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Abstract

:

Misalignment has a significant impact on the fatigue performance of circumferential weld joints in pipelines, which can significantly reduce the fatigue life. Misalignment generates a structural stress concentration on the pipeline, which proportionally reduces its fatigue strength. Moreover, due to the misalignment, the reinforcement of the root and the transition angle of the pipeline inwall are significantly reduced, increasing its notch stress concentration factor and further reducing its fatigue performance. This work investigates the effect of misalignment on stress concentration in the circumferential welds of pipelines, and it is used to predict the fatigue life. The structural stress method is proposed in the present work, and finite element analysis technology with Abaqus is used to calculate the structural stress concentration factor kj at the root-pass toe of misaligned circumferential weld joints, and a formula for the relationship between the structural stress concentration factor kj and the misalignment is established. The total stress concentration factor k of weld joints with different misalignments under several welding processes are calculated, and are compared with the structural stress concentration factor kj. The fatigue test data of weld joints with different misalignments are studied, and it is shown that the fatigue performance could be predicted by the fitting result.
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1. Introduction


Welded structures are an important component of long-distance transportation pipelines, and welding is the most important joining method for pipelines. However, misalignment (including axial misalignment and angular misalignment) during the fitting-up process often leads to residual stress and the formation of stress concentration areas, resulting in a significant decrease in the fracture toughness and fatigue performance of the welded structure, and creating potential accident-prone areas [1,2].



The experimental measurement of residual stress in circumferential weld joints is cumbersome. Ma et al. [3] addressed the issue of high residual stress in pipelines and low measurement accuracy using the blind hole method. They fitted the variation of strain release coefficient with the ratio of the applied stress to the yield strength of the specimen, improving the accuracy of the blind hole method in measuring high residual stress and providing a reference value for engineering applications of the blind hole method. Halabuk et al. [4] used the drilling method to measure residual stresses in cylindrical components and proposed a new finite element method (FEM) for applying loads to drilling tests. By simulating several cylinders with different residual stress states and evaluating the results according to the ASTM E837 standard [5], the influencing factors were determined, and the residual stress errors of several cylinders were quantified. Hong et al. [6] used a new load measurement method to measure residual stress loads, and analyzed the residual stress of injection-molded car lamp parts. They compared the results with the drilling method, and found that the residual stress on the surface of the lampshade tested by the two methods was very close. Tajdary et al. [7] considered the inherent mean effect in residual stress X-ray diffraction (XRD) measurements, which is related to the finite size of the irradiation area, resulting in inaccurate measurements in the presence of high surface stress gradients. A deconvolution stress reconstruction method based on average XRD measurements was proposed, which allowed for the drawing of non-uniform residual stress maps based on XRD measurements. Li et al. [8] used electron diffraction to measure residual stress in welds. In their study, electronic speckle interference (ESPI) was used to measure residual stress in A36 specimens from the American Society for Testing and Materials by carbon dioxide welding. The residual stress of the welding part was obtained from the phase diagram image obtained from ESPI. The results confirmed that the residual stress of welded components can be measured by ESPI. Nitschke-Pagel [9] considered that residual stress measurement techniques using different diffraction methods have certain limitations, especially relating to factors such as materials, welding types, and sizes, that affect the quality of measurement results and the measurement environment. Therefore, XRD cyclic testing of weld joints was used for analysis.



