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Abstract

The economic viability of deep geothermal projects depends primarily on the extracted
flow rate and thus its evaluation has to be made during its feasibility study stage. Borehole
stability compromises sometimes the economic success of early stages of EGSs (Enhanced
Geothermal Systems) and must therefore be comprehensively analysed. A stable borehole
intersecting as many as possible hydraulically transmissive zones is the ideal target for a
successful drilling. For instance, a highly irregular borehole cross-section involving deeply
penetrating borehole breakouts or drilling induced tensile fractures (DITFs) may entangle
the correct placing of packers used for a targeted stimulation of pre-existing fractures. As
a consequence, the main challenge that drilling engineers usually encounter is the selection
of an optimal borehole trajectory that will minimise borehole instabilities and maximise
intersections with critically stressed fractures as they are favourably oriented to fail and
exhibit very good fluid flow characteristics. For the aforementioned reasons, the accurate
knowledge of the local state of stress and the rock strength is crucial to the success of deep
geothermal projects.

State-of-the-practice methods estimate stresses and strength properties separately. Sev-
eral approaches neglect to account for the interplay between stress and strength, a short-
coming this thesis addresses. Indeed, the interplay between the in-situ stresses and rock
strength parameters (cohesion and friction angle) mainly controls the borehole stability.
Additionally, there is still considerable controversy concerning the selection of an appropri-
ate failure criterion and its parametrisation to compute borehole failure and most studies
have only focused on estimating stress and strength from breakout width, ignoring as such
other relevant borehole failure indicators such as breakout extent, breakout orientation
and presence/absence of DITFs. This dissertation aims at filling this gap. A system-
atic, generic and novel methodology to calibrate jointly wellbore stress and strength in
the shallowest section of a deep borehole and to predict failure severity in the deepest is
presented. Beyond the theoretical development, practical tools are provided in order to
facilitate knowledge transfer to the practice.

The calibration methodology was tested and developed with the extensive data set of
the BS-1 borehole (from the Basel Deep Heat Mining project). The methodology aims at
estimating jointly depth profiles of the local stress tensor (magnitudes and orientations)
and rock strength properties (cohesion and friction). Emphasis is placed on better under-
standing the relationship between stress and strength, handling solution non-uniqueness

274 order) of

and considering both depth trends (1% order characterization) and variability (
key parameters. Regularized pilot points method were used to estimate model parameters
as implemented in PEST software (Parameter ESTimation) from borehole cross-sectional

characteristics (breakout width, breakout extent/penetration depth and breakout orien-
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tation) and from the presence/absence of DITFs (including both axial and en-echelon
tensile fractures, A-DITFs and E-DITFs). Results show consistency of the 15¢ order cal-
ibrated failure models with current knowledge of the stress in Basel. The reduction of
parametric uncertainties was also investigated by including independent measurements of
the minimum horizontal principal stress from hydraulic tests. It was concluded that this
reduces drastically the range of calibrated parameters, which highlights the importance
of collecting such data. Moreover, this methodology provides an effective and computa-
tionally efficient way of analysing extent of failure, which is potentially the most relevant
parameter to assess packer sealing integrity. 2"9 order calibrated models based on the
pilot points technique allows reproducing the observed failure variability as well as most
of the maxima/minima of breakout width and extent in addition to the small gaps without
breakouts, which is critical to assess risk associated with packer placement. It provides
also calibrated joint stress and strength profiles, including magnitude of all the stress com-
ponents which gives a new insight into the source of stress variability in the earth crust.
Our unique data set supports the idea that stress variability in the granitic basement of
Basel arises primarily from fracture slip.

After estimating the stress and strength in the shallowest section of the well, predic-
tion of failure severity is necessary for the selection of an optimal drilling trajectory. A
stochastic methodology to perform predictions accounting for parameters uncertainty and
variability in depth is proposed in this thesis. In this methodology, three elements are
needed: (1) a borehole trajectory and section along which failure should be predicted, (2)
a 1% order calibrated stress and strength model that can be extrapolated to a greater
depth and finally (3) a 2" order stress and strength model that can be used to generate
stochastic variability and add it to the predictions. A key feature of the proposed pre-
diction methodology is the possibility to perform predictions in a stochastic manner and
to account for existing dependencies between all the parameters of interest. To validate
our methodology, BS-1 data set were used. Results show the accurate goodness of fit
between predictions and observations in the deepest section of BS-1. In addition to that,
correlations between the failure model inputs and outputs were satisfactorily reproduced
by using multivariate simulations that are based on direct sampling multi-point statistical
approach as implemented in DeeSse software. These findings illustrate the robustness,
completeness and accuracy of the developed workflow.

The applicability and limitation of the proposed workflow has been tested using syn-
thetic cases covering a broad range of well trajectories, stress regimes and wellbore failure
severity. In theory, the ability to predict failure in deviated boreholes with calibrated
models based on data from a vertical well only is limited because the failure in the vertical
hole is insensitive to the ratio between principal horizontal and vertical stresses which is
important to assess stability of deviated wells. However, the proposed methodology in
this work considers not only the data from borehole breakouts, but also from the drilling
induced tensile fractures, DITFs. In addition, it accounts for depth trends of stress and

strength and their variability in depth, which allows to mitigate these theoretical limita-
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tions. Nevertheless, with calibration performed only on a vertical borehole section, the
predictions carried out for deviated section show some divergences. The degree of disper-
sion of the predictions differ from one stress regime to another and depends mainly on the
stress anisotropy ratio and the difference between failure severity in the calibration and
prediction sections. This section of the thesis highlights and quantifies these limitations,
guides the proper application of the proposed workflow and helps evaluating uncertainty
and anticipating potential stability problems.

The significance of this thesis is that it enhances our theoretical understanding of bore-
hole stability and optimal borehole trajectory selection by introducing a focus on the
interplay between stress and strength and their stochastic variability in depth hitherto
lacking, and informs our practical understanding of the importance of developing a set
of versatile supporting software tool to quickly define the optimal borehole direction at
a specific point during the drilling operations of deep geothermal wells. To that end, a
graphical user interface was developed ("DG-WOW-app’, Deep Geothermal Well Opti-
mization Workflow application) and is presented in this dissertation bringing together the
calibration and prediction developed methodologies into practice.

In addition, the proposed calibration and prediction methodologies as implemented in
the DG-WOW application were tested on two real case studies in order to assess their ver-
satility and robustness. For illustration purposes, the CB1 (Bedretto) and GPK3 (Soults-
Sous-Foret) boreholes were used. Data from both boreholes were pre-processed, formatted
and compiled. Then 15 and 2" order calibrations were carried out in order to estimate
depth trends of stresses and strength and to characterize their variability around these
trends. Results outline the consistency of the calibration outputs with the literature.

The proposed methodology and associated tools call for their application on a wide
range of new deep geothermal projects. This will allow them to be tested and improved so
that they best meet the needs of the deep geothermal industry. Indeed, the research efforts
deployed in this thesis are also aimed at transferring knowledge into practical and usable
software tools with the ultimate objectives of making the extraction of deep geothermal

energy possible and economical and thus assist with the energy transition.
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La viabilité économique des projets de géothermie profonde dépend principalement du
débit extrait et son évaluation doit donc étre effectuée au cours de 1’étude de sa faisabil-
ité. La stabilité des forages compromet parfois le succes économique des premiéres étapes
des EGS (Enhaced Geothermal Systems - Systéemes Géothermiques Stimulés) et doit donc
étre analysée de maniére exhaustive. Un forage stable, qui recoupe autant de zones hy-
drauliquement transmissibles que possible, est la cible idéale pour un forage réussi. Par
exemple, une section transversale d’un forage tres irréguliere impliquant des ruptures pro-
fondément pénétrantes ou des fractures de traction induites par le forage (DITF) peut
empécher le placement correct des packers utilisés pour une stimulation ciblée des frac-
tures préexistantes. Par conséquent, le principal défi auquel les ingénieurs de forage sont
généralement confrontés est la sélection d’une trajectoire optimale du puits qui minimisera
les instabilités du forage et maximisera les intersections avec les fractures soumises a des
contraintes critiques, car elles sont favorablement orientées pour se rompre et présentent
de trés bonnes caractéristiques d’écoulement des fluides. Pour les raisons susmentionnées,
la connaissance précise de 1’état local des contraintes et de la résistance de la roche est
cruciale pour le succes de la géothermie profonde.

Les méthodes des pratiques de pointe estiment les contraintes et les propriétés de ré-
sistance séparément. Plusieurs approches négligent de prendre en compte l'interaction
entre les contraintes et la résistance, une lacune a laquelle cette these remédie. En effet,
I'interaction entre les contraintes in-situ et les parameétres de résistance de la roche (cohé-
sion et angle de friction) contréle principalement la stabilité du forage. De plus, il existe
toujours une controverse considérable concernant la sélection d’un critere de défaillance
approprié et sa paramétrisation pour calculer la défaillance d’un forage. La plupart des
études se sont concentrées sur ’estimation des contraintes et de la résistance a partir de
la largeur de la rupture, ignorant ainsi d’autres indicateurs de défaillance du forage tels
que I’étendue de la rupture, son orientation et la présence/absence de DITFs. Cette these
vise a combler cette lacune. Une méthodologie systématique, générique et nouvelle pour
calibrer conjointement les contraintes et la résistance dans la section la moins profonde
d’un forage profond et pour prédire la gravité de la défaillance dans la section la plus
profonde est présentée. Au-dela du développement théorique, des outils pratiques sont
fournis afin de faciliter le transfert des connaissances vers la pratique.

La méthodologie de calibration a été testée et développée avec ’ensemble de données
complet du forage BS-1 (du projet Basel Deep Heat Mining). Cette méthodologie vise a
estimer conjointement les profils en profondeur du tenseur de contraintes local (amplitudes
et orientations) et les propriétés de résistance de la roche (cohésion et friction). L’accent

est mis sur une meilleure compréhension de la relation entre les contraintes et la résistance,
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sur le traitement de la non-unicité des solutions et sur la prise en compte des tendances
en profondeur (caractérisation du prermier ordre) et de la variabilité (caractérisation du
second ordre) des parametres clés. La méthode des points pilotes régularisés a été utilisée
pour estimer les parameétres du modele tels qu’ils sont implémentés dans le logiciel PEST
(Parameter ESTimation) a partir des caractéristiques de la section transversale du forage
(largeur de la rupture, son étendue ou sa profondeur de pénétration et son orientation) et
de la présence/absence de DITF (y compris les fractures de traction axiales et en échelon,
les A-DITF et les E-DITF). Les résultats montrent la cohérence des modeles de défaillance
calibrés au 1¢" ordre avec les connaissances actuelles des contraintes a Bale. La réduction
des incertitudes paramétriques a également été étudiée en incluant des mesures indépen-
dantes de la contrainte principale horizontale minimale provenant d’essais hydrauliques.
Il a été conclu que cela réduit considérablement la plage des parametres calibrés, ce qui
souligne I'importance de collecter de telles données. De plus, cette méthodologie fournit
une méthode efficace et efficiente en termes de calcul pour analyser I’étendue de la dé-
faillance, qui est potentiellement le parametre le plus pertinent pour évaluer 'intégrité de
I’étanchéité du packer. Les modeles calibrés du 2¢ ordre basés sur la technique des points
pilotes permettent de reproduire la variabilité observée de la défaillance ainsi que la plu-
part des maxima/minima de la largeur et de 1’étendue de la rupture, en plus des petits
intervalles sans rupture, ce qui est essentiel pour évaluer le risque associé au placement des
packers. Il fournit également des profils de contraintes et de résistance calibrés conjoin-
tement, y compris la magnitude de toutes les composantes de la contrainte, ce qui donne
un nouvel apercu de la source de la variabilité de la contrainte dans la crofite terrestre.
Notre ensemble de données unique soutient I'idée que la variabilité des contraintes dans le
socle granitique de Béle provient principalement du glissement des fractures.

Apres avoir estimé les contraintes et la résistance dans la section la moins profonde
du puits, la prédiction de la gravité de la rupture est nécessaire pour la sélection d’une
trajectoire de forage optimale. Une méthodologie stochastique pour effectuer des prédic-
tions tenant compte de l'incertitude des parametres et de la variabilité en profondeur est
proposée dans cette theése. Dans cette méthodologie, trois éléments sont nécessaires : (1)
une trajectoire de forage et une section le long de laquelle la rupture doit étre prédite,
(2) un modele de contrainte et de résistance calibré du 1¢” ordre qui peut étre extrapolé
4 une plus grande profondeur et enfin (3) un modele de contrainte et de résistance du 2%
ordre qui peut étre utilisé pour générer une variabilité stochastique et I’ajouter aux prédic-
tions. Une caractéristique clé de la méthodologie de prédiction proposée est la possibilité
d’effectuer des prédictions d’une maniere stochastique et de tenir compte des dépendances
existantes entre tous les parametres clés. Pour valider notre méthodologie, nous avons
utilisé le jeu de données BS-1. Les résultats montrent la haute qualité de l’ajustement
entre les prédictions et les observations dans la section la plus profonde de BS-1. De plus,
les corrélations entre les entrées et les sorties du modele de rupture ont été reproduites de
maniere satisfaisante en utilisant des simulations multivariées qui sont basées sur une ap-

proche statistique multi-point & échantillonnage direct telle qu’implémentée dans le logiciel
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DeeSse. Ces résultats illustrent la robustesse, I'exhaustivité et la précision du workflow
développé.

L’applicabilité et les limites du workflow proposé ont été testées a ’aide de cas synthé-
tiques couvrant une large gamme de trajectoires de puits, de régimes de contraintes et
d’intensité de rupture de puits de forage. En théorie, la capacité de prédire la rupture
dans les forages déviés avec des modeles calibrés basés sur les données d’un puits vertical
uniquement est limitée car la rupture dans le trou vertical est insensible au rapport entre
les contraintes principales horizontales et verticale qui est important pour évaluer la sta-
bilité des puits déviés. Cependant, la méthodologie proposée dans cette thése prend en
compte non seulement les données des ruptures de puits, mais aussi celles des fractures
de traction induites par le forage (DITF). De plus, elle tient compte des tendances en
profondeur de la contrainte et de la résistance et de leur variabilité en profondeur, ce qui
permet d’atténuer ces limitations théoriques. Néanmoins, avec une calibration réalisée
uniquement sur une section de forage verticale, les prédictions réalisées pour les sections
déviées montrent quelques divergences. Le degré de dispersion des prédictions differe d’'un
régime de contraintes a I’autre et dépend principalement du rapport d’anisotropie des con-
traintes et de la différence entre la sévérité de la rupture dans les sections de calibration et
de prédiction. Cette section de la these met en évidence et quantifie ces limitations, guide
I’application correcte du workflow proposé et aide a évaluer l'incertitude et a anticiper les
problemes potentiels de stabilité.

La pertinence de cette these réside dans le fait qu’elle améliore notre compréhension
théorique de la stabilité des forages et de la sélection de la trajectoire optimale des forages
en mettant 'accent sur l'interaction entre les contraintes et la résistance et leur variabilité
stochastique en profondeur, jusqu’a présent inexistante. Elle éclaire aussi notre com-
préhension pratique de I'importance de développer un ensemble d’outils logiciels polyva-
lents pour définir rapidement la direction optimale du forage a un point spécifique pendant
les opérations de forage des puits géothermiques profonds. A cette fin, une interface util-
isateur graphique a été développée "DG-WOW-app’, Deep Geothermal Well Optimization
Workflow application) et est présentée dans cette theése réunissant les méthodologies de
calibration et de prédiction développées dans la pratique.

En outre, les méthodologies de calibration et de prédiction proposées, telles que mises
en uvre dans 'application DG-WOW, ont été testées sur deux études de cas réels afin
d’évaluer leur polyvalence et leur robustesse. A titre d’illustration, les forages CB1
(Bedretto) et GPK3 (Soults-Sous-Foret) ont été utilisés. Les données des deux forages
ont été prétraitées, formatées et compilées. Ensuite, des calibrations du premier et sec-
ond ordre ont été effectuées afin d’estimer les tendances en profondeur des contraintes et
de la résistance et de caractériser leur variabilité autour de ces tendances. Les résultats
soulignent la cohérence des résultats de la calibration avec la littérature.

La méthodologie proposée et les outils associés appellent a leur application sur un grand
nombre de nouveaux projets de géothermie profonde. Cela permettra de les tester et de

les améliorer afin qu’ils répondent au mieux aux besoins de l'industrie de la géothermie
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profonde. En effet, les efforts de recherche déployés dans cette these visent également
a transférer les connaissances vers des outils logiciels pratiques et utilisables avec pour
objectifs ultimes de rendre possible et économique ’extraction de 1’énergie géothermique

profonde et ainsi contribuer a la transition énergétique.
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1. Introduction

1.1. Context and motivations

Around 80% of Switzerland’s energy consumption is fed mainly by imported and non-
renewable sources. Its main sources of energy are oil, nuclear, hydroelectric power and
natural gas. Electricity is mainly generated by hydropower (59.9%), nuclear power (33.5%)
and conventional thermal power plants (2.3%, non-renewable) as stated by the Swiss
Federal Office of Energy (SFOE). Today, Switzerland consumes five times more energy
than it did in 1950. The goal of the Swiss energy policy is to guarantee a secure, economical
and ecological energy supply. To fulfil this mission, there is the Swiss Energy program,
launched in 2001, which aims at achieving a 20% reduction in C'Oy emissions and energy
consumption from 1990 levels by 2020, accompanied by a 50% increase in the share of
renewables between 2010 and 2020. Following the nuclear reactor accident in Fukushima
in 2011, Switzerland embarked on an energy transition process, which began with the
launch of its national Energy Strategy 2050. The latter is based on three pillars: more
energy-efficient buildings, machinery and transport, increased use of renewables, especially
hydropower, and the phase-out of nuclear power. The aim of this new strategy is a 3%
reduction in per capita energy consumption by 2020 and a 13% reduction on 2000 levels by
2035. This energy consummations reduction target is accompanied by two other important
objectives: (1) the decommissioning of Switzerlands five nuclear power plants by the end
of their operating life and (2) the reduction of CO9 emissions. The latter is a very active
political topic with a new COq law recently finalised but under the threat of referendum.
This law aims at a zero net CO2 emission in Switzerland by 2050, which is an enormous
challenge as it requires a complete revolution of the energy system in Switzerland over a
period of 20 to 30 years. This challenge must be addressed by (1) a massive increase in
the use of all renewable and low-carbon energy sources and (2) the capture and storage
of COy (Carbon Capture and Storage, CCS). Within this push for renewable energy, the
Swiss Energy Strategy targets for geothermal is a 4.4 TWh of power production by deep
geothermal systems by 2050. This would mean that 50-100 geothermal power plants (with
an electric power output of 5 - 10 MWe each) have to be realized by 2050. Using geothermal
energy should also provide large heat production and contribute to the reduction of COq
emissions.

It is obvious that recovering geothermal heat requires deep drilling into the earths crust
(hence deep geothermal), possibly several kilometers deep. According to the TA-Swiss
study on deep geothermal energy published in 2015 (Burgherr et al., 2015), an immense
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amount of geothermal energy is potentially available in Switzerland’s subsurface. The
geothermal energy contained in the layer of rock between 4 km and 5 km depth (originally
about 150 °C hot) is estimated to be 600.000.000 GWh or to be equivalent to 10.000
years of the current Swiss annual electricity consumption (SFOE). As a consequence, deep
geothermal projects in crystalline basement are needed in order to recover geothermal
heat. New drilling technologies developed in the oil and gas sector allow nowadays to
vary and control the borehole trajectories. Directional drilling has been a game changer
in the oil and gas industry. It can also play a key role in deep geothermal sector as it
allows to access the rock mass in an optimal manner in terms of both intersection with
potential feed zones (fracture and faults) and consideration of the in-situ stress state. Yet,
the deeper we drill the greater are the subsurface unknowns controlling the stability of
the Earth’s crust. Wellbore instability is then one of the key problems that engineers
encounter during drilling. The main causes of these instabilities can be grouped intro
three categories: (1) Mechanical failure of the rock around the hole due to high stresses
and low rock strength, (2) erosion caused by fluid circulation or (3) chemical failure arising
from damaging interactions between the rock and the drilling fluid. While (2) and (3) can
be very important mechanisms in oil and gas industry where shales are crossed or targeted
by boreholes, (1) is the most relevant mechanism for deep geothermal boreholes that are
drilled in crystalline rocks.

Before drilling, the rock strength at some depth is in equilibrium with the in-situ rock
stresses (effective overburden stress, effective horizontal confining stresses). When a vol-
ume or rock is excavated, however, for example by drilling it, the state of stress around
the excavation is modified. The stresses that were carried out by the excavated rock
have now to be supported by the neighboring rock leading to stresses redistribution and
stresses concentrations and the balance between the rock strength and the in-situ stresses
is disturbed. In addition, foreign fluids are introduced, and an interaction process begins
between the formation and borehole fluids. This may results in hole-instability and thus,
loss of drilling time, and sometimes, loss of drilling equipment. A growing body of lit-
erature has investigated borehole instabilities issues and there is a considerable amount
of research sharing the same shortcoming of uncertainty in the input data needed to run
borehole-stability analyses (in-situ stresses, pore pressure, rock mechanical properties, for-
mation and drilling-fluids chemistry). Drillers recognise four different types of borehole
instabilities: hole closure, hole enlargement or washouts, fracturing, and borehole collapse.

In deep geothermal wells, the most relevant type of instabilities are (1) fracturing —
typically referred to as drilling induced tensile fractures (DITFs) — either due to high
wellbore pressure or to thermo-elastic stresses that arise from cooling and (2) borehole
collapse, referred to as borehole breakouts, when stresses at the borehole wall exceed
the rock strength. For instance, investigations at the BS-1 borehole from the Deep Heat
Mining (DHM) project in Basel (Héring et al., 2008) showed that borehole breakouts
were pervasive and the crystalline section of the well was affected by approximately 80%.

These features caused low drilling performance in the crystalline basement and highly
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irregular hole shapes that may preclude a proper installation of any kind of completion
system. Thus, deep geothermal projects require very good control on borehole stability.

Several models in the literature address wellbore-stability analysis. These include very-
simple models based on linear elastic analytical solutions to very-complex numerical
simulations involving material models that require numerous parameters (Hale et al.,
1993). In all cases, parameterizing the failure model is challenging because, in the context
of deep geothermal project, the required data are either unavailable and/or encompass
large uncertainties. For instance, in-situ stresses such as principal horizontal stresses and
the rock parameters (cohesion, friction angle) are either unknown or estimated based on
a limited number of measurements that are not representative. One path forward is the
development of empirical relationships between strength and petrophysical parameters
derived from sonic and density logs (Chang et al., 2006), but this approach is site specific
and thus does not have a general scope. When cores are available, laboratory tests can
be performed, but the question of their representativity of in-situ conditions is debated.
Indeed, it is difficult to account for effects like core damage (Martin and Stimpson, 1994)
that may hinder the estimation of strength properties. Also, estimating separately stresses
and strength ignores the interplay between both of them, which mainly controls the shape
of borehole failure. These are other challenges that motivate this thesis, which outlines

the need for a new systematic methodology in order to fill this gap.

This thesis is a collaboration project between the University of Neuchatel and Geo-
Energy Suisse AG (GES) supported by InnoSuisse. One key feature of GES projects
is an innovative borehole completion scheme, referred to as "multistage stimulation con-
cept", which includes extensive zonal isolation using swellable packers allowing for reservoir
stimulation and exploitation optimization and it aims at maximizing heat recovering and
minimizing the seismic risk. The success of previous deep geothermal projects in Switzer-
land (for example the DHM project in Basel, Héring et al., 2008) was undermined in the
critical project stage that is the reservoir creation. Thus, the enabling technology that is
planned to be developed in this project will have a large impact as it has the potential to
unlock the access to deep geothermal resources in Switzerland. The project is not limited
to a theoretical development but it was planned that it will include a full scale application
at the geothermal project of Haute-Sorne in the Canton of Jura. Unfortunately, due to a
legal process initiated by opponents of the project in the Canton of Jura, the Haute-Sorne
project was delayed. Additionally, shortly after the Pohang Mw 5.5 earthquake in Novem-
ber 2017, the Government of Jura requested GES to provide a report on the Pohang events
and their possible implications on the Haute-Sorne project. Therefore, the latter could not
be realized within the scheduled timeframe and was still not advanced at the completion
date of this thesis. In order to develop the methodological aspects in this thesis, we used
the extensive borehole data set along the 2.5 km crystalline section of the borehole BS-1 in

Basel (Switzerland). We tested also our approach on newly acquired data by GES at the
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Bedretto laboratory where the multistage stimulation approach is currently tested. We

use also data from the Soultz-sous-Foréts project that are now available in public domain.

1.2. Objectives

This thesis has a strong application component as it is supported by the industry. New
fundamental development on the manner to handle wellbore failure analyses were necessary
to meet the industrial project objectives. These new methods provide also information
on in-situ stress and strength that were not available and give thus new insights into
the geomechanical conditions in the upper crust. In this Chapter, the objectives of the
thesis are presented with two points of view: the industrial application objectives and the

fundamental science development.

1.2.1. Industrial application objectives

The initial design of the project was based on a potential application in Haute-Sorne.
Even if this project was not realised, the objectives are best illustrated with a potential
application at Haute-Sorne as a template for any deep geothermal project. The first deep
well in Haute-Sorne, GLV-1, is planned to be drilled as a J-hole (a deviated hole) to a
depth of 4900 m TVD (true vertical depth) or 5800 m MD (measured depth). When
GLV-1 reaches the depth of 3500 m following an essentially vertical trajectory, a decision

has to be made in which direction the well has to be deviated in order to:

o Maximize the probability of intersection with potential feed zones (existing fractures

and fracture zones).

o Maximize borehole stability in order (1) to limit drilling difficulties associated with
borehole instability and (2) to obtain a hole which is sufficiently in gauge not to
compromise a well completion with swellable packers for reservoir segmentation and

subsequent staged stimulation.

Both criteria are not necessarily compatible and an optimum must be determined in
order to decide of the best well path. According to these two criteria, this project is

developed as the basis for decision making. It comprises:

1. A workflow to optimize well trajectory planning that enables a decision making
process in a comprehensive and structured way within a short time period. This
workflow will guide through the required processes to integrate existing and newly
acquired data from the vertical open hole section within the crystalline basement,
to forecast borehole failure and fracture intersection for potential hole trajectories

and to select the most favorable one.

2. A software toolbox that allows expediting the processes required in the workflow
above so that non-productive time of the drill rig is minimized. This software so-

lution includes read-in/write-out routines for data collected in the vertical section
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of the borehole, processing toolboxes for specific steps in the developed workflow
and visualization of the analyses output to enable decision making. These software

solutions will allow exchanging data between available software solutions for well-log

analyses (WellCad”™) and parameters estimation (PEST).

1.2.2. Fundamental science developments

In order to achieve the industrial objectives cited above, some fundamental developments

are needed. The main scientific questions to answer are the following:

1.

How to jointly calibrate stress and strength parameters against borehole failure ob-
servations without imposing a priori constraints on these parameters? How to handle

non-uniqueness of the calibrated solutions?

. What failure model and failure estimation approach are suitable for such calibration

process?

. How do we account for natural variability in our calibration approach?

. How do we use our calibrated parameter sets to make robust borehole failure predic-

tions? Will different sets of calibrated parameters allow for consistent predictions?
What is the uncertainty associated with these predictions? Can we reproduce natural
variability in our predictions? What are the limits of applicability of our prediction

approach?

. What are the main factors that control natural stress variability in the crystalline

basement? Can we bring new evidences on this topic from our calibrated stress and

strength models?

The objective of this research is to develop new methodologies that answer these ques-

tions by combining geomechanical modeling, parameter estimation and geostatistical ap-

proaches.

1.3. Thesis organization

The thesis contains a main part composed of 8 chapters and appendix part containing the

supplementary materials. Chapters 3, 4 and 5 constitute the base of three scientific papers

that are in preparation for submission to the 'International journal of rock mechanics and

mining sciences’ at the time of compilation of this thesis. The latter is organized as follows:

e Chapter 1 gives a general introduction and highlights the motivations and objectives

of my research work.

e Chapter 2 reviews fundamental principles of deep geothermal systems. It discusses

stress and wellbore failure concept in deep boreholes drilled to the crystalline base-

ment and outlines uncertainties encountered in geomechanical designs and how to
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deal with them. All these concepts are at the root of the methodologies proposed in
this thesis.

Chapter 3 presents a new systematic methodology to estimate depth profiles of the
characteristics of the local stress tensor (both magnitudes and orientations of all
three principal stresses) and rock strength properties together. This chapter focuses
particularly on breakout geometrical characteristics relevant to assess suitability for
zonal isolation techniques deployment and uses the exceptional failure data set from
the deep geothermal borehole BS-1.

Chapter 4 deploys a generic methodology for borehole failure prediction and carries
out its application to the prediction of the final section of the Basel borehole, BS-1,
in order to validate the applicability and robustness of the developed methodology.

In Chapter 5, the calibration and prediction methodologies proposed in Chapter 3
and 4 are tested systematically on synthetic cases covering a broad range of stress
regimes and wellbore trajectory. The objective of this work is to test the applicability,

robustness and limitations of our methodology.

Chapter 6 presents the developed software tool that supports the developed method-
ology. The latter is presented in the form of a systematic workflow in order to

speed-up data processing and enable decision making in a timely manner.

In Chapter 7, additional real case studies are presented by applying the methodolgy

to real data sets: Soultz-Sous-Foréts (France) and Bedretto (Switzerland).

Finally, Chapter 8 summarizes the main contributions of this thesis and gives some

perspectives for future research.



2. Background

2.1. Deep geothermal energy

A large part of the of earth is at temperature above 1000°C and, at drillable depth, the
temperature can reach up to ~350°C in areas with special geothermal conditions, and up
to ~200°C in areas with normal geothermal conditions. Deep geothermal energy is then
defined as the natural heat found beneath the earth’s surface. This energy source is of
interest to mitigate global warming as it has a low carbon footprint and is available in
essentially unlimited quantities. It arises primarily from the initial heat resulting from
the early earth time gravity collapse, the latent heat of the earth core and the decay of
radioactive elements in the earth’s crust (Jaupart et al., 2007). Deep geothermal energy
involves deep drilling more than 400 m below the earths surface. The depth range from 400
to 1000 m is sometimes referred to as middle-deep geothermal. The term ’deep geothermal
energy’ is usually used for depths of at least 1000 m and temperatures of more than 60°C.
Note that deep geothermal systems are commonly divided into Hydrothermal Systems
(HSs) and Petrothermal Systems (PSs). The distinction between these two concepts will

be addressed next.

2.1.1. Hydtrothermal Systems Vs. Petrothermal Systems

A hydrothermal system includes fluid, heat and permeability in a naturally occurring
geological formation such as an aquifer (Fig. 2.1), which is exploited by a production and
injection well (Bertani, 2012). Schulz (2008) showed that the permeability of the produc-
tive horizon in HSs should be at least 1 x 10~ m? and the productivity index at least
1 x 1072m3/MPa - s in order to ensure high enough flow rate and thus high productivity
of the well. Note that the most prototypical of HSs worldwide are volcanic systems in
addition to some standard hydrothermal reservoir rocks like sedimentary porous aquifers
(sandstones) or secondary fractured rocks (limestones). In Switzerland, hydrothermal
systems are targetting either hot water from natural aquifers or faulted and fractured
zones at depths of 3-5 km. According to the TA-Swiss study on deep geothermal energy
(Burgherr et al., 2015), only limited contribution from hydrothermal systems to future
geothermal electric power production is expected in Switzerland due to the scarcity of
naturally sufficiently permeable deep target and the difficulty to identify them.

An alternative to HSs, which mainly depends on the presence of fluid and high perme-
ability, involves human intervention to engineer these reservoirs in hot rocks for commercial

use. For instance, the impermeable rock can be fractured sufficiently so that water can
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flow more freely. This technique is called Enhanced or Engineered Geothermal Systems
(EGS). The heat of the rock at depth is extracted by advective transport driven by fluid
circulation between two or more boreholes. Once the water reaches the surface, it passes
through a power plant where electricity is generated. Then the loop is completed when
water is returned to the reservoir through injection wells. This closed-loop system has the
advantage of not releasing any fluids to the atmosphere and not emitting any greenhouse
gas. Petrothermal Systems (PSs) refer also to EGSs, where the permeability of the rock is
permanently increased by rock mass modification using various types of stimulation tech-
niques. In order to be economically attractive, a commercial petrothermal system should
provide approximately 50 to 200 liters of water per second with a temperature of 150°C
to 180°C (Fig. 2.1), although development in power plant technology may allow nowadays
to produce power from water as low as 90°. The advantage of the EGS technology is that
by applying engineering to the resevoir, rock mass without sufficient initial permability
could still be exploited, reducing the prospection and exploration risk. EGS approach has
been applied to a variety of geological settings (e.g., sedimentary rocks: Gross Schonebeck,
Germany (Blocher et al., 2015); igneous rock: Krafla, Iceland (Mortensen et al., 2010);
metamorphic rock: Larderello, Italy (Parri and Lazzeri, 2016)). However, preferred loca-
tions for EGSs are deep granitic bodies covered by a 35 km layer of insulating sediments
that slow heat loss. An EGS plant is expected to have an economical lifetime of 2030 years
using current technology (Tester et al., 2006). PSs or EGSs have a much higher resource
potential in Switzerland (Burgherr et al., 2015). However, it must first be demonstrated
that the EGS technology, that heavily relies on the reservoir creation procedure, is a viable
option in order to complete a meaningful assessment of deep geothermal resources. When
considering past nomenclature, PSs could also fall into other categories (Breede et al.,
2015) such as: engineered geothermal systems (EGSs), hot dry rock (HDR), hot wet rock
(HWR), deep heat mining (DHM) and stimulated geothermal systems (SGSs). Some of

these concepts will be further explained in the next section.

2.1.2. Stimulation techniques and reservoir creation

The development of a safe and robust permeability creation methodology in order to
allow flow rate at economical levels is central to the deployment of the EGS approach.
The permeability creation methodologies, often referred to as reservoir stimulation, can be
primarily based on thermo-mechanical processes activated by cold fluid injection (thermal
stimulation), mineral dissolution by acids injection (chemical stimulation) or the modi-
fication of the fracture network by massive fluid injections (hydraulic stimulation). The
latter is believed to be the most likely to have an effect that is not limited on the well-
bore near field. During massive hydraulic injections, different processes leading to the
enhancement of the hydraulic properties of the rock mass can be activated by using (1)
hydro-fracturing (also called fracking or hydro-fracking) and (2) hydro-shearing. Hydro-

fracturing is a well stimulation technique mainly used in the oil & gas industry (Sutton
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Figure 2.1.: Schematic diagrams illustrating (a) hydrothermal systems and (b) petrother-
mal systems. (1) corresponds to production and reinjection drilling, (2) heat
exchanger, (3) power plant, (4) air cooling system, (5) district heating network
(after CREGE, 2010).

et al., 2010; King, 2012) involving the injection of ’fracking fluid’ (typically water that
contains viscosity modifiers, sand or other proppants) under high pressure into a bedrock
formation in order to create new fractures and increase the size and the connectivity of
existing fracture through which natural gas and oil will flow more freely. During the ’frack-
ing’ process, the injection pressure is usually brought above the minimum principal stress,
o3, in the ground to open the joints which are already in the right orientation. In case
of a pre-existing fracture oriented normal to o3, the fracture can be opened by exceeding
o3 only. On the contrary, during the hydro-shearing process, the injection pressure is
maintained by pumping continuously closely to o3 in the ground (perhaps 95 to 99% of
its value). Hydro-shearing aims at increasing the fluid pressure in the naturally fractured
rock and inducing shear failure or slip events, which can enhance the systems permeability
through permanent dilatational opening of the sheared fractures. This process was shown
to be very important for permeability development by hydraulic stimulation during the
geothermal reservoir operations in 1985 at the Rosemanowes test site in Cornwall (Pine
and Batchelor, 1984; Richards et al., 1994) or the one created in 1987 at Soultz-sous-Forets
test site (Evans et al., 2005).

The evolution of deep geothermal reservoir terminology and concepts is presented by
conceptual end-members in Fig. 2.2. It is relevant to review this terminological evolution in
terms of the implied wellbore trajectories and their relation to the in-situ stress. The Hot
Dry Rock (HDR) concept was developed in the early 1970s when a team from Los Alamos
National Laboratories began the hot dry rock (HDR) project at Fenton Hill (Cummings
and Morris, 1979; Tester et al., 1989; Brown, 1997; Duchane, 1998). In this early concept,
the heat from a dry rockmass was to be exploited by hydraulic fractures placed between
two wells in order to establish a closed-loop circulation of pressurized fluid (Fig. 2.2a). This

concept is fully described in Potter et al. (1974). The terminology evolved by realizing that
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the crust at target depth is always water saturated even if permeability does not allow for
large flow rates. This led to the emergence of the Hot Wet Rock (HWR) concept (Duchane,
1998) (Fig. 2.2b). HDR and HWR neglected an important characteristic of natural rock
masses: the pervasive presence of natural fractures that have a dominating impact on the
fluid flow. When these fractures carried natural fluid flow, the minerals in the fractures
are altered by these hydrothermal fluid circulation. The terminology "Hot Fractured Rock’
(HFR) (Wyborn et al., 2004; Goldstein et al., 2011) and ’fractured hydro-thermally altered
reservoir’ (Genter et al., 2003, 2010) emphasise the importance of these natural fractures
in the hydraulic behaviour of deep seated rock masses (Fig. 2.2c-d). However, the natural
transmissivity of the fractures is often not sufficient to permit economical flow rate and
thus must be enhanced. This led to the terminology Enhanced Geothermal System (EGS)
(Tester et al., 2006), that has been largely and conceptually developed based on the
experiment performed at the Soultz-sous-Forét geothermal site. At this site, reservoir
enhancement was primarily achieved by massive fluid injection in long open hole sections.
The combined effect of the in-situ stresses and natural fracture network led to stimulated
volumes imaged by microseismic monitoring with an oblate shape extending in the plane
perpendicular to the minimum principal stress direction. After stimulation, the subsequent
borehole was placed in the continuity of this stimulated volume, leading to a wellbore
alignment in the direction of the maximum principal stress direction. Directional drilling
was used to steer the well from the same drill pad. Drilling trajectory was essentially
decided upon the geometry of the previous well stimulated volume.

The same concept applied in Basel led to the abandonment of this project due to induced
seismicity and a reservoir with volumetric and hydraulic properties likely insufficient for
economical exploitation. This led to a review of the stimulation concept and the real-
isation of the need for more control on the stimulation processes and the possibility to
swap a larger rock mass volume between the injection and production well (Meier et al.,
2015). Such approach needs more engineering of the wellbore in order to improve control
on the reservoir. We introduce here a terminological nuance and call this approach Engi-
neered Geothermal System (EGS), a term that was often used as a synonym to Enhanced
Geothermal System, although we believe that the terminology emphasises an important
difference. One possibility to increase control is the 'multi-stage stimulation’ concept, de-
rived from the O&G technical developments in the last decades, that includes extensive
zonal isolation by using for example swellable packers within a highly engineered borehole
completion. This idea changes the paradigm on the optimal drilling trajectory of the wells.
In this case, long sub-horizontal lateral well section should be oriented in a direction close
to the minimum stress so that the stimulated volumes growing perpendicular to minimum
stress permit to establish hydraulic links between the wells (Fig. 2.2f). This evolution
in concepts illustrated by the terminology that evolves over time calls for the complete
rethinking of the optimal wellbore trajectories that is at the core of this thesis. In this
latest concept, an optimal trajectory is one that allows complex completion and thus re-

quires a stable borehole, that intercepts as many as possible potential feed-zones to seed
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the reservoir creation operations and that is oriented favorably to the stress state in order

to promote hydraulic linkage between the wells and maximize swapped rock mass volume.

