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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. I 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 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. 


xv
[bookmark: _Toc310579468][bookmark: _Toc513799857] Chapter 1: Introduction
[bookmark: _Toc513799858]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)
[image: ]
[bookmark: _Ref508131534][bookmark: _Toc513306756]Figure 1 – Oil production in the United States (2000 – 2015), million barrels per day (U.S. Energy Information Administration)
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[bookmark: _Ref508131569][bookmark: _Toc513306757]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.

[bookmark: _Toc513799859]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. 
[bookmark: _Toc513799860]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.

[bookmark: _Toc513799861]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, I 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.






[bookmark: _Toc513799862]Chapter 2: Literature review
[bookmark: _Toc513799863]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. 
	Core scale  

             [image: ]Pore scale

[bookmark: _Ref508131609][bookmark: _Toc513306758]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. 
	[image: ]

[bookmark: _Ref508131624][bookmark: _Toc513306759]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)
	 [image: https://www.tacc.utexas.edu/image/journal/article?img_id=1413681&t=1485295740543]
[bookmark: _Ref508131637][bookmark: _Toc513306760]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). 
[image: ]
	[bookmark: _Ref508131648][bookmark: _Toc513306761]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. 

[image: ]
	[bookmark: _Ref508131669][bookmark: _Ref508195384][bookmark: _Toc513306762]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.
[image: ]
[bookmark: _Toc513306763]Figure 8 – Scanning electron microscopy image of a tight-gas sandstone sample. (Sakhaee-Pour and Bryant, 2014)

[bookmark: _Toc513799864]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). 

	





[bookmark: _Ref508131685][bookmark: _Toc513306764]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 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. 
	[image: ]
[bookmark: _Ref508131717][bookmark: _Toc513306765]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 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).
	[image: ]                         [image: ]
[bookmark: _Ref508131740][bookmark: _Toc513306766]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.

	


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.


[bookmark: _Toc513799865]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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[bookmark: _Ref508131869][bookmark: _Toc513306767]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 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 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. 

[bookmark: _Toc513799866]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). 
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[bookmark: _Ref508131882][bookmark: _Toc513306768]Figure 13 – A elliptical crack under uniform tension, a is the major axis, b is the minor axis. (Fatemi, 2006)



	
	(1)



where  is the length of mthe ajor axis,  is the length of mithe nor axis,  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 (eq. 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 crack faces (Figure 14).
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[bookmark: _Ref508131893][bookmark: _Toc513306769]Figure 14 – The geometry of a straight, double-ended crack under uniformly applied stress. (Fischer-Cripps, A.C., 2007)



 	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):
	     
	(2)



Where K is the stress intensity factor, a is the crack length, Y is the geometric shape factor,  is the effective pressure,  is the fluid pressure, and is the confining stress.

The stress intensity factor is like a “scale factor” for a particular crack system. In Eq 2,   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 , and the square root of the crack length . That means doubling the externally applied stress will 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). KI, KII, and KIIIdenote the SIFs of the first, second, and third modesKI, KII, and KIII respectively (Farahmand, 2001). The first mode is most relevant to our study, considering the loading conditions and the fracture geometry after the test.
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[bookmark: _Ref508131906][bookmark: _Toc513306770]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 KI when only the first mode is active. For a given crack system, with an initial crack length, increasing the externally applied stress will cause KI to increase and eventually become equal to KIC resulting in fracture propagation.

[bookmark: _Toc513799867]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 (104- 108 cycles). Low-cycle fatigue, on the other hand, corresponds to large loading with a short life (< 104 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):
	 
	(3)


Where  is the crack length,  is the number of cycles,  is the change in the stress intensity factor at each cycle, and  and  are constants (tuning parameters). The unknown parameters ( and), which are the solid medium properties, are determined by fitting the empirical relation to the lab measurement (Figure 166).
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	[bookmark: _Ref508131921][bookmark: _Toc513306771]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 is 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 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.
	
[bookmark: _Toc513799868]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.

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 µm 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.
[image: ]
[bookmark: _Ref513305941][bookmark: _Toc513306772]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)


[bookmark: _Toc513799869]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, I discuss these sensitivities published in literature.

[bookmark: _Toc513799870]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 strength of the rock. Lowering the tensile strength results in a reduction in breakdown pressure.

[bookmark: _Toc513799871]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.

[bookmark: _Toc513799872]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.

[bookmark: _Toc513799873]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.
[bookmark: _Toc513799874]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.
   
[bookmark: _Toc513799875]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)

[bookmark: _Toc513799876]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). 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. 



















[bookmark: _Toc513799877]Chapter 3: Pore-scale modeling of acoustic emission (AE) events
[bookmark: _Toc513799878]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. 

[bookmark: _Toc513799879]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 (Eq. 4), we convert the capillary pressure data to pore-throat size (Melrose, 1998). 


(4)
where  is the capillary pressure,  is the interfacial tension,  is the contact angle, and  is the pore-throat radius. The injected volume at each capillary pressure gives the frequency of the pore-throat size distribution.


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. 
	[image: ]
[bookmark: _Ref508196504][bookmark: _Toc513306773]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).



[bookmark: _Toc513799880]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.

