists
of five boreholes, including three deep wells which extend to more than 5000 m depth

(Figure 3.1.b). More information about the Soultz-sous-Foréts EGS can be found in
Gérard et al. [2006].

In-situ stress orientation and magnitude of the Soultz-sous-Foréts geothermal field
were inferred from borehole log and hydraulic methods in previous studies. Cornet
et al. [2007] reviewed various reports and analyses on hydraulic tests, borehole
images and induced seismicity. Furthermore, breakouts and drilling-induced tensile
fracture (DITF) patterns in GPK3 and GPK4 were analyzed by Valley [2007]. In
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general, the mean maximum horizontal stress orientation values fall within the range
of N164°E to 185°E.

The natural fracture data of the GPK4 well used in this study were obtained from
the French Geological Survey (BRGM) on the GPK4 image logs. Azimuth and dip
angle were determined for a total of 1871 fractures along the depth range between
2800 and 5000 m TVD. It can be summarized that most of the fractures appear to be
members of a nearly vertical system of a conjugated fracture set with a symmetry axis
striking NNW-SSE.

In addition to the BRGM dataset, major fracture zones derived from the geological
analysis, induced microseismicity and vertical seismic profiles modeled by Dezayes et
al. [2010] and Sausse et al. [2010] are also incorporated in this analysis. Their notations
derived from measured depth are used throughout this study. All fractures and
breakouts are presented in TVD (True Vertical Depth), as a result of which the depth
of the major fractures plotted in the figure might differ from the depth indicated by
their name. Hereinafter, all the natural fractures observed on borehole images and
the modeled major structures will be referred to as fractures and fracture zones,
respectively.

0 128  5.65 6.71 _First caliper (cm)
e | sl Second caliper (cm)
N S N 28 37

4306-§

Figure 3.2: Typical breakout observed in UBI images. Breakouts appear as pair of broad zones
of low amplitude (dark zones) on the amplitude log (left) and increased borehole
radius (dark zones) on opposite sides of the borehole on the travel time log (mid).
Caliper data were also used to measure the depth of the borehole elongation
(right).
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3.2.2 Principal horizontal stress orientation inferred from breakout observation

To identify breakouts, we examined the high-quality acoustic borehole televiewer
(UBI) log that was run in the granite section of the deep well GPK4. GPK4 is the most
deviated well in the Soultz-sous-Foréts geothermal field, its deviation from vertical
exceeds 15° in the depth range of 2490-4740 mTVD and reaches a maximum deviation
of 35° at 4220 m depth. The UBI tool provides detailed images of the ultrasonic
reflectivity of the borehole wall along with the borehole geometry at an angular
resolution of 2° inferred from the travel time. The logs were acquired in two runs 15
hours and 18 hours after the completion of drilling, respectively. Hence, the effect of
time-dependent breakout growth [Schoenball et al., 2014b] was probably still
insignificant.

On the UBI image, breakouts appear as broad zones of increased borehole radius
on the travel time log and low amplitude on opposite sides of the borehole on the
amplitude log. Typical breakouts observed on the UBI image are shown in Figure 3.2.
Median filtering with a kernel half width of 7 samples (corresponding to 14°) was
applied to remove noise in the image data through a one-dimensional linear filter.
Stress-induced borehole elongations are not always observed symmetrically in
opposite directions. In some cases, they might be confused with key seat or washout
phenomena [Plumb and Hickman, 1985]. Elongation pairs separated by at least 130°
with an increase of the borehole radius of more than 2% were picked as breakouts.
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Figure 3.3: Stress-induced borehole elongation observations from the GPK4 UBI log. a)
Breakout orientations. b) Breakout widths. Black and gray circles denote high and
and low confidence intervals, respectively.
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Figure 3.3 shows an overview of the borehole breakout observation as discussed
subsequently. Breakouts were observed starting at a depth of 2900 mTVD. The
orientation and width of borehole elongation trends seen on UBI images were then
measured every 20 cm. Both sides of the breakouts were picked. A total of 1221
borehole elongation pairs were identified. Each elongation pair is then considered an
individual breakout with a uniform length of 20 cm. This approach enabled us to
examine the detailed breakout shape on both sides and its correlation with the
occurrence of fractures.

Two breakout data qualities were distinguished. Good breakouts picked from good
quality image data are drawn in black. On average, they have picking uncertainty of
5° and 8° in orientation and width, respectively. Gray dots indicate lower quality that
is mainly due to logging artefacts or intersections with a dense fracture zone, which
made the selection of the breakouts more difficult. Consequently, they have a higher
uncertainty of 8° and 10° for orientation and width, respectively (Figure 3.3). The high
quality breakouts are then given double weights for the following analyses.

Most breakout widths are less than 110°, with 90% of the values lying in the range
of 38°-97°, although wider breakouts were observed in some depth intervals (Figure
3.3.0). The breakouts reveal that the average orientation of the minimum horizontal
stress (ASh) is N78° £ 17°E. This result is in agreement with the results obtained in
previous studies [Cornet et al., 2007; Valley, 2007].

a)

270

180 180 180

Figure 3.4: Typical breakout shapes observed on the GPK4 UBlI log. a) Ideal symmetrical shape
with a pair of identical elongations in opposite directions. b) One elongation side
is shifted by a from its ideal orientation. c) The elongations concentrated on one
side only. As a result, one side has a wider and deeper elongation than the other.

3.2.3 Detailed breakout shape analysis and its correlation with fracture densities

Obviously, stress-induced borehole elongations are not distributed homogeneously
along the depth, e.g. no breakouts were observed in the interval 3400-3600 mTVD
depth and substantially higher numbers of breakouts were observed in the sections
several hundred meters above and below. Additionally, breakouts were also
observed to be asymmetrically formed. A detailed analysis of the breakout shape was
conducted to gain more insight into material heterogeneities in the vicinity of the
borehole. It was supposed that the intersection between fractures and the borehole
might create damaged zones at the borehole wall which modify the geo-mechanical
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properties. Especially the Young’s modulus of such damaged zones should decrease
when approaching the fracture core and the breakout elongation might rather
develop towards the damaged weak zones. Hence, the final breakout might be
perturbed from its ideal symmetrical shape as proposed for a homogeneous isotropic
material (Figure 3.4).

To investigate this assumption, the orientation deviations a and width differences
Aw = |w; — w,| (Figure 3.4) were calculated for each breakout pair. Mean filtering with
a moving window of 5 m was applied to smooth the profiles. Breakouts which have
low orientation deviation a tend to have low width difference Aw, and vice versa. The
orientation and width differences are found to be up to 37° and 18°, respectively
(Figure 3.5.c and d).

The intersection of the fracture with the borehole will create a weak zone which
might be a preferred location for breakout to develop. The upper and lower
intersections of the fracture with the well, however, are separated by a distance
depending on the fracture inclination. Here, a single fracture might only affect one
side of the breakout at a particular depth. This effect will be amplified in a high
fracture density zone, hence the most dense and asymmetric breakouts are observed
in the high fracture density zone.
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Figure 3.5: Results of the detailed breakout shape analysis and its correlation with lithology
and the occurrence of fracture intersecting borehole. a) Fracture density. b)
Breakout density. c) Breakout orientation deviations from its ideal opposite
direction. d) Width differences of the pair elongation. e) Lithology log. Four zones
were distinguished based on the occurrence of breakouts and their detailed shape
and with comparison of fracture occurrence.

A crossplot of breakout density and fracture density (Figure 3.6) shows a clustering
of breakout-fracture pairs consistent with four depth zones. These zones are
consistent also with breakout asymmetry (Figure 3.5) and the petrographic model of
the Soultz-sous-Foréts geothermal field by Hooijkaas et al. [2006]. In a simplified
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manner, four different zones of breakout and fracture occurrence can be

distinguished:

Zone I: This uppermost zone from 2900 to 3200 mTVD has a high fracture density of
about 0.48 to 1.8 m, but the breakout density is low. This zone consists of
massive porphyritic granite which is highly fractured and hydrothermally
altered.

Zone II: Zone without breakouts between 3200 and 3600 mTVD. No further analysis
was conducted for this section. This zone is characterized by a rather low
fracture density and dominated by altered porphyritic granite section. In this
altered granite section the borehole image quality is very poor and did not
allow for breakout analysis.

Zone III: The middle zone between 3600 and 4500 mTVD is characterized by small
fracture densities and breakout occurrences. Breakout pair orientation
deviation and width difference also are quite small in this zone. In this depth
interval, the granite is less fractured and is very rich in biotite and amphibole.

Zone IV: The lowermost part zone from 4500 to 5000 mTVD is characterized by a high
density of both fractures and breakouts, up to 2.3 m and breakouts were
observed continuously over several tens of meters. A younger, fine-grained,
two-mica and amphibole-rich granite that intrudes into the porphyritic
granites is predominating in this zone.

2 1 1 1 1 1 i
[ ]
. P Zone |
. < ® Zonell
16+ < < + Zone Ill
| ]
< < Zone IV
i < <
2 n n
% 1.2 < 4
e n 4 + 4 < <
[0} 4 4
° < < < <
g . < < <
2 : «
308 [ < .I |
L < < <
4+ 44 <
¥ «" < 1
T e + o+ + “ “
0.4 + < J
++ + «+ +
+ o+ ++ o+
+ + H o+
+ + + H O+ +
++
+ ++ + H o+ 4+
0e i I L ! '
0 1 2 3 4 5

Breakout density

Figure 3.6: Crossplot between fracture density and breakout density observed in the
crystalline section of the GPK4 well.
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3.3  Breakout heterogeneity and its connection with fracture networks

The origin of the breakout orientation heterogeneities shall be analyzed in the present
section. Mastin [1988] found that breakout orientation is rotated away from the
direction of the minimum horizontal stress, as the borehole deviates from the
direction of the sub-vertical principal stress. He calculated the minimum value of
borehole deviation (critical angle) for all borehole azimuths to rotate the breakout
orientation by 10°. Considering the stress magnitude analyses of Valley [2007] and
Cornet et al. [2007] who find the stress regime to be a transitional strike slip to normal
faulting, the critical deviation angle for a breakout rotation by more than 10° is
around 35°, which corresponds to the maximum deviation of GPK4 well. Hence,
breakouts might be rotated by a maximum of 10° from ASh due to well inclination.
The rotations observed in GPK4 well, however, showed much higher values.
Consequently, it can be concluded that this is not the sole effect of borehole deviation.

Systematic or abrupt breakout orientation rotations were frequently observed in the
intersection zone of fractures with the GPK4 borehole wall. Furthermore, shapes of
breakouts were found to be the most asymmetric in the zone of the highest fracture
density (below 4500 mTVD). When assuming the reservoir to be composed of
homogeneous granite, it is reasonable to assume that the source of breakout
heterogeneities is the occurrence of weak zones in the vicinity of fractures.

By analyzing the perturbation of breakout orientations in the vicinity of fracture,
two main questions regarding the role of fractures shall be answered: Are there
patterns of breakout orientation in the vicinity of fractures? What is the main factor
that controls the breakout orientation rotation? Breakout analyses are performed in
the vicinity of both fracture zones and fractures.

3.3.1 Influence of fracture zones

It was observed in several fields that the principal horizontal stress orientations varies
with depth [Barton and Zoback, 1994; Paillet and Kim, 1987]. In the following, we
investigate the large-scale breakout orientation rotation trend with depth and its
correlation with fracture zones. The whole survey depth range was divided into 10
sub-ranges according to the occurrence or lack of breakouts, their orientation
variations, and also considering the intersection with fracture zones. All fracture
zones used in this analysis have length and width of more than 300 m [Sausse et al.,
2010].

Figure 3.7 shows the one-sided breakout plot of the breakout orientation with depth.
This is the averaged orientation of both borehole elongations in each pair shown in
Figure 3.3.4, plotted in N0O°-180°E half-circle. The azimuthal deviations represented in
each box plot can be considered as including measurement errors, local
heterogeneities and variations of the stress orientation.

The median orientations of the breakout groups above 4150 mTVD are consistent
with the ASh orientation. In this depth range, only a low to medium density of
fracture (0.43m?) and one fracture zone are observed. A long section of absence of
breakouts is observed between 3230 and 3600 mTVD. DITF are also absent in this
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depth interval [Valley, 2007]. Below this section, the FZ-3940 fracture zone is found at
3770 mTVD. Although the median orientation of breakouts is consistent with ASh,
breakouts are found to be heterogeneously oriented in the vicinity of the fracture
zone. The 1st and 3t quartiles of the breakout orientations are N60°E and N100°E,
respectively. Damage area surrounding the fracture core might be the source of these
large heterogeneities of breakout orientation.
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Figure 3.7: Profile of breakout orientations in the GPK4 well. Box plots are used to summarize
the distribution of depth intervals. The lower and upper fences, the 1st and 3rd
quartiles (rectangle) as well as the median value are plotted. The depths of the
intersected major fractures are indicated by dashed lines.

In the vicinity of the fracture zone FZ-4360, most of the observed breakout
orientations are rotated from ASh in counterclockwise direction. The median is found
to be deviated by 13° (Figure 3.7). A closer look at the breakouts orientation in the
vicinity of FZ-4360 is shown in Figure 3.8.a. The distribution of the breakout
orientation above the fracture (from 4090 mTVD) and below it (up to 4185 mTVD)
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follows a sinusoidal curve with its highest shift at depth of the fracture core. Above
the fracture, the breakout orientations increase from -27 to 22° relative to ASh; and
below the orientations decrease to -40°. Overall an orientation variation of about 60°
is observed. However, breakouts were absent in the vicinity of FZ-4360 fracture core.
Such a breakout absent zone was also observed in several other fields, e.g. Barton and
Zoback [1994; Lin et al.]. The role of the FZ-4360 fracture zone seems to prevent
breakout formation in its vicinity. This suggests that the magnitude of the differential
stresses is reduced in the immediate vicinity of FZ-4360. Possible mechanisms are
plasticity or creep [Sibson, 1977] [1977].
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Figure 3.8: Breakout orientation profile with depth around three fracture zones: a) FZ-4360,
and b) FZ-4710. Gray dots indicate borehole breakout orientations, black diamond
display the fracture zones dip direction. All orientations are plotted relative to
ASh.

Only few breakouts are observed in the vicinity of FZ-4620. All those breakouts are
oriented toward clockwise direction from ASh (Figure 3.7). FZ-4710 is found around
80 m below FZ-4620. This fracture zone is a Hercynian fracture and intersecting the
GPK4 well with the lowest inclination [Ziegler, 1994, Hurd and Zoback, 2012].
Numerous breakouts were observed in its vicinity, and almost all of them (96%) are
shifted counterclockwise from ASh. Interestingly, FZ-4710 is also dipping toward
counterclockwise direction relative to ASh. The parallel orientation of both major
fracture dip azimuth and breakout orientation was also observed for FZ-4620.
Breakout patterns in the vicinity of both major fracture zones suggest that breakout
orientation, in a low to moderate fracture density zone, were rotated from ASh to a
preferred direction which might be controlled by its dip azimuth.
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A closer look at the breakout patterns in the vicinity of FZ-4710 is shown in Figure
3.8.b. Around the fracture zone, breakouts have the highest orientation rotation at the
fault core. Breakout orientation trends were dominated by negative shifts. It is
obvious that the fault initiated the breakout, starting from the borehole elongation
towards the azimuth of the fault dip (clockwise 46° deviation) and gradually returns
to ASh with increasing distance from the fault core. The two distinct breakout
patterns in the vicinity of FZ-4360 and FZ-4710 fracture zones suggest the role of
fracture zones in breakout heterogeneity, either in preventing breakout occurrence or
rotating their orientation.

Three fracture zones and a large number of fractures are observed in the deepest
two sub-ranges. Hence, it is not surprising that the most heterogeneous breakout
orientation zones are found in this part. Additionally, it is also shown that an
enhanced presence of fractures correlates well with an enhanced occurrence of
breakouts. For example the depth interval of 4700 - 4830 mTVD has the highest
density of fractures intersecting the well and also the most densely observed
breakouts.

3.3.2 Influences of natural fractures

A detailed observation of the breakout orientation in the vicinity minor fractures was
performed to gain a better understanding of the relationship between breakouts and
fracture orientation. Breakouts were found in the vicinity of 25% of fractures found
in GPK4. Only those fractures accompanied by stress-induced borehole breakouts
were selected for further analysis.

Cross-plots of fracture dip direction and average breakout orientation observed 3 m
around each fracture was made (Figure 3.9). Both breakout and fracture orientations
are plotted relative to ASh. The orientation deviations of both parameters are
expressed in either clockwise (positive) or counterclockwise (negative) deviation. The
purpose was to determine the deviation of breakout orientation and its correlation
with the orientation of the fractures intersecting the borehole.

The correlation coefficient was calculated to measure the statistical relationship
between those sets of orientation data. As the coefficient approaches zero, there is no
correlation between fracture and breakout orientation. The closer it is to either —1 or
1, the stronger is the correlation between the variables.

Figure 3.9.a shows the cross-plot for the entire GPK4 well. Several breakout-fracture
pairs are oriented towards ASh orientation. These breakout-fracture pairs fall in the
gray area. The orientation of those breakouts is consistent with the ASh orientation.
This indicates that the stress state remains mostly constant around those fractures.
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Figure 3.9: Cross-plot between fracture dip directions and averaged breakout orientations
observed in the vicinities of fractures in (a) the entire GPK4 well, (b) zone I, (c)
zone IlII and (d) zone IV. The gray area indicates the unperturbed breakouts
orientation. (e) Tadpoles of breakout orientation to the fracture direction of each
breakout-fracture pair versus TVD. Zero for all orientation axes is the ASh.

However, breakout orientations in the vicinity of many other fractures are found to
be rotated from ASh by up to 60°. Hence, two breakout orientation trends in the
vicinity of natural fractures can be distinguished in this plot. First, breakouts oriented
about ASh and second, breakouts oriented more than 10° off from ASh. Only those
fractures accompanied by breakouts deviated by more than 10° from ASh are used in
this analysis.. The threshold of 10° was used to consider the effect of borehole
deviation on the breakout orientation and breakout picking uncertainties.

The black diagonal in the crossplots indicates a breakout orientation parallel to the
fracture dip direction. In general, those breakout- fracture pairs are found very close
to this trend, with a standard deviation of the azimuth of 17°. The correlation
coefficient between both orientations is 0.6. This value indicates that there is distinct
correlation between the breakout orientation rotation and the fracture orientation.

More detailed analysis of breakout-fracture pairs is conducted for the four different
zones described in chapter 2.3 to analyze the correlation in each zone. The correlation
between fractures and breakout orientations is very pronounced in the first zone
(Figure 3.9.b). Here, breakout orientation rotations are dominated by
counterclockwise deviation from ASh with a maximum shift of 48°. The pairs of
breakouts and fractures are scattered along the black diagonal, indicating a direct
relation, with a standard deviation of only 7°. This strong correlation is also reflected
by a high correlation coefficient of 0.90. Interestingly, only one fracture family is
present in this section, with all fractures dipping in similar directions.
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A good correlation coefficient of 0.83 was obtained in the third zone (Figure 3.9.c).
Around 50% of the fractures accompanied by breakouts in this zone were related to
their surrounding breakout orientation deviation. Clockwise and counterclockwise
deviations of up to 40° and 30°, respectively, were observed.

