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[bookmark: _Toc134123479][bookmark: _Toc134128128]Abstract
Cement is one of the most integral components of a wellbore, yet minimal experimental research has been done to understand the basic processes as to what ensures a cement sheaths’ success. Globally, minimizing greenhouse gas emissions has become one of the most influential factors in material selection for both households and industries, and it is common knowledge that the manufacturing of cement is one of the largest contributors to greenhouse gas emissions, specifically, carbon dioxide. Industries that rely on cement for structural purposes, including the petroleum industry, have begun to investigate cement alternatives or cement replacement materials to minimize the emissions associated with cement manufacturing. Pozzolanic materials such as fly ash, slag, and metakaolin are common wellbore cement additives that have proven to be advantageous in achieving the required downhole mechanical properties but many of these materials have also become less prevalent as emissions are reduced due to their cost and availability. During the drilling process, there is an abundance of a pozzolanic material that has not been utilized as a cement additive or replacement material: shale. In this work, an investigation on the poroelastic constant for class H wellbore cement is conducted. The poroelastic constant is a common input parameter for wellbore modelling and is regularly assumed to be the same as unconsolidated material. The poroelastic constant is a key parameter for determining effective stress and has an impact on cement design in wellbores. Consolidated isotropic drained (CID) testing on class H cement is also performed at three confining stress to obtain a Mohr-Coulomb failure envelope. During CID testing, the samples are sheared and an understanding of shear behavior is evaluated. This information can be used to generate more detailed failure criteria for wellbore cements and be applied to cement system designs and modeling programs. From the results of this work, it can be concluded that cement is indeed a poroelastic material. An investigation on curing time, particle size, and additive quantity is also conducted to determine the feasibility of using shale cuttings as a cement additive or replacement material. It has been determined that the samples containing micron particle sized shale tended to have superior results for all quantities when compared to the millimeter and micron samples, possibly due to these particles being similar to the size of the cement. While this work is preliminary, future validation of the findings could be instrumental in decreasing the amount of waste and emissions produced both from cement manufacturing as well as from the recycling of drill cuttings. 


[bookmark: _Toc134123480][bookmark: _Toc134128129]Chapter 1: Introduction

In a world that is becoming increasingly cognizant of climate change and minimizing greenhouse gas emissions, both individuals and industries are attempting to reduce their carbon footprint. Hydrocarbon production has long been considered the highest producer of greenhouse gases (GHG), specifically carbon dioxide (CO2), and a significant number of hydrocarbon producing companies are expanding their portfolios to renewable energy generation in an attempt to offset their GHG footprint. While renewable energy is becoming significantly more prevalent, the transition is slow and the need for petroleum and natural gas will remain for the foreseeable future. There are a number of areas within the petroleum industry that contribute to GHG emissions, but the largest has to do with one of the most common materials used downhole to successfully produce oil and natural gas: cement. 
Wellbore cement is the primary barrier material in all wellbores, be it petroleum and natural gas wells, hydrogen storage wells, geothermal wells, or carbon capture and storage (CCS) wells. According to the USGS, 90 million tons of Portland cement was produced within the U.S. in 2021, with less than about three percent being used in the hydrocarbon sector (USGS, 2022). This amount may seem minimal, yet many operators and service companies have begun to investigate possible cement alternatives or replacement material to cut down on the amount of cement being used in the downhole environment. Natural, man-made, synthetic and recycled materials have all been investigated to determine their feasibility as supplementary cementitious material and have had optimistic results. However promising a number of these alternatives are, availability, cost, and long-term behavior are often overlooked. Pozzolanic material has been used as a cement additive or cement replacement for decades, but there is one such material that has not been investigated despite the fact that it is readily available and would be exceptionally advantageous for operators: drill cuttings. Cuttings are a by-product of every hydrocarbon well and must be disposed of or recycled, further costing an operator. Shale is the most commonly drilled formation (Huang et al., 2011) and consists of a variety of clay or pozzolanic minerals such as kaolinite, smectite, and montmorillonite, begging the question of whether or not cuttings could be a feasible cement additive or cement replacement material (Laik, 2018). To better understand the practicality of using cuttings or any material within a slurry to be used downhole, it is imperative to understand current cement behavior, including but not limited to the mechanical and poroelastic properties. 
Mechanical testing of cement provides insight into its short- and long-term behavior, both of which are important for establishing and maintaining wellbore integrity. While significant mechanical testing has been performed on cement, many researchers do not focus on testing samples after the early hydration period has been achieved, or after curing for 28 days. Prior to the early hydration period, cement will experience significant changes to its unconfined compressive strength (UCS) and chemical composition thus providing inaccurate test results. Such inaccuracies could be detrimental to long-term downhole cement systems in that they are unable to withstand the harsh environments and could ultimately fail, leading to hydrocarbon migration, inability to support the casing or formation, and a number of other significant issues. Inability of an alternative cementitious material to achieve the necessary strength and ductility requirements would prove disastrous either shortly after being placed downhole or in the long-term during completions, production, or abandonment process.
Compatibility between the cement and additives are often overlooked or understudied; the chemistry and bonding capabilities need to be taken into consideration when using additives or an alternative material as these parameters could affect the establishment of mechanical properties and degradation. The compatibility of the cement system and drilling mud should also be regularly investigated to understand any severe adverse effects. 
Another topic of importance when it comes to cement and its behavior downhole are the poroelastic properties, specifically the poroelastic constant or the Biot coefficient, which has been widely studied in soil and rock, but little has been investigated pertaining to its values within cement. The Biot coefficient is an important parameter in that it describes the effect of fluid within the pores with changes in bulk volume and is integral in effective stress determination. Having an accurate understanding of the downhole cement effective stress allows for a better knowledge of when and how failure will occur as well as allow for more accurate slurries to be designed for specific wellbore conditions, regardless of the type of additive used in the slurry. 
The objective of this work is twofold: gain a better understanding of the poroelastic properties of class H cement for downhole use and to investigate the feasibility of using a readily available upcycled pozzolanic material, drill cuttings, as a cement additive. In chapter 4 of this work, an investigation on the poroelastic coefficient is performed on neat class H cement using cement from Central Plains Cement Company in Tulsa, Oklahoma. Once the poroelastic coefficient is obtained, triaxial testing is done at three varying confining stress so that a failure envelope can be created and used in conjunction with the poroelastic coefficients to establish a better understanding of constitutive in-situ cement behavior and this is described in chapter 5. Having determined the mechanical and poroelastic coefficient for neat class H cement, chapter 6 details an analysis on the mechanical properties of class H cement containing various amounts of an unconventional geologic additive, drill cuttings, is executed. In conjunction with varying the quantity of the cuttings within the cement, size of cuttings will also be examined to determine the impact that this parameter has on cement mechanical properties. Microscopy is also utilized on tested samples to understand the macro- and microstructure of the cement as well as provide insight as to the chemical compositions and variations in compositions encountered throughout the samples. 
 Experiments conducted within this work, specifically regarding the utilization of cuttings within cement, are preliminary and further testing is required to validate results and ensure field applicability. Regardless, having a basic understanding of both the poroelastic constant and how the addition of cuttings to cement effects cement behavior are exceptionally beneficial to the petroleum industry. Such information could potentially lead to less cement being used downhole, minimizing cuttings disposal, and better wellbore integrity, all of which lead to a reduction in CO2 emissions.   
[bookmark: _Toc134123481][bookmark: _Toc134128130]Chapter 2: Literature Review
Wellbore cement is a complex material that, while being highly studied, is not fully understood. This section will provide insight as to cement hydration processes, classification of wellbore cements, slurry design, reasons for degradation, key properties needed to design wellbore cement, and test methods to determine these properties. 
[bookmark: _Toc134123482][bookmark: _Toc134128131]2.1 Background
Wellbore cement is an integral part of a wells’ success. The purpose of the cement is to provide zonal isolation, prevent hydrocarbon migration, and support the casing/formation. While cement is the most widely used barrier material within hydrocarbon wells, there is a substantial amount of information that remains to be learned about cement behavior downhole and long term. One area that exemplifies this is the utilization of additives and the effect that they have on cement mechanical properties under downhole conditions. Oftentimes, the effect of additives on mechanical properties are investigated at surface conditions and for a short hydration period, frequently being tested prior to the completion of the early hydration portion of curing. There is a plethora of materials that have been utilized for investigating their potential as a cement additive, but more often than not, cost, availability, and environmental concerns associated with said materials are not considered. Another aspect of wellbore cement that has often been overlooked is the determination of the poroelastic properties. Poroelastic properties, specifically the Biot coefficient, are pertinent for downhole effective stress calculations which, in turn, dictate wellbore cement design. The primary reasons why testing to determine the poroelastic properties of a material are not commonly performed is due to the time required to obtain such parameters as well as the costs associated with running the tests. 
It should be noted that while the findings obtained within this work are prolific, it is a preliminary study and further testing needs to be done to further verify and expand on the feasibility of the findings within. If proven feasible, the use of such information could impact not just cement design, but also aid in promoting more environmentally friendly materials within petroleum engineering. Using a recycled (or upcycled) material has the potential to minimize the amount of cement needed to provide an acceptable downhole barrier and ultimately could reduce emissions associated with cement production. Having a better understanding of how cement behaves downhole and the basic impact of the poroelastic constant on effective stress calculations may lead to a safer well design thus promoting safer, more stable wellbores with less environmental impact. 
[bookmark: _Toc134123483][bookmark: _Toc134128132]2.2 Cement Overview
Portland cement clinker, or the solid cementitious material, has a dynamic chemical composition, but there are four primary chemical compounds that are found in unhydrated Ordinary Portland cement (OPC): tricalcium silicate (alite; C3S), dicalcium silicate (belite; C2S), tricalcium aluminate (aluminate; C3A), and tetracalcium aluminoferrite (ferrite; C4AF). Alite is the most common constituent of the clinker and as such is the most commonly used chemical to describe the process of cement hydration. Typical OPC clinker compositions range from 55-65% C3S, 15-25% C2S, 8-12% C3A, 8-12% C4AF and small amounts of gypsum to the cement clinker when it is being ground to prevent particle temperature from increasing and causing the particles to stiffen (Michaux et al., 1990; Kurdowski, 2014). An image of a conventional cement clinker prior to hydration is shown in Fig. 2.1; while cement composition is widely described in literature, it is difficult to find microscopy of labeled clinker containing the four primary components (Locher, 2006; Sintef, 2007). It can be seen that alite, which is the shown to be the largest, most prevalent particle type is highly angular and is somewhat darker in color than the other clinker components. Belite, while also fairly large in size, is much more circular and lighter in color. The small, dark, oblong segments are the aluminate while the white rods are the ferrite. 
[image: A picture containing text, old, bedclothes

Description automatically generated]
[bookmark: _Toc118187971][bookmark: _Toc131422110][bookmark: _Toc134442018][bookmark: _Hlk131243952]Figure 2.1. Optical microscopic image of cement clinker showing (a) alite, (b) belite, (c) aluminate, (d) ferrite (Locher, 2006; Sintef, 2007).
[bookmark: _Toc134123484][bookmark: _Toc134128133]2.3 Cement Hydration Process
To begin the hydration process, water is added to the cement; the water-cement ratio can vary depending on cement requirements. Once the water has been added to the cement slurry, the primary silicate material within the cement (C3S and C2S) react with the water and undergo similar chemical reactions. Alite hydration is shown as (Eq. 2.1), 

Where the calcium hydroxide (CH) is crystalline and the calcium silicate hydrate (C3S2H4), better known as C-S-H gel, is not crystalline and does not have a fixed composition (Sintef, 2007). Belite hydration is a slower, but nearly identical to the hydration of alite (Eq. 2.2):

For the purpose of cement hydration studies, alite is typically the chemical that is used to describe the cement hydration process due to it being the main material within cement clinker. A schematic plot showing the five stages of alite (and belite) hydration is shown in Fig. 2.2.
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[bookmark: _Ref118747979][bookmark: _Toc118187972][bookmark: _Toc131422111][bookmark: _Toc134442019][bookmark: _Hlk131244014]Figure 2.2. Schematic of alite hydration phases.
In regards to the alite hydration process, there is some disagreement between the number of stages that occur during hydration (Bullard et al., 2010; Meredith et al., 1995). Some researchers categorize the process as a three-phase process while others say four and some state more (Chandra & Flodin, 1987; Li et al., 2017; Meng et al., 2021; Qi et al., 2021; Dorn at al., 2022). It is the opinion of the author that, upon looking at Fig. 2.2, five stages are appropriate and seemingly details what is occurring in full in regards to the rate of heat evolution. 
The first stage of the cement hardening process is the preinduction phase, which occurs when the cement slurry is being mixed and immediately after (Michaux et al., 1990). During this phase, water is introduced to the cement clinker and the primary reactions that take place are between C3A, gypsum and the water (Brandão et al., 2017). The preinduction phase is characterized by rapid dissolution and precipitation of chemicals thus modifying the chemical structures (Cadix et al., 2016).   
Following the preinduction phase is the induction phase, and this phase lasts hours (Michaux et al., 1990). During the start of this phase, the cement is only slightly hydrated (Cadix et al., 2016). When hydration is in the induction phase, the chemical reactions wane and the consistency does not change (Meredith et al., 1995; Preece et al., 2000). The end of the induction phase and the point where the acceleration phase begins is debated within the chemistry community (Michaux et al., 1990). 
At the start of the third phase, the acceleration phase, the initial setting of the cement begins to occur (Wang et al., 2019). During this phase, the cement releases a significant amount of heat due to the increase in C-S-H crystal formation (Li et al., 2021). The C-S-H gel forms on both the surface of the cement particles as well as within the pores (Liu et al., 2019). The acceleration phase is marked by a significant increase in the cement hydration rate, decrease in porosity, and development of compressive strength (Karakosta et al., 2015; Liu et al., 2019). 
Once the peak exothermic reaction is reached, the deceleration phase begins to occur as seen in Fig. 2.2. In this phase, the C-S-H gel mitigates water and chemical movement and hydration rate decreases (Michaux et al., 1990). The final phase of cement hardening is the steady state, or diffusion phase. In this phase, any residual C3S continues to be hydrated while other materials like C2S, C3A, and C4AF will begin to be hydrated and form C-S-H gel over time (Meng et al., 2021).
The hydration of C3A can vary depending upon the amount of calcium sulfate, which is typically added to cement in the form of gypsum; when calcium sulfate is not present, the C3A reaction with water will form a gel on the surface of the C3A particles and eventually lead to the formation of hexagonal crystals, which form a barrier and lessen hydration (Sintef, 2007). Further chemical reactions occur and form cubic katoite (C3AH6) (Sintef, 2007) (Eq. 2.3). 

When calcium sulfate is present, C3A hydration in the early stages of cement hydration occurs in three stages (Michaux et al., 1990). First, the gypsum dissolves in water and react with the C3A by products to produce ettringite (AFt; C6AS3H32) leading to an induction period where gypsum is continuing to be consumed and the ettringite is precipitating (Michaux et al., 1990; Quennoz & Scrivener, 2012). This induction period can last a number of hours to days depending upon the amount of gypsum in the system. Once the sulfate ions in the system are depleted, C3A dissolution will occur and react with the ettringite and water to produce monosulfoaluminate (Quennoz & Scrivener, 2012).  This process occurs rapidly and then experiences a steep decline in reaction rate (Bullard et al., 2010). Fig. 2.3 shows a schematic of the C3A hydration process and phases. An example of how these reactions occur is shown in Fig. 2.4. 
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[bookmark: _Ref118748194][bookmark: _Toc118187973][bookmark: _Toc131422112][bookmark: _Toc134442020][bookmark: _Hlk131244058]Figure 2.3. Schematic of aluminate hydration.
[image: Chart

Description automatically generated]
[bookmark: _Ref118748262][bookmark: _Toc118187974][bookmark: _Toc131422113][bookmark: _Toc134442021][bookmark: _Hlk131244064]Figure 2.4. Aluminate reaction products with time (Modified from Quennoz & Scrivener, 2012).
While the hydration of neat OPC has been presented here, this rate of hydration and heat evolution can be altered when additives are included within the slurry. Fineness of cement can also increase the rate of hydration; smaller particles will hydrate faster (Quennoz & Scrivener, 2012). This is important because additives may have the ability to alter the reaction products or quantity of a product and could impact the mechanical and thermal properties of cement, yet there has not been significant research on the mechanisms and reactions with additives. This could be due to continuous x-ray powder diffraction (XRD) or other expensive and time consuming techniques such as Raman spectroscopy are required for the entirety of the first four phases of hydration (Quennoz & Scrivener, 2012). Another aspect that should be taken into account for the purpose of understanding cement hydration is the composition of the water being used to hydrate the cement and how chemicals within the water could affect cement hydration products.
[bookmark: _Toc134123485][bookmark: _Toc134128134]2.4 Types of Wellbore Cements
The most common cement in the petroleum industry is American Petroleum Institute (API) cement, in which there are eight classes. Each class has a specified depth, fineness, and composition and can be either ordinary, moderately sulfate-resistant, or highly sulfate-resistant. Table 2.1 shows typical chemical compositions of the various classes of wellbore cement, chemical types, common water/cement ratios and range of depths that the cement type can be used at (Smith, 1987; API, 2002; Khalifeh & Saasen, 2020).
[bookmark: _Ref118748314][bookmark: _Toc134461586][bookmark: _Hlk131244078]Table 2.1. Chemical composition, types, and selection material of API wellbore cements.
	API Class
	C3S
	C2S
	C3A
	C4AF
	Available Types*
	Water-Cement Ratio
	Depths (ft)
	Slurry Weight (ppg)
	Fineness
(cc/g)

	A
	53
	24
	8
	8
	O
	0.46
	0-6,000
	15.6
	1,500-1,900

	B
	47
	32
	5
	12
	MSR; HSR
	0.46
	0-6,000
	15.6
	1,500-1,900

	C
	58
	16
	8
	8
	O; MSR; HSR
	0.56
	0-6,000
	14.8
	2,000-2,800

	D
	26
	54
	2
	12
	MSR; HSR
	0.38
	6,000-10,000
	16.4
	1,200-1,600

	E
	26
	54
	2
	12
	MSR; HSR
	0.38
	10,000-14,000
	16.4
	1,200-1,600

	F
	
	
	
	
	MSR; HSR
	0.38
	10,000-16,000
	16.2
	

	G
	50
	30
	5
	12
	MSR; HSR
	0.44
	0-8,000
	15.8
	1,400-1,700

	H
	50
	30
	5
	12
	MSR; HSR
	0.38
	0-8,000
	16.4
	1,400-1,700


*O=Ordinary Type; MSR=Moderate Sulfate-Resistant Type; HSR=High Sulfate Resistant Type
ASTM has also described their own Portland cement classification system as detailed in standard C150/150M-21, but it is not commonly used for wellbore cementing (ASTM, 2021). There are five types of ASTM cements with some having air-entrapment and moderate sulfate subsets (ASTM, 2021). Due to their lack of use in modern wellbores, ASTM cements will not be discussed in detail.
Class H and class G cement, which are nearly identical apart from fineness, are the most commonly used cements used within a wellbore. Classes A and B are Portland cement and are very similar to ASTM Type I and Type II cements, respectively. Class C cement is similar to ASTM Type III cement and should be used in conditions where high early strength is necessary; high early strength is achieved by increasing the alite within the cement clinker and finer grinding of the clinker (Smith, 1987). Class D, E, and F cement are retarded cements where elevated pressures and temperatures are experienced (Smith, 1987). Class D is meant for moderate HPHT conditions, class E for high HPHT, and class F for extreme HPHT conditions (Smith, 1987). It should be noted that there is not much literature discussing class F, possibly because classes D, E, and F are rarely used as wellbore cements (Khalifeh & Saasen, 2020).
Previous literature has listed various “specialty cements”, but in modern times, these cements are more widely used, studied, and commonly include a specific additive rather than a novel cement blend therefore considered cement with additives rather than a “specialty cement”. These include pozzolanic cements, resin cements, permafrost cements, diesel cements, calcium aluminate cements, expanding cements, and latex cements (Smith, 1987).
[bookmark: _Toc134123486][bookmark: _Toc134128135]2.5 Cement Slurry Characterization and Design
Cement slurries are designed to provide zonal isolation, protect the casing from corrosive fluids, and mechanically support the casing under the given wellbore conditions. There are three initial parameters that need to be considered when designing a cement slurry: placement depth and configuration, downhole environment, and temperature/pressure information (Rae, 1990). Slurry design takes the following into consideration: rheology, hydrostatic pressure control, fluid loss control, static gel strength development, fluid/gas invasion resistivity, strength development, shrinkage and expansion properties, and long-term integrity (API, 2010). It is also important to design a cement so that the mechanical properties are able to withstand any pressure, temperature and stress variations that will be experienced over the life of a well once the cement has been placed (Thiercelin et al., 1998). 
In order to actually pump cement into a wellbore, the cement must be designed to have a consistency lower than 70-100 Bearden consistency units (Bc) (Teodoriu & Asamba, 2015). Water-cement ratio (W/C) is an important parameter that is considered when designing a wellbore cement in that enough water needs to be present to optimally hydrate the clinker but low enough so as to not negate compressive strength buildup (Tan et al., 2012). W/C may need to be adjusted when utilizing additives in the cement and this may vary by weight or quantity. Pore and fracture pressure considerations must also be considered so as to not fracture the formation, prevent loss of circulation, mitigate the risk of a kick or blowout (Guo et al., 2019). Knowledge of fracture pressure gradient also allows for proper equivalent circulating density (ECD) to be designed to ensure that the ECD is lower than the fracture gradient (Gahlawat et al., 2016). 