(a) (c)

(d)

3
ot

Figure 2.2.: The evolution and classification of the deep geothermal reservoir concepts:
(a) Hot dry rock (HDR), (b) hot wet rock (HWR), (c) hot fractured rock
(HFR), (d) fractured hydrothermally altered geothermal reservoir (HFR), (e)
enhanced geothermal reservoir (EGS) and (f) engineered geothermal reservoir
(EGS; e.g., multi-stage fractured geothermal reservoirs) (after Dutler, 2020).

2.2. Stress and wellbore failure concept in crystalline rocks

A growing body of literature has studied the stability of boreholes in the Oil and Gas
(O&G) industry. However, these findings are not representative of the rock failure around
deep boreholes in crystalline rocks because (1) the failure mode is fundamentally different
and (2) the geological environment of O&G projects and the type of reservoir rocks en-
countered (sedimentary rocks: shale, sandstones and carbonates) are very different from
the conditions in deep geothermal projects (crystalline rocks: granites, gneiss). For in-
stance, deep wells in crystalline basement are affected by borehole breakouts, which are
mainly controlled by the in-situ stresses acting on the borehole and dominated by brittle

failure mode that differs from shear failure usually assumed for borehole stability analy-
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ses. These features may entangle, or even preclude, the correct placing of packers, whose
sealing is mandatory for a correct stimulation of pre-existing fractures.

The other problem arises from the difficulty to characterize stresses in deep wells. The
latter are often poorly constrained, particularly at early project stage and the estimation
of the in-situ strength is usually lacunar (Valley and Evans, 2019). This is also due
to a gap in understanding the processes at play at the borehole wall during initiation
and accumulation of damage leading to the formation of borehole breakouts. Thus, the
initiation, extension and final shape of borehole breakouts cannot be reliably predicted.
So far, the standard methods estimate stresses and strength properties separately, thus
ignoring the interplay between them, which actually controls the shape of borehole failure.
For instance, hydraulic tests (e.g. XLOTs, Extended Leak-off tests, Lin et al., 2008) can
be used to estimate the minimum horizontal principal stress, Spmin. Borehole failure in
compression or tension are excellent estimates of the orientation of the horizontal principal
stresses. For instance, Bell and Gough (1979) used stress induced failure — as it is the cause
of deep borehole elongation— to characterize stress orientation. At the time, breakouts were
largely identified with multi-arm caliper logs, but very little was known about the details
of their geometry. Afterwards, borehole wall imaging techniques such as the acoustic
televiewer (Zemanek et al., 1970) were invented and widely used since the 1990s (Luthi,
2001) in addition to the development of high temperature tools as described in Asm (2014).

These innovative tools gave us the opportunity to precisely describe the shape of break-
outs in deep geothermal boreholes. However, the magnitude of the maximum horizontal
principal stress, Sgmaz, is particularly difficult to constrain. In 1988, Barton et al. (1988a)
studied the Fenton Geothermal well FE3 in New Mexico and proposed a relationship be-
tween the angular opening of breakouts (also named as ’breakout width’) and the mag-
nitude of the maximum horizontal principal stress, Sgmaz, assuming that the strength
of the rock at the borehole wall is given by its uniaxial compressive strength, UCS, and
that breakout deepens after failure initiation but does not widen (i.e., the initial and final
width of the breakouts are the same). Although, some modification of breakout width with
time have been reported in-situ (Azzola et al., 2019), this approach is widely accepted.
Moreover, in crystalline rocks, the failure is progressive with an accumulation of damage
starting at the so-called crack initiation level (0.4- UCS), which leads to a variation in
the cohesional and frictional strength components (Martin, 1997; Diederichs, 2007). Mar-
tin et al. (1999) reported also that failure occurs when the maximum tangential stress is
about 0.4 - UCS and this result was confirmed by Andersson et al. (2009b) at the Aspo
underground rock laboratory. As such, these findings show that the opening wall stress
is significantly lower than the UCS, which highlights a contradiction with theoretical and
experimental arguments stating that the intermediate principal stress has a strengthening
effect (Colmenares and Zoback, 2002; Haimson, 2006; Al-Ajmi and Zimmerman, 2005).

The estimation of Sgy,q: magnitude from borehole breakouts (see Zoback et al., 2003,
for a review) has the advantage to allow to assess variability along the borehole. There

are several examples where stress magnitudes were constrained by wellbore failure. For
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instance, stress magnitudes were constrained in the KTB borehole in Germany (Mastin
et al., 1991; Brudy and Zoback, 1993; Borm et al., 1997) by using both breakouts and
drilling-induced tension fractures (DITFs) and in the Habanero geothermal project in
Australia (Fernandez-Ibaniez et al., 2009) and Pohang in South-Korea, (Alcolea et al.,
2020). However, such approach is very sensitive to the used failure criterion used to com-
pute borehole failure. Indeed, different failure criteria lead to different estimates of Sgmaz
magnitude depending on whether they are taking into account the effect of the inter-
mediate principal stress, o9, or not (Valley and Evans, 2019). Moreover, independently
of the subjectively chosen failure model, it is difficult to parametrize the failure criteria
from deep well data. The choice of an appropriate failure criterion and characterization
that captures borehole wall strength remains controversial. In their study of the BS-1
deep borehole in Basel, Valley and Evans (2019) used results from a single triaxial test
on a core plug to parametrize their failure models and they acknowledged the inherent
and high uncertainties. Another approach is to estimate in-situ strength by developing
empirical relationships between strength and petrophysical parameters derived from sonic
and density logs (Chang et al., 2006). Such relationship can be calibrated using results
from laboratory tests on cores. However, rarely sufficient tests on cores are available from
deep wells to calibrate such relationships. It is also difficult to account for effects like core
damage (Martin and Stimpson, 1994) that may mislead the in-situ strength estimation. In
a nutshell, methods developed for the O&G industry to characterize the stress state from
borehole failure (Zoback, 2007) or approaches to predict borehole failure intensity and to
optimize borehole trajectory and other drilling parameters (Ottesen et al., 1999; Moos
et al., 2003) cannot be applied directly for deep geothermal wells in crystalline rocks.
Moreover, in state-of-the-practice approaches stress and strength are not estimated
jointly, i.e. one has to be determined independently (often with large uncertainty) in
order to evaluate the second one. In addition, such approaches are applied in a determin-
istic manner without systematic evaluation of the uncertainties. It is also worth noting
that specific effects like the influence of the borehole size, time dependencies and the im-
pact of thermo-elastic contrasts and grain structure in the constitutive mineral of the rock
are not well understood. This leads to uncertainty in the model outputs that need to be
integrated when making a prediction of the expected borehole shape. In addition, the
specificity of the well design intended by Geo-Energie Suisse AG has not been studied
in detail. A systematic parameters analysis is lacking. The drilling sequence proposed
in such projects allows for solutions to be developed, i.e., calibrating a failure model on
the vertical borehole section and applying the calibrated model on the deviated section.
However this approach must be developed and tested in order to verify its practicality
and robustness. The main motivation behind this thesis is to show that, despite all of
the aforementioned limitations, it is nevertheless possible to calibrate the geomechanical
parameters that are difficult to constrain (stresses and rock properties) on existing data
sets (e.g., vertical hole section already drilled) and to use these models to predict borehole

failure in other conditions (e.g., deviated borehole). As such, the failure models are used
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as predictive tool for failure intensity. The solutions are not unique (multiple combination
of stress/strength parameters match equally the observed data). It would be valuable,
however, to evaluate how different or similar will be the prediction using equally well cali-
brated but different models or in other words what constraints on the borehole shape can

be given despite the uncertainties on the processes and model parameters.

2.3. Handling uncertainty in a probabilistic manner for a reliable

geomechanical design

2.3.1. Uncertainties in geomechanical design

Uncertainty in geomechanics engineering is a broad term that accounts for natural
variability, lack of data and limited knowledge. In order to manage geomechanical risk
and to ensure the robustness and resilience of the rock design, it is crucial to account
for and reduce these uncertainties and to evaluate the probability of occurrence of a given
scenario. One of the main challenges in reservoir geomechanics is that data concerning rock
mass properties is usually scarce. Note that estimating geomechanical parameters such
as Young modulus, rock strength and in-situ stresses is extremely important in reservoir
simulation and for borehole stability analysis (Papanastasiou and Zervos, 2004; Sarris
and Papanastasiou, 2012). However, this is very challenging as these geomaterials are
inherently anisotropic, heterogeneous, and discontinuous. The combination of these factors
leads to large uncertainties in practical engineering situations. Therefore, it is necessary to
develop a proper framework for dealing with these uncertainties. In recent years, there has
been considerable interest in studying this topic as uncertainties are typically present in
all the stages of a reservoir geomechanics project. Different classifications of uncertainties
can be found in the literature. They can usually be divided into two groups (Lacasse and
Nadim, 1996; Helton et al., 2007):

o Aleatory uncertainty, also known as stochastic, active or type A uncertainty, which

includes natural variability of a property (spatial and temporal variability).

o Epistemic uncertainty, also called subjective, passive or type B uncertainty, which
consists of statistical uncertainty, model uncertainty and measurement uncertainty.
They are associated with the lack of knowledge about a system and/or its properties.
This uncertainty can be reduced by collecting additional data in order to narrow the

uncertainty range.

In reservoir geomechanics, both uncertainties are encountered. Indeed, limited informa-
tion are available in terms of material properties and in-situ stresses and rock masses are
most of the case very heterogeneous leading to strong natural variability of parameters

(strength and stresses).
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2.3.2. Natural variability

Wellbore failure variability measurements are one of the best sources of information
to characterize stress heterogeneity as it provides continuous profiles of some stress com-
ponents contrary to most stress measurements techniques that are time-consuming and
do not permit a proper sampling of heterogeinities (Shamir and Zoback, 1992; Valley and
Evans, 2010; Afshari Moein et al., 2018; Valley and Evans, 2014b; Schoenball and Davatzes,
2017). It is worthy underlining that the intensity of borehole failure with depth varies,
reflecting both depth trends and local variability in the in-situ stresses and strength (both
being related to the presence of fault zones). When characterising stress and/or strength
at depth, it is important to differentiate between a 15% and a 2" order characterisation.
The first one yields practical insights on the general trends of both stress and strength
along the borehole. However, these trends are only representative of the mean conditions
along the borehole, but are not capturing the variation around the mean. As a conse-

27d order characterisation must be carried out to quantify this variability for the

quence,
design of completion schemes including packers because such variability can cause locally
severe conditions and thus may lead to completion problems. This is one of the main
aspects addressed in this thesis.

Another aspect to highlight is investigating the potential source of observed borehole
breakouts variability and quantification in-situ of the potential magnitude of stress and
strength variability. Two general hypotheses are proposed to potentially explain the ob-
served failure variability in granitic basement. The first one consists of assuming that
failure variability arises mainly from the variability in stress orientation and magnitudes
with relatively constant strength. This can be attributed to the stress perturbations asso-
ciated with fracture slip (Shamir and Zoback, 1992; Valley, 2007). Conversely, the second
rock mass model assumes that the failure variability arises primarily due to variability in
rock strength likely to be linked with lithological variations and alterations. In addition to
these hypothesis, it is likely that both stress and strength variations occur concomitantly.

This is another important aspect that was addressed in this PhD thesis.

2.3.3. Quality of predictions and reduction of uncertainty

As borehole stability analysis and predictions of rock mass are based on very restricted
information, the degree of uncertainty and risk remain higher while predicting the quality
of rock mass at planning phase. Consequently, both rock quality knowledge and level of
uncertainty are time dependent and project stage based as illustrated in Fig. 2.3 and stated
in Hoek (1991) and Panthi (2006). Indeed, the ability to enhance understanding of the rock
mass conditions increases as project development stage moves on. This is mainly due to the
fact that site explorations, in-situ and laboratory testing activities increase steadily. It is
worthwhile noting that basic design and economic viability evaluation of deep geothermal
projects (and any underground project) has to be made during its feasibility study stage,

whereas the actual rock mass condition of an underground structure is fully known only
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after the completion of its excavation work (Panthi, 2006). Thus, the degree of uncertainty
related to the geological condition is much higher at an early stage of planning, which leads
to high risk of large variations on the estimated and actual rock mass condition. Therefore,
the real challenge is on how to minimize this level of uncertainty and reduce possible risk
of large discrepancies between predicted and actual rock mass condition. To that end, one
needs to develop a reliable design approach by using methods to deal with the parameters
uncertainties and the design criteria (Harr, 1987, 1989).

Although various approaches have been put forward to deal with this issue in geome-
chanics, the traditional empirical and numerical approaches (e.g., Finite Element Analy-
ses, FEM) of rock mass quality evaluation and stability analysis are usually deterministic.
They are indeed based on single point estimate that give a single answer. As a conse-
quence, the possibility for considerable discordance between predictions and reality is very
high. In addition to that, these tools are usually time consuming. Clearly, it is very chal-
lenging to carry out enough geological, geotechnical and geomechanical investigation and
design analysis to be able to fully account for all existing types of uncertainties. However,
one can use a simple and computing efficient probabilistic approach to reduce large dis-
crepancies. Note that the aforementioned uncertainties are usually evaluated and reduced
by acquiring repeated measurements during the development of a project (Fig. 2.3). In the
general geomechanical probabilistic risk analysis approach, one uses a probability density
function (PDF) as illustrated in Fig. 2.3. Design parameters such as the loads or stresses
are identified as 'Demand’. The rock strength, often the shear strength, is identified as
"Capacity’. Fig. 2.3 shows how our knowledge of the design parameters improves while
progressing from the preliminary to the detailed and then the final design stage, leading
to a considerable reduction of failure probability. In this thesis, we have been interested
in studying how to reduce the uncertainty on the failure intensity during the calibration
process. Some of the ideas developed in this thesis can be summarized in three main
aspects: (1) calibrating many failure models in order to span the entire parameters space,
(2) selecting only representative calibrated models and (3) using available measurements
(e.g., estimate of minimum principal horizontal stress from extended leak-off test, XLOT)
to reduce the range of the calibrated parameters. This step is crucial as predictions quality
relies mainly on the representativity of the calibrated models. Another key aspect is to
select an appropriate model and efficient calibration process. Using very complex models
with a large number of model parameters is likely inefficient. These approaches require
computationally demanding numerical solvers and they would be difficult to implement in
the massive calibration framework proposed in this thesis. Finally, the quality of failure
prediction, in the deepest section of the well, depends also on whether or not they account
for existing correlations between stress and strength and on their ability to mimic the
observed variability patterns. This is also a key aspect that was investigated in this thesis
by performing stochastic multivariate simulations using the Direct Sampling Multi-Point
Statistical (DS-MPS) approach as implemented in DeeSse (Straubhaar, 2019).
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Figure 2.3.: Hypothetical distribution curves of the uncertainty reduction during different
stages in the design of a structure until failure’s potential is reduced to an
acceptable level (grey area) (Valley et al., 2010, modified after Hoek (1991)).
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Abstract

Deep geothermal boreholes, often drilled to the crystalline basement, suffer from bore-
hole breakouts that compromise borehole stability and/or lead to low drilling performance.
These issues increase the cost of deep geothermal projects and lead to irregular cross-
sectional geometries that may entangle well completion (e.g., packer isolation for zonal
stimulation, cementing, etc.). Thus, the proper knowledge of rock strength, state of stress
and their interactions at the closest vicinity of the borehole is key to the success of deep
geothermal drilling. Traditionally, the magnitudes of the vertical and minimum horizontal
principal stresses, S, and Shmin, respectively, can be estimated while Sgrpq. is difficult to
constrain. This paper presents a systematic methodology to jointly evaluate the hetero-
geneous distributions of the stress tensor principal components and orientations, and the
rock strength properties (e.g. cohesion, friction). Model parameters are estimated from
measurements available during or shortly after drilling, i.e., breakout width, breakout
extent /depth of penetration, breakout orientation and drilling induced tensile fractures.
Additionally, measurements of estimated parameters or transformations of them can be
considered in the calibration in a generic manner (e.g., Spmin interpreted from XLOT).
For illustration purposes, the methodology is applied to the extensive borehole data set
along the crystalline section of the borehole BS-1, in Basel (Switzerland). The method-
ology allows us (1) to derive plausible sets of stress and strength parameters reproducing
the complex distribution of breakouts along BS-1, and (2) to unveil the paradox of having

high density of natural fractures at sections without borehole breakouts.

21



22 Chapter 3 - Calibration methodology

3.1. Introduction

Deep geothermal boreholes of an Enhanced Geothermal System (EGS) are drilled to hot
and low permeable rock masses, most often in the crystalline basement (BS-1 in Basel,
Héring et al. (2008), Soultz-sous-Foréts site, Rummel and Baumgértner (1991), Habanero
well in Australia, Ferndndez-Ibanez et al. (2009) or Pohang in South-Korea, Alcolea et al.
(2020), amongst others), to depths between 3000 and 5000 m. Drilling performance,
i.e., the first critical factor to the economic success of an EGS, borehole stability and
the regularity of the borehole cross-section are controlled by the interplay between rock
strength and the state of stress around the borehole. If drilling was successful, a second
critical factor to the installation of the EGS is well completion, which most often includes
the stimulation of pre-existing fractures. An irregular borehole cross-section involving
deeply penetrating borehole breakouts or drilling induced tensile fractures (DITFs) may
entangle, or even preclude, the correct placing of packers, whose sealing is mandatory
for a targeted stimulation of pre-existing fractures. This issue becomes critical when
stimulating so-called multi-stage EGSs, in which natural fractures are individually isolated
with packers and stimulated sequentially. For the aforementioned reasons, the accurate
knowledge of the interplay between the local state of stress and the rock strength is crucial
to the success of an EGS.

Methods to characterize stresses in deep boreholes are described in the literature (Zoback
et al., 2003; Zoback, 2007) and can be classified into two groups, namely 15* order and
22d order methods. 15% order methods aim at estimating linear depth trends, whereas 274
order methods characterize the perturbations around the trend arising from the presence
of faults, fractures or other sources of rock heterogeneity. Due to the dominant effect of
gravity on the stress state and the relatively small range of density variations in most
rocks, it is common to consider that one principal stress is vertical and to estimate its
magnitude, S, as the weight of the overburden by integrating the linear trends observed
in density logs. The assumption of a vertical principal stress may not be accurate due to
the effects of (1) topography (e.g., at shallow boreholes in hilly zones, Evans K.F. (1995)),
(2) nearby excavations (e.g., at the monitoring boreholes of a tunnel, Martin et al. (2003)),
or (3) even due to the drilling of the borehole itself. In a 1%* order approximation, the
magnitudes of horizontal stress are also approximated by depth linear trends (Zoback
et al., 2003). Hydraulic tests (e.g. XLOTs) (Lin et al., 2008) can be used to estimate
the minimum horizontal principal stress, Spmin. The direction of penetration of borehole
breakouts is usually an accurate estimate of the orientation of Spn. As suggested by
Zoback et al. (2003), the geometry of breakouts along the borehole can be used to infer a
linear trend of SHmaz-

The aforementioned 1% order characterization method is standard and currently applied
in geothermal boreholes (e.g. Héring et al., 2008; Valley and Evans, 2019; Mastin et al.,
1991; Borm et al., 1997; Brudy and Zoback, 1993; Fernandez-Ibanez et al., 2009). How-

ever, it is very sensitive to the failure criterion used to compute borehole failure. Different
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failure criteria lead to different estimates of Sg.nq, magnitude, depending on whether or
not the effect of the intermediate principal stress, oo, is considered. Moreover, the rock
strength properties defining the subjectively chosen failure criterion are hard to estimate
from available borehole data. The choice of an appropriate failure criterion remains con-
troversial. For example, Valley and Evans (2019) used results from a single triaxial test on
a core plug to parametrize their failure models and acknowledged the inherent and high un-
certainties. Another approach consists of estimating rock strength properties by means of
empirical relationships between strength and petrophysical parameters derived from sonic
and density logs (Chang et al., 2006). Such empirical relationships can be constrained by
laboratory measurements on cores. Unfortunately, laboratory tests are time-consuming,
expensive (and therefore often disregarded or, at best, carried out at one given depth) and
rarely representative of in-situ conditions. Furthermore, It is also difficult to account for
effects like core damage (Martin and Stimpson, 1994) that may hinder the estimation of
strength properties.

State-of-the-art methods estimate stresses and strength properties separately relying
heavily on very uncertain strength estimates. This work is aimed at filling this gap. We
propose a systematic methodology to estimate depth profiles of the characteristics of the
local stress tensor (both magnitudes and orientations of all three principal stresses) and
rock strength properties (cohesion and friction) together. Both trends (15 order approxi-

2" order) can be estimated for each unknown.

mation) and/or variations around the trend (
Model parameters are estimated via the regularized pilot points method (Doherty, 2003;
Alcolea et al., 2006) as implemented in PEST (Parameter ESTimation, Doherty, 2015)
from borehole cross-sectional characteristics (breakout width, breakout extent/depth of
penetration and breakout orientation at different depths) and from the presence/absence
of DITFs (including both axial and en-echelon drilling induced tensile fractures, referred
to as A-DITFs and E-DITFs, respectively, (Brudy and Zoback, 1993)) using the Kirsch
analytical solution (Kirsch, 1898) to estimate the stress state around the borehole and
appropriate failure parameter estimation approaches. All stress components around the
borehole, including the remnant thermal stresses arising from the cooling of the borehole
wall are accounted for. The inherent uncertainty on the choice of a failure criterion is
taken into account through a sensitivity analysis, whose results allow to validate or dis-
card failure models. For illustration purposes, the suggested methodology is applied to
assess the variability of stress and strength along the 2.5 km crystalline section of the
borehole BS-1 in Basel (Switzerland, Héring et al., 2008).

3.2. Methodology

The methodology suggested here is based on the five blocks sketched in Fig. 3.1, which
are carried out in an iterative manner and at each borehole cross-section. The main steps

of the algorithm are described in detail in the following subsections and itemized next:

o Step 1: given a set of initial parameters (e.g. depth trends of magnitudes, stress
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orientation, wellbore orientation, Poisson’s ratio, thermo-elastic parameters, etc.),

calculate stresses around the borehole using Kirsch analytical solution (Kirsch, 1898).

e Step 2: evaluate failure conditions. So far, Mohr-Coulomb and Mogi-Coulomb cri-
teria have been implemented. Nonetheless, any other failure criterion can be imple-

mented without loss of generality.
e Step 3: evaluate breakout width, extent and orientation, and the presence of DITFs.

o Step 4: evaluate an objective function (i.e., a penalty function) measuring the depar-
ture of the obtained solution from available measurements. Measurements include
geometric features (i.e., borehole shape and presence/absence of DITFs), prior esti-
mates of estimated parameters (e.g., a linear depth trend of a given parameter) or

direct parameter measurements (e.g., of Spipn after the interpretation of XLOTS).

e Step 5: modify parameters and go back to Step 1, until a minimum of the objective
function is attained. This step is the so-called parameter estimation, optimization or,
in broad sense, inverse problem (Ramirez et al., 2005). The aforementioned workflow
is carried out by the generic parameter estimation software PEST (Doherty, 2015;
Doherty et al.).

3.2.1. Calculation of the near-field state of stress

The stress redistribution caused by drilling and thermal effects can be calculated an-
alytically or numerically. Analytical solutions are often preferred to complex numerical
borehole models because they are (1) well established as standard practice in borehole de-
sign, (2) computationally faster, and (3) relatively simple to implement. The methodology
presented here aims at obtaining fast and reliable near real-time calculations, which aids
in-situ decision-makings based on previously collected data (e.g., the direction and incli-
nation of the deviated section of a borehole from data collected along the vertical initial
section). In this work, we have chosen an elastic analytical solution (Kirsch, 1898; Schmitt
et al., 2012) to compute the stress redistribution around the borehole. Our implementa-
tion of the Kirsch closed-form solution takes into account situations where the borehole is
not aligned with one of the principal stresses. It further includes a thermo-elastic stress
component to simulate the remnant stresses arising from the cooling of the borehole wall
caused by the presence of warm water in the formation and of (generally) cold mud in the
borehole during drilling. The stress distribution is computed in two main steps, presented
in detail in Appendices A and B of the supplementary materials. First, the stress tensor is
expressed in a local and orthonormal borehole Cartesian coordinate system (u,v,w). Next,
Kirsch equations are solved to compute the stress redistribution around the borehole in
a cylindrical coordinate system with its origin at the center of the borehole, (r,0,w; r:

radial, 0: tangential, w: axial).
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Figure 3.1.: Schematic description of the proposed methodology. In the insets, pp and p
are the initial and sequentially updated sets of parameters, respectively; w,
e and @ are vectors containing calculated breakout width, extent/depth of
penetration and orientation; vector D represents the presence or absence of
DITFs; the corresponding magnitudes with asterisk represent the measured
counterparts.
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The thermal stress components, S~ SHAT and ST arising from any deviation from
ambient temperature, AT, at the borehole wall are (Stephens and Voight, 1982):

SAT =0 (3.1)

EAT
SpT = 54T = PEAT (3.2)

1—v
where F is the Young modulus, [ is the coefficient of linear expansion and v is the Poisson
ratio. AT > 0 denotes a temperature gain inside the borehole. These stress components
are added to the corresponding components arising solely from the stress redistribution in
response to excavation of the borehole (Appendix B).
Failure is computed from effective stresses, which are calculated from total stresses and

pore pressure, P, (Terzaghi et al., 1925):
c=5— fyéiij (3.3)

where P, is fluid pressure, S and ¢ are the total and effective stress tensors, respectively,
v € [0 1] is the Biot coefficient (Biot, 1941, 1955; Biot and Willis, 1957) and d;; is the
Kronecker § which applies Terzaghis correction to the isotropic components of S only. The
Biot coefficient controls the degree of hydromechanical coupling (Zimmerman, 2000) and
its value is not excluded from debate because it depends not only on the type of rock,
but also on rock microstructure (Tan and Konietzky, 2014). In addition, it varies with
time during failure (Tan et al., 2015). Laboratory experiments evidence that Terzaghi’s
correction is valid for compressive failure even for low permeability rocks (Brace and
Martin, 1968). Recent experiments in the Grimsel Granite report Biot coefficients in the
range 0.5 to 0.7 (Suvorov and Selvadurai, 2019). In our work, we have chosen 5 = 1.0
because this value indicates the strongest possible hydromechanical coupling (Zimmerman,
2000) regardless of the failure type (i.e., under compression or under tension).

The Kirsch closed-form solution is computationally attractive and is easy to implement.

However, one must bear in mind the following assumptions and limitations:

1. It assumes CHILE material conditions (Continuous, Homogeneous, Isotropic and

Linearly Elastic),which is generally not strictly true for rocks.

2. It assumes that the stresses are redistributed around a perfect cylinder. In other

words, progressive failure is not considered.

3. It assumes an infinite cylindrical hole in a infinite medium. The stress rotations and

magnitude changes associated with borehole drilling are neglected.

4. The scale effect is not taken into account as stresses at the borehole wall are inde-

pendent of the borehole diameter.
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These limitations can be tackled by means of numerical models or more complex closed-
form solutions. For instance, transient failure can be modelled by analytical solutions
including continuum plasticity with non-associated flow rules and strain softening (Ha-
jiabdolmajid et al., 2002) or continuum damage mechanics (Sahara et al., 2017) or by
hybrid continuum-discontinuum models (Shen et al., 2002; Alcolea et al., 2016; Marschall
et al., 2017). Unfortunately, the aforementioned approaches are either hard to parame-
terize using standard data sets, involve a larger number of unknown parameter and are

computationally intensive, which precludes parameter estimation (See Section 3.2.6).

3.2.2. Strength models

A main issue in the analysis of wellbore stability is the selection of an appropriate rock
failure criterion. Without loss of generality, we focus here on two criteria: (1) the Mohr-
Coulomb criterion (Coulomb, 1776; Mohr, 1900), because it is the most used in practice
and (2) the Mogi-Coulomb (Mogi, 1971; Al-Ajmi and Zimmerman, 2005), which takes
into account all principal stresses and has been shown to capture accurately true triaxial
strength data.

The Mohr-Coulomb criterion assumes that oo has no influence on rock strength, and is

expressed in terms of principal stresses as:
o1 > Cy,+ qos (3.4)

where C, is the uniaxial compressive strength of the rock, and ¢ is a material constant.

Both C, and ¢ can be related to the internal friction angle, ¢, and the cohesion, ¢ through:

2
g = tan <Z + g) (3.5)
_ 2ccosp
Co = 1 —singy (3:6)

This failure criterion is standard in rock mechanics and its parameters are typically de-
termined from conventional triaxial tests (o7 > 092 = o3). However, in practice, the
Mohr-Coulomb criterion has been reported to be very conservative in predicting wellbore
instability since it ignores the impact of 3. In fact, it was recommended (Song and Haim-
son, 1997; Ewy, 1999) to use alternative failure criteria accounting for the influence of o9
on rock strength, such as the Mogi-Coulomb criterion to represent rock conditions more
realistically. The latter relates the octahedral shear stress, 7,c¢, to the mean stress, o, 2

as follows (Al-Ajmi and Zimmerman, 2005):
Toct = M+ D - Om,2 (37)

where: .
Toct = g\/(m —09)% + (01 — 03)? + (02 — 03)? (3.8)
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and:
_ (01+03)
Om,2 = B

The parameters m and p are material constants that are also related to the internal friction,

(3.9)

1 and cohesion, ¢, by:

m = 2\3/§ccos¢ (3.10)

p= 2\?)@sinw (3.11)

Regardless of their formulation, failure criteria are difficult to parameterize. Both fric-
tion and cohesion can be measured in the laboratory. Unfortunately, this is rarely the
case in practice because (1) retrieving cores from deep boreholes is expensive and time-
consuming, and (2) laboratory conditions rarely represent in-situ conditions due to scale
effects. In traditional rock mechanical engineering analyses, the cohesion is set to zero
because that represents the worst case scenario (i.e., closest to failure). However, the
cohesion of crystalline rocks can be large (e.g. in Basel, cohesion ranges from 18.2 MPa to
35.5 MPa Valley and Evans, 2019). To make things worse, uncertainties become critical
in what concerns friction. Traditionally, the friction coefficient is set to 0.6, value qualified
as that of the critically stressed crust (Barton, 1976; Zoback, 2007). Such value has been
criticized by many authors on the basis of experimental data. For instance, laboratory
analysis in the context of the Pohang EGS report values ~1.7 (Kwon et al., 2019) for an
intact granite. Instead, Alcolea et al. (2020) report low values in the range 0.4-0.45 for a
fault zone in the same crystalline formation. Such relatively low values are not uncommon
in faults (Reasenberg and Simpson, 1992; Tio, 1997; Tanikawa and Shimamoto, 2009; Barth
et al., 2013), especially if they have suffered from weakening after seismic or aseismic slip
episodes (Houston, 2015). We consider the uncertainties inherent to strength parameters

by means of model calibration (See Section 3.2.6).

3.2.3. Estimation of breakout width

The computation of breakout width, wpp, consists of evaluating the failure criteria
(Eq. 3.4 or 3.7) at the borehole wall (i.e. r = a, V ) using the stresses calculated by the
Kirsch closed-form solution. The arc, measured as angle, along which the failure criterion
is met provides an estimate of wpp. The assumption behind such computation is that
failure occurs at the cylindrical borehole wall spanning an initial maximum width and then
the breakouts progressively extend (deepen) but do not widen. Thus, it is not necessary
to simulate the progressive failure leading to the final breakout geometry. Although some
modifications of breakout width with time have been reported in-situ (Azzola et al., 2019),
the approach implemented in our methodology is widely accepted (Zoback et al., 2003).

It is worth noting that breakouts with initially small size deepen as they grow, but do not
further widen (Zoback, 2007). Consequently, stable wells can still be drilled that tolerate

a degree of wellbore failure. Instead, initially wide breakouts can lead to washouts caused
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by the lack of intact material around the wellbore wall to withstand the applied stresses.
In this work, it is important to highlight that the suggested method estimates model
parameters from measurements available during or shortly after drilling, i.e., breakout
width, breakout extent/depth of penetration, breakout orientation and drilling induced

tensile fractures.

3.2.4. Estimation of breakout extent

Approaches to compute breakout extent, egp, are scarce in the literature. This is
partly due to the fact that breakout width has been traditionally preferred to estimate
the stress state. Breakout extent is the result of progressive failure successively shedding
the stresses and pushing failure deeper until a stable section is reached (Cuss et al., 2003).
Such processes are difficult to simulate and, as a by-product, breakout extent has been
disregarded. However, we argue that the characterization of breakout extent is crucial
towards proper well completion, e.g., to guarantee effective packer sealing. In the following,
we investigate computationally feasible alternatives to carry out this characterization.

Unfortunately, the application of the same general principle as for the computation of
breakout width, i.e., evaluating the failure criteria for » > a using the Kirsch solution is
not meaningful because progressive failure is neglected.

An empirical criterion has been developed for brittle failure at tunnels (Diederichs et al.,
2004) and applied to borehole failure (Walton et al., 2015):

€BO J%ax
— =04 1.25—2— +0.1 12
. 0.49+1.25 c 0 (3.12)

This criterion assumes (1) that the breakout extension, normalized by the nominal borehole
radius, 22 is a linear function of the ratio of the maximum effective hoop stress, o**,
to the uniaxial compressive strength, C, and that the wall strength is about half the
uniaxial compressive strength. The wall strength can be estimated by the crack initiation
level, which is typically about half the uniaxial compressive strength (Andersson et al.,
2009a; Hoek and Martin, 2014). This relationship was developed using numerous field
observations of enlargement of tunnel sections. Thus, its applicability to breakout in
boreholes, with a radius of curvature of the open space much smaller than in the tunnel
cases on which this empirical criterion has been developed, is not yet established. Valley
(2007), analysing data from the well characterized deep geothermal project of Soultz-sous-
Foréts concluded that Eq. 3.12 tends to largely overestimate breakout extent in boreholes.
This approach has been tested at early stages of this work without generating acceptable
results. Thus, it is no longer considered in this manuscript for the sake of conciseness.
An alternative empirical approach is proposed by Shen (2008). The relationship was
established upon numerical simulation of borehole failure using the fracture mechanics code
FRACOD (Shen and Stephansson, 1994). Shen’s approach assumes a vertical borehole
under plain strain conditions (FRACOD is a 2-dimensional code), i.e., one principal stress

is aligned with the borehole axis, and dry conditions (no pore pressure, no borehole internal
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pressure) and he derived the following relationships between stress conditions, strength

parameters and breakout extent:

_ , B
30 Hmaaz Ohmin —14+A4 (eBO 1) (313)

c, a

a

where %:ahmm represents the ratio of the maximum effective tangent stress to the
uniaxial compressive strength. Under the constrains of Shen’s relationship, the Kirsch
solution simplifies and the maximum effective hoop stress becomes o™ = 30 Hmaz—Thmin,
OHmaz and Opmin being the maximum and the minimum effective principal horizontal

stresses, respectively. A and B are regression parameters in the range (Shen, 2008):
e Upper limit curve: A = 21.2, B = 3.33.
e Average curve: A = 15.2, B = 2.67.
e Lower limit curve: A = 12.6, B = 2.22.

In spite of its non-linearity, Shen’s approach is computationally affordable. However,
the strength is defined as a Rankine criterion, i.e. the minimum and intermediate prin-
cipal stresses are ignored, which neglects the important stabilizing effect of the internal
wellbore pressure (mud pressure). In our analyses, we extend Shen’s criterion by defining
an apparent wellbore strength o, which accounts for the strenghtening effect of o2 and
o3, regardless of the chosen failure criterion. oy, is evaluated at the borehole wall (r = a)
and at an angle 0 corresponding to the breakout centre, as calculated by the Kirsch closed-
form solution. For the Mohr-Coulomb failure criterion, the apparent strength depends on

the minimum principal effective stress, o3:
Tapp = q - 03+ C, (3.14)

For the Mogi-Coulomb criterion, the apparent strength depends on both intermediate oo
and minimum o3 effective principal stresses (Egs. 3.7 to 3.9). Resolving the maximum

effective principal, o1, yields the estimate of the apparent strength o):

—(409 + 403 + 18mp + 9p?03)
Tapp = 9p% — 8
N 2v/6+/12m?2 + 6mpay + 18mpos + 3p203 + 9p20? — 203 + 4o203 — 203
9p2 — 8

(3.15)

where m and p are the parameters of the Mogi-Coulomb failure criterion (Egs. 3.10 and
3.11).
Once the apparent strength has been determined, the depth of failure can be evaluated

using the following modified Shen formula:

o1 :1+A(6%0—1)B (3.16)

Tapp
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where o7 is the maximum effective stress at the breakout center point (6 = 6y, see Fig. 3.3)
computed with the Kirsch equations. A and B are fitting parameters, whose estimation
is included in our methodology. It can be demonstrated that our modified relationship

reduces exactly to that of Shen (Eq. 3.13) when the internal wellbore pressure is ignored.

3.2.5. Estimation of DITFs occurence

The occurrence of drilling induced tensile fracture is evaluated by the Rankine criterion:

o3 < T, (3.17)

where Ty, is the tensile strength (negative meaning tension). The minimum effective prin-
cipal stress at the borehole wall, o3, is computed using the Kirsch solution presented in
Appendices A and B and accounts for the wellbore internal pressure and the thermal stress
arising from the cooling of the borehole wall. Note that both axial and en-echelon tensile
fractures, A-DITFs and E-DITFs (Brudy and Zoback, 1993) are considered jointly in our

implementation.

3.2.6. Parameter estimation

Our methodology, as any other stress characterization methodology, includes uncertain
parameters (e.g., friction, cohesion, etc.). Traditionally, parameter uncertainties are taken
into account through parametric sensitivity analysis or by manual trial-and-error calibra-
tion at best. Instead, we cast the estimation problem in the mathematical framework of
automatic inverse modelling, which frees the modeller of the burden of having to deal with
complex, tedious, and prone to error testing of different parameter combinations. In broad
terms, inverse modelling refers to the process of gathering information about the model
from measurements of what is being modelled (Ramirez et al., 2005).

