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Abstract

:

Crack defects in the girth welds of pipelines have become an important factor affecting the safe operation of in-service oil pipelines. Therefore, it is necessary to analyze the factors affecting the safe operation of pipelines and determine the ultimate load during pipeline operation. Based on the failure assessment diagram (FAD) method described in the BS 7910 standard, the key factors affecting the evaluation results of the suitability of X65 pipeline girth welds are analyzed, and the effects of crack size, pipe geometry, and material properties on the evaluation results are investigated. The results indicate that the crack depth is more crucial to the safe operation of the pipeline than the crack length. While the effect of wall thickness is not significant, the misalignment can seriously aggravate the stress concentration. In general, the higher the yield ratio and tensile strength of the pipe material, the more dangerous the condition at the weld. The ultimate axial load that a crack-containing girth weld can withstand under different combinations of the above factors was determined. Furthermore, a data driven model via the optimized support vector regression method for the ultimate axial load of the X65 pipe was developed for engineering application, and the comparison results between the FEM results and the predicted results proved its accuracy and reliability.
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1. Introduction


For in-service pipelines, internal inspection can identify possible defects which may endanger pipeline operation. However, we can control the maximum axial load during service to ensure that the pipeline continues to operate. Take the Mo-Da line as an example, which is the first large-diameter crude oil pipeline in China passing through the alpine permafrost. This pipeline is made of APL X65 line pipe steel with a diameter equal to 813 mm. The pipeline passes through the mountainous island permafrost in the northern part of the Greater Khingan Mountains, where there are numerous swamps and well-developed river systems. Frost heaving in winter and thaw settlement in summer can easily cause damage to the pipeline (e.g., pipeline folding, bending, and even rupture), and can seriously affect its safety [1]. In recent years, several accidents have occurred in the pipe due to the weld cracks [2].



In general, geometric defects, such as cracks and misalignments, as well as the discontinuity of materials, can lead to the concentration of stress at the girth weld joint. This can result in the reduction of the deformation-bearing capacity of girth welds and even fracture failure under the axial load. Due to such accidents, girth weld cracking has become an important factor affecting the safe operation of oil and gas pipelines. Therefore, there is a need to investigate effective fracture control methods for circumferential weld joints of in-service steel pipelines.



At the early development stages of welded structures, in order to avoid the failure of oil and gas pipelines and prevent accidents, no measurable crack defects were allowed in welded joints. However, this failure prevention approach tended to lead to waste of resources and increased costs. To this end, the British Welding Institute proposed the “Fitness-For-Service” principle [3], where the possibility of deviations and defects in welded structures is acknowledged, and the impact of existing defects on the integrity of the welded structure is scientifically analyzed based on economic considerations to ensure that the welded structure will not fail by any known mechanism.



To assess the safety of pipelines with defects, a relatively comprehensive pipeline integrity management system and related technical standards have been established. In addition, a variety of safety assessment methods have been developed, including the plastic damage-based evaluation method [4,5,6], strain-based evaluation method [7,8], and numerical simulation analysis based on the finite element method [9,10,11]. Among them, the failure assessment diagram (FAD) method is the most widely used. Bloom et al. [12] conducted experimental research to obtain the load changes in the crack growth stage. By comparing the results with the FAD, it was verified that the FAD can predict the ductile tearing behavior of metal samples. Based on the FAD, Milne [13] proposed a failure assessment curve considering strain hardening, which improved the accuracy of applying the FAD method. The EPRG standard [14] broadens the scope of evaluation of girth weld defects in long transmission pipelines, which sets tolerance limits for the length and height of girth defects and enables rapid evaluation of weld defects in the field. Based on full-scale tests, J. Lukács et al. [15] investigated the role of external reinforcing technics on the integrity reconstruction of damaged transporting steel pipelines, providing a solution for the rehabilitation of pipelines containing defects.



First of all, it is necessary to clarify the acceptability for pipeline defects. Several standards, such as R6 [16], BS 7910-2019 [17], CSA Z662-2015 [18], and API 579-1-2016 [19], recommend the use of the FAD method to evaluate the applicability of pipeline girth welds. Among them, after more than 40 years of research, BS 7910 has made significant developments in both breadth and depth. In particular, BS 7910 is a safe and reliable defect assessment standard which can provide assurance for new structures in the design phase, for structural integrity in the manufacturing phase, and for the entire life of the structure in the operational phase [20,21,22].