[bookmark: _Toc513799881]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 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.

				(5)

[bookmark: _Toc513799882]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.

	
[image: ]
[bookmark: _Ref508197196][bookmark: _Toc513306774]Figure 19 – An equivalent pore network representing a porous space Phigh and Plow  are the inlet and outlet pressures respectively.



[bookmark: _Toc513799883]3.2 A physically representative model of Tennessee sandstone
We analyzed Tennessee sandstone, which is homogeneous and light brown (Figure 20). 
[image: ]
[bookmark: _Ref513306075][bookmark: _Toc513306775]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 µd. 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 size of 190µm 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.
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[bookmark: _Ref508622695][bookmark: _Toc513306776]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 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 (eq. 4).  The interfacial tension of mercury is 487 x 10-3 (N/m), and its contact angle is 1400.

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:
	 
	(6)



Where  is the flow rate,  is the hydraulic conductance of a connecting pore-throat,  is the pressure difference between sites,  is the pore-throat radius (Eq. (4)), L is the pore-throat length, and  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.
The pore-throat length is 190 µm, 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 cm3. 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.


[bookmark: _Toc513799884]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 its length was approximately 5-1/2 in. A hole of ¼ 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 ¼ 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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[bookmark: _Ref508218912][bookmark: _Toc513306777]Figure 22 – Hydraulic fracturing lab experimental setup. The figure on the left shows an 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 cm3/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 along the fracture faces. In our experiment, most events were post-breakdown events (Figure 233).
[image: ]
[bookmark: _Ref508218303][bookmark: _Toc513306778]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 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.



(a)                                                        (b)
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                    (c)                                                       (d)
[bookmark: _Ref508218323][bookmark: _Toc513306779]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)

[bookmark: _Toc513799885]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. 

	[image: ] [image: ] [image: ]
(a)                                                        (b)                                         (c) 
[bookmark: _Ref508218396][bookmark: _Toc513306780]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, 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 255c 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. 


[bookmark: _Toc513799886]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:
 	
	
	(7)


Where  is the effective permeability of a partially fractured plug,  is the matrix permeability of an intact sample,  is the permeability of a fully fractured plug,  is the total volume of the model, and  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 266c shows a 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 µm.
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(a)                                             (b)                                       (c)
[bookmark: _Ref508218598][bookmark: _Toc513306781]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.

[bookmark: _Ref508270449][bookmark: _Toc513306832]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)
Top
	Z(mm)
Bottom
	
	Bulk volume (cm3)
	AE/volume (cm-3)

	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 plug
	
	-32
	0
	39
	78
	19.27
	6.95



[bookmark: _Ref508270584][bookmark: _Toc513306833]Table 2 – Plug length, diameter, and permeability at 300 psi effective stress
	Plug
	Length (mm)
	Diameter (mm)
	Permeability (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 plug
	39
	25.4
	8.097



	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-608TM permeameter, and the effective stress was calculated as follows:

	
	(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 permeability of the stimulated region (Figure 255c). The measured permeability is also used to normalize the results, denoted by kfractured plug 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-3 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.
[image: ]
[bookmark: _Ref508218674][bookmark: _Toc513306782]Figure 27 – The permeability decreases as the effective stress increases for different plugs.

	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.
[image: ]
[bookmark: _Ref508218754][bookmark: _Toc513306783]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 (#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.
[image: ]
[bookmark: _Ref508218799][bookmark: _Toc513306784]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 I 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. 





[bookmark: _Toc513799887]Chapter 5: Workflow for predicting breakdown pressure and breakdown cycle in cycling fracturing
[bookmark: _Toc513799888]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 ¼ 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 ¼-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.

[bookmark: _Ref508270387][bookmark: _Toc513306834]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 (µd)
(500 – 4000 psi)

	1
	4.7 – 4.3
	27 – 7

	2
	5.1 – 4.4
	32 – 9

	3
	4.4 – 3.6
	37 – 10

	4
	5.9 – 6.1
	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 cm3/min.
[bookmark: _Ref508276881][bookmark: _Toc513306835]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 (psi)
	Number of cycles

	1
	Conventional
	2947
	1

	2
	Conventional
	3067
	1

	3
	Cyclic
	2519
	7

	4
	Cyclic
	2900
	5



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.
[image: ]
[bookmark: _Ref508218947][bookmark: _Toc513306785]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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[bookmark: _Ref508218971][bookmark: _Toc513306786]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 σv (vertical stress) = 3000 psi, σH (maximum horizontal stress) = 2000 psi, and σh (minimum horizontal stress) = 500 psi. (Reproduced from Patel et al., 2017)









[bookmark: _Toc513799889]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:
	           
	(9)



Where a is the crack length, N is the number of cycles,  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 () 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 (10-1 to 10-25) , 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). 
2. The acceptable range of each unknown parameter in the modified Paris’ law is determined (C, m, and ai) based on the data available in the literature. A combination of (C,m, ai) are picked from this range to begin.
3. 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)
4. The stress intensity factor at the breakdown cycle and the maximum breakdown pressure are used to determine the effective breakdown stress intensity (Kb). The effective breakdown stress intensity factor in our study is set equal to the first mode intensity factor (KI). 
5. Kb is compared to KIC. If they are not equal, then the unknown parameters (C, m, and ai) are changed, and steps 3,4 are repeated until Kb becomes equal to KIC at the breakdown pressure and breakdown cycle. The combination of the unknown parameters whose corresponding Kb is equal to KIC defines a tuned Paris’ law. 




