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Abstract

Well stimulation is undertaken to reduce the restriction to flow in a reservoir.
Among all the well stimulation techniques, hydraulic fracturing is one of the most
widely employed techniques due to the development of shale and tight sand resources.
The present study focuses on two problems relevant to hydraulic fracturing; predicting
the transport properties enhancement as a function of recorded acoustic emission (AE)
events during hydraulic fracturing and predicting the breakdown pressures in cyclic
fracturing.

To study the first problem, I initiate pore-scale modeling of acoustic emission
(AE) events based on percolation theory. The primary objective is to predict the
permeability enhancement by accounting for the number of AE events. | first develop a
physically representative model of the intact pore space of the matrix of Tennessee
sandstone at the core scale based on petrophysical measurements, which are porosity,
permeability, and capillary pressure. A block-scale sample of the formation is then
hydraulically fractured, where piezoelectric sensors record the events generated during
stimulation. I predict the permeability enhancement of the formation at the core scale by
accounting for the number of AE events per unit volume. Independent petrophysical
measurements corroborate the predicted results based on percolation theory. The
proposed model has significant implications for characterizing the transport properties
of the stimulated reservoir volume.

The second problem is relevant to predicting the breakdown pressure in
hydraulic fracturing. In conventional fracturing, the fluid pressure is increased

monotonically to reach failure in a single cycle. The breakdown pressure can be reduced

Xiv



if we increase and decrease the fluid pressure cyclically (cyclic fracturing). This
phenomenon has been tested in other fields, but it is not yet possible to predict the
breakdown pressure and cycle in petroleum engineering in the context of hydraulic
fracturing. The present study proposes a workflow based on a modified Paris law to
predict the breakdown pressure and cycle of cyclic fracturing. The modified Paris law is
based on linear elastic fracture mechanics (LEFM), which treats the solid domain as an
isotropic and linear elastic medium. I use the data available in the literature for dry
Tennessee sandstones. The samples were hydraulically fractured under triaxial stress,
two with conventional and two with cyclic methods. The results show that the tuned
Paris law can predict the breakdown pressure and cycle with reasonable accuracy. The
tuned model can help us to design an optimum scenario that is fundamentally different

from the conventional method for formation stimulation.
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Chapter 1: Introduction

1.1 Problem statement

In hydraulic fracturing, large volumes of fluid and sand are injected into the
formation to enhance its transport properties. The technique has been used since 1940’s
but has gained momentum in this decade due to applications in unconventional
resources like tight sandstones and shales. Hydraulic fracturing with a horizontal well is
now one of the major methods of economically extracting oil and gas from low
permeability reservoirs and accounts for about half of current U.S. crude oil production

(Figure 1) and two-thirds of U.S. natural gas production (Figure 2)
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Figure 1 — Oil production in the United States (2000 — 2015), million barrels per
day (U.S. Energy Information Administration)
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Figure 2 — Marketed natural gas production in the United States (2000-2015)
billion cubic feet per day (U.S. Energy Information Administration)

Hydraulic fracturing has been successfully used in directional and vertical wells,
both natural gas and oil wells. The technology of hydraulic fracturing is rapidly
advancing but still not very well understood, and there is vast scope for improvement in
both design and efficiency of the implementation.

For example, in hydraulic fracturing, fluids are injected into the formation at a
sufficiently high rate that leads to the breakdown of the formation and creation of high
conductive pathways for the reservoir fluid to flow toward the wellbore. Ideally, a
single vertical fracture should be created with two wings that are 180 degrees apart and
which are identical in shape and size. Bi-wing fractures are generated only if the rock is
homogeneous and isotropic, but that is seldom the case in reservoirs. Instead, a complex
network of fractures is created, so the geometry and orientation of the fracture become
difficult to estimate. Estimating the permeability enhancement due to a simple bi-wing
fracture is well documented in the literature (Prats, 1961). However, predicting the

permeability enhancement due to a complex fracture network is not very well



understood. A better approximation of the location and size of the connected fractures is
crucial for evaluating the success of formation stimulation and for modeling reservoir
performance. The fracture orientation is also critical for the stimulation of the reservoir
efficiently with minimum interference. Acoustic emission events are used as a
diagnostic tool to estimate the stimulated reservoir volume and are used for determining
the fracture geometry an orientation. The first problem of the present study is that
although acoustic emission events are helpful to understand post-fracture reservoir
properties, predicting the transport properties enhancement as a function of recorded
acoustic emission (AE) events is not well understood.

Cyclic fatigue of materials causes the material to fail below its static strength.
There have been numerous studies to confirm that brittle rocks show this behavior.
More recently, researchers (Erarslan et al., 2011; Mighani et al., 2014) have shown a
reduction in tensile strength of the rock by cycling loading of Brazilian tests. Hulse
(1959) used the concept of cyclic fatigue and applied it to hydraulic fracturing. He
patented the pre and post-breakdown cyclic injection which improved the productivity
compared to conventional hydraulic fracturing. In pre-breakdown cyclic injection, a
series of pressure shocks are applied before reaching the breakdown pressure observed
in conventional fracturing; this caused a weakening of the rock and a creation of
multiple fractures. Similar results were observed in post-breakdown cyclic injection, in
which the pressure shocks are applied after the breakdown pressure.

Zang et al. (2013) showed that there is an increase in formation permeability and
reduction in seismicity by post-breakdown cyclic injection using simulations. Patel et

al. (2017) conducted a series of laboratory cyclic fracturing experiments under triaxial



loading and observed that the breakdown pressure of the rock decreases when fluid is
injected in cycles. This method of fracturing is useful as less pump horsepower will be
required to fracture the formation.

All the above studies show the benefits of cyclic fracturing over conventional
fracturing, but none have developed a model to predict the breakdown pressures in the
case of cyclic fracturing. Currently, the breakdown pressure for cyclic fracturing is

estimated experimentally in the laboratory which is expensive and time-consuming.

1.2 Objectives

The present study is concerned with the formation stimulation of tight sandstones at the
core and the block scales. The pore-scale modeling and the Linear elastic fracture
mechanics are applied. The main objectives of the study are the following:

a) To predict the permeability enhancement of Tennessee sandstone via
analyzing AE events. We develop a physically representative model for the pore space
at the core scale, which embraces pore-throats and pore bodies. We then use the
percolation theory to predict the permeability change at the core scale. The predicted
results are tested against lab measurements.

b) To predict the number of pressure cycles and breakdown pressure during
cyclic fracturing for Tennessee sandstone. Cyclic fracturing is a process in which the
solid medium fails before reaching its ultimate strength. We assume that the Linear
elastic fracture mechanics (LEFM) is valid and use the Paris law (Paris et al., 1961)
which is an empirical equation to model cyclic fracturing and predict the number of

pressure cycles required for the rock to fail and the breakdown pressure.



1.3 Hypotheses
Acoustic emission is recorded to assess the success the of the stimulation job.
We assume that each acoustic emission (AE) event is a proxy for a microfracture

created. The first hypothesis is that we can predict the permeability enhancement of a

formation based on percolation theory if each event is considered as a proxy for
microfracture. The microfractures will form a connected path when the number of
events becomes larger than a specific value (threshold value).

The second hypothesis is that we predict the breakdown pressure and the

number of cycles of a Tennessee sandstone based on the Paris Law under low-cycle
loading. The Paris law is usually used for high-cycle loading, and its accuracy for low-

cycle loading will be tested in the present study.

1.4 Summary of chapters

Chapter 2 review the basic concepts required for the conducted study. It includes
pore-scale modeling, percolation theory, acoustic emission, Linear elastic fracture
mechanics, and cyclic fracturing.

Chapter 3 discusses the construction of a pore network model of Tennessee
sandstone. The general pore-network model is first reviewed. Then, it is shown how we
can construct the model for Tennessee sandstone. It then explains the procedures for the
laboratory hydraulic fracturing of the sample and the acoustic emission integration into

the network model.



Chapter 4 covers the results of the permeability prediction based on the network
model. It shows the number of acoustic emission (AE) events per unit volume for
different tests.

Chapter 5 discusses the methodology that is used to predict the breakdown
pressure in cycling fracturing. First, | illustrate how cyclic fracturing was conducted in
the laboratory and show the laboratory results for the breakdown pressure and the AE
events recorded. Then I present the workflow to predict the breakdown pressure and
cycle.

Chapter 6 shows the results of predicting the breakdown pressure and the
breakdown cycle based on the Paris law. The tuned model is also used for hypothetical
cases with different paths for the cyclic loading. The hypothetical scenarios are crucial
as they can provide a convenient tool for design an optimum scenario for formation
stimulation.

Chapter 7 is a discussion of the work on both topics of pore-scale modeling of
acoustic emission and cycling fracturing.

Chapter 8 presents the concluding remarks of the dissertation. It also provides

suggestions for the extension of the conducted research in future.



Chapter 2: Literature review

2.1 Pore-scale modeling (Network modeling)

The topology of pore space controls the transport properties; hence, accounting
for the interactions and distributions of pores-bodies in the rock is vital. Pore-scale
modeling refers to the theoretical study and analysis of the rock structure at pore-scale
to replicate its geometry and topology and capture the flow through the porous medium
(Bryant, Mellor, & Cade, 1993).

In pore-scale modeling, we construct a physically representative model of the
pore space. The pore space in the rocks is simplified to pore sites (pore bodies) and the
pore-throats. The pore-throats are the narrow regions of the pore space, and the pore
bodies are the wide parts (Figure 3). The narrow section dictates the resistance of the

formation against the flow whereas the wide parts are relevant to its storage.

High
Core scale Pressure

Low
Pressure

Pore

Pore throat
Pore scale

Flow direction

Figure 3 — Schematic of a network modeling approach at pore scale. The black
dots represent the pore sites, and the blue lines denote the pore-throats. The
pore space is represented by a square lattice (Sakhaee-Pour and Bryant, 2015)



There are two approaches to pore-scale modeling, theoretical and non-
theoretical. Non-theoretical models are developed by extracting pore network directly
from high-resolution images which means that it does not assume any pore distribution
to develop the model. In theoretical models, we assume a distribution of pore-throats
and pore bodies to develop the model and validate it with lab measurements (Sakhaee-
Pour and Bryant, 2015). We do not review here studies that are based on non-theoretical
models as extracting the pore space from images is out of scope of this work. We will
discuss some of the theoretical models that include bundle of tubes, regular lattice,
sphere packing, acyclic pore model, and multi-type model.

Washburn (1921) proposed the first theoretical pore models where he simplified
the pore space to cylindrical capillaries. This concept was further extended by Purcell
(1949) to predict the permeability from the bundle-of-tubes model using mercury
intrusion capillary pressure measurements. The parallel capillary tubes in Purcell’s
model were circular in cross-section with different radii (Figure 4). Purcell (1949) was

able to relate the permeability of a system to the porosity and capillary pressures.
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Figure 4 — Bundle-of-tubes model used to simplify the pore structure of the rock.
The tubes represent the void space.



Later work by researchers on thin-section images of the rocks showed bundle of
tubes was not an accurate representation of the pore space. Also, it could not capture
the residual phases. Therefore, the sphere-packing model was developed (Fatt, 1956). In
sphere pack models (Figure 5), the porous medium is said to consist of spheres
representing the grains and the space between the spheres as void spaces through which
fluid flows (Finney, 1970). The effects of grain sedimentation, compaction, and
diagenesis on transport properties can be analyzed using this model. (Bryant, King, &

Mellor, 1993)

Figure 5 — Sphere packing model, void space between spheres represent the flow
path or pore space
The advantage of this model, compared to the bundle of tubes, is that it provides
a more accurate representation of the pore space, but it is more difficult to implement.
Fatt (1956) introduced the notion of network of tubes as in a regular lattice. Lattice
networks have a simple geometry, which eases the calculation of the transport property.
Lattice network consists of a regular two-dimensional of tubes with randomly

distributed sizes that represent the pore-throat size (Figure 6).
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Figure 6 — Two-dimensional network of tubes (regular lattice) proposed by Fatt
(1956).

The regular lattice and the sphere-packing models are called cyclic network
models and are very popular. The notion of interconnectivity in these models allowed
researchers to model two-phase permeability (Bryant et al., 1993), drainage (Mason and
Mellor, 1995), and flow of non-Newtonian fluids (Balhoff and Thompson, 2004, 2006).
It is now widely used for sandstones, but they fail to capture the transport phenomena or
are not able to capture the variation of the capillary pressure with wetting phase
saturations in tight gas sandstones (Mousavi and Bryant, 2012) and shales (Sakhaee-
Pour & Bryant, 2015). Hence, the acyclic models, in which the distribution of pore
bodies is such that there is only one path between any two pores, were developed by
Sakhaee-Pour (2012). In acyclic models, the accessibility of wider pores is not restricted
by narrower pores (Figure 7 — Acyclic pore models. Narrower throats do not limit the
access to the wider throats. (Sakhaee-Pour & Bryant, 2015). An example of an acyclic

model is a Bethe lattice (Bethe, 1935) which has a tree-like structure.

10
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Figure 7 — Acyclic pore models. Narrower throats do not limit the access to the
wider throats. (Sakhaee-Pour & Bryant, 2015)

In tight rocks, the pore space might be intergranular dominant, intermediate or
intra-granular dominant. The intergranular dominant region is modeled with
conventional network models, and the intra-granular space is modeled with tree-like
pore structure (an acyclic network). The tree-like model (where the pore-throats
distribution resembles a tree), each pore-throat is accessible through a wider pore-throat
(no accessibility restrictions) shown in Figure 7. This combination of the two models is
called as multi-type pore models (Sakhaee-Pour and Bryant, 2014) as shown in the

figure below.

Intergranular void space

b s —]— b

Intragranular void space

(A) (B) ©

Figure 8 — Scanning electron microscopy image of a tight-gas sandstone sample.
(Sakhaee-Pour and Bryant, 2014)
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2.2 Percolation approach

There are many physical phenomena in which fluid spreads randomly through a
medium. Solute diffusing through a solvent, molecules penetrating a porous solid,
disease affecting a community (Broadbent and Hammersely, 1957). Percolation is
concerned with a connected path that spans the domain randomly (Figure 9), the
randomness can be due to the fluid, or due to the medium, it is traveling through.
Diffusion is associated with randomness due to fluid while percolation is randomness
due to the medium. Therefore, in percolation, fluid particles can be trapped, but it
cannot be trapped in diffusion. (Barrufet & White, 1994). Percolation theory has been
applied in many fields like petroleum engineering, hydrology, fractal mechanics and

phase transitions (Berkowitz and Ewing, 1998).

\/

JAVAN

Figure 9 — Percolation phenomenon is shown in the hexagonal lattice when there
is a percolating path for the fluid to flow from one end to another, shown by a
red line. The grey lines indicate the absence of a path for fluid to flow.

