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Supervisor’s Foreword

This thesis circumvents the traditional conventional modeling and the exploitation
of Naturally Fractured Carbonated Reservoirs (NFCRs); based on the applications
of tectonic fractures concepts or planar discontinuities, they have been simulated
dynamically without considering nonplanar discontinuities such as sedimentary
breccias, vugs, fault breccias, and impact breccias, assuming that these nonplanar
discontinuities are tectonic fractures, causing confusion and contradictions in
reservoirs characterization. A novelty of this work is the demonstration of different
kinds of discontinuities using geological evidences, mathematical kinematics
model, and computed tomography.

On the other hand, naturally fractured reservoirs must be classified on the basis
to detect and to evaluate dominant discontinuities, integrating dynamic and static
parameters; namely, discontinuities connectivity and fluid flow are fundamental
conditions for the NFCRs classification. A new classification for NFCRs is pro-
posed in this thesis. It is also previously listed that discontinuities can display flow
patterns and geological features that may behave according to a variety of reservoir
static–dynamic models.

Geomechanical models describe the rock deformation as a result of flow-induced
pressure changes in stress-sensitive reservoirs. This work was developed and
focused in an analytical coupled method using mathematical transformations to
solve nonlinear terms of diffusivity equation. The effects of the nonlinear gradient
term for radial flow, single phase (oil), for constant rate in an infinite reservoir, are
analyzed using an exact solution of Navier–Stokes equation and Cole–Hopf
transform.

Additionally, this study takes advantage of rock mechanics theory to demon-
strate how natural fractures can collapse due to fluid flow and pressure changes in
fractured media. This formulation captures all the physical variations involved with
conductive fractures.

The explanations and mathematical modeling developed in this dissertation
could be used as diagnostic tools to predict fluid velocity, fluid flow, tectonic
fractures collapse, and pressure behavior during reservoir depleting, considering
stress-sensitive and nonstress-sensitive in NFCRs. Another aspect that deserves
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special attention is related to the description of this framework for real reservoirs
with their field data because our principal goal is a mathematical description of the
realistic phenomenology of NFCRs. All of the equations are solved in a coupled
approach, which has been validated and presented.

The main novelties of this work are the analytical solutions presented, and the
classification of NFCRs using static and dynamic parameters. These solutions
demonstrate the presence of different types of discontinuities, the mechanical
behavior of tectonic fractures, the stress-sensitive and nonstress-sensitive conditions
of the reservoir through its pressure behavior, considering the nonlinear terms in the
diffusivity equation.

Mexico City, Mexico
April 2017

Fernando Samaniego V.

viii Supervisor’s Foreword



Abstract

Conventional modeling and exploitation of Naturally Fractured Carbonate
Reservoirs (NFCRs) are traditionally developed by applying tectonic fractures
concepts or planar discontinuities, and they have been simulated dynamically
without considering nonplanar discontinuities such as sedimentary breccias, vugs,
fault breccias, and impact breccias, assuming that all these nonplanar discontinuities
are tectonic fractures, causing confusion and contradictions in reservoirs charac-
terization. A novelty of this work is the demonstration of different kinds of dis-
continuities using geological evidences, mathematical kinematics model, and
computed tomography.

On the other hand, naturally fractured reservoirs must be classified on the basis
to detect and to evaluate dominant discontinuities, integrating dynamic and static
parameters; namely, discontinuities connectivity and fluid flow are elemental
conditions for the NFCRs classification. A new classification for NFCRs was
proposed in this thesis. Also, this doctoral dissertation demonstrated that diverse
discontinuities can display flow patterns and geological features that may behave
according to a variety of reservoir static–dynamic models.

Geomechanical models describe rock deformation as a result of flow-induced
pressure changes in stress-sensitive reservoirs. There are several types of coupled
methods in the literature, mainly iteratively coupled and fully coupled methods.
This work was developed and focused in an analytical coupled method using
mathematical transformations to solve nonlinear terms of diffusivity equation. The
effects of the nonlinear gradient term for radial flow, single phase (oil), for constant
rate in an infinite reservoir, are analyzed using an exact solution of Navier–Stokes
equation and Cole–Hopf transform.

Additionally, this study takes advantage of rock mechanics theory to demon-
strate how natural fractures can collapse due to fluid flow and pressure changes
of the fractured media. The formulation developed here captures all the variations
involved with conductive and open fractures.

The explanations and mathematical modeling developed in this dissertation
could be used as diagnostic tools to predict fluid velocity, fluid flow, tectonic
fractures collapse, and pressure behavior during reservoir depleting, considering
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stress-sensitive and nonstress-sensitive in NFCRs. Another aspect that deserves
special attention is related to describe this framework for real reservoirs with their
field data because our principal goal is a mathematical description of the realistic
phenomenology of NFCRs. All of the equations are solved in a coupled fashion,
which have been validated and presented.

The main novelties of this work are the analytical solutions presented, and
NFCRs are classified using static and dynamic parameters. These solutions
demonstrate the different types of discontinuities, mechanical behavior of tectonic
fractures, stress-sensitive and nonstress-sensitive in the reservoir, and pressure
behavior, considering nonlinear terms in the diffusivity equation.

x Abstract
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Chapter 1
Introduction

Despite the fact that the exploitation of carbonate reservoirs problem started move
than 100 years ago, the remaining challenges regarding hydrocarbon production
remain at all time high. These reservoirs that present discontinuities and inhomo-
geneities represent a strong challenge because they are complex systemswith interde-
pendent variables that require to be understood.Moreover, these carbonate reservoirs
contain the largest and productive oil reserves in the world.

To achieve the optimum recovery the kind of naturally fractured reservoir is other
great problem. In consequence our research questions will be: How could connected
fractures describe and link up in a carbonate reservoir? geological andfluid dynamical
point of view, do fractures represent all of discontinuities in a carbonate reservoirs?
And finally, whenwould fractures close during carbonate reservoir depressurization?
In the literature, there are many field reports about closed fractures during and after
oil production, such as Ekofish, and Valhall field, generating trapped oil in this type
of fractures and crude production reduction (Cook and Jewell 1995) and (Hermansen
et al. 1997).

Our hypothesis is based on whether it is possible to develop an analytical coupled
model integrating fluid dynamics and geomechanics, identifying stresses system and
their impact in creation of open and closed fractures, as consequence of pressure
change during reservoir oil production. To pursue this hypothesis, it is necessary
to understand the rock, and to study fluid dynamics and geomechanics behavior of
carbonate reservoirs considering their natural fractures as a dynamic system.

The main goal of this doctoral thesis is to propose and develop an analytical
coupled model that considers in situ stress and fluid flow, focusing in natural frac-
tures to plan the advanced development of carbonate reservoirs that would allow its
production optimization. To achieve this essential objective is important to describe
the fracture system dynamics during reservoir depletion and to establish a mathe-
matical model with interaction between pore pressure, and local stress in carbonate
reservoirs.

© Springer International Publishing AG, part of Springer Nature 2018
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Applied to Naturally Fractured Carbonate Reservoirs, Springer Theses,
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2 1 Introduction

1.1 Problem Statement

A carbonate reservoir may contain various types of discontinuities such as impact,
sedimentary, collapse, and fault breccias; tectonic fractures; vugs; and caverns. Dis-
continuities role in fluid flow in carbonate reservoirs is critical; these discontinuities
act like as the main conduits for oil flow toward wells, and their small changes
in “aperture” might cause a big change in permeability and in oil production rate.
Discontinuities deformation could have a strong effect on reservoir compaction due
to deformable rocks. Theses conductivity systems may be important in recovery
carbonate reservoirs.

In this research, it was studied discontinuities with the principal objective of to
prevent their collapse, to propose an advanced development strategy of reservoir, and
to avoid negative impact in fluid flow. To reach this goal, it was used geomechanics,
well testing and fluid dynamics as an interdisciplinary integrated work. This aspect,
which has not been paid attention from simulation and modeling point of view, plays
a role in management of Naturally Fractured Carbonate Reservoirs (NFCRs).

1.2 Methodology

Achieving the goals of this research requires diverse areas. Consequently, develop-
ment of a coupled analytical model needs a multidisciplinary and interdisciplinary
work. The integration of Geomechanics, Geology and Fluid dynamics, help the
physics formulation of a coupled model (Fig. 1.1). In this way, the phenomenolog-
ical description of problem can be developed with elegance and apparent easiness,
that concludes in a coupled analytical model. Theoretically, pore pressure changes,
open-closed fractures, in situ stresses and fluid flow in carbonate reservoirs can be
included in a simple mathematical problem. However, in practice, it is very difficult
to make a model that represent phenomenon without to use a geologic context and
without understand the formation.

Understanding the rock implies reservoir anatomy, geological events juxtaposi-
tion, and static and dynamic variables quantification. Rock study begins by reviewing
the results static model and identifying its characteristics, type of rock, petrography,
and X-ray that has been analyzed. In addition to, the discontinuities description is
obtained using logs, cores, and tomography.

Fluid dynamics involves fluid flow kinematics, and well testing. In spite of many
restrictions, it describes reservoir physiology.1 In the thesis, fluid kinematics problem
is solved through the velocity potential. Production and well testing data are used to
describe reservoir dynamic behavior and interaction with geological events.

Geomechanics is the action and reaction law in the reservoir, that always tends
to find the equilibrium. Mechanical properties and in situ stresses are determined

1Reservoirs anatomy and physiology are some learned words of my mentor, Dr. Héber Cinco Ley.



1.2 Methodology 3

Fig. 1.1 Doctoral thesis general methodology

employing logs, laboratory test, and leak off test (LOT), focusing in the stress path
during reservoir depressurization.

Our goal in the petroleum and gas industry is to increase oil production. Although,
thesis may be visualized as a tool that helps to achieve the great objective of the
hydrocarbons industry.

1.3 Scope

In this research, it is intended to model and to understand the open fractures behavior
during reservoir depleting. Effects of stress and pressure on deformation of porous
media is restricted to:

• Single phase oil flow.
• Analytical model.
• Validation with laboratory and well testing data.
• Related to Naturally Fractured Carbonate Reservoirs (NFCRs).

1.4 Outline of the Thesis

In the following chapters, we will discuss our research work in detail. Each chapter
contains a literature review, a discussion, references, and applications, for the better
understanding of the obtained developments and results. Nomenclature is (SI) Units;
in some cases, Oilfield Units is specified. The organization of this thesis is as follows:

• Chapter2. Phenomenology and Contradictions in Carbonate Reservoirs demon-
strates different kindof discontinuities identified consideringgeological evidences,
mathematical kinematics model and tomography are described.



4 1 Introduction

• Chapter3. Static and Dynamics Classification of Carbonate Reservoirs, includes
a classification of carbonate reservoirs with field application and validation. This
chapter discusses the diverse types of carbonate reservoirs and their relation with
production and other dynamics variables.

• Chapter4. Analytical model for Non Stress Sensitive Naturally Fractured Carbon-
ate Reservoirs (NFCRs), includes the development a mathematical model for fluid
flow in carbonate reservoirs with application and validation.

• Chapter5. Analytical model for Stress Sensitive Naturally Fractured Carbonate
Reservoirs (NFCRs), presents a mathematical model for stress sensitive naturally
fractured carbonate reservoirs, with application and validation.

• Chapter6. Westergaard’s Solutions Applied to Naturally Fractured Reservoirs,
evolves a fracture mechanics model for extensional and shear natural fracture in
reservoirs. These solutions are used as predictivemodel during reservoir depleting.

• Chapter7. Potential Applications and Impact in Petroleum Industry, presents the
thesis as a tool that may contribute for petroleum industry and identify some
problems that need to be considered in commercial simulators.

• Chapter8. Conclusions and Recommendations, conclude this thesis and identifies
several avenues for future research.

• Appendix. Figure6.7 zoomed and included in this appendix to Chap. 6.
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Chapter 2
Phenomenology and Contradictions
in Carbonate Reservoirs

In 1972, Neale and Nader described the flow dynamics in a vuggy porous medium
using the creeping Navier-Stokes and the Darcy equations in the surrounding homo-
geneous and isotropic medium. Koenraad and Bakker in (1981) proposed a theo-
retical study about fracture/vug, collapse breccias, and brecciated karst based on
geological information. Wu et al. in (2011) proposed numerical models multiphase
and single-phase flow for vuggy reservoirs using balance mass equations; Darcy and
Forchheimer equations; and Hagen Poiseuille tube flow. In 1999, McKeown et al.
developed a numerical groundwater flowmodel for Sellafield, in which theymodeled
hydrogeological Brockram fault breccia using Darcy’s equation applied to a lime-
stone with porosity between 1 and 10%, obtaining a range of hydraulic conductivity.
Gudmundsson studied fluid flow behavior using Darcy equation applied to breccias
and faults.

These complex limestone reservoirs are associated with geological events (tec-
tonic fractures, sedimentary breccias, impact breccias, vugs, and fault breccias) that
require to be understood dynamically and geologically to properly derive an analyt-
ical model that would describe flow behavior. A significant portion of the world oil
reservoirs is found in carbonates (Wenzhi et al. 2014) and (Manrique et al. 2004);
early identification of the types of geological discontinuities that are dominant in
limestone rock is one of the principal problems for advanced development and effi-
cient exploitation of the reservoirs, because of impact in the reservoir oil flow.

The phenomenology of fluid flow in limestone carbonate reservoirs depends on
type of discontinuities; connected discontinuities have a dependence on, at least,
diagenesis, structural history, and lithology. A key concept is that planar or nonplanar
discontinuities can lead to different flow response during oil production. Moreover,
limestone carbonate reservoirs are modeled, confused, and associated with planar
discontinuities named tectonic fracture networks causing contradictions. Processes
that generate nonplanar discontinuities are usually excluded, and models do not
rep-resent the reservoir reality, when based on an equivalent flow medium. A case

© Springer International Publishing AG, part of Springer Nature 2018
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6 2 Phenomenology and Contradictions in Carbonate Reservoirs

well-known is Cantarell field, which is the eighth largest oil field in the world, with
fractures, breccias, and vugs (Grajales et al. 1996; Murillo-Muñetón et al. 2002), and
(Levresse et al. 2006) located in the Campeche Sound, Yucatán a Platform inMexico.
This reservoir is modeled using tectonic fracture networks without considering vugs,
fault and impact breccias, and caverns (Rivas-Gómez et al. 2002; Manceau et al.
2001) and (Cruz et al. 2009); in effect, these tectonic fractures are used to represent
all types of discontinuities.

The purpose of this paper is to demonstrate how qualitative and quantitative dif-
ferences between tectonic fractures, fault breccias, sedimentary breccias, vugs, and
impact breccias affect the exploitation strategy and advanced development of car-
bonate reservoirs. Our hypothesis considers that all the discontinuities in carbonate
reservoirs are distinct and cannot be called or analyzed as tectonic fractures with-out
knowing their genesis and discontinuity impact in the reservoir, or only focusing
in fluid flow. To demonstrate this hypothesis, we understood the rocks nature and
used sub-surface geological analogs (outcrops), cores, computerized tomography,
and analytical modeling, making use of fluid flow kinematics.

Sedimentary breccias are related to debris flow. The physics of debris flow
published by Iverson (1997) analyzed flows of dry, granular solids and solid-fluid
mixtures and described the grains behavior through momentum, mass, and energy
balances. Enos described debris reservoir and sedimentary breccias inTamabraLime-
stone of the Poza Rica field in Mexico, with field ranges of porosity of 3.7–9.7%
and permeability of 0.01–700 md with depth ranging between 1980 and 2700m and
cumulative production to July 1983 of 1.98 billion oil barrels. There are many impact
breccias, but, associated with oil reservoir, the most known is KT limit in Cantarell
located in Campeche Bay, Yucatan Platform in Mexico, related to the Chicxulub
impact (Urrutia-Fucugauchi 2013). From the point of view of fluid flow, Mayr et al.
in (2008) estimated rocks hydraulic permeability associated with the impact crater
Chicxulub using Nuclear Magnetic Resonance, Kozeny-Carman equation, and the
fractal PaRis-model obtaining low hydraulic permeability.

2.1 First Contradiction: Tectonic Fracture or Nonplanar
Discontinuity?

Unfortunately, whatever the discontinuity (planar or nonplanar), it is considered as a
natural fracture. Usually, oil reservoirs with discontinuities are “naturally fractured”,
causing confusion in reservoirs simulation. Our discussion beginswith the following:
the word fracture derived from the Latin fractus means “broken” and its definitions
are as follows.

“A natural fracture is a macroscopic planar discontinuity, which results from
stresses that exceed the rupture strength of the rock” (Stearns and Friedman (1972);
Stearns (1992)).
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Fig. 2.1 Limestone core
with planar tectonic
fractures, Early Cretaceous,
Samaria-Luna Region, TAB,
Mexico

“A reservoir fracture is a naturally occurring macroscopic planar discontinuity in
rock due to deformation or physical diagenesis” (Nelson 2001).

“A fracture is any planar or subplanar discontinuity that is very narrow in one
dimension compared to the other two and forms as a result of external (e.g. tectonic)
or internal (thermal or residual) stress” (Fossen 2010).

These definitions converge in that fractures result from stresses and deformation
on the rock, mechanical diagenesis that generates volume reduction by compaction
during burial. Whether natural tectonic fractures result as the effect of stresses and
mechanical compaction, why are sedimentary breccia, impact breccia, fault breccia,
and vug considered natural fractures regardless of the genesis of these geological
events? This is the first contradiction.

The discontinuities observed in limestone reservoirs are planar or nonplanar. The
observation of the core of limestone reservoirs in Fig. 2.1 shows a planar natural
fracture with inclination; it is a preferential path for oil flow; its aperture has been
developed on the plane of weakness (with low cohesion) as consequence of stresses
on the rock. Although the core was badly preserved, its natural fracture presents an
aperture increase, but it is natural.

However, many reservoirs normally contain nonplanar discontinuities caused by
diagenesis. The dissolution processes (chemical diagenesis) as result of expelled
water generate vugs, caverns, and clasts dissolution. This type of discontinuities
affects the fluid flow and creates an interconnected system through pores. The
Fig. 2.2a presents Cladocoropsis that could act as barrier because these fragments
have not been fragmented or dissolved. Also, Fig. 2.2b shows a core with fragmented
Cladocoropsis grainstone due to chemical diagenesis, creating a secondary porosity
and permeability, connecting pores system (primary and secondary porosity).

Reservoir engineers have assumed discontinuities as a type of pores regardless
of their origin or genesis, and tectonic fractures are considered as structural dis-
continuities impacting fluid flow (Alhuthali et al. 2011). So the discontinuities or
heterogeneities such as vugs, tectonic fractures, and porosity associated with brec-
cias can be interpreted with an equivalent medium (Lee et al. 2003). In this case,
“all is tectonic fractures” regardless of their genesis creating confusion. When we
compare and observe Fig. 2.1 with Fig. 2.2, it can be inferred that in dissimilar media
oil flows have different velocities. From amodeling point of view, the discontinuities
(planar or nonplanar) in the reservoirs should be related to their genesis and fluid
characteristics flow to understand the phenomenology of limestone systems.
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Fig. 2.2 Core slabs of
Cladocoropsis. a Mud
supported limestone. b
Fragmented Cladocoropsis
grainstone, Ghawar field,
Saudi Arabia (After Voelker
2004, Fig. 6.7, p. 115)

2.2 Second Contradiction: How Do Different
Discontinuities Impact?

Despite the fact that there exist different kinds of discontinuities, such as tectonic
fractures, vugs, caves, collapse breccias, sedimentary breccias, fault breccias, and
impact breccias, in transient pressure analysis and reservoir simulation all of them are
considered as fractures or fissures. In consequence, they are represented as planes
in the reservoir, with orientation, intensity, or fracturing frequency, with specific
geometry, and with fluid dynamical properties. This study is based on open and
connected discontinuities.

The discontinuities clearly affect fluid flow in the reservoir. However, each dis-
continuity creates a particular hydrocarbons flow behavior, specifically, in limestone
reservoirs. It is essential to understand them to properly study its influence on the
production behavior of the reservoirs.

The phenomenology of discontinuities begins with their geometry. In principle, a
planar geometry describes a parabolic flow profile for conditions of laminar flow for
tectonic fractures; the fluid velocity is associated with the aperture and roughness of
the discontinuity, which is linked to the permeability. The pressure profile changes
are due to friction, tortuosity, the complex interconnected system, and cross flow.
This phenomenon is present in tectonic fractures.

A nonplanar discontinuity shows nonparabolic flow profile because of high oil
velocity and heterogeneous media. The fluid high velocity is directly linked with
geometry, shape, aperture, roughness, diameter, discontinuities distribution, irregular
surfaces, and pressure. In the case of vugs and caverns, their diameters or apertures
are large and generate zones of high permeability, or superhighway production.

Discontinuities (planar or nonplanar) can be described through visible geologi-
cal features related to geometry; specifically, cross section flow area, which has a
direct impact in fluid flow. This can be understood using the flow concept q = Au.
A nonplanar discontinuity area is greater than planar discontinuity area; in effect,
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flow increases because pores may be connected and their size are increased due dis-
solution. In addition, when the flow area is increased, oil velocity u increases too.
This will be demonstrated using analytical models in this study. Moreover, it can be
observed when vugs and caverns are compared with tectonic fractures that they have
a greater permeability. In summary, fluid flow in a planar discontinuity (fracture)
is different to flow in nonplanar discontinuity (vugs, breccias, and caverns). This
is the second contradiction, considering that hydrodynamics intrinsic to geometry
or flow area because there is a mass and momentum transfer process, oil flow in
each discontinuity unique and cannot be traditionally considered as fractures. The
understanding and comparison of these dynamic and geological differences in lime-
stone reservoirs allow the accuracy of fluid flow characteristics and approach their
optimum exploitation strategy.

Although discontinuities generate highly heterogeneous and anisotropic systems,
a complex reservoir could evidence different types of geological characteristics;
production and pressure behavior might identify dominant discontinuities, and, to
achieve a reasonable modeling, it should be considered that they might in some cases
perform as seal or flow barriers.

However, before carrying out pressure transient test and reservoir dynamic simu-
lations, it is necessary to characterize these discontinuities and establish convergence
between geology and fluid flow features, using cores, outcrops, seismic, well logs,
tomography, pressures profiles, production, andmathematicalmodeling that describe
the flow kinematic reservoir fluid flow.

It is becoming increasingly difficult to ignore the differences between types of
discontinuities, in which all of them are called fractures by simplicity. Therefore,
there is a need to be explicit about the phenomenology of discontinuities.

2.3 Analogs Reservoirs and Outcrops for a Flow Analytical
Model

Reservoir analog based on outcrop studies provides definitions of geometry and
heterogeneities at interwell scales and characterizes reservoirs (McMechan et al.
1997). A subsurface reservoir model using outcrop analog (Pringle et al. 2006) is
employed for an understanding of geological parameters associated with reservoir
and at outcrop rock (porosity, permeability, and heterogeneities) with the objective
of characterizing it.

Outcropswere at geological conditions of subsurface; fortunately they are exposed,
and we may describe a reservoir with similar features. In this paper, we used out-
crops to understand physics of each discontinuity (vugs, breccias, and fractures) and
tomography to know how is the fluid flow through the rock. As a result of under-
standing that rock, we developed an analytical model.
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2.4 Geological and Tomography Features of Tectonic
Fractures

Limestone reservoirs constitute a portion of the basin. Tectonic fractures are planar
discontinuities in reservoirs. Generally, the genesis of fracturing is tectonism and it
is related to local folds, faults, or a regional system (Stearns and Friedman 1972).
There are different fractures types: shear fractures or slip surface, extension fractures
such as joints, fissures, and veins, and contraction or closing fractures as stylolites
(Fossen 2010). Open fractures can behave as hydraulic conductors and impact the
productivity of the reservoir.

Tectonic fractures have been observed in carbonate cores, but it is difficult to
obtain complete cores due to its brittle nature (Fig. 2.1). Tectonic fractures can be
open, deformed, and mineral-filled. In spite of deformation, it is evident that tectonic
fractures are planar discontinuities that could store and produce hydrocarbons. In
outcrops, these fractures are studied because they explain paleostresses (Fig. 2.3).
Also, these surface systems are used as an analogical model in reservoir characteri-
zation. Figure2.3 shows different planar fractures systems as a result of paleostresses
in the rock, and it is observed that each fracture has its aperture that may be inter-
connected, inclined, parallel, orthogonal, open, or closed. This outcrop was buried
at subsurface conditions during a geological age; nowadays it is exposed. In Fig. 2.3,
diverse types of natural fractures can be observed.

X-ray computerized tomography (CT) is a nondestructive technique that allows
visualization of the internal structure of rocks, determined mainly by variations in
density and atomic composition (Mees et al. 2003). One well-known advantage of
tomography is fracturemorphologydescription inside the rock.This implies that open
fractures are observed as planar discontinuities with a specific physical behavior. In
consequence, the dominant parameter in tectonic fractures is aperture. Aperture is
associated with permeability, parabolic flow profile, maximum and mean velocity,
and the flow rate.

A study illustrated how width or aperture impacts fracture permeability using an
equation flow (Baker 1955). It was shown that a single fracture of 0.25mm aperture

Fig. 2.3 Tectonic fractures
system outcrop, Canada
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has the equivalent permeability of 188m of unfractured rock, with a uniform perme-
ability of 10 md, and a 1.27mm aperture fracture is equivalent to 173m of rock with
a permeability of 1,000 md.

Tomography was used to show internal fractures and to verify their morphology.
Useful, calcareous coreswithout dissolutions or visible discontinuities are considered
as matrix rock without fractures. In many cases, narrow subplanar fractures can be
observed using tomography or would be inferred if the density in the core internal
structure shows changes.

A sample core in a limestone reservoir (15.9 cm in length and 10cm in diameter)
was obtained. The scan of a limestone core (Fig. 2.4) at 3mm spacing showed that
rock contains narrow subplanar fractures. They are open, deformed, and/or mineral-
filled. In images 16–21 an open fracturewith great aperture can be seen, and in images

Fig. 2.4 Scan of limestone
core, with dark shading
associated with low density
and white with high density
regions with evident
macroscopic fractures, Early
Cretaceous, Samaria-Luna
Region, Tabasco, Mexico
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30–42 other fractures can be observed, but with small aperture. Moreover, doing a
visual inspection of core does not observe any fractures that may be connected (see
slides 30–53 in Fig. 2.4). Approximately, these limited length fractures have 1–2mm
apertures and would allow hydrocarbons flow; in effect they also provide effective
porosity because fracture connects spaces in this rock.

2.5 Analytical Model for the Profile Velocity of Tectonic
Fractures

Fluid flow is defined by a velocity vector field and a pressure scalar field. In order to
understand how permeability influences fluid flow in fractures, we analyze flow and
fluid kinematics equations. Kinematic equations are applied to an isothermal, low
viscosity, irrotational, and single-phasefluidflowand are referred to as potential flows
and stream function. Applicability of kinematic equations is limited to Reynolds
numbers, Re, more than unity because the inviscid fluid flow theory corresponds to
high flow values and small fluid viscosity. Calcareous reservoirs heterogeneities may
produce high velocity flow.

At larger Reynolds numbers, kinematic equations are suggested for Newtonian
liquids of minimal viscosity and gases.