[image: ]
[bookmark: _Ref508218989][bookmark: _Toc513306787]Figure 32 – Flowchart to determine the unknown parameters (C, m, and ai ) 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.

[bookmark: _Toc513799890]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 ai) 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:
	  
	(10)


Where Kb 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.

[image: ]
[bookmark: _Ref508219058][bookmark: _Toc513306788]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.

[image: ]
[bookmark: _Ref508219074][bookmark: _Toc513306789]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.














[bookmark: _Toc513799891]Chapter 7: Discussion and future works 
[bookmark: _Toc513799892]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. 

[bookmark: _Toc513799893]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.

[bookmark: _Ref508275593][bookmark: _Toc513306836]Table 5 – Fluid volume, breakdown pressure, and energy of different hydraulic fracturing methods.

	Sample
	Number of cycles
	Injected fluid volume, ml
	Breakdown pressure, psi
	Energy, kJ

	1
	1
	5.6
	2947
	145

	2
	1
	6.7
	3067
	115

	3
	7
	28.4
	2519
	502

	4
	5
	26
	2900
	728



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).
[bookmark: _Toc513799894]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. 

[bookmark: _Toc513799895]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 events to the enhanced permeability based on percolation theory, has major applications in determining the transport properties of the stimulated reservoir volume.

[bookmark: _Toc513799896]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, Pb = 2519 psia) and Sample 4 (5 cycles, Pb = 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 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’

[image: ]
[image: ]
[image: ]
[image: ]
[image: ]
[image: ]

[image: ]


[image: ]
[image: ]
[image: ]
[image: ]
[image: ]
[image: ]
[image: ]
[image: ]
[image: ]
[image: ]
6
image1.png
Oil production in the Ut
million barrels per day

10

d States (2000-2015)

9

8

7 from hydraulically
fractured wells

6 (51% in 2015)

5

4 from nonhydraulically

3 fractured wells

2 (49% in 2015)

1

0

2000 2003 2006 2009 2012 2015 ¢




image2.png
Marketed natural gas production in the United States (2000-2015) I

billon cubic feet per day cia
%0
80
70
60 from hydraulically
50 fractured wells
(67% in 2015)
40
30
20 from nonhydraulically
0 fractured wells
(33% in 2015)
0

2000 2003 2006 2009 2012 2015




image3.png
High Low
Pressure Pressure

Pore

Pore throat

Flow direction





image4.png
£ O [~ M~
~—4— [

o J J uJ




image5.png




image6.png




image7.png




image8.png
Intergranular void space

ﬂ‘ x140  10Bm Wl y mm
Intragranular void space

(A) (B) ©




image9.png
Pore site

Pore throat

—p
Flow direction




image10.png
q 4 L 4
S L
S 4 S
& 4 S





image11.png
® ¢ 4
® ®
L 4 ®
S5 | 4

—e Bond Percolation





image12.png




image13.png




image14.png




image15.png
MMMMM

llllll

lllllll





image16.png
Crack growth rate, da/dN, log scale

Ultimate fracture

Stress intensity factor range, AK, log scale





image17.png
1. Low rate to fill well and break down (t,)
2. Hold constant maximum rate for 3-5 minutes

3. Step down to 75% then 50% of maximum
rate, 1015 seconds for each step
[3] 4. Shutin (for ISIP) and isolate gauge (1)
5. Record falloff as long as practical (t>1,)





image18.png
—_—

Flow direction

Q)

[ L

@ (©)

—non-plateau-like:
-~ plateau-like

Capillary pressure

0.2 04 06 08 ( 1)
Wetting phase saturation





image19.png
No flux

Phigh

No flux

Piow




image20.png




image21.jpeg
Capillary pressure (psi)

0.1

0:1 0.‘3 D:4 0:5 DJG ﬂ:? 0.8
Wetting phase saturation (fraction)

0.9





image22.emf

image23.png




image24.png




image25.png




image26.png
5000

(8] L
> >
S >
< <

Pump Pressure (psi)

1000

—+Pump Pressure (Pb = 4336 psi)

& Cumulative AE (1564 events)

25

50

75
Time (sec)

100

125

150

1600

1200

800

400

Cumulative AE





image27.png
60

40

20

150

100

(ww) z

50

X (mm)

-60 -60

Y (mm)





image28.png
60

40

20

-40

4





image29.png
150

100

Z (mm)

50






image30.png
Z(mm)





image31.emf

image32.emf

image33.emf

image34.png
Y (mm)