The percolation theory is often applied using the network modeling approach to
understand the transport properties in porous media. The network models are physically

representative models of the pore space as they allow us to simulate different laboratory
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measurements. A regular two-dimensional network of pores (sites) that are connected

by narrower throats (bonds) is an example of such shown in Figure 10.

e o o o e Poresite
e o o o ¢
Pore throat
e o o o o
e o o o o
e o o o o
—

Flow direction

Figure 10 — A network of pores (sites) and pore-throats (bond) in a square
lattice.

Each network is defined by a coordination number (Z), which is defined as the
maximum number of bonds that can be connected to a pore site. In the above square
network (Figure 10), the coordination number is four, and for a 3D cubic network, the
coordination number is six (Behseresht, 2008). There is another basic term in
percolation, the degree of connectivity. It is defined for a specific pore and is the ratio
of the number of existing bonds connected to that pore to the coordination number of
the pore. An average of these connectivity degrees over a network represent the
probability of each bond being present and is denoted by p. The value of p ranges from
zero to one, zero representing when all the pores are isolated and one representing when
all the pores are connected to each other.

Percolation is often classified into two problems, site percolation, and bond
percolation as shown in Figure 11. Let’s imagine the pore space that has all the pores
connected (p=1); then we start removing the sites from the network, the value of p

decreases until the last spanning cluster throughout the network disappears, this is the
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site percolation threshold. So, for a network, when the p-value is greater than the site
percolation threshold, there is at least one spanning cluster that exists through which
fluid can flow across the two sides of the network.

Analogous to the site percolation, the bond percolation problem occurs when we
start at a network where all the pores are connected (p = 1), and we begin to break the
connection and decrease the p-value randomlyp. The p-value reaches a threshold below
which, there exists only isolated clusters, and there is no flow from one end of the
network to the other. This phenomenon is known as bond percolation problem.

The threshold value can be determined analytically or by using Monte Carlo
simulations, for different lattices and degrees (Dean and Bird, 1967). In the case of
square lattice with degree four, the site threshold is 0.59, and the bond threshold is 0.5.
Threshold values for other geometries can be found in Dean and Bird (1967). An
example of the application of bond percolation is the decrease in porosity due to
compaction and grain growth, where the pore-throats (bonds) eventually become

entirely blocked (Bryant, Mellor and Cade, 1993).

| + Site Percolation I | —e BcndPercoIation|

Figure 11 — Site percolation and bond percolation problems in 2D square lattice
networks. The red lines indicate the presence of bond or site, while gray ones
indicate the absence of bond/sites. The green lines show the clusters in the
network.
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Percolation theory sheds light on the larger scale behavior accounting for
randomness in porous medium geometry, fluid properties and their interplay (Berkowitz
and Ewing, 1998). Connectivity of the system elements essentially determines many
properties of the macroscopic system. The properties of the system that emerge at the
onset of macroscopic connectivity within it are known as percolation properties.
Permeability is one such percolation property in porous medium which is determined by
the connectivity of the elements in the system.

Network modeling can be used to describe the system which is a porous
medium, and the elements are the sites and bonds in the system. Percolation processes
are defined by accounting for the randomness. Hence, we distribute the pore-throat sizes
randomly in our network model to demonstrate the percolation process.

We develop a network model to estimate the permeability enhancement based
on the percolation theory by predicting the connectivity of the microfractures. We
propose that until a specific threshold density of microfractures is reached, the
microfractures do not percolate, and the formation permeability of the system remains
low. The permeability increases significantly and becomes equal to the stimulated
permeability when the small fractures become connected. The permeability variation is

quantified in this study.
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2.3 Acoustic emission (relevance to percolation)

An acoustic emission (AE) is a transient elastic wave generated by the rapid
release of energy within a material (Lockner, 1993), which can be detected using
seismometers. AE events are associated with brittle fractures due to pressure and
temperature. Analyzing AE has applications in earthquake seismology (Lei and Ma,
2014), predicting rock bursts and mine failures, fracture mapping (Phillips et al., 1998),
monitoring mechanical performance (Chong et al., 2003), and monitoring the condition
of tools and health monitoring (Yapar et al., 2015).

AE takes different forms because of variations in the frequency and amplitude of
waves. Both seismic and microseismic events — a physical concept in earthquake
seismology — are derived from AE. The science of seismology’s study of earthquake
activity and the geophysical study of microseismic activity in rock are similar. There is
a generation of acoustic signals whenever irreversible damage occurs (Lockner, 1993).
The acoustic signals provide information about the size, the location, and the
deformation mechanisms.

During Hydraulic fracturing, the rock breaks and energy is released in the form
of elastic waves, compression (P) waves and shear(S) waves. Using a velocity model
and travel time of the waves to the sensors, hypocenters of these acoustic emission
events can be determined. The spatial distribution of hypocenters (Figure 12) gives
information about fracture geometry, orientation and stimulated reservoir volume

(SRV).
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Figure 12 — A typical micro seismic event pattern. (Warpinski, 2010)

Indirect information about fracture mechanics like fracture complexity, stage
effectiveness, and fluid movement can be obtained from analysis of AE events
(Warpinski, 2010).

Microseismic monitoring is used as a diagnostic tool to evaluate the hydraulic
fracture job. Microseismic is acoustic emission, AE, which are generated when rock
deformation occurs due to fluid injection and energy is released in the form of waves
which are captured by sensors. AE events, due to microcracks growth, precede the
macroscopic failure of rock and concrete samples under constant stress or constant
strain rate loading (Stein et al., 2003; Ge, 2003). Microseismic events are used as a
proxy for the microcracks created during the fracturing process. There are a lot of
publications like (Maxwell, 2010; Eisner et al., 2009) that show the use of microseismic
events for understanding hydraulic fracture position, size, and orientation.

Then there are other researchers (Shapiro et al., 2002, 2005; Grechka et al.,
2010) that indicate a possibility to estimate the permeability based on microseismic
data. They assume that microseismic events are triggered by pore pressure increase per

pressure diffusion equation. This is only useful in conventional reservoirs with higher
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permeability. In this case, microseismic events are created due to shear slippages related
to fluid leak-off pore pressure changes caused by rapidly moving pressure transients in
these high permeability reservoirs.

In tight sandstone and shale reservoirs, diffusivity-related pore pressure changes
cannot move very far from the actual fracture planes, that implies that the three-
dimensional microseismic cloud imaged in these reservoirs are equivalent to the actual
fracture-network size and is termed as stimulated reservoir volume (SRV). Researchers
have used the stimulated rock volume (SRV) for estimating well performance
(Mayerhofer et al., 2010). SRV is a concept to illustrate the reservoir volume affected
by the stimulation. It is important to note that it does not provide any means to identify
the connectivity within the volume, that is the effective producing fracture structure.

Samil et al. (2014) showed an analytical method to calculate the fracture
permeability at laboratory scale utilizing pressure data and acoustic emission location.
But this method does not estimate the enhanced permeability of the region beyond the
fracture. Researchers have also used a Kalman filter to interpolate the transport
properties at the reservoir scale (Tarrahi et al., 2015).

A recent study has proposed using microseismic density to compute the
effective producing SRV at the reservoir scale (Meek et al., 2015), where grid blocks
with no events are unstimulated and have intact transport properties. The transport
properties of grid blocks with AE events are increased using an ad-hoc model that is
based on permeability obtained from diagnostic plots run on initial production data.

Researchers have analyzed the fracture propagation based on percolation theory.

Under certain conditions, Scholz (1968) contented, the accumulation of damage and
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growth of cracks are random, - for example, in a natural rock, where heterogeneities are
broadly distributed, and a statistical model can describe the variation of stress within the
medium. Chelidze (1982) suggested that the initial stages of brittle fractures and
percolation processes in a lattice are similar. He stated that multiple ruptures develop in
solids, first single isolated microcracks appear, and then with the increase of load with
time, the density of cracks increases, and they merge, and when a “critical density of
cracks’ is attained, the main fracture is formed. He pointed the similarity of this
physical phenomena with the percolation theory, where “critical crack density’ was
equivalent to percolation threshold of a fracture with an infinite cluster.

Later, Sahimi (2003) suggested that percolation is a static process in which
failure has nothing to do with the stress and strain field in the lattice, whereas the
growth of fractures is not random, and depends on the stresses and strain in the solid.
He also stated that, in the initial stages, the bonds that break are random, and the stress
enhancement at the tip of a given microcrack is not large enough to ensure that the next
microcrack occurs at the tip of the first microcrack. As more microcracks nucleate, the
effect of stress enhancement becomes stronger, and deviations from random percolation
increases.

The proposed models have had some success in predicting the production rate of
a formation, but they have not been tested against core- or block scale measurements.
The validity of the proposed models is critical, considering that reservoirs are highly
heterogeneous, and different physics controls the effective transport properties at

different scales.
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2.4 Linear Elastic Fracture Mechanics (LEFM)

Hydraulic fracturing has become an essential part of the petroleum industry, as it
enables us to produce hydrocarbon from tight formations by improving their transport
properties. Multistage hydraulic fracturing is done in horizontal wells these days, which
has dramatically increased the cost of completions and so it is necessary to optimize the
fracturing process to lower the cost. Understanding and predicting the fracture geometry
and orientation using fracture modeling before actual fracture job are essential for this
purpose. Most of the existing techniques for fracture propagation modeling are based on
linear elastic fracture mechanics (LEFM); thus, its relevant concepts are reviewed here.

Inglis (1913) started the linear elastic fracture mechanics (LEFM) by analyzing
the stress field around an elliptical crack in brittle materials. He proposed that the stress
at the crack tip is proportional to the length of the major axis of the crack and the tensile

load (Figure 13).

Figure 13 — A elliptical crack under uniform tension, a is the major axis, b is the
minor axis. (Fatemi, 2006)
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0A=(1+2%)0=Kta 1)

where a is the length of mthe ajor axis, b is the length of mithe nor axis, K, is the stress

concentration factor.

The stress concentration factor does not depend on the absolute size or the
length of the hole but only on the ratio of the major and the minor axes (eg. 1). This was
contrary to the fact that larger cracks are propagated more easily than smaller ones. This
led Griffith (1920) to use the energy balance criterion to derive the relation for crack
propagation and stated that for a crack extension, the amount of strain energy released

must be greater than or equal to that required for the surface energy of the two new

o

Strain energy released on the
shaded area

New surfaces
created

Lo

Figure 14 — The geometry of a straight, double-ended crack under uniformly
applied stress. (Fischer-Cripps, A.C., 2007)

crack faces (Figure 14).
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Three decades later, Irwin (1957) while working on the fracture of steel armor
plating during penetration by ammunition described the stress at the crack tip in terms
of the stress intensity factor (SIF). The stress intensity factor was a single parameter that
could characterize the point of failure and was able to provide a quantitative method for
dealing with both stresses and defect size. This approach assumes that the fracture
initiates in the test specimen because a critical value of the stress and strain field has
been reached.

In linear elastic fracture mechanics (LEFM), we assume that the solid medium is
isotropic and linearly elastic (Stephens et al. 2000). LEFM has many applications
because it simplifies the complex behavior of the solid medium. It also provides a
reliable solution when the rock behavior is brittle. With these assumptions, the stress
intensity factor (eq. 2) can be used to estimate the stress state near the crack tip as

follows (Sakhaee-Pour et al. 2010):

K =Yo,yma o,=hH,— o, (2

Where K is the stress intensity factor, a is the crack length, Y is the geometric shape

factor, o, is the effective pressure, B, is the fluid pressure, and o.is the confining stress.

The stress intensity factor is like a “scale factor” for a particular crack system. In
Eq 2, Y and & are constants, so the stress intensity K factor is equivalent to the stress
magnitude at a position. K is proportional to the external stress applied o,, and the

square root of the crack length a. That means doubling the externally applied stress will
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double the stress near a location at the crack tip and increasing the crack length four
times for a given external stress will double the stress applied near the crack tip.

The stress intensity factor has three modes. The first mode is tensile, or opening,
where the two crack surfaces move directly away from each other. The second mode is
in-plane shear, or sliding, which occurs when the two crack surfaces move parallel to
each other. The third mode is out-of-plane shear or tearing, which takes place when the
crack surfaces slide over each other parallel to the leading edge (Figure 155). K;, Ky,
and Kjiidenote the SIFs of the first, second, and third modesK;, Ky, and K respectively
(Farahmand, 2001). The first mode is most relevant to our study, considering the

loading conditions and the fracture geometry after the test.

I MODE | MODE Il MODE Il

Figure 15 — Schematic of the three modes of crack surface displacement.
(Farahmand, 2001)

The fracture toughness governs rock failure due to the presence of a crack. The
sample fails when the effective stress intensity factor reaches the fracture toughness
(Kic), which is a medium property and does not depend on the loading conditions
(Farahmand, 2001). The effective stress intensity factor reduces to K; when only the

first mode is active. For a given crack system, with an initial crack length, increasing
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the externally applied stress will cause K, to increase and eventually become equal to

Kic resulting in fracture propagation.

2.5 Cycling loading

Cyclic loading, or fatigue (Shigley et al. 2004), is the application of fluctuating
stresses or strains. It has many applications in other engineering fields, such as
mechanical and aerospace engineering, examples of which include automobile axles,
wheels, cranes, and various aircraft parts. The cyclic loading is often classified into high
and low cycles. High-cycle failure (HCF) is a cyclic loading where the sample has a
relatively long life (10%- 102 cycles). Low-cycle fatigue, on the other hand, corresponds
to large loading with a short life (< 10* cycles).

The life of a specimen under cyclic loading is often predicted using various
versions of Paris law (Paris et al., 1961), which is an empirical correlation that predicts
the crack growth in cyclic loading. It allows us to determine the residual life of a sample
when its crack size is known. It predicts the crack growth, when the LEFM assumptions

are valid, as follows (Paris et al. 1961):

42 _ cak™ 3)
dN
Where a is the crack length, N is the number of cycles, AK is the change in the stress
intensity factor at each cycle, and C and m are constants (tuning parameters). The

unknown parameters (C and m), which are the solid medium properties, are determined

by fitting the empirical relation to the lab measurement (Figure 166).
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Ultimate fracture
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Figure 16 — Schematic of crack propagation with a change in the stress intensity
factor in cyclic loading (Paris et al. 1961). Paris’ law (Eq. 3) is usually applied to
the linear (middle) section of the plot.

Paris’s law is a powerful and simple tool. Paris original law (1961) has been
improved over the years (Forman et al. 1967; Erdogan and Ratwani 1970; Elber 1971;
Donahue et al. 1972). There are more advanced models that predict crack growth but
require additional lab measurements (Farahmand, 2001), which may not be available.
Thus, Paris’ law 1s commonly used in fracture mechanics, even if its results may remain
less accurate than the more advanced models.

In petroleum engineering, we usually increase the fluid pressure monotonically
until the formation or rock sample fails, in conventional fracturing (a single cycle). In
cycling fracturing, the fluid pressure is increased and decreased cyclically until the
sample fails. This method differs from conventional fracturing, in which the fluid
pressure is increased monotonically to reach failure in a single cycle.

