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Abstract
Oil and Gas companies want to test shale swelling to maintain wellbore stability while drilling in shale-oil wells. Wellbore instability especially in unconventional reservoirs has been increasingly studied by oil and gas companies to reduce non-productive time and cost. Some of these problems are poor hole cleaning, sidetracking, stuck bottom hole assembly (BHA), fishing and lost circulation. The industry has spent a lot of many to try to solve these problems in shale formations. To improve drilling in shale formations and reduce their swelling, we need to study and understand their properties.  
Several studies on shale swelling reveal that swelling is a major problem and a complicated matter for drilling engineers who daily deal with wellbore instability problems. Many experiments have been performed on common shale samples, which are different from shale oil samples. In this study, we selected core samples from Barnett shale formation to investigate swelling properties in the laboratory. The swelling tests were conducted on six core samples half submerged in two different drilling fluids which are Oil-Based mud and 7% KCl. Six experiments have been conducted using strain gages to measure the axial and lateral swelling in submerged and non-submerged areas. 
The experiments have shown that the maximum and minimum swelling occur parallel and perpendicular to the bedding planes, respectively. Therefore, drilling perpendicular to the bedding provide a more stable wellbore in terms of swelling. The OBM results show 90% less swelling compared to the 7% KCl results. Thus, using OBM as a drilling fluid in Barnett shale formation would cause less wellbore stability problems in matters of swelling.
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[bookmark: _Toc388694469]CHAPTER I
1. [bookmark: _Toc397941898][bookmark: _Toc398741087]Introduction 
Wellbore instability, especially in unconventional reservoirs, has been increasingly studied by oil and gas companies to reduce non-productive time and cost. Some the problems that may occur while drilling are poor hole cleaning, sidetracking, stuck bottom hole assembly (BHA), fishing and lost circulation. These problems are due to shale swelling during the drilling operation. 
Several studies on shale swelling have shown that swelling is a major problem that complicates matter for drilling engineers who daily deal with wellbore instability problems. Some of these studies focused on shale composition (mineralogy of shale), grain grading, anisotropy of density, Young’s modulus, Poisson’s ratio, porosity, permeability, linear swelling coefficients and pore water activities. From those studies reducing amount of swelling in shale formations has been considered an efficient and effective way to drill wells in shale-oil formations. To minimize swelling of shale, several techniques including using 7% Potassium-chloride (KCl) and/ or Oil-Based mud (OBM) have been introduced. 
Shale is a source rock that may be explored to provide energy. It is considered an unconventional resource compared to conventional reservoir rocks such as sandstone, limestone and dolomite. U.S. Energy Information Administration. (2013) the total estimate of proved reserves and unproved resources of crude oil is 223 billion barrels in the USA, and shale contributes 26% of the total. Figure 1-1 shows the unconventional shale locations in the contiguous 48 states of the USA as of May 2011. In terms of technical shale oil resources, the USA ranks second worldwide, and it ranks fourth in terms of recoverable shale gas resources. Worldwide, outside the USA, technically recoverable shale resources are made up of 137 shale formations in 41 countries.
[image: ]
[bookmark: _Toc398725327]Figure ‎1‑1 North America Shale Plays (U.S. Energy Information Administration. 2011)
Shale is fine-grain sedimentary rock. It is composed of clay, silt and in some cases fine sands. Shale is classified as an extremely low permeability formation. Some shale formations are composed of heterogeneous media that range from weak clay-rich to high cemented shale siltstones. 
In order to improve drilling in shale formations and reduce swelling, experimental studies should be done. In this study, drilling in the least swelling direction is measured using strain gages in a two different directions, the vertical and horizontal. This allows us to find the minimum swelling direction, reducing wellbore stability problems as well as total cost of shale-oil wells. 
This thesis focuses on finding out the least swelling direction while drilling in the Barnett shale formation by measuring swelling in the axial and radial directions on the strain gages in submerged and non-submerged areas of the core sample. The study compares the two drilling fluids results: Oil-Based mud (OBM) and 7% KCl. The basic theories, experimental work, results, discussions and recommendations are demonstrated in following chapters.





































