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Abstract
The principal question for this thesis is as follows: 
What are the key hydraulic fracturing parameters that affect the amount of hydrocarbons that can be recovered in Eagle Ford Shale?
The problem considered in this thesis is establishing a relationship between hydraulic fracturing parameters and the amount of hydrocarbons produced.
The importance of this problem is identifying the stimulation parameters that can be used to improve the efficiency and effectiveness of fractures and ultimately increase the production of hydrocarbons. This will assist engineers to make better decisions related to  hydraulic fracturing by focusing on the set of key stimulation parameters that are identified in this thesis. 
The proposed method to the problem is to consider all the stimulation parameters together and use data mining and statistical techniques. In this thesis, the use of four different data mining and statistical approaches, Logistic Regression, Decision Trees, Support Vector Machines, and Neural Networks, are proposed.  The foundation is based on the fact that the stimulation parameters are highly interrelated and need be considered together as a whole. These approaches allow the analysis of such a system and have the capability of capturing nonlinear relationships between the input and output parameters. 
The major findings are identifying eight hydraulic fracturing parameters, Perforated Length Interval (ft), Injection Rate per Stage (bpm), Number of Clusters per Stage, Volume of Proppant per Stage (lbs), Volume of Water per Stage (gals), Number of Stages, Average Treating Pressure per Stage (psi), Maximum Treating Pressure per Stage (psi) as the key stimulation factors that have a direct impact on the amount of hydrocarbons produced, determining an efficient method of analyzing and comparing multiple variables for multiple wells, establishing a production metric that reflects long term production performance, and identifying the best performing regression method.  
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  CHAPTER 1

BACKGROUND AND PROBLEM FORMULATION

In this chapter, a brief description of the Baker Hughes challenge problem and the sustainability triangle is first presented to provide the background and motivation for selection of the research focus. The context and importance of the selected research focus is provided by presenting an overview of unconventional reservoirs and hydraulic fracturing. Then the problem along with the research questions are defined and the thesis objectives are presented. The proposed approach to the problem and the limitations of the proposed approach are also addressed in this chapter. 

1.1 BACKGROUND AND MOTIVATION FOR SELECTION OF RESEARCH FOCUS

1.1.1 Baker Hughes Challenge Problem Defined
The Baker Hughes 21st Century Co-Op at the University of Oklahoma School of Aerospace and Mechanical Engineering is a five year BS/MS degree program in mechanical engineering aimed at developing technical competencies and meta-competencies needed by engineers to hit the road running and succeed in the oil and gas industry. In addition to core courses in mechanical engineering, the curriculum includes customized courses jointly offered by company engineers and faculty during summer internships, a senior capstone experience and graduate theses that are of relevance to the sponsoring company, and graduate cross-disciplinary courses from the School of Industrial and Systems Engineering and the Mewbourne School of Petroleum Engineering. 
Larry Watkins of Baker Hughes Inc. presented the BHI Scholars with the “challenge problem” in the beginning of the 2014 Fall Semester. Below was the problem presented to the team:
The BHI-Class of 2013 team focused on an overview of unconventional hydrocarbon resources, primarily shale plays. The challenge for BHI-Class of 2014 team is to extend the efforts from where BHI-Class of 2013 ended. The challenge for BHI-Class of 2014 is to review and identify the go forward challenges facing development of shale. For this challenge, consider the following dimensions (question areas) for developing shale:
	•	Technical Issues
	•	Political Issues
	•	Economics of Shale Development
	•	Recovery Factors in Shale
Political Issues: Identify and discuss factors in the political realm that currently influence development of shale resources. Provide thoughts on ways to mitigate these factors including but not limited to education or improved operating methods. Economics of Shale Development: Identify key factors that currently limit the economics of shale development. These factors include but are not limited to knowledge required for planning well paths and completion methods, approaches of different types of E&P companies to well placement and planning, costs/supply of components for well completions and fracture operations. Discuss how these factors influence the overall economics for E&P companies in shale operations.
Technical Issues: Identify and discuss the limitations of current technologies used in shale development. Discuss if the limitations are specific hardware, methods, materials, fundamental knowledge or combinations of these. Describe which technology areas influence the other elements of this challenge and then rank the technology issues in order of greatest positive impact on shale development going forward.
Recovery Factors in Shale: Identify the factors that currently determine initial recovery factors in shale development areas. Describe how uncertainty in the input parameters influences the recovery from shale reservoirs. Provide a prioritized list of which information would provide the greatest reduction in uncertainty when initially estimating recovery. Discuss what actions might be possible to improve recovery.
As a group, the BHI Scholars framed the shale development problem in the industry today looking at the four different perspectives: technical, political, economics, and recovery factors. Identifying the drivers, focuses, issues, and major dilemmas within the perspective further expanded each perspective using the sustainability triangle introduced by Dr. Farrokh Mistree to the Baker Hughes Scholars. The research approach to the challenge problem and the sustainability triangle is explained next.  

1.1.2 Baker Hughes Challenge Problem: Research Approach

The BHI scholars broke into two interdisciplinary teams in order to tackle the challenge problem. Mechanical and petroleum engineering backgrounds were represented in both groups. The perspectives were split on terms of apparent connectivity. Each perspective was framed using the sustainability triangle. 
A sustainability triangle was used by the team to organize complexity. The team assessed the perspectives from three different drivers including: social, environment, and economic. We further analyzed the drivers by determining the focus of the driver and the issues that are present in the industry from the corresponding perspective. The next step is to connect each issue from each driver to another issue of another driver. This connection needs to reveal tension present between the issues. These tensional connections are used to indicate dilemmas. The three types of dilemmas we analyzed are social/economic, social/environment, and economic/environment. This step is repeated for each of the issues in each of the drivers connected to each of the other issues in each of the other drivers. Once the team identified multiple dilemmas around each perspective, we were able to narrow down the choices to focus on the most relevant challenges that the industry is facing today. The end goal for the Baker Hughes Challenge Problem report was to identify these industry dilemmas, thereby allowing for research questions and, ultimately, Master’s Thesis topics to be identified by the BHI scholars. A completed sustainability triangle for the recovery factor perspective is developed from the Baker Hughes Challenge problem and is shown in Figure 1.1. In the next section, a brief description of Figure 1.1 and how one of the tensions identified led to this thesis topic are presented. 
[image: ]
Figure 1.1: Completed Sustainability Triangle for the Recovery Perspective (Baker Hughes Challenge Problem Report)

1.1.3 Sustainability Triangle for  Recovery Factors

A completed sustainability triangle for the recovery perspective is developed from the Baker Hughes Challenge problem and is shown in Figure 1.1. This figure is taken from the Baker Hughes Challenge Problem report and is used to show the tensions that have been identified for the Recovery Factors perspective. We have identified six tensions for the Recovery Factors perspective and each of these tensions can be developed into a research question for a Master’s thesis.  For example, we have identified a tension between the environmental driver and economic driver. The tension is between increasing the recovery factors and production life of shale wells and reducing the negative impacts on the environment. This tension arises from the fact that production of oil from shale wells requires hydraulically fracturing the formation and this process could potentially have negative impacts on the surrounding environment such increasing uses of water, sand, and infrastructure to transport equipment and material to the wellsite. Resolving this tension requires a better understanding of hydraulic fracturing and the key factors in the design of hydraulic fracturing that can be changed and used to reduce the negative impacts on the environment. We chose to further investigate this tension in this thesis.  However, since the scope of this topic is too broad and big for a master’s thesis, we decided to break down the topic into smaller subtopics that are better suited for a master’s thesis.  This tension is broken down into the following subtopics: 
1. Increasing our understanding of hydraulic fracturing by identifying the key stimulation parameters
2. Establishing a relationship between the key stimulation parameters and the production performance  
3. Identifying the optimal value of each key stimulation parameter that can be used to increase the recovery factors and production life of shale wells
4. Demonstrating how the key stimulation parameters can be manipulated to reduce the associated risks or negative impacts on the environment 
We select subtopic number 1 to further investigate in this thesis. Thus the focus in this thesis is “Increasing our understanding of hydraulic fracturing by identifying the key stimulation parameters”. The following are the reasons why we select subtopic 1: 
· Personal interest in increasing our understanding of hydraulic fracturing
· Knowledge and experienced in hydraulic fracturing operation due to multiple internships that I have had at Baker Hughes with the completions group
· The high importance of hydraulic fracturing in shale development
· Actual field data is available to analyze and extract information from
The rest of the other subtopics that have been identified are potential master’s thesis topics that can be further investigated in the future work. 
In Section 1.2, an overview of hydraulic fracturing and unconventional reservoirs is provided (1) to provide a context for the thesis topic that has been identified and (2) to provide the reader an understanding of shale reservoirs and hydraulic fracturing process. In Section 1.3, the problem and the research questions are formulated in regards to hydraulic fracturing, and the proposed solution to the problem is presented. 
1.2 BACKGROUND AND IMPORTANCE OF UNCONVENTIONAL RESERVOIRS AND HYDRAULIC FRACTURING: “SHALE BOOM”

1.2.1 Background and Importance of Hydraulic Fracturing: “Shale Boom”
The “Shale Boom” or “Shale Revolution” (Meisenhelder, 2013) that started mainly since 2008 has been a game changer and has reshaped both the US energy industry and the global energy landscape. “The US oil boom has had profound implications for the rest of the world, boosting economic growth and enhancing America’s global influence” (Crooks, 2015). Due to the massive unlocking of unconventional oil and gas reserves, the US has become the number one producer of the unconventional oil and gas in the world. As shown in Figure 1.4 and 1.5, since 2008, oil and gas production from unconventional reservoirs has emerged significantly and has continuously increased until the downturn in 2014.  Gas is projected to increase by 49% of the total US gas production by 2035. “Production from tight oil plays surpassed 50% of the total U.S. oil production in 2015 when tight oil production reached 4.9 million (b/d)”, and “…tight oil development continues to be the main driver of total U.S. crude oil production, accounting for about 60% of the total cumulative domestic production in the Reference case domestic between 2016 and 2040” (EIA Annual Energy Outlook 2017). Furthermore, as shown in Figure 1.6, since 2008, the US net import of natural gas has drastically decreased and the US has gained more energy security and has gotten much closer to energy independence. 
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Figure 1.2: US Oil and Gas Production Historic Data and Projection (1995-2040) (EIA Annual Energy Outlook 2017)
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Figure 1.3: US Tight Oil Production Historic Data and Projection (2000-2040) (EIA Annual Energy Outlook 2017)
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Figure 1.4: Impact of Shale Boom on US Energy Independence (EIA Annual Energy Outlook 2017)

In addition, the “Shale Boom” has greatly affected the job market in the oil and gas industry and has added a large number of jobs. According to a report by Reuters (2015), “A U.S. oil and gas drilling boom fueled by hydraulic fracturing technology added about 725,000 jobs nationwide between 2005 and 2012”. In addition to such huge economic impacts, the “Shale Boom” has had political, social, and environmental effects as well, but they are beyond the scope of this work and will not be discussed here. 
The main cause of “Shale Boom” is the recent technological advancement in Horizontal Drilling and Multistage Hydraulic Fracturing that enables drilling of horizontal wells that can reach to a large section of the reservoir laterally and hydraulically fracturing the formation to create fractures for the petroleum to flow through into the wellbore. Horizontal Drilling and Hydraulic Fracturing are defined and further discussed in Section 1.3.3. In the next section, the difference between conventional and unconventional reservoirs is explained to establish a better understanding of unconventional reservoirs and to define some of the terminology used in this section. 
1.2.2 Overview of Unconventional Reservoirs in the Context of Petroleum Reservoir Systems and “Shale Boom”

In the field of oil and gas, reservoir refers to “that portion of the trapped formation that contains oil and/or gas as a single hydraulically connected system”. In a simpler term, a reservoir rock is a rock that petroleum migrates to and is trapped in. Petroleum reservoirs are classified into conventional and unconventional reservoirs. In the literature, to have a conventional petroleum reservoir, certain requirements must be fulfilled.  The first requirement is to have a source rock which is a material from which petroleum is formed. Second, the petroleum must have been under enough pressure and temperature or have been “cooked” for it to flow. The third requirement is that the petroleum must have migrated from the source rock into a porous and permeable rock which is the fourth requirement of a conventional reservoir system. 
Porosity of a rock refers to the void space in the rock and is used as an important parameter in the calculation of oil or gas volume in a rock. Permeability refers to how connected the pore spaces of a rock are and is an important parameter in the calculation of fluid flow rate. Last but not least, there needs to be a trap which is defined as a subsurface condition that is restricting or preventing the petroleum from further migration or movement so that it accumulates in a reservoir. Once these requirements are met, there is going to be an accumulation of hydrocarbons in a rock and those hydrocarbons can be brought to the surface by drilling a vertical well into the reservoir. 
However, unconventional reservoirs do not meet these requirements.  An unconventional reservoir refers to a rock that has petroleum in it and due to its low permeability, the petroleum has been trapped and not migrated to anywhere. In an unconventional rock there is not sealing or trap.  The reservoir rock acts as a trap, a source rock, and a reservoir rock, and that is the difference between conventional and unconventional reservoirs. However, the major difference between the two types of reservoirs that affects how petroleum is being extracted from them is the permeability. 
Permeability of a reservoir determines how easily or fast the fluids can be moved into the wellbore and brought to the surface. Conventional reservoirs are characterized as relatively high permeability reservoirs while unconventional reservoirs have extremely low permeability. Due to relatively high permeability of conventional reservoirs, when a vertical well is drilled into the reservoir rock, the fluids within the rock can relatively easily travel through the rock and reach to the wellbore. However, in unconventional reservoirs, since the permeability is so small, the fluids cannot travel and reach to the wellbore. This is the main reason why the industry has been producing from conventional reservoirs for hundreds of years with vertical wells but has not been able to produce from unconventional reservoirs until the recent years. The sources of unconventional reservoirs are shale oil or “tight oil”, shale gas, coalbed methane, tight sandstones, and methane hydrates. The most important of those are shale oil or “tight oil” and shale gas. The US is rich in shale. The US shale plays are shown in Figure 1.7.  
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Figure 1.5: Shale Gas and Oil Plays in the US(EIA)

1.2.3 Overview of Horizontal Drilling and Hydraulic Fracturing
As mentioned earlier, the ability to produce from unconventional reservoirs is attributed to Horizontal Drilling and Multistage Hydraulic Fracturing.  Horizontal Drilling refers to drilling of a well horizontally to reach out to a larger section of the reservoir.  Hydraulic Fracturing is defined as the injection of fluids which mainly consist of water and sand into the reservoir at pressures higher than the formation pressure to fracture the formation open and create flow paths for the fluid to travel through and reach to the wellbore. These two technologies or methods have led to a successful production of oil and gas from unconventional reservoirs. 
Due to such importance of horizontal drilling and hydraulic fracturing, there has been a lot of interest in this topic from both the academia and the industry. There has recently been a lot of studies and research to improve the efficiency and effectiveness of hydraulic fracturing while coming up with ways of reducing the environmental footprints. However, even though a lot of technological advancement in the area of horizontal and directional drilling has been made, there still remains a lot to be unknown about hydraulic fracturing (Centurion, et al., 2013). Hydraulic fractures are not very efficient or effective (Shelley, 2016). Improving the performance of a hydraulic fracturing technique in a specific formation is largely based on trial and error and past experience. There is a large demand for improving the efficiency and effectiveness of hydraulic fracturing to increase the oil recovery (World Oil, 2016). 
In this section, an overview of the horizontal drilling and hydraulic fracturing is provided to show the importance of hydraulic fracturing in shale reservoirs, and a brief literature review is provided to support that the hydraulic fractures are not efficient or effective and there still remains a lot to be known about hydraulic fracturing. In Section 1.3, the problem with hydraulic fracturing is more specifically defined, and a more specific description of the hydraulic fracturing process is provided to indicate the challenges in making hydraulic fractures more efficient and effective. 

1.3 PROBLEM FORMULATION AND THESIS OBJECTIVES

1.3.1 Problem Definition 

Over the years, there have been several different hydraulic fracturing techniques developed such as Plug and Perf (PNP), Ball Activated Completion System (BACS), and Coil Tubing Activated Completion System (CTACS). However, Plug and Perf (PNP) is the most commonly applied and accepted technique of hydraulic fracturing across the industry (Casero, et al., 2013), and the operational step by step of the technique is described as follows: The production casing or liner is first run into the well. The process of creating fractures starts from the end of the wellbore called the toe of the wellbore to the beginning of the lateral length which is called the heel of the wellbore as shown in Figure 1.5. First, the perforation guns are sent downhole to perforate the casing, in other words, to punch holes into the casing so that there is communication between the wellbore and the formation. In each stage, a set of perforations are created and those perforations are called clusters. Once the clusters have been created, the hydraulic fracturing fluid which mainly consists of water and sand is pumped down at higher pressures than the formation pressure and at a specific injection rate to fracture the formation.  Then the first plug is sent downhole and is set in place to provide through tubing isolation between the stages. Once the fractured stage has been isolated by the plug, the perforating guns are sent downhole again to create a set of clusters in the second stage. Once the clusters are created, the fracturing fluid is pumped down to fracture the formation in the second stage. This process of plug, perforate, and pump down fluid is repeated until all stages are fractured as shown in Figure 1.5. Once the process is complete, the plugs are milled out and the well is ready for production (Burton, 2013). 
However, due to the fact that plugging, perforating, and pumping each single stage separately is very time consuming and costly, the industry has adopted the perforation cluster approach which basically means perforating and treating multiple stages or groups of cluster perforations simultaneously together (Casero, et al., 2013). However, when treating multiple stages or groups of clusters together, the fractures form and grow in the weak points of the formation since fracture forms at the path of least resistance. This creates unevenly distributed fractures and leaves some parts of the formation untreated (Burton, 2013). Thus, whether each stage or perforation clusters are treated separately or multiple stages are treated together is one of the important factors on how efficient and effective the fractures turn out to be. 
The other variables that can be changed to affect the performance of the hydraulic fracturing technique are the lateral length, the number of stages, the space between the stages, the length of each stage, the number of clusters per stage, the space between the clusters, the rate of fluid injection, the fluid pressure, the amount of water injected, the amount of proppant injected, the type of fluid mixture, the type of proppant pumped, and a few more that is beyond the scope of this thesis such as perforating shot gun phases and density (Ferguson, et al., 2012).
When it comes to improving fracture efficiency and effectiveness, the above-mentioned parameters are utilized and changed.  However, one of the main challenges in doing so is that there are too many parameters and there still remains a lot of uncertainty about which one of these parameters are the key to creating better fractures.  For example, we cannot tell how the effectiveness and efficiency of a hydraulic fracturing technique or the production performance of a well is going to be affected if we increase the number of stages, the fluid rate, or the amount of proppant. It is uncertain which parameters need to be changed to increase fracture efficiency and effectiveness and ultimately increase the production performance of the well.
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Figure 1.6: Configuration of a Hydraulic Fracturing Technique in Eagle Ford Shale (Anderson, 2014)