The fracture toughness governs rock failure due to the presence of a crack. The

rock fails at lower tensile stress in cyclic fracturing than in conventional fracturing due
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to the crack growth in the cycles (Patel et al., 2017). A larger crack length corresponds
to a higher SIF for a given stress condition (Eq. 2).

In the present study, we model rock failure under cyclic loading based on a
modified Paris law. We first determine the unknown parameters of the model based on
those available in the literature. We then predict the breakdown pressure and the
number of cycles required for another sample using tuned model. To do this, we

propose a workflow, whose results are promising.

2.6 Breakdown Pressure

Haimson and Fairhurst (1969) performed hydraulic fracturing experiments on
hydrostone to investigate the effects of borehole diameter and injection rate on
breakdown pressure. Their study concluded that with increasing pressurization rate,
breakdown pressure increases. They also found that the larger the borehole, the lower is
the value of breakdown pressure.

Guo et al. (1993a, b) conducted fracturing experiments on gypstone blocks to
study the effect of least principal stress on fracture propagation. They concluded that the
breakdown pressure increased with increasing injection rate and vice versa.

Morita et al. (1996) performed hydraulic fracturing experiments on cubic blocks
of Berea sandstone, Mancos shale, and Castlegate sandstone. They concluded that the
breakdown pressure could not be predicted with existing theories, but it was thought to

be a function of Young’s modulus of the formation, wellbore size, and drilling fluid.
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Bohloli and de Pater (2006) performed hydraulic fracturing experiments on
saturated cylindrical rock samples of size 0.51m in length and 0.4m in diameter,
prepared in the lab by compacting quartz sand of 90 um grain size. They observed that
the breakdown pressure was 1.5 to 2.5 times the minimum confining stress.

Jin et al. (2013) predicted breakdown pressures using a weight function method.
They conducted sensitivity studies to investigate the influence of crack length,
orientation, in-situ stress contrast and fracture toughness on breakdown pressure. Their
results indicated that breakdown pressure decreases with increasing crack length. Crack
orientation also influences breakdown pressure. There is the influence of stress contrast
on breakdown pressure. As stress contrast increases, the breakdown pressure decreases
(mostly effects smaller cracks). The breakdown pressure increases with increase in
fracture toughness. The fracture toughness itself changes with rock type. Increasing
confining pressure or temperature will increase the fracture toughness.

Breakdown pressure in the field can be obtained from a Diagnostic fracture
injection test analysis (Barree et al., 2015). In a DFIT (Figure 17), the wellbore is filled
up with fluid, and the fluid is continued to be injected causing the pressure to rise
quickly until initial breakdown occurs. There will be a sharp drop in pressure when the
breakdown occurs. Then fluids are continued to be pumped for more time to get the
fracture to extend just outside the invaded zone and into the native reservoir. Next, the
pump is shut which causes an instantaneous drop in pressure and the pressure recording
at this instant is ISIP (Initial shut-in pressure). As we continue to monitor the shun in
pressure, the fluid from the fracture leaks off into the formation. We are then able to

determine the fracture closure pressure from the pressure fall off.
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Figure 17 — Diagnostic Fracture injection test to determine the breakdown
pressure. The red curve represents the pressure, and the black curve represents
the injection rate. (Barree et al., 2015)

2.7 Limitations and Future Work

In our work, we study the breakdown pressure at laboratory scale with fixed
confining pressure, room temperature, fixed stress anisotropy, homogeneous isotropic
rock with 50 cp vegetable oil injection. Changing any of these variables may influence
the results. Additional laboratory experiments to see these sensitivities are out of scope

for this work. But for completeness, | discuss these sensitivities published in literature.

2.7.1 Effect of thermal stresses

In thermal fracturing technique, the temperature of rock in the near-wellbore
zone is reduced. This is accomplished by injecting cold fluids into the hot reservoir rock
which leads to the development of thermal fractures. Enayatpour et al. (2014) conducted
discrete element method (DEM) analysis to study thermal fracturing in tight
hydrocarbon formation. Their results showed that thermal fracturing enhances the
permeability of rock through reduction of the effective stress and lowering of the tensile
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strength of the rock. Lowering the tensile strength results in a reduction in breakdown

pressure.

2.7.2 Effect of injection rate and fluid viscosity

Jung et al. (2014) ran laboratory hydraulic fracturing experiments to see the
influence of injection rate and viscosity on fracturing. They noticed that high viscosity
and injection rate resulted in higher breakdown pressure because of the effect of fluid
infiltration. They explained that the low viscosity fluid could easily penetrate around the
borehole, causing the pore pressure to increase which reduce the effective stress around

the borehole.

2.7.3 Effect of reservoir fluid
Warpinski et al. (2001) report field observations where they see a narrower
microseismic cloud with respect to fracture length in a gas reservoir while they see a

wider cloud with respect to fracture length in a liquid saturated reservoir.

2.7.4 Effect of cyclic fracturing on casing failure

Adams et al. (2017) show case histories where casing failure has occurred due to
fatigue during hydraulic fracturing. They mention that fatigue failure may occur after a
few cycles or after a lot more cycles and this kind of failure is not well understood.
They point out that fatigue life is strongly influenced by the surface finish, residual
stress, subsurface cracks, stress concentrations, chemical environment and the material

toughness.

29



2.7.5 Effect of upscaling results from laboratory to field for cyclic fracturing

Zang, Stephansson & Zimmermann (2017) illustrated that the reduction in
breakdown pressures observed in laboratory scale are also applicable in field scale. But
they suggest that upscaling of cyclic hydraulic fracturing to wellbore scale should be
approached with careful design of operational injection parameters like number of
cycles, injection duration, interval duration, rate increment per cycle, number of

fracturing stages, etc.

2.7.6 Effect of the accuracy of acoustic emission(AE) event locations

Moreno et al. (2011) conducted a laboratory hydraulic fracturing under uniaxial
stress and recorded acoustic emission. They use microseismic event locations to
measure the fracture dimensions. They note that hypocenter location accuracy affects
the resolution of these dimensions. The accuracy of the event locations is affected by

the velocity model and arrival time picking (Chitrala et al., 2010)

2.7.7 Carbonates

Carbonates are heterogeneous rocks which display triple porosity (pore-vug-
fracture) and are mixed-to-oil-wet (Al-dhahli et al., 2011). Pore-network modeling has
been carried out in carbonates by researchers (Kamath et al., 1996; Al-dhahli et al.,
2011) to study the improved oil recovery. Carbonates with low permeability are
stimulated using acid fracturing or slick-water fracturing with proppant depending on
the conditions (Jeon et al., 2016). Recent studies have utilized microseismic monitoring

to understand the stimulation results in carbonates at the field scale (Basu et al., 2014).
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But still microseismic in carbonates is not very well understood and there is lack of
published literature on the same. Pore-network modeling of hydraulic fracturing in
carbonates is not attempted previously as far as we know. It could be a topic of future

research.
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Chapter 3: Pore-scale modeling of acoustic emission (AE) events

3.1 Constructing a network model using petrophysical measurements
A physically representative model of the pore space implies representing the
pore bodies and pore-throats in a geometrical sense which enable us to capture the
physics of flow through porous space. Some examples of physically representative
models of pore space are a bundle of tubes, sphere models, and lattice network models.
To construct any such theoretical model of the intact pore space and validate it,
we need petrophysical measurements. The most common petrophysical measurements

required are capillary pressure curves, thin-section images, porosity, and permeability.

3.1.1 Mercury intrusion capillary pressures (MICP)

MICP allows us to determine the pore-throat size distribution of a rock sample.
In mercury intrusion, we inject mercury in the sample by increasing the capillary
pressure in small increments. The volume of mercury injected into the sample at every
capillary pressure is recorded. Then using the Young-Laplace equation (Eg. 4), we
convert the capillary pressure data to pore-throat size (Melrose, 1998).

P = 20cos(0) @
r

where P, is the capillary pressure, o is the interfacial tension, 6 is the contact

angle, and r is the pore-throat radius. The injected volume at each capillary pressure

gives the frequency of the pore-throat size distribution.
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Figure 188 shows the change in saturation of wetting phase when the capillary
pressure is increased. It shows that there are two possible trends for the curve, a
plateau-like trend and a non-plateau like trend. When the capillary pressure is increased
in steps, only pore bodies that are accessible to the mercury whose characteristic sizes
are larger than the corresponding size of the capillary pressure are invaded.

Let us consider the pore network shown in Figure 188(1) — (4): as the capillary
pressure is increased, we notice mercury fills up most of the pore space going from (2)
— (3), this results in a plateau-like trend depicted in Figure 188 lower graph indicated by
(2), (3) on the curve. This phenomenon occurs when there is a random pore-throat size
distribution in the network. On the other hand, as indicated by the straight curve in the
lower graph of Figure 188, the non-plateau-like trend is due to a uniformly increasing
or decreasing pore-throat size distribution. This non-plateau-like trend occurs in shale
and tight rocks and is modeled using tree-like network structure (Figure 7) with

decreasing pore-throat sizes from the fluid entry point.
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Figure 18 — Mercury intrusion capillary pressure in drainage (1 to 4). The
thickness of the lines denotes the throat size, and the red color indicates
that mercury has already invaded in that throat. The corresponding
change in wetting phase saturation with increasing saturation is shown in
the lower graph. Note that (1), (2), (3) & (4) marked on the capillary
pressure curve corresponds to the network model (1) through (4).
(Sakhaee-Pour and Bryant, 2015).

3.1.2 Scanning Electron Microscopy (SEM) Images
Constructing a network model requires assigning each cylindrical capillary tube
a radius and a length. The radius is obtained from the MICP measurements, and the

length is obtained from the average grain size extracted from the SEM images of the

rock sample.

3.1.3 Porosity

Porosity is used to calculate the volume of hydrocarbons that can be stored in
the rock. In network models, we create a network of tubes that occupy a given volume.
The pore volume of our system is the sum of the volumes of the tubes that make up the
network, which we can calculate, given the length and radius of the tube. The bulk
volume is the size of the theoretical pore network times the thickness. We assume that

the thickness is equal to the average of the pore-throat sizes. The network porosity is
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defined as a ratio of pore volume over bulk volume (eq. 5). To validate the network
model, we match this calculated network porosity to the measured lab porosity of the
intact sample. Network thickness is one of the adjustable parameters to match the lab

results of porosity and permeability.

. PoreVolume
Network Porosity = ———

Bulk Volume (5)
3.1.4 Permeability

The aim of creating a physically representative network model is to predict the
transport properties of the rock. One such important transport property is the
permeability. To obtain the permeability of the model, we apply a pressure difference
across our network model, assuming steady state. Using the principle of conservation of
flux, we calculate the pressure at every node and flux in every bond. This enables us to
calculate the total flow passing through the network (Figure 199). Applying Darcy’s
law on the network, given the total flux and network dimensions, we obtain the
effective permeability.

The pore-throat size, which is based on mercury injection capillary pressure

measurements, is randomly distributed in the network of connected pores. The predicted

permeability is then tested against independent lab measurements to test the model.
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Figure 19 — An equivalent pore network representing a porous space Phign
and Piow are the inlet and outlet pressures respectively.

3.2 A physically representative model of Tennessee sandstone

We analyzed Tennessee sandstone, which is homogeneous and light brown
(Figure 20).
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Figure 20 — Tennessee sandstone core plug (Reproduced from Damani, 2013)

Routine core analysis showed that the porosity and the permeability of an intact

Tennessee core plug were equal to 5.5 % and 4 pd. Mineralogy was determined using

Fourier Transform Infrared Spectroscopy (FTIR) technique; quartz was found to be the

major mineral (average 59 wt %) with lesser minor amounts of clays. An average grain
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size of 190um was obtained from a thin-section image of Tennessee sandstone taken

under polarized light.

Mercury injection allowed us to determine the pore-throat size distributions.
Figure 21 shows the lab measurements conducted on a core plug. We conclude that the
pore-throat size distribution in the network of the connected pores is random because
the trend of the capillary pressure with wetting-phase saturation is plateau-like. The
trend of the capillary pressure with non-wetting phase saturation (= 1 — wetting-phase

saturation) is also plateau-like, but we illustrate the former one as it is more common.

10° 7
6 !
—_ .
=10 < i
3 T:/ 5 } IL]
= o .
05’ 10° ] 5 4
@ o It
] = ‘
Py T 3
o 3 [0)] .
210 & .
= 22 .
g . > 1
O 19 1 h/ %
%o o °
i ()
0 -4 -2 0 2
o PP ; 10 10 10 10
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 i
Wetting phase saturation (fraction) Pore-throat size (um)

Figure 21 — (a) Capillary pressure measurements of a Tennessee sandstone shows a
plateau-like trend, which is consistent with a random pore-throat size distribution
in the network of connected pores. (b) Pore-throat size distribution of the sample is
determined based on the Young-Laplace relation. (Reproduced from Damani,
2013)
The pore-throat size distribution is determined using the capillary pressure
measurements (b). The capillary pressure is increased incrementally, and the injected

fluid volume at each increment is measurement. The incremental volume indicates the
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pore volume associated with a specific pore-throat size, which is determined from the
applied capillary pressure. The volume fraction of each pore-throat size is equal to the
ratio of the injected mercury volume to the pore volume, and the pore-throat size is a
function of the capillary pressure, based on the Young-Laplace relation (eqg. 4). The

interfacial tension of mercury is 487 x 10 (N/m), and its contact angle is 140°,

The network modeling approach is used here to simulate the intact pore space of
the Tennessee sandstone. In network modeling, the pore bodies (sites) are
interconnected via pore-throats. The flow rate between adjacent sites is determined as

follows:

I 4
q= ghydraulicAp = #Ap (6)

Where q is the flow rate, gnyarquiic 1S the hydraulic conductance of a connecting pore-

throat, Ap is the pressure difference between sites, r is the pore-throat radius (Eq. (4)),
L is the pore-throat length, and p is the fluid viscosity.

We created a two-dimensional regular lattice model, with 500 x 1200 throats, to
mimic the intact pore space. The spatial distribution of the pore-throat size is randomly
distributed in the network model. To determine the permeability, we apply a pressure
gradient across the large-scale (network) model and assume that the mass is conserved
at each site. The flow rate, which is computed under steady-state conditions, as the
entrance of the large-scale model allows us to determine the permeability based on

Darcy’s law.
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The pore-throat length is 190 um, which makes the network size equal to 95 mm
x 228 mm. The thickness of the model is tuned such that its porosity becomes equal to
5.5 %, which is measured in the lab. These parameters lead to a network model, whose
volume is equal to 1 cm®. The permeability of the tuned network model becomes equal
to 4 md, which is consistent with the measured permeability. The network model is
physically representative of the intact pore space because it can predict the measured
permeability when its porosity and the pore-throat size distribution are representative of
the formation.

The developed pore model is two-dimensional while the sample is three-
dimensional. The model is suitable only because it can capture the petrophysical
measurements conducted on core plugs; it has sufficient complexity to mimic the pore-
scale processes. Two reasons can be given to justify the difference between the
dimensions. First, the network model is simply a tool to account for the effective
connectivity of the sites and their interactions. The spatial distribution of the sites can
be changed to form a three-dimensional structure. Second, the two-dimensional model
may be accurate for a representative slice of the actual pore space. A three-dimensional
model can be generated from a representative slice. Thus, it is sufficient to study only

the representative slice of the sample, rather than the actual three-dimensional sample.