Fluid kinematics describes fluid motion using streamlines and potential function,
with respect to a plane, and a flow equation describes a close relationship between
fracture aperture, pressure, and velocity and flow rate, using classical methods in
fluid mechanics. Kinematics of fluid flow would show a particular behavior of flow
lines for each discontinuity, in this case for tectonic fractures (Fig. 2.5a). Classical
methods in fluid mechanics are illustrated by an analytical model for velocity profile
in parallel plates (Potter et al. 2012). Two symmetrically inclined parallel surfaces
with respect to the x-axis are shown in Fig. 2.5b. Fluid motion is in the x direction
and flow velocity distribution in the y direction, for steady state of an incompressible

Fig. 2.5 Top and lateral views of fluid flow in a tectonic fracture. a Flow lines in an open fracture
(top view). b Flow profile between two inclined parallel plates (lateral view) (Potter et al. 2012)
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fluid of constant density is indicated in this figure; pressure variation is a function of
x coordinate, and the surface longitudes are larger than the aperture.

Figure2.5 shows top and lateral views in an open fracture simulated with two
inclined plates that may be fixed. Figure2.5a presents straight and parallel flow lines
and Fig. 2.5b shows a parabolic velocity profile. Our contribution is the application
of the Couette flow exact solution for natural fracture to obtain specific solution that
describes flow profile for natural fissure. When a plate is moving; namely, system
may be interpreted as a stress-sensitive system (use Couette flow). Fixed plates may
be understood nonstress sensitive (use Poiseuille flow). So, Couette equation is a
general case with respect to Poiseuille equation.

Newtonian fluid flow of a single phase through a fractured rock is governed by
the Navier-Stokes equations (Witherspoon et al. 1980) and (Zimmerman and Yeo
2000). To simplify the discussion, we will consider a “one-dimensional” fracture
and use the Navier-Stokes equations exact solution known as Couette flow, and this
discussion about laminar flow between plates may be detailed in (Potter et al. 2012).
Using Navier-Stokes equations,

ρ

(
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z

)
= −∂p

∂x
+ μ

(
∂2u

∂x2
+ ∂2u

∂y2
+ ∂2u

∂z2

)
+ γ senβ

(2.1)
Considering the previously stated fracture flowproblem regarding Fig. 2.5a. Then,

Eq.2.1 can be simplified as follows:

0 = −∂p

∂x
+ μ

(
∂2u

∂y2

)
+ γ sinβ (2.2)

In Fig. 2.5b, sinβ = dH/dx and applying in Eq.2.2

∂2u

∂y2
= 1

μ
+

(
∂p

∂x
+ γ H

)
(2.3)

Boundary conditions are u = 0 for y = 0. In the limit, when y nearly reaches the
fracture aperture a and fluid velocity (u) is close to the terminal upper plate velocity
(U ), then u = U for y = a, and ∂2u/∂y22 = λ, where λ = constante.

To obtain the solution of Eq.2.3, it is necessary to integrate and apply boundary
conditions. This solution is u(y) = (λ/2)y2 + Ay + B, which is a parabola. The
constants A and B are obtained by integration and finally result in the following
equation:

u(y) = 1

2μ

(
y2 − ay

) ∂(p + γ H)

∂x
+ U

a
y (2.4)

Equation2.4 describes the Couette flow because there is a linear plate move-
ment and can be used for stress-sensitive tectonic fractures. However, Eq.2.4 can be
written as.
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u(y) = 1

2μ

(
y2 − ay

) ∂(p + γ H)

∂x
(2.5)

Equation2.5 corresponds to the steady flow pressure distribution through two
inclined parallel surfaces when U = 0 (Poiseuille flow); it can be used to derive an
expression for the rate flowof nonstress-sensitive tectonic fractures using q = ∫

ud A,
where A = a · 1 gives

q =
∫ a

0

1

2μ

(
y2 − ay

) ∂(p + γ H)

∂x
dy = − a3

12μ

∂(p + γ H)

∂x
(2.6)

Equation2.6 is known as The Cubic Law which has been used in fractured rocks
(Witherspoon et al. 1980), and the mean velocity (ū) is obtained using ū = q/A;
substituting Eq.2.6 gives

ū = − a2

12μ

∂(p + γ H)

∂x
(2.7)

Deriving with respect to y Eq.2.5, substituting y = a/2, and applying the maxi-
mum and minimum criterion, the maximum velocity can be obtained:

umax = − a2

8μ

∂(p + γ H)

∂x
f or y = a/2 (2.8)

Equations described based on the classical methods in fluid mechanics have been
developed to calculate flow rate in tectonic fractures. The negative sign in Eqs. 2.6,
2.7, and 2.8 is related to flow in the direction of the negative pressure gradient.
Although, the cubic equation was derived for tectonic fractures, it is used for diverse
kinds of discontinuities (breccias, vugs, and channels) yet.

For natural fractures, our contribution is the application of theCouette flowgeneral
solution that describes flow profile in a natural fissure. But it will be compared with
flow kinematics equations to know the range of velocity or whenmaximum andmean
flow velocity can be used.

2.6 Kinematic Analytical Modeling for Tectonic Fractures

For flow visualization, three types of flow lines are used. Three types of fluid ele-
ment trajectories are defined: streamlines, pathlines, and streaklines. They are all
equivalent for steady flow but differ conceptually for unsteady flows.

Streamlines are lines tangents to the velocity vector and perpendicular at lines of
constant potential, called equipotential lines, a pathline is a line traced out in time
by a given fluid particle as it flows, and a streakline is a line traced out by a neutrally
buoyant marker fluid which is continuously injected into a flow field at a fixed point
in space (Currie 2003).
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Fig. 2.6 Streamlines in uniform rectilinear flow in tectonic fractureswith parallelwalls,a horizontal
direction, b inclined direction, and c vertical direction

To demonstrate the difference between the types of discontinuities, streamlines
are used. These are associated with stream analytical function (�) and potential
analytical function (�). In tectonic fractures, their streamlines are parallel and would
tend to be uniform (Fig. 2.6).

The theory of complex variable guarantees that Laplace’s equation for the velocity
potential ∇2� = 0 and for the stream function ∇2� = 0 is satisfied and can be
solved. Then,

u = ∂�

∂x
= ∂�

∂y
,

v = ∂�

∂y
= −∂�

∂x
. (2.9)

Equation2.9 recognized as the Cauchy-Riemann equations for �(x, y) and
� (x, y), and the analytical expressions used for uniform flow in Cartesian and polar
coordinates are the following:

� = uy, � = ux (2.10)

u = U∞, v = 0 (2.11)

ur = ucosβ, uθ = usenβ (2.12)

Equations2.10, 2.11, and 2.12 are Laplace’s equation solutions. Thus, they are
satisfied to∇2� = 0 and∇2� = 0. For this demonstration in one-dimension is used
the stream function � (x, y), as follows:
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∇2� = 0,
∂�

∂x
= 0,

∂2�

∂x2
= 0. (2.13)

Following a similar procedure for velocity potential �(x, y),

∇2� = 0,
∂�

∂x
= u,

∂2�

∂x2
= 0 (2.14)

Thus, Laplace’s equations for the velocity potential ∇2� = 0 and for the stream
function ∇2� = 0 have been satisfied.

2.7 Third Contradiction: Darcy’s Flow or Couette General
Flow for Planar Discontinuity (Tectonic Fracture)

For stress-sensitive system we recommend Couette flow, and for nonstress-sensitive
system use Poiseuille flow. Initially, it has been referenced the use of Darcy’s flow
to describe behavior fluid flow in vugs (Neale and Nader 1974) and (Wu 2011), fault
(McKeown et al. 1999), fault breccias (McKeown et al. 1999; Gudmundsson 2011),
and fractures (Bogdanov et al. 2003).

The application of Darcy’s flow is recommended when the range of value of
Reynolds number (Re) is between zero and unity. Last information was reported by
Muskat (1946) and is applied for low laminar velocity, namely, in porous media,
although it is also applied for tectonic fractures or tectonic fractured media without
considering value of Reynolds number. Our third contradiction is based on calcu-
lating Re, and if this number is greater that unity, then The Cubic Law for planar
discontinuity (tectonic fracture) is necessary, in which it derived Couette flow. So,
Darcy’s Law should be used with caution.

2.8 Geological and Tomography Features of Fault Breccias

Fault breccias consist of planar discontinuities associated with faulting. These brec-
cias are incohesive, characterized by predominant angular to subangular fragments
and internal fractures of cataclastic rock present in a fault zone. Fragments are slick-
ensided with variable slip directions, diverse sizes, and greater than 30% visibility.
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Fig. 2.7 Fault breccia
outcrop, Alberta, Canada

Fig. 2.8 Fault breccia core,
Late Cretaceous, Campeche
Sound, Marine Region,
Mexico

Cataclastic rocks have internal planar structure, are incohesive when faulting occurs
above depths of 1–4km or upper crustal fault zones, where brittle deformation
increases breccia formation processes because of stresses and tectonic activity.

Fault breccia zones enhance permeability (Woodcock and Mort 2008). In effect,
fault breccias are a superhighway production in limestone reservoirs. High perme-
ability is linked with unconsolidated faulted rock that can be a channel for the hydro-
carbons flow.

A fault breccia is presented in Fig. 2.7, which shows an outcrop of limestone
rock with subangular fragments, embedded in the matrix, with absence of primary
cohesion and erosion; its fault breccia zone is approximately 7m,which implies huge
movement rockmass and stresses (Fig. 2.7). This outcrop is a point of comparison for
fault breccia present in limestone reservoir, because it was clearly buried rock in the
past geological time. In effect, fault breccias in limestone reservoirs are production
paths with approximate 7–10 m (width).

Limestone reservoirs show fault breccias associated with faulting; these channels
have been described as horizontal, inclined, and vertical flux surfaces, which can be
regarded as planar discontinuities. A sample core (10 cm in diameter) was obtained
in a limestone reservoir of the Campeche Sound. Figure 2.8 shows a limestone
core with fault breccia; its geometry corresponds to successive flux planes between
barriers. These planes are connected networks in the whole medium and generate
interconductivity associated with permeability and effective porosity.
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Fig. 2.9 Representative appearance of fault breccia in computerized tomography (CT) images. a
Slice of fault breccia cut perpendicular to core axis (interval 316-C0004D-28R-2, length: 45.13 cm).
b Same as (a) with CT numbers of matrix and fragment. Note the small contrast in CT numbers
between matrix and fragment (1162 vs. 1294) (Kinoshita et al. 2009)

On the other hand, computerized tomography (CT) was used to study the inter-
nal morphology of fault breccias. Lime-stone cores with fault breccias present frag-
ments embedded in the matrix.We used information of the Integrated Ocean Drilling
Program (Kinoshita et al. 2009). Tomography images of limestone rock show the
contrast between matrix and fragments that can be observed based on the different
CT numbers.

Normally, fault breccia fragments are denser than the matrix, which indicates
higher bulk density and low porosity, and are identified with high CT numbers.
Moreover, fragments origin should be studied considering their age, lithology, CT
numbers, totalminerals, composition, and physical properties, to explain their density
and porosity. Voids have minor CT numbers with respect to matrix and fragments.

Fault and drilling-induced breccias show high contrast between fragments and
matrix because of voids that CT has identified. Fault breccias present low contrast
between fragments and matrix with voids, too. These empty spaces allow the oil flow
through the rock; in effect, fragments act as barriers and fluid movement is linked to
voids between matrix and fragments. This can be observed in Fig. 2.9.

Observing Figs. 2.7, 2.8, and 2.9, the following observations can be listed:

1. Embedded clasts in a fault breccia are subangular and angular, creating a huge
flow area.

2. Fault breccias are consequence of stresses in the lime-stone rock, with planar and
connected discontinuities that contain embedded clasts.

3. Fracturing and faulting intensity obeys stresses intensity.
4. In cores, the proportion of brecciated rock is greater than matrix.
5. In an outcrop, the brecciated rock has dimensions of meters.
6. Fault breccias can be described with multiple connected planes and embedded

clasts.

These observations are useful for the development of an analytical model that will
follow next.
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Fig. 2.10 Streamlines
through an angular fragment

2.9 Kinematic Analytical Modeling for Fault Breccias

In order to understand fluid flow in fault breccias, their kine-matics should be studied.
According to geological evidences and computerized tomography, these breccias
show angular clasts with similar lithology, which act as barriers; they are poorly
sorted and vary in size (1 mm–1 m). A representative scheme could be as shown in
Fig. 2.10 in which clasts may be grain-supported or floating and have a matrix or
cement to be responsible for close or open discontinuities.

Fractures contained in a fault breccia have a size aperture of millimeters, and zone
influences of fault breccias are centimeters or meters. The unfilled spaces between
clasts in a brecciated zone are preferential ways, or a complex network of disconti-
nuities for fluid flow.

Flow modeling between unfilled spaces and clasts could be developed using the
flow theory near a blunt nose, or Rankine half-body. This premise is based on geo-
metrical similarity between the angular clasts and Rankine half-body, considering
aerofoil shapes, particularly under flow conditions where the viscosity effects could
be minimal (Faber et al. 1995). It is appropriate to use and to adapt the implica-
tions and equations of potential flow and streamlines to describe flow through fault
breccias, considering the observations previously discussed regarding the physical
phenomenon. This problem is solved in cylindrical and spherical coordinates. When
cylindrical coordinates are used, physical condition is related to the radial geometry
of clast and a radial function is used as a potential function. When spherical coordi-
nates are used, the angular geometry of clast is considered and a potential function
is represented using a cosine function to describe this flow problem. Then, using
Laplace equation in cylindrical coordinates (r, x, θ),

∂2�

∂x2
+ ∂2�

∂r2
+ 1

r

∂�

∂r
= 0 (2.15)

The solution for Eq.2.15 is a function as given by

� = ecx f (r) (2.16)

For our physical phenomenon, f (r) is a radial function due to clasts changing
radially, and c is an integration constant that depends on the porousmedia (limestone).
The velocities ur and ux are given as
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ur = ∂�

∂r
, ux = ∂�

∂x
(2.17)

Equation2.15 is a Partial Differential Equation (PDE) and substituting Eq.2.16
into Eq.2.15 gives an Ordinary Differential Equation (ODE):

d2 f (r)

dr2
+ 1

r

d f (r)

dr
+ c2 f (r) = 0 (2.18)

Equation2.18 is the Bessel differential equation of order zero, and its general
solution is (Levi 1965)

f (r) = c1 Jo(cr) + c2Yo(cr) (2.19)

where c1 and c2 are constants and Jo and Yo are the Bessel function of order zero,
of the first and second kinds, respectively. A series development for the first kind of
Bessel function Jo(cr) can be written as
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The particular solution of Laplace’s equation given by Eq.2.16 is
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(2.21)

Solution of analytical model has a constant (c) that is associated with material
(limestone) and its roughness.

On the other hand, Laplace’s equation can also be solved for a flow described in
spherical coordinates (r, θ,∅). If � = �(r, θ), then there is a solution � = rn f (z),
where f (z) is function z = cosθ andn is an integer (Levi 1965). Through the previous
transformation, the following Laplace equation can be expressed as follows:

sinθ
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)
= 0 (2.22)

The velocities ur and uθ are given as ur = ∂�/∂r and ur = ∂�/∂θ . Deriving
the solution � previously stated with respect to r and substituting it in Laplace’s
equation given by Eq.2.22,

(1 − z2)
d2 f (z)

dz2
− 2z

1

r

d f (z)

dz
+ n(n + 1) f (z) = 0 (2.23)

Equation2.23 is the Legendre differential equation, which is a second-order ODE,
and its solution for an integer n is given by the Legendre polynomials Pn(z). Then,
the solution for Eq.2.23 is given by
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�(r, θ) = rn Pn(cosθ) (2.24)

Legendre’s polynomial of order n (0 and 1) is

P0(x) = 1,
P1(x) = x

(2.25)

Equation2.23 has a term n(n+1) f (z), which indicates a linear combination (Levi
1965). A general solution has an additional term:

�(r, θ) =
(
Anr

n + Bn

rn+1

)
Pn(cosθ) (2.26)

where An and Bn are constants.
The differential equation given by Eq.2.22 is linear; then solutions can be super-

posed to produce more complex solutions:

�(r, θ) =
∞∑
n=0

(
Anr

n + Bn

rn+1

)
Pn(cosθ) (2.27)

Equation2.27 is a solution for Legendre’s equation. According to Legendre’s
polynomial of order n with Pn = 1, this potential function can be used in stable
steady, irrotational flow and spherical coordinates and can represent some fluid flow
problems. This equation describes uniform flow, a source and a sink flow, a flow due
to a doublet, a flow around a sphere, a line-distributed source, and a flow near a blunt
nose. An and Bn play an important role in the solution because it is possible to super-
pose the geological events that influence the fault breccias. In addition, this solution
does not depend on porous media (limestone) or experimental constant; namely, it
considers fluid flow only. For example, for uniform flow (applied to planar discon-
tinuities, whose conditions are parallel, irrotational flow), the An and Bn parameters
in Eq.2.27 simplify as

I f Bn = 0 ∀n,

An = 0 f or n �= 1,
An = u f or n = 1.

(2.28)

Then, the potential, the stream function, and the radial and angular velocities can
be expressed as

�(r, θ) = ur(cosθ),

�(r, θ) = 1
2ur

2sin2θ,

ur = ∂�
∂r = ucosθ,

uθ = 1
r

∂�
∂r = −usinθ,

(2.29)
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For a source and sink flow (applied to discontinuity with embedded clasts, whose
conditions are slow and irrotational flow),

I f An = 0 ∀n,

Bn = 0 f or n �= 0,
Bn �= u f or n = 0.

(2.30)

Then, the velocity potential, the stream function, and the radial and angular veloc-
ities can be expressed as

�(r, θ) = − Q
4πr ,

�(r, θ) = − Q
4π (1 + cosθ),

ur = ∂�
∂r = Q

4πr2 ,

uθ = 1
r

∂�
∂r = 0

(2.31)

Similarly, the last expressions can be deduced using Eq.2.27 (the solution of
Legendre’s equation) and Cauchy equations.

For flow near a blunt nose or Rankine half-body, which can be modeled with
the superposition of uniform flow and a source (applied to planar discontinuity with
embedded clasts), as illustrated in Fig. 2.11,

�(r, θ) = 1

2
ur2sin2θ − Q

4π
(1 + cosθ) (2.32)

�(r, θ) = ur(cosθ) − Q

4πr
(2.33)

ur = ucosθ + Q

4πr2
(2.34)

uθ = −usinθ (2.35)

Equations (2.32), (2.33), (2.34), and (2.35) can be used to describe the flow kine-
matics in fault breccias. These analytical expressions apply to a steady,

Fig. 2.11 Flow kinematics
through fault breccias, using
Rankine half-body
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irrotational, and axisymmetric flow. This problem can be considered as an irrota-
tional flow because of the slow laminar movement of a viscous fluid on a planar sur-
face (Levi 1965). Moreover, two classical methods have been proposed and adapted
to describe fluid flow through fault breccias. The first method uses a solution of
the Bessel equation with an experimental constant, and second method employs a
solution of the Legendre equation.

2.10 Geological and Tomography Features of Chicxulub
Impact Breccias and Cantarell Reservoir

Impact breccias are a consequence of the impact of asteroids, meteorites, and comets
to the Earth. Meteorites are cosmic fragments rich in iron and nickel, which have
generated craters on the earth surface. Impact melt breccias and suevite can contain
material from the melting of target rocks. In impact breccias, brecciated target rocks,
melt fragments, and allochthonous fallback breccia can be observed. Impact breccias
have been observed in cores and out-crops, with embedded fragments in the ejected
matrix due to the impact. A core sequence was recovered in the Yaxcopoil-1 (Yax-1)
borehole located 40km southwest of Merida e and approximately 60km from the
center of the Chicxulub structure, between 794.65 and 894 m; a 100m thick impact
(sue-vite) breccia and impactites overlie a 617m thick sequence of horizontally
layered shallow-water lagoonal to subtidal Cretaceous limestone, dolomites, and
anhydrites (Keller et al. 2004a, b). In contrast,Grajales-Nishimura et al. (2000, 2009),
Rebolledo-Vieyra and Urrutia-Fucugauchi (2004), Kring et al. (2004), Wittmann
et al. (2004), Dressler et al. (2003), Tuchscherer et al. (2004), and Stöffler et al.
(2004) used outcrops and core sequence from the Yax-1 borehole, but there are
differences with respect to lithology, age, and stratigraphic column.

Representative core samples of Yaxcopoil-1 were analyzed for the estimation of
hydraulic permeability. ForTertiary limestones and suevites, their bulk permeabilities
range between 10–14 and 10–19 [m2] and their porosities are between 0.08 and 0.35.
For Lowermost Suevite Unit, Cretaceous anhydrites, and dolomites (900–1350 m),
their permeabilities range between 10−15 and 10−23 [m2 ] and their porosities are
between 0.1 and 0.15. The previous permeability and porosity values do not include
macroscopic events, such as faults and tectonic fractures (Mayr 2008).

Three decades ago, the impact crater discussion was begun. In 1975 and 1981,
Lopez-Ramos (1975) and Penfield and Camargo in 1981 reported 210 km diameter
circular structurewith totalmagnetic-field data. In 1991,Hildebrand et al. (1991) sug-
gested that a buried 180km diameter circular structure (the Chicxulub impact crater)
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was located on the Yucatán a Peninsula, Mexico, which was formed 65 million years
ago (Dressler et al. 2003), proposing it as candidate for the K/Pg boundary impact
site.

In the offshore zone of the western margin of Yucatán Platform or Campeche
Bay is located the largest oil field in Mexico and has produced more than 18000
million barrels of oil and 10000 billion of cubic feet of gas (PEMEX 2014). Outcrops
analogs, petrographic analysis,well logs, and cores description indicate thatCantarell
Oil Field is genetically related to the Chicxulub meteorite impact (Murillo-Muñetón
et al. 2002). This genetic link is found for the Cretaceous-Tertiary (K/T) in Cantarell
oil field that can also been seen in theChiapas andGuayal outcrops located inChiapas
and Tabasco regions (Grajales-Nishimura et al. 2000).

Impact breccia clasts are impact melt fragments with rip-up morphology that are
consolidated and embedded in the matrix and can be observed in Fig. 2.12, showing
similar geometrical characteristics.

Figure2.12a shows a Campeche Sound core with embedded clasts and rip-up
morphology, and Fig. 2.12b shows an analog outcrop with rip-up morphology clasts,
too. Considering Fig. 2.12, it can be inferred that embedded clasts act as nonflow bar-
riers. Moreover, impact breccias contain ejected material, which generate nonplanar
discontinuities, which can be observed in cores and in outcrop samples (Fig. 2.12).

The Cantarell reservoir includes the Upper Cretaceous (Upper Breccia) that is
associated with the Chicxulub event, with total average porosity and permeabilities
ranging from 8 to 10% and 800 to 5000 md, respectively, with average thickness of
11–105 m, thinning to the south-west, showing dissolution and dolomitization and
theUpper Jurassic (Tithonian)with dolomitized limestone. The field oil production is
associated with tectonic fractures that provide high permeability (Murillo-Muñetón
et al. 2002; Cruz et al. 2009; Cervantes and Montes 2014) and (Barton et al. 2009).

Fig. 2.12 Core and outcrop of impact breccia embedded clasts. a Limestone core of the Campeche
Soundwith rip-upmorphology clasts. Late Cretaceous, Campeche Sound,Marine Region, Cantarell
Complex, Mexico (Ortuño 2012). b Analog limestone outcrop with rip-up morphology clasts,
Guayal outcrop, TAB, Mexico (Grajales-Nishimura et al. 2000)
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Fig. 2.13 Samples of CT
slices through the Bosumtwi
and Chicxulub impacts. a
Breccia sequence in
Yaxcopoil-1 borehole. Core
images obtained with the
Core Scan System for the
breccias sec-tions,
illustrating the different
textures (Urrutia-Fucugauchi
et al. 2011). b
Three-dimensional
reconstruction of the clasts
population of the Bosumtwi
suevite. The image on the
left shows the sample with
color-coded clasts, with the
matrix (groundmass)
rendered partly transparent.
The center image shows only
the high-density clasts, with
the low-density clasts (and
the groundmass) rendered
transparent, and the image on
the right shows only the rock
edges and the low-density
clasts (Mees et al. 2003)

Computerized tomography is a tool to observe the differences betweenmatrix and
ejected clasts and describe internal texture of rock. Figure 2.13 indicates that clasts
are nonflow barriers in impact breccias and generate nonplanar discontinuities.

Figure2.13a shows different textures in breccia sequence of Yax-1 well; clasts or
nonflow barriers are present; it indicates that there is a range of porosities and perme-
abilities in limestone rocks. Low porosity and permeability are related to fine ejected
material. Figure2.13b shows other impact breccias (Bosumtwi) in three dimensions;
the nonflow barriers (high-density clasts) can be observed, with rip-up geometry,
generating nonplanar discontinuities, and they are embedded in matrix rock (low-
density).

Observing Figs. 2.12 and 2.13, the following can be inferred:

1. Embedded clasts in an impact breccia have rip-up geometry, creating a nonflow
barrier in the porous media (matrix).

2. Impact breccias are a consequence of the impact of asteroids, meteorites, and
comets in the Earth, generating nonplanar discontinuities that contain embedded
clasts.

3. Porosity andpermeability in an impact breccia are associatedwith ejectedmaterial
(clasts), providing a type of primary porosity in the limestone.

4. In the core, the proportion of matrix rock is greater than embedded clasts.
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5. In the outcrop and reservoirs, brecciated rock dimensions are related to impact
size.

6. Impact breccias can be described with multiple embedded clasts (high-density)
that act as nonflow barriers into connected matrix (low-density).

The previous inferences will be used in the present thesis for the development of an
analytical model.

2.11 Kinematic Analytical Modeling for Impact Breccias

When an impact breccia is observed without the presence of other geological events
as fault breccias, tectonic fractures, vugs, sedimentary breccias, dissolution, and
dolomitization, its permeability would be ultralow (Mayr 2008) and can have a low
to moderate porosity (1–8%) (Murillo-Muñetón et al. 2002). In consequence, impact
breccia can act as seal and have fluid storage, but its oil production depends on
tectonic fractures, fault breccias, dissolution, and vugs. It is very highly observed in
the Cantarell field.

Because of its low permeability and porosity, fluid flowvelocity in impact breccias
is slow and can be considered as irrotational flow in a porous media with primary
porosity. In addition to low permeability, rip-up geometry observed in tomography
and geological evidences and clasts act as barriers for fluid flow in porous media.
Figure 2.14 illustrates fluid flow with nonflow barriers and rip-up geometry for an
impact breccia.