For example, Shelley and co-authors (Shelley, et al., 2012) conducted a data driven modeling study in 2012 to determine the best practices for completion of Eagle Ford Shale Wells.  They analyzed and modeled the completion, frac, production, mud log, and lateral data of 55 wells, and they had 30 days cumulative production data to evaluate productivity. A preliminary analysis of the data indicated no apparent relationship between the completion parameters and 30 days cumulative production data but it showed a strong relationship between the depth of the wells and the 30 days cumulative production. Then they used artificial neural network (ANN) to model the data. The data was divided into 39 wells for training, 9 wells for testing, and 6 wells for validation. The model had 13 input parameters and used cumulative production volume per average estimated pressure drawdown for 30 days as a productivity metric. 
In their study, they concluded that data driven modeling approach provides a pragmatic perspective and identifies the key completion parameters and ways to improve the effectiveness of completion techniques. They found geological and reservoir variations among the wells to have a dominant effect on Eagle Ford production, and in addition they identified the completion related parameters that affect well production and economics which are treatment fluid type/volume, number of frac treatments, proppant type/conductivity, perforating strategy, treatment rate and lateral length. The data driven model was also used to estimate the effect of alternative completion and frac scenarios on well productivity and it was found that economic evaluation of data driven model predictions can be used to determine appropriate completion and frac procedure to maximize return.
However, since Initial production (IP) is a poor indicator of long term well performance and can show reverse correlation (Taylor, et al., 2011), the results of the above study do not necessarily reflect the effect of the considered parameters on the long term well production performance. 
Centurion and co-authors (Centurion, et al., 2013, 2014) performed a series of multivariate analysis of reservoir, well geometry, and completion related parameters for a large number of wells in Eagle Ford Shale using Linear Regression analysis. They concluded that multivariate analysis is a good technique for identifying the most important variables among the many factors that affect well productivity. They found well lateral length, stage spacing, proppant per ft, pressure, cluster spacing, thickness, average porosity, and perforation length to be the most influential factors that drive production. However, since they used only Linear Regression analysis, they were not able to identify any nonlinear relationship between the input variables and the output variable. 
Gao and co-authors (Gao, et al., 2013) conducted a multivariate analysis of 9 variables (TVD, total proppant volume, lateral length, total volume of fluid, oil API gravity, GOR, flowing tubing pressure, midpoint of a well lateral in x and y direction) in 273 wells in Eagle Ford Shale using Multivariate Adaptive Regression Splines (MARS) which is a form of regression analysis that can model non linearity and interactions among variables.  They used peak equivalent barrels of oil (PeakBOED) as a measure of early time production performance. They found that the maximum total vertical depth and the flowing tubing pressure have the most impact on early time production performance, and GOR and API gravity were found to have the next most impact on the early production performance. Contrary to the previously mentioned studies, they found proppant volume, lateral length, and frac fluid to have less contributions to the early time production performance. However, they concluded that reducing the ratio of proppant to fluid volume could increase the early time production.  
Although they have considered the non-linearity and interactions between the variables, this study does not take into account the effect of most of the other hydraulic fracturing parameters such as number of stages, stage spacing, and number of clusters since it only includes 3 hydraulic fracturing parameters. 
LaFollette and co-author (LaFollette, et al.,2014) used boosted tree regression model to analyze the production impacts of well location, well architecture, completion, and stimulation on the production metrics which are defined as best producing month in the first 12 producing months (BO) and barrels of oil per completed lateral length (BO/ft). An initial analysis of the input variables and output variables using scatterplot matrix showed no linear patterns between the input and output variables. Using relative influence to measure impact on the target variable, they found well location and GOR to have a strong impact on the production performance which agrees with most of the previously mentioned studies. Even though longer laterals led to higher total production, wells with longer laterals were found to be less efficient, and larger treatment with more proppant was found to be associated with better productivity.
Even though the results of this modeling study are similar to the results of the previously mentioned studies, the authors do not test or validate the method on a set of non-training data to determine the accuracy of the predicted values.  
Viswanathan and co-authors (Viswanathan, et al., 2011) utilized neural network trained self-organizing maps and numerical simulations to evaluate different completion techniques and compare them to channel fracturing in Eagle Ford Shale. First month equivalent gas rate was used as key performance indicator (KPI). Scatter plots of the completion parameters and KPI did not show any strong correlation, but it did show a strong correlation between GOR and produced condensate rate per ft.  Based on the neural network analysis, fluid volume per stage, proppant volume per stage, and 100 mesh sand were found to have a small impact on KPI while high proppant concentration and cluster spacing had a significant impact on the production performance.  Even though the results of the model are compared and confirmed with the results of a simulation analysis, the study does not consider the effect of the parameters on the long term production performance.  
There have been many other statistical analyses done in attempt to determine the key production variables and establish a relationship between input variables and output variable in other shale formations. Voneiff and co-authors (Voneiff, et al., 2013) used multivariate regression analysis in Montney Formation to determine how completion parameters affect production rates, and they found the number of stages and the number of perforation clusters per stage to be the most important completion parameters. Alqatrani and co-authors (Alqatrani, et al., 2016) used multiple regression modeling to study the influence of completion parameters in hybrid treated water and linear gel stimulations and treated water fracture stimulations in Glauconite Formation in southern Chile, and they found the total perforations to have the most impact in both cases. Ling and co-authors (Ling, et al., 2016) performed a statistical analysis using simple scatter plots to identify the optimal values of the completion parameters and were able to come up with optimal values for these parameters.
Thus, the problem addressed in this thesis is that it is uncertain what the key stimulation parameters are that can be used to improve the efficiency and effectiveness of the hydraulic fractures. 
In this thesis, we analyze actual field hydraulic fracturing data for 65 wells in Eagle Ford Shale to determine the key stimulation parameters that have a direct impact on the production performance of the wells. 

1.3.2 Research Questions 

The principal question for this thesis is as follows: 
What are the key hydraulic fracturing parameters that affect the amount of hydrocarbons that can be recovered in Eagle Ford Shale?
Even though the primary thesis question seems to be a simple and straightforward question that can be easily answered, there are multiple sub questions that need to be addressed and answered first to reach to an answer to the primary question. The sub questions are as follows:

1. How can the effect of a stimulation variable be measured? The first sub question regards determining a metric or parameter to measure the influence of a hydraulic fracturing variable.  It is important to determine an accurate and realistic metric that can reflect the changes made by a stimulation variable. Some examples of the metrics used in the industry as it is shown in the studies mentioned in Section 1.3.1 are six months cumulative oil production, peak oil production, estimated ultimate recovery. However, each one of these has its own advantages and disadvantages, and selecting the right metric depends on the goals of the study and the type of data available to analyze. In Chapter 3, in the data understanding and preparation, the right metric for this thesis is determined.  
2. How can the effects of geological and petrohpysical variables and reservoir fluid properties be eliminated or minimized? 
Shale reservoirs are characterized as highly heterogeneous and anisotropic. That means from one county to another and even from one well to another, the geological and petrohysical properties and the reservoir fluid properties could be different. Therefore, two wells next to each other that are drilled and completed exactly the same way could have different oil and gas production. Therefore, it is important that we eliminate or account for the effects of those variables early on in the study so that they don’t mask the effects of hydraulic fracturing parameters. A method to mitigate the effects of this variability between the wells is discussed in Chapter 3. 
3. What parameters of hydraulic fracturing should be considered for analysis? As mentioned in the earlier sections, there are a lot of parameters that go into a hydraulic fracturing technique, and attempting to consider and analyze all these parameters together is not feasible and could potentially influence the results of the study. Some of these parameters need to be eliminated early on in the study and the number of the parameters should be reduced to a manageable number without leaving out any important variables. A dimension reduction analysis is performed in Chapter 3 to answer this question and determine only the important parameters to further investigate. 
4. What kind of data mining and statistical approach can be used to capture both linear and nonlinear relationships between the input and the output variables? 
The relationship between the hydraulic fracturing parameters and the amount of hydrocarbons is not a simple direct relationship that can be easily captured with a two dimensional plot. It is important that we determine and use techniques that have the ability to capture both linear and nonlinear relationship between the hydraulic fracturing parameters and the amount of hydrocarbons that can be recovered. In Chapter 3, this question is answered.
5.         How do we assess and compare the performance of the techniques?
Once we have identified and used the regression techniques, the next step is to compare and assess the performance of the techniques to select the best regression technique for analysis of hydraulic fracturing data. This question is also answered in Chapter 3. 
All the research questions are answered first in Chapter 3, and as these questions are answered, we get a better understanding of what the solution is going to look like and what methods can be used to get to the solution to the problem that has been addressed. In Chapter 4, the primary research question is answered. 
The objective in this thesis is to determine an efficient method of analyzing and comparing multiple variables for multiple wells and a method that can be used to identify the key stimulation parameters.

1.4 PROPSED METHOD TO THE PROBLEM

1.4.1 Data Mining and Statistical Method
	
In this thesis, hydraulic fracturing is treated as a system in which multiple variables interact and affect the performance of the system. We analyze the impact of those variables and their interactions together on the performance of the system.  To be able to do that, a technique is required that allows us to analyze multiple variables for multiple wells together in order to discover and extract unknown relationships and patterns in the data. 
Data mining and statistical analysis which refers to the use of statistical tools and analytical techniques to “extract previously unknown, comprehensible, and actionable information from large databases” (Zekulin, 2015) is the proposed method for this study due to its ability for multivariate analysis. Data driven approach is a more pragmatic method to understanding the complex relationship between hydraulic fracturing and a non-homogenous formation, and it provides a higher level of understanding of the main drivers of hydrocarbon production. In addition, since data driven modeling is holistic and cross disciplined by nature, it is useful in providing direction for discrete evaluation of completion techniques (Shelley, et al., 2012). With 3-4 years of production and completion data, data mining can be used to possibly discover unrevealed trends and the underlying data structure (Gao, et al., 2013).  LaFollette and co-authors have shown that multivariate statistical analysis allows the modeling of the impact of particular well architecture, completion, and stimulation parameters on the production outcome” (LaFollette, et al., 2014). 
 When it comes to data mining and statistical analysis, a popular approach is a method called CRISP_DM which stands for Cross Industry Standard Process for Data Mining. This is a systematic and structured way of conducting data mining studies and it increases the likelihood of getting accurate and reliable results (Delen, 2010).
The CRISP-DM is a six step process and is outlined according to the research questions in this thesis as shown in Figure 1.6.  The first step is understanding the project and developing the goals of the project which we stated in Section 1.3. The second step is understanding the data quality, quantity, and relevancy to the problem which is discussed in Section 3.1. The third step is processing and preparing the data by answering the research questions which is presented in Section 3.2. The fourth step focuses on applying and evaluating the regression techniques which is discussed in Chapter 4. The fifth step is analyzing the results of the regression technique and drawing conclusions which is discussed in Chapter 5. The last step is critical evaluation of the concluding points and the method which is done in Chapter 5. 
Thus, this thesis is a statistical analysis of hydraulic fracturing data. We are given field data and we use data mining and statistical tools and techniques to observe and extract trends and relationships from the data. Since this is not an analytical or numerical analysis, it is possible that the results may not exactly follow the laws of physics or the common understanding of shale formations and hydraulic fracturing, and that is one of the limitations of this approach as it is discussed further in the next section.  
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Figure 1.7: CRISP-DM for Analysis of Hydraulic Fracturing Data



1.4.2 Limitations of the Proposed Approach

When it comes to statistical analysis, having enough data plays a very important role. It is usually better to have more data in statistical analysis than small data for the sample to be more representative. However, due to the fact that most of hydraulic fracturing data is not publically available, there is limitation to how much data we can have access to and use in this thesis. The hydraulic fracturing data used in this thesis is provided by Baker Hughes, and it includes 65 wells in Eagle Ford Shale as shown in the Appendix Tables A.1 and A.2. The wells are distributed throughout 10 counties, and concentrated mainly in 3 counties. Due to confidentially agreement, the name and exact location of the wells cannot and will not be disclosed in this thesis.
 	Moreover, since the wells are spread out throughout the counties, we understand that it is very likely that geological, petrohysical, and reservoirs characteristics of the wells vary and that could affect the production performance of the wells regardless of how they are hydraulically fractured. However, since we don’t have access to most of the geological and reservoir properties of those wells, we cannot include those parameters in our study.  To mitigate the effects of the geological and reservoir properties, we have classified and normalized the wells based on their location and a few of the reservoir parameters that we have data for such as thickness, pressure, depth, and porosity. This is discussed further in Chapter 3 when answering research question 2. 
The wells are also owned and operated by different operators, and that means it is very likely that the production method is different among the wells.  This could also affect the production performance of the wells. However, since we don’t have any knowledge of the production method of the wells, we cannot include this in our analysis. 
Last but not least, the techniques that we use in this thesis are purely data driven and are not based on the physics of the formation and fluid properties.  It is possible that we may have results that do not necessarily agree with the physics of rock formation and fluid flow. The results are closely studied and verified in Chapter 5.
1.5 ORGANIZATION OF THE THESIS

The organization of this thesis is shown in Figure 1.8. The first chapter of this thesis is designed as an introduction to the problem. In Section 1.1, the background and motivation for the problem along with an overview of the Baker Hughes challenge problem is discussed. In Section 1.2, an overview of the conventional and unconventional reservoirs, horizontal drilling and hydraulic fracturing is presented to provide context for the problem and define some of the oil and gas industry terminologies.  In Section 1.3, the problem formulation and the objectives are presented. In Section 1.4, the proposed approach to the problem and the limitations of the approach are presented. In Section 1.5, the organization of the thesis is demonstrated. 
In Chapter 2, a critical literature review and justification of the problem are discussed. In Section 2.1, the formation and fluid characteristics of the Eagle Ford Shale play are presented. In Section 2.2, the justification of the research questions is provided. 
In Chapter 3, the data understanding and the answer to the research questions are presented.  In Section 3.1, the data understanding process which includes the methods and tools for Section 3.1.1 analysis of data quality and Section 3.1.2 identifying outliers are explained. In Section 3.2, the data preparation process which includes answering the five research questions sequentially is presented. 
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Figure 1.8: Organization of the Thesis -Present (Boxed) and Next (Circled)

In Chapter 4, the four proposed regression techniques and the resampling method are presented as follows: In Section 4.1 overview of the resampling method, in Section 4.2 Logistics Regression, Section 4.3 Decision Trees, Section 4.4 Support Vector Machines, and Section 4.5 Neural Networks.  In Section 4.6, a discussion of the results of is presented.
In Chapter 5, the results and the method are evaluated. In Section 5.1, the analysis of the results is presented, and in Section 5.2, the validity and utility of the concluding points are confirmed. The concluding points are compared to relevant studies in the literature in Section 5.3, and the evaluation of the method is presented in Section 5.4. 
In Chapter 6, the thesis is summarized and reviewed to determine if the objectives have been met. Then the contributions are discussed and the recommendations for future work are presented. 



















  CHAPTER 2

CRITICAL LITERATURE REVIEW AND JUSTIFICATION OF RESEARCH QUESTIONS

In Chapter 1, the problem along with the research questions are identified and the proposed method to the problem is presented.  In this chapter, a critical literature review in regards to the problem is provided.  In Section 2.1, an overview of the geological and reservoir properties of the Eagle Ford Shale which is the formation that is being studied in this thesis is presented. Understanding the formation characteristics and how they vary throughout Eagle Ford Shale is crucial to a better understanding of well performance. North America is rich in shale and the many shale plays that exist in the US have different formation and fluid properties that are crucial to the extraction of hydrocarbons. Most of the decisions regarding the drilling, completion, stimulation, and production methods are based on the knowledge of the formation and fluid properties available. “Success is dependent primarily on understanding the geology and reservoir properties” (Jaripatke, et al., 2013). In Section 2.2, the research gaps in the current studies and methods for analysis of hydraulic fracturing are presented and the research questions presented in Chapter 1 are justified. The justification of the research questions is provided based on the studies presented in Section 1.3.1. Once we have provided an overview of the Eagle Ford Shale formation characteristics and justified the research questions, we start looking at our data and answering the research questions which are done in the Chapter 3.  

2.1 CLASSIFICATION AND ANALYSIS OF EAGLE FORD SHALLE FORMATION PROPERTIES
Eagle Ford Shale Play, approximately 11 million acres, stretches from the Texas border with Mexico east ward as shown in Figure 2.1. The production of the Eagle Ford Shale began in 2008 with the drilling of the first well in La Salle County, Texas (Fan et al., 2011). Since then, the number of drilled wells has tremendously increased and has led to a large economic development. From 2009 to 2013, the number of producing oil leases and gas leases has increased by about 6300 percent and 3600 percent, respectively (Munir, et al., 2017).  Eagle Ford Shale is considered the largest economic development in the history of Texas and the largest oil and gas development in the world based on capital invested (Okeahialam, 2013).  It has had an impact of more than $60 billion dollar on the local economy of Texas, and has added over 116 000 jobs to nearby areas of the play (Eagle Ford Shale, 2017). 
The formation rock properties and fluid properties vary substantially (Cook, et al., 2014).  The formation depth and thickness vary from northeast to southwest (Fan, et al., 2011). Further geological and petrophyiscal properties are discussed in the next section. The formation fluid is divided into three windows: oil, condensate, and gas as shown in Figure 2.1.  Further discussion of the fluid properties of the formation and area of interest is provided in Section 2.1.2.  
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Figure 2.1: Location of Eagle Ford Shale Play (EIA, 2011)

2.1.1 Geological and Petrophysical Properties
Eagle Ford Shale was deposited in the late cretaceous period during which shelf slope, basin turbidities, and deltas formed along the shelf margin; and it affected the deposition of the Eagle Ford Shale and led to a laterally and vertically varying reservoir quality and thickness. The formation is bounded Austin Chalk from the top and Buda Limestone from the bottom.  The play is divided into Upper Eagle Ford and Lower Eagle Ford units as shown in Figure 2.2 (Hentz, et al., 2011). The Upper Eagle Ford is characterized by relatively low gamma ray indicating low shale content while the lower Eagle Ford contains mainly high GR zones indicating high shale content and high TOC (Driskill, et al., 2012).
Due to regional dip, the formation depth increases from North to South, and as shown in Figure 2.1, the formation depth ranges from 4000 ft in the North to 14000 ft in the South (EIA,2011). Therefore, as it is discussed in the next section, we expect to have higher reservoir pressures in the South than in the North part of the formation due to higher depth of the formation in the South, and this information is useful to answer research question 2.  
Moreover, as shown in Figures 2.3 and 2 .4, the thickness of both lower and upper Eagle Ford Shale decreases down dip from North to South and from West to East except that the Lower Eagle Ford thickens in the very east side and in the south of la Salle County. The total Eagle Ford thickness interval is the largest in the Maverick Basin and decreases to the minimum over San Marcos Arch (Hentz, et al., 2011).  
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Figure 2.2: Schematic Interpretation of Eagle Ford Shale Play (Hentz, et al., 2011)

In overall Eagle Ford Shale, calcite ranges from 40% to 68%, clay content is 15% on average, quartz and feldspar content is roughly 15%, and TOC is 4% on average (Mullen, 2010). The carbonate content of the formation can be as high as 70% (McMillan, et al., 2016) and such high carbon content and subsequently lower clay content makes Eagle Ford Shale more brittle and well suited for hydraulic fracturing (Eagle Ford Shale, 2017) 
Effective porosity is between 3% to 10% while permeability ranges between 3 nd and 405 nd (Martin, et al., 2011). However, low gamma ray intervals which is a characteristic of the Upper Eagle Ford Shale are brittle rocks rich in calcite, while high gamma ray intervals which is a characteristic of the Lower Eagle Ford Shale have carbonate and high clay and TOC content and are ductile rocks (Tian, et al., 2013, 2014). TOC, maturity, and kerogen type are the critical parameters that control good shale source rocks (Passey, et al., 2010).  Thus, according to this, the lower Eagle Ford Shale is a good source rock. However, since the Upper Eagle Ford is rich in calcite and is brittle, it is a better target for hydraulic fracturing because rock brittleness is a key factor for effective completions and fracture treatment (Rickman, et al., 2008). Since the upper Eagle Ford is the thickest in the south west, we expect to have a better fracture performance among the wells located in the southwest than the north east. This information comes handy when we compare group 1wells located in the south to group 3 wells located in the north east. 
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Figure 2.3: Isopach or Thickness of Lower Eagle Ford Shale (Hentz, et al., 2011)

Since our wells are spread out from south west to north east, we expect to have a large variability among our wells in terms of reservoir depth, thickness, clay and TOC content, and calcite and carbonate. These properties could impact well performance.  Since the wells located in the south west are deeper and thicker and are overall richer in TOC, they are expected to have higher production performance assuming everything else is the same. This variability in geological and pterophysical properties could mask the impact of the hydraulic fracturing parameters. The methods to mitigate this effect are discussed in Chapter 3.   
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Figure 2.4: Isopach or Thickness of Upper Eagle Ford Shale (Hentz, et al., 2011)