Meanwhile, the calculation of the ultimate axial load of pipelines with crack defects is challenging and time consuming, since numerous influencing factors affect the failure behavior of pipes. To this end, the prediction of the ultimate axial load based on data driven models is necessary to assess the safety of pipelines with cracks. The machine learning technology has been recently utilized for prediction. Support vector regression (SVR) is a machine learning algorithm which is highly applicable for nonlinear, and high-dimensional pattern recognition problems. The algorithm can also achieve a balance between accuracy and complexity of regression models by simultaneously minimizing the empirical errors and maximizing the geometric marginal zones.



Behrooz et al. [23] used SVR models to perform prediction analysis on the maximum pitting corrosion depth in oil and gas pipelines. Their research results demonstrated that SVR models are capable of providing a more precise prediction. Chang et al. [24] performed prediction research on the crack propagation in aviation aluminum alloy. The results suggest that their prediction model was effective, since the crack growth was predicted accurately. Tian et al. [25] performed discrete sizing optimization of a stepped cylindrical silo using the PSO method and implicit dynamic finite element analysis.



In this paper, a BS 7910 stress-based FAD method is used for the X65 pipeline with a diameter of 813 mm, i.e., the Mo-da crude oil pipeline in China. Considering crack parameters (crack depth ratio; crack length-to-cycle ratio), pipeline geometric parameters (wall thickness; misalignment), and material parameters (tensile strength; yield ratio), the effect of various influencing factors on the serviceable evaluation results is systematically analyzed under axial loads equal to 0.5–0.9 times the minimum yield strength. Moreover, the effect of various influencing factors on the ultimate axial load is clarified as well. To this end, an ultimate axial load database of the X65 pipeline with cracks is constructed. With the help of particle swarm optimization (PSO) and SVR, a prediction model of the ultimate axial load of the X65 pipeline based on stress failure assessment criteria is developed, providing reference and guidance for ensuring the intrinsic safety of the X65 pipeline with cracks.




2. Definition of FAD


When a metal structure with defects is subjected to an external load, it is impossible to predict brittle cracking or plastic failure in advance. Through stress and material analyses, the FAD method takes the fracture ratio Kr and load ratio Lr as two important decisive factors. As can be seen in Figure 1, for a given circumferential welded structure with cracks, the corresponding Kr and Lr values can be calculated, and the evaluation point A (Lr, Kr) in the diagram can be obtained. The final evaluation result can be determined based on the spatial relationship between the evaluation point and the failure assessment curve. If the evaluation point A falls within the boundary line, the structural state is considered as safe; otherwise, the structure is unsafe.



As mentioned above, among a series of methods and standards, currently, the commonly used standard for girth weld fracture evaluation is the evaluation method specified in BS 7910. The latest version of the standard is “Guide to methods for assessing the acceptability of flaws in metallic structures” (BS 7910: 2019). In addition, the API 579 standard also evaluates the engineering criticality based on fracture mechanics; nevertheless, it is usually applied in process equipment. Consequently, the safety evaluation of girth weld defects of the MoDa X65 steel pipeline will be performed according to the failure evaluation method specified in BS 7910.




3. Evaluation Process of the BS 7910 Method


The BS 7910 evaluation method is proposed on the basis of engineering critical assessment (ECA), which provides guidelines and suggestions for assessing the acceptability of flaws in metallic structures. The methods described in this standard can be applied to all stages of design, manufacturing, and operation over the lifecycle of a structure. The BS 7910-2019 standard describes three different options, which are summarized as follows:




	(1)

	
Option 1 is a conservative evaluation process, which is relatively simple to apply. The evaluation level does not require detailed stress-strain data of the analyzed materials.




	(2)

	
Option 2 is an evaluation method based on the application of the stress-strain curve of materials.




	(3)

	
Option 3 uses the numerical simulation method to generate a FAD. The evaluation method of this level is not limited to materials with ductile tearing.









In this presented study, the true stress-strain data were derived by the Ramberg-Osgood model and corresponding parameter values. At the same time, considering the convenience of calculation and appropriate conservativeness, the assessment of the girth weld safety of the X65 steel pipeline will be guided by Options 1 and 2 described in BS 7910. Based on the specific design conditions and through stress level analysis of the girth weld, the reliability of the girth weld defects under specific operation conditions will be determined through nondestructive testing. In the evaluation process, the load and stress conditions of the pipeline, fracture toughness, and crack characteristics will be determined, the material curves and failure assessment curves will be constructed, the load and fracture ratios will be calculated, and the FAD will be drawn and evaluated (Figure 2).