CHAPTER II
2. [bookmark: _Toc398741088]LITERATURE REVIEW 
[bookmark: _Toc387769616][bookmark: _Toc387769674]This chapter focuses on the theories and strategies of the swelling test in the shale formations and experimental works that have been done to minimize cost of drilling in shale formations. 
[bookmark: _Toc393064895][bookmark: _Toc396906647][bookmark: _Toc398741089]2.1. Water-Based fluid 
Oil-Based mud has always been the first option for drilling fluids in the shale formation because they are chemically inactive while drilling through shale formations. Due to increase of the cost of Oil-Based mud and being environmentally unfriendly, oil and gas companies want to change to an environmentally acceptable and less expensive drilling fluid, which is Water-Based drilling fluid. However, drilling in the shale formations using a Water-Based fluid can lead to many interactions between the drilling fluid and the shale formation causing shale to swell. 
Hong Huang et.al. (1998) studied shale swelling effect while using different types of drilling fluids. The drilling fluids used were KCl, CaCl2 and NaCl. The following assumptions were made in that study: 
1. Water-base drilling fluid with KCl, CaCl2 or NaCl.
2. No force driving ions.
3. Laminar radial flow. 
4. Slightly compressible fluid. 
5. Zero thickness membrane on wellbore wall that happen of salt rejection at wellbore wall and equilibrium.
6. The swelling by cation hydration is neglected because of water-wetted shale. The swelling is considered only by diffusion for double layer.
7. Only water-wetted and water saturation shale considered. 
8. Homogenous shale. 
9. Isothermal condition.
Figure 2-1 shows the effects of different types of drilling fluids, which are KCl, CaCl2, and NaCl on the pore pressure. KCl shows less effect on the pore pressure compared to the other two drilling fluids. CaCl2 and NaCl show more chemical activities than the KCl with the same salinity. 
[image: ]
[bookmark: _Toc398725328]Figure ‎2‑1 Pore pressure with different types of drilling fluids (Hong Huang et. al. 1998)
The swelling pressure with different types of drilling fluids is shown in Figure 2-2. The effect of CaCl2 is lower than KCl and NaCl on the swelling pressure. This happened because Ca has a valence of 2 and produces more resistance to clay swelling than cations Na and K. 
[image: ]
[bookmark: _Toc398725329]Figure ‎2‑2 Swelling Pressure with different types of drilling fluids (Hong Huang et. al. 1998)
Figure 2-3 shows the effects of chemical potential with different salinities on shale swelling pressure. It shows as the salinity increases, the swelling pressure decreases. The salinities of shale pore water and drilling fluid are 30% and zero, respectively, which causes increase in pore pressure up to 600 psi and the swelling pressure to 0.8 Mpa (116 psi). Additionally, a drilling fluid salinity of 40% is higher than the shale formation fluid salinity of 30% results in both swelling pressure and the pore pressure decrease. This means that as the salinity of the drilling fluid increases beyond that of the shale formation fluid, the swelling pressure and pore pressure decrease. 
[image: ]
[bookmark: _Toc398725330]Figure ‎2‑3 Swelling pressure with different salinities (Hong Huang et. al. 1998)
Hong Huang et.al. (1998) concluded that using drilling fluid with KCl shows less impact on the interaction with shale formation than the other drilling fluids. Hong Huang et.al. (1998) also, concluded that higher drilling fluid salinity is desirable for less swelling and pore pressure. 
[bookmark: _Toc396906648][bookmark: _Toc398741090]2.2. Oil-Based mud and Synthetic Oil 
Oil and gas companies usually drill troublesome shale formations with oil-Based mud because of fewer problems are associated with them. The industry justified that drilling with Oil-Based mud (OBM) shows better borehole stability, thermal stability, fluid loss, and lubricity. The problem with the Oil-Based mud is the cost and worldwide restrictions because it is not friendly to the environment. 
[bookmark: _Toc396906649][bookmark: _Toc398741091]2.3. Aqueous fluids  
Ewy and Stankovic. (2010) studied various aqueous fluids, which were applied to four different shale core samples to study the effect of swelling, time-dependent of pore pressure, and acoustic velocities under simulated downhole stress conditions. The mineralogy of the four shale samples is summarized in Table 2-1. 
Table 2-1 Mineralogy of shale (Ewy and Stankovic. 2010)
	Table 1- SUMMARIZED MINERALOGY OF THE STUDIED SHALE

	Shale
	Quartz
	Kspar +
Plagioclase
	Calcite + Mg-Cal
	Total
Carbonate
	Kaolinite
	Illite/Smectite
And Mica
	Total
Clay*

	A1
	38
	26
	11
	13
	1
	19
	22

	A2
	15
	3
	0
	2
	32
	41
	77

	N1
	19
	5
	0
	4
	31
	39
	72

	B1
	17
	5
	1
	1
	4
	66
	76

	· Total clay includes chlorite, berthierine, and serpentine.



For the swelling test on the four shale samples, axial and radial strains were recorded. This will determine the amount of swelling, anisotropy as a function of shale type, confining pressure, and fluid type.
Figure 2-4 shows the compressive strain on the N1 shale sample; recordings on the axial strain and radial strain were conducted. The N1 shale sample was exposed to 14.2% NaCl with confining pressure equal to 2000 psi. When the N1 shale sample was exposed to fluid pressure at 1000 psi, it swelled 0.73% axially and 0.55% radially. Thus, increasing the pore pressure in the N1 shale sample by almost 1000 psi results in a decrease in the effective confining stress approximately 1000 psi.
Nevertheless, when the fluid pressure and pore pressure were decreased to zero, swelling effect was not completely gone. This illustrates that some permanent, induced swelling happened when the N1 shale sample was exposed to fluid. 
At the end of the test, the confining pressure was lowered from 2000 to 500 psi and showed that swelling is a part of the pure elastic strain. Ewy and Stankovic. (2010) found that swelling in all of the shale samples is not very anisotropic. 
[image: ]
[bookmark: _Toc398725331]Figure ‎2‑4 Compressive strain vs. time (Ewy and Stankovic. 2010)
Another test was conducted by applying different types of fluid to the A2 shale sample and studying the effect of confining pressure on the axial swelling strain as shown in Figure 2-5.
Figure 2-5 shows the amount of swelling is a function of fluid type and confining pressure. The axial swelling strain is about 0.001 to 0.002 caused by increase of pore pressure equal to 1000 psi.
Figure 2-5 also shows that when the confining pressure is higher than 3000 to 3500 psi, no chemically induced swelling occurs such as the 31.7% CaCl2 at about 2000 psi. The highest swelling happened at 1.3% deionized water with a confining pressure of 1500 psi. Also, at the confining pressure of 1500 psi, KCl shows less swelling than deionized water. As a result, an increase of confining pressure would decrease the swelling of any type of fluid. These results would be similar for the N1 shale sample. 
[image: ]
[bookmark: _Toc398725332]Figure ‎2‑5 Confining pressure versus axial swelling strain with different types of fluids (Ewy and Stankovic. 2010)
Ewy and Stankovic. (2010) concluded that the results of the test show as the confining pressure increases the chemically induced swelling decreases or is prevented from happening even with non-inhibitive fluid like deionized water. Decreasing effective confining stress will result in increasing the amount of swelling below the threshold confining stress.
Also, it is noted that swelling in the axial strain is higher than in the radial strain, which is a problem for high deviated wells. Highly compacted shale shows higher swelling anisotropy than lower compacted shale. 
Shale samples shrinkage was not observed for all of the core samples that were exposed to KCl. The shrinkage was about 0.1% of the shale sample after it was exposed to fluid pressure. This is common for most shale samples except high-porosity gumbo shale that has been exposed to KCl with reduction of fluid pressure to zero. The net shrinkage was about 0.45% and 0.12% axially and radially, respectively.
[bookmark: _Toc396906650][bookmark: _Toc398741092]2.4. Shale-oil swelling 
Emadi et. al. (2013) studied swelling in shale-oil samples using distilled water and 7% KCl. They investigated the effects of swelling properties by using strain gages to measure the axial, lateral, and diagonal swelling in submerged and non-submerged areas. The strain gages recorded the swelling in six different points. Two strain gages were placed on the non-submerged area of the core. The other four strain gages were placed on the submerged areas in the drilling fluid. The shale-oil sample from Eagle ford shale consisted of 26% of clay, with the absorption less than 1% and water content of 0.65%. 
Figure 2-6 and Figure 2-7 show the displacement versus time in the distilled water and the 7% KCl, respectively. The results show the maximum and minimum swelling properties in the axial and in the radial, respectively, and the diagonal shows the average swelling between them. The radial strain displacement at the beginning is negative then it becomes positive. This happened because of the existence of natural fractures. 
[image: ]
[bookmark: _Toc398725333]Figure ‎2‑6 Displacement in the distilled water (Emadi et. al. 2013)

