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Abstract. 
Downhole casing and tubing are subjected to corrosion in many cases because of the exposure to corrosive environment. A more serious problem is that pitting corrosion occurs in the casing inner surface. Meanwhile, downhole strings are subjected to various forms of mechanical loads, for example, internal pressure load, external collapse load, or both. These loads acting on the corrosion pits will cause stress concentration and degrade the casing strength. Thus, it is essential to evaluate the stress concentration degree reasonably. The SCF (stress concentration factor) is usually used to characterize the degree of stress concentration induced by corrosion pits. This paper presented a comparison on the SCFs regarding the analytical method for a single pit and experimental method for double pits. The results show that the SCF of a single pit depends mainly on the depth of the corrosion pit; however, the SCF of the double pits strongly depends on the pits distance. A correction factor of 1.3 was recommended in the double pits SCF prediction model.



1. Introduction
Stress concentration is a stress increasing phenomenon in which geometric shapes, such as cavities and grooves, cause stress to change dramatically. The magnification of the stress concentration usually is expressed by the elastic stress concentration factor (SCF). SCF calculation model could be divided into two types: one is considered as a semi-infinite body having a hemispherical pit located on the plane’s surface. This problem was systematically presented by Murakami in the 1980s [1], and he gave the analytical solution. Another model is an infinite diameter cylinder with a spherical cavity, where at the weakest section (excluding the spherical cavity) Timoshenko theory can be used [2] to calculate the SCF. Typical corrosion pits in the tubing inner surface are shown in Figure 1, including double hemispherical pits and multiple pits.




	
	
		
			
				
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
	


Figure 1: Typical pitting corrosion in tubing inner surface.


Based on the stress distribution calculation model of spherical defect in infinite radius cylinder, as shown in Figure 2, the cross profile diagram is shown in Figure 3.




	
	
		
		
		
			
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: A circular cylinder with a center spherical cavity.






	
	
		
		
		
		
		
			
		
		
			
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
	


Figure 3: Spherical cavity in the casing inner surface.


According to the theory of elasticity, with the infinite boundary problem , in - plane, excluding the defect, the axial load  can be calculated as follows [2]:where  is Poisson’s ratio;  is the radius of the pit;  is the distance to the center of the corrosion pit.
Maximum stress  appears on the intersecting circumference between the cross sections through the center of the pit and the surface of the pit. When , the maximum axial stress isThe stress concentration factor can be defined asThis is different from the plane stress/strain problems; stress is related to Poisson’s ratio; the relationship between stress concentration factor and Poisson’s ratio is shown in Figure 4. However, Poisson’s ratio of steel is between 0.25 and 0.3, which has a small influence on stress concentration factor.




	
	
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 4: The relationship between the stress concentration factor and Poisson’s ratio.


Researchers divide the spherical corrosion defects into three categories: shallow-spherical, exact-hemispherical, and deep-spherical defects. The term shallow-spherical refers to the depth of the pit less than the openings radius of the pit; that is ; the term exact-hemispherical refers to ; and the term deep-hemispherical refers to . Sun et al. [3] calculated stress concentration factors of three types of corrosion pits, on the basis of the stress concentration factor calculation method of hemispherical pit in casing proposed by Wang [4]. It needs to be stressed that the three models of stress concentration plot curves are similar except for a slight difference in the case of small depth of pits. This paper used the exact-hemispherical  model to give a demonstration (Figure 5).




	
	
		
		
		
		
		
		
		
		
			
		
		
		
			
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
			
		
		
		
			
		
		
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 5: Exact-hemispherical corrosion pit.


The revised model of an exact-hemispherical defect SCF is given as follows [5, 6]: wherewhere  is Poisson’s ratio of metal;  is the radius of the pit;  is the wall thickness.
Based on the formulas presented by Wang [4], take the casing of API 9-5/8′′  ×  11.99 mm as an example, assuming the diameters of pits are  = 3 mm,  = 6 mm, and  = 9 mm, respectively ( refers to the opening of the corrosion pit, which is equal to 2 in Figure 5). The SCF of spherical defects changes with the depth of pits as shown in Figure 6.




