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Abstract: Pitting corrosion often occurs due to the presence of various corrosive substances, such as CO2 and H2S, in the pipe service environment. As a result of this process, the residual strength of oil pipes is reduced and this can compromise the integrity of the entire pipe string. In the present work, a model is introduced on the basis of the API579 standard to determine the so-called stress concentration coefficient. The model accounts for pitting corrosion shapes such as shallow semi-circles, semi-circles, and deep semi-circles. The relationship between the corrosion pit depth and opening diameter and the residual strength of the oil casing is obtained. The results show that the influence of the pit opening diameter on the stress concentration coefficient is smaller than that of the pit depth. For a constant pit opening diameter, the coefficient increases gradually with increasing the pit depth. The compressive strength and internal pressure strength of the carbon steel oil casing decrease accordingly. When the depth of the corrosion pit is relatively small, the growth of the coefficient is slower; when the depth of the corrosion pit increases to a certain value, the increase in stress concentration coefficient becomes obvious.
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Nomenclature



	a
	Radius of circular pit, mm



	b
	The radius of the outer boundary of the action area of stress concentration, mm



	C
	The correction coefficient of transforming finite plate problem into infinite plate problem, dimensionless



	d
	The opening diameter of the circular corrosion pit, mm



	D
	Outer diameter of carbon steel oil sleeve, mm



	h
	Depth of the corrosion pit, mm



	K1, K2
	Intermediate parameters of the derivation process



	Ktg
	The stress concentration coefficient at the edge of the corrosion pit, dimensionless



	m, n, K
	are intermediate parameters in the derivation process



	Pb
	Internal pressure strength of carbon steel oil casing, kPa



	
Pc

	The internal pressure strength of carbon steel oil casing, kPa



	r
	Distance to the center of the semi-circular pit, mm



	t
	Thickness of carbon steel oil casing, mm



	v
	Poisson’s ratio, dimensionless, is generally 0.31 for steel



	w, u
	Intermediate parameters in the derivation process



	σ
	is tensile stress, MPa



	σy
	The minimum yield strength of the pipe body, kPa



	σz
	is Axial stress, MPa



	ω, ψ, θ, β, γ
	Angle used in the derivation of stress concentration coefficient, rad





1  Introduction

With the development of industrial technology, conventional onshore oil and gas fields can no longer meet the energy demand, and exploration and development are gradually growing in harsh environments such as deep formation [1,2], ocean [3,4], and polar regions [5]. Technological challenges also follow, one of which is the shortening of tubing life caused by tubing corrosion. In the production process, the casing is exposed to high temperature and high pressure for a long time, and it is in contact with the formation fluid containing corrosive substances such as CO2 or H2S, which greatly accelerates the corrosion of pipe and leads to the frequent failure of the casing, bringing huge economic losses and security concerns. Therefore, it is of great significance to analyze residual corrosion strength of oil pipes to guide safety in production. Casing residual strength evaluation results from the strength to consider whether the casing to meet the current pressure capacity, whether the need to replace the pipeline in service, to maximize the safety of the pipeline. There are three common corrosion types in oil pipe, local corrosion, uniform corrosion, and pitting corrosion. Corrosion type and form have a very important influence on the residual strength of oil and gas pipes [6,7]. Pitting corrosion has a high local penetration rate, which is actually a kind of local corrosion with hidden appearance but great damage. Although the metal weight lost due to pitting corrosion is very small, it will lead to perforation of corroded pipes with great harm if it develops continuously [8,9]. Among all pitting corrosion shapes, semicircle is the most common. Therefore, it is very important to evaluate residual strength of semi-circular corroded pipe.