2.1.2 Reservoir Fluid Properties
The Eagle Ford fluid types change from black oil, to volatile oil, gas condensate, and to dry gas with increasing depth and thermal maturity (Tian, et al, 2012). Reservoir pressure usually increases with increasing depth and pressure gradient. In Eagle Ford Shale, the reservoir pressure increases from less than 6000 psi at depth of approximately 7500 ft in the Southern Dimmit County to more than 10000 psi at a depth of approximately 12000 ft in Karnes and DeWitt Counties in the northwest (Tia, et al., 2014).  The pressure gradient compares well with the reservoir pressure as it was found that the reservoir pressure gradient increases from less than 0.68 psi/ft in the southeast of Eagle Ford Shale to approximately 0.85 psi/ft in the northeastern (Tia, et al., 2014).  
The oil API gravity in the Eagle Ford Shale increases from 40 in northwest to 65 in southeast as shown in Figure 2.5 (McMillan, et al., 2016), and the gas specific gravity increases from 0.6 in southeast to more than 0.85 in northwest as shown in Figure 2.6 (Tia, et al., 2015). These maps show that the thermal maturity of the reservoir fluid increases from northwest to southeast which corresponds to the increasing depth trend mentioned earlier.
Based on these trends, we expect the wells located in the southwest to have higher reservoir pressures and pressure gradient and high API gravity with greater thermal maturity which could potentially contribute to a better production performance of these wells.  
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Figure 2.5: Oil API gravity in Eagle Ford Shale (McMillan, et al., 2016)
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Figure 2.6: Gas Specific Gravity in Eagle Ford Shale (Tia, et al., 2014)


2.2 IDENTIFYING RESEARCH OPPORTUNITIES AND JUSTIFICATION 
In this chapter, a literature review of the properties of the Eagle Ford Shale Play is presented. In Section 2.1.1, the geological and petrophysical properties of the Eagle Ford Shale Formation are discussed and analyzed. The variability in Eagle Ford Shale in terms of depth, thickness, gamma ray, TOC content, brittleness, and porosity, and permeability are discussed, and how each of these variables could affect the performance of our wells is presented. In Section 2.1.2, the fluid properties of Eagle Ford Shale Formation are discussed, the distribution and potential impact of reservoir pressure, pressure gradient, GOR, oil API gravity and gas specific gravity, and thermal maturity are demonstrated. In this section, the research opportunities identified through critical literature review are presented and the connection between the identified research opportunities and research questions proposed in Chapter 1 is established. 
RQ 1. How can the effect of a stimulation variable be measured? In the studies presented in Section 1.3.1, in almost all the studies, a different metric as a measure of production performance is used.  Some of them are using and considering peak production or first month production to be a good indicator of performance while some others use 6 months cumulative production or best months in 12 months production.  It is clear that there no consensus or established criteria to determine a good performance indicator even though selecting this value is critical to the entire study.  It can be concluded that there is a need to establish a good performance indicator which is considered in this thesis. 
RQ 2. How can the effects of geological and petrohpysical variables and reservoir fluid properties be eliminated or normalized? In Section 2.1, the geological, petrophyiscal, and reservoir fluid properties are explained and the potential impact of each of those properties are discussed. In addition, some of the studies presented in Section 1.3.1 demonstrated the influence of geological and reservoir properties such as depth and GOR of the wells. It is clear that there is a strong relationship between the geological and reservoir properties and production performance in Eagle Ford Shale. To understand the impact of hydraulic fracturing parameters, the influence of the geological and reservoir parameters need to be eliminated if possible, or minimized.  The methods to mitigate the impact of the reservoir related parameters are discussed in Chapter 3.  
RQ 3. What parameters of hydraulic fracturing should be considered for analysis? The studies presented in Section 1.3.1 also show that even though the objective of all of them is to determine the key production parameters, the studies selected somehow different stimulation parameters to analyze and consider.  It is clear that there is a lot of hydraulic fracturing related parameters, and acquiring data for all these parameters is not possible. The hydraulic fracturing parameters analyzed in this thesis are presented in Chapter 3.
RQ 4. What kind of data mining and statistical approach can be used to capture both linear and nonlinear relationships between the input and the output variables? Some of the data mining and statistical approaches used to identify the key stimulation parameters are discussed in the studies presented in Section 1.3.1. It was shown that in some of the studies, logistic regression or simple scatter plot methods are used, both of which do not have the ability to capture non linearity between the input and output variables. While in some of the other studies a modified version of logistic regression or neural networks that have the capability to capture non linearity are used, they did not consider dividing the data into training and test data to be able to test and validate the methods.  Furthermore, none of the studies considered using more than one regression technique on the same data to see the difference between the different techniques and determine the best data driven method for hydraulic fracturing analysis. It is important that a comparison of some of the powerful statistical techniques is done to determine the best performing technique. Several techniques are used and discussed in Chapter 4. 
RQ 5.  How do we assess and compare the performance of the techniques? None of the studies reviewed in the literature and presented in Section 1.3.1 used more than one technique to analyze hydraulic fracturing and thus they didn’t present any performance assessment techniques. Several performance assessment techniques are discussed and used in Chapter 3 to determine the best performing regression technique.

2.3 SYNOPSIS OF CHAPTER 2
In this chapter, a literature review of the Eagle Ford Shale Formation properties and the statistical analysis of hydraulic fracturing are presented. In Section 2.1.1, the geological and petrophysical properties of the Eagle Ford Shale and the variation of those properties throughout the formation are discussed. In Section 2.1.2, the reservoir fluid properties of the Eagle Ford Shale and how the variation in those properties could affect the production of performance of our wells are discussed. In Section 2.2, the justification of the research questions is presented. Now that the problem and research questions are defined, context and justification of the research questions have been provided, and an overview of the geological and reservoir properties of the formation are presented, in the next chapter, we start analyzing the data and use it to answer the research questions. In Section 3.1, the data quality is first examined to make sure the data is valid and well suited to answer the research questions. In Section 3.2, the data is used to answer the five research questions, and then in Chapter 4, the primary research question is answered. 
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Figure 2.7: Organization of the Thesis -Present (Boxed) and Next (Circled)






  CHAPTER 3

DATA UNDERSTANDING AND PREPARATION


In Chapters 1 and 2, the problem and the research questions are defined. Based on the literature, an overview of the Eagle Ford Shale formation characteristics which are crucial for understanding well performance is presented. Based on the studies reviewed in the literature, the research questions are justified and the research gaps are identified. In the previous two chapters, we cover the problem understanding, and in this chapter, we cover the data understanding. In addition, the research questions are answered in this chapter and the data is prepared for analysis which is done in Chapter 4 to answer the primary research question. Understanding and preparing the data is an important step in data mining and statistical analysis. Data understanding and preparing can affect the performance of a regression technique in terms of its classification and prediction capabilities. Data understanding and preparation refer to the improvement of data quality by visualizing, adding, cleansing, deleting, and transforming the data. This chapter is divided into two major sections. In Section 3.1, data understanding which refers to the process of exploring the data and identifying any outliers, missing values, and discrepancies to gain insight into the data in general and with respect to the objectives of this thesis is presented. In Section 3.2, the data preparation which in this thesis refers to the process of answering the research questions and preparing the data for regression analysis. In this section, the five research questions are answered, and in the next chapter, the primary research question is answered.  


1. 
2. 
3. 
3.1 DATA UNDERSTANDING


Data understanding helps us understand the data better and gain insight into the data quality, quantity, recency, relevancy, and validity.  This process helps us answer the following questions regarding the data: 
· What kind of data do we have available?
· Is the data quality, quantity, and recency sufficient?
· Is the data relevant to the problem?
· Are there any outliers or missing values?
· How is the data distribution?
· Does the data suit the problem?  

To answer these questions about the data, we first explore the data quality in the next section.  

3.1.1 Data Quality

In this section, we examine the quality of the data by checking the accuracy, completeness, and timeliness of the data. High quality of data is crucial to a good data analysis. If the data has low quality, it is hard to trust the results of the analysis as the saying goes “garbage in, garbage out”.  
We first look at the accuracy of the data.  We compare our data to the data available in Drillinginfo to see if there are any errors or discrepancy in the data given to us.  In DrillingInfo, we are able to find data about the production history of the wells, the depth of the first and last perforation, the perforation interval, and the completion date of the wells. We compared our data against the data available in DrillingInfo for these parameters, and we found out that there is a large discrepancy between the production data that we have and the production data available in Drillinginfo for most of the 65 wells. The reason for such a big discrepancy is that we found out the production data given to us is production data per lease not per well even though it has been recorded as a production data per well. A lease usually has more than one well, and thus the production data for a lease is usually much higher than the production data for a well.  That also confirms why we see the production data that we have is much higher than the one we get from DrillingInfo for each well.  It is worth mentioning that DrillingInfo reported only production data per lease until recently they released a new software called Production Workspace that reports production data per well and per lease. 
Another discrepancy that we found between the data that we have and the data reported in DrillingInfo is in the depth of the first and last perforation of some wells.  This discrepancy occurs only for a few wells, and we corrected this information according DrillingInfo as its data made more sense when we compared the depth of those wells to the surrounding wells. 
After we confirmed the accuracy of as much of the data as we had access to, we looked at the completeness of the data. We checked our data to see if there are any missing records or missing attribute values. Using R programming, each column of the data is checked and reported as shown in Table 3.1.  The number in front of each variable represents the number of missing values for that variable. As it can be seen, all the data is complete except for the production related variables. There are missing values for all the production related variables except the PEAK_BOERC and CUMGOR_RC which stand for peak equivalent barrels of oil and cumulative gas and oil ratio, respectively.  The reason for the missing values for the production related variables could simply be that those wells haven’t been on production for more than a month at the time this data was recorded.  These wells have a complete data for peak oil which means they have been on production when this data was recorded, but they haven’t been on production for long enough to have 3 months or more of production data. 
To resolve the missing values and the discrepancy issues in production data, we accessed the production data of the 65 wells from Production Workspace in DrillingInfo and used it to replace our production data.  
The timeliness of the data is another quality aspect of the data that is important in regards to the problem.  The data is checked to see how recent is the data and if it reflects the current nature of the problem domain.  The completion date or the last frac date which tells us about the timeliness of the data is available for all the wells and is checked to see how recent is the hydraulic fracturing of these wells. All the wells are completed between 2009 and 2011.  This tells us two things: first, the data is recent enough in regards to the problem domain and can be used to approach the problems addressed in this thesis. The fundamental hydraulic fracturing technique is still the same and the problems associated with it and addressed in this thesis remain to be unsolved. Second, it means that we have at least three years of production data for each one of these wells assuming that they all came on production soon after their completion date. 
Now that we have this data that is complete, accurate, and recent, we can use it to derive a metric for long term production performance. 3 years of production data is long enough to reflect the long term production performance of the wells. In Section 3.2, we define the long term production and discuss this further to answer the first research question.  
Table 3.1: Number of Missing Values in Each Variable of the Data Given












3.1.2 Outliers

An outlier is defined as “an observation that appears to deviate markedly from the other observations in the sample” (Engineering Statistics, 2013). It is important to detect outliers because an outlier could indicate bad data or could indicate something exceptional or interesting that may need further investigation.  Two different methods are selected to detect outliers: boxplot and the generalized extreme studentized deviates(ESD). 
Boxplot (box and whisker diagram) is a visualization technique to identify outliers in the data. It is a graph of the data that displays a line drawn from the minimum value to the maximum value. Within that a box with lines drawn at the first quartile, the median, and the third quartile is depicted as shown in Figure 3.1.  The diagram on the left is a simple boxplot with no outliers while the one on the right is a more complicated boxplot with outliers and potential outliers. An outlier is either 3 x IQR or more below the first quartile or 3 x IQR or more above the third quartile, and suspected outliers are either 1.5 x IQR or more below the first quartile or 1.5 x IQR or more above the third quartile (Hoffmann, 1981). 
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Figure 3.1: Boxplot Diagram (Hoffmann, 1981)

The ESD is used to detect one or more outliers.  Given an upper bound r, ESD performs r separate tests to identify r outliers. The generalized ESD test is defined for the hypothesis as follows: 
H0: There are no outliers in the data set 
Ha: There are up to r outliers in the data set 
Test Statistic:  Compute:
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where x and s are the sample mean and standard deviation, respectively. The critical values are calculated as follows: 
[image: ] 
Where tp.v is the 100p percentage point from the t distribution and v is the degrees of freedom. 
The number of outliers is determined by the largest i such that Ri>λi (Engineering Statistics, 2013)
We first use the boxplot technique to visually check the outliers as shown in Figure 3.2. We found five outliers and confirmed it with the ESD test.  Shown in Figure 3.2 is a boxplot on top of a scatterplot to show the five outliers compared to the rest of the data points. The x-axis is the number of wells and y-axis is the cumulative oil of each well. Thus, we have five wells that have production performance way larger than the rest of the wells. 
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Figure 3.2: Boxplot on Top of a Scatterplot Showing Five Outliers


We decided to investigate why we have such high production for these five wells that make them outliers.  We went through our data and checked all the parameters for these three wells, and compared them to the rest of the other wells. There wasn’t anything drastically different between those wells. We then checked those five wells in Drilling Info, and we found out that three of those wells have been side tracked as indicated in DrillingInfo by the change in the last two digits of the API number. The production data reported for these wells includes the side track production which adds more to what the wells were originally producing.  That explains why these three wells have such a high well performance. We decided not to include these wells in our analysis as it will not be a fair comparison with the other wells. 
 The other two wells have slightly less production performance compared to the three outlier wells.  However, we haven’t found anything drastically different between the two wells and the rest of the other wells on DrillingInfo to explain why they have such high production performance. We cannot include those two wells in our analysis as they skew the data largely and affect the results of the model, and we have no explanation as to why they have such high production compared to the rest of the other wells. Therefore, including them in the analysis will not add any value as we will still have no explanation for their high performance.  
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3.2 DATA PREPARATION

In this section, the five research questions are answered by using the data and the statistical tools and techniques such as scatterplot matrix. By answering the research questions, we are also preparing the data for regression analysis which is done in the next chapter. We need to first establish a performance metric to be able to measure the impact of the hydraulic fracturing parameters. We then need to eliminate or minimize the geological and reservoir related differences between the wells so that we can compare wells with similar reservoir and geological properties. This then takes us to the third research question which is selecting a manageable number of hydraulic fracturing parameters for analysis.  Once we have established a performance metric, minimized the geological and reservoir differences between the wells, and selected the hydraulic fracturing parameters, we select the regression techniques that are suitable for multivariate analysis of hydraulic fracturing data.  Last but not least, the performance assessment techniques to compare the regression techniques are discussed in this section.  

3.3 
3.4 
3.2.1 Research Question 1: How can the effect of a stimulation variable be measured?

The first research question regards determining a metric that can be used to indicate long term production performance of a well.  The metric is used to compare the performance of multiple wells and determine the impact of changing the hydraulic fracturing parameters. As mentioned earlier, we are interested in determining the impact of the hydraulic fracturing parameters on the long term production performance of a well. To be more specific, the long term production performance in this thesis refers to the first 3 years of production.  Even though shale wells usually continue producing for more than 3 years, a typical shale well produces the most in the first 6 months to 3 years time period. As shown in Figure 3.3, the production of a shale well dramatically decreases after that time period and the well continues producing at a very low rate. The average decline rate in Eagle Ford Shale is as high as 74%, and gradually decreases to 47 and 19 % during the second and third years, and after 3 years, only 11% of the initial production remains (Wachtmeister, et al., 2017). Therefore, most of the oil is produced during the first 3 years and maximizing the production during the first 3 years is of great interest. We select 3 years cumulative production as a metric for production performance, and as indicated earlier in the data understanding section, we have 3 years production data available for all the wells. 
During that time period, the well also produces gas and we account for the gas produced by converting the gas into oil and add it to the oil production as the following: 
Barrels of oil equivalent (BOE)= oil production (bbls) + Mcf/6
The conversion factor used to convert gas to oil is approximately 6 and it is based on the heating value. 
In addition, the 3 years cumulative production metric is more reflective of the reservoir behavior than the initial peak oil production as shown by the spearman’s correlation in Table 3.2. In the table, the shorthand BOE stands for 36 months cumulative Barrels of Oil Equivalent, resep stands for Reservoir Pressure, satu stands for Oil Saturation, vis stands for Oil Viscosity, Thick stands for Reservoir Thickness, Poros stands for Porosity, and Peak stands for Initial Peak Oil Production which refers to the highest oil production in the first six months of oil production.  We notice that there is a correlation of 0.82 between the initial Peak oil production and the 3 years cumulative BOE which means that the initial Peak oil does not completely reflect the long term or 3 years production performance. We also notice that there is a higher correlation between the cumulative BOE and all the reservoir properties except oil viscosity than there is between the reservoir properties and the initial Peak oil production.  This means that the 3 years cumulative BOE is more reflective of the reservoir behavior than the initial Peak oil production. 
Thus, in this thesis, the 36 months cumulative barrels of equivalent oil for which we use the shorthand BOE is selected as a production performance metric because it is a better representative of long term production performance and a better representative of reservoir behavior than the initial Peak oil production.    

Figure 3.3: Typical Shale Well Production Profile
Table 3.2: Spearman’s Correlation of the Reservoir Properties and Production Performance Metric
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3.2.2. Research Question 2: How can the effects of geological and petrophysial variables and reservoir fluid properties be eliminated or minimized? 

Shale reservoirs are known to be highly heterogeneous and anisotropic meaning that the reservoir properties vary throughout the formation. Reservoir and geological properties have a great impact on the production performance of a well.  The relationship between reservoir and geological properties and the production performance of a well are shown in the two equations below. 

        Oil Production Rate
       Original Oil In Place 
N



          = reservoir pressure-wellbore pressure(psi) 
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The first equation is used to measure the oil capacity of a reservoir and the second equation is used to indicate the production capacity of the reservoir. If two wells have the same hydraulic fracturing design, the one that has better reservoir and geological properties will have a higher production performance than the other well. Since we are interested in determining the impact of the hydraulic fracturing parameters, we need to make sure we normalize the effects of the reservoir and geological differences between the wells so that any difference in production performance can be attributed to the differences in hydraulic fracturing design between the wells.  To minimize the effects of the differences in geological and reservoir parameters, we divide the wells into groups of similar reservoir and geological properties. According to the above equations, the important reservoir and geological related parameters are the following:
· Area of the reservoir
· Thickness of the reservoir 
· Porosity of the reservoir 
· Oil saturation of the reservoir 
· Permeability of the reservoir 
· Pressure of the reservoir
· Oil viscosity of the reservoir 
Thus, we divide the wells based on these parameters into 3 groups as shown in Table 3.3 below. A scatterplot matrix of the complete geological and reservoir related data of the wells of each group is shown in the Appendix in Figures B.1, B.2, and B.3. 
Table 3.3: The Reservoir and Geological Related Parameters of the Three Groups
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Since the area of the wells are unknown, we can’t account for this parameter, and since the permeability of the wells is not available, we can’t use this parameter to group the wells either. However, based on the literature review presented in Chapter 2, the permeability of the Eagle Ford Shale is extremely low and is in the range of nano darcies throughout the formation. The viscosity data isn’t available for the wells either. However, since we have oil API gravity of each well, we calculated the viscosity of the wells using the Beggs and Robinson correlation equation (Beggs, et al., 1978).  The correlation requires the oil API gravity and reservoir temperature as inputs. We don’t have the reservoir temperature of the wells, but since we have the depth of each well, we were able to calculate the reservoir temperature using a temperature gradient of 0.02 F/ft determined by Gong and co-authors (Gong, et al. 2013) and adding a surface temperature of 60 F. The calculated viscosity numbers presented in Table 3.3 were checked and confirmed with the viscosity heatmap of the Eagle Ford Shale developed by Cander (Cander, 2013).
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Figure 3.4: Production Performance of Each Group

Based on the reservoir properties listed in Table 3.3, Group 1 has a more favorable reservoir quality than Group 3 since it has a higher reservoir pressure, porosity, oil saturation, and lower viscosity than Group 3 even though Group 3 has a larger reservoir thickness. The production performance of Group 1 is on average higher than that of Group 3 as shown in Figure 3.4. This difference in production performance between the wells could be due to the differences in the reservoir and geological properties between the groups or it could be due to a combination of the reservoir and geological and hydraulic fracturing parameters. 
The distribution of the production performance of the wells in each group are shown in the boxplots, and we can see that even though the wells in each group have fairly similar reservoir properties, their production performances are different which could be due to the differences in hydraulic fracturing design between the wells in each group. 
The differences in production performance between the groups and between the wells within a group are explained in Chapter 5 after determining the importance of the hydraulic fracturing parameters.
The grouping of the wells based on the reservoir and geological properties matches the trends in Eagle Ford Shale reservoir and geological properties reviewed in the literature as presented by the blue arrows in Figure 3.5. 
Thus far, the research question 2 has been answered and the differences in reservoir and geological properties between the wells have been minimized by dividing the wells into groups of similar reservoir and geological properties. 