There is not one “right way” to characterize a wellbore cement/slurry. Potentially the easiest, least descriptive way to characterize a cement is by the type of casing or depth in which it is placed. An example of this is surface casing cement, or the cement that is used to ensure that the zone that spans the water table. One additional way that cement slurries can be classified is by the use of additives to achieve specific properties once downhole. Additives can be used to change the behavior of a cement slurry, therefore making a cement retarded, high early compressive strength, sulfate resistant, expandable, foamed, etc. Composition of the cement is another way in which cement and cement slurries can be classified; examples of this are cements containing high amounts of pozzolans or other unconventional material thus deeming it a “specialty cement”. Examples of these types of cements are discussed earlier in this work. Another way in which cement and cement slurries can be classified is by their density. While there is not necessarily a "set" limit to what constitutes a specific density range for slurry characterization, there is not a commonality on what density range a slurry can be characterized. Cement characterization ranges from ultra-lightweight to heavy weight cements depending upon the density of the cement slurry (Kalyanraman et al., 2021). Ultra-lightweight cements can have densities ranging from 7.3-11.0 ppg and typically utilize either stable foam or lightweight microspheres to obtain such low density slurries (Kulakofsky et al., 2006). Pernites et al. (2019) describe the creation of a lightweight cement slurry with density that ranges from 10.5-15.5 ppg. Neat, or conventional cements, are said to have densities ranging between 14.8-16.4 ppg depending upon the class of API cement used (Smith, 1987). High density (or heavy weighted) cement slurries have densities of 17.0 ppg or greater (Ahmed et al., 2020). Determining which slurry density is optimal for a well is dependent upon pressure, temperature, and other downhole conditions.
[bookmark: _Toc134123487][bookmark: _Toc134128136]2.6 Laboratory Testing of Wellbore Cement
To ensure long-lasting wellbore integrity, various properties need to be considered from the initial design of the cement. There are various types of tests that need to be conducted to evaluate the feasibility of the cement design and determine how it will behave over time. It should be noted that test methods can vary on location and regulatory agency. In the U.S., there are three main regulatory bodies that describe test standards for conducting mechanical and slurry testing on wellbore cement: American Petroleum Institute (API), American Society for Testing and Materials (ASTM), and the International Organization for Standardization (ISO). The most commonly used standards for cementing wellbores are detailed in API RP 10B (Garnier et al., 2007). There are five parts to this document: Recommended Practice for Testing Well Cements, Testing of Well Cements Used in Deepwater Well Construction, Preparation and Testing of Foamed Cement Formulations at Atmospheric Pressure, Recommended Practice on Determination of Shrinkage and Expansion of Well Cement Formulations at Atmospheric Pressure, and Recommended Practice on Determining the Static Gel Strength of Cement Formulations. ISO standard ISO-10426-2:2003, Petroleum and Natural Gas Industries-Cements and Materials for Well Cement Testing-Part 2: Testing of Well cements is based on API RP 10B. ASTM standards are not as easy to define in that they do not specify that these methods are for wellbore cement and are not compiled into one easily accessible document. 
Cement test methods can be divided into three primary categories: slurry testing, quasi-slurry testing and mechanical testing. Slurry testing refers to testing performed on a cement slurry while it is still in the liquid phase. Mechanical testing is typically conducted on cement that has been cured anywhere from a few hours to extended periods of time. Quasi-slurry testing refers to the testing that is performed on cement when it begins testing as a liquid but during the testing process transitions to a hardened cement. Fig. 2.5 describes some of the various test types that can be performed on cement slurries, quasi-slurries, and hardened cement. 
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[bookmark: _Ref118751423][bookmark: _Toc118187975][bookmark: _Toc131422114][bookmark: _Toc134442022][bookmark: _Hlk131244108]Figure 2.5. Various types of wellbore cement tests.
Mixability is important when preparing a slurry in that conditions and methods vary from the laboratory to the field and the method and conditions of mixing have shown to have some impact on cement slurry and mechanical properties (Saleh & Teodoriu, 2016). Slurry testing is important for determining the pumpability, placement, and strength development of the cement sheath (Saleh & Teodoriu, 2016). Once the slurries have been prepared, a number of laboratory tests can be performed to evaluate the potential for field performance. Slurry thickening time tests, which are performed to determine the length of time that a slurry will be pumpable under specific wellbore conditions, use a pressurized consistometer to heat and pressurize the slurry until it reaches a consistency of 100 Bearden units (Bell & Nelson, 1990). Another test method on cement slurries is fluid loss evaluation, where the slurry is placed into a filter press cell where it is subjected to downhole conditions and differential pressure is measured over a 30-minute period at 1,000 psi, thus providing insight on slurry dehydration when placed in a wellbore (Bell & Nelson, 1990). Free-fluid and settling tests are performed simultaneously to understand water separation and migration as well as particle sedimentation characteristics of a slurry; this test lasts for a period of two hours (Sarmah et al., 2016). Rheological measurements are performed using a rotational viscometer and a variety of slurry properties can be obtained including the plastic viscosity, yield point, frictional properties and gel strength (Sarmah et al., 2016). Density of the slurry is found using a mud balance and should be pressurized to obtain accurate results (Romanowski et al., 2018). Ultrasonic cement analyzers (UCA) allow the slurry strength development under wellbore conditions to be measured over time (Bhaidasna & Leblanc, 2009). Compatibility testing is another important test to determine whether the various cement systems (spacer, tail, lead) are able to properly function when ran downhole. To determine compatibility, various quantities of spacer and tail as well as tail and lead are separately mixed and then combined for a specific period to determine whether any abnormalities are detected. 
The main properties for well integrity evaluation are obtained from mechanical testing and include UCS, tensile strength, failure criteria obtained from the failure envelope and conventionally Mohr-Coulomb, Young’s Modulus (YM), and Poisson’s Ratio (PR) (Garnier et al., 2007). To obtain UCS values, uniaxial loading on either a cubic or cylindrical specimen is performed (Garnier et al., 2007). UCS is greater when using cubic samples due to the type of test machine used and the stress-strain rate in which the sample is being crushed, lack of planarity, and stress distribution (Garnier et al., 2007). YM and PR can also be found via UCS testing. Vertical strain and stress data is being recorded in order to obtain UCS values, and by taking the tangent at 50% of the stress-vertical strain curve, YM can be determined. PR can be found in a similar method by placing a radial strain gauge or radial extensometer on the sample, so that radial strain and vertical stress data is being compiled in unison with axial strain data. By taking the tangent at 50% of the horizontal strain-stress curve, PR can be found. 
Failure criteria of cement can be found via triaxial testing. One type of triaxial test that can be done to obtain a failure envelope is consolidated isotropic drained (CID) testing. At least three confining stress need to be used to create an accurate Mohr-Coulomb failure envelope and from this angle of friction and cohesion can be obtained. YM and PR can also be determined during triaxial testing by using linear variable differential transducers (LVDT’s) and again taking the tangent at 50% of horizontal and vertical strain vs stress. YM and PR, which are indicative of a materials stiffness and the materials radial change and the ratio of lateral strain to longitudinal strain, respectively, need to be low to have a successful cement sheath that is able to adapt to thermal and mechanical loading; cement with high YM and PR is more likely to experience radial fracturing (Nygaard et al., 2011). It is optimal for a cement to have a lower YM, PR, and high compressive strength to prevent wellbore integrity failure (Nygaard et al., 2011).
Tensile strength determination is also important for wellbore integrity evaluation because cement will almost always fail in tension (Heinold et al., 2002). As of 2003, there are no API standards for tensile testing but two methods of determining the tensile strength of cement are the splitting tensile strength test and the direct uniaxial tensile strength test (Heinold et al., 2002). 
Other types of mechanical testing such as porosity, permeability, and hydrostatic compression testing can be performed to further understand and characterize cement. It is common for porosity and permeability testing to be done simultaneously and these properties can be obtained at various pressures to see if there is any variation. This is important in wellbore cements because pressure increases with depth and knowing these parameters can help optimize cement design and achieving wellbore integrity. Hydrostatic compression testing is used to determine both the bulk and solid bulk moduli which can then be used to calculate the poroelastic constant, better known as the Biot coefficient. Knowledge of the Biot coefficient can then be used to obtain more accurate effective stress calculations which in turn leads to more accurate slurry designs, placement, and potentially even optimized hydraulic fracturing (Fallahzadeh & Rasouli, 2012). 
[bookmark: _Toc134123488][bookmark: _Toc134128137]2.7 Overview of Cement Replacement Materials & Additives
Due to limitations associated with using ordinary Portland cement (OPC) as a well sealing material, specifically pertaining to ensuring well integrity, various materials have been used as a cement replacement in copious ways including but not limited to: sealing gaps between the formation and casing, mitigating water or gas production, and when a well is plugged and abandoned (P&A’ed). These materials have been dubbed sealing materials and are designed with the expectation that they are able to perform better than OPC when subjected to downhole conditions (Ziashahabi et al., 2019). While many sealing materials have shown promise when tested in the lab both at ambient and high pressure high temperature (HPHT) conditions, little is known about how these materials perform under downhole conditions or over time. Sealing materials show considerable promise when it comes to achieving and preserving well integrity, yet there is a considerable amount of research and real-well observation that needs to be done prior.   
While sealing materials are considered to be cement alternatives or cement replacements, cement additives are materials that are added to the cement to aid in establishing/maintaining well integrity given the specific downhole conditions. To optimally attain the aforementioned sealing material qualifications, cement slurries are attempted to be designed with the desired mechanical properties to best suit an individual well over an extended length of time. In order to achieve the necessary mechanical properties, the addition of additives or an alteration to the water-cement (w/c) ratio may be utilized. It is important to note that while additives or w/c ratio modifications may be beneficial to some extent, there is a “limit” in which such modifications could prove detrimental to cement integrity. Such factors could also impact cement pumpability and placement. If a slurry is too thick, it may be difficult to pump which could impact cost and equipment performance. Slurries with excess additives or a low w/c ratio may also be difficult to properly place and settling of additives could become an issue. In this day in age, the use of additives in cement is not a new concept. Additives are used for a variety of reasons such as accelerants, retardants, dispersants, viscosifiers, density-reducers, and fluid loss control (Thakkar et al., 2019). Novel testing of common and uncommon additives is crucial for understanding the impact said material has on the mechanical properties of cement, both short- and long-term. While there are innumerous additives that have been utilized in wellbore cements, a majority of these additives have been investigated solely at a lab scale and have not been observed in field applications. Some of the common types of additives used in wellbore cementing include nanoparticles, polymers, fibers/cellulose materials, and pozzolans. 
Particle size is an important parameter that needs to be taken into consideration when selecting wellbore cement additives. The smaller the additive particle size, the greater the surface area thus more reactivity potential (Mangadlao et al., 2015). On the other hand, it should be noted that smaller average particle sizes also increase the viscosity of a slurry and could be problematic during pumping (Khalil et al., 2020). Smaller particle sizes are more likely to exhibit flow resistance as well (Ashraf et al., 2021). The distribution of particles within the cement should be homogenous to ensure well dispersed hydration and allow for uniform strength not concentrated in one area (Mangadlao et al., 2015). 
[bookmark: _Toc134123489][bookmark: _Toc134128138]2.7.1 Drill Cuttings
Drill cuttings, which are pieces of geologic material created as the drill bit penetrates downhole formations above the target reservoir, are produced in massive quantities and are required, by law, to be disposed of. The way in which cuttings are disposed is dictated by the type of drilling mud used, which can be either water-based mud (WBM), oil-based mud (OBM), or synthetic-based mud (SBM), the latter two types often called non-aqueous drilling muds (Lyon et al., 2019). Use of OBM and SBM is becoming more prevalent due to the increase in shale reservoirs, which tend to swell in the presence of water (Scott & Candler, 2010). While WBM requires little to no cleaning in order to be disposed of, non-aqueous muds must be treated and cleaned to ensure any residual aromatics are removed to minimize harm to the environment (Lyon et al., 2019). 
There are a number of techniques used to dispose of or recycle drill cuttings. Offshore, cuttings can be cleaned using thermal processing techniques, a dryer, or chemical extraction (Wu et al., 2021). Once cleaned to regulatory standards, the cuttings can be discharged to the sea; oftentimes WBM cuttings do not require cleaning and can be immediately discharged (Innes et al., 2021). Skip-and-ship and bulk transfer of cuttings are offshore cuttings disposal techniques in which the cuttings are offloaded to a ship and brought to an onshore facility to be recycled. Onshore disposal techniques also require the cuttings to be cleaned and meet regulatory specifications; once the cuttings are cleaned, they can be used, if permitted, for landfarming or biological treatment, landspreading, stabilization or solidification, burial, landfill, or reuse (Clements et al., 2010). Another method for cuttings disposal both onshore and offshore is reinjecting the cuttings downhole. Cuttings injection can be done for all mud types and has a number of advantages including that it is environmentally friendly, minimal to no treatment, reduced transportation and storage costs, and control of injection rate to support drilling operations (Benelkadi et al., 2019).    
Cuttings disposal can prove problematic in that it can be costly, require a large amount of space, and contribute to greenhouse gas emissions (Sun et al., 2022). The skip and ship as well as the bulk transfer of cuttings offshore requires cuttings to be shipped from the wellsite to an onshore facility and produces almost 120 times more greenhouse gas emissions than onsite treatment and disposal techniques (Innes & Morris, 2020). Onshore disposal or recycling offshore cuttings onshore requires the cuttings to be relocated thus generating additional emissions. Cuttings reinjection may require additional equipment which could increase costs and space on location as well as negatively impact drilling (Sun et al., 2022). An additional issue is that offshore discharge can negatively effect the marine environment (Zhang et al., 2016). 
More recently, utilization of cuttings in drilling and completion techniques has been investigated. Carrascal-Delgado et al. (2022) described the potential for using Eagle Ford cuttings as proppant material. An additional study detailed the potential conversion of shale cuttings to high-strength proppant material (Hellmann et al., 2014). Drill cuttings have also been utilized in drilling mud for lost circulation control (Salmina et al., 2019). Foroutan et al. (2017) described using drill cuttings in concrete applications; it was seen that in quantities up to 20%, the drill cuttings were able to achieve compressive strength similar to that of concrete without cuttings. An investigation to understand the feasibility of using drill cuttings in asphalt for road pavement has also been done (Khodadadi et al., 2020). It was found that washed cuttings are a suitable material for asphalt mixtures and showed similar results to the samples containing no cuttings. In 1993, approximately 75% of all formations that were drilled were shale; in modern times, the number of shale reservoirs has increased thus implying that this number is significantly higher (Huang et al., 2011; Taghiyev et al., 2015; Dzialowski et al., 1993). In South Texas alone, over 10.8 million cubic feet of cuttings are present and in modern times, when a well is drilled it will typically produce between 35,315.0 and 176,573.0 cubic feet of cuttings (Khodadadi et al., 2020; Hınıslıoğlu & Ağar, 2004; Foroutan et al., 2017). For every foot of well drilled, approximately 1.21 barrels of cuttings are generated (Khodadadi et al., 2020; Sellassie, 2011). 
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Knowledge of cement microstructure is imperative for understanding their use in a variety of applications (Franus et al., 2015). The use of microscopy can shed light on a materials chemical composition, macrostructure, microstructure, and surface abnormalities. The use of optical microscopy can also provide information on surface and pore structure of a material at lower magnifications. While there are a variety of microscopy techniques, scanning electron microscopy (SEM) is the most widely used to observe the surface structure of cement at lower magnification and higher resolution. SEM works by emitting an electron beam through a series of electromagnetic fields and magnetic lenses (Jaidka et al., 2022). When the electron beam hits the sample surface, elastic and inelastic collisions between the electrons within the inner and outer shells of the atoms will occur and this electron excitation can be read and used to produce backscatter and secondary electron images (Egerton & Zhu, 2022). Energy-dispersive X-ray spectroscopy (EDS) can be used in conjunction with SEM to obtain insight as to the chemical composition of surface locations. EDS works when the electron beam hits atoms on a material’s surface and penetrates the inner shell of the atoms. This will cause an electron in the inner valances to be knocked out and an electron from the next outer valance to fill this void; this movement emits an X-Ray that is specific to an element (Gibson, 2005). Cement microscopy can be utilized to verify additive reactivity, arrangement of hydration products, and crystalline size variations with the addition of cement replacement materials (Majhi & Nayak, 2019; Forni et al., 2015; Li et al., 2022). Microscopy has also been utilized to understand how microstructure varies with the addition of varying amounts of supplementary cementitious material (Dadsetan & Bai, 2017). 
It is interesting to note that while testing on wellbore cements is thoroughly detailed in API, ISO, NORSOK and CEN standards and guidelines, there is seemingly no set standard for performing elemental/chemical composition and microstructure and crystalline structure of cement via microscopy. These are two techniques that can be utilized to determine the chemical composition and products that were formed during cement hydration as well as understand the microstructure (and to some degree macrostructure) of the cement. Investigating such topics could allow researchers to better understand how additives can alter the mechanical properties, aid in cement optimization, and potentially provide a better outcome in regards to long-term wellbore integrity.   
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The focus of this dissertation is sub-divided into five chapters. The following is a brief description of what research was conducted and key parameters in question for the research are listed below. 
· Chapter 4 of this work focuses on the determination of the poroelastic constant of a class H cement blend. Hydrostatic compression testing, which is a combination of two non-destructive tests, is performed on three class H cement samples to determine the solid and bulk ratio of the material. Utilizing this data, a correlation can be used to determine the Biot coefficient and is further described in chapter four of this work. SEM-EDS analysis was also carried out to determine the chemical composition of the sample and to understand the microstructure of the samples using a FEI Quanta microscope and Bruker XFlash 6130 Energy Dispersive X-Ray Spectrometer. 
· In chapter 5, consolidated isotropic drained (CID) tests were performed on class H cement at three varying confining stress to better understand downhole behavior and obtain a Mohr-Coulomb failure envelope. Samples were sheared and failure angles were also analyzed to determine real-world failure behavior. SEM images were obtained to understand the microstructure at the fracture surface and determine any significant differences when compared to the intact surrounding matrix. 
· In chapter 6 of this work, an investigation on the addition of various sizes, quantities, and curing time of cement with shale cuttings and Eagle Ford cuttings addition has been investigated. Microscopic analysis was done on the samples to obtain both a microstructural and chemical analysis and determine whether there is a difference when adding this novel material to class H cement. 
[bookmark: _Toc134123492][bookmark: _Toc134128141]Chapter 4: Poroelastic Properties of Wellbore Cement
In well construction for geothermal, CO2, and oil and gas wells wellbore cement is imperative for ensuring wellbore integrity, zonal isolation, and mitigating migration of fluids. To establish the necessary barriers for well construction, cement is placed downhole at elevated pressures and temperatures. In this study, mechanical and poroelastic properties of class H wellbore cement are experimentally determined to develop a better understanding regarding the constitutive behavior of the cement at realistic downhole conditions. Previous testing on wellbore cement has centered around short-term mechanical testing and neglected to understand the effect of poroelasticity and its impact on effective stress calculations. Poroelastic properties are obtained through hydrostatic compression testing and further corroborated with porosity and permeability determination. The hardened cement structure is investigated with optical and scanning electron microscopes. The poroelastic behavior of oil well cement acts linearly over a wide range of confining stresses. The experimentally obtained Biot coefficient, α, solid bulk modulus, , and the drained bulk modulus, , of the Class H cement range from 0.80-0.82, 51.6-52.8 GPa, and from 9.7-10.3 GPa, respectively. This study shows that oil well cement behaves as a poroelastic material and is within the porosity, permeability, and poromechanical properties range of a shale. Hence poroelastic models developed for shale can be used to analyze oil well cement systems. Determining the poroelastic properties of an oil well cement system can allow for well constructions to be better designed for specific downhole effective stress conditions and shear failure potential.
[bookmark: _Toc134123493][bookmark: _Toc134128142]4.1 Introduction
Wellbore cement is imperative for ensuring wellbore integrity, zonal isolation, and mitigating hydrocarbon migration. If wellbore cement is improperly placed or incorrectly designed, risk of failure is plausible. Hydrocarbon, geothermal, hydrogen, and carbon capture and storage wellbores are designed in a way such that there are a number of mechanical barriers present to prevent failure. This includes steel casing, cement, and a number of additional mechanical components such as packers and centralizers. In theory, if one barrier fails there should always be another barrier to mitigate any hazards that could occur. For instance, improper cementing of the annulus in the production liner could equate to excess load on the casing string causing it to burst, which could lead to hydrocarbon leakage to the surface or infiltration of the water table, but the cement should be the next viable barrier. While there are a number of barrier elements within a wellbore at any given time, the most significant and oftentimes the most utilized is wellbore cement. Regardless of the well type, the cement sheath is considered the primary barrier and is often subjected to a number of temperature, pressure, and geologic fluctuations making it highly susceptible to damage or leakage over time. 
Estimates regarding wellbore leakage have identified sustained casing pressure (SCP) or Bradenhead pressure, surface casing vent flow (SCVF), and/or gas migration are the primary reasons for wellbore leakage (Nelson & Guillot, 2006; Wolterbek et al., 2021; Wise et al., 2022). A study by Watson & Bachu (2009) found that of the 316,439 wells drilled in Alberta, Canada, 4.6% experienced gas migration, SCVF, or a combination of the two thus indicating the probability of leakage. Of 250,000 drilled wells in Ohio and Texas, it was found that 396 had leakage of fluids into the aquifer (Kell, 2011; Wise, 2021). As of 2017 in British Columbia, Canada, of the 25,119 drilled wells, 2,329 wells were shown to have leakage (Wisen et al., 2019). In a study conducted by Lackey et al. (2021) pertaining to hydrocarbon wellbores in Pennsylvania, New Mexico, and Colorado, it was found that 15,130 of 105,031 wellbores, approximately 14.4%, had experienced leakage at some point in their life. Determining leakage of onshore wells is markedly easier than offshore wells, yet due to the conditions associated with offshore wells, it is sufficient to say that the amount of wells leaking is probably higher. Wellbores in earthquake prone regions such as California, British Columbia, and Oklahoma may also be more susceptible to leakage due to geologic wellbore integrity related issues (Kang et al., 2019). Leakage rates even in properly cemented wellbores have been determined to be 967,980 L/year of natural gas (Lavrov & Torsæter, 2018; Wise, 2021). Best practices to mitigate such leakage relies primarily on the wellbore cement sheath. 
Cementing of a wellbore begins by mixing and pumping the cement, water, and whatever additives are needed downhole as a slurry before the slurry hardens through a hydration process and solidifies to become a hardened cement sheath (Lavrov & Torsæter, 2018). The hardened cement is a granular material consisting of unhydrated cement, partially hydrated cement, cement hydration products, and pores. 
The failure of the cement sheath can be divided into primary and secondary failure mechanisms (Weideman & Nygaard, 2014). The primary leakage paths are caused by improper cement placement during well operations and is outside the scope of this work. Secondary leakage paths can be due to cement debonding at the casing-cement and cement-formation boundaries, fractures or channels within the cement or formation, chemical alterations of the cement sheath, and wear or chemical alterations of the casing (Weideman & Nygaard, 2014). 
To analyze these secondary sources of the cement sheath failure, analysis of the cement sheath has been investigated based on debonding between cement and casing or cement and formation, tensile fractures in the cement, or compressional shear failure of the cement (Ford et al., 2018) either based on analytical equations (Bois et al., 2011, 2017) or finite element simulations (Bosma et al., 1999; Fleckenstein et al., 2001; Ravi et al., 2002; Gray et al., 2009; Zielonka et al., 2014; Wise, 2021).  A parametric failure analysis study using finite element simulation on the cement sheath has shown that the pore pressure and in-situ stresses in the cement has the largest impact on stress development and failure analysis in wellbore cement sheaths. 
In the U.S., there are three main regulatory bodies that describe test standards for conducting mechanical and slurry testing on cement: American Petroleum Institute (API), American Society for Testing and Materials (ASTM), and the International Organization for Standardization (ISO). The most commonly used standards for cementing wellbores are detailed in API RP 10B (Garnier et al., 2007). There are five parts to this document: Recommended Practice for Testing Well Cements, Testing of Well Cements Used in Deepwater Well Construction, Preparation and Testing of Foamed Cement Formulations at Atmospheric Pressure, Recommended Practice on Determination of Shrinkage and Expansion of Well Cement Formulations at Atmospheric Pressure, and Recommended Practice on Determining the Static Gel Strength of Cement Formulations. The ISO is an internationally recognized organization in which 167 nations are members of and as of February 2023, has over 24,668 international standards (ISO, 2023). The ISO standards relating to wellbore cementing include: ISO standard ISO-10426-2:2003, Petroleum and Natural Gas Industries-Cements and Materials for Well Cement Testing-Part 2: Testing of Well cements is based on API RP 10B. ASTM standards are not as easy to define in that they do not specify that these methods are for wellbore cements and are not compiled into one easily accessible document. ASTM standards are not based on API or ISO standards and often have relevance to the construction-based cements and concretes.
The main properties for well integrity evaluation are obtained from mechanical testing and include UCS, tensile strength, failure criteria obtained from a failure envelope which is conventionally Mohr-Coulomb, YM, and PR (Garnier et al., 2007). To obtain UCS values, uniaxial loading on either a cubic or cylindrical specimen is performed (Garnier et al., 2007). UCS values are greater when using cubic samples due to the type of test machine used and the stress-strain rate in which the sample is being crushed, lack of planarity, and stress distribution (Garnier et al., 2007). YM and PR can also be found via UCS testing. Vertical strain and stress data is recorded in order to obtain UCS values, and by taking the tangent at 50% of the stress-vertical strain curve, YM can be determined. PR can be found in a similar method by placing a radial strain gauge or radial extensometer on the sample, so that radial strain and vertical stress data is being compiled in unison with axial strain data. By taking the tangent at 50% of the horizontal strain-stress curve, PR can be found. 
Failure criteria of cement can be found via triaxial testing. One type of triaxial test that can be done to obtain a failure envelope is consolidated isotropic drained (CID) testing. At least three confining stress need to be used to create an accurate Mohr-Coulomb failure envelope and from this angle of friction and cohesion can be obtained. YM and PR can also be determined during triaxial testing by using linear variable differential transducers (LVDT’s) and again taking the tangent at 50% of horizontal and vertical strain vs stress. YM and PR, which are indicative of a materials stiffness and the materials radial change and the ratio of lateral strain to longitudinal strain, respectively, need to be low to have a successful cement sheath that is able to adapt to thermal and mechanical loading; cement with high YM and PR is more likely to experience radial fracturing (Nygaard et al., 2011). It is optimal for a cement to have a lower YM, PR, and high compressive strength to prevent wellbore integrity failure (Nygaard et al., 2011).
Tensile strength determination is also important for wellbore integrity evaluation because cement will almost always fail in tension (Heinold et al., 2002). As of 2003, there are no API standards for tensile testing but two methods of determining the tensile strength of cement are the splitting tensile strength test and the direct uniaxial tensile strength test (Heinold et al., 2002). 
The above testing methods assume that the cement behaves as a linear elastic material under compression or tensile stresses until brittle failure at peak conditions. Assuming linear elastic material until brittle failure might be good assumption for cement used in concrete mixtures; however, at in-situ conditions in a wellbore with elevated pressures, temperatures and pore fluid present makes this assumption more questionable. Sedimentary rocks in the subsurface are better described as a poroelastic material where part of the subsurface compressive stresses are carried by the pore fluids, as first described by Terzaghi (1923). Since cement resembles the structure of sedimentary rocks, wellbore cement may also be seen as a poroelastic material. 
In this paper, an investigation of the poroelastic properties is done on class H cement to determine the impact on in situ stress. Poroelastic properties of a material under realistic downhole conditions are also necessary for accurate failure criteria determination. While such parameters are widely included in wellbore stability models, there is very little experimental data regarding wellbore cement poroelastic properties due to the extensive time required to obtain such parameters. To ensure the success of a cement sheath both long-and short-term, knowledge of mechanical and poroelastic properties need to be understood. Poroelastic calculations are needed to accurately calculate effective stress which influences fracture design, plug and abandonment, and long-term wellbore integrity.
[bookmark: _Toc134123494][bookmark: _Toc134128143]4.1.1. Poroelasticity of Sedimentary Rocks
Terzaghi (1923, 1925) established the initial theory of poroelasticity to describe the one-dimensional effect of in-situ pore fluids on consolidated soils. In this theory, the pore fluid and the solid grains are taken to be incompressible, as the medium of study was unconsolidated soils. The theory determined that volume change of the unconsolidated media are due to rearrangements of the solid particulate and thus alterations to the pores. In saturated soil media, fluid volume changes are due to changing pore and solid volume. 
Assuming that the solid matrix is incompressible is viable for soils because the pore space within the system is significantly more compressible than the solid components but is not completely valid in consolidated materials. Terzaghi’s effective stress law, which is formulated using the aforementioned assumptions, states that (1) the mechanical response of soils is controlled by effective stresses, and (2) effective stresses are the differences between the total stresses plus the addition of pore pressure (Eq. 4.1).

where is total stress tensor,  is the pore pressure and  is the total stress.
Biot furthered the theory of poroelasticity to model consolidated solid material containing pore fluid (Biot, 1957). Biot’s theory outlines bulk volume change of a consolidated material due to pore pressure variations at constant stress under drained conditions. This theory, which is commonly referred to as the theory of poroelasticity for poroelastic fluid saturated media, was furthered to account for drained conditions for both jacketed and unjacketed specimen (Biot, 1957). It was also further extended from a one-dimensional to three-dimensional theory. Assumptions of the theory are that there is linearity between the stress, strain, and ductility of the consolidated material. The addition of the Biot coefficient to the law of effective stress is representative of the ratio of fluid in the pores of a solid material to the total volume of the material (Bear, 1972; Dassanayake & Fujii, 2014; Biot, 1957). The inclusion of Biot’s poroelastic constant to the effective stress law is shown using the following equation (Eq. 4.2):

Where  represents effective stress,  is total stress,  is the Biot coefficient or poroelastic constant, and  is pore pressure. 
Skempton established a pore pressure coefficient, , to be applied for specimens under undrained conditions to describe the ratio of increased pore pressure with variations in confining stress (Skempton, 1960). Combining the Biot coefficient and the Skempton coefficient yields the poroelastic coupling of a solid material (He et al., 2014). Utilization of the Biot and Skempton coefficients for effective stress determination within hydrocarbon and geologic wellbores often overlooked but could prove to significantly affect calculations. 
Biot’s theory of linear poroelasticity has been further altered for use in specific scenarios. Verruijt (1969) established a form of the Biot theory for application in soil mechanics, specifically aquifers. Rice & Cleary (1976) redefined Biot’s theory to understand ways that pore fluids can impact shear fault motion.  There have been further advancements of the Biot theory to nonlinear constitutive equations (Zienkiewicz, 1987; Prevost, 1980; Prevost, 1982; Coussy, 1989). Gutierrez & Lewis (2002) described a method to use coupled Biot equations to address situations of fluid injection or extraction. 
There are a number of experimental techniques that have been employed to determine poroelastic properties, specifically, the Biot coefficient, but many of these methods have only been used on rock. Geertsma (1957) detailed a method of extending the Gassmann and Biot theories and using elastic and viscous constants to describe variations in both pore and rock bulk volumes with porosity. This extension of Biot’s theory was shown to work for a variety of conventional reservoir rock types. Franquet & Abass (1999) described a method to find the Biot coefficient using changes in bulk and pore volume. He et al. (2016) described a technique that determined the Biot coefficient of Bakken shale from changes in pore pressure and confining stress. Skempton (1961) detailed a method to find the Biot coefficient from elastic moduli. Elastic moduli, also known as the bulk modulus () and grain bulk modulus (), are indicative of a materials compressibility. Determination of the Biot coefficient is not commonly investigated in low permeable material due to the amount of time and equipment needed to perform the necessary tests (Selvadurai, 2019).
[bookmark: _Toc134123495][bookmark: _Toc134128144]4.1.2. Previous Investigation on Cement Poroelasticity
The Biot coefficient can drastically impact effective stress calculations and is commonly taken to be 1, assuming that the stresses acting on a material are only applied to the granulitic framework, not the pore fluid (Bodaghabadi & Moosavi, 2008). The Biot coefficient also impacts the potential for shear failure within the cement sheath (Kim et al., 2016). Ghabezloo et al. (2008) performed drained and undrained compression tests as well as drained and unjacketed compression tests to determine the Biot coefficient of a class G oilwell cement and found that both methods showed similar values at varying stress; the Biot coefficient ranges from 0.58-0.7. Meng et al. (2020) tested class G cement cured for 3, 10 and 28 days showed that the Biot coefficient of the cement ranges from 0.6 to 0.8, meaning that using a Biot coefficient of 1 leads to inaccurate effective stress calculations. While there is minimal literature regarding the Biot coefficient of cement, there is even less research using microscopy techniques to further understand how the microstructure impacts this coefficient. Microscopy techniques provide critical insight regarding surface topography, pore structures, microstructures, and chemical analysis all of which impact the mechanical and poroelasticity of cement (Franus et al., 2015).
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To determine the poroelastic properties of class H wellbore cement, this section outlines the procedures for creation of the slurry, hydrostatic compression testing, and porosity and permeability determination. 
[bookmark: _Toc134123497][bookmark: _Toc134128146]4.2.1 Specimen Preparation
25.4 mm (1.0 inch) diameter cement samples are made using a deionized water to Central Plains class H cement (w/c) ratio of 0.38 according to ASTM C192/C192M-14 standard practices, and 0.2% defoaming additive to reduce air bubbles within the sample (provided by Halliburton, 2020) (ASTM, 2015). The samples are mixed and placed in 25.4 mm by 101.6 mm (1.0 inch by 4.0 inch) stainless steel molds for 24 hours following ASTM standard practice C192/C192M-14 (ASTM, 2015). The samples are removed from the molds and placed in a 0.4% sodium hydroxide (NaOH) brine water bath at 65.6°C (150°F) oven. After curing for more than 90 days, the cement samples are removed from the oven and were cut 50.0 to 75.0 mm length (2.0-2.5 L/D). The ends of the samples are grinded and parallel ends are verified by taking three caliper measurements of the sample length at 120º different orientation. The samples are then weighed to obtain wet weight measurements and placed in a 65.6°C (150°F) vacuum oven for 48 hours to remove any excess fluid trapped within the samples. Post-vacuuming, the samples are re-weighed to obtain fluid content. The cement sample sizes, weight and density are given in Table 4.1. 
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	Test Number
	Test Type*
	Average Length (mm)
	Wet Weight (g)
	Dry Weight (g)
	Water Weight (g)
	Bulk Density (g/ cm3)
	Particle Density (g/ cm3)
	Porosity (%)
	Pore Volume (cm3)

	1
	H
	61.2
	63.1
	52.7
	10.4
	11.0
	13.1
	16.5
	10.4

	2
	H
	62.0
	64.3
	53.9
	10.4
	11.0
	13.2
	16.2
	10.5

	3
	H
	61.2
	61.1
	53.0
	8.1
	11.0
	12.7
	13.2
	8.1

	11
	P&P
	63.0
	64.4
	57.9
	6.5
	11.7
	13.0
	10.1
	6.5

	12
	P&P
	60.2
	60.3
	51.8
	8.4
	11.0
	12.8
	14.0
	8.4


*H=hydrostatic compression test; P&P=porosity and permeability test
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Three samples underwent nondestructive hydraulic compression testing to obtain the bulk modulus,  and grain bulk modulus, . Once both elastic moduli are determined, the Biot coefficient is calculated for each confining stress using Eq. 4.3. 
                       
 Four linear variable differential transformers (LVDT's), two axial and two radial, are mounted on the sample and connected to a data acquisition system. Following LVDT placement, the sample is placed between two solid steel cylinders and jacketed to prevent fluid penetration during testing. It is then placed into the base of a GCTS HTRX-H70 triaxial cell (rated to 70 MPa maximum confining stress) and closed. A Teledyne-Isco 260D syringe pump filled with mineral oil is used to apply cell confining stress. Two Teledyne-Isco 100DX syringe pumps are connected to an argon gas cylinder and are used to apply pore pressure to the cell.
The first part of the hydrostatic compression test is to determine the  by applying both pore pressure and confining stress to the cell simultaneously. The confining stress is 1.4 MPa (200.0 psi) higher than the pore pressure. After each step the pressures are allowed to reach equilibrium. LVDT readings are recorded and both the pore and stress increased by 100.0 psi. To calculate the volumetric strain, the average from the two axial sensors are taken as are the average of the two radial sensors (values shown at the bottom of the computer screen in the MTS software). A plot is created in which stress is on the y-axis and volumetric strain is on the x-axis. After confining stress reaches 2,700.0 psi (pore pressure is 2,500.0 psi), the confining stress is gradually decreased to the initial confining stress (1.4 MPa, 200.0 psi). To determine the grain bulk modulus, linear regression is performed on the data. The slope of this line is grain bulk modulus. 
Once the unloading process is completed, the next portion of the hydrostatic compression test began: determining the  of cement samples.  is representative of the change in stress due to a materials change in volume (Bakjorji & Schmitt, 2010). This is done by holding pore pressure and confining stress equal and increasing both as such to 18.6 MPa (2,700.0 psi). The pressures are allowed to reach equilibrium at each pressure interval and the LVDT readings are recorded. To calculate the volumetric strain, the average from the two axial sensors and the average of the two radial sensors are taken. A plot is created in which stress is on the y-axis and volumetric strain is on the x-axis and a linear trendline is placed over the data. The slope of this line is taken to be the bulk modulus.  
4.2.3 Porosity & Permeability Testing
Porosity and permeability of two samples are measured using a CoreTest AP-608 Automated Permeameter Porosimeter. This apparatus performs pressure decay using helium for porosity and permeability determination. In both hard and soft rock, changes in stress will have an impact on the porosity and permeability (Sigal, 2002). For each sample, porosity and permeability are determined at three confining stress: 7.0 MPa (1,015.3 psi), 15 MPa (2,175.6 psi), and 30.0 MPa (4,351.1 psi). The AP-608 is unable to test at pressures below 7 MPa (1,000.0 psi), so porosity and permeability at 5.0 MPa (725.0 psi) are not obtained. 
[bookmark: _Toc134123499][bookmark: _Toc134128148]4.2.4 Microscopy
To understand the macrostructure of the cement surface, two samples are analyzed using a National Zoom Stereo Microscope optical microscopy under 10, 20, 30, and 40x magnification. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) are performed using a FEI Quanta microscope and Bruker XFlash 6130 Energy Dispersive X-Ray Spectrometer to gain an understanding of the microstructure and chemical composition of the samples. Prior to placing the sample within the microscope’s chamber, the sample was sputter coated in palladium and gold using a Denton Vacuum Desk V to prevent charging effects. Two types of SEM images are obtained at various locations on the sample surface at varying magnifications; secondary electron detection is used to provide microstructural characteristics while backscatter electron detection yielded the topographic behavior. Energy dispersive X-ray spectroscopy (EDS) is also done at different locations on the sample surface using a low magnification to understand chemical composition and composition variations within the sample. 
[bookmark: _Toc134123500][bookmark: _Toc134128149]4.3 Results
The results obtained from hydrostatic compression, porosity and permeability testing as well as optical and SEM microscopy are presented within this section. 
[bookmark: _Toc134123501][bookmark: _Toc134128150]4.3.1 Hydrostatic Compression Testing
The first portion of hydrostatic compression testing involves determining  of the samples.  for sample 1, 2, and 3 are 51.6, 52.1, and 52.8 GPa (7,484.0, 7,556.0, and 7,658.0 psi), respectively and are shown in Fig. 4.1. Values forwere similar and have a standard deviation of 0.5 GPa with an average of 52.2 GPa between the three samples. All samples show a linear trend between the confining stress and volumetric strain.
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[bookmark: _Toc134442023]Figure 4.1. Ks for the three cement samples.
The second part of the hydrostatic compression testing is determining the of the samples.  for sample 1, 2, and 3 is 9.9, 10.3, and 9.7 GPa (1,436.0, 1,494.0, and 1,407.0 psi), respectively and are shown in Fig. 4.2. The samples also exhibited comparable  behavior with the average being 10.0 GPa and standard deviation of only 0.3 GPa.


[image: ]
[bookmark: _Toc134442024]Figure 4.2. K for the three cement samples.
Once  and  are determined for the three cement samples, the Biot coefficient is able to be obtained at each measurement throughout the tests using Eq. 4.3. Fig. 4.3 shows Biot coefficient variations for the three samples during hydrostatic compression testing.  As seen in Fig. 4.3, the Biot coefficient for all three samples are in agreement with average values being 0.81±, 0.80±, and 0.82± for samples 1, 2, and 3, respectively.
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[bookmark: _Toc134442025]Figure 4.3. Biot coefficient comparison at varying stress.
[bookmark: _Toc134123502][bookmark: _Toc134128151]4.3.2 Porosity & Permeability Testing
Porosity and permeability testing at three stresses for cement samples are shown in Fig. 4.4.
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[bookmark: _Toc134442026]Figure 4.4. Porosity and permeability data at various confining stress.
Average porosity for sample 12 is 24.0% while average porosity for sample 11 is 19.0%. Both sample porosities had a 1.0% standard deviation. Sample 12 has an average permeability of 0.1 mD and sample 11 average permeability is 0.2 mD. Standard deviation for sample 11 permeability is 0.08 mD, which is slightly higher than that of sample 12, or 0.02 mD.
[bookmark: _Toc134123503][bookmark: _Toc134128152]4.3.3 Microscopy
After samples 11 and 12 underwent porosity and permeability testing, they are fractured and observed under an optical microscope to visualize the macrostructure of the sample. Fig. 4.5 shows two different magnification results from optical microscopy observed in sample 11 while Fig. 4.6 shows the optical microscopy from two magnifications on sample 12.
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[bookmark: _Toc134442027]Figure 4.5. Sample 11 optical microscopy: a) 30x magnification; b) 20x magnification.
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[bookmark: _Toc134442028]Figure 4.6. Sample 12 optical microscopy: a) 40x magnification; b) 20x magnification.
In Fig. 4.6 (a), a ruler is used to show the size of the field of view in millimeters at 40x magnification, which is approximately 4 mm. 
SEM and EDS analysis is performed on a small piece of cement once triaxial testing has been performed. To understand the microstructure of the samples, backscatter electron and secondary electron images of the sample are taken at varying magnifications and locations and shown in Fig. 4.7. It should be noted that the backscatter images are more indicative of particle composition while secondary electron images represent the topography.
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[bookmark: _Toc134442029]Figure 4.7. Sample 8 backscatter electron and secondary electron images obtained via SEM.