Fracture

Le ng Fracture

Right wing




image35.png




image36.png
400 pm





image37.emf

image38.png
¢ Plug 1

W Plug 2
0.8 ¥ Plug 3

% Plug 4

O Fractured Plug
06 —Model

Fractured plug

k

kPlug /

#AE/Volume (1/cm®)




image39.png
#AE/Volume (1/cm?3)

o> 0O

40% 60%
Amplitude cutoff (%)

o Plug 1

OPlug 2

APlug 3

X Plug 4

O Fractured

Plug

80%

100%




image40.jpg
3500

——Sample 1
Sample 2

3000

2500

> N
a S
S 8
S S

Pump pressure (psi)
=
8
8

S ————

-500

50 100 150 200 250 300
Time (sec)




image41.emf

image42.png
-
- _.Iu.._cﬂ_
LY

150
100




image43.emf

image44.emf

image45.png
Fracture toughness (K;) of Tennessee
sandstone is assigned based on the data in
the literature (Atkinson, 1979)

The acceptable range of each unknown
parameter is established from the literature
«< ., C..m_ . m._ . d a

min’ maxs min

i-max)

max> “*i-min >

Obtain all the possible combinations of C, m,
and a; such that
Cmin < C < Cmax
mmin <m < mmax

a < a; < a:

i-min i-max

The process below is repeated for all combinations of C, m and a,

a, —d;

a;=a,, + C(UAK)", j=2:N

J

AK=K,6 .—K

max min

N = number of cycles

Predicted stress intensity factor at the
breakdown pressure and cycle

Reject the
No combination

Yes

The considered combination
(C, m, a;) yield a tuned model





image46.jpg
Error (%

Initial crack length
o.01 mm

15 0.05 mm

[710.15 mm
.0.2 mm
* /

0 -

6
3 = 0.1
x10° 2 :

C (m/[my/Mpa]™) 0 ©




image47.jpg
Pump pressure (psi)

4000

—— Conventional Fracturing
—— Case 1

8500 Case 2

3000

N
B
8
S

N
S
8
S

@
<
3

1000

500

7 8 9 10 11 12
Number of cycles




image48.png
st of Pl Sckencs s Engiacciog 160 (BOLE) 152.159

‘Contents lists available at ScienceDirect

Journal of Petroleum Science and Engineering

journal homepage: www.slsevier.com/locate/petrol

Integrating acoustic emission into percolation theory to predict
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ARTICLE INFO AmsTRACT

fr— Tiydraulic facuring allows us t cnhance the ransport roperie o (ght formation, but i renans diffclt 1o
Aot cision (AF) predict the enbancement 4 a foncion of recorded acousic events. With his in mind, we intiate porc-cale
Pelaion thory modelin of acousic emision (AR cvens base on percoltion theory. The main objective s to predict the

e frcuning permesbilty cahancement by aczounting for the mumber of AF events. We firstdevelop a physically repeese
{ative madel of the ntact porespace of the mat.of Tennessee sandston o th cor s based on petzophyskal
measurements, which are orosty, permeabilty, and capillary pressure. A blok sale sompl o the fomation s
then hydravlically fractured, where piesoclctric sensos rcord the event generatd durig smultion. We
predict the permeslbiity enhancement of the formaion a the core scae by sccounting for the umber of A
events per unit volume. Independent ptzophysical messurements corroborte e prediced results based on
percolaton theory. The propasc madelhas majo implications fr characterising the tansport propestics o the

simlated reservoi voume.

1. Introduction

An acoustic emission (AF) is a transient elastic wave generated by the
Fapid elease of energy within a material (Lockner, 1993), which can be
detected using scismometers. AF events are associaed with brtle frac-
turesdue o pressure and temperature. Analyzin; AF. has applications in
carthquake seismology (e and Ma, 2014), predicting rock bursts and
mine failurs, fracture mapping (Philips el 1998), monitoring me-
chanical performance:(Chong et 2, 2003), monitoring the condition of
tools and health monitoring (Yapar e al. 2015)

AR takes different forms because of variations n the frequency and
amplitude of waves. Both scismic and microscismic events —a physical
concept n earthquake seismology —are derived from A The science of
seismology's study of earthquake actiity and the geophysical study of
microseismie activity in rock are similar. There s  generation of acoustic
signals whenever rreversible. damage occurs (Lockner, 1993). The
acoustic signals povide information about the sze, the location, and the
deformation mechanisms.

Under loading, the structure deterorates progessively in rocks and
concrete,firt in an uncorrelted way reflecting intrinsic heterogencitcs.
“The stres filds of the microcracks interact, and the microcracks become
correlated, as the density of the microcracks increases, The microcracks

* Comspoding nhor.
e, ke s (. Sbdce o

o i3/ 10,1016l 201710003
Iocuivad 4 Jasmary 2017% Racabvad [ coviad form 21 Jly 3017; Acceptad 2 Octiber 2007

may coalesce 10 form a connecte-through fracture as the culmination of
Progressiv damage. AR cvent, due to microcracks growth, precede the
‘macroscopicfailureof rock and conerete samples under constani tressor
‘constant strain rate loading (Stein et L., 2003; Ge, 2003).

‘The petroleum industry caries out hydraulic fracturing n tight sand.
and shale reservors to improve their transport properties. A better
‘approximation of the location and size of the connected fracures is
‘crucial for evaluating success o formation stimulation and for modeling
reservoie performance. The fracture oientation i lso importantn terms
of stimulating the reservoir effciently with minimum interference.

