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Resumo

A exploragao de reservatdrios ndao convencionais, através da estimulagao com recurso a técnica
de fracturacao hidraulica e aplicacdo de perfuracdo direcional horizontal, define uma nova era
no paradigma energético mundial.

Os custos elevados destas operacgdes e as particularidades dos reservatérios alvo obrigam a
indUstria a investir fortemente no desenvolvimento de ferramentas fidveis para o seu pré-
dimensionamento. Para aumentar a capacidade de previsdo do comportamento das operagdes
sdo frequentemente usadas perfuragdes orientadas. Contudo a determinacao das tensdes in-
situ e das diregBes principais é complexa, pelo que se torna importante conhecer o efeito da
orientacao da perfuragdo no comportamento das fracturas induzidas, ao nivel da sua iniciacdo
e propagacao, para garantir o sucesso das operacdes de fracturacao hidraulica e a viabilidade
econdmica do campo a explorar.

Esta tese apresenta um estudo numérico pelo método XFEM (Extended Finite Element Method),
utilizando o programa Abaqus desenvolvido pela Dassault Systémes, em que se analisa o
comportamento mecanico de fracturas induzidas, nomeadamente as condi¢des de iniciagdo e
propagacdo, quando se recorre a utilizacdo de perfuragcdes com diferentes orientacdes. Tendo
em vista a validacdo da ferramenta de cdlculo, procedeu-se a simulacdo de uma série de ensaios
experimentais descritos por Abass et al. (1994), efetuados em laboratdrio sob provetes de gesso,
consolidados em camara de triaxial verdadeiro, em que apds a execucao de perfuracées se
provocou a formacao de fracturas. Apesar das simplificacdes introduzidas no modelo numérico,
em particular o facto da a¢do do liquido de injec¢do ser modelada como uma pressado aplicada
nas paredes do pogo, os resultados numéricos apresentam boa concordancia com os dados
experimentais.

O mesmo modelo é utilizado para desenvolver um estudo paramétrico em que se analisa o
efeito de um conjunto de parametros relevantes, nomeadamente o comprimento da
perfuracao, anisotropia de tensdes, raio do furo e desalinhamento da perfuragdo, na iniciagdo e
propagacdo de fracturas quando se utilizam perfuragdes orientadas. Os resultados obtidos
permitem concluir que a pressao que provoca a iniciagao da fractura é fortemente dependente
das tensdes tangenciais na ponta da fractura, enquanto a reorientagdo é controlada pela
anisotropia de tensdes, sendo que ambos os aspectos sdo determinados pelo estado de tensdo
na proximidade do furo. Quando ocorre desalinhamento da perfuragdo em relagdo ao plano
preferencial de fracturagdo, verifica-se que uma maior densidade de perfuragdes nao afecta a

pressao de iniciacdo da primeira fractura, mas dificulta a iniciacdo das restantes.

Palavras-Chave: Fracturacdo hidrdulica, perfuracdes orientadas, fractura, Abaqus, XFEM,

geomecanica.



Abstract

The exploitation of unconventional reservoirs, made possible by stimulation using the hydraulic
fracturing technique and application of horizontal directional drilling, defines a new era in the
global energetic paradigm.

Due to the costs of these operations and the specificities of unconventional reservoirs, the
industry is required to invest in the development of reliable predictive tools to pre-design these
operations. To improve the predictions of the operation outcome oriented perforations are
often used. However, the determination of the in-situ stresses and the principal directions is
complex; therefore it is important to understand the effect of the perforation orientation on the
behaviour of induced fractures, in terms of their initiation and propagation, to ensure the
success of hydraulic fracturing operations and that the exploration of these fields is economically
viable.

Using the XFEM method (Extended Finite Element Method) available in Abaqus developed by
Dassault Systémes, this thesis presents a numerical study on the mechanical behaviour of
induced fractures that make use of perforations with different orientations, in particular the
conditions of fracture initiation and propagation. To validate the numerical tools, numerical
simulations of a series of laboratory tests that reproduce hydraulic fracturing on rectangular
blocks of gypsum cement (Abass H. et al, 1994) were carried out. Despite the simplifications of
the numerical model, in particular the fact that the fracturing fluid was modelled as a pressure
applied in the wellbore, the numerical results provide a good match to the experimental
observations.

The same numerical model was employed to carry out a parametric study on the effect of a
number of relevant parameters on fracture initiation and propagation, namely perforation
length, stress anisotropy, wellbore radius and phasing misalignment. The results of this study
show that the breakdown pressure is strongly dependent on the tangential stresses at the crack
tip, while reorientation is controlled by the principal stress direction anisotropy at the fracture
tip, and thus both aspects are determined by the stress state in the near-wellbore zone. In
addition, it is found that, when there is perforation misalignment relative to the preferred
fracture plane, the density of perforations does not influence the breakdown pressure, but the
initiation of the remaining fractures becomes more difficult as the density increases.

Keywords: Hydraulic fracturing, oriented perforations, fracture, Abaqus, XFEM, geomechanics.
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1. Introduction

1.1 Motivation and aims

The oil and gas industry is in a reset phase, with the worldwide production capacity increasing
daily as a result of the exploitation (mainly in the USA) of unconventional reservoirs, including
Shale Gas and Shale Qil. This type of reservoirs has its specificities, result of low permeabilities
and porosities, which makes its natural exploration unfeasible. In order to maximize the
economic potential of these reservoirs, hydraulic fracturing stimulation has been widely

employed. This justifies the relevance of the topic of this dissertation.

With an extremely empirical basis, hydraulic fracturing consists in injecting fluids at high
pressures, such that the rock tensile strength is exceeded, causing the rock to fail and a
hydraulically induced fracture to be formed. These fractures will consist on a preferential path
for the movement of hydrocarbons, increasing the reservoir permeability. However, in recent
decades, due to the massive exploitation of these reservoirs and the high costs associated with
the construction (drilling, fluid injection) and operation (transport and proppants) of shale gas
wells, it became essential to develop reliable predictive models to pre-design the operations and

reduce/optimize the associated cost.

Result of drilling technological advances, hydraulic fracturing can be combined with directional
drilling techniques, increasing the productive capacity of a well by a factor of up to 25; but the

construction process is essential to achieve good results in production.

In order to predict the result of these operations from the fracture mechanics point of view
(initiation and propagation) and its integration into a geomechanical model, numerical
simulation tools such as the finite element method (FEM) are frequently used. FEM is found to
provide good results in terms of solution convergence and accuracy. In 2009, Abaqus developer
Dassault Systemes, have launched a new numerical methodology / functionality, denominated
eXtended finite element method (XFEM), with direct application to fracture analysis that
facilitates the modeling process. This functionality proposes a novel manner to deal with
discontinuities / singularities, based on the concepts of partition of unity and (additional)
enriched degrees of freedom, in which the fracture is totally independent from the continuous
media. This eliminates the previously necessary re-meshing process in fracture propagation

studies, allowing the reduction of time and memory consumption without loss of accuracy.



Since the accurate determination of the in-situ stresses in rock masses is extremely complex,
pre-design of the operations aims to improve the results through the control of other

parameters or procedures.

Oriented perforations is a technology that consists in the perforation of the rock from the
wellbore with pre-defined distances/lengths, widths and directions, to ensure that at least one
of the perforations is a few angles of the preferred fracture plane (PFP) in an attempt to reduce
the breakdown pressure. Since the excavation of the wellbore introduces a redistribution of
stresses near the wellbore, it is essential to study the interaction of perforations with the stress

state, in terms of breakdown pressure, fracture geometry and reorientation.
Systematizing, the main objectives of this study are:

e Present the basic concepts and techniques associated with the exploitation of
unconventional reservoirs

e Understand the material (rock and fluids) expected behavior in a hydraulic fracturing
operation

e Explore the capabilities and shortcomings of a numerical simulation tool that mimics
fracture initiation and propagation

e Evaluate how the in-situ stress conditions may influence fracture initiation and
propagation

e Analyze how oriented perforations may affect fracture initiation and propagation

As an additional objective, this document aims to show some of the subject areas within Civil
Engineering that are involved in the production processes of the oil and gas industry sector and
may help to the development of new technologies. Structural engineering, geotechnical
engineering, construction, hydraulic or transport are subject areas with applicability in this
industry, and technical and analytical issues of the various areas are presented throughout the

document.

1.2 Structure
In order to comply with the defined purposes, the study is divided into five parts:
e Theoretical framework (Chapters 2 to 4)
e Mechanics - fluids and rock (Chapters 5 and 6)
e Modelling - validation (Chapter 7)
e Modelling - Parametric Study / Discussion of results (Chapter 8)

e Conclusion (Chapter 9)



Theoretical framework
Chapter 2 is an introductory chapter on the geological and petrophysical characteristics for
hydrocarbons generation, primarily focused on the characteristics and properties of

unconventional reservoir, in particular shale gas reservoirs.

Chapter 3 describes the construction processes associated with horizontal directional drilling
(HDD) and highlights its importance to increase the productivity of an oil well. It details
methodologies at construction level, fluid types to ensure well stability, well logging analysis,

instrumentation and monitoring techniques.

Chapter 4 describes the various stages of a hydraulic fracturing operation, from well selection,

planning, design of operations, and execution.

Mechanics
Henceforth, the study is focused on the planning and design of HF operations. Therefore it is
essential to understand the behavior of the main materials involved in the operations: rock and

fluids

Chapter 5 presents a review of the main constitutive models suitable to describe the behavior
of perforation fluids or proppants and the relevant fluid flow regimes. Though perforation fluids
are not explicitly considered in the numerical analysis presented herein, this information is
included for completeness and a full appreciation of the simplifications that have been

introduced.

Chapter 6 presents the fundamental concepts of rock mechanics that support the numerical
study described in Chapters 7 and 8. Some of the subjects that are dealt with include: in-situ
stress states, near-wellbore stress state, rock tensile failure, cohesive behavior of the material,
effect of temperature. Though in the boundary value problem examined (i.e. hydraulic
fracturing) the rock fails in tension, for completeness, rock compression failure criterions are

also described.

Modelling - Validation
Chapter 7 aims to evaluate the ability of XFEM functionality to model fracture behavior. XFEM
is first used to model a Brazilian test; a set of parameters are varied to verify the model's

representativeness and investigate the influence of various input parameters.

Subsequently the XFEM is used to simulate a series of laboratory experiments described by

(Abass H. et al, 1994), which analyze the effect of oriented perforations on fracture initiation



and propagation. All the simplifications and assumptions made are presented in details

throughout the chapter.

Modelling - Parametric study

Chapter 8 describes a parametric study on the effect of oriented perforations on the initiation
and propagation of induced fractures, investigating the effect of a set of parameters, including,
perforation length, fracture energy, stress anisotropy, elastic modulus, wellbore radius and
perforation phasing. In the analysis of the results, their influence in fracture initiation and
propagation is done through the analysis of breakdown pressure, fracture geometry and

reorientation.

Conclusions

Chapter 9 presents a synthesis of the results presented in the two previous chapters and the
conclusions that can be drawn from them. In addition, it is proposed future research work to
clarify aspects raised by this study and improve our understanding regarding the formation of

induced fractures by oriented perforations.



2. Geological and petrophysical introduction

2.1 Oil and gas generation process

Geologically, oil can be described as a natural mixture of hydrocarbons, in any phase, which has

been subjected to a specific temperature and pressure conditions.

The chemical composition of oil is approximately: carbon (80 to 90% in weight), hydrogen (10 to
15%), sulfur (up to 5%), oxygen (up to 4%), nitrogen (up to 2%) and some other vestigial
components (Tissot B. P. et Welte D. H., 1984).

Oil generation occurs in sedimentary basins, where organic matter and inorganic sediments
have accumulated in anaerobic ambient. Following accumulation, organic matter passes for
several chemical modifications, associated to inorganic reactions and bacterial activity, and
kerogen is produced; this is characterized by great percentage of heavy solid hydrocarbons

(Chapman R. E., 1973).

With the basin’s continuous subsidence, kerogen is exposed to higher temperatures, leading to
molecular decomposition into simpler hydrocarbon - oil and/or gas. This process is affected by

temperature, depth, geothermal gradient and time.

There are three types of Kerogen, which led to different end products. Type | (lypidic) is rich in
hydrogen, and responsible for oil generation. Type Il (humic) is associated with gas generation
and Type Il (mixed) is a combination of both, leading to the generation of both oil and gas
(Chapman R. E., 1973). Decomposition of kerogen into oil and gas is associated with an increase
of hydrocarbons (HC) content in the saturated source rock. This is the mechanism associated

with HC expelling, or primary migration.

2.2 Oil and gas migration process

The term migration is used to refer to the oil’s path since the source rock to the accumulation

place. There are three migration types (Tissot B. P. et Welte D. H., 1984):

e Primary migration refers to the displacement/movement of oil within the source rock.
Result of compaction, micro fracturing or dehydration of source rock pores;

e Secondary migration corresponds to displacement through a porous and permeable
rock intercepted by a geological trap, where accumulation occurs, as seen in Figure 2.1.

e Tertiary migration occurs in areas without a proper seal, where a continuous path to
places of lower pressures exists, leading to oil and / or gas loss by exudation, oxidation

or bacterial degradation at the surface.
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Figure 2.1 — Oil and Gas accumulation by different migration processes. (Tissot B. P. et al., 1984)

For oil and gas accumulation to occur, the rock needs to be very porous and permeable. A seal

rock is also needed, in order to avoid the displacement of fluids to the surface.

2.3 Importance of traps for oil and gas accumulation

HC migrate through the porous media until their route is blocked by the seal rock, i.e. an
impermeable rock, commonly clayey in nature, originating the accumulation beneath the sealing
body, structure or trap. Traps are extremely important as they enable the accumulation and
retention of oil and gas for future extraction. Geologists divide traps into two types: structural

and stratigraphic (Caldwell J. et al., 1997).

Structural traps are geometric singularities caused by deformation of the rock mass due to the
applied stress field, such as folding, fractures and faulting, as seen in Figure 2.2. Generally, they
fall into two categories: anticlines (a), where due to mainly tectonic forces, the rock is folded or
bent upward and faults (b), where due to tectonic displacements an impermeable layer stays
above a permeable layer (Caldwell J. et al., 1997). They are easier to delineate and explore than
their stratigraphic counterparts, with the majority of the world's petroleum reserves being

found in structural traps.

%

Anticline Fault
Figure 2.2- Representation of structural traps (Landforms, 2014)

Stratigraphic traps are formed at the time of the sediments deposition, being associated with
the reservoir rock generation process. As seen in Figure 2.3, there are three categories within

stratigraphic traps: pinchouts, unconformities and reefs.
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Figure 2.3 - Representation of stratigraphic traps (Landforms, 2014)

2.4 Reservoir rock
The reservoir rock is the location, where due to the very particular conditions created, oil and/or

gas exist as a hydraulically simply connected system (Allen T. O. et Robert A. P., 1997).

For a rock to constitute a reservoir it is essential to have two properties - porosity and
permeability. The rock should have empty spaces, normally called pores, conferring the porosity.
These pores need to be inter-connected to result in an increase in rock permeability, as seen in

Figure 2.4.
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Figure 2.4 - Porous media characteristics (SPE, 2014)

Permeability is the property that measures the capacity of a fluid to flow through a porous
media; higher permeability implies greater flow capacity. Permeability’s Sl unit is m/s but in
petroleum engineering permeability is commonly expressed in Darcy (D), or as a consequence
of the typical values of permeability for reservoir rocks, in miliDarcy (mD). One Darcy
corresponds to 9.8x10® m/s. Permeability is a function of the dimension, shape and

connectivity of the pores.

Typically, most reservoir rocks are sandstones and limestones, i.e. sedimentary rocks with high
intergranular porosity (porosity between grains) and intragranular porosity (porosity within the

grains) (Thomas J. et al, 2001) .



2.4.1 Conventional Reservoir Rock

Are considered conventional reservoir rocks those which are permeable to fluids of low to
medium viscosity and gas. Sandstones and limestones are the most frequent. Most of them have
grain diameters in range of 0.05 to 0.35 mm, resulting in average pore radius in sandstones
reservoirs between 20 and 200 um (Tissot B. P. et Welte D. H., 1984). A relationship between

permeability and porosity has been observed in conventional reservoirs, as shown in Figure 2.5.
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Figure 2.5 - Relationship between porosity (%) and permeability (mD) (Tissot B. P. et Welte D. H., 1984)

Porosities in reservoir rock usually range from 5% to 30%. A classification of reservoir rocks

based on porosity (%) and permeability (mD) values is shown in Table 2.1.

Table 2.1 - Appraisal of porosity and permeability of conventional reservoir rocks (Levorsen, 1967)

Poro % Appraisa Pe ab D
0-5 Negligible -
5-10 Poor -
10- 15 Fair 1.0-10
15-20 Good 10-100
20-25 Very good 100 - 1000

2.4.2 Unconventional Reservoirs
There are various definitions of unconventional reservoirs from the different areas of expertise
(Cander H., 2012) and (Hall M., 2011). Unconventional resources can be defined using purely a

permeability threshold (< 0.1 md). (Meckel L. D. et Thomasson M. R., 2008), Figure 2.6.
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Figure 2.6 - Permeability threshold of unconventional reservoirs (Total, 2014)

Others instead define unconventional reservoirs based on an interpretation of the petroleum
system and consider unconventional resources those that are “continuous” and have lack of
traditional traps. Economically, unconventional reservoirs are those that at present cannot be
profitably produced with conventional production methods. This definition reflects the fact that
many unconventional resources, like the oil sands or tight gas, were bypassed for decades
because they were uneconomic at the time. Thus, unconventional resources may include both
low and high permeability reservoirs with both low and high viscosity fluids. Based on the
literature, most reservoirs accepted as unconventional are shale gas, coal-bed methane (CBM),

thigh sands, gas hydrates (GH) or heavy oil.

Unconventional reservoirs such as coal beds, tight sands and shales have been a growing source
of natural gas in the United States (USA) in the last decade. In 1998, unconventional gas
production represented 28% of total domestic natural gas production in the United States, rising
to 46% in 2007. (Caldwell J. et al., 1997); This corresponds to a 65% increase in unconventional
natural gas production between 1998 and 2007. Figures 2.7 and 2.8 show the evolution of the
oil and gas production in the USA, in terms of its source, since 1980 to date, and presents

forecasts up to 2040.
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Figure 2.7 - USA oil and gas production (Pele A. F., 2012)
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Figure 2.8 - USA dry natural gas production (Annual Energy Outlook, 2013)

Due to its importance for the gas production sector and its relevance for the topic of this thesis
further reference is given to shale gas. Shale gas refers to natural gas trapped within shale
formations, typically thousands of meters below the earth’s surface. Gas-productive shale
formations are of thermogenic (thermal cracking of sedimentary organic matter into liquid
hydrocarbons and gas) or more frequently biogenic (formed at shallow depths and low
temperatures by anaerobic bacterial decomposition of sedimentary organic matter) origin.
Shale formations are found in Paleozoic and Mesozoic rocks (Curtis John B., 2002). For the
occurrence of HC, organic matter needs to be deposited without being oxidized. At a
depositional ambient, the Oxygen Minimum Layer (OML), place with very low oxygen rates, is a
good place for the deposition and preservation of marine organic sediments (Ayers W. B., 2005).
Shale is a fine-grained sedimentary rock that, when deposited as mud, can collect organic
matter. Over time, with the organic matter decay, petroleum and natural gas products form
within the rock’s pores (US department of Energy, 2009). Shales typically hold dry gas (>90%
methane), but some may produce liquid products as well. Conventional gas reservoirs result of
the migration of natural gas from an organic-rich source to a permeable reservoir rock. In
contrast unconventional gas-rich shales are usually both the source and the reservoir for natural
gas.

Shales have low permeability, typically between 0,000001mD to 0,0001mD; in comparison to
conventional Sandstone reservoirs with a permeability ranges from 0,5 mD to 20 mD (King G. E.,
2012). To ensure the economic feasibility of shale gas exploration it is necessary to increase the
rock’s permeability. This can be achieved using stimulation by hydraulic fracturing and horizontal
drilling (Bohm P. et al, 2008), which are discussed in more detail in subsequent chapters of this

thesis.
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A typical shale gas source rock has the following characteristics:

e Dark brown to black color

e Low porosity and permeability

e 1-10% (or more) total organic content (TOC)

e Commonly well-laminated

e High gamma-ray signature (>140 API)

e Pyrite common in rocks (anoxic muds where anaerobic bacteria have been active)

¢ Shale may be phosphatic (rock with high concentration of phosphate minerals)

A useful indicator of the origin of the existing hydrocarbons (either biogenic or thermogenic) is
the vitrinite reflectance. Vitrinite reflectance is a measure of the maturity of organic matter with
respect to whether it has generated hydrocarbons or could be an effective source rock
(Schlumberger, 2014), and for its determination the reflectivity of at least 30 individual grains of
vitrinite from a rock sample is measured under a microscope. The measurement is given in units
of reflectance, % R,,, with typical values ranging from 0% R, to 3% R,,. The vitrinite reflectance
value can help to determine whether or not the source rock was maturated for enough time to
produce hydrocarbons. Typical values of the oil generation and gas generation “windows” are

the following:
* % R, > 0.6, the rock is in the oil window
* % R, > 0.78, the rock went “through” the gas window

In the shale gas plays, the type of gas storage, free or adsorbed, drives the shape of the
production curve. Free gas is produced quickly at higher rates and adsorbed gas is produced at
slower rates. Peak production is reached on day one of operations as the free gas released by
HF is produced. As seen in figure 2.9, the decline in production of a shale gas well is rapid,
typically between 60% and 90% in the first year, and as the free gas is depleted, the adsorbed
gas bleeds slowly through the low permeability reservoir from beyond the fracture to give a low

production rate which continues for a long period (Gény F., 2010).
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Figure 2.9 - Evolution of gas production with time at Barnett play (U.S. Energy Information Administration)

The recovery factor of these reservoirs is typically between 20% and 30%, against 80% for
conventional gas. On the other hand, the estimated volume of unconventional gas is greater

than that of conventional gas, as illustrated in the production forecasts shown in Figure 2.7.