[image: ]
Figure 3.5: Location of the 3 Groups of Wells and Changing Reservoir Properties


3.2.3. Research Question 3: What parameters of hydraulic fracturing should be considered for analysis? 

The hydraulic fracturing parameters selected for analysis are the following: 

· Perforated Length Interval (pli)(ft)
· Injection Rate per Stage (irps) (bpm)
· Number of Clusters per Stage (nocps)
· Volume of Proppant per Well (voppw)(lbs)
· Volume of Water per Well (vowpw)(gals)
· Number of Stages per Well (nos)
· Average Treating Pressure per Well (atppw)(psi)
· Maximum Treating Pressure per Well (mtppw)(psi) 
These parameters are selected to represent both the geometry and the fluid design of the hydraulic fracturing process, and these are all measured parameters.  We also have a complete set of data points for each one of these parameters.  However, one other parameter that would have been useful to include is the type of fluid mixture added to the hydraulic fracturing fluid so that we could analyze the impact of fluid type on hydraulic fracturing.  Since we don’t have any data available regarding the type of the mixture, we can’t include this in our analysis. 
An initial analysis of those hydraulic fracturing parameters using a scatterplot matrix correlation indicates that there is a strong correlation between average treating pressure and maximum treating pressure as shown in Figure 3.6. The symbols in the square boxes represent the hydraulic fracturing parameters and are defined above at the beginning of this section.  We notice that there is a strong correlation between average treating pressure and maximum treating pressure, and we use the Spearman’s Rank correlation coefficient to quantify the correlation between the variables. Spearman’s rank correlation coefficient is used to consider the ordering of values and rank them. The mathematical form of Spearman’s rank correlation coefficient is as follows:
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Where r(xi) is the rank of value (xi) when the list (x1,…..xn) is sorted in increasing order.  R(yi) is define analogously. -1≤ ρ ≤1 and larg values of /ρ/ mean the rankings of the x and y are in a similar or exact order (Engineering Statistics, 2013). 
Based on the Spearman’s Rank correlation coefficient, there is a 0.83 correlation between average treating pressure and maximum treating pressure as shown in Table 3.4.  It is safe to say that higher average treating pressure most of the time means higher maximum treating pressure.  We can use average treating pressure to represent the maximum treating pressure and reduce the dimension to 7 variables from 8 variables.  However, we include both variables in the analysis as maximum treating pressure tells us about the breakdown pressure of the formation while the average treating pressure tells us about the treatment pressure of the fractures and both are useful information to have in the analysis. 
It is also shown that there is a slightly strong correlation between number of clusters per stage (nocps) and the perforated length interval (pli) and the number of stages which means that wells with higher number of clusters and number of stages usually have longer lateral length. However, checking with the spearman correlation matrix, the correlation between those parameters is found to be below 0.80 which means that the correlation is not strong enough to represent those parameters with one and eliminate the others. We proceed with the 8 parameters for regression analysis.  


Figure 3.6: Scatterplot Matrix of the Hydraulic Fracturing Parameters

Table 3.4: Spearman’s Correlation of the Hydraulic Fracturing Parameters
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Thus, up to this point, we have answered the first 3 research questions and we have prepared the following data for regression analysis: 

· Production Performance Metric, BOE 
· 3 Groups of Wells 
· Group 1: 15 wells 
· Group 2: 23 wells 
· Group 3: 22 wells 
· 8 Hydraulic Fracturing Parameters
· Perforated Length Interval (pli)(ft)
· Injection Rate per Stage (irps) (bpm)
· Number of Clusters per Stage (nocps)
· Volume of Proppant per Well (voppw)(lbs)
· Volume of Water per Well (vowpw)(gals)
· Number of Stages per Well (nos)
· Average Treating Pressure per Well (atppw)(psi)
· Maximum Treating Pressure per Well (mtppw)(psi) 

In the next section, we answer the fourth research question by identifying the regression techniques that are suitable for analysis of the above data that we have prepared, and then in the last section, we answer the fifth research question by presenting the methods of assessing the regression techniques and selecting the best performing regression technique for analysis of hydraulic fracturing data. 

3.2.4. Research Question 4: What kind of data mining and statistical approach can be used to capture both linear and nonlinear relationships between the input and output variables? 

The problem that has been addressed in this thesis falls into Supervised Statistical Learning which means the input and output variables are known, and the regression technique is trained to identify a relationship between the known input and output data. The goal is to fit a regression technique that relates response to predictors or inputs variables so we understand the relationship between the response and the predictors.  There are multiple supervised learning techniques such as multiple linear regression, decision trees, elastic net, neural networks, and so on. Depending on the nature of the problem, each of these techniques have different performances, and choosing the right one depends on factors like the goal of the study (inference, prediction, or classification), whether there is linear or nonlinear relationship between input and output variables, whether the data is continuous or binary, and so on.
 In this thesis, we have identified four regression techniques that are well suited for the purposes of this study.  The techniques are Logistic Regression (LG), Decision Trees (DT), Support Vector Machines (SVMs), and Neural Networks (NNs). All of these techniques have the ability to capture nonlinear relationships which is an import factor in this study as it is likely that there is nonlinear relationship between the input and output variables.  The second reason is that our data is continuous and these techniques can be used and output continuous values.  
The first two techniques LG and DT are easy to understand and interpret and provide good fits to the data.  SVMs and NNs are more complicated and not as easy to interpret and understand, but they have the advantage of being flexible in fitting the data and have better learning capabilities when compared with LG and DT (Moro, et al., 2014).  
There are some other methods that provide these advantages of capturing non linearity and interactions between the variables.  One of these models is Multivariate Adaptive Regression Splines (MARS).  However, this technique is not considered in this thesis due to its unpopularity and the limited scope of this thesis. As mentioned by Gao and co-authors, their paper is the first documented application of the MARS algorithm to analyze and interpret petroleum industry data (Gao, et al., 2013).  The methods that we have considered in this thesis are much more widespread and popular in the analysis of petroleum industry data. The second reason is that there is clearly not enough time and space to consider all the regression techniques in a master’s thesis. With the four regression techniques that we have selected, we have covered most of the advantages offered by other regression techniques such as ability to capture non linearity and interactions between the input and output variables, flexibility in fitting the data, and ease of interpretability.  
In the next chapter, a brief description of each of these techniques is provided, and these techniques are used on the data. Then they are compared to select the best of them to proceed with. 
In the next section, the methods of assessing the performance of these techniques and comparing them to each other are presented.

3.2.5. Research Question 5: How do we assess and compare the performance of the techniques? 

We use R2 and RMSE to compare the regression techniques and select the technique with the best fit. R2 is used to measure the correlation between the observed and predicted values while RSME is used to measure the predictive ability of the fit. They are both simple methods to assess the quality of a regression fit. 
R2 statistics uses a proportion of variance explained to assess the measure of fit and is always between 0 and 1. R2 is calculated as the following: 
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Where [image: ]    and       [image: ]

TSS is the total sum of squares and measures the total variance in the response which means it is the amount of variability inherent in the response before regression is performed.  However, RSS measures the amount of variability in the response that is not explained after performing the regression. Thus, TSS – RSS is the measure of the variability that is explained by the regression model.  R2 is the measure of the variability in Y that can be explained by using X. A technique with an R2 value close to 1 indicates that a large proportion of the variability in the response has been explained while an R2 of close to 0 indicates the opposite. However, since R2 is a measure of correlation not accuracy and is highly affected by the variance in the output variable, it can have systematic bias. We use RMSE to confirm the model assessment. 
RMSE which stands for root mean square error is used to characterize the technique’s predictive capabilities and compare the four methods. RMSE uses the regression residuals which are calculated as the observed values minus the regression predictions. Then the residuals are squared and summed and then divided by the number of samples to calculate the mean squared error(MSE).  
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The square root of MSE is taken to get RMSE so that it is in the same units as the original data. RMSE is usually interpreted as the average distance between the observed values and the regression predictions. 
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3.3. SYNOPSIS OF CHAPTER 3


In this chapter, we gain an understanding of our data in regards to the problem that has been addressed and prepare the data for regression analysis which is done in the next chapter. In Section 3.1, data understanding is presented.  The quality of the data in regards to how relevant, recent, and complete is the data is examined and improved.  Some discrepancy, missing values, and outliers are identified and resolved. 
In Section 3.2, data preparation is presented. The five research questions are answered using the statistical tools and analysis. Based on an understanding of shale well behavior, a production performance metric is determined. The wells are grouped based on the reservoir and geological related parameters to minimize the differences between the wells regarding the reservoir properties. The hydraulic fracturing parameters are selected for analysis, and the regression techniques are identified. Last but not least, the methods of assessing and comparing the regression techniques are identified. 
Moving forward, in the next chapter, a brief description of the four regression techniques is first provided.  Then the techniques are used on the data, and they are assessed and compared to determine the best performing regression technique.  Then the best performing technique is used to determine the key stimulation parameters which is the answer to the primary research question and is presented in the next chapter.  
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Figure 3.7: Organization of the Thesis -Present (Boxed) and Next (Circled)








  CHAPTER 4

OVERVIEW OF THE REGRESION TECHNIQUES AND RESULTS

In Chapter 3, data understanding in regards to the data quality, missing values, and outliers is provided. The quality of the data is improved and any issues relating to missing values and outliers are resolved. Then the data is used to answer the five research questions.  A production metric to measure well performance is established, the geological and reservoir variations among the wells are minimized by grouping wells of similar properties together.  Eight hydraulic fracturing parameters are selected to analyze, and four regression techniques are identified to use for analysis of the data. Last but not least, two statistical techniques are determined to measure the performance of the regression techniques and compare them. Now that we have prepared the data and identified the tools and techniques of data analysis, in this chapter, we use the data and these techniques to answer the primary research question. We first present a resampling method called 10 Fold Cross Validation used by regression techniques to learn about the data and make a better fit. Then the four modeling techniques which are Logistic Regression (LR), Decision Trees (DT), Support Vector Machines (SVMs), and Neural Networks (NNs) are explained.  We then run the four techniques on the group 2 data since this group has the largest number of data points. Once we have run the techniques on the group 2 data, we then evaluate and compare the results of the techniques to select the best performing method. We run the best performing method on the rest of the other groups. We analyze the results for each group and draw conclusions to answer the primary research question. In the next chapter, the concluding points and the method are evaluated and compared to other studies that have been done in this area. 
1. 
2. 
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4. 
4.1 OVERVIEW OF THE RESAMPLING TECHNIQUE
One of the most common resampling methods is 10-fold cross validation which we use in this thesis due to its superiority over the other methods. Resampling methods involve repeatedly drawing samples from the data and refitting the regression technique on each sample to gain additional information about the data.  This method allows us to calculate the test error associated with each technique and select the method with the smallest test error.  
10-fold cross validation (CV) method randomly divides the data into 10 groups or folds of approximately equal size. The first set of data points are used as a validation set.  The regression technique is then fit on the remaining 10-1 folds, and mean RMSE is calculated between the predicted and actual values in the held out group or fold. This procedure is repeated 10 times, and each time a different group of data points are used as a validation set. This procedure results in 10 estimates of the test error RMSE.
Using 10-fold cross validation is very common as one of the advantages of using 10 folds instead of more than 10 is the computational time which would be much longer if we had used a larger number of folds. Another advantage of 10-fold cross validation is that it has been empirically shown that using k=10 gives more accurate estimates of the test error that suffer neither from high bias nor high variance (Kuhn, et al., 2016). 
The reason we use cross validation in this thesis is that we are interested in the minimum point in the estimated test RMSE curve and use this minimum RMSE with R2 to identify a method that results in the lowest test error. 

4.2 LOGISTIC REGRESSION
Logistic linear regression is one of the simplest and most straight forward technique that can be written in the following form: 
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Where β1,….., βp are the regression coefficients for the ith predictors, and β0 is the estimated intercept. Xij represents the value of the jth predictor for the ith sample which in our case corresponds to 8 predictors for 60 data points, and Yi is the numeric response for the ith sample.  Since we don’t know the value of the coefficients β, we estimate the β value based on the observed data.  The technique uses the ordinary least squares method which minimizes the sum of the squared differences between the fitted and the observed values to estimate the value of β and is written in the following form: 
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[image: ] is called the method of ordinary least squares (OLS).
The main advantage of the above mentioned method and equation is that it is simple and easy to interpret. The estimated coefficients of the predictors can be used to interpret the relationship between the predictors and the response variable. Another advantage is that this model can easily be extended to a polynomial regression that is capable of capturing nonlinearity between the input and output variables and account for the interaction within the input variables.  Each of the original predictors or parameters can be easily raised to a power such as x2,x3…xn  (Kuhn et al., 2016).   
In this thesis, to fit a linear regression that has the capability of capturing the nonlinear relationships and accounting for the interaction between the variables, a specific formula is created as shown in the Appendix D. Each predictor has been extended to include all the linear parameters, square of each parameter, and the two factor interactions between the parameters. 
We run the technique on group 2 with 10 cross validation and we got an RSME of 288544.4 and R2 value of 0.85.  We will use these two numbers to compare this technique to the rest of the other techniques that are discussed next. 

4.3 DECISION TREES
Decision tree uses a set of rules to divide a large heterogeneous data into smaller and more homogenous groups and creates a hierarchical structure with respect a target variable. Building a tree from root to leaves involves the selection of the splits first which is based on an evaluation measure for the predictors or input parameters.  A predictor with the best evaluation measure is chosen which is the predictor that results in the smallest tree or that produces the purest nodes. Then the data is divided according to the splits.  This procedure is then repeated and applied to the subsets as well. A decision on whether a node should be split or is a terminal is made at each node, and finally each terminal node is assigned a class (James, et al., 2013). Shown in Figure 4.1 is an example of a tree that we built for the hydraulic fracturing parameters. The Code is shown in the Appendix D. Since the number of data points are small and have values close to each other in group 2, we have only two branches of the tree. For this method, the smallest RSME value is 30283 and the value of R2 is 0.8379
	As we can see the previous regression technique has a smaller RSME value and a higher R2 value and thus it is considered a better technique than the decision tree method. Therefore, we choose the regression method over the decision tree method. 
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Figure 4.1: Decision Tree Model of Group 2 Data

4.4 SUPPORT VECTOR MACHINES
Support vector machines are a class of very powerful and flexible techniques that are not limited to linear models, are robust to outliers, and have different types of penalized regression. The ϵ-insensitive regression minimizes the following: 
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Where c is a cost parameter that is set by the user, and Lϵ(.) is a loss function. The cost parameter is associated with the residuals not the regression coefficients like in the linear regression. Thus with the following loss function: 
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Points with small residuals do not contribute to the regression fit, and larger residuals contribute a linear amount. SVM is similar to linear regression in the sense that the parameter estimates can be written as a function of a set of unknown parameters αi and the training sample as shown below: 
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There are as many unknown parameters αi as there are data points in the above equation, and the training data represented by x is required to make a prediction.  Training data points with αi≠0 are called support vectors, and only points with large residuals are used for prediction. The above equation is usually rewritten in the follow form: 
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The K(.) is called a kernel function, and a linear kernel function is written as:
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There are other nonlinear kernel functions such as polynomial, radial basis function, and hyperbolic tangent.  The radial basis function has been shown to be effective and is used in this thesis as shown in the written code in the Appendix D (James, et al., 2013). After we run the SVMs technique, the kernel parameter was analytically estimated to be 0.05245, and the smallest RSME value and R2 value are found to be 26146.97 and 0.91.  We can see there is a big improvement on both the RSME and R2 values compared to the previous two techniques.  Thus, we choose the SVMs over the previous methods.

4.5 NEURAL NETWORKS
Neural networks are nonlinear regression techniques that use an intermediary set of unobserved variables called hidden variables or hidden units to model the outcome. These hidden units are linear combinations of some or all the predictor variables, and this linear combination is transformed by a nonlinear function as the following: 
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Where	
				 [image: ]
g(.) is the nonlinear function, and the coefficient βik is the effect of the ith predictor on the kth hidden unit. The hidden units can be specified by the user, and a NN usually uses multiple hidden units to model the outcome.  Once the number of the hidden units is defined, a linear combination connects the hidden units to the outcome as the following: 
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Where h is the number of hidden units. 
The parameters are usually initialized to random values and then optimized to minimize the sum of the squared residuals. We created a sequence of numbers starting from 1 to 27 by a step of 2 to change the number of hidden units as the method is running and find the optimal number of layers in the method.  
Since there is a large number of regression coefficients, neural networks tend to over-fit the relationship between the predictors and the response. To mitigate over-fitting, we use weight decay which is a penalization method to regularize the regression technique.  We have assigned a value of 0.1, 0.01, and 0.001 to the decay weight and these are commonly used values as shown in the code in Appendix D.  The objective function thus has been changed to error+λf(Ɵ) where the function f(Ɵ) grows larger as the components of Ɵ become larger and λ is the weight decay that represents how much we want to protect against overfitting. Having a value of 0 for the decay weight means we don’t want any protection against overfitting while having a large value means we want the technique to make Ɵ as small as possible (Kuhn, et al., 2016).
To make sure the regression coefficients are on the same scale. We centered and scaled the parameters prior. Shown in Figure 4.2 is the regression that we have fit to the data.   
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Figure 4.2: Visualization of the Neural Networks Technique for Group 2 Data

The variables on the left side are the input parameters going into the method, and the circles represent the hidden layers. The black numbers represent the weighted vectors between the neurons and the blue lines represent the bias added. On the right hand side is the BOE which is the output parameter.  We are interested in the assigned weights to each parameter, but unfortunately there is not much we can tell based on this visualization. However, with the use of Garson method and function, we can easily determine the relative importance of each variable as shown in the next section. 
We found the smallest RMSE to be 28032 and R2 to be 0.92.  Even though the SVMs method has a smaller value of RSME, the neural networks have a smaller R2 value.  Choosing any of the last two methods would not make any significant differences in our analysis since there is not a significant difference between the two methods. However, since we are not performing any predictions on the data due to the fact that there are not enough data points to divide into training and testing data, we are more interested in the correlation and the effect of the parameters than the predictive ability of the method.  Thus, we choose the method with a larger R2 value which is the neural networks.

4.6 DISCUSSION OF THE RESULTS
Now that we have identified and selected the best performing method, we run this method on the data for all the groups and present the results for each group in this section.  We run the Neural Networks for the 3 groups, and we got the relative importance of each parameter in each of the three groups as show in Figures 4.3,4.4, and 4.5.  The hydraulic fracturing parameters are listed on the x axis and the relative importance number is on the y axis. 
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Figure 4.3: Relative Importance of Each Parameters on the Output for Group 1
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Figure 4.4: Relative Importance of Each Parameters on the Output for Group 2
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Figure 4.5: Relative Importance of Each Parameters on the Output for Group 3
The first thing we notice from these figures is that all the parameters have relatively high importance in each group meaning that these 8 hydraulic fracturing parameters have a large impact on the output parameter which is production performance. Thus, these results indicate that the key stimulation parameters are the following: 
· Perforated Length Interval (pli)(ft)
· Injection Rate per Stage (irps) (bpm)
· Number of Clusters per Stage (nocps)
· Volume of Proppant (voppw)(lbs)
· Volume of Water (vowpw)(gals)
· Number of Stages (nos)
· Average Treating Pressure (atppw)(psi)
· Maximum Treating Pressure (mtppw)(psi) 

 We also notice that there is a slight difference between the parameters in terms of relative importance, and that changes for each group. For example, in Group 1, the 3 parameters with the highest relative importance are Number of stages, Maximum treating pressure, and number of clusters. However, the in Group 2, the 3 parameters with the highest relative importance are Average treating pressure, Perforated lateral length, and Volume of proppant.  The top 3 parameters for in Group 3 are Number of stages, Volume of proppant, and Injection rate per stages.  
Thus, the results of the regression method indicate that (1) each of the 8 hydraulic fracturing parameters that we have investigated have a large impact on the production performance, and (2) the top 3 parameters have the highest relative importance and are different from one group to another. 
In the next chapter, we evaluate these results and the method. We check to see if these statistical results can explain the differences in production performance between the 3 groups and the wells within each group. 