Pitting corrosion defects are volumetric corrosion defects, and API579, DNVRP-F101 and ASMEB31G are usually used to evaluate residual strength of pipe with volumetric defects. These standards are clearly defined, but there are some limitations in describing precise failure pressure, and they cannot take account of the nonlinearity of materials, such as elastic-plastic effect of pipelines. Moreover, most of the evaluation methods such as API579 take the pitting corrosion of cube shape with regular length, width, and depth as the research object. Mondalb et al. [10] carried out relevant studies on the failure mechanism of regular corroded pipe under internal pressure, and gave the calculation method of ultimate internal pressure load of corroded pipe. Sedmak et al. [11] studied the casing pipes integrity after 70,000 h of wellbore service. The finite element analysis was applied in the analysis of the damaged pipe subjected to internal pressure and the stress state was simulated to establish the criteria for the maximum pressure that a damaged pipe can withstand. Nazaria et al. [12] presented a result about the ultimate strength of locally corroded tubular under axial compressive loads, which indicated that the corrosion geometry could impact the tubular behaviors under compressive loads. Martin et al. [13] used an electromagnetic corrosion inspection tool to accurately assess pipe corrosion. The results showed that the tool can accurate assess the fourth and fifth pipes and provided useful information for the decision-making for mature well operations. Liang et al. [14] fully considered the dual effects of pitting corrosion and fatigue damage and proposed a failure analysis model based on a dynamic Bayesian network. Abdallah et al. [15] reviewed the casing corrosion measurement and indicated that casing corrosion could shorten the wellbore service life. Gallego et al. [16] found that pitting corrosion and cracking led to tubing failure in water injection wells through microscopy observations, chemical analyses and computational fluid dynamic simulations. Laumb et al. [17] provided proofs for the small corrosion pits in the casing through two case wells and verified that the corrosion casing was one of the reasons for wellbore leakage.

Although the above researchers put forward some residual strength criteria for casing with volume defects, these criteria cannot guide the calculation of residual strength of semi-circular irregular pitting shape. Therefore, it is necessary to evaluate the residual strength of oil casing with semi-circular irregular pitting defects.

2  Stress Concentration Coefficient Due to Point Corrosion

The corrosion pit on the inner wall of the carbon steel oil casing is regarded as a two-dimensional circular corrosion pit to solve its stress concentration coefficient. For the stress concentration at the edge of the circular hole on the general infinite plate, elastic mechanics can be used to accurately solve the stress concentration [18]. The derivation of the stress concentration coefficient of the corrosion pit in carbon steel oil casing is based on the problem that there is a kind of circular corrosion pit on a finite cylinder. Let b→∞, it can be considered as the case of an infinite plate. According to elasticity, the axial stress distribution on both sides of the hole is [3]:


σz=σ[1+4−5v2(7−5v)a3r3+92(7−5v)a5r5]
(1)

When r = a, the axial stress is the largest, and its value is:


(σz)max = 27−15v2(7−5v)σ
(2)

2.1 Shallow Semi-Circular Corrosion Pit

The quasi-circular corrosion pit whose corrosion depth h is less than the opening radius (h < d/2) is defined as a shallow semi-circular corrosion pit. The relationship between the surface radius a, opening diameter d, and depth h of shallow semi-circular corrosion pits can be expressed as follows:


a=d2+4h28h
(3)

Shallow circular corrosion pits can be analyzed simply as a plate problem, assuming that the stress σ is distributed along the axial direction of the carbon steel oil casing. The radius of the outer boundary can be expressed as follows:


b=a−h+t
(4)

The resultant force of σy distributed along the y direction of the hole should be equal to the resultant force of far-field stress σ in the shadow. After multiplying by a stress concentration factor C, the infinite plate problem can be transformed into a finite plate hole problem, and the equation is [5]:


C⋅{2∫βγdθ∫a−hcos⁡θbσ[1+(4−5v)a32(7−5v)r3+9a52(7−5v)r5]r⋅dr +2∫0βdθ∫abσ[1+(4−5v)a32(7−5v)r3+9a52(7−5v)r5]r⋅dr}=2⋅[12b2⋅γ−12(a−hb−(a−h)2)]⋅σ
(5)

The solution is as expressed by Eq. (6),


C=b2γ−(a−h)b2−(a−h)2b2γ−a2β−(a−h)(tgγ−tgβ)+a3(4m−5mv+3a2n)(7−5v)
(6)