12



3. Horizontal Directional Drilling

3.1 Introduction
Unconventional reservoirs are becoming a growing source of hydrocarbons reserves across the
world. The exploration of these reservoirs is only possible due to the use of horizontal wells and

hydraulic fracturing (Bohm P. et al, 2008).

The horizontal directional drilling (HDD) technology is a trenchless construction method for
horizontal boring, which is employed in the installation of various underground facilities, namely
natural gas and utility conduit pipelines, water mains or to enable geotechnical investigations

and remediation of contaminated sites (Allouche E. et al, 2000).

The technology itself dates back to 1891, when the first patent was granted for equipment to
place a horizontal hole from a vertical well. In 1929, the first truly horizontal wells were drilled
at Texas and many horizontal wells were drilled in the USSR and China during the 1950's and
1960's, with limited success. Falling oil prices, combined with the need to reduce finding costs
and the recent development of new downhole devices, revived horizontal drilling technology in

the late 1970's and early 1980's (Kashikar S., 2005).

1990’s saw a sustained interest in horizontal drilling, with the technique becoming the preferred
option for gas production in many countries. Nowadays, horizontal wells are regularly used in
the oil and gas industry. Modern directional drilling methods are extremely versatile and cost-

effective, and thus a very powerful tool.

3.2 Applications of the technique

Within the oil and gas industry, directional wells may be employed in various situations, the

main ones being illustrated in Figure 3.1 and detailed below being:

(a) Multiple wells from offshore structures
Many oil and gas deposits are situated well beyond the reach of land based rigs. Drilling
a large number of vertical wells from individual platforms is both impractical and
uneconomical. The obvious approach for a large oilfield is to install a fixed platform on
the seabed, from which many directional boreholes can be drilled. The end locations of
these wells are carefully spaced for optimum recovery.

(b) Relief Wells
Directional techniques are used to drill relief wells in order to “kill” blowouts. Relief

wells allow to intersect a blowout well near the bottom, so that mud and water can be

13



(c)

pumped into the blowout well. Directional control in this type of drilling is very rigorous
due to the accuracy required to locate and intersect the blowout well.

Controlling Vertical Wells

Directional techniques are used to “straighten twisted holes”. When deviation occurs in
a well which is supposed to be vertical, various techniques can be used to bring the well
back to vertical. This was one of the earliest applications of directional drilling.
Sidetracking

This is done to bypass an obstruction (“fish”) in the original wellbore, to explore the
extent of a producing zone in a certain sector of a field, or to sidetrack a dry hole to a
more promising target. Wells are also sidetracked to access more reservoir by drilling a
horizontal hole section from the existing well bore.

Inaccessible locations

Directional wells are often drilled because the surface location directly above the
reservoir is inaccessible, either because of natural or man-made obstacles.

Fault Drilling

Directional wells are also drilled to avoid drilling a vertical well through a steeply inclined
fault plane which could slip and shear the casing.

Salt Dome Drilling

Directional drilling programs are sometimes used to overcome the problems of drilling
near salt domes. Instead of drilling through the salt, the well is drilled at one side of the
dome and is then deviated around and underneath the overhanging cap.

Shoreline Drilling

When a reservoir lies offshore but close to land, the most economical way to exploit the

reservoir is to drill directional wells from a land rig located on the coast.
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Figure 3.1 - Application of HDD (Baker Hughes, 1995)

3.3 HDD application - Advantages and limitations

Directional drilling can be successfully used in a variety of geological conditions. When using
directional drilling in wells, there is no need to hydraulically fracture the bed, resulting in lower
chance of the groundwater contamination. Further, when using directional drilling, the well site
can be located away from residential sites or sensitive areas that should not be disturbed.
Directional drilling may also be considered more favorable in terms of environmental impact

because the construction footprint required for drilling is smaller (Arthur et al, 2009).

The major advantage of directional drilling is the increase in oil and gas production. Various
studies have found that it is possible to extract 2 to 25 times more oil or gas when using
directionally drilled wells than vertical ones. This makes it feasible for oil companies to employ
expensive directional technology as their investment is likely to yield high returns, even when

considering all the costs e.g. with reinstatements, excavation, shoring (Nurmi R., 1995).

The major disadvantages of directional drilling are related with the total water volume required

to perform the drilling operation, as well as the construction site footprint (see chapter 3.4).

Directional wells have also been found to be economically successful in the following types of
reservoirs: naturally fractured reservoirs, oil reservoirs with water or gas coning characteristics,

thin and/or marginal sized reservoirs and heavy oil reservoirs.

Equally important is to understand what types of reservoirs are not responsive to directional
drilling, and these are: reservoirs with poor vertical permeability or separation due to

impermeable streaks, multiple zones with pressure differences, unconformities caused by
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igneous intrusions, mineralized fractures, areas of high tectonic stress and reservoirs which

fluctuate greatly in reference to true vertical depth.

3.4 Comparison between horizontal directional and vertical drilling

The decision to employ directional wells is primarily an economic one. Drilling horizontal wells

is generally 20% to 25% more expensive than drilling vertical ones, but the cost tends to

decrease steadily with time as the drilling team gains familiarity with the well and reservoir

conditions and characteristics (Nurmi R., 1995), and the cost difference is usually largely offset

by the increase in hydrocarbons production.

Figure 3.2 shows the evolution of oil production with time for horizontal and vertical wells,

shown that the former lead to an increase in production of about three to four times.
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Figure 3.2 - Evolution of oil production with time for horizontal and vertical wells (Kharusi M., 1991)

Besides the economical factor, some other aspects need to be considered when selecting the

drilling option, which are summarized in Table 3.1.

Table 3.1- Construction requirements to drill horizontal and vertical wells (Smerak T., 2012)

Well type
Well Pad footprint

Horizontal wells
1,21 to 2,42 hectares

Vertical wells
0,40 to 1,21 hectares

Road Construction footprint

2,3 hectares

Similar
drilling

to unconventional

Water required

7,57 to 34 million liters

75 000 to 300 000 liters

Time to drill the wells

3 months

1 month

Source rock

Hard to extract

Easy to extract

Hydraulic fracturing
required

Almost always

sometimes
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3.5 Well Planning Trajectory
The success of horizontal directional drilling can be affected by various factors; this emphasizes
the need for a detailed planning to improve operational efficiency and maximize economical

results (Clouzeau F. et al, 1998).

Drilling laterally is very complex due to the great uncertainty involved in the geological setting.
To maximize hydrocarbon production rates and recoveries, it’s important to take into account
the interaction of drilling fluids, damage mechanism involved and most important, variations in
the reservoirs characteristics. For example, a differential pore pressure in the reservoir can lead

to a great problem in the stability of the wellbore (Aguilera R. et al, 1991) .

The target i.e. the area to which the well must penetrate at a given depth, needs to be perfectly
defined, and this is usually done by a geologist or reservoir engineer. The target refers an area /
volume defined by a radius of tolerance (typically about 100 meters) around the goal that is the
achievement of the operation. Its shape and size depend on the geological characteristics and
the producing zones location. Target zones should be selected as large as possible to improve
the likelihood of achieving the objective. If multiple zones are to be penetrated, they should be
selected so that the planned pattern is reasonable and they can be achieved without causing

drilling difficulties.

To understand the issues associated with the various alternatives for directional drilling paths,

some basic definitions are needed. Figure 3.3 shows their geometric significance:

e Kickoff point (KOP): The drilling section when the first deflector tool is lowered and the
well starts to bend, to make an angle with the vertical. The KOP must be carefully
selected so that the angle at the end of buildup is located within economic limits. Minor
problems are found when the maximum well angle lies between 20 ° to 45 °.

e Buildup section (BU): The drilling section where the angle of the well with the vertical
starts to increases; as a rule the angle is adjusted at a constant rate (buildup rate - BUR)
typically about 2 ° /30 meters to 3 ° / 30 meters. This growth depends on the vertical
angle of the drilled formation and BHA (Bottom Hole Assembly (a portion of the
drillstring that affects the trajectory of the bit)) used. During buildup the angle and the
direction of the well are constantly checked. Once the maximum angle is reached, BHA
is replaced by a rigid set to maintain the angle (locked in BHA). The end of the buildup
(EOB) occurs when the straight stretch is reached.

e Drop off section: the drilling section where the angle of the well with the vertical

decreases. It is characterized by a negative BUR.
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e Tangent Section: it is the straight part of the perforated well with the maximum angle.
It is necessary to check the angle and the direction and plot the course of the well to

verify whether any correction is necessary.

Directional well paths can be grouped in four different categories; three of these are illustrated

in Figure 3.3.
D OFf BULD
TANGENT SECTION KICK-OPP POINT
BUILD-UP SECTION
TAROQET
A - Build and Hold B-S Type Well C - Deep Kickoff and Build

Figure 3.3 - Types of wellbore trajectories (Baker hughes, 1995)

Path A is a build-and-hold trajectory; the wellbore penetrates the target at an angle equal to the

maximum buildup angle. Is typically in construction where intermediate casing is not required.

Path B is an S shape path and is typically applied in deep wells with multiple pay/production
zones, to reduce final angle in reservoir, due to target limitations and well spacing requirements.
This path type may imply greater torque and drag, and the application of instrumentation and
measuring while drilling (MWD) logging techniques is important to mitigate/control problems

due to well inclination (Baker hughes, 1995).

Path C is a deep kickoff and build trajectory; it has a deep kickoff point (KOP) and then a
continuous build trajectory, characterized by a continuous increase in path inclination as it
approaches the target. This path is typically applied in appraisal wells to assess the extent of a
newly discovered reservoir, in the repositioning of the bottom part of the hole, re-drilling and
salt dome drilling. In harder formations at bigger depths, there could be difficulty in deflecting

the drilling equipment.

Though not considered in most publications ((Baker hughes, 1995) and (Thomas J. et al, 2001)),
a fourth path type is considered by (Bourgoyne A. et al, 1991); this consists on a continuous
buildup trajectory, i.e. it is characterized by a continuous inclination increase up to the target,

such that a very high inclination, bigger than in path B may be reached.
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During drilling a lot of difficulties may be encountered, causing the path to be adjusted. More

information about this subject can be found in Bourgoyne A. et al. (1991).

3.6 Casing

A well is drilled in various stages, each consecutive phase with a smaller diameter than the
previous one, as shown in Figures 3.4 and 3.5. After the end of each drilling step, this must be

cemented to promote mechanical support and isolation of permeable zones.

iy -—WELL HEAD CONNECTIONS
=L —~GROUND LEVEL

j+——BOTTOM GELLAR

SURFACGE PIPE
CEMENTED

Casing has several important functions during the

drilling and completing of a well, as (Gatlin C., 1960):

e Define a permanent borehole of a predefined
diameter through which drilling, completion
and production operations may be conducted.

e Allow isolation of formations behind the pipe,
preventing flow between geological layers
and contamination, and ensuring production
only from a specific zone.

e Enable attaching the necessary surface valves

(like Blow-out preventers (BOP)) and - PACKER
connections to control and handle the various
fluids that are produced during drilling and

production operations. ) o )
Figure 3.4 — Characteristics of a drilled well

L . . (Gatlin C., 1960)
Casing is usually composed of five basic liner sets, and
in specific situations can be composed of up to eight lining sets, as shown in Figure 3.5. More

information about this subject can be found in Baker Hughes (1995).
Canductor casing
Cement

Surface casing

intermediate
casing

Production finer

Figure 3.5 — Typical casing sections (Nelson E. et Guillot D., 2006)

The American Petroleum Institute (API) has developed standards and specifications for oil-field
related casing and tubing. The API grade of casing denotes the steel properties of the casing, in

terms of yield strength (the tensile stress required to produce a total elongation of 0.5% per unit
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length), collapse strength (the maximum external pressure or force required to collapse the
casing joint) and burst strength (the maximum internal pressure required to cause a casing joint

to yield).

After drilling, casing is one of the most expensive components of a well, its cost being around

20% of the cost of the well completion ((Baker Hughes, 1995) and (Aguilera R. et al, 1991)).

3.7 Cementing

Cement is used in the drilling operations to:

e Protect (corrosion control) and support the casing (primary cementing);

e Avoid movement of fluids through the annular space outside the casing (primary
cementing), i.e. works as a hydraulic seal to isolate the various geological units and
prevents fluid’s communication and fluid’s escape to the surface;

e Stop the movement of fluids into fractured formations due to vuggs (primary
cementing);

e Close an abandoned portion of a well (remedial cementing).

Typical cementing operations employ a two-plug cement placement method, as illustrated in
Figure 3.6. After drilling in stages to a desired depth, the drill pipe is removed, leaving the
borehole filled with drilling fluids. Then, the casing string is lowered to the bottom of the

borehole, where the casing is protected by a guide shoe or float shoe.

Di;placamant
Top plug fhuid

Centralizers

A —general view B — after lowering the casing C —injecting the cement

Il
| E—

D —injecting the cement E — end of cementing
Figure 3.6- Basic two-plug cementing operation (Nelson B. E., 2012)

Both of them are tapered, commonly by bullet-nosed devices that guide the casing toward the

center of the hole, in order to minimize contacts with rough edges or washouts during
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installation (Nelson B. E., 2012). The guide shoe differs from the float shoe in that guide shoes

lack a check valve. The check valve can prevent reverse flow from the annulus into the casing.

Centralizers are placed along critical sections to prevent the casing of adhering to the walls while
it is lowered into the well (Figure 3.7). In addition, centralizers keep the casing in the center of
the borehole, ensuring a uniform cement layer between the casing and borehole wall (Gatlin,

1960).

Another auxiliary cementing equipment is used, wall scratchers (figure 3.7). Commonly,
mechanical rotating wall scratchers are used. These are tack-welded in the casing string at the
position/level required and the information retrieved allows the control of the wellbore radius

and stability. (Gatlin C., 1960).

2004000

— weld

g 4)

Weld Cross-sectional view showing outomatic wire adjustment
ander wide range of cloarances,

A — Centralizers B - Wall Scratchers
Figure 3.7-Auxiliary cementing equipment (Gatlin C., 1960)

The drilling engineer is responsible for selecting the cement composition and placement
technique for each required application, the aim is to achieve an adequate strength soon after

placement to minimize waiting time.

Table 3.2 gives the specifications of the API designated classes for cements (Bourgoyne A. et al,
1991), which were defined in response to the different downhole conditions encountered, in
terms of depth, temperature and pressure. The depths indicated in Table 3.2 are general
guidelines, derived from average pumping times of simple (no additives) cement at average
temperatures encountered at these depths, and the field of application of each cement must be

controlled based on the conditions effectively encountered during drilling.

Class H and G correspond to 80% of cement consumption in the USA, and the remaining
percentage is divided between Class A and C. In the rest of the world, Class G, often imported,

corresponds to a 95% of all consumption (Piot B., 2009).
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Table 3.2 — APl cement classes and specifications (Baker hughes, 1995)
Class Specifications
Class A For use from surface to 1830 meters depth, when special properties are not
required.
Class B For use from surface to 1830 meters depth, when conditions require moderate
to high sulphate resistance
Class C For use from surface to 1830 meters depth, when conditions require high early
strength.
Class D For use from 1830 meters to 3050 meters depth, under conditions of high
temperatures and pressures.
Class E For use from 3050 meters to 4270 meters depth, under conditions of high
temperature and pressures.
Class F For use from 3050 meters to 4880 meters depth, under conditions of extremely
high temperatures and pressures.
Class G Intended for use as a basic cement from surface to 2440 meters depth. Can be
used with accelerators and retarders to cover a wide range of well depths and
temperatures.
Class H A basic cement for use from surface to 2440 meters depth as manufactured.
Can be used with accelerators and retarders to cover a wider range of well
depths and temperatures.
Class J Intended for use as manufactured from 3600 meters to 4880 meters depth
under conditions of extremely high temperatures and pressures. It can be used
with accelerators and retarders to cover a range of well depths and
temperatures.

Sometimes, it is necessary to use cement products normally marketed for the construction
industry. Five basic types of portland cements are used commonly in the construction industry.
The ASTM classifications and international designations for these five cements are defined by
Bourgoyne A. et al. (1991). For reference, ASTM type 1, called normal/ordinary/common
cement, is similar to API class A. ASTM type Il, which is modified for moderate sulfate resistence
is similar to API class B. ASTM type lll, called high early strength cement, is similar to API class C
cement. The other ASTM cement types are not comparable with API classes and their application

is not desirable for well cementing.

In the wells, cements are exposed and need to perform under a wide temperature range (from
freezing temperatures to 4002 C), extremely different conditions from those encountered
commonly in civil engineering construction works e.g. buildings, roads and bridges (Nelson B. E.,

2012).

To meet the requirements of the cementing operation, the cement needs to present specific
properties both in the liquid and the solid phase. In the liquid state, the cement, must present
density and rheological properties that meet the operational requirements. The cement setting

time needs to allow pumping to the desired depth and the development of resistance needs to
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occur within an acceptable time interval for the operations to resume. In the solid state cements
are required to have low permeability and be resistant to the pressure and temperature
conditions encountered downhole. To design cements that meet the above requirements,
chemical additives are added. The additives and chemicals more frequently used in the oil

industry in the formulation of cement slurries are:

Accelerators - Accelerators are chemical additives used to reduce the setting time of cement
slurries. The most common accelerator in oil industry is calcium chloride, but other chloride salts
such as carbonates, silicates and aluminates can also act as accelerator for Portland cement

slurries (Nelson E. et Guillot D., 2006).

Retarders - Retarders are used to increase the setting time, in order to allow all the slurry to be

pumped to the correct position.

Extenders -Reduce slurry density i.e. reduce hydrostatic pressure during cementing. Increases
slurry yield i.e. reduces the amount of cement required to produce a given volume. In particular
water extenders allow/facilitate the addition of water to help increase the volume of cement

slurry.

Dispersants - Cement slurries are dispersions of solids in water. Dispersants reduce the viscosity
of cements, which without adjustment, may not be suitable to be mixed at surface and displaced
through the drilling wells. For example, cementing in soft geological formations with very high

viscosity slurries, can cause the fracture pressure of the formation to be exceeded.

Other additives that can be used include antifoam agents, fibers and flexible particles. Less
frequently additives to limit the slurry’s flow and increases its density may be used. New additive

products are regularly being introduced in the market.

3.8 Drilling fluids

Drilling fluids are the key component for safe, efficient, and economic well drilling (Gatlin C.,
1960). Drilling fluids should meet some basic requirements and have the following functions in
every well at some point in time ((Baker hughes, 1995), (Bourgoyne A. et al, 1991), (Dyke V.,
2000) and (Lummus et Azar, 1986)):

(a) Remove drilled cuttings from under the bit and carry them out of the hole;

(b) Suspend cuttings in the fluid when circulation is stopped;

(c) Allow cuttings to settle out at the surface and release cuttings when processed by
surface equipment;

(d) Provide enough hydrostatic pressure to balance formation pore pressures;
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(e) Preventthe borehole from collapsing or caving in and stabilizes the wellbore;

(f) Protect producing formations from damage (skin factor) which could impair production;
(g) Clean, cool, and lubricate the drill bit (deviated wells);

(h) Aids in information about formation;

(i) Provides hydraulic power to downhole equipment;

(j) Provides corrosion control

The performance of all these functions would sometimes require contradictory characteristics
e.g. items (a) and (b) are best served if the drilling fluid has a low viscosity, while items (c) and
(d) are best accomplished with a high viscosity. Therefore all that can be aimed is a compromise

among the numerous needs.

Nowadays, with the complexity of exploring unconventional reservoirs/formations and HDD
designs, oil industry is leading with emerging formulations for drilling fluids. Generally, drilling

muds may be classified in the following groups (Awele N. et al, 2014):

e Water-based-muds (WBM), in which fresh or sea-salt water is the continuous phase, are
more frequently used (90-95%). WBM are mainly composed of aqueous solutions of
polymers and clays in water or brines, with different types of additives incorporated to
it (Schaffel S., 2002).

e Qil-based-muds (OBM) have been developed for situations where WBM were found
inadequate. Generally, oil continuous phase is stabilized by surfactants. Although OBM
often give better performances they just represent about 5 to 10% of all consumption
because they are generally more expensive and less ecologically friendly than WBM
((Schaffel S., 2002) and (Dyke V., 2000)).

e Synthetic-based muds (SBM) are muds where the base fluid is a synthetic oil. These are
often used on offshore rigs because they have the properties of an oil-based mud, but
the toxicity of the fluid fumes is lower than that of an oil-based fluid. This is important
when working in small closed spaces such as an offshore drilling rig. Synthetic-based
fluids pose the same environmental problems of an oil-based fluid ((Fink J., 2011) and
(Hawker D., 2001)).

e The other family of drilling fluids comprises gas, aerated muds (classical muds with
nitrogen) or aqueous foams. These drilling fluids are used when their pressure is lower
than that exerted by the petroleum located in the pores of the rock formation. These
fluids are called underbalanced fluids ((Fink J., 2011) and (Baker Hughes, 1995)). This
underbalanced drilling technology is generally adopted for poorly consolidated and/or

fractured formations.
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Regarding drilling fluids, two main tendencies are currently developed in parallel: i) the search
for new additives increasing the performances of water-based muds (WBM) and ii) the

development and introduction of new compounds into oil-based muds (OBM).

One of the first additives developed for drilling fluids were clays, more specifically bentonite
additives to use in WBM. Nowadays, after treatment, bentonite is added to OBM under the form
of organophilic clay (under the commercial name of Bentone). The use of clays as additives

follows restrictions and regulations in accordance with environmental considerations.

As noted above WBM are cheaper and are more economically friendly than OBM. The major
problem in the use of WBM is still linked to the instability of the wells, mainly due to the
interaction of clays with the formation water, but there are now a large number of fluid systems
offered by specialized companies. Other examples of additives, which have improved the
performance of drilling fluids, can be found on the literature ((Skalle P., 2011) and (Hawker D.,

2001)).