EDS is performed using a low-resolution backscatter electron image and selecting three surface locations as shown in Fig. 4.8. 
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[bookmark: _Toc134442030]Figure 4.8. Sample 8 EDS sample locations.
Table 4.2. shows the most common elements within the sample at various surface locations. 
[bookmark: _Toc134461588]Table 4.2. EDS elemental analysis for the three surface locations.
	Element
	Location 1
Normalized Wt. (%)
	Location 2
Normalized Wt. (%)
	Location 3
Normalized Wt. (%)

	C
O
Na
Mg
Al
Si
S
K
Ca
Fe
Pd
Au
	21.4
46.1
2.0
1.1
2.4
3.3
0.2
5.9
14.5
0.5
2.0
0.7
	22.1
43.1
1.5
0.6
1.5
3.8
0.2
4.8
20.0
0.9
0.2
1.4
	24.1
44.8
1.7
0.8
1.5
3.8
0.2
4.0
17.5
0.7
0.2
0.8


[bookmark: _Toc134123504][bookmark: _Toc134128153]4.4 Discussion 
Analysis of the results from hydrostatic compression testing, porosity and permeability investigation, and microscopy evaluation are further discussed within this section. 
[bookmark: _Toc134123505][bookmark: _Toc134128154]4.4.1 Hydrostatic Compression Testing
Values for both   and   are uniform, which is to be expected for materials of the same composition. It is known that the bulk modulus has an inverse relation to compressibility, meaning the greater the bulk moduli, the less compressible the material. From the results in Fig.s’ 4.1 and 4.2, it can be seen that the bulk material exhibits markedly higher compressibility than the cement grains alone. results of class H cement are greater than that of granites (45.0 GPa), shales (40.4-49.3 GPa) and sandstones (26.1-35.6 GPa) but are near or lower than previously reported values of carbonates, which can range from 52.6-74.4 GPa (Rice & Cleary, 1976; Mesri et al., 1976; Hart et al., 1995; Fabre & Gustkiewicz, 1997; Wawrzyniak-Guz, 2019; Kim & Makhnenko, 2020; Kasani & Selvadurai, 2022).
Our results imply that cement does not, in fact, behave as an unconsolidated material. Therefore taking the Biot coefficient to be one when determining the effective stress of cement will result in inaccurate failure calculations as discussed by Welch et al., 2019. A Biot coefficient of 1.0 indicates that the matrix of the material is significantly more compressible than the solid component (Ma & Gutierrez, 2021). Biot coefficient results on various rock types show that reported cement Biot coefficient values are the same as black shale (Zhou et al., 2017) and are higher than other types of rock, specifically granites, claystones, limestones, and sandstones (Fabre & Gustkiewicz, 1997; Detournay & Cheng, 1993; Cosenza et al., 2002; Orlander et al., 2018). There is limited literature regarding the Biot coefficient of wellbore cements, but the results shown in Fig. 4.3 are in good agreement with data published by Meng et al. (2020), in which the Biot coefficient was found to range between 0.70-0.81 for class G wellbore cement.
Knowing that the Biot coefficient is less than 1 can also allow for more accurate in situ effective stress calculations to be determined which can also allow for improved understanding of the stress at which cement will experience shear failure (Regel et al., 2017). The Biot coefficient can also have an influence on fracture initiation pressure; material with a high Biot coefficient will have a lower fracture initiation pressure (Chen et al., 2021). Biot coefficient also has the potential to be indicative of a materials permeability. Geologic and cementitious materials that exhibit high permeability will have high Biot coefficients (Meng et al., 2020). 
[bookmark: _Toc134123506][bookmark: _Toc134128155]4.4.2 Porosity & Permeability Tests
Porosity for both samples decrease slightly at increased confining stress while Klinkenberg permeability showed a more pronounced decrease at higher confining stresss as evident in Fig. 4.4. Neat OPC with a w/c ratio of 0.4 has porosity of 29.6% (Soroka, 1979). A study on the mechanical properties of neat class H cement conducted by Cvetic et al. (2020) showed that of the five samples, the lowest porosity was 21.3%, highest porosity of 23.5% and an average porosity of 22.4% while other literature reports cement permeability ranges from 1.0 nD to 1.0 mD (Roy et al., 1993; Bachu & Bennion, 2009). These values are in agreement with the porosity testing performed within this work.
[bookmark: _Toc134123507][bookmark: _Toc134128156]4.4.3 Microscopy 
Sample 12 has a more homogeneous macrostructure than that of sample 11. From Fig.s’ 4.6 (a) and 4.6 (b), voids within the selected area on sample 12 are less than than a quarter of a millimeter in size whereas the voids within the selected area of sample 11 were larger and of varying in sizes as seen in Fig.s’ 4.5 (a) and 4.5 (b). Voids within the cement are likely due to the presence of air bubbles during the setting period thus impacting the porosity, permeability, and fracture potential of the sample (Lavrov et al., 2016).    
SEM analysis shows the presence of voids throughout the sample surface as indicated by the dark spots, which helps corroborate the porosity and permeability results for the cement samples. Microcracks can also be seen on the surface of the sample. Partially hydrated cement grains are also seen as indicated by particles with lighter centers and darker coloration around the bright center in a backscatter electron image; this darker rim is indicative of the hydration shell. From the EDS analysis, it can be seen that the three sampled locations all had similar elemental compositions. Oxygen, carbon, and calcium were the most prevalent elements within the cement, which is in accordance with the chemical analysis provided by Central Plains Cement for the batch used in this study. The presence of magnesium, iron, silicon, potassium, and sulfur are in quantities that are also expected. It should be noted that the gold and palladium present within the sample are due to the sputter coating of the sample and are not naturally found within cement.
[bookmark: _Toc134123508][bookmark: _Toc134128157]4.4.4. Wellbore Cement as a Poroelastic Material
Biot coefficients and porosity data have been collected from literature for various types of rocks and compared to the results from this work (Detournay & Cheng, 1993; Orlander et al., 2018; Salemi et al., 2018; Andreassen, 2017; Alam et al., 2009; Ling et al., 2016; He & Ling, 2014). The maximum, minimum, and average values were determined and standard deviation calculated. A plot comparing the reported ranges of Biot coefficient and porosity of various rock types, including various types of sandstones, limestones, chalks, granites, Bakken shales, and Tennessee marble, to the class H cement is shown in Fig. 4.9.
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[bookmark: _Toc134442031]Figure 4.9. Biot-porosity range comparison for various rocks and class H cement.
Previous work shows a significant spread in Biot coefficients for the various rock types, specifically sandstones and limestones. Fig. 4.9 shows the overall trend of reducing Biot coefficient with reducing porosity. Class H cement has similar Biot coefficient values to Bakken shale (Ling et al., 2016; He & Ling, 2014). It should also be noted that the class H cement falls into previously reported ranges of limestones and sandstones as well. From this information, it can be deduced that cement is a poroelastic material and can be modeled using poroelastic theories developed for rocks. 
[bookmark: _Toc134123509][bookmark: _Toc134128158]4.5 Conclusions Regarding Poroelastic Testing of Wellbore Cement
This chapter investigated the poroelastic properties of class H wellbore cement. by performing hydrostatic compression experiments, porosity and permeability testing, and microscopic evaluation to get a better understanding on the poroelastic properties of wellbore cement to improve cement design to withstand hydraulic fracturing, evaluate P&A, and secure long-term wellbore integrity. From the results it can be seen that: 
1. Class H wellbore cement has Ks of 52.2 GPa, K of 10.0 GPa and Biot coefficient of 0.81 ±0.01 and show linear behavior over the stress interval tested. This behavior is similar to porous sedimentary rocks and cement should be analyzed as a poroelastic material. 
2. Porosity and permeability obtained within this work were within previously reported values for wellbore cement. Optical microscopy verified that porosity is evenly distributed in the sample. 
3. SEM analysis supports the porosity and permeability results in that voids are seen throughout the surface of the sample. Unhydrated and partially hydrated cement grains, while observed, were not extensively present on the surface of the cement. 
4. The elemental composition of the cement is homogeneous throughout the sample. The main constituents of the cement are oxygen, carbon, and calcium which are in agreement with previously reported data on class H cement. 
[bookmark: _Toc134123510][bookmark: _Toc134128159]Chapter 5: Shear Behavior of Wellbore Cement
This chapter investigates the compressive shear behavior of class H wellbore cement under confining stress. Consolidated isotropic drained (CID) testing is performed to observe the mechanical behavior and fracture characteristics of in-situ behavior of well cements. Analysis of the sheared cement samples in conjunction with the failure envelope can determine the cohesion and angle of friction the cement is experiencing under wellbore conditions. Using this information can optimize cement slurry designs to be made for specific wellbore conditions. 
[bookmark: _Toc134123511][bookmark: _Toc134128160]5.1 Introduction
Understanding the mechanical behavior of wellbore cement is crucial for establishing and maintaining wellbore integrity. Knowledge of the mechanical properties and failure criteria of cement can aid in more accurate cement design for all stress variations that will be experienced in hydrocarbon, geothermal, and carbon capture and storage (CCS) wellbores. During hydraulic fracturing, the cement sheath will undergo two primary pressure and temperature variations: when fracturing and subsequently pumping the frac fluid into the wellbore; during these times the casing will expand and contract thus altering the radial stress on the cement (Liu et al., 2018). To ensure minimal failure within the cement sheath, knowledge of the mechanical properties of the cement should be used to design a sheath that is able to withstand such alterations. Another significant issue that can arise with improper cement design is sustained casing pressure (SCP), which is an issue in gas wells where failure of the cement sheath primarily due to debonding and shrinkage resulting in gas migration (Zhao et al., 2019).  	
There are numerous types of testing available to provide insight regarding cement mechanical properties, with crushing strength being the most widely performed type of testing. While it is the most common, few researchers take into consideration realistic downhole conditions when curing the samples used in testing. One common type of test in which the sample undergo destructive testing is the consolidated isotropic drained (CID) triaxial testing, which allows for a number of mechanical properties to be determined throughout the test including confined compressive strength (CCS), Young’s modulus (YM), Poisson’s ratio (PR), and angle of failure, which is found once the samples have been sheared. Another parameter that can be found is the plasticity modulus, which shows the brittle-ductile behavior of a material. While this type of testing is commonly performed on rock and unconsolidated sands, there is little experimental triaxial test data on class H wellbore cement and, more specifically, samples cured past the early hydration period. Liteanu et al. (2009) tested class A cement samples with a water/cement (w/c) ratio of 0.5 that were tested at confining stress ranging from 1.5 MPa (217.6 psi) to 30.0 MPa (4351.1 psi) for investigating applications to CO2 storage. Takla et al. (2011) tested class G cement samples cured for one month in lime water to observe the effects of carbonation at four confining stress. Other studies focus primarily on triaxial testing of wellbore cement containing additives and the implications the additives have on mechanical properties. Yang & Deng (2018) performed triaxial testing on class G cement containing a number of various additives and cured for a 7-day period and observe the effect of the additives on the flexure and strength of the cement. 
Once a sample has been sheared, observations on the shear plane can yield information related failure behavior (Schwartz, 1964). Shearing the sample also allows for the plasticity modulus to be determined, which can determine the brittle-ductile behavior of the material indicating when irreversible deformation will occur. 
[bookmark: _Toc134123512][bookmark: _Toc134128161]5.2 Methodology for CID Testing 
To obtain the mechanical properties and shear behavior of class H wellbore cement, consolidated isotropic drained triaxial tests are performed at varying confining stress. This section describes the process for sample preparation and testing procedures to obtain a number of mechanical and shear properties. 
[bookmark: _Toc134123513][bookmark: _Toc134128162]5.2.1 Specimen Preparation for CID Testing
25.4 mm (1.0 inch) diameter cement samples are made using a deionized water to Central Plains class H cement (w/c) ratio of 0.38 according to ASTM D7012-14 standards, and 0.2% defoaming additive to reduce air bubbles within the sample (provided by Halliburton, 2020). The samples are mixed and placed in 25.4 mm by 101.6 mm (1.0 inch by 4.0 inch) stainless steel molds for 24 hours. The samples are removed from the molds and placed in a 0.4% sodium hydroxide (NaOH) brine water bath at 65.6°C (150°F) oven. After curing for more than 90 days, the cement samples are removed from the oven and cut 50.0 to 75.0 mm length (2.0-2.5 L/D). The ends of the samples are grinded and parallel ends are verified by taking three caliper measurements of the sample length at 120.0º different orientation. The samples are then weighed to obtain wet weight measurements and placed in a 65.6°C (150°F) vacuum oven for 48 hours to remove any excess fluid trapped within the samples. Post-vacuuming, the samples are re-weighed to obtain dry weight. A summary of the prepared samples is shown in Table 5.1. 
[bookmark: _Toc134461589][bookmark: _Hlk131244393]Table 5.1. Sample description for samples undergoing CID testing.
	Test Number
	Test Type*
	Average Length (mm)
	Wet Weight (g)
	Dry Weight (g)
	Water Weight (g)
	Bulk Density (g/ cm3)
	Particle Density (g/ cm3)
	Porosity (%)
	Pore Volume (cm3)

	1
	H,CID
	61.2
	63.1
	52.7
	10.4
	11.0
	13.1
	16.5
	10.4

	2
	H,CID
	62.0
	64.3
	53.9
	10.4
	11.1
	13.2
	16.2
	10.5

	3
	H,CID
	61.2
	61.1
	53.0
	8.1
	11.0
	12.7
	13.2
	8.1

	4
	CID
	61.2
	62.6
	52.0
	10.6
	10.8
	13.0
	16.9
	10.6

	5
	CID
	59.7
	61.3
	51.2
	10.1
	10.9
	13.1
	16.4
	10.1

	6
	CID
	58.7
	58.7
	51.4
	7.3
	11.2
	12.7
	12.4
	7.3

	7
	CID
	61.7
	65.2
	56.2
	9.1
	11.6
	13.5
	13.9
	9.1

	8
	CID
	59.4
	60.2
	50.2
	10.0
	10.8
	12.9
	16.6
	10.0

	9
	CID
	62.0
	65.2
	55.1
	10.1
	11.3
	13.4
	15.5
	10.1

	10
	CID
	59.2
	58.8
	51.1
	7.7
	11.0
	12.7
	13.1
	7.7

	11
	P&P
	63.0
	64.4
	57.9
	6.5
	11.7
	13.0
	10.1
	6.5

	12
	P&P
	60.2
	60.3
	51.8
	8.4
	11.0
	12.8
	14.0
	8.4


*H=hydrostatic compression test; CID=consolidated isotropic drained test; P&P=porosity and permeability test
[bookmark: _Toc134123514][bookmark: _Toc134128163]5.2.2 CID Testing
Consolidated isotropic drained triaxial testing is performed at three different confining stress: 5.0 MPa (725.2 psi), 15.0 MPa (2175.6 psi), and 30.0 MPa (4351.1 psi). For each confining stress, three samples are tested to ensure repeatability. Cement samples were placed between two solid steel cylinders and jacketed to ensure no fluid penetration during testing. A radial LVDT is placed around the middle of the sample while two steel O-rings are placed at the top and the bottom of the sample to hold two axial LVDT's for measuring axial deformation during testing. The jacketed sample is then placed into the GCTS HTRX-H70 triaxial cell, and the LVDT's connected to the corresponding sensor. Axial LVDT's are calibrated to read approximately -1.0 MPa (-145.0 psi) while the radial LVDT is calibrated to around 1.0 MPa (145.0 psi). Once calibration is achieved, the cap of the triaxial cell is placed onto the sample and the inner cavity filled with mineral oil. A piston is inserted to remove any excess fluid and seal the cell. A check of the tubing connection to a Teledyne-Isco 100DX syringe pump filled with mineral oil which provided confining stress. The triaxial cell is then placed onto the center of the bottom platen of a MTS 318 250kN load frame. Steel cylinders are placed on the top of the triaxial cell piston to ensure complete contact with the upper piston of the MTS 318 load frame. A schematic of the consolidated isotropic drained triaxial test setup is shown in Fig. 5.1.
[image: ]
[bookmark: _Toc134442032]Figure 5.1. Single-stage consolidated isotropic drained test setup.
The lower the upper load frame platen is slowly lowered until the piston is touching the sample. The test is initiated and plots of the axial, radial and volumetric strain are obtained in real-time. Once the sample reaches peak yield and the residual shear stress stabilizes, the test is concluded.
[bookmark: _Toc134123515][bookmark: _Toc134128164]5.2.3 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) back scatter electron (BSE) images are taken for two of the samples post CID testing at the fracture surface and in the post-test in-situ material to determine any significant microstructural differences. For the fractured and in-situ material, 5 locations are sampled at various magnifications of 200x, 1,000x, and 2,000x. 
[bookmark: _Toc134123516][bookmark: _Toc134128165]5.3 Results
[bookmark: _Toc134123517][bookmark: _Toc134128166]5.3.1 CID Tests
Once CID testing is completed, stress-strain curves are created and analyzed to determine CCS, YM, and PR. CCS is taken to be the highest stress exhibited by the sample. PR and YM are found using stress-strain measurements preceding the occurrence of failure. YM is found by taking the tangent at 50% of the CCS-axial strain curve. PR is determined by finding the slope of the tangent at 50% of the CCS for the UCS-radial strain curve and dividing this by YM. The stress-strain curves for the samples tested at 5.0 MPa, 15.0 MPa, and 30.0 MPa are shown in Fig.’s 5.2, 5.3, and 5.4 respectively. 
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[bookmark: _Toc134442033]Figure 5.2. Single-stage consolidated isotropic drained stress-strain curves at 5 MPa confining stress.
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[bookmark: _Toc134442034]Figure 5.3. Single-stage consolidated isotropic drained stress-strain curves at 15 MPa confining stress.
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[bookmark: _Toc134442035]Figure 5.4. Consolidated isotropic drained stress-strain curves at 30 MPa confining stress.
Using the stress and strain data obtained from CID tests, a Mohr-Coulomb failure envelope is created to determine when class H wellbore cement will experience shear failure, or the amount of stress that can be applied to the wellbore cement before it will fail (Saint-Marc et al., 2008). 
It should be noted that during the CID testing, all samples are sheared at the respective confining stresss; here, shearing refers to the stress required to initiate a fracture.
A plot showing yield stress versus confining stress and YM versus confining stress for the samples tested at 5.0 MPa, 15.0 MPa, and 30 MPa are shown in Fig.s’ 5.5 And 5.6, respectively. 
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[bookmark: _Toc134442036]Figure 5.5.Yield stress versus confining stress for the samples tested at 5 MPa, 15 MPa, and 30 MPa..
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[bookmark: _Toc134442037]Figure 5.6. YM versus confining stress for the samples tested at 5 MPa, 15 MPa, and 30 MPa.
[bookmark: _Toc134123518][bookmark: _Toc134128167]5.3.2 Shear Failure
After the samples are tested and sheared, the samples are unjacketed and photographed to determine the plane of failure. Fracture angles for each sample are determined by dividing the sample in a 12 by 20 grid and determining the angle of fracture within each grid box. Fracture angle results are shown in Fig. 5.7 and described in Table 5.2. It should be noted that fracture angles are determined using the primary fractures, which are shown in blue. Other fractures that are present have been mapped and shown in red, but not included in fracture angle analysis.  
[bookmark: _Toc134461590]Table 5.2. Fracture angle analysis.
	Confining Stress (MPa)
	Test Number
	Average 
	Std. Dev.

	5
	1
	59.5˚
	30.9˚

	
	2
	72.5˚
	21.2˚

	
	3
	116.4˚
	29.0˚

	15
	4
	70.6˚
	15.6˚

	
	5
	57.0˚
	16.6˚

	
	6
	112.5˚
	23.7˚

	30
	7
	69.8˚
	7.5˚

	
	8
	57.8˚
	31.5˚

	
	9
	57.4˚
	16.5˚

	
	10
	60.2˚
	35.8˚
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[bookmark: _Toc134442038]Figure 5.7. Fracture angle determination for a) Sample 1; b) Sample 2; c) Sample 3; d) Sample 4; e) Sample 5; f) Sample 6; g) Sample 7; h) Sample 8; i) Sample 9; j) Sample 10.
[bookmark: _Toc134123519][bookmark: _Toc134128168]5.3.3 Microscopy
To understand the effect that CID testing has on the microstructure of a sheared sample, SEM back scatter microscopy is performed on the fracture surface and the surrounding material (i.e. intact material outside of the fractured area). Fig.s’ 5.8, 5.9, and 5.10 shows three separate SEM BSE images at 1,000x magnification on the fracture surface of sample 1, which underwent CID testing at a confining stress of 5 MPa.
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[bookmark: _Toc134442039]Figure 5.8 SEM BSE image at 1,000x magnification for a point on sample 1 fractured surface: (a) BSE image; (b) BSE image with notable microstructures labeled. 
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[bookmark: _Toc134442040]Figure 5.9. SEM BSE image at 1,000x magnification for a second point on sample 1 fractured surface: (a) BSE image; (b) BSE image with notable microstructures labeled.
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[bookmark: _Toc134442041]Figure 5.10. SEM BSE image at 1,000x magnification for a third point on sample 1 fractured surface: (a) BSE image; (b) BSE image with notable microstructures labeled.
Fig.s’ 5.11, 5.12, and 5.13 shows three separate SEM BSE images at 1,000x magnification on the fracture surface of sample 9, which underwent CID testing at a confining stress of 30 MPa.
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[bookmark: _Toc134442042]Figure 5.11. SEM BSE image at 1,000x magnification for a point on sample 9 fractured surface: (a) BSE image; (b) BSE image with notable microstructures labeled.
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[bookmark: _Toc134442043]Figure 5.12. SEM BSE image at 1,000x magnification for a second point on sample 9 fractured surface: (a) BSE image; (b) BSE image with notable microstructures labeled.
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[bookmark: _Toc134442044]Figure 5.13. SEM BSE image at 1,000x magnification for a third point on sample 9 fractured surface: (a) BSE image; (b) BSE image with notable microstructures labeled.
Fig.s’ 5.14, 5.15, and 5.16 show three separate SEM BSE images at 1,000x magnification of the intact material for sample 1, which underwent CID testing at a stress of 5.0 MPa.
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[bookmark: _Toc134442045]Figure 5.14. SEM BSE image at 1,000x magnification for a point on sample 1 intact material: (a) BSE image; (b) BSE image with notable microstructures labeled.
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[bookmark: _Toc134442046]Figure 5.15. SEM BSE image at 1,000x magnification for a second point on sample 1 intact material: (a) BSE image; (b) BSE image with notable microstructures labeled.
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[bookmark: _Toc134442047]Figure 5.16. SEM BSE image at 1,000x magnification for a third point on sample 1 intact material: (a) BSE image; (b) BSE image with notable microstructures labeled.
Fig.s’ 5.17, 5.18, and 5.19 show three separate SEM BSE images at 1,000x magnification of the intact material for sample 9, which underwent CID testing at a stress of 30.0 MPa.
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[bookmark: _Toc134442048]Figure 5.17. SEM BSE image at 1,000x magnification for a point on sample 9 intact material: (a) BSE image; (b) BSE image with notable microstructures labeled.
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[bookmark: _Toc134442049]Figure 5.18. SEM BSE image at 1,000x magnification for a second point on sample 9 intact material: (a) BSE image; (b) BSE image with notable microstructures labeled.
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[bookmark: _Toc134442050]Figure 5.19. SEM BSE image at 1,000x magnification for a third point on sample 9 intact material: (a) BSE image; (b) BSE image with notable microstructures labeled.
EDS results taken at 28x magnification at three locations on the sample is shown in Fig. 5.20. EDS is performed over a larger portion of the fractured surface area rather than a point to have a better representation of the entire surface composition.   
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[bookmark: _Toc134442051]Figure 5.20. Three selected EDS locations on the cement sample.
[bookmark: _Toc134123520][bookmark: _Toc134128169]5.4 Discussion 
[bookmark: _Toc134123521][bookmark: _Toc134128170]5.4.1 CID Tests
An analysis of the stress-strain curves is performed to understand the effect that stress has on the mechanical and shear properties of class H cement. This includes determining strain behavior, CCS, YM, PR, and plasticity of the samples tested at 5.0, 15.0, and 30.0 MPa. From Fig. 5.2, the stress-strain curves for all three samples tested at 5.0 MPa stress until the yield point.  CCS for the samples confined and sheared at 5.0 MPa is 106.3 MPa with a standard deviation of 3.8 MPa. YM is 17.6 GPa with standard deviation being 0.6 GPa and PR of 0.2 ±0.01. 
The samples confined and sheared at 15.0 MPa also show the same trends and have CCS of 134.0 MPa ±3.1 MPa as seen in Fig. 5.3. The YM is 16.3 GPa ±0.6 GPa and PR of 0.2 ±0.01. Axial strain for all samples is approximately double the value of the radial strain when sheared. 
For the four samples confined and sheared at 30 MPa shown in Fig. 5.4, the stress-strain curves has a larger spread in the results; samples 7 and 8 have a yield point around 140 MPa and the yield points for samples 9 and 10 are over 20 MPa greater. The yield point is less evident for samples 8 and 9 while the point of failure is somewhat identifiable for sample 10. Sample 7 is the only sample tested at 30.0 MPa confining stress that shows a clear yield point at which the cement failed. CCS at 30.0 MPa confining stress proved to be highly variable with lowest being 141.4 MPa and the highest being 187.2 MPa. Average CCS is 160.1 MPa for the four samples tested at 30.0 MPa confining stress with standard deviation being 22.2 MPa. YM also varies greatly with an average of 16.9 GPa and the standard deviation is high at 3.1 GPa; PR is comparable to the values obtained from the samples tested at lower confining stress with an average of 0.2 and standard deviation is 0.03. Sample 7 had the highest YM and PR of the samples tested at 30.0 MPa confining stress, which is the reason for the sharp drop in vertical stress and axial strain following failure yet radial strain increases after the sample has been sheared. Samples 9 and 10 have the lowest YM which may be why the samples do not necessarily exhibit a definitive point of failure. 
CCS, which is the maximum stress prior to shearing, increases with confining stress due to an increase in material strength at higher pressures. It is also seen that as confining stress increases, strain measurements increase as well, which is due to the strain hardening effect. Post-peak slope becomes less steep with increased confining stress. Both YM and PR stay relatively constant with confining stress variation.
Results from class H and G cement data compiled and previously reported found that YM values for these cement types range from 0.004-26.2 GPa while PR values range from 0.02-0.3 (Appendix E). In this work, both the lowest and highest YM is observed at 30.0 MPa confining stress, the highest being sample 7 with YM of 21.0 GPa and the lowest of 13.5 GPa exhibited by sample 9. A minimum PR value of 0.2 was observed in samples 2, 6, 8, and 9 while a max PR of 0.2 is observed from samples 7 and 10, both of which are tested at 30.0 MPa confining stress. All tested samples have YM and PR values that agree with previous literature. In cement, low YM is important for ductility but cement with low YM also allows for shear failures to propagate faster within the wellbore (Kim et al., 2016; Petty et al., 2003).  
From Fig. 5. It can be seen that the CCS increases linearly for the samples confined at 5 MPa, 10 MPa, and two of the samples tested at 30 MPa, or samples 9 and 10. CCS values for samples 7 and 8 were similar to those tested at 15 MPa. This could be due to infiltration of the sample during testing or due to the properties within the sample, such as microstructure, porosity, or permeability. Fig. 5. Shows that from 5 MPa to 10 MPa and for one of the samples tested at 30 MPa (sample 10) stress, the YM decreases. Samples 8 and 9 have YM values that were similar to those seen in the samples tested at 15 MPa. Sample 7 had the highest YM of all the samples and this could be due to sample infiltration during testing. From these results, CCS of cement will increase with confining stress while YM will decrease or remain constant at higher confining stress.  
Plastic deformation of cement is used to help classify the brittle-ductile behavior of the samples. When a materials elastic response during loading has reached a pinnacle, plastic deformation will the take place (Pariseau, 1988). Plasticity modulus, which describes how material shape will be plastically altered during deformation, is also found using the stress-strain curves obtained during consolidated isotropic drained tests to observe the linear-elastic behavior of cement. Higher plasticity suggests that a material will undergo higher stress relaxation when under confinement; material with low plasticity exhibit a sudden increase in strain during the loading portion of the tests (Milman et al., 1993). Basically, determining what the strain of the material if it were completely elastic at the point of shear and finding how great the difference between the strain at shear and if the material is completely elastic. The greater the difference in strain, the more plastic (i.e. less elastic) a material is. Table 5.3 shows the modulus of elasticity for the class H samples. 
[bookmark: _Toc134461591][bookmark: _Hlk131244799]Table 5.3. Determination of material plasticity.
	Confining Stress (MPa)
	Test Number
	Axial Strain at Shear (mS)
	Axial Strain Elastic (mS)
	Difference
	% Difference

	5
	1
	6.1
	5.3
	0.8
	-13.2%

	
	2
	6.6
	5.4
	1.2
	-18.6%

	
	3
	6.5
	5.2
	1.3
	-19.5%

	15
	4
	9.4
	6.8
	2.7
	-28.3%

	
	5
	10.0
	6.6
	3.4
	-34.2%

	
	6
	9.1
	6.5
	2.6
	-28.7%

	30
	7
	6.7
	4.7
	2.0
	-30.4%

	
	8
	10.2
	5.8
	4.3
	-42.6%

	
	9
	20.2
	8.8
	11.4
	-56.3%

	
	10
	24.0
	8.8
	15.2
	-63.5%



Axial strain at shear indicates length deformation at shear while elastic axial strain is indicative of the strain if the material were to be fully elastic (unable to be sheared). To determine this, a linear line is extrapolated from the elastic region of the axial portion of the stress-strain curve. From this, Eq. 5.1 is used to find the elastic axial strain of the samples.

Where b is the y-intercept of the linear line and m is the slope of the linear line. The greater the difference between the axial strain at shear and elastic axial strain, the less elastic and more plastic a material is. Plasticity modulus is greater at higher confining stress, which is to be expected due to the dilatancy the material experiences under higher pressure. 
It can be seen that plasticity of the cement increases with confining stress, meaning that the material tends to have increased deformation at increased pressures. During consolidated isotropic drained triaxial testing, cement undergoes three stages: an elastic stage, a hardening stage, and a softening stage (Vermeer, 1998). The elastic portion of the test begins once the test is initiated and the material is solely experiencing elastic deformation. Once the material begins to deviate from elastic to inelastic, the hardening stage occurs and the cement continues to become more inelastic as confining stress increases. Once the sample is sheared, it has been fractured and deformation is irreversible and at this point strain-softening begins to occur. At high confining stress, the hardening stage occurs for a longer duration thus increasing the materials plasticity. Plots showing plasticity are shown in Appendix B. 
[bookmark: _Toc134123522][bookmark: _Toc134128171]5.4.2 Failure Criteria
For each consolidated isotropic drained test, the major and minor principal stresses are plotted versus strain to develop a Mohr-Coulomb diagram shown in Fig. 5.21.
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[bookmark: _Toc134442052]Figure 5.21. Mohr-Coulomb failure envelope for class H cement.
The black line is established based on correlations of the yield points of all samples that underwent CID testing. The dotted black line is the outer Mohr-Coulomb failure envelope. It should be noted that the minor principal stresses are equal to the confining stress during testing. Using this diagram, shear strength parameters, or cohesion and friction angle, are able to be determined for the consolidated isotropic drained tests on class H cement. The angle of internal friction describes the effect of confining stress on material strength; higher angle of internal friction denotes a larger effect of confining stress on strength (Chang et al., 2006). Cohesion is indicative of the shear strength of the cement when the normal stress acting on it is zero (Perez et al., 2015). A Mohr-Coulomb failure envelope is created using the consolidated isotropic drained triaxial test results for class H cement at the three confining stress to determine the shear strength parameters using Eq. 5.2. 