Such a strong connection was not observed in the fourth zone (Figure 3.9.d). Here,
only a low correlation coefficient of 0.32 was obtained for breakout orientation in the
vicinity of fractures. This is probably due to the high density of fractures observed in
this zone. As observed in the previous studies e.g. Heidbach et al. [2008] and Lin et al.
[2010], the breakout azimuths varies significantly on length scales of few centimeters
to hundreds of meters as a function of depth along the well bore. Given the averaged
distance between the fractures in this zone (3.9 m), it is reasonable to assume that the
perturbation effect of one fracture might overlap with that of the neighboring
fractures. Therefore no good correlation was observed in this zone.

Although the upper zone also has a high fracture density, the overlapping effect
seems not to be dominant. This suggests that the overlapping effect is not only due
to the high density of fractures. As the breakout orientation perturbation is affected
strongly by the fracture orientation, it is reasonable to assume that it might be also
due to the fracture network orientation. The upper zone has fractures which are
uniformly dipping counterclockwise relative to ASh (Figure 3.9.¢). In such a case, the
overlapping effect still occurs, but breakouts are rotated consistently toward the same
direction. Hence a good correlation can be achieved. The lower zone is not only
highly fractured but the fractures are also heterogeneously oriented. As a result, the
breakout-fracture orientation plot exhibits scattering with a very weak correlation.
This shows the importance of fracture density and of their orientation on breakout
orientation perturbations.

34 Discussions

The effect of fractures on the mechanical properties of rock was analyzed in many
studies. In-situ laboratory measurements on Soultz-sous-Foréts granite [ Valley, 2007]
revealed the effect of fractures on rock mechanical parameters. Young’'s modulus of
intact Soultz-sous-Foréts granite was determined to be around 54 GPa, but only 39
GPa for significantly fractured granite. Furthermore, the uniaxial compressive
strength is also found to decrease with increasing fracture density [Alm et al., 1985].
Due to the reduction of rock strength, breakout is expected to develop more easily.
Hence, a good correlation between the density of fractures intersecting the well and
observed breakouts could be expected.

If a fault zone has an associated fractures damaged zone, the stresses are expected
to be perturbed and rotated depending on the change in elastic properties of the
damaged material. As the fault core bears the most damage, the stress perturbation
is assumed to be concentrated in that zone and to decrease with distance. Breakouts
will then develop according to this local stress perturbation. In such a case, a gradual
breakout orientation rotation centered at the fault core is expected to result. This
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gradual rotation trend starting from the fault core is observed well in the vicinity of
GPK4-FZ4620 (Figure 3.8.D).

The dimensions of natural fractures are too small to induce local stress
perturbations required to alter the breakouts orientation [Barton and Zoback, 1994].
Hence, we attribute the observed small wavelength breakout rotation in the vicinity
of anatural fracture to the material heterogeneity due to the occurrence of weak zones
in the vicinity of fractures. A conceptual model, supported by the strong correlation
between breakout and fracture orientations in the first and second zones of the well,
of the perturbed breakout shape in a heterogeneous material is shown in Figure 3.10.
The weak zone is assumed to be the result of the increasing microcrack density in the
fracture core. This typically reduces the stiffness (Young’s modulus) and increases
Poisson’s ratio [Heap et al., 2010].Furthermore, it has been shown that changes in
elastic moduli can induce changes in the stress field [Heap and Faulkner, 2008].
Haimson [2007] showed that in an intact granite the breakout is initiated by the
development of the microcracks subparallel to the maximum horizontal stress
direction behind the borehole wall. In a heterogeneous material, such microcracks are
already present in the weak zone. Hence, the perturbed breakout shape is then
developing along this weak zone.
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Figure 3.10: Sketch of the perturbed breakout shape in a heterogeneous material. The
breakouts are rotated from the unperturbed breakouts (black elongations) toward
the weak zone, i.e. weak zones are assumed to be the results of the intersection
between natural fracture and borehole wall.

The different role of fractures in affecting breakout orientation was shown. Some
fractures induce a breakout orientation rotation in their vicinity, while others do not.
An attempt was made to distinguish those two different type of fractures based on
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their orientation and dip angle. Fractures that perturbed breakout orientation in its
vicinity have dip direction from N105°NE to N219°E and dip angles between 30° and
88°, which covers almost the entire range of all fractures observed in this well. Hence,
no clear separation could be obtained.

Fractures that perturb the orientation of breakouts might have experienced slippage
prior to drilling [Barton and Zoback, 1994], or different lithologies [Lin et al., 2010].
Another possibility is that those fractures significantly alters the mechanical material
properties in the vicinity [Heap et al., 2010; Faulkner et al., 2006]. The latter is more
probable, as laboratory measurements [Valley, 2007] also showed that the reduction
of the rock strength due to fractures depends on its fracture filling mineral. Fractures
with quartz sealing may be almost as strong as the intact rock, while sulfide sealed
fractures show a rock strength reduction by almost 50%.

We also observe the importance of fracture inclination on breakout development.
For nearly vertical fracture dipping, the top and bottom intersections of a single
fracture with a borehole of 12.25 inch in diameter might be separated by a couple of
meters. Here, fracture might only affect one side of the breakout at a particular depth.
As a result asymmetrical shapes of breakouts will be expected. Furthermore, the
overlapping effect of adjacent fractures might increase material heterogeneities, as
the most asymmetric breakout shapes are observed in the high fracture density zone.

3.5 Conclusions

Analyzing detailed breakout heterogeneities and their correlation with fracture
occurrence at great depth is a challenging task, in particular because of lacking
information on in-situ material properties of fractured rock. While our determined
mean direction of Spmin agrees well with previous studies [Valley, 2007; Cornet et al.,
2007], careful analysis shows that breakout orientations are systematically affected
by the occurrence of fractures and fracture zones. We propose two different
mechanisms for the breakout rotation in the vicinity of fracture zones and natural
fractures. For breakouts around fracture zones, examples of systematic sinusoidal
perturbations to breakout orientation, initiation and inhibition of breakout formation
were presented. Therefore we conclude, that anomalies of breakout orientation in the
vicinity of fracture zones reflect the large-scale stress heterogeneity caused by the
fracture zones.

The analyzed well section was divided into four distinct sections, based on the
correlation of breakout and natural fracture densities. It was shown that breakout
occurrence, orientation, and shape symmetry are largely determined by the fracture
network. Crossplots of breakout orientation and fracture dip direction reveal a direct
correlation of both features. This correlation is highest for sections with only one
fracture family present and is less in heterogeneous zones with high fracture density
and several fracture families (Figure 3.9). Since Barton and Zoback [1994] found that
natural fractures are too small to perturb the stress field even locally, the observed
perturbations of breakout orientation cannot be explained by a perturbation of the
stress field. However, the direct relation of fracture dip direction and breakout
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orientation suggests that weak zones surrounding the fractures are causing the
breakouts to form along the fracture dip directions. If slippage would perturb the
stress field, no consistent correlation with fracture dip direction would be expected,
since the slip direction would change according to the direction of maximum shear
stress [Bott, 1959].

In the Fourth Zone, with a high fracture density the overlapping effects of several
fracture families present reduces the correlation of fracture dip direction and
breakout orientation. In this section we also observe the largest asymmetries,
evidenced by different widths of opposite breakouts and also a distance between an
elongation pair smaller than 180° along the borehole wall. We conclude that
asymmetric breakouts are caused by the weak zones accompanying steeply dipping
fractures, which are penetrated by the borehole over a length of up to several meters.

The results of this study provide a better understanding of stress-induced borehole
elongations in fractured rocks. Careful analysis of breakouts can help us learn about
the mechanical properties of fractures and their immediate surroundings. The impact
of the fracture network on breakout heterogeneities is very pronounced in crystalline
rock, which is mechanically isotropic. This is why we could attribute the perturbation
of breakouts to the occurrence of fractures and accompanying alteration of
mechanical properties only. Numerical modeling taking into account the elastic
property changes as a result of fracturing and fracture filling is required to better
quantify the phenomena observed in this study.
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4

Analysis of state of stress in a deep fractured
crystalline rock

This chapter has been published as a conference proceeding in the World Geothermal
Congress 2015 and is currently on-preparation for an international journal
publication

Abstract

The variations in mechanical properties, the fracture characteristics, and the
inclination of the well may perturb the development of wellbore failures and, hence,
affect the estimation of the stress state in fractured rocks. A detailed analysis of 1221
and 827 compressive, respectively tensile wellbore failures in a 3.5 km crystalline rock
observed in the GPK4 well in Soultz-sous-Foréts enables us to analyze the different
patterns of stress heterogeneities which may be related to several factors. The
inclination of the well affects the stress distribution by a few MPa. This is found to
have a significant effect on the development of the wellbore, i.e. the limitation of
tensile failures in the part of the well which is inclined by less than 10°, and the delay
of compressive-failure occurrence by about 700 m in a 25° inclined well. Fractures
and alteration reduced the compressive strength of the crystalline rock by
approximately 30% and, hence, promoted the development of breakout at a lower
far-field stress. The orientation of wellbore failures in such fractured zones is found
to be heterogeneously distributed and, hence, reduces the quality of stress estimation.
Furthermore, the first and second order of stress heterogeneity patterns in the vicinity
of major and minor fractures in a highly fractured zone at depths of 4600 to 4850 m
are observed. The numerical modeling of the development of breakouts that takes
into account the weak zone as a result of the fracturing process developed in this
study shows a systematic analysis of the variation of the breakout orientation and the
reduction of the mechanical properties. In fractured rock, wellbore failures do not
correlate to the principal stress only, but also to the variation in the mechanical
properties. Hence, a long continuous sequence of wellbore failures is a must to obtain
sufficient stress-related failure data.
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4.1 Introduction

In geosciences, knowledge of the current state of stress is the key component of a
comprehensive mechanical model. The widespread use of wellbore imaging devices,
e.g. ultrasonic borehole televiewers [Zemanek et al., 1970] and electrical imaging
devices [Straub et al., 1991] yields detailed information about wellbore failure that is
critically important in assessing stress orientation and magnitude at depth. Drilling a
well in a homogeneous isotropic material perturbs in-situ stress around the wellbore
in a mathematically known way [Jaeger et al., 2007; Kirsch, 1898]. In this case, it is
possible to obtain information about both stress orientation and magnitude from
knowledge of the occurrence and geometry of wellbore failures, especially if the well
is deviated [Zoback et al., 2003]. However, sufficient appraisal of the mechanical
properties of the rock is required.

However, often wellbore failures deviated from the principal horizontal stress
orientation. Paillet and Kim [1987] and Barton and Zoback [1994] suggested that slip on
active faults penetrated by boreholes was the source of such wellbore failures
deviation. Based on this assumption, a large stress drop and, consequently, large fault
planes are required to sufficiently alter in-situ stress. Later study of Sahara et al. [2014]
revealed that the rotation of the breakout orientations is also observed in the vicinity
of minor fractures, which are too small to generate sufficient stress drop. They
highlight impact of fracture networks on borehole breakout heterogeneities in
crystalline rock. In other studies, it is also suggested that the stress heterogeneity
might be related to lithology changes [Teufel, 1991] or to fluid pressure [Chang and
Haimson, 2006].

Faulkner et al. [2006] showed that cracks influence the elastic properties of rock and,
hence, the stress state of surrounding the damaged zone. In addition, the occurrence
of clay might alter the reservoir mechanical properties [Sayers, 1994b]. These
emphasize importance of the petrographical features in promoting the mechanical
heterogeneity in the material and, hence, perturbing the orientation of wellbore
failures. It has been long assumed that mechanical heterogeneities due to lithology,
fractures and clay play an important role in the development of wellbore failures
[Ewy and Cook, 1990; Haimson, 2007]. However, sound studies on the mechanical
significance of those rock parameters on the estimation of in-situ reservoir stress state
were missing.

A comprehensive study of the estimation of stress state that take into account
petrographical rock parameters and well trajectory is performed in this study.
Herein, we first identify all wellbore failures in 3.5 km crystalline section of the GPK4
well in the Soultz-sous-Forets geothermal field. Then, the orientation and magnitude
of principal horizontal stresses and their heterogeneity are estimated from wellbore
failures data. The mechanical properties of the crystalline rock used for stress
inversion are determined from previous in-situ laboratory measurement [Valley,
2007] and sonic log [Genter and Tenzer, 1995] run in the GPK2 well. Petrographic log
which was derived from integrated cutting data and various geophysical logs
[Dezayes et al., 2003; Dezayes et al., 2005; Genter et al., 1999] is used to extent the

40



mechanical information of the rock from the laboratory scale to the reservoir scale.
The sources and patterns of the stress heterogeneity in the fractured granite section
are then discussed. Subsequently, numerical modeling that takes into account the
variation of mechanical properties caused by fractures is developed in this study to
model the development of borehole breakout in heterogeneous material. The results
of the observation and numerical modeling performed in this study explain the main
parameters that affect the characteristic of the heterogeneities of wellbore failures in
a fractured crystalline rock and give constraints in using them as a stress indicator.

Soultz-sous-Forets

—> E geothermal wells

Cenozoic

Hercynian
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Figure 4.1: West-east cross-section through the Rhine Graben border and the Soultz-sous-
Foréts site. Overview of the trajectories of five deep wells at Soultz-sous-Foréts is
showed.

4.2  Soultz-sous-Foréts geothermal field

The Soult-sous-Foréts enhanced geothermal system (EGS) field is located in the
Upper Rhine Graben (URG). The high geothermal gradient of about 100 °C/km
within the sedimentary cover results from deep hydrothermal convection loops
within the fractured basement. The present targets for heat exploitation are the
fractured granite at 4.5-5 km depth, where temperatures reach 200 -C. Five wells have
been drilled and used to extract the heat in the granitic formation. Three of those wells
are currently used for operation with two wells as injector (GPK3 and GPK4) and one
producing well (GPK2) (Figure 4.1). In such a deep fractured reservoir, good
knowledge of the stress field is essential for the optimization of borehole design [Moos
et al., 2003a], understanding of the flow distribution at depth [Barton et al., 1995] and
mitigation of the seismic risk due to induced seismicity [Gaucher et al., 2015].
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421 Geological setting

Continuous coring was conducted in EPS1, providing 810 m of granite core for
structural analysis and petrographic examination [Genter and Traineau, 1996]. In the
other wells, however, only cutting samples were collected in the granite section and
were used to realize a petrographic log. Geophysical measurements, i.e. caliper,
spectral gamma ray and Ultrasonic Borehole Image (UBI) logs, were also carried out
in the granite section and were analyzed in order to help to determine the lithology
and the characteristics of the fractured zones.
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Figure 4.2: Dynamic Young's modulus (a) and Poisson’s ratio (b) obtained from sonic log run
in the upper section of the GPK2 well. The petrography log of the three deepest
well in Soultz-sous-Foréts: GPK2 (c), GPK3 (d) and GPK4 (e).

Based on these integrated data obtained from boreholes, the main petrographic
interpretation of the deep crystalline rock can be described as follows [Dezayes et al.,
2003; Dezayes et al., 2005; Genter et al., 1999; Genter and Tenzer, 1995] (Figure 4.2)

* From 1400 to 2100 m a porphyritic MFK-rich granite with fracturing,
characterized by high average content of Th and U but low K content is
observed

* The same granite but poorly fractured with moderate radioactive element
content was penetrated from 2100 down to 3000 m.

*  From 3000 to 4000 m the dominant lithology is the porphyritic MFK-rich granite
but with a high intense fracturing and vein alteration and a high K-content. A
lot of major fractured zones deduced from caliper data.

*  From 4000 to 4700 the porphyritic MFK-rich granite shows low average content
of the radioactive elements.
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*  From 4700 to the bottom depth, there are some petrographic variations with the
MFK-rich granite and a younger two-mica granite.

It can be seen in Figure 4.2 that the same lithology patterns are observed in all wells,
however, the thickness of these lithologies varies among the deep wells, i.e. a thicker
upper massive granite and thinner fractured zone in GPK2. This may be related to
the faults that intersect the crystalline reservoir [Sausse et al., 2010].

4.2.2 Geomechanical properties of the crystalline rock

Laboratory tests were performed by Valley [2007] and Rummel and Baumgartner [1991]
on Soultz-sous-Foréts granite in order to acquire its uniaxial compressive strength
and static Young’s modulus. They showed that uniaxial compressive strength ranges
from 100 to 130 MPa for unaltered granite. One sample with significant vein alteration
had a uniaxial compressive strength about 30% lower than that of the unaltered
sample. The Young’s modulus of unaltered granite is 54+2 GPa, and samples with
vein alteration also show a reduction of Young’s modulus of around 30%.

The sonic log was run over the first 3800 m of the GPK2 well and acquired
compressive v_p, shear v_s and Stoneley v_st waves velocity. The two first waves are
sensitive to strong modifications of the mechanical properties. The dynamic Young's
modulus (E_dyn) and Poisson’s ratio (v_dyn) of the granite can be estimated by using
this equation [Fjaer et al., 2008]

_ pré(3vi—4vi)

Edyn - (V;%—Vsz) (4:1)
v3—2v?
Vayn = 30202 (4.2)

with p is rock density. Within the crystalline rock, wireline density logs down to 3.6
km give a mean density of 2.6+0.1 g/cm3.

The dynamic Young’'s modulus and Poisson’s ratio are rather stable for massive
granite, respectively 61+2 GPa and 0.18. However, they show a sharp change for
fractured and altered zones over 32% and 27% for the Young's modulus and
Poisson’s ratio, respectively. As expected, the dynamic elastic properties of the
granite are better than its static properties. However, both the static and dynamic
elastic properties show a similar reduction of the elastic moduli for fractured granite
of around 30%.

The presence of fractures can also be deduced from the Stoneley waveform
measurement [Hornby et al., 1989]. In GPK2, the major anomalies visible from
Stoneley slowness are located in the fractured zones observed between 3000 - 3500 m
[Genter and Tenzer, 1995]. That's might explain the high variation of elastic moduli in
this zone.

Based on the elastic moduli pattern, GPK2 can be separated into three main
distinctive sections (Figure 4.2):
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*  From 1420 - 1950 m, which are characterized by rather high Poisson’s ratio and
low Young’s modulus suggesting that granite is rather altered and fractured.

*  From 1950 to 2960 m, high and stable values for Young’s modulus related to a
massive porphyritic granite.

* From 2960 to 3820 m, Young’s modulus is low and very noisy suggesting that
GPK2 penetrated a highly fractured granite section.