3.9 Monitoring and instrumentation tools

While drilling, a wide range of information can be retrieved by a tool called Measurement While

Drilling (MWD) or Logging While Drilling (LWD), including:

e The Formation geology (hydrocarbon saturation and lithology of zones (through the
retrieved cores).

e Rock physics properties (density, porosity)

e Information about drilling operations (rotational speed of the drill-string and mud flow
volume).

e Properties of the fluids within the formation (water, oil or gas).

e The exact position of the well.

The measured data (survey data) is transmitted to the surface by mud pulse telemetry and
electromagnetic telemetry. At the surface, the mud pulses are decoded and the data is
represented in a graphic log. The major advantage of MWD/LWD is the fact that the data is
obtained in real-time, without disturbing the drilling operation, and the petrophysical
information is taken in semi-virgin conditions, before contamination caused by the drilling fluids

((Salgado Gomes J. et Alves F., 2007) and (Bastos A., 2013).

Directional information obtained from MWD measurements, indicates whether the well

planning is being complied with the expected accuracy. Deviations from well planning may be
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corrected by applying different techniques, as simple as an adjustment in the rotation speed or

drill string weight, to more complex modification in the drilling mechanics.

The data retrieved from the MWD tool is used by geologists to keep the well inside preferred
geological formations. This practice is called geosteering, being particularly relevant when
drilling inside the reservoir, in order to successfully identify and enter specific areas with high

exposure of resources and thus maximize the hydrocarbons production.

There is a continuous focus on developing new technology to improve the interpretation of the
data retrieved from MWD and other tools, to reduce the uncertain in estimated petrophysical

and mechanical characteristics (Wong K. et al, 2003).

In section 3.7 it was discussed the importance of cementing operations for the success of the
well. Therefore, the quality of cement behind the casing is, as a rule, controlled and analysed, in
real time, during execution. Using the fact that cement undergoes exothermic reaction
processes that increase the temperature of the surrounding area, thermal methods
(temperature surveys) can be use (Nelson E. et Guillot D., 2006), but they tend to give few

details/information about the cement properties (Bellabarba M. et al, 2008).

Other possible method for monitoring cementing operations is hydraulic testing. This method is
often applied to evaluate zonal isolation, and consists in applying internal pressure along the
drilling string. Because of the cement properties, the applied pressure in the casing can lead to
tensile failure and consequential crack opening and radial propagation (Bellabarba M. et al,

2008), as shown in Figure 3.8.

Compressional
2, failure

Figure 3.8 - Cracks propagation in the micro annuli (Bellabarba M. et al, 2008)

Due to the limitations stated above for thermal logging and hydraulic tests, acoustic and
ultrasonic logging tools are the preferred methodology to analyze the cement/casing and
cement/formation interfaces, providing information on the cement’s sheath quality and cement

bonding with casing and formation (Nelson E. et Guillot D., 2006).
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The most used logging tools for this effect are (Syed T., 2011): cement bond logs (CBLs), variable
density logs (VDLs), segmented bond tools (SBT) and ultrasonic imaging tools (USIT). CBLs and
VDLs, measure the loss of acoustic energy as it propagates through the casing. This loss of energy
is related to the fraction of casing perimeter covered by cement. USIT is a continuously rotating
pulse-echo type tool with nearly 100% coverage of the casing wall. The tool measures the
resonant echoes, and when cement is behind the casing, the echo amplitudes are attenuated,
while if there is fluid behind the casing, the echoes have high amplitudes. More information
about well logging and well logging tools can be found in the literature ((Syed T., 2011), (Gatlin
C., 1960), (Serra 0., 1994) and (Darling T., 2005)).

Figure 3.9 shows VDLs and USIT for four different situations regarding the quality of the
cementing operations. After monitoring and well logging operations, if the results indicate poor
cementing bonding or communication between zones, remedial cementing may be performed

to build zonal isolation (Nelson E. et Guillot D., 2006).
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Figure 3.9 - Analysis of four different cementing operations based on USIT, VLDs and GR logs (Pekiner Y., 2014)
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4. Hydraulic fracturing

4.1 Introduction

Hydraulic fracturing (HF) is a formation stimulation practice used to increase the permeability
of a producing formation, for hydrocarbons to flow more easily toward the wellbore (Veatch R.
W. J. et al, 1989). In conjunction with horizontal drilling, it has allowed the production of natural
gas from shale to become economically feasible. Hydraulic fracturing consists in applying a
pressure higher than the formation strength (breakdown pressure) causing the formation to
fracture. Then, a specified fluid volume is pumped and propagated through the opened cracks,

creating high flow channels for HC extraction.

This technique presents a high success rate and financial payback, being commonly used in
unconventional reservoirs. After undergoing the first application of HF, wells that show a decline
in production, and are no longer economically viable, may be refractured, in order to continue

its operation.

Hydraulic fracturing operation has been performed since the early days of petroleum industry.
The first experimental test was done in 1947 on a gas well operated by the company Stanolind
Oilin the Hugoton field in Grant County, Kansas, USA (Holditch S. A., 2007). In 1949, the company
HOWCO (Halliburton Oil Well cementing Company), the exclusive patent holder, performed a
total of 332 wells stimulation operations, with an average production increase of 75%. It is
estimated that nearly 2.5 million fracturing operations have already been performed around the
world, and approximately 60% of wells drilled today are fractured ((Montgomery C. T. et Smith
M. B., 2010) and (Valké P. et Economides M. J., 1995).

Despite enhancing the productivity of unconventional reservoirs, hydraulic fracturing technique
presents consequences that usually affect the recognition of the technique as safe. Aquifer
contamination due to fracture extension through the stratigraphic column or due to bad
cementation works are seen as a potential problem to its application (EPA, 2004). The
occurrence of micro-seismic events, in particular as a consequence of water re-injection and
failure of the rock are also a limitation (Zoback M., 2007) and information regarding the

influence of HF in long-term is not yet available.

Fracturing, or refracturing, is still a challenge for engineers, and in the last decade significant
research work has been conducted, using new planning software’s, finite element and finite
differences geomechanical analysis or artificial intelligence techniques, aiming to map existing

data and build predictive systems that can maximize the results of such operations.
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The application of fracturing goes beyond increasing well's productivity; HF also increases
hydrocarbon reserves, making possible the production of new fields - only in the United States
the growth in oil reserves is estimated at 30% and 90% in the natural gas (Holditch S. A., 2007).
Hydraulic fracturing is a common technique not just for enhancing hydrocarbon production but
also geothermal energy extraction ( (Sasaki S., 1998). It is widely used for other purposes like
hazardous solid waste disposal (Hainey B.W. et al, 1999), measurement of in-situ stresses (Raaen
A. M. et al, 2001), fault reactivation in mining and remediation of soil and ground water aquifers

(Murdoch L. C. et Slack W., 2002).

4.2 Hydraulic fracturing operation

The hydraulic fracturing procedure comprises two steps (Weijers, 1995); First, following casing
perforation, a viscous fluid called “pad” is pumped into the formation through completed areas.
When the downhole pressure exceeds the breakdown pressure, the fracture is initiated and
propagates through the reservoir. The fluid pumped at pressures up to 50 MPa is able to form
hundred meters long fractures in a cohesive rock in each direction around the well. Under
pressure, the fracture's width close to the perforations can measure between 3.175 mm and
6.35 mm ((Frantz H. J. et Jochen V., October 2005) and (Economides M. J. et al., 1993)). In a
second phase, slurry made of a fluid mixed with sand, typically named as proppant, is injected.
This slurry has the function of extending the fracture that was initiated, transport the proppant
deep into the fracture and delay or prevent the fracture from closing due to the overburden

pressure.

After completion of these two phases, a highly conductive, narrow and long propped path is
created, increasing the local permeability and the flow of HC to the wellbore (Veatch R. W. J. et

al, 1989).

Hydraulic fracturing is a very quick operation. The process for the execution of a single horizontal
well typically includes 4 to 8 weeks for preparing the site for the drilling, 4 or 5 additional weeks
for drilling, including casing and cementing and 2 to 5 days for HF operation. Figure 4.1 shows
the evolution of the injection rate and pressure of the injected fluid and the proppant

concentration during HF operation (Daneshy A., 2010).
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Figure 4.1 - A typical two-phases fracturing chart with discretization of time steps (Daneshy A., 2010)
4.3 Hydraulic fracturing objectives

Hydraulic fracturing treatments are performed in most cases with the primary objective of
increase the productivity of a production well. Productivity Index (J) defines the rate at which
hydrocarbons may be produced based on the pressure difference between the reservoir and the
well and is independent from the production history or actual operating conditions, once the
well production is "stabilized" ((Ibragimov A. et Valko P., 2000) and (Economides M. J. et al,
2000)).

Single-phase flow conditions are experienced if the flowing bottom hole pressure (Pf) is

greater than the bubble point pressure (pressure to which the first gas bubble is released), and
Jis determined by:

q

Ul T (4.1)

When the flowing bottom hole pressure is less than the bubble point pressure, J is determined

by:

q

] = 2
by ow ow
PR - Pb + 1_8 1.0 — O.ZP—b —-0.8 (P_b> (4-2)

Where,

Pr — Average reservoir static pressure (psia)
P, s — Bottom hole flowing pressure (psia)
Py, - Bubble point pressure (psia)

q - Well flow rate (STB/D)
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These are basic expressions for pseudo-steady-state flow; more complex expressions that take
into account the formation damage, through consideration of a skin factor, can be applied in

transient or steady-state regime (Economides M. J. et al, 2000).
There are numerous applications for hydraulic fracturing (PetroWiki, 2014), namely:

e Increase the drainage area or the contact between the formation and the well;

e Increase the HC's flow produced from reservoirs with low permeability or damaged
wells;

e Connect natural fractures;

e Reduce the pressure drop around the well in order to minimize sand production or
minimize problems like the deposition of asphaltenes and paraffin;

e Facilitate the -gravel-packing sands placement;

e Connect the vertical extent of a reservoir in directional and horizontal wells (fractures
propagated in the vertical direction due to the right determination of the principal in-
situ stresses).

In many cases, especially in low permeability formations, damaged reservoirs and horizontal
wells in reservoirs with different lithological layers, well production may be impossible without

performing successfully fracturing procedures.

4.4 Well selection for hydraulic fracturing

The success or failure of a fracturing operation is directly related to the quality of the wells
selected. When selecting wells for HF stimulation, multiple variables must be taken into account
(Moore L. P. et Ramakrshnan H., 2006), e.g. permeability, cumulative production, previous
treatments, gas saturation, current performance, recovery factor, amongst others (Howard G.

C. et Fast C. R,, 1970).

The best candidates for HF stimulation are usually wells that contain substantial volumes of HC
and need to increase their productivity index, are within reservoirs with medium to high
pressures, a zone of low permeability or damaged, and an in situ stress state that reduces the

excessive vertical fracture propagation and the subsequent aquifer contamination.

Reservoirs with extremely low permeability may not be economically viable (due to low
hydrocarbon flow) even after stimulation and thus HF at these wells may not be recommended.
Wells with small volume of hydrocarbons in place, low pressure and low radius of influence, are

generally poor candidates for HF stimulation.
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Often, limitations to well selection are not linked to the performance of the reservoir and

fracture, but to other aspects of the production system, as (Economides M. J., 2010):

e Proximity to oil-water or gas-oil contacts ( e.g. Drives water production instead of oil)

e Proximity to gas zones (for oil production)

e Pipes of low quality (instability and aquifer contamination)

e Cementation low quality (aquifer contamination and production index reduction)

e The recovery, recycling or disposal of treatment fluids is not possible

e Absence of sensitivity training to the treatment fluids and possible re-injection

e Inability to perform interventions

e Lack of infrastructure for fracturing

e Well location(geographical location)

e High pressure and temperature of completed wells
Nowadays, well selection is still essentially an empirical procedure. Significant efforts are being
done to develop numerical tools to aid in the well selection procedure, to consider all the aspects
mentioned above in a systematic manner. Due to the qualitative character of the variables
involved in the well selection process, professionals have become increasingly interested in
using intelligent systems, such as those based in artificial neural networks, genetic algorithms
and fuzzy logic, to support decision making in various aspects of the HC production, including

well selection.

Artificial Neural Networks (ANN) are a computational method based on the biological model of
the central nervous system of animals, in particular the human brain, being able to reproduce
knowledge acquisition through experience. Genetic algorithms are global optimization
algorithms based on the mechanisms of natural selection and genetics, and Fuzzy Logic (Nebula)
is a logic that supports modes that are approximate rather than exact. These techniques are very

suitable for treatment of qualitative information (Fullér R., 1995).

The neuro fuzzy logic technique is especially suited for aiding in the well selection procedure
and is based on the combination of the explicit knowledge representation of the fuzzy logic and
the learning power of neural network. In the end, to objective is always to maximize the
production and the economic feasibility of the operation (Zoveidavianpoor M. et al., 2012) and

(Fullér R., 2001)).
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4.5 Treatment design and planning

4.5.1 Planning overview

As said before, HF treatment success depends on the fluids penetration, and consequently in
the constitution of highly conductive paths in the producing zone. Planning and treatment
design guides are continuously being revised based on research, engineering studies and field
experience, aiming to achieve improved results. This evaluation consists mainly on the

interpretation of reservoir conditions, laboratory tests and theoretical data (King E. G., 2012).

Evaluation and selection of optimal design specifications for an individual well includes several
steps. First, a reservoir characterization must be done with the use of available tools (reservoir
geostatistics, geophysics, mud logging, reservoir engineering), providing a basis for engineered
treatment pre-planning. Next, it is calculated the fracture area and the extent of formation
penetration required to achieve the desired productivity increase. These calculations are done
based on an assumed fracture and fluid behavior, as discussed in the following chapters, noting
that to design a hydraulic fracturing operation, engineers must understand how pumping rate
and stimulation fluid properties affect hydraulic fracture geometry and propagation within the
in situ stress field, to achieve a targeted propped fracture length. Subsequently the adopted
perforation model and proppant characteristics are defined ((Valkd P. et Economides M. J,,
1995), (Economides M. J. et al, 2000) and (Nolen-Hoeksema R., 2013). Finally, based on specific
well conditions, the efficiency of various fracturing fluids are compared and the volumes and

injection rates necessary to provide the desired fracture extension are determined.

4.5.2 Fracturing fluids

Hydraulic fracturing technique is performed using two classes of materials: fracturing fluid and
proppants. Fracturing fluid consists on a base fluid (water, oil, acid etc.) to which are added
additives to influence the behavior/properties of the fracturing fluid. Propping agents or
proppants are materials used to ensure the fracture width and length in the long term

(sometimes during several years), avoiding the fracture from closing after treatment.

Figure 4.2 shows the composition of typical fracturing fluids and proppant (sands) (Arthur J. D.
et al, 2009).

34



focide, 0.001%
Corrosion
ibitor, 0.001%
n Control, 0.004%
Crosslinker, 0.006%

Breaker, 0.009%

PHadjusting
‘ Agent, 0.010%

Figure 4.2 - Volumetric composition of a typical fracturing fluid (Arthur J. D. et al, 2009)

The comprehensive design and selection of these fracturing materials is paramount to

successfully achieve desired fracturing objectives.

Each type of fracturing fluid has unique characteristics, each possessing both advantages and
disadvantages. Ideally, fracturing fluids should verify simultaneously the following four

conditions ( (Powell R. J. et al., 1999) and (EPA, 2004):

¢ Have enough viscosity to create an adequate fracture’s width;

e Maximize fluid travel distance to extend fracture length;

* Have capability to transport large amounts of proppant into the fracture;

¢ Require minimal gelling agent for an easier degradation or “breaking” and reduced cost.

Fracture fluids can be classified into four main groups, depending on their base component:
water-based, oil-based, foam-based and acid-based, as summarized in Table 4.1 (Xiong H. et al,
1996).

The use of fracturing fluids began during the Il World War with oil based fluids, but promptly,
the industry began to develop water-based ones. The use of oil based fluids happened, because
it was thought that pumping water into oil reservoirs (water sensitive formations) would
obstruct oil flow. However success of water based fluid experiments led to their eventual wide
usage, with two-thirds of wells now being fractured with water based fluids (Howard G. C. et

Fast C. R., 1970).

Water based fluids have considerable advantage over other fluid categories; they are not

inflammable, have higher specific weight, are cheaper and easily available. The main
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disadvantage is the low viscosity which results in a narrow fracture width. Because the viscosity
is low, the main proppant transport mechanism is velocity and water based fluids are typically
pumped at very high rates (60 to 120 barrel per minute) to counteract this disadvantage

(Montegomery C., 2013).

Table 4.1 - Fracturing fluids types, main composition and usage

Fluid Type Main composition Usage
Base Fluid
Water Linear Guar, HPG ,HEC Short fractures, low
temperature
Crosslinked Crosslinker + Guar, Long fractures, high
HPG , CMHPG temperature
Micellar Electrolite + Surfactant | Moderate length
fractures, moderate
temperatures
Foam Water Based Foamer + N2 or CO2 Low-pressure
formations
Acid Based Foamer + N» Low-pressure,
carbonate formation
Alcohol based Methanol + Foamer + Low-pressure, water
N2 sensitive formations
oil Linear Gelling Agent Short fractures, water
sensitive formations
Crosslinked Gelling agent + Long fractures, water
crosslinker sensitive formations
Water emulsion Water + oil + Emulsifier | Moderate length
fractures
Acid Linear Guar or HPG Short fractures,
carbonate formations
Crosslinked Crosslinker + Guar or Longer, wider
HPG fractures, carbonate
formation
Oil emulsion Acid + Qil + Emulsifier Moderate length
formation

Oil based fracturing fluids normally employ gelled kerosene, diesel, distillates, and many crude
oils. Aluminum salts of organic phosphoric acids are generally used to raise viscosity, proppant
carrying capability, and improve temperature stability. Compared to aqueous-based fluids, they
are more expensive and more difficult to handle. Qil-based fluids are more hazardous because

of inflammability and also pose environmental concerns (Montegomery C., 2013).

Foam based fluids are gas and liquid dispersions, which typically employ nitrogen and/or CO>
and water-methanol mixtures. Its main application is in low pressure and fluid sensitive
formations to aid in clean-up and to reduce fluid contact. The main disadvantages of foam based
fluids are the fact that they cannot be loaded with high proppant concentration and their high

cost, in particular that associated with the field equipment, making foam based fracturing fluids
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economically uncompetitive when compared to aqueous and oil-based fluids. Due to the
numerous components present, there are many varieties available, making further

characterization difficult.

Acid based fluids primary concern is the acid-penetration distance down the fracture. The acid
is pumped down the fracture to etch the fracture walls, which creates fracture conductivity.
When the acid contacts the walls of the fracture, the reaction between the acid and the

carbonate is almost instantaneous. This fluids are mainly used for acid fracturing operations.

The major considerations to have during fluids selection are usually viscosity (associated with
proppant transport or fluid loss control) and cleanliness (after flow back) to yield the maximum

possible conductivity. Other important aspects to consider include:

e Compatibility with reservoir fluids and reservoir rock

e Compatibility with reservoir pressures (i.e. foams to aid flow back in low-pressure
reservoirs)

e Surface pump pressure or pipe friction considerations

e Cost

e Compatibility with other materials

e Safety and environmental concerns

4.5.3 Additives

Several fluid additives have been developed to enhance the efficiency and increase the success
of fracturing. The final aim for fracturing fluids is to allow transport of proppant along the
maximum possible distance. This capability is dependent on some parameters, in particular

density, viscosity and velocity of fluid flow.

The type of additive used, also depends on the fracturing fluid. For instance, water based fluids
more than any other type of fracturing fluids, require surfactants to reduce interfacial tension
(IFT) and resistance to return flow after treatment. On the other hand, additives for reduction
of friction-loss during fracturing are less needed for water-base fluids since it naturally has a
friction-reducing advantage. The same considerations apply to other fluid types, with additives

being chosen to supplement their inherent limitations.

In a broad sense, additives serve the following uses:
e Enhance fracture creation

e Reduce formation damage.
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Additives that enhance fracture creation include temperature stabilizers, viscosity control, fluid
loss and pH-control agents. Additives that reduce formation damage include biocides,

surfactants, gel breakers, gases and clay stabilizers (Harris P. C., 1988).

More information about additives can be found on the literature e.g. Fink J. K. (2013) and Gidley

J. L. etal. (1989).

4.5.4 Proppant
Proppant, or support agents, are materials which prevent fractures from closing when the

injection of fracturing fluid is interrupted, after the end of treatment.

These solids must have adequate mechanical properties, in particular, strength to withstand the
internal pressures imposed by the rocks (overburden stresses) and moderate density, so as not

to compromise its injection into the fracture and the subsequent production phase.

Furthermore, they must meet non screen out conditions (non refluxed proppant), which would
cause several inconveniences, e.g. clogging/choking of the pumps, environmental
contamination by hydrocarbons impregnated particles, among others (Economides M. J. et al,

2000).

Examples of materials used as proppants are sands, sands treated with resin and ceramic
particles. Proppant selection process must ensure these materials have good strength
properties, but do not reduce the fracture permeability, key to the success of the HF operation
and HC migration to the wellbore. In particular, the effect of proppant particle size and confining
pressure on proppant permeability should be considered. In general, bigger particle proppants
yield higher conductivity, but size must be checked against proppant admittance criteria, both
through the perforations and inside the fracture. Proppant concentration is controlled
essentially by the target fracture width and the magnitude of overburden in-situ stresses

(Economides M. J. et al, 2000).

4.5.5 Water consumption

Some wells may receive more than one treatment in order to produce multiple fractures at
different points within the formation, as it is the case of horizontal wells. Wells subjected to
multiple fractures consume more than 3.7 million liters. By comparison, to fill an Olympic

swimming pool are required 2.5 million liters of water ((API, 2014) and (King G. E., 2012)).