Fractures reated duing stimlation can form a complex patern, and
are not necessarly planar. Thus, researchers have introduced the st
ulated rock volume (SRV) for estimating well performance (Mayerhofer
tal, 2010) based on three dimensional microseismic events. A ecent
study has proposed using microscismic density 1o compute SRV at the
reservo scale (Mieek et a, 2015), where gridblocks with no events are
unstimulated and have inact transport properties. The transport prop-
ertes of gridblocks with A eventsare increased using an ad-hoe model,
Researchers have also used a Kalman fler 10 interpolat the transport
properties at the reservoir scale (Tarrabi et al, 2015). The proposed
‘models have had some success n predictng the producion rate of a
formation, but they have not been tested against core- oF block scale
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Effects of Cyclic Fracturing on Acoustic Events and Breakdown
Pressure
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Abstesct

Inhydeaulc achain,Large vohumes f i and send ar nected it the formation 1 enhance e taport
propere. In conventona acturin, b fuid pressre i icreased monctonicaly o reschfaiure i gl ccle.
“The msrino pressur or e i, s b secuced i ocresse s decease e i pres cccaly
(eelc Bacturing). More acoutc events, wich comespand 103 larger enhancement e imulatedrgi
pemmesbil, are recorded incyclic Sacring T e presant stady, wediscus th diffrence berwasn th reconded
Ehan fo s v ethoc.Fousblocksof Tenise sdtons s ydssuicaly acued vadr el st
v unde cometional losding asd o usder yclic oading. We sl use  odified ais o 0 pric the
breakdon pressur i cycic Sactring, bsed n inea lsic Factre mechanics (LEFMD), which wats th slid.
domain a2 sowopic and nearelastc mediu. e e e o conventionl ests i one cyci st 10 deermine
8 s prseas s uodfied Pai . Th uned iodl, i QHeined pasmetrs,ca Bl s
dosign a opimum scenrio thts fudametally different fom the conventional meod o foration i,
“The results v promising and more b maasurements e reqited 10 et e ccurcy of the deeloped model.

Introduction

Hyrmuic Sactuing has ecome an ssetial par of e pezoleum ndusy, a i anables us 0 producekydocabon.
o gt frmations by improving thi Ganspo:properis. st o he exting techques s ased on near
st acture mechancs (LEFND, s, it tpic s iy rviewed hee.

Ingi (1913) st Hsarsatc s mchasics(LEF by snalyzin e szss fldsound an elliptcl crack

1 brile materias. e proposd ht th szess s th crack i proporiona o the lengl of e majr axis of e
Crack 15 e s owd. Latr, Grift (1920) s he G0 blencecrteon 0 e 4 Lo fr cack
propagation. Irwin (1057) descrvedthe szess s th crack tp i terms f the szess ntnstyfactor (TF).

(Cyeic loading, or fatgus (Sigley tal. 2004 i the application of fuctuating sesses o s, I b many
Soplicuons i other ginering s, uch hchanic S5 EXOPAES SHEEASEnE ExApIE of Whic e
automabile e, wheel, crane,and vaious airrapart. The cyclic loading isofen lasifed o bigh cyce and
1w ccle. High-ycleftgue (HCF) i 3 cyci oading whare e sample s 3 rlatvaly long lf (100104 cycle),
Low-<ycie g, onthe the band,comesponds o large osding it il ort s (< 10 cycles),

“The i o th smple s ot predictd bsed o vious versions of P v (P et al 1961, whichis 31
empiical correltion T prdics e cack row pr esch eyl T sl fuls s s st ey e
seaches a cricl vale. The orginal Pais L appsre f 1061 and was improved ovr the years (Forman ¢ al.
1967, Exdogan snd Ratvani 1970; Elbr 1971; Donaus ot al 1972).

Inpetzleum nginering, we usaly icrease th Tuid presse monctonicaly v e omaton o rock sample
. Thi i  conventionalGacturng s single cyce). I th preset stady, e mode roc falure nder cyclic
Ioding based on 3 iodited Bais . e Gt deamine 1 inon parsmeers of e odl ased on y<ic
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‘Sactringfor one sample. W fan preict o el pressre nd the mamber of e equieedfor mober
cuplewing e tned moce. The st f e odifed Bais e s promising.

Linear Eastic Fracture Mechanics (LEFM)

Iniearlastic factur machanics (LEFND, we ssume ht e sold medium s cropc and ineary lastic
Contmvu (taphens 2. 2000) LEFA ks sy spplicaions becau i simplifies e comple bbavio of .
ol madium Tt provides 2 elisbe solation when th ock’ behvie o s bl Unde hase
Condiions, o sress ey factr (SF) ca b wsed 0 ecmtethe s st nea i ack i 2 ollows
(Sakhase Bour el 201

k=ve o o

where K e s nensty facto, s e crack engh, Y he geomerc shape 2, , s e efectve
presre, 7, s e id prosive, and ., bt coning s

The s ey o s e diffret modss, T fs od i o enilemode, o th cpesig nade, wheze
8 v ok e v ety ey i each ot T s mods 1 - ple hes, o th Uiding ods,
ohichsccus when the two crack swfces move pralll o each ober. T i mode s ot oF plne shear, o e
asting mode, whih ke plic e . crick TAces Siceove 412 ke arellel o e A adge. Tt SIFE
fe s, second, ad tindmodes s oty ., K 20 K, respecively (Fasbmand 012). Th St mode
e vt o sy Consigsing e e sl