4. Introduction of FAD Key Parameters


4.1. Definition for the Stresses in ECA


In the ECA process, the stress of the pipeline can be divided into principal and secondary stress. The principal stress can reach a certain magnitude, which is sufficient to cause plastic failure of the pipeline. It includes the membrane stress and bending stress caused by internal pressure and external loads. The secondary stress is a self-balanced stress caused by local yield, heat treatment, and other factors. It includes the thermal stress and participating stress. The secondary stress originates from limited strain or displacement, and although it will not lead to plastic failure, the local conditions at the crack tip deteriorate. Similar to the principal stress, the secondary stress can also be divided into membrane and bending stress components.



In this paper, the pipe axial stress σP is the stress component Pm of the principal stress. Due to misalignment at the pipeline interface, a corresponding bending stress σs is generated, which is the bending stress component Pb of the principal stress.




4.2. Definition for Fracture Toughness


Fracture toughness is used to characterize the ability of a material to prevent crack propagation, and can be determined based on the stress intensity factor K, crack tip opening displacement (CTOD), and J integral. In the case of the X65 pipeline in Mo-Da pipeline, the minimum Charpy impact energy of the weld and heat affected zone is 38 J, and the average value is 45 J [2]. The apparent fracture toughness of the material can be calculated according to the method proposed in CSA Z662-2015 [18], and it was determined to be 0.2 mm expressed in CTOD. Based on the equation for calculating the stress intensity factor K and the CTOD determined through the deep notch test, the fracture toughness was calculated to be 5570.1 MPa·mm0.5.


   K  m a t   =     1.517      σ Y  /  σ u      − 0.3188    σ Y   δ  m a t   E   1 −  v 2       



(1)




where E is the modulus of elasticity (210 GPa); v is the Poisson’ s ratio (0.3); σY and σU are respectively the yield and tensile strength of the tested material at the fracture toughness test temperature; and δmat is the fracture toughness expressed by the CTOD (mm).




4.3. Material Properties and Crack Geometry


Taking the data of the Mo-Da pipeline as an example, the methods given as Options 1 and 2 in the BS 7910 standard were used for evaluation. The minimum yield strength and tensile strength of the X65 material specified in the API 5L were employed in the Ramberg-Osgood model (Equation (2)) to obtain the engineering stress-strain curve of the X65 pipe steel to derive conservative results for X65 pipes (Figure 3).


   ε =  σ E  +    A r   σ Y   E       σ   σ Y       n      A r  =   E  ε Y     σ Y    − 1    n =  1  0.3   1 −  σ Y  /  σ u        



(2)




where Ar and n are the hardening coefficient and power hardening index of steel pipe, σY/σu is yield ratio (λ).



The engineering stress-strain curve of the pipe was converted into the true stress-strain curve using Equation (3).


    σ  t r u e   =  σ  e n g     1 +  ε  e n g         ε  t r u e   = l n   1 +  ε  e n g       



(3)







In practice, multiple adjacent cracks interact with each other, and the effect of this interaction is much stronger than that of a single crack. If multiple cracks exist, the interaction of each crack with the adjacent cracks should be assessed based on the original size of each crack, and, if necessary, combined into a single crack. Based on the combined crack method in BS 7910, a circumferential surface defect was assumed to exist on the outer surface of the pipe girth weld (Figure 4).




4.4. Construction of Failure Assessment Curves


Each option of the BS 7910 FAD method consists of an assessment curve, which is obtained by the curve equation Kr = f(Lr), and a cut-off value Lr,max. If the calculated rating point (Lr, Kr) is located within the area surrounded by the vertical line of the axis, the rating line, and the cut-off value Lr,max, then, the crack passes; if it is located outside that area, then, the crack fails. The cut-off value Lr,max is determined according to Equation (4), in which the average tensile strength is generally used. In this case, due to a lack of statistical data regarding the performance of the parent material, the minimum tensile strength of the X65 steel was used to calculate the cut-off value for conservative consideration.


   L  r , m a x   =    σ Y  +  σ u    2  σ Y     



(4)







As the stress-strain curve has no yield plateau, the Option 1 failure assessment curve can be determined according to Equations (5) and (6):


  f    L r    =          1 + 0.5  L r    2      − 0.5     0.3 + 0.7 e x p   − μ  L r    6         L r  ≤ 1     f    L r  = 1    L r     N − 1    / 2 N     1 <  L r  ≤  L  r , m a x         



(5)






   μ = min   0.001  E   σ Y    , 0.6      N =  1 n  = 0.3   1 −    σ Y     σ u        



(6)




where Lr is the load ratio, which is the independent variable in the FAD; E is the modulus of elasticity; μ and N are the coefficients in Equation (4), for the minimum performance parameters used in X65 steel, μ = 0.4667 and N = 0.0477.