Figure 4.3 shows the volume of water (fresh or salt), used during drilling and execution of

hydraulic fracturing in wells, in explorations of unconventional shale gas reservoirs, in the USA.
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1 Texas 11,922 2,573,701 30,683,667,301 47%
2 Colorado 4,205 1,242,158 5,223,274,238 8%
3 Pennsylvania 1,884 4,328,886 8,155,620,871 12%
4 Morth Dakaota 1,353 2,010,931 2,720,789,835 4%
5 Arkansas 1,305 5,223,972 6,817,283,249 10%
6 Wyoming 1,131 761,048 860,745,353 1%
7 Oklahoma 1,113 3,756,270 4,180,728,158 6%
8 Louisiana 930 5,341,088 4,967,211,610 8%
g New Mexico 789 663,868 523,791,968 0.8%
10 Utah 783 352,288 275,841,828 0.4%
11 California 314 167,507 52,597,101 0.1%
12 West Virginia 178 4,720,082 840,174,633 1.3%
*by # of
fracks TOTAL 26,339 | 2,501,984 | 65,899,611,396 100%

Figure 4.3- Average consumption of water per USA state and significance in the total consumption (EcoWatch-
transforming green, 2014)

With exception of Texas, Pennsylvania and Arkansas, the volume of water used in hydraulic
fracturing is relatively low when compared to the total volume of used water (Figures 4.3 and
4.4). However, the development of large quantities of oil wells in arid regions is capable of using

all the available water.

M [rrigation

B Municipal

H Power general
Industrial (non-fracking)

M Industrial (fracking)

M Rural water

B Multi-use, bottling comercial and domestic

Figure 4.4 - Chart with water consumption in North Dakota (SWC, 2014)

In a HF operation, water tends to return to the surface. This water can be both, flowback water
or produced water. The distinction between the two relies on the time of water expulsion. When
the well is considered to be under production the water is referred to as produced; water
obtained during the well completion is defined as flowback. The cut off between these two
periods is usually defined somewhere between 15 and 30 days after fracturing.Both flowback
and produce water can contain dissolved salts and minerals, residual fracturing fluid additives,
heavy metals, bacteria, suspended solids, naturally occurring radioactive material (NORM),
volatile organics (VOCs), hydrocarbons, and ammonia. Water can be classified by the amount of
total dissolved solids (TDS) per liter. Fresh water has less 1500 mg/L TDS and seawater has 30000

to 40000 mg/L TDS. Wastewater from hydraulic fracturing operations can have TDS
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concentration much higher than saline water; therefore treatment is essential before surface

discharge or reuse.

Volumetric flow rates during the flowback phase are significantly larger than during production.
In terms of composition, produced water tends to have higher concentration of the various
minerals than flowback water, because it stays for a longer period of time downhole (Karapataki

C., 2012).

4.5.6 Perforations
Perforations create an initial path for hydrocarbons migration from the reservoir to the
wellbore. The perforation may serve as an initial fracture to help fracture initiation and control

the propagation direction.

The main objective of using perforations is to avoid multiple T-shaped and reoriented
fractures, and cause the initiation of a single wide fracture from the wellbore, having control
over fracture propagation direction, reducing breakdown pressure and increasing the

possibility of fracture behaviour prediction in an operation (Sepehril., 2014).
The most important parameters in perforation design are:

e Perforation phasing
e Perforation density (shots per meter)
e Perforation length
e Perforation diameter
e Stimulation type
Figure 4.5 shows different perforation phasing design options. Different phasing designs are

important for specific situations, to maximize well productivities.

e

180° 60

Figure 4.5 - Perforation phasing designs (Sepehri J., 2014)

During completion and production phase is important to minimize the near-wellbore effects

associated with the stress redistribution caused by wellbore opening e.g. perforation friction,
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micro-annulus pinch points from gun phasing misalignment, multiple competing fractures and

fracture tortuosity caused by a curved fracture path (Romero J. et al, 1995).

The perforation optimal design must ensure the initiation of a single wide fracture with
minimum tortuosity, ensuring fracture propagation with minimal injection pressure (Behrmann

L. A. et Nolte K. G., 1999).

Phasing of 60°, 90°, 120° and 180° are usually the most efficient options for hydraulic fracture
treatment because in these directions, the perforation angle and the preferable fracture plane
are not very dissimilar, and with such angles the use of several perforation wings reduces the

probability of screen out (Aud W. et al, 1994).

4.5.7 Fracture Treatment Optimization

The optimization of both the propped fracture length and the drainage area (well spacing) for
low permeability gas reservoirs needs a specific methodology (Holditch S.A. et al., 1978). The
methodology used to optimize the fracture length is schematically shown in Figure 4.6, which

shows clearly:

e Asthe propped length of a fracture increases, the cumulative production will increase,
and the revenue from hydrocarbon sales will increase,
e As the fracture length increases, the incremental benefit (S of revenue per foot of
additional propped fracture length) decreases,
e Asthe propped fracture length increases, the treatment volume increases,
e Asthe fracture length increases, the incremental cost of each foot of fracture (S of cost
per foot of additional propped fracture length) increases
e When the incremental cost of the treatment is compared to the incremental benefit of
increasing the treatment volume, an optimum propped fracture length can be found for
every situation.
Additional economic calculations can be made to determine the optimum fracture treatment
design. However, in all cases, the engineer must consider the effect of the fracture upon flow
rates and recovery, the cost of the treatment, and the investment guidelines of the operator of

the well (EPA, 2004).
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Figure 4.6 - Fracture treatment optimization process (EPA, 2004)

Design goals and complicating factors

As noted in section 4.3, the first objective of HF is to increase the permeability of the reservoir,
in order to achieve a higher production rate. To understand how the industry is trying to achieve
this objective, an important concept - dimensionless fracture conductivity Crp —is introduced:

Kr X w (4.3)

Cp = 22—
fD
KXXf

Where k¢ is the fracture permeability, w is the fracture width, K is the reservoir permeability

and xy is the fracture length.

This quantity is the ratio of the ability of the fracture to carry flow divided by the ability of the
formation to feed the fracture, and is a simple measure to quantify the productive capacity of
the fracture, depending on its own characteristics as well of the reservoir ones. For instance,
knowing that this ratio is usually balanced (Economides M. J. et al, 2000), in unconventional
reservoirs (low permeabilities), to keep the ratio balanced the fracture should be long enough
to ensureit is being “feeded” with sufficient HC volume to maintain the productive plateau level.

This can be achieved by synergy between the reservoirs and fracture models.

Another important concept is effective wellbore radius 7, that according to (Prats M., 1961) is

given by Equation 4.4 and the geometrical meaning is shown in Figure 4.7:

, 2 (4.4)
w = E X .Xf
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Figure 4.7 - Equivalent wellbore radius (Economides M. J. et al, 2000)

This concept shows the advantage of hydraulically induced fractures to increase the “feeding”
region. This region grows proportionally with the fracture length, as expressed by equation 4.4.

The quantity r;, is a fictitious wellbore radius that expresses the subsequent HC carrying capacity
of the system wellbore + induced fracture.
Two important simplifications were introduced to derive Equation 4.4; there is a constant pore

pressure field around the fracture (and subsequently radial flow) and the fracture has an infinite

conductivity. This expression was later corrected to take into account the pressure distribution
around a fracture, giving:

Tw = 0,5x¢ (4.5)

However Equation 4.5 is still based on the unrealistic assumption that K; X w is infinite. In order
to solve this issue, this information was later integrated in a full description of the reservoir
response, where 7, is expressed as function of xr and Csp , as shown in Figure 4.8 ((Cinco-Ley

H. et al, August 1978) and (Economides M. J. et al, 2000)):
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Figure 4.8- Equivalent wellbore radius as a function of dimensionless conductivity and fracture length (Economides
M. J. et al, 2000)

There are some problems associated with the application of the relationship expressed by Figure

4.8 that should be carefully analyzed and understood, as they can cause significant deviations
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between calculated and observed values of increase in the productivity. Major inaccuracies may
occur when there is non-laminar, turbulent or transient flow regimes, reservoirs have persistent

layering and natural permeability anisotropy is significant.

For high-rate wells, non-Darcy flow can cause a larger pressure drop along the fracture, creating
an apparent increase in conductivity and thus a C¢j, lower than that expected if the flow regime

was laminar, leading to production rates lower than expected (Economides M. J. et al, 2000).

The production rates can also be lower than expected due to formation layering; when a fracture
intersects multiple layers with significantly different values of porosity and permeability, a
simple but common procedure is to do the calculations with average values of permeability and

porosity, increasing the involved uncertainty (Bennett C.O. et al, 1986).

4.6 Execution

Successful execution of HF treatment requires planning, coordination and cooperation of all

parties (EPA, 2004).

Stimulation engineers maintain a constant rate of fluid injection. The volume injected includes
the additional volume created during fracturing and the fluid loss to the formation from leakoff
through the permeable wall of the fracture. However, the rate of fluid loss at the growing
fracture tip is extremely high. Therefore, it is not possible to initiate a fracture with proppant in
the fracturing fluid because the high fluid loss would cause the proppant at the fracture tip to
reach the consistency of a dry solid, causing bridging and screenout conditions. Consequently,

some volume of clean fluid—a pad—must be pumped before any proppant is pumped.

Operators aim to control fracture propagation and ensure that the hydraulic fracture stays
within the reservoir and does not grow into the adjacent formation. To reduce this risk,
operators monitor fracture growth. As fracturing fluid forces the rock to crack and fractures to
grow, small fragments of rock break, causing tiny seismic emissions, called microseisms.
Geophysicists are able to locate these microseisms in the subsurface. Laboratory and field data
have shown that these microseisms track growing fractures. Based on this information regarding
the direction of fracture growth, engineers may be able to take action to steer the fracture into

preferred zones or to halt the treatment before the fracture grows out of the intended zone.

The propagation of hydraulic fractures obeys the laws of physics. In situ stresses control the
pressure and direction of fracture initiation and growth. Engineers carefully monitor the

stimulation process to ensure it goes safely and as planned.
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4.7 Numerical studies on HF — state of the art

The first numerical studies on hydraulic induced fractures was presented by Settari A. et
Raisbeck J. M. (1979) who described a numerical finite differences model to study the
development of a fracture (initiation and propagation) in unconsolidated oil sands for a non-
isothermal single phase flow. This model assumed the basic equations of a PKN (Perkins and

Kern) fracture geometry model.

Atukorala U. D. (1983) developed a finite element model to predict fracturing in oil sand
reservoirs, through a coupled hydromechanic approach, however, the solutions were first
obtained separately and then computed together through a volume compatibility condition. The
results showed that fracture propagation introduces major changes in the near-tip stress state.
The fluid pumping rate was identified as the most important factor in the propagation path of

the fracture.

Frydman A. A. (1997) developed a finite element model to analyze the effect of borehole
pressurization in fracture propagation. A coupled hydromechanic approach was used; however,
the fracture propagation direction was previously defined. This model introduced the elasto-

plastic effect in the near-wellbore region through the consideration of a cohesive zone.

Garcia J. G. et Teufel L. W. (2005) developed a 3D hydromechanic numerical model based on
finite differences, to study the changes in the stress state in the fracture region induced by fluid
injection. The mesh elements poroelastic properties were a major advance in the coupled
modelling procedure, and the mesh refinements in the perforation region introduced accuracy

in the results.

Using the finite element method, Rahman M. K. et Joarder A. H. (2005) carried out a 2D full-scale
analysis of a reservoir, in which the rock was modelled as a poroelastic material. The analysis of
the fracture productivity was done based on the evolution of the fracture conductivity and the

changes introduced by the injected fluid in the reservoir and fracture conditions.

Zhang G. et Chen M. (2009) present a study on the re-fracturing process and the evolution of
the stress state with the fracture propagation. This study has conducted using the simple and
well known fracture mechanics concepts, which were introduced in an algorithm that describes

fracture reorientation until the preferred fracture plane.

Xiaoxi M. et al (2013) present a numerical study on the effect of oriented perforations in the
initiation and propagation of fractures for heterogeneous reservoirs, using an intermediate scale

model. The results have shown that fracture propagation is mainly controlled by the pore
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pressure distribution around the crack tip and the compressive pressures due to tectonic effects.

The results were compared with experimental data and a good agreement was found.

Since 2009 the XFEM functionality was introduced in Abaqus, and different industries are
exploring it to model fracturing, e.g. aerospacial (Oliveira F., 2013), civil (Golewski G. L. et al,

2012), materials (Gigliotti L., 2012) amongst others.

Using the XFEM approach Arlanoglu C. (2011) simulated the smearing mechanism of drilling
solids into the wellbore wall and the impact of parameters that affect the stress distribution
around the wellbore wall. There is no fracture propagation in this model, and the evolution of
pressures and fracture width is analyzed with a stationary fracture procedure with a damage

softening law (cohesive behavior) assumed for the rock.

Keswani K. et al. (2012) compared the theoretical solutions for a Single Edge Notch specimen
and panel with numerical simulations carried out using the XFEM approach. This study is based
on the analysis of stress intensity factors and how they control the crack growth/propagation.
Several other similar studies comparing fracture analytical solution with numerical predictions

are found in the literature ((McNary M. J., 2009) and (Oliveira F., 2013))

Using the XFEM approach Shin H. (2013) analyzed the simultaneous propagation of multiple
fractures in a 3D geomechanical model and the effect of competing fractures in its growth and
evolution. The effect of parameters as fluid viscosity and flow rate was found to be important.
The fracture geometry and position was previously defined and the study was carried based on

the analysis of stationary fractures.

With Abaqus version 6.14 it becomes possible the analysis of fracture propagation in pore
pressure elements. Zielonka M. et al. (2014) developed a fully-coupled hydrogeomechanical
model in XFEM with both fracture initiation and propagation predictions in 2D and 3D models
for penny-shaped and KGD (Kristonovich-Geertsma-de Klerk) fractures. The aim was to show the
comparison between the numerical solutions with benchmarking solution, as well as the XFEM

mesh dependency.

4.8 Laboratorial studies of HF — state of the art

The first studies relating the geomechanical theories and the near wellbore stress state analysis
were done by Hubbert et Willis (1957), which proposed that the fracture would initiate and
propagate in a particular direction, perpendicular to the minimum principal stress, and then a

macro-crack would be created.
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Daneshy (1974) stated the validity of Hubbert et Willis theory and introduced that natural
fractures existence would affect the fracture propagation regime. Warpinski et Teufel, (1987)
conducted scaled laboratory experiments to investigate the interaction between induced and
natural fractures. Fracturing theories did not evolved much since; however, several studies have
been performed to understand fracture initiation and propagation mechanisms (Tie Y. et al,

2010).

The study of oriented perforations and its effect in fracture initiation, reorientation as well as
other productivity considerations have been widely studied. The first study was done by
Daneshy, (1973), and showed that the direction of the induced fracture is not dictated by the
orientation of the perforation. Daneshy (1973) found the micro-annulus effect in the near-
wellbore region, i.e. the fluid travelling from the perforation through the area between the

casing and the formation can initiate a fracture in the direction of the maximum principal stress.

Abass et al. (1994) performed an experimental study on Shale and gypsum cement samples,
consolidated in a true-triaxial equipment, to study the effect of the perforation angle in fracture
initiation and propagation, in vertical, deviated and horizontal wells. The perforation introduces
a way to increase the communication between the well and the fracture itself, and as more
deviated from the PFP the perforation is, the tortuosity effect due to fracture reorientation
reduces the fracture productive capacity. The study was also performed in order to control the
sand production effect in poorly consolidated reservoirs. Abass found that the breakdown
pressure is dependent on the perforation angle and that an oriented perforation may eliminate

the creation of multiple fractures in the near-wellbore region.

Solyman M. Y. et Boonen P. (1999) present a review on published experimental works regarding
oriented perforation. The failure criteria, multiple fracture, wellbore stability and breakout,
near-well friction effect and pressure relief were some of the aspects analyzed. They also
present a sensitivity analysis on the effect of the perforation design in the reservoir skin factor
as well in the well productivity. They found that to increase productivity, the optimum number

of perforations would be a strong function of fluid mobility.

Chen M. et al. (2010) experimental investigation of fracture propagation and geometry through
oriented perforations was done by changing the perforation angle but also the stress anisotropy
ratio. Chen concluded oriented perforation generates tortuous paths, and that fracture
propagation and reorientation is mainly controlled by the perforation angle and the horizontal

differential stress. The test was done in a low permeability rock, with very viscous fluids injected
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at extremely low rates, due to laboratorial limitation and to achieve stable fracture initiation

and growth.

Guo T. (2014) performed a similar work to Chen M. et al. (2010), in shale core samples of low
permeability tested in a true-triaxial equipment. This study introduces a sensitivity analysis of
the fluid viscosity and flow rates, and the well known stress anisotropy effect. Some of the
experiments were done in open hole conditions and other with oriented perforations. The
generated fractures were analyzed through a high-energy computed tomography scanning and
digital radiography. Great and single fracture widths are induced by high viscosity. Guo (2014)
found that the flow rate introduces important changes in the generated fracture network, and

its effect is also consequence of the horizontal stress differences.

Frash L. P. et al. (2014) presented a new true-triaxial apparatus, were the samples may be also
subjected to temperature variations. It also introduces the possibility of multi-borehole drilling
in a sample, as well as multiple hydraulic induced fracture generation. This capability permits
the laboratory simulation of many injector-producer layouts and provides an opportunity to

evaluate their effectiveness.
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5. Fluid Mechanics

Fluid mechanics in an important element in the application of fracturing techniques
(Economides M. J. et al, 2000). The two basic fluid mechanics variables, injection rates (g;) and
fluid viscosity () affect pressure, control the displacement rates of the proppant and have an

important role when controlling the fluid loss to the formation.

5.1. Material behavior and constitutive equations

5.1.1 Basic concepts

Flow is usually defined as the relative sliding of parallel layers, as seen in Figure 5.1. The external
forces can be originated from pressure and/or gravity differentials (Poiseuille flow) or from
torque (Couette flow). As a reaction, in order to keep the equilibrium of the system, in the

opposite direction, the shear stress has the magnitude:
T=uUu Xy (5.1)
Where u is the fluid apparent viscosity and y is the shear rate.The shear rate is defines as:

;= Au (5.2)

Ay
It represents the proportionality between the velocity difference between two layers Au and
the distance between the layers Ay. The shear stress can be considered as the response of
material to the shear rate. Apparent viscosity is defined as the ratio between shear stress and
shear rate and for Newtonian fluids this is constant for all values of shear rate. If the ratio of
shear stress and shear rate is non-linear but the shear stress is still a unique function of the shear
rate, the fluid is called a generalized Newtonian fluid.

¥ dimension

boundary plate (2D) A _
(moving) velocity, i

shear stress, T

Fluid G

gradient, =

Y Za
boundary plate (2D)
(stationary)

Figure 5.1 - Sliding layers concept of fluid flow (Wikipedia,2014)
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The shear stress/shear rate relationship expressed in an algebraic form is the rheological
constitutive equation and it is graphically represented as a rheological curve. The shear
stress/shear rate relationship is a material property and it is independent of the flow’s geometry.
If the flow rates are extremely high, the application of the concept of parallel sliding layers is
impracticable due to the appearance of more complex flow movements (turbulence) (Valké P.

et Economides M. J., 1995).

5.1.2 Material behavior

Rheological models may be grouped under the categories: (1) empirical, (2) theoretical, and (3)
structural. Obviously, an empirical model, is deduced from examination of experimental data
(e.g. power law). A theoretical model is derived from fundamental concepts and it provides
valuable guidelines on understanding the role of the fluid structure. It describes clearly the
factors that influence a rheological parameter. A structural model is derived from considerations
of the structure (at molecular level) and often kinetics of changes in it (with temperature, for
instance). It may be used, together with experimental data, to estimate values of parameters

that help characterize the rheological behavior (Rao M. A., 2014).

Fluids can be classified in terms of the shape of their rheological empirical curve, as shown in

Figure 5.2.

Yield power law

Bingham plasti

Pseudoplastic

Shear Stress

Shear Rate

Figure 5.2 - Fluid types based on the rheological curves (Valké P. et Economides M. J., 1995)

A fluid is Newtonian if the rheological curve is a straight line passing in the origin of the
referential. If a positive shear stress is necessary to initiate deformation this is called the yield
stress and the fluid behavior is plastic or Bingham plastic. Pseudo-plastic behavior consists on a
fluid without a yield stress and a rheological curve with decreasing slope as the shear rate

increases. Dilatant behavior is characterized by a monotonic increase in the slope of the
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rheological curve with shear rate (Montegomery C., 2013). Most fluids do not conform exactly
to any of these models, but their behavior can be adequately described by one of them. Flow
models are usually visualized by means of consistency curves, which are plots either of flow
pressure vs. flow rate or of shear stress vs. shear rate. These rheological models can be described

by constitutive equations that can be directly implemented in the numerical tools.

5.1.3 Constitutive Models

Newtonian Model

The behavior of a Newtonian fluid can be mathematically described by the following equation:
T= Uy (5.3)

This is the simplest model, because due to the proportionality between stress rate and shear

rate a single parameter — the viscosity u —is required to fully characterize the fluid.

Plastic or Bingham Model
The behavior of a Bingham plastic fluid that exhibits a yield stress, 7, is described by the

following equation:
T—1To= Uy (5.4)

The Bingham plastic model can be described by two parameters: 7, and y’ (the yield stress and
the Bingham plastic viscosity), that correspond to the slope and the intercept of a straight line,

respectively.

Pseudo plastic or Power law model
Shear stress—shear rate plots of many fluids become linear when plotted on double logarithmic
coordinates and the power law model describes the data of shear-thinning and shear thickening

fluids through the equation:

T =Ky" (5.5)
Where, K is the consistency coefficient or consistency index and the exponent n is the flow
behavior index or power law index, a dimensionless term that reflects the closeness to
Newtonian flow. For the special case of a Newtonian fluid, n is equal to 1 and the consistency
index K corresponds then to the viscosity of the fluid, u. When n is less than 1 the fluid is shear-

thinning and when n is higher than 1 the fluid is shear-thickening in nature.

For power law fluids the apparent viscosity, which is defined as the ratio between applied shear

stress and the shear rate, is given by the following equation:

Ug = K)'/n_1 (5.6)
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Polymeric solutions and melts are examples of power-law fluid. Some drilling fluids and cement

slurries, depending on their formulation, may also exhibit shear thinning power-law behavior.

When there is a yield stress and this is included in the power law model, the model is then known

as the Herschel-Bulkley model, given by the following equation:
T — TO = KH)./nH (57)
Where, n is the flow behavior index, Ky is the consistency index, and t is yield stress.