The elastic properties zonation above is consistent with the lithology
characterization proposed by cutting and log data, i.e. significantly lower dynamic
Young’s modulus and higher Poisson’s ratio for fractured porphyritic granite (Figure
4.2). Assuming that crystalline rock is mechanically isotropic and the perturbation of
its mechanical properties can be attributed only to the occurrence of fractures and
accompanying alteration, this information can be extended with the help of the
petrographic log into the deeper part of the well. Furthermore, the elastic-properties
information can also be laterally distributed among the wells following the lithology
boundary.
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Figure 4.3: Typical DITF (a) and breakout (b) observed in UBI images. Wellbore failures
appear as pair of zones (narrow zones for DITF and broad zones for breakout) of
low amplitude (dark zones) on the amplitude log and increased borehole radius
(dark zones) on opposite sides of the borehole on the travel time log. Caliper data
were also used to measure the depth of the borehole elongation (right).

4.3 State of stress in Soultz-sous-Foréts

Wellbore failures were identified from the high-quality acoustic borehole televiewer
(UBI) log that was run in the granite section of the deep well GPK4. GPK4 is the most
deviated well in the Soultz-sous-Foréts geothermal field. Its deviation from vertical
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exceeds 15° in the depth range of 2490 -4740 m TVD and reaches a maximum
deviation of 35° at a depth of 4220m. The UBI tool provides detailed images of the
ultrasonic reflectivity of the borehole wall along with the borehole geometry at an
angular resolution of 2° inferred from the travel time. The logs were acquired in two
runs 15 and 18 h after completion of drilling, respectively. Hence, the effect of time-
dependent breakout growth was probably still insignificant. Median filtering with a
kernel half width of seven samples (corresponding to 14°) was applied to remove
noise in the image data through a one-dimensional linear filter.

Wellbore failures can be grouped into two main types, i.e. tensile failure (DITF) and
compressive failures (breakout). On the UBI image, wellbore failures appear as zones
of increased borehole radius on the travel time log and low amplitude on opposite
sides of the borehole on the amplitude log. Typical DITF and breakouts observed on
the UBI image are shown in Figure 4.3.
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Figure 4.4: Results of the detailed analysis of the wellbore failure in a deviated GPK4 well. (a)
Drilling induced tensile failure (DITF) orientation measured from TOH, (b) DITF
density, (c) breakout orientation measured from TOH, (d) breakout width, (e)
breakout density, (f) borehole inclination and (g) borehole azimuth.

Figure 4.4 shows an overview of the DITF and breakout observation as discussed
subsequently. Whereas DITF was observed mainly in the upper section of the well
between 1500 to 2500 m TVD, breakouts were observed in the lower section starting
at a depth of 2900 m TVD. The orientation and width of wellbore failure trends seen
on UBI images were then measured every 20 cm. Both sides of the DITF and the
breakouts were picked. A total of 1221 and 827 DITF and borehole elongation pairs,
respectively, were identified. Each pair is then considered an individual DITF or
breakout with a uniform length of 20cm. This approach enables us to examine the

45



characteristics of stress heterogeneities estimated from wellbore failures on deviated
wells in fractured crystalline rock

4.3.1 Wellbore failures in an inclined well

As a large fraction of the GPK4 well is deviated, it is necessary to analyze the
occurrence of the wellbore failures in such deviated wells. In a deviated well, the
principal stresses, i.e. vertical stress (Sy), minimum (Shmin) and maximum (Stmax)
horizontal stress, acting in the vicinity of the wellbore wall are not aligned with the
wellbore axis and the occurrence of the wellbore failures can be estimated based on
the magnitude of the principal stresses acting in a plane tangentially to the wellbore
wall, 0tmqax and Gypin. The principal stress, o;;, must be transformed into a wellbore
coordinate system in order to analyze failure in a well of any orientation (Figure 5).
This transformation can be achieved by utilizing tensors that rotate the principal
stresses first into a geographic and then into a wellbore coordinate system according
to the well trajectories [Peska and Zoback, 1995]. The maximum (0ypqy) and the
minimum (0,,;,) tangential stresses are defined by:

North

Z (down)

A 4

Figure 4.5: Sketch of the transformation of the principal stress from north geographic to
arbitrary wellbore trajectory based on its azimuth (8) and inclination (¢). Principal
stresses acting on the borehole wall, 041,45, Otminand 0y, are then calculated after
the transformation.

1
Otmax = Py (022 + 0gp + J(Gzz - 099)2 + 40922) (4'3)

1
Otmin = 2 (022 + 0gg — \/(GZZ - 699)2 + 404922) (4‘4)

where AP is excess pressure in borehole, g, is the stress in axial direction, ogg is the
stress tangential to the borehole and oy, represents the shear stress.

For specified remote stresses and borehole orientations we can determine the
azimuth of the greatest compressive stress, gypqy, at the borehole wall. It is the
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azimuth at which breakouts are expected to form. Mastin et al. [1991] showed that this
azimuth might be rotated from the direction of Simin as the borehole deviates from the
direction of the vertical principal stress. The magnitude of the rotation of the
breakouts” orientation in deviated boreholes depends on the type of faulting regime
in which the well was drilled i.e., normal, strike-slip, or thrust, on the deviation angle
¢ of the borehole axis from vertical, and on the magnitudes of the three principal
stresses.
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Figure 4.6: The effect of the inclination to the wellbore failure observation. (a) Breakout
orientation deviation from Shmin, (b) required excess pressure in borehole to
create tensile failure, (c) required rock cohesion to prevent compressional failure.
Azimuth and inclination of the GPK4 wall is shown in black line.

Figure 4.6.a shows the rotation angle of breakout orientations from Spmin which was
calculated for any oriented well throughout a range of values of possible faulting
regime in Soultz-sous-Foréts, i.e. normal to strike slip. The GPK4 well trajectory is
shown as a thick black line; the well is drilled towards 50° clockwise from Spmin with
inclinations vary from 0° to 35°. A lower-hemisphere diagram is used, where any
point represents a well of a given azimuth and deviation. Arbitrarily oriented holes
are shown as a function of their inclination with respect to vertical (radial distance
from the center) and azimuth measured clockwise from Shmin. The magnitude of Stmax
and Shmin are normalized with the S, to make this analysis independent of the depth.

In a normal faults stress regime, breakouts in part of the well with low inclination
oriented parallel to Spmin, Whereas in steeply inclined wells (more than 30°) the
direction of breakout is deviated up to 15°; which is about the same as the uncertainty
of the orientation of the principal horizontal stresses estimated from wellbore failures
(Sahara et al., 2014). Furthermore, for Sumax = Sy and Samax = 1.1 Sy the deviation of
breakouts orientations in GPK4 is less than 10°. Hence, it can be concluded that the
inclination of the GPK4 well did not cause significant perturbation to the orientation
of the breakouts.

The area of compressive failure can be estimated based on the tangential stress
concentration. It is usually assumed that failure will occur if the compressive stress
concentration at the borehole wall is greater than the compressive strength of the
rock, coh, i.e. (Zoback et al., 2003b). If compressional failure is developed, the width
of breakout () can be estimated by using
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It can be seen that if the compressive strength is high, the width of the compressive
wellbore failures can be minimized or even diminished. Figure 4.6.b shows the
required compressive strength in order to prevent failure at the borehole wall. The
compressive strength is normalized with the magnitude of S;. It is shown that for
normal faulting regimes, a constant compressive strength of around 1.4 S, is required
to prevent borehole breakout to be formed at any inclination of the GPK4 well. For
SHmax = Sv and Samax = 1.1 Sy, the magnitude of the required rock strength decreases
with increasing well inclination. The highest stress concentration is observed for a
vertical well in a strike slip regime. In this case, boreholes are oriented parallel with
the intermediate stress, hence, highest compressive-stress concentration is observed.
Due to this high stress concentration, breakouts will be observed unless the
compressive rock strength is twice as great as S..

If o¢min goes into tension at certain angles of 0, tensile fractures will initiate at this
point, provided o;,;,, overcomes the tensile strength of the rock T,. Hence, the tensile
fractures will initiate when the following occurs.

Otmin="To (4.6)

T, is often expected to be very close to zero because some preexisting fractures or
irregularities are usually present on the borehole wall [Jonas and Baudelet, 1977]. In
this study, T, is assumed to be zero. The wellbore excess pressure at fracture
initiation, i.e. wellbore pressure that satisfies equation 4.6, is hereafter referred to as
the initiation pressure, psyq.. Figure 4.6.c shows py,,. for any oriented wellbore. It is
shown that when Sxmax = Sy and Shmax = 1.1 Sy the highest tendency of tensile failure
is observed for vertical well. Especially for strike slip, DITF will occur without any
excess pressure in a vertical borehole. pf,.q. is increasing with increasing inclination,
except for normal fault in which lower pf,4 is required for the inclined section of the
GPK4 well.

It is evident that there is a depth-partition in the type of wellbore failure, with DITFs
occurring predominantly in the upper parts of the well whereas breakouts
predominate below. It is interesting as DITF is only observed in the vertical section
of the well (inclination of less than 10°), which is in agreement with the high tendency
of the tensile failure to be formed in a vertical well when Samax = Sy and Spmax > Sv.
These DITF and breakouts patterns observed in GPK4 well suggest that the stress
regime in Soultz is more strike slip and that one of the principal stresses is vertical.

4.3.2 Estimation of the in-situ stress field and its heterogeneities

Taking into account that the average strength of the granite from in-situ laboratory
measurement is 100 MPa [Valley, 2007], breakout should be observed starting from
depth of around 3300 m for vertical well and around 4000 m for around 25° deviated
well. However, a cluster of breakouts is observed at a depth of around 2900 m where
the well is inclined by around 25°. Interestingly, those breakouts observed in the
fractured zone and terminated at depth of around 3100 m where the well start
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intersecting the massive porphyritic granite. This suggests that those breakouts are
most likely to be caused by the significant reduction of the rock strength due to
fractures. Those breakouts have characteristics of asymmetrical shape of borehole
elongations pair; the two elongations are shifted by more than 20° from the perfectly
opposite direction and the width of elongations differs by more than 15°. The similar
asymmetric pattern is also found for DITF observed at the deepest 500 m of the GPK4
well.

Sahara et al. [2014] shown that the orientation of those wellbore failures are highly
affected by the dip direction of the fractures intersecting the well, while the
symmetric one oriented parallel to the Spmin Or systematically deviated in the vicinity
of major fracture zones. Hence, we considered the asymmetric wellbore failures as
the fractured-related failures, and the symmetric one as the stress-related failures.
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Figure 4.7: The RMS misfit of wellbore failures orientation between modeled and observed

wellbore failures; if both breakout and DITF data are combined (a), breakout data
only (b) and DITF data only (c).

4.3.2.1 Stress orientation

The stress profile of Sy and Snmin obtained by Cornet et al. [2007] is used as an input for
this stress inversion. An iterative forward modeling of the orientation of wellbore
failures (equation 4.5) at each depth section is performed for a selected range of
magnitude and orientation of Spmax. The misfit, AD, is defined as the angle between
modeled wellbore failures orientation and observed data. Root mean square (RMS)
is then used to represent the misfit for each Shmax orientation and magnitude.

Three different set of data is used in this inversion: both breakout and DITF data
breakout data only and DITF data only. Figure 4.8 shows the A0 values for all data
set as a function of Sumax Orientation and magnitude. White areas define stress
regimes with A0 values lower than 20°. Gray to black areas indicate high A values
of up to 70°. Consequently, the white areas represent stress regimes with the best
agreement of observed and modeled data. The best fit is marked by the grey line. The
results of the inversion using three different set of data show a consistent pattern;
SHmax is oriented toward N168°E+15°.

However, the misfits are independent of the Sumax orientation. Therefore, it is not
possible to deduce a preferential Sumax magnitude. This may be because the deviation
of the wellbore failures from the orientation of principal horizontal stresses caused
by the well inclination is not significant, hence it cannot be used to determine the
magnitude of the principal stress. This is the case for strike slip regime where
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wellbore orientation and inclination have little effect on the wellbore failures
orientation (Figure 4.6.a).
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Figure 4.8: Stress profile based on the wellbore failures orientation and width observed in the
GPK4 well. a) Spmax orientation and b) Symax and Shmin magnitude.

The procedure of the estimation of the Sumax orientation is repeated for every 200 m
depth interval to analyze the stress heterogeneity along the well for all type of
wellbore failures observed in each depth section. The results of the Symax orientation
profile is shown in Figure 4.8. It is shown that the orientations of Sumax are aligned
with the mean Sumax oOrientation in the massive granite and are shifted by
approximately 15° in the fractured granite section. Apparently, the uncertainty of the
orientation of Sumax is greater in the fractured zone. Particularly, in a highly fractured
zone at depth of around 4500 m, a satisfactory result of Sumax orientation could not be
achieved, i.e. the uncertainty of the Sumax orientation is greater than 35°. It might be
due to the high material heterogeneity in this zone caused by fractures, hence,
wellbore failures are arbitrarily oriented toward the weak zones.

4.3.2.2 Stress magnitude

The magnitude of the principal horizontal stresses could be estimated from the width
of borehole breakouts. The information of the elastic moduli and the uniaxial
compressive strength of the rock used for this stress inversion is obtained based on
the results of the laboratory measurement and sonic log run in GPK2 (Figure 4.2). The
compressional strength and Young modulus of the massive granite is 100 MPa and
54 GPa, respectively, and 30% lower each for fractured rock. The width of the
breakouts is calculated using equation 4.5.

Iterative forward modeling is performed to minimize the misfit (A6) between the
observed and modeled breakout width. In this calculation, Samax and Snmin are varied
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while S, is fixed. We sample all magnitudes of Sumax and Snmin that fall within the
stress polygon [Zoback et al., 2003] assuming that the friction coefficient is 1. However,
a satisfactory result of the Spmax magnitude estimation could not be achieved, i.e.
magnitude uncertainty of Sumax greater than 30%. Based on equation 4.5, the slight
changes of breakout width affect the magnitude of Sumax significantly. Hence, the high
variation of the breakout width, especially, in the fractured zone make this stress
estimation is not possible.

To better analyze the effect of fractures on the stress estimation, this procedure is
repeated for every 200 m depth interval. The high uncertainty of the magnitude of
the Spmax in highly fractured granite might be explained as follows. The development
of the breakout is a function of the value of the differential stress and the material
strength. The previous slip on the major fracture zone will cause the reduction of the
differential stress with or without brittle deformation depending on the failure
mechanisms. The occurrence of clay mineral in some fracture zones in Soultz [Meller
et al., 2014a; Sausse, 2002] indicated that creeping mechanism might play an important
role in the previous deformation. In this case, the reduced stresses around the fracture
zone limit the failure area at the borehole wall, even in some fracture zones with high
clay contents no breakouts are observed. On the other hand, the brittle deformation
might significantly reduce of rock strength and, hence, extremely wide breakouts
were formed, e.g. breakouts at depth of around 4800 m. Both upper and lower limits
of breakout width are observed in highly fractured granite, thus, the uncertainty of
the stress magnitude is very high in fractured zone.

For this reason, we exclude the breakouts data observed in the fractured granite
and recalculate the magnitude of Sumax. The same procedure is applied. Figure 4.9
shows the AO values of breakout widths in GPK4 as a function of Stmax and Shmin
magnitude. The best fit is obtained when Sgmax = 0.9 - 1.15 Sy and Spmin = 0.62 S..
Interestingly, the magnitude of Shmin determined from the breakout width is
comparable to the one from hydraulic data at shallower depth which shows Spmin =
0.67 Sy (Cornet et al., 2007). In the absence of hydraulic data, this suggests that by
carefully selecting the input breakout data this method might provide a reliable
alternative for estimating the magnitude of Spmin.
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Figure 4.9: The RMS misfit of borehole breakout width between modeled and observed
wellbore failures for each Spmax and Spmin magnitude.

44  Wellbore failure in a heterogeneous fractured material

In this chapter, we intend to model the effect of the material heterogeneities to the
stress distribution around borehole and, eventually, calculate the damaged area
accordingly. The commercial finite element software Abaqus (Simulia) is used in this
simulation. In order to compute the stresses around a vertical wellbore, we model a
2-D slice orthogonal to the wellbore axis. The model is meshed with four-node linear
quad elements with mesh density increasing in the vicinity of borehole (Figure 4.10).
A plane strain assumption is applied in the modeling scheme.

Weak zone is modeled by a narrow zone which has lower elastic properties.
Young’s modulus reduction of 30% from the intact rock is applied in the center of the
weak zone, comparable to the elastic moduli reduction observed in Soultz-sous-
Foréts. Fractures also reduce the capability of host rock to support stress [Heap and
Faulkner, 2008], hence, we also lowering the compressive strength at the weak zone
by the same percentage as the Young’s modulus reduction.
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Figure 4.10: The mesh used in the numerical modeling (left). Narrow and thin weak zone were
modeled the intersection with the fracture. Weak zone has lower elastic properties
compare to the surrounding material. Stress distribution at the borehole wall
(right). The occurrence of the weak zone promotes a lower stress region.

The model is pre-stressed with a far field effective stress with a magnitude of 15
MPa, 70 MPa and 60 MPa for Shmin, Sumax, and Sy, respectively, to represent the Soultz
stress state at depth of around 4000 m. Displacement boundary conditions are chosen,
i.e. the outer nodes are fixed and the inner nodes of the wellbore wall are free. At the
beginning of the simulation the nodes at the wellbore wall are fixed to simulate the
undisturbed rock. Drilling of the well is simulated by instantaneous release of this
boundary condition. It can be seen in Figure 4.10 that a small weak zone alters the
stress distribution around boreholes; it is lower as it should be observed in the
homogeneous material.

Micromechanical analysis of borehole breakout from laboratory experiments (e.g.
Ewy and Cook [1990], Haimson and Lee [2004]) and numerical modeling (e.g. Sahara et
al. [submitted] showed that the development of breakout started from the first
damage area at the borehole wall and grew deeper and wider subsequently. The
growing of the damage area involved plastic deformation through complex
fracturing processes. As the purpose of this modeling is to model the perturbed
orientation of breakout due to the occurrence of weak zone, only the first damage
area at the borehole wall is modeled. Hence, elastic material assumption is used in
this modeling and the stimulation is stopped when a significance damage in the
vicinity of borehole is observed.
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Figure 4.11: The final damage zone modeled in the heterogeneous material with the weak
zone is located in the vicinity of Spmin direction (left) and Sumax direction (right).

Continuum damage mechanics concept [Lee and Fenves, 1998; Lubliner et al., 1989] is
used to calculate the damaged zone due to compressional stress around borehole.
The damaged zone is defined as the zone which the stresses acting in that zone are
greater than its compressional strength. The step failure model is incorporated in
Abaqus using a subroutine. Here the damage state of the model is read and updated
according to the current stress state at each time step. The stress and the stiffness of
the material is then updated based on the damage level at each step.