	
[image: ]
[bookmark: _Toc398725334]Figure ‎2‑7 Displacement in the 7% KCl (Emadi et. al. 2013)
The highest swelling rate for Node 4 is the axial swelling rate compared to the other swelling rates as shown in Figure 2-8. Also, the dominant swelling rate for Node 5 is the radial swelling rate compared to the other swelling rates as shown in Figure 2-9. The results from these two figures show swelling in different directions are varied. Therefore, finding the least swelling direction is important to minimize the swelling and less drilling problems in the shale-oil wells.
[image: ]
[bookmark: _Toc398725335]Figure ‎2‑8 Swelling rate versus time in distilled water Node 04 (Emadi et. al. 2013)
[image: ]
[bookmark: _Toc398725336]Figure ‎2‑9 Swelling rate versus time in distilled water Node 05 (Emadi et. al. 2013)
Figure 2-10 shows the swelling rate versus time in 7% KCl for Node 3. The result shows that maximum swelling occurs in the axial direction. It is illustrated that the swelling in 7% KCl is about half of the swelling in the distilled water. 
[image: ]
[bookmark: _Toc398725337]Figure ‎2‑10 Swelling rate versus time in 7% KCl Node 03 (Emadi et. al. 2013)
Emadi et. al. (2013) concluded that swelling in 7% KCl is about half the swelling in the distilled water. Therefore, using 7% KCl is better for drilling operations. The swelling is not essential for Eagle ford shale since the volume change due to swelling was 0.69% for water and 0.15% for 7% KCl. Thus, drilling in Eagle ford shale formation in the axial direction is recommended since the swelling rate is the same for different directions to the bedding. It is essential to find the minimum swelling direction to prevent drilling problems and minimize cost of drilling in shale formations.