Therefore, the stress concentration coefficient at the edge of the shallow semi-circular corrosion pit is:


Ktg=b2γ−(a−h)b2−(a−b)2b2γ−a2β−(a−b)2(tgγ−tgβ)+a3(4m−5mv+3a2n)(7−5v)K
(7)

The m, n, K are intermediate parameters in the derivation process. Among them,


K=27−15v14−10v
(8)


β=arccos⁡(a−ha)
(9)


γ=arccos⁡(a−hb)
(10)


m=sin⁡γ−sin⁡βa−h+βa−γb
(11)


n=3sin⁡γ−3sin⁡β−sin3γ+sin3β3(a−h)3+βa3−γb3
(12)

2.2 Semi-Circular Corrosion Pit

The quasi-circular corrosion pit whose corrosion depth h is equal to the corrosion opening radius (h = d/2) is defined as a semicircular corrosion pit. For semi-circular corrosion pits,


a=h=d2
(13)

The balance equation of force in the y-axis direction is:


2∫0π2dθ∫atC⋅σ⋅[1+(4−5v)a32(7−5v)r3+9a52(7−5v)r5]⋅r⋅dr=σ⋅πt22
(14)

The solution is as follows:


C=11−K1a3t3−K2a5t5
(15)

Therefore, the stress concentration coefficient at the edge of the semi-circular corrosion pit is:


Ktg=[(27−15v)/(14−10v)]1−K1a3t3−K2a5t5
(16)

Among them,


K1=−27−15v14−10v5−4v2(6−4v)(1+v)+2.5
(17)


K2=27−15v14−10v5−4v2(6−4v)(1+v)−1.5

2.3 Deep Semi-Circular Corrosion Pit

The quasi-circular corrosion pit whose corrosion depth h is greater than the corrosion opening radius (h > d/2) is defined as a deep semi-circular corrosion pit. In the figure, a = (d2 + 4h2)/8h, b = a − h + t. The balance equation of force in the y-axis direction is:


C⋅{2∫ωψdθ∫ah−acos⁡θσ[1+(4−5v)a32(7−5v)r3+9a52(7−5v)r5]r⋅dr +2∫ψπdθ∫abσ[1+(4−5v)a32(7−5v)r3+9a52(7−5v)r5]r⋅dr}=2⋅[12πb2−12b2ψ+12(h−a)b−(h−a)2]⋅σ
(18)

The solution is as follows:


C=πb2−b2ψ+(h−a)b2−(h−a)2(b2−a2)(π−ψ)−a2(ψ−ω)+(h−a)2(tgψ−tgω)+a2(4w−5wv+3a2u)(7−5v)
(19)

Therefore, the stress concentration coefficient at the edge of a deep semi-circular corrosion pit is:


Ktg=(πb2−b2ψ+(h−a)b2−(h−a)2)K(b2−a2)(π−ψ)−a2(ψ−ω)+(h−a)2(tgψ−tgω)+K1
(20)

Among them,


K=27−15v14−10v
(21)


K1=a2(4w−5vw+3a2u)7−5v
(22)


ω=arccos⁡(h−aa)
(23)


ψ=arccos⁡(h−ab)
(24)


w=π−ω−a(sin⁡ψ−sin⁡ω)h−a−a(π−ψ)b+3(ψ−ω)4−5v
(25)


u=3sin⁡ω−3sin⁡ψ+sin3ψ−sin3ω3(h−a)3+π−ψa3−π−ψb3
(26)

3  Residual Strength of Carbon Steel Oil Casing Considering Pitting Corrosion

The influence of corrosion on the strength of carbon steel oil bushing is mainly because of the stress concentration at the edge of the corrosion pit, which changes the stress distribution of carbon steel oil bushing at the edge of the corrosion pit, and thus changes the strength of carbon steel oil bushing. Influence of corrosion on strength of carbon steel oil bushing can be evaluated by the stress concentration coefficient. Choi et al. [18] studied the influence of stress concentration on the internal pressure of carbon steel oil casing and proposed a modified formula for internal pressure strength.