The impact breccia flow may be studied in terms of the streamlines, taking into
consideration the axial flow symmetry. To solve this problem, we apply and adapt
the flow through a sphere considered by Stokes; then, it is possible to use the Laplace
Biharmonic equation to describe this flow (Bird et al. 2002) and (Warsi 1999):

∇4� = ∇2 (∇2�
) = 0 (2.36)

For spherical coordinates, Eq. 2.36 can be expressed by

� (r, θ) = 0 (2.37)

Fig. 2.14 Streamlines for
the flow through in rip-up
fragments in an impact
breccia
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Fig. 2.15 Streamlines for a
rip-up clast. Impact breccia

The boundary conditions for Eq. 2.37 are given by

ur = 1

r2sinθ

∂�

∂θ
= 0 f or r = ao (2.38)

uθ = − 1

rsinθ

∂�

∂r
= 0 f or r = ao (2.39)

� = 1

2
ur2sin2θ = 0 f or r −→ ∞ (2.40)

The boundary conditions given by Eqs. 2.38 and 2.39 describe fluid adherence on
a clast with rip-up morphology in a porous media. Figure 2.15 represents this fluid
adherence at a clast with similar rip-up morphology.

Boundary condition given by Eq.2.40 describes the streamlines before-after a
breccia clast, which implies a velocity change in fluid flow because the clast is
a barrier; namely, for r → ∞, the final clast velocity is obtained. In accordance
with this boundary condition is a general solution for Laplace Biharmonic equation
expressed as follows:

�(r, θ) = f (r)sin2θ (2.41)

This solution proposes radius and angle change of clast. However, it is necessary
to study the Stokes solution and test if it can be adapted to oil flow in an impact
breccia. Equation2.41 contains f (r), which is a radial function related to the clast
radius. Substituting Eq.2.41 in Eq.2.37,

[
sin2θ ∂2 f (r)

∂r2 − 2sinθ f (r)
r2

]2 = 0

[
sin2θ f (r)

(
∂2

∂r2 − 2
r2

)]2 = 0

(2.42)

Considering streamlines with trajectory angle of 90°, then Eq.2.42 can be
expressed as (

∂2

∂r2
− 2

r2

) (
∂2

∂r2
− 2

r2

)
f (r) = 0 (2.43)
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Equation2.43 is a fourth-order differential homogeneous linear equation, and its
solution is of type f (r) = crn , where n can have values (−1, 1, 2, 3) and c includes
integration constants (A, B,C, D), such that

f (r) = A

r
+ Br + Cr2 + Dr3 (2.44)

Deriving Eq.2.41 with respect to angle θ , ∂�/∂θ = 2 f (r)sinθcosθ , and substi-
tuting it in Eq.2.38,

ur = 1

r2sinθ

∂�

∂θ
= f (r)

2

r2
cosθ (2.45)

Substituting Eq.2.44 in Eq.2.45

ur = 2

(
A

r3
+ B

r
+ C + Dr

)
cosθ (2.46)

uθ can be expressed as

uθ = 1

rsinθ

∂�

∂θ
(2.47)

Substituting Eq.2.44 in Eq.2.41 and deriving the resulting equation,

∂�

∂r
= sin2θ

(
− A

r2
+ B + 2Cr + 3Dr3

)
(2.48)

Then, substituting Eq.2.48 in Eq.2.47,

uθ = −
(

− A

r3
+ B

r
+ 2C + 3Dr

)
sinθ (2.49)

Applying boundary conditions given by Eqs. 2.38 and 2.39 to 2.46 and 2.49, an
equations system is obtained

ur = 2
(
A
r3 + B

r + C + Dr
)
cosθ = 0,

2
(

A
a3o

+ B
ao

+ C + Dao
)
cosθ = 0,

uθ = − (− A
r3 + B

r + 2C + 3Dr
)
sinθ = 0,

(
− A

a3o
+ B

ao
+ 2C + 3Dao

)
sinθ = 0

(2.50)

Now, applying the boundary condition described by Eq.2.40 to velocity uθ when
r → ∞,
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usinθ = − (− A
r3 + B

r + 2C + 3Dr
)
sinθ

u = (2C + 3D ∗ ∞) sinθ

(2.51)

Considering in ur that r → ∞, then

ur = ucosθ = 2
(
A
r3 + B

r + C + Dr
)
cosθ,

ucosθ = 2
(
A
r3 + B

r + C + D ∗ ∞)
cosθ,

u = 2 (C + D ∗ ∞)

(2.52)

If r → ∞, clasts should be smaller in layer thickness (two orders of magnitude).
Moreover, initial fluid velocity changes when fluid impacts with clast (barrier), but
fluid velocity must be different from zero to apply the mass and momentum conser-
vation principles.

Thus D = 0 because D ∈ R and u ∈ R. From Eq.2.52,

C = u
2 , D = 0 (2.53)

If ur = uθ = 0 in Eqs. 2.38 and 2.39, then, the previously described procedure
regarding velocity ur indicates a stagnation point.

Following a similar solution for uθ , the following equation can be derived:

−
(

− A

r3
+ B

r
+ 2C + 3Dr

)
sinθ = 0, (2.54)

Substituting C = u/2 and D = 0 and θ = −90 (perpendicular streamline, that
describe streamline around clast) in Eq.2.54,

(
− A

r3
+ B

r
+ u

)
= 0, (2.55)

For ur from Eq.2.46,

0 = ucosθ = 2

(
A

r3
+ B

r
+ C + Dr

)
cosθ (2.56)

Substituting C = u/2 and D = 0 and θ = 0◦ (radius localized at θ = 0◦) in
Eq.2.56, (

2A

r3
+ 2B

r
+ u

)
= 0, (2.57)

Solving the system of Eqs. 2.55 and 2.57, constants A and B are expressed as
follows:
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A = r3

4 , B = −3ru
4

(2.58)

Then through the expressions (values) for the parameters A, B,C , and D,
Eqs. 2.46, 2.49, and 2.39 can be written as

ur = u

(
1 − 3ao

2r
+ a3o

2r3

)
cosθ, (2.59)

uθ = u

(
−1 + 3ao

4r
+ a3o

4r3

)
cosθ = 0 (2.60)

� = r2

2
u

(
1 − 3ao

2r
+ a3o

2r3

)
sin2θ = 0 (2.61)

The potential velocity is obtained using uθ = 1/r∂�/∂θ and integration. Then,
� can be derived as

� = u

(
r + 3ao

4
+ a3o

4r3

)
cosθ (2.62)

As impact breccias clasts do not have spherical geometry and their rip-up mor-
phology shows subrounded sides and other angular sides, in our analytical model we
consider symmetry and an angle between 0 and 90◦. Moreover, we propose that the
range of θ may be 0◦ < θ < 180◦ and rate change with respect to the angle can be
expressed as

d�

dθ
= r2u

(
1 − 3ao

2r
+ a3o

2r3

)
sinθcosθ, (2.63)

duθ

dθ
= u

(
−1 + 3ao

4r
+ a3o

2r3

)
cosθ, (2.64)

dur
dθ

= −u

(
1 − 3ao

2r
+ a3o

2r3

)
sinθ, (2.65)

Equations (2.63), (2.64) and (2.65) describe the changes in streamline velocities
in impact breccias and could be used to study clasts with a variety of angles or
subrounded side. In effect, as stated, the Stokes solution was adapted to impact
breccias.
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2.12 Fourth Contradiction: Fluid Flow of the Cantarell
Reservoir Modeled Without Considerer Chicxulub
Impact

Several authors document the influence of the Chicxulub impact in the Campeche
Sound and discussed if the Chicxulub impact breccias are seal, hydrocarbon produc-
tion and/or storage zones (Murillo-Muñetón et al. 2002; Grajales-Nishimura et al.
2000, 2009), or the impact is a geophysical survey reference as part of an oil explo-
ration program (Urrutia-Fucugauchi 2013; Penfield andCamargo1981;Ortuño2012;
Urrutia-Fucugauchi et al. 2011).

On the other hand, the Cantarell field is modeled as a tectonic fractures reservoir
(Rivas-Gómez et al. 2002; Cruz et al. 2009; Manceau et al. 2001). As this paper
is focused on oil flow in limestone reservoirs, then there is a question: why is the
Cantarell reservoirmodeledwith tectonic fractureswithout considering the fluid flow
through impact breccias? Or the impact breccia oil does not flow? A contribution of
this paper is related to describing fluid flow through an impact breccia. In absence
of vugs, fractures, and fault breccias, impact breccia has moderate porosity and
low permeability, which indicates low flow velocity, unique in this type of breccia.
Clearly, we modeled impact breccia without fractures or other geological events.

2.13 Geological and Tomography Features of Sedimentary
Breccias

Sedimentary breccias are a type of clastic sedimentary rock with subangular to sub-
rounded clasts. These rocks are deposited by transport and fast moving of a body
of sediment particles by water and/or air. These breccias are observed in debris
flows, mud flows, and mass flows, such as landslides and talus. According to type
of clasts, sedimentary breccias can be monomict, oligomict, or polymict. Clasts may
be extraformational or intraformational, matrix-supported or clast-supported.

The morphology of fragments clasts has been reworked by transport. Moreover,
rocks with rounded clasts are known as conglomerates, and they are different from
breccias. Sedimentary breccias contain clasts embedded in the matrix. These brec-
cias do not have linear or internal planar structure resulting from lithification and
consolidation of rocks, and they have been seen in outcrops (Fig. 2.16).

Figure2.16 shows reworked clasts embedded in rockmatrixwith subrounded sides
which indicates a short clasts transport. Long transport implies that clasts are rounded
and can be modeled as ellipsoids. In principle, sedimentary breccias affect carbonate
reservoirs and may enhance the total porosity. Fluid flow can be significant in the
matrix-clast interface due to clast being impermeable and acting as flow barriers.

Figure 2.17 shows a sedimentary breccia core with embedded clasts in a limestone
matrix, with subrounded and subangular side. Brecciation often results in enhanced
porosity, but with poor interconnection of pores. A specific example is the Cretaceous
Debris Reservoir, Poza Rica Field, Veracruz, Mexico (Enos 1985).
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Fig. 2.16 Sedimentary
breccia outcrop with
reworked clasts. La Popa
basin, Nuevo León, Mexico

Fig. 2.17 Matrix-clast
interface in sedimentary
breccia core. Late
Cretaceous, Cardenas Field,
TAB, Mexico
(Villaseñor-Rojas 2003).
Note: W = clast width and
L = clast length

On the other hand, we used information of the Integrated Ocean Drilling Program
that had sedimentary breccia tomography images (Kinoshita et al. 2009). Denser
fragments embedded had a contrast with the matrix, indicating high bulk density and
low porosity. In many cases, clasts can have high density and ultralow porosity. In
Fig. 2.18, tomography shows dark shading that corresponds to low density and white
to high density regions; this figure presents poorly sorted, elongated, and imperme-
able clasts with low porosity, in addition to Debris flow sediments in different layers.
These events indicate that clasts are oligomict or polymict and extraformational that
act as flow barriers in limestone reservoirs.

Observing Figs. 2.17 and 2.18, the following can be inferred:

1. Embedded clasts in a sedimentary breccia have sub-rounded, reworked, and elon-
gated geometry, creating a nonflow barrier in porous media (matrix).

2. Clasts are poorly sorted and dispersed.
3. Sedimentary breccias are consequence of Debris flow, generating nonplanar dis-

continuities that contain embedded clasts.
4. Porosity and permeability in a sedimentary breccia are associated with matrix,

embedded clast, and interface matrix-clast, producing a type of primary porosity
in the limestone rock.
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Fig. 2.18 Tomography (CT)
image of sedimentary
breccia. a Core. b
Tomography. c Lithological
description. Interval
316-C0004, 0–80 cm.
(Kinoshita et al. 2009)

5. In the core, matrix rock portion is greater than embedded clasts.
6. The presence of Debris flow sediment in different layers indicates that there are

diverse processes of sedimentation and that rock was exposed in the surface;
namely, it was an outcrop in another geological age at subsurface conditions.

7. In outcrops and reservoirs, sedimentary breccia dimensions are related to Debris
flow.

These observations are stated with the objective of the development of an analytical
model.
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Fig. 2.19 Streamlines in
sedimentary breccia with
reworked clasts

2.14 Kinematic Analytical Modeling for Sedimentary
Breccia

Fluid kinematics could describe fluid flow in this type of rocks. A representative
scheme is shown in Fig. 2.19, with streamlines for sedimentary breccia clasts, where
reworked clasts may be grain-supported or matrix-supported.

Modeling between matrix-clast interfaces could be developed using flow around
an elliptical body, like the Rankine solids, due to reworked clast. The Rankine
methodology is similar to that previously applied to fault breccias to describe fluid
kinematics; therefore, the flow around an elliptical body should satisfy Laplace’s
equation (Douglas et al. 2005).

Considering uniform flow, the Rankine solution is obtained using the superposi-
tion of a linear source and a linear sink of equal strength, combined with uniform
flow (Fig. 2.19), given by

�source(r, θ) = Q

2π
θ1 (2.66)

�source(r, θ) = Q

2π
θ1 (2.67)

�uni f orm(r, θ) = Uy (2.68)

Conceptually, Eqs. 2.66 and 2.67 express that a sink and a source are equivalent,
but geometry showsdifferences: they have different angleswith respect to streamlines
� and are separated from distance l. Distance between origin and source is l/2 due to
their symmetry. This is observed in Fig. 2.20 that shows different angles and radius
in a source and sink for Rankine’s solid.

The combined flow (�T ) is represented by the stream function. From geolog-
ical point of view, clast geometry indicates angular rate, and oil flows around the
impermeable clast, generating a nonplanar discontinuity:

�T (r, θ) = Q

2π
θ1 − Q

2π
θ2 +Uy (2.69)
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Fig. 2.20 Source and sink
angles in the Rankine body
(Douglas et al. 2005)

where
θ1 = tan−1

(
y′

x ′−(l/2)

)
,

θ2 = tan−1
(

y′
x ′+(l/2)

) (2.70)

Considering Eqs. 2.69 and 2.70, the combined flow (�T ) is given by

�T (r, θ) = Q

2π
tan−1

(
y′

x ′ − (l/2)

)
− Q

2π
tan−1

(
y′

x ′ + (l/2)

)
+Uy (2.71)

�T (r, θ) = Q

2π

[
tan−1

(
y′

x ′ − (l/2)

)
− tan−1

(
y′

x ′ + (l/2)

)]
+Uy (2.72)

Figure 2.21 shows two stagnation points associated with a source and sink; the
length of the Rankine body is (xT ), xT = x1+ x2, and the width of the Rankine body

Fig. 2.21 Streamlines for
the Rankine solid with sink
and source (Douglas et al.
2005)
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(w) is related to the maximum value of y on the contour of the body in the y-axis
direction.

Defining ux = ∂�T /∂y and uy = −∂�T /∂x in rectangular coordinates, using
Eq.2.69, horizontal and vertical velocities are given by

uy = − Q
2π

[(
y′

(x ′−(l/2))2+y′2

)
−

(
y′

(x ′+(l/2))2+y′2

)]

ux = Q
2π

[(
x ′−(l/2)

(x ′−(l/2))2+y′2

)
−

(
x ′+(l/2)

(x ′+(l/2))2+y′2

)]
+U

(2.73)

The total velocity is given by u =
√
u2x + u2y , and potential velocity is

�T = Q

2π
θ1 − Q

2π
θ2 +Uy (2.74)

�T = Q

2π
tan−1

(
y′

x ′ − (l/2)

)
− Q

2π
tan−1

(
y′

x ′ + (l/2)

)
+Uy (2.75)

To determine the width of the Rankine body, the maximum value of y (ymax)
in Fig. 2.21 should be estimated at x = 0 (vymax = 0).

Geological information could provide the width and length of clasts embedded in
cores of a sedimentary breccia, which would be assumed as length and width of the
Rankine body.

2.15 Geological and Tomography Features of Vugs

Vugs are a type of pores in carbonate rocks. Choquette and Pray (1970) presented a
classification based on the pore space genesis. Lucia (2007) proposed a classification
focused on petrophysical properties and on distribution of pore sizes within the rock.

Vuggy pore space is classified into touching-vug pores and separate-vug pores.
Touching-vug pores as tectonic fractures, breccias, and caverns are nonfabric-
selective in their origin. Separate-vug pores are defined as pore space larger than the
particle size and fabric-selective in their origin and are interconnected only through
interparticle pore space, such as moldic, intrafossil, intragrain, and shelter pores
(Lucia 2007). According to Lucia, vugs compared to separate-vug pores are sec-
ondary solution pores that are not fabric-selective in their origin, with irregular sizes
and shapes, which could be interconnected.

In absence of tectonic fractures, vugs are not fabric-selective pore spaces or dis-
continuities from various sizes, with irregular shape, as a result of chemical dissolu-
tion, that could be interconnected or separated. Figure 2.22 shows a core with vugs
created by chemical dissolution and irregular shapes. Normally, in a double porosity
reservoir, vugs interact with the matrix.
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Fig. 2.22 Limestone
reservoir core with irregular
vugs. Late Cretaceous,
Campeche Sound, Marine
Region, Mexico

Fig. 2.23 Zoomed photo of
vugs in a recycled outcrop.
Guayal outcrop, Tabasco,
Mexico (SENER-Conacyt
2013)

Permeability of vugular porous media depends on its interconnection of the pore
space. In this study, vugs are considered as nonplanar discontinuities that may be
separated and nonfabric-selective and interact with the matrix of carbonate rocks.

Vuggyporosity canbeproducedby the interactionofmeteoricwaterswith rock; by
grains dissolution, fossils, and matrix pores; by deep-burial fluids; and by exposition
of rock surfaces in humid climates.

Vugs geometry is irregular. Moreover, spherical cavities have been used to
describe them (Neale and Nader 1974; Moctezuma 2003; Rangel-German and
Kovscek 2005) and (De Swaan 1976).

In limestone outcrops, vugs are interconnected only with matrix; vuggy pore
space also can be regarded as interconnected with matrix and other vuggy systems
(Fig. 2.23). Figure2.23 shows a chemical dissolution process (diagenesis) with mul-
tiple size vugs similar to Fig. 2.22; then core and outcrops could be used as analogs.

Tomography images of an oil impregnated core obtained from a vuggy lime-
stone reservoir were taken to determine the internal characteristics, geometry, and
connectivity of the pore space.

The obtained one hundred and thirteen images describe the geometry and irregular
shapes of the vugs. Figure 2.24 shows an oil saturated core, with a length of 36 cm,
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Fig. 2.24 Oil impregnated
core of a vuggy limestone
reservoir. Late Cretaceous,
the Campeche Sound,
Marine Region, Mexico

with visible and irregular vugs as result of a chemical diagenesis, and CT slices were
taken every 3mm of distance through the sample (Fig. 2.25).

CT slices for the vuggy core of Fig. 2.24 are presented in Fig. 2.25. Figure2.25
shows slices with vugs (black color), matrix (yellow color), filled or recrystallized
cavities (green color), and embedded clasts (orange color). Cavities with black color
are big pore spaces, or void spaces saturated with oil. When the slices are compared,
vugs connectivity changes are observed. If we see a vug with black color in an image,
it disappears in subsequent images. In contrast, connected vugs can be observed
through different slices.

Considering core axisymmetry, there are permeable zones with isolated poros-
ity and others with interconnected porosity. Isolated zones interchange fluid with
matrix, but connected region presents matrix-vug and vugs system flow. Moreover,
dissolution is the dominant process that enhances connection vugs.

Observing Figs. 2.22, 2.23, 2.24, and 2.25, the following can be inferred:

1. Limestone vugs geometry is irregular and spherical for outcrop as for core.
2. In the core, the vugs proportion is equivalent to the matrix proportion.
3. The vugs distribution is approximately uniform.
4. Vugs may be connected or isolated, depending on interface vug-matrix.
5. The presence of vugs indicates chemical diagenesis, specially dissolution due to

meteoric water.

Considering these observations, the analytical model proposed by Neale and Nader
may be used, although we will propose expressions for angular, radial, and potential
velocities using Neale and Nader’s analytical model.
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Fig. 2.25 CT images of an
oil impregnated vuggy
limestone core. Late
Cretaceous, Campeche
Sound core, Marine Region,
Mexico
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2.16 Kinematic Analytical Modeling for Vugs

Vugs are irregular spaces, like spheroids and ellipsoids, that interact with the matrix.
To predict the flow field within a vug, we consider the mathematical solution devel-
oped by Neale and Nader, which was used to describe the pressure distribution
within an isotropic and homogeneous porous medium, with a spherical cavity. Con-
siderations employed to derive the mathematical solution were as follows: (1) uni-
formly vuggy medium with monosized cavities, (2) spherical cavity geometry, (3)
surrounding homogeneous and isotropic porous media, (4) steady-state flow, and (5)
incompressible fluid.

The problem and solution described by Neale and Nader are represented as shown
in Figs. 2.26 and 2.27.

To develop the analytical solution for the flow problem described, a composite
porous medium (matrix and vugs) was considered, and the creeping Navier-Stokes
and the Darcy equations were used. Combining these two equations, the Laplace
Biharmonic equation in spherical coordinate can be obtained and solved with its
boundary conditions; the solution is given by

�(ℵ, θ) = ku∗
2

[
Aℵ2 + Bℵ4

]
sin2θ 0 < ℵ < X, (2.76)

�∗(ℵ, θ) = ku∗
2

[
Cℵ−1 + Dℵ2

]
sin2θ 0 < ℵ < ∞, (2.77)

using the normalized radial coordinate and the normalized radius of the cavity, where

Fig. 2.26 Lateral view of a
composite porous medium
with vugs, matrix, and a fluid
flow field

Fig. 2.27 Proposed solution
for a composite porous
media with vugs, matrix, and
a fluid flow field
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A = 6(ℵ2+5σ)

X2+10σ+20 ,

B = 3
X2+10σ+20 ,

C = 2X3(X2+10σ−10)
X2+10σ+20 ,

D = 1,

ℵ = r√
k
,

X = R√
k
,

σ = σ(φ), 0 < φ < 1

(2.78)

Equations2.76 and 2.77 with their constants (A, B,C, D, X, σ,ℵ) predict the
streamlines behavior in vugs and porous media. However, the authors Neale and
Nadar did not describe angular, radial velocities or potential function. Considering
Eqs. 2.76 and 2.77 with their constants, we developed the angular, radial velocities
and potential function, which are given by

ur = 1
r

∂�
∂θ

=
(

9r3+30σrk
R2+10σk+20k

)
u∗sinθcosθ,

uθ = −
(

36r3+60σrk
R2+10σk+20k

)
u∗sin2θ

(2.79)

Defining potential flow as � = ∫ r
0 urdr, then

� =
(

μsinθcosθ

R2 + 10σk + 20k

) (
9r3

4
+ 15r3k3

)
(2.80)

Equations2.79 and 2.80 provide a description of the fluid flow in a composite
porous media.

2.17 Fifth Contradiction: Liquids Retention Paradox for
Vugs

Regardingvugs, there is a physical phenomenon related to oil flowand their geometry,
because they are concave and convex cavities with irregular shapes, which creates
oil entrapping. This phenomenon has been called “dead zone” (Perez-Rosales 1969)
or “the stagnation porosity” (Martinez-Angeles et al. 2002); however this problem
is well-known in fluidized bed reactors and their design in the chemical engineering
area (Bird et al. 2002).
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During the production, oil entrapping is a result of two fluid dynamic processes.
Initially, oil can be saturating the cavities, and its flow obeys a pressure gradient and
a balance between viscous and inertial forces; thus, this is a dynamic flow process.
When the first process concludes, oil flow follows a diffusion process, with slower
velocities, generating a second process with static characteristics and fluid entrap-
ping. The described phenomenon is related to the cavity geometry and vuggy pore
space; this problem is associated with static-dynamic liquid retention in vugs and
should be called liquids retention paradox.

It is a paradox because liquid in the cavities may be trapped in stagnation or
dead zones; however, fluid flow will always occur in the vuggy porosity (secondary)
producing a change in fluid velocity. In consequence, stagnation zones do not exist
because there is always movement of fluid.

2.18 Application Examples

In this section, examples are presented to illustrate the proposed kinematics models
in the analysis of limestone reservoirs with different discontinuities.

2.18.1 Behavior of Fluid Velocities

To examine the differences between the types of discontinuities, we used analytical
kinematics models to calculate and compare fluid velocities. Key data and parameter
values employed are presented in Table 2.1. Note that quantitative models should be
implemented with geological characterization for a better prediction.

Additionally, to quantify fluid velocities in this study, we took in to consideration
a pressure drop, a discontinuity angle with respect to streamline, aperture, clasts
angle, and sink and source for sedimentary breccia which are included in Table 2.2.

Table 2.3 shows obtained velocities and flow rates values for diverse kinds of
discontinuities. The goal is to compare these parameters. These models and their
results would be applicable to oil limestone reservoirs. In this example, the calculated
values of Table2.3 illustrate that discontinuities related to fluid flow are dissimilar
and that flow velocities and volumetric flow can be different. The results suggest that
discontinuities in a limestone reservoirmay not yield the same level of oil production.
This implies that it is necessary to identify andverify the dominant discontinuity using
static and dynamic characterization.

Note that the calculated values of Table2.3 were obtained using Eqs. 2.5, 2.6,
2.12, 2.34, 2.35, 2.59, 2.60, and 2.73, which imply the described constants for all of
the discontinuities presented in this paper. For sedimentary breccias, it is necessary to
convert Cartesian coordinates to radial coordinates using trigonometrical functions.
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Table 2.1 Data and parameters of limestone reservoir A

Parameters Symbol Values

Initial reservoir pressure pi 3.450 × 107 Pa

Bubble-point pressure pb 1.717 × 107 Pa

Reservoir depth D 2726 m

Formation thickness h 2.5 m

Primary porosity φ1 0.015 (fraction)

Primary permeability k1 395 × 10−17 m2

Secondary porosity φ2 0.15 (fraction)

Secondary permeability k2 158 × 10−10 m2

Oil viscosity μo 0.00038 Pa·s
Reservoir temperature T 121.85 ◦C
Oil specific gravity (15.6 ◦C) γo 0.8156 (dimensionless)

Oil specific gravitya γo 0.745 (dimensionless)
aOil specific gravity at 121.85 ◦C was determined by γo = γo(15.6 ◦C)/1 + δ(T − 60), where
δ = exp(0.0106 × AP I × 8.05) (Streeter 1961). Oil API gravity was 42◦API

Table 2.2 Additional data for the calculation of fluid velocities

Simulation properties Values

Pressure drop 2 Pa

Discontinuity angle 45◦

Clast angle 45◦

Aperture (fracture) 0.005 m

Vug radius 0.02 m

Distance (vug-matrix) 0.04 m

Clast radius 0.02 m

Sink and source 1 m2/s

Initial velocity 0.00639

Table 2.3 Calculated parameters values

Discontinuities Parameters

u (m/s) ur (m/s) uθ (m/s) q (m3/s)

Fracture 0.0064 0.0045 0.0045 0.0399

Fault Breccia 0.0066 0.0048 0.0045 0.0413

Impact Breccia 0.0013 0.0003 0.0012 0.0078

Vug 0.0190 0.0046 0.0184 0.1186

Sedimentary Breccia 0.0046 0.0033 0.0033 0.0290

The positive sign in fluid velocities represents its direction fromof origin in x-axis or y-axis direction
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The total velocity and volumetric flow are given by u =
√
u2x + u2y and q = uA,

respectively. Equation2.12 (The Cubic Law) is used for tectonic fracture.
Calculated values show the differences for each type of discontinuity. Horizontal

tectonic fracture presents equivalent velocities (radial and angular) because stream-
lines are parallel and volumetric flow depends on fracture aperture. Fault breccia has
high velocity and flow because it depends on elongated and subangular clast. Also,
vugs have superhigh velocity and flow because they are connected cavities without
flow barriers.