The Option 2 failure assessment curve can be determined according to Equation (7):


  f    L r    =       E  ε  r e f      L r   σ Y    +    L r   σ Y    3    2 E  ε  r e f         − 0.5                          L r  ≤  L  r , m a x    



(7)




where σref is the reference stress, and εref is the corresponding strain in the true stress-strain curve of the material, i.e., σref = Lr × σY.



Figure 5 displays the Option 1 and 2 evaluation curves of the X65 base material of the Ø813 × 17.5 mm pipe used in this paper.




4.5. Calculation of Lr and Kr


According to BS 7910, the fracture ratio (Kr) and load ratio (Lr) can be calculated as follows:


    K r  =    K I     K  m a t            Y σ    P  = M  f w     k  t m    M  k m    M k   P m  +  k  t b    M  k b    M b     P b  +    k m  − 1    P m        π a          Y σ    S  =  M m   Q m  +  M b   Q b    



(8)






   L r  =    σ  r e f      σ Y     



(9)




where (Yσ)P is the contribution from principle stresses; (Yσ)S is the contribution from secondary stresses; KI is the tensile stress intensity factor; a is the crack depth; M is the Bulging correction factor, which is M = 1 for the outer surface circumferential crack; fw is the finite width correction factor, which in this case is fw = 1.000; Mm and Mb are the stress intensity magnification factors of membrane and bending stress components, respectively; Mkm and Mkb are respectively the membrane and bending stress intensity magnification factors at the weld toe; km is the stress concentration factor due to misalignment; σref is the reference stress corresponding to the applied load; σY is the base material yield stress, and ktm and ktb are the membrane and bending stress concentration factors, respectively. Since the specific equation is not provided in Annex B, the membrane and bending stress concentration factors are not considered for the time being, and are taken as 1.




4.6. Stress Concentration Factor Due to Misalignment


The presence of misalignment can cause additional bending stress when the girth weld is subjected to axial tensile load. Therefore, in the calculation of the load and fracture ratios, it is necessary to consider the stress concentration factor induced by misalignment and the magnitude of the bending stress. According to Appendix D in BS 7910-2019 [5], the calculation equation is as follows:


   k m  = 1 +    σ s     P m     



(10)




where km is the stress concentration factor due to misalignment; σs is the bending stress caused by the misalignment; and Pm is the primary stress that the ring weld withstands axially.



The bending stress for axial misalignment at girth welds in pipes with or without thickness changes (Figure 6) could be calculated as follows:


   σ s  =        6 e    B 1    1 −  v 2         1  1 +      B 2  /  B 1      1.5        P m       σ s     P m    < 1       2.6 e    B 1       1  1 + 0.7      B 2  /  B 1      1.4        P m       σ s     P m    ≥ 1       



(11)




where e is the misalignment level; and B1 and B2 is the wall thickness of the pipe on both sides of the misalignment of the girth weld. In this paper, it is assumed that the wall thickness on both sides is the same; that is, B1 = B2.





5. Parametric Analysis on the Assessment Results


The fracture behavior of the weld joint is mainly affected by three factors: load, flaw, and material. The effects of crack size, pipeline geometric conditions, and material properties on the evaluation results are analyzed in the following subsections. In Section 5.1 and Section 5.2, the minimum specified values of the X65 steel, i.e., yield strength of 450 MPa and tensile strength of 535 MPa, were selected for the material properties; in Section 5.3, to analyze the effect of the material properties on the evaluation results, the maximum and mean values were used.



5.1. Effect of Crack Size


By analyzing the data of the circumferential weld anomalies detected in each pipe section obtained through high-definition magnetic flux leakage test results [26], it was found that most of the circumferential weld anomalies are distributed at a height of 30% of the wall thickness and the length of 200 mm. Only a small number of defects are found at heights greater than 40% the wall thickness and length greater than 250 mm. All of the detected abnormalities in girth welds did not exceed 50% of the wall thickness. To cover most of the crack size ranges, different crack depth ratios (a/B = 0.1, 0.2, 0.3) and crack length-to-cycle ratios (2c/πD = 0.01, 0.03, 0.05, 0.07) were selected to determine and analyze the effect of crack size on the applicability evaluation results of Ø813 × 17.5 mm pipeline girth welded joints in the Mo-Da pipeline.