Where c is cohesion,  is friction angle, and  is effective normal stress. Material is said to fail in shear if shear stress is greater than shear strength (Welch et al., 2019). It is determined that for the outer Mohr-Coulomb envelope, cohesion is 23.5 MPa (3,408.4 psi) and friction angle is 44.1˚ for class H cement. For the correlated envelope, cohesion is 20.1 MPa (2,921.1 psi) and friction angle is 41.3˚. Friction angle is indicative of surface morphology of the fractured material (Wyllie & Norrish, 1996).  Materials with greater surface roughness have a greater resistance to shear and will result in higher friction angles (Wang et al., 2022). Angular particles can increase shear strength due to their ability to interlock with one another (Uesugi & Kishida, 1986; Wang et al., 2022). Cohesion is influenced by cementation and bonding of a material (Sullivan et al., 2011). The high cohesion and friction angle obtained within this work indicate that the cement has coarse and more angular grains on the fracture surface. The outer failure envelope is linear for the maximum CCS of cement at 5.0, 15.0, and 30.0 MPa confining stress. Samples sheared at 5.0 MPa and 15.0 MPa all have a similar peak shear while the samples sheared at 30.0 MPa are somewhat less uniform. For the correlated failure envelope, it shows that all of the samples will experience shear failure except for samples 7 and 8, which are tested at 30.0 MPa confining stress.
[bookmark: _Toc134123523][bookmark: _Toc134128172]5.4.3 Shear Failure
Of the samples sheared at 5.0 MPa confining stress, samples 1 and 3 very clearly exhibit shear fracturing as seen by the angle of fracture in Fig. 5.7, meaning that the maximum stress during shear is in the vertical direction. Sample 1 had an average fracture angle of 59.5˚ while sample 3 proved to have an average fracture angle of 116.4˚; these samples indicate that at higher angle of fracture, fractures are more uniform and exhibit fewer secondary fractures which is similar to the results obtained on testing of marble and sandstone (Gong et al., 2020). Sample 2, however, has a different type of failure mode, extensional fracturing, as evidenced by the fracture angle seemingly being nearly horizontal as well as the sharp negative decline post-peak on the stress-strain curve. 
Samples tested at 15.0 MPa confining stress, shown in Fig. 5.7 (d), (e), and (f), all experienced shear fractures. Samples 5 and 6 have linear fracture planes while sample 4 experienced wing cracks around the shear fracture, as seen in Fig. 5.7 (d). Wing cracks occur at the ends of pre-existing microcracks within the material and propagate in the direction of the major principal stress, which in this case, is vertical stress (Zhang & Li, 2019). 
Test results for those samples sheared at 30.0 MPa confining stress to be somewhat irregular as can be seen in Fig. 5.7. (g), (h), (i) and (j). Samples 8, 9, and 10 experienced shear fracturing while sample 7 exhibits extension fracturing. From Fig. 5.4, the stress-strain curve for sample 7 is significantly steeper and fluctuation of strain measurements pre-shear can be observed, which could be the cause of the extension fracture. 
[bookmark: _Toc134123524][bookmark: _Toc134128173]5.4.4 Poroelastic Constant Determination
As discussed in chapter 4 of this work, the poroelastic constant, or Biot coefficient, is an important parameter for wellbore modeling and is frequently taken to be 1. The parameters used to calculate the Biot coefficient can be either calculated or determined experimentally. Experimental determination of the Biot coefficient was discussed in chapter 4 of this work and was done using hydrostatic compression testing results, where the Biot coefficient can be calculated using the bulk and solid bulk modulus of a material. Solid bulk modulus is a relatively constant material parameter and this can be seen in the previous chapter (Dung et al., 2017). Bulk modulus, K, is related to YM and PR and can be calculated using the following Eq. 5.3:

	
	
	


Utilizing the YM and PR values obtained via CID testing, K is calculated for all tested cement samples and used to calculate the Biot coefficient in conjunction with the solid bulk moduli found in chapter 4. Average solid bulk modulus is 52.2 GPa, and the calculated bulk modulus and Biot coefficient for the class H cement samples that underwent CID testing is shown in Table 5.4. 
[bookmark: _Toc134461592]Table 5.4. Calculated K and Biot coefficient for all tested samples.
	Sample
	YM (GPa)
	PR
	K (GPa; Calculated)
	Biot (Calculated)

	1
	18.2
	0.2
	9.5
	0.8

	2
	17.4
	0.2
	8.5
	0.8

	3
	17.1
	0.2
	8.6
	0.8

	4
	16.2
	0.2
	8.4
	0.8

	5
	15.7
	0.2
	8.4
	0.8

	6
	17.1
	0.2
	8.4
	0.8

	7
	21.0
	0.2
	11.8
	0.8

	8
	17.0
	0.2
	8.3
	0.8

	9
	16.1
	0.2
	8.9
	0.8

	10
	13.5
	0.2
	6.6
	0.9



As shown in chapter 4, hydrostatic compression testing on the three class H cement samples is found to range between 0.80-0.82. Most of the calculated bulk modulus and Biot coefficients proved similar to those obtained via hydrostatic compression testing with the exception being samples 7 and 10, both of which were tested at 30.0 MPa confining stress. While there is some deviation, the samples all exhibited a poroelastic constant less than one and were similar to results obtained for class G cement. 
[bookmark: _Toc134123525][bookmark: _Toc134128174]5.4.5 Microscopy
From Fig.s’ 5.8, 5.9, and 5.10, it can be seen that there are a number of microfractures that occur at the point where the sample was sheared. There are also a number of unhydrated cement grains, which implies that the bonds around these grains are less than fully hydrated cement and could have some affect as to why the sample sheared at the location and manner it did. From Fig. 5.8 (a) and (b), there are a number of microcracks present; voids are also present within the sample and the voids are between 5.0-25.0 microns in diameter. Partially hydrated cement is also seen with the center of these grains containing unhydrated cement surrounded by C-S-H. A majority of the sample is smooth CH. In Fig. 5.9, long, thin microcracks were visible at multiple points in the sample. CH is the most prevalent structure at this point and there were voids present in areas without CH. Small amounts of C-S-H were also visible as smooth particles that are slightly darker than the CH. A description of the microstructure seen at this sample location is shown in Fig. 5.9 (b). In Fig. 5.10 (a) and (b), a BSE image of a third location on the fracture surface is shown along with a description of the microstructure. CH is the most common component in most of the sample, in both high and low concentrations. Microcracks are present in areas with high CH concentration. C-S-H and unhydrated cement can also be seen and there are a high amounts of voids at this location.
From Fig. 5.11 (a) and (b), it can be seen that the sample location has a composition made up primarily of CH. Microcracks are visible and are primarily within the CH. There are multiple partially hydrated cement particles, which the unhydrated and C-S-H are labeled in Fig. 5.11 (b). There are a small amount of voids at the sample location, and a majority of the voids have a diameter below 25 microns. Fig. 5.12 (a) show a second location on the sample 9 fracture surface and Fig. 5.12 (b) describes the microstructure of the image. A large partially hydrated cement particle, which has unhydrated cement that is approximately 100.0 microns in diameter, can be seen as well as a thin layer of C-S-H surrounding the unhydrated grain. Platy CH is also dispersed within the sample location. A microcrack can be seen and follows the shape of the partially hydrated cement particle. Voids are not highly present as most of the dark areas are part or a continuation of the centralized microcrack. Fig. 5.13 (a) and (b) show a third sample location and a description of the microstructure on sample 9’s fracture surface. There are numerous partially hydrated cement particles at this location as well as platy CH. Microcracks are found to be around the C-S-H layer of the partially hydrated cement. There are small voids, less than 10 microns, scattered throughout the location.
From Fig. 14 (a) and (b), it can be seen that CH is the largest component of this location with small amounts of C-S-H also present. A large and wide microcrack, approximately 300.0 microns and length and up to 25 microns wide at some points, can be seen within this point of study. Thinner microcracks can be seen branching off the large microcrack. Small voids are also seen. Fig. 15 (a) and (b) shows the presence of CH, C-S-H, and partially hydrated cement. The CH is well dispersed. Microcracks are present but are primarily short and thin. The BSE image shown in Fig. 5.16 (a) and (b) shows a large concentration of CH with some C-S-H dispersed throughout the surface. Microcracks are visible, but are short and thin; they are predominantly within the CH.
BSE image 5.17 (a) and (b) show a highly consistent composition within the surface location. There are a number of partially hydrated cement particles, but the unhydrated portion is small and the outer C-S-H layer constitutes for most of these structures. There are small voids within the sample and most are below 10 microns in diameter. Microcracks are present with a majority being thin and short; a larger microcrack can be seen on the left side of the sample that is approximately 200 microns in length and is wide in some areas and thin in others. Fig. 5.18 (a) and (b) shows a highly consistent composition with littler variation in bright- or darkness. C-S-H is the main constituent in this location and minimal microcracks are present. While voids are seen, they are small in diameter; most are less than 10.0 microns in diameter. Partially hydrated or unhydrated cement particles are not seen indicating a high degree of hydration. From Fig. 5.19 (a) and (b), an unhydrated cement grain can be seen and is indicated by its bright appearance. Voids, most of which are below 10 microns in diameter, are seen throughout the sample. Partially hydrated cement particles are also seen throughout the sample, with the unhydrated portion being much smaller than the C-S-H shell. There are some microcracks, and they are short in thin, most being less than 50.0 microns in length. 
It can be determined that the microstructure at the fracture surface does have some differences when compared to the intact material post CID testing. Sample 1 fracture surfaces shown in Fig.s’ 5.8, 5.9, and 5.10 show large areas of CH with longer, more connected microfractures. BSE images of sample 1 intact material show that CH is still present, but may not be as concentrated (Fig.s’ 5.14, 5.15, 5.16). Surface composition for the intact material is much more heterogeneous than that of the fractured surface. 
From the fracture surface of sample 9, it can be seen that there are high amounts of CH, partially hydrated cement, and wide microcracks (Fig.s’ 5.11, 5.12, 5.13). The unhydrated center of the partially hydrated cement constitutes a majority of the particle with the C-S-H outer layer being much smaller. Microcracks are prevalent around or near the partially hydrated particles due to the lack of hydration structures that have formed. The amount of partially hydrated and unhydrated cement can lead to weaker zones more prevalent to fracturing. BSE images for the intact material of sample 9 show a much more homogenous composition. There is less CH within this material and C-S-H is more prevalent. While partially hydrated grains are present to a certain degree, there are not many partially hydrated or unhydrated particles. This indicates that the material is able to achieve a higher degree of hydration and is less susceptible to failure due to the microstructures that were formed. Less microcracking was visible within the intact material meaning that the shear fracture may not have greatly affected the mechanical properties throughout the sample.
EDS results obtained from three fractured surface locations are in agreement, indicating that the chemical composition is homogenous at the sample surface locations as shown in Fig. 5.20. From the cement mill test report provided by Central Plains Cement for the batch used to create the samples, calcium oxide, silicon dioxide, ferric oxide, aluminum oxide, sulfur trioxide, and magnesium oxide are the predominant compounds within the cement clinker. There are also minimal amounts of free lime and insoluble residue within the clinker. EDS analysis is in agreement with the information provided within the mill report, with high amounts of oxygen at each location as well as lesser amounts of calcium, iron, aluminum, sulfur, magnesium, and silicon. Sodium is also present in smaller quantities, likely from the free lime content. The one element that is not in agreement with the listed compounds on the mill report is potassium, indicating that it could be considered insoluble residue. Gold and palladium are also detected in the EDS analysis due to the sample being sputter coated in these elements and are not considered as part of the chemical composition of the cement. 
[bookmark: _Toc134123526][bookmark: _Toc134128175]5.5 Conclusions Found from CID and Shear Analysis
The results for this portion of the work done details CID testing on class H wellbore cement to obtain a variety of mechanical properties and fracture mechanisms. From the results, it can be seen that class H cement yielded fairly similar CCS values at varying confining stress. It can also be seen that average YM and PR were analogous for all tested samples. The high cohesion and friction angle seen from testing indicate that the cement has coarse and more angular grains on the fracture surface, which is corroborated by microscopy analysis. The results obtained in this chapter are in good agreement with various rock types thus supporting the theory that cement can be treated as a poroelastic material. The plasticity moduli determined for the samples increased with increasing confining stress thus indicating that the transition from ductile to brittle behavior occurs much faster at higher pressures. Using the YM and PR values found from CID testing, the bulk modulus can be calculated and using the solid bulk modulus found previously, the Biot coefficient can be calculated. The calculated results are in good agreement with those values determined experimentally. SEM BSE images for the fractured surfaces and intact material show that both the fractured and intact material have CH, but the intact material has less concentrated and more widespread CH and has less microcracking. The fractured surfaces also have more partially hydrated cement with high amounts of unhydrated cement. It should be noted that the less linear the stress-strain relationship of the samples, the more likely that microcracking is occurring within the sample during CID testing (Mechtcherine & Müller, 2001). Further SEM analysis should be done to verify this phenomena. EDS results are in agreement with the mill report provided by Central Plains Cement Company for the batch used to make the samples, indicating the carbonation or outside contamination have not likely occurred. Results from this work are important in that they can be used for designing a cement slurry for specific downhole conditions and understanding how the cement will behave with variations in pressure. Due to the cement being cured past the early hydration period, the results are more applicable to real-world scenarios and can provide insight into long-term cement behavior as well. 
[bookmark: _Toc134123527][bookmark: _Toc134128176]Chapter 6: Cuttings Effect on Cement Mechanical Properties
To understand the mechanical properties of wellbore cement with shale and eventually, drill cuttings, various studies are conducted to understand how these properties change with the addition of shale in the short-term and after the early hydration period takes place. 
[bookmark: _Toc134123528][bookmark: _Toc134128177]6.1. Cuttings Disposal in Cement: Investigation of the Effect on Mechanical Properties
Offshore, drill cuttings may be discharged, cleaned and discharged, or transported onshore to be recycled. Such options are governed by the type of drilling fluid used and can prove to be considerably costly. Additives have been used in cement for enhancing mechanical properties thus ensuring/maintaining wellbore integrity. Pozzolanic materials such as fly ash and metakaolin have been seen to react with calcium hydroxide (Ca(OH)2) resulting in additional calcium silicate hydrate formation thus enhancing the mechanical properties of wellbore cement, which begs the question: why not cuttings? The use of drill cuttings as a cement additive may prove beneficial in more ways than one in that cuttings would be environmentally friendly, reduce the cost for removal, and potentially eliminate the need for other additives while maintaining the mechanical integrity of the cement. In this study, various sizes and quantities of Woodford shale fragments in sizes from 100.0 mm down to 100.0 nm are added to class H cement and mechanical stability was determined through unconfined compressive strength (UCS) testing. The results of this study show that the addition of shale is able be used as an additive in cement without significantly altering the mechanical properties. This work is the first step in evaluating disposal of cuttings and cutting derived products in cement. 
[bookmark: _Toc134123529][bookmark: _Toc134128178]6.1. Introduction
Drill cuttings are an inevitable byproduct associated with drilling a well. Cuttings are a combination of different sized geological material and drilling fluid, which can be either water based (WBM), oil based (OBM), or synthetic (SBM) (Henry et al., 2017). Two of the biggest issues regarding drill cuttings is cleaning and disposal. Cleaning and disposing of cuttings is a costly operation and alternative methods for the use of drill cuttings have become widely investigated. Depending on the drilling fluid used, cuttings are required to undergo cleaning in order to remove any remaining mud prior to disposal. Methods for cleaning drill cuttings include but are not limited stabilization/solidification (s/s) treatment (Leonard & Stegemann, 2010), thermal desorption (Huang et al., 2018), microemulsions (de Castro Dantas et al., 2019), microwave treatment (Petri et al., 2019), bioremediation (Somee et al., 2018), and mechanical equipment (Wu et al., 2019).Various methods used for cuttings disposal include the use of cuttings in spud mud (Taghiyev et al., 2015), offshore disposal, ship-to-shore/onshore disposal (Stanciu et al., 2016), and reinjection into the subsurface (Reddoch, 2000).
Cementing a well is crucial for establishing wellbore integrity and it is necessary that the cement be able to withstand downhole conditions. To ensure this, cement additives are used to fine-tune cement mechanical properties. In the past, cements with a high UCS were thought to be ideal for achieving and maintaining zonal isolation and well integrity (Li et al., 2015). While this cement design may have been used in conventional wells, it is used less in unconventional wellbores. In many unconventional wells, conventional cement systems are not favorable due to higher temperatures and pressures. To account for these conditions, ductile cement is favorable as opposed to high strength. Ductile cement is able to undergo numerous loading cycles and is less likely to permanently deform under severe downhole conditions (Tabatabaei et al., 2019). This is important in unconventional wells where not only are pressure and temperature fluctuations occurring, but also human factors such as recompletions. One way to address this issue is to design a cement that is able to achieve high UCS, and a low Young’s Modulus (YM) (Deshpande et al., 2019). Lower YM is important for low cement ductility (Petty et al., 2003). Low Poisson’s ratio (PR) is optimal for a cement system, with conventional cements having a PR of approximately 0.2 (Verba et al., 2017). To engineer this balance, cement additives have been widely studied to better understand the effect that they have on a cements mechanical properties (Jafariesfad et al., 2020; Li et al., 2015).
Pozzolanic materials, which are highly siliceous and aluminous materials, are one type of cement additive that have an effect on cement mechanical properties (Salehi et al., 2016). Examples of pozzolanic material include metakaolin, fly ash, and slag. These materials work to fill void space within the cement and expedite cement hydration (Xiaoyu, et al., 2018). The size and texture of the pozzolanic material plays a significant role in hydration and nucleation but requires that the material is uniformly dispersed (Lapeyre et al., 2019). In concrete, metakaolin impacts the strength in three ways: the filler effect, expedited hydration, and pozzolanic reactions with calcium hydroxide (Wild et al., 1996). Ramezanianpour & Jovein (2012) found that adding metakaolin to concrete, long-term compressive strength proved to be higher than concrete without metakaolin. Pozzolanic materials high in silica, aluminum oxide, and iron oxide react much more quickly than conventional cement additives to calcium hydroxide thus establish a higher UCS in less time (Pernites et al., 2018). 
The objective of this work is to evaluate how the size and quantities of shale cuttings added to cement affects UCS, YM, and PR. The shale cuttings investigated are Woodford shale, a source rock and an unconventional reservoir found in the Anadarko Basin in Oklahoma (Johnson & Cardott, 1992). Woodford shale has a similar composition to other pozzolanic materials in that it is silica-rich (Cardott, 2012). Having the ability to integrate cuttings into a cement system could reduce the cost for cuttings disposal while still allowing well integrity to be achieved and maintained throughout the life of a well. The use of cuttings as a cement additive also has environmental benefits in that drilled geomaterial is being returned to the subsurface rather than having to be transported or discharged to the seafloor.
6.1.2. Methodology
Class H oilwell cement provided by Central Plains Cement Company is used to make the samples. Woodford shale is collected from an outcrop in Murray County, Oklahoma. Dry shale is ground to achieve millimeter, micron, and submicron particles with the submicron particle sized being achieved with an EMAX nanogrinder. The term submicron refers to particle sizes less than one micrometer. For the three different sizes, shale is added in 5%, 10%, and 15% increments by weight of cement (BWOC). The samples are prepared according to ASTM standard D7012-14 and deionized (DI) water is used for all sample sets. Halliburton D-AIR 5000 is used to reduce air within the cement. For each case, three replicate samples are made. Table 6.1 shows the cement composition used in this study. Water-solids (w/s) ratio is kept constant at 0.38 and the various sizes of shale are added at 5%, 10%, and 15% intervals. The samples are named based on the percentage of shale and size of the shale particles (i.e. 5% mm means cement sample with 5% millimeter sized shale particle added).
[bookmark: _Toc134461593]Table 6.1. Cement slurry composition. 
	


	Mass in Solution (%)
	Mass BWOC (%)

	DI Water
	175.8
	-

	Class H Cement
	462.5
	-

	Shale
	Varies
	Varies

	D-Air 5000
	0.7
	0.2

	Slurry Density (g/cc)
	2.0

	Slurry Weight (ppg)
	16.5



After the cement is mixed it is placed into cylindrical molds with 4.0-inch height and 2.0-inch diameter and cured at ambient conditions for 24 hours. The samples are removed from the molds and placed into a sodium hydroxide brine water bath prior to being placed into a 150˚F oven for 7 days. The samples are then removed from the water bath, cut, and both ends of the cement cylinder are polished to ensure a flat surface for testing. The samples are compressed along the vertical axis of the cylinder using an Instron 600DX compression only load frame with internal vertical strain measurements and equipped with an Epsilon diametral extensometer to measure horizontal strain. A strain rate of 0.04 mm/min is used during the testing process. The samples are visually inspected after failure to determine the orientation of the failure plane and type of failure. From the testing, it is seen that all samples exhibit tensile failure.
[bookmark: _Toc134123530][bookmark: _Toc134128179]6.1.3. Results and Discussion
Fig. 6.1 shows a typical stress-strain curve obtained via UCS testing. The right portion of the x-axis is representative of vertical strain while left of the x-axis axis is horizontal strain. For all plots, UCS is selected at the point where compressive strength is the greatest. YM is found for all samples by taking the tangent at 50% of the UCS vertical strain curve. PR is determined by taking the slope of the tangent of UCS and horizontal strain at 50% of the UCS, then dividing this by YM. 
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[bookmark: _Toc134442053]Figure 6.1. Stress-strain curves obtained from UCS testing for the 5%, 10%, and 15% millimeter samples. The highest UCS shown is for the sample with 10% shale.
Some of the tests results had an unexpected sudden increase of horizontal strain prior to reaching the peak vertical stress determined to be UCS, as is seen in Fig. 6.2.
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[bookmark: _Toc134442054]Figure 6.2. Stress-strain curves obtained from UCS testing for the 5%, 10%, and 15% samples with the highest UCS for micron samples. The highest UCS shown is for the sample with 15% shale.
To compensate for this, YM and PR are found using stress-strain readings before this decrease occurred.
Fig. 6.3 (a) shows a 5% submicron cement sample after UCS testing. Fig. 6.3 (b) shows a 10% millimeter shale sample after being tested. From Fig. 6.3 (a) and (b), there is evenly distributed shale within the sample. It has been known that particle size distribution is of the utmost importance when conducting mechanical testing of cement additives.  From Fig. 6.3 it is seen that the samples exhibit tensile fracturing rather than shear fracturing. 
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[bookmark: _Toc134442055]Figure 6.3. (a) A 5% submicron cement sample after UCS testing. (b) A 10% millimeter sample after UCS testing.
UCS, YM, and PR test results are shown in Table 6.2 as well as fracture orientation and fracture type. The highest UCS observed, 42.7 MPa, is seen in a 10% micron sample while the lowest UCS exhibited is 6.1 MPa associated with a 5% micron sample. For the millimeter and micron sample sets, the addition of 15% shale yielded, on average, the highest UCS, while the 5% shale samples obtained the maximum UCS values for submicron shale addition. On average, the 5% micron samples produced the lowest YM while the 5% millimeter samples yielded the highest. PR is highest in a 5% submicron sample and lowest in a 5% micron, 5% millimeter and 15% millimeter samples. There is significant scatter for UCS, YM, and PR results as shown from standard deviation.
[bookmark: _Toc134461594][bookmark: _Hlk131245182]Table 6.2. UCS test results for base case, millimeter, micron, and submicron samples.
	
	Sample #
	% Shale
	Length (in)
	Dia. (in)
	UCS (MPa)
	Ave.
	Std. Dev.
	YM (GPa)
	Ave.
	Std. Dev.
	PR
	Ave.
	Std. Dev.

	Base
	1
	0
	3.4
	1.5
	35.2
	29.9
	3.8
	7.5
	6.0
	1.6
	0.1
	0.3
	0.2

	
	2
	0
	3.5
	1.5
	27.9
	
	
	6.7
	
	
	0.6
	
	

	
	3
	0
	3.3
	1.5
	26.6
	
	
	3.7
	
	
	0.3
	
	

	Millimeter
	1
	5
	3.4
	1.5
	30.9
	21.3
	10.1
	5.8
	4.4
	1.6
	0.1
	0.1
	0.0

	
	2
	5
	3.3
	1.5
	25.7
	
	
	5.3
	
	
	0.1
	
	

	
	3
	5
	3.4
	1.5
	7.4
	
	
	2.2
	
	
	0.0
	
	

	
	1
	10
	3.3
	1.5
	11.0
	17.9
	5.4
	2.8
	4.8
	1.4
	0.2
	0.4
	0.2

	
	2
	10
	3.4
	1.5
	24.1
	
	
	5.6
	
	
	0.2
	
	

	
	3
	10
	3.4
	1.5
	18.6
	
	
	6.0
	
	
	0.7
	
	

	
	1
	15
	3.4
	1.5
	34.6
	23.4
	9.3
	6.8
	4.3
	1.8
	0.1
	0.2
	0.1

	
	2
	15
	3.5
	1.5
	11.8
	
	
	2.9
	
	
	0.3
	
	

	
	3
	15
	3.5
	1.5
	23.9
	
	
	3.2
	
	
	0.2
	
	

	Micron
	1
	5
	3.5
	1.5
	14.3
	13.9
	6.2
	3.5
	3.2
	0.7
	0.5
	0.3
	0.2

	
	2
	5
	3.5
	1.5
	21.3
	
	
	3.8
	
	
	0.4
	
	

	
	3
	5
	3.4
	1.5
	6.1
	
	
	2.2
	
	
	0.1
	
	

	
	1
	10
	3.2
	1.5
	41.6
	27.7
	9.8
	7.6
	6.7
	1.3
	0.5
	0.5
	0.1

	
	2
	10
	3.4
	1.5
	20.0
	
	
	7.6
	
	
	0.6
	
	

	
	3
	10
	3.4
	1.5
	21.6
	
	
	4.9
	
	
	0.3
	
	

	
	1
	15
	3.3
	1.5
	24.1
	31.5
	8.7
	7.0
	6.9
	0.7
	0.5
	0.4
	0.0

	
	2
	15
	3.5
	1.5
	42.7
	
	
	7.7
	
	
	0.4
	
	

	
	3
	15
	3.4
	1.5
	30.4
	
	
	6.0
	
	
	0.4
	
	

	Submicron
	1
	5
	3.3
	1.5
	32.1
	34.0
	5.9
	6.5
	5.9
	1.4
	0.5
	0.7
	0.2

	
	2
	5
	3.3
	1.5
	27.9
	
	
	3.9
	
	
	0.9
	
	

	
	3
	5
	3.4
	1.5
	41.9
	
	
	7.3
	
	
	0.6
	
	

	
	1
	10
	3.3
	1.5
	9.8
	16.5
	5.0
	2.9
	4.1
	1.3
	0.2
	0.3
	0.1

	
	2
	10
	3.2
	1.5
	17.8
	
	
	3.4
	
	
	0.3
	
	

	
	3
	10
	3.4
	1.5
	21.8
	
	
	5.9
	
	
	0.4
	
	

	
	1
	15
	3.8
	1.5
	39.1
	31.2
	10.0
	6.2
	5.4
	1.4
	0.6
	0.4
	0.2

	
	2
	15
	3.6
	1.5
	37.3
	
	
	6.6
	
	
	0.3
	
	

	
	3
	15
	3.8
	1.5
	17.1
	
	
	3.4
	
	
	0.2
	
	



Single-factor ANOVA tests were performed to better understand the significance of shale size and quantity to cement and the results are shown in Table 6.3.
[bookmark: _Toc134461595]Table 6.3. Single-factor ANOVA results for the class H cement samples containing various sizes and quantities of shale cured for 7 days.
	Shale Size
	
	Assumption
	Groups
	Count
	Sum
	Average
	Variance
	P-Value

	Millimeter
	
	Amount of millimeter shale has no impact on mechanical properties.
	0
	3
	89.7
	29.9
	21.5
	0.5

	
	
	
	5
	3
	64.0
	21.3
	152.4
	

	
	
	
	10
	3
	53.7
	17.9
	43.3
	

	
	
	
	15
	3
	70.3
	23.4
	130.1
	

	
	
	Concentration does not matter for millimeter samples.
	5
	3
	64.0
	21.3
	152.4
	0.8

	
	
	
	10
	3
	53.7
	17.9
	43.3
	

	
	
	
	15
	3
	70.3
	23.4
	130.1
	

	Micron
	
	Amount of micron shale has no impact on mechanical properties.
	0
	3
	89.7
	29.9
	21.5
	0.2

	
	
	
	5
	3
	41.7
	13.9
	57.9
	

	
	
	
	10
	3
	83.2
	27.7
	144.9
	

	
	
	
	15
	3
	94.5
	31.5
	114.3
	

	
	
	Concentration of shale does not matter for micron samples.
	5
	3
	41.7
	13.9
	57.9
	0.2

	
	
	
	10
	3
	83.2
	27.7
	144.9
	

	
	
	
	15
	3
	94.5
	31.5
	114.3
	

	Submicron
	
	 Amount of submicronshale has no impact on mechanical properties.
	0
	3
	89.7
	29.9
	21.5
	0.1

	
	
	
	5
	3
	101.9
	34.0
	51.6
	

	
	
	
	10
	3
	49.4
	16.5
	37.3
	

	
	
	
	15
	3
	93.5
	31.2
	149.2
	

	
	
	Concentration of shale does not matter for submicron samples.
	5
	3
	101.9
	34.0
	51.6
	0.1

	
	
	
	10
	3
	49.4
	16.5
	37.3
	

	
	