4.7 SYNOPSIS OF CHAPTER 4
In this chapter, the primary research question is answered. An overview of the resampling method and regression techniques is first presented. In Section 4.1, the 10 cross validation method that is used in the regression techniques is discussed.  In Section 4.2, an overview of the logistic regression and the results of the technique are presented. In Section 4.3, a brief description of the decision tree method is provided and then the results of the method are presented. In Section 4.4, an overview of the Support Vector Machines and the results of the method are presented. In Section 4.5, the Neural Networks are presented and the results of the technique are discussed. Once all the techniques are run on the data, we selected the NNs as the best performing technique and run it on the rest of the data. The results of the NNs method are presented and analyzed in Section 4.6. The results of the method indicate two main points: first, all eight hydraulic fracturing parameters have relatively high importance in regards to the production performance of the wells, and second, different weights or relative importance are assigned to the hydraulic fracturing parameters meaning that some of the hydraulic fracturing parameters have relatively higher importance than the rest.   
	In the next chapter, we first analyze the first point by looking at the hydraulic fracturing parameters and the production performance between the 3 groups of wells and see if the variations in group performance can be explained by the differences in the hydraulic fracturing parameters.  We then analyze this point further by comparing wells of similar geological and reservoir properties and determine if the differences in their production performance can be explained by the differences in the hydraulic fracturing parameters.  Then the second point is evaluated by assigning the weights to each parameters and see if increase in production performance from one well to another is due to the change in the hydraulic fracturing parameters between the two wells.  Based on the evaluation, we then draw concluding points about the results and the method. Then the concluding points are compared with the relevant studies from the literature.  
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Figure 4.6: Organization of the Thesis -Present (Boxed) and Next (Circled)

  CHAPTER 5

CRITICAL EVALUATION OF THE RESULTS AND THE APPROACH

In the previous chapter, the primary research question is answered by running the regression techniques on the data. The results of the four techniques are shown and it is found that the NNs and SVMs are the best performing techniques. NNs is selected to process with for the rest of the analysis and it is run on the rest of the data. Based on the results of the NNs method, the eight hydraulic fracturing parameters all have relatively high importance on the production performance of the wells, and some of the parameters have relatively higher importance than the rest.  In this chapter, we evaluate the results of the regression technique and the approach. We first evaluate the first point by comparing the hydraulic fracturing design and the production performance of the 3 groups while keeping in mind that these groups have different reservoir and geological properties. We then evaluate this point by comparing wells of similar geological and reservoir properties. The differences in production performance and the hydraulic fracturing parameters are examined between a set of wells in each group.  Once we have confirmed the importance of the hydraulic fracturing parameters, we evaluate the second point or result of the NNs method by assigning weights to each hydraulic fracturing parameters and calculating the increase in production performance of two wells. We then draw concluding points from the evaluation and compare the concluding points to the results of relevant studies reviewed in the literature. This chapter is ended with the concluding points and the summary of the thesis is provided in the next chapter in which the achievements and recommendations for future work are presented as well.
 
5.1 ANALYSIS OF THE RESULTS
We divide the parameters into two groups: the first group we call geometry related parameters which include the parameters related to the geometry of the completion system as presented in Section 1.3.1 and are the following: perforated interval length (pli)(ft), number of stages (nos), and number of clusters per stage (nocps). The second group is called fluid related parameters which includes: volume of proppant per well (voppw)(lbs), volume of water per well (vowpw)(gallons), injection rate per stage (irps)(bpm), average treating pressure per well (atppw)(psi), and maximum treating pressure per well (mtppw)(psi) as presented in Section 1.3.1. 
To understand how each one of these parameters plays an important role in the hydraulic fracturing of shale reservoirs, we compare the 3 groups in terms of how their production performances and the hydraulic fracturing parameters are different. 
As mentioned in Chapter 3, the first group has a higher production performance than Group 2 and Group 3, and Group 2 has a higher production performance than Group 3.  This difference in production performance could be due to the differences in reservoir and geological properties shown in Table 5.1.  On average, Group 1 has a better reservoir quality than Group 2 and Group 3, and that could be the reason why it has a better production performance. 
However, even though this provides strong evidence or explanation as to why Group 1 is performing better than Group 3, it doesn’t completely explain the big difference in production performance observed between the two groups. If we assume the hydraulic fracturing design between the two groups are the same, and the pressure drawdown is the same, the ratio of the production performance of Group 1 to Group 3 is calculated to be 2.027.  However, the ratio of the actual production performance of Group 1 to Group 3 is 2.27. There is 23 percent difference in production performance between the two groups that is left unexplained. Therefore, in addition to the reservoir and geological differences, there must be another factor that is affecting the production performance and contributes to such a big difference in the production performance of the two groups. 
Table 5.1: Reservoir Related Parameters of the Three Groups
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Since it is shown in results of the NNs regression analysis  that is done in Section 4.5 that all the hydraulic fracturing parameters have an impact on the production performance of the groups, we investigate the effect of those parameters further and provide a complete explanation as to why there is such a big difference in production performance between Group 1 and Group 3.  
In each group we calculate the average value of each parameter so that we can represent the entire group with one number for each parameter and compare it with the other two groups. The equation to calculate the average value of each parameter in each group is shown in appendix equations C.1 and C.2, and the equation to calculate percent increase is shown in Equation C.3.  This way it is easier and more efficient to observe trends across the groups and make reasonable comparisons.  Shown in Table 5.2 is the average value of each of the parameters for the three groups. The last row represents the numbers used to scale the parameters so that they can all be represented as a two digit number as shown in Figure 5.1.
Table 5.2: The Average Value of Each Parameter in Each Group
	Groups
	pli(ft)
	vowpw
(gallons)
	nos
	nocps
	voppw
(lbs)
	irps
(bpm)
	atppw
(psi)
	mtppw
(psi)
	BOE

	Group 1
	5209
	4327146
	15.47
	6.467
	4091630
	79.4
	8151
	9074
	112.629

	Group 2
	4444
	3812685
	15.91
	5.826
	3980458
	71.48
	7395
	8737
	79.04

	Group 3
	5792
	4834696
	17.55
	7.09
	4795956
	90.55
	6578
	7996
	49.71

	Scaling Parameters
	/100
	100,000
	
	
	/100,000
	
	/100
	/100
	/1000



We notice that Group 3 has the largest average value for all the parameters except average treating pressure and maximum treating pressure as shown in Figure 5.1. The values of the largest parameters such as volume of water and proppant in Figure 5.1 have been scaled so that they can all be represented in the same plot. The numbers on the x axis represent group number, and the color boxes and the numbers inside the color boxes represent the value of the hydraulic fracturing parameters mentioned in Table 5.1 
As shown in Figure 5.1, the overall fracture design is different between the groups, and the largest difference is between Group 1 and Group 3.  Since these wells or groups of wells are hydraulically fractured on a stage basis as mentioned in the earlier chapters, it is important to know how these groups compare on a stage basis.  We divide all the parameters by the number of stages except number of clusters, injection rate, and treating pressure as these are already on a stage basis. The normalization also creates a new parameter called stage length which is the division of perforated lateral length by the number of stages. We scale the large variables according to Table 5.2 and plot the values as shown in Figure 5.2. 
We notice there is a smaller difference in the hydraulic fracturing design between Group 1 and Group 3 on a stage basis. For example, on a well basis, it is shown that the wells in Group 3 have a larger volume of water than the wells in Group 1. However, on a stage basis, it is shown that the volume of water pumped down for each stage of the wells in Group 1 is more than the volume of the water pumped down for each stages of the wells in Group 3. The ratio of water volume of Group 1 to Group 3 is 0.896 on a well basis while the ratio is 1.018 on a stage basis. We observe a similar trend in the other parameters. For proppant volume, the ratio of Group 1 to Group 3 on a well basis is 0.852 while on a stage basis the ratio is 0.967. Thus, even though comparing the hydraulic fracturing data on a well basis provides us a good idea about the overall hydraulic fracturing design and performance, it doesn’t necessarily reflect how each stages of the wells are being treated. The hydraulic fracturing data on both a well basis and stage basis are investigated to know the overall hydraulic fracturing design and performance of the wells and the design and performance of each stages, respectively. 

Figure 5.1: Average Value of Hydraulic Fracturing Parameters and BOE for Each Group

Table 5.3: Scaling of the Hydraulic Fracturing Parameters 
	Groups
	pli(ft)
	vowpw
(gallons)
	nos
	nocps
	voppw
(lbs)
	irps
(bpm)
	atppw
(psi)
	mtppw
(psi)
	BOE

	Scaling Parameters
	/100
	10,000
	
	
	/10,000
	
	/10
	/10
	/100





Figure 5.2: Average Value of Hydraulic Fracturing Parameters on a Stage Basis

As shown in Figure 5.2, the stage length in Group 1 is as short as the stage length in Group 3, the volume of water pumped per stage, the proppant volume per stage, and the number of clusters per stage are fairly similar for Groups 1 and 3. The biggest difference between Groups 1 and 3 is in the injection rate and treating pressure. Even though Group 3 has a higher injection rate than Group 1, Group 1 is treated with higher pressure on a stage basis. The percent increase in injection rate from Group 1 to Group 3 is only 14.1 percent while the percent increase in average treating pressure and maximum treating pressure from Group 3 to Group 1 is 28.7 and 40.5 percent, respectively. Thus, even though Group 3 has a higher injection rate than Group 1, its treating pressure is much less than Group 1. In hydraulic fracturing, high treatment pressure that is above rock break down pressure is required to initiate and propagate fractures (Ling, et al., 2016). It is possible that a high treatment pressure is applied in Group 1 because Group 1 has a higher reservoir pressure and thus a higher treatment pressure is required to fracture the formation. It is also possible that the high treatment pressure in Group 1 has resulted in creating better fractures and fracture propagation than the fractures in Group 3 even though Group 1 has slightly smaller injection rate. This coupled with the effect of the geological and reservoir properties could explain why Group 1 has such a higher production performance on a stage and well basis. However, due to data limitation, we have no way of confirming whether the high treatment pressure led to better fractures or not in Group 1, but in the next section we show the importance of having high treatment pressure by comparing wells of similar reservoir properties. 
Table 5.4: Reservoir Related Parameters of a Set of Wells in Group 1
[image: ]

5.2 CONFIRMING THE VALIDITY AND UTILITY OF THE CONCLUDING POINTS
In this section, we compare and analyze a set of wells from each group to confirm the importance of the hydraulic fracturing parameters that we have identified as the key stimulation parameters. 

Group 1: 


Figure 5.3: The Hydraulic Fracturing Parameters and Production Performance of a Set of Wells in Group 1




Figure 5.4: The Hydraulic Fracturing Parameters and Production Performance of a Set of Wells in Group 1


Table 5.5: Calculated Production Increase Based on the Weights Assigned to Each Parameter
[image: ]


The following are the main observations for a Group 1 wells: 
· The Reservoir properties of Wells 1 and 2 are fairly similar as shown in Table 5.4. However, the production performance of the two wells are different which could be due to the difference in the hydraulic fracturing design.  On a well basis, Well 1 has a slightly longer lateral length, higher number of stages, and larger volume of water and proppant than Well 2 as shown in Figure 5.3. This could be the reason why Well 1 has a higher production performance than Well 2.   On a stage basis, Well 1 has a higher production performance than Well 2 which could be due to the fact that more volume of water and proppant are pumped down for each stages of Well 1 than the stages of Well 2 as shown in Figure 5.4.  The rest of the other parameters are fairly similar between Well 1 and Well 2 on a stage basis.  Thus, Well 1 and 2 fractures are treated with fairly similar pressures and injection rate, but since Well 1 has a longer lateral length with higher number of stages and clusters and has more volume of water and proppant pumped down for each stage, it has a higher production performance.
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about 1 million BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 40,826 barrels as shown in Table 5.5. The equations for the calculation of the numbers in Table 5.5 are provided in the appendix Equations C.4 and C. 5.  Thus, the weights or relative importance value assigned to each parameters over estimates the production differences between the two wells. 

· Wells 2 and 3 have very similar reservoir related properties as shown in Table 5.4.  Even though the reservoir pressure of Well 3 is slightly larger than the reservoir pressure of Well 2, Well 2 has a higher production performance than Well 3 which could be due to the differences in the hydraulic fracturing design of the two wells.  On a well basis, Wells 2 and 3 have almost the same value for all the parameters except the lateral length as shown in Figure 5.3.  Well 2 has a much longer lateral length than Well 3 which could be the reason why it has a higher production performance.  Well 2 is 1300 ft longer than Well 3, and the production increase in Well 2 is 17000 bbls. Assuming that this production increase is due to the increase in the lateral length, the production increase is 13 bbls/ ft, and the percent increase in production is 16 percent. 		 
If we were to assume that the hydraulic fracturing design of the two wells are the same, and the drawdown pressure is the same, the ratio of the production performance of Well 2 to Well 3 based on the geological and reservoir properties is 0.82.  This means that Well 3 is in fact supposed to have a 21 percent higher production performance than Well 2 based on the geological and reservoir properties. However, in the actual data it is indicated that Well 2 has a higher production performance than Well 3 and the ratio of the production performance of Well 2 to Well 3 is 1.16.  This means that the increase in the lateral length accounts for about 37 percent improvement in production performance.  
On a stage basis, the production performance of each stage in Well 2 is higher than the production performance of each stage in Well 3 even though the two wells have almost the same treatment on a stage basis. The only difference between the stages of the two wells is that the stages in Well 2 are longer than the stages in Well 3 which is also the reason why Well 2 has a longer lateral length. Thus, the increase in the lateral length has contributed to an increase in the stage length and production performance on both a stage basis and a well basis. 

According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about -48132 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 17342 barrels as shown in Table 5.5..  Thus, the weights or relative importance value assigned to each parameters over estimates the production differences between the two wells. 
	
· According to the reservoir related properties shown in Table 5.4, Well 4 has a much better reservoir quality than any of the other wells.  However, it has a smaller production performance than Wells 1,2, and 3. This could be due to the differences in the hydraulic fracturing design.  On a well basis, Well 4 has slightly higher volume of water and proppant and longer lateral length than well 3, but Well 4 has a much lower injection rate than Well 3 which could be why it has a lower production performance than the other wells as shown in Figure 5.3.  On a stage basis, the length of the stages, the volume of proppant and water, and the treating pressure are fairly similar for the two wells as shown in Figure 5.4. However, the injection rate of each stage in Well 3 is much higher than the injection rate of each stages of Well 4 which could be the reason why the production performance of each stages of Well 4 is smaller than the production performance of each stages of Well 3.  
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about -225,444 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 9,879 barrels as shown in Table 5.5..  Thus, the weights or relative importance value assigned to each parameters over estimates the production differences between the two wells. 
· Well 5 has the smallest value for almost all the parameters compared to the other wells on both a well basis and a stage basis as shown in Figures 5.3 and 5.4, and that could be the reason why it has such a low production performance compared to the other wells even though it has a better reservoir quality than the other wells as shown in Table 5.4.  
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between Wells 4 and 5 should contribute to about 531,740 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 43470 barrels as shown in Table 5.5..  Thus, the weights or relative importance value assigned to each parameters over estimates the production differences between the two wells. 
The histogram plots of the hydraulic fracturing parameters and production performance on both a well basis and stage basis for the rest of the other wells in Group 1 are shown in the appendix in Figures C.1, C.2, C.3, C.4.

Group 2: 

Table 5.6: Reservoir Related Parameters of a Set of Wells in Group 2
[image: ]


Figure 5.5: The Hydraulic Fracturing Parameters and Production Performance of a Set of Wells in Group 2

Figure 5.6: The Hydraulic Fracturing Parameters and Production Performance of a Set of Wells in Group 2







Table 5.7: Calculated Production Increase Based on the Weights Assigned to Each Parameter
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The following are the main observations for Group 2 wells: 
· The Reservoir related parameters of Wells 1 and 2 are fairly similar except for the oil viscosity and reservoir thickness parameters as shown in Table 5.6. Well 2 has slightly larger oil viscosity and smaller reservoir thickness than Well 1. The production performance of Well 2 is smaller than that of Well 1 which could be due to the differences in the oil viscosity and reservoir thickness or a combination of reservoir related parameters and the hydraulic fracturing parameters.  
On a well basis, Wells 1 and 2 have fairly similar values for all the hydraulic fracturing parameters except the lateral length and injection rate as shown in Figure 5.5. Well 1 has a much longer lateral length and much larger injection rate than Well 2 which could contribute to the production performance increase in Well 1. We previously showed that longer lateral length and higher injection rate leads to higher production performance in the Group 1 wells. 
On a stage basis, we observe a similar trend as shown in Figure 5.6. The fracture treatment of the stages of Wells 1 and 2 are fairly similar except for the injection rate and stage length.  The stages of Well 1 are longer and have higher injection rate than the stages of Well 2 and that could be the reason why the production performance of each of the stages of Well 1 are higher than the production performance of the stages of Well 2. Thus, Wells 1 and 2 have fairly similar fracture treatment pressures with similar volumes of water and proppant, but since the fractures in Well 1 are treated with much higher injection rate than the fractures in Well 2, and the lateral length of well 1 is much larger, Well 1 has a higher production performance 
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about -104,579 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 19,324 barrels as shown in Table 5.7.  Thus, the weights or relative importance value assigned to each parameters are not accurate.
· According to the reservoir related parameters shown in Table 5.6, Well 3 has a better reservoir quality than Well 2.  However, the production performance of Well 2 is similar, if not higher, than the production performance of Well 3. This could be due to the difference in the hydraulic fracturing parameters.  On a well basis, Wells 2 and 3 have fairly similar values for all the parameters except for the volume of proppant and water and number of stages. Well 2 has a much larger number of stages and slightly larger volume of water and proppant than Well 3. This could be the reason why Well 2 has a similar production performance as that of Well 3 even though it has a lower reservoir quality than Well 3. 
However, on a stage basis, the production performance of each stages of Well 3 is higher than the production performance of the stages of Well 2.  The hydraulic fracturing parameters on a stage basis are fairly similar between the two wells as shown in Figure 5.6. The stages of Well 3 are producing more oil than the stages of Well 2 even though the stages of both wells are treated almost the same way and have very similar stage length. This could be due to the fact that the reservoir quality of Well 3 is better than the reservoir quality of Well 2 as mentioned earlier. 
In short, the overall production performance of Well 2 is higher or similar to the production performance of Well 3 because Well 2 has a larger number of stages than Well 3.  The production performance of each stages of Well 3 is better than the production performance of each stages of Well 2 because Well 3 has a better reservoir quality. 
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about 286,979 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 3,834 barrels as shown in Table 5.7.  Thus, the weights or relative importance value assigned to each parameters are not accurate.

· The reservoir properties of Wells 3 and 4 are fairly similar except for the reservoir pressure as shown in Table 5.6. Well 3 has a higher reservoir pressure than Well 4. The production performance of Well 3 is much higher than the production performance of Well 4 which could be due to the higher reservoir pressure or a combination of the reservoir pressure and the hydraulic fracturing parameters. On a well basis, the hydraulic fracturing parameters are all very similar except the lateral length as shown in Figure 5.5. The lateral length of Well 3 is much longer than the lateral length of Well 4, and we have already shown that wells with longer lateral length perform better. 
On a stage basis, the production performance of each stages of Well 3 is higher than the production performance of each stages of Well 4 even though the stages of both wells have been treated very similarly and have similar lengths as shown in Figure 5.6.  This could be due to the higher reservoir pressure in Well 3. Thus, we could say that Well 3 has a higher production performance than Well 4 because each stages of Well 3 performs better than each stages of Well 4 due to higher reservoir quality of Well 3 and Well 3 has a longer lateral length than Well 4. 
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about 77,672 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 41,916 barrels as shown in Table 5.7.  Thus, the weights or relative importance value assigned to each parameters are not accurate.