For completenes, e define cyclic facuring hae In cycic Sacuring, the Taidpressre i fncresed and decressed
cyeliclly il the supl s, This s Giffens o conventonal Sacuring ere e S rscars s crssed
‘onctonically o each fare i  sinlecycle. The sanple fale s te Sfcive ettty ot Teaches
{2 factue toughnes (1), whih is s madium proper 2nd dos ot depend o e loadin conditons (Farsmand
12012) Tus effecve swess imensiey fcor rdaces t K, when oy s st mode s e

Fock e dueto th presenc of rack s goverad b the acturs onghness. The rock alls a2 lower sl
yelic factrig than i convaninal racuring because o cracklngthgrows it achconsecuive ccle A
e crack leng comesponds 0 s bighar ST forgives e condisons (B3, 1)

Failure Predicion for Cyclic Losding

Pars o i an empiical eltion ha prics e crack g i cyclic oading (Pars s 196) I allows s 1o
e the resdual e f 8 sample when s cacksce s Cnown, 1t vald when th bsic assumpionsof
LEFM e spplcble. Th csch grow undr cy i osding i rediced s ol P ot 1. 1961

@

where st crac lengt, i s wumberofccles, A1 i the range i th st iy factor at each ycle, and
(s s constants (ming partes). Tos wnknonn pasanetes (C i ), wdich st sold rgion
Fuopetes, e deermined by Sting e spiical o ot s messurmnt (g ).
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Uttimate fracture

Crack growth rate, da/dN, log scale

Stress intensity factor range, AK, log scale

Figure 1. Schematcofcrack propagation with change i stes ey factr i cyclclading (Pars e 3. 1061
Pars v (£q. ) usally pplied t the Hnear (midle) sectin o el

Dars aw s & powertsland yet simpl o, Ther e more avanced models thtreuie addional 4>
esrnets(Farshmand 2012), Which may o b Svaable. Thu, Pai a s vy comanony wed fn e
‘machanic, ltough s eslts may b s accrat tha e moreadvanced models.

Cyclc Hydraulic Fracuring of the Sample

We e msurementscondctd by Pt s, 2017 o sty splin s b f completeness,
They cutad plished o lindricl Tennssee sandstone samples and kydrslicaly actured thomunderwisial
Isdingcondiions Tabe 1 Lt s parinent peophysicl proparies of s sampes.

“Tibl T orosy s pemedbily of Temasse st vamples (Pl oo 017
Sample Porouiy (6 Permealy 10
(500 4000 s 00— 4000 i)

T 37-43 77

2 51244 2l

3 e 3710

H 55261 2

“The sample diamate i 4 i and i gt i spprosimately 5.5 . A hol o s fnch i dismeter wasdld i he
conerof th coe and xtended up t bl h sampleslangah. T hle i complted with 3 cich diameter e
hat s comented. We applied iaial s (vertcl sess = 3000 pi, maimum oriontal ses = 2000 s,
i hoizotal s = 500 pi) 10 epict hi - ses conitions t 3 3000 depts assumig 3 1 st
hostai gradent Figure 2 shows he experimantal sep.

Patl e . 2017 nacted o ot e ol t e of 10 i, Fst, ey scurd o ey sl throogh
Comveatona osdng b imcrssng h pmp essrs monotonial. Ths, ey Sactred e ent oo vi .

acturing where e i prssr was Incresed ad decressd cclclly. Tabl 2 st the beakdowpressresfor
i ous gl
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Figure 2 Hydraulic Sacturingseup coutsy ofDaman 2. 012) T figue on he af shows a expanded
view o th il loadin sysm withaxia lading.confnng vssel ud flat jacks t pply wasters sues. The
‘gure on e right sows e sample covard il copper jacke mowted o e base e of e iasial oading
s

bl T B prsees e el o o Tenmesas sendons sl v il Tz

condidions (verial szes = 3000 ps, i horizoual s = 2000 o, borzomal s = 00
s Pt . QO condocted te b messuremens
Sangle Fracurng metiod __EreiEions prere ()] Smber eyl
1 Convestional a7 1
2 Convensional 3067 1
3 Cyaic 510 7
H Graic 2000 H

We define refeencebrekdownpreseun o conveionl scin s h avesge brskon resazes of
Samples 2102 (=3007 ) Sample 3 1 8 masimun ijecicn presic o 300 i i th st cycl,and Sample
41242 masimm jecion presareof 1500 p i the st ccle (i 3). Subsequenty, e ecin presureof
S5 el was e b 105 of e e besdons s i b smpls. The s oy
presar incachcycefor ot samples s 15 p. Th e maasurments shors tha s bedkdowprssre
Sycic Sactuing i smalle tha ncopvensional acuring. The reducion twas more ropounced iz Sanple 2, w3
16% lowe e Pl el 007
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P rossure ps)

Time fsoc)