	
	15
	3
	93.5
	31.2
	149.2
	



Mechanical properties of class H and G cements are previously reported (Wise et al., 2020). Class G cement is included since the only differences between the two are water specification requirements and texture (Bensted, 2002). An example comparison between UCS values for various shale size/quantity to UCS found from previously reported literature is shown in Fig. 6.4. Standard deviation error bars have been included to show the range of the data.
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[bookmark: _Toc134442056][bookmark: _Hlk131245194]Figure 6.4. Experimentally determined UCS results for all millimeter samples. The yellow sample represents average UCS and standard deviation data obtained from previous literature. 
A comparison of previously reported UCS data to the base case, millimeter, micron, and submicron sample sets is shown in Fig. 6.5.
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[bookmark: _Toc134442057]Figure 6.5. Comparison of cement UCS obtained from previous literature to the UCS of cement with varying shale particle size addition; x is the mean of the datasets.
Average UCS for the millimeter samples is slightly below the average of previously published values (Wise et al., 2020). It is interesting to note that the base case achieved a higher average UCS than all of the millimeter samples and two of the micron sample sets. This could imply that the addition of these sizes of shale may have an adverse effect on strength. For the millimeter, micron, and submicron sample sets, the addition of shale at 15% BWOC was higher the average UCS from previously reported. When looking at the effect of shale size on UCS, the addition of shale, at any size, did not alter UCS when compared to previous studies. All sample sizes exhibited, on average, higher UCS than those previously reported as indicated by the upper and lower bounds in Fig. 6.5. While the plots appear to show that UCS values for the samples do not have a large effect on UCS, the p-value obtained indicates the opposite. For the millimeter, micron, and submicron samples, the p-values are above 0.05, and the amount of shale and concentration does have an effect on UCS. This is contradictory to what is seen in Fig.s’ 6.4 and 6.5 where it appears that the addition of shale to cement has little effect on UCS. 
An example comparison between YM obtained from varying shale size/quantity to YM obtained from previously reported literature is shown in Fig. 6.6. Standard deviation error bars have been included to show the range of the data.
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[bookmark: _Toc134442058]Figure 6.6. Experimentally determined YM results for submicron shale addition varying from 0-15%. The yellow sample represents average YM and standard deviation data obtained from previous literature.
A comparison of previously reported YM data (Wise et al., 2020) to the base case, millimeter, micron, and submicron sample sets is shown in Fig. 6.7.
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[bookmark: _Toc134442059][bookmark: _Hlk131245223]Figure 6.7. Comparison of cement YM obtained from previous literature to the YM of cement with varying shale particle size addition; x is the mean of the datasets.
Average YM for all the samples containing shale is lower than the average database YM. A lower YM is desirable when designing wellbore cement and after a seven day curing time, shale addition at any size or quantity could allow for a lower YM to be achieved. The addition of 5% micron sized shale particles produced the lowest average YM results while the millimeter samples produce the lowest YM in comparison to the other particle sizes. From Fig. 6.7, YM for all shale size addition yielded comparable results to previously reported data. All sample sizes aside from the base case yielded lower YM values than those previously reported as indicated by the upper and lower bounds of the box-and-whisker plots in Fig. 6.7. While the plots do not show the effect that shale amount and concentration have on the YM, the ANOVA tests validate that they do have an effect on the YM.
A comparison between PR obtained from varying shale size/quantity to PR obtained from previously reported literature (Wise et al., 2020) is shown in Fig. 6.8. Standard deviation error bars have been included to show the range of the data.
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[bookmark: _Toc134442060]Figure 6.8. Experimentally determined PR results for micron shale addition varying from 0-15%. The yellow sample represents average PR and standard deviation data obtained from previous literature.
A comparison of previously reported PR data to the base case, millimeter shale, micron shale, and submicron shale sample sets is shown in Fig. 6.9.
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[bookmark: _Toc134442061][bookmark: _Hlk131245241]Figure 6.9. Comparison of cement PR obtained from previous literature to the PR of cement with varying shale particle size addition; x is the mean of the datasets.
Average PR for all samples containing shale as well as the base case samples is higher than the PR for conventional wellbore cement. A cement with a high PR has the potential to reduce the stresses a cement experiences and could help to establish and maintain the integrity of the cement (James & Boukhelifa, 2006). From the results, the addition of shale allow for higher PR to be obtained thus potentially having a positive impact on wellbore integrity. The addition of micron and submicron size shale has the largest impact on PR. 5% submicron shale yielded the most desirable average PR. The submicron sample set showed a high PR range and could be attributed to human or equipment error. From Fig. 6.9, all sample sets containing shale exhibited, on average, a higher PR than previously reported cement data and this is in agreement with the ANOVA tests that indicate that the amount and concentration of shale added to cement will have an effect on the PR. The submicron sample set showed a significantly high PR range and could be attributed to human or equipment error. 
All of the tested samples exhibited UCS values comparable to those determined from previous literature. YM values are also within the range of previously reported values, including the upper and lower bounds. Increased PR is seen with the addition of shale, regardless of particle size and quantity. Statistical analysis shows that for all size of shale added to the cement, the amount and concentration will effect the mechanical properties, implying that the trends seen on the plots are misleading and do not accurately represent what is occurring. 
From these results, addition of shale could impact the mechanical properties and allow for a more desirable wellbore cement. While further research is needed to conclusively determine how shale and/or cuttings effect the mechanical properties of cement, this research shows promising results in that the parameters most often considered when designing cement are elevated with the addition of shale. It should be noted that these values could be attributed to the curing time and early cement hydration not having been achieved. Longer curing time is shown to lead to an evolution of mechanical properties (Shadravan et al., 2015). Early cement hydration is known to conclude after twenty-eight days, which could be a reason why the high spread of data since small change in level of hydration affect the development of mechanical properties and give larger data spread. The other potential cause of the variation in the data is that the cutting materials is causing clustering of weak spots in the shale causing it to prematurely break. From  visual inspection of the samples the cutting fragments are evenly distributed, but this needs to be further evaluated.
[bookmark: _Toc134123531][bookmark: _Toc134128180]6.1.4. Conclusions
This study evaluated the use of integrating cuttings into oil well cements to reduce costs and improve environment of cuttings disposal. Based on the UCS testing results of adding of shale at 5, 10 and 15 weight % concentrations and with 7 days curing period the following conclusions can be drawn: 
· The addition of shale to cement does not significantly alter the UCS but does lower YM and increase the PR of the cement. It can be concluded that shale particle size could, in fact, affect the mechanical properties of cement though further testing is critical to accurately understand to what extent. 
· The amount of shale added to cement is also significant when investigating how shale/cuttings affect cement mechanical properties. 
The results show that there are no negative impacts on the cement mechanical properties and using shale/cuttings as a cement additive could have the potential for being a cost effective and environmental beneficial method to dispose cuttings. Further testing is needed to validate the results. The samples within this work were cured for seven days and should be repeated to further validate the results. The shale that was used was dry and an investigation into how oil-wet samples affect cement mechanical properties will be conducted.
[bookmark: _Toc134123532][bookmark: _Toc134128181]6.2. Cuttings Addition to Wellbore Cement and Their Effect on Mechanical Properties Over the Early Hydration Period
Mitigation of greenhouse gas emissions is becoming a significant factor in all industries. Cement manufacturing is one of the industries responsible for greenhouse gas emissions, specifically carbon dioxide emission. To combat the emissions produced from cement manufacturing, many areas that utilize cement have begun investigating ways to minimize the amount of cement used for substitute or cement replacement material.  Pozzolanic materials have long been used as cement additives or cement replacement material due to the pozzolanic reaction that occurs when hydrated and forms a cementitious material similar to that of cement. Shale is a pozzolanic material that is found globally both on the surface of the Earth and below it; with an increase in the number of target reservoirs being shale, drill cuttings have become increasingly composed of shale. To determine the feasibility of utilizing drill cuttings as a wellbore cement additive, this work investigates the effect of shale addition to class H cement in various quantities and sizes. Unconfined compressive strength of the cement containing shale was compared to cement without shale to observe the effect that both quantity and particle size effected this property. SEM-EDS microscopy was also performed to understand any notable variations in the cement microstructure or chemical composition when shale is used as an additive. While the investigation of shale as a cement additive was investigated within this work, it provides a preliminary understanding as to how drill cuttings may behave when added to a cement system. Utilizing cuttings as a cement additive in the future could prove beneficial for a number of reasons including that it would reduce the greenhouse gas emissions associated with cement manufacturing, decrease additive expenses, and minimize costs and emissions related to the recycling of drill cuttings.
[bookmark: _Toc134123533][bookmark: _Toc134128182]6.2.1. Introduction
Wellbore cement is the most commonly used barrier material in hydrocarbon, carbon capture and storage, geothermal, and hydrocarbon wellbores, primarily due to the ability to manipulate cement properties to adhere to the conditions at hand. In order for cement to mitigate hydrocarbon leakage, provide zonal isolation, and support the casing, the cement sheath must be able to withstand the overburden stress, remain intact during any subsequent wellbore operations, have the ability to securely bond to both the casing and formation, and be resistant to hydrocarbon migration. The cement must also be designed so that when it is in the liquid phase and being pumped downhole, it will be properly placed, remove any residual drilling mud, exhibit optimal rheological properties, and set in the appropriate period of time (Kimanzi	et al., 2020). Cementitious materials, as a whole, are inflexible and susceptible to failures like cracking and shrinking (Jafariesfad et al., 2020). To enhance the mechanical properties of cement and prevent short- and long-term well integrity issues, additives are mixed with the cement slurry to procure the desired properties. 
Additives can be divided into seven primary categories pertaining to the effect that they have on cement: densifiers, accelerators, retarders, viscosifiers, density reducers, friction reducers, and fluid loss prevention. Oftentimes, an additive will fall into more than one of these categories which makes finding a combination of additives to achieve each desired property difficult. Additive selection must take into consideration the pressure, temperature, chemical composition of the formation, mud type, and the presence of formation water, oil, and gas as well as the compatibility with other additives (Boul et al., 2016). While the list of additive material that has been used to modify cement mechanical properties is ever-growing, some of the most common types of additives are nanoparticles, cellulose material, polymers, and pozzolanic material.
Nanoparticles are often used to enhance the mechanical properties of cement because they have  large surface areas and are thus able to be more reactive with surrounding cementitious material (Lau et al., 2016; Deshpande & Patil, 2017). Common nanoparticles used in wellbore cements include but are not limited to silica nanoparticles, magnesium oxide nanoparticles, alumina nanoparticles, iron nanoparticles, carbon nanotubes, and magnetic nanoparticles (Alkhamis & Imqam, 2018). While nanoparticles have significant promise for enhancing cement mechanical properties, they are often expensive and significantly increase the cost for cementing (Tabatabaei et al., 2022). 
Cellulose materials are often used in cement slurries to prevent fluid loss but have proved to be unreliable in both high- and low-temperatures as well as in areas with a high salt concentration (Dao & Vijn, 2002). Examples of cellulose materials commonly used in wellbore cement include hydroxyethyl cellulose (HEC), methyl hydroxyethyl cellulose (MHEC), and carboxymethyl hydroxyethyl cellulose (CMHEC), which when hydrated, immediately increase slurry viscosity (Doan et al., 2015). Cellulose materials can prove problematic in that this increased viscosity and lead to issues pumping the slurry.  
Polymers are often added to cement to enhance elastic properties (Patel et al., 2021). Encapsulation of polymers has also been investigated and it was found that such additives beneficially impact cement mechanical properties and bonding, but due to the complex technique required to formulate such additives may prove costly (Contreras et al., 2021). The use of SMP, which is a type of polymer that is composed of low-molecular weight pre-polymers and crosslinking agents that has the ability to alter its shape when stimulated (Behl & Landlein, 2007; Li et al., 2018; Ziashahabi et al., 2019). The addition of SMP will allow for a less brittle and more ductile cement which could prove beneficial for maintaining wellbore integrity for various aspects within the life of a well (Taleghani et al., 2017). One of the drawbacks of utilizing SMP’s as sealing material is that they can be significantly impacted by temperature fluctuations (Mansour et al., 2017). Another downside to this additive material is that little testing has been done to determine how SMP’s actually behave under downhole conditions (Flores et al., 2019). Polymers, while improving elasticity short-term, could negatively impact long-term well integrity in that the bond between cement and polymers is often weak and polymers could degrade under the elevated temperatures and pressures experienced within wellbores (Patel et al., 2021). 
There are a wide variety of pozzalanic materials that have been utilized as wellbore cement additives. Pozzolanic material work when the amorphous silica within the pozzolans react with calcium hydroxide that is formed during cement hydration (Hossain, 2004). This reaction leads to an increase in compressive strength and durability by filling effective pore space thus reducing permeability, enhanced C-S-H phases associated with the pozzolanic reaction, higher amounts of inert pozzolanic minerals, and increased nucleation sites for C-S-H formation (Barry et al., 2022; Brandl et al., 2010). Common pozzolanic materials used as wellbore cement additives are fly ash, metakaolin, blast furnace slag, and glass microspheres. Fly ash, metakaolin, and blast furnace slag are biproducts of industrial manufacturing processes and tend to be readily available. Fly ash is created from the combustion of coal and is readily available; the addition of fly ash to cement is shown to increase compressive strength (Ahdaya et al., 2019). Metakaolin is made from calcined kaolin clay and when added to cement, decreases porosity and permeability, minimizes shrinkage, and minimizes chemical degradation (Foster et al., 2012). Blast furnace slag is formed from the manufacturing of iron and has been shown to aid in preventing gas migration, setting time, and bonding (Sweatman et al., 1995; Tare et al., 1998). Glass microspheres are a type of pozzalanic material that is used to lower the density of cement but have many drawbacks such as their cost, separation tendencies, and the tendency to be crushed under pressure (Pang et al., 2018, Pernites et al., 2018, Anya, 2018). 
While the use of pozzolanic materials has proven beneficial for a variety of reasons, one of the key aspects that make them so desirable is the potential to minimize the amount of cement needed. Cement manufacturing is one of the largest producers of greenhouse gases, specifically, carbon dioxide (CO2). Using pozzolanic material either as a cement additive would reduce the amount of cement used in the petroleum industry which could lead to a significant decrease in CO2 emissions. 
While the aforementioned pozzolanic materials have been and continue to be investigated as cement additives, there is one type of pozzolanic material that is readily available in the petroleum industry yet has not been investigated: drill cuttings. Drill cuttings are pieces of formation coated in drilling mud that are brought to the surface during wellbore drilling operations. Cuttings disposal is dictated by the type of drilling fluid used and disposal methods can vary by geographic location.   
The purpose of this research is to investigate the feasibility of using cuttings as a cement additive and to understand the effect on cement mechanical properties. Various particle sizes and quantities of shale are added to class H cement to understand how compressive strength is altered with the novel geologic additive. While the list of additives used to alter the mechanical properties of wellbore cement are ever-growing, many have solely been investigated in a laboratory and field feasibility is often overlooked (Virgilio et al., 2015). Woodford shale has a highly similar chemical composition to other pozzolanic additives, specifically class F fly ash and metakaolin, and its similarities can be seen in Fig. 6.10 (Aïtcin, 2016; Mainali et al., 2016). Class F fly ash and metakaolin have both been added to slurries that are pumped in the field, indicating the promise of shale additive potential.  
[image: ]
[bookmark: _Toc134442062]Figure 6.10. Ternary diagram showing various pozzolanic material chemical composition in comparison to Woodford shale (Aïtcin, 2016; Mainali et al., 2016).
While the purpose of this study is solely for feasibility purposes, it could prove to have significant beneficial effects if the work is furthered and various other properties of such slurries are tested and better understood. According to a 2007 study conducted by the International Energy Agency (IEA), cement manufacturing yielded 2 billion tons of CO2 emissions (Barcelo & Kline, 2012). Unconventional wells can produce anywhere from 300-1,200 tons of drill cuttings depending upon the depth and lateral length (Hellmann et al., 2014). Utilization of cuttings within cement could lead to a reduction in the amount of cement used in wellbores, thus reducing the amount of CO2 emissions as well as lessen the cost needed to recycle drill cuttings and any associated emissions.
[bookmark: _Toc134123534][bookmark: _Toc134128183]6.2.2. Methodology
To understand the feasibility of using cuttings as a cement additive, various sizes and quantities of shale are added to Central Plains class H wellbore cement. Woodford shale obtained from an outcrop in Murray County, Oklahoma is collected and ground so that there are equal amounts of millimeter (4.7-2 mm), micron (74-210 μm), and submicron (<1 μm) particles. While millimeter and micron size shale are able to be obtained using conventional grinding techniques, submicron samples are obtained using a Retsch EMAX high energy ball mill and particle size was verified using SEM techniques. 
To make the samples, 	 shale is added in 5%, 10%, 15%, 25%, 50% and 75% quantities to a slurry composed of Central Plains class H cement, a defoamer (Halliburton), and DI water. To ensure mixability, the density of each slurry is calculated to be 16.49 ppg and is obtained by changing the water content depending upon the amount of shale added to the system. To mix the slurry, a Chandler 3260 Constant Speed Mixer is used and mixing followed API 10RB specifications. The slurry is then poured into a greased 1.5” by 4.0” stainless steel molds and allowed to set for 24-hours. After this time, the samples are demolded and placed into a NaOH-DI brine in a 150˚F oven for 28 days. Samples are regularly checked to ensure that they are covered in the brine solution. After 28 days, the samples are removed from the oven, weighed, and placed in a 150˚F vacuum oven for 24 hours, then removed and cut/ground to ensure both ends of the sample are smooth and free of any abnormalities. Uniformity is confirmed using a caliper and rotating in at three locations with 90˚ spacing and the values are all within one-hundredth millimeter. 
UCS testing is performed using a New England Research Autolab-500 load frame with a strain rate of 0.04 mm/min. A stainless steel top plate is placed between the top of the cement sample and the load frame top platen to further mitigate any potential surface abnormalities from affecting the test results. The upper piston is slowly lowered until it made contact with the upper surface of the top plate, and this is verified by the force reading on the computer. Once testing is initiated, samples are tested until axial force rapidly decreased to the initial axial force value indicating that the sample failed and UCS is reached indicating the test is concluded. 
After the samples are tested, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) is performed on the millimeter and submicron sample sets that had the highest and lowest UCS values using a FEI Quanta 250 and Bruker XFlash 6130. Small pieces of the samples are sputter coated with gold and palladium using a Denton Vacuum Desk V Thin Film Deposition Solution so that the samples would not charge when using the electron beam. Once the samples are coated, they are placed onto the stage and inserted into the microscope where both SEM and EDS are performed on various locations on the sample surface.
[bookmark: _Toc134123535][bookmark: _Toc134128184]6.2.3. Results
After each sample is tested, observations regarding particle distributions were made. Stress data obtained from UCS testing on the cement samples are plotted and analyzed to determine and compare UCS for the 57 samples. Results for the base, millimeter, micron, and submicron sample sets are shown in Fig.s’ 6.11, 6.12, 6.13, and 6.14, respectively. A summary of all UCS tests is shown in Table 6.4. For the millimeter and micron sample sets, all samples are able to be tested regardless of the amount of shale while for the submicron sample set, the 50% and 75% samples broke during the curing process and are unable to be tested. 
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[bookmark: _Toc134442063]Figure 6.11. Base sample UCS results.
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[bookmark: _Toc134442064]Figure 6.12. Millimeter shale UCS results for the: a) 5% millimeter samples; b) 10% millimeter samples; c) 15% millimeter samples; d) 25% millimeter samples; e) 50% millimeter samples; f) 75% millimeter samples.
[image: ]
[bookmark: _Toc134442065]Figure 6.13. Micron shale UCS results for the: a) 5% micron samples; b) 10% micron samples; c) 15% micron samples; d) 25% micron samples; e) 50% micron samples; f) 75% micron samples.
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[bookmark: _Toc134442066]Figure 6.14. Submicron shale UCS results for the: a) 5% submicron samples; b) 10% submicron samples; c) 15% submicron samples; d) 25% submicron samples.
[bookmark: _Toc134461596]Table 6.4. UCS test results for the samples cured over 28 days.
	Shale Size
	% Shale
	Sample Number
	UCS (MPa)
	Avg. UCS (MPa)
	Std. Dev. (MPa)

	Base
	0%
	1
	10.52
	10.97
	0.38

	
	
	2
	11.44
	
	

	
	
	3
	10.94
	
	

	Millimeter
	5%
	4
	4.29
	6.06
	1.29

	
	
	5
	7.33
	
	

	
	
	6
	6.57
	
	

	
	10%
	7
	4.90
	5.54
	1.04

	
	
	8
	4.71
	
	

	
	
	9
	7.01
	
	

	
	15%
	10
	8.46
	7.71
	2.55

	
	
	11
	4.28
	
	

	
	
	12
	10.39
	
	

	
	25%
	13
	6.83
	5.21
	1.14

	
	
	14
	4.34
	
	

	
	
	15
	4.47
	
	

	
	50%
	16
	3.71
	4.87
	0.86

	
	
	17
	5.13
	
	

	
	
	18
	5.77
	
	

	
	75%
	19
	8.56
	6.04
	2.45

	
	
	20
	2.72
	
	

	
	
	21
	6.85
	
	

	Micron
	5%
	22
	12.06
	9.79
	2.02

	
	
	23
	10.17
	
	

	
	
	24
	7.15
	
	

	
	10%
	25
	10.83
	8.85
	2.61

	
	
	26
	5.16
	
	

	
	
	27
	10.57
	
	

	
	15%
	28
	11.60
	9.26
	2.55

	
	
	29
	10.48
	
	

	
	
	30
	5.71
	
	

	
	25%
	31
	10.93
	7.96
	2.25

	
	
	32
	5.48
	
	

	
	
	33
	7.46
	
	

	
	50%
	34
	5.63
	5.75
	0.64

	
	
	35
	6.58
	
	

	
	
	36
	5.03
	
	

	
	75%
	37
	7.29
	6.07
	1.11

	
	
	38
	6.30
	
	

	
	
	39
	4.61
	
	

	Sub-Micron
	5%
	40
	10.16
	9.58
	0.63

	
	
	41
	9.87
	
	

	
	
	42
	8.71
	
	

	
	10%
	43
	5.14
	7.00
	2.03

	
	
	44
	6.03
	
	

	
	
	45
	9.82
	
	

	
	15%
	46
	6.00
	6.08
	0.90

	
	
	47
	7.21
	
	

	
	
	48
	5.02
	
	

	
	25%
	49
	6.76
	4.88
	1.34

	
	
	50
	4.11
	
	

	
	
	51
	3.77
	
	

	
	50%
	52
	Not Tested.

	
	
	53
	

	
	
	54
	

	
	75%
	55
	Not Tested.

	
	
	56
	

	
	
	57
	



To understand the effect of shale size and quantity on UCS, single-factor ANOVA testing is performed on the 28-day samples and the results are shown in Table 6.5. 
[bookmark: _Toc134461597]Table 6.5. Single-factor ANOVA results for the class H cement samples containing various sizes and quantities of shale cured for 28 days.
	Shale Size
	Assumption
	Groups
	Count
	Sum
	Average
	Variance
	P-Value

	Millimeter
	Addition of millimeter shale has no effect on UCS.






	0
	3.0
	32.8
	10.9
	0.2
	0.02

	
	
	5
	3.0
	18.2
	6.1
	2.5
	

	
	
	10
	3.0
	16.6
	5.5
	1.6
	

	
	
	15
	3.0
	23.2
	7.7
	9.7
	

	
	
	25
	3.0
	15.6
	5.2
	1.9
	

	
	
	50
	3.0
	14.6
	4.9
	1.1
	

	
	
	75
	3.0
	18.2
	6.1
	9.2
	

	
	Concentration does not matter for millimeter samples.





	5
	3.0
	18.2
	6.1
	2.5
	0.6

	
	
	10
	3.0
	16.6
	5.5
	1.6
	

	
	
	15
	3.0
	23.2
	7.7
	9.7
	

	
	
	25
	3.0
	15.6
	5.2
	1.9
	

	
	
	50
	3.0
	14.6
	4.9
	1.1
	

	
	
	75
	3.0
	18.2
	6.1
	9.2
	

	Micron
	Addition of millimeter shale has no effect on UCS.
	0
	3.0
	32.8
	10.9
	0.2
	0.1

	
	
	5
	3.0
	29.5
	9.8
	6.1
	

	
	
	10
	3.0
	26.6
	8.9
	10.1
	

	
	
	15
	3.0
	27.8
	9.3
	9.8
	

	
	
	25
	3.0
	23.9
	8.0
	7.5
	

	
	
	50
	3.0
	17.2
	5.7
	0.7
	

	
	
	75
	3.0
	18.2
	6.1
	1.9
	

	
	Concentration does not matter for micron samples.

	5
	3.0
	29.5
	9.8
	6.1
	0.3

	
	
	10
	3.0
	26.6
	8.9
	10.1
	

	
	
	15
	3.0
	27.8
	9.3
	9.8
	

	
	
	25
	3.0
	23.9
	8.0
	7.5
	

	
	
	50
	3.0
	17.2
	5.7
	0.7
	

	
	
	75
	3.0
	18.2
	6.1
	1.9
	

	Submicron
	Addition of millimeter shale has no effect on UCS.
	0
	3.0
	32.8
	10.9
	0.2
	0.008

	
	
	5
	3.0
	28.8
	9.6
	0.6
	

	
	
	10
	3.0
	20.9
	7.0
	6.2
	

	
	
	15
	3.0
	17.6
	5.9
	5.4
	

	
	
	25
	3.0
	14.7
	4.9
	2.7
	

	
	Concentration does not matter for micron samples.

	5
	3.0
	28.8
	9.6
	0.6
	0.08

	
	
	10
	3.0
	20.9
	7.0
	6.2
	

	
	
	15
	3.0
	17.6
	5.9
	5.4
	

	
	