In contrast, impact and sedimentary breccias have low velocity and volumetric
flow due to clast geometry (rip-up and ellipsoidal), creating low radial velocity. In
addition, clasts are flow barriers and fluid flow is related to interaction matrix-clast
and their permeabilities that are normally very low because they behave as primary
permeability and porosity. This implies that proportion matrix is greater than the
proportion clast.

2.18.2 Carbonate Reservoir Characteristics: Cardenas Field
Application

According to the proposed geological model for the Cardenas Field, which is an
anticline with a fault system, controlled by stratigraphic traps rather than structural
traps. In accordance with the characteristics of primary porosity (1.5–1.7%), sec-
ondary porosity (5–11%), primary permeability (395 × 10−17 − 329 × 10−17 m2),
and secondary permeability (196 × 10−10 − 89 × 10−10 m2), production layers are
subdivided into different breccias intervals in the reservoir. Figure 2.28 shows corre-
lation through longitudinal breccias intervals for the Cardenas Field wells; moreover,
breccias sequence with a chemical diagenesis (dolomites and vugs) and limestone
layers were a criterion for the selection of wells. It is shown in the cross section
(Fig. 2.28). Oil production in the Cardenas reservoir comes from lateral intercon-
nected sedimentary breccias and vugs (Villaseñor-Rojas 2003).

Application of the flow kinematic models (vugs, sedimentary breccia models) to
the Cardenas Field may be used as a diagnosis tool for the fluid velocities prediction
and in the discontinuity characterization. In this case, there are wells with a simi-
lar pressure behavior Fig. 2.29 that produce from breccia intervals with vugs and
microfractures.

In Figs. 2.28 and 2.29, we observe a cross section 1-1 with eight wells and their
similar pressure history. In Fig. 2.29, 3D seismic section shows wells layers cor-
relation and confirms their lateral continuity. Also, the section correlation shows
clearly a connected thickness of Debris flow. As an application, we have chosen
three wells: Cardenas-109, Cardenas-129, and Cardenas-308, with geologic hetero-
geneities related to sedimentary breccias and vugs. The goal is to compare fluid
velocities and characteristics flow in sedimentary breccias and vugs and validate
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Fig. 2.28 Section1-1 producing levels correlation through breccias intervals longitudinal to the
northeastern reservoir (Villaseñor-Rojas 2003)

them with production data. Wells data and parameters are given in Tables 2.4, 2.5,
and 2.6.
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Fig. 2.29 Matching pressure curve declination amongwells is shown (AfterVillaseñor-Rojas 2003,
Fig. 6.5, p. 161.)

Table 2.4 Data and parameters for the Cardenas Field, well Cardenas-109

Parameters Symbol Values

Initial reservoir pressure pi 61.54 × 106 Pa

Pressure drop �p 20 Pa

Reservoir depth D 3969 m

Formation thickness h 270 m

Primary porosity φ1 0.015 (fraction)

Primary permeability k1 395 × 10−17 m2

Secondary porosity φ2 0.11 (fraction)

Secondary permeability k2 196 × 10−10 m2

Oil viscosity μo 0.00066 Pa·s
Reservoir temperature T 124 ◦C
Clast radius r 0.08 m

Vug radius R 0.03 m

Sink and source Q 1 m2/s

Oil specific gravity (15.6 ◦C) γo 0.720 (dimensionless)
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Table 2.5 Data and parameters for the Cardenas Field, well Cardenas-129

Parameters Symbol Values

Initial reservoir pressure pi 61.54 × 106 Pa

Pressure drop �p 20 Pa

Reservoir depth D 4002 m

Formation thickness h 382 m

Primary porosity φ1 0.017 (fraction)

Primary permeability k1 329 × 10−17 m2

Secondary porosity φ2 0.06 (fraction)

Secondary permeability k2 92 × 10−10 m2

Oil viscosity μo 0.00066 Pa·s
Reservoir temperature T 124.5 ◦C
Clast radius r 0.08 m

Vug radius R 0.01 m

Sink and source Q 1 m2/s

Oil specific gravity (15.6 ◦C) γo 0.720 (dimensionless)

Table 2.6 Data and parameters for the Cardenas Field, well Cardenas-308

Parameters Symbol Values

Initial reservoir pressure pi 61.54 × 106 Pa

Pressure drop �p 20 Pa

Reservoir depth D 3948 m

Formation thickness h 293 m

Primary porosity φ1 0.015 (fraction)

Primary permeability k1 358 × 10−17 m2

Secondary porosity φ2 0.05 (fraction)

Secondary permeability k2 89 × 10−10 m2

Oil viscosity μo 0.00066 Pa·s
Reservoir temperature T 124.1 ◦C
Clast radius r 0.08 m

Vug radius R 0.01 m

Sink and source Q 1 m2/s

Oil specific gravity (15.6 ◦C) γo 0.720 (dimensionless)
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Fig. 2.30 Oil cumulative production in wells of the Cardenas Field: wells C-109, C-129, and C-308
(Villaseñor-Rojas 2003)

Figure 2.30 shows wells Cardenas-109, Cardenas-129, and Cardenas 308. In
accordance with this figure, well Cardenas-109 has a high oil cumulative production
(>20 MMBls) due to geological events juxtaposition, of sedimentary breccias and
vugs. Vugular porosity was created by dissolution processes associated with pressure
and temperature drop, and circula-tion of high corrosive hydrothermal fluids, and its
breccias deposits were exposed to subaerial erosion, after they affected by dissolution
and dolomitization. In addition, oil cumulative production for well Cardenas-129 is
associated with vugular porosity, although its described production (12–20 MMBls)
in Fig. 2.30 is smaller than for Cardenas-109.Well Cardenas-308 geological descrip-
tion is related to sedimentary breccia intervals. Its production (6–12 MMBls) is low
with respect to the other two wells (Fig. 2.30), but it can be considered that there is a
high oil storage in the breccia intervals; namely, oil storage is localized in its primary
porosity.

According to Figs. 2.28, 2.29, and 2.30, diverse volumetric flow and velocities
should be calculated because geological events for the Cardenas Field are different
and juxtaposed. Juxtaposed geological events imply a high volumetric flow and fluid
velocity.

We applied the kinematic equations as a semiquantitative diagnosis tool to deter-
minate fluid velocities and fluid flow for the three study wells. Used equations for
sedimentary breccia, vugs, and superposed flow (sedimentary breccia and vugs) are



2.18 Application Examples 49

Table 2.7 Calculated velocities and rates values for the Cardenas Field, wells C-109, C-129, and
C-308

Discontinuities Wells Velocities and volumetric flows

u (m/s) ur (m/s) uθ (m/s) q (m3/s)

Breccia + vugs C-109 0.0350 0.0129 0.0314 2550.5

Vugs C-129 0.0146 0.0035 0.0142 2131.1

Sedimentary breccia C-308 0.0096 0.0068 0.0068 826.9

(59), (60), and (73) with their geometrical parameters. The fluid velocities can help
in the interpretation of the type of geological discontinuity; moreover it is necessary
to considerer static characterization for estimate values of velocities and rates with
reduced uncertainty. Kinematics equations validation is developed considering a low
fluid velocity in the sedimentary breccia of well Cardenas-308 because clasts are
barriers during fluid flow, but porosity and permeability of the sedimentary breccia
may store oil. This indicates that path for fluid flow will be slow and tortuous, and
then its velocity and flow are low. This premise was corroborated in Table 2.7.

Well Cardenas-129 is studied considering a high oil velocity because vugs are
cavities that do not have flow barrier and they are normally connected with limestone
matrix.

The porosity in this reservoir layer is a preferential way for fluid flow.When there
are connected vugs with oil storage in the rock, production conditions are excellent
due to oil free path. In contrast, well Cardenas-129 oil production should be greater
than well Cardenas-308 oil production. This claim was demonstrated in Table2.7.

Well Cardenas-109 presents complex geological events juxtaposition. Sedimen-
tary breccias store fluid and vugs store and transport oil through porous media due
to their inter-connection, in this case, porosity (storage) and secondary permeability
(transport). Then, the already stated events juxtaposition is applied to the geological
events superposition, which is a characteristic of analytical models developed in this
paper because our equations are lineal and they are solutions of the Laplace equation.
In consequence, the maximum oil production in this well must be obtained, and this
is demonstrated in Table2.7.

Table2.7 shows the obtained results with input parameters of wells Cardenas-109,
Cardenas-129, and Cardenas-308. Chosen wells for models validation have diverse
production; in consequence, fluid velocity and flow volumetric are different and they
are related to geological event as vugs, sedimentary breccia, and their juxtaposition.

The wells production is associated with phenomenology of complex limestone
reservoir. Thekeypoint here is that sedimentary breccias contain embedded clasts that
are barriers for fluid flow; nevertheless they can store oil. The degree of complexity
of clasts interactions with fluid depends on clast diameters and their spacing. In the
case of vugs, it depends on their interconnection. When different geological events
are juxtaposed and interconnected as in well Cardenas-109, oil production is high.
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The Cardenas Field has been chosen because we know, understand, and have geo-
logical control of reservoir, which was developed in a doctoral thesis. Data for the
field application previously discussed was mainly borrowed from the Ph.D. disser-
tation of one of the authors of the present paper (Villaseñor-Rojas 2003).

2.19 Mathematical Models Summary

Tables 2.8 and 2.9 present a summary that describe geological events and their
developed mathematical models in this doctoral dissertation. In addition, there are
different figures about outcrops, cores and streamlines representations. The goal is
to comparer fluid flow in porous media and the differences between the kinds of
discontinuities.

2.20 Nomenclature

x, y, z Reference axis in Cartesian coordinates
(r, θ) Radial an angular coordinates
u Fluid velocity in direction x [m/s]
v Fluid velocity in direction y [m/s]
w Fluid velocity in direction z [m/s]
h Vertical distance [m]
μ Liquid viscosity [Pa · s]
t Time [s]
ρ Density [kg/m3]
β Inclination angle [grades]
a Fracture aperture [m]
ao Impact clast radius [m]
p Pressure [Pa]
γ Fluid specific gravity [dimensionless]
q Volumetric flow [m3/s]
A Area [m2]
U Terminal velocity of upper plate [m/s]
U∞ Horizontal flow of uniform velocity [m/s]
ū Mean flow velocity [m/s]
umax Maximum fluid velocity [m/s]
ur Radial velocity [m/s]
uθ Angular velocity [m/s]
Q Linear sink or source [m2/s]
x Horizontal distance [m]
� Velocity potential [m2/s]
� Stream function [m2/s]
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r Clast radius [m]
θ Clast angle [degrees]
θ1 Source angle [degrees]
θ2 Source angle [degrees]
k Permeability [m2]
σ Slip factor [dimensionless]
φ Porosity of porous medium [fraction]
R Radius of spherical cavity [m]
ℵ Normalized radial coordinate
X Normalized radial of spherical cavity
∗ Average pertaining to a porous medium
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Chapter 3
A Ternary, Static, and Dynamic
Classification of NFCRs

Naturally Fractured Carbonate Reservoirs (NFCRs) need to be classified based on
the detection and evaluation of the dominant discontinuities, integrating dynamic and
static parameters. Discontinuities can display flow behaviors and geological features,
that may behave according to a variety of reservoir static-dynamic models. An inte-
gral classification is essential for optimum reservoir management and hydrocarbon
production.

This chapter presents a semi-quantitative methodology to classify naturally frac-
tured reservoirs containing discontinuities, such as tectonic fractures, sedimentary
breccias, vugs, impact breccias, caverns, fault breccias or combinations of those,
considering their flow models and patterns. The proposed classification was devel-
oped using geological parameters, such as compaction and a dominant discontinuity,
besides fluid flow parameters as storativity ratio and interporosity flow. A combi-
nation of static-dynamic data from various sources allows a reliable classification.
Consequently, at least nine types of reservoirs were identified.

To validate this methodology, fractured reservoirs from around the world are clas-
sified, such as Cantarell and Ghawar, that are super giant Mexican and Saudi Arabian
reservoirs. Comparisons between types of proposed reservoirs in this classification,
are provided, defined and described for field case studies, analyzing static-dynamic
parameters. The most significant finding is that an understanding and the classifica-
tion of a reservoir can avoid flow problems; for example, a formation classified and
associated to impact breccias, could present no matrix flow due to low permeability,
requiring a specific future planning for the application of an enhanced oil recovered
method, or a stimulation. Others classifications available in the literature have been
incorporated and involved; they are particular cases with respect to our presented
proposal, which are geological, petrophysical and fluid flow classifications, that do
not consider flow models and patterns.

The novelty of the ternary triangle classification is that provides a means to com-
pare integrated static-dynamic characteristics of real Naturally Fractured Reservoirs
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(NFCRs), combining geology and fluid flow. Another aspect that deserves special
attention is related to the description of the discontinuities in fractured systems for
their recovery factor optimization, contributing to an advanced strategy of field devel-
opment.

3.1 Classification Proposal

Advances in the understanding of fractured reservoirs are essential for their optimum
management. The developed proposal regarding NFCRs classification provides a
reasonable explanation for flow behavior (dynamics) and for the analysis of hetero-
geneous formations, with planar and non planar discontinuities. This new approach
extends and modifies the conventional methodology of NFCRs classification; it is
quantitative, with interdependent parameters associated to the matrix-discontinuity
transfer mechanism, storage relation, and compaction, applied to the different geo-
logical discontinuities present in NFCRs. Consequently, this classification is used
for an integral exploitation strategy, because of the interrelationship of multiples
discontinuities.

There are several NFCRs classifications, such as:

• Static qualitative classifications: (Streltsova-Adams 1978; Saidi 1987 andAguilera
2003).

• Static quantitative classifications: (Nelson 2001; Bratton et al. 2006) that is the
Nelson’s proposal modified, and (Soto et al. 2011).

• Qualitative dynamic classification: (Cinco-Ley 1996).
• Semi-dynamic quantitative classification: (Gilman et al. 2011).

Existing reservoirs classifications for fractured carbonate include some genetic, geo-
metrical, fracture-matrix fluid transfer, and petrophysical aspects, but the influence of
discontinuities in the fluid flow systemand patterns are poorly described. The purpose
of this chapter is to develop a ternary classification applied to carbonate reservoirs
that encompasses types of discontinuities, flow patterns, matrix-discontinuity fluid
transfer.

3.2 Ternary Classification Proposal Considerations

Considerations in this proposal will be given to the criteria which distinguish natu-
rally fractured carbonate hydrocarbon reservoirs from other types. In consequence,
the formation must have both sufficient porosity to contain fluids and permeabil-
ity to permit their extraction. In other words, vugs, channels, fractures, caverns,
and breccias may slightly increase porosity, but the permeability can be increased
enormously because it dependents upon the scale size. For the present doctoral dis-
sertation, a naturally fractured carbonate reservoir will be defined as one from which
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hydrocarbons production occurs, if the planar or non planar discontinuity are present.
The classification assumptions are as follows:

• NFCRs present planar and non planar discontinuities.
• NFCRs present multi-porosity and multi-permeability behavior.
• Discontinuities must be interconnected for hydrocarbons production.
• Isolated discontinuities are not considered.
• There is a dominant discontinuity for hydrocarbons production.
• There is a matrix-discontinuity transfer mechanism and a storage relation in reser-
voir.

• It can be applied to real NFCRs.
• NFCRs are considered as composite porous media.
• Fluid flow is controlled by a pressure drop in the porous media.

3.3 Ternary Classification of NFCRs

In this section, a classification will be presented to highlight the importance of inter-
connected discontinuities, their storativity ratio, fluid transfer (matrix-discontinuity),
and compaction. This classification is represented through an equilateral triangular
diagram, similar to a two-dimensional ternary diagram, which has a clockwise direc-
tion.

Figure3.1 shows nine types of NFCRs that closely correspond to a combination
of the static and dynamic features of a reservoir, related to geological discontinu-
ities through quantitative parameters, such as compaction C , storativity ratio ω, and

Fig. 3.1 Ternary, static and dynamic classification of NFCRs
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interporosity flow λ, normalized between 0 (zero) and 1 (unity). From an engineer-
ing perspective, normalized parameters quantify and indicate the type of fractured
reservoir; so that, it will be explained in the next section. Also, this Fig. 3.1 displays
a red triangle that integrate quantitative parameters, and various inner straight lines
or medians, that are geological discontinuities lines. These lines intersect in a single
point, called barycenter or interception point of geological discontinuities.

The foundation of the ternary classification, is the concept of discontinuities dis-
tribution; that is, the spatial distribution of interconnected heterogeneities within the
reservoir. In other words, each discontinuity affects and/or relates to permeability,
porosity, fluid flow, fluid flow patterns, discontinuity-matrix fluid transfer, storativity,
and productivity within NFCRs.

The diagenesis process and depositional environment associated to discontinuities
makes pores systems in carbonates act as porosity and permeability barriers, affecting
reservoirs quality. Thus, discontinuities can control oil production and distribution
by providing local fluid migration pathways.

Classifications based on porosity types in carbonates were written by Choquette
and Pray (1970), and Lucia (2007); these are genetic and petrophysical classifica-
tions of pore space, respectively. These classifications present many minor types of
porosity that have little or no significance to reservoir exploitation; in consequence,
they are pore space classifications. Discontinuities are a pore space, that can be
described using the classifications on porosity types; namely, when discontinuities
are considered in NFCRs, the types of pore spaces are implicitly included.

The various types of porosity are essential to static characterization; however,
they do not explain how fluids flow in NFCRs. From an engineering point of view,
the use of dynamic parameters is required. These parameters and types of fractured
carbonate reservoirs will be discussed in the next section.

In carbonate formations, oil recovery efficiency depends on the geometry and
topology of the conduit system, roughness of pore surfaces, tortuosity, fluid prop-
erties, wettability, drive mechanism, and pressure distribution. Consequently, oil
recovery efficiency is associated to discontinuities, too.

The difference of the classification proposal based on the ternary plot is its quan-
titative approach, that integrates the static-dynamic characteristics of real (NFCRs),
combining geological discontinuities and fluid flow through well testing. This clas-
sification can be applied for advanced development and the exploitation strategy of
NFCRs.

3.4 Ternary Classification Parameters

A combination of parameters results in a reliable classification of the carbonates
reservoirs. The presence of discontinuities changes the fluid flow patterns in NFCRs.
In other words, a network of discontinuities coexists with thematrix, and each system
(matrix or discontinuities) has different porosities, permeabilities, compressibilities,
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and geometry. The geometrical representation of a planar discontinuity (fracture) in
reservoirs, that is most widely used in well testing, is the Warren and Root’s model.

The classification proposal is based on the storativity ratio, ω, the interporosity
flow coefficient, λ, and compaction, C .

The storativity ratio and the interporosity flow coefficient can be calculated using
geological description, and well testing results, such as drawdown and buildup tests
for fractured reservoirs. These parameters are defined as

ω = 10−�p/m∗ = (φVct ) f

(φVct ) f + (φVct )m
, (3.1)

λ = (φVct ) f μr2w
γ k̄t1

= ar2w
km
k f

. (3.2)

The storativity ratio defines the contrast between the fracture system and the total
system, with different porosity and compressibility for matrix and fracture systems.
If matrix compressibility is equal to fracture compressibility implies that there is
no hydrodynamical contrast between fracture-matrix system despite porosities are
different. Consequently, compressibilities and porosities of fracture-matrix system
must be different to create a pressure gradient due to area reduction in the porous
media, and fluids flow occurs.

The interporosity flow coefficient is the matrix-fracture fluid flow transfer ability;
in the ternary classification. In other words, it is possible to use λ/ar2w = km/k f ,
considering that the interporosity flowdepends on the shape factor,a,wellbore radius,
rw and matrix and fracture permeabilities. The goal is to develop a dimensionless
ratio associated to interporosity flow coefficient.

The compaction is any process by which the pore space is reduced, as overburden
loadpress downon the formation; among the changeswecanmention ahigher density
of the porous media, a decrease of porosity and permeability, and the production of
pore-filling fluids. Compaction is related to porosity and depth, through (3.3):

φ = φi e
−CD, (3.3)

The compaction correction coefficient is determined using sonic logs. Also, rock
compaction can be described using the diffusivity equation, assuming that bulk vol-
ume reduction equals pore volume reduction (Kohlhass and Miller 1969). If well
logs are used, the compaction factor ranges from 0 to 1. When the diffusivity equa-
tion or (3.3) is used, a compaction ratio should be determined between calculated
compaction at a specific depth and the calculated compaction of the deepest strati-
graphic layer, considering the same geologic age of formation. This compaction ratio
indicates porosity reduction in the formation. Normally, backstripping procedures
are used to study the compaction effect in rocks; initial porosities values in shale,
sandstone, and limestone are 0.5, 0.4, and 0.5 respectively.
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3.5 Geological Discontinuities Lines

The fundamental reason of the ternary classification of NFCRs is the description and
quantification of geological discontinuities, using dynamic and static parameters.
Three lines are presented (blue, black and yellow lines) in the ternary diagram, that
indicate a geological discontinuity. Frequency of geological event is used to describe
the maximum and/or minimum influence of discontinuity in NFCR. In other words,
when frequency equals 1, that implies that there is more than one discontinuity
per depth feet in NFCR. For example, whether frequency equals 1; namely, several
dissolution systems are observed in a measured feet of the formation.

3.5.1 Line of Tectonic-Sedimentary Breccias

Figure3.2 displays the line of tectonic-sedimentary breccias (blue line), indicating
two zones in NFCRs. The first zone (right side) describes reservoirs with tectonic
events. Fundamentally, it is associated to tectonic fractures and fault breccias. Second
zone (left side) shows sedimentary breccias; specifically, debris flows do not have
linear or internal planar structure, resulting from lithification and consolidation of
rocks. Thus, these geological events can be observed regardless the formation depth.

3.5.2 Line of Impact Breccias

Figure3.3 shows the line of impact breccias (black line). NFCRs affected by impact
breccias as the Cantarell field, are described by this line. This type of geological

Fig. 3.2 Line of
tectonic-sedimentary
breccias
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Fig. 3.3 Line of impact
breccias

event is related to the ejected material produced by the earth impact of an asteroid.
Also, this event can be observed regardless the formation depth.

Impact brecciasmay act as a seal in the formation. So that, they present high or low
porosity, and their high permeability is related to the presence of others geological
events because the ejected material acts as a flow barrier. In consequence, the line
of impact breccias does not depend on depth; moreover, this geological event can
associate to high or low porosity and moderate permeability, that indicates different
values of the interporosity flow coefficient and the storativity ratio.

3.5.3 Dissolution Line

Figure3.4 presents the dissolution line (yellow line). The goal is to describe vugs,
caverns and dissolution processes associated to chemical diagenesis. This geological
event can locally be observed regardless the formation depth, and it is important
during hydrocarbon production due to the resulting its high permeability.

Carbonates dissolve easily due to chemical dissolution,meteoricwater interaction,
or under pressure. Moreover, dissolution may facilitate permeability increase, and
can enhance tectonic fractures apertures.

3.5.4 Interception of Geological Discontinuities Lines

A NFCR is affected in some way by tectonic fractures, impact breccias, vugs, sed-
imentary breccias, caverns, and fault breccias, that help create secondary porosity.
The interception zone of geological discontinuities lines implies the impact of natural
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Fig. 3.4 Dissolution line

geological discontinuities at different zones of the reservoir; namely, the presence
of distinct types of discontinuities in a reservoir, where a discontinuity can be dom-
inant. This point called barycenter, which several geological events can be observed
in NFCRs.

In consequence, a particular NFCR can fall into different classifications in accor-
dance to several local geological events. Figure3.1 shows the interceptions of geo-
logical discontinuities lines.

3.5.5 Classifying Fractured Carbonate Reservoirs

The ternary classification is genetic and petrophysical, based on static and dynamic
parameters, that can be obtained using cores information, petrophysical data, out-
crops, and well testing. Figure3.1 showed this ternary classification.

This proposal presents nine types of NFCRs, depending on the geological dis-
continuities. So that, if discontinuities are dominant dissolution and impact breccias
lines, and sedimentary and tectonic zones are considered. A dominant discontinuity
or geological event is related to production and storage ability, that impacts fluid
flow in NFCRs; consequently, there is a high discontinuity frequency. For exam-
ple, a reservoir can be located near a fault, but the dominant event could present
sedimentary features.

Type A: Single medium

This type of NFCRs is observed in intensively fractured porous media, that can be
associated to a fault. Moreover, fractures or planar discontinuities are embedded in
the matrix, and they represent physically the limits of narrow discontinuities which
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the pressure is continuous at the matrix-fracture interface. So that, fluids in these
porous media are in dynamic equilibrium, and a single medium can be considered.

Type A reservoirs are equivalent to homogeneous reservoirs. In other words,
the system behavior is dominated by high matrix porosity and permeability, and
discontinuities can enhance permeability. Although, hydrocarbon production is the
direct result of the whole porous system, matrix-fractures transfer through rock-fluid
expansion occurs instantaneously.

The patterns of fluid flow and their geometries estimated by use of the specialized
graphs of pressure, p, versus time, t (e.g., p vs. logt , p vs. t1/2, p vs. t1/4, p vs. t−1/2,
p vs. 1/t , and p vs. t) corresponding to radial, linear, bilinear, spherical, constant
pressure boundary, and pseudosteady state flow, are present in Type A reservoirs.
They present high interporosity flow, low storativity ratio, and high or moderate
compaction. In addition, discontinuities can create flow barriers.

Type B: Single discontinuity

Single discontinuities reservoirs are associated to tectonic fracture systems or vugs,
connected with poor matrix; provide both storage and permeability to achieve hydro-
carbon flow. Moreover, there is no significant matrix to fractures fluid flow and its
porosity and permeability are low. Thus, matrix-discontinuity fluid transfer does not
occur, and fluid is in dynamic equilibrium with discontinuity only. These reservoirs
can be observed in conjugate fractures system.

The interporosity flowcoefficient is low.The contrast of permeabilities and porosi-
ties, and the storativity ratio are high. Additionally, compaction is moderate to high.
Thus, this single discontinuity can observe in layers buried, and fractured later. In
consequence, hydrocarbons are produced through fractures.

The fluid flow patterns and their geometries estimated by the use of the special-
ized pressure graphs, p, versus time, t , corresponding to radial, constant pressure
boundary, and pseudosteady state flow, are present in NFCR Type A, too.

Type C: Weakly compacted composite media

Type C reservoirs consider two different media. Each medium is located in distinct
zones, that are defined by a flow capacity, porosity and permeability. The system can
be characterized by the porosity, and the flow capacity

(
k f h

)
1 and (kmh)2 of both

zones, fractures ( f ) and matrix (m). These reservoirs are affected locally by tectonic
and sedimentary (debris flow) discontinuities, which are composed of two zones: a
high-transmissibility and a low-transmissibility zone. Also, composite media can be
compared as integrated porous system, changing radially, bywhich, fractures provide
the permeability for the productivity of the wells, with low permeability and porosity
in the matrix.