Once a conceptual model represented by equations (Sections 3.2.1 to 3.2.5 and Appen-
dices A and B), the inverse problem, also known as history matching, tomography or
calibration, consists of estimating the set (or sets) of parameters that best fit observations
through the aforementioned mapping equations. This is achieved by minimizing a penalty
function F', so-called objective function, which measures the misfit between calculated
and observed values, arranged in vectors O and O, respectively, with components O] =
{wpo*,eBo* 0", D*}. The set of calibrated parameters, described below, is arranged in

vector M. The objective function F' can be expressed in a generic manner as:

4 npar
F=Y M0 -0)V; (0 - 0%) + > Bj(M; — M)V H(M; = M3)  (3.18)
i=1 j=1

where subscripts ¢ and j stand for type of measurement (i = 1 for wp,, i = 2 for
€50, etc.) and parameter, up to npar (j = 1 for parameters characterizing Symaq,

j = 2 for those of Shmin, etc.). The scalars \; and §; are global calibration weights
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that balance the contribution of the individual pieces of information. Matrices V; and
V; are the corresponding prior covariance matrices, which contain information about the
initial uncertainty of each measurement /parameter type and the possible cross-correlations
between them. Note that cross-correlation between measurements and parameters is not
included in our calculations because these are already accounted for in the direct problem
equations (e.g., in the Kirsch closed-form solution or in the expression of the chosen
failure criterion). A; and j; are global weights, whereas the inverse of matrices V; and
V; can be viewed as a collection of individual, per-measurement, weights, . A more
developed expression for the first term, of F', involving measurements only and assuming

no correlation between measurements at different depths, can be written as:

n

n
_ . * 2 L% 2
Fr = E :/\WBo,i '5wBo,i ) (’LUBO,Z - wBO,i) + E )\EBO,i '6eBo,¢ ’ (eBOﬂ 6BO,i)
i=1 i=1
NDITF

+) N, 0, (0y, = 65)°+ > Ap,-dp, - (Di - D;)* (3.19)
i=1 =1

where § = 0—12 is the inverse of the variance of each individual measurement (i.e., report-
ing on the degree of the confidence) and nprrp is the number of DITFs observations. The
second term, of parameters, in Eq. 4.2 can be developed similarly. Note that the formula-
tion of F' in Egs. 4.2 and 3.19 is none other than that of generalized least squares of the
well-known maximum likelihood method, which consists of maximizing the probability of
observing the measured data with respect to the parameters (i.e., maximizing the param-
eters likelihood). Both allow to account for prior information of parameters (Edwards,
1974). As observed, the first term in F' accounts for the misfit between calculated and
observed breakout geometries and DITFs. The second, so-called plausibility term (Alcolea
et al., 2006), penalizes the departure between parameter estimates and the corresponding
prior information, arising, e.g., from prior studies, laboratory analyses and/or field tests
like XLOTs. As such, we aim at finding not only the typically displayed goodness of fit,
but the goodness of fit achieved with reasonable, or plausible, parameter values. Note that
Whoepo and 0%, are direct measurements. However, the presence/absence of DITFs is a
binary variable (yes/no), which does not favour mathematical parameter estimation. To
tackle this problem, we generate an estimate of the minimum hoop stress at the borehole
wall consistent with observed DITFs. To that end, prior estimates of the mean tensile
strength and of its standard deviation are required, which define a statistical Gaussian
distribution of tensile strength, T,,. The raw observation is the total length of the borehole
where DITFs are present standardized by borehole length, Lp/L - 100 (%). With these
data, a statistical distribution of the maximum hoop stress yielding DITFs at the corre-
sponding measured depths is generated and arranged in vector D*. The parameterization

of the problem depends on the desired characterization. 1% order characterization aims at
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estimating depth trends. In such case, parameters are expressed in a generic manner as:
p=a-TVD+b (3.20)

Our methodology includes the segmentation of the borehole according to e.g., geological
observations. Thus, parameters a and b can vary with depth in a step-wise manner,
which allows us to consider, the presence of different strata yielding en-echelon parameter
depth profiles. Uncertain parameters, at each borehole segment, are the slope, a, and the
shift, b, of all parameters intervening in the direct problem equations (See Section 3.5.1,
and Appendices A and B in the supplementary materials). If segmentation is applied,
calibrating different shifts may lead to discontinuous parameter profiles caused by, e.g.,
abrupt changes in the petrology of the column or the presence of a prominent shear zone.
If smooth parameter variations between segments are preferred, then only the shifts b at
the shallowest segment should be calibrated to grant continuity.

2nd order characterization aims at estimating the deviations of a given parameter from
its estimated mean (1%* order characterization), which enables the analysis of variability
at all scales. To that end, we used the regularized pilot points method (RPPM, Alcolea
et al., 2006), originally devised by De Marsily (1984), as implemented in the free parameter

estimation software PEST (Doherty, 2015). The generic parameterization now becomes:
p=a-TVD+ b+ e(MD) (3.21)

where € is the perturbation of a parameters around its trend and it depends on measured
depth to account for deviated boreholes. Note that the parameter a multiplies TVD
instead, because most geomechanical parameters are expressed as depth gradients (e.g.,
principal stresses, Haring et al. (2008)). Indeed, MD and TVD are related univocally
through the borehole trajectory.

Pixel-based methods have been developed for the continuum spatial estimation of pa-
rameters (Kitanidis and Vomvoris, 1983; Rubin and Dagan, 1987; Gutjahr and Wilson,
1989). These reduce to a particular case of our formulation in which the vertical dis-
cretization step tends to zero (Meier et al., 2001), which boosts the number of estimated
parameters and precludes the targeted near real-time calibration. Instead, we estimate
variability at selected so-called pilot points. The complete depth profile of a parameter
is obtained by means of interpolation techniques. In our study, we use ordinary krig-
ing (Krige, 1951; Matheron, 1963), which smooths parameter variations. To that end,
a variogram is inferred from the corresponding estimates at pilot points (and possibly,
measurements). Note that each parameter is defined by its own set of pilot points. Thus,
finer or coarser characterizations can be obtained for different parameters, depending on
the pilot point discretization. The total number of pilot points may be larger than the
total number of observations. In that case, the solution may become unstable (Hadamard,

1902). To overcome this issue, two techniques are jointly used, i.e., singular value de-
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composition (SVD; Doherty (2003)) and Tikhonov regularization (Tikhonov, 1963). SVD
reduces the number of parameters being estimated, while regularization adds stability to
the inverse problem solution by incorporating prior information on parameters (second
term in Eq. 4.2).

A key question is the optimal location of pilot points. The density of pilot points
should be larger in areas where a finer characterization is needed. Another, less pragmatic
and subjective alternative consists of placing pilot points randomly (Alcolea et al., 2006;
Hendricks-Franssen and Franssen, 2001); or according to adjoint sensitivity to identify the
most sensitive/informative sections of the data sets (LaVenue and Pickens, 1992).

The vector M, which includes first and/or second order coefficients (a and b, and €
at pilot points for all parameters) is updated by PEST in an iterative manner using the
Levenberg-Marquardt algorithm (Marquardt, 1963). PEST also allows to include upper
and lower bounds to each estimated parameter. As observed, the parameterization for
the 2" order characterization includes that for the 1% order characterization, and all
parameters (a and b, and € at pilot points) can be estimated together. However, prior
studies in the context of this work reveal that depth trends estimated in this manner do
not deviate much from those estimated as raw 15¢ order method (i.e., @ and b only). Thus,
our calibration is made in two steps. First, depth trends of parameters are estimated.
Second, 1% order parameter values at pilot point locations are used as prior information
for the 2" order characterization. For illustration purposes, the suggested methodology
is applied to the data set of borehole BS-1 in Basel, described next.

It is worth nothing that "characterisation" and "estimation/calibration" have two dif-
ferent meanings. On the one hand, characterisation refers to the conceptualisation of the
stress field and the underlying parameterisation. On the other hand, calibration is the
process of estimating the key parameters involved in the characterisation. This vicious

circle causes that, in the inverse problem literature, both terms are used indistinctly.

3.3. BS-1 data description

In 2006, a 5 km deep borehole, termed BS-1, was drilled to the crystalline basement in
Basel (Switzerland) as part of a planned EGS doublet (Haring et al., 2008). In the crys-
talline basement, from 2516 m MD, the wellbore diameter was 9 7/8” down to 4850 m MD.
The borehole was then drilled to a total depth of 5009.4 m MD with a diameter of 8 1/2”.
The borehole is sub-vertical with a maximum deviation from the vertical of 8°. MD was
measured from the rotary , located 9.14 m above ground level.

The crystalline basement was described on-site by observing cuttings (Kaeser et al.,
2007), and only a 10 m long core was retrieved at a depth of 4909 m MD . The composition
of the granitic basement rock is generally homogeneous with slight variations in quartz
content from monzogranite to monzonite. Alteration associated with brittle shear zones
is present locally along the borehole. Ziegler et al. (2015) obtained an average fracture

frequency that decreases with depth (3.1, 1.3 and 0.3 fractures/m at depth ranges 2.62.65
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km, 2.653.0 km, and below 3.0 km, respectively). The upper 400 m of the crystalline
section of BS-1 are interpreted as influenced by paleo-exhumation during the Permo-
Carboniferous prior the sedimentation of the Mesozoic and Cenozoic cover. Thus, this zone
may be affected by a perturbed stress state, either as a remanence of pre-sedimentation
exhumation and relaxation or in response to more recent tectonic loadings.

Ultrasonic borehole televiewer (UBI) logs with azimuthal resolution of 2° were run
between 2578 and 5001 m MD shortly after drilling (Valley and Evans, 2009b). The
fluid velocity in the borehole was measured during the trip in hole and used to compute
wellbore geometry from transit time data. The open hole crystalline section was subject
to an extensive logging program before setting a 7 5/8” casing with its shoe at a depth
of 4638 m MD. A reservoir characterization phase was conducted in the open hole section
below the 7 5/8” casing shoe. Finally, a hydraulic stimulation was performed in December
2006, which caused a felt 3.4 event magnitude and ultimately led to the abandonment of
the project (Héring et al., 2008; Deichmann and Giardini, 2009).

3.3.1. BS-1 failure data

The borehole data used in our analysis and the procedure to infer borehole failure are
described in Valley and Evans (2009b, 2019). Breakouts were identified along 81% of the
logged section and are almost continuous except for a large gap from 2747 m TVD to
2899 m TVD and some other minor gaps at 3820-3856 m TVD, 4185-4221 m TVD and
4582-4631 m TVD (Fig. 3.2). The aforementioned borehole segments coincide with those
of strong intensity of natural fractures. This paradox, involving the coalescent presence
of natural fractures but the absence of borehole breakouts, occures frequently in deep
boreholes and is attributed to local stress heterogeneities and to the impact of thermal
stresses as discussed in Section 3.6. Borehole geometry was averaged from the inferred
breakouts at cross sections with a longitudinal spacing of 40 cm (5001 sections for each

type of measurements, and, overall, 20004 sections; see an example in Fig. 3.3).
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Figure 3.3.: Geometry of the BS-1 borehole at 3509 m MD. The black circle corresponds
to the normal bit size (e = 9 7/8") and the blue envelop corresponds to
the inferred geometry of the BS-1 borehole. A breakout width wgp=92°,
a normalized breakout extent %%:1.41 and a breakout orientation 6,=54°
were measured. Note that the two limbs defining the breakout at 2pm and
8pm clock positions are not necessarily symmetric because the borehole is not
exactly vertical.

Table 3.1 summarizes the statistical description of borehole failure along BS-1. Break-
outs are pervasive along BS-1 (81%), whereas DITFS are present along 20% of the borehole
only. As already observed by Valley and Evans (2019), breakout width, wpo decreases
with depth from an average of 94° in the 2.58-3 km section to 65° in the 4.5-5 km section
(Fig. 3.2b). Normalized failure extension, “2¢, remains relatively constant with depth
(only a slight increase with depth is observed). The change of diameter from 9-7/8” to 8-
1/2” at 4850 m MD does not impact significantly breakout geometry. Considering all data,
the average of 6, is 54° (Valley and Evans, 2009b). The variability of breakout orientation
is shown to follow scaling laws (Valley and Evans, 2014a) and can differ significantly from
the mean orientation at the local scale, which is typically attributed to the presence of
natural fractures and other sources of local heterogeneity. Correspondingly, the standard
deviation of breakout orientation is 14° (Valley and Evans, 2009b).

Overall, 20% of the logged section was affected by DITFs (A-DITFs and E-DITFs,
Fig. 3.2g). As observed, there are not obvious depth trends in the distribution of DITFs.
This suggests that, along the entire borehole length, Ugnm at the wellbore wall is not far
from tensile failure and additional hoop stresses caused by cooling of the borehole wall are
sufficient to induce locally tensile failure. This is further discussed in Section 3.6.

DITFs observations are transformed into minimum hoop stress (in vector D, Eq. 3.19).
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In the presence of DITFs, the minimum hoop stress must be lower than tensile strength
(T,= -4 MPa, tension being negative), whereas the minimum hoop stress remains higher
than the tensile strength in the presence of DITFs. In greater detail, 20% of the BS-1 profile
is affected by DITFs. We generate a minimum hoop stress distribution respecting the
observations of DITFs occurrences. This allows converting the boolean DITFs observations

(occurrence or absence) into a continuous variable which is better suited for our calibration

algorithm.
Table 3.1.: Statistical parameters of key breakout indicators.

Cross sections every 40 cm from 2.58 to 5 km MD: n=6057
Sections with identified breakouts: ngo = 4906
Percentage of wellbore length affected by breakouts: 81%

min max mean std

wgo : 15° 150° 78° 19°

o . 103 1.81 1.28 015

0o : 7° 170° 54° 14°
Sections with identified DITFs: npirrs = 1211
Percentage of wellbore length affected by DITFs : 20%

3.3.2. BS-1 stress state from previous studies

Héring et al. (2008) provided an initial assessment of the stress state. Valley and
Evans (2009b) assessed the orientation of the maximum horizontal stress. Valley and
Evans (2019) used breakout width data to estimate stress magnitudes. The analyses of
microseismicity associated with the stimulation in BS-1 (Kastrup et al., 2004; Deichmann
and Giardini, 2009; Kraft and Deichmann, 2014; Terakawa et al., 2012) gave some further
insights on the stress state. A detailed discussion of the stress magnitudes at the Basel
Geothermal site is given in Valley and Evans (2019) and we refer the interested reader
to this publication for details out of the scope of this paper. We report here only on the
so-called 15% order characterisation, i.e. linear depth trend of the magnitude of Sy, Shmin,
SHmaz and P, and of the azimuth of Spma.. Fig. 3.4 summarizes the published profiles.

The main discrepancies between prior studies concern the Sp,,in and Sgmq: profiles. The
profiles proposed by Valley and Evans (2019) share the commonality of a very low stress
gradient that are required to explain the fact that breakout width decreases with depth
and assuming that the borehole wall strength remains constant with depth, as supported
by the homogeneity of the rock along the BS-1 basement section. The absolute value
of SHmaz is highly uncertain because it depends strongly on the chosen failure criterion
and its parametrization, for which there are not robust evidences. The focal mechanism of
induced seismic events indicate a mix of strike-slip and normal faulting regimes at the level

of the reservoir. The stress profiles proposed by Valley and Evans (2019) are consistent
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Figure 3.4.: Constraints on Sy and Sgmas in the BS-1 well inferred from hydraulic data,
FIT test and RACOS (Braun, 2007) as compiled by Héring et al. (2008). Pro-
files of SHmar and Spmin from Valley and Evans (2019) are also presented.
The colored areas depict upper bounds for Spme. considering frictional equi-
librium (Zoback, 2007), friction coefficients between 0.6 and 1.0 and the two
proposed profiles of Spin. The orientation of Sy IS common to all anal-
yses, i.e., 144 £ 14° (Valley and Evans, 2009b).

with this observation. All proposed profiles are also consistent with the limits imposed by
frictional strength of the earth crust (Zoback et al., 2003).

3.4. Parametric and sensitivity analyses

In this section, we summarize a series of parametric and sensitivity analyses carried out
prior to parameter calibration, aimed at understanding the influence of each parameter
intervening in the formulation of the stress and failure models. Identifying the critical
parameters will help us to (1) reduce the parameterization, and (2) bound the parameter
space. Furthermore, we illustrate the problem of non-uniqueness by calibrating parameters
at the cross-section MD = 3509 m in Fig. 3.3.

3.4.1. Relationship between breakout width and breakout extent in the BS-1
well

Fig. 3.5 displays the cross plot of measurements of breakout width and extent along
the BS-1 well. The data present the expected positive correlation, i.e., as borehole failure

severity increases, both breakout width and extent increase. However, and in spite of
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data scattering, some underlying non-linear trends can be identified. For instance, wide
breakouts with limited extent are observed along the shallower section of the borehole
(blueish dots in Fig. 3.5). Instead, breakouts are relatively narrower at greater depth
(yellowish dots) for a similar extent. In order to identify what parameters control such
trends, we explore first in a generic manner the conditions controlling the relative width
and extent of breakouts.

An obvious condition influencing the relationship between width and extent of breakout
is the difference between stresses in the plane normal to the borehole. To illustrate this
effect, we consider the simple case of a vertical borehole in a stress field with one principal
stress being vertical. The effect of the differential horizontal stress, Aoy, = 0 Hmaz — Thmin,
is illustrated in Fig. 3.6a-b using arbitrary numerical values to facilitate comprehension
and the reproducibility of our numerical experiment. In Fig. 3.6a, we present a case with
Ao, = 2 MPa. The variation of the maximum principal stress at the borehole wall is
8 MPa (from 94 to 102 MPa). Assuming a borehole wall strength C, =100 MPa, the
resulting breakout width is 60° and the normalized breakout extent is 1.08 (corresponding
to a maximum stress at the borehole wall of 102 MPa, 2 MPa above C,; see Sections 3.2.3
and 3.2.4). Fig. 3.6b explores the same conditions using a highly anisotropic stress tensor
with Ao, = 20 MPa. In this case, the variation of the maximum principal stress at the
borehole wall is much larger (4Ac, = 80 MPa). We deliberately choose absolute value
of the stress magnitude leading to the same breakout width of 60°. In this case, the
normalized breakout extent is 1.2 (corresponding to a maximum stress at the borehole
wall of 120 MPa, 20 MPa above C,). We conclude from these two examples that (1)
for larger Aoy, breakouts with identical width will have a larger extent, and (2) in broad
terms, small Aoy, tend to generate wide and shallow breakouts whereas large Aoy, will tend
to generate narrow and extended breakouts. Note that, for simplicity, we have chosen a
simple situation in which the hoop stress is always the maximum principal stress and a
failure criterion independent of the intermediate stress. Indeed, this is not always the
case in practice, and more complex conditions would lead to less obvious computations of
breakout width and extent according to the equations in Section 3.2, which are generic.

Another key point is the asymptotic behaviour of the equations governing breakout
width (Valley, 2007), manifested in the so-called pivot points depicted as black triangles in
Fig. 3.6c-d. The stress curves displayed in Fig. 3.6¢c-d are built by setting and increasing
incrementally opmaee. All the curves share a common pivot point corresponding to an
angular opening of 120°. The stress magnitude at the pivot point is equal to 20pmin
(Eq. B.3 for isotropic stress conditions). When the pivot point is close to the failure line
(Fig. 3.6¢, 20pmin= 96 MPa), breakouts tend to be shallow. On the contrary, when the
pivot point is far from the failure line (Fig. 3.6d, 20, = 76 MPa), extended breakouts
are generated. As a direct comparison, the lower line in Fig. 3.6¢c and the upper line
in Fig. 3.6d yield the same breakout width of 60°, relative breakout extent of 1.08 and

1.16 respectively. Thus, the ratio Uhc% has a strong impact on the relationship between
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Figure 3.5.: BS-1 borehole failure data and failure models. Dots represent measurements
and are colored according to TVD. Failure models are depicted for different
values of the ratio opmin/C, and different values of the governing parame-
ters: (a) mean values suggested by Shen (2008); (b) modified values after a
preliminary calibration exercise.

breakout width and extension. When pivot points are located exactly at the failure line,
i.e., when (’hc%m:O.E), the breakout width is always 120°.

Failure models corresponding to different values of ‘Thc% are superimposed to the Basel
breakout width-extent data set in Fig. 3.5. In broad terms, the suggested failure model
explains well the dispersion of data observed along BS-1. Note that, in our failure model,
the relationship between breakout width and extent is controlled by the parameters A
and B in Eq. 3.13. The lines in Fig. 3.5a display the failure criterion using the average
parameters suggested by Shen (2008), i.e., A= 15.2 and B= 2.67. As observed, the
envelope of solutions obtained in the maximum possible ranges of ‘”‘C% €[0, 0.5] does
not fully cover the breakout geometries at greatest depths (TVD > 4000 m). Fig. 3.5b
displays the same setup, but now using A=6 and B= 3.1, attained after a preliminary
calibration exercise. The coverage of breakout geometries is now better regardless of depth,
as expected. We attribute this to the fact that Shens parameters depend on rock type

(and heterogeneity) and, therefore, must be calibrated.

3.4.2. Sensitivity analyses

Sensitivity analyses are useful to identify parameters with large impact on model out-
puts, i.e., those to be calibrated, and to bracket parameter ranges, thus reducing prior

uncertainties and computational effort. We use as base case the breakout at 3509 m MD
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Figure 3.6.: Illustration of the effect of stress conditions controlling the relationship be-
tween breakout width and extension. The principal stresses (o1, o2 and o3) at
the wall of a vertical borehole are shown in red, green and blue, respectively,
for conditions generating 60° breakout width but a variable breakout extent.
In all cases, a vertical borehole is considered with far field stress o, aligned
with the borehole axis and opme: and opn normal to it. Borehole inter-
nal fluid pressure, P, is taken as 0 MPa and borehole wall strength, C,, as
100 MPa. a) Example with similar horizontal stresses (Acj,= 2 MPa) leading
to shallow breakouts. b) Example with dissimilar horizontal stresses (Aoj,=
20 MPa) leading to extended breakout. ¢) Example with the pivot point close
to the borehole wall strength leading to shallow breakouts. d) Example with

the pivot point low compared to the borehole wall strength leading to ex-
tended breakouts.



Parametric and sensitivity analyses 43

displayed in Fig. 3.3, which we consider as representative of the entire borehole length. A
set of base case parameters (Fig. 3.7) is defined that leads to a good fit of either breakout
width or breakout normalized extent. Note that different rock strength parameters are
used in both cases, which allows us to identify the parameters controlling breakout geo-
metric features separately. Incremental parametric variations of 1% are applied to each
parameter in a range + 20% of the base value, while the remaining parameters are set
to the base case value. The solution, either wpp or ego is computed and represented as
tornado plots in Fig. 3.7. Note that the shape of each bar is the result of an individual
sensitivity analysis. A linear relationship between a parameter and an output (breakout
width/extent) is seen as a perfect triangular bar (e.g., P,,). Instead, nonlinear relation-
ships are seen as thorny or bulgy bars (e.g., Sgmaz and Sppmin, respectively) reflecting the
nature of the correlation.

We have limited the analysis to wpo and epop because breakout orientation is di-
rectly inferred from breakout geometry (and is therefore not parameterized) and the pres-
ence/absence of DITFs depends only on stresses and the cooling but not on the rock
strength properties. As expected, the most influencing parameter in both cases is the
internal well pressure, P,,. The second most influencing parameter is Sgnq:- Moreover,
Shmin plays a very important role at the global scale and must necessarily be calibrated.
The apparent wall strength plays also an important role on breakout geometry. As such,
it is not strange that model outputs are overly sensitive to both cohesion and friction (in
fact, to a suitable combination of them). Last, Shen parameters A and B also play an
important role in the final breakout extent. To make the long story short, the chosen

parameterization for the calibration in Section 3.5 is as follows:

e It is assumed that the vertical stress, S,, is principal and known, which greatly
reduces the number of model parameters. This is justified by the observed small
deviations of the density log around its linear depth trend and is attributed by the
homogeneity of the crystalline section of the BS-1 borehole observed in the cuttings

retrieved during drilling.

e In the same line of arguments, the azimuth of the maximum principal stress Sgmaz
and the strength parameters (internal friction angle, v, cohesion ¢, and modified
Shens parameters A and B) are considered constant in the 15* order approach.
Nonetheless, our methodology is generic and linear depth trends can be accommo-
dated for any of the aforementioned parameters. The parameters controlling thermal
stresses, F/ and v, are assumed constant and known. In fact, they are usually inferred
after the dynamic to static correction of the sonic log in the best case or inherited
from existing literature in most cases. The impact of stiffness variations is discussed

in Section 3.6.

e In the absence of further information, the distribution of formation pressure is as-

sumed to be hydrostatic, which further reduces the parameterization. Although for
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Figure 3.7.: Tornado diagram summarizing the sensitivity analyses: (a) breakout width

[°]; (b) normalized breakout extent [-]. The analyzed parameters are: mud
pressure, P, [MPa], maximum and minimum principal horizontal stresses,
Stmaz and Spmin, respectively [MPa], principal vertical stress, S, [MPal,
internal friction angle, 1 [°], cohesion, ¢ [MPa], Poisson ratio, v [-] and Shen’s
parameters, A [-] and B [-]. Base case values of analysed parameters are
displayed at the centre of the tornado plot. Note that different values are used
for the sensitivity analysis of width and extent. The minimum and maximum
values of inputs (in the range +20% with respect to the base values) are
typed to the left and right of each diagram, respectively. Stress parameters
are common to both cases (S,= 87 MPa, Symaez= 1.37Sy, Shmin= 0.97S,).
A common Poisson ratio v=0.25 and Young modulus F= 65 GPa were used.

example at the BS1 site, a slightly artesian conditions are encountered, we argue that
deviations from the hydrostatic distribution are small compared to uncertainties on

other model parameters.

The chosen first order parameterization, summarized in vector M is:

‘M = {aSHmaz7 bSH'maz ? aShm'Ln7 bShmin’ @, C, w’ A7 B} (322)

The parameter « in this first order parameterization refers to Euler’s angle (see Ap-

pendix A). The second order characterization is carried out by estimating optimum pa-

rameters values at a set of pilot points (common to all parameter type, and is discussed
in detail in Section 3.5.1.1).

3.4.3. lllustration of solution non-uniqueness

Inverse problem often suffers from instability, non-identifiability and non-uniqueness.

Carrera and Neuman (1986) discuss extensively these concepts and show that they are

closely related. Instability is present when small changes in the observations lead to
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large changes in the estimated parameters, and is tackled by using model identification
criteria (Akaike, 1974; Akaike et al., 1977; Rissanen, 1978; Schwarz, 1978; Hannan, 1980;
Kashyap, 1982; Medina and Carrera, 2003; Alcolea et al., 2006). Non-identifiability occurs
when more than one set of parameters leads to a given solution of the forward problem.
Non-uniqueness is present when more than one set of parameters leads to a minimum of
the objective function F. We illustrate non-uniqueness by calibrating only Sgmaz and C,
at the cross-section in Fig. 3.3. All other parameters are set to the corresponding base case
values. Furthermore, the impact of the parameters of the modified Shens criterion is also
evaluated by comparing the breakout extent attained with three different pairs of values
(A,B). Results are summarized in Fig. 3.8, which shows combinations of C, and Sgmas
reproducing the geometry of the breakout. The first obvious observation is that for any
given C,, a value of Spmq. exists that reproduces exactly the observations and that the
calibrated pairs of C, and Sgq: are almost linearly correlated. This is consistent with
Barton’s equation (Barton et al., 1988b), developed for the estimation of Sgrmq. based on
breakout width observations. Unfortunately, C, is usually unknown (or known at certain
sections at best) and thus the problem is under-determined.

As expected, the calibrated pairs (SHmaz,Co) reproducing breakout width (red curve in
Fig. 3.8) do not capture properly the breakout extent and vice versa. The only sets of pa-
rameters reproducing both geometric features are the intersections between the calibrated
wpo and “B2 (squares in Fig. 3.8), which depends on the value of the Shen’s empirical
parameters A and B, not known a priori. Thus, considering simultaneously both breakout
width and extension at a certain section does not allow to converge to a unique optimum
parameter solution at a certain borehole cross-section. Fortunately, adding other sources
of measurements (i.e., breakout orientation, DITFs and, especially, prior information on
model parameters) helps to alleviate non-uniqueness (Ramirez et al., 2005; Alcolea et al.,
2006).
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Figure 3.8.: Illustration of non-uniqueness after the calibration process at the cross-section
at 3509 m MD. The curves depict the calibrated pairs (Sgmaz,Co) capable of
reproducing either a breakout width of 92° or a normalized breakout extent
of 1.41. The latter is carried out using three different pairs of values of Shen’s
parameters A and B. The borehole is assumed to be vertical. The other
parameters used for this basic calibration are: Sp;,, = 48.6 MPa, S, =
87 MPa, P,=34.4 MPa, P,,=1.07- P,, = 30°, v=0.25, E=65 GPa. The filled
squares represent the calibrated pairs (SHmaz,Co) for which we reproduce
jointly wpo and epp at 3509 m MD.
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3.5. Calibration of the developed geomechanical model on

observed failure in the BS-1 well

In this section, we present the calibration results using measurements from 3 to
5 km MD. We first focus on the 15 order characterization, i.e., the estimation of linear
trends of parameters with depth. We argue that 15% order characterization is necessary,
but not sufficient to warrant proper completion (e.g., cementing or packer sealing). Thus,
we analyse the variability of model parameters by calibrating the deviations with respect
to the trend at 201 pilot points, whose location is common to all parameters (i.e., overall
1407 pilot points). We call this stage 2" order calibration.

3.5.1. First order calibration approach

To reproduce BS-1 observations with our failure models, we focus on the model param-
eters that are the most influential and cannot be estimated otherwise. In this 15* order
calibration, we use simplified profile with depth of these model parameters (Eq. 5.1). In
summary our stress/strength model is parametrized by 9 parameters (Eq. 3.22). A number
of starting points is used in the calibration to guarantee that a global optimum is achieved
by the Levenberg-Marquardt algorithm (Alcolea et al., 2000). To that end, the prior dis-
tribution of each parameter is randomly sampled assuming a uniform distribution, which
renders overall 200 initial parameterizations that explore the global parameter space. An
initial rejection criterion, based on frictional equilibrium, is applied to the initial starting

points, as follows:
1. Sample the parameter space.

2. Check coherency and frictional equilibrium (Zoback, 2007; Jaeger, 2007):

b SHma:c > Shmin

S —P
P <[V + 1+ p)?

S3 — P,
where S7 and S3 are the maximum and the minimum total principal stresses

respectively, P, is the pore pressure and (i is the friction coefficient (2 = tan(v))).

Initial sets of parameters not meeting the aforementioned constraints are rejected and
new ones are generated until the target 200 initial coherent parameterizations is achieved.
Note that initial sets of parameters may lead to different final optimum sets of calibrated
parameters with similar final value of the objective function F'. This is a common is-
sue in inverse problem theory, known as non-uniqueness, and is discussed in detail in
Section 3.5.1.1.

Assumptions are required for model parameters that are not calibrated. We use the

following equations for S, and P,:

Sy[MPa) = 24.9 - TVD[km] (3.23)
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P,[MPa) = 9.81 - TVD[km] (3.24)

Based on the mud density measurements collected during the drilling of BS-1, we assume a
hydrostatic mud pressure corresponding to an equivalent mud density, ppuq = 1.07 g/cm3.
We use the actual BS-1 borehole trajectory in our computations. Different cooling profiles
for breakouts and DITFs after Valley and Evans (2019) were used to estimate thermal
stresses as well as the Young modulus (E= 65 GPa) and the coefficient of linear expansion
(8 = 107" K~!). In addition, a set of bounding thresholds is implemented in PEST to

minimize unwanted and large parameter oscillations.

3.5.1.1. Non-uniqueness

A posterior rejection criterion was defined by setting a maximum threshold for the
objective function after calibration, and calibrated models with final objective function
above the threshold were rejected. After this rejection process, only 136 and 95 well
calibrated models were kept using the Mohr-Coulomb and Mogi-Coulomb failure criteria,
respectively.

Fig. 3.9 shows failure observations (wj,%22", 6; and D*) and the 136 well calibrated

horizontal principal stresses using the Mohr-Coulomb failure criterion. As observed, the

breakout width tends to decrease with depth while breakout extent does not vary much,
which is consistent with the BS-1 borehole observations in Fig. 3.2. This can be explained
by the low slopes of calibrated stresses (as,,,,, and ag,, , , with mean values 4.3 and 7.2
MPa/km, respectively; Fig. 3.10), which resemble well the experimental results in Valley
and Evans (2019). All models converge towards a breakout orientation #,= 54°, which is
precisely the orientation of Sp,., reported in Héring et al. (2008).

Fig. 3.11 shows the 95 calibrated stresses and breakout geometries attained by using the
Mogi-Coulomb failure criterion. Despite the overall trends of calibrated principal stresses
are similar to those attained by using Mohr-Coulomb failure criterion, the envelope of the
calibrated SHmqz is now broader due to the strengthening effect of oo (not accounted for
by the Mohr-Coulomb failure criterion). This negative finding, as well as the strengths

and weaknesses of the tested failure models will be further discussed in Section 3.6.

Table 3.2.: Lower and upper bounds of calibrated Sgrmaz and Spmin using Mohr-coulomb
and Mogi-Coulomb failure criteria.

Mohr-Coulomb Mogi-Coulomb
Lower bound Upper bound Lower bound Upper bound
A8 pmae [MPa/km] 5.4 6.5 4.8 7.6
bSimas [MPa] 87 130.2 138.6 230.5
as,, . [MPa/km] 7.5 4.5 6.5 7.6
bs,,..m [MPa] 31.31 87.5 30.6 124.5

Fig. 3.12 shows the correlation at 3000 m MD between the input parameters Smaz,
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(a)

(b) (c) (d) (e)

Figure 3.9.: 15 order calibration results using the Mohr-Coulomb failure criterion. (a)

range of the calibrated Sgmae (pink) and Spin (purple) for 136 different
starting points. S, and pore pressure profiles are depicted by the solid and
dashed black lines, respectively. The blue and red dashed lines depict the
mean of the ranges of the calibrated Shyin and Sgmaqz, respectively; (b) cal-
ibrated and measured breakout width; (c) normalized breakout extent; (d)
breakout orientation; (e) DITFs. In panels (b) to (d), the black symbols
depict measurements, whereas in panel (e), they depict the estimated mini-
mum hoop stress derived from DITFs observations. In panels (b) to (e), the
blue lines represent the outputs of the calibrated models. The grey shaded
zones represent depth ranges without breakouts. The red line in panel (e)
corresponds to tensile strength, 7, = —4 MPa. Finally, the solid green lines
correspond to the mean of the outputs of the 136 accepted models, whereas
the dashed lines represent the 25-75 and 595 percentiles.
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Figure 3.10.: Prior (black) and posterior cumulative density functions in the absence
(blue lines) and in the presence (pink) of an estimate of Sp,, at a depth
4632 m MD: (a) slope of SHmaz; (b) intercept of Semaz; (¢) slope of Shmin;
(d) intercept of Shmin; (e) cohesion, ¢; (f) internal angle of friction, ) and
(g) uniaxial compressive strength, C,.

(a) (b) (c) (d) (e)

Figure 3.11.: 15 order calibration outputs while using Mogi-Coulomb failure criterion. See
the caption of Fig. 3.9 for further details.
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Figure 3.12.: Correlation matrix between the 15' order calibrated parameters Spmaz,
Shmin, €, ¥, Co, A and B and the borehole failure indicators wgo and ego.
Correlation coefficients are placed in the middle of each cell. The Mohr-
Coulomb failure criterion and MD=3000 m were selected. Similar qualitative
results are attained by using the Mogi-Coulomb failure criterion or any other
given depth.

Shmin, ¢ ¥, Co, A and B and the borehole failure indicators wpo and epp using the
Mohr-Coulomb criterion. As observed, the correlation between Sgmaz, Shmin and C, is
almost linear, which is consistent with the results shown in Section 3.4.3. As expected, the
correlation between parameters and measurements is very low, which highlights the non-
linearity of our formulation. As observed in Fig. 3.10, the initial sampling of the parameter
space was nearly uniform (black versus grey lines), and the number of models fulfilling the
posterior rejection criterion is large enough to draw meaningful statistical distributions
regardless of the chosen failure criterion. The range of calibrated parameters is generally
large, which again draws attention to the non-uniqueness of the inverse problem illustrated
in Section 3.4.3. Non-uniqueness highlights the inherent parametric uncertainties and can
be alleviated by adding either more measurements of a given kind, or more kinds of
measurements. In the context of this work, the impact of the number of measurements
was done by skipping cross-sections. This exercise led to results almost identical to those
in Figs. 3.9-3.11. In the next section, we explore how non-uniqueness can be alleviated by

adding an additional type of measurement, i.e., Sy, after the interpretation of a XLOT.

3.5.1.2. Reducing the solutions uncertainty

The best estimate of Sp:, from hydraulic stimulation was considered as a measure-
ment (Héring et al., 2008) at a depth of 4632 m MD. The new measurement was added
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to the objective function F' in Eq. 3.19. The first order calibration was carried out using
the same 200 initial set of parameters as in the prior exercise. After applying the poste-
rior rejection criterion based on the objective function value, only 120 and 90 models are
selected when the Mohr-Coulomb and Mogi-Coulomb are used as failure criteria, respec-
tively (136 and 95 in the absence of the Sh;,;, measurement). Figs. 3.13 and 3.14 show
the dramatic reduction of uncertainty in the calibrated stress model parameters regardless
of the considered failure criterion, as displayed by the narrower envelopes of plausible so-
lutions. Interestingly, the use of the Mogi-Coulomb criterion leads to conceptually wrong
stress profiles, which are inconsistent with the faulting regime data derived from the fo-
cal mechanisms of the microseismic events induced during hydraulic stimulation, i.e., not
honoring the transitional regime at ca. 4800 m MD. Although this may be a plausible
inference, we acknowledge that the kinematics of faulting represented by focal mechanisms
is not always consistent with faulting mechanics represented by the stress state. Indeed,
the Mohr-Coulomb criterion is, in the case of BS-1, more consistent, but this does not
exclude the validity of the Mogi-Coulomb criterion. The Mogi-Coulomb failure criterion
is nevertheless problematic in at least two other aspects. First, it yields calibrations that
contravene bounds on admissible Sppqe, values imposed by frictional limits (Valley and
Evans, 2019). Second, it is not capable of reproducing, in the case of BS-1, the simulta-
neous observation of a decrease in breakout width and constant breakout extension with
depth when using the Mogi-Colomb criterion (Fig. 3.11). For these reasons, we use the
Mohr-Coulomb criterion in further analyses.

The reduction of parametric uncertainties is best observed in Fig. 3.10. As observed,
including one single measurement of Sy, reduces drastically the range of calibrated

parameters, as inferred from the steeper shape of all CDFs.
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(a) (b) (c) (d) (e)

Figure 3.13.: 15 order calibration outputs in the presence of a new measurement of Symin
considering the Mohr-Coulomb failure criterion. See the caption of Fig. 3.9
for further details.

3.5.2. 2" order calibration

The 15 order calibration presented so far yields practical insights on the general trends
of both stress and strength along the borehole. These trends are representative of the
mean conditions along the borehole, but are not capturing the variation around the mean.
In natural systems like rock masses, such variations can be locally large. It is important
to quantify this variability for the design of completion schemes including packers because
such variability can cause locally conditions that are much more severe than the average
conditions and that can cause completion problems. To fill this gap, the 2" order cal-
ibration is carried out using as starting parameterization and prior information the 15
order parameter values leading to the median profile of Sgpmq, in Fig. 3.9. Only one cal-
ibration is presented here for the sake of brevity. For the reason stated in Section 3.5.1,
only the Mohr-Coulomb failure criterion is used. Each parameter intervening in model
equations is now parameterized with pilot points regularly spaced every 10 m. The pilot
point discretization is common to all strength and stress parameter profiles, which leads
to an overall parameterization involving 1407 pilot points. Ordinary kriging was used as
spatial interpolation algorithm to render continuous profiles from values at pilot points.

The results in terms of goodness of fit and derived parameters are displayed in Figs. 3.15
and 3.16, respectively. The 2" order calibrated outputs (Fig. 3.15) resemble not only the
trends observed in measurements, but also the corresponding small scale variabilities. The

goodness of fit is striking, the root mean square errors being 10°, 0.086, 9° and 4.6 MPa for
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(a) (b) (c) (d) (e)

Figure 3.14.: 15 order calibration outputs in the presence of a new measurement of Symin
considering the Mogi-Coulomb failure criterion. See the caption of Fig. 3.9
for further details.

breakout width, normalized extent, orientation and DITFs, respectively (the initial misfits
corresponding to the 15¢ order calibration were 27°, 0.175, 25° and 11.5 MPa). The ond
order calibrated outputs reproduce well most of the small gaps without breakouts (shaded
blue areas in Fig. 3.15a) and most of the maxima/minima of normalized extent (Fig. 3.15b).
The extreme values along measured profiles are not exactly captured because (1) the
number of pilot points, which exerts major control on computation effort, is not enough for
that purpose, and (2) capturing the variability at the smallest scale would lead to undesired
large (although perhaps realistic) oscillations in the profiles of calibrated parameters in
Fig. 3.16. The derived parameters stress/strength in Fig. 3.16 are all plausible. The stress
profiles of Sgmez and Spmin reproduce well the transitional regime at ~4800 m depth
reported by Valley and Evans (2019). The profiles of strength parameters in panels b to d
display values coherent with those in the literature (Valley and Evans, 2019). It is worth
noting how the interplay between stress and strength is properly captured by the 2"d
order model, i.e., there is a general negative correlation between the peaks of stress and
strength at the gaps in the absence of breakouts (low stress/high strength or vice versa).
The orientation of breakouts displays low departures (£ 5°) from the median value of
144°, as reported in Héring et al. (2008). Finally, Shens parameters defining our failure
model are well within standard limits (Shen, 2008).
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Figure 3.15.: Calibrated failure profiles using pilot points method from 3 to 5 km. (a)
breakout width; (b) breakout extent; (c) breakout orientation; (d) Trans-
formed and calibrated DITFs. In (a)-(c), the grey circles correspond to
failure observations while in (e) they depict the estimated minimum hoop
stress derived from DITFs observations. In (a)-(e), the dashed blue lines
correspond to the calibrated failure using Mohr-Coulomb criterion. Light
blue shaded areas in panels (a), (b) and (c¢) correspond to depths with no
breakouts. The red line in panel (d) depicts the tensile strength,7,=-4 MPa.