3.3 Hydraulic fracturing of a Tennessee sandstone block
We cut and polished a cylindrical Tennessee sandstone and stimulated the

block-scale sample under triaxial loading conditions. The sample diameter was 4 in, and
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its length was approximately 5-1/2 in. A hole of % inch in diameter was drilled in the
center of the core and extended up to half the sample length. The hole was completed
with a ¥ inch OD tube that was cemented (Damani, 2013).

Triaxial stress (vertical stress = 3000 psi, maximum horizontal stress = 2000 psi,
minimum horizontal stress = 500 psi) was applied to replicate the in-situ stress
conditions. The loading system was designed to allow triaxial loading of the rock
sample with simultaneous injection of fracturing fluid and recording of acoustic
emissions. The three stresses were applied using confining fluid pressure, hydraulic flat

jacks, and an axial piston (Figure 22).
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expanded view of the triaxial loading system with axial loading, confining vessel and flat
jacks to apply transverse stress. The figure on the right shows the sample covered with
copper jacket mounted on the base plate of the triaxial loading system. (Damani et al.,
2012; Damani, 2013).

Oil was then injected into the hole at a rate of 10 cm®min. The pressure starts to
increase in the hole, and the fluid diffuses into the pore space of the rock. Consequently,
localized microcracking is initiated in the rock and with continued oil injection, the
microcracks start to coalesce and form a large fracture. The block breaks down at 4336
psi, which was indicated by a sharp fall in the pump pressure.

The AE events can be divided into pre- and post-breakdown events. Pre-
breakdown events may be caused by rock failure due to stress induced by wellbore
pressurization and the injected fluid diffusing locally into matrix whereas post-
breakdown events may be caused by flow through the fracture and failure of asperities
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along the fracture faces. In our experiment, most events were post-breakdown events

(Figure 233).
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Figure 23 — Pump pressure and cumulative AE events with time (Reproduced from
Damani, 2013)

There were 16 piezoelectric sensors mounted on the block, with one on the top,
one on the bottom, and the remaining 14 on the cylindrical surface of the sample,
distributed uniformly over the azimuth and the height. AE events showed a delayed
response, with the first events being captured at the breakdown and after that increasing
rapidly. The average error in hypocenter locations for this test was +/-5.34 mm, and the
amplitude of the events ranged from 0.1 to 0.9 V. The total number of events was equal
to 1564, and the density was higher close to the large fracture (Figure 244). To locate
the AE events, the individual arrival times of the compressional waves associated were
recorded automatically. The first arrivals were used to determine the event location

using a weighted least squares inversion algorithm (Damani, 2013). A frequency of 50
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kHz to 1.5 MHz was used to filter the good events; the rest of the events with

frequencies outside the range were treated as noise.
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Figure 24 — Spatial locations of 1564 AE events recorded during hydraulic
fracturing of a Tennessee sandstone block in an (a) three-dimensional coordinate
system, (b) X-Y plane, and (c) X-Z plane. (d) The size of the blue bubbles
corresponds to the amplitude of the AE events. The green circles represent the
sensor locations. (Reproduced from Damani, 2013)
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3.4 Integrating acoustic emission into percolation theory to predict permeability
enhancement

In this chapter, we use the percolation theory to predict the permeability
enhancement of the formation at the core scale. It clarifies how the percolation theory
can relate AE events to the high-permeability paths created in the formation stimulation.

Percolation takes place when one medium spreads randomly through another
(Berkowitz and Ewing, 1998). Examples include the diffusion of a solute through a
solvent, disease spreading in a society, and fluid spreading in a porous medium
(Broadbent and Hammersley, 1957). Randomness is the key feature of percolation
theory and arises due to different mechanisms that are relevant to the penetrating and
penetrated media (Sahini and Sahimi, 1994).

Figure 255a shows a network model where the black circles and the dashed lines
indicate the absence of the fluid. The red squares and the solid lines indicate the
presence of the fluid. The percolation takes place when the fluid forms a connected-

through path in the model. The connected-through path is shown in red in Figure 255b.
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Figure 25 — (a) Site percolation where the pore body (site) is filled randomly by
the fluid. The black color corresponds to the absence of the fluid. (b) Shows a
condition where percolation takes place, and there is a connected-through path
from the left to the right of the model. (c) A conceptual model for pore-scale

modeling of an AE event. The AE events are assumed to be indicators of micro-
fractures that interact with the adjacent pore bodies of the intact pore space.

The number of the sites occupied by the fluid relative to the total number of sites
is equal to the probability (p), which is equal to unity when the fluid fills all the sites
and to zero when there is no fluid in the model. The probability of the model is equal to
the percolation threshold when percolation takes place (Dean and Bird, 1967). The
number of the occupied sites exceeds a certain number when the probability becomes
equal to percolation threshold. Figure 255b shows a network model where the fluid
occupies different sites randomly, and the percolated path is shown in red in Figure
255b where the fluid forms a path from the left to the right of the model.

We use a physically representative pore model to implement the effects of the
microfractures on the transport properties. The pore space is treated as a network of
pore bodies (sites) that interact with each other through pore-throats (Figure 255c).
Each event in the representative volume is indicative of a large pore body, shown as a
red triangle in Figure 255c. The larger pore body, whose volume is equal to the void

space that resides in the microfracture, is connected to adjacent pores via pore-throats,
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shown with dashed red lines. The transport properties of the pore-throats connected to
the large pore are dependent on the characteristic size of the microfracture.

The large pore body is distributed randomly as a site, which classifies the
problem as a site percolation. Percolation theory predicts large-scale behavior by
accounting for randomly interconnecting small-scale phenomena. We assume that the
small-scale fractures form a connected-through path when the number of AE events per
unit volume exceeds a certain value, which is relevant to the percolation threshold.

The large pores (red triangles in Figure 255c) are connected to all the pores of
the intact pore space (black circles in Figure 255c) in the stimulated region. Figure 255
is a conceptual illustration, and the permeability calculation based on the proposed
method is discussed subsequently (Eq. (7)). The volume fraction of the stimulated
regions depends on the number of AE events per unit volume of the representative
volume that corresponds to the percolation threshold. For instance, Figure 255¢ shows a
condition where the number of AE events per unit volume of the representative volume
is equal to 2, and the large pores form a connected-through path when this ratio
becomes equal to 6.

The total volume of the physically representative model is divided into the
number of events recorded per unit volume for the fractured plug. The volume fraction
of the stimulated region for partially fractured samples is equal to the ratio of its number

of events per unit volume to the number of events per unit volume for the fractured

plug.
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Chapter 4: Predicting permeability enhancement based on percolation
theory

We consider a one-dimensional flow where the stimulated and intact regions act

in series, which allows us to determine the core-plug permeability as follows:

N (7)
n N—n
—_ + pE—
K K,

Kepr =

Where K, is the effective permeability of a partially fractured plug, K, is the matrix
permeability of an intact sample, K is the permeability of a fully fractured plug, N is

the total volume of the model, and n is the stimulated region volume.

The physically representative model is used here to predict the permeability
enhancement at the core scale. The number of AE events per unit volume
(#Events/volume) is determined for a core plug that has a large fracture, which can be
observed with the naked eye. This ratio corresponds to the percolation ratio when the
fracture forms a connected-through path. The permeability measurements of other core
plugs, extracted from the stimulated block, provide independent evidence to test the
model.

We extracted five core plugs from the stimulated Tennessee sandstone block for
petrophysical characterization (Figure 266). One plug was extracted right on top of the
large fracture (Left wing in Figure 266a), whereas the other four plugs were extracted

from either side of the large fracture (Right Wing in Figure 266a). Figure 266¢ shows a
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scanning electron microscope (SEM) image of the formation where there is a
connected-through fracture in the sample, which is created during hydraulic fracturing
of the block. The high-resolution image shows the fracture with no confinement. The

high-resolution suggests that the aperture size of the connected fracture could be on the

order of 1-10 pm.
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Figure 26 — (a-b) Block-scale sample of a hydraulically fractured Tennessee
sandstone, where the holes show the locations of the extracted core plug for
permeability measurements. The fracture left, and right wings are shown by blue,
red lines, respectively. (c) Scanning electron microscope (SEM) image of the

fractured core plugs that shows a connected-through fracture in the sample.
(Reproduced from Damani, 2013)

Table 1 lists the spatial locations of the core plugs for the coordinate system shown in
Figure 266, their bulk volume, and the number of AE events. The core plug with the
connected-through fracture is referred to as the Fractured plug in Table 1 and has the
largest #Events/volume and highest permeability; the other plugs are named Plugs 1-4
in Table 1.
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Table 1 — Spatial location, number of AE events, and the block volume of the core
plug extracted from the stimulated Tennessee sandstone block shown in Figure
266.

Plug X(mm) Y(mm) Z(mm) Z(mm) Bulk  AE/volume
Top  Bottom volume (cm™)
(cm®)
Plug 1 30 12.5 0 31 15.21 0.13
Plug 2 30 12.5 31 58 15.21 0.79
Plug 3 30 -12.5 0 31 13.25 0.45
Plug 4 30 -12.5 31 58 13.25 1.58
Fractured -32 0 39 78 19.27 6.95
plug

Table 2 — Plug length, diameter, and permeability at 300 psi effective stress
Plug Length  Diameter Permeability

(mm) (mm) (md)
Plug 1 31 25.4 0.008
Plug 2 27 25.4 0.007
Plug 3 31 25.4 0.007
Plug 4 27 25.4 0.007
Fractured 39 25.4 8.097

plug
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We measured the permeability of each core plug listed as a function of effective
stress (Table 2). The confining stress was changed where the pore pressure was 200 psi.
The pore pressure was fixed using the AP-608™ permeameter, and the effective stress

was calculated as follows:

Effective stress = Confining stress — Pore pressure (8)

The lab measurements are normalized with respect to the measured value for
each sample when the effective stress is equal to 300 psi (Figure 277). The results are
normalized with respect to the confined conditions because they are more representative
of in-situ conditions. The rate of the permeability decrease with the effective stress is
relatively similar for different samples, especially at low effective stress. The similarity
suggests that the permeability decline is controlled by the change in the effective
aperture size of the fractures. The similarity could also be a result of homogeneous
material distribution. The decrease rate of the fractured plug deviates from the other
plugs as the effective stress increases, which could be due to the plastic deformation.
The lab measurements revelated that the plug permeability did not recover fully to the
original value because of the plastic deformation after the test when the confining stress
was removed.

The fractured plug permeability was also measured as a function of the
confining stress. The fractured plug permeability was 5.342 md when the confining

stress was equal to 1000 psi. The measured permeability is used as an estimate of the
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permeability of the stimulated region (Figure 255¢). The measured permeability is also
used to normalize the results, denoted by Kractured piug in Figure 288.

The spatial locations of the recorded events and the bulk volume of each core
plug determine the number of AE events per unit volume (#Events/volume). This ratio
is equal to 6.95 cm™ for the fractured plug, which corresponds to the percolation
threshold. We predicted the permeability of the core plug when this ratio is smaller than
the percolation threshold based on percolation theory, using the physically
representative pore model. Figure 288 reveals the core-scale measurements corroborate
the predicted results. The permeability of the formation remains close to the intact value
at the core scale when the #Events/volume is smaller than the threshold value. Our
model also suggests that the stimulated permeability increases by a factor of 2 relative
to the intact permeability (=4md). Thus, the intact permeability remains close to the

matrix permeability, as opposed to the fractured plug permeability.
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Figure 27 — The permeability decreases as the effective stress increases for
different plugs.
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We used all the data available from the core plugs recovered from the block
sample to test our model. Most AE events occur on the fracture, which is the reason for
the absence of lab measurements with #Event/volume between 3 and 6. The core plugs
with small #Events/volume were taken as close as possible to the main fracture.
Nonetheless, the stimulation results and lab measurements indicate that the permeability
close to the main fracture remains close to the intact permeability and the enhanced
permeability does not increase linearly with #Events/volume.
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Figure 28 — Core-scale measurements corroborate the physically representative
pore model, which predicts the permeability enhancement based on percolation
theory. The stimulated permeability remains very close to that of the matrix, as
opposed to that of the fractured plug, when the number of AE events per unit
volume (#AE/volume) is smaller than the percolation threshold.
Now, we turn to the sensitivity of the results to the amplitude cutoff (%) (Figure
299). The amplitude cutoff (%) is defined as removing events that have amplitude value

in the bottom x% of the total events. The number of events per unit volume
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(#Events/volume) decreases the most for the fractured plug. The significant decrease for
the fractured plug indicates that there is a wide amplitude range. Nevertheless, it is
apparent that the cutoff value does not change the trend of results because it only shifts

them monotonically.
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Figure 29 — #Events/volume decreases monotonically with increasing amplitude
cutoff (Reproduced from Damani, 2013)

Dahi Taleghani and Lorezo (2011) indicated that low-frequency events are the
tensile events causing Mode | failure. Low-frequency events are beyond the scope of
the present work because our device does not record events below 50 kHz. We

considered four kinds of failure mechanisms: shear, tensile, compressive, and complex.

53



Chapter 5: Workflow for predicting breakdown pressure and

breakdown cycle in cycling fracturing

5.1 Cyclic fracturing of the Tennessee sandstone sample

Our objective in this part of study is to predict the reduction in the breakdown
pressure in cyclic fracturing in the context of petroleum engineering. Our objective is
not to prove the existence of this phenomenon, which has been tested in other
engineering fields for half a century (Paris et al. 1961). The existence of this
phenomenon has also been confirmed recently at the lab scale, but its design and
prediction have remained limited to trial and error (Patel 2017). Providing a predictive
model for this phenomenon will facilitate further discussion about improving the
conventional method, which could have major implications for improving hydrocarbon
recovery. To reach our objective, we use all the data available in the literature for low-
cycle fracturing. The existing lab measurements are limited simply because this is a new
concept in petroleum engineering. Conducting further measurements is beyond the
scope of the present study.

The lab measurements (Patel et al., 2017) are discussed for completeness. The
Tennessee sandstone samples were first cut cylindrically and polished. Table 3 lists the
petrophysical properties of each sample. The sample diameter and length were 4 in and
5.5 in, respectively. A hole of ¥ inch in diameter was drilled in the center of the core
and extended up to half the sample’s length. The hole was completed with a %z-inch
diameter tube that was cemented. To replicate the subsurface conditions, triaxial stress
was applied (vertical stress = 3000 psi, maximum horizontal stress = 2000 psi,

minimum horizontal stress = 500 psi). Figure 22 shows the experimental setup.
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Table 3 — Porosity and permeability of the Tennessee sandstone samples analyzed
here. Lab measurements are based on the data available in the literature (Patel et

al. 2017).