Compaction is low due to low reservoirs depths. The interporosity flow coeffi-
cient and storativity ratio are high, depending zone transmissibility. Normally, well
is at the center of a circular high-transmissibility zone, with higher productivity
than in the outer reservoir structure with respect to well, that corresponds to the
homogeneous zone. The objective of this radial geometry is to describe formation
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properties changes. These composite media show weakly compaction are related to
fault breccias, and reservoirs localized on the fold crest.

Initially, the dynamic behavior is controlled by the fractured zone; after, the pres-
sure behavior is dominated by the homogeneous zone, showing a contrast between
the two zones; this behavior is observed in the pressure derivative function (PDF)
curve. On the other hand, the specialized graph of pressure, p, versus log t , may
suggest the presence of a pseudosteady state matrix-fracture flow (Cinco-Ley 1996).

Type D: Multiple porosities and permeabilities

Type D reservoirs present the highest productivity because they are associated to
different geological discontinuities, creating multiples porosities and permeabilities.
In other words, discontinuities could be present in NFCRs; so that, this type of
reservoir is located near the barycenter, which implies juxtaposition of geological
events.

The double-porosity and double-permeability models essentially can describe
these reservoirs, considering moderate or high interporosity flow coefficient and
storativity ratio. These reservoirs provide added porosity and permeability. Addi-
tionally, deep formations exhibit a moderate to high compaction, too.

The pressure behavior is observed in semilog graph, showing two parallel straight
lines; namely, a fracture-dominated flow period and a total system (fracture/matrix)
dominated flow period (Cinco-Ley 1996), with radial and bilineal flow.

Type E: Composite media compacted moderately

Type E reservoirs are similar to type C, and consider two different media, too.
These reservoirs are affected locally by fracturing, impact breccias, dissolution, and
debris flow, and are composed of two zones: a high-transmissibility and a low-
transmissibility zone. The system is characterized by the porosity, and the flow
capacity

(
k f h

)
1 and (kmh)2 of both zones.

These composite media with moderate compaction are related to fault breccias,
local diagenesis zones, and reservoirs localized in the fold.

The pressure behavior shows a contrast between two zones, suggesting the pres-
ence of pseudosteady state matrix-fractures flow.

Type F: Fluid flow barriers

Type F reservoirs have low to moderate storativity ratio, and moderate to high inter-
porosity flow coefficient. They can be associated to ejected clasts of impact breccias,
and debris flow with little fracturing. Normally, wells productivity depends on frac-
tures or vugs.

The pressure behavior is pseudosteady state flow, and sedimentary and ejected
clasts often complicate fluid flow developing barriers. Compaction depends on reser-
voir depth.

Type G: Dominant discontinuity

Some NFCRs exhibit a dominant discontinuity (planar or nonplanar), that represent
a cavern, permeable fault, or fault breccias, that act as a huge channel to drain the
reservoir zones. The flow system is dominated by the discontinuity transmissibility.
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Both matrix and dominant discontinuity contain hydrocarbons, showing different
values ranges for interporosity flow coefficient; however, storativity ratio contribute
to hydrocarbons storage. The dominant discontinuities can have complex directional
permeability relationships with respect to dissolutions or fractures because they are
juxtaposed.

A radial flow period is present when the wellbore is not intercepted by the dom-
inant discontinuity. After a transition period, the well behaves as if it was located
near a constant pressure boundary, reaching a final bilinear flow period (Cinco-Ley
1996).

Type H: Fluid transfer mechanism

Type H deep reservoirs have high compaction, so that their storativity ratio values
are limited due to the presence of discontinuities. The interporosity flow coefficient
can have different values, that implies an effective or poor matrix-discontinuity fluid
transfer mechanism. The matrix-discontinuity fluid transfer is a controlling parame-
ter in the long-termbehavior of a radial, closed system. The distinct compressibilities,
permeabilities, and porosities of porous media change because of hydrocarbon pro-
duction, and the matrix-discontinuity system depletion.

These NFCRs can be associated to tectonic and sedimentary systems by which
should exist two porous media; so that, doble-porosity and doble-permeability mod-
els could be used to describe dynamic behavior reservoirs.

Type I: Impact breccias, with others discontinuities

In the absence of others discontinuities (fault breccias, fractures, vugs, sedimen-
tary breccias, and caverns), impact breccias in NFCRs present low volumetric flow
because of the ejected clasts act as flow barriers. The presence of fractures or fault
breccias is a fluids production way, and impact breccias are fluid storage.

Some NFCRs contain impact breccias, with huge hydrocarbons volume due to
high matrix porosity. Moreover, the poor matrix permeability does not permit fluids
flow freely. So that, it is necessary the presence of other discontinuities.

The pressure behavior of type I reservoirs is radial. A bilineal flow is observed in
fault breccias and fractures. Also, elliptical flow can be found because of the ejected
clasts rip-up geometry.

3.6 Generalized Ternary Classification

The ternary classification can incorporate the others classifications available in the
literature because this new proposal considers a quantitative, genetic, geological,
petrophysical, and dynamic classification. In addition, the present classification does
not contrast with others, because all of them are included.
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Fig. 3.5 A schematic cross plot of percent reservoir porosity versus percent reservoir permeability
(percent due to matrix versus percent due to fractures) for the fractured reservoir classifications
used by author (After Nelson 2001, Fig. 2-1, p. 102)

3.6.1 Classification of Naturally Fractured Reservoirs.
Author: Ronald Nelson

Figure3.5 displays a quantitative and static classification. This plot classification is
based on porous media permeabilities and porosities, showing four types of reser-
voirs. This classification was presented as follows:

3.6.2 Classification for Naturally Fractured Reservoir, by
Gilman et al.

In this semiquantitative plot classification, the concepts of interporosity flow coef-
ficient and storativity ratio were redefined. Although, this proposal is based on an
interporosity flow term defined as λA = σkm A/k f e, that indicates the relative con-
tribution of fracture-matrix flow compared to flow through the fractures within the
well drainage area, A (Gilman et al. 2011); on the other hand, Gilman’s storativity
ratio is defined as ωφ = φ f /(φ f + φm), and a third ratio called the ratio of effective
fracture permeability to matrix permeability defined as kexr = k f e/km is also used.

The storativity ratio conceptualized in the Gilman plot does not included porous
media compressibilities. Also, it might mean that matrix compressibility is simi-
lar to fractures compressibility. Consequently, a hydrodynamical contrast between
fracture-matrix system might not occur, and the whole matrix-fracture system is
assumed with a homogeneous compaction and deformation. Moreover, this type of
fractured reservoirs may be possible (equivalent compressibilities), and it might be a
particular type of ternary classification (Type H). Seven cases of naturally fractured
reservoir were presented in Gilman’s plot. Figure3.6 shows two of his seven cases.
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(a)

(b)

Fig. 3.6 Gilman Plot for conventional reservoirs, Cases 1 and 3. a Carbonate, light oil, pressure
depletion via horizontal and vertical wells, moderate aquifer influx, b Sandstone, heavy oil, water-
flood via vertical wells (After Gilman et al. 2011, Fig. 3, p. 16.)

3.6.3 Types of Naturally Fractured Reservoirs. Author:
Héber Cinco-Ley

Figure3.7 and Table3.1 show a qualitative and dynamic classification based on well
testing. The types of naturally fractured reservoirs were presented as follows:

3.6.4 Reservoirs Classification, by Soto et al.

Figure3.8 displays a petrophysical classification based onpore types and cementation
factor, mvariable, using the fuzzy logic principles (Soto et al. 2011).

This classification is approached to vugs and fractures, including matrix-fracture
and matrix-vugs fluid transfers. In addition, a homogeneous reservoir is related to
intergranular porosity reservoirs.
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Fig. 3.7 Types of NFRs.
a Homogeneous model.
b Fluids contained in the
fractures system.
c Multiple region or
composite.
d Anisotropic model.
e Single fracture model.
f Double porosity model.
(After Cinco-Ley 1996,
Fig. 2, p. 52)

Table 3.1 Parameters and applications of flow models for NFRs (After Cinco-Ley 1996, Table1,
p. 52)

Model Parameters Application

Homogeneous kh and s Highly fractured reservoir or
low-permeability matrix

Multiple region or composite (kh)1, (kh)2, and s Regionally fractured reservoir

Anisotropic kmax and kmin Oriented fractures

Single fracture FcD , s f , d f , k f and s Reservoir with a dominant
fracture, or a well near a
conductive fault

Double porosity (kh) f , s, λ, and ω Heavily fractured reservoir with
intermediate matrix permeability

Fig. 3.8 The five types of reservoirs based on the cementation factor variable, related to different
kind of reservoirs (After Soto et al. 2011, Fig. 6, p. 8)
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Table 3.2 Similarities between the literature available classifications and the ternary classification

Classifications available in the literature Ternary classification

R. Nelson’s classification

Type 1 Type B

Type 2 Type G and Type I

Type 3 Type D and Type G

Type 4 Type A and Type F

Cinco-Ley’s types of NFRs

Homogeneous Type A and Type B

Multiple region or composite Type C and Type E

Anisotropic Type G and Type I

Single fracture Type G

Double porosity Type D, Type E, Type H, and Type G

Gilman plot

Case 1 Type H

Case 2 Type H

Case 3 Type H

Case 4 Type H

Case 5 Type H

Case 6 Type H

Case 7 Type H

Soto et al.’s classification

Type 1 Type B

Type 2 Type E, Type D, and Type I

Type 3 Type C and Type E

Type 4 Type D and Type G

Type 5 Type G and Type I

3.6.5 Similarities Between Classifications Available in
Literature and Ternary Classification

Table3.2 presents similarities between several published classifications with respect
to the ternary classification.

The ternary classification defines the quantitative static and dynamic parameters
of planar and nonplanar discontinuities, which are necessary in reservoirs evaluation
and modeling, and it allows the fluid flow behavior prediction. This is its advantage.
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Fig. 3.9 A depiction of the NFCRs ternary classification of the investigated reservoirs

3.7 Examples of NFCRs

The ternary classification scheme subdivides fractured reservoirs, considering similar
static and dynamic parameters that describe the flow interaction between the matrix-
discontinuities. The examples of NFCRs presented have been investigated on the
basis of the porous media connectivity. A depiction of classified NFCRs is shown
in Fig. 3.9, considering the literature available for carbonate reservoirs (Villaseñor-
Rojas 2003; Voelker 2004 and Nelson 2001).

Different pore types or discontinuities are observed in a reservoir. The juxtaposi-
tion of geological planar and nonplanar discontinuities can locally classify a reservoir
in different types. In other words, each discontinuity can create a particular fluid flow
behavior in NFCRs.

3.8 Nomenclature

�p pressure difference, [Pa]
φi initial porosity, [fraction]
φ porosity, [fraction]
a, σ shape factor, [m−2]
h formation thickness, [m]
ω storativity ratio, [dimensionless]
ωφ storativity ratio of Gilman’s plot, [dimensionless]
λ interporosity flow coefficient, [dimensionless]
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λA interporosity flow coefficient used in Gilman’s plot, [dimensionless]
k̄ average fracture permeability, [m2]
km matrix permeability, [m2]
k f fracture permeability, [m2]
k f e effective fracture permeability, [m2]
kexr permeability excess ratio, [dimensionless]
γ exponential of Euler’s constant, (γ = 1.781)
t1 time of intersection with respect to midpoint of the transition data

(early straight line), [s]
rw wellbore radius, [m]
C compaction factor at the specified depth, [dimensionless]
m drawdown slope, [Pa−1]
D depth, [m]
ct total compressibility, [Pa−1]
V volume, [m3]

Subscripts

f fracture
m matrix
i initial
1 first zone
2 second zone
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Chapter 4
Analytical Model for Non Stress Sensitive
Naturally Fractured Carbonate
Reservoirs (NFCRs)

4.1 Overview

This chapter compares the obtained solutions in a fractured medium and a frac-
tured porous medium. Both media are slightly deformable without stress-sensitive.
The analysis has been developed chiefly with the aim of obtaining exact analytical
expressions for the solution of the mathematical model of carbonate reservoirs.

A fractured medium is formed by stresses producing the rock breaking, that con-
tains tectonic fractures between blocks of rock, and there is not interchange fluid
between rock and fractures. Some examples as fractured igneous rock, or fractured
reservoirs classified as type I by Nelson (2001). A fractured porous medium is gen-
erated by stresses producing rock breaking, that contains tectonic fractures and there
exist interchange fluid between rock and fractures, such as fractured limestone, or
fractured reservoir classified as type II and III by Nelson (2001).

An analytical model for non stress sensitive Naturally Fractured Reservoirs is
developed. Their model is solved analytically for flow equation including quadratic
gradient term using Cole-Hopf transform for a infinite reservoir case.

Proposed analytical techniques assume constant properties of rock, which yield
a constant diffusivity. For use this case, we use a Navier-Stokes solution called the
Couette’s flow for fractures, which it is similar to Darcy’s law.

The theory of fluid flow in fractured media was developed by Barenblatt et al.
(1960), and is based on the assumption of constant rock properties. Barenblatt’s
model consisted of twomedia: matrix and fractures, which would generate a pressure
gradient during hydrocarbon production (Barenblatt et al. 1960).

4.2 Analytical Considerations for Model

In order to develop this mathematical model, let us establish some physical consid-
erations as result of physic phenomenon that would help to obtain the solution:
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1. Carbonate reservoirs are usually naturally fractured. So, there are two media
that interchange fluid due to pressure gradient between matrix and fractures
(Barenblatt et al. 1960).

2. Single phase. Undersaturated oil reservoir (Craft and Hawkins 1991), so that fluid
is a liquid.

3. Porosity, permeability, and density are constants. So, they do not depend neither
stresses nor fluid pressure.

4. Permeability is isotropic.
5. Liquid of constant compressibility, in consequence fluid density changes expo-

nentially with respect to pressure (Muskat 1945).
6. Isothermal fluid flow of small and constant compressibility.

4.3 Couette and Darcy’s Equation

Darcy’s law is frequently used and sometimes unknowing its basic assumptions. The
most restrictive application condition is related to Reynolds number; namely, that
fluid flow is dominated by viscous forces, considering laminar flow for Reynolds
number, Re smaller than unity Fig. 4.1.

Various authors give different limiting values for Darcy’s laminar flow, between a
range of Re from 3 to 10 (Polubarinova-Kochina 1962). However, (Muskat 1945) dis-
cussed that Darcy’s Law can be applied to reservoirs flow problemswhose conditions
yield Reynolds number smaller that unity.

The Reynolds number and the basic Darcy equation may be stated as:

Re = ¯vDpρ

μ
(4.1)

Fig. 4.1 Applicability of Darcy’s law (VICAIRE 2014)
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For natural fractures can be expressed as:

Re = qaρ

μAφ
(4.2)

where

v = −kρ

μ
∇� (4.3)

where
� = p/ρ + gz, flow potential
p = formation pressure
ρ = density
g = gravity
z = elevation
μ = oil dynamic viscosity
A = 2πrh, area
h = thickness formation
k = total permeability
Re = Reynolds number
D̄p = average pore diameter
a = fracture aperture
v = specific discharge

Darcy’s law is valid for the median of the flow probability distribution, and is
based on the assumption that fluid flow is inertialess (Scheidegger 1960).

It can be stated that for a heterogeneous, anisotropic and fractured porousmedium,
the upper limit critical Reynolds number for laminar flow ranges from 0.1 to 10. The
transition to quadratic flow (without reaching turbulent), see the nonlinear laminar
section of Fig. 4.1 was demonstrated by Schneebeli (1955). The nonlinear seepage
flow law will be parabolic at with deviation from linearity (Barenblatt et al. 1990;
Couland et al. 1986), and nonlinear corrections to Darcy’s law at low Reynolds
numbers for periodic porous media are applied (Firdaouss et al. 1997). Also, values
of Reynolds number between 5 and 13 was calculated with numerical experiments
for equations Navier-Stokes (Couland et al. 1986; Stark 1972).

The nonlinear flow law is present in fractured porous media. Consequently, the
Couette equation can be used for the analytical modeling because has a quadratic
flow profile that is an exact solution for the Navier-Stokes equation; this equation can
obtain cubic law and/or Boussinesq’s formula. Cubic law estimates the fluid flow rate
for flow through fractures systems; usually, this equation is used Naturally Fractured
Tectonic Reservoirs (NFTRs) considering the laminar flow of a viscous fluid between
parallel flat plates (Barros-Galvis et al. 2015; Potter and Wiggert 2007).

The application of Couette or Darcy equations is associated with the Reynolds
number. For Naturally Fractured Tectonic Reservoirs high velocity fluid flow is
related to the Reynolds number, too. Figure4.2 displays two zones in the
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Fig. 4.2 Stabilized zone of
non Darcy flow (high
velocity)

reservoir, a high velocity zone and other low velocity zone. These zones, with high
and low fluid velocity radius, are limited with the Reynolds number equals to unity.
Where:
rhv = outer (maximum) high velocity radius
re = outer radius
rw = wellbore radius.

For radial flow, it has been described that for a flowing well the high velocity flow
stabilizes at a radius rhv where the Reynolds number is one.

The red circle represents the inner (minimum) radius for Darcy’s flow; for r < rhv

flow is under high velocity conditions, and Couette equation is used.
On the other hand, using the Navier-Stokes equations can derive the seepage law

by means of integration (Barenblatt et al. 1990) and Couette equation. An extension
on the three dimensional Couette flow has been utilized to study the channel flow
and the effect of the permeability of the porous medium with heat transfer (Singh
and Sharma 2001). In this paper, we use Couette equation to describe fluid flow in
natural fractures.

4.4 Analytical Model

The analytical model is based on a partial differential equation that describe the flow
of fluids in fractures and matrix. In developing this equation, we combine: continuity
equation or law of conservation of mass, a flow law such as the Couette’s equation,
and an equation of state. Moreover, we obtained linear diffusivity equation depicting
the flow of incompressible liquid in a fractured medium.

The fracture is represented as two parallel surfaces. The flow between these plates
is taken to be in the x direction, and since there is no flow in the y direction, pressure
will only be a function in the x direction. In addition, there are no inertia, viscous,
or external forces in the y direction. See Fig. 4.3.
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Fig. 4.3 Flow in two parallel
surfaces (a tectonic fracture)

Now, we use an exact solution to the Navier-Stokes equations referred to The
General Couette Flow. See Eq.4.4. The goal of this equation is describe fluid flow
through tectonic fractures or discontinuities (Currie 2003):

u(y) = − 1

2μ

d(p f + γ h)

dx
y (a − y) + U

a
y (4.4)

where:
dp f/dx = fracture pressure gradient
u(y) = velocity profile
U = upper surface velocity
a = aperture
y = vertical direction
x = horizontal direction
γ = specific gravity
h = vertical distance
p f = fracture pressure
μ = viscosity.

Equation4.4 shows that the fluid flow is in the direction of the negative pressure
gradient and that the velocity profile across the flow field is parabolic. There are
two ways of inducing a flow between two parallel surfaces: (1) applying a pressure
gradient, and (2) the upper surface is moved in the x direction with constant velocity
U . In our case, we induce a flow applying a pressure gradient; the maximum velocity
occurs in y = a/2. Giving special attention to pressure gradient presupposes that
upper surface will be fixed and it will describe Poiseuille Flow. In consequence,
Poiseuille Flow is a specific case The General Couette Flow.

The use of the maximum velocity in Couette’s equation indicates the maximum
fluid flow into a discontinuity as a consequence pressure gradient. In the solution
that follows, gravity is neglected, and Eq.4.4 can be written as:

u(y) = − 1

2μ

dp f

dx
y (a − y) (4.5)

Equation4.5 is analogue Darcy’s equation; considering y = a/2 this equation
can be rewritten:



82 4 Analytical Model for Non Stress Sensitive Naturally …

u(y) = − a2

8μ

dp f

dx
= − a2

8μ
∇ p f (4.6)

Remembering that the fracture permeability
(
k f

)
can be expressed as follows:

k f = 54 × 106
(
a2

)
darcys (4.7)

and

k f = 8.35 × 106
(
a2

)
darcys (4.8)

In Eq.4.7, the aperture (a) is expressed in inches and in Eq.4.8 this aperture (a)

is used in centimeters (Aguilera 1995). Substituting Eq.4.8 into Eq.4.6:

u(y) = − k f

8 × 8.45 × 106μ
∇ p f = − k f

66.8 × 106μ
∇ p f (4.9)

Field cases have been reported with tectonic and nontectonic fractures conductiv-
ity calibrated using well testing (Singha et al. 2012). Conductivity calibrated using
the Poiseuille’s Law is given by:

C f = k f h = a3

12 × 0.98 × 10−6
(4.10)

Considering one meter of formation thickness, the average fracture aperture is
given by:

a = 3

√
k f × 11.76 × 10−6 (4.11)

where C f is tectonic fracture conductivity in md.m, a is fracture aperture in mm, k f

is fracture permeability in md, and h is formation thickness in one meter.
Equation4.10 was determined for rough limestone fractures in a tight carbonate

reservoir in the Middle East with tectonic fractures, which its porosity was 0.2%.
Applying Eq.4.10 was calculated for conductivity values of 20md.m that repre-

sents 6.24×10−6 mm average aperture in one meter of formation thickness.
Equation4.10 can be substitute into Eq.4.6:

u(y) = −
(
k f × 11.76 × 10−6

)2/3

8μ
∇ p f = −

(
k f

)2/3

32.26 × 108μ
∇ p f (4.12)

It can be observed that considering a constant, C = 66.8 × 106 for Eq.4.9, and
C = 32.26 × 108 for Eq.4.12. Equations4.9 and 4.12 are an expression similar to
Darcy’s Law, which u(y) = v:
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v = − k f

Cμ
∇ p f (4.13)

To derive a partial differential equation for fluid flow in a fractured medium, we
should combine a flow law with the continuity equation (Mattews and Russell 1967;
Lee et al. 2003). The continuity equation can be expressed using a derivative or
integrative equation, which they are equivalent, given by

∂

∂t

(
ρφ f

) = −∇ · (ρv) (4.14)

where:
v = velocity profile using Couette’s equation
φ f = fractured medium porosity
ρ = fluid density
t = time

Substituting Eq.4.10 into Eq.4.14 gives:

∂

∂t

(
ρφ f

) = −∇ ·
[
ρ

(
− k f

Cμ
∇ p f

)]
(4.15)

Applying the derivative of a product, and making μ∗ = Cμ

∂

∂t

(
ρφ f

) = ∇
(

ρk f

μ∗
)

∇ p f + ρk f

μ∗ ∇2 p f (4.16)

Equation4.16 contains various two terms right side. Each term involves the perme-
ability, viscosity, and porosity, which are constants. However, fluid density depends
incompressibility liquids. Restricting our analysis to single-phase liquids and slightly
compressible liquids with constant compressibility, c, where c is defined by the equa-
tion

c = − 1

V

dV

dp f
= 1

ρ

dρ

dp f
(4.17)

For constant compressibility c, integration of Eq.4.17 gives

ρ = ρo exp
[
c
(
p f − pi

)]
(4.18)

The derivative of Eq.4.18 with respect to pressure yields Eq.4.19:

∂ρ

∂p f
= [

ρo exp
[
c
(
p f − pi

)]]
c = ρc (4.19)

Applying the chain rule and substituting Eq.4.19:
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∂ρ

∂t
= ∂ρ

∂t

∂p f

∂p f
= ∂ρ

∂p f

∂p f

∂t
= ρc

∂p f

∂t
(4.20)

For one dimension flow, the gradient in the right side first term of Eq.4.16 can be
written as:

∇
(

ρk f

μ∗
)

= ∂

∂x

(
ρk f

μ∗
)

∂p f

∂p f
= ∂ρ

∂p f

(
k f

μ∗
)

∂p f

∂x
(4.21)

∇
(

ρk f

μ∗
)

= ρc

(
k f

μ∗
)

∂p f

∂x
= ρc

(
k f

μ∗
)

∇ p f (4.22)

Substituting Eqs. 4.20 and 4.22 into Eq.4.16;

ρφ f c
∂p f

∂t
= ρc

(
k f

μ∗
) (∇ p f

)2 + ρk f

μ∗ ∇2 p f (4.23)

D = k f

φ f cμ∗ (4.24)

After transposing terms, Eq.4.22 may be expressed:

∂p f

∂t
= D

[
c
(∇ p f

)2 + ∇2 p f

]
(4.25)

where D is diffusivity constant.
The tectonic reservoirs with extension fractures present low porosity and per-

meability of matrix. Permeability and effective porosity of fractures are dominant
variables in fluid flow; consequently, formation porosity and permeability may be
approximate to fractures properties. In this paper, matrix properties are considered
and included in total permeability and porosity of reservoir.

Initial and boundary conditions in radial coordinate are:

• p f = pi at t = 0 for all r .
• (

r∂p f /∂r
)
rw

= −6qu/πkh for t > 0.

To develop the solution, this boundary condition is replaced by the condition:
lim
r→0

(
r∂p f /∂r

)
rw

= −6qu/πkh for t > 0.

• p f (r, t) = pi as r → ∞ for all t .

Equation4.25 is a nonlinear partial differential equation, and can be referred as a
nonlinear diffusivity equation (see Eqs. 4.24 and 4.25). This equation represents an
analyticalmodel for non stress-sensitiveNaturally FracturedReservoir, that describes
fluid flow in the fracture system for an oil fractured reservoir, considering a nonlinear
term of quadratic gradient

(∇ p f
)2
, and without transfer between fracture-matrix.
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Many papers have been published for the single phase flow in homogeneous
reservoirs, that do not include the nonlinear pressure gradient term in the diffusivity
equation considered as small negligible pressure gradient, constant rock properties,
and a fluid of small and constant compressibility; in effect, the nonlinear quadratic
term is usually neglected (see the first right hand side term of Eq.4.25) for liquid
flow (the fluid compressibility c has a small value) (Samaniego et al. 1979; Dake
1998; Mattews and Russell 1967). In addition, for a infinite reservoir and with closed
outer boundary, the wellbore pressure predicted by this linear Darcy solution may
be significantly smaller than that predicted by the Couette solution at large times.
On the other hand, (Jelmert and Vik 1996; Odeh and Babu 1988) concluded that the
consideration of the nonlinear quadratic term gives results significantly smaller in
pressure prediction and recommended its use as the use pressure solution; although
this result was also demonstrated by Chakrabarty et al. (1993) for wellbore pressure
prediction for a closed outer boundary, the authors stated that the linear pressure
solution is unsatisfactory and should be applied with caution, and the use of the
linear solution for infinite reservoirs has a 5% error for large dimensionless times.

Others papers have showed solutions for nonlinear transient flowmodel including
a quadratic gradient term by using transformations, and; however, they assumed a
homogeneous porous medium (Chakrabarty et al. 1993; Friedel and Voigt 2009; Cao
et al. 2004; Aadnoy and Finjord 1996).

4.5 Mathematical Model and Solution for Constant Rate
Radial Flow in an Infinite Reservoir

Our aim is to apply a mathematical transformation to reduce a nonlinear equation to
linear equation diffusivity for a naturally fractured system, without matrix-fracture
transfer.