CHAPTER III
3. [bookmark: _Toc398741093]ExPERIMENTAL SETUP
This chapter focuses on introducing the equipment and the procedure for swelling test experiments. The first section will explain the experimental equipment, and the second section will explain the swelling procedure. 
[bookmark: _Toc396906653][bookmark: _Toc398741094]3.1. Swelling Test Equipment 
The equipment and the requirements of the equipment for running swelling test experiments are discussed in this section. 
[bookmark: _Toc396906654][bookmark: _Toc398741095]3.1.1 Pre-Wired Strain Gage 
Pre-Wired strain gages were selected to measure swelling in the sample in sub-merged and non-sub-merged areas by using the Oil-Based mud and the Water-Based mud as shown in Figure 3-1. Strain gage measures the swelling in two different directions: axial and radial (0◦/90◦). The strain gages were provided by Omega. The strain gage model was KFH-3-350-D16-11L3M3S. 
[image: ]
[bookmark: _Toc398725338]Figure ‎3‑1 Pre-Wired Strain Gage.
[bookmark: _Toc396906655][bookmark: _Toc398741096]3.1.2 Epoxy 
The first step for preparing the core sample is to mix the epoxy before applying it to the core sample. Epoxy is used to allow the bondage between the core samples and the strain gages to give us better results. After putting the Epoxy on the core samples, it is best to keep the core samples at room temperature for 24 hours before using the strain gages to dry up the epoxy. M-Bond type 10 (Figure 3-2) and M-Bond adhesive resin type AE (Figure 3-3) are micro measurements were used to mix the epoxy. 
[image: ]
[bookmark: _Toc398725339]Figure ‎3‑2 M-Bond type 10.
[image: ]
[bookmark: _Toc398725340]Figure ‎3‑3 M-Bond adhesive resin type AE.
[bookmark: _Toc396906656][bookmark: _Toc398741097]3.1.3 M-PREP Conditioner and Neutralizer
M-PREP conditioner is used to remove the residual oil from the core sample as shown in Figure 3-4. M-PREP Neutralizer is used to remove the M-PREP conditioner and neutralize the surface of the core sample as shown in the figure 3-5. M-PREP Neutralizer and M-PREP conditioner give a better connection between the epoxy and the strain gages.  
[image: ]
[bookmark: _Toc398725341]Figure ‎3‑4 M-PREP Conditioner.
[bookmark: _Toc390015156][image: ]
[bookmark: _Toc398725342]Figure ‎3‑5 M PREP Neutralizer.
[bookmark: _Toc396906657][bookmark: _Toc398741098]3.1.4 Alcohol 
Alcohol (Figure 3-6) is used to clean the core sample surface. Also, it is used to remove any remaining residual oil from the surface of the core sample. It is applied to the epoxy after M-PREP conditioner and Neutralizer. 
[image: ]
[bookmark: _Toc398725343]Figure ‎3‑6 Alcohol.
[bookmark: _Toc396906658][bookmark: _Toc398741099]3.1.5 Super Glue 
Super glue (Figure 3-7) is used to mount the strain gage on the core sample. It stops the movement of the strain gages during running the experiment. Super glue is applied by pressing on the strain gage for one minute to make sure the strain gage mounts on the core sample. 
[image: ]
[bookmark: _Toc398725344]Figure ‎3‑7 Super Glue.
[bookmark: _Toc396906659][bookmark: _Toc398741100]3.1.6 Silicon 
Silicon is used to protect the strain gage on the sub-merged area of the core sample as shown in Figure 3-8. It provides insulation between the fluid and the core sample during running the experiment and is removable from the core sample. 
[image: ]
[bookmark: _Toc398725345]Figure ‎3‑8 Silicon.
[bookmark: _Toc396906660][bookmark: _Toc398741101]3.1.7 V-Shay Data Acquisition System 
The V-Shay Data Acquisition System was used to gather the data from all strain gages mounted on the core samples as shown in Figure 3-9. This system recorded the data from six different strain gages every second. The V-Shay system has 20 channels to gather the data from 20 different strain gages. For this experiment, only 12 channels were used to record the data from the swelling test experiment.
[image: ]
[bookmark: _Toc398725346]Figure ‎3‑9 V- Shay Data Acquisition System.
[bookmark: _Toc396906661][bookmark: _Toc398741102]3.2. Swelling Test Procedure 
The procedure for running the swelling test experiment is described below.
1. Prepare a 1.5 inch width by 3 inch length core sample. 
2. Place 15 ml of M-Bond type 10 into M-Bond adhesive resin type AE. Then stir for 5 minutes to prepare the epoxy. 
3. Put the epoxy on the areas of the core sample which the strain gages will be mounted. Spread the epoxy on the core sample to get a good bondage between the strain gage and the core sample. 
4.  Wait for 12 hours before mounting the strain gages on the epoxy to allow the epoxy to dry.
5. Clean the 6 different epoxies’ areas with M-PREP conditioner, M-PREP neutralizer and alcohol. Then wait until the mixture dries. 
6. Connect the strain gages using super glue. Press on the strain gage for one minute to make sure the strain gage mounts on the core sample. 
7. Put the silicon on all strain gages to protect the strain gages on the sub-merged area of the core sample. Wait for 24 hours to allow the silicon to dry. 
8. Connect all 12 strain gages to the V-Shay Acquisition System. 
9. Put the core sample with the stain gages inside the vessel. The fluid will be poured afterwards.  
10. Pour the fluid inside the vessel to the desired level. 
11. Cover the top of the vessel with aluminum foil to prevent vaporization. Therefore, the fluid will remain constant during running the experiment. 
12. Calibrate the 12 strain gages.
13. Record the data using the V-Shay Acquisition System.
14. Run each swelling test for 7 days while checking it daily. 
15. Stop the V-Shay Acquisition System, and save and collect the data.
16. Disconnect the strain gages from the V-Shay Acquisition System. 
17. Remove all the silicon, strain gages, and epoxy from every core sample.       
 