	25
	3.0
	14.7
	4.9
	2.7
	



 SEM and EDS is performed on all samples at low and high resolutions to understand variations in both the chemical composition within the samples as well as the surface microstructure. Two types of SEM images are able to be produced: secondary electron and backscatter electron (BSE). Secondary electron images are indicative of a samples topography while BSE produces variations in chemical composition in addition to topography. While the samples are sputter coated to reduce the charging effect, concave areas on the surface typically are not able to be fully coated and still appear dark. These dark areas are not wholly representative of pores or voids at the surface of the sample. EDS is done using a BSE image and can be performed using either a designated spot or a broader specified area on the surface of the sample. This type of chemical analysis can be done at any magnification but obtaining EDS information at various magnifications can provide information about the sample at both a small scale and a macroscale. Taking EDS at a low magnification is done to obtain an understanding of how the surface composition varies between locations. By investigating multiple locations at low magnification, an understanding of how the quantity of shale could impact the overall chemical composition of the cement can be performed. Locations that visually looked as though they could contain shale particles are also selected for EDS analysis to understand compositional variations between the geologic material and cement. These locations are also ideal to understand any variations at the cement-shale interface to observe whether any atypical reactions may have occurred. SEM and EDS is performed on all of the 5% and 10% submicron samples as well as the 15% and 50% millimeter samples to investigate whether any differences in microstructure, hydration, porosity, or chemical composition amongst samples containing the same amounts of shale as well as the same particle sizes. 
EDS analysis for samples 10, 11, and 12, which contain 15% millimeter shale, are shown in Figs’ 6.15., 6.16., and 6.17., respectively. 
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[bookmark: _Toc134442067]Figure 6.15. 15% millimeter sample 10 EDS results at a) 28x magnification; b) 190x magnification; c) 380x magnification.
[image: ]
[bookmark: _Toc134442068]Figure 6.16. 15% millimeter sample 11 EDS results at 28x magnification.
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[bookmark: _Toc134442069]Figure 6.17. 15% millimeter sample 12 EDS results at a) 28x magnification; b) 182x magnification.
SEM analysis of the 15% millimeter samples are shown in Fig.’s 6.18., 6.19., and 6.20.
[image: ]
[bookmark: _Toc134442070]Figure 6.18. 15% millimeter sample 10 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron image and the right images are the secondary electron images.
[image: ]
[bookmark: _Toc134442071]Figure 6.19. 15% millimeter sample 11 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron image and the right images are the secondary electron images.
[image: ]
[bookmark: _Toc134442072]Figure 6.20. 15% millimeter sample 12 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron image and the right images are the secondary electron images.
EDS analysis for the 50% millimeter samples, or samples 16, 17, and 18, are shown in Figs’ 6.21., 6.22., and 6.23., respectively. 
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[bookmark: _Toc134442073][bookmark: _Hlk131408479]Figure 6.21. 50% millimeter sample 16 EDS results at a) 28x magnification; b) 380x magnification.
[image: ]
[bookmark: _Toc134442074][bookmark: _Hlk131408495]Figure 6.22. 50% millimeter sample 17 EDS results at a) 28x magnification; b) 91x magnification.
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[bookmark: _Toc134442075][bookmark: _Hlk131287470]Figure 6.23. 50% millimeter sample 18 EDS results at a) 28x magnification; b) 985x magnification; c) 1,074x magnification.
[bookmark: _Hlk131408553]SEM analysis of the 50% millimeter samples are shown in Fig.’s 6.24., 6.25., and 6.26.
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[bookmark: _Toc134442076][bookmark: _Hlk131408589]Figure 6.24. 50% millimeter sample 16 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron image and the right images are the secondary electron images.
[image: ]
[bookmark: _Toc134442077][bookmark: _Hlk131408622]Figure 6.25. 50% millimeter sample 17 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron image and the right images are the secondary electron images.
[bookmark: _Hlk131287781][image: ]
[bookmark: _Toc134442078][bookmark: _Hlk131408651]Figure 6.26. 50% millimeter sample 18 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron image and the right images are the secondary electron images.
[bookmark: _Hlk131408666]EDS analysis for the 5% submicron samples, or samples 40, 41, and 42, are shown in Figs’ 6.27., 6.28., and 6.29., respectively. 
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[bookmark: _Toc134442079][bookmark: _Hlk131408735]Figure 6.27. 5% submicron sample 40 EDS results at a) 28x magnification; b) 209x magnification; c) 103x magnification.
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[bookmark: _Toc134442080]Figure 6.28. 5% submicron sample 41 EDS results at a) 28x magnification; b) 350x magnification; c) 321x magnification.
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[bookmark: _Toc134442081][bookmark: _Hlk131408722]Figure 6.29. 5% submicron sample 42 EDS results at a) 985x magnification; b) 2,554x magnification.
[bookmark: _Hlk131408771]SEM analysis of samples 40, 41, and 42, which contain 5% submicron shale, are shown in Fig.s’ 6.30., 6.31., and 6.32.
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[bookmark: _Toc134442082][bookmark: _Hlk131408837]Figure 6.30. 5% submicron sample 40 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification where the left images are the backscatter electron images and the right images are the secondary electron images.
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[bookmark: _Toc134442083]Figure 6.31. 5% submicron sample 41 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron images and the right images are the secondary electron images.
[bookmark: _Hlk131288775][image: ]
[bookmark: _Toc134442084][bookmark: _Hlk131408860]Figure 6.32. 5% submicron sample 42 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron images and the right images are the secondary electron images.
[bookmark: _Hlk131408921]EDS analysis for the 10% submicron samples, or samples 43, 44, and 45, are shown in Figs’ 6.33., 6.34., and 6.35., respectively. 
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[bookmark: _Toc134442085][bookmark: _Hlk131408989]Figure 6.33. 10% submicron sample 43 EDS results at a) 985x magnification; b) and a separate location at 985x magnification.  
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[bookmark: _Toc134442086][bookmark: _Hlk131408982]Figure 6.34. 10% submicron sample 44 EDS results at a) 28x magnification; b) 380x magnification; c) 985x magnification.
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[bookmark: _Toc134442087][bookmark: _Hlk131408976]Figure 6.35. 10% submicron sample 45 EDS results at a) 28x magnification; b) 380x magnification; c) a separate location at 380x magnification.
[bookmark: _Hlk131409022]SEM analysis of samples 43, 44, and 45, which contain 10% submicron shale, are shown in Fig.s’ 6.36., 6.37., and 6.38.
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[bookmark: _Toc134442088]Figure 6.36. 10% submicron sample 43 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron images and the right images are the secondary electron images.
[image: ]
[bookmark: _Toc134442089][bookmark: _Hlk131289412]Figure 6.37. 10% submicron sample 44 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron images and the right images are the secondary electron images.
[image: ]
[bookmark: _Toc134442090][bookmark: _Hlk131289477]Figure 6.38. 10% submicron sample 45 at (a) 28x magnification; (b) 380x magnification; (c) 985x magnification; (d) 2,554x magnification; (e) 10,218x magnification; (f) 31,516x magnification where the left images are the backscatter electron images and the right images are the secondary electron images.
[bookmark: _Toc134123536][bookmark: _Toc134128185]6.2.4. Discussion
[bookmark: _Hlk131409137]After the samples are crushed, a visual check was performed to determine whether the shale particles are evenly distributed within the samples. Visual inspection was not able to be done in the micron and submicron samples due to the particles being too small to see with the naked eye. For all millimeter samples, particle distribution are fairly homogenous; the shale did not settle to the bottom or float to the top and did not agglomerate within the sample.   
UCS test results proved to fluctuate considerably. From the UCS results, it can be seen that the base case samples achieved the highest average UCS and lowest standard deviation for all of the sample sets.  The millimeter sample sets had significantly lower UCS values in comparison to the base case samples. For the millimeter sample sets, the 15% samples yielded the highest UCS while the 50% millimeter shale samples had the lowest average UCS. From the 15% millimeter sample set, sample 12 had the greatest UCS of 10.4 MPa, which is comparable to the base case results. The standard deviation for the 15% millimeter samples is the highest of all the millimeter sample sets with the difference between the highest and lowest samples being 6.1 MPa. Sample 11 achieved a UCS that was less than half of sample 12. The 50% millimeter sample set had the lowest average UCS values but had the lowest standard deviation, indicating that the results for this sample set are fairly consistent. While the 75% millimeter sample set have an average UCS of 6.0 MPa, it also contains the sample with the lowest UCS for all millimeter samples, sample 20, which has a UCS of 2.7 MPa. For all millimeter sample sets, it appears that two samples are fairly similar and one has a significantly higher or lower compressive strength. This could indicate that shale distribution amongst the samples are inconsistent and led to bonding issues.  
The samples containing micron sized shale appear to achieve the highest strengths of all the samples containing shale. Of the micron sample set, the 5%, 10%, and 15% samples achieve the highest average UCS but also have high standard deviations. Sample 31, which contained 25% micron shale, has a high UCS that was comparable to samples containing lesser amounts of micron shale. The highest and lowest average UCS sample sets with micron shale addition were 5% and 50%, respectively. The 5% micron sample set has an average UCS of 9.8 MPa with a standard deviation of 2.0. Sample 22 has the highest UCS of all the micron samples, 12.1 MPa, which is actually higher than any of the base case UCS values. Sample 28, which contained 15% micron shale, has a UCS of 11.6 MPa, which is also higher than any of the base cases. The 50% micron samples has both the lowest UCS and standard deviations indicating that the samples all exhibit similar behavior and UCS values show little variation. 
Of the submicron samples, the 5% samples have the highest average UCS of 9.6 MPa with a standard deviation of 0.6 MPa while the 25% samples have the lowest average UCS of 4.9 MPa with a standard deviation of 1.3 MPa. The 10% submicron samples have a high standard deviation primarily due to sample 45 having a significantly higher UCS than samples 43 and 44.  It appears that as the amount of submicron shale added to the cement, the UCS decreases fairly linearly. The 50% and 75% submicron samples were able to set after 24-hours and were removed intact and heated in a brine bath. During the early hydration period, the 50% and 75% submicron samples had all broken into smaller pieces and were unable to be tested. This occurrence could be due to thermal degradation or poor bonding between the submicron particles and the cement. There are very few studies that have investigated the effect of such high concentrations of pozzolanic material addition to cement, specifically past early stages of hydration. 
From the UCS test results, it can be seen that the samples containing micron sized shale exhibited the most promising compressive strength properties. The 5% and 10% submicron sample sets prove to have higher UCS values than those containing the same amounts of millimeter shale, yet the opposite was seen in the 15% and 25% sample sets with the same particle sizes. Fig. 6.39 shows a comparison of UCS values for the base case, millimeter, micron, and submicron samples to previously reported UCS values for class G and H cement (Wise et al., 2020).
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[bookmark: _Toc134442091]Figure 6.39. Comparison between various shale sizes on cement UCS.
The base case results obtained in this chapter are lower than 25% of the previously reported UCS values. The millimeter, micron, and submicron sample sets are also below the reported lower quartile and the micron samples had the highest average UCS of all samples containing shale. The millimeter shale has the largest variation of UCS while the submicron samples have the lowest. This is due to the 50% and 75% submicron samples not being tested and not included in this analysis. 
A comparison between the quantity of millimeter shale on UCS to previously reported values for class G and H cement is shown in Fig. 6.40 (Wise et al., 2020). 
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[bookmark: _Toc134442092]Figure 6.40 Addition of millimeter shale to cement UCS comparison.
From Fig. 6.40, the samples containing micron shale are all lower than previously reported UCS values for class G and H cement. The 15% and 75% samples have large UCS variation between the samples while the other quantities have more consistent UCS. None of the millimeter samples have UCS values equal to or above the base case indicating that the addition of millimeter shale to cement has a negative impact on UCS over the early hydration period. 
A plot showing the effect that the quantity of micron shale has on UCS compared to previously reported values for class G and H cement is shown in Fig. 6.41 (Wise et al., 2020). 
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[bookmark: _Toc134442093]Figure 6.41. Addition of micron shale to cement UCS comparison.
It is seen that UCS decreases as the amount of micron shale addition to the cement is increased. An interesting increase in UCS between 10% and 15% micron shale can be seen as well as between 50% and 75% micron shale addition. Smaller differences in UCS within the 50% and 75% micron samples are also seen. 
A comparison between the quantity of submicron shale on UCS to previously reported values for class G and H cement is shown in Fig. 6.42 (Wise et al., 2020). 
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[bookmark: _Toc134442094]Figure 6.42. Addition of submicron sample to cement UCS comparison.
The UCS for cement containing submicron shale decreases linearly with the addition of shale. This is interesting because smaller particles have a higher surface area which in theory, allows for increased nucleation points and increased hydration. 
From the single-factor ANOVA results shown in Table 6.5, it can be seen that the percentage of millimeter and submicron shale does not have an effect on the mechanical properties of cement therefore validating the null hypothesis; this is validated by the P-values for these samples being less than the alpha value, or 0.05. The percentage of micron shale added to cement, however, does have an effect on the mechanical properties as the P-values is greater than 0.05. For all shale sizes, it can be seen that the concentration of shale has an effect on the mechanical properties thus proving the null hypotheses invalid. This is shown by the P-values being greater than 0.05. 
UCS results from a previous study by Cedola et al. (2020), which described the effect of 5%, 10%, and 15% millimeter, micron, and submicron cuttings addition on the mechanical properties of cement after 7-days curing, were compared to the results found in this study. It can be seen that for both short-term and long-term curing times, average base case results proved to achieve higher strengths than those with shale. In both cases, it was seen that the millimeter samples have inferior strengths in comparison to the micron samples. For the long-term study, the average UCS for the 5% submicron samples was closest to that of the base case. 
SEM images of the 15% shale sample 10 clearly shows the variation in both composition and structure between the shale and cement. The cement is clearly smoother and darker than the surrounding cement material and the area between the two is platy and angular. It is apparent from secondary electron images that the shale is elevated in comparison to the surrounding matrix. BSE images of sample 10 clearly show that a shale particle appearing darker than the surrounding material. Fig. 6.18.(d) also shows lighter spherical C-S-H particles. SEM for sample 11 containing 15% millimeter shale shows that ettringite, thin, needle-like structures, are dense even at a magnification of 985x. At higher magnifications, it is apparent that the ettringite crystals form at various nucleation sites and start to connect with needles initiating from other sites. A microcrack can also be seen and it is evident that there may be compositional variations occurring on either side of it as evidenced by the lower portion of the image being darker. The topography within the sample is consistent. The BSE images show that the composition is fairly homogenous; in Fig. 6.19.(c), a smooth, angular shale particle is slightly darker than the surrounding matrix indicating a difference in chemical composition. Sample 11 had the lowest UCS of the 15% millimeter sample set and could be due to the lack of CH and C-S-H that was formed during hydration. For the 15% millimeter shale sample 12, a large void and a number of large shale particles  are apparent at low magnification. At higher magnification, predominant microstructures present include ettringite needles and CH. Secondary electron images show that there are regions of the surface that are slightly elevated. BSE images show that there does is some charging occurring in sample 12, but from Fig. 6.20.(d), it can be seen that the partially hydrated cement is darker in color than the surrounding structures. This is also true of the linear rod-like structures, which is likely CH. Sample 12 had the highest UCS of the three 15% millimeter samples and show that the shale was able to bond with the cement indicating that the addition of shale to cement could positively impact compressive strength. Sample 11 had the lowest UCS of the sample set and while dense areas of ettringite were present, long microcracks were evident implying and could have led to a decrease in strength. 
For the 50% millimeter samples, SEM images are fairly similar. Sample 16 shows thin, linear structures within the matrix and at high magnifications, triangular structures, likely tobermorite, were present near a microcrack. BSE images show that the matrix of sample 16 is predominantly homogenous; small clusters of C-S-H did are brighter than the surrounding material. The tobermorite also varies in brightness, which makes sense due to varying chemical structure than other particles. Secondary electron images show that there is a concave portion on the surface and the C-S-H and tobermorite particles are raised, C-S-H more so. Ettringite needles were present within sample 17 but are less prevalent than was seen in the 15% millimeter shale samples where ettringite was occurring. Smoother, more rounded C-S-H particles were also seen near areas with ettringite. It can be seen that the BSE images show a uniform composition but at higher magnifications the occurrence of charging can be seen. From SEM images of sample 18, an understanding of the interaction between cement and shale is shown. Shale, which is the smooth, bedded structure, has begun to bond with the cement as shown in the high magnification secondary electron images. Ettringite and C-S-H are shown to be nucleating on the shale, thus indicating that a reaction has occurred. Ettringite also seems to be surrounding a majority of the shale particle and at 2,554x magnification, the cement particles may actually be bonded to a portion of the shale. It is apparent that the shale is nearly the same brightness/color contrast as the surrounding matrix, meaning that the shale is of similar composition to the cement. Of the 50% millimeter samples, sample 16 had the lowest UCS and could be due to the occurrence of microcracking or tobermorite rather than other hydration products such as C-S-H and CH. While samples 17 and 18 had a similar UCS, sample 18 achieved a slightly higher UCS; this could be indicative of the success of shale bonding to the cement as evidenced by the BSE and secondary electron images. 
5% submicron shale SEM images have more spherical particles than either the 15% and 50% millimeter shale samples. Sample 40 shows a submicron shale particle that has a thin, smooth, platy structure that is elevated within the cement. There is little to no presence of ettringite implying that the shale did not reliably bond to the cement. A number of unhydrated and partially hydrated cement particles can also be seen in the same area of the shale particle. This could imply that there was a lack of water to appropriately hydrate the particles. From secondary electron images, it can be seen that the shale particle is raised within the cement with areas of the shale being higher than others. Fig. 6.30. (e) shows areas of dense spherical C-S-H on the edge of the smooth shale. Sample 41 showed some presence of ettringite, but it is not present in large quantities. CH and C-S-H, the two most critical cement hydration products, occur in higher concentrations. BSE images of sample 42 show a fairly homogenous composition aside from the partially hydrated cement particles where the unhydrated center is significantly lighter than the matrix. Secondary electron images in Fig. 6.32.(c) and (d) show that there are spherical and rectangular particles within the predominantly rodlike matrix. Fig. 6.32. (e) and (f) show more spherical and platy particles. From UCS testing for the 5% submicron shale addition to cement, sample 40 had the highest UCS and from SEM it can be seen that there are large amounts of CH and C-S-H, two of the primary cement hydration products within the sample, even around shale particles. Secondary electron images show that there are some shale particles that are raised above the matrix while others are within the cement. Sample 42 had the lowest UCS of the sample set and from SEM images there is less CH and C-S-H present but more C-S-H gel. For the three 5% submicron samples, there is not a significant amount of ettringite. 
For the 10% submicron samples, similar structures to those seen in both the millimeter and 5% submicron samples are observed. For sample 43, Fig. 6.33. (b) shows that there are streaks that are darker than the surrounding matrix implying that there may be variation in hydration products, possibly due to the addition of the submicron shale. Fig. 6.36.(d) shows that a smooth, platy shale particle is slightly lighter than the surrounding material. Secondary electron images show that there is little variation in topography occurring at low magnifications of sample 43. At higher magnifications, dense, spherical particles of conglomerated C-S-H can be seen with some of the agglomerated particles having thin ettringite needles protruding from the C-S-H. Secondary electron images of sample 44 show that the surface topography seems to vary slightly; at high magnifications it can be seen that the rod CH particle is raised within the matrix. Fig. 6.37.(f) shows the angularity and platy-like structure of the CH in comparison to the bulbous C-S-H particles. Sample 45 secondary electron images show that the topography of the surface is fairly smooth; at high magnifications, there is a slightly raised area where the cement is bonding to the partially hydrated grain, but this elevation is minimal. The edges of the partially hydrated cement particle are more angular and there is an evident distinction between the smooth, unhydrated portion and the partially hydrated portion. C-S-H and ettringite are also present at the interface. At low magnification, BSE images show a number of partially hydrated cement particles and a number of pores. The center of the partially hydrated cement is the cement that has not been hydrated and is much lighter than the surrounding material; while the outer area of these particles is somewhat darker than the unhydrated cement, it is not homogeneous to the matrix. 
EDS is performed at a low resolution as well as at higher resolutions to observe whether chemical compositions varied significantly both at a large scale as well as over a smaller scale. Areas and points are used in the EDS analyses; points were specifically selected when it appeared that the minerology differed. From the Central Plains Cement mill sheet, the presence of calcium, oxygen, and silica were expected to be the primary constituents of the matrix with smaller quantities of aluminum, iron, magnesium, and sulfur as well as various elements attributed to the insoluble residue and is shown in Table 6.6. 
[bookmark: _Toc134461598][bookmark: _Hlk131409224]Table 6.6. Central Plains class H cement chemical composition.
	[bookmark: _Hlk131409207]Compound
	Amount in Cement (%)

	SiO₂
	21.4

	Al₂O₃
	3.2

	Fe₂O₃
	5.3

	CaO
	63.4

	MgO
	1.7

	SO₃
	2.4

	Loss on Ignition
	0.9

	Na Eq.
	0.40

	Insoluble Residue
	0.28

	Free Lime
	0.6



[bookmark: _Hlk131409249]EDS results for the 15% mm, 50% mm, 5% submicron, and 10% submicron samples are shown in Table 6.7. 
[bookmark: _Toc134461599]Table 6.7. EDS results for the 15% mm, 50% mm, 5% submicron, and 10% submicron cement samples.
	Description
	Sample #
	Point
	Element

	
	
	
	C
	O
	Na
	Mg
	Al
	Si
	S
	K
	Ca
	Fe
	Trace Elements

	15% mm
	10
	1
	71.0
	8.3
	0.6
	0.5
	1.3
	1.8
	1.1
	0.1
	0.1
	0.1
	15.2

	
	
	2
	21.9
	41.1
	1.8
	1.6
	8.4
	16.8
	0.7
	1.7
	1.7
	0.9
	3.4

	
	
	3
	0.0
	47.7
	1.2
	1.5
	3.9
	5.0
	0.2
	8.7
	24.3
	1.2
	6.3

	
	
	4
	0.0
	38.1
	9.6
	7.5
	8.7
	10.5
	11.5
	1.7
	1.4
	0.3
	10.8

	
	
	5
	75.7
	17.9
	1.0
	0.7
	0.9
	1.2
	0.9
	04
	0.5
	0.1
	0.8

	
	
	6
	76.1
	10.4
	0.8
	0.9
	1.7
	1.9
	0.6
	0.1
	0.0
	0.0
	7.4

	
	
	7
	0.0
	33.7
	1.5
	7.6
	21.3
	26.1
	0.0
	2.8
	1.2
	1.9
	3.9

	
	
	8
	0.0
	44.5
	1.8
	4.8
	18.0
	25.7
	0.3
	1.8
	0.1
	0.3
	2.7

	
	
	9
	0.0
	42.3
	3.1
	4.0
	16.1
	25.9
	2.3
	1.9
	0.8
	0.5
	3.1

	
	
	10
	0.0
	41.8
	3.5
	2.4
	14.2
	28.9
	2.8
	2.1
	0.1
	1.4
	2.9

	
	11
	1
	0.0
	46.9
	1.3
	0.0
	3.4
	5.1
	0.0
	9.4
	28.0
	1.5
	4.5

	
	
	2
	17.1
	38.0
	0.8
	0.8
	7.6
	13.5
	0.0
	1.1
	0.6
	1.0
	19.6

	
	12
	1
	0.0
	47.4
	0.0
	0.9
	3.3
	5.4
	0.0
	9.5
	29.6
	1.6
	2.5

	
	
	2
	0.0
	27.7
	6.5
	5.9
	14.0
	23.7
	8.9
	3.4
	3.7
	0.0
	6.3

	
	
	3
	0.0
	49.8
	1.0
	1.2
	3.8
	6.2
	0.0
	7.9
	26.1
	1.2
	2.9

	
	
	4
	0.0
	38.2
	5.5
	4.1
	8.2
	13.1
	15.1
	1.8
	1.7
	0.0
	12.4

	
	
	5
	0.0
	32.5
	5.3
	4.3
	9.1
	16.9
	16.8
	1.9
	2.5
	0.0
	10.8

	
	
	6
	21.3
	42.7
	1.3
	0.6
	7.2
	14.6
	0.4
	2.5
	5.1
	1.3
	3.0

	
	
	7
	6.4
	44.4
	0.7
	0.7
	5.3
	8.7
	0.4
	7.1
	20.7
	1.2
	4.3

	50% mm
	16
	1
	3.3
	41.9
	0.0
	0.0
	1.6
	4.6
	0.4
	5.6
	22.9
	1.4
	18.3

	
	
	2
	6.3
	45.0
	0.3
	0.5
	1.8
	5.9
	0.5
	5.8
	29.0
	1.8
	2.9

	
	
	3
	0.9
	31.4
	0.0
	0.0
	1.4
	3.5
	0.0
	11.1
	35.1
	2.7
	13.9

	
	
	4
	1.1
	30.0
	0.0
	0.0
	2.9
	3.6
	0.0
	8.9
	34.4
	1.8
	17.3

	
	17
	1
	17.2
	36.2
	0.3
	0.0
	8.8
	12.6
	0.0
	1.7
	1.1
	1.5
	20.5

	
	
	2
	19.0
	39.7
	0.7
	0.2
	6.1
	17.0
	0.6
	0.8
	0.2
	0.0
	15.7

	
	
	3
	0.0
	50.0
	0.0
	1.0
	3.4
	5.8
	0.0
	9.1
	26.9
	1.4
	2.5

	
	
	4
	0.0
	41.7
	0.0
	0.0
	0.7
	1.7
	0.0
	11.3
	38.5
	0.0
	6.1

	
	
	5
	0.0
	48.8
	0.0
	0.0
	3.5
	5.8
	0.0
	9.2
	28.7
	1.5
	2.6

	
	18
	1
	0.0
	44.9
	0.4
	0.8
	3.7
	5.0
	0.3
	10.3
	27.1
	1.4
	6.1

	
	
	2
	0.0
	41.6
	1.9
	4.7
	18.2
	23.8
	1.2
	2.7
	1.4
	1.5
	3.0

	
	
	3
	0.0
	44.9
	0.9
	1.5
	4.7
	5.4
	0.3
	10.8
	23.4
	1.0
	7.2

	
	
	4
	0.0
	51.7
	0.8
	1.0
	3.9
	7.5
	0.7
	6.9
	25.0
	0.8
	1.7

	
	
	5
	0.6
	34.7
	0.0
	0.0
	0.0
	0.2
	0.1
	11.6
	47.3
	0.2
	5.3

	
	
	6
	2.0
	51.4
	0.9
	1.5
	3.3
	8.9
	0.9
	5.7
	22.8
	0.5
	2.1

	
	
	7
	1.6
	33.9
	0.0
	1.5
	1.0
	8.7
	1.0
	2.1
	38.1
	1.7
	10.6

	
	
	8
	2.3
	30.2
	0.1
	0.4
	0.9
	7.5
	0.0
	4.9
	41.9
	0.3
	11.6

	
	
	9
	1.9
	34.8
	0.0
	0.7
	1.4
	9.8
	0.6
	5.0
	33.5
	0.7
	11.8

	5% submicron
	40
	1
	4.5
	49.6
	1.1
	1.0
	3.2
	5.4
	0.3
	8.0
	24.2
	1.3
	1.4

	
	
	2
	0.0
	56.2
	0.9
	1.0
	1.4
	7.1
	0.8
	1.3
	29.0
	1.5
	0.9

	
	
	3
	4.8
	45.3
	0.7
	0.7
	1.5
	4.6
	0.4
	4.2
	21.7
	1.2
	15.0

	
	
	4
	0.0
	0.0
	16.0
	6.9
	5.9
	7.3
	8.4
	38
	23.2
	0.4
	28.1

	
	
	5
	0.0
	38.2
	0.3
	0.2
	1.4
	11.0
	0.3
	2.5
	43.7
	1.3
	1.2

	
	
	6
	16.7
	44.2
	0.8
	0.7
	1.7
	5.3
	0.5
	4.8
	23.3
	1.2
	0.9

	
	
	7
	0.0
	50.5
	0.3
	0.3
	0.7
	6.5
	0.7
	0.0
	37.8
	1.9
	1.3

	
	
	8
	0.0
	30.9
	0.0
	0.2
	0.0
	9.0
	0.0
	0.2
	57.5
	0.5
	1.8

	
	
	9
	0.0
	51.5
	0.7
	0.8
	1.3
	6.7
	0.7
	1.6
	33.3
	1.9
	1.6

	
	
	10
	5.0
	46.9
	0.8
	0.7
	0.0
	5.1
	0.5
	2.9
	23.5
	1.3
	13.4

	
	41
	1
	3.0
	48.5
	0.5
	0.7
	2.4
	6.1
	0.4
	7.6
	29.1
	1.6
	0.1

	
	
	2
	3.7
	47.1
	0.6
	0.7
	1.8
	5.9
	0.5
	5.6
	30.2
	1.9
	2.0

	
	
	3
	4.5
	51.2
	0.8
	0.9
	1.8
	6.1
	0.5
	4.6
	27.3
	1.6
	0.7

	
	
	4
	7.7
	49.1
	1.0
	1.0
	2.4
	5.9
	0.5
	6.2
	24.2
	1.3
	0.9

	
	
	5
	11.5
	41.9
	1.2
	1.1
	2.4
	6.6
	0.0
	7.4
	26.6
	0.1
	1.3

	
	
	6
	61.5
	29.0
	2.2
	0.4
	0.3
	0.3
	0.8
	0.9
	0.7
	0.1
	5.3

	
	
	7
	4.1
	44.2
	0.5
	1.0
	1.9
	4.3
	0.4
	3.6
	23.4
	2.6
	26.8

	
	
	8
	47.6
	27.5
	1.5
	0.5
	0.7
	1.4
	0.7
	4.0
	14.4
	0.2
	2.8

	
	
	9
	1.9
	53.2
	1.3
	1.3
	3.3
	5.9
	0.5
	6.0
	23.2
	1.3
	1.6

	
	42
	1
	0.0
	45.4
	1.3
	1.7
	4.3
	5.2
	0.3
	10.0
	23.5
	1.0
	7.5

	
	
	2
	4.7
	49.9
	1.3
	0.9
	2.8
	5.5
	0.4
	7.4
	23.8
	1.5
	2.0

	
	
	3
	4.1
	52.7
	1.7
	1.2
	3.6
	5.5
	0.4
	7.9
	20.4
	1.3
	1.5

	10% submicron
	43
	1
	0.0
	40.2
	1.3
	1.0
	0.0
	0.0
	0.0
	0.0
	38.7
	1.0
	0.0

	
	
	2
	0.0
	43.9
	0.0
	5.2
	5.4
	2.4
	0.0
	0.0
	20.4
	8.0
	0.0

	
	
	3
	6.8
	21.5
	1.5
	0.0
	1.8
	2.9
	11.1
	0.0
	4.1
	14.7
	7.2

	
	
	4
	2.5
	52.9
	1.8
	1.8
	4.1
	6.3
	0.0
	0.0
	26.0
	0.7
	4.0

	
	
	5
	0.0
	42.7
	0.0
	0.0
	0.0
	0.0
	0.0
	0.00
	46.0
	0.0
	11.3

	
	
	6
	0.0
	56.3
	2.2
	0.0
	5.2
	7.6
	0.0
	0.0
	24.6
	0.0
	4.1

	
	44
	1
	0.0
	50.3
	1.8
	0.0
	5.5
	7.3
	0.0
	0.00
	27.7
	1.6
	6.0

	
	
	2
	4.0
	44.1
	0.7
	0.5
	2.1
	5.2
	0.0
	5.6
	20.8
	1.2
	15.8

	
	
	3
	4.8
	34.2
	0.4
	0.0
	9.3
	15.5
	0.0
	8.5
	20.6
	5.1
	1.9

	
	
	4
	51.4
	29.4
	0.0
	0.0
	2.2
	2.6
	2.6
	3.1
	6.6
	0.0
	2.1

	
	
	5
	0.0
	31.3
	0.0
	0.0
	4.7
	6.7
	0.0
	15.4
	35.0
	0.0
	6.9

	
	
	6
	0.0
	47.8
	1.7
	0.0
	4.9
	8.0
	0.5
	8.6
	24.7
	0.9
	3.0

	
	
	7
	0.0
	32.3
	0.0
	1.9
	4.3
	7.6
	0.0
	0.0
	41.5
	0.0
	12.4

	
	
	8
	0.0
	46.6
	0.0
	1.5
	4.5
	7.1
	0.0
	0.0
	30.1
	1.4
	8.8

	
	45
	1
	0.0
	0.0
	0.0
	0.0
	3.5
	5.7
	0.0
	9.3
	30.0
	1.8
	49.8

	
	
	2
	0.0
	39.2
	0.0
	0.0
	4.9
	6.4
	0.0
	0.0
	31.9
	1.6
	16.1

	
	
	3
	0.0
	26.7
	0.0
	0.0
	4.1
	6.7
	0.0
	0.0
	46.9
	0.0
	15.5

	
	
	4
	0.0
	23.5
	0.0
	0.0
	3.7
	7.3
	0.0
	13.1
	45.4
	0.0
	7.1

	
	
	5
	10.0
	22.7
	0.0
	0.0
	3.4
	9.5
	0.0
	0.0
	40.5
	0.0
	13.9

	
	
	6
	0.0
	44.2
	0.0
	0.0
	4.1
	6.1
	0.0
	9.6
	29.5
	1.8
	4.7

	
	
	7
	0.0
	47.1
	0.0
	7.5
	7.2
	1.2
	0.0
	0.0
	24.0
	10.5
	2.5

	
	
	8
	7.0
	37.1
	1.3
	0.0
	10.2
	16.5
	1.2
	0.0
	17.2
	5.5
	4.1

	
	
	9
	0.0
	46.1
	0.0
	0.0
	3.6
	6.7
	0.5
	9.0
	30.8
	1.5
	1.9



In this table, the major elemental constituents of the sample locations as well as the trace elements, or the elements that are not common in all samples, are shown. Evidence of Woodford shale particles are evident by the presence of carbon. Areas containing both cement and shale contain carbon, but in lower amounts than the areas of pure shale. EDS analysis for the 15% millimeter samples are highly similar. For sample 10, four of the sample locations had the presence of carbon. Locations 1, 5, and 6 had approximately 75% carbon content while location 2 had nearly 22% carbon content. The three locations with the highest amount of carbon also have the lowest amounts of oxygen which implies the presence of shale and little to no cement. In the locations without carbon, silicon, aluminum, calcium, sodium, potassium and magnesium are present with higher amounts of oxygen. Of the two areas where EDS is performed on sample 11, point 1 is highly cementitious while point 2 has the presence of shale as evidenced by the presence of carbon. Point 1 has an oxygen content of nearly 47% with smaller concentrations of calcium, potassium, silicon, sodium, aluminum, potassium and iron. Point 2 also has a fairly high amount of oxygen, 38%, and less amounts of silicon, aluminum, potassium, iron, calcium, and carbon. Because the EDS is performed over an area rather than a specific point, it can be said that there is a presence of both shale and cement within point 2. Fig. 6.8 shows the 7 locations where EDS is performed on sample 12. Points 2, 4, and 5 are darker than the other locations and are assumed to be shale, but from the elemental analysis only points 6 and 7 show the presence of carbon indicating that shale is present within the location areas. All sampled locations show that oxygen is the most prevalent element followed by calcium, silicon, sodium, aluminum, and potassium. 
The 50% millimeter EDS results are consistent with one another, and the presence of shale is more prevalent in these three samples. For sample 16, all four of the points where EDS is performed had a presence of carbon. Point 1 has approximately 3% carbon, point 2 has roughly 6% carbon, point 3 has less than 1% carbon, and point 4 has about 2% carbon. This implies that there is most likely a varying degree of shale within the sample locations. Aside from the presence of carbon, EDS results show that there were high amounts of oxygen and calcium present at all points meaning that there is also a significant amount of cement. Lower amounts of aluminum, silicon, potassium and iron are also observed. EDS on sample 17 show that points 1 and 2 have the presence of carbon while the other 3 points do not. Points 3, 4, and 5 have higher amounts of oxygen and calcium than the points with carbon indicating a higher amount of cement. Sample 18 has the presence of carbon in 5 of the 9 EDS locations but the carbon was present in small amounts ranging from 0.5% to 2.3%. Oxygen content is higher in the samples without carbon. All points also had high amounts of calcium except for point 2, which has a higher silicon and aluminum content than the other sample locations. This could also be somewhat indicative of the presence of shale. 
For the 5% submicron samples, shale is detected in two of the three samples as evidenced by the presence of carbon. EDS weight percent results for the 5% submicron shale samples are all in good agreement with one another; calcium and oxygen are the two most prevalent elements with trace amounts of potassium, silicon, sulfur, iron, and sodium. Sample 40 shows that shale is present within the selected areas. For sample 41, there are two locations that have a significantly higher carbon and sodium content, points 6 and 8, indicating the presence of shale; all other elements are significantly lower than the cement. This is in agreement with the BSE images that show that these areas are darker than the surrounding matrix. Locations where EDS was performed on sample 42 are all in good agreement with one another and there was no location that showed elevated carbon content indicating that there was no evidence of shale present in this location. The cement material is primarily composed of oxygen and calcium, which is in agreement with the Central Plains Cement mill report.
For the 10% submicron samples, oxygen and calcium are the most present elements at all samples locations. For sample 43, locations 3 and 4 have the presence of carbon thus implying that there could be the presence of shale. Location 3 also has very low calcium content but higher iron and sulfur content. Of the 8 locations where EDS was performed on sample 44, 3 locations, 2, 3, and 4, show the presence of carbon. Location 4 is shown to be composed of over 50% carbon and a low amount of calcium, indicating that there is most likely a high amount of shale. For sample 45, only two of the nine locations where EDS was performed have any trace of shale, locations 5 and 8. Along with having the presence of carbon, these two locations also have higher silicon content than the other locations. These locations are darker than the surrounding areas on the sample surface.
[bookmark: _Toc134123537][bookmark: _Toc134128186]6.2.5. Conclusions
[bookmark: _Hlk131409291]Understanding the effect of cuttings on wellbore cement mechanical properties allows for an understanding as to the feasibility of an environmentally friendly, readily available, upcycled material. Utilization of cuttings as a cement additive or replacement material is not just beneficial in that it minimizes the need for cuttings removal and recycling, but also that it reduces the amount of greenhouse gas emissions, specifically CO2 associated with cement manufacturing. While this research is only the first step to the potential of utilizing cuttings as a wellbore cement additive, a number of insights were gained that may be beneficial for future applications. 
1. While the submicron samples containing 50% and 75% shale split during the curing process, the samples that were tested have a fairly linear decrease in UCS with increased shale content. 
2. For the millimeter and micron sample sets, the 75% average UCS values were similar and, in both cases, were greater than the samples containing 50% shale but the 75% sample sets had larger standard deviations. The 75% shale sample sets for both the millimeter and micron shale have the lowest UCS of all sample sets with the same particle size, meaning that the 50% sample sets all have fairly similar UCS values and may be more accurate. 
3. While the base case samples, or samples containing zero shale, achieved the highest average UCS, micron samples with 5%, 10%, 15% and 25% shale addition had at least one sample that had a comparable UCS. The micron samples prove to have the highest average UCS for all sample sets. The micron sample sets have the best results of all samples containing shale. This could be due to the fact that the micron shale particles were the most similar in size to that of the class H cement provided by Central Plains Cement Company. Having additives with larger or smaller particle size in comparison to the cement can have an effect on the hydration and permeability of the system. Ideally, cement particles should be between 7-200 microns (Zhang, 2011). 
4. Future work should be conducted to further understand the effect of shale on cement mechanical properties. Determination of the Blaine fineness of the millimeter, micron, and submicron shale should be performed to understand the particle size of these additives in comparison to the cement, research on the rheology of cement with calcined clay showed that smaller particle size may lead to an increased yield point (Murtaza et al., 2020). Another aspect that needs to be considered is the rheology, consistency and thickening time of cement containing shale and how various sizes could impact pumpability (Mohamed et al., 2022). An understanding of the ideal w/c ratio needed to properly hydrate the slurries with this novel pozzolanic additive. It has been noted that pozzolanic materials such as fly ash require an increase in the amount of water needed for hydration, so using the conventional API water-cement ratio may not be ideal for shale or cuttings cements (Smith, 1987).
[bookmark: _Toc134123538][bookmark: _Toc134128187]6.3. Utilizing Drill Cuttings as a Wellbore Cement Additive and the Effect on Unconfined Compressive Strength
OU, in collaboration with ConocoPhillips, has performed testing on a ConocoPhillips Eagle Ford cement blend to investigate and understand the effect of Eagle Ford cuttings on the mechanical properties of wellbore cement. The Eagle Ford is located in South Texas and wells are required to meet the Texas Railroad Commissions’ standards for cementing a wellbore, one of which is that wellbore cement must achieve a 250 psi compressive strength within 24-hours of placement in a wellbore. In this study, experiments in which dried water based drill cuttings from La Salle County, Texas (~2,000' TVD) and dried oil based drill cuttings from a Cheyenne Irvin 15H lateral well (~10,998' TVD) provided by Fluid Pro LLC were used as an additive within a ConocoPhillips cement blend to investigate the effect of drill cuttings on the mechanical properties of cement.
[bookmark: _Toc134123539][bookmark: _Toc134128188]6.3.1. Introduction
The Eagle Ford shale play has become one of the largest gas shale plays in the world since its discovery in 2008 (Speight, 2017). The Eagle Ford shale encompasses a 20,000 square mile area in South Texas and is divided up into the Upper Shale Unit and the Lower Shale Unit (Kuuskraa, 2019). 
[bookmark: _Toc134123540][bookmark: _Toc134128189]6.3.2. Methodology
In order to create more uniform particles, water and oil based cuttings are separately ground using a Retsch EMAX grinder at 1,000 RPM’s for 30 minutes. Particle size was initially performed using a Beckman Coulter LS 13 320 SW Laser Diffraction Particle Size Analyzer but clumping of the particles was observed and yielded inaccurate readings. To obtain more accurate results, a Zeiss Neon 40 microscope and an INCA Energy 250 Energy Dispersive X-ray Microanalysis system located in the Samuel Roberts Noble Microscopy lab on the OU-Norman campus are used to determine particle size and chemical composition of the cuttings. Prior to being placed in the SEM, the particles are sputter-coated with a small layer of iridium to ensure that the samples will be conductive.
Moisture content is also performed on the water and oil based cuttings by taking the weight of the cuttings, placing them in a 150˚F oven for 7 days, and then re-weighed to determine how much moisture is lost. 
9 Energy provided a "Pilot Blend" slurry sheet from a Pleasonton, Texas lab location that was used to create the novel cement blends. The base blend (i.e. the slurry provided by 9 Energy), as well as the newly created sample compositions with 15%, 25%, 32% and 40% cuttings addition are shown in Table 6.8.
[bookmark: _Toc134461600]Table 6.8. Cement composition with cuttings.
	Item
	Base
	15%
	25%
	32%
	40%