The vyield stress may be understood as a threshold for large scale yielding and thus an
engineering reality and plays an important role. Estimated values of yield stress and other
rheological parameters should preferably be experimentally determined (Barnes H.A. et al,

1989).

Several other constitutive equations have been proposed and can be found in the literature to

reproduce real fluid behavior ((Valko P. et Economides M. J., 1995) and (Rao M. A., 2014)).

5.2 Material Balance equation

The enormous volume of injected fluids are expected to create a high permeability fracture,

while a portion of the fluids is lost through the fracture’s faces into the porous medium.

For water and oil based fracturing fluids, fluid volume changes are of secondary importance to
the elastic deformation of the fracture, so fluid compressibility is neglected for the sake of
simplicity and clarity. The generally applicable assumption that the fracturing fluid is
uncompressible enables using simple expressions of volume conservation, or volume balance,

instead of more complex ones (Valké P. et Economides M. J., 1995).

Another assumption is that the volume of the fracture is equal to the volume of the fluid
contained within it; this is a reasonable assumption because other effects, for example the
existence of a small unwetted zone at the tip of the fracture (gap effect), would have little

significance given the volumes involved (Economides M. J. et al, 2000).

Based on the comments above, an overall expression of material balance for hydraulic fractures
is:
Vi=Vp+V (5.8)

Meaning that the volume of injected fluid V; is equal to the sum of the volume of losses V,,
through the fracture faces (usually named as leak-off volume) and the volume of the created

fracture V.
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A hydraulic fracture can be characterized by three quantities: fluid efficiency, the fracture

surface and the average width. Fluid efficiency 7 is mathematically expressed as:

4 (5.9)
n= v

i
And represents the fraction (from 0 to 1) of the injected fluid volume that remains in the
fracture. Fracture surface is the surface area of the body fluid over the whole fracture length

(2L), and is expressed as:
A= hs X2L (5.10)

Where L is the fracture half-length (due to symmetry considerations, assuming the formation of
two symmetric fractures) and h is an average gross fracture height. The average width w of the

fracture is can be obtaining by the application of Equation 5.11.
V=AXw (5.11)

These quantities - efficiency, fracture surface and average width - are interrelated if the injected

volume is specified.

The injected volume V; is dependent on the injection rate gq; ; if the rate is constant through a
given pumping time t,, , V; is defined as:

Vi =q; X tp (512)

The leak-off volume V,, during a hydraulic fracture treatment can be empirically defined as
(Nolte K.G., 1979) and (Harrington L.J. et al, 1973):

Vip = 6C h L [t, +4Lh;Sp (5.13)

Where C; is the fluid-loss coefficient (typically between 0,00015 and 0,015 m/min'/?), h; is the
permeable or fluid-loss height, and Sp is the spurt loss (typically between 0 and 2033 [/100m?).
Because material balance must be conserved, Equations 5.8 and 5.13 can be rearranged to yield:

- 9 X & (5.14)
L =
6C h,L\[t, + 4Lh,Sp + 2Why

Equation 5.14 shows a general relation between several important fracture variables and design

goals (Economides M. J. et al, 2000).

These relations and variables constitute an important basis for the correct use of fracturing
simulators as they can be used to identify major inconsistencies in computed results (Valké P. et

Economides M. J., 1995).
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5.3. Fluid Flow — Hydraulic transport in rocks

5.3.1Darcy law
Assuming Darcy’s is valid, the relationship between the flow velocity vector g and the pore
pressure B,, under the assumption that the flow velocity vector depends only on the pressure

gradient in one direction, is described by:

k. kAP, Q (5.15)
A

where Q is the flow rate, A is the cross section area of the fracture, k is the intrinsic permeability,

U is the viscosity and i is the pressure gradient along the distance Al.
The following assumptions have to be met for the Darcy’s law to apply:

e Inertial forces can be neglected.
e Steady state flow conditions are valid.
e The medium is isotropic and fully saturated with a single phase fluid.

e The fluid is homogeneous and contains only one phase.

If the medium is anisotropic (most usual situation), assuming a principal coordinate system
{x',y', z'} for the permeability tensor and neglecting the gravitational forces, Darcy’s law can be

rewritten in scalar form:

ko APp 0 = kyy APp 0 = k,, APp (5.16)
yr — 7 zl —
p Ay

Do = u AxX u A7

In unfractured sedimentary rocks, the permeability in the bedding planes is typically larger than
the permeability in a plan perpendicular to the bedding. In fractured (hard) rocks the

permeability is highest in the direction coincident with the direction of the fracture sets.

5.3.2 Flow regimes
The seepage properties of a rock depend on the size, shape and interconnections of the void
spaces in the rock. Deformation of the pore space, closure or creation of micro cracks or

deposition of particles will influence the seepage properties.

Through porous media can be classified into three different flow zones and regimes, depending

on local fluid velocity within the void space, as seen in Figure 5.3 (Basak P., 1977).
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Figure 5.3 - Flow zones in porous media. Flow through porous media can be classified into three different flow zones,
depending on local fluid velocity within the pore space (Basak P., 1977)

The flow zones are known as: Pre-Darcy zone where the increase in flow velocity is
disproportionally high compared to the increase in pressure gradient; the Darcy zone where the
flow is laminar and Darcy’s law is valid; and the Post-Darcy zone where flow velocity increase is
less than that proportional to the increase in pressure gradient. The transition between these
flow zones is smooth. These different flow zones can be defined using the Reynolds number:

_ Inertial forces  pvD (5.17)

Re ™ Viscous forces U

Where p is the density of the fluid, u is the viscosity of the fluid, v is the characteristic flow
velocity and D the diameter of the pipe. Note that this is the simplest Reynolds number equation
for Newtonian fluids flowing through a pipe. More complex expressions for pipes, parallel plates
and ellipses assuming other rheological models can be found in the literature ( (Economides M.

J. et al, 2000) and (Valko P. et Economides M. J., 1995)).

The most typical Ng, threshold values are set in Table 5.1:

Table 5.1 - Reynolds number values associated with the different flow regimes (Amao A. M., 2007)

Pre-Darcy No flow Ng, < 1000
Pre laminar flow
Darcy Laminar flow Np. < 2300
Post-Darcy Forcheimer flow 2300 < Ng, <4000
Turbulent flow Ng, > 4000

A reasonable explanation why the flow does not follow Darcy’s law for very small pressure
gradients can be given by the boundary layer theory (Schlichting H. et Gersten K., 2000). Because
of the liquid-solid interactions, the viscous forces at the interfaces/surface are much stronger

than in the center of the pores. This effect leads to low to null velocities in the fracture surfaces,
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high velocities in the gravity center of the fracture and a subsequent creation of vortices

according to the theory of laminar instability (Tani ., 1962).

With increasing pressure gradient (e.g. higher flow rate), the small pores start to take part in the
flow leading to an apparent increase of permeability. In the Post-Darcy zone (high flow rates),

inertial forces begin to control the flow velocity and the flow field is not laminar.

At the reservoir scale, the various flow regimes illustrated in Figure 5.3 can be found in the near
field and the far field, around the borehole and hydraulic fracture, respectively. Near and within
the wellbore, the fracture flow can be turbulent. In the rock mass surrounding the wellbore or
the fracture, flow is likely to be laminar and described by the Darcy’s law. At a sufficient distance
from the borehole or fracture, the pressure gradient decreases potentially below the Pre-Darcy

threshold resulting in a reduction in the apparent permeability (Basak P., 1977).

5.3.3 Forchheimer Equation and Non-Darcy Flow Correction

In 1901, Philippe Forchheimer discovered that, at sufficiently high velocity, the relationship
between flow rate and potential gradient is non-linear, and that this non-linearity increases with
flow rate. Initially this non-linearity was attributed to increased turbulence in the fluid flow;
however it is now known that this non-linearity is due to inertial effects in the porous media.
The pressure drop at high velocities, in the Forcheimer flow regime is given by Forchheimer
empirical equation:

op _u (5.18)

£ _- 2
i q+ Bpv

Where 3 is the inertial factor, p is the density of the fluid flowing through the medium, g—z is the

pressure gradient, u is the apparent viscosity of the fluid and q is the flow rate.

The third term of the equation is introduced in the Forchheimer equation in situation were the
Darcy’s law is still valid. The term (8pv?) must be added to account for the increased pressure
drop. The difference in pressure drop due to inertial losses is primarily associated with the
acceleration and deceleration effects of the fluid as it travels through the tortuous flow path of

the porous media.

Factor B, was first introduced by Cornel and Katz, and it is widely agreed that B is a property of
the porous media; it is a strong function of the tortuosity of the flow path and it is usually
determined from laboratory measurements and multi-rate well tests (Amao A. M., 2007).

Several different empirical correlations are used in the literature to determine the beta factor.
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6. Rock Mechanics

6.1 Introduction

It is an important aspect of rock mechanics, and solid mechanics in general, to determine the
relationship between stresses and strains, which are often referred to as constitutive equations.
Various constitutive models for rock masses have been proposed and described in the literature,
the simplest one being the linear elastic model, which assumes a reversible and linear
correspondence between stress and strains. This is usually the adopted constitutive model for
the rock mass in the simulation analyses of hydraulic fracturing, at least to describe the behavior
of the rock mass up to failure. Other, more complex, constitutive models have been developed,
to take into account different aspects of rock behavior; for example plasticity based constitutive
models, are found to be particularly useful to predict the stress concentration around a wellbore

or the behavior of soft materials during reservoir depletion (Economides M. J. et al, 2000).

The pore fluid pressure also influences the rock mechanics, once most of times these two - pore
pressure and stress magnitudes - are closely coupled (Zoback M., 2007). Pore pressure has
influence in the strength of the rock, and if high, it may present several different risks to the

borehole drilling operation.

Hydraulic fracturing operations (single and most important objective) is to impose stresses to
the rock in exceed of its tensile strength, creating preferential flow paths for hydrocarbon
migration. Therefore in hydraulic fracture the rock mass fails primarily in tension. For

completeness shear failure criterions for rock masses are also presented.

The characterization of the initial stress state before the borehole drilling is important to avoid
additional costs, wellbore problems due to lack of stability (Gongalves J., 2015), micro-fractures
generation in the micro-annulus, amongst others. On the other hand, when drilling and
completing a well, the stress state in the near-wellbore region is changed, leading to additional
considerations when performing an oriented perforation. In-situ stress measurements have a

high associated uncertainty and pose a major challenge to the industry.

6.2 Constitutive models

6.2.1 Linear Elastic model
The linear elastic model, also called the Hooke's law, is characterized by the occurrence of

instantaneous elastic deformation due to the application of load.

The behavior of an isotropic linear elastic material is fully described by the following constitutive

equation:
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O'l'j = /15ijskk + 2#81']' (61)

VE E
(1+v)(1-2v) andp =G = 2(1+v)

where A = are Lamé constants, E is the Young’s modulus, v is

the Poisson’s ratio, G is the shear modulus and & is the Kronecker delta. Alternatively, Equation
6.1 can be written in function of any other two elastic parameters from the following list:
Young’s modulus, Shear modulus, Poisson ratio, Bulk modulus or Lamé constants. The
relationship amongst these various parameters can be found in the literature (Gross D. et Seelig

T., 2011).
The elastic model is frequently employed to describe rock behavior up to failure.

6.2.2 Poroelasticity and the influence of pore pressure

Terzaghi principle of effective stresses states that when a rock is subjected to a stress, it is
opposed by the fluid pressure of pores in the rock. It accounts for the discrete nature of soils
and considers the effect of the pore fluid pressure on the soil response, and is mathematically
described by the following equation:

g =0-PF (6.2)
Where o' are the effective stresses, o are the total stresses and B, is the pore pressure.

It states that the soil response is controlled by the effective stresses (the stresses acting on the
soil skeleton) and changes to the effective stresses (and thus changes to the soil state) can be
achieve through changes to the applied stresses at the soil element boundaries or to the pore

fluid pressure. The above equation is found to be suitable for saturated soils.

The principle of effective stress is found to be also applicable to rocks. If there is fluid within the

rock pores the analysis should be done in terms of effective stresses.

The bases for applying the principle of effective stresses to rock formations are the following

observations:

e Anincrease of pore pressure induces rock dilation.
e Compression of the rock produces a pore pressure increase if the fluid is prevented from

escaping through the pores network.

The mechanical response of rock to pore pressure diffusion is a time dependent variables; i.e.
the response is dependent on the loading rate and the capacity of the fluid to escape through

the pores, with the response to be drained or undrained as consequence of the stated above.
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If a load is applied instantaneously, the response will be undrained, because there is no time for
pore pressure diffusion through rock mass. This effect is more important if the fluid is a relatively

incompressible liquid rather than a relatively compressible gas.

Based on this relationship between pore pressure diffusion (and thus pore water pressure) and
rock mass deformation, a new variable was introduced by Biot (1956), to take into account the
modifications to the overall response of the rock due to the pore pressure — pore volume

relation.
The poroelastic behaviour assumes that the effective stresses can be calculated as:
c'=0—aPb, (6.3)

Where « is the Biot constant. The poroelastic constant varies between 0 and 1 as it describes
the efficiency of the fluid pressure in counteracting the total applied stress, and typically, for

petroleum reservoirs, it is about 0.7, though its value changes over the life of the reservoir.
The general solution for Biot coefficient is:

_ 3(Vu - V) (6-4)
“TBA-2v)1 + vy

Where B is the skempton pore pressure coefficient defined as:

AP (6.5)
B=—
Ao

where AP represents the variation in pore pressure resulting from a change in the applied

confining stress Ac under undrained conditions, as seen in figure 6.1.

(Acting outside an impermeable
boundary)

EERER

tttttt

Pore pressure actingin pore space

Figure 6.1 - An externally applied load to a rock specimen under undrained conditions (Zoback M., 2007)
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In the ideal case, where no porosity change occurs under an equal variation of pore and
confining pressure, Equation 6.4 can be simplified to:

K
Lo K (6.6)
K

Where K is the bulk modulus of the material and K is the bulk modulus of the solid

constituents.

6.3 Failure criteria

A failure criterion is a relationship between the principal effective stresses corresponding to the
stress states at which failure occurs. Stress states located outside the zone defined by the failure
criterion cannot be reached. In a HF treatment the rock fails in tension, i.e. the tensile failure
criterion is reached. The stress increments required to induce tensile rock failure are usually ten
times lower than those required to achieve shear (compressive) failure. Nevertheless, shear
failure criteria are presented due to its importance for the general overview of the

geomechanical rock behavior.

6.3.1 Shear failure criteria
There are several compressional failure criteria defined in the literature. Among the most used

criteria are: 1) Mohr-coulomb; 2) Hoek-Brown; 3) Modified Wiebols-Cook and 4) Drucker-Prager.

For the first two criteria, failure conditions are independent of the intermediate stress, because
they are most often calibrated from compression triaxial test results, in which the intermediate
stress is equal to the minimum stress. The Hoek-Brown criterion has the advantage of
considering the curvature of the failure surface at low stress levels. Experimental evidence

shows that they often provide good approximations (Economides M. J. et al, 2000).

The other two shear failure criteria account for the effect of the intermediate principal stress

magnitude and thus for full calibration true-triaxial tests are ideally required.

6.3.2 Tensile failure criteria
Simple analytical formulations are used for this purpose. The maximum tensile stress criterion
maintains that failure initiates as soon as the minimum principal effective stress component

reaches the tensile strength of the material:
o'y = or (6.7)
Where ¢’} is the minimum principal effective stress and o7 is the rock tensile strength.

Another form of tensile failure criteria is based on the critical value of the stress intensity

factor,K_, also known as fracture toughness (Economides M. J. et al, 2000). At microscopic and
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macroscopic level, the fracture toughness of a material exists due to the strength of connection
bonds between constituent particles and the size and number of natural flaws in the material,
respectively. Fracture toughness is widely used to describe fracture propagation through rock,
and it appears to be a valid quantity to predict fracture propagation in cohesive materials. In

rock, fracture toughness values are typically on the order of 0,5 — 3 MPavm.
The failure criterion for the fracture initiation based on the fracture toughness is:

Kc< K (6.8)
On the other hand, the fracture will cease propagation when:

Kc> K (6.9)

Where K is the critical value of stress intensity factor, also known as fracture toughness and

K is the current stress intensity factor.

Fracture toughness is not a material property but depends on the problem geometry. It can be

related to the fracture energy and the material tensile strength.

6.4 In-situ stresses

6.4.1 Vertical stresses
When estimating the in-situ stresses in rock masses, it is commonly assumed that the principal

stresses are the vertical stress and the stresses in two directions within the horizontal plane.

The geostatic vertical total stress at any point can be estimated as the weight of the soils/rocks

above that depth. Therefore, if the material unit weight is constant with depth, then:
o, =2y (6.10)
Where g, is the vertical total stress, Z is the depth and y is the soil/rock unit weight.

Soils density usually increases with depth due to the compression caused by the geostatic
stresses, so that the specific gravity is not constant. If the weight of soil varies with the depth,

the vertical forces can be calculated by an integral:

o, = fydz (6.11)

If the soil is stratified and the specific weight of each layer is known, vertical forces can be

calculated by summing the contribution of each layer.
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6.4.2 Horizontal stresses
The horizontal stresses occur as a result of vertical stress, the material behavior and tectonic
stresses. Assuming that the rock is homogeneous, isotropic linear elastic, the two horizontal

stresses are equal (isotropic), and defined by the following equation:

v (6.12)

Oy = Op — - ——0;.

Where oy is the maximum horizontal stress , oy is the minimum horizontal stress, o, is the

vertical total stress and v is the poisson ratio.

Due to material anisotropy, tectonic stresses or geological singularities, most of the time, the
assumption of similar horizontal stresses in both direction in not realistic, and several relations

are presented in the literature for their estimation (Zoback M., 2007).

The difference between the minimum horizontal stress and the maximum horizontal stress is
difficult to determine from direct measurements and thus methods to estimate it from
observations of fracture propagation in wellbore walls (through acoustic images records or

resistivity measurements) have been developed.

6.4.3 Effective stresses and pore pressure estimation

In rock mechanics the analysis are done in effective stresses; i.e. the stresses are supported by
the solid mineral skeleton and the pore fluid, but the rock behavior is controlled by the stresses
on the solid skeleton; therefore the stress tensor is considered as the effective stress tensor. For
porous geological materials, the existence and development of fluid pressures in the pores, can

be extremely important, as previously explained.

The measurement of pore pressure at depth from geophysical (logging data) is very important
mainly in two situations: 1) The estimation of pore pressure from seismic reflection data in
advance of drilling, for the safe planning of wells being drilled in areas of possible high pore
pressure. 2) The estimation of the pore pressure in shales even after wells are drilled, which

tend to be so impermeable that direct measurement is quite difficult.

Most methods for estimating pore pressure from indirect geophysical measurements are based
on the fact that the porosity (@) of shale is expected to decrease monotonically as the vertical
effective stress (o, — By,) increases. This is supported by laboratory observations in shale
samples. It should be noted that these techniques are applied to shales only (and not sands or
carbonates) because diagenetic processes tend to make the reduction of porosity with effective
confining pressures in sands and carbonates more complicated than a simple exponential

decrease (Zoback M., 2007).
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Alternatively P and S-waves propagation data in the rock ((Eberhart-Philips) and (Han et al,
1989)) can be used to calibrate an equation for porosity estimation (instead of logging
measurement), which can then be used to assess the pore pressures. A similar approach, based
on the analysis of the RMS (root-mean-square) compressional wave velocity (computed by any
geophysics software) can be used to define an empirical expression for pore pressure

estimation. Other solutions are presented in the literature (Zoback M., 2007).

6.4.4 Tectonic stress regimes

In general, the vertical stress g, can be considered to be a principal stress. There are two
horizontal principal stresses, the maximum horizontal stress gy and the minimum horizontal
stress 0y. In 1905, Anderson found that the three tectonic stress regimes - normal, strike-slip
and thrust faulting - can be characterized by different stress states patterns. For the three
different tectonic stress regimes, the principal stresses are arranged as follows (Altmann J.,,

2010), and illustrated in Figure 6.2:

Normal faulting regime: Strike-slip regime: Thrust faulting regime:
o,>ady >ady o'y>a, >ad'y o'y>ay>ad,
S =0, S,=0,
1 !
»
- <-Sh:03 7 <§+«=51
Su=0, =0,
(a)
S, =0
Sv :02 H 1
2
- ~.
v 5n=03

Figure 6.2-Principal stresses in normal faulting (NN) (left), strike-slip(SS) (middle) and reverse faulting(RF) (right)
regimes (Zoback M., 2007)

6.4.5 Calculating the direction of the in situ principal stresses from observation of

borehole fractures
The rocks in the crust have faults, fractures and discontinuities in many scales and orientations,
and stress magnitudes, i.e. the differences between the in-situ maximum and minimum principal

stresses, are constrained by the frictional shear strength of planar discontinuities. Therefore the
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geological processes that cause these singularities cannot produce a larger stress difference

without causing displacement on the discontinuity and subsequent relaxation of in situ stresses.

Compressive fractures, which form due to the difference between the maximum and the
minimum horizontal stresses, produce faulting in the direction of minimum horizontal stress. On
the other hand, tensile failure induced fractures are generated in the direction of the maximum
horizontal stress due to excessive hydrostatic pressure. Based on the analysis of the fractures
that occur in a borehole, it is possible to deduce the orientation of the maximum and minimum
horizontal stress. To this end, the stress polygon analysis may be employed and is described

below.

Consider a single fault, whose normal makes an angle 8 with the direction of the maximum
horizontal stress, as shown in Figure 6.3. Assuming that the intermediate principal stress is in
the fault plane, the shear and normal stresses acting on the fault can be calculated by the

following general expressions:
7 = 0,5(07 — 03) sin 2 (6.13)
o'n = 0,5(ay + 03) + 0,5(0; — g3) cos 28 (6.14)

Where 77 and g, are the shear and normal stresses acting on the fault, respectively and o7 and

03 are the maximum and minimum principal effective stresses, respectively.