CHAPTER IV
4. [bookmark: _Toc398741103]RESULTS AND DISCUSSION 
In this chapter, the results and the discussion of swelling test experiments on commercial Barnett core samples are presented. The chapter divided into two parts: the first part is OBM results, and the second part is WBM results and their discussions. This chapter will explain the differences between using OBM and WBM in Barnett formation. 
[bookmark: _Toc396906664][bookmark: _Toc398741104]4.1. Experimental Results-Commercial Barnett core samples
The experimental results of commercial Barnett core samples are presented in this section. Two drilling fluids were used for the swelling test. The first drilling fluid used was OBM, and the second drilling fluid used was 7% KCl.
[bookmark: _Toc396906665][bookmark: _Toc398741105]4.1.1 Core Characterization
The core samples from the Barnett formation were selected to run the swelling test. All of the core samples were 1.5 inch width by 3 inch length. Three core samples were tested in 7% KCl fluid, and three core samples were tested in OBM fluid. All of the core samples were prepared based on the requirements of American Society for Testing Materials ASTM D-2938. 
[bookmark: _Toc396904761][bookmark: _Toc397951500]To run the swelling test on the core samples, half of samples were submerged in the drilling fluid for seven days while six different strain gages recording the swelling: two strain gages were not submerged and four strain gages were submerged inside the drilling fluid as shown in Figure 4-1.  
[image: ]
[bookmark: _Toc398725347]Figure ‎4‑1 Location of strain gages.
All of the core samples were placed in the environmental chamber for seven days to have a constant temperature of 24 ◦C as shown in Figure 4-3. To finish the swelling test experiment, the core sample was placed inside the drilling fluid. Figure 4-2 shows the core sample before the strain gages were placed on the core sample and before the swelling test was conducted inside the OBM fluid. 
5. [image: ]
[bookmark: _Toc398725348]Figure ‎4‑2 Barnett Core Sample.
6. [image: ]
[bookmark: _Toc398725349]Figure ‎4‑3 Environmental Chamber.
The swelling tests were conducted on six core samples half submerged in two different drilling fluids, Oil-Based mud and 7% KCl. Six strain gages were mounted on the core sample to collect data; two strain gages were not submerged and four strain gages were submerged. Every stacked rosette has two strain gages, which allows swelling to be measured in different directions axially and radially (0°/90°). The locations of strain gages were referred to as nodes for easier identification of the swelling locations as shown in Figure 4-4.
7. 
[bookmark: _Toc398725350]Figure ‎4‑4 Locations of the nodes were submerged in both OBM and 7% KCl.
[bookmark: _Toc396906666][bookmark: _Toc398741106]4.1.2 Swelling Test Results-Oil Based Mud
This section presents the swelling results of commercial Barnett shale oil samples using Oil-Based Mud.
8. [image: ]
[bookmark: _Toc398725351]Figure ‎4‑5 Node #01- Displacement- OBM- Perpendicular.
9. [image: ]
[bookmark: _Toc398725352]Figure ‎4‑6 Node #01- Swelling Rate- OBM- Perpendicular.
10. [image: ]
[bookmark: _Toc396904767][bookmark: _Toc398725353]Figure ‎4‑7 Node #02- Displacement- OBM- Perpendicular.
11. [image: ]
[bookmark: _Toc396904768][bookmark: _Toc398725354]Figure ‎4‑8 Node #02- Swelling Rate- OBM- Perpendicular.
12. [image: ]
[bookmark: _Toc396904769][bookmark: _Toc398725355]Figure ‎4‑9 Node #03- Displacement- OBM- Perpendicular.
13. [image: ]
[bookmark: _Toc396904770][bookmark: _Toc398725356]Figure ‎4‑10 Node #03- Swelling Rate- OBM- Perpendicular.
14. [image: ]
[bookmark: _Toc396904771][bookmark: _Toc398725357]Figure ‎4‑11 Node #04- Displacement- OBM- Perpendicular.
15. [image: ]
[bookmark: _Toc396904772][bookmark: _Toc398725358]Figure ‎4‑12 Node #04- Swelling Rate- OBM- Perpendicular.
16. [image: ]
[bookmark: _Toc396904773][bookmark: _Toc398725359]Figure ‎4‑13 Node #05- Displacement- OBM- Perpendicular.
17. [image: ]
[bookmark: _Toc396904774][bookmark: _Toc398725360]Figure ‎4‑14 Node #05- Swelling Rate- OBM- Perpendicular.
18. [image: ]
[bookmark: _Toc396904775][bookmark: _Toc398725361]Figure ‎4‑15 Node #06- Displacement- OBM- Perpendicular.
19. [image: ]
[bookmark: _Toc396904776][bookmark: _Toc398725362]Figure ‎4‑16 Node #06- Swelling Rate- OBM- Perpendicular.
20. [image: ]
[bookmark: _Toc396904777][bookmark: _Toc398725363]Figure ‎4‑17 Swelling Ratio- OBM- Perpendicular.
21. [image: ]
[bookmark: _Toc396904778][bookmark: _Toc398725364]Figure ‎4‑18 Node #01- Displacement- OBM- Parallel.
22. [image: ]
[bookmark: _Toc396904779][bookmark: _Toc398725365]Figure ‎4‑19 Node #01- Swelling Rate- OBM- Parallel.
23. [image: ]
[bookmark: _Toc396904780][bookmark: _Toc398725366]Figure ‎4‑20 Node #02- Displacement- OBM- Parallel.
24. [image: ]
[bookmark: _Toc396904781][bookmark: _Toc398725367]Figure ‎4‑21 Node #02- Swelling Rate- OBM- Parallel.
25. [image: ]
[bookmark: _Toc396904782][bookmark: _Toc398725368]Figure ‎4‑22 Node #03- Displacement- OBM- Parallel.
26. [image: ]
[bookmark: _Toc396904783][bookmark: _Toc398725369]Figure ‎4‑23 Node #03- Swelling Rate- OBM- Parallel.
27. [image: ]
[bookmark: _Toc396904784][bookmark: _Toc398725370]Figure ‎4‑24 Node #04- Displacement- OBM- Parallel.
28. [image: ]
[bookmark: _Toc396904785][bookmark: _Toc398725371]Figure ‎4‑25 Node #04- Swelling Rate- OBM- Parallel.
29. [image: ]
[bookmark: _Toc396904786][bookmark: _Toc398725372]Figure ‎4‑26 Node #05- Displacement- OBM- Parallel.
30. [image: ]
[bookmark: _Toc396904787][bookmark: _Toc398725373]Figure ‎4‑27 Node #05- Swelling Rate- OBM- Parallel.
31. [image: ]
[bookmark: _Toc396904788][bookmark: _Toc398725374]Figure ‎4‑28 Node #06- Displacement- OBM- Parallel.
32. [image: ]
[bookmark: _Toc396904789][bookmark: _Toc398725375]Figure ‎4‑29 Node #06- Swelling Rate- OBM- Parallel.
33. [image: ]
[bookmark: _Toc396904790][bookmark: _Toc398725376]Figure ‎4‑30 Swelling Ratio- OBM- Parallel.
34. [image: ]
[bookmark: _Toc396904791][bookmark: _Toc398725377]Figure ‎4‑31 Node #01- Displacement- OBM- Diagonal.
35. [image: ]
[bookmark: _Toc396904792][bookmark: _Toc398725378]Figure ‎4‑32 Node #01- Swelling Rate- OBM- Diagonal.
36. [image: ]
[bookmark: _Toc396904793][bookmark: _Toc398725379]Figure ‎4‑33 Node #02- Displacement- OBM- Diagonal.
37. [image: ]
[bookmark: _Toc396904794][bookmark: _Toc398725380]Figure ‎4‑34 Node #02- Swelling Rate- OBM- Diagonal.
38. [image: ]
[bookmark: _Toc396904795][bookmark: _Toc398725381]Figure ‎4‑35 Node #03- Displacement- OBM- Diagonal.
39. [image: ]
[bookmark: _Toc396904796][bookmark: _Toc398725382]Figure ‎4‑36 Node #03- Swelling Rate- OBM- Diagonal.
40. [image: ]
[bookmark: _Toc396904797][bookmark: _Toc398725383]Figure ‎4‑37 Node #04- Displacement- OBM- Diagonal.
41. [image: ]
[bookmark: _Toc396904798][bookmark: _Toc398725384]Figure ‎4‑38 Node #04- Swelling Rate- OBM- Diagonal.
42. [image: ]
[bookmark: _Toc396904799][bookmark: _Toc398725385]Figure ‎4‑39 Node #05- Displacement- OBM- Diagonal.
43. [image: ]
[bookmark: _Toc396904800][bookmark: _Toc398725386]Figure ‎4‑40 Node #05- Swelling Rate- OBM- Diagonal.
44. [image: ]
[bookmark: _Toc396904801][bookmark: _Toc398725387]Figure ‎4‑41 Node #06- Displacement- OBM- Diagonal.
45. [image: ]
[bookmark: _Toc396904802][bookmark: _Toc398725388]Figure ‎4‑42 Node #06- Swelling Rate- OBM- Diagonal. 
46. [image: ]
[bookmark: _Toc396904803][bookmark: _Toc398725389]Figure ‎4‑43 Swelling Ratio- OBM- Diagonal.