By comparing the evaluation results obtained for different crack sizes (Figure 7), it can be deduced that, the larger the crack size, the closer the pipeline to the critical failure state, i.e., the higher the risk of pipeline operation. Moreover, based on the effect trends of changing the size parameters on the evaluation results, it can be seen that the effect of the crack depth on pipeline safety is far more significant than that of the crack length.




5.2. Effects of Pipe Wall Thickness and Misalignment


In the previous subsection, the effect of the crack size on the evaluation results of the girth welds on Ø813 × 17.5 mm pipes were compared and analyzed. Based on the current internal detection accuracy control requirements and crack size control specifications, the possible maximum crack depth (a) and length (2c) of a pipe girth welding are 2.5 mm and 25 mm, respectively. At the actual position of the crack, the wall thickness and misalignment are not necessarily the same. According to relevant standards [27], the axial stress of the pipeline under normal service conditions should not exceed 0.9 times the minimum yield strength of the base metal.



Based on this assumption, in this section, the results of axial pipeline loading with different misalignment levels and wall thickness values are analyzed under loads equal to 0.5–0.9 times the minimum yield strength. Figure 8a demonstrates the results of pipe girth welds with different misalignment and wall thickness values when loaded with an axial load of 0.9 times the minimum yield strength. In addition, Figure 8b shows the results of the Ø813 × 11 mm pipe girth welds with different misalignment when loaded with axial loads of 0.5–0.9 times the minimum yield strength.



According to Figure 8, the smaller the pipe wall thickness, the larger the corresponding load and fracture ratios, and the greater the possibility of failure. Therefore, by increasing the pipeline wall thickness, the safety of the pipeline can be effectively improved. When there is no misalignment at the girth weld, the difference between the load ratios corresponding to different wall thickness values is not large. Nevertheless, with the increase of the misalignment level, the distance between the evaluation points corresponding to different wall thickness values increases gradually, indicating that the existence of misalignment significantly increases the stress concentration, and the greater the misalignment, the more severe the stress concentration.



By comparing the results obtained for different misalignment levels, it can be found that, when the girth weld does not contain any misalignments, the evaluation results corresponding to all wall thickness values meet the safety requirements under loads equal to 0.5–0.9 times the minimum yield strength. When there is a misalignment of 1 mm or more, not all crack evaluation results under all loading conditions can pass the evaluation. This is attributed to that a high level of misalignment results in high bending stress, which makes the bearing state of the circumferential weld extremely dangerous.




5.3. Effect of Material Properties


When evaluating welded joints, BS 7910 suggested using the tensile properties of materials with lower strength, which is a more conservative approach. In Option 2, uniaxial tensile stress-strain curves of materials with lower strength should also be used. The girth weld joints are generally matched with equal strength or high strength, considering the effect of strength matching; as such, the bearing capacity of the pipe section depends mainly on the material properties of the base metal [28]. Even if the same grade of steel pipe is used for the pipeline, the performance parameters are not completely consistent.



Therefore, in order to verify the effect of the X65 steel performance parameters on the evaluation results, the maximum and mean values of the tensile strength and yield ratio were selected to analyze their effect on the evaluation results. The final calculation results and the corresponding true stress-strain curves are shown in Table 1 and Figure 9, respectively.



From the above section, it can be seen that, the thinner the wall thickness, the higher the risk of cracks in the pipe; accordingly, the Ø813 × 11 mm pipeline girth weld crack risk is the highest. Consequently, in this section, the results of the Ø813 × 11 mm pipeline girth weld with 25 mm × 2.5 mm cracks with different material properties under an axial load of 0.9 times the minimum yield strength are analyzed (Figure 10).



According to the results shown in Figure 10a,b, under the same tensile strength, the lower the yield strength, the higher the corresponding cutoff value, and the wider the envelope range of the failure assessment curve. The increase range is concentrated mainly in the plastic deformation area. In addition, the higher the yield strength, the higher the fracture ratio of the evaluation point, which indicates that a too high yield ratio is not conducive to pipeline safety.



According to Figure 10c,d, under the same yield ratio, the higher the tensile strength of steel, the wider the envelope range of the corresponding failure evaluation curve. Moreover, the higher the fracture ratio of the evaluation point, the wider the envelope range of the evaluation curve, which can provide a larger safety margin. However, the increase in the fracture ratio of the evaluation point increases the risk. Consequently, whether the increase of the tensile strength of the steel has a positive effect on the evaluation results requires further investigation.