D=1-= (4.6)

Ep

We run the simulation in two cases. First the weak zone is set in the vicinity of Spmin
direction, while in the second run it was moved close to Sumax direction. The purpose
is to model how the stress perturbation around those weak zones alter the calculated
damage zone. In the first model, we can see that the failure was initiated in the weak
zone and then followed by the failure in Spmin direction (Figure 4.11.a). The damage
zones are then developed according to this initial failure. The orientation of the
modeled breakout is perturbed by the occurrence of the weak zone and rotated from
Shmin direction. Due to the heterogeneity of the material properties, the breakout does
not develop symmetrically as is explained in the Kirsch’s solution [Kirsch, 1898].
These breakouts are those which we defined as the fracture-related wellbore failures
earlier. They might not show the true direction of Simin, instead it was affected by the
weak zone.

It was not the case for the second run. Here a symmetric breakout shape parallel to
the direction of Shmin is resulted (Figure 4.11.b). The strength degradation at the weak
zone was not significant enough to facilitate the breakout to be developed in the weak
zone. In the direction of the Spmax stress, the stresses are less concentrated hence it is
difficult to reach the yield criterion here prior to the Shmin direction. A huge reduction
of material strength is required to facilitate the damage to be developed in the Stmax
direction.
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Figure 4.12: Graphic of the perturbing weak zone position as a function of the elastic
properties contrast. Material properties reduction is in percent relative to the intact
rock elastic properties.

4.5 Discussions

The role of material heterogeneity in perturbing breakout orientation is described
through the numerical modeling developed in this study. However, the critical
question as to under what conditions breakout orientation is perturbed remains. A
set of models with different positions and elastic properties of the weak zone have
been run under several different differential stress magnitudes. The strength of the
rock is assumed to be linear with the elastic properties of the rock. From the
simulation results, a graphic of the position of the perturbing weak zone relative to
Shmin direction as a function of the weak zone elastic contrast with the intact rock was
created (Figure 4.12). The area below the line shows the perturbing weak zones’
position for a specific elastic properties contrast. The higher the degradation of the
elastic moduli of the weak zones, the higher the possibility of altering the breakout
formation at a greater angle from the Spmin direction. A function of the weak zone
elastic properties contrast relative to the intact rock and its position relative to the
minimum horizontal stress required to perturb the orientation of breakouts is
proposed. Consequently, it gives us a hint that the mechanical properties of fractures
intersecting the well might be deduced from the pattern of the breakout orientation
heterogeneities.

55



a) 4600

4650

4700 1

TVD (m)

4750 1

4800

8050 100 60 20 20 60 60 20 20 60 -60 20 . 20 80

BO occurence BO orientation BO orientation BO orientation
(0/0) from Shmin (o) from Shmin (o) from Shmin (D)

Figure 4.13: Breakout orientation analysis in the fractured zone at depth between 4600 - 4850
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anomalies with wavelength of more than 20 m (c) and less than 20 m (d).

As weak zones might perturb the initiation and the development of wellbore
failures, critical question arise, can we use failures data observed in fractured rock as
stress indicator? This discussion is missing in publications of wellbore failures as
stress indicator. A detailed analysis of breakout occurrences and orientations pattern
is performed in the highest density breakout area between 4600 - 4850 m (Figure
4.13). Within this depth section, GPK4 well intersected massive porphyritic granite
up to approximately 4700 m and highly fractured two-mica granite in the lower part.

A low-pass filter is applied to select orientation data which has wavelength of more
than 20 m (Figure 4.13.c). This filtered data is then subtracted from the original data
to obtain the lower wavelength anomaly which might be related with the material
heterogeneity in the reservoir (Figure 4.13.d). It can be seen in Figure 4.13.c that a
systematic orientation rotation with a peak of around 25° is observed in the fractured
zone. A sinusoidal pattern of the breakout orientation deviation, with a center at
depth of around 4720, coincidences with two major fracture zones that intersect the
GPK4 well around that depth [Sausse et al., 2010]. At a greater depth breakout
orientation is shifted counterclockwise with the similar amplitude, which also
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coincide with the occurrence of GPK4-FZ5100 major fracture zone. Hence it can be
concluded that the major fracture zones significantly affect the large scale stress
heterogeneities in the Soultz crystalline reservoir.

Based on these observations, a hypothesis of the breakout orientation rotation in
the vicinity of a fracture could be developed as follow. If a fracture has an associated
fractures damaged zone, the stresses are expected to be perturbed and rotated
depending on the change in elastic properties of the damaged material [Faulkner et
al., 2006]. As the fracture core bears the most damage, the stress perturbation is
assumed to be concentrated in that zone and to decrease with distance to the core.
Wellbore failures will then develop according to this local stress perturbation. Hence,
a gradual wellbore failures orientation rotation centered at the fault core is observed.
The orientation rotation observed at depth of around 1500 m and 3000 m in this well
could also be addressed with the same process. The stress heterogeneities plotted in
Figure 4.13.c stem from the wellbore failures that defined previously as stress-related
failures and, apparently, those data are a good indicator of the in-situ stress field and
its heterogeneity.

In addition, a random pattern of orientation rotations is observed (Figure 4.13.d).
This might well represent the wellbore failures orientation rotation due to material
heterogeneity. The maximum amplitude of breakout orientations deviations is
around 35°. Based on the results of the numerical modeling developed in this study
and the field observation of the detailed breakout shape, we interpret those random
stress heterogeneities represent the wellbore failures orientation perturbation due to
material heterogeneity, or the fractured-related wellbore failures as defined
previously. Despite those data do not related to the principal horizontal stresses, they
could give us a hint about the mechanical properties of the rock in the surrounding
of the well. This information could provide us an insight of the estimation of the
damaging level in the fault core and, hence, its permeability. This will be a
challenging task to be developed in the future because, despite a huge amount of
image logs collected in the reservoir, none of them are used so far for this purpose.

4.6 Conclusion

Analyzing state of stress from wellbore failures at great depth is a challenging task,
in particular because of the occurrence of highly fractured granite which make the
orientation of wellbore failures is highly heterogeneous. Two type of wellbore
failures are distinguished: stress-related and fracture-related wellbore failures. Based
on the characteristics of each wellbore failures type, we concluded that only the
stress-related wellbore failures can be used as a stress indicator. The orientation of
Shmax is found to be N168°E+15° and the magnitude of the two principal horizontal
stresses are: Stmax = 0.9 - 1.15 Sy and Spmin = 0.62 Sv. Those are in agreement with the
previous stress investigations, e.g. Cornet et al. [2007], Valley [2007] and Sahara et al.
[2014]. Furthermore, the magnitude of Spmin determined from the breakout width is
comparable to the one from hydraulic data at shallower depth which shows Symin =
0.67 Sy [Cornet et al., 2007]. In the absence of hydraulic data, this suggests that, by
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carefully selecting the input data, this method could provide a reliable alternative for
estimating the magnitude of Spmin.

A numerical model of stress distribution around boreholes that incorporate the
material heterogeneities could explain the observed breakout heterogeneities in this
field. It was shown that for heterogeneous isotropic elastic material, the stress
distribution around boreholes is dependent on the elastic properties of the material.
It improves the analytical formulation of the stress distributions which developed
under homogeneous material assumption, i.e. Kirsch solution[Kirsch, 1898]. A
graphic showing the position of weak zones that perturb the development of
breakouts as a function of the elastic properties contrast is presented. The results of
the numerical modeling presented in this study give us an insight in inferring the
mechanical properties of fractures and their immediate surroundings from the
breakout observation, which is still missing in the current breakout orientations.

GPK4 well is unique data set, in which continuous wellbore failures are observed
almost continuously on the 3.5 km depth section of the well. We concluded that
wellbore failures are not related to the principal stresses only, but also to the effect of
mechanical heterogeneities like weak zones with different elastic moduli, rock
strength and fracture patterns. Hence, in order to obtain a reliable estimation of the
stress orientation and its heterogeneity in such fractured reservoir, it is necessary to
distinguished the stress-related wellbore failures from the fractures-related and to
sample the stress field on a long interval.
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Characterization of the mechanical
heterogeneity and their role in induced
seismicity in Soultz-sous-Foréts fractured
crystalline reservoir

This chapter is currently on-preparation for an international journal publication

Abstract

The importance of the reservoir characterization for addressing a broad range of
geomechanics-related problems and the limitation of the deep core data necessitates
tools to characterize the mechanical properties indirectly from borehole data. The
novel approach of integrating various borehole and hydraulic data of the Soultz-
sous-Foréts EGS field proposed in this study enables a characterization of the deep
crystalline rock with respect to their role in affecting the failure processes during
stimulation. Three zones in the reservoir are proposed based on the inherent
structures present in a set of geophysical logs of GPK4 well. The occurrence of
abundance fractures and breakouts in the two-mica granite indicate that this zone is
weaker than the massive porphyritic granite. In between, a transition zone is
identified by its high clay content. On the top of this, the slip tendency of all minor
and major fractures in each zone is estimated. Consequently, the reservoir rocks
respond differently to the increasing pore pressure during fluid injection, e.g. an
episodic fracture reactivation from two-mica to porphyritic granite, an anti-
correlation between clay content and seismicity, a significantly higher number of
events in the two-mica granite, and an extensive damage area in a larger crystal
porphyritic granite. A similar pattern is observed for the other deep wells
stimulation. Furthermore, the pattern of microseismicity in each zone is matched with
the different injection schemes used in this field, suggesting that an adapted injection
strategy might be developed based on the reservoir model proposed in this study. As
most of the EGS target the crystalline rock, the understanding of the lithological
controls on seismicity in granitic rock is crucial for the future development of the
EGS.
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5.1 Introduction

Enhanced Geothermal System (EGS) offer an attractive prospect for producing large
quantities of energy from deep, low-porosity, hot crystalline rocks found in many
places in the world. Often, the natural permeability of an EGS reservoir is too low for
the requisite flow to circulate between the wellbores and is artificially enhanced. This
enhancement is accomplished by a reservoir stimulation in which a large volume of
fluid is injected into the rock mass at high flow rates that lead to the reactivation of
the preexisting fractures. In this case, good knowledge of the stress field and the
mechanical properties of the fractured reservoir rock is essential for the reservoir
management.

Mechanical heterogeneities play a significant role in affecting the response of rock
masses to massive fluid injection [e.g. Zoback, 2007]. The petrographical control on
the frictional strength of granite is shown in experimental studies, e.g. Collins and
Young [2000] and Sajid et al. [2016]. Preexisting fractures in the reservoir also have a
significant effect on weakening mechanism in rocks, especially if those fractures are
oriented preferably to the maximum principal stress [e.g. Jaeger et al., 2007]. Hence,
the analysis of the slip tendency of faults is currently becoming a standard
exploration technique to anticipate on preferential fluid pathways with or without
hydraulic stimulation [Morris et al., 1996]. Alteration also plays an essential role for
geothermal reservoirs, where percolation by geothermal brine promotes the
formation of hydrothermally altered zones around fluid pathways [André et al., 2006].
The dissolution of primary rock-forming minerals and the precipitation of secondary
minerals, such as quartz, clay, or carbonates, change the in situ conditions on the
mechanical strength of the rock [Meller and Kohl, 2014]. Hence, to characterize a
geothermal reservoir and to assess its mechanics, it is important to understand the
significance of each of those rock characteristics.

As deep core data and mechanical testing data on geo-reservoirs are limited, new
tools are required to better characterize the stress heterogeneity and the mechanical
properties indirectly from the geophysical well log and geological cutting data.
Soultz-sous-Foréts is a unique EGS field with an extensive logging and hydraulic
database, enabling us to perform a detailed analysis of the reservoir characteristics.
Sahara et al. [2014] showed the immediate effect of the fracture network seen from the
borehole on the heterogeneity of the stress field seen from stress indicators in the
borehole. Magnetic susceptibilities of the cutting samples collected from all Soultz-
sous-Foréts wells were used by Meller et al. [2014b] to estimate the lithology and the
alteration grade of the reservoir rock. Furthermore, the clay content, an indicator of
hydrothermal alteration processes, has been estimated from the fracture
characteristic and the spectral gamma ray (SGR) log by Meller et al. [2014a] using a
neural-network analysis.

Following the studies mentioned above, we intend to improve the characterization
of the mechanical properties of the Soutz deep reservoir and its response to fluid
injection. This study is focused on the open-hole section of the GPK4 well from 4480
to 4980 m depth (here and subsequently, the depths cited are the True Vertical Depth

60



(TVD) measured from the drilling platform). Herein, we first perform an integrated
analysis of geological and geophysical borehole data measured in the GPK4 well. A
neural-network clustering scheme is applied to identify inherent structures present
in a set of geophysical logs of GPK4 well, i.e. magnetic susceptibility, fracture,
alteration, and breakout. The reservoir characterization is made based on the
distribution of neurons in the topology. . The tendency of preexisting fractures to be
reactivated during stimulation is also analyzed. Hydraulic stimulation data
performed in the same well is then used to infer the patterns of the microseismic
events in the different zones proposed from borehole data, i.e. the occurrence time
and the density of microseismic events, as well as the stimulated area. The role of
each rock parameter in affecting the failure mechanism due to hydraulic stimulation
is discussed. This integrated analysis can provide key information on the reservoir
characteristics to improve the understanding of the failure mechanisms during
hydraulic stimulation.
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Figure 5.1: (a) Geological map and major fault map of the Upper Rhine Graben (URG) rift
system (modified from Peters [2007]). The insert map shows the location of the
URG (b). N-S depth projection of the five wells in the Soultz-sous-Foréts
geothermal field.

5.2  Soultz-sous-Foréts geothermal field
The Soultz-sous-Foréts geothermal field is located in the Upper Rhine Graben (URG).

The URG is a Cenozoic rift structure belonging to the West European Rift System
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[Ziegler, 1994]. The intra-graben faults predominantly strike in N180+17°E direction
parallel to the main border faults, whereas faults in the shoulder areas are bimodal
with a primary strike orientation towards N45+15°E and N115+20°E (Figure 5.1.a).
The kinematic of the intra-graben faults is predominantly extensional [Cardozo and
Behrmann, 2006], which suggests that the current maximum principal horizontal
stress (Sumax) is oriented parallel to the orientation of the intra-graben faults. This is
confirmed by the world stress map on a regional scale [Heidbach et al., 2008]. The
wellbore failures and the microseismic data observed in the Soultz geothermal field
suggest that the local in-situ Shmax is oriented toward N168°E+10 and the stress
regime is normal to strike-slip regime [e.g. Cuenot et al., 2006; Sahara et al., 2014].

This geothermal project is probably the most comprehensive research project in the
field of EGS being developed so far. Initiated in 1986, it has now a long history which
is broadly documented, e.g. Baria et al. [1999], Genter et al. [2010], and benefits from a
vast amount of field observations in numerous domains (geology, geochemistry,
geophysics, petrophysics, hydrogeology, etc.) gathered during the exploration,
drilling, stimulation, circulation, production phases. Over the development phases of
the EGS, five wells have been drilled and stimulated to create underground heat
exchangers in the granitic formation (Figure 5.1.b). Three of these wells are currently
used for operation with two wells as injectors (GPK3 and GPK4) and one producing
well (GPK?2) [Gérard et al., 2006].

Table 5.1. Hydraulic stimulation data of the deep Soultz reservoir stimulation and the total
number of induced seismicity. BHP is bottom hole pressure

Stimulation Duration  Injected Maximum BHP Number of located
(hour) volume (m3) increase (MPa)  seismic events

GPK22000 141 22680 14.5 12217

GPK3 2003 255 37300 16 21981

GPK42004 83 9300 17 5753

GPK42005 95 12300 18 2968

The reservoir is bounded by the Soultz horst structure [Meixner et al., 2016] and is
covered by approximately 1400 m of Mesozoic and Cenozoic sediments. It mainly
consists of two different granites. The shallow granite is a porphyritic monzogranite
with large potassium-feldspar crystals in a matrix of quartz, plagioclase, biotite,
amphibole and accessories of magnetite, titanite, apatite, allanite. This granite
extends approximately from 1400 to 4700 m depth. Below, a fine-grained two-mica
granite is found, with primary muscovite and biotite and a depletion of K-feldspar.
The two mica-granite is interpreted as an intrusion of a younger granite into the
porphyritic granite [Dezayes et al., 2005].
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Figure 5.2: Cumulative number of microseismic events as a function of depth in the three
deep wells in Soultz. The events in GPK4 well is the cumulative of two
stimulations performed at 2004 and 2005. The open-hole section of each well is
marked in gray area.

The crystalline reservoir is characterized by low porosity, natural and forced fluid
circulation takes place through the fracture network. To increase productivity and
the quality of the hydraulic connection between the wells, hydraulic stimulations
were performed in the deep wells in 2000 (GPK2), 2003 (GPK3), and 2004 and 2005
(GPK4) [Genter et al., 2010]. Tracer testing and geophysical monitoring carried out
after each of the hydraulic stimulations indicated a good hydraulic connection
between GPK2 and GPK3, while the link between GPK3 and GPK4 appeared to be
poor [Sanjuan et al., 2006]. It might be because of a fault interpreted to be located
between GPK3 and GPK4 [Held et al., 2014]. This fault is oriented E-W, which might
be closed due to a high Sumax that is acting as the normal stress on this fault.

The stimulation of GPK4 produced less microseismic events than the other well
stimulations (Table 5.1), which makes the determination of the detailed reservoir
geometry difficult. Furthermore, GPK4 stimulation had a unique characteristic of
microseismic events pattern; 80% of the microseismic events are located deeper than
4800 m (Figure 5.2). A flow test recorded during the GPK4 stimulation [Nami et al.,
2008] indicated a linear leakage of flow from 4500 m until the bottom-hole. The results
of multidisciplinary studies, e.g. Sausse [2002], Kohl and Mégel [2007], Baujard and Bruel
[2006] and Evans [2005], suggest that the characteristics of fractures in the crystalline
rock play a fundamental role in governing the response of the reservoir to the
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injection. By far, knowledge of the mechanical properties of the fractured granite
relies much on the very limited laboratory measurements performed on core samples
[e.g. Valley, 2007; Baillieux et al., 2012]. These motivate us to investigate further the
mechanical properties of fractures from borehole data. Taking advantage of the vast
amount of logging and hydraulic stimulation data available in GPK4 well, this study
focuses on this well to improve the characterization of the mechanical properties of
the deep reservoir of Soultz and their impact on preexisting fractures reactivation
during stimulation.
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Figure 5.3 Comparison of various geophysical and geological data of the GPK4 well open-
hole section. a) Geological lithology log of the GPK4 well from the interpretation
of cutting data, b) synthetic clay content log of GPK4 derived from spectral gamma
ray and natural fractures data, c) magnetic susceptibility measured from cutting
data, d) breakout and fracture density, e) breakout orientation, f) breakout width,
and g) slip tendency of natural fractures observed in the well. Three different zones
with different lithology, fracture characteristic, alteration and breakout pattern

were distinguished.
5.3  Deep reservoir characterization from borehole observation

In this chapter, we propose an integrated analysis of the borehole data to better
identify the rock characteristics of the deep geothermal reservoir in Soultz. Only the
deep reservoir section penetrated by the open-hole of the GPK4 well at depths from
4437 to 4982 m is analyzed. As the reservoir rock experiences different phases of
deformation, alteration, weathering processess, it requires a broad ranges of data to
describe the induced effects and characterize the reservoir.
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5.3.1 Input data

The lithology of the rock was derived from cutting data analysis Dezayes et al. [2005]
(Figure 5.3.a) with the help of the magnetic susceptibility measurements (Figure
5.3.c). Meller et al. [2014b] measured magnetic susceptibility of drill cuttings recovered
during the drilling of the Soultz wells to distinguish the two granites in the deep
reservoir. They found that the combination of the bulk magnetic and the temperature-
dependent susceptibility of drill cuttings could be used to make a distinction between
porphyritic and two-mica granite. This analysis has an advantage compared to
cutting data in determining the lithology of a fractured zone as it is based on the
magnetite content, which is less affected by the washing out process of the drilling
fluid than clay minerals or platy minerals.