· The reservoir quality of Well 4 is slightly better than the reservoir quality of Well 5 due to higher reservoir pressure, oil saturation, slightly lower oil viscosity, and slightly higher porosity than the Well 5 even though Well 5 has a slightly larger reservoir thickness as shown in Table 5.6. However, the production performance of the two wells are fairly similar. This could be due to the differences in the hydraulic fracturing design of the two wells. On a well basis, Well 4 has a higher treating pressure, injection rate than Well 5 as shown in Figure 5.5. However, Well 5 has a longer lateral length and larger number of stages than Well 4. Thus, the overall production performance of Well 5 is similar to that of Well 4 because it has a much larger number of stages and longer lateral length than Well 4. 
On a stage basis, the production performance of each stages of Well 4 is much larger than the production performance of each stages of Well 5 as shown in Figure 5.6. This could be due to the fact that the volume of proppant and water, the injection rate, and the treating pressure of the stages of Well 4 are higher than those of the stages of Well 5. Thus, each of the stages of Well 4 is producing better than the stages of Well 5 not only because the Well 4 has a better reservoir quality than Well 5 but also because the stages of Well 4 are treated much better than the stages of Well 5. 
In short, the overall production performance Well 4 and Well 5 are similar even though Well 4 has a slightly better reservoir quality and a better production performance on a stage basis because Well 5 has a much longer lateral length and a larger number of stages.  In Well 5, the relatively poor reservoir quality and production performance on a stage basis is compensated for by increasing the lateral length and the number of stages. 
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about 47,593 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 1,416 barrels as shown in Table 5.7.  Thus, the weights or relative importance value assigned to each parameters are not accurate.
The histogram plots of the hydraulic fracturing parameters and production performance on both a well basis and stage basis for the rest of the other wells in Group 2 are shown in the appendix in Figures C.5, C.6, C.7, C.8.C.9, C.10, C.11, C.12.
Table 5.8: Reservoir Related Parameters of a Set of Wells in Group 3
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Group 3: 


Figure 5.7: The Hydraulic Fracturing Parameters and Production Performance of a Set of Wells in Group 3



Figure 5.8: The Hydraulic Fracturing Parameters and Production Performance of a Set of Wells in Group 3

Table 5.9: Calculated Production Increase Based on the Weights Assigned to Each Parameter
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The following are the main observations for Group 3 wells:
· As shown in Table 5.8, the reservoir related properties of Wells 1 and 2 are very similar, but their production performances are very different. This could be due to the differences in the hydraulic fracturing design.  On a well basis, Wells 1 and 2 have fairly similar treatment pressure, injection, water volume, and number of stages and clusters, but Well 1 has a longer lateral length and larger volume of proppant than well 2 as shown in Figure 5.6. This could be the reason why Well 1 has a higher production performance than Well 2 as we have shown longer lateral length and larger proppant volume lead to higher production performance.  
On a stage basis, we observe a similar trend as shown in Figure 5.7. The stages of the wells have fairly similar values for all the parameters except for the proppant volume and stage length. The volume of proppant pumped and the stage length of Well 1 are higher than those of Well 2 and that could be the reason why the stages of Well 1 perform better than the stages of Well 2. 
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about 446,667 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 37,000 barrels as shown in Table 5.9.  Thus, the weights or relative importance value assigned to each parameters are not accurate.

· The reservoir properties of Wells 2 and 3 are fairly similar, but their production performance are very different as shown in Table 5.8. This could be due to the differences in the hydraulic fracturing design.  On a well basis, Well 3 has a longer lateral length and higher treatment pressures while Well 2 has a much larger number of stages and volume of water and proppant than Well 3as shown in Figure 5.6. Since we have demonstrated that having a longer lateral length or a large number of stages contributes to the overall production performance, and in this case one has a longer later and the other has a higher number of stages, we need to look the stage performance of the wells first to be able to explain the difference in the overall production performance of the two wells. 
On a stage basis, the production performance of each stages of Well 3 is higher than the production performance of each stages of Well 2 as shown in Figure 5.7. The stages of each of the two wells have almost exactly the same values for all the parameters except the treatment pressures and stage length. The stages of Well 3 have higher treatment pressures and are much longer than the stages of Well 2, and that could be the reason why the stages of Well 3 perform better.   Even though Well 3 has better stage performance, the overall production performance of Well 2 is better because it has much larger number of stages. 
In short, the stages of Well 3 perform better than the stages of Well 2 because they are treated better and are longer than the stages of Well 2. However, the overall production performance of Well 2 is higher than the overall production performance of Well 3 because Well 2 has a much larger number of stages and this way compensates for relatively poor performance of the stages. 
According to the weights assigned to each parameter by the regression technique, the sum of the differences in the hydraulic fracturing parameters between the two wells should contribute to about 374,700 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 14,000 barrels as shown in Table 5.9.  Thus, the weights or relative importance value assigned to each parameters are not accurate.

· The reservoir properties of Wells 3 and 4 are fairly similar, and their production performances are fairly similar as shown in Table 5.8. This could also be due to the fact that the hydraulic fracturing design of the two wells are fairly similar too. On a well basis and a stage basis, the hydraulic fracturing parameters of Wells 3 and 4 are almost exactly the same as show in Figures 5.5 and 5.6. 
According to the weights assigned to each parameter by the regression technique, the sum of the slight differences in the hydraulic fracturing parameters between the two wells should contribute to about 63,844 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 1,000 barrels as shown in Table 5.9.  Thus, the weights or relative importance value assigned to each parameters are not accurate.

· The reservoir properties of Wells 4 and 5 are fairly similar, but their production performance are very different as shown in Table 5.8. This could be due to the differences in the hydraulic fracturing design.  On a well basis, Well 4 has a longer lateral length, larger number of stages, larger volume of proppant, and larger injection rate than Well 5 as shown in Figure 5.5. This could be the reason why Well 4 is performing better than Well 5.  
On a stage basis, we observe a similar trend as shown in Figure 5.6.  The stages of Well 4 are longer and have higher injection rate and produce better than the stages of Well 5 even though the stages of Well 5 have larger volume of proppant.
Thus, the production performance of Well 4 is higher than the production performance of Well 5 because the stages of Well 4 perform better than the stages of Well 5 and Well 4 has larger number of stages.  
According to the weights assigned to each parameter by the regression technique, the sum of the slight differences in the hydraulic fracturing parameters between the two wells should contribute to about 128,678 BOE difference in production performance between the two wells. However, the actual BOE difference between the two wells is 46,000 barrels as shown in Table 5.9.  Thus, the weights or relative importance value assigned to each parameters are not accurate
The histogram plots of the hydraulic fracturing parameters and production performance on both a well basis and stage basis for the rest of the other wells in Group 1 are shown in the Appendix C in Figures C.13, C.14, C.15, C.16, C.17, C.18, C.19, C.20. 
The following are the main takeaways from the above observations: 
The difference in production performance of multiple wells of similar reservoir and geological properties is due to and can be explained by the differences in the hydraulic fracturing parameters that have been identified as the key stimulation parameters as the following: 
· Two wells with similar values of the geometry and fluid related parameters have similar production performance (Wells 3 and 4 in Group 3, Wells 2 and 3 in Group 2)
· If two wells have similar fluid related parameters, the one with longer later, higher number of stage, or higher number of cluster has a higher production performance (Wells 2 and 3 in Group 1, Wells 3 and 4 in Group 2, Wells 5 and the rest of the wells in Group 3)
· If two wells have similar geometry related parameters, the well with the highest fluid related parameters has a higher production performance (Wells 1 and 2 in Group 1) 
· Increasing the geometry related parameters at the expense of the fluid related parameters or the other way around is not going to improve the production performance of the well ( Wells 3 and 4 in Group 1, Wells 4 and 5 in Group 2, Wells 5 and the rest of the other wells in Group 3)
· The well with the smallest value for both geometry and fluid related parameters has the lowest production performance (Well 5 in Group 1, Well 5 in Group 3)
· Increasing both geometry and fluid related parameters together results in the highest production performance (Well 1 in Group 1, Well 1 in Group 2, Well 1 in Group 3)
· Increasing the number of stage or the lateral length contributes to the overall production performance indicated by the histogram plots of the data on a well basis, while increasing the fluid related parameters and number of clusters contributes to stage performance indicated by the histogram plots of the data on a stage basis (Wells and 3 in Group 2, Well 4 and 5 in Group 2, Wells 2 and 3 in Group 3) 
· Having a better reservoir quality contributes to stage performance (Wells 3 and 4 in Group 2) 
Table 5.10: Some of the Wells That Do Not Follow the Conclusions
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Even though the majority of the wells follow these trends mentioned above, there are several wells that do not follow these trends.  As far as the data that we have regarding these wells, there is nothing too drastically different in terms of their production performance, the hydraulic fracturing parameters, and the geological and reservoir related parameters as shown in Tables 5.10 and 5.11.  Therefore, we have no way of finding out or showing exactly why these wells do not follow these trends.  However, several pairs of these wells show that they have almost exactly the same value for the hydraulic fracturing parameters as shown in Table 5.10. 
Our theory is that since these pairs of wells have almost exactly the same value of the hydraulic fracturing parameters, there is something else that is being tested and is causing the difference in the production performance. For example, it could be that they kept all the parameters constant for a pair of wells, and they wanted to see the effect of treating multiple stages together instead of single stage treatment. This difference in treatment method is probably causing the difference in the production performance. However, since we don’t have any data regarding the treatment method, we can’t confirm our theory. 
Based on the trends that we have observed in the data, we conclude that the eight hydraulic fracturing parameters investigated in this thesis have an impact on the production performance of the wells and contribute to the differences in production performance between the wells.   The knowledge of the reservoir and geological related parameters coupled with the knowledge of the hydraulic fracturing parameters can be used to understand and explain the differences in production performance between the wells.
Table 5.11: Geological and Reservoir Related Parameters of the Wells Mentioned in Table 5.10
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The improvement of a hydraulic fracturing design from one well to another should be done on a stage basis, and the design that maximizes both the geometry and fluid related parameters together results in the highest production performance. However, more study and data is required in the future to accurately quantify the impact of each one of these parameters and to determine the optimal value of each one of these factors given the geological and reservoir properties.  

5.3 COMPARISON OF THE CONCLUDING POINTS TO RELEVANT STUDIES IN THE LITERATURE
In this section we compare the concluding points to the other studies that have been done on hydraulic fracturing parameters to evaluate our analysis in relation to other studies in the literature. The following are some those studies: 
Shelley and co-authors identified treatment fluid type/volume, number of frac treatments, proppant type/conductivity, perforating strategy, treatment rate and lateral length as the important parameters that have an impact on production (Shelley, et al., 2012). 
Our concluding points agree with their results in regards to the treatment volume and rate, number of frac treatments, and lateral length being the important parameters.  However, we do not have data for the other parameters that they included in their analysis such as proppant type and conductivity, and therefore we cannot comment on those variables. 
Contrary to our study, Gao and co-authors found proppant volume, lateral length, and frac fluid to have less contributions to the early time production performance (Gao, et al., 2013). This could be due to the fact that contrary to our method, they included the reservoir related parameters such as oil API gravity, GOR, and flowing tubing pressure in their analysis instead of minimizing the effect of those parameters as we did in our analysis. In their analysis, they found that the maximum total vertical depth and the flowing tubing pressure have the most impact on the early time production performance, and GOR and API gravity were found to have the next most impact on the early production performance. However, since we interested in the effect of the hydraulic fracturing parameters, it is important to eliminate or minimize the effects of the reservoir and geological related parameters first.  
LaFollette and co-authors showed that even though longer laterals led to higher total production, wells with longer laterals were found to be less efficient, and larger treatment with more proppant was found to be associated with better productivity (LaFollette, et al., 2014). 
This agrees with our results as we have indicated that longer laterals could lead to higher production performance given larger treatment with larger volume of proppant and water. Whether it is efficient to have a longer later or not is an economic concern that is beyond the scope of this work. 
Viswanathan and co-authors found fluid volume per stage, proppant volume per stage, and 100 mesh sand to have a small impact on KPI while high proppant concentration and cluster spacing had a significant impact on the production performance (Viswanathan, et al., 2011). 
Our conclusions do not agree with this study regarding the importance of fluid volume per stage and proppant volume per stage. The rest of the other parameters are not investigated in this study.  Although they have identified the volume of fluid and proppant as less important, they have identified the high proppant concentration as a high important parameter even though proappant concentration is the ratio of proppant volume to water volume. 
Thus, in this section we conclude that our results agree with most of the studies that have been done on this topic, and there are some studies that do not agree which could be due to several reasons mentioned above. 
5.4 
5.4 EVALUATION OF THE APPROACH
When we run the NNs on the data, based on the results, we showed two main points about the relationship between the inputs which are the hydraulic fracturing parameters and the output which is the production performance parameter: First, it was shown that all the hydraulic fracturing parameters that we have included in this study have high relative importance on the production performance of the wells.  In the earlier sections, we investigated this point and confirmed that these hydraulic fracturing parameters that we have analyzed have a large impact on the production performance of the wells. Thus, in regards to the importance of the hydraulic fracturing parameters, the method, NNs, has been successful at identifying the important parameters in hydraulic fracturing. 
Second, the second point based on the results of the NNs method was the assigned different magnitude of relative importance for the different hydraulic fracturing parameters. For example, as shown in Figure 4.4, the relative importance of the average treating pressure (atppw) is 0.16 while the relative importance of the perforated lateral length (pli) is 0.14.  This shows that the different parameters have different magnitude of impact on the production performance of the wells. 
To validate these numbers and see if they reflect the importance of each parameter or not, we considered the relative importance as the weight and assigned it to the parameters as shown in Tables 5.4, 5.7, and 5.7. We first calculated the difference in the hydraulic fracturing parameters between two wells and multiplied it by the assigned weight. We then summed the weighted value of all the parameters according to the equation below to calculate the BOE increase between the two wells. We compared that calculated BOE increase to the actual BOE increase between the two wells and found out that the method over estimated and inaccurately predicted the BOE increase between the wells. 
Y= 0.14pli + 0.11nos + 0.115nocps + 0.125voppw + 0.118vowpw +0.108irps + 0.12mtppw + 0.16atppw 
Thus, the weight assigned to each parameter does not reflect the true weight of that parameter on the production performance, and cannot be used to quantify the impact of the hydraulic fracturing parameters on the production performance accurately. 
We conclude that the NNs method was able to successfully show the important parameters but failed to quantify the impact of each parameter on the production performance of the wells accurately. 

5.5 SYNOPSIS OF CHAPTER 5
In this chapter, we evaluate the results and the NNs method.  In Section 5.1, we analyze the results between the three groups and drew conclusions from the analysis. It is found that even though there is a big difference in the geological and reservoir properties of the groups and that could potentially cause the difference in the production performance between the wells, the geological and reservoir proeprties alone couldn’t account for the big difference in the production performance observed between the groups. There is a significant difference between the treating pressure and injection rates of the three groups and that could potentially affect the production performance of the wells and together with the differences in the geological and reservoir properties could explain why group 1 performs better than the other groups.  In Section 5.2, we analyze the results between the sets of wells from each group and confirmed the importance of eight hydraulic fracturing parameters. In Section 5.3, the results of other relevant studies are presented and compared to our concluding points. It is found that most of the other studies’ results agree with our concluding points.  In Section 5.4, the NNs method is evaluated, and it is concluded that the method is able to accurately identified the important parameters but fails to accurately quantify the importance of the parameters. This concludes this thesis.  In the next chapter, the summary of the work and the contributions of the work are presented. 
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Figure 5.9: Organization of the Thesis -Present (Boxed) and Next (Circled)






CHAPTER 6

CLOSURE

In the previous chapter, the results of the NNs regression method were evaluated and compared to other studies. It was found that the eight hydraulic fracturing parameters have relatively high importance, and the method was able to successfully show that but failed to quantify the relative importance of the parameters accurately. In this chapter, a summary of the work is provided and the main points of the chapters are highlighted in Section 6.1. The research questions and the answers are briefly mentioned in Section 6.2. Then the relevant achievements and contributions of this thesis are presented in Section 6.3. The remaining questions and research gaps for future work are discussed in Section 6.4 and this brings the work to a close. 

6.1 SUMMARY OF THE THESIS
The main goal of this thesis is to identify the key stimulation parameters using data mining and statistical analysis.  The chapters are structured in the way that all the work leads up to identifying the key parameters which is done in Chapter 4.   
In Chapter 1, the background and motivation for selection of the research focus is presented, and an overview of the Baker Hughes challenge problem that led to the selection of the research focus is also presented. The background and importance of the research focus which is hydraulic fracturing is discussed to establish context and define some of the oil and gas industry related terminologies. The problem is then defined in regards to the research focus as the following: it is uncertain what the key stimulation parameters are in hydraulic fracturing. The objectives are then defined, and the main objective is to identify the key stimulation parameters that have an impact on production performance. Once the problem and the objectives have been defined, the proposed approach to the problem is presented. An approach that treats hydraulic fracturing as a system composed of multiple variables is used in this thesis. Data mining and statistical analysis is selected and the CRISP-DM which is a common process for data mining and statistical analysis is used to carry out the analysis 
In Chapter 2, a critical literature review is presented. This chapter is divided into two main parts.  In Sections 2.1, a literature review of the properties of the Eagle Ford Shale formation is provided. The geological, petrophyiscal, and reservoir properties of the formation that affect the production performance of the wells are discussed to show the variation of those properties throughout the formation and how that might affect the performance of the wells. This information about the formation properties is also helpful and used to answer research question 2 which is done in Chapter 3. In Section 2.2, the achievements and shortcomings of the relevant studies are presented, and the justification of the research questions are then provided.
In Chapter 3, the proposed approach is implemented to answer the research questions. In Section 3.1, the data quality is first examined to make sure the data is complete, recent, accurate, and sufficient for analysis. In Section 3.2, the research questions are answered using the data and the statistical tools and methods. By answering the research questions, the data is also prepared for regression analysis which is done in the next chapter to answer the primary research question. 
In Chapter 4, the proposed method is implemented to answer the primary research question. The four regression techniques are presented. An overview of each technique is discussed to show the pros and cons of each method. Then the four regression techniques are run on the Group 2 data, and the results of each technique are compared using RSME and R2. The NNs was found to be the best performing technique, and this method was used on the rest of the data. In the results of the NNs method, it was shown that all the hydraulic fracturing parameters have relatively high importance on the production performance. To confirm the importance of each parameter and validate the results of the regression analysis, a critical evaluation of the results and the method are presented in the next chapter. 
In Chapter 5, a critical evaluation of the results and the approach is discussed. The results of the NNs method are evaluated first on the three groups of wells that have different reservoir and geological properties. It was shown that the biggest difference is between Group 1 and Group 3 in terms of production performance and the hydraulic fracturing parameters. It is possible that Group 1 performs better than Group 3 because it has a better reservoir quality and higher treating pressure than Group 3. Then the results are further validated and evaluated on a set of wells of similar reservoir and geological properties from each group. The importance of the hydraulic fracturing parameters was confirmed by comparing wells of similar reservoir and geological properties. Several concluding points are drawn from the analysis, and they are compared to other relevant studies presented in Chapter 2. Our concluding points were found to agree with the results of most of the studies. The NNs method used in this thesis is also evaluated. It was concluded that NNs is a good method to show trends and patters about the importance of the hydraulic fracturing parameters but it cannot accurately quantify the impact of each parameter on production performance accurately. 
6.2 ANSWERING THE RESEARCH QUESTIONS
The primary research question for this thesis is: 
What are the key hydraulic fracturing parameters that affect the amount of hydrocarbons that can be recovered in Eagle Ford Shale?
To answer this question, there are several other questions that need to be answered first. The research questions are presented in Section 1.3.2, and the support and answers to these research questions are presented in Section 3.2. We have stated those questions and answered each one of them as the following: 
1. How can the effect of a stimulation variable be measured?
 36 months of cumulative equivalent oil is determined as a metric to measure the impact of a stimulation variable, and the details of how this question is answered are presented in Section 3.2.  
2. How can the effects of geological and petrohpysical variables and reservoir fluid properties be eliminated or minimized?
 The effects of geological, petrophysical, and reservoir fluid properties are minimized by dividing the wells into 3 groups based on their geological, petrophysical, and reservoir fluid properties. Wells of similar properties are grouped together, and the details of how this question is answered are presented in Section 3.2. 
3. What parameters of hydraulic fracturing should be considered for analysis?
The hydraulic fracturing parameters selected for analysis are the following: 
· Perforated Length Interval (pli)(ft)
· Injection Rate per Stage (irps) (bpm)
· Number of Clusters per Stage (nocps)
· Volume of Proppant (voppw)(lbs)
· Volume of Water (vowpw)(gals)
· Number of Stages (nos)
· Average Treating Pressure (atppw)(psi)
· Maximum Treating Pressure (mtppw)(psi) 
The details of how this question is answered are presented in Section 3.2. 