The differences between Darcy and Couette equations that applied to the linear
diffusivity equation have been described. Previous authors have not included the
nonlinear pressure gradient term in the nonlinear diffusivity equation for fractures
or homogeneous systems. In both of cases, fluid flow equations (Darcy and Couette
equations) are used in this solution, considering parallel (slab), and cubic fractures
geometry.

The diffusivity equation models mass and momentum transfer in the reservoir.
The phenomenological description for fluid flow in fractured reservoir is given by:
(1) complex diffusion in tectonic fractures and (2) hydrodynamics as a result of
a pressure gradient in well. Complex diffusion contains various types of diffusion:
molecular diffusion, surface diffusion, Knudsen diffusion, and convection due to gra-
dient pressure. The fractured system is heterogeneous and anisotropic, and their dif-
fusion processes depend on fractures aperture or porous diameter (Cunningham and
Williams 1980; Treybal 1980). In consequence, fast complex diffusion is reached in a
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nonlinear laminar flow thatmay bemodeled byCouette equation. Finally,momentum
transfer is modeled using Couette equation.

Hydrodynamics in wellbore is governed by gradient pressure and fluid flow. The
fluid velocity is related to oil production rate, and Couette or Darcy equation appli-
cation depends on the value of the Reynolds number. When Reynolds number is
greater that unity Couette equation is applied. This application impacts the bound-
ary condition of the diffusivity equation. For bulk, and slab fractures properties and
should be considered the expressions following:

φ = φm + φ f (4.26)

c = co + cwφm + cmφm + c f φ f

φ f
(4.27)

k =
k f

[
Nπ

(
a
2

)2] + km
[
A − Nπ

(
a
2

)2]

A
(4.28)

kslab = k f a

d
(4.29)

where
φ = total porosity
φ f = fracture porosity
φm = matrix porosity
k = total permeability
km = matrix permeability
k f = fracture permeability
c = compressibility
a = fracture aperture
co = oil compressibility
cm = matrix compressibility
cw = water compressibility
c f = fracture compressibility
d = distance between fractures
N = number of fractures per section
kslab = parallel fractures permeability.

Equations4.26, 4.27, 4.28, and 4.29 are used byReiss (1980) andAguilera (1995).
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4.6 Solution of the Nonlinear Partial Differential Equation
Without Stress-Sensitive

The Cole-Hopf transformation was used to obtain a solution to the Burger equation,
that is a nonlinear partial differential equation (Burgers 1974; Ames 1972). Also, it
has been employed to solve a nonlinear diffusionproblem for theflowof compressible
liquids through homogeneous porous media (Marshall 2009). Transformation is a
mathematical technique, which a nonlinear equation may be reduced to a linear
equation.

Equation4.25models fractured reservoirs as: type I, single-fracturemodel accord-
ing (Nelson2001;Cinco1996) classification respectively, butwithout stress-sensitive.
The nonlinear diffusivity equation requires to be transformed to obtain an analyt-
ical solution. So that, this case will be developed without matrix-fracture transfer
function.

4.6.1 Case Without Transfer Function

It was observed that the following transformation y = F(p f ) applied in Burg-
ers Equation generated a linear partial equation of this type: ∂y/∂t = D∇2y, and
this concept was utilized to solve the Nonlinear Diffusivity Equation (Ames 1972;
Burgers 1974; Marshall 2009):

∂p f

∂t
= D∇2 p f + D

(
F

′′
(p f )

F ′
(p f )

)
(∇ p f

)2
(4.30)

with a quadratic gradient term. It can be observed that Eq.4.25 is similar or equivalent
to Eq.4.30. If we wish to solve Eq.4.25, we would solve for F . Then

y = F(p f ) = 1

c

(
exp

(
cp f + a

)) + b (4.31)

F
′
(p f ) = exp

(
cp f + a

)
(4.32)

F
′′
(p f ) = c exp

(
cp f + a

)
(4.33)

where a, and b are arbitrary integration constants generated due to F
′′
(p f ) and

F
′
(p f ). Equation4.31 is named the Cole-Hopf Transformation. If a = b = 0 (Tong

et al. 2005), then

y = 1

c
exp

(
cp f

) ⇐⇒ p f = 1

c
ln (cy)
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∂p f

∂y
= 1

cy
(4.34)

∂2 p f

∂y2
= − 1

cy2
(4.35)

Our goal is to eliminate
(∇ p f

)2
; to accomplish this goal, we follow the next

procedure: ∂p f/∂t, ∇2 p f , and
(∇ p f

)2
:

∂p f

∂t
= ∂p f

∂y

∂y

∂t
= 1

cy

∂y

∂t
(4.36)

For express
(∇ p f

)2
we should consider ∇ p f = ∂p f/∂x. Applying the chain rule

for one dimension:

∂p f

∂x
= ∂p f

∂y

∂y

∂x
(4.37)

∂p f

∂x
= ∂p f

∂y
∇ y (4.38)

substituting in Eq.4.34

(∇ p f
)2 = 1

(cy)2
(∇ y)2 (4.39)

For the term ∇2 p f :

∇2 p f = ∂2 p f

∂x2
= ∂

∂x

(
∂p f

∂x

)
(4.40)

Substituting Eq.4.37 into Eq.4.40 gives:

∇2 p f = ∂

∂x

(
∂p f

∂y

) (
∂y

∂x

)
(4.41)

Applying the product derivative and transposing terms give:

∇2 p f = ∂

∂x

(
∂p f

∂y

)
∂y

∂x
+ ∂

∂x

∂y

∂x

(
∂p f

∂y

)
= ∂

∂y

(
∂p f

∂x

)
∂y

∂x
+ ∂2y

∂x2

(
∂p f

∂y

)

(4.42)
Substituting Eq.4.37 into Eq.4.42, gives:
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∇2 p f = ∂

∂y

(
∂p f

∂y

)(
∂y

∂x

) (
∂y

∂x

)
+ ∂2y

∂x2

(
∂p f

∂y

)
=

(
∂2 p f

∂y2

)(
∂y

∂x

)2
+ ∂2y

∂x2

(
∂p f

∂y

)

(4.43)

Substituting Eqs. 4.34 and 4.35 into Eq.4.43

∇2 p f = 1

c (y)
∇2y − 1

c (y)2
(∇ y)2 (4.44)

Substituting Eqs. 4.36, 4.39, 4.43 into Eq.4.25 gives:

1

Dcy

∂y

∂t
= 1

c (y)2
(∇ y)2 + 1

c (y)
∇2y − 1

cy2
(∇ y)2

Making simplifications, we obtained the Linear Diffusivity Equation, Eq. 4.45.
This equation is solved in (Mattews and Russell 1967) with different conditions or
cases: (1) Constant rate, infinite reservoir, (2) Constant rate, and (3) Constant rate,
constant pressure outer boundary case. Moreover, this type of equation is solved and
compared in papers (Chakrabarty et al. 1993; Odeh and Babu 1988).

1

D

∂y

∂t
= ∇2y (4.45)
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Chapter 5
Analytical Model for Stress Sensitive
Naturally Fractured Carbonate
Reservoirs (NFCRs)

The goal of this chapter is to develop and to study an analytical and mathematical
model for Naturally Fractured Reservoir when there is stress-sensitive in formation.
The model is solved analytically to be used and proved with well testing. Solutions
obtained with this model will describe the pressure behavior with respect at time
considering the change of permeability, porosity and fluid density. In conclusion,
this phenomenon is dynamic.

This mathematical solution is used in two aspects: (1) study the transient pres-
sure response of a Stress Sensitive Naturally Fractured Reservoir, and (2) could be
applied as a coupledmodel when is combined with an additional expression that con-
sider mechanic or thermodynamic phenomenon. In this case, analytical solution is
associated with other mathematical expression that describe the collapse of fractures.

The theory of fluid flow in fractured media was developed by (Barenblatt 1960),
and is based on the assumption of constant rock properties. Barenblatt’s model con-
sisted of two media: matrix and fractures, which would generate a pressure gradient
during hydrocarbon production.

5.1 Analytical Considerations for Model

In order to develop this analytical and mathematical model, let me establish some
simple considerations as result of physic phenomenon that would help to obtain a
solution:

1. Carbonate reservoir is naturally fractured. So, there are two media and can exist
a flow, and pressure gradient between matrix and fractures (Barenblatt 1960).

2. Single phase. Undersaturated Oil Reservoir, so that fluid is a liquid (Craft and
Hawkins 1991).
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3. Porosity and permeability change with burial, but these changes are expressed as
a function of effective stress or pressure.

4. Porosity depends exponentiallywith respect to overburden (Enrenberg et al. 2009)
and pressure (Pedrosa 1986).

5. Permeability changes exponentially with respect to pressure. In spite of the
fact that in carbonates there is no direct relationship between porosity and
permeability, only between pore-size distribution, porosity and permeability. In
consequence, a geologic and diagenetic model is required to show the distribu-
tion associated to the pore space interparticle porosity, separate-vug porosity or
touching vugs (tectonic fractures, karst, etc.). In addition to the distribution pore
space; grain-dominated packstones, mud-dominated fabrics or dolomitized mud-
dominated fabrics should be regarded.1 So that, variability in how permeability
changes with depth is complicated. However, the permeability of matrix-fracture
is assumed to be dependent on pressure, expressing said dependency exponen-
tially (Pedrosa 1986).

6. Fluid density changes exponentially with respect to pressure (Muskat 1945).
7. Fluid is incompressible and isothermal.

5.2 Analytical Model

Analytical model is based on develop a partial differential equation that describe the
flow of fluids in fractures and matrix. In developing these equation, we combine:
continuity equation or law of conservation of mass, flow law such as the Couette’s
Flow, and an equation of state. Moreover, we obtained nonlinear diffusivity equation
depicting the flow of incompressible liquid in a fractured medium.

Let me to represent a fracture as two parallel surfaces. The flow between these
plates is taken to be in the x direction, and since there is no flow in the y direction,
so pressure will be a function in the x direction only. In addition, there are no inertia,
viscous, or external forces in the y direction (Fig. 5.1).

Now, we use an exact solutions to the Navier-Stokes equations referred to The
General Couette Flow (see Eq.5.1). The goal of this equation is describe fluid flow
through fractures or discontinuities (Currie 2003).

u(y) = − 1

2μ

d(p f + γ h)

dx
y (a − y) + U

a
y (5.1)

where:
u(y) = v velocity profile
U = upper surface velocity
a = aperture

1Personal communications with Lucia, J. Doe. 2013. Texas: Bureau of Economic Geology. The
University of Texas at Austin.
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Fig. 5.1 Parallel surfaces

y = vertical direction
x = horizontal direction
γ =specific gravity
h = vertical distance
p f = fracture pressure
μ = viscosity
dp f

dx = fracture pressure gradient.
Equation5.1 shows that the fluid flow is in the direction of the negative pressure

gradient and that the velocity profile across the flow field is parabolic. There are
two ways of inducing a flow between two parallel surfaces: (1) applying a pressure
gradient, and (2) the upper surface is moved in the x direction with constant velocity
U . In our case, we induce a flow applying a pressure gradient, which the maximum
velocity occurs in y = a/2. The use of the maximum velocity in Couette’s equa-
tion indicates the maximum fluid flow into discontinuity as a consequence pressure
gradient. So, gravity may be neglected, and Eq.5.1 can be written as:

u(y) = − 1

2μ

dp f

dx
y (a − y) (5.2)

Equation5.2 is analogue Darcy’s equation, and using y = a/2 could be rewritten:

u(y) = − a2

8μ

dp f

dx
= − a2

8μ
∇ p f (5.3)

Remembering that for fracture permeability
(
k f

)
as follows:

k f = 54 × 106
(
a2

)
darcys (5.4)

k f = 8.45 × 106
(
a2

)
darcys (5.5)

where aperture(a)is in inches and centimeters respectively (Aguilera 1995). Substi-
tuting Eq.5.5 into Eq.5.3:

u(y) = − k f

8 × 8.45 × 106μ
∇ p f = − k f

67.6 × 106μ
∇ p f (5.6)
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Assigning a conversion constant, C = 67.6× 106. We have an expression similar
to Darcy’s Law, which u(y) = v:

v = − k f

Cμ
∇ p f (5.7)

To derive partial differential equation for fluid flow in a fractured medium, we
should combine flow law with the continuity equation (Matthews and Russell 1967;
Lee 2003). The continuity equation can be expressed using derivative or integrative
equation, which they are equivalent (Marshall 2009).

∂

∂t

(
ρφ f

) = −∇ · (ρv) (5.8)

where:
v = velocity profile using Couette’s equation
φ f = fractured medium porosity
ρ = fluid density
t = time

Substituting Eq.5.7 into Eq.5.8 gives:

∂

∂t

(
ρφ f

) = −∇ ·
[
ρ

(
− k f

Cμ
∇ p f

)]
(5.9)

Applying the derivative of a product

∂

∂t

(
ρφ f

) = ∇
(

ρk f

Cμ

)
∇ p f + ρk f

Cμ
∇2 p f (5.10)

Equation5.10 contains various terms, which each term involves the rate of density,
permeability, or porosity. Then, we define these expressions using state equation, and
considering exponential variation on pressure. For first term ∂

∂t

(
ρφ f

)
:

∂

∂t

(
ρφ f

) = φ f
∂ρ

∂t
+ ρ

∂φ f

∂t
(5.11)

Then, we apply the chain rule and Eq.5.11 becomes:

∂

∂t

(
ρφ f

) = φ f
∂ρ

∂t
+ ρ

∂φ f

∂t
= φ f

∂ρ

∂p f

∂p f

∂t
+ ρ

∂φ f

∂p f

∂p f

∂t
(5.12)

We define the rate of density using the equation state:

ρ = ρi exp
[
c
(
p f − pi

)]
(5.13)
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where the subscripts “i” refer to an initial condition, and c is the constant compress-
ibility of liquid. Differencing with respect to p f Eq.5.13 gives:

∂ρ

∂p f
= ρi exp

[
c
(
p f − pi

)]
(c) = ρc (5.14)

For rate of porosity, we have

φ f = φi f exp
[
c f

(
p f − pi

)]
(5.15)

where c f is the constant compressibility of formation. Differencing with respect to
p f Eq.5.15 gives:

∂φ f

∂p f
= φi f exp

[
c f

(
p f − pi

)] (
c f

) = φ f c f (5.16)

Substituting Eqs. 5.14 and 5.16 into Eq.5.12

∂

∂t

(
ρφ f

) = φ f ρc
∂p f

∂t
+ φ f ρc f

∂p f

∂t
= φ f ρ

∂p f

∂t

(
c + c f

)
(5.17)

For second term ∇
(

ρk f

Cμ

)
:

∇
(

ρk f
Cμ

)
= ∂

∂x

(
ρk f
Cμ

)
∂p f

∂p f
= ∂

∂p f

(
ρk f
Cμ

)
∂p f

∂x
= k f

Cμ

∂ρ

∂p f
∇ p f + ρ

Cμ

∂k f
∂p f

∇ p f

(5.18)

considering that
k f = ki f exp

[
γ

(
p f − pi

)]
(5.19)

where γ is the permeability modulus, and differencing with respect to p f Eq.5.19
gives:

∂k f

∂p f
= ki f exp

[
γ

(
p f − pi

)]
(γ ) = ki f γ (5.20)

substituting Eqs. 5.20 and 5.14 into Eq.5.18 gives:

∇
(

ρk f

Cμ

)
=

(
ρk f

Cμ

)
(γ + c) ∇ p f (5.21)

Finally, substituting Eqs. 5.17 and 5.21 into Eq.5.10:

(
c + c f

)
φ f

∂p f

∂t
=

(
k f

Cμ

)
(γ + c) ∇ p f ∇ p f + k f

Cμ
∇2 p f (5.22)
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(
c + c f

)
φ f

∂p f

∂t
=

(
k f

Cμ

) [∇2 p f + (γ + c) ∇ p f ∇ p f
]

∂p f

∂t
=

(
k f(

c + c f
)
φ f Cμ

)
[∇2 p f + (γ + c) ∇ p f ∇ p f

]

∂p f

∂t
=

(
ki f exp

[
γ

(
p f − pi

)]

(
c + c f

)
φi f exp

[
c f

(
p f − pi

)]
Cμ

)
[∇2 p f + (γ + c) ∇ p f ∇ p f

]

∂p f

∂t
=

(
ki f exp

[(
γ − c f

) (
p f − pi

)]

(
c + c f

)
φi f Cμ

)
[∇2 p f + (γ + c) ∇ p f ∇ p f

]

After transposing terms, we have:

∂p f

∂t
=

(
ki f exp

[(
γ − c f

) (
p f − pi

)]

φi f ctμ∗

) [
∇2 p f + (γ + c)

(∇ p f
)2]

(5.23)

Di = ki f
φi f ctμ∗ (5.24)

where Di Eq.5.24 is diffusion constant expressed in initial condition. So that, we
obtained an analytical model Eq.5.24 for Stress Sensitive Naturally Fractured Reser-
voir.

Substituting Eq.5.24 into Eq.5.23 become

∂p f

∂t
= Di exp

[(
γ − c f

) (
p f − pi

)] [
∇2 p f + (γ + c)

(∇ p f
)2]

(5.25)

∂p f

∂t
= Di exp

[(
γ − c f

) (
p f − pi

)] [
∇2 p f + (γ + c)

(∇ p f
)2]

(γ ≥ c f )

Equation5.25 is a nonlinear partial differential equation, and specifically is the
quasi-linear parabolic diffusion equation. This model describes fluid flow in the
fracture system for an oil fractured reservoir considering a nonlinear termof quadratic
gradient

(∇ p f
)2
, and without transfer function between fracture-matrix. Normally,

published papers have been developed for homogeneous reservoir, and they does not
include or eliminate nonlinear term (Samaniego 1979; Odeh and Babu 1988; Jelmert
and Vik 1996).
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In Eq.5.25, we can analyze two cases: (1) when γ = c f , and when γ > c f

⎧
⎨

⎩

∂p f

∂t = Di

[
∇2 p f + (γ + c)

(∇ p f
)2]

γ = c f

∂p f

∂t = Di exp
[(

γ − c f
) (

p f − pi
)] [

∇2 p f + (γ + c)
(∇ p f

)2]
γ > c f

(5.26)
In radial coordinates:

⎧
⎪⎪⎨

⎪⎪⎩

∂p f

∂t = Di

[
∂2 p f

∂r2 + 1
r

∂p f

∂r + (γ + c)
(

∂p f

∂r

)2
]

γ = c f

∂p f

∂t = Di exp
[(

γ − c f
) (

p f − pi
)] [

∂2 p f

∂r2 + 1
r

∂p f

∂r + (γ + c)
(

∂p f

∂r

)2
]

γ > c f

(5.27)
Equation5.27 is found inCelis (1994), but they not show its deduction. In addition,

this proposed zero orden solution using perturbation analysis corresponds to the
solution of a naturally fractured reservoir that is not stress sensitive.

5.3 Solution Nonlinear Partial Differential Equation

Equation5.26 showed two cases. Additionallywewill develop another case forNFRs
with transfer function or double porosity.

Ourmotivation to solve theses cases obeysmodeling of fractured reservoirs called
type I, single-fracture, homogeneous reservoirmodel according to (Nelson 2001) and
(Cinco-Ley 1996) respectively.

5.3.1 Case 1: γ = c f

∂p f

∂t
= Di

[
∇2 p f + (γ + c)

(∇ p f
)2]

considering β = (γ + c) then

∂p f

∂t
= Di

[
∇2 p f + β

(∇ p f
)2]

(5.28)

It was observed that the dependent variable transformation y = F(p f ) of the
linear parabolic equation (Heat Equation) ∂y

∂t = D∇2y generated a equation of this
type (Ames 1972; Burger 1974; Marshall 2009):
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∂p f

∂t
= Di∇2 p f + Di

(
F

′′
(p f )

F ′
(p f )

)
(∇ p f

)2
(5.29)

with quadratic nonlinearities. If we wish to solve the Eq.5.28, we would set

Di F
′′
(p f ) = βF

′
(p f ) (5.30)

and solve for F . Then

y = F(p f ) = 1

β

(
exp

(
βp f + a

)) + b (5.31)

F
′
(p f ) = exp

(
βp f + a

)
(5.32)

F
′′
(p f ) = β exp

(
βp f

)
(5.33)

where a, b are arbitrary constants generated due to integration F
′′
(p f ) and F

′
(p f ).

Equation5.31 is named the Cole-Hopt Transformation. If a = b = 0 (Tong and
Wang 2005) then

y = 1

β
exp

(
βp f

) ⇐⇒ p f = 1

β
ln (βy)

Our goal is eliminated
(∇ p f

)2
, so that, we define ∂p f

∂t , ∇2 p f , and
(∇ p f

)2
.

∂p f

∂t
= ∂p f

∂y

∂y

∂t
= 1

βy

∂y

∂t
(5.34)

If ∇ p f = 1
βy∇ y then

(∇ p f
)2 = 1

(βy)2
(∇ y)2 (5.35)

∇2 p f = 1

βy
∇2y − 1

β (y)2
(∇ y)2 (5.36)

Substituting into Eq.5.28:

1

Diβy

∂y

∂t
= 1

β (y)2
(∇ y)2 + 1

βy
∇2y − 1

β (y)2
(∇ y)2

Making simplifications, we obtained the Linear Heat Equation. This equation is
solved in (Matthews and Russell 1967) with different conditions or cases: (1) Con-
stant rate, infinite reservoir, (2) Constant rate, and (3) Constant rate, constant pressure
outer boundary case.
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1

Di

∂y

∂t
= ∇2y (5.37)

5.3.1.1 Diffusivity Constant and Rock Bulk Compressibility

The change in volumeof reservoir rock occurswhenoverburden or pressure confining
acts on rock. Changes in rock properties take place due to compaction and decreasing
of pore pressure.

In Eq.5.24, we can see that diffusivity constant contains oil compressibility c and
formation compressibility c f . Oil compressibility is constant because of subsaturated
oil reservoir. On considering formation compressibility is bulk rock compressibility,
two types of stress variations have to be analyzed. These types of stress are: pore
stress or internal stress, and external stress related to overburden. Moreover, porosity
change depends only difference between internal and external stresses.

Normally, in petroleum engineering is used definition of pore volume compress-
ibility as follows:

c f = − 1

Vb

(
∂Vb

∂p

)
= − 1

φ

(
∂φ

∂p

)
(5.38)

Equation5.38 is employed for constant stress and deformation, respectively.
Where Vb is bulk volume.

Although, the reciprocal theorem of Betti and Rayleigh applies to internal and
external stresses, which leads to:

(
∂Vb

∂p

)

σ

= −
(

∂Vb

∂σ

)

p

(5.39)

One may define the bulk formation compressibility considering constant pore
pressure as:

c f = 1

Vb

(
∂Vb

∂σ

)

p

(5.40)

Equation5.40 expresses change of bulk volume with respect to external stress or
overburden. It is shown that transformed Eq.5.37 contains formation compressibility
in diffusivity constant, but transformation provides a diffusivity equation in y, and
compressibility depends in pressure p.
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Chapter 6
Westergaard’s Solution Applied
to Carbonate Reservoirs

A tectonic fracture is associated to stresses concentration. Carbonate rocks usually
have a history involvingmechanical, thermal and chemical actions duringmillions of
years. Fracture mechanics have been used successfully to predict fracture initiation
that have regarding structures design using metallic materials. Nevertheless, fracture
mechanics, with certainmodifications, is a important tool for solving rockmechanics
engineering problem.

The limestone rocks include discontinuities such as fault and tectonic fractures,
that can be reactivated by tectonism, and/or by man-induced activities during oil
production in carbonate reservoirs.

Geometrically, a tectonic fracture can be considered as an elongated elliptical
discontinuity; namely, a deformed ellipse. Westergaard’s solution is developed in
this chapter for uniform biaxial stress σ , with a central fracture of length 2a. See
Fig. 6.1.

A proposed rectangular geometry for natural fractures could derive in a math-
ematical problem due to rectangle vertex. Namely, derivative function no exist in
vertical direction.

6.1 Westergaard’s Solution

Westergaard proposed that

�(z) = Re
=
φ(z) + y Imφ̄(z) (6.1)

is a solution to the fracture or the crack problem,
where
�(z): is a harmonic and analytical function in complex variable,
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Fig. 6.1 Westergaard’s
model

φ(z): another analytical function containing in harmonic function �(z).

So, Re
=
φ(z) and y Imφ̄ are harmonics function. �(z) must satisfy the biharmonic

equation or Laplace’s equation ∇2�(z) = 0.
Denoting by φ′(z) and φ′′(z) the first and second derivatives of φ(z), and the first

and second integrals with respect to z by φ̄(z) and
=
φ(z) respectively; and considering

∂ f (z)/∂x = f ′(z) and ∂ f (z)/∂y = i f ′(z), it is convenient to use the Cauchy-
Riemann equations to demonstrate that �(z), is a harmonic function. Analytical
function, φ(z), satisfies harmonic function in complex plane because it is related to
real and imaginary plane. Cauchy-Riemann equations are as follows:

∂(Im)

∂x
= −∂(Re)

∂y
;

∂(Re)

∂x
=

(
∂(Im)

∂y

)
.

6.1.1 Airy Stress Function

In an elasticity problem we seek a function which can satisfy both the equilibrium
and the compatibility equations. Airy (Timoshenko 1951) has shown that we can
define such a function �(z) as:

σyy = ∂2�

∂x2
; (6.2)

σxx = ∂2�

∂y2
; (6.3)
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σxy = σyx = − ∂2�

∂x∂y
. (6.4)

If the system is linear and elastic, the compatibility equation further requires that
�(z) be reduced to:

∇2(∇2�(z)) ≡
(

∂2

∂x2
+ ∂2

∂y2

) (
∂2�

∂x2
+ ∂2�

∂y2

)
= ∂4�

∂x4
+ 2

∂4�

∂x2∂y2
+ ∂4�

∂y4
= 0,

to satisfy Laplace equation, where∇2 is the Laplace operator. The solution is related
to a harmonic function.

σyy = ∂2�

∂x2
= ∂

∂x

(
∂�

∂x

)
= Reφ(z) + y Imφ′(z), (6.5)

σxx = ∂2�

∂y2
= ∂

∂y

(
∂�

∂y

)
= Reφ(z) − y Imφ′(z), (6.6)

σxy = σyx = − ∂2�

∂x∂y
= − ∂

∂x

(
∂�

∂y

)
= −yReφ′(z), (6.7)

(
∂�

∂x

)
= Reφ̄(z) + y Imφ(z), (6.8)

(
∂�

∂y

)
= yReφ(z), (6.9)

Note: From a compatibility point of view, the Airy Stress Function generates a
biharmonic equation. However, the analysis in Real space R does not have a similar
solution or application. The core of this problem in real space lays on the relationship
between Stokes’s Theorem, or Gauss’s Theorem, and an equilibrium equation. It is
necessary to satisfy the equilibrium and compatibility equations.