The natural fracture data of the GPK4 well used in this study (Figure 5.3.d) were
obtained from the French Geological Survey (BRGM) on the GPK4 image logs
(Dezayes et al., 2005). Major fracture zones derived from the geological analysis,
induced microseismicity and vertical seismic profiles modeled by Dezayes et al. [2010]
and Sausse et al. [2010] are also incorporated in this analysis. Their notations derived
from the name of the well and the measured depth are used throughout this study,
e.g. GPK4-FZ4710. All log data are presented in TVD, as a result of which the depth
of the major fractures plotted in the figure might be different from the depth indicated
by their name.

The occurrence of clay in fractures, as a product of the alteration process, is also an
important characteristic since it affects not only the frictional strength of rock but also
the flow paths through fractures. In-situ laboratory measurements revealed that the
porosity of hydrothermally altered granite can be twice as high as a fresh unaltered
granite [e.g. Genter and Traineau, 1996; Ledesert et al., 1999]. The alteration degree was
estimated from synthetic clay content analysis performed in fractured granite [Meller
et al., 2014a] (Figure 5.3.b).

Breakout data is used to infer the in-situ stress field and its heterogeneities in the
reservoir [Sahara et al., 2014] (Figure 5.3.d-f). The orientation and width of borehole
elongation trends seen on UBI images run in the granite section of the GPK4 well
were measured every 20 cm by Sahara et al. [2014]. A total of 472 borehole elongation
pairs were identified in the open-hole section of GPK4. Each elongation pair was
considered as an individual breakout with a uniform length of 20 cm. This detailed
breakout data enabled us to examine the stress heterogeneity and its correlation with
the mechanical properties of the crystalline rock. In addition, the tendency of
fractures to be reactivated during the stimulation is also estimated in this study
(Figure 5.3.g).

5.3.2 Neural network clustering

Clustering is a common technique in identifying inherent structures present in a set
of objects based on a similarity measure. Clustering methods can be built on the
statistical model identification or competitive learning. In this study, we use a Self-
Organizing Map (SOM) neural network clustering methodology [Kohonen, 1984] for
grouping similar parameters obtained from log data of GPK4 into distinct subsets. A
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neural network clustering is an unsupervised technique to classify N-dimensional
data into two-dimensional output layer of numerous units called neurons. The
clustering process is performed from top to bottom, i.e. the general pattern is resolved
before going to the details of the lowest levels. This technique is better than the
statistical methods for clustering complex data like a geophysical log [Mangiameli et
al., 1996]. The neural network toolbox from MATLAB release 2015.b is used. The
clustering algorithm is described in Appendix A.

The massive crystalline rock is mechanically isotropic. Hence, we could attribute the
variation of mechanical properties to the lithology, the occurrence of fractures and
accompanying alteration. Breakout data is also used as it represents the rock strength
mechanical at the borehole wall. Hence, the network is run on the magnetic
susceptibility, synthetic clay content, fracture, and breakout density data sets (Figure
5.3.a-d). Each of the input data has its own sampling rate, i.e. clay content and
magnetic susceptibility was measured every 0.25 m while fractures and breakouts
were sampled based on their occurrence. Hence, to have the same sample rate, each
log is resampled by averaging the values every 4 m. In total four input parameters
each containing 145 data points are used.

The number of neurons should be adapted to the input data to achieve a proper
learning and classification; it should be considerably smaller than the number of the
input samples. The neural network is tested with SOM sizes of 6x6, 8x8, 10x10 and
12x12 neurons and their results are compared. This is an iterative procedure, in which
10000 iterations are performed. It is found that the update to the weight vectors
(Appendix A) is negligible after around 1000 iterations have been performed, and the
global solution is reached at the end of the iteration. The respective clustering results
are shown in Figure 5.4. The input data are mapped into around 85% of the number
of neurons used for the 6x6 SOM and slightly decreases to around 75% for the 12x12
SOM. However, it can be seen that the results are consistent in all tested SOM sizes.

The input-output mechanism in neural network clustering is determined by the
weights, which control the connection of each input to each of the neurons (Figure
5.5). They also show the properties of each neuron, e.g. neurons in the top left indicate
high magnetic susceptibility, and low clay content, fracture and breakout density.
Therefore, the correlation between input data can be estimated from the patterns of
the weight of each input; similar trend implies high correlation and vice versa. In
general, the magnetic susceptibilities and the density of breakouts and fractures is
found to be highly correlated; higher susceptibility (indicated porphyritic granite)
has a lower density of fractures and breakouts and vice versa. Clay content is found
to be concentrated near fracture zones and has a rather low correlation with lithology,
fractures, and breakouts.
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Figure 5.4: The map of neuron locations in the topology for the four different numbers of
neurons used. Each node represents one combination of all input data at each
depth. Clustering (dashed line) is made based on the location of neurons and the

depth of the input data.

Neurons that are adjacent to each other in the topology have similar properties. A
reservoir zonation is established based on the distance between the neurons and the
depth of the samples. Data separated by maximum 150 m depth and 4 neurons from
the center of the cluster is considered as one cluster. From the results of SOM
clustering and the distribution of data points in the SOM, we can conclude that three
distinct zones can be distinguished (Figure 5.4 and 5.5):

1. The uppermost zone, from 4400 to 4630 m depth, has a relatively low density of
fractures and low clay content. It consists of porphyritic granite, which is only slightly
affected by the hydrothermal alteration process. Two major fracture zones intersect
the GPK4 well in this zone.

2. The middle zone corresponds to a transition from porphyritic to two-mica granite,
between 4630 and 4780 m. It has low to medium density of fractures and breakouts,
and a medium to high clay content. In addition, the width of breakouts is found to be
very narrow in this zone. GPK4-FZ4910 is intersecting the well in this zone.
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3. The lowermost zone, from 4780 to 4980 m, consists of a younger two-mica granite
that intrudes into the porphyritic granite. This zone has a medium to high fracture
density and a moderate clay content. The density and width of breakouts are found
to be the highest in this zone.

The boundaries of those lithologies are also found at similar depth in the GPK2 and
GPK3 deep well [Dezayes et al., 2003; Genter et al., 1999] and we assume this is also
true for the associated properties.
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Figure 5.5: Map of weight plane of each input parameter: a) magnetic susceptibility, b)
synthetic clay contents, d) fracture, and d) breakout density for the 10x10 neuron
SOM. Only neurons that have members are plotted.

5.3.3 Stress and mechanical properties

The interpretation of the variation of the mechanical properties of the reservoir is
made based on the previous in-situ laboratory measurements of Soultz reservoir.
Petrophysical analysis of the samples taken from the roller reamer after drilling has
revealed that the two-mica granite has a lower density, 2.52 kg m-3, compared to the
porphyritic granite, 2.62 kg m-3 [Baillieux et al., 2012]. It has been shown empirically
that rock with lower density tends to have lower elastic moduli [Brocher, 2005]. Hence,
lower elastic moduli are expected for two-mica granite.
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The process of alteration is usually accompanied by an enrichment of clay minerals
in the veins and rock matrix, which might act as a zone of weakness [Sausse et al.,
2006]. It was found that altered samples in Soultz are characterized by smoother
surfaces of fractures [Sausse, 2002], suggesting a lower frictional strength of altered
rock. In-situ laboratory measurements have been performed by Valley [2007] to
analyze the effect of fractures and alterations on rock mechanical parameters. He
showed that the Young’s modulus of massive porphyritic Soultz granite is around 54
GPa, and significantly reduced for altered granite. An inverse correlation is found
between alteration grade (in terms of clay content) and the mechanical properties of
the rock (Table 5.2). In the other fields, it is also shown that the uniaxial compressive
strength is also found to decrease with increasing fracture density [Alm et al., 1985].
These observations suggest that the two-mica granite, which has a lower density,
higher alteration grade, and higher fracture density, is less stiff compared to the
porphyritic granite.

The higher number of borehole breakout occurrence in the two-mica granite
compared to the porphyritic granite section (Figure 5.3.d) is also consistent with a
reduction of the compressional rock strength as suggested by Haimson and Chang
[2000]. Additionally, the asymmetry of the breakouts formed in the two-mica granite
is also higher [Sahara et al., 2014], which might be the effect of the higher mechanical
heterogeneity of the two-mica granite.

Table 5.2 Mechanical properties of fractured porphyritic granite in Soults-sous-Foréts
(modified from [Valley, 2007])

None Low alteration Medium alteration High alteration
UCS (MPa) 105 -132 88 -110 95 67
E modulus (GPa) 52-58 50 - 55 40 38

In addition, the stress orientations, derived from the orientation of breakouts, are
also heterogeneous in the deep reservoir. Figure 5.3.e highlights a systematic
variation of the breakout orientation in the vicinity of the major fracture zones.
Breakout orientations are shifted by approximately 20° counterclockwise from the
Shmin direction (negative shifting) in the surroundings of the GPK4-FZ4620 fracture
zone and align again along the mean Shmin direction about 50 m below GPK4-
FZ4710. A continuous 200 m section of breakout rotation is observed around GPK4-
FZ4970 and GPK4-FZ5050. The patterns of breakout orientation suggest that existing
fractures affect the stress heterogeneity in the reservoir, especially in the transition
and two-mica granite.

5.3.4 Fracture reactivation

Hydraulic stimulation in a deep EGS reservoir has the goal to enhance the reservoir
permeability through reactivation of preexisting fractures. Estimating the tendency
of fractures to be reactivated during stimulation lets us identify fractures that are
most likely to be reactivated. Such an estimate is based on the knowledge of the
regional stress field in the reservoirand the relative orientation of fractures to the
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principal stresses [Morris et al., 1996]. See Appendix B for further details on this
method.

Using the stress profile obtained by [Cornet et al., 2007], and the direction of Sxmax =
N168°E+10° obtained by Sahara et al. [2014], the slip tendency is calculated for all
fractures intersecting the open-hole section of the GPK4 well. The uncertainty of the
input parameters is taken into account by generating 100 combinations of random
numbers within 10% uncertainty range. The value of the slip tendency is normalized
to its maximum value for optimally oriented fractures.

Figure 5.6: Slip tendency for three different faulting regimes in Soultz-sous-Foréts. a) Normal
fault, b) normal to strike slip and c) strike slip faulting regime. A lower-hemisphere
diagram is used to plot the orientation and dip of fractures which have high (red
color) and low slip tendency (blue). Solid dots indicate the slip tendency of each
fracture zone, while line shows its variation due to the uncertainty of the Sxmax
orientation.

Figure 5.3.g shows the mean, first and third quartiles of the slip tendency values
for each fracture observed in GPK4 well. In the two-mica granite and the transition
zone, not only the density of fracture occurrence is greater, but a larger number of
fractures is also found to be have higher slip tendency. Around 80% of fractures
observed in two-mica granites have slip tendencies of more than 0.8, while only 53 %
fractures have such high slip tendency in the porphyritic granite. Therefore, it can be
expected that those fractures in the two-mica granite are the first to be reactivated
during stimulation.

After Cornet et al. [2007], the stress regime in Soultz is normal fault to strike slip.
The slip tendency of major fracture zones for different stress regime in Soultz-sous-
Foréts is shown in Figure 5.6. It can be seen that for a normal faulting regime only
GPK4-FZ5100 has high slip tendency while for strike-slip faulting regime both GPK4-
FZ4620 and GPK4-4970 have slip tendency of more than 0.8. This is noteworthy as
different fracture zones are more likely to be reactivated during stimulation
depending on the faulting regime. Focal mechanisms show a mix of normal and
strike-slip faulting regime in the Soultz-sous-Foréts crystalline reservoir, with more
strike-slip at greater depth [Cuenot et al., 2006]. The strike-slip stress regime in the
deep reservoir is also supported by the high differential principal horizontal stress
inferred from the occurrence of the wide breakouts observed at the top of two-mica
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granite. This suggests that GPK4-FZ4620 and GPK4-FZ4710 are the two major
fracture zones that are the most likely to be reactivated during stimulation.

54  Induced seismicity due to hydraulic stimulation

We analyze the microseismic events recorded during the GPK4 stimulation to
possibly identify the variations of microseismicity patterns associated with the
characteristics of the reservoir zonation identified from the borehole data. The
hydraulic stimulations in the GPK4 well were conducted twice, in September 2004
and February 2005. The injection lasted about four days for each stimulation, with a
total injected volume of 9300 m3 and 12300 m3 for the 2004 and 2005 stimulations,
respectively. The injection of 2004 stimulation was conducted at a constant injection
rate of 30 L/s, except at the end of the third day when the injection rate was increased
to 45 L/s for a few hours. Approximately 560 m3 of NaCl heavy brine, with a density
of around 20% higher than fresh water, injected in the first six hours. In the 2005
stimulation, the injection was performed using fresh water only and was divided into
three phases: 30 L/s for 24 hours, 45 L/s for 48 hours and 25 L/s for 24 hours. The
fluid pressure values at depth (BHP) is determined using an in-house numerical
borehole simulator, which uses measured wellhead data (i.e. flow rate, pressure,
equivalent NaCl-molality and fluid temperature).

The microseismic catalog of Dyer [2005] obtained using three 4-component
accelerometers and two 3-component geophones deployed at a various depth
ranging from 1500 m to 4500 m is used in this study. 5753 and 3817 microseismic
events were localized by the down-hole network during the 2004 and 2005
stimulation, respectively. The location uncertainty of the events is in the order of 50 -
80 m.

To analyze the evolution of microseismicity in the three depth zones defined
previously, cross sections of microseismic event density as a function of time are
presented in Figure 5.7. The two major fracture zones with high slip tendency in a
strike-slip stress regime, GPK4-FZ4970, and GPK4-FZ4620, are plotted (Figure 5.6). It
can be seen in Figure 5.7 that during the initial period of the 2004 injection (heavy
brine), microseismic events are developed first in the two-mica granite. The
microseismic events at this period are found to be scattered in a radius of around 170
m from the bottom-hole. At time = 20 hours most of the microseismic events
developed near of the GPK4-FZ4970. A cluster of microseismic events in the
porphyritic zone begins to develop after the hydraulic injection is increased to 45 L/s
for a couple of hours at the end of the 2004 stimulation. At shut in, time = 75 hours,
two distinct microseismic clusters are observed in the porphyritic and the two-mica
granite zone. A similar pattern of microseismic density is also observed during the
2005 stimulation. This episodic pattern of fracture reactivation, from porphyritic to
two-mica granite, is consistent with the variation of the frictional strength of those
granites proposed by the borehole data analysis.
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Figure 5.7: Microseismic events distribution at a different time and BHP level in N280°E cross
sections. Two major fractures, GPK4-FZ4620, and GPK4-FZ4970 are plotted as red
lines.

For both stimulations, events at 4670 - 4835 m depth have unique characteristics, i.e.
both the density and the magnitude of the microseismic events are very low. This
might be related to the high clay content in this transition zone. With a great
abundance of clay, aseismic creep might play a significant role. Hence, only a few
events of small magnitude were recorded. This low magnitude events pattern in high
clay content is also observed during the GPK2 stimulation [Meller and Kohl, 2014].
Furthermore, creep during stimulation of the Soultz-sous-Foréts geothermal field
was already suggested by previous works, e.g. Cornet et al. [1998b], Bourouis and
Bernard [2007] and Schoenball et al. [2014a].

On top of this, failure initiation in the surroundings of the borehole as a function of
time is analyzed. Events within a distance of 100 m from the wellbore during the first
20 hours after the first event are selected to represent slip on preexisting fractures
located near the borehole and which can be statistically representatives of the
fractures observed in the well log data. The BHP is also plotted as a function of time
to find the corresponding maximum pore pressure perturbation when the
microseismic events were recorded.

Figure 5.8 shows that the first event cluster occurs near the bottom-hole at a depth
of around 4980 m when BHP is still below 13 MPa, approximately 9 minutes after
injection started. The BHP then increases and stabilizes at around 16 MPa. At the end
of the heavy brine injection, the fractures in the entire two-mica granite and transition
zone are reactivated, while the fractures in the porphyritic granite remain silent. The
fracture set in the porphyritic granite is reactivated approximately 7 hours after fresh
water injection started. Interestingly, the failure process in this zone begins with
relatively big events followed by weaker events. A similar pattern of fracture
reactivation from two-mica to porphyritic is also seen in the 2005 stimulation.
Furthermore, the Kaiser effect is evidence in this stimulation; the first events occurred
44 hours after the injection started when BHP exceeded the highest pressure reached
during the first stimulation.
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Figure 5.7: Microseismic events distribution at a different time and BHP level in N280°E cross
sections. Two major fractures, GPK4-FZ4620, and GPK4-FZ4910 are plotted as red
lines.

5.5 Discussion

This study addresses the question of the main parameters that affect the mechanical
properties or the rock and the failure processes during stimulation in the Soultz-sous-
Foréts deep reservoir and how we characterize those parameters from an integrated
borehole data analysis. The mechanical zonation of the reservoir was made based on
the common geophysical logs available in the exploration well. From the neural
network clustering, it is found that the lithology, fracture, and breakout play a
significant role on the mechanical zonation. The maximum weight of each of those
parameters is around four times bigger than the clay content. However, despite its
low weight, the variation of the clay content indicates the different failure
mechanisms that might occur during stimulation. Care has to be taken when
interpreting the mechanical properties from log data; drilling creates a damaged zone
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were observed parameters might be different from those away from borehole. Hence,
we can only infer the variation of the mechanical properties of the reservoir from the
log data.

In this study, the slip tendency is normalized to remove the depth dependency of
the principal stress magnitude and the rock is assumed to be cohesionless. Previous
studies, e.g. Cornet et al. [2007], Evans et al. [2005], proposed that fractures in Soultz
reservoir should have a cohesion of around 6 MPa to match the field observation.
This cohesion reduces the ratio between the shear and normal stress by a maximum
of 15%. In this case, the slip tendency shown in Figure 5.3.g and Figure 5.6 is the
higher end of possible values. Nevertheless, the pattern of the high and low region of
the slip tendency will remain the same. As our purpose is to make a comparison of
the slip tendency of preexisting fractures in the different zones, it is enough not to
take into account the cohesion. However for a further purpose, e.g. calculating the
increasing pressure required to reactivate existing fractures, the cohesion must be
taken into consideration.