4. What kind of data mining and statistical method can be used to capture both linear and nonlinear relationships between the input and the output variables? 
The four regression techniques used and compared are the following: 
· Linear Regression
· Decision Tree
· Support Vector Machines
· Neural Networks
These techniques have the ability of capturing both linear and nonlinear relationships between the input and output variables and the ability to analyze continuous data such as our data. The details of how this question is answered are presented in Section 3.2.  
5. How do we assess and compare the performance of the techniques?
RSME and R2 are used to assess the performance of each regression technique and compare their performance to select the best performing technique. The details of how this question is answered are presented in Section 3.2.  
As we answered these questions, we got a better understanding of our data, and we were able to answer the primary research questions as the following: 
What are the key hydraulic fracturing parameters that affect the amount of hydrocarbons that can be recovered in Eagle Ford Shale?
The key hydraulic fracturing parameters that affect the amount of hydrocarbons that can be recovered in Eagle Ford Shale are the following: 
· Perforated Length Interval (pli)(ft)
· Injection Rate per Stage (irps) (bpm)
· Number of Clusters per Stage (nocps)
· Volume of Proppant (voppw)(lbs)
· Volume of Water (vowpw)(gals)
· Number of Stages (nos)
· Average Treating Pressure (atppw)(psi)
· Maximum Treating Pressure (mtppw)(psi) 

6.3 ACHIEVMENTS AND CONTRIBUTIONS
The primary goal in this thesis is to identify the hydraulic fracturing parameters that have an impact on the production performance of Eagle Ford Shale wells.  This goal has been achieved in this thesis by analyzing multiple variables of multiple shale wells and identifying the key stimulation parameters that impact the production performance of the wells.  In addition to identifying the key stimulation parameters mentioned in the previous section, the following are the main findings: 

· When comparing the hydraulic fracturing design of multiple wells, the comparison should be done on a stage basis to indicate the effect of fracture treatment on the production performance of each stage
· Comparing the hydraulic fracturing parameters of multiple wells on a well basis indicates the importance of increasing the number of stages and the lateral length 
· The improvement of a hydraulic fracturing design from one well to another can be done by increasing the lateral length or number of stages or by improving the stage performance which requires increasing the fluid related parameters and number of clusters per stage 
· When trying to improve the design of the hydraulic fracturing parameters, both the geometry and fluid related parameters need to be improved to maximize the production
· SVMs and NNs have a higher performance than LR and DT in the analysis of  hydraulic fracturing data 
· NNs is a good method to show trends and patterns regarding the important variables that affect production performance, but it fails to accurately quantify the impact of each parameter on production performance
· Understanding the geological and reservoir properties is the key to a better analysis of the hydraulic fracturing parameters

6.4 FUTURE WORK 

In this thesis, we have identified the key stimulation parameters in hydraulic fracturing of Eagle Ford Shale wells. In Section 1.4.2, one of the limitations of this study is presented as having hydraulic fracturing data that is limited to only Eagle Ford Shale. Thus, the data represents only the Eagle Ford Shale and the results apply to only Eagle Ford Shale. This study can be further expanded by repeating the same analysis on a different set of hydraulic fracturing data that is from a different shale formation to see if the same result is obtained or the important hydraulic fracturing parameters differ from one shale formation to another. Another limitation that is mentioned in Section 1.42 is that we can not include the effect of production method since we don’t have any data in regards to the production method of the wells. This study can be expanded to include or eliminate the effect of the production method and more accurately quantify the impact of each of the key stimulation parameters on the production performance. 
Last but not least, as mentioned in Section 1.4.2, this analysis is purely data driven, and it can be expended by understanding how it compares to the physics of rock formation. It would be helpful to determine which one of these parameters contributes the most to the production performance of shale wells. We have shown that increasing the value of these hydraulic fracturing parameters together results in increase in production performance, and it would be helpful to know how much increasing those parameters will increase the production performance.  This can even be further expended to determine some sort of equation that ties production performance to the hydraulic fracturing parameters directly, so that one can predict the production performance results from different scenarios of hydraulic fracturing design. Those parameters can be changed until an optimal value is found.


The End
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Appendix A: Complete Data of the 65 Wells 

The hydraulic fracturing data used in this thesis is provided by Baker Hughes, and it includes 65 wells in Eagle Ford Shale as shown in Tables A.1 and A.2 Due to confidentially agreement, the name and exact location of the wells cannot and will not be disclosed in this thesis. The data shown in Tables A.1 and A.2 are used throughout this thesis to do the datamining and statistical analysis on. 
Acronym definitions for Tables A.1:
· Perforated Length Interval (pli)(ft)
· Injection Rate per Stage (irps) (bpm)
· Number of Clusters per Stage (nocps)
· Length of a stage (los) (ft)
· Volume of Proppant per Well (voppw)(lbs)
· Volume of Water per Well (vowpw)(gals)
· Number of Stages per Well (nos)
· Average Treating Pressure per Well (atppw)(psi)
· Maximum Treating Pressure per Well (mtppw)(psi) 
· Barrels of Equivalent Oil (BOE) (barrels) 
Acronym definitions for the Table A.2:
· Barrels of Equivalent Oil (BOE) (barrels) 
· Reservoir Pressure (resep) (psi) 
· Oil Saturation (satu)
· Oil viscosity (vis) (cp)
· Reservoir thickness (Thick) (ft) 
· Porosity (Poros) 






Table A.1: Hydraulic Fracturing Data of the 65 Wells with BOE
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Table A.2: Reservoir Related Data of the 65 Wells with BOE
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Appendix B: Scatterplot Matrix of the Geological and Reservoir Properties of the Groups of Wells
A scatterplot matrix of the complete geological and reservoir related data of the wells of each group is shown in Figures B.1, B.2, and B.3. The data shown in Figures B.1, B.2, and B.3 are used in Section 3.2.2 to answer the research question 2. 

[image: C:\Users\saee3142\Downloads\gr1.png]
Figure B.1: Geological and Reservoir Properties of Group 1
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Figure B.2: Geological and Reservoir Properties of Group 2
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Figure B.3: Geological and Reservoir Properties of Group 3


Appendix C: Equations and Hydraulic Fracturing Data on a Well Basis and Stage Basis for the Rest of the Other Wells

The equation to calculate the average value of each parameter in each group is shown in Equations C.1 and C.2, and the equation to calculate percent increase is shown in Equation C.3.  These equations are used to calculate the values in Table 5.2 in Section 5.1. Equation C.4 is used I Section 5.1 to calculate the difference in value of a parameter between two wells, and Equation C.5 is used to assign weight to each parameter and calculate the increase in production performance of a well in Section 5.2. 
Equation C.1:  
Average value of each parameter= sum of the value of the parameter for all the wells in the group/ number of wells in the group 

Equation C.2: 
Scaling parameter= the value of the parameter/ the scaling number 
Equation C. 3: 
Percent increase= (new number-original number / original number )*100

Equation C.4: 
difference in value= new number or parameter – original number or parameter 

Equation C.5: Assigning weight to each parameter 
Y= 0.14pli + 0.11nos + 0.115nocps + 0.125voppw + 0.118vowpw +0.108irps + 0.12mtppw + 0.16atppw 
Y= is the increase in production performance caused by the difference in the hydraulic fracturing parameters


 
Group 1: 
The histogram plots of the hydraulic fracturing parameters and production performance on both a well basis and stage basis for the rest of the other wells in Group 1 are shown in Figures C.1, C.2, C.3, C.4. The observations mentioned in Section 5.2 for Group 1 wells apply to the wells shown in Figures C.1, C.2, C.3, and C.4. 


Second set of wells 


Figure C.1: The Hydraulic Fracturing Parameters and Production Performance of a Second Set of Wells in Group 1





Figure C.2: The Hydraulic Fracturing Parameters and Production Performance of a Second Set of Wells in Group 1
Third Set of Wells: 


Figure C.3: The Hydraulic Fracturing Parameters and Production Performance of a Third Set of Wells in Group 1

Figure C.4: The Hydraulic Fracturing Parameters and Production Performance of a Third Set of Wells in Group 1

Group 2: 

The histogram plots of the hydraulic fracturing parameters and production performance on both a well basis and stage basis for the rest of the other wells in Group 2 are shown in Figures C.5, C.6, C.7, C.8.C.9, C.10, C.11, C.12. The observations mentioned in Section 5.2 for Group 2 wells apply to the wells shown in Figures C.5, C.6, C.7, C.8.C.9, C.10, C.11, C.12.



Figure C.5: The Hydraulic Fracturing Parameters and Production Performance of a Second Set of Wells in Group 2

Figure C.6: The Hydraulic Fracturing Parameters and Production Performance of a Second Set of Wells in Group 2

Figure C.7: The Hydraulic Fracturing Parameters and Production Performance of a Third Set of Wells in Group 2

Figure C.8: The Hydraulic Fracturing Parameters and Production Performance of a Third Set of Wells in Group 2

Figure C.9: The Hydraulic Fracturing Parameters and Production Performance of a Fourth Set of Wells in Group 2

Figure C.10: The Hydraulic Fracturing Parameters and Production Performance of a Fourth Set of Wells in Group 2

Figure C.11: The Hydraulic Fracturing Parameters and Production Performance of a Fifth Set of Wells in Group 2


Figure C.12: The Hydraulic Fracturing Parameters and Production Performance of a Fifth Set of Wells in Group 2


Group 3: 
The histogram plots of the hydraulic fracturing parameters and production performance on both a well basis and stage basis for the rest of the other wells in Group 3 are shown in Figures C.13, C.14, C.15, C.16, C.17, C.18, C.19, and C.20. The observations mentioned in Section 5.2 for Group 3 wells apply to the wells shown in Figures C.13, C.14, C.15, C.16, C.17, C.18, C.19, and C.20.

Figure C.13: The Hydraulic Fracturing Parameters and Production Performance of a Second Set of Wells in Group 3


Figure C.14: The Hydraulic Fracturing Parameters and Production Performance of a Second Set of Wells in Group 3

Figure C.15: The Hydraulic Fracturing Parameters and Production Performance of a Third Set of Wells in Group 3


Figure C.16: The Hydraulic Fracturing Parameters and Production Performance of a Third Set of Wells in Group 3


Figure C.17: The Hydraulic Fracturing Parameters and Production Performance of a Fourth Set of Wells in Group 3


Figure C.18: The Hydraulic Fracturing Parameters and Production Performance of a Fourth Set of Wells in Group 3

Figure C.19: The Hydraulic Fracturing Parameters and Production Performance of a Fifth Set of Wells in Group 3


Figure C.20: The Hydraulic Fracturing Parameters and Production Performance of a Fifth Set of Wells in Group 3













Appendix D: R Code of the Four Regression Techniques

The r code used to program the four different techniques of regression analysis is shown in Appendix D below. These techniques are used and run on the data in Chapter 4 to answer the primary research question. After these techniques are run, the best performing technique is selected which is the NNs method and is run on the rest of the data as shown in Chapter 4. 

#Linear Regression
gr2<-ddply(gr2,
.(pli,nos,nocps,vowpw,irps,mtppw,atppw,voppw),
			function(x)c(BOE=mean(x$BOE)))
Object<- traincontrol (method= "repeatedcv ", repeats= 1, number =10)
set.seed(955)                   
linear <- train(BOE ~ (.)^2 + I(pli^2)+
                    I(nos^2) + I(nocps^2)+
                   I(irps^2) + I(vowpw^2)+
                   I(mtppw^2)+
                   I(atppw^2) + I(voppw^2),data = gr2,
                   method = "lm",
                   trControl = Object)

linear

#Decision Tree
set.seed(955)
rpart <- train(BOE ~ .,
                    data = gr2,
                    method = "rpart",
                    tuneLength = 30,
                    trControl = Object)

rpart
#SVM Technique
set.seed(955)
svm<- train(BOE ~ ., data = gr2,
                   method = "svmRadial",
                   tuneLength = 15,
                   preProc = c("center", "scale"),
                   trControl = Object)


svm

#NNs technique
tGrid <- expand.grid(.decay = c(0.001, .01, .1),
                        .size = seq(1, 27, by = 2))
NNs<- train(BOE ~ .,
                   data = gr2,
                   method = "nnet",
                   tuneGrid = tGrid,
                   preProc = c("center", "scale"),
                   linout = TRUE,
                   trace = FALSE,
                   maxit = 1000,
                   trControl = Object)
NNs
garson(NNs)
Group 1 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
33.75	40.32	33.71	69.169999999999973	73.31	Number of stages	
16	17	18	19	20	Number of clusters	
6.4	8.5	5.6	9.6	9	Volume of water (gallons)	
46.420920000000002	49.497419999999998	37.388399999999997	39.166680000000007	50.707189999999983	Volume of proppant (lbs)	
32.739409999999999	37.185820000000028	31.372599999999991	37.205799999999961	46.91719999999998	Injection rate (bpm)	
58	59	60	61	62	Maximum treating pressure (psi)	
93.11	89.000000000000014	85.660000000000011	88.610000000000042	88.979999999999933	Average treating pressure (psi)	
82.05	81.050000000000011	78.450000000000017	76.389999999999972	75.679999999999907	BOE	
177.911	153.234310344828	150.075689655172	132.56989655172401	129.66665517241401	Well number



Group 1 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
21.09375	23.71764705882353	24.078571428571429	57.641666666666637	40.727777777777781	Number of stages	
16	17	18	19	20	Number of clusters	
4	5	4	8	5	Volume of water (gallons)	
29.013075000000001	29.1161294117647	26.706	32.6389	28.170661111111109	Volume of proppant (lbs)	
20.462131249999992	21.874011764705909	22.408999999999999	31.004833333333298	26.065111111111101	Injection rate (bpm)	
58	59	60	61	62	Maximum treating pressure (psi)	
93.11	89.000000000000014	85.660000000000011	88.610000000000042	88.979999999999933	Average treating pressure (psi)	
82.05	81.050000000000011	78.450000000000017	76.389999999999972	75.679999999999907	BOE	
111.19437499999999	90.137829614604712	107.1969211822657	110.4749137931033	72.037030651341126	Well number



Group 1 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
46.69	67.679999999999993	53.93	44.37	49.12	Number of stages	
21	22	23	24	25	Number of clusters	
8	12	16	7	11	Volume of water (gallons)	
51.405479999999997	64.861440000000002	39.861359999999998	34.915439999999997	32.377379999999981	Volume of proppant (lbs)	
23.525600000000001	63.141199999999998	37.8264	35.700000000000003	32.781599999999948	Injection rate (bpm)	
63	64	65	66	67	Maximum treating pressure (psi)	
93.43	93.01	94.45	94.609999999999957	92.179999999999993	Average treating pressure (psi)	
83.15	86.13	89.33	88.140000000000043	87.149999999999963	BOE	
104.490724137931	99.260241379310301	80.829689655172402	73.230586206896589	41.064413793103398	Well Number



Group 1 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
29.181249999999999	33.840000000000003	33.706249999999997	31.69285714285715	44.654545454545449	Number of stages	
21	22	23	24	25	Number of clusters	
5	6	10	5	10	Volume of water (gallons)	
32.128425	32.430720000000001	24.913350000000001	24.939599999999999	29.433981818181799	Volume of proppant (lbs)	
14.7035	31.570599999999999	23.641500000000001	25.5	29.801454545454501	Injection rate (bpm)	
63	64	65	66	67	Maximum treating pressure (psi)	
93.43	93.01	94.45	94.609999999999957	92.179999999999993	Average treating pressure (psi)	
83.15	86.13	89.33	88.140000000000043	87.149999999999963	BOE	
65.306702586206868	49.630120689655151	50.518556034482764	52.307561576354701	37.331285266457627	Well Number



Group 2 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
50.11	40.630000000000003	36.94	45.7	45.5	Number of stages	
16	17	18	15	15	Number of clusters	
6.4	6.8	7.2	7.5	12	Volume of proppant (lbs)	
31.719200000000001	23.85746	38.544199999999996	43.136589999999998	30.034800000000001	Volume of water (gallons)	
36.70926	30.076619999999991	48.448680000000003	45.743460000000013	40.071360000000013	Injection rate (bpm)	
56	51	57	60	96	Maximum treating pressure (psi)	
70.739999999999995	85.03	81.77	70.33	91.29	Average treating pressure (psi)	
59.25	62.94	71.28	60.43	84.01	BOE	
142.60024137931001	116.899827586207	100.861310344828	97.577758620689664	89.397793103448308	well number



Group 2 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
31.318750000000001	23.9	20.522222222222219	30.466666666666669	30.333333333333321	Number of stages	
16	17	18	15	15	Number of clusters	
4	4	4	5	8	Volume of proppant (lbs)	
19.8245	14.033799999999999	21.413444444444441	28.75772666666667	20.023199999999999	Volume of water (gallons)	
22.9432875	17.6921294117647	26.915933333333321	30.495640000000002	26.71424	Injection rate (bpm)	
56	51	57	60	96	Maximum treating pressure (psi)	
70.739999999999995	85.03	81.77	70.33	91.29	Average treating pressure (psi)	
59.25	62.94	71.28	60.43	84.01	BOE	
89.125150862068736	68.764604462474722	56.034061302682197	65.051839080459786	59.5985287356322	well number



Group 2 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
40.630000000000003	66.599999999999994	61.02	38.11	33.31	Number of stages	
17	26	15	16	18	Number of clusters	
6.8	13	12	9.6	7.2	Volume of proppant (lbs)	
23.410399999999999	59.090400000000002	36.653000000000013	23.831600000000009	35.767600000000002	Volume of water (gallons)	
31.632719999999999	63.548099999999998	39.358199999999997	26.89386	38.480400000000003	Injection rate (bpm)	
42	95	99	59	59	Maximum treating pressure (psi)	
88.21	82.28	79.86	88.25	74.03	Average treating pressure (psi)	
76.77	69.73	65.819999999999993	77.13	60.85	BOE	
80.187137931034485	77.886758620689662	76.1585172413793	70.663827586206878	69.793344827586168	well number



Group 2 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
23.9	25.61538461538462	40.68	23.818750000000001	18.505555555555549	Number of stages	
17	26	15	16	18	Number of clusters	
4	5	8	6	4	Volume of proppant (lbs)	
13.770823529411761	22.727076923076929	24.435333333333329	14.89475	19.870888888888899	Volume of water (gallons)	
18.607482352941179	24.441576923076919	26.238800000000001	16.808662500000001	21.378	Injection rate (bpm)	
42	95	99	59	59	Maximum treating pressure (psi)	
88.21	82.28	79.86	88.25	74.03	Average treating pressure (psi)	
76.77	69.73	65.819999999999993	77.13	60.85	BOE	
47.168904665314393	29.956445623342191	50.772344827586203	44.164892241379313	38.774080459770097	well number