Figure 3.16.: Calibrated input parameters profiles using pilot points method from 3 to
5 km. (a) minimum and maximum principal horizontal stresses Spmq, and
Shmin; (b) Cohesion; (c) internal friction angle; (d) uniaxial compressive
strength; (e) the angle a of Euler and finally the regression parameters of
Shen (f) A and (g) B. The dashed lines in all panels correspond to the initial
depth profiles.



56 Chapter 3 - Calibration methodology

3.6. Discussions

3.6.1. Failure models evaluation

Our evaluation of failure models approach allows us to explore the validity of failure
criteria and their ability to reproduce the borehole failure observations. In theory, models
accounting for the strengthening effect of the intermediate principal stress — such as the
Mogi-Coulomb criterion used in our study — capture more completely failure processes
compared to models ignoring this effect (e.g. the Mohr-Coulomb criterion). However,
our analyses show that calibration using the Mogi-Coulomb combined with an estimate of
Shmin Magnitude from hydraulic tests leads to conceptually wrong stress profiles. Indeed,
the obtained stress profiles (see Section 3.5.1.2) suggests a pure strike-slip stress regime
(SHmaz > Sy) while indications from focal mechanisms indicate a mix of strike-slip and
normal faulting regimes (Sgmar =~ Sy). Profiles obtained using the Mohr-Coulomb crite-
rion are consistent with the stress regime observations, honoring the transitional regime
at ca. 4800 m MD. These results are also in agreement with Valley and Evans (2019).
Although this rationale is plausible, the kinematics of faulting represented by focal mech-
anisms is not always consistent with faulting mechanics represented by the stress state.
Thus, choosing an "appropriate" failure criterion cannot be based solely on this observa-
tion.

When discussing the validity of the failure criterion, we shall recall that we used the
Kirsch closed-form solution to compute stress because it is computationally attractive and
is easy to implement. However, one must bear in mind its limitations. This analytical
solution does not capture progressive failure and assumes that the initial breakout width
remains constant once failure is initiated. Thus, this method tends to underestimate bore-
hole failure parameters. Instead, the Mohr-Coulomb failure criterion tends to overestimate
failure parameters because it neglects the strengthening effect of the intermediate stress
effect. We assume that the Mohr-Coulomb criterion is performing well in our application
because both conservative and non-conservative effects are compensating leading to stress
and strength estimates that are consistent with independent stress observations, while
combining the Mogi-Coulomb criterion with the analytical stress computation approach
leads to an overestimation of the Spmmq, magnitude. Based on these results, we recom-
mend to use the Mohr-Colomb criterion in combination with the simple analytical stress
computation which is used as standard in practice. Note that the limitation of analytical
solutions not being able to reproduce progressive failure impairs also the computation of
breakout extension. To solve this issue, we combined the analytical stress computation
with the empirical relationship proposed by Shen (2008). We extended this relationship
for complex stress state where we took into account borehole trajectory, mud pressure and
thermal stresses effect. When properly calibrated, this approach appears to be efficient at
estimating breakout extension.

A path forward to develop the approach would be to make use of a more complex failure

simulation, for example including continuum plasticity, continuum damage mechanics,
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hybrid continuum-discontinuum models. However these approaches involve a large number
of unknowns, they are computationally demanding and we anticipate that they would be
difficult to implement in the massive calibration framework we propose here. The use
of empirical relationship supported by numerical simulation — as we apply here using
the approach proposed by Shen (2008) — is likely the most tractable and promising path
forward to further develop our approach.

These limitations can be tackled by means of numerical models or more complex closed-
form solutions. For instance, transient failure can be modelled by analytical solutions
including continuum plasticity with non-associated flow rules and strain softening (Ha-
jiabdolmajid et al., 2002) or continuum damage mechanics (Sahara et al., 2017) or by
hybrid continuum-discontinuum models (Shen et al., 2002; Alcolea et al., 2016; Marschall
et al., 2017). Unfortunately, the aforementioned approaches are either hard to parame-
terize using standard data sets, involve a larger number of unknown parameter and are

computationally intensive, which precludes parameter estimation (See Section 3.2.6).

3.6.2. Sensitivity analyses

Sensitivity analysis were carried out prior to parameter calibration. Sensitivity analy-
ses are useful to identify parameters with a significant impact on model outputs, and to
bracket parameter ranges, thus reducing prior uncertainties and computational effort. The
sensitivity analysis can help in selecting the parameters used in calibration. One key out-
come of the sensitivity analyses is that the main parameters that influence borehole failure
are Smazs Shmin, ¢, ¥, Py in addition to Shen’s parameters, A and B. We recognise that
for practitioners, drilling mud density management is a primary tool to manage wellbore
stability. However, mud weight is assumed to be constant in this paper (p,, = 1.07g/cm?)
and the consideration of mud pressure on borehole stability is beyond the scope of this
study. The aforementioned parameters were calibrated using PEST in order to reproduce
the BS-1 borehole failure data. However, sensitivity to parameters controlling thermal
stresses (i.e., Young Modulus, E, the coefficient of linear expansion, 5 and the Poisson
ratio, v) was not studied. This is justified by the fact that the thermal stresses are small
compared to the mechanical stress when considering borehole breakouts. Thermal stresses
are however often necessary to consider for explaining DITFs. The estimation of the rel-
evant cooling magnitude occurring during drilling is also subject to uncertainties. We
used a value proposed by Valley and Evans (2019) to estimate thermal stresses and did
not consider them as additional calibration parameters. The topic of the variability of

thermo-elastic parameters on the wellbore failure could be further investigated.

3.6.3. Stresses trends with depth

Our 1% order model calibration provides insight into the depth trend of stress magni-
tudes. The outputs of the 15 order calibration are consistent with Valley and Evans (2019)

but the probabilistic model calibration proposed here allows to investigate a much broader



58 Chapter 3 - Calibration methodology

possible solutions range and increases confidence in the stress characterization. A common
feature of the calibrated Spmas and Spmin profiles is the low gradient with depth. This
explains why breakout width tends to decrease with depth in BS-1, although, solutions
that reproduce equally the observations are non-unique. This problem was addressed by
using regularization, information to bound and constrain input parameters as well as the
available best estimate of Sp,i, from hydraulic stimulation. The latter reduced signifi-
cantly the solution uncertainty, which shows that it is very important to collect these data
in order to constrain the posterior distribution of the calibrated parameters.

The geodynamic explanation of the observed low stress gradient remains uncertain.
Shmin also has a low gradient but this result is largely dependent on the assumed cooling
profile for the formation of DITFs. Valley and Evans (2019) showed that considering a
much lower cooling profile in the upper section of the well can increase the Sy, gradient
by to up to 12 MPa/km, but not more. Another possible explanation is that the stiffness
contrast may affect the stress gradient. An alternate explanation hypothetized by Valley
and Evans (2019) is that the observed reduction of horizontal stress gradient would require
a tectonic strain gradient, with more intense straining at the cover basement interface and
a reduction of the tectonic straining with depth.

In addition to the decrease in depth of breakouts width, we observe that they are
continuous except for a large gap from 2747 m TVD to 2899 m TVD and some other minor
gaps below (Fig. 3.2). These borehole segments coincide with those of strong intensity of
natural fractures. We have been interested in studying this paradox. In order to get the
stress and strength depth profiles in this fractured zone, we run a 1% order calibration
from 2578 m MD to 4000 m MD. The studied depth interval were divided into 3 different
zones: (1) from 2578 to 2758 m MD, (2) from 2758 to 2900 m MD and finally (3) from 2900
to 4000 m MD. In each zone, 7 parameters are calibrated (Sgmaz,s Shmin, @, ¢, ¥, A and B
(Fig. 3.18) and the prior distribution of each parameter is randomly sampled assuming a
uniform distribution, which renders overall 100 initial parameterizations that explore the
global parameter space. Fig. 3.17 shows the calibrated stresses and failure depth profiles.
We notice that stresses magnitudes in 'zone 2’ are smaller than in ’zone 1’ and 'zone 3’
and more importantly, the conditions in 'zone 2’ approaches isotropic stress conditions
(Shmin = SHmaz = Sy). In unfractured zones (zone 1 and 3), Sgma. varies between 102
and 113 MPa, Spi, varies in the range [80.5-90.9 MPa] and S, is approximately equal
to 70 MPa. In the fractured zone (Zone 2), Sgmaz ~ 88 MPa, Spmin ~ 69 MPa). The
maximum stress difference thus decreases from 43 MPa (zone 1 and 3) to 18 MPa (zone
2). As we have almost no breakouts in zone 2, our calibration leads to a strength increase
compared to the one in zones 1 and 3 (C, varies between 115 and 119 MPa in zones 3 and
1 respectively, whereas it is around 137 MPa in zone 2). The fact that 'zone 2’ is mainly
affected by fractures and has almost no breakouts may be explained by a perturbed stress
state in this zone, either as a remanence of pre-sedimentation exhumation and relaxation

or in response to more recent tectonic loading. The fractured rock mass being softer,
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Figure 3.17.: 15¢ order calibration from 2578 m MD to 4000 m MD using the Mohr-
Coulomb failure criterion performed for 100 different starting points. (a)
the range of the calibrated Sgma. (pink) and Spp,in (purple), S, is plotted
in solid black line and the pore pressure in dashed black line; Observed (black
circles) and calibrated (blue lines) (b) breakout width; (c¢) normalized break-
out extent; (d) breakout orientation; (e) transformed and calibrated DITFs.
Gray lines in (b), (c) and (d) correspond to depths with no breakouts. The
red line in (e) depicts the tensile strength T, = —4 MPa.

the stress level and differential stress may be lower which could explain the absence of

breakouts.

3.6.4. Failure variability and implication for rock mass models

Wellbore failure variability is common and has been used to characterize stress hetero-
geneity (Shamir and Zoback, 1992; Valley and Evans, 2010; Afshari Moein et al., 2018;
Valley and Evans, 2014b; Schoenball and Davatzes, 2017). Variations in breakout orienta-
tion gives a direct estimate of the stress orientation variability. However, an estimation of
stress magnitude heterogeneity is more difficult to derive since it requires an independent
estimate of strength. With our 2°d order calibration methodology, we can investigate the
potential source of observed borehole breakouts variability and quantify in-situ the poten-
tial magnitude of stress and strength variability. Two end-members rock mass models can

potentially explain the observed failure variability:

1. The failure variability arises primarily from the variability in stress orientation and
magnitudes within a rock with relatively constant strength. A credible explanation
for the stress variability is the stress perturbations associated with fracture slip.
Studies of wellbore failure variation around fractures have been shown to be related
to fracture slip (Shamir and Zoback, 1992; Valley, 2007).
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Figure 3.18.: Histograms of the calibrated parameters (plotted in columns) in each of the
three considered zones (rows). (a) maximum horizontal principal stress,
SHmaz; (b) minimum horizontal principal stress, Spmin; (¢) Euler’s angle,
a; (d) cohesion, ¢; (e) internal friction angle, v; (f) Shen’s parameters, A
and (g) B.

2. The failure variability arises primarily due to variability in rock strength. In crys-
talline basements, like in the BS-1 borehole, strength variability could be associated
with alteration related to hydrothermal fluid circulations. Velocity profiles derived
from sonic logging shows variability (Holliger, 1996) that could be related to strength
and stiffness rock variability, although variation in stresses could also explain velocity

variations.

These two rock mass models are not incompatible, and it is not unlikely that both
stress and strength variations occurs concomitantly. We investigated these scenarios by

performing 24

order calibrations where only the stress parameters are calibrated while
the strength parameters are assumed to be constant (Fig. 3.19) and here only strength
parameters are calibrated and with no stress variability (Fig. 3.20). In both cases, the
failure variability can be reproduced satisfyingly.

The histograms of Fig. 3.21 illustrate the variability distributions of stress and strength
parameters for these two scenarios as well as for a case where both strength and stress
parameters are calibrated concomitantly. The coefficient of variations (COV') for strength
parameters are 20% and 13% for cohesion and friction, respectively. Such values are not
surprising and correspond to the variability obtained from data compilation from testing
programs on igneous rocks (Aladejare and Wang, 2017). A variability in stress of 7 to
8 MPa (10) is observed when strength parameters are assumed to be constant. Comparing

these standard deviations with absolute stress magnitude in the range of 80 MPa for Shin
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Figure 3.19.: Calibrated failure profiles for the first scenario where it is assumed that
breakouts and DITFs variability comes from variability among stresses only.
See the caption of Fig. 3.15 for further details.

and 105 MPa for Sjqe lead to a maximum COV for the stress parameters of about 10%.
Such values can be easily explained by stress variability induced by fracture slip (e.g.
Valley et al., 2014). Thus our observations and analyses are consistent with both the
proposed source of failure variations (strength or stress heterogeneity) and it is likely that
both sources act concomitantly at inducing failure parameters variability. However, it
is important that considering only strength variability while assuming that stresses are
linear trends in depth does not explain neither the variability of the breakout orientation
nor the DITFs. Our analyses provide however a unique opportunity to quantify in-situ

the magnitude of the stress and strength variability.

3.6.5. Limitations and applicability of the methodology

The novel methodology described above proved very efficient on the BS-1. Its mathe-
matical formulation (see Section 3.2) is generic and applicable to any case study. However,
as any new method, if suffers from some limitations. In this section, we summarize them
and provide some ongoing footsteps to overcome them. One of the main novelties of
our methodology is the inclusion of breakout extent in the calibration process. Breakout
extent has been traditionally neglected because its computation is difficult. Theoretical
considerations and experimental observations suggest that breakouts develop by progres-
sive failure, i.e., incremental evolution of the borehole shape characterised by a fairly stable
breakout width and an increasing extent (e.g., Zoback et al. (2003)). Solving progressive

borehole failure requires complex numerical simulations including, e.g., viscoplastic con-
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Figure 3.20.: Calibrated failure profiles for the second scenario where it is assumed that
breakouts variability comes from variability among rock strength only. See
the caption of Fig. 3.15 for further details.

Figure 3.21.: Histograms of parameters variability, €; .;, for three different scenarios assum-
ing that failure variability is due to (1) both stress and strength variability
in depth (black shaded histograms), (2) stress variability only, (3) rock het-
erogeneity only. These shaded histograms show the probability on the y axis
and the bins centers on the = axis of (&) SHmaz; () Shmin; (¢) cohesion, ¢;
(d) internal friction angle, ¥ and finally Shen’s parameters (e) A and (f) B.
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stitutive laws, which are not tractable in a calibration process often demanding a large
number of iterations. However, breakout extent is a very important parameter because it
addresses the suitability of borehole segments for zonal isolation, i.e., for packer location.

To overcome this impasse, we use an empirical approach (see Section 3.2.4). Possible
improvements involve more complex mathematical approaches, e.g., the semi-analytical
approach proposed by Setiawan and Zimmerman (2020). Dealing with the absence of
borehole breakouts is also difficult. The absence of breakouts indicates that failure condi-
tions have not been met at the borehole wall, but do not provide insights on how far from
failure is the stress-strength state. This often lead to difficulties in the calibration process,
which tends to yield stress conditions at the borehole wall close to failure, even in the
absence of breakouts. We did not encounter this problem in the case of the BS-1 dataset
because breakouts are pervasive (81% of the borehole length) and sufficient information is
available for constraining the calibrated solutions.

However, we envisage ill-posed inverse problems in case studies with limited occurrence
of breakouts. A possibility to overcome this problem consists of adding a penalty criterion
to the objective function (Eq. 4.2) that accounts for discontinuous or boolean variables
(presence/absence of breakouts, i.e., failure or not). Unfortunately, boolean variables are
not well-suited for constraining calibration and equivalent continuum criteria should be
used instead. The same occurs with the evaluation of DITFs. In that case, we calculate
the minimum hoop stresses leading to the presence/absence of DITFs. A similar criterion,
taking into account stress and strength parameters can be used to account for the pres-
ence/absence of breakouts. The BS-1 borehole is essentially sub-vertical. In principle, the
use of data out of deviated boreholes should not pose any additional difficulty. In fact,
the combination of boreholes with different orientations should increase both quantita-
tively and qualitatively the calibration constraints and yield better solutions. In fact, the
robustness and applicability of the suggested methodology is being tested at present.

The sensitivity to parameters controlling thermal stresses (i.e., the Young Modulus, the
coefficient of linear expansion and the Poisson ratio) has not been analysed yet, which was
justified by the relative low presence of DITFs in borehole BS-1. In this line of arguments,
the impact of the heterogeneity of thermo-elastic parameters on wellbore failure should be
further investigated. Finally, it is important to highlight that our approach is based on
the inversion of principal stresses at the borehole wall. The concomitance of low internal
well pressure (quasi hydrostatic) and the in-situ stresses in BS-1 favour the tangential
stress as the maximum principal stress. However, this may not be the case in practice
and particular breakout geometries may be generated (?7) that are hard to cope with the
suggested methodology. Similarly, stress-strength situations in which breakouts initiate
with large width (> 90°) often lead to total borehole collapse and the formation of washouts
(Zoback et al., 2003). Such special situation would also lead to difficulties in applying our

inversion approach.
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3.7. Conclusions

In state-of-the-art wellbore failure analyses, stresses and strength properties are com-
monly estimated separately. Given the limitations of the traditionally used approaches,
we proposed in this paper a new methodology to jointly evaluate the stress tensor com-
ponents and orientations, and the rock strength properties (e.g. cohesion, friction) in a
robust probabilistic framework. For this purpose, analytical and empirical solutions for
estimating wellbore stresses and failure parameters were combined with the regularized
pilot points method as implemented in the PEST software. We used measurements which
are available during or shortly after drilling, i.e., breakout width, breakout extent and
breakout orientation at different depths in addition to the presence/absence of DITFs (in-
cluding both axial and en-echelon tensile fractures, A-DITFs and E-DITFs). In addition,
measurements of estimated parameters can be easily included in a generic manner (e.g.,
Shmin interpreted from XLOT, etc). Also, all stress components around the borehole,
including the remnant thermal stresses arising from the cooling of the borehole wall were
accounted for. For illustration purposes, the proposed methodology was applied to the ex-
tensive borehole data set along the 2.5 km crystalline section of the borehole BS-1, in Basel
(Switzerland). Our failure analyses approach and its application to the data set from the
BS-1 borehole allow us to improve our understanding of failure processes in boreholes, the
relationship amongst failure parameters and to better understand the stress and strength

conditions and their variability in the earth crust:

e Breakout width is commonly analyzed to estimate the in-situ stress state while
breakout extension is considered to be ineffective for such purpose and thus largely
neglected. In this paper, we investigated in more details borehole failure by using
not only breakout width for stress and strength estimation but also breakout extent,
breakout orientation and the presence or absence of DITFs. Using data from the deep
geothermal well BS-1, shows that width and extent of failure are non-linearly related.
This can be explained by considering the relationships between stress concentration

at the borehole wall and material strength.

e Based on the observed relationships between width and extent of failure, we devel-
oped a new approach by extending Shen’s empirical relationship (Shen, 2008) to cover
wellbore conditions that include internal well pressure, pore pressure and thermo-
elastic stress and apply it considering the Mohr-Coulomb and Mogi-Coulomb failure
criteria. This approach provides an effective and computationally efficient way for

analysing the extent of failure.

e The joint inversion of stress and strength parameters proposed in our approach lead
to a non-unique solution for the strength and stress profiles. This problem was
addressed by using singular value decomposition and regularization, information to

bound input parameters and the available measure of Sy, from hydraulic stimu-
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lation. The latter reduced significantly the solutions uncertainty, which shows the

importance of collecting such data.

¢ We show that in the framework of the simplified stress computation using an elastic
solution around a cylindrical opening (Kirsch, 1898), the Mohr-Coulomb criterion

provides the stress profiles the most consistent with independent observation.

e The obtained stress profiles present systematically low stress gradients which con-
firms the results of Valley and Evans (2019) obtained within a less systematic pa-
rameter estimation framework. The geodynamic explanation for such low stress
gradients remains uncertain but could be attributed to non-uniform tectonic strain-

ing associated with decoupling at the basement-cover interface.

e The absence of breakouts along certain segments of BS-1 is consistently associated
with increased natural fracturing. We analysed this situation with our parameter
estimation approach and showed that the absence of failure requires a reduction of
the differential stress with a stress state tending toward isotropic conditions. These
stress conditions can be explained by stress relief and rock mass softening associated
with fracturing. In the upper crystalline section of the borehole, near the basement-
cover interface, such stress relief and fracturing could be associated with the near

surface exhumation that took place in carboniferous and permian times.

e Our 2" order analyses suggest that both strength and stress heterogeneity likely
contribute concomitantly to the observed borehole failure variability. We provide
a unique in-situ quantification of strength and stress parameters. The COV for
frictional parameters is about 13% and 20% for cohesive strength parameters. The
COV for stress magnitude variations is about 10%. However, the variability of the
strength only while assuming that the stresses are linear functions of depth, is not

sufficient to explain the variability in depth of both DITFs and breakout orientation.

e The wellbore failure analyses approach presented in this paper sets the base for
quantitative wellbore failure prediction and risk analyses that are required for the
design and deployment of innovative borehole completions enabling zonal isolation
that are required for unlocking the potential of deep Engineered Geothermal Systems

(EGS).
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Abstract

Wellbore instability is a serious problem in well drilling that can lead to costly delays
caused by stuck pipes and irregular cross-sectional geometries entangling well completion.
The important developments made in the oil & gas industry, most often in the context of
sedimentary rocks, are not readily applicable to geothermal projects because the failure
mode is different, so is the quality and amount of available data. Most published studies
are based on deterministic and decoupled estimations of the stress and strength parame-
ters driving borehole stability, which is not appropriate for deep geothermal wells in which
the amount of data is not sufficient to constrain such deterministic models with a sufficient
level of confidence. In Chapter 3, we propose a novel and efficient methodology for the
calibration of stress and strength parameters together. Once calibrated against available
measurements, e.g. down a certain depth, the model can be used to generate stochastic
simulations of the borehole geometry (breakout width, extent/penetration depth and ori-
entation and the presence/absence of drilling induced tensile fractures) to be expected if
the drilling progresses. The methodology includes a multiple-point statistical approach to
yield a manifold of equally likely simulations, which allows us to cope with the inherent
parametric uncertainties. The robustness of the proposed methodology is applied to the
extensive borehole data set along the crystalline section of the borehole BS-1 in Basel
(Switzerland). First, model parameters are calibrated with a data subset, down to 3.6 km
depth. Next, simulations of the well down to 5 km are carried out. The methodology is
proven to be accurate, fast and able to reproduce the observed variability of parameters,
both in terms of ranges and patterns. The proposed methodology is a hopeful step forward
in the path to minimizing risks derived from wellbore instability, as it may help drilling

engineers and field planners to make right decisions during drilling operations.
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4.1. Introduction

In recent years, the drilling of sophisticated and challenging well trajectories (i.e., multi-
lateral, horizontal and highly deviated wells) has gained steam to enhance the productivity
of oil and gas and geothermal fields. The main challenge that drilling engineers usually
encounter is the choice of the optimal mud weight, borehole trajectory and completion
scheme to guarantee borehole stability and facilitate further operations within the bore-
hole. This is particularly important for Engineered Geothermal Systems (EGS), which are
planned with zonal isolation with packers. Indeed, it can improve control during reser-
voir stimulation and optimize reservoir management. Borehole stability is a well-known
issue in the oil and gas industry. Optimal drilling parameters are estimated by trial and
error on many wells, developing an empirical and site specific know-how for selecting
them. Instead, the conditions are radically different in deep geothermal industry. First,
the geological conditions are very different and boreholes are drilled to deep crystalline
rocks. Second, the failure mode is generally different (shear band in sedimentary rocks vs.
spalling in crystalline rocks). Third, the heterogeneity of a crystalline reservoir is much
affected by the presence of local features like fractures, shear zones, etc. Finally, the deep
geothermal industry is still not mature and cannot rely on the experience gained from the
drilling of many deep wells. In deep geothermal, only few wells are usually drilled in a
site and the collected data cannot feed efficiently the empirical relationships required for
optimizing drilling parameters.

Deep wells drilled to the crystalline basement are affected by borehole breakouts when
the stress concentration at the borehole wall exceeds the rock strength. These features
may cause low drilling performance and highly irregular borehole shapes that entangle, or
even preclude, the proper installation of any kind of completion system. In fact, borehole
instability compromises sometimes the economic success at early stages of EGSs and must
therefore be comprehensively analysed. Borehole stability analyses rely strongly on the
estimated stresses and strength parameters, which are usually highly uncertain. Determin-
istic analyses are doomed to fail to account properly for such uncertainties and a rigorous
parameter estimation framework is required. A number of models have been developed to
compute borehole failure in deviated wells. For instance, Al-Ajmi and Zimmerman (2006,
2009) developed a 3-D analytical model to study the behavior of the collapse pressure un-
der different in-situ stress regimes and drilling trajectories. Russell et al. (2003) analyzed
the stability of the Tullich field wells and concluded that boreholes drilled parallel to the
maximum horizontal stress have minimum risk of instability. Last and McLean (1996)
showed that highly deviated wells are more stable than vertical wells in an overthrust
region by conventional stability analysis. Hassan et al. (1999) used logs and core data to
evaluate the stability of boreholes with different deviations. Awal et al. (2001) found that
the optimal wellbore trajectory can be either vertical, directional or horizontal depending
on the in-situ stress regime.

The vast volume of literature on borehole stability analysis and optimal borehole tra-



Methodology 71

jectory selection is mainly on deterministic analysis, specific to local conditions and fail
at systematically integrate parameters uncertainties. In the first paper of this series,
Dahrabou et al. (2022b) propose an efficient methodology to estimate wellbore failure pa-
rameter sets that reproduce the observations of cross-sectional borehole geometry. In this
paper, we extend the methodology to failure prediction. The stress and strength model
can be calibrated against measurements down to a certain depth, e.g., that of the kick-off
point of a possible deviated trajectory, and stochastic forecasts of different boreholes tra-
jectories (including diameter changes) can be carried out that account for (1) all available
information, and (2) the inherent variability and uncertainty of model parameters. For
illustration purposes, we apply the methodology to the prediction of the deepest part of
the BS-1 well (Héring et al., 2008) in order to verify the applicability and robustness of
the developed method. First, the parameters of the failure model described in Dahrabou
et al. (2022b) are calibrated against data from the shallower part of the borehole in the
crystalline rock (from 3 to 3.6 km depth). Second, a number of equally-likely stochastic
simulations of the remaining 1.4 km, which include a severe change of diameter, is carried
out. Finally, a comparison between predictions and actual observations along the deepest

part of the well is established, which allows us to validate our methodology.

4.2. Methodology

The overall methodology presented in this paper consists of two main steps, i.e., cal-
ibration and prediction (Fig. 4.1). Calibration of stress and strength parameters of the
proposed failure model is made against existing data, typically collected along the shal-
lower section of the well (Dahrabou et al., 2022b). The calibrated failure model is then
used to predict failure in the subsequent well sections. Note that the calibration can be
updated at any stage of the drilling process as soon as additional data are available, which
alleviates parametric uncertainties and improves predictions. The basic steps of the pro-
posed methodology are described in greater detail in subsequent sections and itemized

next:

1. Calibration of model parameters against observations along the shallower section of
the well:

o Step 1: jointly estimate the stress state and rock strength parameters by 15¢
order calibration (Dahrabou et al., 2022b). This fast calibration, involving a
few parameters (those defining 15* order parameter linear trends), is carried out
for N different starting points in order to span the entire parameter space and

account for non-uniqueness of the solution.

o Step 2: select a subset of M representative 15¢ calibrated models as start-
ing points for the 2"4 order calibration in order to evaluate local fluctuations
around the previously computed 15¢ order trends. The 27! order calibration is

computationally intensive, which precludes using too many starting points.
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e Step 3: perform 2" order calibrations using the regularized pilot points method
(RPPM, Alcolea et al., 2006), originally devised by De Marsily (1984), as
implemented in the free parameter estimation software PEST (Doherty, 2015)

using as starting points the 15¢ order trends selected in step 2.

2. Prediction of different borehole trajectories and geometries:

o Step 4: extrapolate linearly the calibrated parameter trends of the selected 15
order models (Steps 1 and 2) to a larger depth. This assumes that there is not
a severe disruption of the lithological conditions precluding the extrapolation
of the calibrated trends.

e Step 5: perform 1% order predictions using the extrapolated parameters and
the failure model described in (Dahrabou et al., 2022b) in order to verify the
consistency of the predictions. In this paper, we also carry out a verification
analysis by comparing the predictions with available observations along the
deepest section of the well, which allows us (1) to validate the methodology,

and (2) to evaluate the accuracy of our predictions.

o Step 6: use the 2" order calibrated models obtained in Step 3 as training
data sets to generate synthetic variability for each parameter along the deepest
section of the well using a Multiple-Point Statistics (MPS) technique. Several
equally-likely realizations of parameter variability (and corresponding predic-

tions) can be simulated for each 2°¢ order calibrated model.

e Step 7: use the ensemble of produced stochastic realizations to predict failure
along the deepest part of the well, and analyze the consistency of the predic-

tions.

4.2.1. 1t and 2" order calibration in the shallower section of the well

Dahrabou et al. (2022b) proposed a systematic and rapid methodology to estimate
depth profiles of the characteristics of the local stress tensor and strength parameters
jointly. The methodology is summarized below for the sake of completeness. The 15
order characterization aims at estimating depth trends for each of the stress and strength

parameters to be calibrated. 15 parameters are expressed in a generic manner as:

p=m-TVD+n (4.1)

where p is the parameter being calibrated, m and n are the slope and the offset of the
parameter p, respectively, and TV D is the true vertical depth.

The calibration procedure using PEST starts from initial values (starting points) of the
parameters to be calibrated and seeks a minimum (hopefully, but rarely, the minimum; see
Dahrabou et al. (2022b) for the analysis of non-uniqueness) of an objective function F' that

measures the misfit between calculated and observed geometric features, arranged in the
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for the 2" order calibration

i
1
1 ] _
, - N Select M relevant calibrated o
/ \ elect M relevant calibrate /ond RN
t . . / n \
hl (1% order calibration scenarios as starting points \2 order calibration)
| \_ N starting points / \M starting pomts//
. < e — _
1

Calibration against data
(e.g., from the shallowest
section of a borehole)

\ 4 Y
Generate synthetic variability
of parameters around
calibrated trends
(Multiple point statistical
simulations)

Linear extrapolation of
calibrated parameters

fa -
0 ol 2 | \
<
2 2% g 1 1
= O =
0T c 9 ! 1
2=29=° ! '
QO O O 1 1
S ® .S ® s 1 '
82829 4 X
T o =06 ° 1
< a © 'E, = 1 18t order prediction 2nd order prediction :
o £ € 3 1 N predictions p '
5920 1 1
ro 2y
9. E 3 ! Steps 4 & 5 Step 6 !
0 08 g ! !
~ © 3 e o o e o o o o o o o o e e o e e e e e e e e e e e e e e e e e e e e e 1
T
Analyse consistency of
Step 7 predictions

Figure 4.1.: Sketch of the prediction methodology.

vectors O and O*, respectively, with components Of= {w}.50.05, D* }. who.€50.0;
and D* represent failure observations, namely breakout width, breakout extent (often
referred to as depth of failure), breakout orientation and the presence or absence of drilling-
induced tensile fracture, DITFs. The set of parameters to be calibrated is arranged in

vector M. The objective function F' can be expressed in a generic manner as:

4 npar
F =Y X(0:i = 00"V (0 — OF) + > Bi( My — M§VHM; — M) (4.2)
i=1 j=1

where subscripts ¢ and j stand for type of measurement (i = 1 for wp,, i = 2 for
€po, etc.) and parameter respectively, up to npar (j = 1 for parameters characterizing
SHmaz, J = 2 for those of Shmin, etc.). Matrices V; and V; are the corresponding prior
covariance matrices representing an initial best guess of the correlation structure between
measurements and measurements or measurements and parameters. The scalars \; and f3;
are calibration weights that balance the relative contribution of each measurement type to
the bulk objective function value. The 1% order calibration is performed for N different

starting points in order to span the parameters space.
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At the end of the calibration process (in this work, using data along the shallower section
of the well from 3 to 3.6 km), a rejection criterion is applied (Dahrabou et al., 2022b)
to retain calibrated models whose objective function is smaller than a given threshold
(i.e., properly calibrated models only). This step removes models that either (1) did not
converge to a minimum, or (2) converged to local minima, and alleviates the computational

ond order

effort required in the second order calibration. We retain as starting points for the
calibration the calibrated models closest to the median, the 0.05 and the 0.95 quantiles.
This insures spanning most of the parameter space while excluding extreme outliers. The
27d order calibration aims at estimating the deviations of a given parameter from its
calibrated mean. As such, the methodology allows to evaluate heterogeneity at any given
scale supported by the underlying discretization. The Regularized Pilot Points Method
(Alcolea et al., 2006), as implemented in PEST (Doherty, 2015), was used to that end.

The generic parameterization now becomes:
p=m-TVD+n+eMD) (4.3)
where € is the perturbation around the mean and is a function of measured depth (M D).

4.2.2. Forecasting borehole failure in the deepest section of the well

ond order models. In

Predictions are carried out using the outcomes of both 15¢ and
the first case, the linear trends identified along the shallowest section of the borehole are
linearly extrapolated to greater depths. Failure is then computed along the deepest section
of the borehole using the failure model of (Dahrabou et al., 2022b).

The 2" order calibration-prediction deals with the quantification of variability of the
calibrated parameters and predicted variables around the estimated trends. Local scale
variability has been shown to be typically large (Valley, 2007) in crystalline rocks and
must be accounted for in meaningful predictions. The depth profiles of the 2" order
calibrated parameters exhibit patterns such as individual oscillations around the mean
or sequences of oscillations of a given kind (e.g., positive-positive, negative-negative or
positive to negative). Such patterns, which are expected to be found at further depth
and in any given random order, are used as training data sets feeding a machine-learning
multiple-point stochastic technique (MPS), the Direct Sampling algorithm (Mariethoz
et al., 2010), as implemented in DeeSse (Straubhaar, 2019; Straubhaar et al., 2020). DeeSse
can simulate multiple variables together similarly to the univariate case, provided that
different training data sets (TDSs), one per variable, are available. As such, the coupled
character of the relationships between stress and strength parameters and the non-linearity
of the problem is maintained because all variables are simulated together. For example,
the absence of breakouts may be associated to the co-existence of low stress and high
strength, which are considered by DeeSse together. It also represents physically realistic
spatial dependencies between variables (i.e., maximum and minimum horizontal principal

stresses, Srmar and Spmin, respectively, Euler’s angle, «, cohesion, ¢, internal friction
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angle, 1 and finally Shen’s parameters, A and B, (Shen, 2008)). The aforementioned

correlations and joint simulations will be investigated below.

4.3. Application to the BS-1 well

4.3.1. Failure prediction based on the 1% order calibration

We use the extensive borehole data set along the 2.5 km crystalline section of the bore-
hole BS-1, in Basel (Switzerland). Prior sensitivity analyses (Dahrabou et al. (2022b) and
Chapter 3) revealed the most sensitive parameters, i.e., maximum and minimum horizon-
tal principal stresses, SHmaz, Shmin, respectively, mud pressure, P,,, cohesion, ¢, internal
friction angle, ¥ and the regression parameters, A and B (Shen, 2008). The mud weight
was set to the actual value measured at the BS-1 borehole (p,, =~ 1.07g/cm?®). The re-
maining parameters were calibrated using PEST (Doherty, 2015) against data along the
vertical shallower section from 3 to 3.6 km. The calibration was performed for N=100
starting points, which are combinations of model parameters M randomly drawn from
independent uniform distributions (see Dahrabou et al. (2022b) for further details). Con-
straints, e.g., based on frictional equilibrium were also imposed on the starting points.
Only Mohr-Coulomb failure criterion was used in this analysis because it provided the
most consistent calibrated sets of parameters (Dahrabou et al., 2022b). After the initial
rejection process, M=96 well calibrated models were selected based on their objective
function. These models are displayed in Fig. 4.2 along the calibration section (3-3.6 km)
and extrapolated to the deepest part of the borehole (the prediction section, down to
5 km). Extrapolation is justified in the case of the BS-1 borehole, where the cuttings
along the entire crystalline section of the borehole are relatively homogeneous and there is
not a large tectonic disruptive feature identified in borehole images. The computed failure
indicators are presented in Fig. 4.2.b-e along with the actual measurements.

The calibrated stress profiles of Symin and Sgma: Span over a fairly wide range of stresses
(Fig. 4.2a). However, the predictions, in terms of geometric features (panels b to e) are
rather homogeneous and coherent with the mean profile of the available observations along
the borehole. This validates the accuracy and reliability of the proposed methodology.
However, the 15 order calibration approach does not account for the variations around
the mean of the calibrated parameters (and correspondingly, of the calculated geometric
features). In order to account for the variability, 2°d order calibration were carried out

and is presented next.
4.3.2. Failure predictions based on the 2" order calibration

4.3.2.1. 2" order calibration results

Out of the M=96 calibrated and filtered 15* order models, three were selected corre-
sponding to (actually those closest to) the median and 0.05 and 0.95 quantiles of the

calibrated profiles of Spmin and Sgmaee. This minimizes the computational effort but still
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Figure 4.2.: Outputs of the 15 order calibration and corresponding predictions: (a) ranges

of the calibrated profiles of Sgqz (pink) and Spyni, (purple) from 3 to 3.6 km.
These profiles were linearly extrapolated to a depth of 5 km to compute pre-
dicted failure all along the borehole. The solid and dashed black lines depict
S, and the pore pressure profiles, respectively; (b) to (e) computed failure
indicators (dark and light blue lines along the calibration and prediction sec-
tions, respectively, and geometric features along with the observations (black
circles). Note that only the measurements in the shallower section were used
for calibration. The failure indicators are (b) breakout width; (c) breakout
extent, i.e., depth of penetration, normalized by the nominal borehole radius;
(d) breakout orientation and (e) DITFs. Gray lines in (b), (c) and (d) cor-
respond to depths without breakouts. The red line in (e) depicts the tensile
strength T, = —4 MPa. Finally, the solid and dashed green lines in panels
(b) to (e) correspond to the median and the 0.05 and 0.95 quantiles of the
computed failure parameters based on our 96 calibrated models.
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spans the range of uncertainty of the calibrated parameters. These models were used as
starting points for the 2°d order calibration. The corresponding 1% order parameters for
each model are summarized in Table 4.1. Model parameters, €;.,, are now the perturba-
tion from the 1% calibrated trend (j represents either [Sgmaz, Shmin, @, ¢, ¥, A and B])
at each pilot point at a given depth z;. Pilot points were located at regular intervals (5 m)

along the upper section (3-3.6 km).

Table 4.1.: Parameter values corresponding to the three chosen 15%order calibrated models,
i.e., the starting points for the 2"d order calibration.