6. Analysis of Ultimate Axial Load under Various Service Conditions


The above analysis indicated that the crack size (depth ratio and length-to-cycle ratio), geometric conditions, and material properties all affect the applicability evaluation results of circumferential welds with cracks. The fracture behavior of the structure is mainly affected by three factors: load, flaw, and material. For girth welded joints, if the fracture toughness and crack size are known, the minimum load can be determined. Therefore, in this section, the maximum axial load that the ring welded joint can withstand under different factor combinations (Table 2) is calculated. Moreover, the effects of crack depth ratio, length-to-cycle ratio, pipe wall thickness, girth welded joint misalignment, and material properties on the ultimate load are analyzed.



6.1. Effect of Crack Size


The effect of the crack depth ratio on the ultimate axial load was analyzed based on the evaluation results without and with 1 mm pipe misalignment under a fixed crack length-to-cycle ratio of 0.01 (Figure 11).



It can be observed that the larger the crack depth ratio, the lower the ultimate axial tensile load that the girth welded joint can withstand. The conservative degree of Option 2 evaluation was lower than that of Option 1 evaluation; thus, the ultimate axial load of the Option 2 evaluation was higher than that of the Option 1 evaluation. According to the Option 1 evaluation, when the crack depth ratio is 0.3, the maximum axial load should not exceed 0.93 times the specified minimum yield strength of the pipeline without misalignment during operation. Under the same conditions and 1 mm misalignment, the maximum axial load should not exceed 0.78 times the specified minimum yield strength during operation.



The effect of crack perimeter ratio on the ultimate axial load was analyzed based on the evaluation results without and with 1 mm pipe misalignment under a fixed crack depth ratio of a/B = 0.3.



According to Figure 12, the larger the crack length-to-cycle ratio, the lower the ultimate axial tensile load that the girth welded joint can withstand. In addition, the Option 2 evaluation was less conservative than the Option 1 evaluation; thus, the ultimate axial load under the Option 2 evaluation was higher than that under the Option 1 evaluation. According to the Option 1 evaluation, when there is no pipeline misalignment and the crack length-to-cycle ratio has the maximum value of 0.07, the maximum axial load should not exceed 0.77 times the specified minimum yield strength during operation. Under the same conditions and 1 mm misalignment, the maximum axial load should not exceed 0.67 times the specified minimum yield strength during operation.



Without pipeline misalignment, the ultimate axial load value decreases slightly with increasing wall thickness. This is because the width of the weld toe increases with the increase of the wall thickness, and the effect of stress concentration becomes more significant. The load is at the limit of plastic collapse, and its non-conservative degree increases. However, when there is pipeline misalignment, the ultimate axial load value increases slightly with the increasing wall thickness, which is attributed to the fact that the stress concentration of the weld toe is weakened with the occurrence of misalignment. In general, the greater the wall thickness, the higher the safety of the pipeline, and the ultimate axial load value increases as well.




6.2. Effect of Wall Thickness and Misalignment


Due to effects related to the welding environment, labor conditions, and other factors, girth welded joints often have misalignments. By controlling the maximum and minimum crack size, the effects of wall thickness and misalignment on the ultimate axial load were analyzed and the results are presented in Figure 13.



It can be observed that, the larger the level of misalignment, the lower the ultimate axial tensile load that the ring welded joint can withstand. According to the Option 1 evaluation, when the size of the crack is the smallest and the misalignment is 3 mm, the maximum axial load should not exceed 0.62 times the minimum yield strength. Under the same conditions and when the crack size is the largest, the maximum axial load should not exceed 0.51 times the minimum yield strength. For different crack sizes with respect to the depth ratio, the effect of the wall thickness on the axial load does not exhibit a completely consistent trend, which also indicates that the ultimate axial load that the girth weld can bear is the result of multi-factor comprehensive effects, and the effect of wall thickness alone is not significant.




6.3. Effect of Material Properties


In this subsection, the effect of material properties on the ultimate axial load of the girth weld is analyzed considering the maximum and minimum crack size under a wall thickness of 11 mm and no misalignment.



According to Figure 14, under the same tensile strength, the higher the yield ratio of the steel, the lower the ratio of ultimate axial load to yield strength that the girth weld can withstand. This is more apparent when the crack size is small, and the effect of the yield ratio on the ultimate axial load weakens with increasing crack size. Under the same yield ratio, the higher the tensile strength, the lower the ratio of ultimate axial load to yield strength that the girth weld can withstand. This is more apparent when the crack size is large, and less significant when the crack size is small. The maximum axial load should not exceed 0.91 times the minimum yield strength specified in the relevant standards for circumferential welds with maximum size cracks without considering misalignment. This is consistent with the conclusion in relevant standards that the axial stress of the pipeline under normal service conditions shall not exceed 0.9 times the specified minimum yield strength of the base metal.