The results of this study indicate that the different patterns of microseismicity that
occur during the GPK4 stimulation correlate very well with the variation of rock
characteristics observed from borehole data of the GPK4 well. Interestingly, the
similar microseismic pattern is also captured during the GPK2 and GPK3 stimulation
(Figure 5.9). At the beginning of the stimulation, microseismic events develop first in
the two-mica granite section. Then, in contrast to the GPK4 stimulation, a significant
amount of microseismic events is observed in the porphyritic granite at the later stage
of the injection. It was achieved after about 20000 m? of water had been injected, and
the injection rate was increased to 50 L/s, higher than the total injected volume and
the maximum injection rate of each of the GPK4 stimulation (Table 3). Furthermore,
the GPK3 stimulation, in which the highest amount of water had been injected,
produced the highest number of microseismic events in the porphyritic granite [Dyer,
2005].

Table 5.3 The hydraulic injection data and the maximum pressure increase of the deep well
stimulations in Soultz-sous-Foréts

Total injected volume (m?3) Max pressure increase (MPa)

GPK2 GPK3  GPK4a GPK4b GPK2 GPK3 GPK4a GPK4b

1%t quarter 5215 | 6000 3045 2770 13 12.7 17.3 16.8
2" quarter 12385 16845 5185 6445 13.8 16.8 17.3 18

3" quarter 19730 26975 7365 10055 144 17.3 17.5 18.6
4t quarter 22950 34100 9145 12175 145 17.3 17.5 18.6
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Figure 5.10: Evolution of the distribution of microseismic events with increasing injection
volume and time.

In this study, the BHP response was less sensitive to the dynamic behavior of the
fracture reactivation in the reservoir. From the beginning of the injection, the BHP of
the GPK4 well was already 16 - 17 MPa (Table 5.3), higher than at the GPK3 and
GPK2 stimulation (Table 3). Hasan and Kabir [2010] mathematically explain the BHP
as a function of the injection rate and the injectivity (or permeability) of the rock. The
small permeability of the fracture zones intersecting the GPK4 well [Sausse et al., 2010]
seems to be the source of this high borehole pressure. Numerical studies show that
BHP might only represent the near wellbore condition, and the pressure might
decline very fast with distance from the well [e.g. Kohl and Mégel, 2007]. These might
explain the limitation of the fracture reactivations in the two-mica granite, and the
smallest number of microseismic events in the GPK4 stimulations, although those
stimulations produced the highest BHP.

Table 5.4 The area of the damaged zone in each lithology for each deep well stimulation.
GPK4 is the accumulation of the 2004 and 2005 stimulations.

Porphyritic granite Transition zone Two-mica granite
GPK2 77x10° 15.5 x10° 50.5 x10°
GPK3 129x10° 22x10° 87.5x10°
GPK4 14x10° 4x10° 30.5x10°
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Figure 5.11: Map view of microseismic events distribution at different lithologies for all deep
well stimulations. The events in GPK4 well is the cumulative of two stimulations
performed at 2004 and 2005. Colors indicate number of events per 50 x 50 x 50 m
cell.

The microseismic cloud in each of those three zones is plotted in Figure 5.10. The
microseismic clouds of the GPK2 stimulation are all aligned in N140+10°E direction,
makes a 28+10° angle with respect to the maximum principal stress orientation. Given
that the microseismic cloud is nearly vertical, this suggests that the friction coefficient
of the major fractures be approximately 0.78. This is in agreement with the high
friction coefficient in Soultz reservoir proposed by Cornet et al. [2007] and Evans
[2005]. In the GPK3 stimulation, the rotation of the microseismic cloud orientations
from N140£10°E in the porphyritic granite to N183+13°E in the two-mica granite is
consistent with the main direction of the fracture families observed from borehole
data in each of the reservoir zones.
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It can also be seen in Figure 5.10 and Table 5.4 that, except for the GPK4
stimulations, the area of the seismically active zone in porphyritic granite is
approximately 1.5 larger than in the one in the two-mica granite. We defined
seismically active zone as the area in which contain more than 10 microseismic
events. Most of the microseismic events in the two-mica granite are aligned in a plane
with a width of around 200 m (red color), which can be interpreted as a fault core.
This is in contrast to the diffuse pattern of microseismicity in the porphyritic granite.
Furthermore, after shut in, the microseismicity is more developed in the porphyritic
than in the two-mica granite (Figure 5.9). The different fracture families observed in
those two granites could not explain the larger active area in the porphyritic granite;
fewer fractures with high slip tendency are observed in the porphyritic granite.
However, the variation of the microseismic occurrence time and the damaged area in
different granites is also observed during tunneling [Collins and Young, 2000] and
volcanic area [Sajid et al., 2016]. Collins and Young [2000] proposed that the effect of
the fractures reactivation might be different according to the crystal grain size; it
significantly reduces the rock strength of a large grain granite, while the impact is not
significant as it is distributed over a larger number of grain boundaries in a small
grain granite. It gives us a hint that the variation of the damaged area observed in the
Soultz reservoir might also be related to the petrographical features of the granite.
Figure 5.11 shows the mineralogies of the porphyritic and two-mica granites as
extracted from core samples in the well EPSI.

¥ Feldspar, Quartz®-

Hydrbhermélly
fed feldspar.
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Figure 5.12:  a) Typical fresh porphyritic granite sample with large K-feldspars in a matrix
of quartz, orthoclase and biotite. b) Thin-section of cuttings from the standard
granite with typical mineral assemblage and alteration of the mineral grains. c)
Sample of the fine-grained two mica granite with a depletion of K-feldspar and a
fine matrix of mica, feldspar and quartz. d) thin-section of cuttings from two-mica
granite: a characteristic mineral occurring only in the two-mica granite is
myrmekite, a cross-hatched microcline.
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A fault that acts as a barrier between GPK3 and GPK4 does not intersect any of the
deep wells; hence, it could not be identified prior to injection. The extent of this fault
is not known. However, it has been shown in this study that the hydromechanical
properties of the fault core might not be homogeneous. Furthermore, in the
porphyritic section, the microseismic events propagate in a larger area, and the
overlapping area of microseismic events between the GPK4 and GPK3 well is
observed. Hence, we might expect that a hydraulic connection between those two
well could be achieved through the porphyritic section. It gives us a hint that, if
hydraulic stimulation is planned to be performed again in the GPK4 well, a different
hydraulic stimulation strategy needs to be considered. The next stimulation should
target the porphyritic granite by injecting fresh water at higher flow rates and longer
duration, comparable to the stimulation of GPK2 and GPKS3.

Moreover, the concentration of the microseismic events only in the two-mica granite
at the low injection rate GPK4 stimulation, suggests that we might limit the damaged
area by appropriately adjusting the stimulation strategy according to the
geomechanical model of the reservoir that includes petrographic properties of
different reservoir lithologies. This will be particularly importance for deep CO2
storage and tight oil and gas reservoir fracturing, in which the stimulation shall target
a specific formation and not creating new fractures in the seal layer of the reservoir.

6.6 Conclusion

This study demonstrates that the analysis of the rock characteristics from borehole
data proposed in this study is essential to improve the understanding of the
geomechanical processes due to hydraulic stimulation. Three zones in the reservoir
are identified based on the neural network clustering using various geophysical logs
data of the GPK4 well. It is shown that the mechanical zonation of the Soultz
crystalline reservoir highly depends on the magnetic susceptibilities, fractures, and
breakouts. The interpreted variation of the mechanical properties of the porphyritic
and two-mica granite is matched with the episodic fracture reactivation and the
different microseismic pattern in those two granites. Furthermore, the clay content
provides key information about the area in which creeping mechanism might occur
during stimulation. Hence, the combination of those rock characteristics needs to be
considered to improve the geomechanical modeling of a fractured granite.

The dynamic pattern of the microseismicity in all deep well stimulations and the
different injection strategy was discussed. Despite its low injection rate and total
injected volume, the hydraulic stimulation performed in 2004 successfully increases
the injectivity index by 20 fold [Nami et al., 2008]. However, due to the occurrence of
fault between GPK4 and GPK3 well, which unknown prior to stimulation, the
hydraulic connectivity between the two well remained low. Based on the knowledge
of the geomechanical properties obtained in this study, a different stimulation
strategy for the next stimulation is proposed to increase to hydraulic connectivity of
GPK4 well.

The results of this study provide a better understanding of the significance of the
mechanical properties characterization in fractured rocks. Careful analysis of log data
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can help us learn about the mechanical properties of the fractured granite. The impact
of the fracture network on mechanical heterogeneities is very pronounced in
crystalline rock, which is mechanically isotropic. This is why we could attribute the
variation of the mechanical properties to the occurrence of fractures and
accompanying alteration of mechanical properties only. As most of the EGS target
the crystalline rock, the understanding of the lithological controls on seismicity in
granitic rock is crucial for the future development of the EGS.

Appendix A

The computing of the SOM employs a training algorithm, where the network
analyzes the given input and the Kohonen layer, and the acquired weight vector is
tested. The Kohonen layer is designed as a two-dimensional arrangement of the
neuron weights that maps N-dimensional input into two-dimensional neurons. The
learning algorithm for Kohonen networks is described as follows.

1. Neural network clustering starts with calculating an input vector from selected
geophysical logs and arbitrarily defining the weights of each neuron.

2. The output neurons are calculated based on the weights, which are initially
random values .

3. The winning neuron for each input vector is selected, that is for which the
distance between neuron and input vector is minimal.

4. The weights of the winning neuron and its neighbor are updated according to
the average position of all of the input vectors for which it is the winner. The
neighborhood size is altered through two phases: an ordering phase and a
tuning phase.

* The ordering phase is performed in the first 200 steps. In this phase, the
algorithm adjusts the neighborhood size from 6 (half of the max neurons size
used in this study) to 1 neuron. As the network updates the winner and its
neighbors in every circle, the result is that neighboring neurons tend to have
similar weight vectors and to be responsive to similar input vectors.

* In the tuning phase, neighborhood distance is less than 1. During this phase,
the weights are expected to spread out in more detail while retaining their
topological order found during the ordering phase.

5. This process is repeated (back to step 2) until the predefined number of iterations
is reached.

A large number of cycles is required to achieve a stable solution; 10000 cycles are
performed in this study.

Appendix B

The fault planes that are more likely to slip are those with a ratio of shear to normal
effective stress close to the coefficient of friction, u. The criterion for fracture
reactivation is the Mohr-Coulomb criterion, expressed as,

T=c+uoy, 6.1)
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where 7 and ojare the shear and the normal stresses acting on the fault surface,

respectively, c is the cohesion and u is the coefficient of the sliding friction. In terms

of the effective stress, a2/

= 0, — Py, which incorporates the effect of the pore fluid
pressure py, the critical condition for sliding on a pre-existing plane of weakness can

be written as
u=0"9 / off (5.2)
O-n

The slip tendency of a surface is defined as the ratio of the shear stress to the normal
stress on that surface [Morris et al., 1996],

n

The fault planes that would more likely slip are those with a high ratio of shear to
the normal effective stress, close in value to the coefficient of friction (u). The slip-
tendency analysis is based on the fact that the slope of the failure criterion, i.e. the
coefficient of friction, may span a range of values limited by the Byerlee’s experiments
[Byerlee, 1978].

At a given stress regime, the assumption of a specific u determines the optimum
angle 6 for sliding, 20 = tan™'(u). This is the most favorable orientation of the
fracture plane relative to the direction of maximum principal stress. In this plane the
slip tendency is maximum, ie. Ty = TJ"**. A normalized slip tendency varying
between 0 and 1 is defined by dividing the slip tendency by its maximum possible

value Ty = s /Tmax. This normalization make the slip tendency calculated in this
S

study independent from the magnitude of the differential stress, and the value of
friction coefficient of the rock. The normalized slip tendency then ranges from 1 near
the ideal fault orientation to 0 in the principal stress directions.

80



6

Analysis of borehole breakout development
using continuum damage mechanics

This chapter has been submitted to International Journal of Rock Mechanics and
Mining Sciences.

Abstract

Damage distribution and evolution have a significant effect on borehole stress
concentrations. To model the complex fracturing process and inelastic deformation
in the development of the borehole breakout we implement a continuum damage
mechanics (CDM) concept that takes tensile and compressive failure mechanisms into
account. The proposed approach explicitly models the dissipative behavior of the
material due to cracking and its evolution, which leads to an inhomogeneous
redistribution of material properties and stresses in the vicinity of the borehole wall.
We apply a constitutive plastic model for Berea sandstone and compare our
numerical results to laboratory experiments performed on Tablerock sandstone. We
are able to reproduce several characteristics of the failure process during the breakout
development as observed in experimental tests, e.g. localized crack distribution in the
vicinity of the borehole wall, damage evolution, which exhibits a widening process
in the beginning followed by subsequent growth in depth, and shear fracturing-
dominated breakout growth in sandstone. A comparison of our results with
laboratory experiments performed on a range of stress conditions shows a good
agreement of the size of borehole breakouts. The importance of the constitutive
plastic law in defining the failure mechanisms of the damaging processes is
discussed. We show that the depth and the width of breakouts are not independent
of each other and no single linear relation can be found between the size of breakouts
and the magnitude of the applied stress. Consequently, only one far field principal
stress component can be estimated from breakout geometry if the other two principal
stresses are known and sufficient data on the plastic parameters are available.
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6.1 Introduction

Continuum damage mechanics (CDM) was developed based on the work of Kachanov
[1958] and Rabotnov [1968], who considered the creep of metal. In this concept, the
progressive material damage is used to explain distributed defects in the material and
structure that lead to crack initiation and coalescence to fractures. The theoretical
framework was not developed further until the work of Chaboche [1981] who used the
general framework of thermodynamics of irreversible processes. The CDM approach
does not prescribe the microcracks that cause the damage, rather it uses a damage
parameter to define the effect of damage on the free energy of the system [Lubliner et
al., 1989]. CDM has been successfully applied to model the failure process in a wide
range of materials, e.g. steel [Roth and Mohr, 2014], concrete [Mazars et al., 2014],
ceramics [Deshpande and Evans, 2008] and others. One of the success factors of this
approach stems from the use of a single constitutive model that governs the nonlinear
behavior of the material including failure, both in tension and compression [Lee and
Fenves, 1998].

Modeling the expected degree of damage of a rock mass around cavities is required
in many subsurface geotechnical problems such as boreholes and tunnels. The
importance of the material properties on the borehole breakout development have
been highlighted in some studies, e.g. Zheng et al. [1989], Sahara et al. [2014] among
many others. Several modelling attempts that take into account the changes of the
material properties of the rock have been conducted in order to model the damage
propagation around boreholes. Cheatham Jr [1993] modeled the damage zone around
the borehole as a soft inclusion and found that the residual stiffness in soft zones
developing due to the damage is sufficient to alter the stress concentration. Nawrocki
and Dusseault [1995] modeled the damage zone by introducing a radius-dependent
Young's modulus around the borehole wall, and calculated the corresponding stress
distribution around the borehole. Detournay and Fairhurst [1987] further developed
the concept for a plastic material. Gaede et al. [2013] incorporated anisotropy in a non-
linear plastic model. Schoenball et al. [2014b] analyzed time-dependent breakout
formation with a simplified damage mechanics approach.

Previous laboratory experiments on borehole breakouts have shown that failure of
the borehole wall is often governed by two different modes: tensile spalling and shear
fracturing [Vardoulakis et al., 1988; Guenot, 1989]. Laboratory experiments can be used
to study the micromechanical failure of boreholes from the condition of breakouts at
the end of an experiment. However, it is difficult to explain the failure processes that
lead to the final breakout shape. CDM has led to considerable progress in
understanding the onset, development and stabilization of failure. It typically
requires extensive testing to determine the relevant constitutive plastic laws as well
as the strength and yielding criteria. Busetti et al. [2012b] developed a CDM model to
describe the progressive damage accumulation that finally leads to brittle failure in
Berea sandstone. Uniaxial and triaxial tests were performed to calibrate the model. It
was found that the damage and fracturing patterns simulated by the CDM match the
experimental features very well.
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Herein, we intend to demonstrate that CDM is able to characterize key observations
of the transient development of borehole breakouts in an elastoplastic material. Our
investigation allows us to account for both tensile and compressive failure. We use
the single constitutive law by Lee and Fenves [1998] in our modeling scheme. The
plastic law obtained Busetti et al. [2012b] is used as a basis for the non-linear
deformation involved in the simulation. A sensitivity study is performed to analyze
the significance of each parameter possibly affecting the dimensions of borehole
breakouts. We compare our results to available experimental data from Ewy and Cook
[1990], Haimson and Lee [2004], Haimson [2007]. In general, a good match between
modeling and laboratory experiment results is achieved.

6.2 Theoretical framework

6.2.1 Fracturing and damage

The failure of most rock materials is a process of crack initiation and propagation. A
number of approaches to model those phenomena have been proposed in the past.
Many of them were formulated for a linear elastic medium, e.g. fracture mechanics
based on the Griffith theory [Griffith, 1921]. Fracture mechanics assume that a fracture
grows from a small initial crack that amplifies the local stresses at the crack tip and
the fracture propagates when the local stresses exceed the strength of the material.
Fracture mechanics assesses the strength of a stressed material through the
relationship between the loading conditions, the geometry of the crack and the
resistance to crack propagation in terms of strain energy release rate (G) or stress
intensity factor (K). In this approach the propagation of the fracture is modeled either
by cohesive crack tip [Irwin, 1957] or a shielding zone. This model is relevant for
fracture propagation in rocks that exhibit macroscopic propagation via coalescence
of microcracks within a damage front. However the rock stiffness degradation due to
the increase of microcrack density [Kachanov et al., 1990; Heap et al., 2010] cannot be
modeled with fracture mechanics. Furthermore, as experiments show, there exist
inelastic deformations around the crack front which contradict the assumption of a
linear elastic medium [Erdogan, 2000]. These inelastic deformations could be modeled
by taking into account the plasticity in the modeling scheme, i.e. the strain
hardening/softening phase due to the accumulation of microcracking [Reches and
Lockner, 1994]. Macroscopically, this degraded stiffness is linked to the evolution of
stress-induced damage that leads to local fracturing and, eventually, to failure [Katz
and Reches, 2004].