Sample Porosity (%)

(500 — 4000 psi)

Permeability (ud)

(500 — 4000 psi)

1 4.7-43
2 5.1-44
3 44-3.6
4 59-6.1

27 -7

32-9

37-10

22-11

The lab measurements include four dry samples. The first two were stimulated

using the conventional method by increasing the pump pressure monotonically. The

other two were fractured via cyclic loading. Table 4 lists the breakdown pressures for

the samples that were stimulated with an oil injection rate of 10 cm®min.

Table 4 — Breakdown pressures and number cycles of four Tennessee sandstone
samples under triaxial loading conditions (vertical stress = 3000 psi, maximum
horizontal stress = 2000 psi, minimum horizontal stress = 500 psi)

Sample Fracturing method  Breakdown pressure Number of
(psi) cycles
1 Conventional 2947 1
2 Conventional 3067 1
3 Cyclic 2519 7
4 Cyclic 2900 5
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We define the reference breakdown pressure (= 3007 psi) for the conventional
method as the average breakdown pressures (Samples 1 and 2 in Table 3). The
maximum first injection pressures are equal to 322 psi for Sample 3 and 1621 psi for
Sample 4 (Figure 3030). Subsequently, the maximum injection pressure of each cycle
was increased by 10% of the reference breakdown. The minimum pump pressure in
each cycle for both samples was 15 psi. The breakdown pressure is smaller in the cyclic
method than in the conventional method.

The reduction in the breakdown pressure depends on the loading path, which
includes the number of cycles and the effective pressure. Sample 4 fails after fewer
cycles than does Sample 3. The reduction in the breakdown pressure of Sample 3 (16%)
is more significant than that of Sample 4 (3%). This could be due to the significant
increase in the pump pressure in the first cycle for Sample 3. We will propose a
workflow to predict the breakdown pressure (Methodology), which can be used for both
samples. We will also present different scenarios which could be used to lower the
breakdown pressure more significantly. The workflow allows us to predict the
breakdown pressure for both samples (3 or 4) when one of them is used to tune the
model. The discussed experiments require block-scale (bench-scale) samples whose size
is close to 4 in. It is not possible to conduct those tests on shale samples because they

disintegrate before the tests’ completion.
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Figure 30 — Pump pressure data show that Samples 1 and 2, which were
conventionally fractured, have higher breakdown pressures than do the cyclically
fractured samples (3 and 4). The breakdown pressure of Sample 4 is higher than

that of Sample 3 but requires fewer cycles to fail. (Reproduced from Patel et al.,
2017)

The rock sample breaks down at a lower pressure in cyclic fracturing than in the
conventional method because of the local damage (crack growth) in each cycle. Figure
31 shows that there are more acoustic emission (AE) events in cyclic fracturing. The
increase in the number of events provides independent evidence for the creation (or
growth) of small-scale cracks.

The higher number of AE events in cyclic fracturing corresponds to a larger
stimulated reservoir volume. This is an important advantage of cyclic fracturing
compared to the conventional method—each event may be correlated with a small
fracture, which leads to a larger permeability for the stimulated region. The formation
permeability at the core scale was not measured at different locations for the analyzed

tests. Thus, the stimulated volume is larger in cyclic fracturing, although it is not

currently possible to evaluate the corresponding permeability.
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Figure 31 — The number of acoustic emission (AE) events is higher in cyclic
fracturing (bottom) than in conventional fracturing (top), which suggests that
the stimulated reservoir volume is larger in cyclic fracturing. The triaxial
stresses were ov (vertical stress) = 3000 psi, o1 (Mmaximum horizontal stress) =
2000 psi, and oh (Minimum horizontal stress) = 500 psi. (Reproduced from
Patel et al., 2017)
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5.2 Methodology

We use a modified Paris’ law that accounts for the fracture closure (Elber 1971)
to determine the crack growth in cyclic fracturing. Paris’ law is often used for high-
cycle failure (HCF), but we apply it to a low-cycle regime because there is no other
model for this range, to the best of our knowledge. The modified Paris’ law can be

expressed as follows:

2 _ C(UAK)™ U =05+04R R =ZXmn ©)
dN Km

Where a is the crack length, N is the number of cycles, AK is the change in the stress
intensity factor, C and m are constants, U is the Elber constant, and R is the loading
ratio. The change in the stress intensity factor (AK) is equal to the difference between

the minimum stress intensity factor (Kmin) and the maximum value (Kmax).

We propose a workflow (Figure 3232) to tune the modified Paris’ law. The

modified Paris’ law has three unknowns (m, C, and initial crack length ai). The typical

range of m is from 0.01 to 30, that of C is from (10 to 10°%) m, and the initial

crack length is from 0.01 mm to 0.2 mm. The unknown parameters are determined as
follows:
1. The fracture toughness (Kic) of a sample is assigned using the data available in
the literature. Our study is based on Tennessee sandstone whose fracture

toughness was reported by Atkinson (1979).
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. The acceptable range of each unknown parameter in the modified Paris’ law is

determined (C, m, and a;) based on the data available in the literature. A
combination of (C,m, ai) are picked from this range to begin.

. The highest effective stress in each cycle is used to determine the crack growth
in each cycle using the Paris’ law (Eq. 9). We determine the crack growth for
Sample 3 in our study until breakdown cycle. (Table 4)

. The stress intensity factor at the breakdown cycle and the maximum breakdown
pressure are used to determine the effective breakdown stress intensity (Ky). The
effective breakdown stress intensity factor in our study is set equal to the first
mode intensity factor (K)).

Ky is compared to Kic. If they are not equal, then the unknown parameters (C, m,
and a;j) are changed, and steps 3,4 are repeated until Ky becomes equal to Kic at
the breakdown pressure and breakdown cycle. The combination of the unknown

parameters whose corresponding Kj is equal to Kic defines a tuned Paris’ law.
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Figure 32 — Flowchart to determine the unknown parameters (C, m, and a; ) in the
modified Paris’ law (Eq. 9). The tuned model, whose accuracy is tested for Sample

4, helps us to predict the breakdown pressure and cycle.
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Chapter 6: Predicting breakdown pressure and breakdown cycle in
cycling fracturing

We use the modified Paris’ law to predict the breakdown pressure and the cycle
for Tennessee sandstone samples. The unknown parameters (C, m, and a;) are
determined based on the proposed workflow (Figure 32) using the cyclic fracturing data
of Sample 3. Subsequently, we use the tuned model to predict the breakdown pressure
for Sample 4. The fluid pressure at each cycle and the number of cycles for Sample 4
are different from those of Sample 3. The error associated with using the tuned model is

determined as follows:
Error (%) = | Kbx_—,fm| x 100 (10)

Where K} is the effective breakdown stress intensity factor that is predicted using the
tuned model and Kic is the fracture toughness. The predicted stress intensity factor is
representative of the maximum pressure for a cycle in which the sample fails.

Now, we turn to the error associated with using the tuned model to predict the
breakdown pressure only for Sample 4. Figure 333 shows that the error remains smaller
than or equal to 15% with different combinations of parameters. There is no unique
solution based on the proposed workflow for the observed (good) accuracy. Figure 333
allows us to test the second hypothesis. It shows that the modified Paris law can predict
the breakdown pressure and breakdown cycle in low-cycle fracturing.

The workflow allows us to predict the breakdown pressures of both samples (3
or 4), with the same level of accuracy, when one of them is used to tune the model. The
good accuracy of the results, when compared with the data available in the literature,

corroborates the proposed workflow.
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Figure 33 — Error (Eq. 10) in predicting the breakdown pressure for cyclic
fracturing for Sample 4. The unknown parameters in the modified Paris’ law are
determined based on the workflow provided in the Methodology for Sample 3.

The tuned model helps us to predict the breakdown pressure and cycle for
different scenarios. Both are unknown a priori. The fluid pressure in each cycle can also

change independently. The failure takes place when the difference between the
predicted effective stress intensity factor and the fracture toughness becomes negligible.
Two scenarios are considered where the fluid pressure is changed cyclically. In the first
scenario, the fluid pressure is increased at 400-psi increments, and in the second, the
fluid pressure increment is equal to 200-psi. Figure 344 shows the predicted results,
where the sample with smaller pressure increments fails at a lower pressure but a larger

number of cycles.
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Figure 34 — Predicted failure for two scenarios based on the tuned model: Case 1
shows a higher breakdown pressure at a lower number of cycles than does Case 2.
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Chapter 7: Discussion and future works

7.1 Pore-scale modeling of acoustic emission (AE) events

In petroleum engineering, the goal of most research including the present study
is to be applied in the field. The presented model and lab measurements predict the
permeability enhancement of a stimulated region, without a connected-through fracture,
based on its acoustic emission. The stimulated region is also referred to as the process
zone (Zang et al., 2000). Our study suggests that the enhanced permeability remains
close to the intact permeability and that it is unrealistic to use a linear approximation for
the stimulated region permeability. Knowing that, in the absence of a connected-
through fracture, the permeability increase is not very significant is crucial for building
a realistic reservoir model.

Another issue is the size of the stimulated region. The size of the stimulated
region, whose permeability is close to the intact permeability, relative to the overall
domain is equal to the size of the core plug to the block. We can predict the stimulated
region size if the results can be scaled to the field conditions. The stimulated region size
close to each fracture can be predicted by accounting for the fracture length.

The presented results are relevant to fluid injection into a dry sample. The size
of the stimulated region and the spatial distribution of the events may change if the
sample is initially saturated and when conducted for a different formation. Our model
assumes that the spatial distribution of the pore-throat size is random, which is realistic
for Tennessee sandstone. The developed model needs modifications when this

assumption is not realistic.
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7.2 Cyclic fracturing
The cyclic fracturing has positive and negative effects. The number of acoustic
emission (AE) events increases in cyclic fracturing (Figure 31Figure 31), which
corresponds to a larger stimulated volume (positive). The cyclic fracturing requires
more fluid volume and energy than does conventional fracturing (negative). The
existence of opposite effects implies that there may be an optimum scenario where
achieving the enhanced properties of the stimulated volume through cyclic fracturing is
better than through re-fracturing. Designing the optimum scenario requires analyzing
both effects. The required lab measurements for the quantitative assessment of the
positive effect are not available, and thus we analyze the negative effect.

In cyclic fracturing, the fluid pressure is increased and decreased cyclically until
breakdown takes place. This is carried out by injecting fluid into the sample and
monitoring pump pressure; thus, more fluid is injected in cyclic fracturing. Table 5 lists

the required fluid volume for each test.

Table 5 — Fluid volume, breakdown pressure, and energy of different hydraulic
fracturing methods.

Sample Number of  Injected fluid  Breakdown Energy, kJ
cycles volume, ml  pressure, psi
1 1 5.6 2947 145
2 1 6.7 3067 115
3 7 28.4 2519 502
4 5 26 2900 728
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The injected volume, which corresponds to before the breakdown period, is
approximately 340% higher in cyclic fracturing than in the conventional method for the
Tennessee sandstone samples. The fluid leak-off decreases when the permeability is
smaller for a given period. Thus, the difference between the injected volumes of the
cyclic and the conventional methods is expected to be smaller in tight formations than
the results listed in Table 5.

We also compare the required energy for both methods (cyclic and
conventional). The energy calculation is based on the pump pressure, the injected fluid
volume at a given pressure, and the time interval. It is apparent that the cyclic fracturing
requires more energy for the formation stimulation (Table 5). This is a disadvantage of
the cyclic fracturing method, compared to the conventional approach. The difference
between the required energy is expected to be less significant for tight formations, as
the difference between the injected volumes is smaller.

The cyclic fracturing method has the potential to become a new stimulation
method after its advantages and disadvantages are quantitatively accounted for,
especially when the optimum scenario is designed. The proposed workflow (Figure 32)
facilitates further discussion to determine its feasibility by predicting the breakdown
pressure and cycle. The breakdown pressure in the field, which is not necessarily equal
to the measured value in the lab, needs to be determined for such applications. In the
field, the breakdown pressure may exhibit a large variation. The diagnostic fracture
injection test (DFIT) can provide an estimate of the breakdown pressure in the field

(Barree et al. 2015).
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Chapter 8: Conclusions

Hydraulic fracturing is one of the most important inventions in the petroleum
industry because it has made hydrocarbon production from tight formations possible. It
has launched a new era with major consequences, some of which may become clear in
years or decades to come. This implies that a slight improvement in hydraulic fracturing

can have a major impact.

8.1 Pore-scale modeling of AE events

We developed a physically representative pore model of an intact Tennessee
sandstone at the core scale by analyzing its permeability, porosity and capillary pressure
measurements. Our main objective was to predict the permeability enhancement by
accounting for acoustic emission (AE) events. We assumed that each event is
representative of a microcrack or is indicative of an asperity which compressed during
fracture closure. This assumption implies that a connected-through fracture is formed
when the number of AE events per unit volume becomes larger than the threshold
value.

We predicted the permeability enhancement of a formation based on percolation
theory. Our study shows that the stimulated permeability of a formation at the core scale
is much smaller than the fractured plug permeability if the number of events per volume
is smaller than the threshold value. The permeability enhancement of the core plug,
relative to intact conditions, is close to 2 when the fracture does not form a connected-

through path. The proposed model, which relates the number of acoustic emission

68



events to the enhanced permeability based on percolation theory, has major applications

in determining the transport properties of the stimulated reservoir volume.

8.2 Cyclic fracturing

In the present study, we proposed a new method for predicting the breakdown
pressure and the number of cycles to breakdown in cyclic fracturing. Cyclic fracturing
is a new concept in petroleum engineering where the fluid pressure is increased and
decreased cyclically to stimulate the formation. This is fundamentally different from the
conventional method, where a fracture at each stage is created by a monotonic increase
in the fluid pressure (one cycle). The predictive model is based on a modified Paris’
law, which uses linear elastic fracture mechanics (LEFM). We determined the unknown
parameters of the Paris’ law, which was applied for the first time in the context of
petroleum engineering. The predictive model, incorporated in a flowchart, allows us to
determine the breakdown pressure and cycle. Independent lab measurements show that
the proposed model can predict the breakdown pressure to within less than a 15% error,
which is promising.

Comparing the breakdown pressures of Sample 3 (7 cycles, P, = 2519 psia) and
Sample 4 (5 cycles, P, = 2900 psia), the more number of pressure cycles before
breakdown, the lower is the breakdown pressure for Tennessee sandstone. Using the
tuned Paris law in a predictive mode for the two hypothetical cases, we observe that
case 2 (200 psi pressure increments per cycle) has a higher number of cycles and lower
breakdown pressure than case 1 (400 psi pressure increments per cycle). Hence, this

experimental observation of sample 3,4 is corroborated with the modeling results from
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the tuned Paris law that there is a higher reduction in breakdown pressure if more
pressure cycles are required to reach the breakdown given all other experimental
conditions remains the same.