In the first three tests (OBM), displacements due to swelling in all of the nodes were negative at very early stages (Figure 4-5, Figure 4-7, Figure 4-9, Figure 4-11, Figure 4-13, Figure 4-15, Figure 4-18, Figure 4-20, Figure 4-22, Figure 4-24, Figure 4-26, Figure 4-28, Figure 4-31, Figure 4-33, Figure 4-35, Figure 4-37, Figure 4-39, and Figure 4-41). Reading negative values for all of the nodes inside and outside the OBM fluid might last up to 10 and 60 hours, respectively. At the beginning of the OBM results, shrinkage was noticed. This happened because of the wettability properties of the entire core samples, which results in oil absorption that pushes initial water content away. After the core samples absorbed more oil, they started to read positive values. Swelling rates in all directions were positive during first 35 hours, but then they dropped and became fairly constant after almost two days (Figure 4-6, Figure 4-8, Figure 4-10, Figure 4-12, Figure 4-14, Figure 4-16, Figure 4-19, Figure 4-21, Figure 4-23, Figure 4-25, Figure 4-27, Figure 4-29, Figure 4-32, Figure 4-34, Figure 4-36, Figure 4-38, Figure 4-40, and Figure 4-42). All of the swelling ratios (the ratio of radial strain to axial strain) for all of the three experiments in the OBM were almost the same (Figure 4-17, Figure 4-30, and Figure 4-43). Maximum swelling happened in the core sample, which was parallel to the bedding, while minimum swelling was perpendicular to the bedding. Maximum and minimum swellings at the end of the tests were 0.042% and 0.034%, respectively.
[bookmark: _Toc396906667][bookmark: _Toc398741107]4.1.3 Swelling Test Results- 7% KCl 
This section presents the swelling results of commercial Barnett shale oil samples using 7% KCl.
47. [image: ]
[bookmark: _Toc396904804][bookmark: _Toc398725390]Figure ‎4‑44 Node #01- Displacement- 7% KCl- Perpendicular.
48. [image: ]
[bookmark: _Toc396904805][bookmark: _Toc398725391]Figure ‎4‑45 Node #01- Swelling Rate- 7% KCl- Perpendicular.
49. [image: ]
[bookmark: _Toc396904806][bookmark: _Toc398725392]Figure ‎4‑46 Node #02- Displacement- 7% KCl- Perpendicular.
50. [image: ]
[bookmark: _Toc396904807][bookmark: _Toc398725393]Figure ‎4‑47 Node #02- Swelling Rate- 7% KCl- Perpendicular.
51. [image: ]
[bookmark: _Toc396904808][bookmark: _Toc398725394]Figure ‎4‑48 Node #03- Displacement- 7% KCl- Perpendicular.
52. [image: ]
[bookmark: _Toc396904809][bookmark: _Toc398725395]Figure ‎4‑49 Node #03- Swelling Rate- 7% KCl- Perpendicular.
53. [image: ]
[bookmark: _Toc396904810][bookmark: _Toc398725396]Figure ‎4‑50 Node #04- Displacement- 7% KCl- Perpendicular.
54. [image: ]
[bookmark: _Toc396904811][bookmark: _Toc398725397]Figure ‎4‑51 Node #04- Swelling Rate- 7% KCl- Perpendicular.
55. [image: ]
[bookmark: _Toc396904812][bookmark: _Toc398725398]Figure ‎4‑52 Node #05- Displacement- 7% KCl- Perpendicular.
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[bookmark: _Toc396904813][bookmark: _Toc398725399]Figure ‎4‑53 Node #05- Swelling Rate- 7% KCl- Perpendicular.
56. [image: ]
[bookmark: _Toc396904814][bookmark: _Toc398725400]Figure ‎4‑54 Node #06- Displacement- 7% KCl- Perpendicular.
57. [image: ]
[bookmark: _Toc396904815][bookmark: _Toc398725401]Figure ‎4‑55 Node #06- Swelling Rate- 7% KCl- Perpendicular.
58. [image: ]
[bookmark: _Toc396904816][bookmark: _Toc398725402]Figure ‎4‑56 Swelling Ratio- 7% KCl- Perpendicular.
59. [image: ]
[bookmark: _Toc396904817][bookmark: _Toc398725403]Figure ‎4‑57 Node #01- Displacement- 7% KCl- Parallel.
60. [image: ]
[bookmark: _Toc396904818][bookmark: _Toc398725404]Figure ‎4‑58 Node #01- Swelling Rate- 7% KCl- Parallel.
61. [image: ]
[bookmark: _Toc396904819][bookmark: _Toc398725405]Figure ‎4‑59 Node #02- Displacement- 7% KCl- Parallel.
62. [image: ]
[bookmark: _Toc396904820][bookmark: _Toc398725406]Figure ‎4‑60 Node #02- Swelling Rate- 7% KCl- Parallel.
63. [image: ]
[bookmark: _Toc396904821][bookmark: _Toc398725407]Figure ‎4‑61 Node #03- Displacement- 7% KCl- Parallel.
64. [image: ]
[bookmark: _Toc396904822][bookmark: _Toc398725408]Figure ‎4‑62 Node #03- Swelling Rate- 7% KCl- Parallel.
65. [image: ]
[bookmark: _Toc396904823][bookmark: _Toc398725409]Figure ‎4‑63 Node #04- Displacement- 7% KCl- Parallel.
66. [image: ]
[bookmark: _Toc396904824][bookmark: _Toc398725410]Figure ‎4‑64 Node #04- Swelling Rate- 7% KCl- Parallel.
67. [image: ]
[bookmark: _Toc396904825][bookmark: _Toc398725411]Figure ‎4‑65 Node #05- Displacement- 7% KCl- Parallel.
68. 
69. [image: ]
[bookmark: _Toc396904826][bookmark: _Toc398725412]Figure ‎4‑66 Node #05- Swelling Rate- 7% KCl- Parallel.
70. [image: ]
[bookmark: _Toc396904827][bookmark: _Toc398725413]Figure ‎4‑67 Node #06- Displacement- 7% KCl- Parallel.
71. [image: ]
[bookmark: _Toc396904828][bookmark: _Toc398725414]Figure ‎4‑68 Node #06- Swelling Rate- 7% KCl- Parallel.
72. [image: ]
[bookmark: _Toc396904829][bookmark: _Toc398725415]Figure ‎4‑69 Swelling Ratio- 7% KCl- Parallel.
73. 
74. [image: ]
[bookmark: _Toc396904830][bookmark: _Toc398725416]Figure ‎4‑70 Node #01- Displacement- 7% KCl- Diagonal.
75. [image: ]
[bookmark: _Toc396904831][bookmark: _Toc398725417]Figure ‎4‑71 Node #01- Swelling Rate- 7% KCl- Diagonal.
76. [image: ]
[bookmark: _Toc396904832][bookmark: _Toc398725418]Figure ‎4‑72 Node #02- Displacement- 7% KCl- Diagonal.
77. [image: ]
[bookmark: _Toc396904833][bookmark: _Toc398725419]Figure ‎4‑73 Node #02- Swelling Rate- 7% KCl- Diagonal.
78. [image: ]
[bookmark: _Toc396904834][bookmark: _Toc398725420]Figure ‎4‑74 Node #03- Displacement- 7% KCl- Diagonal.
79. [image: ]
[bookmark: _Toc396904835][bookmark: _Toc398725421]Figure ‎4‑75 Node #03- Swelling Rate- 7% KCl- Diagonal.
80. [image: ]
[bookmark: _Toc396904836][bookmark: _Toc398725422]Figure ‎4‑76 Node #04- Displacement- 7% KCl- Diagonal.
81. [image: ]
[bookmark: _Toc396904837][bookmark: _Toc398725423]Figure ‎4‑77 Node #04- Swelling Rate- 7% KCl- Diagonal.
82. [image: ]
[bookmark: _Toc396904838][bookmark: _Toc398725424]Figure ‎4‑78 Node #05- Displacement- 7% KCl- Diagonal.
83. [image: ]
[bookmark: _Toc396904839][bookmark: _Toc398725425]Figure ‎4‑79 Node #05- Swelling Rate- 7% KCl- Diagonal.
84. [image: ]
[bookmark: _Toc396904840][bookmark: _Toc398725426]Figure ‎4‑80 Node #06- Displacement- 7% KCl- Diagonal.
85. [image: ]
[bookmark: _Toc396904841][bookmark: _Toc398725427]Figure ‎4‑81 Node #06- Swelling Rate- 7% KCl- Diagonal.
86. [image: ]
[bookmark: _Toc396904842][bookmark: _Toc398725428]Figure ‎4‑82 Swelling Ratio- 7% KCl- Diagonal.
In the last three tests (7% KCl), swelling in all directions stabilized after 30 hours approximately (Figure 4-44, Figure 4-46, Figure 4-48, Figure 4-50, Figure 4-52, Figure 4-54, Figure 4-57, Figure 4-59, Figure 4-61, Figure 4-63, Figure 4-65, Figure 4-67, Figure 4-70, Figure 4-72, Figure 4-74, Figure 4-76, Figure 4-78, and Figure 4-80). Swelling rates in all directions were high during first 40 hours, but then they dropped and became nearly constant after almost two days (Figure 4-45, Figure 4-47, Figure 4-49, Figure 4-51, Figure 4-53, Figure 4-55, Figure 4-58, Figure 4-60, Figure 4-62, Figure 4-64, Figure 4-66, Figure 4-68, Figure 4-71, Figure 4-73, Figure 4-75, Figure 4-77, Figure 4-79, and Figure 4-81). At the beginning of the 7% KCl results, shrinkage was noticed. This happened because of either the effect of temperature or the existence of natural fractures. All of the swelling ratios (the ratio of radial strain to axial strain) for all of the three experiments in the 7%KCl were almost the same (Figure 4-56, Figure 4-69, and Figure 4-82).Similar to the first three experiments, which were run in OBM, maximum swelling happened in the core sample, which was parallel to the bedding, while minimum swelling was perpendicular to the bedding, respectively. Maximum and minimum swellings at the end of the tests were 0.44% and 0.25%, respectively.
The results of the two different fluids (OBM and 7% KCl) show that using OBM as drilling fluid causes less wellbore stability problems in matters of swelling. The maximum and minimum swelling occurred parallel and perpendicular to the bedding. Therefore, drilling perpendicular to the bedding will provide a more stable wellbore in terms of swelling. 




