0.05 quantile Mean 0.95 quantile

AStmas [MPa/km] 5.6 4.2 6.3
bStimar [MPa] 74 97 131.2
A8 min [MPa/km] 5.3 7.5 6.8
b8 min [MPa] 19 51.5 79
a [°] 143 146 145
¢ [MPa] 13.5 21.8 28.1
Y [°] 34.3 42.5 50
A [] 19.9 20.3 21
B[] 2.8 3.3 3.8

Fig. 4.3 shows the depth profiles of the calibrated breakout width, extent, orientation
and DITFs along with borehole failure observations for the three considered models. The
calibrated 2" order profiles of geometric features reproduce the variability of observations
with high accuracy regardless of the chosen model and corresponding initial parameteriza-
tion (i.e., the 15 order calibrated model). The calibrated depth profiles of parameters are
shown in Fig. 4.4. Two observations become apparent from Figs.4.2 and 4.3. First, a large
range of calibrated parameters leads to similar calculated outputs, which brings out the
problem of non-uniqueness illustrated in (Dahrabou et al., 2022b) and Chapter 3. Second,
parameter correlations can be identified graphically (e.g., cohesion and internal friction
angle). However, Shen’s parameters A and B or, overall, stress and strength parameters,
are anticorrelated. Correlations and anticorrelations between calibrated parameters are
best observed by examining the posterior correlation matrix between the profiles of cali-
brated parameters and those of model outputs (Fig.4.5a; we focus here on wpp and epo
only, but similar conclusions can be established using other geometric descriptors). As
expected, calibrated stress and strength parameters are anti-correlated. For example, for
reproducing the presence of a breakout, the model must react either by reducing, or by in-
creasing stress, or both (most likely). This desired effect is only possible if all parameters
are estimated simultaneously, as in the proposed methodology. It is worthwhile noting
that Sgmaez and Sppmin are not correlated and that strength parameters are positively
correlated (surprisingly almost one to one), which reflects the fact that the calibration
method reacts by increasing/decreasing both parameters at the same time. Finally, the
correlation between calculated and observed geometric features is very high, which also

reveals the goodness of fit attained by the model. The parameter correlations and anticor-
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relations observed along the calibrated section must also be captured in the predictions.
Otherwise, predictions will be generally incorrect because the variability estimates will be
biased. This is achieved by using the calibrated parameter profiles as training data sets

for the 2" order prediction using DeeSse, presented next.

Figure 4.3.: 24 order calibrated failure profiles against data from 3 to 3.6 km: (a) breakout
width; (b) normalized breakout extent; (c) breakout orientation; (d) DITFs.
The grey circles correspond to failure observations while the solid green, red
and blue lines correspond to the calibrated failure for the analyzed models.
The solid black line in panel (d) depicts the tensile strength, T,=-4 MPa.
Models 1, 2 and 3 correspond to 0.05 quantile, mean and 0.95 quantile models,
respectively.
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Figure 4.4.: 2" order calibrated parameter profiles along the section 3 to 3.6 km: (a)
Stimaz; (b) Shmin; (¢) Euler’s angle, «; (d) cohesion, ¢; (e) internal friction
angle, ¢ and the regression constants (f) A and (g) B. The dashed and
solid black lines in panels (a) and (b) depict pore pressure, P,, and vertical
principal stress, S, respectively. The green, red and blue depth profiles in all
the panels refer to models 1, 2 and 3 (0.05 quantile, mean and 0.95 quantile),
respectively.

Figure 4.5.: Correlation matrix between (a) 2"d order calibrated parameter profiles (sec-
tion 3-3.6 km), calculated outputs and corresponding observations; (b) 274
order prediction (section 3.6-5 km). Results correspond to model 2, closest to
the median of Srmaq-



80 Chapter 4 - Prediction methodology

4.3.2.2. Parameters forecast and borehole failure prediction

The three 2"! order calibrated profiles are used as TDSs in DeeSse (Section 4.2.2 and
Straubhaar, 2019) for generating the synthetic variability of all model parameters along
the 3.6 to 5 km prediction section. As such, the existing correlations and anticorrelations
are inherited by the simulated parameter profiles. 1000 equally-likely realizations of the
expected variability were generated for each considered model (Fig. 4.4 shows one realiza-
tion of the generated synthetic profiles for all input parameters) and borehole failure was
calculated. The correlation matrix was calculated again (but at the prediction section 3.6-
5 km) to (1) discard possible biases in the forecast, and (2) to verify that the correlations
and anticorrelations between parameters and outputs were satisfactorily reproduced.

The predicted depth profiles are shown in Fig. 4.6. These compare well to actual mea-
surements not used along the calibration process. As expected, the predicted profiles
exhibit the spatial patterns observed along the calibration section (including the gaps in
the absence of borehole breakouts), an exception being the DITFs. This negative find-
ing can be easily explained by observing the DITFs pattern inherited by the simulations
(Fig. 4.3d). Along the calibration section, the calculated DITFs are mostly above the
tensile strength, and negative deviations (i.e., calculated values smaller than the tensile
strength) are scarce. Instead, several such negative deviations are found in the observed
profile along the prediction section, e.g., at depths between 4 and 4.5 km. Since the pattern
indicating such deviations is scarce in the TDS, it is hardly possible that the simulations
reproduce it, an exception being the deepest section (4.6-5 km in Fig. 4.6d), where such
pattern is inherited by the presented simulations.

Fig. 4.7 shows the cumulative distribution functions (CDFs) of the predicted borehole
failure indicators from 3.6 to 5 km compared to the CDF of the corresponding observa-
tions. Regardless of the chosen initial parameterization, the observed failure indicators are
consistent with our predictions, an exception being the DITFs for the reason stated above.
Notably, the predictions also capture approximately the proportion of the borehole length
without breakouts (i.e., the initial kinks in panels a and b). These results offer compelling

evidence for the accuracy and the robustness of the developed prediction methodology.



Application to the BS-1 well 81

Figure 4.6.: Predicted depth profiles of failure indicators: (a) breakout width; (b) breakout
extent; (c) breakout orientation; (d) DITFs. The grey circles depict observa-
tions, whereas the light blue horizontal lines correspond to depths where there
is no failure. The dashed black line in panel d depicts the tensile strength.
Models 1, 2 and 3 correspond to 0.05 quantile, mean and 0.95 quantile models,
respectively.
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4.4. Discussion

4.4.1. Forecasting calibrated parameters and accounting for variability

The first step required for prediction is to take the calibrated parameters from the cali-
bration section of the borehole and to forecast their value along the borehole trajectory for
which prediction is required. The suggested methodology relies on two main assumptions
inherent to any extrapolation approach, namely (1) the parameter linear trends (15¢ order)
can be linearly extrapolated to the prediction section, and (2) the patterns contained in
the calibrated 2"¢ order parameter (the training data set, TDS) are representative for the
prediction section. This implies that the 2°¢ order patterns are isotropic, i.e., independent
of the borehole direction. As discussed above, the first assumption, i.e., on linear trends,
is plausible if no singular disruptive features (lithological changes, large fault zones, etc.)
are expected. With regards to the quality of the TDS, the training section in our appli-
cation is relatively short and contains a limited number of patterns. As a result, the DS
algorithm produces sometimes pattern repetitions observable along the prediction section
in Fig. 4.4.

Figure 4.7.: Cumulative distribution functions (CDFs) of predicted (a) breakout width;
(b) breakout extent, normalized by borehole radius; (c) breakout orientation
and (d) DITFs. 1000 realizations were run for each model using DeeSse. The
dashed black line in panel (d) depicts the tensile strength, T,=-4 MPa.

This is a well-known artefact, termed "patching" in the MPS jargon. However, this
visually inelegant effect does not affect the statistical properties of the extrapolation and

thus does not impact on the usefulness of the prediction to answer questions of practical
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interest like how stable will be the borehole 7 or what is the chance to exceed a certain
failure severity threshold 7. However, due to the stochastic nature of the considered pro-
cesses, the prediction of the exact position of the failure zones or the exact characteristics
of borehole breakouts along the prediction section is simply not possible. In the section
directly subsequent to the calibration section, spatial correlation accounted for in the DS-
MPS approach leads to consistent prediction for all stochastic realisations (Fig. 4.6), but
with increasing distance to the calibration section, the stochastic simulations start to differ
in accordance with a finite correlation distance. Beyond the correlation distance, we are
not able to capture the failure characteristics in a deterministic manner, but we can assess

the statistical characteristics of failure.

4.4.2. Quality of the prediction

The results offer compelling evidence for the robustness and accuracy of both 15¢ and
27d order suggested prediction methodology. Indeed, the 1%% order predictions capture
properly the observations trend. However, they do not capture well borehole sections
where breakouts are absent. As breakouts gaps are observed along about 20% of the
BS-1 borehole, variability was involved in the 2" order prediction. The latter converge
to a narrow range despite the fact that the calibration leads to a multitude of different
solutions (non-uniqueness of the inverse problem) and, notably, capture approximately the
proportion of the borehole length without breakouts (Fig. 4.7). The distributions obtained
from 1000 stochastic realisations are generally coherent with the observations. Being able
to predict the variability distribution of failure indicators open the possibility to assess
the probability of exceeding a given failure threshold which is a required information for
quantitative risk assessment and thus supports decision making for borehole design and

completion.

4.5. Conclusions

This work presents a systematic stochastic methodology to predict borehole failure. To
that end, calibration is performed as a prior step to prediction. The calibration methodol-
ogy is fully described in Dahrabou et al. (2022b). The prediction methodology is applied
to failure observations along the crystalline section of the BS-1 borehole in Basel (Switzer-
land). The calibration of model parameters was carried out against observations along the
shallowest section of the borehole (3-3.6 km), whereas predictions were performed along
the deepest section (3.6-5 km). The outcomes of the prediction were then compared to

actual observations. The main findings of the application are:

e The developed stochastic methodology is robust and accounts for parameter vari-
ability, which is a requirement for a meaningful forecasting of the expected range of

borehole failure.
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o Predictions are accurate despite the wide range of tested model parameters, and
reproduce properly the observed trends. In addition, and despite of the inherent
parametric uncertainties of any calibrated model, predictions converge to a narrow

range of predicted profiles of borehole failure indicators.

e The simulated profiles inherit the correlations and anticorrelations between param-

eters (and observations) observed after calibration.

e In our application, the calibrated and predicted parametric correlations and anti-
correlations along the BS-1 borehole support a crustal model in which the stress
variability is largely controlled by slip on natural fractures and not by rock stiffness

contrast, as proposed by Valley (2007).

So far, the prediction methodology has been tested on a sub-vertical well. Thus, our
work may have undetected limitations especially when deviated boreholes are considered.
As a consequence, further work needs to be carried out to identify the main factors affecting

the goodness of our methodology.



5. Application of the calibration and
prediction approaches to synthetic cases

This chapter is in preparation for publication as:

A. Dahrabou, B. Valley, P. Brunner, and A. Alcolea. Application of the calibration

and prediction approaches to synthetic cases, 2022.

Asmae Dahrabou performed the analysis and provided the structure of the main text.
Benoit Valley and Andrés Alcolea contributed to the development of the methodology,
the discussion of the results and the writing of the manuscript. Philip Brunner and Peter

Meier gave general insights on the calibration part.
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5.1. Introduction

Wellbore instability is problematic on many levels as it may lead to costly delays caused
by blowouts, stuck pipes and irregular cross-sectional geometries entangling well comple-
tion. Thus, maintaining a stable wellbore is an important requirement for both oil and gas
and geothermal drilling. It has been widely recognized that highly deviated, extended-
reach and horizontal wells can offer economic benefits through lower field development
costs, higher production rates, and larger recovery factors (Fritz et al., 1991). However,
drilling these sophisticated and challenging well trajectories may be prone to mechanical
instability problems. Hence, a systematic understanding of the pros and cons offered by
current and emerging inclined well drilling technology should be investigated. The most
stable trajectory depends largely on the stress regime and the stress anisotropy. Thus,
knowing the in-situ stress state is essential for designing the most stable inclined well tra-
jectory. Acknowledging that gravity has a first order effect on the stress state — and thus
one principal stress is assumed to be vertical — Anderson (1905) classified three types of
earth’s in-situ stress regime based on the relative principal stress magnitude: (1) exten-
sional or normal faulting regime (S, > SHmar > Shmin), (2) strike-slip (Sgmaz > Sv >
Shmin) and (3) compressional or reverse faulting regime (SHmaz > Shmin > Sv) (Sv, Shmin
and Sgmas correspond to vertical, minimum and maximum horizontal principal stresses,
respectively).

Borehole instability is in most of the cases, a direct reflection of these stress states.
Hence, much progress has recently been made toward the determination of the magnitude
and orientation of in-situ stress in the crust and a number of models have been developed
to compute borehole failure in deviated wells. For instance, highly deviated wells are
more stable than vertical wells in an reverse faulting region by conventional stability
analysis (Last and McLean, 1996). It was also shown that boreholes drilled parallel to
the maximum horizontal stress have minimum risk of instability (Russell et al., 2003).
On the other hand, Al-ajmi (2006) and Al-Ajmi and Zimmerman (2009) developed a 3-
D analytical model to study the behavior of the collapse pressure under different in-situ
stress regimes and drilling trajectories and showed that well path optimization is mainly
controlled by the relative magnitude of the in-situ stresses. Additionally, they showed
that drilling vertical boreholes will minimize the potential borehole instability only when
the horizontal in-situ stress is isotropic and that when it is anisotropic, the optimum well
path will divert from the vertical direction. Much work on the influence of stress regimes
on borehole failure prediction has been also carried out (Zhou et al., 1996; Hassan et al.,
1999; Awal et al., 2001; Al-ajmi, 2006; Islam and Skalle, 2010). For instance, Zhou et al.
(1996) proposed a theoretical approach to define stable borehole directions by considering
different stress patterns. According to Zhou et al. (1996), the calculated stable conditions
showed that:

e For normal stress regime: the most stable drilling direction is always parallel to
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the azimuth of Sy,,;, and the optimal deviation angle depends on the ratio of the

horizontal principal stresses to the vertical stress.

o For strike-slip regime: the deviation angle should always be 90° (horizontal wells),
and that the drilling directions with respect to the azimuth of Sg,,.. are controlled
by the stress ratios, ry = SHT'Z” and rp, = Shs% The higher the ratio g, the closer
the drilling direction should be to the Sgq. azimuth.

In previous work (Chapters 3 and 4), the main focus was primarily on developing a
systematic methodology to jointly evaluate the stress tensor components and orientations,
and the rock strength properties (e.g., cohesion, friction) in the shallower section of the well
in a robust probabilistic framework and on proposing a stochastic methodology to predict
borehole failure severity in the deepest section of the considered well. The calibration
and prediction methodologies have been developed and tested on the BS-1 sub-vertical
borehole affected by pervasive breakouts (80% of the well presents breakouts, Valley
and Evans, 2009a). The observations along the lowest part of the borehole were used as
a verification dataset allowing to validate the reliability of the methodology. However,
our work may have some undetected limitations especially when conditions between the
calibration and the prediction sections are noticeably more different than in the BS-1 case.
Consequently, the main objective of this chapter is to identify the main factors affecting
the robustness of our calibration-prediction methodology in a broad range of conditions.
As real datasets spanning broad range of conditions are not available, synthetic cases were
generated, considering different stress regimes, borehole breakouts intensity and more
importantly, different borehole trajectories. This approach using synthetic cases allows us
to investigate a much broader range of conditions that may be encountered in real field

cases. The main questions to answer in this work are as follows:

o Under what conditions the calibration and prediction methodologies (as proposed in
Dahrabou et al., 2022a,b) are robust?

o If a model is calibrated on a vertical borehole section, how much can we deviate the
well from the vertical and still make a robust and accurate prediction of the borehole

failure severity?
e How to quantify the uncertainty associated with the calibrations and predictions?

e Is it always possible to derive conclusive results concerning the optimal borehole

trajectory?

Since the same mechanical model is used to generate the synthetic dataset, to calibrate
and to predict, our investigation approach does not interrogate the validity of the failure
model, but allows focusing on studying the effect of the stress regime, borehole breakouts
intensity and wellbore trajectory on the proposed calibration-prediction approach (Chap-

ters 3-4 and its associated uncertainty. First, an illustration of the problematic using a
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representation of failure characteristics on stereographical projections is presented then
systematic and complete synthetic cases are generated. Second, the parameters of the
failure model described in Chapter 3 are calibrated against data from the shallower part
of the borehole in the crystalline rock (from 2.6 to 3.6 km depth). Third, the 15* and 2"¢
order prediction approaches (Chapter 4) are applied in the deepest section of the borehole
(on a section of 1 km). Finally, the entire calibration-prediction approach is validated and
the predictions uncertainties are quantified by (1) comparing the predictions with the syn-
thetic control data and by (2) defining the appropriate metrics to evaluate the predictions

dispersion and shift relative to these synthetic data when deviating the well.

5.2. Methodology

A convenient way for evaluating the relationship between borehole deviation and failure
is to represent wellbore failure parameters on a stereographic projection as initially pro-
posed by Peka and Zoback (1995). In this mode of representation, the failure parameters
are contoured on a lower hemisphere stereographic projection. The conditions for a ver-
tical hole are presented on the center of the stereographic projection. Instead, deviated
well conditions are presented away from the centre of the stereographic projection and
conditions for horizontal wells are presented on its edge. In this chapter, this approach
is used in combination with the borehole failure width and extent estimation approaches
proposed in Chapter 3. The latter are based on an elastic solution for a cylindrical hole
to estimate stresses and the empirical relationship developed by Shen (2008) to estimate
borehole failure extent. This gives a first insight into the effect of well deviation on failure
prediction. However, this allows analysis at a single point and one set of stress conditions.
Consequently, a methodology based on synthetic cases is developed in this work in order
to evaluate in more detail the borehole failure prediction approach proposed in Chapter 4.
The latter involves the six tasks illustrated in Fig. 5.1. The main steps are described in

detail in the following subsections and itemized next:

e Step 1: generate synthetic stress and strength depth profiles that account for vari-
ability. This synthetic database involves several stress regimes (normal, strike-slip
and reverse stress regimes), nine borehole trajectories (Fig. 5.2) and different bore-

hole breakouts intensity. These synthetic scenarios are summarized in Table 5.1.

o Step 2: compute borehole failure (breakout width, wpo, breakout extent, epo and
drilling induced tensile fractures, DITFs) based on the generated synthetic data.
These computed borehole failure indicators will be considered as observations in

further analyses.

o Step 3: the 1% order calibration (Chapter 3) is carried out to jointly estimate the 1%
order trends of the parameters that mainly influence borehole failure (i.e., maximum

and minimum principal horizontal stresses, Sgmaz, Shmin, respectively, cohesion, ¢,
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friction angle, v and Shen’s regression parameters, A and B Shen (2008)) against
the (generated) synthetic observations in the shallower vertical section of the well
(from 2.6 to 3.6 km). This 15 order calibration, involving a few parameters (those
defining parameter linear trends), is carried out for N different starting points in
order to span the entire parameters space and account for non-uniqueness of the

solutions.

e Step 4: perform 15 order prediction to assess the accuracy of the prediction method-

ology proposed in Chapter 4:

— Extrapolate linearly the calibrated input parameters from Step 3 to a greater
depth (the final 1 km section of the well) and compute the corresponding bore-
hole failure indicators. This assumes that there is no severe disruption of the

lithological conditions leading to the calibrated trends.

— Carry out a validation analysis by comparing the predictions with the control
data set, i.e., the observations (generated in Step 2) along the deepest section

of the well to evaluate the accuracy of the predictions.

27d order calibration in order to estimate the variability of param-

e Step 5: perform
eters around their 1% order mean obtained from Step 3. The 2°d order calibration
is carried out only for two scenarios presenting different breakouts intensity. It is
argued in this chapter that the calibrated parameters deviation from their mean is

independent from the stress regime.

e Step 6: perform 2" order prediction as proposed in Chapter 4:

— Extrapolate linearly the calibrated input parameters from Step 3 and add syn-
thetic variability generated using DS (Direct Sampling) algorithm as imple-
mented in DeeSse (Straubhaar, 2019).

— Compute failure in the deepest section of the well and compare the predicted
and the generated observations from Step 2 to analyze the consistency and

accuracy of the predictions.

e Step 6: quantify the shift relative to the control data and the dispersion of the
predictions by defining the appropriate metrics for both the 15% and 2°9 order pre-

dictions.

5.2.1. Generating synthetic cases

In this chapter, we have been interested in testing the limits of the calibration and pre-
diction methodologies as developed in Chapters 3 and 4. Both proposed methodologies
were applied to the BS-1 sub-vertical borehole, which is not appropriate to test the robust-
ness and accuracy of these approaches when the borehole is deviated. To solve this issue,

synthetic cases were generated in order to investigate a much broader range of conditions
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Figure 5.1.: Overview of the main steps of the proposed methodology.
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that can be encountered in real field cases. The calibration-prediction approach were then
tested on representative synthetic cases with (1) different faulting regimes (normal faulting
(NF), strike-slip (SS), thrust faulting (TF), and a mix of NF and SS, which is similar to
the stress conditions encountered in BS-1), (2) different percentage of borehole breakouts
where scenarios affected by 80% and 30% of breakouts were considered (Table 5.1) and
different borehole trajectories (Fig. 5.2). Although these models are synthetic, it is worth
underlining that they still consider the particularities of the real field cases as they are
inspired by the BS-1 borehole.

All elements required to generate the synthetic borehole trajectories along the entire
well are computed based on the borehole azimuth and deviation provided in Fig. 5.2. The
synthetic test boreholes were desurveyed using a balanced tangential method (Walstrom
et al., 1972) in order to derive the required correspondences between measured depth (MD)
and the true vertical depth (TVD). In addition, the generated stresses and strength depth

profiles are accounting for the 274

order variability derived from analyses that were carried
out in Chapter 3, which makes these synthetic data as close as possible to reality. Note
that in this chapter, a constant cooling along the entire length of the borehole is assumed
in order to avoid adding additional effects that would be very difficult to disentangle in
the evaluation of the results. Indeed, as we are mostly interested in studying the impact
of stress regimes and borehole deviation, having variations in the cooling leads to another
level of complexity that may obfuscate the main objective of this work.

Given a set of initial parameters (e.g., stress orientation, wellbore orientation, Poisson’s
ratio, thermo-elastic parameters, etc.) in addition to the generated 2"¢ order stress and
strength depth profiles, stresses around the borehole are computed using the analytical
solution of Kirsch (Kirsch, 1898; Schmitt et al., 2012). All stress components around the
borehole, including the remnant thermal stresses arising from cooling of the borehole wall
are accounted for. Note that generating these synthetic cases aims also at coping with
the inherent uncertainty on the choice of an appropriate failure criterion. Based on the
previous results (Chapter 3), it was recommended to use the Mohr-Coulomb criterion in
combination with the Kirsch analytical solution to compute stress. However, the latter has
the limitation of not being able to reproduce progressive failure. Thus, it was combined
with the empirical relationship proposed by Shen (2008) that we extended in Chapter 3 for
complex stress state where borehole trajectory, mud pressure and thermal stresses effect
were accounted for. Finally, breakout width, wpo, extent, ego and drilling induced tensile
fractures, DITFs, are computed and used as observations to calibrate against in further
analyses.

Note that the stress and cooling profiles are the same for all the synthetic scenarios,
whereas strength is different. Indeed, the cooling is set to be constant in such a way that
20% of the borehole is affected by DITFs in all scenarios and the strength was adjusted
for each scenario to ensure having boreholes affected by 80% of breakouts in Scenarios 1
to 4 and by 30% of breakouts in Scenarios 5 to 8 (Table 5.1). The reason why different

percentage of breakouts were chosen in this study is that our calibration and prediction
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Table 5.1.: Description of the generated synthetic scenarios with different faulting regimes,
borehole breakouts intensity and borehole trajectories.

‘ Scenarios Faulting regime ‘ Breakouts ‘ DITFs ‘ Borehole trajectory
Scenario 1 NF-SS
Scenario 2 NF
Scenario 3 SS 80% 20%
i = 9 trajectories (Fig. 5.2)
Scenario 5 NF-SS
Scenario 6 NF
Scenario 7 ss 30% 20%
Scenario 8 TF
Trajectory Borehole dip direction, « [°] Borehole deviation, i |°]
1 0 0
2 0 30
3 0 70
4 90 30
5 90 70
6 45 70
’ 0 90
8 45 90
9 90 90

Figure 5.2.: Stereoplot showing the considered 9 borehole trajectories (red dots). Grey
circles depict different borehole trajectories for a borehole dip direction («)
varying from 0 to 360° and a borehole deviation (i) varying from 0 to 90°;
The Table shows the considered values of o and ¢ of each trajectory.
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methodologies were previously tested only on the BS-1 borehole (Chapters 3-4), which
was affected by 80% of pervasive breakouts. This exercise will then help to verify the
reliability of the approach implemented in our calibration methodology when considering

situations where breakouts occurrence is limited.

5.2.2. Failure models calibration

5.2.2.1. 1% order calibration

At this stage, the 15 order calibration methodology that we proposed in Chapter 3 was
used. The main goal is to calibrate the model parameters that are the most influential on
borehole stability and cannot be estimated otherwise. They were previously determined
by means of sensitivity analysis in Chapter 3. These parameters are the maximum and
minimum principal horizontal stresses, SHmae and Spmin, cohesion, ¢, friction angle, v,
and Shen’s parameters, A and B. The chosen 15 order parameterization is summarized
in vector M. In this 1%' order calibration, we use simplified profile with depth of these

model parameters (Eq. 5.1).

p=a-TVD+b (5.1)

M = {aSHmaz7 bSHmaz’ aShmin’ bShmzn ) G ¢7 A7 B} (52)

Where asy;,...» 0Simaes @Simins OSnmm are the slope and the intercept of Spme. and
Shmin, respectively. Note that in this chapter the maximum horizontal stress orienta-
tion is not calibrated because it can be directly inferred from breakout geometry (and is
therefore not parameterized). In summary, our stress/strength model is parametrized by
8 parameters (Eq. 5.2). A number of starting points is used in the calibration to guar-
antee that a global optimum is achieved by the Levenberg-Marquardt algorithm (Alcolea
et al., 2000). To that end, 100 initial parameterizations are randomly sampled assuming a
uniform distribution. Then a rejection criterion, based on frictional equilibrium (Zoback
(2007); Jaeger (2007), Chapter 3) is applied to these initial starting points. Initial sets of
parameters not meeting the constraints are rejected and new ones are generated until the
target 100 initial coherent parameterizations is achieved.

Assumptions are required for model parameters that are estimated independently and
not calibrated. The following equations are used for S, and P, (which are mainly inspired
by the profiles in the BS-1):

Sy[MPa] = 24.9 - TVD[km] (5.3)

P,[MPd] = 9.81 - TVD[km) (5.4)

Moreover, a hydrostatic mud pressure is assumed corresponding to an equivalent mud
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density, pmud = 1.07 g/em3. The same values of Young modulus (E= 65 GPa) and
the coefficient of linear expansion (o = 107° K1) as in BS-1 are used in order to have
scenarios as close as possible to reality. Additionally, upper and lower bounds of the
estimated parameters in PEST (Parameter ESTimation) were defined in order to minimize
unwanted and large parameter oscillations. At the end of the calibration process in the
shallower section of the well (from 2.6 to 3.6 km), where the borehole is essentially vertical,

the well calibrated models based on their final objective function are selected.

5.2.2.2. 2" order calibration

As fully described in Chapter 3, the 2"d order calibration aims at estimating the devi-
ations of a given parameter from its calibrated mean. As such, the methodology allows
to evaluate heterogeneity at any given scale supported by the underlying discretization.
The Regularized Pilot Points Method (Alcolea et al., 2006), as implemented in PEST

(Doherty, 2015), was used to that end. The generic parameterization now becomes:
p=m-TVD+n+eMD) (5.5)

where m and n are the slope and offset of parameter p, respectively, and € is the pertur-
bation around the mean and is a function of measured depth (MD). The reader is referred
to Chapter 3 for a complete description of the approach.

The main objective of performing this 2*? order calibration step is to estimate the
variability represented by € and use it as a training image to forecast parameters in the
deepest section of the well by using a multi-point statistical approach based on direct
sampling technique (DeeSse, Straubhaar, 2019). This step is primordial to be able to

carry out 2" order predictions in the deepest section of the well.

5.2.3. Borehole failure severity prediction

15t and 2" order predictions were carried out in this chapter. The prediction methodol-
ogy is fully described in Chapter 4. It is important to differentiate between both of them.

This is explained in the next sections.

5.2.3.1. 1% order prediction and quantification indicators

The 1% order calibration is carried out for N starting points in the shallower vertical
section of the well (2.6 to 3.6 km MD). At the end of the calibration process, M well
calibrated models are selected based on a rejection and filtering criterion as defined in
Chapter 3. Then 15 order predictions are performed. This means that the parameter
trends calibrated along the shallowest section of the borehole are linearly extrapolated
to greater depths and failure is then computed along the deepest section of the borehole

using the failure model proposed in Chapter 3. The 15 order prediction step performed
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in this chapter is primordial to assess the reliability and the consistency of the predictions

with the observations. To that end, two indicators are defined:

e I,: a shift indicator that measures the difference between the mean of the 1% order
predictions and the mean of the observations. The generalized definition of this

indicator is as follows: —
=127 (5.6)

x*

where T and T* are the mean of predicted and observed parameter x, respectively
(z being either breakout width, extent or DITFs in this chapter).

e I14: a 1% order dispersion indicator that measures the spread of the 15 order pre-
dictions around the mean. In other words, I, is the standard deviation defined as
the square root of sum of squared deviation from the mean divided by the number
of predictions.

Zﬁl(‘r _f)2 (57)

I pr—
1d M_1

Where z and T correspond to the predicted borehole failure indicators (breakout width,
wpo, breakout extent, epo and DITFs, D) and the corresponding mean, respectively, and
M the total number of predictions. The shift indicator, I, is a metric to measure how
shifted /displaced is the predictions distribution compared to the observations that were
generated in the deepest section of the well. Ideally, if the predictions are coherent with
the observations, Iy ~ 0. Otherwise, if I is negative or positive, this means that the
predictions either underestimate or overestimate borehole failure, respectively. However,
this metric alone is not sufficient because it ignores the dispersion of the predictions. To
fill this gap, a 15* order dispersion metric, I;4, is defined. The combination of these two
metrics give insight into the influence of stress regimes, borehole trajectory and breakout
intensity on the quality of the 15* order predictions. However, it is important to highlight
that parameters variability should not be neglected when dealing with rock masses and
rock mass failure. To that end, 2"d order predictions are carried out and an appropriate

metric to quantify them is also defined.

5.2.3.2. 2" order prediction and quantification indicator

27d order prediction deals with the quantification of variability of the predicted variables
around the estimated trends. The outcomes of the 15¢ order calibration performed in the
shallowest section of the well were extrapolated to greater depths and stochastic variability
that were simulated using Multi-Point Statistical technique in Section 5.2.2.2 were added
to these trends. Indeed, 2 order calibration were performed for only two scenarios (both
having 80% and 30% of breakouts in the shallower section of the well) and their outcomes
were used as training data sets to simulate variability in the deepest section of the well.
Finally, failure is computed in the deepest section of the well (the final 1 km of the borehole

2nd

for all scenarios). A order dispersion metric, Io4, is defined as:
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Ly = STD — STD*
ST D*

where ST'D is the standard deviation of a given predicted borehole indicator (e.g.,

breakout width, breakout extent or DITFs) and ST D* is the standard deviation of the

corresponding observation. This metric measures the dispersion and scattering of the

(5.8)

predictions. It gives us also information about the ability of our predictions to reproduce
the variability of the observations. Ideally, if the predictions reproduce the variability of

observations, Irg =~ 0.

5.2.4. Well optimization path

Al-ajmi (2006) showed that well path optimization is mainly controlled by the relative
magnitude of the in-situ stresses. The same finding was reported in a number of pub-
lications (e.g., Chen et al., 1996; Zhou et al., 1996; Moos et al., 1998). The optimum
drilling inclination changes progressively as the intermediate principal in-situ stress, o2,
changes from the minimum to the maximum principal stresses, depending on the stress
regime. This outlines the existence of a potentially explicit correlation between the opti-
mum drilling inclination and the stresses anisotropy. Al-ajmi (2006) derived a relationship
between the optimum drilling inclination, and the field stresses that we will use through-
out this chapter to explain some of our predictions results. This relationship is expressed

as follows:

v = arcsin(V/®) (5.9)
where ~ is the deviation angle from the maximum principal in-situ stress in the o1-03
plane and @ is the anisotropic stress ratio defined by:

02 — 03

o= (5.10)

01— 03

o1, 02 and o3 being the maximum, intermediate and minimum effective principal
stresses, respectively. The stress ratio, ®, represents the overall anisotropic level of the
field stress. ® = 0 when o9 = 03 and ® = 1 when oy = 01. In NF and SS-RF stress
regimes with isotropic horizontal stress, ® = 0. In these field stress systems, the optimum
well path is parallel to 1. However, when ® = 1 , the optimum well path will be parallel
to o3. This is true in RF and NF-SS stress regimes with isotropic horizontal stresses. To
be consistent with the findings of Al-ajmi (2006), we define the angle « as the deviation of
the borehole from o9, and the angle i and the deviation of the borehole from o; (Fig. 5.3).

The relationship proposed by Al-ajmi (2006) will be used in this chapter in order to
explain the shift of predictions that were observed for some specific cases when deviating
the borehole.
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Figure 5.3.: Generalized stress transformation system for a deviated borehole (after Al-
ajmi, 2006).

5.3. Results

5.3.1. Illlustration of the relationship between borehole deviation and failure
using stereographic projections

First the relationship between borehole deviation and failure is illustrated by considering
an arbitrary set of parameters generating a moderate breakout in a vertical borehole with
a failure width of 41° and a normalised failure extent “2 of 1.17 (a being the nominal
borehole radius). The parameters for this base case are listed in Table 5.3. The studied
stress regime is normal stress conditions with a stress ratio of ® = gf%gg = 0.875. The data
are presented with the maximum horizontal stress Sgmae orientated N-S and the minimum
horizontal stress Sp.n oriented E-W in Fig. 5.4. In this case, a borehole deviated toward
the North or South is less stable than a vertical hole, while a borehole deviated to the
East or West is more stable than the vertical hole. Indeed, when deviating the well to the
East or West of 42°or more, breakouts are not forming.

In order to evaluate predictability in this particular case, it is necessary to look for other
set of parameters that lead to the same failure characteristics for a vertical hole. To that
end, a grid search is firstly performed on strength and stress parameters in order to match
the targeted breakout width. In a second step, the parameters of Shen A and B (Shen,
2008) are adjusted in order to match breakout extent. The calibrated set of parameters are
presented in Fig. 5.5. They cover a broad range of stress and strength conditions, reflecting

the already well described fact that this determination is highly non-unique (Chapter 3).
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Table 5.3.: Parameters used for the base case presented in the stereographical projection

of Fig. 5.4.
Parameter Value
Sy 100 MPa
SHmaz 95 MPa
Shmin 60 MPa
P, =P, 40 MPa
c 37 MPa
P 30 °
ucs 128 MPa
A 15.2
B 2.67

N N
a) E b) E
0 10 20 30 40 50 1 1.05 1.1 1.15 1.2
breakout width [°] breakout extent [-]

Figure 5.4.: Stereographic projection of (a) breakout width and (b) breakout extent for the
parameter set listed in Table 5.3. The white dashed lines represent borehole
deviation of 30 and 60°, respectively.
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Figure 5.5.: Set of calibrated (a) stresses and (b) Shen’s parameters. The parameters
are shown in function of the uniaxial compressive strength, UCS. This figure
demonstrates that the calibrated solutions are highly non-unique and that
our grid search is properly covering a broad spectrum of calibrated parameter
sets.

At this stage, one can assess for all these parameters set what would be the computed
breakout width and extent for deviated boreholes. First, these results are shown for
boreholes deviated to azimuth 0°, 30°, 45°, 60° and 90°(Fig. 5.6). For vertical boreholes,
all the models estimate the same width and extent showing that the considered grid search
for equivalent solutions is performed properly. However, when the boreholes are deviated,
the predictions diverge. In order to visualise this divergence for all borehole orientations,
the breadth of the envelop of all models is displayed in a stereographic projection for all
predictions (Fig. 5.7). This shows that for deviations beyond ~ 30°divergences are large.

The reason for these divergences is that borehole failure in a vertical borehole is in-
sensitive to the vertical stress magnitude. Since our models are calibrated on a vertical
borehole, these calibrations are insensitive to the vertical stress and the stress ratio for the
sets of calibrated models varies a lot. When a deviated borehole is considered, the ratio
of the vertical stress to horizontal stress matters and thus, if this ratio is not properly
calibrated, the predictions are diverging. This is illustrated in Fig. 5.8, where all the cali-
brated set of parameters are shown according to their stress ratio. The normalised sum of
the squared difference with the base case model is computed as an indicator of the quality
of the predictions. The normalisation is done with the model having the highest sum of
squared difference (the worst model for prediction). This shows that if the stress ratio of
the calibrated model is close the the base case, the predictions are very close to the base
case, but diverge when the stress ratio is different.

This example illustrates the limitation of calibration on a single breakout in a vertical

borehole. Somewhat better results, i.e., less dispersed predictions, are obtained when the
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Figure 5.6.: Prediction of breakout width (top) and extent (bottom) for borehole deviation
azimuth 0°, 30°, 45°, 60° and 90°. The grey are the prediction for all the
calibrated set of parameters. The red line is the prediction with the parameters
from the base scenario of Table 5.3.
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Figure 5.7.: Breadth of the envelop of all calibrated models for (a) breakout width and (b)
breakout depth. Green lines are contour lines for breadth envelope of 30° and
50°(width) and 0.1 and 0.2 (extent). Grid for borehole deviation steps of
10°are presented with the dashed line for borehole deviation of 30°and 60°.
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Figure 5.8.: Coherence of the width and extent estimation from calibrated models with

the base model depends of their stress ratio & = ”%gg The coherence is

computed by the sum of the squared differences with the base model and
is normalised by the model with the worst sum of squared differences. The
vertical thick black line shows the stress ratio of the base model.

calibration borehole is oblique to all principal stresses and thus sensitive to all stress mag-
nitudes. This adds some information to constrain the stress ratio and helps narrowing
the predictions. However, even more information is required to generate calibrated mod-
els that are useful for predictions. Calibration including 1% and 2" order approach on
borehole profile brings the additional information necessary for better constrained mod-
els. This will be tested systematically with the synthetic data generated in the following

section.

5.3.2. Generating synthetic failure data

Using the methodology described in Section 5.2.1 and considering the scenarios of
Table 5.1), 72 synthetic cases were generated against which our calibration-prediction
methodology is tested. Fig. 5.9 shows two examples amongst the 72 of the generated
stresses and strength depth profiles. This is for Scenarios 1 and 5 (sharing the same stress
conditions, NF-SS faulting regime, but different strength leading to different failure inten-
sity, Table 5.1) with a borehole dip direction, & = 0° and a borehole deviation, i = 70°.
In this example, the vertical section where calibration will be performed starts from 2.6
to 3.6 km MD and the deviated section where predictions will be carried out starts from
4.49 to 5.49 km MD. Moreover, one should differentiate between measured depth (MD)
and true vertical depth (TVD). In the vertical section of the well, MD and TVD are the

same. However, when the well starts deviating, the latter are no more equal as shown
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in the double y-axes of Fig. 5.9. It is also important to notice the non-linear profile of
the vertical principal stress, Sy, (black solid line, and the pore pressure, P, (black dashed
line) in Fig. 5.9a). The stresses are indeed a linear function of TVD but while representing
them in MD, the profiles become non-linear. In this example, the input parameters were
generated in such a way that 20% of the two wells (corresponding to both rows in Fig. 5.9
is affected by DITFs and 80% and 30% of their vertical section is affected by breakouts,
respectively. The stress profiles for both Scenarios 1 and 5 are the same along their entire
length and only strength and cooling are varied to reach the target breakouts and DITFs
percentage. Note that the cooling is assumed to be constant because (1) we are mostly
interested in studying the impact of stress regime and borehole deviation on predictions
(the cooling is equal to -15°C and -35°C for breakouts and DITFs, respectively) and (2)
having variations in cooling lead to another level of complexity. Table 5.4 gives the values
of the common parameters to all the generated synthetic scenarios. Note that these values
were inspired by the BS-1 borehole in order to generate not only synthetic data but also
realistic. Based on the generated synthetic stress and strength profiles, borehole failure
indicators (i.e., wpo, epo and DITFs) are computed. An example of computed borehole
failure in Scenario 1 and 5 is shown in Fig. 5.10. Depths where failure does not occur have
a breakout width, wgo= 0° and a breakout extent, egp equal to the nominal borehole

radius.