With the development of FEMs and computer technology, obtaining residual stress values with FEMs has become popular, as it represents a methodology in which the specimen or component will not be destroyed. Eftekhar [10] analyzed the effects of various heat source models on welding temperature and residual stress using the SYSWELD software, and found that the three-dimensional (3D) Gaussian and double elliptical heat source models predicted thermal cycling and residual stress more accurately. Maarten et al. [11] used numerical simulation and experimental measurement to study the numerical values and distribution of residual stress, and explored the effects of latent heat in phase transformation and volume strain on welding residual stress. Venkata et al. [12] analyzed the P91-steel butt joint and established a numerical model to simulate the residual stress in the butt joint under different heat treatment parameters, and conducted experimental verification. The developed model and the predictions were validated using neutron diffraction measurements on as-welded and post-weld heat-treated plates. A good agreement was achieved between the measurements and predictions. Xu et al. [13] used numerical simulation methods to calculate the residual stress and welding deformation of aluminum-alloy welds. Through experiments, the actual temperature field and deformation of the welded structure were measured, and the differences between the two were compared and analyzed to verify the accuracy of the simulation results. Cheng et al. [14] studied L415 pipeline steel and conducted numerical simulations on the temperature and stress fields during gas pipeline welding using the Ansys software. The research results indicated that applying a strip heat source, in the form of heat generation rate, can effectively calculate the residual stress field of welding. Zhao et al. [15] established a 3D full-scale finite element model of an X80 steel pipe and predicted the welding stress distribution of four typical ring joints. The calculated results were compared with the actual drilling data and showed a high reliability.



Usually, when calculating the stress concentration factor, it is necessary to cut the pipeline to measure the shaping parameters, such as the angular deformation. Thus, it would be beneficial to calculate the stress concentration factor without breaking the pipeline, with the help of FEMs.



There are currently two commonly used research methods for fatigue life analysis of weld joints. One is the nominal stress method, which uses S–N curves that plot applied stress (S) against component life or number of cycles to failure (N) for different standards and different structures to assess fatigue life [16,17,18,19]. Another method is the fracture mechanics method, which is based on the crack propagation rate [20]. Jiang et al. [21] analyzed the mechanism of residual stress redistribution under cyclic loading and its impact on fatigue performance based on experimental measurements of residual stress. The results showed that the effect of residual stress on fatigue life was mainly reflected by the increase in average stress, and the increase in magnitude depended on the redistribution of stress. A fatigue prediction model for weld joints was proposed, and the predicted lives were within the 1.5% error band. Pokorny et al. [22] proposed a fatigue life assessment method for axles under external loads and residual stress, and analyzed the effect of heat treatment on the structure. Residual fatigue life was calculated for various starting crack lengths based on the experimentally determined Paris curves for various load ratios. The data calculated using the fatigue life assessment method for the axle was smaller than the experimental data, which ensured that the axle would not fracture earlier than expected. Barsoum et al. [23] developed a welding simulation program using the Ansys software to predict residual stress and combined it with the Forman formula, considering the influence of residual stress to predict the fatigue life of multi-pass butt welded plates and T-shaped fillet welds. Cui et al. [24] proposed a fatigue life prediction model based on linear elastic fracture mechanics, which considers welding residual stress and calculates the residual stress intensity factor using the weight function method.



In order to predict the fatigue performance of weld joints without damaging the weld, this work combines the structural stress method with the equivalent notch stress concentration factor and uses it to calculate the stress concentration factor of pipeline circumferential welding. The combination of finite element simulation and the structural stress method considers the stress mutation caused by the structural stress concentration [25], which can effectively predict and analyze the residual stress and stress concentration factor, and reduce the width of the S–N curve [26]. Finally, this calculation result is used for predicting the fatigue life.




2. Materials and Method


2.1. Materials and Welding Procedures


The base material was X65 pipeline steel, with dimensions of diameter (Φ) 355 mm × thickness 19.1 mm. The filling material was ER80S-G solid wire (ESAB Corporation, North Bethesda, MD, United States), with a dimension of Φ1.0 mm. The main chemical composition of the base material and filling material is shown in Table 1. The mechanical properties of the base material are shown in Table 2. Circumferential butt joints, with a V-shaped groove, were prepared. During welding, gas metal arc welding (GMAW) was used for root, filling, and cap passes. The groove parameters are shown in Figure 1, with a groove angle of 50°, and a root face height of 1.0 mm.




2.2. Finite Element Method for Stress Concentration Factor


The numerical simulation software Abaqus is widely used in the field of welding. It can be used to simulate the temperature field and stress field during the welding process, including in fatigue tests of weld joints, etc. [27]. The Abaqus (2022) software and the structural stress method are combined in the present work to calculate the stress concentration factor of structures with misalignments.