~-+—

Figure 6.3 - Schematic representation on the sliding fault (Jaeger J. C. et al, 2007)

Figure 6.4 shows the Mohr circle of the stress state at the fault; for any given value of g5 there
is @ maximum value of oy established by the frictional strength of the pre-existing fault, because
the Mohr circle cannot exceed the failure envelope. If the fault is critically oriented, i.e. at the

optimal angle for sliding, the angle § is:

tan~1pu (6.15)
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So

Figure 6.4 - Mohr circle of the stress state at the fault (Zoback M., 2007)

Combining this relation with the principles of Anderson’s classification scheme, assuming a

friction coefficient, u equal to 0.6 (typically 0.6 to 1), it is found that:

e Normal faults are expected to form in conjugate pairs that dip around 60° and strike
parallel to the direction of gy.

e Strike-slip faults are expected to be vertical and form in conjugate pairs that strike
around 30° from the direction of ay.

e Reverse faults are expected to dip around 30° and form in conjugate pairs that strike

normal to the direction of ay.

Jaeger and Cook (1979) showed that the values of g; and g5 that corresponds to the situation

where a critically oriented fault is at the frictional limit are given by:

%1 _ (12 + 1)°5 + ]? (6.16)
03

For a friction coefficient u = 0.6 the ratio of the maximum and minimum principal effective
stresses indicated above is equal to 3.1. Available in situ measurements corroborate that stress

magnitudes are controlled by the friction strength of the faults, as seen in figure 6.5.
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Figure 6.5 - In situ measurement in crystalline rocks indicating that stress magnitudes are controlled by the frictional
strength of faults with coefficients of friction of 0.6 to 1.0 (Zoback M., 2007)
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Equation 6.16 can be used to estimate an upper bound for the ratio of the maximum and
minimum effective stresses, and identify the fault regime environment - normal, strike-slip, or

reverse faulting. These can be expressed analytically by the following equations:

o o, — P, 17
Normal Faulting —= ——22 <[(u?+1)°5 + p]? (6.17)
03 op — Pp
o oy — P, 6.18
Strike slip Faulting 2=t P [((u? + 1) + u]? (6.18)
g3 op— B,
. 01 On — Pp 2 05 2 (619)
Reverse Faulting — = ——<[(u*+ 1) +y]

03 oy — Pp
As referred above, the limiting value of the ratio of principal effective stresses is about 3.1
for u = 0,6, regardless of the faulting regime.

Because the analysis is done in terms of effective stresses, the magnitude of pore pressure will

affect the stress magnitudes, as shown schematically in figure 6.6.
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Figure 6.6 — Limits on stress magnitudes defined by frictional faulting theory assuming hydrostatic pore pressure and
an effective stress analysis (Zoback M., 2007)
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The graphic representation of the Equation 6.17 to 6.19 presented above in gy — g, space,
defines a stress polygon that can be used to identify the fault regime at in-situ conditions and to

define the range of likely stress magnitudes at a given depth, as shown in figure 6.7.
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Figure 6.7- Stress polygon (Zoback M., 2007)

6.5 Stress changes near wellbore due to HF

The stress state near the wellbore is complex due to the stress equilibrium reached after
wellbore drilling. Hydraulic fracturing operation, in particular the fluid injection and fracture
propagation, causes the complexity of stress measurements in the near wellbore region to

increase. Three major effects can be identified:

1. Wellbore excavation and stress re-equilibrium in the near-wellbore region
2. Minimum stress increase due to poroelastic rock behavior and fluid leak-off

3. Stress increase due to fracture opening and propagation

Assuming that a vertical wellbore is drilled in a linearly elastic semi-infinite, homogenous and
isotropic medium, the stress state around the wellbore is given by (Jaeger J. C. et Cook N. G. W.,

1971):

1 EAYE. LN LTA PO
O = 5 (o =0 (1 =5 | +5(0n —on) | 1= —5 +—7 | cos (6.20)

1 re\ 1 3,
099 =5 (o5 + o) | 1+ 3 | =5 (o5 —an) | 1+— | cos 26 (6.21)

Where g, is the radial stress around the wellbore, gyg is the tangential stress, 7;, is the wellbore

radius and oy and gy, have been previously defined. The above expressions are written in polar
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coordinates, where r is the distance from the wellbore center and 6 is the angle with the

maximum horizontal stress direction.

Assuming a vertical well subject to two orthogonal horizontal stresses, as seen in figure 6.8, the
wellbore fluid pressure that initiates a fracture at point A along gy direction, usually named as
Break-Down Pressure, can be calculated as (Valko P. et Economides M. J., 1995):

Pbk :SO'h_O'H_Pp+O'T (622)

Where gy is the tensile strength of the rock. This expresion was obtained from Equation 6.21
admiting that 7, = r and 8 = 0 and invoking the tensile failure criteria expressed by Equation

6.7.

The equation is valid only in the case of no fluid leak-off assuming that a perfect non-penetrating
mudcake has been formed on the wellbore wall by the fracturing fluid additives. The presence
of other microfractures can retard the initiation of fracture at A by stress relieving. For this
reason the assumption of homogeneous rock mass is done. The same effect may be felt if

oriented perforations are drilled/completed.
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Figure 6.8 -Wellbore schematic subjected to in-situ principal stresses (Rahman M. K. et Joarder A. H., 2005)

Assuming fluid leak-off prior to the breakdown pressure, a more complex expression, assuming
the poroelastic behaviour may be written:

p _30n—0on— 21k +or (6.23)
bl 2(1-1)

Where 7 is called the poroelastic stress coefficient, which describes the in-situ stress change
caused by injection and/or production, defined as (Detournay E. and Cheng A.H., 1993):
(1-2v) (6.24)
LR TEE)
Notice that an increase in the pore pressure corresponds to a decrease in the effective stresses,
and hence a decrease in the breakdown pressure. Therefore, the use of high-viscosity fluids and
low pumping rates may reduce the breakdown pressure (Valké P. et Economides M. J., 1995).

On the other hand, low viscosity fluids and low pumping rates reduced the capacity for a long
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sustentation of the overburden pressures, and the induced fracture tends to close rapidly. An

equilibrium between both interactions should be achieved.

Regarding the second effect, during the fracturing process, fracturing fluids leak into the
formation. This leakage induces a pore pressure increase around the fracture that results in
dilation of the formation and, therefore, an increase of the minimum principal stress in this
vicinity. For a 2D crack, the increase of minimum principal stress, as a function of time, is

expressed (Detourney E. et Cheng A., 1991):
Aoy (T,) = n(Pr — Py)f(Te) (6.25)

Where P is the fracturing fluid pressure and T, is the characteristic time, expressed as follow:

_ 2tkG(1 —v)(vy — V) (6.26)
T azu(l - 2v)2(1 — v,)12

Where t is the total injection time, k is the permeability, G is the shear modulus, v, is the
undrained Poisson ratio, u is the viscosity, v is the viscosity, a is the biot coefficient and L is the

fracture half-length.

In typical reservoirs, the value of characteristic time at which poroelastic effects can start to
influence the state of stress around the fracture is about 103 (adimensional). This effect
decreases if a high-pressure drop occurs at the fracture face, which happens when a good fluid-
loss control agent is used. Poroelastic effects eventually disappear when injection stops and the

excess of pore pressure dissipates into the formation (Economides M. J. et al, 2000).

Regarding the third effect, the stress increase is consequence of the fracture being held open by
proppant. Once injection has stopped, proppant is responsible for sustaining the fracture, and
due to the high concentration and proppant induced pressures, the stresses around the wellbore

increase (Economides M. J. et al, 2000).

6.6 Influence of temperature

Variation in temperature also changes the stress state. Cooling can happen during uplift or the
injection of a cool fluid, inducing an additional stress component in the horizontal plane, that
can be estimated using the uniaxial strain assumption, as follows:

Ear (6.27)
a—v AT

Ao =

where AT is the temperature variation and a is the linear coefficient of thermal expansion.

The magnitude of a; is a function of quartz/silica content. Because quartz has a much larger

coefficient of thermal expansion than other common rock forming minerals, the coefficient of
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expansion of a given rock is proportional to the amount of quartz, as shown in Figure 6.9. Note
that, in many reservoirs, changes in temperature of several tens of °C can occur around
wellbores during drilling, which has non-negligible stress changes around wellbores and

implications for wellbore failure (Zoback M., 2007).
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Figure 6.9 - Coefficient of linear thermal expansion for different rock types (Zoback M., 2007)

Cooling the formation reduces the normal stress; hence, cool water injection could lead to

tensile fracturing of the formation in the long term.
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7. Modelling

7.1 Introduction

This chapter aims to provide a correct and complete overview of the modelling capabilities,
shortcomings and underlying assumptions made by the Extended Finite Element Method. The
software used for the analyses is Abaqus, a multi-physics finite element based software, that

incorporates the XFEM approach to model fractures/singularities.
This Chapter has been divided in two main parts:

In the first part a Brazilian test was simulated numerically using the XFEM approach and the
numerical simulations were compared with the results obtained from well-established
theoretical expressions. This study allows to gain sensitivity regarding the performance of the
numerical tool, to assess the representativeness of the numerical simulations and understands
the influence of the various input parameters. Analyses were also performed to assess mesh

dependency and the robustness and numerical stability of the numerical tool.

In the second part of this Chapter it is presented a numerical study aiming to simulate a series
of laboratory experiments described by Abbas et al. (1994) in order to analyze the influence of
oriented perforations in the development and propagation of hydraulic fractures. The definition
of the numerical model is discussed in detail, in particular the adopted boundary conditions. The
results are examined in detail, with comparison being made with analytical solutions when

available.

The XFEM consists in a numerical method for the analysis of fractures (or other singularities) in
which there is complete independence between the mesh and the discontinuity, and there is no
need to define a new structure of the mesh (remeshing) for the simulation of crack propagation,
by opposition to the classical FEM. Therefore, the same mesh is used for all the analysis
increments / time steps even during crack propagation. The XFEM is based on the introduction
of additional degrees of freedom, which are established in the nodes of the elements that are
intersected by the crack geometry. These extra degrees of freedom in combination with special
shape functions allow extra accuracy in modeling the crack, with total independence of the

fracture from the otherwise continuum media through which fracturing occurs.

While the fracture has not yet initiated (i.e. the tensile strength of the material has not been

exceeded) the displacement and strain fields are continuous and these are calculated based on
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the displacements at the nodes. The calculation procedure follows that of the conventional finite

element method.

Once the stress state at a point exceeds the tensile strength of the material, the fracture is
expected to initiate and propagate. According to the formulation implemented at Abaqus the
fracture tip cannot be located inside an elements but instead it is always located on the edge of
a finite element (i.e. the facture fully intercepts the element, see Figure 7.1 a). This emphasizes

the need to use relatively small elements.

If the fracture effectively propagates, then the nodes of the elements through which the fracture
propagates are enriched. This enrichment consists in the duplication of the nodes (creation of
phantom nodes, that leads to an increase in the number of degrees of freedom) to which are
applied special functions (as Heaviside function and near-tip function). Both the displacements
at the finite element nodes and phantom nodes are used to describe the displacement field
across the element. The discontinuity i.e. the fracture is directly predicted by the calculated

displacement field, which for a strong discontinuity is now discontinuous (figure 7.1 b).

3

2,2
a) b)

Figure 7.1 — a) Element nodes enrichment procedure and b) deformed element due to the duplication of nodes in
fracture propagation (Zielonka M. G. et al, 2014)

For further details on the extended finite element method the reader is referred to Medinas M.

(2015), Dassault Systémes (2015) and Zielonka M. (2014).

The convention followed by Abaqus is the solid mechanics convention, while tensile stresses are

positive and compressive stresses are negative.

7.2 Numerical modelling of a Brazilian Test

7.2.1. Description of the Brazilian test
The Brazilian test or diametral compression test is a test for the indirect determination of the

rock tensile strength, on a cylindrical specimen. Tensile failure is induced through the application

72



of an increasing compressive point load in line with the specimen diameter, under controlled
temperature (between 5 ° C and 25 ° C) and loading rate (constant strain rate of (50 £ 2) mm /

min).

The test is carried out in a Marshall test press (typical for Brazilian tests on bituminous mixtures)
or similar equipment, (Figure 7.2). The thickness/diameter ratio should be 0.5 to 0.6 for a typical

sample diameter of 70 - 160 mm.

Figure 7.2-Brazilian test equipment (GeotechData, 2015)

The sample should be aligned with the lower platen for the load to be applied diametrically.
Subsequently the specimen/sample test compression starts. After a period of less than 20% of
the loading time period (accordingly to ASTM), a diametrical load at a constant strain rate of (50
+2) mm / min is applied continuously and without spiking, until it reaches the maximum load, P
which is maintained until the failure of the specimen occurs. Three failure modes can be
identified, depending on the type of fracturing (Hudson W. R. et Kennedy T. W., 1968), as shown
in Figure 7.3:

Clean breaking strength - The specimen forms a clean break along a diameter line, with the

possible exception of small zones where the load is applied. (a)

Deformation - The specimens do not have a clear failure line; instead several small fractures are

formed parallel to the loading direction and the sample suffers significant deformation (bulging).
(b)
Combination - The specimens have an incomplete rupture surface and there are large areas,

near the points of load application that suffered significant deformation (c).

Following specimen failure, the sample should be opened through the rupture line and the
surfaces should be visually examined to detect the presence of cracks with unexpected

directions (Conterato L., 2011).
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Figure 7.3- Tensile failure modes from diametral compression test

For each sample, the indirect tensile strength, ITS, is calculated with the following expression,
assuming that failure occurs along a clean break (Hudson J. A. et Harrisson J. P., 1997):
o, = 2P (7.1)
Dt

Where g, is the tensile strength, P is the load at failure, D is the sample diameter and t is the
sample thickness. Ideally, a set of at least 10 tests should be performed, the material tensile
strength being the average of the individual measurements (Conterato L., 2011). The
uncertainty of this test is relatively high, and the common procedure is to accept test results if

the average deviation is below 17%.

7.2.2 Model initialization/Pre-processing
The behavior of a specimen during a diametral compression test was simulated using the Abaqus

software, version 6.14, using the parameters given in Table 7.1:

Table 7.1 - Input parameters for the numerical simulation of the Brazilian test

E(Kpa) 1,427 x 107 kPa
v 0,2
o.(Kpa) 5560 kPa
()] 0,265
D(mm) Variable - 80, 100, 120,160 and 200 mm
t(m) 1

The diametral compression test was simulated by means of 2D plane strain analysis, using the
geometry shown in Figure 7.4. The objective of this set of analysis was to compare the results of
numerical simulations with those obtained by the application of Equation 7.1. It was decided to
vary the sample diameter, and specimens with 80, 100,120,160 and 200 mm were considered.

Figure 7.4 also shows the finite element mesh and the adopted displacement boundary

conditions. To guarantee the verticality of the sample and ensure that there is no rigid body
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movement, in the upper point rotation and horizontal displacement was prevented and in the
bottom of the specimen all degrees of freedom were restricted to a group of points in order to

reduce sample deformability in the bottom of the specimen.

With regard to the applied loads, despite in a real situation displacements are applied to an
order of 50 mm / min, since the analytical formula requires the calculation of a failure load, it
was decided to apply a load of 5000 kN, as seen in figure 7.4. Loading of the specimen is
simulated by the application, in the upper point, of an increasing vertical force, up to 5000

kN/min

The adopted finite element mesh was generated using a free meshing procedure available in the
software; it is composed by 1327 linear quadrilateral elements with reduced integration and
1385 nodes, independently of the specimen size. As shown later in this section, analyses were
carried out to investigate the influence of the mesh coarseness in the analysis results, in terms

of the value of P at failure and the direction of fracture propagation.

Figure 7.4 - Finite element mesh, boundary conditions and loading setup for the Brazilian test
The specimen was modelled as a linear elastic material with a damage law for traction

separation. Given the loading characteristics, the MAXPS (Maximum principal stress) failure

criterion is adopted. This is mathematically described as:

0
Omax

“ 7.2
MAXPS = Maximum principal stress = f = {( max)} (7.2)

Where 0,,,4, is the stress at a specific point, 0., is the tensile strength of the rock and the
symbol ( ) is the Macaulay bracket that is used to ensure that a compressive stress state does

not initiate damage, and a fracture is initiated or the length of an existing fracture is extended
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by tensile stresses, when the fracture criterion, f, reaches the value 1.0 within a specified

tolerance:
1.0< f <1.0+ for (7.3)

Where f;,; is the tolerance for the initiation criterion. As the simulation of fracture propagation
can be relatively instable, most authors (Dassault Systémes, 2015) propose a value of 0.2 for the

tolerance, and that is the value adopted in the analysis shown here.

The rock strength degradation/damage evolution (i.e. softening behavior) begins in the moment
the failure criterion is verified and it degradates linearly until it reach a total damage and loss of
the section cohesive behavior. Note that equation 7.2 corresponds to the numerical formalism

equivalent to the equation 6.7 tensile failure criteria.

7.2.3 Results and discussion
Figure 7.5 shows the results of fracture opening for a specific applied force equal to 752 KN

(corresponding to failure of the specimen with 80 mm diameter).

D =80 mm D =100 mm

D=120 mm D =160 mm
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Figure 7.5 - Fracture propagation for the different studied diameters for a load of 752 KN

The output quantity StatusXFEM represents the propagation of the fracture and its aperture; if
the value is equal to one the fracture is fully open, if StatusXFEM is less than 1.0 the tensile
strength has been exceeded and the material is softening and if Status XFEM is zero the tensile

strength has not been exceeded.

For the same applied load, the fracture propagation is less developed with increasing sample
diameter. The 80 mm, was the first to fail and suffered a total damage of the cohesive behavior
for an applied load of 752kN, while for the same applied load the 100 mm sample still has a small
undamaged zone in the bottom and top of the sample and the 200 mm sample has not yet

initiated fracturing.

Table 7.2 and Figure 7.6 compare the value of the force, P obtained by the application of

Equation 7.1 with the results of the numerical simulations.

The differences between analytical and numerical values are relatively small, varying between
0.2% and 7.1%, with an average error value of 5.64%. The numerical simulation reproduce well
the tests in terms of the value of the failure load and development of the failure mechanism (i.e.
initiation and propagation of tension fractures). These results confirm the ability of the XFEM to

accurately reproduce fracture initiation and propagation.

Table 7.2- Comparison between analytical and numerical results for the Brazilian test

ALCE) D(m) t Panatitic(KN)  Pxppm Error(%)

5560 0,08 1 699 752 7,1
5560 0,1 1 873 930 6,1
5560 0,12 1 1048 1144 8,4
5560 0,16 1 1397 1400 0,2
5560 0,2 1 1747 1641 6,4
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Figure 7.6 - Comparison between analytical and numerical results for the Brazilian test

As noted above, analyses were carried out to examine the influence of the mesh coarseness on
the numerical results. Figure 7.7 shows the results obtained with two automatically generated
meshes for the case of 100 mm diameter specimens, where the difference lies in the number of

nodes and elements, reduced by half in case b).

a)

Figure 7.7 - Mesh dependence for fracture propagation

For the cases shown in Figure 7.7 the value of the load at failure are relatively similar, 930 KN
and 962KN, respectively for the meshes a) and b), and the main difference relate to the direction
of fracture propagation. Two reasons may be cited for the observed difference: 1) the free mesh
gives rise to errors in the propagation of the fracture; 2) for "large" elements, the difference in
the initiation criterion calculated for the crack tip or to the centroid becomes more importance.
It is thus evident that the mesh has an influence on the analyses results, in particular the
direction of propagation of the fracture. It is recommended that, in the analysis of problems
involving fracture initiation and propagation, fine and structured meshes are used (balancing

the need of accurate results, memory consumption and time).
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To examine the validity of linear elastic fracture behavior (LEFM) the 0,16m sample was loaded
at different loading rates. As no viscosity dependency has been considered in these analyses the
resulting failure loads are expected to be the same, independently of the loading rate. The

results obtained for the test specimens failure times are presented in table 7.3.

Table 7.3 - Different loading/min and failure for the D=0,16m test

2500 33,11 33,6 1,5%
5000 16,8 16,8 ~ 0%
15000 5,54 5,6 1,1%
30000 2,75 2,8 1,8%

The observed differences are related with the accuracy of the numerical procedure since the

meshes are not the most appropriate for the study (are free meshes).

7.3 Numerical modelling of oriented perforations

The aim of this section is to simulate numerically, using the Abaqus 6.14, the laboratory
experiments described by (Abass H. et al, 1994) in order to analyze the effect of oriented
perforations in drilling wells when using the technique of hydraulic fracturing. This study focuses

on phenomena such as the initiation and propagation of hydraulic fractures in vertical wells.

7.3.1 Experimental set up and material parameters
(Abass H. et al, 1994) describe a series of test on blocks of hydrostone (Gypsum cement) in a
water / hydrostone weight ratio of 32: 100, with dimensions 0.154 m x 0.154 m 0,254 m. A core

sample was cast in the center of the blocks in the direction of the 0,254 m side (Figure 7.8).

flud injection : 9 )
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o
wellbore
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Hydraulic fracture &

perforations
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Figure 7.8 - Core sample geometry, wellbore and perforations
The study focused on perforations at 180° phasing, having been studied the directions (8) 0, 15,
30, 45, 60, 75 and 90 degrees relative to the PFP (preferred fracture plane = maximum horizontal
stress oy direction) as shown in figure 7.9. A total of 10 perforations were made on each block,

5 on each side. The perforations were 12.7 mm long with 3.429 mm diameter.
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The fracturing fluid was a 90-weight gear oil with approximately 1180 cp viscosity, and an
injection rate of 3 x 107> m3 /min was used in all the experiments. It is assumed that the initial

pore pressure P; present within the sample block is zero (Abass H. et al, 1994).

The samples were confined in a true triaxial apparatus with the principal stress applied were:
20670 kPa vertical stress, 17240 kPa maximum horizontal stress and 9650 kPa minimum
horizontal stress. True-triaxial loading is typically applied through a series of rigid platens,
flexible bladders and passive confinement (e.g. steel casing) (Frash L. P. et al, 2014), as seen in

figure 7.10.