The cyclic fracturing has an advantage and a disadvantage. It leads to a larger
stimulated reservoir volume (positive), while it also requires more fluid volume and
energy (negative). We interpreted the larger stimulated volume by accounting for the
number of acoustic emission (AE) events in cyclic fracturing. We also analyzed the
fluid volume and energy required for cyclic fracturing and compared them with those of
the conventional method. The injected volume in the cyclic fracturing is 340% higher,
and the energy 370% is higher than in the conventional method. The difference is
expected to be smaller in tight formations where a smaller fluid volume leaks off for a

given time.

The existence of opposite effects of cyclic fracturing implies that there may be
an optimum scenario where achieving the enhanced properties of the stimulated volume
through cyclic fracturing is superior to the conventional method. The predictive model
can help us design different scenarios relevant to different cyclic pressures, which will
lead to different breakdown pressures and number of cycles. The predictive model
facilitates further discussion in this field, which can lead to an improved stimulation

technique, with major applications in the petroleum industry.
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Appendix

The appendix contains 2 full length papers (1) Journal paper published in Journal of
Petroleum Science and Engineering, ‘Integrating acoustic emission into percolation
theory to predict permeability enhancement’ (2) Conference paper presented at
Unconventional Resources Technology Conference (URTeC), ‘Effects of Cycling

fracturing on Acoustic Events and Breakdown pressures’
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ABSTRACT

Keywords:

Acoustic enission [AE)
Percolation theory
Hydraulic fraciuring

Hydraulie fi ring allows us o enh the transport properties of a tght formation, but it remains difficult w
predict the enhancement as a function of recorded acoustic events. With this in mind, we initiate pore-scale
madeling of acoustic emission (AF) events based on percolation theory, The main objective is o predict the
permesability enhancement by accounting for the number of AE events. We first develop a physically represen-
tative model of the intact pore space of the matrix of Tennessee sandstone at the core scale based on petrophysical
measurements, which are porosity, permeability, and capillary pressure. A block-scale sample of the formation is
then hydraulically fraciured, where piezoelectric sensors recond the events generated during stimulation. We
predict the permeability enhancement of the formation at the core scale by accounting for the number of AE
evenis per unit volume. Independent peirophysical measuremenis corroborate the predicied resulis based on
percolation theory. The proposed model has major implications for characterizing the imnsport properties of the
stimulated reservoir volume,

1. Introduction

An acoustic emission (AF) is a transient elastic wave generated by the
rapid release of energy within a material (Lockner, 1993), which can be
detected using seismometers, AE events are associated with brittle frac-
tures due to pressure and temperature, Analyzing AE has applications in
carthgquake seismology (Lei and Ma, 2014), predicting rock bursts and
mine failures, fracture mapping (Phillips et al., 1998), monitoring me-
chanical performance (Chong et al., 2003), monitoring the condition of
tools and health monitoring (Yapar et al., 2015).

AE takes different forms because of variations in the frequency and
amplitude of waves. Both seismic and microseismic evenis—a physical
concepl in earthquake seismology—are derived from AE. The science of
seismology's study of earthquake activity and the geophysical study of
microseismic activity in rock are similar. There is a generation of acoustic
signals whenever irreversible damage occurs (Lockner, 1993). The
acoustic signals provide information about the size, the location, and the
deformation mechanisms.

Under loading, the structure deteriorates progressively in rocks and
concrete, first in an uncorrelated way reflecting intrinsic heterogeneities.
The siress fields of the microcracks interact, and the microcracks become
correlated, as the density of the microcracks increases. The microcracks
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may coalesce to form a connected-through fracture as the culmination of
progressive damage. AE events, due to microcracks growth, precede the
macroscopic failure of rock and conerete samples under constant stress or
constant strain rate loading (Stein et al,, 2003; Ge, 2003),

The petroleum industry carries out hydraulic fracturing in tight sand
and shale reservoirs to improve their transport properties, A better
approximation of the location and size of the connected fractures is
crucial for evaluating success of formation stimulation and for modeling
reservoir performance. The fracture orientation is also important in terms
of stimulating the reservoir efficiently with minimum interference.

Fractures created during stimulation can form a complex pattern, and
are not necessarily planar. Thus, researchers have iniroduced the stim-
ulated rock volume (SRV) for estimating well performance (Mayechofer
et al., 2010) based on three-dimensional microseismic events. A recent
study has proposed using microseismic density to compute SRV al the
reservoir scale (Meek et al., 2015]), where gridblocks with no events are
unstimulated and have intact transport properties. The transport prop-
erties of gridblocks with AE events are increased using an ad-hoe model.
Researchers have also used a Kalman filter to interpolate the transport
properties at the reservoir scale (Tarrahi et al, 2015). The proposed
maodels have had some success in predicting the production rate of a
formation, but they have not been tested against core- or block-scale
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messurements. The validity of the proposed models i critical, consid-
ering that reseredrs are highly heierogeneons, and the cflociive imms-
purt properties are controlled by different physdos ot different scales,

Rrsrarchers aban analywed the f pagation hised on peroo-
Lot theary. Sahmlmjl]wmatﬁemhaldagmnfhﬂl:
f amd d. im & lartdes are mone o less simidlar,
I!l:'pmpmulllﬂ.'pmuh.hmua slatic prooess in which frilure has
mathing to da with the siress and stmin field im the landes, wheneas the
grarwh o fraciires is ol rasdom, and depends on the giress amd steain in
the solid. Under certain conditions, Sahimi (2003) contended, the
acoumkation of damage amsd growih ol crecks eocer al random—ioe
example, in a natural rock, whers beierogeneities are broadly disiriboged
amd percolation sysbems can describe fraciane,

Sahimi (2002) also staled that, in the imitial stages, the bonds that
break are mndom, and ihe siress eshancement s the iip of & gheen
microcrack is not large enough o ensare tal the next microcmck acours
atthe tipaf the first mécrocradc. As mone micrormacks nockeaie, however,
Ih:d‘lud.ufu‘hmu}umlbmﬂqu anel deviations from

ladian Wi ikl cer bah snensuneme s
gualify for this condition, amd wse peroolation theory o predict the
prrmesbility cnbanosment

The presswl anuly asalyss the permeability eahasciment of Tes-
memee =mndsione vin anolyeing AE events. B develops a physically
raeprrissinRive el For U poee apaci al U cone scale, which embraoes
pore ihroats and pore bodies. 1 then uses percolation theory o predict
thee pesrmeabeliny chasge a0 the come gealbe, The predicted resubts are bestod
against lab meassremenis.

e

2, Methadalogy

21, Pore-scale modeling
Pore-scale deling is d with developlng n physically
mmmdddt}tpmmnfimhmﬂummu
compsed of pore bodies aned pore theoais. The pone: throsts are sarmos
reggions af the pore space that govern the inleractions betwemn conmeded
pore badies. The: topologien] pammeters of the pore thiosts and their
spaitial distribation contral the effective ransport properties of the ma-
rix of o fematicn,

Theere are two common methods for deriving the conmectes] netsork:
mon-thecretical modlels ane based an exracting the netvork Drom miong-
CT images of a sample (Khishvand et 2l 2006) without any prior as-
sumplions sboat the pore tapolagy. The theonetical models use 8 Useo-
retical distribation of the connecied network of the pore throats asd
il o Aoy the Iransport progerniis al e oone seale,

Wiashk (1927} propased the frst i} ical paore meel by rep-
resemting the pore space a5 an assemblage of cylisdrical capillaries.
Purcell (1945) extended that concept o predict the permeshility from
cnpllary pressure measurements. Subssquemly, Fan (1956) suggestiod
that the: pore spao: could be mimicked wsing o regular lattice. Another
d approach that sph [ ik grains of A
wedimentary rock, aned thus the emply spaces between them mimic the
wald apace of the pormes mediom (Bryast of o, 193], More rooenily,
remanrchuers Bive shissm thal the scpclic pore model has applicatioss in
capiuring the iranspor properties of shale formations (Sakhaee Powr amd
Bryami, 2005) and thase of The Geysers. Another axample of a theoretical
pore model is the mulli-type moded, which can be wsed for tght gas
IS,

The trend of capillary pressure messurements with wetting-phass
satuwratbon depends an the spatial distribotion of the pore-throet siee in
the: netvork of the connected pores (Mowsrdd and Bryant, 2002, 2003).
We aften injert meroury, which iz 8 sonssering phese 1o the solid grains,
into the rock sample o mesure the capillary pressure. Fig, lLa shows beo
crammen irends of the caplllary pressure with welting phase samraian:
mon-platesan-like and plateau-like (Sakhase-Powr aned Bryast, 2015).

h "l
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Fig. 1. () The plavea- 1ihe s i planeas ke wenods of capillary prosene with selling
pl—u-num b #) The merrury insrusion cxporimenis with the plaican-ble srnd,

i v e wamschoin SRStk ol b e il e on U pebeork ol
mmﬂml‘krrﬂnlr s b B el gl thee D dhickness is representative of
the: pore-thmmi stes. (For ssioproistion of e reforesos o oshar v e Gpee lepend,
thie neader is yefemed w the weh sersion of this snicke )

The momweiting phase cin invade a pore only when its capillary
presaurd iz larger than e esiry pressens of the corresponding pore
throat. Wider pore throats have lower resisiance against the invasion. In
T metwork of D oonmectad pores, the noswelling phass can invade a
pore oaly if it has acoess o the cormespomsding pore-ihroat size whose
enlry pressurs is wol beger than e applied capillary pressure, Thas, e
imvasion of the pore space is delayed, which isrelevant o the platen-like
wrend, whien the spatial distribotion of the poere-iheoest sioe B mndomn.
Fig. Ib-e shows how e rmsdom spatial distribution of the pore-throst
sive leads oo & platcas-lke trend in capillary pressune Ieasncments,
where the red represents the nonwetting phase and the lne thicknes:
dennses the: pone throst size

22X A physically representetive model of Temeseer somddones

Whe anallyond Tenmesses gandstone, which iz homagenecus sod light
browm in color. Routine core amalysis showed that the porosity and the
permeability of am imtact Temnesses coms phig, wend equal 10 5.5% sl 4
pd. Mineralogy was performed wwing the Fowrier Transform Infrared
Spectroscopy (FITR) technique, and quarks was fomnd w0 be e main
mimeral (average 5% wi %) lesser minor amounis of days. An average
grain size af 190 pn wes obtained from o thin-section image of Teancessee:
simlsione aken under polarined Hght

Mereniry injecting allowed w1 deicrmine the pore-thirmal siee dis-
tributions. Fig. 2 shows the lab measarements conducled on a oore plug.
Our comclusion s that the pere-throal siee disgriburion in the netwaork of
the conmecied pares is random becanse the tresd of the capillary pressurne
with ing iom ks pl like. The: rend of the caplllany
prizsung will nos-welling phase saturationm (= 1-wetling-phice sptac-
tiom) is also plateau-like, bt we illsirie the former one as it is
O OO,

The: poredhroat size distribulion is determined using the capillary
prisEiing mesuraments (Fig 2h). The capillary pressiee i@ incresid
m:ﬂy.andh:quﬂudhdmﬂnﬁlmu

J-“'lf' aal [ — d‘f‘pm Bt - A
wilh a specific pore-throal sise, which is determined from the applied
capillary pressmre. The wolumse fraction of ssch pore-thean sise is cgual
by e makios of the injected mercury volume o the pone vobame, and the
pore-thrnnt stee i3 A fancton of the caplllary pressure, based an the
Young-Laplace relation, ax fiollowes:

S ——
1
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permalation theory hased on the random distribation assumption. 18 hen
clarifies how perondaiion theory con relate AE events do the high-
permesibility paths crealed in formation stimuolation.

Perealation iakes place when one mediom spreads mmsdomly thoegh
amuther (Berkowite and Ewing, 1998) Examples include the diffusion of
a solwie through a salvent, discase spreading in o sockety, amd fhekd
spresding in a porous medium (Broadbent amd Hammershey, 1957
Randommess {8 ihe key feamre of pereolaiton iheory and arises due 1o
different mechanisms (hal ane rebevant by e penetrating amd pesetraked
media (Sakini and Sohimd, 1994).

Site and bnd percolations are the wo mdn calegpories of percokation
phemomenn. The former is more relevant o the presest study and dis-
e bere, Fig, 3o showes & nelwork meodel where the Black circles amd
the dashed lines indicate the absenee of the fluid. The red squares and the
snlid Mnes indicane the presesoe of the: fuld. The perooladion takes place
when the flaid forms a conmeded-through path in the model. The
cnmnecied-thaough path is shown in red in Fig. h,

The number of the dies occapied by the fuil relative o the ol
mumber of sites is aqual 1o the probability (p), which is equal 1o anity
when the Fluid fills 210 the sites amd 1o zero when there is no fluid in the
midel. The: probakibiy of the model is cqual o the p | hireshiokd
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the malrix permeability of an intad smple, Ky is the permebility of a
fully froctured plag, N s the el wolume of the model, and 0 s the
stimmuliste] region volume.

24, Hydrmdic fracmring of o Tennesses sandsmme ook

We rul and polished a cylindrical Tﬂm-m sandsione and stims-
Iated the BHock-scale ple umder ial lomding conditions. The
mmpl:dmmlmn-diulqgﬂ:mawmﬂmﬂdy;—iﬁm_h
Bole of 5 inch in diametsr was drilled in e osnber of e oore amd
extended wp o half ihe sample lesgih. The: hole was compleied with a 4%
mch 00 pube that was cemested (Damand, 2003),

Trinzial siress (vertical stress = 3(HHF psi, maximum horioonial
eliress — BN pdi, srindoeii ool dees
replicabe the in-siba stress conditions. The loading system was designed o
Allpw inaxial loading of the: reck sample with simalaneoss injection of
fracturing flwid and recording of sonastic emissions. The three stresses
were applied using confiming Fluld pressare, hydranlic faa jocks, and an
axial piston (Fig. 4.

0il was then injecied into the hole ai @ mie of 10 em®/min. The

when percolation takes place (Dean and Bird, 1967), The mansber of the
occupied sies exoeeds a cerizin number when the probability beromes
el By Uhee peroolation Diedshold, Fig. S shows & setwork nsodel whens
ehvormm i nead in Fig. Sheowleerne the Duid Forss o path Peom the ket e
right of the model.