Figur 3 Pump pressure data shows it Samples 1 2nd 2, whic wee conveinaly Sacted, Lveigher
breakdonm presures than e cyclicaly acurd sample (Patel ¢ 2. 2017, The bredidowprssre of Sample
8 bigher than hat f Sample 3, it equies v cycles 0 Sl

“The rock sple Sl t s o presas i th comvetionsl beskdonprsae i cyclic Sscing e to e
1ocaldamage(rack growe) i occun i aach ccle. The smal scle rack propagation n ach cycl i comisten
it P e Fig. 4 Shows st e s e Scousti veats i cychic Sacing, The mcrese i o mmber
f scoustc events providesidspendnt avidence fo o cestion of amalscals cracks

Thebighr mumber of scoustic evens f yclc Sacoving indicates tht e conesponding smultd esrvoi
volume s rgr. Tis s anporantaenage of cylic Saching compared f convenional S,
Consiering it sach acoustc even may b relvant o sl sal Sactre. Ta higher umberof e Sc0uSic
events o mplis st e efectiveparmesbiliy of th tmltd egion ncesses more signiScanty tan it
Commeationsl Sscurmg.
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Figue & More acoutic avets warerecorded i yelic facring (botom) tan i e conventona Factring (),
hich siggets ht s smlae seseros Yous s 13 SSRGS pELESbLE s lrgs i Sacunng
Pt et . (2017 conducie th ay mssrnpets vadar il Iosding condiions (. (verial 5es) = 3000 g,
O (i izl i) = 2000 i, 2 , (it hoizontal 57255 = 00 4.

Methodology

We el cyeic Sactung bsad o s modified Pcs e by accouting o th e closase (e 1971, Pais.
1 i ot sed o Bigh cycl loscing o Stgue (HCP), bt weappy it 1 ow-<ycl i bacanse e 20
ot modsl fr i ange, ot st of o kmorledge. The high cyceloadin,or g, s he s secion
Fig 1. Tas ocified Bat e ca b exprassd 1 fllos:

Scwan U=0stosr Refm @

where st crac lengt, Vi the mumberofccles, A1 i th chang i the stess iy factor, Cand e re
Constans, Ui he Elbr consan, 2 2 s e Loading .

The modified Pas I s tree s (C . 2 il cacklength ). Thetpical rnge of s Som 001

1930288 07C1s fom 1010 10%) . To il crck et s o .01 0.3 . Wetse e
Comsponting rngefr schprstr o vme o del. st folloving okl t e i

o prsmatars i e modifid Pars
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Result

Tue actue ougmess of Tennassesendsone (i) s asignd basd on e dta avalleble i e Mrare
(Atcison 107).

The bighest efciv e i ech el s detemined by considring th Sidprsse snd he confning
soes (Sample 3 i o st

The sccepai ranges e el forthe ko prsmees (C, , 0d ).

The modified Pars I (B, 5 i spplisd ' dtemine e efectvesassenstyfcor e breskdon
el (K. Te et smes sty fctor i o0 5y 1 squl 10

‘The combisations f e ko paramates (C,m, ) e changedsuch it K, bacomesequal 0 i
T epprodes e o peamtr.

Tt parameters e usd 0 prdic the svess sty fctorfr 3 givn el loading based on the
modifisd Pais e for ke sample (Saple 4 i o )

T s nensiy o bsed o e e paametrs 1 he breakdonn presr () s compared with
e Sactue toughnes Toe comesponding emor i calculted 3 Bllows

100 @

We sethe modified Paris o o praic h el pressrefor Tenmeseesandtonssamgles The wkow.
paramaters (C, m, 2 ) e dcenminad ased n the okl rovidd i e mataodology. Thesecoeficiats e
Sstemuins for Semple 3, which i cychclly Sactned. Thze 5o saiquesoluion for eschumkow paranete 5
can have 2 range o vales

W the e the s e, whic s e odified P v it o coeficens, o eadict he bk,
presac or e Lt senpe Sanpl 4. Fo i, w detennine s aorssocitd with g he s model (.
5 T i prse st e32 ycie s e o f cycles o Sl 4 s Srent o oo of Saple 3. .
 show hat the errr ssociated with sin e taned model o et sample i mallr o« aqual 0 15%. Toe
el re promiing, bt more mezrements s requied st e Sccuary f e e model

crockongn
oo

" ¢ (mimyMpal™ © 0

Figu : Etor (B ) i predictin the breskcon presace for Gyl acuringfor Sampe 3. The ko
piRenetes i o i P v o deenmined asedan o ko rovided it Modlogy for
Sample.