3.1 API Standard Carbon Steel Oil Sleeve Strength Calculation Formula

API carbon steel oil sleeve internal pressure strength formula is:


Pb=0.875×2σytD
(27)

The API yield strength collapse formula of carbon steel oil sleeve is:


Pc=2σyD/t−1(D/t)2
(28)

3.2 Internal Pressure Strength and Squeeze Strength of the Corroded Carbon Steel Oil Sleeve

Choi et al. [18] believed that the stress concentration coefficient could be used to directly modify the internal pressure strength of carbon steel oil casing. Assuming that the stress concentration coefficient at the hole edge of quasi-circular hole was Ktg, formula for the internal pressure strength of the corroded carbon steel oil casing was as follows:


Pb′=Pb1k=0.875×2σytD1ktg
(29)

The compressive strength of carbon steel oil casing can be modified by using the same method that considers the influence of stress concentration on the compressive strength of carbon steel oil casing [16].

The formula of compressive strength of corroded carbon steel oil sleeve is:


Pc′=Pc1k=2σyD/t−1(D/t)21ktg
(30)

4  Results and Discussion

4.1 Example 1

Steel grade TP140V carbon steel oil casing with Φ139.7 mm and wall thickness of 12.09 mm in KeS8-2 well was selected for corrosion analysis, and the opening diameter of circular corrosion pit on carbon steel oil casing was set as d = 6 mm. The calculation method of stress concentration coefficient was as follows: When the hole depth h is less than 5 mm, the corrosion of carbon steel oil casing is shallow semi-circular pit, which can be calculated by formula (7). When hole depth h is equal to 5 mm, the corrosion of carbon steel oil casing is semi-circular pit, which can be calculated by formula (10). When the hole depth h is more than 5 mm, the corrosion of the carbon steel oil casing is deep semi-circular pit, which can be calculated by formula (13).

By calculating the distribution of stress concentration coefficient Ktg with different hole depth h, the corresponding strength reduction of carbon steel oil casing with different hole depths can be obtained. The stress concentration coefficient distribution corresponding to different hole depths is calculated as shown in Fig. 1. As can be seen from the figure, when the opening diameter d of the corrosion pit is constant, the stress concentration coefficient at the edge of the corrosion pit increases gradually with the increase of the corrosion pit depth. When the depth of the corrosion pit is small, the increase of the stress concentration coefficient is slower, when the depth of the corrosion pit increases to a certain value, the increase in stress concentration coefficient becomes obvious.

[image: images]

Figure 1: Variation of stress concentration coefficient at corrosion pit edge with corrosion pit depth

As the diameter of the corrosion pit opening increases, the variation trend of the stress concentration coefficient at the edge of the corrosion pit is shown in Fig. 2. It can be seen from the figure that the influence of corrosion pit opening diameter on stress concentration coefficient is not as obvious as the influence of corrosion pit depth on stress concentration coefficient, and stress concentration coefficient is mainly affected by corrosion pit depth. When the pit opening diameter is smaller than the thickness of the carbon steel oil casing wall, the stress concentration coefficient increases with the increase of the pit opening diameter. When pit opening diameter is larger than the thickness of the carbon steel oil casing wall, the stress concentration coefficient decreases with the increase of pit opening diameter.
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Figure 2: Influence of corrosion pit opening diameter on stress concentration coefficient

The influence of corrosion pit depth on compressive strength and internal pressure strength of carbon steel oil sleeve is analyzed below. The influence of corrosion pit depth on the compressive strength of the carbon steel oil sleeve is shown in Fig. 3. The influence of the corrosion pit on the internal pressure strength of carbon steel oil sleeve is shown in Fig. 4. It can be seen from the figure that the depth of the corrosion pit affects the compressive strength and internal pressure strength of the carbon steel oil sleeve. With the increase of the depth of the corrosion pit, the stress concentration coefficient at the edge of the corrosion pit increases, and the compressive strength and internal pressure strength of the carbon steel oil sleeve will decrease.