W s a phiysically representative pore model to implement Uhe ef-
fercts of ihe microfractures an the tansport properties. The pore space is
treated as o metwork of pore bodies (siies) ihat imteract with each other
throwgh pore throats (Fig. 3c). Each event in the represemtative solume is
indicative of a large pone body, showm as & red miangle in Fig Se The
large pore body, whoee volume i egqual 1o the void spacoe that resides in
the: mlerofraciane, is comnecied 1o adjacent pores via pose theosis, shown
wiith dashed red lines. The transport properties of the pore throats oom-
meced bo ihe large pore are dependent on the charmoieristic siee of the
dierolracliing,

The: large pore body is distribubed mndomly as a sie, which dassifies
st precialem &8 site percolation, Peroalation theory predicis brge-scals
behavior by acconnting for randomly interconnecting small-scale phe-
momena, Our ssmumplion is that e small-scale fmctares foom a
comnected-through path when the namber of AE evenls per anit volams:
extieds @ ceain value, which is rebivant s e percolation Uhreshald,

The large pores (red riangles in Fig. 3c) are connected (oall the pones
af the: intact pone space: (black cirdles im Fig. 3c) in the: stimalaved region.
ﬁ;ﬂuamﬂpﬂ]ﬂmmhmﬁlijmhnﬂ]
an the proposed methisd s di iy (Eqg. (300, The volams:
Fraction of ke stimulabed regi I I om ke ber of AE events
poer il woheme of the rq'u'raﬂinﬂw wolmme: that corresponds o the
percalation threshold, For imtance, Fig. Je shivwd o condition where the

slarks b imerease inthe hale and the: fwid diffuses ingo the pone
wﬂﬂc ook, Consequently, Incalized microcmcking is initiated in
e pock Al with cominmed oil injection, s microcracks SUar W oo
lessce and form @ large fraciare. The block breaks down ail 42536 psi, which
was imdicated by @ sharp fall in the pomp pressure,

The AE evemls can be divided inlo pres and post-breakdown evenis.
Pro-trisabadown evenls iy be caised by rock failiee diss 10 sress
induced by wellbore pressarization amd the injected fluid diffusing
bocally intis malriz whersas posi-hreakdown evenia may be cated by
flow through the fractare aml failure of asperities along the fradune
faces. W our  cxperimend, oSt evends  owere  posi-brealkdosn
events {Fig. 5L

There were 16 piesocleciric sensors mounsed on the black, with one
om ke bop, one on the bottom, and the remsining 14 on the cylindrical
sarface of the sample, distribmied usiformly over the seimath and the
WL.I\EHHMM adelayed resposce, wilh e lirsl events beimg
ca d at the breakd and ih incressimg rapidly. The

age error in biscationa For his test was-+/-5.34 mum, amd
the amplitnde of the evenis ranged from 0.1 o029 V. The tolal member of
evenls wat equal i 1564, and the densily was highes closs o e large
fracture (Fig. 6). To kocate the AE events, the individual arrival times of
he comprissional waves assedated were recondsd astematically. The
fiirst arrivals were msed to determine the event location wsing a weightsd
Iz sqpuiees imversion algorithm (Damand, 200 25 A fregueney of 50 kHe
b 1.5 Mz veas wsed 1o filler the good events; the rest of the events with
frequencies oniside the renge wene iresded o8 noise

2. Results

The: phiysically represeniative pore model s nsed here io predict the

mumber of AE evenls per unit wob af the rep i I is
eruial b 3, ad e karge poes form 8 conmectad-throgh path when this
ratio becnmes equal to &

Thee teal volunse of the physically represemiative model i divided
intn the namber of events recorded per umit volume for the fractured
plug. mmrefmumurmmmm region for partially fraciured

exquall i the ratio of iis ber af svents perundt volume io the
mmbes af events per it volumes: fior the: fractured plug. We consider a
one-dimensional fow model where the stimolated and imtact regions act
in series, which allows us 1o delerming the oore-plig permenbdliny

ax follows:

N
iy s
[

()]

Ky

wihiere Ko Ui elfective penmeability of o partially fracnned plag, K i=

81

biliity ent aull U o seabe. The mumber of AE events per

lnl wvolume: (#Evenis/volume) is determined for o core plug that has a

large fracture, which cam be obsereed with the naked eye. This ratio

s i the l. i wheen the fractan: fooms 8 coanecied-

throgh path. The permeability osssiremenls of ofher core phags,

exiracied fram the stimmlated block, provide independent evidence o
Bl the mehel,

We exiracied five core plugs from the simulated Tennessee sandsione
Block For petraphyzical characterieation (Fig. 7). One plog wes exiractd
right om iop of ike large fraciure (Lefi wing in Fig. Va), whereas the other
fowr plugs were extracied from clther side of the large facnee (Right
Wing in Fig. Ta). Table 1 lists the spatial locations of twe core plugs with
respirt i thee enardinnie sysiem shown in Pl 7, thelr bolk soleme, and
the mamber of AE evenls. The core plag with the commectec)
fracture: i referred io as the Fractored pleg in Toble 1 and has the

lrget H1: Jume el high ity the other phags ans
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swtup. The figmre oo the loft dhorws an cxpandod view of the trissial bading rymes with sxiad boeing, confinizy, vemel smd st jacks o apply

mnﬂ“m&@“&uﬂmﬁﬁbmmmﬂmuuﬂcdmuwlmm (Dameni of al, 012 Dameni, 2013)
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Fig. 5. Pump peessure and commlative AE events with tiee.

mamed Plugs 14 in Table 1
Fig 7 shows a ing ek i pe (SEM) image of the
muo-wbmm«ebamuwtraﬂmhmm

in the effective ap size of the fi The similarity could also be
aresultofah riad distrib The decresse rate of the
fractured plug deviates from the other plugs as the effective stress in-
creases, which could be due w0 the plastic deformation. The kab mea-
saremenls revestled that the plug permeability did not recover fully 1o the
oniginal value bocanse of the plastic deformasion after the test when the
confining stress was removed.

The fractred plag permeability was also measured as a function of
the confining stress. The fractured plug permeability was 5.342 md when
the confining stress was equal to 1000 psi. The measured permeability is
wsed as an estimate for the permeability of the stimmlated region
(Fig. Jc). The measured permeability is also used 1o normalize the results,
denoted by K et phag in Fig. 5.

The spatial locations of the recorded events and the bulk volume of
each core plag determine the number of AE events per unit volume
(#Events/volume). This ratio is equal 10 6.95 cm * for the fractured plug,
which P 0 the threshold. We predicted the
permeability of the core plug when this ratio is smaller than the perco-
lation threshold bhased on percolation theary, using the physically
representative pore model. Fig. 9 reveals that the corescale measare-
ments b predicted results. The p bility of the forma-
tiom remsins close to the intact value al the core scale when the #Events/
is smaller than the threshold valee. Our model also suggests that
the kated bi by a factor of 2 relative 1o the intact

‘ilny(—lnd).lh&themnnpumbilnymudmblhe

" 1ati,

'™

which is d during hydraulic fi ing of the block. The high-
mmwmmme'“ -m:m fi The high
resalution suggests that the ap size of the d fra could

be on the order of 1-10 pm.

We measured the permeability of each core plug listed in as a function
of effective stress (Table 2), The comfining stress was changed where the
pore pressure was 200 psi. The pore pressure was fixed using the AP.
G08™ permeameder, and the effective stress was caladated as follows:

)

3

Effective stross — Comfining stress -~ Pore prossume

malrix permeability, as opposed 1o the fractured plug permeability,

We used all the data available from the core plugs recovered from the
block sample to test our model. Most AE events occur on the fracture,
which is the reason for the ab of lab with #veat/
volume between 3 and 6. The core plugs with small # Evessts/volume
were taken as close as possible o the main fracture. Nanetheless, the
simulation resubts and lab indicate that the p bélity
close to the main fracture remains dose Lo the intact permesbility and the

The lab are o d with respect 10 the
value messured for each sample when the effective stress is equal o 300
el (Fle 2 The recnbic are Hrod with eocr 1o the finnd
conditions because they are more representative of in-site conditions,
The rate of the permeability decrease with the effective stress is relatively
similar for different samples, especially at low effective stress, The sim-
tlarity suggests that the y bility decline is dled by the ch

» Send:

d permeability does not | linearly with #

Now, we turn to the sersitivity of the results (o the amplitude of the
EVEREN PCCURGRTE (P USRI MpRIET LR LTS % e
removing events thal have amplitede values in the bottom x% of the total
evests. The number of evests per unit volume (#Events/volume) de-
cresses the most for the fractared plug. The significant decrease for the
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(©) (d)

Fig. 6. Spatial locations of 1504 AN cwonts | darng hydeon b ofa U M--ww‘-—-mmnmumu
plane. (d) The ster of the blec bebibles cxresponds to the anplitude of the AR cvente. The: green circles e (Vor interp ¢ 0 enbour is this
figwre begend, the meader is refiormed o the web version of this anicle)

(a) (h) ()

Fig. 7. (aB) Block-scale sample of & Iy o whsenehh.mu&‘ of the cwe: pliggs for iliny
fracture beft and oght wings sre thown by bise rod bees, rocp W) tmage of the fr ] wum-mw
hk*wmdhmnmhﬂ hm&hmhnﬂdn&—omdﬁm
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the, stimmbied Tronesee cnidaes blark chown n g 7

Plag Mmm]  Fimw]  Emm)  fEvesis Bk L
ke wiline:
[} [om )
Pl 1 E 135 a1 F] 1531 s
Ph:! wm 1258 L 12 1m.2 nra
Pl & £ 125 El JEE s
Plug 4 an 125 5B Ell 1.5 154
raianad a2 0 & T Ty S
g
“Table 2
Vg bergtlh, st aval pervability o Mo i elletive s,
Lesrgth framm} Diareetion (sl Pty ()
Pl 1 3 and i
Plag & Eo 64 i
Pl 3 Y and e
Pl 4 = 2654 T
Firactared plag kY] %54 Ry
1 - &
+F‘Iug 1
&= Plug 2
0E o Plug 3
== Plug 4
i <@ Fraciured plug
208 ' ]
2
=
=
= 04
5
=
ox
v,
o gl PRE iR g 00
Effective stress (pai)
g B, The dsility o i U el e e | For difemrnl s
& Pug1
W Pag 2
08 wrug3
= = Plug 4
- O Frachured Fug
506 _jpa
2
=
- g4
g
i

-
b

SAE Volume [1.'|:-m’j

Fig. 9. Cieeacale measiroments commiborsie the physically represssmative pom mndel.
wrhich perdices ihe beliiy enk hopsrd o kation theory. Th el
permeshilny semalng vory close oot of the matria, o oppesed s tha of the Bracmred
pilug, when the nusshor of AX reeni: por enit valume (# Fvonisvnbime] ie omaller dkan
the prrclation theeslbald

fractmred plag indicaies that there s 8 wide amplimde mnge. Never-
b, 0 i apguirinl that thee ool vl dess: mol changs the trensd ol
resulis bemmse i anly shifis thesn mosotondcally.

Dbl Taleghani and Loseseo (2001) indicated that low-Treguency
evenls were the lensile events camsing Mode: | failure. Low:

Yy
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evenis ane beyond the scope of the present work, berause our devioe
does nol recond events below 50 ke We comsidered Fowr kinds of ailure
mechanisme: shear, lensile, compressive, amd complex. Our hypothesis is
Wit ety el i3 am inelicative ol a microfrscione, and the micralractires
form a macrofmciare when #EvenisAvolume reaches a critical vahee.
4. Discussion

In petrolewm engineering, e ulimate goal o most eesearch,
imcluding the present sindy, is io be applied in fiedd. The presemied model
amdl lats miismirensn (A preedict e permeabdlity enluncemest of a Stin-
wlated region, withom a comnectsd-through fractare, based om it
acguslic eonission, The Stimulated region i ala refermed Do 50 e process
wnme (Lang =i al, 2000). Our siudy suggesis that the enhanced permse-
ability remaing chose by the nsct permeability, and that it i= unrealistic
i use @ linear approxd inn for the stimulaied region permeabiliny.
Emowing that, in the absence of a conmected-hroagh racnine, the
permeability mcrease is not very significant is crucial for building a
realistic reservalr mosdel,

Anvdher ime is the sioe of the stimulated region. The e of the
stimulnied region, winse permeabiliny is close is the: iniao permeabiliny,
relative to the overall domain is egual i e s of the core pleg o the
block. We can predict the siimmlsied region stee if the resulis can he
sealed bo the feld conditions, The aimalated region st close o each
fracture can be predicted by accousting for the fracture kength.

The prssen e reguliz are relevani b Dudd fnjection inte a dey zample,
The sive of the larted region amd the spatial distribution of the events
may champe if the aample i inidally soturased amd velen comducted for a
different formation. Our modd is besed om the assumption that the
spuatial dlistritition of the pore-troal sioe iz rasdom, which iz realisiic for
Tenmessee sandstone. The developed model nesds modifications when
this assmmiprian & ol mealisie

5. Conclusions

We developed o physically represemiative pore model of an intact
Tenmisses sandstone al the oore male by analyzing s permeabiiny,
porosity, and mpillary pressure measurements, Our main objective was
by preedict the permeabslity enhamoement by scoomnting for sooustic
emission [AE) events. Our assamplion was that each event is repressn-
it of 5 midmenessl by indlasthen of oo el whick seen e
during fradure closure. This assumption implies that a coanected-
thromgh fracture is formed when ihe sumber of AE evenis per anit wol-
wme becomes larger than the threshok] value.

We predicied the permeability enhancement of & formation hesed on
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percol thesory. Omr study shows that the stimalated permeability of a
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formation at the core scale is moch smaller than the Fractared plog
e bility if the by o evenis per woleme: is smaller than the
Lhreshokl valoe. The permeabillity enboncement of the core plug, relative
v dmiact comdithons, s close to 2 whes the frecmne dors sob form 8
ﬁuﬂﬂicmﬂﬂumhﬂnmﬂmﬂmﬂwhﬂnﬂm
Pﬂmhbﬂ-lhrrhxmw inas in deter i the P
propeties of the st i
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Abstract

I hydraulic fracturing, large volamies of fluid and sand are injected into the formation to enhance the transport
properties. In conventional fracturing, the fluid pressure is ncreased monotonically to reach failare in a single cycle
The matimum predsure for the faihire can be raduced if we increass and decrease the fluid pressure cyclically
{eyelic fracturing). More acoustic events, which commespond to a largar enhancement in the stimulated region’s
pemmeability, are recorded in cyvclic fracturing. In the presant study, we discuss the difference betweaen the recorded
avents fior the two methods. Four blocks of Teanessae sandstone were hydranlically fractured undar triaxial strass:
twio under conventional loading and two undar cyclic leading. We also use a modified Paris law to predict the
breakdown pressura in cyclic fracturing, based on linear alastic fracture mechanics {LEFL), which treats the solid
domain as an fsotropic and lmear elastic medium. We usa the two conventional tests and one cyclic test to determina
the unknown parameters in the modifed Paris law, The tuned modal, with detenmined paramaters, can halp us
design an aptimum scenario that is fundamentally different fom the conventional methad for formation stirmalation.
The results are promising and more lab measurements are required to test the accuracy of the developed modal

Introduction

Hydraulic fractaring has become an essential part of the petroleum industry, as it enables us to prodice hydrocarbon
from tight fonmations by improving their transpart properties. hJlost of the existing technigues are based on linear
alastic fracture mechanics (LEFM); thus, that topic is briafly reviewed hare,

Inglhis (1913 ) started linear elastic frachure mechanics (LEFLM) by analyzing the stress feld around an elliptical crack
im brittle materials. He proposed that the stress at the crack tip is proportional to the length of the major axis of the
crack and the tensile load. Later, Griffnth (19200 used the enargy balance criterion to derive a relation for crack
propagation. Irwin (1957} described the stress at the crack tip in terms of the stress mtensity factor {SIF).