1. Equilibrium:
∂σxx

∂x
+ ∂σxy

∂y
= 0, (6.10)

∂σyx

∂x
+ ∂σyy

∂y
= 0, (6.11)

To satisfy the obtained Eqs. 6.10 and 6.11, a force balance in Cartesian coordinate
was developed. The following equations are needed in complex variable;

∂σxx

∂x
= Reφ′(z) − y Imφ′′(z), (6.12)
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∂σxy

∂x
= ∂σyx

∂x
= −yReφ′′(z), (6.13)

∂σxy

∂y
= ∂σyx

∂y
= −Reφ′(z) + y Imφ′′(z), (6.14)

∂σyy

∂y
= yReφ′′(z). (6.15)

If we substitute Eqs. 6.12, 6.13, 6.14, and 6.15 in 6.10 and 6.11:

Reφ′(z) − y Imφ′′(z) + (−Reφ′(z) + y Imφ′′(z)) = 0, (6.16)

yReφ′′(z) + (−yReφ′′(z)) = 0. (6.17)

The equilibrium conditions have been satisfied; it is important to keep in mind
that these conditions are an expression of the Stokes theorem.

2. Compatibility conditions: these conditions are used to analyze deformations. For
this case the surface of interest is a vertical plane stress. In strain plane, displace-
ments are given by

2Gu = −∂�

∂x
+ 4

1 + ν
p, (6.18)

2Gv = −∂�

∂y
+ 4

1 + ν
q, (6.19)

p = 1

2
Reφ̄(z), (6.20)

q = 1

2
Imφ̄(z). (6.21)

where

v: displacement in the vertical y direction.
p, q: complex variables obtained after integration.

u: displacement in the horizontal x direction.
G: shear modulus, G = E/2(1 + ν)

E : Young modulus.
ν: Poisson’s ratio.

Equations6.18, 6.19, 6.20 and 6.21 allow the estimation of u and v when φ is known.
However, it is necessary to find P = ∇2φ. We require to determinate complex
conjugate, Q, using Cauchy-Riemann conditions, and considerer f (z) = P + i Q.
Integrating, we can obtained p and q in complex space C.
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Substituting Eqs. 6.5 and 6.17 in Eq.6.15, we obtain:

2Gu = Reφ̄(z)(1 − ν)

1 + ν
− y Imφ(z) (6.22)

and defining an average with ν̄ = ν/1 − ν, finally

2Gu = (1 − 2ν)Reφ̄(z) − y Imφ(z) (6.23)

Now, substituting Eqs. 6.6 and 6.18 in Eq.6.16 and doing an analogous way as in
Eq.6.22:

2Gv = −yReφ(z) + 2

1 + ν
Imφ̄(z) (6.24)

and doing an average with ν̄ = ν/1 − ν finally

2Gv = −yReφ(z) + 2(1 − ν)Imφ̄(z) (6.25)

Note

Our goal is to find an analytical expression that describes the displacements in the
vertical and horizontal directions, that should be symmetrical with respect to the
x-axis, because as already stated tectonic fractures are horizontal.

6.1.2 Displacement in the Horizontal Direction, u

Substituting y = 0 into Eq.6.23

2Gu = (1 − 2ν)Reφ̄(z), (6.26)

σyy = Reφ(z), (6.27)

σxx = Reφ(z), (6.28)

σxy = σyx = 0, (6.29)

Considering, G = E/2(1 + ν) and substituting into Eq.6.26:

u = (1 − 2ν)(1 + ν)Reφ̄(z)

E
(6.30)
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6.1.3 Displacement in the Vertical Direction, v

Substituting y = 0 into Eq.6.25

2Gv = 2(1 − ν)Imφ̄(z), (6.31)

σyy = Reφ(z), (6.32)

σxx = Reφ(z), (6.33)

σxy = σyx = 0, (6.34)

Substituting the expression for G in Eq.6.31:

v = 2(1 − ν2)Imφ̄(z)

E
(6.35)

Equations6.30 and 6.35 can be followed inWestergaard (1939), De Vedia (1986),
Sih (1966), and Saouma (2000).

6.2 Westergaard’s Application for Tectonic Fractures

Horizontal natural fractures could close during reservoir depletion due to overburden
see Fig. 6.2.Moreover, this specific application has three aspects:σxx = σyy ,σxy = 0,
and y = 0, which they implicate that there are symmetry with respect to x-axis,
stress field in 2D is uniform (hydrostatic test), and normal stresses are considered.
The Laplace (bi-harmonic), compatibility and equilibrium equations are considered
in the plane state of stress (x, y) and deformation (u, v).

The Anderson’s classification scheme for relative stresses magnitudes in normal,
strike-slip and reverse faulting Fig. 6.3 based on his faulting theory. This faulting
theory limits themagnitudes of the three principal stresses at any depth by the strength
of the crust at depth. The Westergaard’s application can be used for normal, and
reverse or thrust regimes.

Pore fluid pressure and vertical effective stress should support overburden pressure
to keep open fractures in a normal regime of stresses. This state is related to the
concept of effective stress, which is the difference between overburden pressure and
pore pressure (Terzaghi 1923). Compaction disequilibrium; namely, the reduction
of pore fluid pressure and overburden weight will result in the closing of horizontal
fractures in the reservoir (Fig. 6.2).

The mathematical flow problem is to find and propose an analytical function f (x)
that describe would equilibrium stresses through following conditions:



6.2 Westergaard’s Application for Tectonic Fractures 109

Fig. 6.2 Effect of overburden during reservoir depleting

Fig. 6.3 E. M. Anderson’s classification. (Fossen 2010)
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1. y = 0 ⇒ σyy = 0 for −a ≤ x ≤ a
2. Lim

x→∞ f (x) = σ for −a ≤ x ≤ a

In consequence, the proposed analytic function f (x) is given by:

f (x) = σ(
1 − a2/x2

)0.5 , (6.36)

Applying conditions.
If f (x) = 0 then σ = 0 and σyy = σ = 0. This is a initial condition.
Now, if x → ∞ then f (x) = σ . Namely, the fracture is elongated and closed,

and Eq.6.36 can be rewritten:

σyy = σ(
1 − a2/x2

)0.5 , (6.37)

if x = z, then our expression is given by

φ(z) = σ(
1 − a2/z2

)0.5 , (6.38)

Displacement v is changing, then the ellipse should be symmetrical with respect
to x-axis, and this displacement is given by Eq.6.35. Additionally, Eq.6.35 requires
to estimate φ̄(z):

φ̄(z) =
∫

σ(
1 − a2/z2

)0.5 dz =
∫

zσ(
z − a2

)0.5 dz

Applying integration by trigonometric substitution, and by parts

φ̄(z) = σ

[
zacosh

(
z

a
− a

( z

a

)
acosh

( z

a

)
+ a

√( z

a

)2 − 1

)]
= σ

√
z2 − a2,

(6.39)
substituting Eq.6.39 in Eq.6.35, analyzing conditions, and considering a finite frac-
ture of length 2a:

v = 2(1 − ν2)σ
√
a2 − x2

E
(6.40)

If x = ±a, then v = 0. However, x2 > a2 then v would be a complex number,
and this should be a displacement in real space. Moreover, square of Eq.6.40:

v2 =
(
2(1 − ν2)σ

E

)2 (
a2 − x2

)
(6.41)
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Equation6.41 represents an ellipse, which E and ν are intrinsic parameters of
limestone rock, and σ requires to be uniform to keep the fracture open. Equation6.41
can be rewritten as

v2

cte2
+ x2

12
= a2 (6.42)

where cte = 2(1 − ν2)σ/E . Up to this point we have discussed the Westergaard’s
solution.

6.3 Westergaard’s Solution Applied to a Limestone
Reservoir with Tectonic Fractures

The objective of this application is to determine fracture collapse conditions, con-
sidering mechanical properties and fluid pressure. Different geological and dynamic
features of field will be described.

6.3.1 Field Geological Aspects

The Complejo Antonio J. Bermúdez (CAJB) is located in Cunduacán and Centro
towns, Estado de Tabasco, México, some 20km north-east of Villahermosa city.
Figure6.4 shows its location. Antonio J. Bermúdez is conformed by Carrizo, Cund-
uacán, Íride, Oxiacaque, Platanal, and Samaria fields (CNH 2013).

The CAJB fields are a chain of structures with salt intrusion, and strongly folded.
These mature fields are separated by normal, strike-slip, and reverse faults, creating
blocks with different lithologic characteristics, but hydraulically interconnected.

Hydrocarbons accumulation is limited by low permeability zone (0.001–0.1md)
in the north, a gas-oil contact in the north-east, a water-oil contact in the south and
the west, a in the east for a normal fault with direction north-south, see Figs. 6.51

and 6.6. Figure6.5 shows salt that yielded complex faults system, indicating strong
regional and local stresses, which can be observed in the 3D structure presented in
Fig. 6.6.

Fields conforma tectonic carbonate reservoirwith blackoils (20–31◦ APIgravity);
initial pressure was 533kg/cm2 (7581.06 psi), and saturation pressure 319kg/cm2

(4537.24 psi) (Fong et al. 2005).
So that, CAJB is a complicated limestone reservoir due to presence of salt domes,

faults, and tectonic fractures.
In 1974, Madrigal reported the presence of salt that influenced folding and fault-

ing. In Samaria and Cunduacán fields, salt does not penetrate limestone layers, form-
ing domes structures affected by normal and slike-slip faults; namely, there was a

1Authorized by field manager for academic objectives.
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Fig. 6.4 Complejo Antonio J. Bermúdez geographic location (CNH 2013)

Fig. 6.5 CAJB structural contour map on top of Late Cretaceous
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Fig. 6.6 3D structural contour of the Complejo J. Bermúdez on top of Late Cretaceous

limestone layers deformation (Madrigal 1974). In consequence, changes and reduc-
tion of thickness can be observed in each well that indicate the presence of salt and
its effects Fig. 6.7 shows this reduction of thickness.

Structural properties of an active diapirs are (Yin and Groshong 2007):

• Active diapirs are circular or elliptical in map view.
• Active diapirs rise above the surrounding area.
• Active domes have few faults in the early stage, and many fault in the late stage.
• The overburden strata above active diapirs are ruptured by radial normal faults.

Mentioned properties can be observed in the Fig. 6.8.
When Fig. 6.5 is compared with Fig. 6.8, it observed some similarities due to the

presence of salt domes in the Complejo Antonio J. Bermúdez.
An application will be developed for a single fracture model. Also, a fracture net-

work can be considered. A recommendation for the Complejo Antonio J. Bermúdez
was the development of a fracture model (CNH 2013).
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Fig. 6.7 Thickness change in wells of CAJB
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Fig. 6.8 Structure contour maps of representative active salt domes. Latitudes and longitudes of
maps in this and the figures, except the Reitbrook dome, are derived fromLat-Long Services (2006).
a Clay Creek dome, Texas, showing normal faults and contours on top of the Wilcox Formation
(from McDowell 1951). b Reitbrook dome, Germany, showing normal faults and contours on the
base of the Tertiary (from Schmitz and Flixeder 1993, with kind permission of Springer Science
and Business Media). c Tiger Shoal dome, Louisiana, showing normal faults and contours on the
top of T sand (from Smith et al. 1988; reprinted with permission from the New Orleans Geological
Society). d West Clara dome, Mississippi, showing normal faults and contours on the base of the
FerryLake anhydrite (fromDavis andLambert 1963; reprintedwith permission from theMississippi
Geological Society) (After Yin and Groshong 2007, Fig. 1, p. 346.) This figure is taken from Yin
and Groshong. McDowell, Schmitz and Flixeder, and Smith are authors and references than have
included and modified. On the other hand, Lat-Long Services (2006) is a program and company
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6.3.2 Paleontological Description

Paleontological studies on the2 north, eastern and southern of the CAJB were done,
where profitable hydrocarbon occurrences are discovered in the seventies of the last
century.

In theCAJB, planktonic foraminifera, undifferentiated fragments, andmicrofauna
are observed.

Planktonic foraminifera as Globotruncanita stuartiformis, Globotruncana ventri-
cosa, Pseudotextularia cf nuttalli, Pseudotextularia sp., Cotosotruncana sp.,Globiger-
inelloides sp., Globotruncana sp., and Globotruncanita sp. are generally common in
the Late Cretaceous to Campanian-Maastrichtian age.

On the other hand, the presence of planktonic foraminifera such as
Globotruncanita stuartiformis, Globotruncanita cf stuarti, Radotruncana calacarata,
Globotruncana sp, Globotruncanita sp., and axial and subaxial cut of Sulcoperculina
sp (benthonic foraminifera) indicates microfauna late Campanian.

Microfauna such as Marginotruncana undulata, Globotruncana bulloides,
Marginotruncana sp., Globotruncana sp., Cotosotruncana cf fornicata, and Coto-
sotruncana fornicata were observed in thin-section, indicating Late Cretaceous to
Santonian age.

Undifferentiated Biogenic fragments, abundant radiolarian, and few cuts of ben-
thonic foraminifera without identify could indicate a facies late Cretaceous.

6.3.3 Petrography

Petrography was3 used to document the diagenetic processes that affected the CAJB
carbonates (pressure-solution seams, burial fractures and mineralization), and gen-
eral burial history.

Thin-section in horizontal direction of Complejo Bermúdez limestones iden-
tified a facies type radiolarian wackstone. This type of limestone is fine-grained
(mud-supported), micrit matrix (microcrystalline limestone), with more than 10%
allochemes. Allochemes are circular radiolariamolds of calcite, with partially recrys-
tallized material structures of algaes. Also, there are microfractures refilled with
recrystallized calcite. This is observed in Figs. 6.9 and 6.10.

In additional, a pseudostratification can be observed with calcitized microfrac-
tures, and others without calcite dyed in dark blue. In thin-section photomicrographs
moderate interparticle porosity, and low intrafossilar porosity with impregnated oil
have been observed. Also, micrit matrix contains black organic material Fig. 6.9.

Thin-section in vertical direction identified a microfacies (circular radiolar-
ian mudstone-wackstone). This facies consists predominantly of micrite (grain-
supported) with circular radiolaria molds of calcite impregnated oil (light brown).

2Report developed by micropaleontology personal.
3Report developed by specialized personal of petrography.
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Fig. 6.9 Photomicrographs of radiolarian wackestone. a and b Discontinuous fractures without
cement (dark color). Taken with parallel Nicols (2.5X). c Pseudostratification or interlayers of
calcareous shale and oil (black color), and crystallized fracture. Taken with parallel Nicols (20X).
d Photomosaic illustrating Algaes recrystallized by calcite. Taken with parallel Nicols (2.5X)
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Fig. 6.10 Photomosaic illustrating parallel continued fractures recrystallized by calcite. Takenwith
crossed Nicols (2.5X)
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Fig. 6.11 Photomicrographs of radiolarian wackestone. a Micrit matrix with circular radiolarian.
Taken with crossed Nicols (2.5X). b Radiolarian totally recrystallized. Taken with crossed Nicols
(20X). c Alternation of brown hydrocarbon in micrit matrix and thin fractures partially cemented
by calcite. Taken with crossed Nicols (2.5X). d Recrystallized radiolarian with impregnation of
brown hydrocarbon. Taken with crossed Nicols (20X)

Although, fractures refilled by calcite cut across pseudostratification or interlayers
of calcareous shale. Also, in thin-section photomicrograph is observed interparticle
porosity and low intrafossilar porosity with oil. See Fig. 6.11.

Figure6.12 delays interlayers of calcareous shale, which were crossed by thin
fractures and are intercepted between them, but they are filled by crystalline calcite.

In thin-sections do not identify dolomitization proccess because of mineral
dolomite crystallizes in the trigonal-rhombohedral system, that was not observed.
It does not rapidly dissolve or effervesce (fizz) in dilute hydrochloric acid as calcite
did.

There are not presence of mineral alteration and/or vugs caused by dissolution. It
is possible to find stylolites, because of overburden pressure, but they can be oblique
or even perpendicular to bedding, as a result of a strong tectonic activity that might
occur in the CAJB.
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Fig. 6.12 Photomosaic. Micrit matrix with radiolarian, and cemented fractures. Taken with crossed
Nicols (2.5X)
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Table 6.1 Permeabilities and porosities under 800 psi confining pressure results

Cores samples Diameter (cm) Length (cm) Porosity (%) Permeability (md)

1 (southern) 10 15.9 4.5 4.1

2 (southern) 2.539 5.248 2.9 3.1

3 (north) 2.528 4.575 0.5 0.0148

4 (north) 2.526 3.929 1.3 0.0743

5 (eastern) 2.519 5.742 5.8 2.20

6 (eastern) 2.531 3.234 7.3 0.0921

6.3.4 Permeability and Porosity

Permeabilities and4 porosities measures on cores samples localized the north, east-
ern and southern of the Complejo A. J. Bermúdez were estimated, using a poro-
permeameter. The values of porosities and permeabilities in samples 3 and 4 (north)
are the lowest of all; although, this zone might act as seal. See Table6.1.

Fractures and/or microfractures are not visible in cores samples, due to sample
size; moreover; the absence of discontinuities implies low permeability. It will indi-
cate that samples are matrix.

6.3.5 X-Ray Diffraction for the Identification and Analysis of
Carbonates Rocks

The main objective5 was rock components identification and quantification. The
analyzed material often has to be destructively prepared by cutting, grinding, defor-
mation or polishing to get “homogeneous” samples. In this point, it is used X-ray
diffraction (DRX) patterns.

The composition of inhomogeneous material can be possible by a non-destructive
analysis; namely, can be estimated by X-ray fluorescence (FDRX). Major elements
composition (oxides) were obtained X-ray fluorescence spectrometer.

Six limestone samples were prepared for whole rock mineralogy following stan-
dard X-ray diffraction procedures (Hardy and Tucker 1988). The powder samples
were scanned from 4–80 ◦, scattering angle (degrees) 2θ , and different values of
intensity L in (counts) were obtained.

4Report developed by specialized petrophysicists.
5Report developed by specialized personal in X-ray diffraction and combinatorial catalysis.
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Table 6.2 Oxides quantification in carbonates rocks samples

Samples CaO
(wt.%)

SiO2
(wt.%)

SO3
(wt.%)

SrO
(wt.%)

Fe2O3
(wt.%)

Al2O3
(wt.%)

MgO
(wt.%)

1 (southern) 97.06 2.13 0.42 0.24 0.15 – –

2 (southern) 95.83 3.74 0.21 0.17 0.05 – –

3 (north) 93.78 5.37 0.45 0.22 0.18 – –

4 (north) 93.93 5.21 0.39 0.25 0.22 – –

5 (eastern) 93.73 5.13 – – 0.31 0.83 –

6 (eastern) 93.62 5.04 – – 0.36 0.98 –

Trace and oxides compositions were determined, according to standard analytical
procedures suggested in laboratory (Oxides-Helio method), quantifying oxides like
silicon dioxide (SiO2),magnesiumoxide (MgO), iron oxide (Fe2O3), strontiumoxide
(SrO), aluminium oxide (Al2O3), sulfur trioxide (SO3), and calcium oxide (CaO).
The analytical accuracy error of trace elements was better that ±6%.

Table6.2 presents large variations in CaO (93.62–97.06%), and SiO2 (2.13–
5.04%), whereas small variations in SrO (0.17–0.24%) are observed. Fe2O3 con-
tent in all samples varies from 0.15 to 0.36%. The contents of SO3 and Al2O3 are
very low in carbonate samples. In contrast, MgO was not observed in rock sam-
ples. The low concentration of SrO content indicates that, the precursor limestone
had undergone considerable diagenesis which resulted in SrO depletion. The avail-
able source of Al2O3 may be associated fine grained siliciclastic-rich sediments that
supply valuable amount of Fe and Al.

The source ofmagnesium oxide could be observed in calciummagnesium carbon-
ates. The absence of MgO may indicate that all rock samples are limestones. Many
dolomites are formed due to the replacement of pre-existing CaCO3 (calcite and
aragonite minerals) or altered during diagenesis. Moreover, Sr depletion indicates
diagenesis process. According to X-ray diffractograms presented in Figs. 6.13 and
6.14 this alteration process did not occur in these rocks samples; moreover, the pro-
cess of dolomitization in the Complex J. A. Bermúdez can not be excluded because
dolomite is related to diagenesis.

Figure6.13 displays quartz crystals SiO2 (hexagonal quartz syn), and calcite
Ca(CO3). On the other hand, Fig. 6.14 presents two configurations quartz crystals
(hexagonal quartz syn and hexagonal quartz), calcite, and iron oxide.

The clastic and carbonate percentageswere calculated using the quartz, iron oxide,
and calcite peaks in the X-ray diffractograms, and results are shown in Table6.3.

Note

We compared thin-sections petrography and X-ray diffractions for the quantification
and identification of carbonate rocks composition. Results exhibit similar minerals as
calcite and quartz. There are not discrepancy between thin-section and X-ray results.
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Fig. 6.13 X-ray diffraction 1 southern sample

Fig. 6.14 X-ray diffraction 1 north sample

Table 6.3 Content of calcite, quartz and others elements in samples

Samples Ca(CO3) (wt. %) SiO2 (wt. %) Others (wt. %)

1 (southern) 93.75 5.02 1.23

2 (southern) 96.48 2.12 1.40

3 (north) 95.83 3.37 0.80

4 (north) 94.93 4.19 0.88

5 (eastern) 96.73 3.13 0.14

6 (eastern) 96.62 3.04 0.34
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Also, these procedures show that dolomite is not present in these samples; although,
will be inappropriate to argue that there is only calcite in the CAJB.

6.3.6 Computed Tomography, CT

Tomography was used to show the internal fractures and micro-fractures and to
verify their geometry and morphology. Useful, calcareous cores without dissolutions
or visible discontinuities, are considered as matrix rock without fractures. Narrow
subplanar fractures can be observed, if the density in the core internal structure shows
changes.

A sample cored in a carbonate reservoir (15.9cm in length and 10cm in diameter)
was obtained. Figure6.15 displays the scan of a limestone core at 3mm spacing,
showing narrow subplanar fractures. They are open, deformed and/or mineral-filled.
In images 16 to 21 an open fracturewith great aperture can be observed, and in images
30 to 42 there are others fractures with small aperture. Moreover, a visual inspection
of the core does not show any fractures that may be connected (see slides 30 to 53
in Fig. 6.15). Approximately, these limited length fractures have 1 to 2mm apertures
and would allow hydrocarbons flow; in effect they also provide effective porosity
because fracture connects spaces in this rock. Dissolutions as vugs and caverns are
not present in these samples.

There are many factors that dominate the rate-transient and production behavior
of NFCR, such as fracture conductivities, dip angles, lengths, and discontinuities
distribution, as well as whether or not discontinuities intersect between them. The
CT showed that planar discontinuities do not intersect.

6.3.7 Fluid Pore Pressure

Figure6.16 exhibits a pressure depletion pattern not like the harmonic function. Also,
it shows a similar trend between distinct fields (Samaria, Íride, Platanal, Cunduacan,
and Oxiacaque), with initial pressure of CAJB was 540 kgf/cm2 (7680.60 psi), and
its depletion rate is 6 kgf/cm2 (85.34 psi) per year, its bubblepoint pressure is 318.50
kgf/cm2 (4530.13 psi) (Fong et al. 2005).

These fields present gravity segregation gas caps, and a strong natural aquifer
support. In consequence, wells produce water along with oil. The CAJB contains
more than 8 billion bbl of original oil in place (OOIP). Cumulative production is
2850 MMbls de aceite, and recovery factor is approximately 35%. Wells with an
average measured depth of 4500 m (14763.78 ft). The gross thickness is 800 m
(2624.67 ft) of limestone (Guerrero and Mandujano 2014).
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Fig. 6.15 Scan of limestone core, with dark shading associated to low density and white to high
density regions with evident macroscopic fractures. Early Cretaceous, Complejo A. J. Bermúdez,
Samaria-Luna Region, Tabasco. Mexico
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Fig. 6.16 Pressure behavior of CAJB

6.4 Carbonate Rock Mechanical Properties

The carbonate rock mechanical properties depend on its mineral composition, the
arrangement of the grains, discontinuities, and geological history. The surfaces of
fractures are influenced by the stresses distribution and mechanical properties. Aper-
ture is associated with local displacement, where substantial nonlinearity is con-
fined within a linear-elastic field surrounding the fracture. Consequently, significant
mechanical parameters (Young’s modulus and Poisson’s ratio) of linear-elastic frac-
tures are determined to apply Westergaard’s solution.

Fracture collapse can be described insofar as overburden stress (σ1), and pore
pressure may be calculated. A tectonic fracture is both fluid dynamic and mechanical
discontinuity. A reduction of the pore pressure will increase the effective stress,
and cause the reservoir strain. The fractures permeabilities change due to generated
strain field, affecting the balance between the viscous and capillary forces (changed
capillary entry pressures) in the fracture.

A saturated porous rock with oil will show poroelastic behavior. Moreover, the
formation behaves elastically to the stress level at which it yields and then deforms
plasticallywithout limit. In principle, this poroelastic behavior occurswhen a strength
of materials approach assumes that rock deformation will be elastic until the point
of failure.
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6.4.1 Overburden Stress, Sv

The magnitude of the overburden stress, Sv , is reliably obtained by integration of
rock densities from surface to the depth of interest h (Zoback 2007), using the density
log. The reservoir has to carry the weight of the overlying formations. Overburden
stress is estimated from Eq.6.43 as

Sv =
h∫

0

ρ(h)gdh ≈ ρ̄gh (6.43)

where ρ(h) is the density as a function of depth, g is gravitational acceleration and ρ̄

is the mean overburden density (Jaeger and Cook 1971), with h = 0 corresponding
to the Earth surface. Figure6.17 shows density log (RHOB) and calculated over-
burden stress, using Eq.6.43. The density log is somewhat noisy and no data are
available between the surface (0 ft) and specific depth (2329 ft). So that, it is nec-
essary to extrapolate densities to the surface where the density is approximately 1.8
g/cc (shale density). Figure6.17 shows density log and overburden stress estima-
tion considering extrapolated densities to the surface. Density log realistic behavior
describes a nonlinear increment with respect to depth, which implies a slope change

Fig. 6.17 Density log and overburden stress
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in overburden stress estimate. An approximated solution consists in to assume that
superficial layers are shale.

When the vertical stress dominates in normal faulting regions (σ1 ≥ σ2 ≥ σ3),
where Sv = σ1, SHmax = σ2, and Shmin = σ3. An upper limit for the magnitudes
of the principal stresses in situ is the frictional strength of pre-existing fractures and
faults.

6.4.2 Maximum and Minimum Horizontal Stresses
Magnitudes

Reliable estimates of formation stresses are important for coupling geomechanical
evaluations with reservoir flow analyses. The formation stress state is character-
ized by the magnitude and direction of three principal stresses, the overburden, Sv ,
maximumhorizontal, SHmax , andminimumhorizontal, Shmin , stresses. Existing tech-
niques for the estimation of horizontal stressesmagnitudes include borehole breakout
analysis, leak off test, mini-frac, step-rate test, and hydraulic fracturing.

Leak off test, LOT, and extended leak off test, ELOT, give a measure of the
SHmax and Shmin magnitudes. The SHmax magnitude is the most difficult parameter
to determine, unlike Shmin , which can be measured by the hydraulic fracturing and
LOTs. However, there are no methods to measure SHmax directly. If the formation
tensile strength, T0, is known it is possible to determinate SHmax , using LOTs or
step-rate tests. The T0 parameter is estimated from core tests, logs, and mini-frac
ELOT; and is also employed to describe tensile failure.