During the modeling process, based on the experimental welding results, the misalignment and the reinforcement of the root pass were measured for finite element modeling. The geometry of the fatigue specimens was as shown in Figure 2. The mechanical properties that were used in the modeling are listed in Table 2. The mechanical properties for the weld joints and base materials were the same in the modeling. The test stress level of the specimen was determined by the stress level of the full-size specimen specified in DEP 37.81.40.31-Gen [28] and the maximum tensile residual stress obtained from the weld metal zone and the heat affected zone.



To compensate for the released residual stress, a portable X-ray diffractometer (Xstress3000 by Stresstech Group, Vaajakoski, Finland) was used to test the residual stress on the surface of the weld metal and heat affected zone of the X65 pipeline. The measurement results showed that the maximum residual stress occurred at 6 o’clock, 10 mm away from the weld center, with a residual stress of 260.0 MPa. For conservative considerations, a maximum residual tensile stress of 260.0 MPa was selected for the load compensation. The fixed static load was 400.0 MPa, and the dynamic loads were at three stress levels of 175.0 MPa, 120.0 MPa, and 80.0 MPa. The stress level data of the fatigue test for the X65 pipeline are shown in Table 3. The maximum stress added was 487.5 MPa, while the minimum yield strength of the X65 steel was 480.0 MPa, and the tensile strength was 531.0 MPa. The material did not undergo plastic deformation due to tensile stress, and the amount of elastic deformation that occurred was also relatively small. Therefore, it was assumed that tensile stress did not affect stress concentration by deforming the specimens.



In the field output request of the Create Step dialog box, NFORC, i.e., the node force caused by element stress, was selected as the field output for the subsequent structural stress calculation. In the Load Create step, the load was applied by fixing one end of the specimen and adding periodic dynamic loads to the other end. The meshing of the model followed the rule that the grids (C3D8) were sparse at both ends, and were dense in the middle. In the direction of the x-axis, the grid widths for the weld joint, the area near the weld joint, the transition area, and the area away from the weld joint were 1 mm, 2 mm, 4 mm, and 16 mm, respectively. The grid width in the direction of the y-axis was 1.2 mm. At the same time, considering that the stress calculation was calculated in 2D mode, the grid division was not conducted in the direction of z-axis. The meshing result is shown in Figure 3.



In the visualization step, according to the requirements of structural stress calculation, three continuous unit blocks were taken at the toe and at the far end as isolation bodies, and one end of the isolation body path was taken to obtain the corresponding relationship between nodes and node forces on the path. A typical stress map from post-processing is shown in Figure 4.



The existence of weld joints can cause geometric discontinuity in a structure, leading to local stress concentration and even a stress singularity; that is, the theoretical stress at the toe tends to be infinity. This can cause the stress at the toe to increase as the grid size decreases in finite element calculations, resulting in nonconvergence of the grid at the toe. Nominal stress cannot describe the common fatigue issues for different types of joints, as it is away from the fatigue crack surface. In this regard, a structural stress method based on the node force calculation by a finite element model was used to correct the structural stress parameters, obtaining the equivalent structural stress. The specific formula [29] is as follows.



Plane modulus stress at the toe is:


    σ   m   =   1   t   ×   ∫  − t  / 2    t  / 2       σ   x   ( y )   d y  



(1)




where t is the thickness of the sample, and σx is the nodal force.



Plane bending stress at the toe is:


    σ   b   =   6     t   2     ×   ∫  − t  / 2    t  / 2       σ   x   ( y ) y   d y  



(2)







Equivalent structural stress is:


    S   s   =   ∣   σ   s   ∣     t    ( 2  − m  ) / ( 2  m )   ×   I ( r )    1 /  m      



(3)




where   ∣   σ   s   ∣ = ∣   σ   m   ∣ + ∣   σ   b   ∣  , which is the sum of the modulus stress and bending stress;     I ( r )    1 /  m     is the correction of the bending stress ratio;     t    ( 2  − m  ) / ( 2  m )     is the thickness correction; and   m = 3.6  .




2.3. Experimental Mothods for Stress Concentration Factor


In order to verify the accuracy of the structural stress concentration factor, small specimens with dimensions as shown in Figure 2 were sampled from the pipeline, and the shaping parameters, such as the welding angular deformation of the specimen, were measured.