Cyclic loading, ar fatigus (Shigley at al. 20047, it the application of fluchuating strasses or strains. It has many
applications in othear enginesring fialds, such mechanical and aercspace angineering, examples of which include
autemobile axles, wheels, cranes, and various aircraft parts. The cyclic leading is often classified into high cycle and
low cycle. High-cycle fatigue (HCF) it a cyclic loading where the sampla has a relatively long life (104=10° cyclas).
Low-cycle fatigue, on the other hand, corresponds to large loading with a fairly short life (< 10* cycles).

The life of the sample is often predicted based on various versions of Pards law (Paris et al. 1941), which is an
ampirical correlation. It predicts the crack growth per each cycle. The sampla fails when its stress intensity factar
reaches a critical value. The origimal Paris law appeared in 1961 and was improved over the vears (Fonman et al.
1247; Erdogan and Ratwani 1070; Elber 1871; Donahue et al. 1972).

In petrolewm angineering, we usually increase the fluid pressure monotonically until the fonnation or rock sample

fails. This is 2 conventional fracturing (3 single cycla). In the presant study, we model rock failure under cyclic
loading basad on a modifiad Paris law. We first determine the unknown parameters of the model based on cyclic
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fracniring for one sample. We then pradict the breskdown pressure and the munber of cycles required for another
zampls uzing the tonsd model The results of the modified Paris law are promizing.

Linear Elastic Fracture Mechanics (LEFM)

In linear elastic fractore mechanics (LEFMD, we sssume that the solid medinm is an isofropic and lnearly elastic
contmuum (Stephens et al. 2000%. LEFA has many spplications becauss it simplifies the complex behavior of a
zolid medium. It provides 2 relizbls solotion when the rock’s behavior shows that it is brittle. Under theze
conditions, the siresz mtensity factor (SIF) can be used to estimeate the strass state near the crack tip 2= follows
{Sakhaee-Pour et al. 2010):

E=Yofe o.=PB-o. (1)

whers K iz the stress intensity factor, ais the crack length, Tis the geometric shape factor, o_ is the effsctive
preszare, P iz the fheid pressure, and o, is the canfining strass,

The siress intensity factor has three different modes. The first mode i= the tenzile mode, ar the opening mods, where
the toro crack surfaces move directly ;way Tom each other. The sacond mode iz in-plane shear, or the sliding mods,
which ocours when the two crack srfaces move parallel to each other. The third made is out-of-plane shear, or the
taaring mods, which takes place when the crack nurfaces slide over each other parallel ta the leading edze. Tha 51Fs
of the first, second, and third mades are denoted by K, B, and Ky, respectively (Farshmand 20127, The frst mods
iz more relevant to o stody considerme the fractored zampla.

Far completeness, we define cvclic facturimg here. In oyclic frachuing, the fluid pressure is increazed and decreazed
cvclically until the sample fails. This is different from conveational Sacturing, where the fluid pressure is increazad
monotanically to reach failure in a3 single cycle. The sample fzilz when the effective swess mensity factor reaches
the fracture toughmess (K-}, which is 3 mediom property and does not depend on the loading conditions (Farahmand
2017). The effective stress intensity factor reduces to &, when oaly the first mode iz active.

Fuack failure due to the pressncs of 2 crack is govemed by the fracture toughness. The rock fails at & lower tensile in
cyclic facturing than in conventional fracturing bacausze the caack length grows with each consacutive cycle. A
larger crack length corresponds to @ higher 2IF for given stress conditions (Eq. 1.

Failure Prediction for Cyclic Loading
Pariz law is an empirical relation that predicts the crack growth in cyvelic loading (Pards ot al. 1961, It allows us to

determine the residual life of 2 sample when s crack size is kmown. It iz valid when the bazsic assumptions of
LEFM are applicable. The crack growth under cyclic loading is predicted as folloors (Paris ot al. 19461):

de _ CAE™ (2}

o=
where g is the crack length, NViz the nomber of cycles, AK is the range in the stress inten=ity factor at each cycle, ad

C and m are constants (tning parameters). The unknoowmn paramesters (O and &), which sre the zolid region
properties, ara datarmined by fitting the empirical relation to the lab measuramant (Fiz. 1)
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Ultimate fracture

Crack growth rate, da/dM, log scale

Stress intensity factor range, 8K, log scale

Figure 1: Schamatic of crack propagation with change in stress intensity factor in cyclic loading (Paris et al. 1961}
Parig law (Eq. 2 15 usnally applied to the linsar (middla) section of the plat.

Paris law iz a powerfl and yet simpla tool. There are more advanced moedels that require additional lab
measuraments (Farahmand 2012}, which may not ba available. Thus, Paris law i very commonky uiad in fracturs
mechanics, although its rasults may ba less accurate than the more advanced maodals.

Cyclic Hydraulic Fracturing of the Sample

We use lab measuraments conducted by Patel et al. (2017) in our study, and explain them here for completeness,
They cut and paolished four cylindrical Tennessee sandstone samples and kydraulically fractured them under trizcial
loading conditions. Table 1 lists the pertinent petrophysical properiies of the samples.

Tahle 1: Porosity and permeability of Tennssses sandstone samples (Patel ot al. 2017
Sample Parosity (%4) Parmesbility {pd)
(500 = 4000 psi) (500 = 4000 pai)
1 4.7-43 7-7
1 5.1-44 i1-9
3 44-36 37-10
4 5.0-4.1 21-11

The zample diameter iz 4 in and itz length is approximately 3.5 in. A hole of 4 inch in diametar was drilled in the
center of the core and extendad up to half the sample’s langth. The hale i3 completed with 2 Y-mch diameter mbe
that is cemented. We applied triaxial stress (vertical strass = 3000 pei, maxiniam horizoontal strass = 2000 psi,
minimum horizontal stress = 300 pai} to raplicate the in-sita stress conditions at a 3000 f dapth assuming a 1 psi'ft
lithostatic gradient. Figure 2 shows the experimental setup.

Patel et al. (2017) isjected oil into the hole at a rate of 10 an®/min. First, they fractured two dry samples through
camventional loading by increasimg the pump pressure monotonically. Then, they fractured the naxt twa via cyclic
frachuring whers the flaid pressurs was increased and decreasad cyvclically. Table I lists the breakdewm pressures for
the four samples.
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Fizure 2: Hydraulic fracturing setup (courtesy of Damani et al. 2012). The fizure on the left shows an expanded
view of the triaxial loading sy:tem with axial loading, confining veszal and flat jacks to apply transverse stress. The
figure on the right shows the sample covered with copper jacket mounted on the base plate of the wiaxial loading
system.

Table 2: Breakdown pressures and number cycles for four Tennessee sandstone samples under triaxial loading
conditions (vertical stress = 3000 psi, maximum horizontzl stress = 2000 psi, minirmm horizontal strass = 500
pai). Patel et al. (2017) conducted the lab measurements.

Sample Fracturing method Breakdown pressure (psi) Number of cvcles
1 Conventional 2047 1
2 Conventional 3067 1
3 Cyclic 2519 7
4 Cyclic 2900 5

We define a reference breakdown pressure for conventional fracturing as the average breakdown pressures of
Samples 1 and 2 (= 3007 psi). Sample 3 had 2 maximum injection preszure of 300 psi in the first cycle, and Sample
4 had a maximum injection pressure of 1500 psi in the first cycle (Fig. 3). Subsequently, the injection pressure of
each cycle was increazaed by 10% of the reference breakdown pressure in both samples. The minimum pump
pressure in each cycle for both samples was 135 psi. The lab measurements show that the brezkdown pressure in
cyclic facturing is emaller than in conventional fracturing. The reduction was more pronounced in Sample 2, with a
16% lower value (Patel et al. 2017).
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Figurs 3: Pump pressure data shows that Samples 1 and 2, which were comventionally fracnured, have higher
breakdomm preszures tham the cyclically fractured semples (Patel et al. 2017). The breakdown presoure of Sampls 4
iz higher than that of Sample 3, but regquires fewer cycles to fail

The rock sample fails at 2 lower preszure than the conventional breskdown pressure in cyclic fachring due to the
lacal damage {crack growth) that ooours in each cycle. The small-zcale crack propagation in each cycle in consistent
with Paris law. Fiz. 4 also shows that there are more acoustic events in cyvclic Facturing. The increase m the mumber
of acoustic events provides mdependent evidance for the creation of small-scals cracks.

The highar monber of acoustic evants in cyelic Factaring indicates that the comssponding stimnlated reservoir
vobume is larger, This is an important advantzge of cyvclic Factoring compared to comventions] fracniring,
considering that each scoustic event may be relevant wo a small-scale Factare. The hisher nomber of the acoustic
events also impliss that the effective perrmeability of the stinmlated region incresses mare significantly than with
conventonzl Fractoring.
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Figurs 4: hlore acoustic evants wers racorded in cyclic fracturing (bottom) than in the conventional fractoring (top),
which suggests that the stimulated resarvoir volume and its effective permeability are larger in cyclic fractoring,
Patal et al (2017) conducted the lab measurerpants under triaxial loading conditions (o, (vertical stress) = 3000 p=i,
O (mamimam horizantzl stress) = 2000 psi, and @, (mininnoen harizemstal smass) = 500 pai).

Methodalogy

We model cyclic facturing based on 2 modifisd Paris law by accoumting for the fractars clozure (Elber 13710, Paris
lamr iz often used for high-cycle loading ar fxtizne (HICF), but we apply it to low-cycle fatizue because there is no
othar maodal for this ranze to the best of our knowledza. The high-cycle loading, or fatizue, iz the linear saction in
Fig. 1. The modified Paris law can be exprazsed as follows:

da _ - — — K

= = C(ULK) =05+ 048 R_E E)
where ais the crack length, Nis the number of cycles, AK is the change i the siress mbensity factor, O and m are
constants, L7 iz the Elbar constant, and 7 iz the loading ratio.

The modified Pariz law has three unkmowns (T, m, and nitial crack length a)). The typical range of m iz fom 0.01

to 30 and of £ iz from (10 to lﬂqﬂﬁ. The mitizl crack length vares Som 0.01 mm to 0.2 pum. Wa uze the

carresponding range for each parametsr to nume oo model. We nze the following workflow to detenmins the
unknown parameters in the modified Paris law:
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1. The fractre tonghness of Tennsszee sandstone (E,) is assigmed based on the data available n the litarature
(Adkinsom 1979

2. The highest effective stress in each cycle is determined by considering the fluid pressure and the confining

stress (Sample 3 in oar shedy).

The acceptzble ranges are estzblished for the umkmonm parameters (C, », and @)

4. The modifiad Paris law (Eg. 3) is applisd to determine the effective stress intensity factor at the brezkdown

cvele (E;). The effective sirass intensity factor in our stdy iz equal to K

The combinations of the umkmowm parameters (C, m, mnd o) are changed soch that £, bacomes equal to .

Thiz step provides the taned parametars.

f. The tuned parameters are wsed to predict the stress intensity factor for a given cyclic loading based on the
madified Pariz law for other samples (Sample 4 in our shdy).

7. The stress intensity factor based on the tuned parameters at the breakdomm pressure (K] i= compared with
the frachure toughness. The cormesponding error is calonlated az follows:

[FE]

Lh

Error (3) = | 2225 < 100 “
Ec
Eesulis

Wi nse the modified Paris law to predict the breakdown pressure for Tenneszes sandstons samples. The unknoan
parameters (O, M, and @) are determined tased on the waorkflow provided in the methodology. These coeffcients are
determined for Sample 3, which is cyclically frachmed. There i= no wnique sohstion for each unkmonm parameter and
it can have a range of values.

Wi then use the taned model, which is the modified Paris law with kmown coefficients, to pradict the brezkdown
pressure for the last sample (Sample 4). For this, we detenmine the error associated with nzing the mned model {(Eq.
4. The fluid preszurs at each cycle and the number of oycles for Sample 4 are different fom thoss of Sample 3. Fig.
5 shows that the ermror aszociated with using the tumed modal for the last sampls is smaller than or equal to 15%. The
resulis are promismg, but more measurements are required to test the acouracy of the tuned model.

wnitial erach length

-I!IIJ'I T
15 -II 05 mm
0.1 mm
0.15 men
0.2 mm
: 10
w 5
0
¢ : ) 0.1
andt 2 . 0.05
0 -~ m
C (m/m+/Mpa]™) © 0

Figure 5: Emor (Eq. 4) in predicting the breakdoom pressure for cyclic fracturing for Sample 4. The unknowm
parameters in the modified Paris law are detenmined based on the workflow provided in the hsthodology for
Sample 3.

The tuned madel allows us to predict the breakdown pressure for different scenarios. Both the fuid preszure and the
number of cveles can vary. The toned model has to be uzed as 2n outline in the warkflow, and the faihre takes place
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when the difference betwesn the pradicted siress imtensity factor and the fracthure toughness becomes neglizible. Wa
cansider two cases by changing the fluid prassure cyclicglly. The first is an exampls whers the floid pressura iz
increazed at 400-pai increments, and the second is one whers the floid preszura increment is egual to 200 pai. Fig. §
shows the predicted results, where the sampla with smallsr pressure increments fails at a lower pressure but at a
larzer number of cycles.

i ' . . - s . > ¥
Lonverional Frsclurng
Coses 1
sl 3

Pump prossure (psi)

Number of cyclas

Fizura §: Pradicted failure for two hypothetical cazes bazed on the tuned model: Caza 1 shows 2 higher breakdowm
preszura at @ lower number of cycles compared to Caza 2.

The tuned Pariz law can help us determine the monber of cycles and the breakdown pressure. The cyvelic Tactring
has both positive and negative effects. The nomber of acoustic events increases m cyclic fracnaring (Fiz- 4), which
correspands to 2 larger stirmualated reservair vohone and 2 mare significant ephancement in the permeability. The
cyclic fracturing zlso requires mare energy and floid than comventional fracturing, which is a negative effect. This
implies that there mizht be an optimnm scenarie where the permeability enhancement basaed on the cyclic frachoing
iz superior to exizting re-stimmlation technigues such as re-fracturing. The acourate characterization of the optimom
LCENArio requires mors lzb mezsurements to determine the acouracy of the developed model, which iz beyond the
zcope of tha present study.

Conclasions

The main abjective of the prasent stady was to pradict rock faihirs under cyclic facturing. We used a modified Pariz
Lawv, wehich is based on linear alastic frachoe mechanics (LEFAD). We determined the unkmoem parameters of the
maodal bazad on lab mezzorements. The tmed model predictad the breakdown pressure of anather sample within less
than 3 15% error. The pump preassures and the number of cypcles for the last sample ware differant from those of the
zampls nzad for taning purposes. The modified Paris law was adopted here in petroleum engineering for the first
time, althoungh it is widely used for fatizoe life pradiction in mechanical and aerospace enginesring. Cyclic
fracharing has the potentizl to be uzed 23 3 new stimmlation technique, especially if its outcome can be acourately
predictad. The rasults of the modified Paris law are promising, but more measurements are requirad to fally test it
ACCUracy.
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