A continuum damage mechanics concept is used in this study to handle the complex
fracturing process and the inelastic deformation that cannot be explained by the
elastic approach. With this concept the deformation of the material is simulated,
based on the damage evolution due to microcrack development, which might better
represent the in-situ rock behavior. Unlike the insertion of cohesive or shielding
zones, damage propagation is localized within weakening zones that are determined
by the plastic deformation. Yielding is characterized by nonlinear inelasticity
associated with stress-induced damage accumulation [Heap and Faulkner, 2008]. This
approach has several advantages. First, field and experimental studies display
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inelastic deformation of complex networks of fractures that cannot be explained by
elastic analysis. Second, damage mechanics does not require any special assumption,
such as initial perturbations or non-realistic high stresses. Third, damage fracturing
does not suffer from the present computational limitations of local element
enrichment formulations (e.g., the extended finite element method (XFEM) [Moés and
Belytschko, 2002]).

6.2.2 Continuum damage mechanics (CDM)

With this study we aim to model the typical failure mechanisms occurring around
borehole walls shortly after drilling, as observed in laboratory experiments. It was
observed that the mechanism of breakout development is governed by tensile
spalling and shear fracturing [Vardoulakis et al., 1988; Guenot, 1989]. An attempt was
made to model those failure mechanisms by taking into account the different strength
criteria for tension and compression in the modeling procedure. Because the
responses of a quasi-brittle material to tensile and compressive failure are quite
different, it is not sufficient to represent the failure processes by a single parameter.
Hence, following [Lee and Fenves, 1998], the parameters of the plasticity used herein
are decomposed into a tension and a compression part.

The theory of continuum damage models has been developed using a
thermodynamical approach [Chaboche, 1981]. The constitutive equations for this
plastic model and its thermodynamic interpretation can be found in Lemaitre [1984].
The essential parameters of the plasticity model are the elastic and plastic strain,
which are governed by the hardening rule, the flow rule and the yield criterion.

In the theory of plasticity, the strain tensor € can be decomposed into the elastic and
the plastic part. The plastic strain represents all irreversible deformations including
those caused by microcracks. Plastic strain will occur if the accumulated stress is
larger than the elastic strength of the material, or the yield surface. The CDM
approach used herein makes use of the yield function proposed by Lee and Fenves
[1998] to account for the different evolutions of strength under tension and
compression. In term of stress invariants, the yield function takes the form

1
F =§(V 3J2 + aly + Bomax _Vo'max) _O'C(Ef) =0 5.1)
with
Ibo_y
a= Z(J_;’O)_l; 0<a<05 (5.1.a)
gco
or(eh) s
— 3(1-Kc)
V= %kt (5.1.c)

where I, = tr(o) is the first stress invariant, |, = %tr (s?) is the second invariant of the

. . . . . N g . N
deviatoric stress tensor s, 0,4, is the maximum principal stress; % is the ratio of
co

initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress;
K, is the stress intensity factor; o, (e,{J ) is the tensile cohesion stress; and o,(e?) is the
compressive cohesion stress.
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A flow rule, which is assumed to be a non-associated potential plastic flow rule, is

then used to evaluate the plastic strain. The flow rule can be written as:
(5.2)

G = \/(e orotand)? + J, 72 — I, tand

where 0 is the dilation angle measured in the I; - ]; plane at high confining pressure,
0y is the uniaxial tensile stress at failure; and e is the eccentricity. For further details
on the theoretical description we refer the reader to Lee and Fenves [1998] and Lubliner

et al. [1989].
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Figure 6.1: Plastic law of strain (a) and damage (b) evolution obtained by Busetti et al (2012)
for Berea Sandstone. The rock is about 10 times stronger in compression. The grey

lines in (a) indicate the 10% variation of the rock strength applied in the parameter

study.
The essential step in applying a damage theory concerns the definition of the
damage variable. Several procedures have been proposed in the literature to define
the damage variable through direct and indirect measurements. The most
conventional definition for the damage parameter is to observe and quantify
irreversible defects, e.g. intergranular cavities in creep, surface microcracks in fatigue
or dimensions of cavities [Dyson and Mclean, 1977]. Some problems arise when
interpreting these results, especially due to the difficulty in observing defects during
the initial phase of the damaging processes. Some indirect damage measurements
through physical parameters of the material are also available, e.g. density changes
[Jonas and Baudelet, 1977] and changes of elastic moduli [Lemaitre, 1996]. The elastic
moduli variation is used in our CDM approach due to its close relation to the effective
stress concept. It is assumed that a damaged volume of material under the applied
stress 0 shows the same strain response as the undamaged one subjected to the

effective stress o, .
(5.3)

Ocrf = Eo(e — €P)
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E 4
Oeff =02 =175 (5.3.a)

D=1 —EEO (5.3.b)

in which D is the isotropic material damage variable which represents the
degradation of the elastic stiffness due to increasing plastic strain. Plastic strain and
damage can be represented in both the tensile and the compressive domain. The total
damage is a function of both damage components:

=1-(1-d)(1-d) (54)

where d; and d, are the tensile and compressional damage, respectively.

Since the relation between plastic strain and damage parameter highly depends on
the rock properties, laboratory measurements are mandatory to define the connection
between both parameters. Abundant laboratory tests are available in literature, yet
only very few numerical studies have been done to determine the plastic law of a
rock based on laboratory data. Busetti et al. [2012b] created a numerical model based
on the triaxial laboratory measurements on Berea sandstone. A plastic law describing
the hardening and damage evolution of the material resulted (Figure 6.1). We will
use their results and apply it to the wellbore problem.

6.3 Numerical Modeling of CDM

The CDM presented has been implemented in a standard finite element program for
non-linear analysis. The commercial finite element software Abaqus (Simulia) is used
in this simulation. We intend to model the stress concentration around a borehole
and the damaging process that follows. Plastic strain is assumed to be caused by the
accumulation of microcracks during the damaging process and is decomposed into
compressive and tensile part to highlight the different failure mechanisms involved.
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Figure 6.2: A close up of the refined mesh around the wellbore. Spmax and Snmin are plotted in
vertical and horizontal directions, respectively.
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6.3.1 Numerical procedure and borehole model

In order to compute the stresses around a vertical wellbore, we model a 2-D slice
orthogonal to the wellbore axis. The model is meshed with four-node linear quad
elements with mesh density increasing in the vicinity of borehole (Figure 6.2). A
plane strain assumption is applied in the modeling scheme. Taking advantage of the
symmetric stress distribution in an isotropic medium, only a quarter of the wellbore
is modeled to reduce the computational time.

We apply the initial stress at the mesh to model the stressed rock in the
underground. Displacement boundary conditions are chosen, i.e. the outer nodes are
fixed and the inner nodes of the wellbore wall are free. At the beginning of the
simulation the nodes at the wellbore wall are fixed to simulate the undisturbed rock.
Drilling of the well is simulated by instantaneous release of this boundary condition.
The stress invariants at each time step are used with equations 1 and 2 to calculate
the plastic deformation at each node. The constitutive plastic law is then used to
determine the damage state at each node based on the magnitude of the plastic strain.
The effective stress and the stiffness of the material is then updated based on the
damage level at each step. Hence, it represents a transient process of damage
propagation in a stressed material. The simulation ends after a steady state is reached,
i.e. no more plastic deformation accumulates.

It is possible to take into account the effect of the weight of the mud, which usually
is used to stabilize the wellbore, by applying a radial pressure to the borehole wall.
While in principal any orientation of the wellbore can be modeled by our model set
up, results shown hereafter are for the case of a vertical wellbore.

To incorporate the CDM approach, we use the concrete damage plasticity capability
of the finite element suite Abaqus [Simulia, 2015]. The Busetti [2012b] plastic law is
taken as basis for the CDM model. The damage parameter, for both tensile and
compressive damage, is limited up to 90%. This was made to prevent extreme plastic
strains at highly damaged elements. Despite this limitation it can be seen in the
following results that highly damaged elements show strong plastic deformation. In
terms of borehole breakout development, it can be assumed that those elements
would be easily washed off by the circulation of the drilling mud during the drilling
process and leave a breakout at the wellbore wall.

In a pre-stressed medium, the instantaneous release of the boundary condition at
the borehole wall will create rapid deformation around the borehole. Rayleigh
damping is used in order to reduce the deformation rate and allow convergence of
the solution of the deformation problem. This damping makes the system viscous by
creating an additional damping stress proportional to the total strain rate. To prevent
numerical artefacts that might occur by introducing damping into the modeling
scheme, only a small value of stiffness-proportional Rayleigh damping (0.0015) is
used. Another parameter that affects the simulation time is mass scaling [Jing, 2003].
A reduction of the density by a factor of 2 is used in order to reduce the computational
time. Hence, although the results showed herein represent the transient process of

87



damage propagation, our time scale does not correspond to the real time scale these
processes occur on [Jing and Hudson, 2002].

The CDM simulation in this study uses the concept of Hillerborg’s [Hillerborg et al.,
1976] fracture energy-based damage and stiffness degradation in continuum damage
mechanics. With this approach the rock's brittle behavior is defined by a stress-
displacement response rather than a stress-strain response. This concept is
implemented by defining a characteristic length associated with an integration point.
By using square elements we reduce possible numerical errors that can occur during
modeling of the softening phase of plastic deformation.
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Figure 6.3: Graphic of the stress and damage as a function of total strain measured at the first
damaged element of the model. The element is located at the borehole wall along
the direction of Spmin.

6.3.2 CDM synthetic borehole breakout modeling

The parameters used in this simulation are listed in Table 6.1. For testing purposes,
the model was first run using an elastic medium and compared to the analytical
Kirsch solution [Kirsch, 1898]. A perfect match was obtained between the numerical
and the analytical solutions. The code is then run for a synthetic plastic medium with
a modified plastic law from Busetti et al. [2012b]. A borehole with radius equal to 10
cm is modeled. This model is pre-stressed with a far field effective stress with a
magnitude of 25 MPa and 60 MPa for the minimum (Simin) and the maximum
horizontal stress (Sumax), respectively, and 40 MPa for the vertical stress (Sy). This
model is built to represent the production borehole in the typical oil and gas reservoir
at depth of around 2.5 km. No mud pressure in excess of the formation pressure
stabilizing the well is incorporated in this synthetic test run.
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Figure 3.3 shows the stress and damage evolution as a function of strain in the
element at the borehole wall in the direction of the Spmin. This element is subjected to
the highest compressive stress concentration and is the first element to be damaged.
At the early step the element is still in the elastic mode. A linear increase of stress
with increasing strain is observed. At strain e=0.0015, the stress concentration is larger
than the yield strength and plastic deformation starts to accumulate. The element is
entering the hardening phase of the plastic deformation. At this stage, stress increases
with increasing strain but at a lower rate than during the elastic loading. Figure 6.3.a
shows the stress, strain and damage in the mesh at the end of the hardening phase.
Shmin is plotted in the horizontal direction and, since we focus only on the borehole
breakout development, only the region within 30° from Shmin is plotted in the
numerical results showed herein. Only plastic strain is shown in this figure as the
purpose is to analyze the development of the plastic deformation in the model. It can
be seen that the plastic deformations take place only in the vicinity of the borehole
wall and very low plastic strain is present at this stage. The damage value is also very
low, which means that the elastic properties of the element is not altered by much,
hence the stress concentration is very similar to the one obtained for the elastic
medium.

Table 6.1: Model parameters for the breakout simulation in Berea sandstone

Density (p) 2100 kg/m3
Young’s modulus (E) 23.2 GPa
Poisson’s ratio (v) 0.17
Dilation angle (8) 15°
Eccentricity (e) 0.1
Ratio of initial equibiaxial compressive yield 1.16
stress to initial uniaxial compressive yield stress

G

Stress intensity factor (K,) 0.66
Effective maximum horizontal stress (Stmax) 60 MPa
Effective minimum horizontal stress (Shmin) 25 MPa
Effective vertical stress (Sv) 40 MPa

With increasing time the element then eventually enters the softening phase. This
phase occurs very fast and increases the value of both damage and plastic strain
significantly to the final damage state. It can be seen in Figure 6.3.a that the stress at
the damaged element decreases to 3 MPa (very small compared to the 98 MPa at the
end of the hardening phase). Interestingly, a high stress concentration is observed at
the tip of the damage area. This high stress concentration drives the damage area
further inside the rock mass. Figure 6.4 shows the development of the damage area
with time. The elements which have damage value equal to 0.9 in this figure are
highly damaged, which means that they would be easily washed off by the
circulation of the drilling mud. It can be seen that the damage area propagation is
governed by the high stress distribution at the damage front. At the end of the
simulation, time t=0.1 s, the second invariant of the stress deviator at the damage
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front is very high. However, the first stress invariant is also high. The first stress
invariant acts as the normal stress in the Mohr-Coulomb criterion. The increase of the
magnitude of this stress invariant makes the stress concentration at the damage front
fall below the yield surface. Hence, the model has reached the stable condition. At the
end of the simulation, a wide and deep damaged area is formed (Figure 6.4.d). In
sandstone, under high values of compressive stress, tensile splitting is suppressed
and only shear failure, i.e. compressional damage, occurs in this simulation.
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Figure 6.4: The evolution of von Mises stress (left), plastic strain (middle) and damage (right)
around borehole during simulation. The simulation end after a steady state is

reached.
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Figure 6.5 shows the number of damaged elements and the evolution of plastic
strain as a function of time. The analysis is done at elements within 1.2 times the
borehole radius and within 30° from Spmin. This is the area where most of the plastic
deformation took place. It can be seen that both the median of plastic strain and the
number of damaged elements increases significantly following the damage of the first
element (time t=0.008 s). After time t=0.06 s the slope of both graphs decreases and it
approaches the stable condition at time t= 0.095 s. After this time, no more plastic
deformation occurs. The flat line in both graphs starting at time t=0.095 s till the end
of the simulation indicates that the simulation has reached a stable equilibrium
condition. The time required for the simulation to reach the stable condition depends
on the far field stress. High differential stress creates a larger damaged region and
requires a longer simulation time.
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Figure 6.5: (a) The evolution of the number of damaged elements and (b) the distribution of
plastic strain in all elements as a function of time drawn as boxplots. The values of
both parameters are normalized.

6.3.3 Sensitivity test

In simulations involving softening processes mesh dependency needs to be
accounted for. Several models with element sizes at the wellbore wall ranging from
1.5 mm to 3 mm are used to check the consistency of the results. The outer shape of
the damage area is picked as a proxy for the outer boundary of the breakout. The
variation of the breakout size is entirely within the element size used. Hence it can be
concluded that the geometry of the damage area obtained in our simulation is
consistent for different element sizes. Although the element size does not influence
the inferred size and shape of breakouts, the internal structure of highly damaged
zone obtained in this numerical simulation (Figure 6.4.d) is mesh-dependent, i.e. the
finer element size the more structures are observed. Hence, we do not interpret this
internal structure. A more sophisticated constitutive scheme is required in order to
model those local failure processes, e.g. Cosserat continuum [Bazant et al., 1984].
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When we compare our simulation with laboratory experiments, one source of
discrepancy is the uncertainty in the mechanical rock parameters reported for
laboratory experiments, e.g. Young’s modulus, Poisson’s ratio and the compressional
and tensile strength of the material. The influence of each parameter is investigated
by a set of simulations where we vary material properties within 10% of their default
values listed in Table 6.1. Table 6.2 lists the resulting variation of breakout depth and
width for each parameter tested. The geometry variation is represented in percentiles
relative to the geometry obtained with the default parameters. It can be seen that the
Poisson’s ratio affects breakout size stronger than Young’s modulus both concerning
depth and width of the breakout. The strength of the rock affects breakout size the
most, as it governs the failure processes in the simulation. In general, it can be
concluded that varying the mechanical properties by 10% will vary the breakout size
by 12% and 17% for width and depth, respectively.

Table 6. 2: The variation of the geometry, width and depth, of the damaged area in percent
relative to the one obtained with parameter listed in table 1 for 10% material properties

uncertainty
Rock property Breakout width Breakout depth
Young’s modulus 7% 10%
Poisson’s ratio 10% 13%
Rock strength (Compressive 12% 17%

and tensile)

6.4  Analysis of borehole breakout

An understanding of the breakout phenomenon is important for determining in-situ
stress. The relation between the magnitude of the far field stress and size of breakouts
is of particular importance for stress measurement using borehole breakouts.
Previous studies of borehole breakouts indicated that failure of the borehole wall in
a sedimentary rock is often governed by shear fracturing, along one or more shear
fractures extending from the borehole wall into the rock [Guenot, 1989; Zoback et al.,
1985]. The shear fractures can cause breakouts as they intersect [Shen et al., 2002]. This
creates a breakout with a wider area at the borehole wall and a pointy end in the
formation. We intend to use the results of the CDM modeling in order to explain the
failure processes involve in the breakout development that are typically observed in
sedimentary rock.

Based on the numerical modeling results, the very first stage of breakout
development is the development of the small plastic strain area very close to the
borehole wall in Spmin direction. This is similar with the initiation of small
intergranular cracks at the highest stress-strength ratio area at a low applied stress
observed in the laboratory experiments e.g. Haimson [2007], Ewy and Cook [1990]. The
damage area cannot penetrate deeper because the overstressed area in the vicinity of
the borehole wall does not extend very deep into the rock and the stress level remains
below the rock strength.
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A set of simulations with applied Spumax varying from 45 MPa to 55 MPa is performed
in order to understand this low damage stage better. It is found that with increasing
applied Sumax the plastic strain is also growing but does not enter the softening phase
if the magnitude of Spmax remains less than 52 MPa. After this critical stress the
elements enter the softening strain phase, and the damage propagates further. This
softening phase might represent the initiation of fracturing through the matrix that is
observed in experiments at high applied stress. The fracture toughness of the matrix
is typically weaker, thus cracks will continue to extend following the path of least
resistance that takes them into the formation.

It is interesting to note that the breakout grows wider and deeper at the beginning
but after time t=0.04 s the damage area only grows deeper. It is in agreement with the
hypothesis from the early work of Zoback et al. [1985] and Zheng et al. [1989] which
showed that the redistribution of stress around a broken out borehole deepens the
failed zone but does not widen it. The microscopic observation of borehole breakouts
in sandstone by Ewy and Cook [1990] also revealed the growth of splitting cracks
oriented tangential to the borehole wall, starting with a long splitting crack very close
to the borehole wall and deepening with a short crack towards the rock formation.
Haimson [2007] showed (figure 19 in his paper) the spallation zone which develops
wider initially before it is deepening during the later stages of breakout formation.
We conclude that, at least for sandstone, the CDM model is able to reproduce similar
failure features as observed in laboratory experiments.

6.4.1 The effect of far field stress

The results presented in the previous chapter need to be compared with data from
field measurements and laboratory tests to assess the reliability of the numerical
model developed in this study with the aim to predict the breakout geometry. A
direct comparison in the same rock material could not be made. However, Haimson
and Lee [2004] performed a series of laboratory drilling simulations in Tablerock
sandstone samples under varying stress conditions. Both Tablerock and Berea
sandstones are arkosic sandstones which have similar characteristics such as porosity
around 15%, they contain 50-80% of sub-angular quartz grains, complemented
primarily by feldspar, and some clay. They are well cemented with micro-crystalline
quartz and clay minerals. Although the mechanical properties of the two sandstones
are slightly different (Table 6.3), the failure mechanisms that lead to breakout
development are similar, i.e. fracturing through the matrix and the development of
the episodic spallation zone, while the final shape of both breakouts is also
comparable [Haimson, 2007]. Therefore, the Busetti plastic law [Busetti et al., 2012b]
can still be used for breakout simulation in Tablerock sandstone. A lower value of
18.5 GPa and a higher value of 0.23 were used for Young’s modulus and Poisson’s
ration, respectively, to represent the elastic properties of Tablerock sandstone
(Table 6.3). A set of simulations with the same applied stress levels as the one applied
in Haimson and Lee [2004] is performed. This test can be used to find a correlation,
between the applied stress and the breakout geometry.