Respectively, the stress concentration factor caused by axial misalignment km,axial and the stress concentration factor caused by angular misalignment km,angular were calculated. Then, the stress concentration factor caused by total misalignment km was calculated. The calculation method [30] is shown in Equations (4)–(6).


    k    m , axial    =  1 + 6    e   l   1     t     l   1   +   l   2        



(4)




where e is the misalignment; and l1 and l2 are the widths on both sides of the weld joint.


    k    m , angular    =  1 +    3  α l    t   ×    tan h (  β )   β    



(5)




where   β =   2 l   t      3   σ   m     E      (  i n   w h i c h     σ   m     is the radial stress and E is the elastic modulus); α is an angle expressed in radians; and l is half of the length of the specimen.


    k   m   =  1 +  (   k    m , axial    − 1  ) + ( 1  −   k    m , angular    )  



(6)







The parameters, such as transition radius and transition angle at the toe of the root pass, were measured. Then, the equivalent notch stress concentration factor kt, caused by the shape of the weld joint and based on the empirical Equation (7), proposed by Pachoud et al. [31], was calculated.


    k   t   ρ   =  1  +   α   0         δ     t   s           α   1             r   ref       t   s           α   2       tan  ⁡        β   2         α   3        



(7)




where     α   0   = 0.99  ;     α   1   = 0.06  ;     α   2   = − 0.34  ;     α   3   = 0.59  ; the toe transition radius   ρ =   r   ref   =  1   mm   ; ts is the thickness of the pipeline; β is the side angle of the toe; and δ is the reinforcement at the backside of the weld joint. The total stress concentration factor k is represented by Equation (8).


  k =   k   m   ·   k   t    



(8)









3. Results and Discussion


3.1. Stress Concentration Factor Calculation Results by Finite Element Method


The equivalent structural stress and structural stress concentration factor kj, which were calculated by Equations (1)–(3), are shown in Table 4. Among them, the stress concentration factor is the ratio of the equivalent structural stress at the toe over that at the far end.



By using the least squares method, the misalignment and stress concentration factor kj were fitted as a quadratic function, and the coefficients of the quadratic function are shown in Table 5. The residual sum of squares (RSS) was 2.384 × 10–17, indicating a good fitting effect and an acceptable accuracy range.



It can be seen from the finite element calculation results that when the misalignment was small, the stress concentration coefficient kj changed more slowly as the misalignment increased. This was because the X65 pipeline steel had a strong resistance to deformation, which was reflected in the setting of the elastic modulus. Strong resistance to deformation means that when subjected to axial stretching, the material has a relatively small axial elongation and vertical shrinkage. This results in a small difference in the ratio of misalignment to pipeline thickness between before and after stretching, making the impact of the change in misalignment on the stress concentration coefficient kj relatively gentle.



In the finite element analysis process, the maximum stress of the specimen was located at the weld root, which was consistent with the actual results of the welding tests (shown in Figure 5).




3.2. Stress Concentration Factor under Different Welding Conditions


By comparing the structural stress concentration factor kj, obtained from the finite element simulation of GMAW (5G, i.e., all position for pipe) without backing, with the total stress concentration factor k, as shown in Figure 6, it can be seen that the distributions of kj and k were roughly similar, and that most values of k were below those of kj under the same misalignment condition. It is noticed that when the misalignment was small (less than 0.5 mm), k was larger than kj. This was because, when the material properties were set, the material properties of the heat affected zone were set to be the same as those of the base material. However, in reality, the microstructure of the heat affected zone undergoes drastic changes, and its material properties may differ slightly from those of the base material. Thus, when the misalignment was small, the structural changes in the heat affected zone significantly affected the stress concentration coefficient, making k larger than kj. However, when the misalignment was large (more than 0.5 mm), it played a dominant role in the stress concentration coefficient, and the influence of structural changes in the heat affected zone was reduced, so the distribution rules of k and kj tended to be consistent. In the actual welding process, due to the limited fitting-up accuracy of large pipelines, the misalignment is usually more than 0.5 mm, so the impact of this error is minimal. Therefore, this non-destructive method of analysis using the finite element method can be used to calculate the stress concentration factor, and the subsequent fatigue performance prediction can be analyzed through kj with a larger safety coefficient.