Group 2 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
53.27	51.59	59.6	45.98	54.89	Number of stages	
16	15	21	15	16	Number of clusters	
9.6	15	16.8	9	16	Volume of proppant (lbs)	
39.331699999999998	66.69	81.15455	52.988	62.403599999999997	Volume of water (gallons)	
41.809739999999998	51.315180000000012	57.075899999999997	47.121480000000012	42.545580000000001	Injection rate (bpm)	
94	91	92	96	93	Maximum treating pressure (psi)	
92.28	95.76	93.42	92.9	94.9	Average treating pressure (psi)	
82.77	86.33	83.79	80.75	90.5	BOE	
60.463724137931003	57.736275862069	56.553379310344802	55.250310344827611	52.987344827586199	well number



Group 2 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
33.293750000000003	34.393333333333331	28.38095238095238	30.653333333333329	34.306249999999999	Number of stages	
16	15	21	15	16	Number of clusters	
6	10	8	6	10	Volume of proppant (lbs)	
24.58231249999999	44.46	38.645023809523813	35.325333333333333	39.002249999999997	Volume of water (gallons)	
26.1310875	34.210120000000003	27.178999999999991	31.41432	26.590987500000001	Injection rate (bpm)	
94	91	92	96	93	Maximum treating pressure (psi)	
92.28	95.76	93.42	92.9	94.9	Average treating pressure (psi)	
82.77	86.33	83.79	80.75	90.5	BOE	
37.789827586206869	38.490850574712653	26.930180623973708	36.833540229885067	33.117090517241373	well number



Group 2 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
39.96	22.01	37.33	Number of stages	
18	9	13	Number of clusters	
7.2	4.5	10.4	Volume of proppant (lbs)	
46.334699999999998	31.3338	16.262599999999988	Volume of water (gallons)	
39.629100000000001	24.779579999999999	18.139379999999999	Injection rate (bpm)	
51	60	89	Maximum treating pressure (psi)	
96.99	84.43	93.28	Average treating pressure (psi)	
78.69	61.15	87.23	BOE	
51.840103448275897	40.29	31.320758620689698	well number



Group 2 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
22.2	24.455555555555559	28.715384615384611	Number of stages	
18	9	13	Number of clusters	
4	5	8	Volume of proppant (lbs)	
25.741499999999991	34.815333333333328	12.50969230769231	Volume of water (gallons)	
22.01616666666667	27.532866666666671	13.953369230769241	Injection rate (bpm)	
51	60	89	Maximum treating pressure (psi)	
96.99	84.43	93.28	Average treating pressure (psi)	
78.69	61.15	87.23	BOE	
28.800057471264392	44.766666666666659	24.092891246684381	well number



Group 3 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
66.52	44.08	59.85	68.91	48.69	Number of stages	
19	20	20	26	12	Number of clusters	
19	10	12	13	9.6	Volume of proppant (lbs)	
60.873720000000013	53.404200000000003	37.800800000000002	65.254019999999997	29.498159999999999	Volume of water (gallons)	
40.719090000000001	53.759600000000013	39.951599999999999	70.458699999999993	31.597079999999991	Injection rate	
98	99	58	99	100	Maximum treating pressure (psi)	
81.319999999999993	67	84.2	79.56	79.319999999999993	Average treating pressure (psi)	
61.18	62	69.2	71.239999999999995	70.56	BOE	
88.781999999999996	78.607999999999976	60.927	60.631	54.421000000000006	Well number



Group 3 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
35.010526315789477	22.04	29.925000000000001	26.503846153846151	40.575000000000003	Number of stages	
19	20	20	26	12	Number of clusters	
10	5	6	5	8	Volume of proppant (lbs)	
32.038800000000002	26.702100000000002	18.900400000000001	25.0977	24.581800000000001	Volume of water (gallons)	
21.431100000000001	26.879799999999999	19.9758	27.099499999999999	26.3309	Injection rate	
98	99	58	99	100	Maximum treating pressure (psi)	
81.319999999999993	67	84.2	79.56	79.319999999999993	Average treating pressure (psi)	
61.18	62	69.2	71.239999999999995	70.56	BOE	
46.727368421052617	39.304000000000002	30.4635	23.319615384615389	45.35083333333332	Well number



Group 3 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
57.95	55.66	69.88	42.34	68.09	Number of stages	
20	23	19	21	16	Number of clusters	
16	11.5	15.2	8.4	16	Volume of proppant (lbs)	
80.520200000000003	56.587359999999997	47.056730000000002	60.12867	39.319839999999999	Volume of water (gallons)	
53.078000000000003	61.315469999999998	48.856029999999997	51.881340000000002	41.404800000000002	Injection rate	
99	96	95	47	99	Maximum treating pressure (psi)	
84	80.27	82.65	76.86	85.28	Average treating pressure (psi)	
68.2	66.010000000000005	63.65	64.05	70.239999999999995	BOE	
53.037999999999997	52.875999999999998	50.211000000000013	47.21	42.142000000000003	Well number



Group 3 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
28.975000000000001	24.2	36.778947368421051	20.161904761904761	42.556249999999999	Number of stages	
20	23	19	21	16	Number of clusters	
8	5	8	4	10	Volume of proppant (lbs)	
40.260100000000001	24.603200000000001	24.7667	28.6327	24.5749	Volume of water (gallons)	
26.539000000000001	26.658899999999999	25.713699999999999	24.705400000000001	25.878	Injection rate	
99	96	95	47	99	Maximum treating pressure (psi)	
84	80.27	82.65	76.86	85.28	Average treating pressure (psi)	
68.2	66.010000000000005	63.65	64.05	70.239999999999995	BOE	
26.519000000000009	22.989565217391299	26.426842105263159	22.480952380952381	26.338750000000001	Well number



Group 3 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
57.13	57.56	61.66	66.98	69.77	Number of stages	
16	24	14	11	16	Number of clusters	
16	12	12.6	11	12.8	Volume of proppant (lbs)	
62.747839999999997	59.560320000000011	34.442800000000013	32.294789999999999	39.38944	Volume of water (gallons)	
41.301600000000001	63.82752	37.142699999999998	35.530769999999997	41.817279999999997	Injection rate	
100	97	94	96	97	Maximum treating pressure (psi)	
82.72	74.88	80.78	75.349999999999994	85.44	Average treating pressure (psi)	
70.08	62.64	60.06	67.98	71.52	BOE	
41.083000000000013	34.161999999999999	31.763999999999999	30.518000000000001	25.84	Well number



Group 3 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
35.706249999999997	23.98333333333332	44.042857142857152	60.890909090909098	43.606250000000003	Number of stages	
16	24	14	11	16	Number of clusters	
10	5	9	10	8	Volume of proppant (lbs)	
39.217399999999998	24.816800000000001	24.602	29.358899999999991	24.618400000000001	Volume of water (gallons)	
25.813500000000001	26.594799999999999	26.5305	32.300699999999999	26.1358	Injection rate	
100	97	94	96	97	Maximum treating pressure (psi)	
82.72	74.88	80.78	75.349999999999994	85.44	Average treating pressure (psi)	
70.08	62.64	60.06	67.98	71.52	BOE	
25.676874999999999	14.23416666666667	22.688571428571422	27.743636363636359	16.149999999999999	Well number



Group 3 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
44.1	40.89	Number of stages	
15	11	Number of clusters	
7.5	5.5	Volume of proppant (lbs)	
27.679349999999999	32.146620000000013	Volume of water (gallons)	
71.070299999999975	51.898989999999998	Injection rate	
77	78	Maximum treating pressure (psi)	
83.7	76.23	Average treating pressure (psi)	
64.5	58.08	BOE	
23.459	10.474	Well number



Group 3 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
29.4	37.172727272727272	Number of stages	
15	11	Number of clusters	
5	5	Volume of proppant (lbs)	
18.4529	29.2242	Volume of water (gallons)	
47.380200000000002	47.180900000000001	Injection rate	
77	78	Maximum treating pressure (psi)	
83.7	76.23	Average treating pressure (psi)	
64.5	58.08	BOE	
15.63933333333333	9.521818181818178	Well number



Typical Shale Well Production Profile
39263	39294	39325	39355	39386	39416	39447	39478	39507	39538	39568	39599	39629	39660	39691	39721	39752	39782	39813	39844	39872	39903	39933	39964	39994	40025	40056	40086	40117	40147	40178	40209	40237	40268	40298	40329	40359	40390	40421	40451	40482	40512	40543	40574	40602	40633	40663	40694	40724	40755	40786	40816	40847	40877	40908	40939	40968	40999	41029	41060	41090	41121	41152	41182	41213	41243	585	1900	2701	2608	2421	2736	2345	2196	1964	1743	1421	1411	1293	1294	989	1281	955	989	874	735	452	853	532	388	581	459	593	363	818	413	699	662	506	403	127	356	430	450	426	462	417	362	313	283	234	319	358	275	283	203	309	304	320	181	225	81	256	335	243	190	226	264	208	178	185	187	Date 
Oil Production Rate (bbls)

Hydraulic Fracturing Data on a Well Basis
Lateral length(ft)	
52.09	44.44	57.92	Volume of water (gallons)	
43.271459999999998	38.126849999999997	48.346960000000003	Number of stages	
15.47	15.91	17.55	Number of clusters per stage	
6.4669999999999996	5.8259999999999978	7.09	Volume of proppant(lbm)	
40.9163	39.804580000000001	47.959560000000003	Injection rate per stage	
79.400000000000006	71.48	90.55	Average treating pressure (psi)	
81.510000000000005	73.95	65.78	Maximum treating pressure (psi)	
90.74	87.37	79.959999999999994	BOE	
112.629	79.040000000000006	49.71	Group number



Hudraulic Fracturing Data on a Stage Basis
Stage length (ft)	
33.671622495151908	27.9321181646763	33.002849002848997	Number of stages	
15.47	15.91	17.55	Number of clusters	
6.4669999999999996	5.8259999999999987	7.09	Volume of proppant (lbs)	
26.448804137039431	25.018592080452549	27.32738461538462	Volume of water (gallons)	
27.971208791208799	23.96407919547455	27.54812535612535	Injection rate (bpm)	
79.400000000000006	71.48	90.55	Average treating pressure (psi)	
52.689075630252113	46.48020113136392	37.48148148148146	Maximum treating pressure (psi)	
58.65546218487394	54.915147705845371	45.561253561253537	BOE	
72.804783451842283	49.679446888749212	28.32478632478632	Group Number



Group 1 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
64.430000000000007	60.18	46.76	56.99	40.950000000000003	Number of stages	
18	14	15	15	16	Number of clusters	
18	11.2	9	7.5	9.6	Volume of proppant (lbs)	
92.347200000000001	32.711600000000047	36.637999999999948	51.306199999999961	22.345800000000001	Volume of water (gallons)	
61.448099999999961	36.737400000000001	36.975960000000001	41.40108	25.907699999999991	Injection rate (bpm)	
95	100	94	54	54	Maximum treating pressure (psi)	
91.900000000000077	79.929999999999936	91.339999999999947	93.409999999999954	91.5	Average treating pressure (psi)	
80.440000000000055	74.329999999999941	86.830000000000055	82.189999999999969	71.27	BOE	
165.13300000000001	124.30668965517199	106.964931034483	97.085999999999999	53.616068965517186	Well number 



Group 1 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
35.794444444444437	42.985714285714273	31.173333333333321	37.993333333333332	25.59375	Number of stages	
18	14	15	15	16	Number of clusters	
10	8	6	5	6	Volume of proppant (lbs)	
51.304000000000002	23.365428571428598	24.425333333333288	34.204133333333303	13.966125	Volume of water (gallons)	
34.137833333333298	26.241	24.650639999999999	27.600719999999999	16.1923125	Injection rate (bpm)	
95	100	94	54	54	Maximum treating pressure (psi)	
91.900000000000077	79.929999999999936	91.339999999999947	93.409999999999954	91.5	Average treating pressure (psi)	
80.440000000000055	74.329999999999941	86.830000000000055	82.189999999999969	71.27	BOE	
91.740555555555574	88.790492610837163	71.309954022988649	64.724000000000004	33.510043103448247	Well number 



Group 2 Hydraulic Fracturing Data on a Well Basis 
Lateral length (ft)	
63.49	35.44	34.880000000000003	24.51	40.630000000000003	Number of stages	
15	16	12	10	17	Number of clusters	
12	6.4	4.8	5	6.8	Volume of proppant (lbs)	
36.781599999999997	47.819299999999998	33.654400000000003	29.261399999999991	25.444400000000002	Volume of water (gallons)	
37.699200000000012	34.900740000000013	25.562460000000002	23.63466	31.74192	Injection rate (bpm)	
100	51	55	54	44	Maximum treating pressure (psi)	
83.7	90.99	96.169999999999973	95.04	87.89	Average treating pressure (psi)	
69.650000000000006	66.03	79.349999999999994	88.32	58.04	BOE	
132.69999999999999	113.37562068965499	109.54168965517199	67.625999999999991	66.210448275862106	well number



Group 2 Hydraulic Fracturing Data on a Stage Basis 
Stage length (ft)	
42.326666666666647	22.15	29.06666666666667	24.51	23.9	Number of stages	
15	16	12	10	17	Number of clusters	
8	4	4	5	4	Volume of proppant (lbs)	
24.52106666666667	29.887062499999999	28.045333333333321	29.261399999999991	14.967294117647061	Volume of water (gallons)	
25.1328	21.812962500000001	21.302050000000001	23.63466	18.671717647058831	Injection rate (bpm)	
100	51	55	54	44	Maximum treating pressure (psi)	
83.7	90.99	96.169999999999973	95.04	87.89	Average treating pressure (psi)	
69.650000000000006	66.03	79.349999999999994	88.32	58.04	BOE	
88.466666666666683	70.859762931034354	91.284741379309978	67.625999999999991	38.947322515212988	well number



Group 3 Hydraulic Fracturing Data on a Well Basis
Lateral length (ft)	
75	53	65	65	36	Number of stages	
22	21	15	15	10	Number of clusters	
22	12.6	12	12	3	Volume of proppant (lbs)	
85.8	52.5	37.5	37.5	24	Volume of water (gallons)	
50.6	58.8	42	34.5	44	Injection rate (bpm)	
99	98	99	96	71	Maximum treating pressure (psi)	
79.2	84	91.5	84	61	Average treating pressure (psi)	
66	63	72	67.5	55	BOE	
109	72	58	57	11	Well Number



Group 3 Hydraulic Fracturing Data on a Stage Basis
Stage length (ft)	
34.090909090909101	25.23809523809523	43.333333333333343	43.333333333333343	36	Number of stages	
22	21	15	15	10	Number of clusters	
10	6	8	8	3	Volume of proppant (lbs)	
39	25	25	25	24	Volume of water (gallons)	
23	28	28	23	44	Injection rate (bpm)	
99	98	99	96	71	Maximum treating pressure (psi)	
79.2	84	91.5	84	61	Average treating pressure (psi)	
66	63	72	67.5	55	BOE	
49.545454545454547	34.285714285714278	38.66666666666665	38	11	Well number
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Well Number 1 2 3 4 5

BOE 165133 124307 106965 97086 53616

Reservoir Pressure (psi) 4262 4412 5781 7888 7208

Oil Saturation 0.71 0.67 0.65 0.67 0.70

Oil Viscosity (cp) 0.48 0.47 0.50 0.27 0.36

Reservoir Thickness (ft) 147 164 150 165 181

Porosity 0.10 0.10 0.09 0.10 0.10


image65.emf
Paramters Assigned Wieghts Wells 1-2 Wells 2-3 Wells 3-4 Wells 4-5

Lateral length (ft) 0.130                  55.3                  174.5                       (133.0)              208.5              

Number of stages 0.155                  0.620                (0.155)                     -                   (0.155)             

Number of clusters 0.135                  0.270                0.270                       0.135               (0.135)             

Volume of proppant (lbs) 0.115                  685,809            (45,154)                   (168,684)          333,045          

Volume of water (gallons) 0.128                  316,297            (3,054)                     (56,642)            198,315          

Injection rate (bpm) 0.100                  (0.50)                0.60                         4.00                 -                  

Maximum treating pressure (psi) 0.140                  167.6                (159.7)                     (29.0)                26.7                

Average treating pressure (psi) 0.098                  59.9                  (122.5)                     45.5                 107.0              

Calculated BOE increase  1,002,389         (48,314)                   (225,438)          531,702          

Actual BOE increase 40,826              17,342                     9,879               43,470            
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Well Number  1 2 3 4 5

BOE 132700 113376 109542 67626 66210

Reservoir Pressure (psi)  3595 4305 7298 4705 3582

Oil Saturation 0.603 0.690 0.652 0.722 0.555

Oil Viscosity (cp) 0.375 0.628 0.473 0.540 0.556

Reservoir Thickness ( ft) 381 152 177 154 192

Porosity  0.100 0.100 0.120 0.090 0.080


image67.emf
Paramters Assigned Wieghts Wells 1-2 Wells 2-3 Wells 3-4 Wells 4-5

Lateral length (ft) 0.14                     392.70             7.84                 145.18             (225.68)           

Number of stages 0.12                     (0.12)                0.46                 0.23                 (0.81)               

Number of clusters 0.12                     0.47                 -                   (0.12)                0.12                

Volume of proppant (lbs) 0.13                     (137,971)          177,061           54,912             47,713            

Volume of water (gallons) 0.12                     33,022             110,192           22,748             (95,666)           

Injection rate (bpm) 0.11                     5.59                 (0.46)                0.11                 1.14                

Maximum treating pressure (psi) 0.12                     (87.48)              (62.16)              13.56               85.80              

Average treating pressure (psi) 0.17                     59.73               (219.78)            (148.01)            499.62            

Calculated BOE increase  (104,579)          286,979           77,672             (47,593)           

Actual BOE increase 19,324             3,834               41,916             1,416              
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Well Number  1 2 3 4 5

BOE 109354 72270 57973 56596 11269

Reservoir Pressure (psi)  2490 2490 3075 2501 2879

Oil Saturation 0.518 0.517 0.574 0.517 0.613

Oil Viscosiy (cp) 0.609 0.760 0.567 0.676 0.866

Reservoir Thickness (ft) 400 400 331 403 469

Porosity 0.080 0.080 0.090 0.080 0.090


image69.emf
Paramters Assigned Wieghts Wells 1-2 Wells 2-3 Wells 3-4 Wells 4-5

Lateral length (ft) 0.120                    264.00             (144.00)            -                   348.00            

Number of stages 0.165                    0.17                 0.99                 -                   0.83                

Number of clusters 0.117                    0.47                 (0.23)                -                   0.59                

Volume of proppant (lbs) 0.155                    516,150           232,500           -                   209,250          

Volume of water (gallons) 0.085                    (69,700)            142,800           63,750             (80,750)           

Injection rate (bpm) 0.125                    0.13                 (0.13)                0.38                 3.13                

Maximum treating pressure (psi) 0.119                    (57.12)              (89.25)              89.25               273.70            

Average treating pressure (psi) 0.115                    34.50               (103.50)            51.75               143.75            

Calculated BOE increase  446,692           374,964           63,891             129,270          

Actual BOE increase 37,000             14,000             1,000               46,000            
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BOE sl nos nocps vowpw irps mtppw atppw voppw

100,861            205             18               4                  269,159            57               454             396             214,134           

69,793              185             18               4                  213,780            59               411             338             198,709           

116,900            239             17               4                  176,921            51               500             370             140,338           

80,187              239             17               4                  176,921            42               519             452             140,338           

113,376            222             16               4                  218,130            51               569             413             298,871           

51,840              222             18               4                  220,162            51               539             437             257,415           

132,700            423             15               8                  251,328            100             558             464             245,211           

76,159              407             15               8                  262,388            99               532             439             244,353           

60,464              333             16               6                  251,538            94               577             517             323,019           

55,250              307             15               6                  271,317            96               619             538             460,709           
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BOE resep satu vis Thick Poros

116,900         4,260         0.66           0.59           162            0.11          

80,187            3,599         0.56           0.61           192            0.08          

113,376         4,305         0.69           0.63           152            0.10          

51,840            4,859         0.76           0.58           146            0.11          

132,700         3,595         0.60           0.37           381            0.10          

76,159            3,591         0.60           0.39           381            0.10          

60,464            4,851         0.67           0.38           165            0.11          

55,250            4,854         0.67           0.41           165            0.11          
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