CHAPTER V
87. [bookmark: _Toc398741108]CONCLUSIONS AND RECOMMENDATIONS
The conclusions and recommendations for the swelling test experiments are presented in this chapter. 
[bookmark: _Toc396906670][bookmark: _Toc398741109]5.1. Conclusions 
The conclusions were taken from the data gathering, data analysis, and tests discussions.
1. The results of the experiments show that swelling is not very important in the Barnett shale formation. 
2. Maximum volume change due to swelling was 0.44% using 7% KCl and 0.042% using OBM. 
3. Minimum volume change due to swelling was 0.27% using 7% KCl and 0.034% using OBM.
4. The maximum and minimum swelling occur parallel and perpendicular to the bedding planes, respectively. Therefore, drilling perpendicular to the bedding provide a more stable wellbore in terms of swelling.
5. The OBM results show 90% less swelling compared to the 7% KCl results. Thus, using OBM as a drilling fluid in Barnett shale formation would cause less wellbore stability problems in matters of swelling. 
6. At the beginning of the OBM results, shrinkage was noticed. This happened because of the wettability properties of the core samples, which results in absorbing oil and losing initial water content. 
[bookmark: _Toc396906671][bookmark: _Toc398741110]5.2. Recommendations
1. It is recommended getting actual core samples in different directions including perpendicular, parallel, and diagonal to the bedding. Then run the swelling test to find out the best possible path for drilling wells with the least wellbore stability problems. 
2. Additionally, it is recommended running the commercial core samples on Uniaxial Compressive Strength (UCS) to observe the effects of both of the Oil-Based mud (OBM) and the Water-Based mud (WBM). 
3. Lastly, it is recommended running more experiments on actual core samples using Water-Based mud (WBM) with different additives like Sodium Chloride (NaCl) and comparing the results with OBM and 7% KCl to get the best possible drilling fluid that minimizes the swelling in shale oil formation and consequently wellbore stability problems.




