Table 5.4.: Common input parameters to all the generated synthetic scenarios.

Input parameter Value
Euler’s angles [°] a=0, =0, v=0

mud density, pruqg [g/cm?] 1.07

Poisson ratio, v [-] 0.25
Young modulus, £ [GPa] 65
Tensile strength, T, [MPa] —4

Linear coefficient of thermal expansion [K ~!] 107°
Cooling for breakouts [°C] —15

Cooling for DITFs [°C] —35

Borehole radius, a, from 2.6 to 4.8 km [mm] 125.41
Borehole radius, a, above 4.8 km [mm] 108

5.3.3. 15t order calibration

Model parameters which are the most influential and difficult to constrain were used
in the calibration study. The latter are the maximum and minimum horizontal principal
stresses, Spmaz and Spmin, respectively, the cohesion, ¢, the internal friction angle, ¥ and
finally Shen’s parameters A and B as shown in Chapter 3. In this 15 order calibration,
simplified profile with depth of the aforementioned parameters were used (Eq. 5.1). In
addition, N=100 starting points, that explore the global parameter space, were used in this
calibration to guarantee that a global optimum is achieved by the Levenberg-Marquardt

algorithm (Alcolea et al., 2000). Then a rejection criterion, based on frictional equilibrium,
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Figure 5.9.: An example of the generated stresses and strength profiles in depth for Sce-
narios 1 and 5 (NF-SS stress regime) with a = 0°and $ = 70°(trajectory 3 in
Fig. 5.2. The two rows of this figure correspond to Scenarios 1 and 5, respec-
tively. (a) maximum and minimum horizontal principal stresses in orange and
blue, respectively, the dashed and solid black lines represent the pore pressure
and the vertical principal stress, respectively; (b) cohesion, ¢; (c) internal fric-
tion angle, ¥; Shen’s regression parameters (d) A and (e) B. Note that in all
panels, the blue and orange y-axes correspond to measured depth (MD) and
true vertical depth (TVD), respectively.

is applied to the initial starting points as explained in Dahrabou et al. (2022b). Fig. 5.11
shows an example of the 15* order calibration that were performed on Scenario 1 and 5
(NF-SS stress regime and 80% and 30% of breakouts, respectively). Note that 91 filtered
calibrated models were selected for Scenario 1, whereas only 40 models were kept for
Scenario 5. Indeed, calibrating against observations with limited breakouts (only 30%)
results in few models that succeed in reaching an optimal objective function. This may
be explained by the lack of robustness of the used approach when considering no failure.
The range of both calibrated SHmqer and Spmin (Fig. 5.11a) shows the non-uniqueness of

the solutions, which highlights the inherent parametric uncertainties.

5.3.4. Failure prediction
5.3.4.1. 1% order prediction

The 1% order prediction is primordial to assess the reliability and the precision of the
predictions (Chapter 4). In this step, the calibrated parameters are linearly extrapolated
to a larger depth and failure is estimated. Fig. 5.12a shows the 15¢ order predictions that
were performed in the deepest section of a vertical well (from 4 to 5 km) (a=0 ° and i=

0°). Note that the calibrated stress profiles cover a fairly wide range (Fig. 5.12a) but the
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Figure 5.10.: Computed borehole failure based on the generated synthetic profiles of stress
and strength in Fig. 5.9. (a) breakout width, wpo; (b) breakout extent nor-
malized by the nominal borehole radius, ego/a; (c) drilling induced tensile
fractures, DITFs. The red line in panel (c) depicts tensile strength, T,=-
4 MPa and blue and orange y-axes correspond to MD and TVD, respectively.

predictions are not dispersed and coherent with the mean of the synthetic observations.
However, when the well is deviating, the predictions start diverging. This is illustrated in
Fig. 5.13 where all parameters are similar to the ones used in Fig. 5.12 but with a different
borehole trajectory («=0 ° and i= 30°). These results reveal the influence of the borehole
trajectory on the quality and reliability of our predictions. This 15 order prediction process
were performed for all the generated 72 synthetic scenarios and it was noticed that, despite
the stress regime and the percentage of breakouts affecting the borehole, the predictions
were consistent with the observations when the borehole is vertical (=0 ° and i= 0°). In
the other cases, the predictions are either dispersed and/or their mean is shifted compared
to the mean of the observations. We were then interested in quantifying the dispersion of
these 1% order predictions and to measure their shift in comparison to observations. To
that end, we computed the 15 order shift metric, I,, and the 15¢ order dispersion metric,

114, that were previously defined in Section 5.2.3.1.

5.3.4.2. 1% order predictions shift

The 1% order shift metric, I, was computed for the three borehole failure indicators
(wpo, epo and DITFs) as well as d, the difference between the mean of the failure ob-
servations in both the shallower (essentially vertical) and the deepest section of the well.

Results are itemized next:

o When the borehole is vertical (a=0° and i=0°), the 1 order shift of breakout width
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Figure 5.11.: Outputs of the 15 order calibration that was carried out using both Scenario
1 and 5. Note that 'trajectory 1’ (Table 5.2) were used for failure computation
in this example where a=0° and i=0°. (a) range of the well calibrated models
of Sgmaz (pink) and Sppi, (light blue). S, and pore pressure profiles are
depicted by the solid and dashed black lines, respectively; (b) breakout width;
(c) normalized breakout extent; (d) DITFs. The black circles correspond to
failure synthetic observations while the solid blue lines correspond to the
calibrated failure for the analyzed models. The red line in panel (d) depicts
the tensile strength, T, = —4 MPa and the yellow dots correspond to depths
where DITFs are observed. Finally, the solid lines in green correspond to
the mean of the calibrated models, whereas the dashed green lines represent
the 5%-95" percentiles. Note that 91 and 40 well calibrated models were
selected for Scenario 1 and 5, respectively.

predictions in the deepest is very close to zero (I; ~ 0), meaning that the mean of
both the 15 order predictions and the observations in the deepest section of the well
are superimposed. This is illustrated in Fig. 5.14 where the first order shift, I, is
plotted against d, the difference between the mean of the breakout width observations
in both the shallower (vertical) and the deepest section of the well. Vertical holes
are represented by the dark blue dots (Fig. 5.14) all starting at a shift, I, ~ 0. This
observation is valid for all scenarios. This shows that the breakout width predictions
are consistent with the observations in the deepest section of the well as they are

centered on them.

o When starting to deviate the borehole, predictions start to shift (both mean of the
predictions and observations in the deepest are no more superimposed). Predictions

tend either to underestimate or overestimate breakout width, depending on (1) the
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Figure 5.12.: Outputs of the 15 order calibration and prediction that were carried out
using Scenario 1 (NF-SS stress regime and 80% of the borehole is affected by
breakouts). Note that ’trajectory 1’ (Table 5.2) were used for failure com-
putation in this example where a=0° and i=0°. (a) range of the 91 well
calibrated models of Sgma, (light blue) and Spmin (pink). S, and pore pres-
sure profiles are depicted by the solid and dashed black lines, respectively;
(b) breakout width; (c) normalized breakout extent; (d) DITFs. The black
circles correspond to failure synthetic observations while the solid blue and
green lines correspond to the calibrated and predicted failure for the ana-
lyzed models, respectively. The red line in panel (d) corresponds to tensile
strength, T, = —4 MPa. Finally, the solid lines in magenta correspond to
the mean of the 91 calibrated and predicted models, whereas the dashed
magenta lines represent the 51-95 percentiles.

stress anisotropy ratio, ®, and (2) the difference between the mean of observations

in the calibration and prediction sections of the well, noted as d.

o If the vertical section of the well where calibration are carried out is affected by
pervasive breakouts (Scenarios 1 to 4), we observe that I; and d are positively

correlated:

— I is low (0< Iy < 9%) when d is less than a certain threshold (0< d < 18%)
(Fig. 5.14a-d). This means that small shifts of predictions are observed when
the intensity of breakouts in both the calibration and prediction sections is
not considerably different (does not exceed ~ 18%). In simple terms, when
calibrating on a vertical section with pervasive breakouts, predictions of the

width are slightly shifted if the deepest section has pervasive breakouts as well.

— I, is high (17< Iy < 38%) when d is higher (d > 40%). Simply put, when cali-

brating on a vertical section with pervasive breakouts, the shift of predictions
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Figure 5.13.: Outputs of the 15* order calibration and prediction that were carried out
using Scenario 1 (NF-SS stress regime and 80% of the borehole is affected
by breakouts). Note that ’trajectory 2’ (Table 5.2) were used for failure
computation in this example where a=0° and ¢=30°. See the caption of
Fig. 5.12 for further details.

starts to be considerable when limited breakouts are present in the prediction
section (Fig. 5.14a-d).

e On the other hand, if the vertical section of the well where calibration is performed
is affected by limited breakouts (Scenarios 5 to 8), we observe that I; and d are

correlated:

— I is small (0< Iy < 10%) when d is less than a certain threshold (0< d < 18%).
This means that small shifts of predictions are observed when the intensity
of breakouts in both calibration and prediction sections is not considerably
different (does not exceed ~ 18%). Similarly, when calibrating on a vertical
section with limited breakouts, predictions are slightly shifted if the deepest

section has limited breakouts as well.

— I is considerably negative (-30< I; < -12%) when d is negative (-65< I5 < -
43%) (Fig. 5.14e-h). In simple words, when calibrating on a vertical section with
limited breakouts, the shift of predictions is considerably high when ’pervasive’

breakouts are present in the prediction section (Fig. 5.14e-h).

The same conclusions were drawn for breakout extent as shown in Fig. 5.15. Indeed,
when calibrating on breakout extent in a vertical section, predictions in the deepest are

coherent with observations (i.e., Iy ~ 0). This is also a valid conclusion for all the studied
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Figure 5.14.: Computed first order shift, I, for breakout width Vs. the difference between
both the mean of the breakout width measurements in the shallowest and
deepest section of the well, d. Panels from (a) to (h) correspond to Scenarios
1 to 8, respectively. The colored dots in all panels correspond to the nine
studied borehole trajectories as illustrated in Fig. 5.2.

scenarios, meaning that the stress regime does not influence the shift of the predictions
when considering a vertical hole. However, I starts to increase when deviating the bore-
hole. When analyzing the results shown in Fig. 5.15, it can be noticed that for all scenarios
1 to 8, the shift is acceptable (less than 10%) when 0< d < 18%. When d is considerably
high (either positively or negatively), the shift of predictions of breakout extent in the
deepest is notably high.

The statements above can be summarized as follows:

e When considering a vertical hole, predictions of breakout width and extent are con-

sistent with the observations in the deepest, independently from the stress regime.

e When the well is deviated, 15¢ order predictions of both breakout width and extent
are shifted compared to the mean of the observations in the deepest. This shift is
either acceptable or notably high. Indeed, I is acceptable when the intensity of
breakouts is more or less the same in both sections where calibration and prediction
are performed. However, if breakouts are pervasive in the calibration section and
limited in the prediction section of the well, predictions tend to overestimate breakout
width and extent. Conversely, if breakouts are limited in the calibration section
and more pronounced in the prediction section, then predictions underestimate the

breakout width and extent, leading to incoherent predictions.
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Figure 5.15.: Computed first order shift, Iy, for breakout extent Vs. the difference be-
tween both the mean of the breakout extent measurements in the shallowest
and deepest section of the well, d. See the caption of Fig. 5.14 for further
information.

Concerning the DITFs, predictions are coherent with the observations when the hole is
vertical. However, our approach predicts more tensile conditions than observed when the
well is deviating as shown in Fig. 5.16. This is valid independently from the considered

stress regime, borehole trajectory or breakouts intensity along the well.

5.3.4.3. Explaining the observed shifts

To better understand the conclusions drawn previously, we have been interested in

answering the following questions:

o For scenarios 1 to 4 (with 80% of breakouts present in the upper section of the
well): why do we observe very limited breakouts in the deepest section only for some
specific drilling trajectories? What makes these borehole trajectories distinct from
others?

o For scenarios 5 to 8 (with 30% of breakouts present in the upper section of the
well): why do we observe more pronounced breakouts in the deepest section only for
some specific borehole trajectories? Again, what makes these borehole trajectories

different from others?

To answer these two questions, the well optimization path curve as defined by Al-

Ajmi and Zimmerman (2006) in Eq. 5.9 was computed for the 8 synthetic scenarios.
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Figure 5.16.: The difference between the mean of predicted and observed DITFs (D and
D*| respectively) in the deepest section of the well, Vs. borehole trajectory.
Colors scheme correspond to Scenarios 1 to 8.

Note that when calibrating on the vertical section of each one of the 8 scenarios, M
well calibrated models are filtered based on the rejection criterion in Chapter 3. The
stress anisotropy ratio, ®, is computed for each calibrated model, and for each synthetic
scenario. It is worth underlining that when the initial models — models to calibrate — are
in a certain stress regime, the calibrated models do not necessarily have the same stress
regime. Once @ is computed, the optimal borehole drilling trajectory, -, is calculated for
each calibrated model using Eq. 5.9 (Al-ajmi, 2006). The obtained curves are plotted in
Fig. 5.17. Calibrated models with NF, SS and/or TF regime are plotted in red, blue and
green respectively. According to Al-ajmi (2006):

o In NF stress regime (red circles), the optimum drilling trajectory is deviated from
the vertical by ¢ = « in a direction parallel to the minimum principal horizontal

stress, Spmin (@ = 90°).

o In SS stress regime (blue circles), the most stable borehole is horizontal (i = 90°)

with a drilling direction, a= .

o In RF stress regime (green circles), the wellbore is the most stable when it is drilled
in the direction of the maximum horizontal principal stress (o = 0°) with a drilling

inclination, ¢= 90°-v, to minimize borehole instability.
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Figure 5.17.: Stress anisotropy function, ®, Vs. the optimum well path, v, that ensures the
lowest percentage of breakouts as given by Al-ajmi (2006). ® was computed
for all the well calibrated failure models. In all panels, the circles correspond
to the well calibrated failure models for each scenario. Each circle is colored
depending on which stress regime the calibrated model represents: red, blue
and green circles correspond to normal, strike-slip and reverse stress regimes,
respectively.

Based on these curves, the most stable borehole trajectories (i.e., with the least break-

outs) for Scenarios 1 to 4 are summarized in Table 5.5 and the least stable borehole

trajectories for Scenarios 5 to 8 are summarized in Table 5.6.

Table 5.5 summarizes the most favorable drilling trajectories that ensure the lowest

intensity of breakouts in the case of scenarios with 80% of breakouts in the upper vertical

section of the well (Scenario 1 to 4). These trajectories were extracted from Fig. 5.17.
Interestingly, the listed favorable borehole trajectories (based on Eq. 5.9, (Al-ajmi, 2006))
correspond to the drilling trajectories with the highest d and I; in Fig. 5.14. Indeed,

when deviating the borehole to these directions, less breakouts are formed, meaning that

the difference between the mean of observations in the vertical and the deepest part is

considerable (hence, the high values of d for these trajectories when considering Scenarios 1

to 4). As our failure models were calibrated on a vertical section with pervasive breakouts,

predictions are unable to predict very small intensity of breakouts in the deepest, and thus,

I is high for these borehole trajectories.



112 Chapter 5 - Synthetic cases

Table 5.5.: The most favorable drilling trajectories for Scenarios 1 to 4 based on the opti-
mized well path proposed in Al-ajmi (2006).

‘ Scenario ‘ a ] ‘ i[°] ‘
| 0 [ 30 |
| o 90
‘ Scenario 1 ‘ 90 ‘ 30 ‘
| |90 | 70 |
| o 70
‘ Scenario 2 ‘ 45 ‘ 90 ‘
| |90 | 70 |
| o 70
‘ Scenario 3 ‘ 45 ‘ 90 ‘
| |90 | 70 |
| 0| 70
| 0 [ 90 |
‘ Scenario 4 ‘ 45 ‘ 90 ‘
| 90 | 70 |

Table 5.6 however summarizes the 'worst’ drilling trajectories where breakouts are more
pronounced when considering Scenarios with 30% of failure. The listed trajectories corre-
spond to the smallest d and I in Fig. 5.15. Indeed, when deviating the borehole to these
directions, the percentage of breakouts increases, meaning that the difference between the
mean of observations in the vertical and the deepest section is considerably negative. In
the same line of arguments, as our failure models were calibrated on a vertical section with
limited breakouts, predictions are unable to predict 'pervasive’ breakouts in the deepest,

and thus, the shift I is extremely negative for these borehole trajectories.

5.3.4.4. Dispersion of the 1% order predictions

Computing the shift of the predictions is not enough to decide of their goodness. It is
then useful to calculate the dispersion of these 15¢ order predictions in order to quantify
their dispersion. To that end, the 15* order dispersion indicator, noted as I14, is calculated
for all scenarios and for the three borehole failure indicators, wpo, ego and DITFs as
shown in Fig. 5.18. [14 is defined as the standard deviation of the envelop of all predictions.
Results show that when considering a vertical hole, the dispersion of the predictions is
very small independently from stress regime and the percentage of breakouts affecting
the borehole. For instance, I1g < 9° when predicting breakout width in a vertical well
for all scenarios (Fig. 5.18a and d) and I;4 < 0.05 when predicting breakout extent in a

vertical well for all scenarios (Fig. 5.18b and e). This means that in addition to the fact
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Table 5.6.: The least favorable drilling trajectories for Scenarios 5 to 8 based on the opti-

mized well path proposed in Al-ajmi (2006).
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the predictions are not shifted when considering vertical holes, they are also not dispersed,
which outlines the accuracy of the predictions in this case and their consistency with the
observations. However, the dispersion starts to get higher when deviating the well.

The dispersion of the models when predicting the DITFs is quite difficult to explain.
Fig. 5.18c-f shows that the dispersion is important but no general trend is noticed. The
dispersion is indeed independent from the stress regime but the influence of the borehole

trajectory is not clear.

Figure 5.18.: Computed dispersion of the 15* order predictions Vs. borehole trajectory
for all scenarios. (a), (b) and (c) correspond to scenarios 1 to 4 with 80%
of breakouts present in the upper section of the well and (d), (e) and (f)
represent scenarios 5 to 8, with 30% of breakouts in the upper section. The
first order dispersion, noted as I4, is computed for: breakout width, breakout
extent and DITFs. Note that scenarios are represented by a color scheme in
each panel.

5.3.5. Dispersion of the 2" order predictions

Local scale variability has been shown to be typically large (Valley, 2007) in crystalline
rocks and must be accounted for in meaningful predictions. To fulfill this mission, 29
order calibration were carried out in the vertical section of the well using the methodology

proposed by Dahrabou et al. (2022b). The calibration process was performed only for
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scenarios 1 and 5 as they represent different intensity of breakouts. We assume here that
the estimated deviations of a given parameter around its calibrated mean (represented by
e in Eq. 5.5) does not change noticeably when the stress regime is different. The estimated
deviations, €, are then simulated to a greater depth using direct sampling method (DS)
as implemented in DeeSse (Straubhaar, 2019), added to the 1¢ order calibrated depth

27d order predictions are performed. The outcomes of these predictions

profiles and then
were quantified by computing a 2" order dispersion indicator, Iy of Eq. 5.8

Fig. 5.19 shows the calculated 2" order dispersion indicator, I»4 for all scenarios. For
a vertical well, the second order dispersion indicator is very small (Io; < 0.1), meaning
that our predictions are able to reproduce the variability in the deepest section of the
well. However, when the well is deviating, a general trend is noticed in all panels of
Fig. 5.19. This dispersion is more considerable when the well is horizontal («=90° and
i=90°). Finally, models predicting DITFs are all dispersed even for a vertical hole, which

highlights the uncertainties amongst these predictions.

Figure 5.19.: Computed dispersion of the 2°¢ order predictions Vs. borehole trajectory
for all scenarios. (a), (b) and (c) correspond to scenarios 1 to 4 with 80%
of breakouts present in the upper section of the well and (d), (e) and (f)
represent scenarios 5 to 8, with 30% of breakouts in the upper section. The
27d order dispersion, noted as Iog, is computed for breakout width, breakout
extent and DITFs. Note that scenarios are represented by a color scheme in
each panel.
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5.4. Discussions

5.4.1. Quality of 1% order calibration

The 15 order calibration performed in the shallowest section (which is essentially verti-
cal) of the studied wells showed satisfying results for all scenarios, confirming as such the
efficiency and accuracy of the proposed calibration methodology proposed in Chapter 3
independently from the stress regime. So far, this is a validated conclusion for a vertical
borehole, but no indication is available to believe that this will not be as well efficient in
a deviated borehole.

A very important point to highlight is the percentage of the well calibrated models in
scenarios where 80% and 30% of the boreholes sections are affected by breakouts. In the
first case, 91% of the models were coherent and consistent with observations and could
be retained as adequately calibrated models, whereas only 40% were found to be well
calibrated in the second case. This outlines two interrelated important observations: (1)
the calibrations quality is affected by the intensity of breakouts, i.e., when few breakouts
are affecting the well, few models are well calibrated based on the filtering criterion we
defined in Chapter 3 and (2) the used approach in the calibration methodology to consider
depths where failure does not occur has some limitations. Observation (1) certainly follows
at least in part from observation (2). In other words, our calibration methodology requires
continuous numerical parameters and we represent the absence of breakouts by considering
the breakout width being equal to 0°. In reality when no breakout occurs, we do not know
what is the "distance to failure". This is illustrated in Fig. 5.20 where the maximum,
intermediate and minimum effective principal stresses at the wellbore wall as a function
of @, the angle around the borehole for two different cases with different Sg,mqee and Symin
are shown. All other parameters are identical for these two examples. The Mohr-Coulomb
failure criterion (dashed black line) does not intersect o in both cases, meaning that there
is no breakout in these cases, however it is obvious from Fig. 5.20 that the first case (left)
is much closer to failure than the second case (right). In our approach these two situations
will however be treated identically: breakout width wpo = 0° will be considered for
both cases in our calibration process. Consequently, this will include a bias in the PEST
calibrations and sets of parameters leading to situations far from failure may be under
represented in our calibrated models. This bias is more severe when few breakouts are
present along the considered well. Consequently, further work has to be done to deal with
this issue. One can define a penalty function in PEST that accounts for discontinuous or
Boolean variables so that PEST algorithm can calibrate on presence/absence of breakouts
in addition to the consideration of breakout width when breakouts occurs. This limitation
did not seem as important when developing our approach on the Basel data, because in
this case breakouts are pervasive and the induced bias is negligible. It appears however
from this systematic evaluation using the synthetic cases that this limitation could be

problematic when only few breakouts occur on the calibration section.
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Figure 5.20.: Two examples where breakout do not occur, but with stress conditions and
distance to failure significantly different. The effective principal stresses are
presented as a function of @, the angle around the borehole. The maximum,
intermediate and minimum effective principal stresses, o1, o2 and o3, are
plotted in red, green and blue respectively. The dashed black line depicts
the yield line computed by using the Mohr-Coulomb failure criterion. On
the left, SHmaee=80 MPa, Shnin=54 MPa and on the right, Sgm..=70 MPa,
Shmin=05 MPa. The rest of the parameters are common to both cases:
UCS=128 MPa, S,=87 MPa.

5.4.2. Failure predictions quantification
5.4.2.1. Failure prediction in a vertical well

In this chapter, the outcomes of both 15* and 2 order calibration were used to predict
failure severity in the deepest section of the well. The main objective is to apply and test
our calibration and prediction methodology (Chapters 3-4) on synthetic cases investigating
a much broader range of conditions that can be encountered in real field cases (different
stress regimes, borehole trajectories and intensity of breakouts). Results show that both
15t and 2" order predictions were accurate and consistent with observations when the well
is vertical. This lends support to previous findings in Chapter 4 where the sub-vertical
BS-1 borehole was used and adds additional information: the predictions are reliable in
a vertical well independently from the considered stress regime or the breakouts intensity
along the borehole. Indeed, the computed shift and dispersion indicators in this case
showed very satisfying results, i.e., a 15 order shift, I, ~ 0, 15* order dispersion, I14 leq
9° and a 2" order dispersion, Iy < 0.1. This means that (1) the mean of predictions is
superimposed with the mean of the observations, (2) the envelop of 15¢ order predictions
is narrow and centered on observations and (3) the 2" order predictions are able to

reproduce the variability observed in observations.
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5.4.2.2. Failure prediction in a deviated well

We were aware that our calibration and prediction methodology may have some limita-
tions when the well starts deviating. This was firstly illustrated by calibrating parameters
against a single breakout at a given depth and performing predictions for different bore-
hole trajectories (stereographic presentation of these results in Fig. 5.7). Results show
that when considering a vertical hole, predictions are converging, whereas they diverge
when the well is deviating. We argue that this is mainly due to the sensitivity of borehole
failure to the vertical stress magnitude. Indeed, the stress anisotropy ratio has a consider-
able impact on predictions when the well is deviated, and thus if this ratio is not properly
calibrated, the predictions diverge.

More complexity were added to our methodology by calibrating and predicting not only
at a given depth but along the entire length of the well. The shift, 15* and 2"d order
dispersion of predictions were quantified as well. Results show that when deviating the
well, the predictions start to shift depending on the (1) stress anisotropy ratio and on
(2) the difference of breakouts intensity in calibration and prediction sections. Indeed,
when the well is deviating, the shift of predictions is acceptable only if both calibration
and prediction sections have approximately the same breakouts intensity (i.e., pervasive-
pervasive, limited-limited breakouts). If the intensity of breakouts is markedly different
in both sections, the shift becomes notably high, meaning that our predictions are no
more consistent and coherent with observations. These findings raised our curiosity of
better understanding the reason why intensity of breakouts changes markedly between
calibration and prediction sections only for some specific drilling trajectories. Thanks to
the relationship between stress anisotropy and the optimum well path derived by Al-ajmi
(2006), some important findings were highlighted. Indeed, the drilling trajectories for
which breakouts intensity changes from being ’pervasive’ in the shallower to 'limited’ in
the deepest section of the well, are the most favorable borehole trajectories that ensure
the least breakouts. Similarly, the trajectories for which breakouts intensity changes from
being 'limited’ in the upper section and very pronounced in the deepest, coincide with the
worst drilling trajectories in terms of stability according to Al-ajmi (2006). This explains
the observed high shift of predictions for these specific borehole trajectories.

The 1% and 274 order dispersion indicators showed that the distribution of predictions
gets larger when the well is deviating and that they are no more consistent with obser-
vations. These anticipated results may be explained by the fact that when deviating the
well, S, is no more vertical and orientations of the three principal stresses impact cali-
brations and inevitably predictions. Despite the limitations of our calibration-prediction
methodology when applying it to deviated boreholes, our findings do nevertheless suggest
that when the angular difference between the calibration and prediction section do not
exceed 30°, our estimation of the breakout width are typically precise within a shift of ~
10°for breakout width and less than 5% for breakout extent, which is deemed to provide

useful information for practical well design. Beyond these points, our massive calibrated



Conclusions 119

approach covers a large number of possibilities leading to diverging predictions. We sug-
gest here to consider carefully the breadth of possibilities and to generate stereographic
representation of the of the failure severity pattern for a number of calibrated cases in
order to evaluate favourable wellbore trajectories. Thus, our calibration and prediction
methodology as proposed in Dahrabou et al. (2022b,a) should be improved by (1) cali-
brating the ratio between horizontal principal stresses and S,, (2) adding some available
measurements of stresses, i.e., Spmin estimate from XLOTs, to help narrowing the cal-
ibrated profiles range and thus reducing the divergence of predictions. We expect that
adding this information will have a noticeable impact on the predictions spread and thus

will improve the reliability of the predictions.

5.5. Conclusions

In this chapter, we have been interested in testing the limits of our calibration and pre-
diction methodologies as developed in Chapters 3-4. This is mainly because the proposed
workflow was applied only to the extensive borehole data set along the crystalline section
of the borehole BS-1, in Basel (Switzerland) (Héring et al., 2008; Valley and Evans, 2009a,
2019). This borehole is sub-vertical over its entire length and thus, it is not appropriate to
test the robustness and accuracy of our approaches when the borehole is deviated. Also,
80% of this borehole is affected by breakouts and the calibration and prediction method-
ology was still not applied on a borehole with few breakouts to test its reliability. To fulfill
these objectives, synthetic cases were generated in order to investigate a much broader
range of conditions that can be encountered in real field cases. Scenarios with different
stress regime conditions, borehole trajectories and failure intensity were generated. This
led to a variety of scenarios that cover a wide range of possibilities. Our key findings are

itemized next:

o Our calibration methodology (Chapter 3) shows accurate results independently from
the stress regime but its quality is influenced by the intensity of breakouts that affect
the borehole. When few breakouts are present, our calibration methodology is less

efficient at finding calibrated set of parameters.

o 15 and 2" order predictions are accurate and consistent with observations in the

case of a vertical well, independently from the stress regime or breakouts intensity.

o 15 order predictions start to shift when the well is deviating. This shift was quanti-
fied by defining an appropriate metric. The latter showed that this shift is acceptable
or not depending on the (1) stress anisotropy ratio and (2) the difference of breakouts

intensity in both calibration and prediction sections.

e Borehole trajectories for which the computed shift was notably high coincide with

either the most favorable or the worst drilling trajectories in terms of borehole sta-
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bility. This finding was based on the relationship between stress anisotropy and

optimum well path derived by Al-ajmi (2006).

When pervasive breakouts are affecting the calibration section, and few breakouts are
formed in the deepest (because the considered borehole trajectory is the most stable
according to Al-ajmi (2006)), predictions overestimate failure. Similarly, when few
breakouts are present in the calibration section but more pronounced in the deepest
(because the considered trajectory is the worst in terms of stability), predictions

tend to underestimate failure.

The shift is however acceptable for practical purposes when the prediction section

deviation do not differ from more than 18% of the calibration section.

When quantifying predictions dispersion by defining the appropriate metrics, results
show that1%® order predictions envelop is narrow and that the variability is satis-
factorily reproduced in the 2"d order predictions. This finding is valid only for a

vertical well independently from the stress regime and the breakouts intensity.

When the well is deviating, dispersion is markedly increasing, leading to predictions
with a spread that increases, when the borehole deviation is increasing as well. This

is valid for all stress regimes.



6. Deep Geothermal Well Optimization
Workflow (DG-WOW) application

6.1. Introduction

6.1.1. Scope and objectives of the ' DG-WOW'’ application

The Deep Geothermal Well Optimisation Workflow (DG-WOW) aims at providing deci-
sion support tools for optimising deep geothermal well trajectories. The applied outcome
of this work is a set of supporting software tools (referred to as the DG-WOW-app) to
assist with the application of the workflow. This work being supported by InnoSuisse and
the industry, it was important to insure that the knowledge and processes developed in
this thesis are transferred to the industry. A software tool with a Graphical User Inter-
face (GUI) is the most efficient way to allow practitioners to apply the workflow and thus
enable the knowledge transfer.

In practice, it is important to be able to apply the workflow quickly in order to avoid drill
rig downtime. The objective of this workflow is to provide a systematic approach to select
the most appropriate drilling direction, which is defined as the one that promotes wellbore
stability while intersecting as many as possible potential feed zones. The optimal trajectory
of the borehole is critical as it influences the wellbore injectivtiy and productivity, which
in turn will have a decisive impact on the performance of the future geothermal plant.
Moreover, the stability of the wellbore is essential to enable zonal isolation and to prevent
drilling delays associated with an unstable borehole. Obtaining this result as quickly as
possible is important, because it has to be done while the (expensive) drilling equipment
is on hold. Thus, the primary objective of this workflow is risk and cost reduction for deep
geothermal well drilling operations. It was intent on developing the workflow for the Haute-
Sorne project. The phased development plan of the latter imposes the overall structure of
the workflow. It starts first with a vertical drilling section along which one can collect and
analyse relevant data in order to propose an optimal direction of the subsequent deviated
section. This sequence of operation is somewhat specific to the Haute-Sorne project, but
the intent is to have a more versatile tool that can be adapted to various projects.

The purpose of this chapter is to present the DG-WOW-app which is the practical
translation of the calibration-prediction workflow developed in Chapters 3 and 4 of this
thesis. This section is not a user guide of the application, which is the purpose of another

document not part of this thesis, but it is an illustration of the practical application of the
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workflow. For illustration purposes, the dataset from the Basel deep geothermal borehole,

BS-1, were used.

6.1.2. Guiding principles

The context and purpose of the project lead us to follow some guiding principles for this

workflow:

Workflow main targets: The first key element of this workflow is to minimize wellbore
instabilities and the second element is to maximize intersections with potential feed

zones.

Calibration and prediction: The workflow is based on two main phases: a first phase
where the reservoir parameters (i.e., stress and strength) are calibrated against data
set obtained from the shallower section of the wellbore that will be essentially ver-
tical and a second phase where predictions are performed for potential deepest and

deviated wellbore section.

Non-uniqueness of calibration: It was shown previously (Chapter 3) that the studied
inverse problem is ill-posed as multiple non-unique parameter sets can reproduce
equally the observation data. Thus, a multitude of sets of parameters spanning the
space of possibilities should be identified with a systematic calibration approach.
The latter will be used in a probabilistic manner in order to predict failure in the

deepest section of the well.

Rapidity of the workflow: The decision concerning the optimal borehole trajectory must

be taken rapidly in order to limit expensive rig downtime.

Approximate analytical solution: The failure model to be used should be efficient and
easy to implement because we need to (1) consider a multitude of solutions and (2)
take a rapid decision for optimal borehole trajectory selection. To that end, a simple
analytical solution were used to compute borehole failure (closed-form analytical
solution of Kirsch (1898)).

Consideration of natural variability: Natural variability in stress and /or strength leads to
large variability in borehole conditions. Considering this variability, i.e., estimating
the statistical distribution of the parameters, is required for risk assessment. Thus,
we developed a two steps approach with not only the general trends being reproduced
(1%* order characterization) but also the variability around these 15* order trends
(2" order characterization). Such approach is in-line with stress characteristic ob-
servations in the earth crust (Zoback, 1992) and related site stress characterisation

strategies (Stephansson and Zang, 2012).
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6.2. Overview and implementation of the workflow

6.2.1. Workflow overview

The workflow is divided into three main sections:

1. Data pre-processing.

2. Failure models calibration and identification of critically stressed fractures.
3. Failure prediction and evaluation.

Each section is subdivided into many steps. Each step is briefly described in Fig. 6.1.
One important step in this application is the data preparation section. The latter is
instrumental for the successful execution of the workflow. Indeed, in this section, all the
required data are loaded, pre-processed and prepared for the calibration process. The
model calibration section is the central part of the workflow and the most critical step.
During the calibration process, fundamental parameters for failure prediction (i.e., stress
and strength) are estimated. This is also the most time-consuming process. Note that we
perform the calibration in two steps: (1) 15 order calibration to determine the linear trends

of the parameters of interest and (2) 24

order calibration to characterize the variability
of these parameters around their trends. Finally, the failure prediction section allows to
evaluate various drilling scenarios based on the model calibration outputs and to identify
the optimal trajectories for which the borehole is stable and intersects the maximum of

feed zones. The required initial data for each phase are listed in Fig. 6.2.

6.2.2. DG-WOW-app implementation

The DG-WOW-app in its current form is an operational prototype, i.e., it is fully
functional, but could be programmed in a more efficient way. The core of the app is coded
in MATLAB. This part guides the user through the entire workflow, reads/writes and
executes the files required to interact with other softwares. The core computation of the
app, i.e., stress and failure computation around a borehole are also coded in MATLAB.

Some operations are best performed in or by other softwares. This is the case for
some logging data handling that is best done within the WellCAD™ software. It is
not required to rebuild such functionality in the app. Only functionality that are not
satisfying in WellCAD™ (e.g., breakout geometry measurements) are implemented in the
DG-WOW-app. Reading and writing of WellCAD ASCII format is built in the application
in order to expedite data transfer.

The calibration sections of the workflow are performed using PEST software (Doherty,
2015). The DG-WOW-app prepares all the required files and executes the calibration
process using multiple starting points. It also reads and integrates the calibration outputs.

Figures are automatically created in order to illustrate the obtained results.
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DATA PRE-PROCESSING

MODELS CALIBRATION

FAILURE
PREDICTION

-

1 UBIData- Load transit time image, amplitude image, fluid velocity, sonde azimuth, sonde deviation from vertical, and borehole nominal size.
Image quality check- Make an image quality assessment in wellcad using an interval log and load these data in the DG-WOW application
TT clean-up and well geometry computation - Perform some clean on the transit time image in Wellcad if required and then compute a radius image within DG-WOW
Centralize Radius Image - Find the most probable center by fitting an ellipse to the data
Detect Breakouts- Detect intervals with breakouts in Wellcad and attribute to each one of them a confidence
Measure BOs - Measure the geometry of each breakout

Ellipse section fit - Independent assessment of borehole shape by fitting ellipse to the borehole
BOs orientation - Summarize the orientation of the measured breakouts
Failure width - Summarize the failure width of the measured breakouts
Failure depth - Summarize the failure depth of the measured breakouts
CSA - Compute borehole cross-sectional area
Detect DITFs - Detect Drilling Induced Tensile Fractures in Wellcad as an interval log and import in DG-WOW
DITFs orientation - Determine DITFs orientation in Wellcad using mudlogs and structure logs and import in DG-WOW
Natural fractures orientation - Measure natural fractures in Wellcad (structure logs) and import the true azimuth data in DG-WOW

UBI data synthesis - Summarize all the information collected from the UBI data

2 Borehole trajectory - The borehole is desurveyed in order to compute all the elements required to include the borehole trajectory

3 Pore pressure and mud pressure - Estimate appropriate pore pressure and mud pressure

4 Vertical stress profile - Integrate the density profile from surface and select an appropriate trend for Sv

5 Temperature and cooling - Define cooling profiles separately for DITFs and for breakouts

6 Elastic and thermoelastic properties - Define Young modulus, Poisson ratio, linear coefficient of thermal expansion, etc.

7 hoop stress esti - a profile of minimum hoop stress at the borehole wall that is required to explain the observed DITFs.
1 First order calibration - Define the various PEST parameters for the 15t order calibration.

Zone and data definition - Fill automatically or manually all the fields pointing to the relevant files and variables in the project structure and files to launch the calibration.
Starting point and calibrations - Define number of starting points, apply constaints to sort them, choose number of workers fot Parralelized PEST and launch the calibration process
15t calibrated profiles - Display the calibrated profiles, navigate across starting points and evaluate visually the quality of the calibrations.