	
	
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
		
			
		
		
	


Figure 6: SCF change with the depth of corrosion pit.


The results show that the SCF of corrosion pits mainly depends on the depth of corrosion pits, and the opening diameter has a little effect on SCF. Usually, the SCF of 2.0 is chosen as an approximate value for most stress concentration calculation cases.
2. Stress Concentration Enhanced by Double Pits
ASME B31G standard [7] recommends that when the critical distance is more than 2.54 cm (1 inch), the stress distributions of the two corrosion pits do not affect each other. In fact, multipoint corrosion usually occurs in downhole string; the distance between pits is often less than 2.54 cm, as shown in Figure 1. There are multiple corrosion pits along the pipe length direction. When corrosion pits are relatively close, the stress influence between corrosion pits must be considered.
Wang and Yang [8] studied the stress concentration enhanced effect of shallow hemispherical double pits in the plate surface by three-dimensional photoelastic technique. Experimental material is epoxy resin, the size of the plate is 140 × 70 × 20 mm, opening diameter is 30 mm, depth of pit is 8 mm, Poisson’s ratio is , and the ratios of  (the center distance of the two pits to the pits radius) were 3.0, 2.0, 1.5, and 1.0, respectively. Tensile load was applied in the -axis direction, as shown in Figure 7. Stress concentration factor along the pit surface curve was obtained by slicing parallel to the - plane after stress freezing. The testing results are shown in Table 1.
Table 1: Results of photoelastic experiment.
	

	Category 	Center distance ratio	Outer edges	Pits bottom	Junction 	
				Average			Average
	

	Single pit	0	1.22	1.20	1.21	 	 	1.93	 	1.93
	Double pits	1.0	1.72	1.65	1.68	2.26	2.26	2.26	2.40	2.40
	1.5	1.75	1.72	1.74	2.42	2.37	2.40	2.83	2.83
	2.0	1.55	1.52	1.54	2.22	2.23	2.23	2.79	2.79
	3.0	1.50	1.45	1.48	2.05	2.12	2.09	1.30	2.09
	







	
	
		
		
		
		
			
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
		
		
			
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 7: Shallow-spherical double pits stress concentration photoelastic experiment model.


 In Table 1, the results are obtained by testing a photoelastic material where Poisson’s ratio is 0.47. According to W. D. Pilkey and D. F. Pilkey’s study [6], the relationship between Poisson’s ratio of material and SCF can be calculated by the following formula:where  is stress concentration factor of the target material;  is Poisson’s ratio of the target material;  is stress concentration factor of the known material;  is Poisson’s ratio of the known material.
Poisson’s ratio of oil casing steel is 0.28 (), and the calculated stress concentration factors of steel are shown in Table 2.
Table 2: Double pits stress concentration factor of steel (calculated).
	

	Category 	Center distance ratio	Outer edges	Pits bottom	Junction 	
				Average			Average
	

	Single pit	0	1.10	1.09	1.09	 	 	1.75	 	1.75
	Double pits	1	1.56	1.49	1.52	2.04	2.04	2.04	2.17	2.17
	1.5	1.58	1.56	1.57	2.19	2.14	2.17	2.56	2.56
	2	1.40	1.37	1.39	2.01	2.02	2.02	2.52	2.52
	3	1.36	1.31	1.34	1.85	1.92	1.89	1.18	1.89
	



According to the SCF values in Table 2, the corresponding curves are shown in Figure 8. The stress concentration at the outer edges of double pits is less affected by the center distance of double pits; stress concentration factor basically remains below 1.5. The SCFs at the double pits bottom are higher than at the single pit bottom; the SCF values are 1.75. Stress values on the bottom are increased after the double pits intersection. When the two pits are far from each other ( = 3.0), maximum stress appears at the pits bottom; when two pits move closer (tangential with  = 2.0 or intersecting with  = 1.5), both of the bottom stress and the edge stress are increased. The maximum stress appears at the tangency line (intersection line). This is due to the sudden shape changing in the cross section. However, when the two pits get closer ( = 1.0), the stresses are decreased both at the intersection line and at the pits bottoms. The maximum stress still appears at the tangency line.