In a typical apparatus' configuration loading is applied via one active hydraulic flat jack per
principal axis. Specimen faces that contact directly with the flat jack are usually referred to as
active faces while faces that are in contact with the frame where a reaction is mobilized are
referred to as passive faces (Figure 7.11). Though true triaxial tests can replicate the in-situ
conditions more accurately than conventional triaxial test, the test is hard to conduct due to the
difficulties in equipment utilization, difficulties in sample preparation and pore pressure

measurements during the test (Zoback M., 2007).
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Figure 7.10- Schematic of a true triaxial hydraulic fracturing test system (Chen M. et al, 2010)
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Figure 7.11 - Interior design of a true triaxial test (Frash L. P. et al, 2014)

The description above refers to typical characteristics of a true triaxial test. However (Abass H.
et al, 1994) do not give any information regarding the way loads were applied, the stiffness of
the equipment and materials used. It is known that in the work presented by (Abass H. et al,
1994) the equipment is not servo-controlled but the minimum horizontal stress was monitored
(and there was significant variation) during the fracture propagation. Therefore there are some
uncertainties on the boundary conditions effectively acting on the samples, and the resulting
simplifications and assumptions made when modelling the tests are discussed in section 7.3.4,

later in this chapter.

7.3.2 Material behaviour
Table 7.4 shows the physical and mechanical properties assumed for the hydrostone in the
numerical analyses, which were defined based on the information provided in (Abass H. et al,
1994).

Table 7.4-Physical and mechanical properties of (Abass H. et al, 1994) samples

Dimensions 0,1524 x 0,1524 x 0,254 m
Wellbore radius 0,00747 m

Elastic Modulus 1,714e10 Pa

Poisson ratio 0,228

Permeability 9,5 mD

Porosity 0,277

Fracture Toughness 2,5 MPavm

Fracture energy 0,341 KN/m

Initial pore pressure 0

Tensile strength 5560 KPa

Note that the fracture toughness is not an intrinsic property of the material, but it depends on
the geometry of the sample under study. However for the evaluation of fracture energy a

fracture toughness value of 2,5 Mpa+/m (Liu L. et al, 2014) was assumed, which corresponds to

0,341 KN/m.
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The hydrostone was modelled as a linear elastic material with a damage law for traction
separation. The MAXPS (Maximum principal stress) failure criterion is considered, which is given

by Equation 7.2.

In the absence of further information, it was considered an energy type damage evolution, using

a power law function with power equal to 1.0 and a fracture energy 0.341 kN/m.

7.3.3 Model geometry and finite element mesh

This set of analyses aims to simulate in an adequate manner the experiments described in the
previous section, in particular the initiation and propagation mechanism of fractures. The
experiments are modelled by means of a series of two-dimensional plane strain analyses. This
simplification (of reducing a 3D problem into a simpler 2D problem) greatly simplifies the
numerical procedure and reduces computing costs and time. Assuming 2D plane strain
conditions means that displacements perpendicular to the analysis plane (in this case the

vertical or z direction) are zero; however the stresses in the z direction are non-zero.

The plane strain assumption is a reasonable approximation when running simplified studies of
hydraulic fracturing, and one of the overestimated parameters by this simplification is the
fracture width, due to the restrictive effect of the tips only in the xy direction while it disregards
the similar restriction from the z direction (Valké P. et Economides M. J., 1995). Since this is one

of the parameters studied only indirectly, the assumption is made.

To avoid any kind of scale effects the geometry adopted in the numerical analysis corresponds,
as much as possible, to that of the laboratory experiments. The adopted model parameters are

those shown in Table 7.4.

Figure 7.12 - Model geometry and domain partition

Figure 7.12 shows the model geometry and the domain partition. These partitions were

introduced to optimize the numerical calculation process, by separation the more complex
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areas, such as the wellbore, of the remaining areas under study. Abaqus software allows the use
of a different meshing technique for each partition; therefore to minimize the influence of the
mesh, structured meshes are used in most of the analysis domain (with different coarseness
depending on the expected stress/strain changes) and in the wellbore zone is used a free mesh
to overcome the complex geometry of the area (Figure 7.13). The mesh shown in Figure 7.13
was used to analyze perforations at all directions. Whenever necessary the finite element mesh
was adjusted to ensure a fine mesh (when studying the perforation length) around the
propagating fracture and the wellbore region in order to avoid convergence problems and loss
of accuracy of numerical simulation. The finite element mesh shown in Figure 7.13 has 5288

linear quadrilateral plane strain elements and 5124 nodes.

Figure 7.13 - Mesh configuration for XFEM oriented perforation study

Several other mesh configurations were studied, among them structured meshes from coarse
to extra fine and free meshes; it was found that fracture propagation direction suffered from
large changes due to mesh dependency, in particular when using free meshes. The mesh shown
in Figure 7.13 ensures accurate results with a reasonable performance regarding computing

time and memory consumption.

7.3.4 Boundary Conditions
In (Abass H. et al, 1994) there is no or limited information regard the loading conditions applied
during the tests, and thus the definition of loads and boundary conditions in the numerical

models becomes more difficult.

In (Abass H. et al, 1994) it is stated that the true triaxial apparatus was not servo controlled. In
those conditions, if the stiffness of the testing equipment is of the same order of magnitude of
the stiffness of sample, the confining stresses applied to the sample are not maintained
constant. (Abass H. et al, 1994) state that during testing the minimum horizontal stress was

monitored and significant variation was recorded during fracture propagation and opening.
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Since it is not provided any information regarding the true triaxial apparatus used in that study,
it is not possible to ascertain what is the stiffness of the equipment, and it can be assumed that
the passive and active platens are of concrete (E=30 GPa) and steel (E=200 GPa), respectively
because that is more often the case. As a result of the lack of information, it was decided to
consider two extreme scenarios for the applied boundary conditions, which are shown in Figure
7.14:
e Confining stresses are applied to the sample using uniform loads at the boundaries (case
a)
e Confining stresses are applied using a predefined stress-fields and both vertical and
horizontal displacement are prevented along the outer mesh boundaries (case b)

The implications of assuming each of the above scenarios is examined in detail in the following

paragraphs.
Op {}
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= <= | |
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Figure 7.14 — Two scenarios regarding the applied loading and boundary conditions

According to the formulation of the software, due to the existence of an opening for the
wellbore in the center of the sample and the applied boundary conditions, it is necessary to
introduce an analysis step (before the simulation of hydraulic fracturing operations) to enable
the stresses within the analysis domain to reach equilibrium, with the prescribed geometry,

applied loads and boundary conditions. This step is referred to as a geostatic step.

Figure 7.15 shows the stress field obtained at the end of the geostatic step for the two scenarios
defined above, regarding the applied loadings and boundary conditions. These stress fields

correspond to the initial stress conditions for subsequent steps in which hydraulic fracturing

operations are simulated.
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Figure 7.15- Stress initialization due to wellbore excavation

Equation 6.21 was used to calculate the tangential stresses in a set of points, whose location is
shown in Figure 7.15. Table 7.5 compares the values obtained by application of the elastic theory
with those obtained in the numerical simulation, for the two assumptions of loading and

boundary conditions.

Table 7.5 - Comparison between measured initial tangential stresses (MPa) between analytical and numerical

solutions
Po 0 o O, o o error(% 0 o oerror(%
1 -11,71 -12,54 7,1% -10,71 8,6%
2 -13,62 -13,33 2,2% -12,60 7,5%
3 -10,95 -10,98 0,2% -10,70 2,2%
4 -9,91 -9,97 0,6% -9,97 0,6%
5 -42,07 -37,89 9,9% -37,89 9,9%
6 -29,22 -30,00 2,7% -30,00 2,7%
7 -18,82 -16,06 14,7% -18,94 0,7%

The results in Figure 7.15 and Table 7.5 show that the different assumptions regarding the
loading and boundary conditions have little impact on the initial stresses around the wellbore.
For case b) the tangential stress is slightly higher than in case a), probably due to the increment
of stiffness that it introduces into the model by the displacement restraint applied on the outer

boundaries, as discussed below.

The differences between the values obtained in the XFEM numerical analyses and those
determined by application of the (Jaeger J. C. et Cook N. G. W., 1971) equations are in general
small, and are likely to derive essentially from the fact that in the numerical analysis, boundaries

are relatively close to the wellbore while in equation 6.21 a semi-infinite space is assumed.
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Since no significant dissimilarity was found between the two options for the loading and
boundary conditions at the end of the geostatic step, they are further investigated during the
simulation of the hydraulic fracturing operations. Hydraulic fracturing operations are modelled
as a static pressure P, applied at the wellbore, as shown in Figure 7.16. The perforations are
simulated resorting to a special tool available in Abaqus XFEM. The perforations length is equal

to the wellbore radius and 2mm diameter (XFEM functionality default value).

On @ Perforation

ﬁ Wellbore

Figure 7.16 - Applied load mechanism (Sepehri J., 2014)
The load B, was applied incrementally in several steps, up to a maximum pressure of 360 MPa,

as shown in Table 7.6.

Table 7.6 - Load increments and cumulative applied load at wellbore

Step Time step Applied load at Cumulative load
wellbore(KPa) (KPa)
Geostatic 0-1s - -
Step 1 1s-6s 20000 20000
Step 2 6s-11s 20000 40000
Step 3 11s-16s 20000 60000
Step 4 16s-21s 20000 80000
Step 5 21s-26s 20000 100000
Step 6 26s-31s 20000 120000
Step 7 31s-36s 40000 160000
Step 8 36s-41s 40000 200000
Step 9 41s-46s 40000 240000
Step 10 46s-51s 40000 280000
Step 11 51s-56s 40000 320000
Step 12 56s-61s 40000 360000

Confining stresses are applied to the sample using uniform loads at the boundaries (case a)

In the following paragraphs is analyzed the validity of the assumptions made regarding the
loadings and boundary conditions. Table 7.7 shows the average vertical strains at top boundary
(E22xx) and the horizontal strains at the right boundary (E11yy) predicted for case (a) during the
simulation of hydraulic fracturing operations for the various perforation angles. The variation of

vertical strain in the nodes along the top boundary (E22xx) (and of the horizontal strain in the
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nodes along the right hand boundary) are far from uniform, with the points located in the edges
showing higher deformations, therefore average values are presented.

It is found that the vertical and horizontal strains at the top and right hand boundaries,
respectively, are in the range of 1073 —=10~*. Noting that typical values for the Young’s modulus
of the concrete and steel are 25 to 30GPa and 200 GPa, respectively, in which passive and active
platens are made, it is clear that under the applied stresses concrete would have deformations
of the same order of magnitude of those obtained in the numerical analyses, and for steel, the
deformations should be one order of magnitude lower. Based on these results, this assumption
regarding the loading and boundary conditions is considered reasonable and compatible with a

non-servo-controlled true triaxial cell.

Table 7.7 - Strains at the breakdown pressure for all perforation direction

Direction 0° 15° 30° 45° 60° 75° 90°
Ellyy X 0,78 1 1 1,02 1,02 1,04 1,04
1073
E22xx X | 0,25 0,36 0,36 0,37 0,37 0,38 0,39
1073

Further, it is found that the reactions at the restrained nodes (see Figure 7.14) is in the order of
magnitude of 10710 kPa, i.e. almost zero, in agreement with the fact that the sample is subjected

to very few restrictions to movement.

Confining stresses are applied using a predefined stress field case (b)
As noted above, the experimental work reported by (Abass et al.,, 1994) used a non-servo
controlled testing equipment and during the testing significant variation on the minimum

horizontal stress were recorded.

When the confining stress are applied using a predefined stress field, displacement boundary
conditions, preventing both the vertical and horizontal movement are specified along the
analysis boundaries. The variation of the horizontal stresses during the simulation of hydraulic
fracturing operations on the right hand boundary elements was analyzed for the various
perforations angles. It was found that there is a significant increase in the boundary confining
stresses during the analysis procedure, this being higher with the deviation of the perforation

from the PFP, as seen in table 7.8.

Table 7.8 - Average Confining stresses (MPa) variation at the right boundary for all perforation directions

i

Initial confining stress | 17,2 | 17,2 | 17,2 |17,2 | 17,2 | 17,2 | 17,2
Final confining stress 21,0 (24,1 |253 30,0 |348 |376 |426
(for 360 MPa)

Increment 3,8 6,9 8,1 12,8 | 17,6 | 20,4 | 254
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The same trend is observed for the variation of the stresses in the minimum principal stress
direction (top boundary) during the loading period. Such variations are not negligible, having a
significant effect on the analyses results, both in terms of the breakdown pressure and direction
of fracture propagation, as discussed in the following sections. This increase in the reaction
forces is related to the exaggerated stiffness introduced by the displacement boundary

conditions on the outer boundaries.

Comparison

The two options regarding the assumed boundary conditions are now compared. Table 7.9
shows the average values (computed along the sample boundary) of horizontal strain on the
right hand boundary (E11yy) and the vertical strain on the top boundary (E22xx) obtained using

case a) for two stages of the analysis for a perforation angle of 90.

Table 7.9 - Principal Strains for an applied load of 120 MPa and 200 MPa to direction 90°

(120 MPa) 1,05 x 1073 3,90 x 104
(200 MPa) 1,25 x 1073 4,50 x 107*

Table 7.10 shows the horizontal and vertical stresses (consequence of the generated reactions
forces at the boundary) obtained using case b), for the same two analysis stages and a

perforation angle of 90°.

Table 7.10 - Principal Stresses and equivalent strains for an applied load of 120 MPa and 200 MPa to direction 902

Stress Sllyy S22xx Ellyy E22xx

(120 Mpa) 19,0 11,0 1,11 x 1073 6,42 x 1074
(200 MPa) 23,8 13,0 1,39 x 1073 7,58 x 1074

Also included in table 7.10 are the so called “equivalent strains” i.e. the deformation that would

occur if that reaction was not there, which were calculated using the equation:

e=2 (7.4)

E
Where E = 1.7140 x 103 MPa. As it was expected, it is found that the “equivalent strains”
calculated for case b) assuming the inexistence of the support reactions in case (b) are of the

same order of magnitude as the strains obtained directly for case (a).

7.3.5 Models Comparative Analysis - Breakdown pressure
The breakdown pressure is the pressure required to cause the tensile failure of the rock at the
perforation tip. Table 7.11 shows the breakdown pressures obtained for cases a) and b) for all

the perforation angles considered.
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For case (b) the breakdown pressure increases a lot when compared with case (a) results. This
is a direct consequence of the stress increment caused by the model overstiffness, which implies
that a larger P,, is necessary to cause tensile failure of the rock. The difference in breakdown

pressure obtained in the two cases is in average about 15 MPa.

Table 7.11- Breakdown pressure (MPa) for direction 0-90 °for both studied models

Direction (a) (b)

0 45,7 48,7
15 48,7 53,9
30 52,7 68,7
45 58,6 72,7
60 65,7 80

75 71,9 91,3
90 81,4 105,7

Figure 7.17 compares the breakdown pressure obtained in the two cases with those reported

by (Abass et al., 1994).
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Figure 7.17 - Breakdown pressure for all perforation direction in the laboratorial and numerical tests

It can be seen that there is a very significant difference between numerical predictions and
experimental results. This difference is related to manner in which the HF loading is applied. In
the numerical analysis the fluid injection is simulated as a mechanical pressure applied at the
wellbore (and the fluid injection through the perforation is not considered explicitly). When
considering oriented perforation, this procedure introduces significant errors in the estimation
of the breakdown pressure. Despite that, it is found that the numerical simulations recover
reasonably well the evolution of the breakdown pressure with perforation angle, as seen in

figure 7.17 and detailed further on the document.
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7.3.6 Models Comparative Analysis- Fracture reorientation
A visual comparison of the experimental test results (Abass H. et al, 1994) with the numerical

simulations is made in Figures 7.18 and 7.19, for case (a) and (b), respectively.
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Figure 7.18 - Comparison of model (a) simulation results with experimental results
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Figure 7.19- Comparison of model (b) simulation results with experimental results
Regarding the outline of fracture propagation and re-orientation, it appears that for the
directions lower than 45 degrees, both numerical models reproduce well the experimental
behavior, while for the 60-90 degrees directions is more difficult to simulate the behavior, for

reasons further on presented in the next chapter.
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The scale effect is fundamental to understand the behavior of model (b). The existent over
stiffness in the model (b) is a consequence of the size of the sample and its surroundings; i.e.
assuming the hypothesis that the model has dimensions of 20 m, it appears that the results tend
to approach those of model (a), both in terms of the breakdown pressure as reorientation, as

shown in figure 7.20 for the directions 60 and 90.
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Figure 7.20- Comparison between re-scaled model (b) and (a) for direction 60 and 90

Since the objective of this study is to reproduce the results of (Abass H. et al, 1994), for a possible
extrapolation of results to a real field, model (a) is adopted for the rest of the analysis. Model

(a) also provides a better simulation of the fracture propagation direction and of the evolution

of breakdown pressures with perforation angle.

7.4 Breakdown pressure analysis

7.4.1 Breakdown Pressure without initial perforation
The XFEM functionality allows to perform the analysis of the fracture initiation and propagation
without having to initially set the location of the singularity, to apply the principles of the

method. It becomes possible to analyze the breakdown pressure at the level of the wellbore.
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Assuming the validity of the near-wellbore stresses equations and considering equation 6.22,
the breakdown pressure for the preferred fracture plane, i.e., the minimum breakdown pressure

is calculated as follows:
Py =30p — oy — P, + oy =3 x9,65—-17,24— 0+ 5,56 = 17,27 Mpa (7.5)

From the numerical simulations (case a) a breakdown pressure of 19,45 MPa was obtained, i.e.
with a 12.6% error with respect to theoretical results. This difference is probably related to the
near-wellbore stress equilibrium performed in the geostatic step, since as can be seen in Table
7.5, for the points located on the edge of the wellbore, the tangential stresses differ from those

given by Equation 6.21 with an error of the identical value.

Note that this equation is taken directly from the afford mentioned (Jaeger J. C. et Cook N. G.
W., 1971) equations 6.20 and 6.21 for r;,, = rand 8 = 0, so it would be expected that the

differences felt in the geostatic step were maintained throughout the loading procedure.

7.4.2 Breakdown pressure with oriented perforations

As expected, the breakdown pressure increases as 0 increases, as easily explained by poles
method. The tangential stress at the crack tip control the breakdown pressure (Economides M.
J. et al, 2000). As seen in table 7.12, the tangential stresses in the surrounding of the crack tip
increase while the perforation deviates more from the PFP, and consequently, the breakdown

pressure increases for more deviated perforations.

Table 7.12 - Tangential stresses for directions 0 and 90 to the respective near-wellbore stress redistribution

Direction O Direction 90
-12,05 -20,47

According to near-wellbore (Jaeger J. C. et Cook N. G. W., 1971) stresses equations 6.20 and
6.21, assuming r = 1,, and 8 = 90, the equation takes the following form:

Pbk=30'H_0'h_Pp+0'T (76)
Replacing by the experiment values:
Py = 42,07 — 0+ 5,56 = 47,63Mpa (7.7)

This theoretical value assumes a static situation without a loading procedure or an initial

perforation.

When simulating the existence of the perforation, the predicted breakdown pressure is much
higher than that obtained by application of the analytical solution (Equation 7.5 and 7.7). This is

a consequence of the application of a mechanical load at the wellbore in the numerical analyses
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instead of considering explicitly a fluid injection through the fracture. As the distance between
the perforation tip and the wellbore increases, a higher pressure is required to cause the

fracturing.

This fact introduces major differences in the breakdown pressure absolute value, however, the
difference in breakdown pressure between directions 0° and 90°, obtained analytically and in

the numerical simulations is identical (Table 7.13).

Table 7.13 - Differentials between analytical and simulation breakdown pressures

. Directiono _ Direction9 _ Difference
Ppk/analitical 17,27 47,63 30,36
Pbk/simulation 45,70 81,40 35,70

To explain the difference is important to note that the equations of the near-wellbore stresses
are obtained for a static situation, i.e. there are no induced mechanical stress/pressures at the
level of the wellbore. In this case, pressures are applied, which obviously influences the stress
state in the wellbore envelope, modifying the stress state and consequently the breakdown

pressures.

Further, it is noted that the breakdown pressure increases almost linearly with the perforation
angle (Figure 7.17), as anticipated by the theory of linear elastic fracture mechanics, assumed in

this study.

7.5 Fracture propagation Analysis

Fracture tends to propagate in a plane of least resistance, which is usually called Preferred
Fracture Plane (PFP) and is perpendicular to minimum horizontal stress. If the perforation
orientation is out of the direction of PFP, induced fracture may initiate along the perforation and
as it propagates away from the near wellbore toward the unaltered in-situ state of stress, will
reorient itself to be perpendicular to the minimum horizontal stress. Figure 7.18 show the
fracture outlines obtained by the numerical simulations for the various perforation angles and
compares them with the experimental results. It is found that the reorientation of the fracture
to the PFP occurs irregularly, and for directions above 45, the reorientation is extremely

complicated.

In order to quantify the fractures reorientation, the graphical outputs of the numerical program
were digitalized using Data GetGraph Digitalizer and the information treated to obtain the
evolution of the fracture orientation. The results of the reorientation of fractures for various

perforation angles are shown in Figure 7.22.
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Figure 7.21 - Fracture reorientation from the crack tip for studied directions for a applied pressure of 120 MPa
In all cases there is some reorientation of the fracture. As a result of the initial orientation and
the local stress state at the fracture tip, for perforation angle higher than 60°, the fracture ability

to re-orientate to the PFP is smaller.

According to (Solyman M. Y. et Boonen P., 1999) fracture re-orientation is explained based on
the stress anisotropy and for an anisotropy ratio close to one the fracture tends to propagate

toward the initial perforation direction.

The anisotropy of the principal stresses corresponds to the relation between oy = 17,24Mpa
and gy, = 9,65Mpa. However, due to the sample size and the near-wellbore stress re-
equilibrium, the stress anisotropy at the fracture tip will be significantly different. Figure 7.22
shows the evolution of the anisotropy ratio at the crack tip during fracture propagation, for a

perforation angle equal to 90°.
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Figure 7.22- Stress ratio equilibrium in the near-crack tip region for perforation at direction 902

After breakdown and fracture propagation, the ratio is greater than one, which may explain the

initial fracture tendency to reorient, as shown in Figure 7.21.