18t calibrated histograms - Display prior and posterior hi: of the

15t order calibration sorting - Display the objective function for each calibration and contribution from each observation. A manual sorting of the calibrations is possible

2 Second order calibration - Select starting points from the 1st order calibrated models, define PEST parameters and the number of pilot points

Second order calibration evaluation - Display the 2nd order calibrated parameters

w

Natural fracture analyses

Fracture set estimation - Define the fracture set encountered in the rock mass

Fracture spacing statistics - Compute the spacing statistics for each fracture set

4 Feed zone analyses

Slip-tendency analyses - Based on the calibrated stress profiles, compute slip tendency for various depth and assess shear and normal stress on measured natural fractures

Fracture frequency analyses - Based on the determined fracture sets, assess total fracture frequency along various drilling directions

1 well trajectory scenario selection - Define the required elements to perform failure prediction
2 Well trajectory scenario evaluation - Display the predicted failure profiles along with the stress and strength input profiles
3 Ssingle depth trajectory evaluation

Figure 6.1.: Overview of the entire workflow that were implemented in the 'DG-WOW-

app’ with a brief description of each step.
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Figure 6.2.: Summary of the main required initial data for each phase of the implemented

workflow.
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Finally, stochastic realisations are performed using the DeeSse algorithm (Straubhaar,
2019). The required reading/writing/execution functionalities are built in the DG-WOW-

app.
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6.3. Presentation of the DG-WQOW application using the BS-1
borehole data

In this section, we illustrate the functionalities of the DG-WOW-app by showing and
describing the most relevant steps to the developed calibration and prediction approaches
in Chapters 3 and 4. The extensive data set from the BS-1 borehole were used as a test
bed for the developed application. Firstly, note that this GUI is made of a main window
with a workflow tree on the left and a main panel (Fig. 6.3). Performing the workflow
consists of stepping through each item of this tree. Icons (red cross or green tick mark)
indicate if a tree item, i.e., a step in the workflow, has already been completed or not. On

the main panel, one can load, process and display data.

Figure 6.3.: View of the interface of the application consisting in a workflow tree (left) and
a main panel to display relevant information for the analyses (large white are
in this figure).

6.3.1. Data pre-processing - UBI data synthesis

At this stage all the key information derived from acoustic televiewer logs are uploaded
and required data are extracted. Various steps were completed before heading to this
stage (i.e., image quality check, transit time clean-up and well geometry computation,
detecting breakouts and drilling induced tensile fractures (DITFs), measuring breakouts,
etc.). The "UBI data synthesis’ tab offers a synthetic display of all these data. Bringing
all the data together in a coherent manner is an important milestone along the workflow.

This data set is the base on which depend all subsequent workflow steps. The syntethic
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view provided in the DG-WOW-app allows verifying that all the pre-processed data are
consistently compiled before moving to the next steps of the workflow. This synthetic

view is presented in Fig. 6.4.

Figure 6.4.: UBI data synthesis panel: from left to right: amplitude image, radius image,
image quality rating, breakouts intervals, drilling induced tensile fractures
(DITFs) intervals, sketch of stress induced failure, breakout width, breakout
extent, cross-sectional area and natural fractures tadpole plot. This example
illustrates the failure data of BS-1 borehole between /2578 m and 3600 m.

6.3.2. Failure models calibration

When all information needed is pre-processed, formatted and compiled by following the
first part of the workflow as described in Section 6.3.1 and synthetized in Fig. 6.1, the
calibration of failure models (i.e., stress and strength) is initiated. The latter is performed
in two phases: 15" and 2" order calibration. Both phases are performed in a sequence of

steps that allow the parametrization of the calibration and the evaluation of its outputs.

6.3.2.1. 1% order calibration

6.3.2.1.1. Zone and data definition: In the first step of the 15' order calibration, the
calibration name is created and the PEST specific parameters are defined. Then, the zone
of interest and data required to perform the calibration must be defined. On the panel of

this step, two main elements are presented (Fig. 6.5):

1. in the upper part of the panel, all the needed data to calibrate are defined either as
static parameters (white boxes), observations that will be used in the calibrations

(green boxes) or as parameters to be estimated in the calibration process (red boxes).
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2. in the lower part of the panel, a summary of some key data required for and used in

the calibration are displayed.

In the example showed in this panel (Fig. 6.5), we calibrate maximum and minimum
principal horizontal stresses (named as ’s;” and ’so’, respectively), Euler’s angle (noted
as 'a’ in the GUI), cohesion (’coh’), internal friction angle (’fric’) and Shen’s parameters
A ('Ashen’) and B ('Bshen’). The aforementioned parameters are calibrated from 3000
to 3600 m (grey shaded area in the lower part of the panel) against four types of obser-
vations: breakout width "BBOwidth’), breakout extent ('BBOext’), breakout orientation
(’BBOtheta’) and DITFs ('DITFshm’). The rest of the parameters required for the cali-
bration process are defined as static. All the input are automatically populated from the
pre-processing step but the user can modify them following his own requirement. The
input of each parameter can be constant values, functions of measured depth (MD) or

true vertical depth (TVD) or file names (.csv, .mat) pointing to relevant data.

Figure 6.5.: Definition of the zones where calibration will be performed and required data
of each zone such as static parameters (white boxes), observations (green
boxes) and parameters to be estimated (red boxes). The shaded grey area in
the lower part of the panel depicts the zone of calibration.

6.3.2.1.2. Starting points and calibrations: The 15 order calibrations are initiated from
a set of starting point in order to cover the space of all possible calibrated parameter
set. The number of starting points and their range need to be defined. In the example
presented in Fig. 6.6, 20 starting points were used. They are automatically generated by
random draw from uniform distributions within the bounds described in the "Zone and
data definition" tab (Fig. 6.5). The detailed process of generating the prior distribution

of the input parameters is fully described in Chapter 3. These starting points are then



130 Chapter 6 - DG-WOW-app

validated against constraints (Section 3.5.1). If a starting point does not meet these
constraints, it is eliminated and new random draws and validations are made until the
target number of valid starting points are met. This process leads to starting points that do
not necessarily follow a uniform distribution. This is illustrated in the histograms shown
in Fig. 6.6. Note that the calibrations can be performed using PEST (preferred method)
or a MATLAB routine (quicker but experimental and less robust). In order to speed up
PEST calculations, one can use parallel computations. To that end, the number of workers
has to be defined in the nworkers field. The appropriate number of workers will depend
on the used machine’s characteristics. Once the starting points are generated and their
distribution is constrained, the calibration process can be launched (’Start calibration’
button).

Figure 6.6.: An example of prior distributions (displayed as histograms) of the input pa-
rameters to be calibrated for 20 starting points. From left to right: slope and
offset of Sgmaz, noted as sl, and sl respectively; slope and offset of Spin,
noted as s2, and s2; respectively; Euler’s angle, a4, cohesion, coh,, friction,
frice, and Shen’s regression parameters, Ashen, and Bshen,. Lower and
upper bounds for each parameter are defined by the user and displayed next
to each parameter’s name.

6.3.2.1.3. 1%t calibrated profiles This panel shows the calibrated depth profiles of
stresses and the corresponding borehole failure (breakout width, extent, orientation and
DITFs). Fig. 6.7 shows the calibrated depth profiles of stresses (green and red linear pro-
files depict Shmin and Sgmaz, respectively), breakout width, breakout extent, breakout
orientation and DITFs (represented by the grey profiles). This allows evaluating visually

the quality of the calibrations as it is possible to navigate across starting points: one can
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select a starting point and display the corresponding calibrated profiles as shown in black
in Fig. 6.7.

Figure 6.7.: Outputs of the 15 order calibration of 20 starting points. From left to right:
calibrated depth profiles of stresses (green and red linear profiles depict Spmin
and SHmae respectively), calibrated breakout width, breakout extent, break-
out orientation and DITFs (represented by the grey profiles). Finally, the red
circles represent the failure observations of BS-1 used to carry out the 15 order
calibration from 3000 to 3600 m. Note that in the upper part of this panel, one
can select one starting point to visualize its corresponding calibrated stresses
and failure profiles (black profiles).

6.3.2.1.4. 1%t calibrated histograms In this tab, both the prior and posterior distri-

butions of the initial and calibrated input parameters, respectively, are displayed as his-

Oth

tograms as illustrated in Fig. 6.8. In this example, we chose the 10'" starting point as it

gives satisfying and consistent calibration results (Fig. 6.7). The calibrated parameters

corresponding to this starting point are represented by red lines in Fig. 6.8:

o SHmaz[MPa] = 10.1-TVD[km] + 69.8
o Shmin|MPa] = 5-TVD[km] + 51.1

. af’]=151.1

« cohesion, c[MPa|=27

o Friction, ¢[°]=35.2

e Shen’s parameters A= 8.5 and B=2.1
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Figure 6.8.: Prior (blue) and posterior (orange) distributions of initial and calibrated input
parameters respectively presented in the form of histograms. The red vertical
lines correspond to the selected calibrated model. In this example, we selected
the 10*" starting point.

6.3.2.2. 2" order calibration

The 2" order calibration starts with a panel in which all inputs are collected (Fig. 6.9).
At this stage, multiple second order calibrations can be run in parallel. The needed
information include the PEST parameters and all the required static parameters (white
boxes), observations (green boxes) and parameters to be estimated (red boxes) (Fig. 6.9).
All the parameters are generated automatically by loading them from the outputs of the
1% order calibration. An important parameter to define in the 2°¢ order analyses is the
number of pilot points. This will influence the quality of the calibration, i.e., more pilot
points will allow to capture shorter wavelength variability. This will also have a large
impact on the computation’s time. When all the parameters are defined, calibrations can
be run. The 2" order characterization is carried out by estimating optimum parameters
values at a set of pilot points (common to all parameter type, and is discussed in detail
in Chapter 3 Section 3.5.1.1). In the example illustrated in Fig. 6.9, we chose 60 pilot
points to be regularly spaced in the studied depth interval [3-3.6 km]. The pilot point
discretization is common to all strength and stress parameters profiles, which leads to an

overall parameterization involving 420 pilot points.
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Figure 6.9.: Required parameters to perform the 2"4 order calibration process. On the left,
the PEST parameters are input by the user (we refer the interested reader to
the PEST manual for a full description of each parameter (Doherty, 2015)).
On the right, the static parameters (white boxes), observations (green boxes)
and parameters to be estimated (red boxes) are generated automatically by
loading them from the results of the 15 order calibration.

6.3.2.2.1. Second order calibration evaluation When the 2"d order calibration is com-
pleted, the outputs of the calibration are displayed in this window and can be evaluated
visually (Fig. 6.10). The latter displays the 2°¢ order calibrated profiles of principal hori-
zontal stresses, SHmaer and Skmin in addition to Euler’s angle «, cohesion, internal friction
and Shen’s parameters A and B. The corresponding borehole failure (in black as shown
in Fig. 6.10d-g) fits well with the available failure BS1 observations from 3 to 3.6 km.
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Figure 6.10.: Evaluation of the outputs of the 2°¢ order calibration. (a) calibrated depth
profiles of stresses (Sgmae in red and Spm,, in green) and breakout orien-
tation (blue); (b) calibrated cohesion (red) and friction (blue); (c) Shen’s
parameters A (red) and B (blue). Panels from (d) to (g) show the calibrated
(black circles) and observed (red circles) breakout width, extent, orienta-
tion and DITFs, respectively. Finally, the black line in panel (a) depicts the
vertical principal stress, S,,.

6.3.2.3. Natural fractures analyses

Further processing is performed here on the natural fractures. The first step is to cluster
the fracture data in fractures sets based on their orientation. This is best done using ex-
ternal software (e.g., Dips from rocscience). Then the fractures sets can be imported and
displayed in the DG-WOW-app (Fig. 6.11). After loading the data, they are presented
in the form of tadpole plots and stereographic projection with a colour scheme per frac-
ture set as illustrated in Fig. 6.11. When the fracture sets are identified, fracture spacing
statistics can be performed on each one of them. In this step, the true spacing (spacing
in the direction perpendicular to the fracture planes) statistics for each set is automati-
cally computed. Each set’s true spacing distribution is represented by a boxplot and the
mean and median are displayed (Fig. 6.14). This information is required for subsequent

quantitative spacing analyses.
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Figure 6.11.: Screenshot displaying the fractures sets in BS-1 in the form of tadpole plot
(left) and stereographic projection (right) with a color scheme for each frac-
ture set. In this example, 4 fracture sets were determined.

Figure 6.12.: Screenshot of the GUI where fracture true spacing statistics are performed.
Each set’s true spacing distribution is represented by a boxplot and the mean
and median are displayed.

6.3.2.3.1. Feedzones analyses: Two feedzone analyses are performed:

1. The computation of slip and dilation tendency of the fractures. Fracture with high

slip and dilation tendency are believed to be the most favorable fracture for flow.

2. Total fracture spacing computation in function of the main fracture sets and the

drilling directions.
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These two analyses allow to select optimal drilling direction in terms of feed zones and
the results are presented in the workflow items Slip-tendency analyses (Fig. 6.13) and

Fracture frequency analyses (Fig. 6.14), respectively.

6.3.2.3.2. Slip-tendency analyses The relationship between stress and fractures is cru-
cial and it is believed to play a major role in fracture transmissivity. It is usually assumed
that critically stressed fractures are the most transmissive (Barton et al., 1995; Zhang and
Sanderson, 1996). The latter are evaluated by computing both slip and dilation tendency.
The slip and dilation tendency analyses are presented in the form of stereographic pro-
jection (Fig. 6.13). The required input for these analyses is the stress state (magnitudes
and orientations) and pore pressure. These inputs are given in the top of the panel. The
objective is to load stress values from the calibrations. The natural fracture poles are
overlaid on top of the slip and dilation computations and thus it is possible to assess
which fractures are the most critical. In addition a Mohr diagram is displayed, presenting
the effective stress state as Mohr circles as well as the normal and shear stress on the

fractures.

Figure 6.13.: Screenshot illustrating slip tendency analyses performed on the natural frac-
tures in BS-1.

6.3.2.3.3. Fracture frequency analyses An other aspect that controls the borehole in-
jectivity or productivity is its connection to the natural fracture network. A borehole
intersecting many fractures has more chance to be well connected to the network and thus
to have a profitable injectivity and productivity index. The number of intersections of a
borehole with a fracture set depends on the fracture spacing, the fracture orientation and
the borehole orientation. When multiple fracture sets are present, the fracturing intensity

along the well is a combination of the contribution of each fracture set.
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In our analyses, we consider the characteristics and statistics of each fracture set and
compute a resulting fracture intensity for any borehole orientation and represent these

computation on a stereographic projection Fig. 6.14.

Figure 6.14.: Example of total fracture frequency analyses as a function of drilling direc-
tions performed in the BS-1.

6.3.3. Failure severity prediction
6.3.3.1. Well trajectory scenario selection

In order to perform failure prediction, the following elements are needed:

1. A borehole trajectory and section along which the failure should be predicted.

2. A 1% order calibrated stress and strength model that can be extrapolated to the

true vertical depth level where failure should be predicted.

2nd

3. Optionally a order stress and strength model can be used to add stochastic

variability to the predictions.

The main panel of the "Well trajectory scenario selection" tab allows to define these
elements (Fig. 6.15). On the top of the panel, one can select the 15 and 2"¢ order models
from which stress and strength will be extracted. One can also choose whether or not

27d order calibration by

add a stochastic variability mimicking the results obtained in the
using them as a training image for DeeSse algorithm (The used approach is fully described
in Chapter 4, Section 4.2.2). The borehole trajectory, diameter, the initial depth, the end
depth, and the step at which the prediction should be performed are defined by the user.
The loaded trajectory, and the selected section are displayed along with the borehole and

section used in the calibrations (Fig. 6.15).
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Figure 6.15.: 3D view of the borehole trajectory and sections along which calibrations (red
section) and prediction (green section) were performed.

Figure 6.16.: Predicted failure severity from 4000 to 5000 m. (a) forecast stresses, using
DeeSse multivariate simulations, (Sgmaz [MPa], Shmin [MPa], and stress ori-
entation [°] are displayed in red, green and blue, respectively; (b) forecast
cohesion [MPa] (red) and friction angle [°] (blue); (c) forecast Shen’s param-
eters A (green) and B (blue); (d) predicted breakout width; (e) predicted
breakout extent; (f) breakout orientation and (g) DITFs.

6.3.3.2. Well trajectory scenario evaluation

When the simulations are completed, this final tab allows to display the predicted failure
profiles along with the forecast stress and strength profiles as shown in Fig. 6.16. Indeed,



Summary and outlook 139

Fig. 6.16a-c displays the forecast 2"? order profiles of horizontal stresses, Euler’s angle,
«, cohesion, friction and Shen’s parameters using DeeSse multivariate simulations. These
predictions were performed from 4 to 5 km. The corresponding prediction borehole failure
is depicted by Fig. 6.16d-g.

6.4. Summary and outlook

A complete workflow was developed and implemented as a software application to pro-
vide a systematic approach to select the most appropriate drilling direction. The lat-
ter is defined as the one that promotes wellbore stability while intersecting as many as
possible potential feed zones. The workflow is divided in three main phases: (1) Data
pre-processing, (2) failure models calibration in the shallowest section of the well and
identification of critically stresses fractures and finally (3) failure severity prediction in
the deepest section of the well. The longer phase is the data pre-processing where all
required data are loaded and pre-processed to enable the optimal drilling direction selec-
tion. The model calibration section is the central part of the workflow and the most critical
one as it allows to estimate fundamental parameters for failure prediction like stress and
strength. The failure prediction section allows then to evaluate various drilling scenario
based on the model calibration outputs. In this chapter, we used the BS-1 borehole as a
test bed to validate the developed workflow. The outputs of both calibration and predic-
tion are consistent and coherent with the results shown in Chapters 3 and 4 and reproduce
satisfactorily the BS-1 observations. The importance of this software tool is to provide a
complete, intuitive and easy-to-use interface and immediate visual feedback that may help
deciding of an optimal drilling trajectory. It must however be considered as a prototype

and will need further testing and developments including:

o Adding a section to help the user adding available estimates of stresses (e.g., estimate
of Shmin interpreted from XLOTS) in order to reduce the spread of calibrations and

predictions uncertainties.

e A section to consider the effect of mud weight will be required. Indeed, it is very
important to assess the impact of mud pressure on calibrations and predictions. This
highly affects the selection of an optimal borehole trajectory that promotes stability
of the borehole. For instance, one could compute a safe mud weight window for each
calibrated failure model in order to reduce the range of the non-unique solutions and
discard more models that lead to unstable conditions. This may also be performed

for different borehole deviation and dip directions.

e A section to quantify predictions uncertainties, their dispersion and their quality
may be useful for risk assessment. For instance, one may add a section in the GUI
to compute the shift and dispersion indicators defined in Chapter 5 in order to get

a general insight into the goodness of the predictions and their reliability.
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e Summarizing potential optimal borehole trajectories that promote borehole stability
and intersect as many as possible feed zones is necessary to help the user quickly de-
cide of an optimal well path. For instance, a section may be added with a summary
of well calibrated models, the corresponding computed safe mud weight window, the
critically stressed fractures and the corresponding shift and dispersion indicators to
quantify the goodness and reliability of predictions. Having all of these elements
in one panel may help in the selection of an optimal drilling trajectory in a timely
manner. It may even be helpful if one can classify these optimal borehole trajectories
by defining a metric in order to discard ’similar’ trajectories and keep only represen-
tative ones. One may use some classification methods like the so-called hierarchical
clustering, also known as hierarchical cluster analysis, which is an algorithm that

groups similar objects into groups called clusters.



7. Application of the workflow to two real
test cases

7.1. Introduction

The methodology presented in this thesis for calibrating key geomechanical elements
of the reservoir, and proposing predictions of borehole stability from these calibrations
was developed using Basel data (Chapter 3 and 4). Its applicability and limitations were
tested on synthetic data (Chapter 5), and the methodology was then implemented in an
application to facilitate its deployment (Chapter 6).This application provides a complete,
intuitive and easy-to-use interface and immediate visual feedback that may help deciding
of an optimal drilling trajectory. It is important to expose the application to more data
sets and real case studies. To that end, the entire workflow is applied to newly acquired
data set from Bedretto by Geo-Energie Suisse, and to the Soultz-sous-Foréts project.

In this chapter, we do not propose a careful and detailed estimation of all parameters but
our focus is mainly placed on testing our approach in real application conditions, where
a quick decision of an optimal drilling trajectory has to be made in order to minimize
costly drill rig time. The purpose of this chapter is then to test the DG-WOW-app on real
case studies and conditions to test (1) its versatility and resilience and (2) the calibration-
prediction workflow developed in Chapter 3 and 4 of this thesis.

First, a brief description of both sites is presented. Then, the DG-WOW-app is tested
on both datasets by going through all the steps of the workflow. For the sake of brevity,
results of all the steps are not presented here but only the most relevant ones to test the

proposed calibration-prediction methodology.

7.2. Brief site description

7.2.1. CB-1 borehole (Bedretto)

Researchers from the Swiss Competence Center for Energy Research (SCCER-SoE) and
the Department of Earth Sciences of ETH Zurich, supported by the Swiss federal office of
Energy, have established the "Bedretto Underground Laboratory for Geoenergies" (BULG)
in the Bedretto Tunnel within the Gotthard massif in the Central Swiss Alps. The main
purpose of the conducted large-scale in-situ experiments in the BULG is to improve the
understanding of hydromechanical processes linked to the creation of a deep geothermal

reservoir and to develop effective and safe hydraulic stimulation approaches that increase

141
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Figure 7.1.: (a) Geological cross-section of the Bedretto tunnel. The red rectangle repre-
sents the section where the BULG is located. (b) A 3D visualization of the
existing CB boreholes in the BULG. Stimulation intervals in CB1 are depicted
by black bars. Source: This figure taken from Shakas et al. (2020).

rock mass conductivity at a controlled risk of induced seismicity (Gis, 2020). The BULG
is located in a 100 m long cavern at distances between 2000 and 2100 m from the southern
entrance of the Bedretto tunnel that connects the Tessin with the Furka tunnel (Keller and
Schneider, 1982). Above the tunnel lies the Pizzo Rotondo, the highest mountain (3192
m) of the Saint-Gotthard Massif (Fig. 7.1a), providing about 1000 m overburden depth at
the level of the BULG. This offers ideal conditions to perform these in-situ experiments
and gives the opportunity to pursue the research conducted in laboratories at universities
and in other rock laboratories, e.g., at Grimsel, on a bigger scale. The BULG is located
in relatively homogeneous Rotondo granite dissected by NESW-striking steep faults (Gis,
2020). Details on the geological characterisation of the BULG and the Bedretto tunnel
can be found in (Meier, 2017; Jordan, 2019). Additionally, the BULG offers a geological
environment that mimics a realistic EGS reservoir with the exception of the temperature
conditions. It is also fully contained below the water table and the hydraulic fractures
that intersect the drilled boreholes are water filled, which gives considerable outflow of
several liters per minute (Shakas et al., 2020).

During the initial characterization phase, three boreholes have been drilled in the BULG
(CB1: 302 m and 45°, CB2 222 m and 50°, CB3: 190 m and 40°dip). A geological
cross-section of the tunnel is shown in Fig. 7.1a. Geo-Energie Swiss (GES) performed
an initial test stimulation in CB1 based on borehole acoustic and optical logging results
(Shakas et al., 2020). The stimulation intervals are denoted with black bars in Fig. 7.1b.
Throughout this chapter, only CB1 borehole is considered.

As a first step, the World Stress Map can be used to determine the regional stress field
in the Swiss Central Alps (Heidbach et al.). The general trend of Sy, in the Swiss
Alps is in NW direction. As there is no stress measurement points around the BULG,
one can only extrapolate the closest information but should consider this information with
caution. This leads to the expectation of a NW-SE trend for S, and a strike-slip or
normal faulting regime (Broker, 2019). These observations were confirmed by Kastrup

et al. (2004) and Ma et al. (2020). Stress measurements have been conducted in multiple
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boreholes in BULG using classic hydraulic fracturing and these results are still in the
process of being interpreted, integrated and published. They indicate a normal faulting
and /or strike-slip stress regime and that the rock mass is almost critically-stressed. The
slip tendency of the mapped fractures/faults is analyzed based on the measured stress
condition. This highlights the E-W fractures as the most favorably-oriented set, followed
by tunnel-parallel, tunnel-perpendicular, and N-S sets (Ma, 2019).

The estimated stress components at the level of the lab as well as other relevant param-
eters are as follows (David et al., 2020):

e The principal vertical stress: .S, = 26.5 MPa.
e The minimum principal horizontal stress, Spmin €[13 to 16] MPa.
o The maximum principal horizontal stress, Sgma. €[0.8- S, to 1- S,].

e Based on the orientation of the created tensile fractures, the estimated azimuth of
SHmaz is 100° (WNW-ESE).

o The pore pressure is significantly under-hydrostatic, P, € [3 to 6] MPa, which indi-

cates tunnel drainage effects.
o Tensile strength, T,= 4 MPa. [Geo-Energie Suisse, personal communication]
e Poisson ratio, v= 0.37.

e Young modulus, E= 46 GPa.

7.2.2. GPK3 borehole (Soultz-sous-Forét)

The data analysed in this study stem from one of the three deep wells drilled to 5 km
at the Soultz-sous-Foréts geothermal project site, located in the Rhine Graben north of
Strasbourg, France. This well, called GPK3, was drilled in 2002 as a deviated borehole
and reached a total true vertical depth of about 5 km. For more information about the
geological setting of Soultz, the reader is referred to Dezayes et al. (2003). UBI logs were
run in the granitic section of GPK3 and GPK4 to total depth (TD) (Dezayes et al., 2005).
Both boreholes are sub-vertical in the upper 2-3 km and penetrate granite at 1.4 km.
Their separation in the uppermost kilometer of granite to 2.4 km is less than 20 m. Only
GPK3 borehole was studied in this thesis. The granite section in GPK3 was drilled with
a 12-1/4 inch bit to 4514 m TVD and then with 8-1/2 inch to total depth.

About 10% of the logged borehole lengths are affected by breakouts, 10% by A-DITFs,
and 7% by E-DITFs. According to Valley and Evans (2007), taking an average of all
estimates from GPK3 and GPK4 (another deviated borehole drilled closely to GPK3)
by weighting each value by the length of borehole considered in the study yields a mean
orientation for Sgq. at the Soultz site from 1.4 km to 5 km depth of 169° + 14°.
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Valley and Evans (2007) report on analyses conducted by Evans et al. (1992) to estimate
the pore pressure:
P,[MPa] = 0.9+ 9.8 z[km] (7.1)

Through the integration and analyses of density log from the Soultz-sous-Foréts project
and from measurements conducted in the Rhine Graben, Valley and Evans (2007) esti-

mated the vertical profile in the granite to be expressed by the following linear trend:

Sy[MPa) = —1.30 + 25.50 - z[km)] (7.2)

Moreover, limited casing-shoe pressure behaviours during massive injection in GPK1,
GPK3 and GPK4 where interpreted to be controlled by the magnitude of the minimum

horizontal stress, Spmin, resulting in a best fit linear trend as follows:
Shmin|M Pa] = —1.78 + 14.06 - z[km) (7.3)

Analysis of stress-induced wellbore failure in the form of breakouts and drilling induced
tensile fractures to estimate some constraints on Sgrmq: were performed by Valley and
Evans (2007). When considering an estimate of the minimum horizontal principal stress,
Shmin, the wellbore failure observations impose constraints on the magnitude of Spnq. as

well as its direction. This suggests the following;:

—1.17422.95 - z[km| < Sgmaz < —1.37 + 26.78 - z[km] (7.4)

The Sgma: magnitude is the most uncertain stress component. The analyses did not
rely on the breakout geometry (e.g., breakout width) considerations but on the distribution
of failure type with depth, taking advantage of the observation that tensile failure occurs
mostly in the upper part of the well and breakouts in the lower section. These analyses
include an estimation of the thermo-elastic stress component, but available data are limited

to support the estimation of thermal perturbation while drilling.

7.3. UBI data synthesis

The first steps consist in adding all relevant data into the application. Details on
these steps are given in Chapter 6 and include checking image quality, cleaning-up transit
time, computing well geometry, detecting breakouts and DITFs, measuring breakouts,
computing minimum hoop stress associated to the absence/presence of DITFs, etc. The
DG-WOW-app was used to derive all key information from acoustic televiewer logs in
order to extract the required data to perform the subsequent steps in the GUI on both
CB1 and GPK3 boreholes. Fig. 7.2 and 7.3 give a summary of the UBI data of CB1
and GPK3 boreholes, respectively. Failure data were displayed between ~2 m MD and
295 m MD for CB1 borehole and between ~1445 m MD and 5110 m MD for GPKS3.

Graphically, it can be noticed that CB1 has no breakouts except for the middle section
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between ~150 m MD and 210 m MD and no DITFs are observed along the entire well
length. Breakout width is moderate with a width angle ranging mostly between 20°and
40°. The absence of DITFs is expected in the CB1 drilling conditions with very limited
cooling if any (we consider cooling for breakouts, A Tpo=0°C and cooling for DITFs, A Tp
€ [-3°C, -0.9°C]). Drilling from underground implies although short mud columns while
drilling and thus small internal well pressure that do not favorize formation of drilling
induced tension fractures. Breakout orientation is 6, ~143°.

In GPK3 no high-confidence breakouts are identified above 3000 m MD. Below
3000 m MD, breakouts are sparsely distributed until ~3670 m TVD when the density
increases markedly. However, DITFs dominate above 3000 m MD. Axial DITFs in GPK3
above 3257 m MD depth indicate a mean Sgrq, direction of N167°. Below 3257 m MD

in GPK3, the numerous breakouts indicate an Sgq, orientation of N162°.

Figure 7.2.: Screenshot of the CB1 UBI data synthesis panel. From left to right: amplitude
image, radius image, image quality rating, breakouts intervals, drilling induced
tensile fractures (DITFs) intervals, sketch of stress induced failure, breakout
width, breakout extent, cross-sectional area and natural fractures tadpole plot.
This example illustrates the failure data of CB1 borehole between ~2 m MD
and 295 m MD.
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Figure 7.3.: Screenshot of the UBI data synthesis panel. This example illustrates the
failure data of GPK3 borehole between ~1445 m MD and 5110 m MD. See
the caption of Fig. 7.2 for further details.

7.4. Failure models calibration

After pre-processing all needed information, the calibration of failure models (i.e., stress
and strength) was carried out for both CB1 and GPK3 boreholes. The calibration process
is performed in two phases: 1% and 2" order calibration as it is fully described in the

previous Chapters 3 and 4.

7.4.1. 1%t order calibration

The GUI displays a summary of the key data required for performing the calibration
process (Figs. 7.4-7.5). The parameters to calibrate are represented by the red boxes (i.e.,
slope and intercept of both Sga: and Spen, Euler’s angle, a, cohesion, friction angle and
Shen’s parameters (Shen, 2008)). The calibration for both boreholes was run against four
types of measurements (represented by green boxes): breakout width, breakout extent,
breakout orientation and DITFs. The remaining parameters are defined as static. The
grey shaded areas in both figures depict the zones where calibrations were performed. For
illustration purposes, calibrations were run between 135 and 210 m MD for CB1, which
is the most affected section by breakouts and between 1445 m MD and 5110 m MD for
GPK3, where no breakouts are identified above 3000 m MD. This exercise will give us
insight into the applicability of our calibration-prediction methodology.

As explained in Chapter 3, the proposed calibration methodology takes into account
the presence or absence of DITFs by generating a profile of the minimum hoop stress at

the borehole wall that is required to explain the observed DITFs. In order to generate this
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Figure 7.4.: Screenshot of the "Data and Zone Definition" panel of the DG-WOW-app
when testing it on the CB1 borehole. One zone was defined in this example
where calibration will be performed as well as the required data such as static
parameters (white boxes), observations (green boxes) and parameters to be
estimated (red boxes). The shaded grey area in the lower part of the panel
depicts the zone of calibration (135-210 m MD in this example).

Figure 7.5.: Screenshot of the "Data and Zone Definition" panel of the DG-WOW-app
when testing it on the GPK3 borehole. The 15¢ order calibration section is
between 1445 m MD and 5110 m MD. See the caption of Fig. 7.4 for further
details.
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profile, the required input are the position of the interval where DITFs are observed, the
tensile strength of the rock and a best-guess estimate of the standard deviation capturing
the minimum hoop stress variability. After generating this profile, the number of starting
points must be defined for the 15 order calibration. For illustration purposes, only 10 and
20 starting points were used for GPK3 and CB1, respectively. They are automatically
generated by random draw from uniform distributions within the bounds described in
Figs. 7.4-7.5. Finally, the calibration process is launched and the calibrated depth profiles
of stresses and the corresponding borehole failure (breakout width, extent, orientation and
DITFs) are displayed in Figs. 7.6-7.7 for CB1 and GPK3, respectively.

Figure 7.6.: Screenshot of the "15% order calibrated profiles’ tab summarizing the outputs of
the 15% order calibration carried out using 20 starting points for CB1 borehole.
From left to right: calibrated depth profiles of stresses (green and red linear
profiles in the first panel depict Sppmin and Sgmaz, respectively), breakout
width, breakout extent, breakout orientation and DITFs. Calibrated models
are shown in grey and CB1 observations in red circles. The black profiles in all
panels depict the corresponding calibrated profiles of the 13 starting point
that is the most consistent with observations.

The corresponding calibrated parameters are shown in Figs.7.8-7.9 for CB1 and GPK3,
respectively. Both prior and posterior distributions of the initial and calibrated input
parameters, respectively, are displayed in the form of histograms. Note that for the sake
of time efficiency, we did not perform a massive calibration approach with many starting
points but a limited number of these initial points were used with the objective of identify-
ing at least a couple of well calibrated scenarios of each case study and select the best one
to carry on with 2°4 order calibration. The 13*" and 3™ first order calibrated models were

selected for CB1 and GPKS3, respectively, as they show the most satisfying results. Ta-
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Figure 7.7.: Screenshot of the ’15% order calibrated profiles’ tab summarizing the outputs
of the 1% order calibration carried out using 10 starting points for GPK3
borehole. See the caption of Fig. 7.6 for further information.

ble 7.1 summarizes the calibrated parameters values of the selected well calibrated models
for both boreholes.

Table 7.1.: Parameters values of the well calibrated 13" and 3'¢ models of CB1 and GPK3,

respectively.

CB1 GPK3
asy .. [IMPa/km] 5.2 26.8
bsy,... [MPa] 23.1 8.6
as,, .. [MPa/km] 1.1 20.5
bs,, .. [MPa] 19.4 0.3
a [°] 94.4 175
¢ [MPa)| 20 23.4
Y [°] 33.1 32.2
A [] 22.9 17.1
B[] 3.9 4

The outcomes of the 15¢ order calibration that were performed against CB1 observations
in the depth section 135-210 m MD are dispersed and only few calibrated failure models
show consistency with the observations (graphical inspection led to 4 well calibrated mod-
els out of 20). This may be due to the fact that not sufficient starting points required to
ensure that the parameters space is entirely spanned are generated. However, the selected
well calibrated model shows coherency and consistency with the mean of the observations
(Fig. 7.6). Note that the posterior stresses distributions as shown in Fig. 7.8 are narrowed

even if calibrations were performed using only 20 starting points. Similarly, the calibrated
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models for GPK3 are quite scattered and only one model is consistent with the observa-
tions. This is also due to the same reason mentioned above and massive calibrations should
be performed in order to span a wide range of possibilities. However, when considering
only the well calibrated models, results are almost satisfying for GPK3 borehole and are
consistent with the literature (Valley and Evans, 2007), but with a small discrepancy in
the estimate of Spmin. This can be fixed by adding the best estimate of Sy, that was
already determined by means of injections tests (Valley and Evans, 2007). However, for
CBl, it is difficult to draw conclusions as only one model is well calibrated. We can only

comment on the consistency of the breakout orientation value with (David et al., 2020).

Figure 7.8.: Screenshot of the "1% order calibrated histograms’ tab showing prior and pos-
terior parameters histograms for CB1. Prior (blue) and posterior (orange) dis-
tributions of initial and calibrated input parameters, respectively, presented
in the form of histograms. The red vertical lines correspond to the selected
calibrated model. In this example, we selected the 13 starting point.

7.4.2. 2™ order calibration

At this stage, the needed information including PEST parameters and all the required
parameters for the 2"d order calibration are defined. The 15* order well calibrated models
(13t and 34 starting points for CB1 and GPK3, respectively) were selected as starting
points for the 2 order calibration. Then 100 and 120 pilots points were chosen to per-
form calibration in CB1 and GPKS3, respectively. The pilot point discretization is common
to all strength and stress parameters profiles, which leads to an overall parameterization
involving 900 and 1080 pilot points for CB1 and GPK3, respectively. Results are displayed
in Figs. 7.10-7.11 for CB1 and GPK3, respectively. The outcomes of the 2"d order cali-
bration carried out in CB1 are satisfying especially, an exception being the DITFs. The
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Figure 7.9.: Screenshot of the "1% order calibrated histograms’ tab showing prior and pos-
terior parameters histograms for GPK3. The red vertical lines correspond
to the selected 3" calibrated model. See the caption of Fig. 7.8 for further
information.

corresponding stress profiles have a mean of ~ 18 MPa and ~ 28 MPa for Sg.e: and
Shmin, respectively. The corresponding stress ratio SHTT‘”:O.QS, which is consistent with
the literature (David et al., 2020). However, the 2°¢ order calibration that was performed
in GPK3 borehole show some discrepancies starting from 2700 m MD for both breakout
width and breakout extent. This may be due to (1) the number and/or the location of
pilots points and (2) to the assigned calibration weights to theses depths and more likely

to (3) our approach to calibrate on the absence of breakouts.



152 Chapter 7 - Application to real cases

Figure 7.10.: Evaluation of the outputs of the 2" order calibration performed for CB1
borehole. From left to right: calibrated depth profiles of stresses (Sgmaz in
red and Sp, in green) and breakout orientation (blue); calibrated cohesion
(red) and friction (blue); Shen’s parameters A (red) and B (blue). Observa-
tions and calibration are shown in red and grey circles, respectively. Finally,
the black line in the first panel depicts the vertical principal stress, S,.

Figure 7.11.: Evaluation of the outputs of the 2! order calibration performed for GPK3
borehole. See the caption of Fig. 7.10 for further information.
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7.5. Natural fractures analyses

The first step is to cluster the fracture data in fractures sets based on their orientation.
This is illustrated in the form of tadpole plots and stereographic projection with a color
scheme per fracture set in Fig. 7.12 and 7.13 for CB1 and GPK3, respectively. The second
step is performing fracture spacing statistics on each one of the estimated fracture set.
In this step, the true spacing statistics for each set is automatically computed. Each
set’s true spacing distribution is represented by a boxplot and the mean and median are
displayed (Fig. 7.12 and 7.13). This information is required for subsequent quantitative
spacing analyses. Based on this analysis, 4 and 7 fracture sets are determined for CB1 and
GPK3, respectively. The computed true spacing distribution for CB-1 varies from 0.34 m
to 3.33 m, whereas in GPK3 borehole, it is the spacing is more important as it varies from
1.4 to 92.

Figure 7.12.: Screenshot displaying the fractures sets in CB-1 in the form of tadpole plot
(left) and stereographic projection (right) with a color scheme for each frac-
ture set. In this example, 4 fracture sets were determined.

Feedzone analyses are then performed by computing slip dilation tendency of fractures
and the total fracture spacing. Additionally, the characteristics and statistics of each
fracture set are considered and a resulting fracture intensity for any borehole orientation
is computed. The outcomes of these analyses are presented using a stereographic projection
as shown in Figs. 7.14-7.15.



154 Chapter 7 - Application to real cases

Figure 7.13.: Screenshot displaying the fractures sets in GPK3 in the form of tadpole
plot (left) and stereographic projection (right) with a color scheme for each
fracture set. In this example, 7 fracture sets were determined.

Figure 7.14.: Total fracture frequency analyses in function of drilling directions in the CB1
borehole.
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Figure 7.15.: |
Total fracture frequency analyses in function of drilling directions in the GPK3 borehole.