To analyze the effects of different misalignments on km and kt, experiments were conducted on five welding processes at 5G position (as listed in Table 6). For each welding process, calculations were performed on butt joints with three misalignment conditions of 0 mm, 1.0 mm, and 2.0 mm, respectively. The calculation results are shown in Figure 7.



From the calculation results in Figure 7, the stress concentration factor km gradually increased with an increase in misalignment, while the equivalent notch stress concentration factor kt, caused by weld shape, did not change significantly with the increase in misalignment, and the kt of each welding processes fluctuated steadily within a small range. The notch stress concentration factor kt is used to describe the stress distribution near the notch when there is a notch in the stress field, mainly influenced by factors such as notch size, shape, and material properties. More welding tests were performed on GMAW (5G) without backing, and the fluctuation range of kt was 1.6–2.0 (as shown in Figure 8). The equivalent notches generated by misalignments in these tests did not change with the increase in misalignment. This is because the misalignment was small, while the pipe wall thickness was large. During welding, the molten metal was able to smoothly connect the misalignment under the action of surface tension, forming a smooth equivalent notch. Thus, the impact of misalignment on the equivalent notch was not significant. At the same time, the misalignments of RMD (regulated metal deposition) (5G), GMAW (5G) with backing, and GMAW (5G) without backing had a significant impact on km (Figure 7a); the misalignments of AUTO TIG (tungsten inert gas) (5G) and AUTO TIP TIG (technologie ingenieur plasch TIG) (5G) had a relatively small impact on km (Figure 7a). This is because the heat inputs of TIG and TIP TIG were relatively small, and the welding deformation and residual stress caused by misalignment were also relatively small. High heat input leads to a rapid heating and cooling of the weld joint and its surrounding area, resulting in increased deformation of the weld joint and its surrounding area, thereby increasing the stress concentration factor. This indicates that the stress concentration factor can be significantly reduced if TIG or TIP TIG welding processes are employed, suggesting an improved fatigue performance.




3.3. Fatigue Performance Prediction of Weld Joints with Misalignment


To verify the correspondence between the stress concentration factor kj and the fatigue performance of the weld joints, fatigue tests were conducted on samples of GMAW (5G) without backing. The fatigue load was loaded axially, with a static load of 400.0 MPa and a dynamic load of 175.0 MPa. The main standards used in the experiment were DEP-37.81.40.31-Gen: 2013 [28], BS EN ISO 5817: 2014 [32], BS EN ISO 6520-1: 2007 [33], etc. The experimental results are shown in Table 7.



Zhou et al. [34] used machine learning methods to predict fatigue life. By using various mechanical data, such as axial stress, axial strain, and shear stress, from different parts as input data, and fatigue life as output data, the prediction effect was ideal. Therefore, it can be considered that there is a relationship between the stress concentration factor and fatigue life.



The structural stress concentration factor kj and fatigue life can be fitted into a linear function by using the least squares method, as shown in Figure 9.



The curve parameters for Figure 9 and relative errors are shown in Table 8. The structural stress concentration factor kj of the weld joint had a good correlation with the fatigue life, and the relative error of the fitting result was relatively small at less than 10%. Therefore, the prediction of the fatigue life of weld joints with misalignments can be achieved by using finite element modeling combined with the structural stress calculation.





4. Conclusions


This work uses the structural stress method to model and calculate the structural stress concentration factor kj of weld joints with misalignments, verifies the accuracy of the calculation results with the total stress concentration factor k, and uses it to predict the fatigue performance of weld joints with misalignments. The main conclusions are as follows:




	
The finite element method can be used to model weld joints with different misalignments, and to calculate the structural stress concentration factor. The misalignment e of the weld joint and the structural stress concentration factor kj can be fitted into a quadratic function, with a residual sum of squares of 2.384 × 10−17.