7. Data Driven-Based Prediction of the Ultimate Axial Load


In this paper, based on the BS 7910 FAD method and the stress failure criterion, the ultimate axial load of a X65 pipeline with cracks under 2160 different working conditions and different crack parameters, pipeline geometric parameters, and material parameters has been calculated. The investigated values for each influencing factor are listed in Table 2. In order to accurately assess the effects of the different influencing factors on the prediction results of the ultimate axial load of a X65 pipeline with cracks, this section conducts a parallel calculation under different working conditions based on different combinations of material yield ratio, misalignment, wall thickness, and crack size values. In total, 2160 sets of data were produced.



In this paper, the LIBSVM toolkit was used to train the above database and establish the support vector regression (SVM) model for ultimate axial load prediction. According to the operation process of the LIBSVM toolkit, the ranges of the penalty function c and kernel function g are selected based on experience, and the above parameters are optimized by the PSO algorithm. The PSO algorithm is a population intelligence-based optimization algorithm with good convergence and wide applicability, especially for more complex engineering problems. The objective function is the mean square error (MSE) of the prediction results and finite element results. When MSE ≤ 10−4, the optimization of the parameters is completed. The optimized values are given as cbest and gbest, and the SVR model is trained by these parameters, in order to accurately predict the evaluation results.



Error analysis is an important method for evaluating the accuracy of prediction models. The predictive accuracy of the developed SVR model can be determined based on statistical criteria, such as MSE and R. To assess the accuracy of the evaluation results, MSE and R are taken as the error analysis indices, which can be obtained using the following equations:


  MSE =  1 m    ∑   i = 1  m       y i  −   y ^  i     2   



(12)




where m is the total number of samples,    y i    refers to the actual results, and      y ^   i    denotes the prediction results.


   r  x y   =   n ∑  x i   y i  − ∑  x i  ∑  y i        n ∑  x i    2  −     ∑  x i     2      0.5       n ∑  y i    2  −     ∑  y i     2      0.5      



(13)




where x is the actual result and y the prediction result.



As can be observed in the prediction error diagram of the PSO-SVR model (Figure 15), the error between most prediction results and finite element calculation results was less than 10%. As can be seen in Table 3, the correlation coefficients of the two models were higher than 99%, and the predicted results were found to be in good agreement with the numerical simulation ones, indicating that the proposed model has high prediction accuracy and reliability. Consequently, the prediction method proposed in this paper can be utilized for the safety evaluation of X65 pipelines with crack defects.




8. Conclusions


Based on the BS 7910 FAD method, this paper analyzed the important factors affecting the ultimate axial load of the X65 pipeline with cracked girth welds, and developed a prediction model for the ultimate axial load of the X65 pipeline, which provides a reference for the applicability evaluation and safe operation of X65 pipeline with girth weld cracks. The final conclusions are as follows:




	(1)

	
The larger the crack size, the higher the risk to the safe operation of the pipeline. For pipeline girth welds without misalignment, the safety requirements are met if the axial load does not exceed 0.9 times the yield strength, even when there is a large-size crack. Moreover, according to the results regarding the effect of crack size parameters on the evaluation results, the effect of crack depth on pipeline safety is far greater than that of crack length.




	(2)

	
The smaller the pipeline wall thickness, the higher the load and fracture ratios, and the greater the possibility of damage. The presence of misalignment significantly increases the stress concentration, and the greater the misalignment, the more severe the stress concentration. Increasing the pipeline wall thickness or reducing misalignment can effectively improve the safety of the pipeline.




	(3)

	
Under the same tensile strength, the higher the yield strength, the narrower the envelope range of the failure evaluation curve, and the higher the fracture ratio of the evaluation point. This indicates that a high yield ratio of steel is not conducive to pipeline safety. On the other hand, whether the improvement of the tensile strength of steel under the same yield ratio has a positive effect on the evaluation results requires further investigation.




	(4)

	
When there is no pipeline misalignment, the ultimate axial load decreases slightly with increasing wall thickness. When there is pipeline misalignment, the ultimate axial load increases slightly with increasing wall thickness, which is because the stress concentration of the weld toe weakens with the occurrence of misalignment. In general, the larger the wall thickness, the higher the safety of the pipeline, and the ultimate axial load increases as well.