[image: images]

Figure 3: Influence of corrosion pit depth on the compressive strength of carbon steel oil casing
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Figure 4: Influence of corrosion pit depth on internal pressure strength of carbon steel oil casing

4.2 Example 2

A steel grade 13Crs-110 pipe with a diameter of Φ88.9 mm and a wall thickness of 7.34 mm was selected for corrosion analysis. Assuming that the opening diameter of circular corrosion pit on carbon steel oil casing was d = 6 mm, the distribution of stress concentration coefficient Ktg with different hole depth h was calculated, and the corresponding strength reduction of pipe with different hole depth h was obtained.

The stress concentration coefficient distribution corresponding to different hole depths is calculated as shown in Fig. 5. As can be seen from the figure, when the opening diameter d of the corrosion pit is constant, the stress concentration coefficient at the edge of the corrosion pit increases gradually with the increase of the corrosion pit depth. When the depth of the corrosion pit is small, the increase of stress concentration coefficient is slower. When the depth of the corrosion pit increases to a certain value, the increase in stress concentration coefficient becomes obvious.
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Figure 5: Variation of stress concentration coefficient at the edge of corrosion pit with the depth of corrosion pit

As the diameter of the corrosion pit opening increases, variation trend of the stress concentration coefficient at the edge of corrosion pit is shown in Fig. 6. It can be seen from the figure that the influence of corrosion pit opening diameter on the stress concentration coefficient is not as obvious as the influence of corrosion pit depth on the stress concentration coefficient, and the stress concentration coefficient is mainly affected by corrosion pit depth. When the pit opening diameter is smaller than the pipe wall thickness, the stress concentration coefficient increases with the increase of the pit opening diameter; when the pit opening diameter is larger than the pipe wall thickness, the stress concentration coefficient decreases with the increase of pit opening diameter.
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Figure 6: Influence of corrosion pit opening diameter on stress concentration coefficient

The influence of corrosion pit depth on compressive strength and internal pressure strength of oil pipe is analyzed below. The influence of corrosion pit depth on the compressive strength of the carbon steel oil sleeve is shown in Fig. 7. The influence of the corrosion pit on the internal pressure strength of the pipe is shown in Fig. 8. It can be seen from the figure that the depth of the corrosion pit affects the compressive strength and internal pressure strength of the pipe. As the depth of the corrosion pit increases, the stress concentration coefficient at the edge of the corrosion pit increases, and both the compressive strength and internal pressure strength of the pipe decrease.
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Figure 7: Influence of corrosion pit depth on pipe compressive strength
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Figure 8: Influence of corrosion pit depth on internal pressure strength of the pipe

5  Conclusion

(1)   When the opening diameter of the corrosion pit is constant, the stress concentration factor at the edge of the corrosion pit increases with the increase of the depth of the corrosion pit, and the collapse strength and internal pressure strength of the carbon steel oil casing will decrease. When the depth of the corrosion pit is small, the increase of the stress concentration factor is slower; when the depth of the corrosion pit increases to a certain value, the increase of stress concentration factor becomes obvious.

(2)   When the opening diameter of the corrosion pit is constant, the stress concentration coefficient of the corrosion pit edge increases gradually with the increase of corrosion pit depth. When the depth of the corrosion pit is small, the increase of the stress concentration coefficient is slower. When the depth of the corrosion pit increases to a certain value, the increase of stress concentration coefficient becomes obvious.

(3)   Compared with the corrosion pit opening diameter, the effect of corrosion pit depth on stress concentration factor is more obvious; when the corrosion pit opening diameter is less than the oil pipe wall thickness, the stress concentration factor increases with the increase of the corrosion pit opening diameter. When the diameter of the corrosion pit opening is greater than the thickness of the oil pipe wall, the stress concentration factor will gradually decrease as the diameter of the corrosion pit opening increases.
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