Assuming that for higher pressure applied, the more the fracture propagates away from the
proximity of the wellbore, the value of the ratio tends to a unitary value, reason why a small
fracture reorientation occurs at this stage. With a large increase in mechanical pressure applied,
the ratio is less than one, and the fracture returns to the propagation in the vertical direction,

as shown in Figure 7.23.

Figure 7.23 - Fracture reorientation for pressures higher than 200Mpa at perforation direction 90°
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8. Parametric study - Validation and Discussion

The studies described in the previous chapter, i.e., the simulation of the Brazilian test and the
laboratory tests described by (Abass H. et al, 1994) on induced fractures using oriented
perforations, showed that Abaqus XFEM software is able to analyze with confidence the

mechanical behavior of rocks, fracture initiation and propagation.

Based on the model set up used for the simulation of the laboratory tests described by Abass et
al., 1994, in this chapter, it is presented a numerical study on the effect of a series of parameters
on the outcome of hydraulic fracturing operations, in particular the breakdown pressure and
fracture re-orientation. The parameters considered in this study are perforation length, fracture
energy, stress anisotropy, elastic modulus, wellbore radius and perforation phasing. For
simplicity it will only be considered perforations oriented at 0°, 45° and 90° with the maximum

horizontal stress.

The base case corresponds to that used to reproduce the laboratory experiments described by
Abass et al., 1994. For the reasons given in section 7.3 the confining pressures are applied using

uniform loads at the domain outer boundaries.

8.1 Perforation length

The perforation length is one of the design parameters that is anticipated to influence the values
of the breakdown pressure and fracture reorientation. In the base case the perforation length
is equal to the wellbore radius and equal to 7,,. The following values of perforation length will
be studied:0,25m,, 0,57, 21, and 41, where 7, is the wellbore radius. Figure 8.1 shows the

outline of the fracture formed for perforations angles of 45° and 90°.

Direction 45 Direction 90

0,251y,
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4r,,
Figure 8.1 - Fracture propagation for different perforation lengths

Table 8.1 shows the breakdown pressure that was obtained for all situations examined.
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Table 8.1 - Effect of perforation length on breakdown pressure (MPa)

Perforation length 0=0° 0 =45° 0 =90°
0,25r, 25,7 45,7 52,7
0,57, 36,0 46,5 63,7
Fig 45,7 57,6 81,4
2ry, 56,7 65,7 97,8
4r,, 78,0 88,7 140,9

It is verified that in all directions the breakdown pressure increases with the perforation length.
This is related with how the pressure is applied in the numerical simulations. By exerting a
mechanical pressure at the wellbore, these pressures have an immediate effect on rock mass
adjacent to the wellbore and that influence decreases with the distance from the wellbore.
Therefore for a small perforation length, the crack tip is still within the zone with significant
influence. With increasing perforation length, the fracture tip is then located outside the area of
strong influence from the wellbore pressure, and it is necessary to apply a much higher pressure

to achieve rock failure.

Note that an increase in breakdown pressure for higher perforation length is not expected,
because when hydraulic load is applied (in the form of an injection flow), the pressure in the
fracture tends to be uniform (assuming there are no tortuosity effects). Once the near-wellbore
stresses are reduced with increasing distance from the wellbore, for higher perforation length,
the tip is located in a region of lower tangential stresses. If the tangential stresses are lower, the

breakdown pressure tends to decrease.

The fracture reorientation is affected by the perforation length, and the greater the perforation
length, the greater the fracture reorientation difficulties (Zhang G. et Chen M., 2009). The results

of the numerical simulation do not show clearly this effect (Figure 8.2).
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Figure 8.2- Fracture reorientation from the crack tip for different perforation lengths

8.2 Fracture energy

Fracture energy is a parameter that affects the propagation of the fracture. Fracture initiation is
reached when tensile failure of the rock occurs, according to equation 6.8. The fracture
propagates since then, however, the rock remain with cohesive behavior until is totally
damaged, offering resistance to propagation (i.e. for higher fracture energy, the fracture
damage is slower and this affects slightly the stress state in the near tip region). This resistance
is lost with the continuation of loading, with the rock having an energy-based damage evolution

behavior.

Abaqus XFEM software assumes the end of the cohesive behavior when G > Grwhere Gy is the
critical fracture energy. The value of Gf corresponds to the integral of the stress-displacement

diagram, as shown in Figure 8.3.

— 0 =
uy
(a) Linear :

Figure 8.3 - Energy-based damage evolution for linear softening (Dassault Systémes, 2015)
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Where u}’l is the displacement to reach end of cohesive behavior and gy, is the tensile strength
of the rock. It is then possible to verify that the cohesive fracture behavior ceases for the

displacements u}flshown in the table 8.2.

Table 8.2 - Displacements to reach end of cohesive behavior

G¢(KN/m) gy, = or(Kpa) u?l(m)
0,0341 5560 1,2266 x 107°
0,341 5560 1,2266 x 1074
34,1 5560 0,0123
3410 5560 1,2266

Based on Table 8.2, it appears that the displacements for which there is no further cohesive
fracture behavior, decreases with lower fracture energy and are therefore achieved for lower
induced pressures, which increases the fracture propagation velocity. The following values of
critical fracture energy have been studied: 0,0341KN/m, 34,1KN/m, 3410KN/m and the
base case of Gy = 0,341KN /m.

Figure 8.4 shows the evolution of fracture length with time for a perforation angle of 0°.
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Distance from the perforation tip (m)

Figure 8.4 - Distance-Time for different fracture energies
It is verified that the propagation of the fracture becomes slower with higher fracture energy.
For small distances from the tip of the perforation, the distance-time relationships are similar.
This is the result of applying the pressure in the wellbore, since it is near the wellbore that

stresses are high, and so are the deformations.

Accordingly, the dependence of fracture energy is smaller (because the fracture still propagates

at same rates for completely different fracture energies). At a larger distance, the effect of the
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pressure applied at the wellbore is small, and thus a larger pressure is required to cause the

strain necessary to reach full damage to cohesive rock behavior.

Figure 8.5 shows the visualization of the output statusXFEM for a distance d. Comparing the
profiles for the different fracture energy, to the lower fracture energy the propagated fracture
has almost no cohesive behavior (red color) while this loss of cohesive behavior is reduced for
higher energies. For case 34,1 KN/m and 3410 KN/m , despite the great difference in the
absolute value, the damage evolution is similar, which indicates that the generated stresses are
not inducing sufficient deformation to ensure the loss of fracture cohesive behavior ( important

for productivity, once if totally damaged, the fracture width tends to increase at higher rates).

Fracture energy = 0,0341

Fracture energy = 0,341

A e sl
5 5 e e e e

e . s 5 9
P e ———

Fracture energy = 3410
Figure 8.5- StatusXfem for a distance to the perforation tip of d = 0,04207 m

8.3 Stress Anisotropy

The stress anisotropy is one of the most important factors in the design of an hydraulic fracturing
operation. Since this stress anisotropy is often quantified in terms of the stress ratio, table 8.3
presents the studied options. In all the situations considered the value of gy remained constant

and equal to 17240 KPa.

Table 8.3 — Values of stress anisotropy considered in the parametric study

oy/op=179 oy/06,=2 oy/op=3 oy/op=4 oOy/oL=5
on(KPa) | 9650 8620 5747 4310 3448
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Stress ratios greater than 5 are not realistic and therefore were not considered in this study.

Table 8.4 shows the breakdown pressure for all the situation considered.

Table 8.4 — Influence of stress anisotropy on the breakdown pressure (MPa)

(MPa) Direction 0 Direction 45 Direction 90
oy/op=1,79 45,7 57,6 81,4
oy/on=2 43,4 57,6 81,4
oy/op=3 31,5 55,9 83,4
Oy/0L=4 23,7 45,7 83,4
oy/0p=5 18,0 40,4 85,1

It is verified that in the 0° direction there is a clear reduction in the breakdown pressure with
increasing anisotropy. In the direction 45° the reduction is less significant, but still happens. In
the direction 90° there is very little change and breakdown pressure suffers even a very small

increase with increasing anisotropy.

According to equation 6.22, which defines breakdown pressure for the case when there is no
perforation, the breakdown pressure is a function of the principal stresses and the material

tensile strength only.

For perforation direction 0°, a reduction in the breakdown pressure would be expected, because
o, controls the tangential stresses generated in the direction normal to the perforation
direction, and subsequently the reduction in the breakdown pressure. For the direction 90, and
taking into account that there is no change in oy, the theoretical value without perforation of

the breakdown pressure does not suffer a major change, as shown in table 8.5.

Table 8.5 - Analytical breakdown pressure values for different stress ratios to direction 0 and 90 (without
perforation)

O O O O O O O O O O
Direction90 | 47,63 48,66 51,53 52,97 53,83
Direction 0 17,27 14,18 4,74 1,25 -1,34

Comparing the analytical results with the numerical ones, it is verified a similar breakdown
pressure changing profile for both directions, with the absolute values difference as result of the

loading mode (mechanical applied pressures at the wellbore level).

In the direction 45° there is an intermediate response between the two cases explained above,

this is because it is not a principal stress direction, resulting in an intermediate solution.

The stress anisotropy has an effect in fracture reorientation, as seen in Figure 8.6.
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oy/on=5
Figure 8.6 - Fracture propagation for different stress ratio in direction 45 and 90

These results confirm that with increasing stress anisotropy, fracture tends to suffer greater

reorientation. This is also shown in Figure 8.7.
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The effect of stress anisotropy on fracture reorientation is more visible in the 90° direction than

in 45°.

The fracture reorientation is controlled by the stress anisotropy ratio, and direction 90° is the
direction where the maximum horizontal stresses (tangential stresses) are kept almost constant
(see table 8.4) and a major reduction in the minimum horizontal stresses is felt. This has a clear

effect in the local anisotropy ratio, allowing the fracture to re-orientate toward the PFP.

8.4 Elastic Modulus

The following values of Young’s modulus have been considered: 4.34 GPa, 8.68 GPa, 17,14 GPa
and 34.27 GPa, which cover the range of typical values of Young’s modulus for rocks. It was

found that the breakdown pressure is not dependent on the elastic modulus.

However, assuming linear elastic behavior, if the stresses are constant, an increase in the
Young’s modulus, leads to a reduction in deformation. Since the adopted damage law is
dependent on the material displacements (and subsequently on the material deformation),

some change in fracture cohesive behavior damage velocity is expected (Figure 8.9).

It was found that changes to the Young’s modulus produced no significant changes in the

reorientation of the fracture, as seen in Figure 8.8.
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Figure 8.8 - Fracture propagation dependency on elastic modulus
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Figure 8.9 - StatusXFEM fracture damage evolution for a distance d=0,055 m
Figure 8.9 shows the fracture length which is totally damaged (has no cohesive behavior - red
color) for different elastic modulus. As higher the elastic modulus, slower is the damage
evolution, because it is dependent on the local strains (which by its turn are dependent of the

material elasticity).

8.5 Wellbore radius

In addition to the base case, a wellbore radius twice that used in (Abass H. et al, 1994)
experiments was considered. Larger wellbore radius than this were not considered as that would

not be proportional to the other dimensions of the model.

Analyzing the expressions of near-wellbore stresses (equations 6.20 and 6.21), can be seen that

these depend only on the wellbore radius and the principal stresses. While at the wellbore face
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(r, = 1), itis expected that the stresses are not affected by the increase in wellbore radius, the
stresses in the surrounding media are going to be re-equilibrated proportionally to the

. . T
normalized distances —.

w

Figure 8.10 shows the tangential stresses obtained by application of equation 6.21 and the

numerical results at the end of the geostatic step, for a group of points with normalized

distances (figure 8.11).
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Figure 8.10 - Comparison between measured initial tangential stresses between analytical and numerical solutions

108



(a) (b)

Figure 8.11 - Location of the points in both models for the normalized distances

As seen in Chapter 7 for the initial wellbore radius, the stresses around the wellbore predicted
by the numerical analysis are very similar to those given by the elastic solutions, the difference

being around 5,4 %.

Comparing to the error with a doubled wellbore radius (1,81 %) the simulation provides even
better results, which gives confidence in the numerical breakdown pressure results. Table 8.6
shows the breakdown pressure obtained with no perforation and perforation angles of 0°, 45°

and 90°, assuming a perforation length of 0,00635m for both models.

Table 8.6- Breakdown pressure for different perforation direction with the initial wellbore radius (a) and the doubled

one (b)
Breakdo Dire on ( Dire on 4 Dire on 90 0 Pe
r=0,00747 m | 45,7 57,6 81,4 19,45
r=0,0149m 28,70 48,16 53,67 16,71

It is found that increasing the wellbore radius causes the breakdown pressures to reduce. This
effect cannot be verified directly through Equations 6.21 and 6.22, since the breakdown
pressure depends just on the stress anisotropy and principal stress magnitude. As seen in Figure
8.10 at the end of the geostatic step, the near-wellbore stresses are proportional to the
normalized distance, and thus for the same perforation length, the tangential stresses at the tip

of the perforation for situation (b) are higher than in (a).

Based on this it would be expected an increase in breakdown pressure with the wellbore radius,
but the opposite is observed. During HF simulation, when r = 0,0149 m the applied pressure is
being exerted in a doubled wellbore surface, and thus the stress state in the near-wellbore
region (and in particular at the perforation tip, because the perforation length has been

maintained constant) suffers greater modification and the rock tensile failure is achieved earlier.
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The breakdown pressure without perforation has a 3,3% difference to the theoretical value.
Comparing with the difference for the initial wellbore radius (12,6% difference) it is found that
the breakdown stress values are not only dependent on the in-situ stresses but also on the

induced pressures, which brings the near wellbore stress state to a new equilibrium.

8.6 Perforation Phasing

In practice, perforation phasing is selected to ensure that with a few degrees difference, there

is a perforation in the direction of maximum horizontal principal stress ay.

Perforation phasing equal to 60°, 90°, 120° and 180° (base case) were analyzed. Figure 8.12
shows the program visualizations of the problem domain and fractures at the end of the analysis,

for the cases in which one of the perforations is aligned with the preferred fracture plane (PFP).

60-Phasing 90-Phasing

120-Phasing
Figure 8.12 - Fracture propagation for different perforation phasing
It is found that when a perforation is aligned with the PFP, there are no significant changes to

the breakdown pressure. However, in all cases a significant pressure increment is required for

the initiation of the second fracture, Table 8.7.
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Table 8.7- Second Breakdown pressure for different perforation Phasing

Phasing 180° 120° 90° 60°
Breakdown pressure 45,7 45,7 45,7 45,7
for first fracture (MPa)

Breakdown Pressure - 73,8 96,7 82,3
for second fracture

(MPa)

Breakdown Pressure 45,7 65,7 81,4 65,7
for second fracture if

alone (MPa)

Relative difference (%) - 12,4 18,8 25,3

It was confirmed that with an increase in perforation density, and an associated reduction in the
angle between perforations, the increment in pressure required to produce the propagation of
the second fracture increases. Obviously, the second breakdown pressure is also dependent on
the perforation direction, however the density is the factor which introduces major differences,
as can be seen comparing the results of the relative difference for phasing 60 and 120, where
the second fracture is initiated in a same perforation angle. This behavior is in agreement with
one of the perforation design objective, which is the propagation of a major and single fracture
to ensure the optimization of the fracture productivity and dimensionless conductivity

(Equations 4.1 and 4.3).

Another possibility and closer to the reality is to use the same perforation phasing but
misaligned with the PFP. A miss alignment of 15° in relation to the preferred fracture plane was
investigated. The visualizations of fracture propagation for these scenarios are presented in

figure 8.13.

60-Phasing 90-Phasing
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120-Phasing

Figure 8.13 - Fracture propagation for different phasing with perforation misalignment

The breakdown value for the studied cases corresponds to the breakdown pressure of a 180-

phasing oriented perforation in direction 15, reason why it may be said that the breakdown

pressure (less deviated from PFP) is independent on the phasing. On the other hand, for the

studied cases, is calculated the pressure for the second fracture to initiate, as seen in table 8.8.

Table 8.8 -Second Breakdown pressure for different phasing with a miss alignment

Phasing 180 120 90 60
Breakdown pressure for 48,7 48,7 48,7 48,7
first fracture (MPa)

Breakdown Pressure for - 62,3 94,61 79,6
second fracture (MPa)

Breakdown Pressure for 48,7 57,6 71,9 57,6
second fracture if

alone(MPa)

Relative difference (%) - 8,2% 31,6% 38,3%

Is possible to state that perforation interaction (increasing the density) causes an increase in the

pressure required to propagate fractures further apart from the PFP.
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9. Conclusions and future work

Unconventional reservoirs have its specificities, result of low permeabilities and porosities,
which makes its natural exploration unfeasible. In order to maximize the economic potential of
these reservoirs, hydraulic fracturing stimulation has been widely employed. This technique is
still used in a very empiricist basis, while nowadays the operation pre-design became essential

to reduce the high costs (in the construction and operation) of these reservoirs.

To perform the pre-design is necessary to understand the technique and its applications, for
instance the application together with horizontal directional drilling. To frame the HF technique
from the mechanical point of view (rock and fluids), as well as acquiring information to approach
the numerical simulation, the study of the rock mechanics and fluid mechanics provides a

complete overview of the problematic and gives confidence to perform the analysis.

Initially a numerical study to assess the software and XFEM reliability to model propagating
fractures was performed through the simulation of a Brazilian test, compared with theoretical
results. The results were found satisfactory, which demonstrates that the ABAQUS software,

and in particular the XFEM functionality, mimics well fracture initiation and propagation.

Subsequently, numerical simulations of the laboratory tests described by (Abass H. et al, 1994)
were carried out and these were found to reproduce reasonable well the observed response.

Some conclusions can be drawn:

- The wellbore excavation changes the near-wellbore in-situ stress state. This situation
increases the stresses in this region, with the effect becoming negligible close to the
analysis boundaries, where stresses are similar to the confining applied pressure by the
true-triaxial equipment.

- Assuming the wellbore excavation and the near-wellbore stress changes, the
breakdown pressure without perforation is function of the local tangential stresses and
the rock tensile strength.

- For a perforated wellbore the breakdown pressure is dependent on the same variables,
and fracture reorientation depends on the local stress anisotropy ratio.

- For a perforated wellbore, the predicted difference in breakdown pressures between
the various directions is similar to that expected by application of the analytical solution;
however, the absolute value is different due to the loading mechanism employed in the

numerical analysis.
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The results obtained from this set of analyses support the decision to use the same numerical
tools to conduct a representative study on the effect of a set of parameters on hydraulic

fracturing operations. From this study some conclusions can be drawn:

- Perforations along non-preferred directions affect significantly the fracture breakdown
pressure and the reorientation procedure. Perforations more deviated from the PFP
perforations tend to have higher reorientation difficulties and the breakdown pressure
increase is a consequence of the higher tangential stresses in these directions. Fracture
initiation for the situation without initial perforation is well reproduced, which
corroborates the model representativeness and the capabilities of the numerical tools.

- The near-wellbore equations are defined for a situation without any additional loading
at the wellbore (i.e. applied pressures); however, the sample is subjected to stress state
changes because of the application of the pressure at the wellbore, which affects the
results, both in terms of fracture initiation and propagation.

- Increasing the perforation length leads to a significant increase in breakdown pressure,
but only to a minor reduction in fracture reorientation. This effect is thought to derive
from the manner in which loading is applied.

- The fracture energy is not an intrinsic rock parameter; therefore, it influences mainly
the rate at which damage to fracture cohesive behavior occurs, without any influence
in fracture reorientation or in the breakdown pressure.

- Higher stress anisotropy ratios increase the capacity of fracture reorientation, with the
reorientation to the PFP occurring over a smaller distance. Though in a real situation
fracture initiation in directions 60° to 90° is not expected, for those perforations angles
the reorientation happens slower due to the high tangential stresses at the fracture tip,
which influences (increases) equally the breakdown pressure.

- Rock elastic modulus is found to influence the rate at which damage to the fracture
cohesive behavior occurs, and cause insignificant changes in fracture reorientation and
breakdown pressure.

- Changes in the wellbore radius introduces changes in the near-wellbore stress state
equilibrium with distance, however the induced stresses are proportional to the
normalized distance (normalized by the wellbore radius). The breakdown pressure
reduction for a larger wellbore is explained by the fact that the total applied stress is
proportional to the wellbore surface. Assuming it is applied at the same rate, a faster

stress change (traction generation) is induced and fracture initiates.
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- Using a perforation higher density increases the probability of a perforation being
oriented close to the PFP, optimizing the success of a HF operation. The breakdown
pressure of the first fracture (subjected to slower tangential stresses) is not significantly
affected by phasing misalignment; however, the initiation of a second fracture tends to
suffer an increase in the breakdown pressure. As the objective is to maximize the
production, the important fracture is that close to the PFP, because it increases the
fracture opening with smaller applied loads, increasing the productivity index and the

fracture dimensionless conductivity coefficient.

According to the information presented it can be concluded that fracture initiation is largely
controlled by the tangential stress at the fracture tip, while fracture reorientation depends

strongly on the perforation angle and stress anisotropy.

Since the model employed relies on the application of a mechanical pressure rather than fluid
injection pressures, pressure is not being applied at the fracture tip, which affects the
breakdown pressures. It is assumed that the numerical analyses quantify the relative changes in

breakdown pressure with increasing perforation angle, but not its absolute value.

Since the hydraulic fracturing technique relies on the injection of fluids, and many other fluid
parameters (viscosity, specific weight, type of fluid, etc.) can influence the initiation and
propagation behavior of induced fractures, a hydro-geomechanical model should be set to study

all these parameters.

Despite the simplification made in the analyses presented in this thesis, it is considered that this
study has contributed to improve our global understanding of the application of hydraulic
fracturing technique and the parameters that affects its operation, and thus its primary

objectives have been fulfilled.
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