“Thetmed mode allows s 0 prdic e reakdonn ressur for diffrent senarios. Bt the Tuid pessre and e
e o yelscan vy, Th e ol R 0 b wea 3 & G he ko, 1 e b ik plice
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when the diffrence b e praicedsss ntensy fcor and e s oughss acomasseglighl. We
Consider o cases by changing e Fud pressre cylcall.Tae st s sn xample whee the Thidpressue i
nreesd 400t s, snd e Second o WEsrs 1 resans vzt gl 0 200 o Fig. §
o e prdiced resuls, whare e sampl it allrpresse nremants fals 2 3 lower presare et 3
arger e of s

Pump prsure (pm)

Numbar of cycen

Figur 5 raicad falur for o yposheical cases based o the tuned model: Cse 1 sows  bigher reskdon
presa 8 lowes sunier of el ompered o Case 2

“Thermed P L ca lpus deterinthe mamber of el and th breddosprssve The cycic Sactrng
s ot posiiv d nepstive s, Th e of SRS SV meses i cyche Sscuing (P ), which
Comespoads 1 lrger sl ted reserole o 2nd 2 mors significant ankancament .t pemedbily The
‘yelic actring lo requires moe snrgy nd i o convensional Sacuring which s 2 nagatie offct This
{mplis fat e might 5 n o scnari whare e penmasbily exbancamentbased o e yelic acturing
et R S p——
it Qs TS ST 6 S e SCCHACY oF e eveloped sl WG f ey e
ope of e present sudy

Concusions

“Themai obectiv of e resetstady wast predic rock fallre ndr ycic Sactring. We used 3 modified Pars
1, ch i ased on Hser alastic acture mchancs (LEFMD), e detmned he unlciorenparametrs of e
‘modl based on 14 mezsarements. The e model predicrd he sk prssie f s saple it s
s 15% emor. The pu reses sud e o o cycles for e st sempl wers diTernt o those f
e v fr smingpunpove. T modiSed Bt i wis adoed e i izl engaeeing ot e st
i, atiough s widely sed for fatigue I prdicion a machanical 1 srospace enginearing, Cycic
‘Sacturing st porential 0 beused £ e sl tchnique, especially i 5 ot canbe sccurely
prsdictad Tas e ot modiSed ais i e promisng, bt ore messurments e reuied o lly s 5




image63.png
URTeC 2689677 s

acknowisdgements

The suhorsae el o the b messurements (Pl a o, 2017) shared b e Unconseins] Sl Gas
Consortin & T Usiversty of Olahoms.

Nomenditure
cklengn

p——

F—

igh cyce aigue

[Eee——

mode  sse ansy actor

facture onghness

mode 1 swes iy factor

moge I swes ey factor

R S ——

RO ———

JEO————

[ ———

[R——

[U———

F—

[ ———

porepassre

s tio

[———

Elver's comstant

gsomenic stape facor

contining sues

JE——

6 = i horzowal sss
o ans——
- E——

References

1 Atksson B K 1970, February. Fracure tonghies of Tensssee sadstone and Carara matbleusing the doile
rion ting et ntermaconal Tl of Fck Mechsics 50 g Scences & Geomachanes
Absacs, 160), 4955

2 Daman, A, Sharms, & Sondergld, C. et a1 2012 Acowsic emision and SEM anlyses o ydealic Sactres
‘dr e s condiions. Tn SEG Technical Program Expandd Abswacs 2012, 1-3.Sociery of Exploraion
Guoptsicis





image64.png
URTeC 2689677 10

3. Dansiue, 1, Clack, M, Ao, B, ¢ s 1972, Ceackopsain divplcement st st of g sk
‘o amaional Jowres of Frecs, 52, 208215

4 Elbr W 1971, The siguficace of faigue crack closre. T Danage tolrance i icraf srcares. ASTM
Liemmions.

5. Exdogan, . and Ratwan, M. 1970 Fasigue nd ractre ofclindriclshlls cousning 2 circumfrental.
ik IntsustionslJounal o Fuscure Machanics, 66, 37939

. Fershmand, B 301, Fracue machanics of meals, composies, welds, and boled foits: sppication ofLEFA,
EPFM, and FAIDAY theory Boston: Kluwer Academic Pblishers

7. Forman B G, Keamey, V. 5. and Engle, & M. 1967 Numaricalsnaysis o rack propagation i  yelic-
162ded sucare . Bk Enginsring. Tran ASME, 6, 459464

. Grift, A, A. 1920. The phesomenaof o and rptue i sois P Trans Roy. Soc. Lond. S 3,21,
16398

9. TnglsC_E. 1915 Sueses i  lte due s presence ofcracks and sharp comers. Trans Nl Archiect 55,
219282

10.Invin, G, . 1957, Analyssof sueses and s s the exd 8 crack wsvesing  lte. Joslof Applid
Mechanics. Vol 24, 361364

11.Pars P.C, Gonmer, \LP, and Anderson, . E. 1961. A raionl anlyic theory f g The wend i
enginering, 1301, 9-14.

12.Pate, 5 AL, Sondergeld, ., and Rai, C. 5. 2017 Laborstory st o ydealic Sacuring by cylic
‘ajecion sersasonal Jousnal of Rock Mischanics12d Minig Scence, 95, 315

15 Sekhsse-Pous, ., Gorhari-Auark, & R, d i, S. 1. 2010, The sffc ofsifuesson s sty
£xtor for  crack i sumlr s nderConstan ceneltorgue. termasional Joumalof Dge lochmic, 150,
100101015

14, Stigly, 1 B Mschke, C. ., 4 Budymss, . G. 2004, Mochanicl engneeringdosign Nere York: MeCraw-
L

15 Stephens, .1, Faem, A, Siphns, . ., o2l 2000 Metal ftigue i nginerig. New York: Johm Wiy &
Sous