	
	
		
			
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
				
				
				
					
			
			
				
				
					
				
					
			
			
				
				
				
					
			
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
	


Figure 8: The relationship between stress concentration factor and cavity spacing of steel.


3. Discussions
In practice, double or multiple corrosion pits are common to be observed in oil and gas transportation casing, tubing, or pipeline (as shown Figure 1), and high stress could accelerate corrosion kinetics [9]. Therefore, the stress concentration enhanced by the double pits needs to be considered. The SCF value of 2.6 (Figure 8) is recommended to modify the SCF analytical model. The stress concentration strengthening correction coefficient of double pits in the analytic expression isThus, the calculation model should be expressed:
Given that the diameters of the corrosion pits are 9 mm (casing type: API 9-5/8′′  ×  11.99 mm), the modified SCF changes with the depth of corrosion pits as shown in Figure 9.




	
	
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
				
			
			
		
			
		
			
		
		
	


Figure 9: Modified SCF changing with the depth of corrosion pits ( = 9 mm).


The stress concentration factor caused by corrosion pits can be applied to estimate internal pressure strength reduction of casing. The stress concentration factor of double corrosion pits is represented as . The revised casing burst pressure prediction model is as follows:
Taking casing API 9-5/8′′-N80 as an example, the outer diameter is 244.47 mm, the thicknesses are 7.92 mm, 10.03 mm, and 11.99 mm, respectively, and the yield strength is 552 MPa, assuming that the opening diameter of corrosion pits in pipe wall is 6 mm. The stress concentration factor and the casing burst pressure change with the increasing of corrosion pits depth are shown in Figures 10 and 11, respectively.




	
	
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
		
		
		
	


Figure 10: The relationship between pits depth and SCF.






	
	
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
				
			
				
			
			
				
			
				
			
				
		
	


Figure 11: The relationship between pit depth and burst pressure.


The calculation results show that when the pits’ diameter is fixed, the degree of stress concentration intensifies with increasing depth of corrosion pit, and when the pit depth reaches half of the wall thickness, the SCF factor increases rapidly. Stress concentration has a significant influence on casing strength. In the downhole casing anticorrosion and strength design, stress concentration induced by the double corrosion pits needs to be considered reasonably.
4. Conclusions
Stress concentration enhanced by double corrosion pits in casing inner surface was studied in this paper. The conclusions were obtained as follows:(1)The analytical SCF results show that the SCF of a hemispherical corrosion pit is primarily related to the pit depth, and the diameter of opening has a little impact on SCF. The SCF of 2.0 is used commonly in most cases.(2)Double or multiple corrosion pits are common in practice, and the distance between the two pits will change with time during the corrosion process. The SCF strongly depends on pits distance. A correction factor of 1.3 was recommended in the double pits SCF prediction model.(3)The stress concentration factor caused by corrosion pits can be applied to estimate internal pressure strength reduction of casing. When the depth of pit reaches half of the wall thickness, the SCF factor will increase faster. Stress concentration can degrade the casing strength obviously.
Symbols
	:	Poisson’s ratio
	:	Poisson’s ratio of the known material
	:	Poisson’s ratio of the target material
	:	Radius of the pit
	:	Center distance between the corrosion pits
	:	Stress at  axis
	:	Stress concentration factor
	:	SCF of a hemispherical defect model
	:	Stress concentration factor of the known material
	:	Stress concentration factor of the target material
	:	Correction SCF of double pits.
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