The differences between LOT and ELOT are the following:

• LOT pressure is established to reach the formation breakdown pressure. ELOT
pressure passes leak-off pressure and reach the formation breakdown pressure.

• ELOT performs more than one cycle to overcome the effect of T0 while standard
LOT usually performs only cycle.

• Shut-in time for LOT is 10–15min while ELOT requires 30min for shut-in time.

It is recommended to calculate the SHmax direction and magnitude, using mechanic
damage constraints based on borehole breakouts.

Figure6.18 shows the stages of a LOT during mud pumped in borehole. The Leak
off point, LOP, is approximately equal to the least principal stress when a break-in
slope is observed. If the LOP is not reached, a formation integrity test, FIT, has
been developed. The peak pressure reached during a LOT or ELOT is termed the
formation breakdown pressure (FBP), by which fracture propagation is unstable.
After, the pumping pressure drops at the FPP (Fracture propagation pressure) that
may be Shmin for conditions of low tortosity and fluid viscosity. However, the FCP
(Fracture closure pressure) and ISIP (Instantaneous shut-in pressure) are a better
measure of the least principal stress if it is detected a change in linearity of the
pressure decay during the hydraulic fracturing (Nolte and Economides 1989).
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Fig. 6.18 Leak off Test (LOT). Cambridge University Press Zoback, Reservoir Geomechanics
(Fig. 7.2, p. 211)

In the absence of the above described test, an approximate estimate of the horizon-
tal stress magnitude is made using dynamic Poisson’s ratio, it may not be a reliable
value because of the local stresses change and rocks lateral expansion that occur in
stratigraphic layers.

Figure6.19 shows a LOT 6 for the CAJB at a depth of 13845 ft (4220 m). A leak
off test is taken only to the LOP, which is a typical oil-field practice. Numerical data
were represented on the graph to determine the minimum principal stress. Red line
describes Formation Integrity Test (FIT), that indicates wellbore pressure was not
sufficient to initiate a fracture of the wellbore wall, and did not exceed the minimum
horizontal stress. Green line describes Leak-off point (LOP), which the fluid pressure
begins its propagation through the wellbore wall, and the peak pressure reached is
termed the formation breakdown pressure (FBP) and represents an unstable fracture
propagation away from awellbore. For thiswell, Shmin = 10223.35 psi, with gradient
of 0.74 psi/ft, and formation break-down pressure is 10321 psi.

Table6.47 displays an indirect test of tensile strength in three samples of the
CAJB, with similar diameter and length. The core sample of 5 (eastern) had the
highest porosity and moderate permeability between samples. Tensile strength of
a material is the tension stress at which a material breaks or permanently deforms
(changes shape). An average value of tensile strength was 413.06 psi in this static

6Numerical data were authorized by field manager for academic objectives.
7Data determined by specialized persona in rockmechanical properties. Class notes: Geomechanics
for Petroleum Engineers.
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Fig. 6.19 Leak off test of the Complex Antonio J. Bermúdez

Table 6.4 Indirect test of tensile strength

Samples Diameter (in) Length (in) Stress (psi) Tensile strength (psi)

2 (southern) 1.487 1.170 765.00 280.05

4 (north) 1.486 0.893 741.00 355.58

5 (eastern) 1.486 0.918 1293.00 603.56

test. Also, Table6.4 shows several values of tensile strength due to the presence of
weak bedding planes, cracks and other heterogeneities in three samples.

For determination of SHmax can be used the following expression:

SHmax = 3Shmin − pb − pp + T0 (6.44)

where
pb = Formation break-down pressure
T0 = Tensile strength
pp = Reservoir pore pressure.
Considering that well was drilled in 1998, and substituting pb = 10321 psi,

T0 = 413.1 psi, (Shmin) = 10223.35 psi, and pp = 240kgf/cm2 (3413.6 psi), (see
Fig. 6.16) in Eq.6.44, SHmax = 17349 psi, while (Sv) = 18017 psi.

Figure6.20 shows the overburden stress (Sv), the hydrostatic pore pressure (pp),
the minimum horizontal stress (Shmin), and the maximum horizontal stress (SHmax )
at depth (13845 ft), and casing points. The hydrostatic pore pressure is convention-
ally estimated using ph = 0.433 ∗ ρw ∗ h by which water density ρw = 1.0 g/cc.
For the estimation of the overburden stress, a shale density was used between 0 and
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Fig. 6.20 Pressure or Stress versus depth

2329 ft of depth. Figure6.20 also displays the reservoir average pressure, which
is lower (underpressure) than the hidrostatic pressure, and SHmax is close to Sv . It
physically implies that local reservoir stresses are changing, describing a rotation
and a new relation between them. In accordance to field experience, the orientation
of horizontal stresses can be verified using image logs and studying breakouts ori-
entation. Additionally, a change from normal to strike-slip faulting is considered in
Anderson’s classification scheme described in Fig. 6.3, is occurring in the CAJB due
to reservoir depleting. The hydrocarbons production during twenty-four years gen-
erated a pressure drop between the initial pressure and average pressure, of 4267.20
psi.

There are four important features to note about the horizontal stress values at
depth. First, the magnitude of SHmax is extremely close to Sv such that a strike-slip
faulting regime (σ1 ≥ σ2 ≥ σ3) exists in this region where SHmax = σ1, Sv = σ2, and
Shmin = σ3. Second, the CAJB features are characteristic of the tectonic processes,



132 6 Westergaard’s Solution Applied to Carbonate Reservoirs

data are Quaternary in age, and they represent episode of deformation in area. Third,
A strike-slip faulting regime was formed due to pre-existing tectonic processes;
namely, those structures evolved during previous tectonic regimes, in some cases,
regimes have not been active for tens of million of year. Madrigal (1974) describes
strike-slip faulting, lateral faults, and normal fault with lateral component in region.
In consequence, it is coherent to find a change from normal to strike-slip faulting of
Anderson’s classification. Another aspect that deserve especial attention is related to
the geologicalmemory; in otherwords, static behavior associates to all tectonic events
from the youngest until the oldest. This behavior also observed in the reservoirs fluid
dynamics when NFCRs trend to keep a pre-existing flow pattern during its initial
production stage until their depleting, expressing carbonate rocks history.

6.4.3 Elastic Parameters: Young’s Modulus and Poisson’s
Ratio

The modulus of elasticity is the ratio of stress to strain. Using the velocity of com-
pressional waves (Vp) and shear waves (Vs) the elastic moduli considering the Biot-
Gassmann velocity relationships can be estimated. As already stated, Westergaard’s
solution uses Young’s modulus and Poisson’s ratio. Three types of deformation can
result, depending upon the mode of the acting force. The three elastic moduli are:

Young’s modulus,: E = (F/A)/(dL/L)

Bulk modulus,: K = (F/A)/(dV/V )

Shear modulus,: G = (F/A)/tanx
Where F/A is the force per unit area and dL/L , dV/V , and tanx are the fractional

strains of length, volume, and shape, respectively.
Another important elastic parameter, called Poisson’s ratio, is defined as the ratio

of strain in a perpendicular direction to the strain in the direction of extensional force,
(ν = (dx/x)/(dy/y)).

Where x and y are the original dimensions, and dx and dy are the changes in x
and y directions respectively, as the deforming stress acts in y the direction.

The frequency of seismicwaves generates differences in velocity (or elasticmodu-
lus). A reflection seismic measurement (~10–50Hz) are slower (yield lower moduli)
than sonic logs (~10kHz), and sonic logs yield slower velocities than ultrasonic
laboratory measurements (typically ~1MHz).

6.4.3.1 Elastic Parameters Determination: Logs and Compression Test

Elastic moduli were measured using a triaxial compression testing system (static
tests), where confining stresses were applied hydrostatically. Young’s modulus (E)

was determined from the tangent to the stress-strain slope, and Poisson’s ratio, (ν),
was derived from the ratio of radial to axial strain. Table6.5 shows the results of
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Table 6.5 Triaxial test and elastic properties

Sample Confining
pressure (psi)

Temp. ◦F Young’s modulus
(kpsi)

Poisson’s ratio
(dimensionless)

2 (southern) 500 76 6192.40 0.28

1000 72 5239.92 0.33

2000 72 5608.80 0.38

2500 71 5466.62 0.38

Table 6.6 Wave velocities

Sample Confining
pressure
(psi)

Axial load
(kip)d

Frequency
(kHz)

vap (ft/s) vbs1 (ft/s) vcs2 (ft/s)

2 (southern) 0 0.5 400 10717 6675 6580

500 0.87 400 11297 6859 6731

1500 2.64 400 12820 7177 7314

2500 4.38 400 13673 7587 7677
avp = P-wave velocity (compressional, primary, or longitudinal)
bvs1 = S1-wave velocity (shear-1, secondary-1, or transversal-1)
cvs2 = S2-wave velocity (shear-2, secondary-1, or transversal-1)
d1 kip = 4448.22 Newtons (N)

elastic constants determined for samples.8 Also, It is possible to express the elastic
parameters in terms of the phase velocities, and to find the corresponding expressions
for Young’s modulus and Poisson’s ratio given by:

E = ρv2
p

3v2
p − 4v2

s

v2
p − v2

s

(6.45)

ν = v2
p − 2v2

s

2
(
v2
p − v2

s

) (6.46)

vp = P-wave velocity (compressional, primary, or longitudinal)
vs = S-wave velocity (shear, secondary, or transversal)
ρ = bulkdensity.

Tables6.5 and 6.6 show measured elastic parameters and wave velocities for a
limestone sample. Although, static compression tests were developed considering
three important conditions that can generate a marked contrast, with dynamic data:

1. Temperature: 72 ◦F (approximately)
2. Confining pressure: 500–2500 psi (Range)
3. Acoustic frequency: 400kHz (Tests design)

8Data determined by specialized personal in rocks mechanical properties. Class notes: Geomechan-
ics for Petroleum Engineer.
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Fig. 6.21 Sonic log transit times, with pay zone respectively

Elastic moduli can be determined from acoustic data (logs or seismic), also called
dynamic tests. The main differences between static and dynamic moduli is often
explained by the difference in frequency of the measurements and strain amplitude
used in tests. In the compressive test, strain is larger and a non-elastic deformation
of the sample can occur.

Figure6.21 displays compressional and shear transit times of sonic log. Interval
travel time,	t , or slowness is used to estimate porosity in formations. A similar pat-
tern emerges in both transit times, which is decreasing. The presence of secondary
porosity as vugs and fractures, complicates the quantitative evaluation of sonic logs.
In such cases, it is necessary to compare with other logs that reflects total poros-
ity. Figure6.21 indicates a formation with low porosity and very consolidated. The
reservoir pay zone presents planar or nonplanar discontinuities, which are detected
due to a significant increase in transit time and density observed in Figs. 6.17 and
6.21. Shear waves are propagated in solid medium, and compressional wave in liquid
medium. Null data mean noise data during the process of logs measuring.

Figure6.22 shows pay zone wave velocities in reservoir, which are reciprocal
values to transit times obtained during sonic log. So that, compressional and shear
wave velocities behavior will be completely opposite with respect to transit times.
The shear and compressional wave velocities increase in the pay zone, that indicates
a particular porous medium with low consolidation.

Poisson’s ratio was calculated using sonic log wave velocities in Eq.6.46.
Figure6.23 shows decreasing data, tend to have low Poisson’s ratio values. The

deviation can be attributed to little pore pressure, or partially liquid-filled fractures.
Pay zone presents a formation containing discontinuities; so that, Poisson’s ratio is
less than the intrinsic effective Poisson’s ratio of a homogeneous rock. In contrast,
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Fig. 6.22 Shear and compressional waves velocities, with pay zone respectively

Fig. 6.23 Poisson’s ratio determined using sonic log, with pay zone respectively

the effective Poisson’s ratio of a formation containing closed fractures is greater than
its intrinsic Poisson’s ratio, it implies that, fractures is opened, yet.

It is well-known that several factors controlling Poisson’s ratio for limestone rock.
The rock depends on volume and geometry of pore space, mineral constitution, and
saturating-fluid types and distribution (Chopra and Castagna 2014).



136 6 Westergaard’s Solution Applied to Carbonate Reservoirs

Fig. 6.24 Young’s modulus using sonic log, with pay zone respectively

Figure6.24 shows dynamically determined values of Young’s modulus, which
tend to be high. These values were estimated using Eq.6.45. It indicates high density
and moderate formation compaction level, that reduces porosity limestone.

Values of Young’s modulus decreased in pay zone, and our general analysis is that
when cracks, fractures and vugs are present, the yielding of the rock to dynamically-
applied stresses is increased by the closing of such cavities. Only part of the force
is effective in compressing the solid and liquid material of the formation during oil
production. For this reason measured values of elasticity (Young’s modulus) tend to
be low, and the compressibility of this limestone layer tends to be high.

On the other hand, closed tectonic fractures containing formation can present a
Young’s modulus less than its intrinsic Young’s modulus (without fractures) if the
surfaces of the sliding do not slide past one another. This hypothesis can explain the
peak of Young’s modulus in pay zone.

The conditions of geophysical problems are closely approximated if the rock
sample is set into similar frequency.Moreover,minute cracks in the specimens affects
results. So that, the presence of secondary porosity in the formation and rock samples
explains the remaining differences between static and dynamic measurements.

Tables6.7, 6.8, and 6.9 present reservoir properties, pay zone mechanical prop-
erties, and its waves velocities estimated using sonic log. These values will use to
describe the collapse of tectonic fractures considering Westergaard’s application.

The stiffness of a hydrocarbon saturated rock depends on the rate at which external
load is applied. When force is applied quickly, if stress is applied faster than fluid
pressure can drain away, the fluid carries some of the applied stress and the rock is
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Table 6.7 Reservoir properties

Sample Initiala

pressure
(psi)

Pressureb

(psi)
Temperature
(◦F)

Thickness
(ft)

Width (ft) Length (ft)

Pay zone 7680.60 3413.60 252 269 132 569
aPressure estimated in 1973
bPressure estimated in 1998

Table 6.8 Mechanical properties

Sample (Sv) (psi) (SHmax ) (psi) (Shmin) (psi) Poisson’s ratio
(dimension-
less)

Young’s
modulus
(kpsi)

Pay zone 18017 17349 10223.35 0.26 8598.47

Table 6.9 Wave velocities

(Sv) Frequency DTp Vp DTs Vs
Sample (psi) (kHz) (μs/ft) (ft/s) (μs/ft) (ft/s)

Pay zone 18017 5 52.69 19051.71 91.77 10983.28

Vp = compressional wave velocity
Vs = shear wave velocity
DTp = transit time of compressional wave
DTs = transit time of shear wave

relatively stiff, and the rock behaves in an undrained manner. This manifestation of
poroelasticity is frequently observed in typical laboratory stress-strain data.

The discrepancy between static and dynamic moduli can be explained by the non-
elastic strain component invariably present in compression tests and that is absent
in dynamic acoustic measurements. Also, this difference is explained by different
authors as due to the presence of fractures, cracks, cavities, planes of weakness
and foliation that relates to low ultrasonic velocities, and low values of dynamic
parameters (Al-Shayea 2004.; Martínez-Martínez et al. 2012).

6.5 Closed or Open Natural Horizontal Fractures

From an engineering perspective, an elastic and infinite reservoir represents the ration
of lateral extent to thickness. Reservoirs that are laterally extensive with respect to
their thickness, the horizontal stresses will decrease with depletion but the vertical
stress remains constant.

Many reservoirs present a change in horizontal stress with depletion in the range
0.5–0.7 (Chan andZoback 2002). An elliptical inclusionmodel (Westergaard’s appli-
cation) will describe the effects of reservoir depletion on fractures deformation for
CAJB.
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Using Eqs. 6.37 and 6.40, and input parameters listed in Tables6.7, 6.8, and 6.9;
fracture width was determined, considering pore pressure and effective stress. Effec-
tive stress (Sef f ) is given by:

Sv = Sef f + αp (6.47)

where
α = Biot coefficient.
Biot (1941) proposed an equation to estimate the coefficient for rock consoli-

dation. Others authors as Bishop (1954), Geertsma (1957), Suklje (1969), Nur and
Byerlee (1971) and Lade and De Boer (1997) (Shimin and Satya 2013). The coef-
ficient ranges from near zero to unity, which depends on the property of the porous
media, and can determinate using the bulk modulus of dry porous material Ks and
grain bulk modulus K , respectively, and Cs and C are compressibilities of the solid
material (grains) and skeleton. In this thesis, the value of Biot coefficient was unity
because of compressibilities of the solid material and skeleton might be similar,
which is an accepted assumption.

Table6.10 shows calculated pressure for single fracture, its length less than for-
mation length (60% approximately). This value of calculated pressure corresponds
to pore pressure and effective stress to keep opened fracture with a width 0.056
ft. If calculated pressure is numerically equal to overburden stress, there is a static
equilibrium, and homogeneous material without fractures or fractures totally closed.

Table6.11 displays fracture width and length determined using initial reservoir
pressure. Fracture deformation and its geometrical change is generated because effec-
tive stress tends to equilibrate reservoir pressure drop. In consequence, fracture width
decrease and its length increase, but also provide a fundamental means to integrate
the induced elasto-plastic deformation.

Table6.12 shows fracture width and length determined using actual reservoir
pressure, which the lateral deformation does not exist. Fracture width is strongly
reduced.

Normally, reservoirs present fractures networks. Table6.13 shows a similar effect
in fractures width due to pressure drop. In this case, fractures depend on their length;
namely, the shortest fracture will close with respect to others fractures.

Table 6.10 Single fracture width and length

Sample Static equilibrium
pressure (psi)

Calculated
pressure (psi)

Length (ft) Width (ft)

Single fracture 18017 14446.74 328.08 0.056

Table 6.11 Single fracture width and length with initial pressure

Sample Static equilibrium
pressure (psi)

Initial pressure
(psi)

Length (ft) Width (ft)

Single fracture 18017 7680.60 514.7 0.018
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Table 6.12 Single fracture width and length with initial pressure

Sample Static equilibrium
pressure (psi)

Actual pressure
(psi)

Length (ft) Width (ft)

Single fracture 18017 3413.60 328.08 1.9 × 10−6

Table 6.13 Fracture network width and length with initial pressure

Sample Static equilibrium
pressure (psi)

Actual pressure
(psi)

Length (ft) Width (ft)

Fracture 1 18017 3413.60 328.08 1.91 × 10−6

Fracture 2 18017 3413.60 180.45 1.41 × 10−6

Fracture 3 18017 3413.60 32.80 6 × 10−7
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Chapter 7
Applicability and Benefits of Doctoral
Thesis for Hydrocarbons Industry

Naturally Fractured Carbonate Reservoirs (NFCRs) present a significant challenge
because they are complex flow systems, with interdependence variables that need
to be full characterized to describe the heterogeneities that impact fluid flow. In
consequence, optimizing production and the recovery factor in carbonate reservoirs
result from a combination of geological, geomechanical and dynamic factors that
should be included in an integrated reservoir characterization.

Integration of related topics such as fracture mechanics, well testing, compaction
potential, type of reservoir, fluid dynamics of geological discontinuities, data pro-
duction, and analytical coupled model can be simply understood as an operating
methodology, wherein the various sources of information are organized and col-
laborate around the static-dynamic characterization with the common objective of
optimizing the production and recovery factor using an advanced strategy of reservoir
development.

Figure7.1 displays a workflow for fractured system, and its principal objective
is to propose an advanced development of NFCRs. The workflow presented in the
chapters of this doctoral thesis allows achieving integrations of distinct areas, for
better mathematical simulations and predictions can be made reducing uncertainty,
so that problems canbe anticipated and avoidedduring the life of carbonate reservoirs.

Exploitation planning requires good reservoir anatomy understanding, so that
reservoir behavior predictions and quantification of the geological heterogeneities
and oil flow would help the better implementation of pressure maintenance and
exploitation can be approach optimum conditions. It is well-known that recovery
factor in NFCRs is a function of primary porosity development, the degree of matrix-
discontinuity (fractures, breccias) connectivity, aquifer strength and matrix wettabil-
ity (Shulte 2005). Although, workflow and technology integration can make the
difference.
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Fig. 7.1 Workflow of NFCR, for an advanced strategy and reservoirs production

Table 7.1 Applicability and benefits of the doctoral thesis

Ideal parameters for evaluation Conventional Thesis

Include NFCR static characterization Yes Yes

Include the NFCR dynamic characterization Yes Yes

Integrate the well testing and production data Yes Yes

Increase the reservoir productivity Yes Yes

Help in an advanced strategy for NFCR development Yes Yes

Include the seismic interpretation No No

Develop a stochastic model for NFCR No No

Develop a discrete fracture network (DFN) model for NFCR No No

Prognosis of the fractures distribution in NFCR No No

Prognosis of the stresses distribution in NFCR No No

Describe the NFCR connectivity No Yes

Describe the oil flow in NFCR No Yes

Include the dynamic-static characterization for NFCR No Yes

Diagnostic the dominant geological events, such as breccias,
fractures, vugs, and caverns

No Yes

Prognostic the dynamic stresses No Yes

Describe the petrophysical sensitivity related to stresses No Yes

Integral classification of the reservoir No Yes

Determinate the collapse of conductive fractures No Yes
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This research discusses topics that could complement a technology for the reser-
voir exploitation, and NFCR workflow. In the present thesis, a discussion has been
presented to improve the conventional current development and exploitation method
used for NFCRs. In additional, there are some aspects that could be potentially
utilized as theoretical fundamentals or direct application, see Table7.1. This table
provides information about the scope of this thesis and its potential applications in the
industry, aiming at approaching an optimal production scheme and in the increment
of factor recovery.

Reference
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sented at the International Petroleum Technology Conference, Doha, Qatar.



Chapter 8
Conclusions and Recommendations

This doctoral dissertation has presented a discussion on the effects of planar and
nonplanar discontinuities in fluid flow through porousmedia, reservoir classification,
mechanical behavior of fractures during depletion, dynamic analysis of pressure and
fluid flow modeling applied to stress-sensitive and non stress-sensitive carbonate
reservoirs. The proposed mathematical models have provided a method to identify
the flow characteristics and stresses effects.

From the results of the study the conclusions and recommendations are as follows:

8.1 Conclusions

1. Strict geological control of NFCRs and the description of the stress path during
hydrocarbon production, may avoid drilling problems, wells stimulation, and a
better manage of water conning.

2. Rotation and magnitude change of stresses is created due to the depletion of
NFCRs.

3. Horizontal tectonic fractures can close due to pressure drop, and overburden
stress in NFCRs.

4. In a normal faulting regime, overburden can control effective NFCR properties.
5. Mechanical, petrophysical, and flow properties during NFCRs exploitation pro-

duction are dynamic in the time because data obtained in drained rock (produc-
tion) are quite different compared to fully saturated rock (initial production).

6. It has beendemonstrated through the analyticalmodels of this thesis, tomography,
and observations of outcrops and cores, that planar and nonplanar disconti-
nuities in carbonate reservoir show distinctive representative flow characteris-
tics. Fault breccias, tectonics fractures, sedimentary breccias, vugs, and impact

© Springer International Publishing AG, part of Springer Nature 2018
N. E. Barros Galvis, Geomechanics, Fluid Dynamics and Well Testing,
Applied to Naturally Fractured Carbonate Reservoirs, Springer Theses,
https://doi.org/10.1007/978-3-319-77501-2_8

145

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77501-2_8&domain=pdf


146 8 Conclusions and Recommendations

breccias, have flow and geological patterns that affect oil production, and gen-
erate differences in static and dynamic characteristics that affect flow behavior.

7. There is a disparity between measured data from cores compared with logs data,
mass-balance calculations, well testing, geomechanical and production tests,
because only the worst portion of NFCRs formation is obtained during cores
procedures, as a consequence of low tension strength and cohesion.

8. It was demonstrative that discontinuities (vugs, fault breccias, and tectonic frac-
tures) are superhigh permeability production ways and others (impact and sedi-
mentary breccias) are storage zone. In effect, each discontinuity is different and
cannot be called or analyzed as tectonic fractures, unknowing their geological
genesis and flow patterns.

9. A static and dynamic classification applied to NFCRs has been proposed that
implies the identification of dominant discontinuities and their dynamic and
static properties.

10. The impact of fractures on reservoir deformation plays a noticeable role in fluid
flow behavior; especially, in systems with low compressibility.

11. The integration of static-dynamic classification and characterization,mechanical
models of fractures in NFCRs, reduces uncertainty with respect to modeling,
exploitation strategy, and reservoir simulation.

12. It has been shown that unknowing of the origin of discontinuities causes con-
fusions and contradictions for static-dynamic characterization, simulation, and
exploitation strategy of NFCRs. This is one of the most important conclusions
of this doctoral dissertation.

13. Fluid velocity and volumetric flow for fault breccias and vugs (planar and
nonplanar discontinuity) present the greatest obtained values between all of
discontinuities, because they are cavities that have the fewest flow barriers. In
consequence, as field evidence has widely demonstrated, a limestone reservoir
well with connected vugs will have a high oil production.

14. In the absence of fault breccias, vugs, sedimentary breccias, and tectonic frac-
tures; impact breccias in limestone reservoirs present low fluid velocity and
volumetric flow because they have flow barriers (ejected clasts), that act as a
type of primary porosity depending on their values of porosity and low perme-
ability. In effect, these impact breccias would not have high oil production, and
must be superposed with an additional geological event for a high volumetric
flow.

15. Oil production of NFCRs with juxtaposition of geological events (breccias, frac-
tures and vugs) is high, obeying a dominant geological event in fluid produc-
tion (vugs, fault breccias and tectonic fractures), and other dominant geological
events in fluid storage (sedimentary breccias and impact breccia).

16. The analytic model provided an analysis of the single phase flow equation for
incompressible fluid, in non-stress sensitive Naturally Fractured Tectonic Reser-
voirs. That showed the error in using the linear solution for naturally fractured
carbonate tectonic reservoirs (NFCTRs).

17. An analytical solution to quantify fluid dynamics in non-stress sensitiveNFCTRs
was proposed.
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18. This study explains the phenomenon of high initial production rates, and how
production declines after a short period of time in wells completed in fissured
formations without fluid transfer matrix-fractures.

19. The nonlinear solution shows that for high flow rates there is a correction for the
pressure and fluid flow, suggesting that the nonlinear term in diffusivity equation
must be taken into account to correctly describe oil flow through NFCTRs due
to non-Darcy laminar flow.

20. Our results suggest that the exact solution of the Navier-Stokes equation, namely
Couette’s flow, does not underestimate the pressure behavior and fluid flow in
NFCTRs.

8.2 Recommendations

1. It is necessary to develop conceptual and numerical models based on each dis-
continuity to consider the depositional environment and/or tectonic fractures dis-
tribution.

2. Many of the examples studied in this work were small scale. Analytical models
should be applied to field scale to identify further possible problems.

3. More studies should be performed to estimate mechanical properties and hori-
zontal stresses of NFCRs.

4. Analytical models for stress-sensitive reservoirs should be applied to reverse, and
strike-slip faulting regime, to understand their fractures behavior.

5. The effects of fracture morphology and roughness on permeability and fluid flow,
should be accounted for fractures deforming under stresses.
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