7.6. Failure severity prediction

In order to perform predictions in both CB1 and GPK3, two borehole trajectories were
defined for illustration purposes (a vertical hole and a hole deviated by 70°from the verti-
cal). The trajectories are the ones along which the failure should be predicted. Then the
15* order well calibrated stress and strength models (13" model for CB1 and 3! model for
GPK3) were extrapolated to the true vertical depth level where failure should be predicted.
Finally, failure is predicted in both defined sections (shown in green in Figs. 7.16-7.17).
Results of the performed 1% order prediction are shown in Figs. 7.16-7.17. Indeed, pre-
dictions were carried out in the deepest section of the CB-1 borehole (200 to 300 m MD)
using the only one well calibrated model obtained in Section 7.4.1. Failure predictions
range from 0 to 50° for breakout width, 100 to 125 mm for breakout extent and stable
tensile conditions (Fig. 7.16). However, when deviating the borehole to 70°, the borehole
is stable and no breakouts occur (Fig. 7.20).

27d order predictions can also be performed by choosing the appropriate stochastic
variability. The methodology is described in detail in Chapter 4. Results are shown
in Fig. 7.22 and 7.23. These results show that our prediction methodology is able to
account for parameters variability in depth and that the application is flexible to perform
predictions for different borehole trajectories. However, conclusions cannot be drawn
about the reliability of these predictions because only one model was well calibrated and

thus only one prediction is carried out in the deepest.
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Figure 7.16.: 3D view of the CB1 borehole trajectory and sections along which calibration
(red section) and prediction (green section) were carried out. Note that
the borehole trajectory along which the failure should be predicted in this
example is vertical.

Figure 7.17.: 3D view of the GPK3 borehole trajectory. Note that the borehole trajectory
along which the failure should be predicted in this example is vertical. See
the caption of Fig. 7.16 for further information.
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Figure 7.18.: Predicted failure severity from 200 to 300 m MD for CB1 borehole. (a)
forecast stresses using DeeSse multivariate simulations (Sgmaz [MPal], Shmin
[MPa], and stress orientation [°] are in red, green and blue respectively; (b)
cohesion [MPa] (red) and friction [°] (blue); (c) Shen’s parameters A (green)
and B (blue); (d) predicted breakout width; (e) breakout extent; (f) breakout
orientation and (g) DITFs. Note that this 15 order prediction was performed
on a vertical hole.

Figure 7.19.: Predicted failure severity from 2700 to 3700 m MD for GPK3 borehole. See
the caption of Fig. 7.18 for further information. Note that this 15* order
prediction was performed on a vertical hole.
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Figure 7.20.: Predicted failure severity from 200 to 300 m MD for CB1 borehole. See
the caption of Fig. 7.18 for further information. Note that this 15* order
prediction was performed on a borehole deviation of 70°.

Figure 7.21.: Predicted failure severity from 2700 to 3700 m MD for GPK3 borehole. See
the caption of Fig. 7.18 for further information. Note that this 15 order
prediction was performed on a borehole deviation of 70°.
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Figure 7.22.: Predicted failure severity from 200 to 300 m MD for CB1 when accounting
for stochastic variability. (a) forecast stresses using DeeSse multivariate sim-
ulations (Sgmaz [MPa], Spmin [MPa], and stress orientation [°] are in red,
green and blue respectively; (b) forecast cohesion [MPa] (red) and friction [°]
(blue); (c) Shen’s parameters A (green) and B (blue); (d) predicted break-
out width; (e) breakout extent; (f) breakout orientation and (g) DITFs. The
considered hole for this study is vertical.

Figure 7.23.: Predicted failure severity from 2700 to 3700 m MD for GPK3 when ac-
counting for stochastic variability. See the caption of Fig. 7.22 for further
information. The considered hole for this study is vertical.
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7.7. Summary

The main objective of this chapter is to test the applicability limits of our calibration
and prediction methodology as proposed in Dahrabou et al. (2022b,a) against available
observations from two real cases: CB-1 and GPK3 boreholes. Data from both boreholes
were pre-processed, formatted and compiled. 15% and 2°d order calibrations were then
carried out in order to estimate depth trends of stresses and strength and to characterize
their variability around their mean. Unfortunately, we could not draw clear conclusions
about the reliability of our predictions and calibrations. This may be due to one or more

of the following reasons:

1. The starting points were not sufficient to perform the calibration and prediction

study.
2. The locations and the number of pilot points were not optimal.

3. The defined initial ranges for stresses and strength in the CB1 case should be modi-
fied. Indeed, as CB1 is newly drilled, there were no much precise information about

geomechanical parameters.

4. The calibrations may be biased as our method to calibrate when no breakouts occur

is still not optimal.

All of the possible reasons above can explain the poor quality of the results. Although
performance was not ideal, we still believe that the DG-WOW-app is resilient when apply-
ing it to different data sets and is able to provide an immediate visual feedback. Further
analysis should be done carefully on each case study in order to generate more extensive
calibrated parameter sets and evaluate the robustness of the approach. These analysis are

part of to recommended future work.
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This dissertation presents a novel, complete and efficient methodology to jointly estimate
wellbore failure parameter sets that reproduce the observations of cross-sectional borehole
geometry in the shallower section of the well and to predict borehole failure severity in
the deepest in a robust probabilistic framework. The suggested calibration and prediction
methodologies have been tested on a number of synthetic and real cases. This workflow
was also brought into practice by developing a set of versatile supporting software tool
to quickly define the optimal borehole direction at a specific point during the drilling
operations of deep geothermal wells. In the following, we first summarize the main results

and then propose a few directions for future research.

Summary of main contributions

Chapter 3: A systematic methodology to calibrate wellbore failure models
and estimate wellbore cross-sectional geometry

In this first paper, a systematic and an efficient methodology is proposed to estimate
jointly wellbore failure parameter sets (stress and strength) that reproduce the obser-
vations of cross-sectional borehole geometry. The performance of this methodology is
explored using the extensive data set of the BS-1 borehole (from the Basel Deep Heat
Mining project). Traditionally, breakout extent is usually disregarded as it is difficult to
simulate but this paper sheds new light not only on breakout width, breakout orientation
and the presence/absence of DITFs but also on breakout extent. The latter’s characterisa-
tion is crucial towards proper well completion, e.g., to guarantee effective packer sealing.
In this paper, it was investigated computationally feasible alternatives to carry out this
characterization. The direct use of failure criteria with Kirsch solution (Kirsch, 1898) for
breakout extent computation was found to be inappropriate because progressive failure is
neglected. Consequently, we used Kirsch solution with an empirical approach proposed by
Shen (2008) were used throughout this paper as it is shown to reproduce accurately the
failure observations of the Basel borehole and is computationally affordable. We needed
to extend this criterion to make it applicable to a broader range of conditions than ini-
tially included by Shen (2008). To that end, we defined an apparent wellbore strength
accounting for the strengthening effect of o9 and o3, that can be adjusted to any failure
criterion. Thereafter, emphasis was placed on sensitivity analyses to identify parameters
with large impact on model outputs, i.e., those to be calibrated, and to bracket parame-

ter ranges, thus reducing prior uncertainties and computational effort. It was concluded

161
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that stress (i.e., maximum and minimum principal horizontal stresses), strength (cohesion
and friction angle), and Shens parameters are the most influential parameters on borehole
failure.

The parameterization of the problem depends on the desired characterization. Indeed,

ond order characterisation was

throughout this paper, the difference between a 1% and a
explicitly highlighted. The former aims at estimating depth trends of the wellbore failure
driving parameters (i.e., stress and strength) and the latter aims at estimating the devi-
ations of a given parameter from its estimated mean trend (1%* order characterization),
which enables the analysis of variability at all scales. To that end, we used the regular-
ized pilot points method (RPPM, Alcolea et al., 2006), originally devised by De Marsily
(1984), as implemented in the free parameter estimation software PEST (Doherty, 2015).
A number of starting points is used in the 15* order calibration to guarantee that a global
optimum is achieved by the Levenberg-Marquardt algorithm (Alcolea et al., 2000). Re-
sults show the non-uniqueness of the solutions which outlines that the problem is ill-posed.
A prior and posterior rejection criteria were then defined to constrain prior distributions
based on frictional equilibrium and to filter calibrations. The reduction of parametric
uncertainties was handled by (1) using singular value decomposition (SVD) and regulari-
sation (Doherty, 2015) And (2) including available measurements (e.g. estimate of Spmin
from XLOT). Results show that the range of calibrated parameters is reduced drastically,
which shows the importance of collecting such data.

Dealing with the inherent uncertainty on the choice of a failure criterion is another
explored item in this paper. This is coped by means of sensitivity analysis, whose re-
sults allow to validate or discard failure models. The obtained results are an evidence
of the goodness of the Mohr-Coulomb failure criterion as it leads to profiles consistent
with the literature (Valley and Evans, 2019). Last but not least, the derived parame-
ters stress/strength are all plausible and coherent with those in the literature (Valley and
Evans, 2019) and the outcomes of both 15* and 2" order calibration show consistency and

the goodness of fit is striking.

Chapter 4: A computational stochastic methodology to predict failure
severity in deep geothermal boreholes

Chapter 3 and 4 present an overall calibration-prediction methodology. Calibration of
stress and strength parameters of the proposed failure model is made against existing
data, typically collected along the shallower section of the well. Then, in this chapter,
the methodology was extended to failure prediction where stochastic forecasts of different
boreholes trajectories can be carried out in the deepest section of the well. The singularity
of these forecasts is their ability to account for (1) all available information, (2) the inherent
variability and uncertainty of model parameters and (3) existing dependencies/correlations
between parameters. In order to test the applicability and accuracy of this methodology,

it was applied to predict failure in the deepest part of the BS-1 well and predictions
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were compared with actual observations. In this work, not only a 15 order prediction is
proposed but also a 2°d order prediction that deals with the quantification of variability
of the predicted variables around the estimated trends. This is mainly because local scale
variability has been shown to be typically large in crystalline rocks (Valley, 2007) and
thus should not be neglected. Results show that the predictions are homogeneous and
coherent with the mean profile of the available observations, which gives a first evidence
of the accuracy and reliability of the proposed methodology.

In this chapter, existing correlations between parameters were investigated and ac-
counted for by using a direct sampling multi-point statistical approach as implemented
in DeeSse. Results show that the correlations and anti-correlations between the studied
parameters were well captured in the prediction section, which has further strengthened
our confidence in the proposed methodology. Additionally, the DS-MPS approach leads to
consistent predictions for all stochastic realisations. However, it was shown that it is not
possible to predict the exact position of breakouts but it is possible to assess the statistical
characteristic of failure.

The proposed approach has the merit to provide the complete stress tensor along con-
tinuous profile in the crust. This gives a unique opportunity to evaluate stress hetero-
geneity and their source in the crystalline basement. The absence of correlation between
Stmaz and Spmen supports the hypothesis that stress heterogeneity is controlled by slip
on fractures (Shamir and Zoback, 1992; Valley, 2007). It discards the idea that stress het-
erogenities are controlled by stiffness contrast, as for example due to lithological changes

or alteration, because in such case, Sgmaer and Spmin Would be correlated to some extent.

Chapter 5: Application of the calibration and prediction approaches to
synthetic cases

The main objective of this chapter is to test the limits of the calibration and prediction
methodology as proposed in Dahrabou et al. (2022b,a). So far, the proposed workflow was
applied only to the extensive borehole data set along the crystalline section of the borehole
BS-1 (Basel, Switzerland). The latter is sub-vertical, 80% of its entire length is affected
by breakouts and normal to strike slip stress regime conditions are encountered. 15* and
27d order calibration and prediction that were carried out for this specific case showed
striking results but we are aware that this work may have undetected limitations especially
when deviated boreholes are considered and/or the breakouts intensity is considerably
different. As a consequence, further work is carried out in this chapter to identify the
main factors affecting the robustness of our methodology. To that end, synthetic cases
with different stress regime conditions, borehole trajectories and different failure intensity
were generated in order to investigate a much broader range of conditions than those
encountered in real field data sets. This led to a variety of scenarios that cover a wide
range of possibilities. Firstly, results confirmed the previous findings in Dahrabou et al.

(2022b,a) when considering a vertical well, not only for the NF-SS stress regime (as it
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was firstly studied) but this was valid independently from the considered stress regime.
Different intensity of breakouts occurence, however, affects the quality of the calibrations,
meaning that when calibrations are carried out for a multitude of starting points in the
vertical section of a well affected by pervasive breakouts, only few calibrated models are
discarded. Conversely, when few breakouts are observed in the calibration section, only
few calibrated models are retained. This is mainly due to the used approach to deal with
depths where failure does not occur.

Concerning predictions, results show that they are accurate and consistent with obser-
vations in the case of a vertical well, independently from the stress regime or breakouts
intensity. However, the 15' order predictions start to shift when the well is deviating.
This shift was quantified by defining an appropriate metric. The latter showed that this
shift is either acceptable or not depending on two main factors: (1) stress anisotropy ratio
and (2) the difference of breakouts intensity in both calibration and prediction sections.
Indeed, borehole trajectories for which the computed shift was notably high coincide with
either the most favorable or the worst drilling trajectories in terms of borehole stability.
This finding was based on the relationship between stress anisotropy and optimum well
path derived by Al-ajmi (2006). On the other hand, when pervasive breakouts are affect-
ing the calibration section, and few breakouts are formed in the deepest section of the
well (because the considered borehole trajectory is the most stable according to Al-ajmi
(2006)), predictions overestimate failure. Similarly, when few breakouts are present in
the calibration section but more pronounced in the deepest section of the well (because
the considered trajectory is the worst in terms of stability), predictions tend to underesti-
mate failure. Finally, when quantifying predictions dispersion by defining the appropriate
metrics, results show that1t order predictions envelop is narrow and that the variability
is satisfactorily reproduced in the 2" order predictions. This finding is valid only for a
vertical well independently from the stress regime and the breakouts intensity. However,
when the well is deviating, dispersion is markedly increasing, leading to predictions with
a spread that increases, when the borehole deviation is increasing as well. This is valid
for all stress regimes.

This poor performance of the calibration and prediction methodology as proposed in
Dahrabou et al. (2022b,a), was not surprising because (1) our approach to account for
the absence of failure in our model is not optimal and when few breakouts are affecting
the well, the calibrated stresses are somehow biased, (2) the ratio between the principal
horizontal and the vertical stresses is not calibrated and thus its impact when the well
is deviated is not accounted for. Finally, a potential solution to reduce the spread of

predictions is to add available measurements of stresses, i.e., Spmin from XLOTs.
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Chapter 6: Deep Geothermal Well Optimization Workflow (DG-WOW)
application

In this chapter, the practical translation of the entire developed workflow is presented
in the form of a supporting tool software (DG-WOW-app). In practice, it is indeed
important to be able to apply the proposed workflow in this thesis quickly in order to
select an optimal drilling trajectory while the (expensive) drilling equipment is on hold.
The optimal drilling direction is defined as the one that promotes wellbore stability while
intersecting as many as possible potential feed zones. The workflow is divided into three
main phases: (1) data pre-processing, (2) failure models calibration and identification of
critically stresses fractures and (3) failure severity prediction.

Assessing borehole stability is essential to enable zonal isolation and to prevent drilling
delays associated with an unstable borehole. This sequence of operation is somewhat
specific to the Haute-Sorne project, but the intent is to have a more versatile tool that can
be adapted to various projects. In this chapter, the resilience of the developed application
was tested on the BS-1 borehole data. Results show consistency and coherence with the
outcomes of Chapter 3 and 4 and reproduce satisfactorily the BS-1 observations. The
importance of this software tool is its ability to provide a complete, intuitive and easy-to-
use interface and immediate visual feedback that may help deciding of an optimal drilling
trajectory. It must however be considered as a prototype and will need further testing on

other real case studies and developments.

Chapter 7: Application of the calibration and prediction approaches to real
case studies

The proposed calibration and prediction methodology in Chapters 3 and 4 were devel-
oped and tested only on the data set from the Basel geothermal borehole, BS-1, and its
applicability limits were also tested against a systematic study with synthetic cases as
fully described in Chapter 5. However, it is very important to apply the developed work-
flow to other real cases that present different conditions from BS-1. In this chapter, two
real cases were studied: CB1 (Bedretto) and GPK3 (Soults-Sous-Forét) boreholes. Note
that our focus was more placed on presenting an approach in real application conditions,
where a decision of an optimal drilling direction must be made in a short period of time
to minimize costly drill rig time. The objective of this chapter is then to apply the DG-
WOW-app to real case studies and conditions and to test (1) its versatility and resilience
and (2) the calibration-prediction workflow developed in Chapter 3 and 4 of this thesis.
Data from both boreholes were pre-processed, formatted and compiled. Then, 15 and
27d order calibrations were carried out in order to estimate depth trends of stresses and
strength and to characterize their variability around these trends. Results show that only
few models were well calibrated. This is due to the fact that only few starting points were
used and thus, the parameters space was not entirely spanned. However, when considering

only the well filtered models, results were approximately satisfying for GPK3 borehole and
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are consistent with the literature, but with a small discrepancy in the estimate of Sp;n.
This can be fixed by adding the best estimate of Spn, that was already determined by
means of injections tests. However, for CB1, conclusions are difficult to draw because only
one model was well calibrated. Consequently, further tests must be performed. Despite
this, the DG-WOW-app is resilient when applying it to different data sets and is able to
provide an immediate visual feedback. The identification of critically stresses fractures
and the prediction of failure severity in the deepest section of the well were performed in

a timely manner.

Perspectives for future research

The previous results raise some questions and promising directions for possible future
research. We discuss below some clues and ideas that could be followed to answer these

questions.

Estimation of breakout width and DITFs using Boolean variables

The computation of breakout width, wgo, consists of evaluating a given failure criterion
at the borehole wall using the stresses calculated by the Kirsch closed-form solution. The
arc, measured as angle, along which the failure criterion is met, provides an estimate of
wpo. When estimating breakout width along the section of a well, breakouts are either
present or absent. In the first case, our failure model estimates the magnitude of the width
but in the second case, the width is assumed to be equal to zero. This is problematic as
explained in detail in Chapter 7. This computational limitation leads to biased calibrations
using PEST. This bias is markedly severe when few breakouts are considered along the
considered well. As a consequence, further work should be done to deal with this issue. It
would be useful to define a penalty function in PEST that accounts for discontinuous or
Boolean variables so that PEST algorithm can calibrate on presence/absence of breakouts
in addition to the consideration of breakout width when breakouts occur.

Similarly, the approach used in this thesis to estimate drilling induced tensile fractures,
DITFs, is not robust. Indeed, the acquired DITFs data give information only about
the presence and/or absence of DITFs along the considered borehole. We developed an
approach to generate realistic values to transform the DITFs variables from being discrete
to continuous but some discrepancies were observed in the outcomes of the calibration and
prediction studies that were carried out. To solve this issue, one can also define a penalty
function in PEST to deal with the presence/absence of the DITFs. To deal with these
limitations, new development in model calibration including the estimation of discrete
variables could be integrated in order to better represent the absence of breakouts, and
the presence or absence of DITFs. For instance, ensemble-based Kalman methods could be
considered as they have been used to handle discrete parameter estimation using proper
parameterization techniques (Liu and Oliver, 2005; Hu et al., 2013; Lam et al., 2020).
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Pilot points and calibration weights

A subjective and less pragmatic approach was used in this work consisting of placing
pilot points on regular intervals. Few tests were run with different number pilots points
along the section of BS-1 borehole but not in a systematic manner. Thus, a key question,
still unsolved, is the optimal number and location of pilot points. Obviously, the density
of pilot points should be larger at areas where a finer characterization is needed. One
can use an alternative proposed by Alcolea et al. (2006); Hendricks-Franssen and Franssen
(2001) which is less pragmatic and subjective and consists of placing pilot points randomly;
or according to adjoint sensitivity to identify the most sensitive/informative sections of
the data sets (LaVenue and Pickens, 1992). Another suggestion is to place pilot points
where important maxima-minima are observed with higher calibration weights in order to

account for severe variability.

Sensitivity to parameters controlling thermal stresses

Sensitivity to parameters controlling thermal stresses (i.e., Young Modulus, E, the coef-
ficient of linear expansion, o and the Poisson ratio, ) was not studied in this thesis. This
was justified by the fact that the thermal stresses are small compared to the mechanical
stress when considering borehole breakouts. This is valid for the cases that were studied in
this work. However, thermal stresses are often necessary to consider for explaining DITFs.
The estimation of the relevant cooling magnitude occurring during drilling is also subject

to uncertainties. One may consider them as additional calibration parameters.

Reducing uncertainties

It was shown previously the key role of adding additional measurements to reduce un-
certainties and thus narrow the spread of calibrations. One may also study the sensitivity
of the calibration and prediction to this added information and especially the impact of
adding more than one measurement on predictions spread. Another suggestion is to add
more complexity to the calibration methodology by adding the possibility of calibrating

the anisotropy ratio between horizontal and vertical stresses.

Effect of mud pressure on calibration and prediction

So far, the effect of mud pressure on the quality of calibration and prediction was not
studied. It was assumed to be constant as its profile did not change considerably in the
BS-1 borehole, but this may be different in other real case studies. Thus, its impact on the
selection of an optimum drilling trajectory should not be neglected. In future analysis, it
may be helpful to compute a mud weight window for each calibrated model in the deepest
section of the well (where prediction should be carried out) in order to discard models that
do not predict a safe one that promotes less breakouts and tensile conditions. This will

help tremendously in reducing the uncertainties amongst the calibrations and predictions.
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Moreover, this safe mud weight window can be calculated for different drilling trajectories

to help decide of an optimal one.

Some improvements for the DG-WOW-app and the model’s rapidity

The developed DG-WOW-app must be considered as a prototype and will need further
testing and developments. Indeed, a section to add estimates of stresses (e.g., estimate of
Shmin interpreted from XLOTs) should added in order to help the user reducing the spread
of calibrations and predictions uncertainties. It can be also useful to visualize stress at
the borehole wall for a given depth. Indeed, this was developed separately from this GUI
but it is not integrated in the final version of this application. As suggested previously,
assessing the impact of mud pressure on calibrations and predictions is very important.
This will help deciding of an optimal borehole trajectory that promotes stability of the
borehole. For each calibrated failure model, one can compute a safe mud weight window in
order to reduce the range of the non-unique solutions. This may be performed for different
borehole deviation and dip directions. Moreover, it may be helpful to add the possibility
to choose a given failure criterion to carry out the calibration and prediction study. In
this work, it was shown that the Mohr-Coulomb is the most reliable failure criterion as
it resulted in consistent results with the literature, but this conclusion was drawn for
the BS-1 borehole. For more versatility, one may add a section to quantify predictions
uncertainties. For instance, the defined metrics in Chapter 5 may be implemented in the
GUI so that the user may have a general idea about the goodness of the predictions.
Finally, and more importantly, calibrations are time-consuming, which prevents the user
from running massive tests. We already looked for potential solutions using MATLAB
but with no success. One option to explore is to convert the developed codes to another

efficient and computationally affordable language such as Python.
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A. Stresses transformation to a local
borehole Cartesian coordinate system

This section contains the necessary mathematical background that we have used to
compute the stress around a wellbore arbitrarily oriented to the principal stress directions.
The general approach was presented in (Peska and Zoback, 1995) and initially developed
by (Hiramatsu and Oka, 1968). We have been interested in developing that solution here
again because it is of key importance for most of the work done on wellbore failure analysis.
Let the far-field stress he expressed by means of the principal stresses S, S2, and S3. Then
the stress state is fully described by the tensor Si,, and three angles «, 3, :

Si 0 0
Simn=0 S» 0 (A.1)
0 0 S,

where S; > S > S3 are the principal stress magnitudes. The angles «, 3, v are
called Euler angles. They define the orientations of the principal stresses axes (l_;ﬁ”z,ﬁ)
with respect to the geographic coordinate system (Z,7,7), with & pointing to the North,
pointing to the East and z' pointing downward.

Fuler angles «, £, v define a sequence of three rotations that must be used in order to
rotate principal stresses axes (l_:ﬁ’z,ﬁ) to the geographic coordinate system (Z,7,Z). During
this rotations sequence, (Z,7,2) is rotated through two intermediate systems (27,y1,21) and
(23,92,22). The first rotation is the positive rotation a (counterclockwise) with respect to
the axis 2’ (o € [0° 360°]) using the matrix R, (Eq. A.2). After this rotation, we get to
the first intermediate axis (#1,y1,71) where zi = 2. Then, comes a positive rotation
around yi (8 € [—90° 90°]) using the matrix R,, (Eq. A.3) . We obtain then the second
intermediate coordinate system (£3,y3,73) where y3 = yi. Finally, the positive rotation ~y
around 73 (v € [0° 360°]) by applying the matrix R;, (Eq. A.4) which gives us a final

coordinate system that coincides with the principal stresses axes (Iim,7) (Fig. A.1).

cosa sina 0
R,=| —sina cosa 0 (A.2)
0 0 1

cosf 0 —sing
R, = 0 1 0 (A.3)
sing 0 cosf
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1 0 0
Ry, = |0 cosy siny (A.4)

0 —sinvy cosvy
Mathematically, this transformation is expressed as:

Sxyz = lenTSImanmn (A5)

where Syy, is the stress state in the referential coordinate system and Riymn is the

product of three rotations that make use of Euler angles.

len = RzRlexz (AG)
cos acos 8 sin a cos B —sin 8
Rimn = | cosasin Bsiny — sinacosy sin asin siny + cos cwcosy cos B sin~y (A7)

cos asin Bcosy + sin asiny sin asin B cosy — cos asiny cos B cosy

A borehole coordinates system is defined (u,v,w) (Fig. A.2) in order to describe the
state of stress around a borehole. w runs along the borehole axis pointing downwards, ¥
is a horizontal axis in the plane perpendicular to the borehole axis W and 4 comes out of
the screwdriver rule. The borehole coordinate system is defined by two angles: (1) the
borehole dip direction § comprised in the interval [0° 360°[ and (2) the inclination of the
borehole with respect to verticality ¢ while ¢ € [0° 90°]. The natural state of stress in

the borehole coordinates system Sy, is given as following:

Suvw = RuvaxyzRng (AS)
where:
Su Suv Suw
Suvw = Svu Sv va (Ag)
Swu Swv Sw

Ry is the direction cosine of (@,,%) relative to (Z,7,2), which can be expressed as the
product of two rotation matrices Rs (counterclockwise rotation of § around 2) and Ry,

(counterclockwise rotation of ¢ around ¥ (pointing to the East)):

cosd sind O
Rs=| —sind cosd 0O (A.10)
0 0o -1

—cosy 0 —sinvy
Ry = 0 -1 0 (A.11)
sin 0 —cosvy
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Figure A.1.: A sequence of three rotations to rotate the geographical system coordinate
(Z,9,Z) shown in black to the principal stresses coordinate system (l_;ﬁi,ﬁ)
shown in green. This sequence rotates through two intermediate coordinate
systems (21,y1,71) (in blue) and (23,53,22) (in red). The first rotation « is
around Z, the second is 8 around y7 and the last one is v around 5.

Figure A.2.: (a) Definition of stress tensor in arbitrary cartesian coordinates system. (b)
reference geographical coordinates system (Z,7,Z) (in black) where Z is ori-
ented towards the North, 3 to the East and Z pointing downward and the
principal stress coordinates system (l_;n_i,ﬁ) (in blue). The latter coincides
with the far-field stresses S, S2,53. (c) borehole coordinates system (@,7,%).d
and v are the borehole dip direction and the borehole inclination respectively.
All systems of coordinates are positive orthonormal base
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—cosdcosty —sindcosyy siny
Ruvw = RyRs = sin d —cosd 0 (A.12)
cos d siny sindsiny  cosvy

Combining both Eq. A.5 and Eq. A.9 gives us a direct expression between the principal

stresses coordinate system (1,7,77) and the borehole coordinate system (#,7,):

Suvw = Ruvalj;nnSlmanmnRgfuw (A 13)



B. Stress perturbation induced by a
cylindrical opening (Kirsch solution)

When a volume or rock is excavated, for example by drilling it, the state of stress around

the excavation is modified. The equations that describe the elastic stresses around the hole

in an infinite plate in one directional tension are generally referred to as the Kirsch solution

(Kirsch, 1898) and are one of the most useful solutions in rock mechanics. This solution

is often used to approximate the stress redistribution around deep boreholes and tunnels.

The total stress around a filled borehole of radius a, in cylindrical coordinates (r,0,w),

and with an internal fluid at a pressure P,, is given by Kirsch equations as following;:

S'r'r SrH Sv'w
Srow = | Sor  See  Spw
Swr Sw& Sww

a® Sy + Sy 3a*  4a? Sy — Sy

3a*  4a? . a’

a? Su + S 3a’ Sy — Sy
S99:<1+72)< 9 >_<1+T4>( 9 )COS29

3 4 2
- (1 n Ci) Syosin26 — Py, (‘g) + SAT
T T

a2

_ 2
Sww =S, —dv— M cos 260 — 41/a—Suv sin 260 + SﬁT
72 2 72

3a* 242\ [ S.— S, 3a* 24
Sr9:_<1_a4+a2>< )sm20+<1—i+z> SuUCOS29
r r

S = <1 — (;2> (Syw sin @ + Sy, cos 0)

(B.1)

(B.2)

(B.5)

(B.6)
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2
Sow = (1 + i2> (Spw cos O — Sy sin b) (B.7)

v is the Poisson’s ratio. The subscripts (u,v,w) refer to the total stresses given in the
local borehole coordinate system as in Eq. A.9. STAT, SQAT, SﬁT are thermo-elastic stress

components estimated by Egs. 3.1 and 3.2.



C. Overview of the minimization algorithm
implemented in PEST

We perform our calibration using PEST (Parameter ESTimation), a widely used code
in environmental modelling to calibrate models and to determine uncertainty associated
with parameters and predictions. PEST uses a nonlinear estimation technique known as
the Levenberg-Marquardt (LM) method also known as the damped least-squares (DLS)
method. It is used to solve non-linear least squares problems. This algorithm is used
in many software applications for solving generic curve-fitting problems. For linear mod-
els, optimization is achieved in one step. However, for non-linear problems, parameter
estimation is an iterative process. The Gaussian-Marquardt-Levenberg algorithm adjusts
parameter values based on the derivatives of the observations with respect to the param-
eters (i.e., sensitivity or Jacobian matrix) (Doherty, 2015).

Let us assume that the user has a specified model f. The Levenberg Marquardt al-
gorithm performs a curve fitting on a given data set, by finding the optimum function

parameters b that minimizes the sum of the squares of the deviations:

m

S(b) = min(Y_(yi — f(xi,b)?) (C.1)

i=1

where y; are the target values, f, the output of the user’s model, z;, input values and b
are the estimated parameters.

Let us assume that we have a model, X, and input parameters, b, such as principal
stresses, SHmaz; Shmin, Sv. The action of the model (X) on the inputs in (b) produces
a set of outputs (¢) (wpo, epo, Oy and D in our case). Conceptually, the inputs react
with each parameter to produce results. This can be formulated in the following equation
(Doherty, 2015):

Xb=c (C.2)

In Eq. (C.2), X is an (m x n) matrix containing the inputs excitations, b is a vector
of order n, which, we assume, holds the system parameters and c is a vector of order m

containing values that describe the system’s response to a set of excitations X.

Xplbl + Xp2b2 + ...+ Xpnbn =Cp (C3)
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where X; is the element of X corresponding to the p" row and i** column. As X has m
rows, there are m such equations.
The objective function is based on the best set of linear combinations of the parameters

b, as affected by the model inputs X, compared to the observations c:
Y = (c— Xb)(c— XD) (C.4)

1 is the objective function to minimize, ¢ contains the set of laboratory or field mea-
surements; the "t" superscript indicates the matrix transpose operation. It can be shown
(Doherty, 2015) that the vector b which minimizes ¢ of Eq. C.4 is given by:

b= (X'X)"1Xtc (C.5)

The vector b expressed in Eq. C.5 is the "best linear unbiased" estimator of the set of
true system parameters appearing in Eq. C.1.

Moreover, two different types of regularization are available in PEST: Singular Value
Decomposition (SVD) and Tikhonov regularization (Doherty, 2015). SVD is a method to
reduce the process matrices into a smaller number of parameters called subset or "super
parameters". This method reduces the null space by dropping parameters that do not
affect model outputs. This leads to a computationally less expensive calibration problem.
On the other hand, Tikhonov regularization is based on the assumption that the objective
function of the inverse problem has two components: one is based on hard knowledge and
the other is based on soft knowledge (Doherty, 2003). Detailed discussion of mathematical
formulation of regularizations is beyond the scope of this study, but more details can be
found in Doherty (2003, 2015).









Curriculum Vitae

Asmae Dahrabou

Date of Birth 23.05.1992
Place of Birth Jerada, Morocco

SUMMARY

A highly motivated Reservoir Engineer with a strong knowledge in Computer Science. Excellent
verbal and written communication skills and an ability to relate to a wide range of individuals
in different languages, to work abroad, and in a multicultural environment. I obtained my first
degree in Advanced Maths and Physics in Morocco and pursued my Reservoir Engineering and
Petroleum Geosciences studies in France. My Master’s thesis was about developing a mathemati-
cal and physical model to determine the optimal length of horizontal wells in reservoir engineering.
I worked under the supervision of Prof. M. Souhar at LEMTA (Laboratoire d’Energétique et de
Mécanique Théorique et Appliquée). In 2015, I worked on a research project at CEREGE (Mar-
seille, France) and BRGM (Orléans, France) based on an application to C'Oy storage uncertainty
analysis under the supervision of Prof. Sophie Viseur and Dr. Pascal Audigane. Since 2016, I am
working in the research group of Prof. Benoit Valley at CHYN (University of Neuchatel) on the
DG-WOW (Deep Geothermal Well Optimization Workflow) project. I completed my PhD study
in December 2020.

EDUCATION

2016 - 2020 Doctorat és sciences - géothermie PhD at Unine (Switzerland)
PhD thesis at the research group of Prof. Benoit Valley in
collaboration with Geo-Energie Suisse AG based in Zurich

2014 - 2015 Master of Science at ENSG, Nancy (France)
Reservoir Engineering And Petroleum Geosciences

2012 - 2014 Master’s degree at ENSEM, Nancy (France)
Mechanical and FElectrical Engineering

2010 - 2012 Bachelor’s degree at Lycée Technique, Beni Mellal (Morocco)
Advanced Maths, Physics and Engineering Science

2009 - 2010 Baccalaureate at Lycée Hassan II, Beni Mellal (Morocco)

Maths and Physics, with "mention tres bien”

WORK EXPERIENCE

8.2021 - 11.2021 Sales Engineer at Stensborg, Roskilde (Denmark)
Nanoscience and Nanotechnology

6.2018 - 6.2019 Co-Founder at Berberka



6.2015 - 9.2015

4.2015 - 6.2015

9.2014 - 3.2015

6.2013 - 9.2013

9.2012 - 9.2020

DIPLOMAS

Engineer Intern at BRGM, Orléans (France)
Topological comparisons of fluvial reservoir rock volumes using Betti num-
bers: application to C'Os storage uncertainty analysis

Junior Researcher at CEREGE, Marseille (France)

Master thesis at LEMTA, Nancy (France)
Horizontal wells in the reservoir engineering: optimal length

Research Student at LEMTA, Nancy (France)

Private tutor: Teaching Bachelor’s and Master’s students Mathematics,
Physics, Earth science, French and English

12.2020
09.2015
09.2015
09.2012
09.2010

Doctorat es sciences - géothermie PhD

Master in Reservoir Engineering and Petroleum Geosciences
Master’s degree in Mechanical and Electrical Engineering
Bachelor’s degree in Mathematics, Physics and Computer Science
Baccalaureate diploma in Maths, Physics and Engineering Science






In this PhD project, a workflow allowing a fast
decision-making process for selecting an optimal
well trajectory for Enhanced Geothermal System
(EGS) projects is developed. Firstly, the deep
geothermal borehole is drilled vertically. Secondly,
based on logging data which are costly, the
direction in which the strongly deviated borehole
section will be drilled needs to be determined in
order to optimize borehole stability and to intersect
the highest number of fractures that are oriented
favorably for stimulation. The workflow applies to
crystalline rock and includes an uncertainty and
risk assessment framework.



	List of Figures
	List of Tables
	Nomenclature
	Abstract
	Acknowledgements
	Introduction
	Context and motivations
	Objectives
	Industrial application objectives
	Fundamental science developments

	Thesis organization

	Background
	Deep geothermal energy
	Hydtrothermal Systems Vs. Petrothermal Systems
	Stimulation techniques and reservoir creation

	Stress and wellbore failure concept in crystalline rocks
	Handling uncertainty in a probabilistic manner for a reliable geomechanical design
	Uncertainties in geomechanical design
	Natural variability
	Quality of predictions and reduction of uncertainty


	A systematic methodology to calibrate wellbore failure models, estimate the in-situ stress tensor and evaluate wellbore cross-sectional geometry
	Introduction
	Methodology
	Calculation of the near-field state of stress
	Strength models
	Estimation of breakout width
	Estimation of breakout extent
	Estimation of DITFs occurence
	Parameter estimation

	BS-1 data description
	BS-1 failure data
	BS-1 stress state from previous studies

	Parametric and sensitivity analyses
	Relationship between breakout width and breakout extent in the BS-1 well
	Sensitivity analyses
	Illustration of solution non-uniqueness

	Calibration of the developed geomechanical model on observed failure in the BS-1 well
	First order calibration approach
	Non-uniqueness
	Reducing the solutions uncertainty

	2nd order calibration

	Discussions
	Failure models evaluation
	Sensitivity analyses
	Stresses trends with depth
	Failure variability and implication for rock mass models
	Limitations and applicability of the methodology

	Conclusions

	A computational stochastic methodology to predict failure severity in deep geothermal boreholes
	Introduction
	Methodology
	1st and 2nd order calibration in the shallower section of the well
	Forecasting borehole failure in the deepest section of the well

	Application to the BS-1 well
	Failure prediction based on the 1st order calibration
	Failure predictions based on the 2nd order calibration
	2nd order calibration results
	Parameters forecast and borehole failure prediction


	Discussion
	Forecasting calibrated parameters and accounting for variability
	Quality of the prediction

	Conclusions

	Application of the calibration and prediction approaches to synthetic cases
	Introduction
	Methodology
	Generating synthetic cases
	Failure models calibration
	1st order calibration
	2nd order calibration

	Borehole failure severity prediction
	1st order prediction and quantification indicators
	2nd order prediction and quantification indicator

	Well optimization path

	Results
	Illustration of the relationship between borehole deviation and failure using stereographic projections
	Generating synthetic failure data
	1st order calibration
	Failure prediction
	1st order prediction
	1st order predictions shift
	Explaining the observed shifts
	Dispersion of the 1st order predictions

	Dispersion of the 2nd order predictions

	Discussions
	Quality of 1st order calibration
	Failure predictions quantification
	Failure prediction in a vertical well
	Failure prediction in a deviated well


	Conclusions

	Deep Geothermal Well Optimization Workflow (DG-WOW) application
	Introduction
	Scope and objectives of the 'DG-WOW' application
	Guiding principles

	Overview and implementation of the workflow
	Workflow overview
	DG-WOW-app implementation

	Presentation of the DG-WOW application using the BS-1 borehole data
	Data pre-processing - UBI data synthesis
	Failure models calibration
	1st order calibration
	Zone and data definition:
	Starting points and calibrations:
	1st calibrated profiles
	1st calibrated histograms

	2nd order calibration
	Second order calibration evaluation

	Natural fractures analyses
	Feedzones analyses:
	Slip-tendency analyses
	Fracture frequency analyses


	Failure severity prediction
	Well trajectory scenario selection
	Well trajectory scenario evaluation


	Summary and outlook

	Application of the workflow to two real test cases
	Introduction
	Brief site description
	CB-1 borehole (Bedretto)
	GPK3 borehole (Soultz-sous-Forêt)

	UBI data synthesis
	Failure models calibration
	1st order calibration
	2nd order calibration

	Natural fractures analyses
	Failure severity prediction
	Summary

	Conclusions and outlook
	Bibliography
	Bibliography
	Appendices
	Stresses transformation to a local borehole Cartesian coordinate system
	Stress perturbation induced by a cylindrical opening (Kirsch solution)
	Overview of the minimization algorithm implemented in PEST