[bookmark: _Toc398741111]NOMENCLATURE
ASTM             American Society for Testing and Materials
CEC                 Cation Exchange Capacity
E                      Young’s modulus 
OBM               Oil-Based Mud 
UCS                Uniaxial Compressive Strength, psi
WBM              Water-Based Mud
ν                       Poisson’s Ratio 
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Fig. 7—Pore-pressure response for B1 shale exposed to deion-
ized water, with different confining and fluid pressures.

the test. The pressure difference is always in the range 90-110 psi,
except when it rises to approximately 120 psi when the fluid pressure
is equal to 2,000 psi. Also note that changing the confining pres-
sure results in an immediate change in pore pressure (the undrained
loading response), but that the pore pressure then re-equilibrates the
value determined by the combined hydraulic and chemical forces.
Total fluid exposure time in this test was almost 9 days.

A similar test on Shale A2 revealed the same type of behavior
as described above. Thus, for these shales and for these ranges of
confining pressure and fluid pressure, the pressure difference is
relatively constant.

350
Time (h)

Fig. 8—Strain perpendicular (axial) and parallel (radial) to
bedding for N1 shale exposed to 14.2% NaCl (CP = confining
pressure, FP = fluid pressure).

swelling occurs (see next subsection). The implication is that this
swelling relieves part of the excess pore pressure in the sample
(Ewy et al. 2001).

Swelling. During all tests, measurements of axial (perpendicular to
bedding) strain and radial (parallel to bedding) strain were collected.
‘This allows determination of swelling magnitude and swelling anisot-
ropy as a function of shale type, fluid type, and confining pressure.
Chemically Induced Swelling. Example strain records are
shown in Fig. 8, for N1 shale exposed to 14.20% NaCl (Sample
NI-1-E). This test was performed with confining pressure equal
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water at 1.000-psi pressure was placed in contact with the top
of the sample. After a lag of approximately 140 hours, the pore
pressure at the base of the sample began to rise. The pore pressure
rose above the applied water pressure of 1,000 psi and eventu-
ally attained an equilibrium value of approximately 1.800 psi, or
approximately 800 psi greater than the applied fluid pressure. The
very slow pore pressure response in this sample is because of its
extremely low permeability (< 0.1 nd).

Decreasing the confining pressure to 2,000 psi caused a tempo-
rary drop in pore pressure (the undrained loading effect), followed
by’a slow rise in pore pressure back up to approximately 1400 psi.
Dropping the applied fluid pressure from 1,000 psi to zero caused
a slow drop in pore pressure of approximately 1,000 psi, from
approximately 1,400 to 380 psi. Finally, decreasing the confining
pressure to 500 psi caused a slightly negative value of pore pres-
sure, which then rose back to approximately 40 psi.

If the activity of this native-state sample remained approxi-
‘mately 0.75 when it was placed under 3,000-psi confining pressure,
then the observed pressure difference of negative 800 psi implies
a membrane efficiency of 0.14 (using Eq. 1). Tests on BI shale
using NaCl brines confirm a membrane efficiency of roughly this
magnitude, although tests using other brines suggest membrane
efficiencies of approximately 0.25 and perhaps higher.

Fig. 6 shows that pressure difference is not affected by confin-
ing pressure, if pore pressure is less than fluid pressure. In contrast,
Fig. 7 shows that, if pore pressure is greater than fluid pressure,
then the pressure difference is a function of confining pressure.
When confining pressure was dropped from 3,000 to 2,000 psi,
the pressure difference changed from negative 800 psi to negative
400 psi. If confining pressure is lowered, then additional sample

June 2010 SPE Drilling & Completion

Sign  Comment

ﬁmng pmsme was reduced {0 500 psi. This resulted in additional
swelling, again part of which is pure elastic strain.

‘The ratio of radial strain to axial strain upon fluid exposure
(0.55/0.73) is 0.75. This is a fairly typical ratio observed on Shales
NI and A2. The swelling is not highly anisotropic for these shales.

Effect of Confining Pressure and Fluid Type. Fig. 9 compiles,
for A2 shale, the axial swelling that occurred upon fluid exposure

g
2
2

18.9%KCH
Fluid
1424 NaC!
swonwo  Appied
toShale

Confining Pressure (psi)

Fig. 9—Swelling perpendicular to bedding upon exposure of
A2 samples to different fluids at 1,000-psi pressure. Approxi-
mately 0.001-0.002 swelling strain is caused by effective-stress
decrease.
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