93



Table 6.3: Mechanical properties of Tablerock sandstone and Berea sandstone

Rock property Tablerock sandstone  Berea sandstone
Elastic modulus 18.3 £ 0.14 GPa 25.25+2.14 GPa
Poisson’s ratio 0.23 £0.07 0.25 +0.08
Uniaxial compressive 39.5 +4.8 MPa 49 + 8.2 MPa
strength (UCS)

Tensile strength 44+02MPa 6.8 £ 3 MPa

The width and the depth of the breakout for each simulation are plotted in Figure
6.6, together with the results from Haimson and Lee [2004]. The depth of the breakout
is normalized by the radius of the borehole. For most stress conditions the breakout
dimensions and specifically its trend with increasing Stimax/ Shmin ratio is reproduced
very well by our CDM model. A significant deviation of the breakout width is
observed for the Shmin = 40 MPa, S, = 50 MPa set with a lot wider observed breakouts
in the laboratory experiment. The trend with increasing Stmax/ Shmin ratio is captured
however. For this stress setting the variation of the hoop stress along the borehole
wall is relatively weak and hence the breakout zone is weakly localized. The breakout
depth however, is matched very well by the simulation. The deviation of breakout
depth for the Stmax =70 MPa, Spmin = 25 MPa and S, = 40 MPa set appears to be caused
by an outlier in the laboratory experiments. This demonstrates that there is a
considerable uncertainty due to the microdefect of the sample at a granular scale that
might affect the experiment results. For the Spmin=20 MPa, S,=40 MPa set we do not
achieve a satisfactory fit of the trend of breakout depth with increasing Stmax/Shmin
ratio. We could only speculate about the reasons but clarification would require a
more extensive testing program on Tablerock or Berea sandstones. All other breakout
dimensions obtained from our simulations fall within 15% of the corresponding
experimental one.

For the set Stmax = 40 MPa, Spmin = 15 MPa and Sy = 30 MPa, the borehole wall stays
in the hardening phase, hence only small deformation is observed in the vicinity of
the borehole wall. This is expected since Berea sandstone has a higher compressional
strength compared to Tablerock sandstone (Table 6.3). Thus a higher differential
stress is required to cause damage in the material. One experiment with a rather
extreme horizontal stress ratio of 4.67 could not be simulated (marked with black
cross sign). In this extremely high stress ratio the well is squeezed, a rapid
deformation towards the Spmin direction will occur at a very high strain rate and the
numerical calculation did not converge.
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Figure 6.6: Variation of the breakout width (a) and the breakout depth normalized with the
borehole radius (b) as a function of the far-field horizontal principal stress ratio
SHmax/Shmin. Blank and filled marks are for numerical (NUM) and laboratory
(HLO4) results [20], respectively

In general it can be seen that the numerical and experimental results match quite
well. The differences between the numerical and experimental results can be partially
explained by the inherent variation of material properties. The CDM concept
implemented in this simulation allows us to reproduce breakout geometries obtained
through laboratory experiments. Simulation allows furthermore to perform variation
of the conditions that could not be achieved in the laboratory experiments, e.g. high
temperature and pressure condition, at a greater scale comparable to the reservoir.

It can be seen in Figure 6.6 that the breakout depth shows a nonlinear trend with
increasing applied Sxmax at fixed Shmin and Sy. At a lower Shmax/Shmin ratio a small
increase of breakout depth is observed, but the increase is much stronger towards a
higher horizontal stress ratio. This nonlinear pattern is obvious in the high far field
stress regime (left side of the Figure 6.6.b). A more linear trend is observed between
the breakout width and the horizontal stress ratio. However, the gradient of the trend
tends to decrease from left to the right, indicating that the width changes are bigger
in the higher stress regime. There is a correlation between the depth and the width of
breakouts, with both growing with the applied Sumax with the constant Sv and Shmin.
The implication here is that the two breakout characteristics are not independent of
each other and therefore only one far field principal stress can be estimated from
breakout geometry information if the other two principal stresses were known in
advance.

6.5 Discussion and conclusion

The CDM concept can model the onset, evolution and stabilization of failure in
borehole breakout. This approach takes into account the changes of the elastic
material as a result of the damaging process. Previous experimental studies on
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damage mechanics have shown that increasing crack damage within rock alters the
elastic moduli in rocks significantly ( Katz and Reches [2004], Faulkner et al. [2006]).
Heap et al. [2010] have conducted experimental measurements of changes in elastic
moduli with increasing applied stress on a range of different rock types. They show
that the trend in elastic moduli evolution with increasing damage was different for
each rock type with Young’s modulus decreasing by 11%-32% and Poisson’s ratio
increasing by up to 600%. The simulation results obtained in this study have shown
that already a 10% variation in the elastic properties can significantly affect the
geometry of the damaged area. Given the variation of the two elastic parameters
obtained in the laboratory, it can be concluded that the geometry of the damaged area
formed will vary strongly for different rock types.

Changes of the plastic law do not only affect the geometry of the damaged area, but
also the failure mechanism involved in the breakout development. In this study, the
damage process is dominated by compression, hence only shear fracturing is
observed. Busetti et al. [2012a] showed that for Berea sandstone reservoirs, tensile
damage starts to develop after the material suffered high plastic damage. In our
borehole breakout modeling, the high compressive stress in the vicinity of the
borehole prevents the material from having such a high plastic deformation, hence
only compressive damage is observed. Failure mechanisms might be different for
other rocks. For instance, in crystalline rock a limited degree of plastic deformation
occurs on a much shorter time-scale than in Berea sandstone before brittle failure
starts [Borg and Handin, 1966].

Using CDM we are able to match the key characteristics of the failure process during
the breakout development as observed in experimental tests. The development of the
damage area is shown to be governed by the stress concentration at the damage front
until it dissipates and finally reaches a stable condition. Even with limited
experimental data and constitutive plastic laws available, CDM could be successfully
applied yielding a good agreement between experimental laboratory and simulation
data. We successfully transferred the constitutive relations derived for Berea
sandstone and applied it to Tablerock sandstone. This demonstrates the wide
applicability of the CDM approach to these kinds of problems.

It has been shown that width and depth of borehole breakouts are not independent
of each other and the relation between the geometry of breakouts and the magnitude
of the principal stress is non-linear. Our simulations support the hypothesis of
Haimson and Lee [2004] that only one far-field principal stress components, i.e. Samax
in a vertical well, can be estimated from breakout geometry. This requires, however,
that the other two principal stresses are known and sufficient appraisal of the
constitutive plastic laws exist.

Our effort presented here is in line with the recent focus on plastic deformation in
tunneling and drilling. Describing failure is critically dependent on the constitutive
plastic law. Hence, additional laboratory testing to determine constitutive plastic
laws as well as the strength and yield criteria need to be conducted in order to better
understand breakout formation in various types of rock. This modeling scheme could
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be developed further by accounting for a poroelastic medium to better represent the
in-situ rock condition. A more sophisticated numerical scheme needs to be used to be
able to model the localized damage pattern which might represent the spallation
processes at the borehole wall. Nevertheless, it was shown that by using elements
with aspect ratios close to one, we can explain the complex fracturing process that
leads to breakout formation through the continuum damage mechanics concept.
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Conclusions and outlook

Analyzing the mechanical properties and the in-situ stress field in a deep EGS field
is very challenging, in particular because of the rock experiences different phases of
deformation, alteration, weathering and other geological processes which might alter
its strength. In a crystalline rock, fractures and hydrothermal alteration are weak links
inside rock masses, affecting both its geomechanical and hydraulic properties. In
addition, the petrographical characteristic is often an effective indicator for the
variation of the rock strength. It has been long assumed that those parameters play
an essential role in the reservoir mechanics and hydraulics, particularly in Soultz-
sous-Foréts geothermal field. However, sound studies on the mechanical significance
of those rock parameters were missing. With this thesis, I demonstrated the
mechanical significance of lithological and structural characteristics and their impact
on wellbore failures and hydraulic stimulation.

On the basis of field observations and numerical modeling, I show that the
approaches developed in this thesis can be used for assessing the variation of stress
and mechanical properties within the reservoir. These provide key information for
reservoir engineering as the reservoir response to the drilling and fluid injection
according to its mechanical properties. A comprehensive study of rock mechanics,
from the development of a static geomechanical model to the dynamic response of
the reservoir to the fluid injection, in a geothermal field, is presented for the first time
in this study.

Field observation was performed to analyze the wellbore failure patterns and to
infer parameters that might affect their development. It is a challenging task, in
particular because of lacking information on in-situ material properties of the
fractured rock. While the mean direction of Snmin obtained in this study agrees well
with previous studies [e.g. Cornet et al., 2007], careful analysis shows that breakout
orientations are systematically affected by the occurrence of fractures.
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Detailed analysis of breakout pattern in the vicinity of small fractures shows a direct
correlation between the direction of fractures dip and breakouts orientation. This
correlation is highest for sections with only one fracture family present and is less in
heterogeneous zones with high fracture density and several fracture families. Such
correlation suggests that weak zones surrounding the fractures are causing the
breakouts to form along the fracture dip directions. With the help of the sonic and
petrographic log, the impact of fractures and alteration on mechanical properties of
rock in the upper part of the crystalline section is estimated; they affected the
compressional strength of the crystalline rock by up to 60%. Due to such a high
contrast, wellbore failures might be initiated and formed in the vicinity of such weak
zones.

From the stress profile obtained in the GPK4 well, two different mechanisms for the
stress heterogeneities are observed: creep-controlled and dip-controlled stress
heterogeneities. In this study, I showed the possibility to infer the failure mechanism
of fault the pattern of wellbore failures, i.e. occurrence and orientation. Creeping
processes cause the reduction of the differential stress with little brittle deformation,
thus, prevent the borehole wall from failing in brittle mode. As a result, no wellbore
failures were observed. For dip-controlled breakouts, examples of systematic
sinusoidal perturbations to breakout orientation were presented. Both patterns reflect
the large-scale stress heterogeneity caused by the fracture zones.

The mechanical properties of the fractured rock in the open-hole section of GPK4
well was analyzed further with the help of the magnetic susceptibility, fracture and
clay content log. I presented a novel approach of integrating various borehole data
represented the main parameters affecting mechanical properties of the rock. Neural
network clustering technique was performed to estimate the variation of the
mechanical properties in the reservoir. The mechanical zonation of the reservoir is
highly controlled by the lithology, fracture, and breakout information. While the clay
content values indicate the failure mechanism that might occur during stimulation.
Three zones in the deep reservoir intersected by the GPK4 well are proposed. The
porphyritic granite, which is less fractured and altered, is interpreted stiffer than the
two-mica granite observed in the bottom of the open-hole section. In between, the
transition zone is characterized by its high clay content.

After achieving satisfactory results on the characterization of stress and mechanical
heterogeneities of the deep Soultz-sous-Foréts reservoir, I use this information to
explain the wellbore stability in the GPK4 well. Using the mechanical properties, i.e.
Young modulus, Poisson’s ratio, and compressional strength, estimated from the
integrated borehole data analysis, I am able to model the distribution of the wellbore
failures in the GPK4 well. Assuming the dominant faulting regime in the deep Soultz
reservoir is strike-slip, the impact of mechanical heterogeneities on wellbore stability
is less pronounced in the deviated section of the GPK4 well. The inclination of the
well affects the stress distribution by a few MPa which is found to have a significant
effect on the development of wellbore, ie. the pervasive development of
compressional and tensile failures in part of the well inclined by less than 10°, and
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the delay of compressional failures occurrence by about 700 m in an 25° inclined well.
As the dominant fracture families in Soultz is vertical, the advantage of a deviated
well is two-fold: it reduces the risk of the wellbore instability and increases the
productivity index of the well. The procedure of the mechanical properties
assessment and the wellbore failures modeling developed in this study can also be
applied in the other fields to better manage the drilling strategy.

In a broader scale, the variation of the mechanical properties in the reservoir also
has a profound effect on the induced seismicity due to injection. The sharp
mechanical contrast between porphyritic and two-mica granites significantly affect
the pattern of the microseismic events; 85% of events are located in the two-mica
granite. Furthermore, the microseismic in the two-mica occurred much earlier, when
the increase of borehole pressure is still around 3 MPa while fractures in porphyritic
granite are reactivated 15 hours later when the borehole pressure stabilized at 15
MPa. Anti-correlation between clay content and microseismic density is also
observed. It might be because of the high content of clay mineral in the fracture core.
Hence, the rock might be deformed plastically by creeping mechanism. This result
provide a field observation evidence of the creep deformation in Soultz proposed in
the previous studies, e.g. Schoenball et al. [2014a], Cornet et al. [1998a].These findings
highlight the lithological and structural controls on induced seismicity due to
stimulation.

The dynamic behavior of the deep Soultz reservoir is also captured. During the low
injection rate, microseismic events are only concentrated in the highly fractured two-
mica granite. This is evidence at the 2004 stimulation, which the injection rate was
kept constant at 30 1/s. Subsequently, when the injection rate was increased to 501/s
during the 2002 and 2003 stimulation, the fracture networks in the porphyritic started
to be reactivated. Despite its later occurrence, the injection caused a larger damaged
zone in the porphyritic granite. The correlation between the injection scheme and the
damaged area observed in this study suggest that an adapted injection strategy might
be developed according to the geomechanical model of the reservoir.

On the top of the field observation of the failures in the reservoir, a numerical
modeling of the evolution damaging processes during the development of borehole
breakouts is presented to gain a better insight into the geomechanical processes in a
complex medium. The issue of plastic failure in the development of borehole
breakout was only recently investigated. Using CDM, as standard in mechanical
damage analysis, I am able to match the key characteristics of the failure process
during the breakout development as observed in experimental tests. To our
knowledge, the transient processes of plastic deformation during the development of
borehole breakout were quantified for the first time using a numerical simulator,
especially widening process of a breakout at the early stage and subsequent growth
leading to a typical pointy shape. The development of the damaged area is shown to
be governed by the stress concentration at the damage front until it dissipates and
finally reaches a stable condition. Given the limited experimental data and
constitutive plastic laws, CDM applied was successfully yielding a good agreement

100



between experimental laboratory and simulation data. I demonstrate the broad
applicability of the CDM approach to wellbore stability problem. Changes of the
plastic law affect not only the geometry of the damaged area but also the failure
mechanism involved in the breakout development.

I showed that the width and depth of borehole breakouts are not independent of
each other, and the relation between the geometry of breakouts and the magnitude
of the principal stress is non-linear. This simulation supports the hypothesis of
Haimson and Lee [2004] that only one far-field principal stress component, i.e. Stmax
on a vertical well, can be estimated from breakout geometry. This requires, however,
that the other two principal stresses are known, and sufficient appraisal of the
constitutive plastic laws exist. Although comparison with field data is missing in this
study, however, we can deduce an indirect confirmation of our approach since the
simulation is able to produce the same pointy shape as frequently observed from the
log data.

The numerical model was expanded to incorporate the material inhomogeneities as
a result of fractures. It improves the analytical formulation of the stress distributions
which developed under the homogeneous material assumption, i.e. Kirsch solution
(Kirsch, 1898). The stresses distribution around the borehole is governed by the
variation of the elastic properties of the rock. Consequently, I present the impact of
material inhomogeneity on wellbore failures development as a function of its
mechanical contrast and position from the Swmin direction. The numerical results
presented in this study might give us the insight to infer the mechanical properties of
fractures and their immediate surroundings from the detailed breakout observation.

I concluded that the comprehensive geomechanical studies performed in this thesis
could improve our knowledge in managing the stability of wellbore and engineering
a volume of rock consisting of a network of natural and hydraulic-induced fractures
that provides sufficient fluid flow pathways. Lithological and structural controls on
wellbore failure and induced seismicity is very pronounced in the Soultz geothermal
field. Careful analysis of log data can help us learn about the mechanical properties
of the fractured granite. The impact of the fracture network on mechanical
heterogeneities is very pronounced in crystalline rock, which is mechanically
isotropic. This is why we could attribute the variation of the mechanical properties to
the occurrence of fractures and accompanying alteration of mechanical properties
only. As most of the EGS target the crystalline rock, the understanding of the
lithological controls on seismicity in granitic rock is crucial for the future
development of the EGS.

Back to the case of Indonesian Geothermal, recent studies, e.g. Stimac et al. [2004],
Hochstein and Sudarman [2008], and [Carranza et al., 2008], show that the permeability
of some geothermal reservoirs in a volcanic system is low and, hence, hydraulic
stimulation needs to be performed to enhance the permeability. The hydraulic
stimulation campaign is recently applied in the Salak geothermal field Stimac et al.
[2008] and other fields to follow. Due to the high temperature and pressure in a
volcanic area, the fluid viscosity and density is significantly reduced. This fluid is
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highly dynamic and very reactive to a slight permeability changing in the reservoir.
In this case, the concept of the geomechanical model and fracture characteristics
obtained in this study need to be applied and developed further to better manage the
hydraulic campaign.

The concept of the EGS could suit very well with the plan of Indonesian
Government to harvest of the geothermal potential in the eastern part of Indonesia.
According to Asian Development Bank report (ADB, 2015), this area has the lowest
electrification ratios in Indonesia (less than 60%) with most of the electricity are
generated from diesel power plant, which is very expensive. The geothermal
potential is not well developed partly because the prospects are dominated by mid
enthalpy and the current technique of producing geothermal energy in Indonesia is
developed for high-enthalpy system. The development of geothermal technology suit
this remote area will boost great social impacts to both the government and society.

Furthermore, the results obtained in this study could also be applied on more
general cases. The concept of geomechanical modeling presented here is developed
based on standard geological, and geophysical data run in the exploration well and
typical geological features that occurred in many areas. Furthermore, the impact of
fractures and alterations on mechanical properties is also observed in the
sedimentary rock. Hence, they are supposed to be applicable to other geo-reservoir
fields. The numerical approach presented here is in agreement with the recently
increasing number of the implementation of the plastic deformation assumption used
for the modeling in tunneling or earth science. Describing failure is critically
dependent on the constitutive plastic law. Hence, additional laboratory testing to
determine constitutive plastic laws, as well as the strength and yield criteria, need to
be conducted in order to better understand breakout formation in various types of
rock. This modeling scheme could be developed further by accounting for a
poroelastic medium to better represent the in-situ rock condition.
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