	Type I/II Pozz. Mix (g)
	368.5
	313.2
	276.4
	250.6
	221.1

	Cuttings (g)
	-
	55.3
	92.1
	117.9
	147.4

	KCl (g)
	14.2
	14.2
	14.2
	14.2
	14.2

	CPT-45 (g)
	3.7
	3.7
	3.7
	3.7
	3.7

	CPT-503P (g)
	1.5
	1.5
	1.5
	1.5
	1.5

	CPT-20A (g)
	0.7
	0.7
	0.7
	0.7
	0.7

	Citric Acid (g)
	0.7
	0.7
	0.7
	0.7
	0.7

	Water (g)
	474.1
	474.1
	474.1
	474.1
	474.1



All additives are included in equal quantities as the initial "base blend" with only the cement and cuttings content varying; the amount of cuttings added is subtracted from the total amount of cement thus keeping the by-weight-of-solid (BWOS) content constant. It should be noted that DI water was used to create all slurries to minimize contamination. Oil based cuttings were used in the amount of 32% to observe the effects of oil based cuttings to water based cuttings. No changes to the slurry were done for the oil based sample preparation.
The slurries are mixed according to ASTM-C109/C109M-21 standards using a Chandler-Ametek blender and an Ofite 8-specimen brass cement mold is used to cast the samples. To determine whether the samples with cuttings meet this requirement, 2” by 2” cubic samples have been made according to API 10RB and cured at ambient pressure and temperature for 24 hours before being tested using an AutoLab-500 system. Curing is done at atmospheric conditions. Each slurry produced four specimen. To prevent leakage, Super Lube Synthetic Grease is applied on all sides of the bottom portion of each mold. After 24-hours, the samples are removed from the mold. Prior to testing, length and height measurements are taken for all samples and averages have been calculated. Weight is also taken to determine whether there is a significant difference between samples and slurries. Table 6.9 shows a summary of the 24-hour sample measurements. Due to the fragility of the samples, polishing was not performed. To ensure accurate results, any samples that has considerable abnormalities (i.e. highly uneven surfaces or large pieces that broke off when de-molding) are not tested. Samples were tested on a New England Research Autolab-500 test system (Fig. 6.43 a). Within the test chamber, samples are placed on a four-inch diameter base plate and a two-inch diameter top plate is placed on the upper portion of the sample to assure that the force is evenly distributed (Fig. 6.43 b).
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[bookmark: _Toc134442095]Figure 6.43. a) New England Research Autolab-500 test system; b) Test setup.
[bookmark: _Toc134461601][bookmark: _Hlk131291522]Table 6.9. 24-hour sample measurements.
	Slurry
	Sample Number
	Date Made
	Date Tested
	Avg. Length (in)
	Avg. Height (in)
	Weight (g)
	Density (ppg)

	Base
	1
	2/17/2022
	2/18/2022
	2.0
	1.6
	154.5
	11.9

	
	2
	2/17/2022
	2/18/2022
	2.0
	1.7
	159.6
	11.8

	
	3
	2/17/2022
	2/18/2022
	2.0
	2.0
	179.4
	11.4

	
	4
	2/17/2022
	2/18/2022
	2.0
	1.7
	150.1
	11.6

	15%
	1
	2/22/2022
	2/23/2022
	2.0
	1.9
	167.7
	10.7

	
	2
	2/22/2022
	2/23/2022
	2.0
	2.0
	176.5
	11.5

	
	3
	2/22/2022
	2/23/2022
	2.0
	2.0
	179.6
	11.7

	
	4
	2/22/2022
	2/23/2022
	2.0
	1.8
	166.7
	11.7

	25%
	1
	2/22/2022
	2/23/2022
	2.0
	1.6
	147.6
	12.0

	
	2
	2/22/2022
	2/23/2022
	2.0
	1.6
	147.8
	12.0

	32% Water
	1
	3/1/2022
	3/2/2022
	2.0
	1.8
	161.8
	11.7

	
	2
	3/1/2022
	3/2/2022
	2.0
	1.7
	156.5
	11.6

	
	3
	3/1/2022
	3/2/2022
	2.0
	1.7
	161.2
	12.0

	32% Oil
	1
	3/1/2022
	3/2/2022
	2.0
	1.6
	147.3
	11.5

	
	2
	3/1/2022
	3/2/2022
	2.0
	1.6
	147.8
	12.2

	
	3
	3/1/2022
	3/2/2022
	2.0
	1.6
	151.5
	12.0

	40%
	1
	2/28/2022
	3/1/2022
	2.0
	1.6
	146.3
	12.1

	
	2
	2/28/2022
	3/1/2022
	2.0
	1.6
	141.7
	11.9

	
	3
	2/28/2022
	3/1/2022
	2.0
	1.6
	144.2
	11.9

	
	4
	2/28/2022
	3/1/2022
	2.0
	1.6
	143.3
	11.5



[bookmark: _Toc134123541][bookmark: _Toc134128190]6.3.3. Results
Particle size analysis on the dried water based cuttings show average particle size to be 505.8 micron with a 388.8 micron standard deviation. The dried oil based cuttings are sieved and particles are found to be larger than 0.02 inches. Average particle size for the dried water based cuttings is determined by SEM analysis and was found to be 33.5 microns, significantly lower than the particle sizes obtained using laser particle size analysis. Particle size analysis on the dried water based particles at ten locations is shown in Fig. 6.44 and the results summarized in Table 6.10.  From the SEM images, there may be some agglomeration occurring after grinding has been performed. EDS is also performed on the dried water based cuttings to determine the chemical composition and observe whether any abnormal elements are present. Figure 6.45 shows the locations of the 5 areas where EDS is performed. It should be noted that spectrum 1 is performed on the total area within the figure. Table 6.11 shows the chemical compositions for EDS performed on the 5 selected locations.    
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[bookmark: _Toc134442096][bookmark: _Hlk131291687]Figure.6.44. Particle size analysis on water based cuttings.
[bookmark: _Toc134461602][bookmark: _Hlk131291796]Table 6.10. Results of particle size analysis on water based cuttings.
	Particle Number
	Particle Size (μm)

	1
	25.0

	2
	47.9

	3
	29.1

	4
	31.3

	5
	36.9

	6
	36.2

	7
	31.6

	8
	28.8

	9
	32.3

	10
	35.9

	Average:
	33.5
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[bookmark: _Toc134442097]Figure 6.45. EDS sample locations for water based cuttings.
[bookmark: _Toc134461603][bookmark: _Hlk131292030]Table 6.11. EDS results for the selected locations on a water based cutting sample.
	Element
	Spectrum 1 (Wt. %)
	Spectrum 2 (Wt. %)
	Spectrum 3 (Wt. %)
	Spectrum 4 (Wt. %)
	Spectrum 5 (Wt. %)

	Oxygen
	41.0
	55.3
	49.1
	47.7
	52.2

	Carbon
	38.3
	13.9
	10.6
	10.5
	15.0

	Silicon
	10.3
	15.7
	22.3
	21.1
	13.2

	Aluminum
	3.1
	4.8
	5.0
	5.9
	6.2

	Calcium
	2.5
	3.8
	3.5
	6.9
	4.9

	Iron
	2.0
	2.9
	5.3
	3.6
	3.2

	Potassium
	0.9
	1.2
	1.3
	1.6
	1.6

	Magnesium
	0.6
	0.8
	0.8
	0.9
	1.7

	Sodium
	0.5
	0.6
	0.6
	0.5
	0.7

	Chlorine
	0.3
	0.3
	0.5
	0.7
	0.6

	Sulfur
	0.3
	0.4
	0.9
	0.5
	0.3

	Titanium
	0.2
	0.2
	0.2
	-
	0.2

	Phosphorous
	-
	0.1
	-
	0.1
	0.1



Moisture content analysis over 7 days shows that the dried water based cuttings have a moisture content of 3.9% while dried oil based cuttings have a moisture content of 8.5%. 
UCS results for the four base case samples are shown in Fig. 6.46. 
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[bookmark: _Toc134442098]Figure 6.46. 24-hour base case UCS test results.
Test results for the samples made with 15% cuttings addition are shown in Figure 6.47.
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[bookmark: _Toc134442099]Figure 6.47. 24-hour samples with 15% cuttings addition UCS test results.
UCS test results for the 24-hour samples with 25% dried water based cuttings are shown in Figure 6.48.
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[bookmark: _Toc134442100]Figure 6.48. 24-hour samples with 25% cuttings addition UCS test results.
Test results for the cement with 32% dried water based cuttings are shown in Figure 6.49. 
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[bookmark: _Toc134442101]Figure 6.49. 24-hour samples with 32% water based cuttings addition UCS test results.
Test results for the cement with 32% dried oil based cuttings are shown in Figure 6.50.
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[bookmark: _Toc134442102]Figure 6.50. 24-hour samples with 32% oil based cuttings addition UCS test results.
Test results for the cement with 40% dried water based cuttings are shown in Figure 6.51.
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[bookmark: _Toc134442103]Figure 6.51. 24-hour samples with 40% cuttings addition UCS test results.
A full summary of the 24-hour UCS, including average UCS and standard deviation for each slurry type, is shown in Table 6.12.
[bookmark: _Toc134461604]Table 6.12. 24-hour UCS results.
	Slurry
	Sample Number
	UCS (psi)
	Average UCS (psi)
	Std. Dev.

	Base
	1
	393.1
	334.3
	70.5

	
	2
	400.0
	
	

	
	3
	219.5
	
	

	
	4
	324.8
	
	

	15%
	1
	67.1
	70.6
	4.8

	
	2
	74.0
	
	

	
	3
	64.9
	
	

	
	4
	76.5
	
	

	25%
	1
	50.9
	52.5
	1.6

	
	2
	54.1
	
	

	32% Water
	1
	22.0
	27.7
	7.6

	
	2
	22.7
	
	

	
	3
	38.4
	
	

	32% Oil
	1
	37.4
	45.3
	5.9

	
	2
	51.7
	
	

	
	3
	47.0
	
	

	40%
	1
	19.0
	16.5
	2.5

	
	2
	17.4
	
	

	
	3
	17.3
	
	

	
	4
	12.3
	
	



[bookmark: _Toc134123542][bookmark: _Toc134128191]6.3.4. Discussion
Particle size analysis shows that the dried water based cuttings post grinding have an average particle size of 33.5 microns with a minimum of 25.0 microns and a maximum particle size of 47.9. Agglomeration of particles is observed, but particle size analysis is done on individual grains. The agglomeration is most likely due to the fact that while the water based cuttings are dried, moisture is still present. EDS results show that the water based cuttings are highly carbon-based material with silicon, aluminum, calcium, and iron being the other predominant elements. The high silicon and aluminum content indicates that the Eagle Ford cuttings are indeed an alumino-siliceous material, better known as a pozzolan. 
This is indicated by the moisture content that was determined over 7 days. Both the dried oil based and water based cuttings have a lower weight after being heated for 7 days. Any residual drilling fluid on the cuttings could impact the success of utilizing this material as a cement additive or replacement material. This is especially true of the oil based cuttings in that oil infiltration could hinder the hydration process of the cement and further impact placement and bonding within a wellbore. 
For the base case, average UCS is 334.3 psi for four samples with a standard deviation of 70.5 psi. All but one of the samples exceeded the Texas Railroad Commission (TRC) requirements and are thus feasible for use in a wellbore. Sample 3 has the lowest UCS and did not meet the TRC requirements. This low UCS could be due to free water remaining in the sample as shown in the weight of the sample. While there are little to no flaws on the surface of the sample, there is a possibility that there was one or more surficial abnormalities that led to a lower UCS. 
Average UCS for the Eagle Ford cement containing 15% cuttings addition is 70.6 psi and standard deviations for samples 1, 2, 3, and 4 is 4.8 psi. Sample 4 has the highest UCS of 76.5 psi and has the lowest weight of the tested 15% cuttings samples but also were not highly symmetrical prior to testing. Sample 3 has the lowest UCS of 64.9 psi and weighed the most of all the samples yet was relatively symmetric.
Due to flaws in two of the samples made with 25% cuttings, only two samples are able to be tested. UCS values are similar, with average UCS being 52.5 psi and standard deviations for both samples being 1.6 psi. The two samples are similar in weight and dimension, and shrinkage occurred during the curing period. 
Three samples with 32% dried water based cuttings addition are tested. UCS values are somewhat similar, with average UCS being 27.7 psi and standard deviations being 7.6 psi.  The samples are all fairly similar weights and dimensions yet sample 3 had a significantly higher UCS than the other two samples, between 41-43% higher. This could be due to the presence of less cuttings in this specific sample or better hydration of the particles. 
The samples with 32% dried oil based cuttings show similar trends but have some variance in strength. Average UCS for the 32% oil based samples is 45.3 psi with a standard deviation of 5.9 psi. The samples containing 32% oil based cuttings are lighter than the samples made with 32% water based cuttings which could be because the density of the water based mud is higher than the density of the oil used in the drilling fluid. Sample 1 has the lowest UCS of 37.4 psi while sample 2 has the highest UCS, 51.7 psi. It is interesting to observe that the samples containing 32% oil based cuttings exhibit higher compressive strengths than the 32% water based cuttings. This could indicate that there is something in the oil that could actually benefit cement hydration. 
Samples containing 40% cuttings have the lowest UCS values and the results were fairly consistent. Average UCS for the samples containing 40% cuttings is 16.5 psi with standard deviation being 2.5 psi for the samples. Due to the low strength of the samples, the time required to achieve UCS is reduced. The lowest UCS, 12.3 psi, is obtained from sample 4 while sample 1 has the max UCS of 19.0 psi. These samples are significantly lower than any of the other samples containing cuttings. The weight of the samples containing 40% water based cuttings are also notably lower than any other sample set. When de-molding the cement, the 40% water based cuttings addition samples are noticeably softer and more wet than the other samples, possibly indicating that the cuttings hindered hydration and potentially negatively interact with the additives used in the slurry.  
To better understand how the addition as well as concentration of cuttings to cement has on 24-hour strength, normalized strength vs. cuttings concentration for all of the 24-hour cement slurries has been plotted in Fig. 6.52.
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[bookmark: _Toc134442104]Figure 6.52. Normalized strength vs. cuttings concentration.
It is clear that the addition of cuttings to the cement slurry significantly decreases the 24-hour strength of the samples. With the addition of 15% cuttings, average UCS is 79% lower than the average base case UCS. Looking at the cement samples with water based cuttings addition, the UCS shows a somewhat exponential decline. Increasing the amount of water based cuttings reduces the strength by approximately 21%; from 15% to 25% cuttings addition, average UCS decreases by 26%, between 25% to 32% cuttings addition the UCS dropped by 47% and increasing cuttings content from 32% to 40% showed a 69% reduction in UCS. 
An interesting observation is seen in regards to the addition of 32% dried oil based cuttings. After 24-hours, the samples containing oil based cuttings achiev a higher UCS than the 32% water based cuttings samples. On average, the samples made with dried oil based cuttings have a UCS 17.7 psi greater than the water based counterparts. The UCS for the 32% oil based cuttings samples is slightly lower (14%) than the samples with 25% water based cuttings. This phenomena shows that the addition of oil based cuttings to cement does not significantly effect cement hydration.   
Texas Railroad Commission requires that wellbore cement must achieve 250 psi compressive strength within 24-hours of being placed (16 Tex. Admin. Code §3.13 (2014)). From the 24-hour test results, it can be seen that using the provided cement composition and utilizing cuttings, whether water based or oil based, does not fulfill this requirement. The samples are not heated or pressurized when cured, and this could have a slight impact on the strength of the samples. Water-cement (w/c) ratio was constant for all samples and may have effected the compressive strength of the samples containing cuttings. When using pozzolanic material in cement with a high w/c ratio, early compressive strength is shown to be reduced; decreasing the w/c ratio may help to achieve a higher early compressive strength (Aïtcin, 2016). 
Grinding of the cuttings may also help to achieve the necessary 24-hour strength as this would allow for additional surface area leading to faster hydration and enhanced hardening. To obtain the smaller sized particles, a Retsch EMAX High Energy Ball Mill with stainless steel grinding balls was utilized. Initially, water based cuttings are ground at 1,000 RPM for 10 minutes and resulted in the average particle size being 9.9 micron with a 11.9 micron standard deviation. A 15% water based cuttings slurry is made and 24-hour tests are run. Average UCS for the tests with the ground cuttings was 127.1 psi with a standard deviation of 24.5 psi, which is an 80% increase in compressive strength from the cuttings that were not ground. Additional cuttings are ground at 1,000 RPM for 30 minutes in an attempt to obtain even smaller particle sizes and increase the compressive strength even further. Particle size analysis shows that after being ground for 30 minutes, the average particle size is 211.4 micron with a standard deviation of 238.0 micron. This increase in particle size may be due to the particles agglomerating and being larger. A 15% slurry using the cuttings ground for 30 minutes is made and 24-hour tests were run. Average UCS for the tests with the 30-minute ground cuttings is 105.1 psi with a standard deviation of 17.3 psi, which is approximately 49% higher than the compressive strength from the cuttings that are not ground but 17% lower than the 15% samples containing the cuttings ground for 10 minutes. 
[bookmark: _Toc134123543][bookmark: _Toc134128192]6.3.5. Conclusions
The utilization of dried water and oil based Eagle Ford drill cuttings as a wellbore cement additive has been studied to determine feasibility. It can be seen that: 
· Cement slurries containing dried cuttings exhibited lower 24-hour UCS values than a conventional Eagle Ford cement slurry without cuttings. 
· Although the cuttings used have been previously dried, residual moisture was still present and could have an impact on the mechanical properties. 
· Particle size and particle size distribution is impacted by agglomeration. While the researchers attempted to minimize this effect, it is unknown whether this effect could play a role and impact the 24-hour UCS test results. 
· When 32% of the dried cuttings are added to cement, the samples made with oil based cuttings considerably outperformed the samples comprised of water based cuttings. This is of interest because it is common knowledge that oil based mud contamination of cement can significantly impact cement rheology, placement, and mechanical properties, yet the addition of the oil based cuttings do the opposite.
[bookmark: _Toc134123544][bookmark: _Toc134128193]Chapter 7: Conclusions & Future Work
In this dissertation, wellbore cement has been investigated to improve well integrity models. To address how to appropriately model wellbore cement under downhole conditions, hydrostatic compression testing is performed to evaluate compressibility and poroelastic properties and CID testing is done to improve shear downhole behavior and failure criteria. Fracturing of the samples during CID testing provides valuable information regarding the coefficient of friction, cohesion, and deformation behavior under compressive shear stresses. 
The utilization of cuttings as a wellbore cement additive was also investigated and could prove advantageous for a multitude of reasons, including minimizing the use of cement which in turn could aid in reducing the greenhouse gas emissions associated with cement manufacturing, lessen the cost of cuttings waste and corresponding costs, and potentially lead to better long-term wellbore integrity in that a geologic material that has been proven to trap hydrocarbons would be returned to the downhole environment. Investigating various particle size addition of this novel geologic additive allows for a preliminary understanding as to how it is able to bond within the cement. 
[bookmark: _Toc134123545][bookmark: _Toc134128194]7.1 Conclusions Drawn from This Research
In this work, the poroelastic constant, mechanical properties under downhole pressures, and shear behavior was investigated for class H wellbore cement containing a small amount of defoamer. Mechanical properties were further investigated for class H cement samples cured for either 7- or 28-days and containing a small amount of defoamer and varying quantities and particles sizes of shale. The following information was obtained through the experimental testing described in this work. 
1. The poroelastic constant, or Biot coefficient, of class H cement containing a small amount of defoamer was found to be between 0.80 and 0.82 for the three samples tested. While the poroelastic constant has not been greatly researched, specifically for wellbore cement, the findings are in good agreement with tests conducted on class G cement by Meng et al. (2020). It is common practice when calculating effective stress in the petroleum industry to assume that the Biot coefficient is 1, or an unconsolidated material. Knowing that this constant is not, in fact, 1 implies that a majority of the wellbore modeling done is inaccurate and incorrect assumptions have been made regarding cement sheath strength and integrity under realistic downhole conditions. 
2. CID testing on wellbore cement can provide insight regarding the cement mechanical properties under real-world pressures. While CID testing is somewhat commonly performed on wellbore cement, the cement is often not cured for the early hydration period and only early-strength mechanical properties are able to be obtained. From this work, it can be seen that CCS for samples tested at low confining stress are similar but at high confining stress, are more variable. YM and PR are consistent at all confining stress but it should be noted that YM for the 30 MPa confining stress fluctuates. From the sheared samples, it was seen that the angle of friction, or the angle at which the sample breaks, are similar and are in agreement with previous literature on rocks. 
3. Results of the cement samples containing various sizes and quantities of shale cured for 7-days show that the addition of shale could have a beneficial effect on cement mechanical properties. For the cement containing millimeter shale at 5%, 10%, and 15% BWOC, UCS, YM, and PR results were lower than the base case, implying that the addition of millimeter shale may not be feasible as an additive. Cement samples containing 10% and 15% micron shale, however, have enhanced UCS but also a higher YM and PR indicating that cement ductility may be impacted. The 5% and 15% submicron shale addition to cement also have increased UCS and YM when compared to the base case but the PR was similar. 
4. Samples cured for the cement early hydration period containing 5%, 10%, 15%, 25%, 50%, and 75% millimeter, micron, and submicron shale also provided insight into the feasibility of using shale as a cement additive or replacement material. 
5. While the utilization of dried cuttings as a wellbore cement additive were not able to achieve the required 24-hour compressive strength designated by the Texas Railroad Commission, it is possible that adding cuttings to a different cement system could lead to increased 24-hour compressive strength.
[bookmark: _Toc134123546][bookmark: _Toc134128195]7.2 Future Work
The results obtained in this work, while instrumental for a basic understanding of utilizing shale within cement, are preliminary and additional testing needs to be done to further validate the findings. Particle size can become problematic if the slurry is unable to be pumped in the field. To ensure that pumpability will not be a problem, rheology of the slurries containing shale should be done. Consistency, thickening time, and ultrasonic cement analysis should also be conducted to ensure that the cement is able to set when placed downhole under specific wellbore conditions as well as early mechanical properties. Other tests such as fluid loss, free fluid, and density can also be performed on the slurries with shale to further validate the behavior in the field. Expansion and shrinkage tests may also be advantageous to see whether the shale aids or hinders these phenomena in cement. 
Samples cured over the early hydration period should also be tested using a system that is able to record vertical and horizontal strain so that PR and YM are able to be obtained. While porosity and permeability measurements were performed on base samples, this testing should also be done on samples containing shale to see if there is any significant increase or decrease. Tensile and bond testing can also be performed to aid in understanding cement characteristics. 
Microscopy should be further utilized for cement evaluation, not just for the purpose of this study but for any cement that may contain new additives or types of cement. Microscopic analysis provides an improved understanding as to how the cement and additives react and bond, micro porosity and permeability within the sample, and elemental composition of various particles or locations to help detect any potential abnormalities within the sample. 
Hydrostatic compression and triaxial testing should be continued on cement systems that are currently or have the potential to be employed in the field. Knowing that additives can drastically alter the mechanical properties of cement, it would be worthwhile to determine whether they have any effect on the poroelastic properties or shear behavior and provide a more accurate failure envelope for real-world scenarios. Knowledge of this could enhance wellbore modeling and in turn, well integrity both short- and long-term. While this work focuses on utilizing shale cuttings as an additive, experimental testing utilizing actual field cuttings within cement should be performed to understand whether the results vary and, if so, how significantly they vary when compared to the shale results. 
[bookmark: _Toc134123547][bookmark: _Toc134128196]Appendix A. 90˚ Images of Samples Sheared During CID Testing
The following are images of the samples sheared during CID testing. From these images, the primary fracture was able to be identified and then used to determine the fracture angle. This can then be input into a failure envelope or modeling software to more accurately determine wellbore failure potential.  
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[bookmark: _Toc131422116][bookmark: _Toc134442105]Figure A.1. Sample 1 sheared at 5 MPa.
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[bookmark: _Toc131422117][bookmark: _Toc134442106]Figure A.2. Sample 2 sheared at 5 MPa.
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[bookmark: _Toc131422118][bookmark: _Toc134442107]Figure A.3. Sample 3 sheared at 5 MPa.
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[bookmark: _Toc131422119][bookmark: _Toc134442108]Figure A.4. Sample 4 sheared at 15 MPa.
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[bookmark: _Toc131422120][bookmark: _Toc134442109]Figure A.5. Sample 5 sheared at 15 MPa.
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[bookmark: _Toc131422121][bookmark: _Toc134442110]Figure A.6. Sample 6 sheared at 15 MPa.
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[bookmark: _Toc131422122][bookmark: _Toc134442111]Figure A.7. Sample 7 sheared at 30 MPa.
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[bookmark: _Toc131422123][bookmark: _Toc134442112]Figure A.8. Sample 8 sheared at 30 MPa.
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[bookmark: _Toc131422124][bookmark: _Toc134442113]Figure A.9. Sample 9 sheared at 30 MPa.
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[bookmark: _Toc131422125][bookmark: _Toc134442114]Figure A.10. Sample 10 sheared at 30 MPa.

[bookmark: _Toc134123548][bookmark: _Toc134128197]Appendix B. Plasticity Modulus for Class H Cement
The plasticity modulus for the class H samples can be calculated for the samples that underwent CID testing. After plotting the vertical stress and axial strain, CCS is identified. The E50 value is then determined, and 25 points above and below this value are plotted. A trendline is then fit to the E50 curve and extrapolated forward in order to determine the 100% elastic scenario for the material. The axial strain between the tested sample and the 100% elastic scenario is determined and the percent difference can be found. The plasticity modulus for the 10 class H samples are shown below. 
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[bookmark: _Toc134442115]Figure B.1. Plasticity modulus for the samples tested at 5 MPa confining stress.
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[bookmark: _Toc134442116]Figure B.2. Plasticity modulus for the samples tested at 15 MPa confining stress.
[image: ]
[bookmark: _Toc134442117]Figure B.3. Plasticity modulus for the samples tested at 30 MPa confining stress.
[bookmark: _Toc134123549][bookmark: _Toc134128198]Appendix C. Stress-Strain Diagrams for Samples Cured Over 7-Days
In this section, UCS results for class H cement samples containing 5%, 10%, and 15% shale in millimeter, micron, and submicron sizes are shown. From these results, a comparison of UCS, PR, and YM values is able to be done and has been described in Chapter 6 of this work. 
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[bookmark: _Toc131422126][bookmark: _Toc134442118]Figure C.1. 5% millimeter shale UCS test results.
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[bookmark: _Toc131422127][bookmark: _Toc134442119]Figure C.2. 10% millimeter shale UCS test results.
[image: ]
[bookmark: _Toc131422128][bookmark: _Toc134442120]Figure C.3. 15% millimeter shale UCS test results.
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[bookmark: _Toc131422129][bookmark: _Toc134442121]Figure C.4. 5% micron shale UCS test results.
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[bookmark: _Toc131422130][bookmark: _Toc134442122]Figure C.5. 10% micron shale UCS test results.
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[bookmark: _Toc131422131][bookmark: _Toc134442123]Figure C.6. 15% micron shale UCS test results.
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[bookmark: _Toc131422132][bookmark: _Toc134442124]Figure C.7. 5% submicron shale UCS test results.
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[bookmark: _Toc131422133][bookmark: _Toc134442125]Figure C.8. 10% submicron shale UCS test results.
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[bookmark: _Toc131422134][bookmark: _Toc134442126]Figure C.9. 15% submicron shale UCS test results.
[bookmark: _Toc134123550][bookmark: _Toc134128199]Appendix D. Samples Cured for 28-Days Post UCS Testing
In this section, images of the class H cement samples cured for 28-days and tested to determine the unconfined compressive strength are shown. It can be seen from the images of the millimeter shale samples that the shale particle distribution within the samples appear to be fairly homogenous. 
[image: ]
[bookmark: _Toc131422135][bookmark: _Toc134442127]Figure D.1. Base case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422136][bookmark: _Toc134442128]Figure D.2. 5% millimeter case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422137][bookmark: _Toc134442129]Figure D.3. 10% millimeter case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422138][bookmark: _Toc134442130]Figure D.4. 15% millimeter case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422139][bookmark: _Toc134442131]Figure D.5. 25% millimeter case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422140][bookmark: _Toc134442132]Figure D.6. 50% millimeter case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422141][bookmark: _Toc134442133]Figure D.7. 75% millimeter case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422142][bookmark: _Toc134442134]Figure D.8. 5% micron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422143][bookmark: _Toc134442135]Figure D.9. 10% micron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422144][bookmark: _Toc134442136]Figure D.10. 15% micron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422145][bookmark: _Toc134442137]Figure D.11. 25% micron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422146][bookmark: _Toc134442138]Figure D.12. 50% micron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422147][bookmark: _Toc134442139]Figure D.13. 75% micron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422148][bookmark: _Toc134442140]Figure D.14. 5% submicron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422149][bookmark: _Toc134442141]Figure D.15. 10% submicron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422150][bookmark: _Toc134442142]Figure D.16. 15% submicron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422151][bookmark: _Toc134442143]Figure D.17. 25% submicron case sample cured for 28-days (a) 1; (b) 2; (c) 3 after UCS testing.
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[bookmark: _Toc131422152][bookmark: _Toc134442144]Figure D.18. 50% submicron case sample cured for 28-days (a) 1; (b) 2; (c) 3. Samples were broken during curing.
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[bookmark: _Toc131422153][bookmark: _Toc134442145]Figure D.19. 75% submicron case sample cured for 28-days (a) 1; (b) 2; (c) 3. Samples were broken during curing.