	(5)

	
Under the same tensile strength, the higher the yield ratio of steel, the lower the ultimate axial load that the girth weld can withstand, which is more apparent when the crack size is small. Therefore, when the crack size increases, the effect of the yield ratio on the ultimate axial load weakens. Under the same yield ratio, the higher the tensile strength, the lower the ultimate axial load that the circumferential weld can bear. This this is more obvious when the crack size is large, and less significant when the crack size is small.




	(6)

	
In this paper, a prediction model for the ultimate axial load of the X65 pipeline based on stress failure assessment criteria was developed. The correlation coefficients of the Option 1 and Option 2 evaluation models were above 99%, indicating that the prediction results of the PSO-SVR model are accurate and reliable.
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Figure 1. Schematic of the FAD. 
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Figure 2. FAD Evaluation Process based on BS 7910-2019. 
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Figure 3. X65 line-pipe steel stress-strain curve. 
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Figure 4. Schematic diagram of cracks at the girth weld. 
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Figure 5. Option 1 and 2 evaluation curves of the Ø813 × 17.5 mm X65 pipe base metal. 
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Figure 6. Axial misalignment at girth welds in pipes. 
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Figure 7. Effect of crack size on the evaluation results of Ø813 × 17.5 mm pipeline girth welded joints. (a) a/B = 0.3; (b) 2c/πD = 0.07. 
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Figure 8. Effects of wall thickness and misalignment on the crack evaluation of pipe girth welds. (a) σP = 0.9σY (b) B = 11 mm. 
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Figure 9. True stress-strain curves of pipeline steels based on material properties. 
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Figure 10. Effect of material properties on the evaluation results of a circumferential weld crack on the Ø813 × 11 mm pipeline. (a) σu = 535 MPa (minimum value); (b) σu = 647.5 MPa (mean value); (c) λ = 0.842; (d) λ = 0.865. 
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Figure 11. Ultimate axial load of girth weld cracks in pipes with different wall thickness values (2c/πD = 0.01). (a) e = 0 mm; (b) e = 1 mm. 






Figure 11. Ultimate axial load of girth weld cracks in pipes with different wall thickness values (2c/πD = 0.01). (a) e = 0 mm; (b) e = 1 mm.



[image: Applsci 11 11780 g011]







[image: Applsci 11 11780 g012 550] 





Figure 12. Ultimate axial load of girth weld cracks in pipes with different wall thickness values (a/B = 0.3). (a) e = 0 mm; (b) e = 1 mm. 
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Figure 13. Effects of wall thicknesses and misalignment on the ultimate axial load of pipeline girth weld cracks. (a) a/B = 0.1; 2c/πD = 0.01; (b) a/B = 0.3; 2c/πD = 0.07. 
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Figure 14. Effect of material properties on the ultimate axial load of pipeline girth weld cracks. (a) a/B = 0.1; 2c/πD = 0.01; (b) a/B = 0.3; 2c/πD = 0.07. 
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Figure 15. Evaluation prediction error diagram. (a) Option 1; (b) Option 2. 
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Table 1. Material performance parameters.
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Tensile Strength

σu (MPa)

	
Yield Strength

σY (MPa)

	
Yield Ratio

λ

	
Hardening Coefficient

Ar

	
Power Hardening Index

n






	
535

	
450

	
0.842

	
1.33

	
20.98




	
462.5

	
0.865

	
1.27

	
24.60




	
475

	
0.888

	
1.21

	
29.72




	
647.5

	
545

	
0.842

	
0.93

	
21.06




	
560

	
0.865

	
0.88

	
24.67




	
575

	
0.888

	
0.83

	
29.77




	
760

	
640

	
0.842

	
0.64

	
21.11




	
657.5

	
0.865

	
0.60

	
24.72




	
675

	
0.888

	
0.56

	
29.80
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Table 2. Value ranges of the investigated influencing factors.
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	Influencing Factors
	Values





	Crack depth ratio a/B
	0.1, 0.2, 0.3



	Crack length-to-cycle ratio 2c/πD
	0.01, 0.03, 0.05, 0.07



	Wall thickness B (mm)
	11.0, 12.5, 14.2, 16.0, 17.5



	Misalignment e (mm)
	0, 1, 2, 3



	Tensile strength σu (MPa)
	535, 647.5, 760



	Yield ratio λ
	0.842, 0.865, 0.888
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Table 3. Prediction errors.






Table 3. Prediction errors.





	Parameters
	Option 1 Prediction Error
	Option 2 Prediction Error





	MSE (mean square error)
	1.55 × 10−4
	1.39 × 10−4



	R (correlation coefficient)
	99.75%
	99.77%
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