[bookmark: _Toc134123551][bookmark: _Toc134128200]Appendix E: Wellbore Characteristics that Control Debonding Initiation and Microannuli Width in Finite Element Simulations
To understand how various parameters of a cement sheath and wellbore environment effect leakage potential, the following collaborative study (Wise et al., 2020) done as part of the thesis is included to show the importance and motivation of the first two chapters in this work. This article shows via a life of well advanced modeling that various factors can contribute to the magnitude and initiation of gaps at various downhole conditions, and cement stress at various pressures and temperatures can have a moderately high effect on the magnitude and initiation of gaps downhole. This stress can be more accurately predicted using the Biot coefficient, or the poroelastic constant. Due to the limited information on the Biot coefficient of cement used in wellbores, it can be implied that the current models being used are inaccurate to some degree.  
[bookmark: _Toc134123552][bookmark: _Toc134128201]Abstract
 Environmental protection is an increasing concern for plugged and abandoned wells within the Gulf of Mexico. Leakage, however, has been shown to occur before the plug and abandonment (P&A) process takes place. The cement used when completing a well may develop leakage paths in the form of microannuli gaps between the casing and cement due to decreases in pressure and/or temperature. The goal of this paper is to use Finite Element Models (FEM) to determine the decrease in pressure or temperature required to initiate debonding of the cement sheath and the corresponding microannuli widths. Results of this paper show that there is a reduction threshold in which microannuli gaps start to initiate and increase in magnitude. A parametric analysis of the parameters within a wellbore has been performed and determined that the dimensions of the wellbore play a critical factor in microannuli gap width. With this knowledge, microannuli gap prediction graphs can be developed for different wellbore dimensions with pressure and temperature variations to determine whether a wellbore is at risk for leakage prior to P&A. 
[bookmark: _Toc134123553][bookmark: _Toc134128202]1. Introduction
 Wellbore leakage can occur throughout every stage of a wells life. The drilling process only accounts for a small portion of a wells life, thus wellbore leakage is more than likely to occur after drilling and completion once the casing and cement are present (Feng et al., 2017; Zhang and Bachu, 2010; Fourmaintraux et al., 2005). The presence of microannuli between the casing/cement and/or rock formation/cement interface has been shown to be a likely pathway for hydrocarbon migration within a wellbore (Wise et al., 2019; Vrålstad et al., 2018; Bois et al., 2011). Such migration can contaminate aquifers or potentially even reach the surface environment (Watson and Bachu, 2009). Before a well can be permanently plugged and abandoned (P&A’ed), it has to meet current standards designated by specific regulatory agencies for the region/country to prevent leakage. For instance, cement bond logs showing intact cement sheath is required before P&A procedures can take place according to NORSOK D-010 (2013). However, cement bond logs are not able to detect gas filled microannuli gaps or are able to quantify the gap sizes (De Andrade et al., 2019). To better understand how microannuli gaps form as well as what influences the size of such gaps, various modeling approaches have been evaluated as described in the review papers by Kiran et al. (2017), Bois et al. (2011), and Gray et al. (2009). A plethora of finite element models (FEM) have been established to analyze how cement sheath failure can occur and determine how such failure influences hydrocarbon leakage in a wellbore. Reported models have replicated of the life cycle of the well through staged steps (Gray et al., 2009; Nygaard et al., 2014), investigated varying rock/cement material properties (Wise et al., 2019), changing downhole temperature and pressure (Nygaard et al., 2014), and pore pressure variations in the cement (Bois et al., 2011; Saint-Marc et al., 2008). Models have previously shown that gaps are created due to changes in internal casing pressure (Wise et al., 2019; Patel and Salehi, 2019; Nygaard et al., 2014; Bois et al., 2011) and changes in temperature within the wellbore (Zhang et al., 2017; Lavrov et al., 2015; Nygaard et al., 2014). The studies listed above determined that changes in pressure and temperature cause debonding, yet did not determine explicit values at which microannuli are initiated. The objective of this paper is to determine at which point changes in pressure or temperature cause microannuli gaps to initiate and to better understand how certain wellbore parameters can affect the initiation and gap magnitude. The quantification of the microannuli gap widths presented in this paper may be used as additional criterion to ensure the integrity of the cement sheath based off maximum changes in pressure and temperature before P&A procedures can take place. 
[bookmark: _Toc134123554][bookmark: _Toc134128203]2. Methodology
[bookmark: _Toc134123555][bookmark: _Toc134128204]2.1. Study area
With more than 50,000 oil and gas wells, the High Island OPD, located in the Western Planning Area in the Gulf of Mexico, was selected to represent wells with a range of ages, statuses, and depths. The distribution of the True Vertical Depth (TVD) of the wells were analyzed and an average TVD was chosen. A well (API 427094116400) with a mean TVD was chosen to be the representative well in the model. The distribution of the wellbores in the High Island OPD is shown in Fig. 1 with a mean TVD of 2541 m (8336 ft). 
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[bookmark: _Toc134442146]Figure E.1. True Vertical Depth (TVD) distribution of the number of wells in the High Island OPD with the distribution of their respective status codes of completed (COM), temporarily abandoned (TA), or permanently abandoned (PA) with an average being 2541 m (8336 ft). Raw data from BSEE (2018).
[bookmark: _Toc134123556][bookmark: _Toc134128205]2.2. Long term modeling
The FEM replicates the well’s lifecycle as described by Gray et al. (2009). This paper replicates the steps used by Wise et al. (2019) by including the initial conditions of the surrounding rock formation (in-situ stresses), drilling of the borehole (rock material removed and mud weight applied to the borehole), completion of the wellbore (cement displacing the mud column and hardening), and loading of the wellbore (drilling fluid column replaced with production pressure). One additional load step of thermal loading is included for the wellbore model presented in this paper. The thermal load is applied using a transient model with two days’ worth of temperature change such that the temperature load would propagate completely throughout the cement sheath. The FEM was created and simulated using ANSYS™ 19.1 and is a static structural 3D thermo-poro-elastic model that uses a softening traction-separation law to model debonding of the casing/cement and cement/rock formation interfaces as described in Salehi and Nygaard (2015). The 3D model uses 25,552 CPT216 quadratic brick elements in which the element size in the interface zones is based on the Turon et al. (2006) approach which uses the element length determined by Hillerborg et al. (1976) and further divides the element length by three to ensure the element size is fine enough to capture the delamination in the cohesive zones. Further refinement of the mesh was conducted using a mesh sensitivity analysis. The maximum gap width versus mesh density was analyzed to determine the optimal mesh density. 
Fig. 2 shows a 2D (left) and 3D (right) cutaway of the model showing the three different materials within it (casing, cement, and rock formation). The 3D model dimensions are 1.5 m in the x and y (i.e. horizontal) directions and 0.05 m in the z (i.e. vertical) direction. A model with a vertical thickness of 0.05 m has 140,440 nodes with a computational run time of approximately 10 min. Thicker geometries of 0.5 m and 1.0 m would have 1,110,504 and 2,189,216 nodes, respectively with at least 12 h run times for a single simulation. The resulting gap width is the same magnitude between the 0.05 m and thicker models. Therefore, 0.5 m thickness was chosen. 
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[bookmark: _Toc134442147]Figure E.2. 2D (left) and 3D (right) view of the gridded finite element model.
3D geometry is chosen such that plain-strain assumptions do not have to be made for the model. The scope of this paper is to model debonding initiation and gap width. Gap propagation is not considered in this model and therefore 3D vertical height does not affect the gap width. The model geometry is determined based on the Kirsch analytical solution that the ratio of the model size and the wellbore diameter is greater than three to represent a good approximation to the infinite case and to prevent unintentional boundary effects from the thermal distribution throughout the model (Fjaer et al., 2008; Jaeger et al., 2007; Li and Nygaard, 2017). The model is constrained using frictionless supports on the top, bottom, and four edges to represent infinite supports. The dimensions of the borehole, casing thickness, and cement sheath thickness are based off the well selected in Section 2.1. 
[bookmark: _Toc134123557][bookmark: _Toc134128206]2.3.3 Mechanical properties
The input parameters for the base model are listed in Table 1 including the source(s) of the values. The simulation depth was chosen to be the depth of the deepest casing string prior to the production zones in the well. At this location, the cement sheath is assumed to be intact and not damaged from perforations. The TVD of the well would not be relevant for modeling cement sheath integrity due to the fact that it is below perforations and production zones and not acting as a primary barrier in preventing hydrocarbon migration or fresh water contamination. 
[bookmark: _Toc134461605]Table E.1. Parameters for the base well (API # 427094116400) in the High Island OPD and the source of their values.
	
	Parameter
	Value
	

	Dimensions
	TVD (m)
	2623
	1

	
	Simulation Depth (m)
	1920
	

	
	Hole Size (cm)
	31.12
	1

	
	Casing OD (cm)
	24.45
	1

	
	Casing ID (cm)
	21.68
	1

	In-Situ Stresses
	 (MPa)
	38.99
	

	
	 (MPa)
	36.98
	1, 2, 3

	
	 (MPa)
	41.00
	4

	Casing
	
	0.30
	5

	
	 (GPa)
	200.00
	5

	
	 (kg/m3)
	7938.00
	1

	
	 (K-1)
	1.14E-05
	5

	
	 (W/m•K)
	43.00
	5

	
	 (J/kg•K)
	490.00
	5

	Cement
	 (g/cc)
	1.56
	

	
	 (g/cc)
	1.68
	1

	
	(MPa)
	31.73
	

	
	
	0.18
	6

	
	 (GPa)
	6.38
	6

	
	 (kg/m3)
	1965.00
	1

	
	 (K-1)
	8.64E-06
	6

	
	 (W/m•K)
	0.41
	6

	
	 (J/kg•K)
	490
	6

	Rock
	 (g/cc)
	1.56
	1

	
	
	0.34
	7

	
	 (GPa)
	3.9
	7

	
	 (kg/m3)
	2600.00
	7

	
	 (K-1)
	1.00E-05
	5

	
	 (W/m•K)
	2.40
	5

	
	 (J/kg•K)
	900.00
	5

	Casing/Cement
	 (MPa)
	0.50
	8

	
	 (J/m2)
	100.00
	8

	Cement/Rock
	 (MPa)
	0.42
	8

	
	 (J/m2)
	100.00
	8

	Loads
	 (g/cc)
	30.49
	1

	
	 (֯C)
	58.93
	1



The model requires one of the principal in-situ stresses to align along the borehole direction for any given stress state. The in-situ stress gradients for the High Island OPD, reported to be a normal faulting regime, is based on correlations from Breckels and van Eekelen (1982), Wojtanowicz et al. (2000), Meng et al. (2018) as well as the drilling report for the well (OMB Control Number 1010-0141). The overburden stress gradient is based on data from Meng et al. (2018) for the Gulf of Mexico. The minimum horizontal stress is taken to be the average from the correlation from Breckels and van Eekelen (1982), measured leak off test (LOT) data from Wojtanowicz et al. (2000), and the fracture pressure gradient listed in the well drilling report. The maximum horizontal stress (σH) is taken to be the mean of the overburden (σv) and minimum horizontal stress (σh). 
At the end of cement hydration, the pore pressure (Pp) of the cement is assumed to be equal to the pore pressure of the surrounding rock formation (Li and Nygaard, 2017; Zhang et al., 2017; Gray et al., 2009). The setting stress of the cement (σcement) is assumed to be equal to the hydrostatic column of the cement slurry (Nygaard et al., 2014; Bois et al., 2012; Gray et al., 2009; Bosma et al., 1999). The mechanical and thermal properties of the cement was determined from a cement database created by the authors of this paper for Class H and G cement, which are most commonly used cements for wellbore completions. The summary of the database and the methodology used for determining the values can be found in Appendix B. 
Log analysis of High Island OPD wells has been performed to determine representative rock mechanical values for this region since direct measurements are not known. The methodology and correlations used can be found in Appendix A. It is important to mention that drilling induced fractures and natural fractured zones were excluded in this model. The rock formation mechanical properties are determined by log analysis of two Gulf of Mexico wells. The initial mechanical and thermal loads within the wellbore (MW and Ti, respectively) were determined from the drilling report (OMB Control Number 1010-0141). 
A parametric analysis of parameters with uncertainties (in-situ stresses, cement mechanical and thermal properties, rock mechanical and thermal properties, and softening traction-separation law properties) as well as parameters that are easily changeable from an engineering perspective (wellbore dimensions) will be been simulated. The upper and lower bounds of the sensitivity analysis are shown in Table 2 and the methodology for obtaining the values are described Appendix A for the rock formation mechanical properties and Appendix B for the cement mechanical and thermal properties. 
[bookmark: _Toc134461606]Table E.2. High and low values for the parametric study. These values apply for all three well depth parameters.
	Parameter
	Low 
	High

	Dimensions
	-40%
	+40%

	Isotropic Horizontal Stress Variation
	
	

	
	
	

	
	
	

	Anisotropic Stress Variations
	
	

	
	
	

	
	
	

	Vertical Stress Variations
	
	

	
	
	

	
	
	

	Cement Stress (MPa)
	MW
	Pfracture

	Cement Mechanical and Thermal Properties
	25% Quartile
	75% Quartile

	Rock Mechanical Properties
	Min from Log Data
	Max from Log Data

	Rock Thermal Properties
	-40%
	+40%

	Traction Law Properties
	-40%
	+40%



The results are reported in terms of changes in pressure (ΔP) and temperature (ΔT) and are normalized with respect to initial conditions in Equations (1) and (2) respectively. As defined, a positive Δ indicates a reduction in pressure or temperature, and a negative Δ indicates an increase in pressure or temperature. 
                                                                                                                               (1)
                                                                                                                        (2)
[bookmark: _Toc134123558][bookmark: _Toc134128207]3. Results
The first section (3.1) describes the base model gap width with respect to ΔP and ΔT. Secondly, the parametric results are reported in Section 3.2. The results of analyzing concurrent changes in ΔP and ΔT with their respective gap widths are presented in Section 3.3. Lastly, the application of using this analysis as a criterion for P&A’ed wells is explained in Section 3.4. 
[bookmark: _Toc134123559][bookmark: _Toc134128208]3.1. Pressure and temperature curves
Fig. 3 shows the reduction (Δ) versus gap width for the casing/ cement interfaces and Fig. 4 shows the cement/rock interfaces results. The gaps primarily occur at the interface between the casing and cement sheath (Fig. 3). The cement/rock interface has gaps, yet they are on the nanometer scale whereas the gaps associated with the casing/cement interface are on the micron scale. Therefore, the gaps (or lack thereof) at the cement/rock interface are deemed negligible. 
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[bookmark: _Toc134442148]Figure E.3. Gap magnitude versus reduction in pressure (ΔP) and temperature (ΔT) at the casing/cement interface.
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[bookmark: _Toc134442149]Figure E.4. ΔP and ΔT and the respective gap sizes at the cement/rock interface. Note that the max size of the gaps are two orders of magnitude smaller than the gaps at the casing/cement interface.
The gaps shown in Fig. 3 first occur (>1 nm) when pressure and temperature have a reduction of 29.5% and 28.4% respectively for this wellbore. Performing a linear fit to the significant gap portion of the data can be used to determine the ΔP and ΔT that causes significant gaps (>1 μm). This method determines that micron sized gaps initiate at 43.3% and 42.5% for ΔP and ΔT, respectively. The change from nanometer to micron gap sizes is a decrease in load of approximately 14% for both pressure and temperature. The non-linearity of gap size versus load reduction is due to the softening traction-separation law. The gaps are initiated at Δ Ό 29% but do not reach linearity until Δ Ό 43%. For the remainder of this work, the gap initiation threshold of micron sized gaps will be used, but it is important to note that nanometer sized gaps are occurring prior to this point. The maximum gaps for both ΔP = 0 and ΔT = 0 are 73.8 and 76.3 μm, respectively, as shown in Table 3. The slope of the temperature induced gaps is steeper than the pressure induced gaps curve indicating that ΔT has a slightly greater impact on gap magnitude versus ΔP. The results of the gap initiation are in agreement with Nygaard et al. (2014) and Gray et al. (2009) in which debonding occurs at the casing/cement interface whereas Zhang et al. (2017) and Crain et al. (2018) observed debonding at the cement/rock interface. 
[bookmark: _Toc134461607]Table E.3. Gap initiation reduction changes for ΔP and ΔT including nanometer (nm) gap and micrometer (μm) gap initiation Δ’s.
	
	nm gaps
	μm gaps
	Max Gap (μm)

	∆ P
	29.5%
	43.3%
	73.8

	∆ T
	28.4%
	42.5%
	76.3



The results from Fig. 4 indicate that debonding occurs at the cement/ rock interface on the nanometer scale whereas Zhang et al. (2017) observed micron sized gaps. Debonding of the cement to the casing is most likely due to the vast difference between the material stiffness (Young’s modulus, E). From Table 1, the stiffness of casing is an order of magnitude larger than the stiffness of the cement whereas the stiffness of the rock formation is the same order of magnitude as the cement. Therefore, it is to be expected that debonding occurs at the casing/cement interface. The results from this paper are in agreement with experimental results from Vrålstad et al. (2015) and later expanded by De Andrade et al. (2016). The experiments consisted of thermal cycle tests at on casing/cement/formation samples which were then scanned by CT. Their results show that cement sheath debonding occurs between the cement/casing interface when shale is the rock formation. Debonding between the cement/rock formation occurs when sandstone is the rock formation. 
The magnitude of the microannuli gap at the casing/cement interface is in agreement with the reported value from Gray et al. (2009). Gray et al. (2009) reported a microannuli gap of 13.7 μm with a ΔP = 61%. From Fig. 3, ΔP = 61% results in a microannuli gap of 23.1 μm. The slight discrepancy between the results can be attributed to the difference in wellbore dimensions (311.15 mm [12.25”] hole size with 244.48 mm [9.625”] casing thickness versus 241.30 mm [9.5”] hole size with 193.68 mm [7.625”] casing thickness), simulated depths (1920 m [6300 ft] versus 4572 m [15,000 ft]), and specific wellbore parameters. 
[bookmark: _Toc134123560][bookmark: _Toc134128209]3.2. Parameter sensitivity analysis
The change in pressure and temperature (ΔP and ΔT) have been shown to cause microannuli gaps, but there are numerous parameters within a wellbore that can affect the magnitude and initiation of such gaps. The parameters listed in Section 2 are tested with different ΔP’s and ΔT’s to determine which parameters are contributing factors to gap initiation and magnitude. The Δ’s are a reduction in both pressure and temperature of 29%, 44%, 50%, and 67% based off of the curves shown in Fig. 3. For a reduction of 29%, nanometer gaps were created from the base case curves and micron gaps were initiated at a 44% reduction. A reduction of 50% resulted in gaps of approximately 10 μm. A reduction of 67% resulted in gaps of approximately 30 μm. The results for all four percent reductions are shown in Fig. 5 for ΔP and Fig. 6 for ΔT for the maximum and minimum gap sizes. An individual analysis of each percent reduction for both ΔP and ΔT is discussed in the subsequent sections. 
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[bookmark: _Toc134442150]Figure E.5. Parametric analysis of the maximum and minimum variables tested for change in wellbore pressures (ΔP) of 29%, 44%, 50%, and 67%. Variances in the hole size and casing thickness have the largest change in resulting gap magnitudes.
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[bookmark: _Toc134442151]Figure E.6. Parametric analysis of the maximum and minimum variables tested for change in wellbore temperatures (ΔT) of 29%, 44%, 50%, and 67%. None of the wellbore parameters change gap magnitude as significantly as hole size and casing thickness do for change in pressures (ΔP).
[bookmark: _Toc134123561][bookmark: _Toc134128210]3.2.1. 29% reduction
For a reduction of 29%, nanometer sized gaps occur in the base well, but variations of Ecement, σcement, Hole Size, and ωcasing cause micron sized gaps to occur. It should be noted that only Ecement and σcement cause gaps to occur with ΔT while all four cause gaps to occur with ΔT. The gaps range from a size of 0 μm (no gap/nanometer size gap) to a maximum gap of 7.2 μm implying that these four parameters can cause the gap initiation to decrease from 43% to 29% (i.e. lower ΔP and ΔT). The variations of the four parameters are shown in Table 4 along with their respective gap sizes. An interesting observation is that the change in hole size effects the gaps created by pressure and temperature inversely. A larger hole size results in gaps with a 29% ΔP while a smaller hole size results is gaps with a 29% ΔT. 
[bookmark: _Toc134461608]Table E.4. Gap magnitudes created by change in wellbore parameters for a 29% ΔP and ΔT. These parameters cause gaps to occur when the base case wellbore did not have gaps at 29% ΔP and ΔT.
	Parameter
	∆ P
	∆ T

	
	Parameter Change
	Gap (μm)
	Parameter Change
	Gap (μm)

	
	0.60
	7.21
	
	

	
	1.21
	3.71
	1.21
	3.50

	
	1.40
	2.73
	0.60
	0.90

	
	1.49
	2.52
	1.49
	1.10



[bookmark: _Toc134123562][bookmark: _Toc134128211]3.2.2. 44% reduction
The microannuli gaps for a 44% reduction in ΔP and ΔT range in size from 0 μm to 51.2 μm. For the base wellbore, ΔP resulted in a gap of 1.25 μm and variations of τo, Erock, Ecement, vcement, σcement, Hole Size, ωcement, and ωcasing caused changes in the base gap width. For the base wellbore, ΔT resulted in a gap of 1.95 μm and variations in τo, crock, κrock, αrock, Erock, vrock, Ecement, vcement, σcement, Hole Size, ωcement, and ωcasing all resulted in changes from the base gap. The reduction in temperature had variations in gap size due to more parameters than ΔP, but ΔP resulted in larger magnitude of gaps; primary due to ωcasing and Hole Size. Both of these parameters had gaps larger than 25 μm. One observation with the 44% reduction is that many of the wellbore parameters could be altered such that the base gaps for ΔP and ΔT (1.25 μm and 1.95 μm respectively) can be reduced down to no gap (0 μm). These parameters are listed in Table 5. Another observation is that the same trend occurs with the 44% reduction as with the 29% reduction. The hole size variations have inverse effects on gap widths depending on ΔP or ΔT. A similar trend occurs for the casing thickness, except that thicker casings have smaller gaps for ΔP while thinner casings have smaller gaps for ΔT. 
[bookmark: _Toc134461609]Table E.5. Parameters that caused the gap magnitudes to be eliminated (0 μm) with a 44% ΔP and ΔT.
	Parameter
	∆ P
	∆ T

	
	Parameter Change
	Parameter Change

	
	0.60
	1.20

	
	1.40
	0.60

	
	0.93
	0.93

	
	0.66
	0.66

	
	1.40
	1.40

	
	1.20
	0.80

	
	1.33
	

	
	
	0.60

	
	
	0.74



[bookmark: _Toc134123563][bookmark: _Toc134128212]3.2.3. 50% reduction
The microannuli gaps for a 50% reduction in ΔP and ΔT range from a size of 0 μm–72.2 μm. For the base case with a reduction of 50%, ΔP resulted in a gap of 9.79 μm and ΔT resulted in a gap of 8.72 μm. Every parameter that caused variations in the base gaps with ΔP and ΔT at 44% reduction caused variations in gap widths with 50% reduction. As with the 44% reduction, ωcasing and Hole Size created large variations in the gap widths for ΔP. The variations due to ΔT are not as significant. With a reduction of 50% in ΔP and/or ΔT, three of the parameters can be altered such that the base case gap can be reduced down to no gap (0 μm). The parameters that can be altered such that there is not a gap are ωcasing, Hole Size, and Ecement. All three parameters can eliminate the gap for ΔP, but only Ecement significantly reduced the gap for ΔT (0.1 μm). 
[bookmark: _Toc134123564][bookmark: _Toc134128213]3.2.4. 67% reduction
The microannuli gaps for a 67% reduction in ΔP and ΔT range in size from 1.3 μm to 125.2 μm. For the base case with a reduction of 67%, ΔP resulted in a gap of 31.13 μm and ΔT resulted in a gap of 31.25 μm. Similar to the 50% and 44% reduction, ωcasing and Hole Size have the largest variation in gap width for ΔP. The largest gap variation for ΔT is the change in hole size with a range of 36.9 μm whereas the largest gap variation for ΔP is change in hole size with a range of 123.9 μm. The change in Hole Size did not have a major effect with respect to microannuli gap sizes with respect to ΔT with the 29%, 44%, and 50% reductions, but the Hole Size has a major effect with a 67% reduction most likely due to the softening traction-separation law. The 67% reduction in ΔT exceeded the threshold required to initiate significant microannuli gap growth with Hole Size variations whereas lesser temperature reductions did not. Based on the results from the 67% ΔP and ΔT reduction, changes in pressure with respect to wellbore parameters are more critical than changes in temperature. 
The results of the parametric analysis are sorted based off their percent change of the maximum gap width (%MGW) from the base microannuli gap as shown in Table 6 in terms of 1st, 2nd, and 3rd Order Parameters. 3rd Order Parameters are defined as parameters with their %MGW less than 10%. 3rd Order Parameters have little to no effect on the development of the gap magnitude and therefore are not critical inputs into the well life cycle model. 2nd Order Parameters are defined as parameters with their %MGW larger than 10% but less than 100%. These parameters have some effect on the gap with magnitude, but are not critical. Finally, 1st Order Parameters are defined as parameters that have their %MGW larger than 100%. These input parameters (Hole Size and ωcasing) have the largest impact on the gap width development. It is important to note that only reductions in pressure (ΔP) have 1st Order Parameters. Reductions in temperature (ΔT) have 2nd and 3rd Order Parameters and therefore do not have a large impact on gap width development when compared to ΔP. 
[bookmark: _Toc134461610]Table E.6. Wellbore parameters sorted based off their percent change of the maximum gap width (%MGW) from the base gap magnitude. 1st Order Parameters are critical in the development of the gap width magnitude at the casing/cement interface. 2nd Order Parameters have minor effect, and 3rd Order Parameters have little to no effect on the development of the gap widths.
	
	∆ P
	%MGW
	∆ T
	%MGW

	1st Order Parameters
	
	302%
	
	

	
	
	208%
	
	

	2nd Order Parameters
	
	42%
	
	69%

	
	
	40%
	
	66%

	
	
	34%
	
	42%

	
	
	29%
	
	24%

	
	
	20%
	
	20%

	
	
	
	
	19%

	
	
	
	
	18%

	3rd Order Parameters
	
	3%
	
	7%

	
	
	3%
	
	6%

	
	
	2%
	
	5%

	
	
	0%
	
	5%

	
	
	0%
	
	4%

	
	
	0%
	
	3%

	
	
	0%
	
	2%

	
	
	0%
	
	2%

	
	
	0%
	
	0%

	
	
	0%
	
	0%

	
	
	0%
	
	0%

	
	
	0%
	
	0%



[bookmark: _Toc134123565][bookmark: _Toc134128214]3.3. Gap prediction
From the analyses from Sections 3.1 and 3.2, the microannuli gaps at the casing/cement interface are primarily a function of ΔP, ΔT, ωcasing, and Hole Size. For the purpose of determining if wells are intact and able to provide zonal isolation, the history of pressure and temperatures should be investigated. If the casing/cement interface experiences debonding at one point in the life cycle of a well, the bond is not going to “heal” and provide zonal isolation (Stormont et al., 2018). Figs. 7–10 depict the casing/cement interface gap when changing the pressure and temperature for the case study at four depths (6300 ft, 5233 ft, 4167 ft, and 3100 ft) along the primary cement barrier (i.e. intermediate casing string). The results of Figs. 7–10 show that when both pressure and temperature are reduced in the wellbore, the gap magnitude increases. 
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[bookmark: _Toc134442152]Figure E.7. Heat map showing the gap magnitudes resulting from a combination of ΔP and ΔT as explained from Equations (1) and (2). A positive Δ indicates a reduction while a negative Δ is an increase. Note in the legend that nanometer (nm) sized gaps are indicated (0.001 μm) along with micron (μm) sized gaps. The results of this heat map are indicative of a 12.2500 hole size with 9.62500 P-110EC casing at a depth of 6300 ft.
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[bookmark: _Toc134442153]Figure E.8. Heat map showing the gap magnitudes resulting from a combination of ΔP and ΔT as explained from Equations (1) and (2). A positive Δ indicates a reduction while a negative Δ is an increase. Note in the legend that nanometer (nm) sized gaps are indicated (0.001 μm) along with micron (μm) sized gaps. The results of this heat map are indicative of a 12.2500 hole size with 9.62500 P-110EC casing at a depth of 5233 ft.
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[bookmark: _Toc134442154]Figure E.9. Heat map showing the gap magnitudes resulting from a combination of ΔP and ΔT as explained from Equations (1) and (2). A positive Δ indicates a reduction while a negative Δ is an increase. Note in the legend that nanometer (nm) sized gaps are indicated (0.001 μm) along with micron (μm) sized gaps. The results of this heat map are indicative of a 12.2500 hole size with 9.62500 P-110EC casing at a depth of 4167 ft.
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[bookmark: _Toc134442155]Figure E.10. Heat map showing the gap magnitudes resulting from a combination of ΔP and ΔT as explained from Equations (1) and (2). A positive Δ indicates a reduction while a negative Δ is an increase. Note in the legend that nanometer (nm) sized gaps are indicated (0.001 μm) along with micron (μm) sized gaps. The results of this heat map are indicative of a 12.2500 hole size with 9.62500 P-110EC casing at a depth of 3100 ft.
The maximum gap magnitude caused by only a reduction of pressure or only a reduction of temperature is 73.8 μm and 76.3 μm, respectively as shown previously in Table 3. However, Fig. 7 shows that a reduction of pressure can be offset by an increase in temperature and vice versa. A pressure reduction of 60% (ΔP = 60%) and an increase in temperature of 60% (ΔT= -60%) results in zero gap width whereas a reduction of only pressure or temperature of 60% results in gaps as shown in Fig. 3. It should be noted that the pressure and temperature curves are not symmetric in Fig. 7 as shown by the micron sized gaps occurring due to pressure reduction of 60% (ΔP = 60%) and a temperature increase of 25% (ΔT = -25%) while a temperature reduction of 60% (ΔT = 60%) and a pressure increase of 15% (ΔP = 15%) develops micron sized gaps. This phenomenon is explained by the individual pressure and temperature curves in Fig. 3. The individual curves do not overlap exactly and therefore this asymmetry is shown in Fig. 7. It is important to note that the apparent symmetry shown for other combinations of ΔP and ΔT is due to the legend scale resolution. 
[bookmark: _Toc134123566][bookmark: _Toc134128215]3.4. P&A implications
The results of this paper indicate that careful consideration should be considered when planning and operating a wellbore. For example, if a wellbore is designed to have a certain drilling fluid density (mud weight) when drilled and the production engineers anticipate that the production pressure will be significantly lower than the planned mud weight, changes should be made to the drilling plan to decrease the mud weight such that a significant drop in wellbore pressure will not occur. The same type of planning can be used for maintaining wellbore temperature. For example, if a wellbore has a temperature gradient that is significantly higher than the injection temperature of supercritical CO2, then the proposed wellbore should not be used as an injection well knowing there would be a high probability of temperature induced microannuli creation. The curves produced in Fig. 3 could be useful in planning and operating a wellbore such that they can be used to predict the potential for microannuli gaps to occur. These curves may also be used as a post analysis tool to determine if existing wells are experiencing debonding of the cement sheath to the casing based off their historical pressure and temperatures. The heat map analysis can be developed further with additional combinations of wellbore dimensions such that regulatory agencies/ companies can use this method to determine if P&A candidate wells need remediation work to fix cement sheath leakage prior to abandonment. Completion and production reports can be investigated to determine the historical pressures and temperatures of a well. The pressures and temperatures can then be analyzed with the wellbore dimensions to determine if the well is at risk for microannuli gaps in the cement sheath. 
[bookmark: _Toc134123567][bookmark: _Toc134128216]4. Conclusions
 A staged 3D finite element model with dimensions from a wellbore in the High Island OPD in the Gulf of Mexico was developed to assess the integrity of the cement sheath in regards to the potential of P&A of the wellbore with the casing (and cement sheath) left in the borehole. Microannuli gaps caused by debonding of the casing and cement sheath have previously been shown to be the primary leakage pathway in vertical wellbores due to changes in internal casing pressure (ΔP) and thermal changes (ΔT). The results of this paper show that ΔP and ΔT have a reduction threshold in which microannuli gaps start to initiate and increase in magnitude. A parametric analysis was performed to determine the contributing factors within a wellbore that enable or hinder microannuli growth and showed that hole size and casing thickness were the main factors in growth or prevention of microannuli development. With this knowledge, a gap magnitude prediction graph in the form of a heat map was developed for the depth of the well (specific hole size) with the casing grade (casing thickness) to understand which combinations of ΔP and ΔT result in microannuli gap widths between the casing and cement sheath. A main output of this development is that microannuli gap magnitudes can be quantified. Another output is that the method presented in this paper can be used as a tool to determine if the cement sheath of a wellbore is intact and if the P&A process can continue or if remediation work is required. This analysis can also be used as a planning tool to prevent microannuli gaps from developing in a well’s life cycle.
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