	
By calculating the stress concentration factor of the weld joint, it can be found that the distribution of kj is roughly similar to that of the total stress concentration factor k, and most values of k are smaller than those of kj. The main parameter affecting the stress concentration factor of the weld joint is the stress concentration factor caused by misalignment km.



	
Fatigue tests on weld joints showed that there is a linear relationship between the structural stress concentration factor kj and fatigue life. Finite element analysis combined with the structural stress method can predict the fatigue performance of weld joints with misalignments.



	
Choosing TIG or TIP TIG welding processes with a smaller km can significantly reduce the stress concentration factor and help improve the fatigue life of weld joints.
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Figure 1. Groove parameters for the butt pipe joint. 
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Figure 2. Fatigue specimen size (Unit: mm). 
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Figure 3. Meshing for the FEM. 
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Figure 4. Typical stress map. 






Figure 4. Typical stress map.
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Figure 5. Fatigue crack. 






Figure 5. Fatigue crack.
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Figure 6. Comparison of kj and k for GMAW (5G) without backing. 
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Figure 7. Stress concentration factors for various welding processes. (a) km; (b) kt; (c) k. 
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Figure 8. Misalignment and equivalent notch stress concentration factor kt in GMAW (5G). 
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Figure 9. Fitting results of the structural stress concentration factor kj and fatigue life. 
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Table 1. Chemical composition for base and filling materials.






Table 1. Chemical composition for base and filling materials.





	Material
	C
	Mn
	Si
	S
	P
	Fe





	X65
	0.050
	1.400
	0.220
	0.050
	0.040
	Balance



	ER80S-G
	0.080
	1.640
	0.540
	0.006
	0.012
	Balance










 





Table 2. Mechanical properties of the base material.






Table 2. Mechanical properties of the base material.





	Material
	Yield Strength Min (MPa)
	Yield Strength Max (MPa)
	Tensile Strength Min (MPa)
	Poisson’s Ratio
	Young’s Modulus (GPa)
	Elongation (%)





	X65
	480.0
	560.0
	531.0
	0.3
	210
	30.7










 





Table 3. Test stress level in fatigue tests.






Table 3. Test stress level in fatigue tests.





	Mean Stress (MPa)
	Stress Range (MPa)
	Maximum Stress (MPa)
	Minimum Stress (MPa)
	Maximum Stress after Residual Stress Correction (MPa)
	Minimum Stress after Residual Stress Correction (MPa)





	140.0
	175.0
	227.5
	52.5
	487.5
	312.5



	140.0
	120.0
	200.0
	80.0
	460.0
	340.0



	140.0
	80.0
	180.0
	100.0
	440.0
	360.0










 





Table 4. Stress concentration factor under the dynamic load of 175 MPa.
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	Misalignment (mm)
	     S   s      at the Toe (MPa)
	     S   s      (MPa)
	Structural Stress Concentration Factor kj





	0.5
	1890.4
	1076.7
	1.756



	0.8
	2127.8
	1082.9
	1.965



	1.0
	2318.5
	1082.9
	2.141



	1.2
	2490.7
	1082.9
	2.300



	1.5
	2689.7
	1082.9
	2.484










 





Table 5. Fitting result between the misalignment and stress concentration factor.
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	Quadratic Term
	Linear Term
	Constant Term
	RSS





	0.042
	0.688
	1.403
	2.384 × 10−17










 





Table 6. Welding parameters at typical positions for different welding processes.
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Welding Processes

	
Position

	
Current (A)

	
Voltage (V)

	
Welding Speed (mm/s)






	
RMD 5G

	
12 o’clock

	
251

	
16.2

	
7.2




	
3 o’clock

	
261

	
17.7

	
8.2




	
6 o’clock

	
271

	
17.7

	
8.2




	
GMAW 5G backing

	
12 o’clock

	
170

	
30.3

	
8.4




	
3 o’clock

	
180

	
33.3

	
9.2




	
6 o’clock

	
190

	
33.3

	
9.2




	
GMAW 5G without backing

	
12 o’clock

	
170

	
30.3

	
8.4




	
3 o’clock

	
180

	
33.3

	
9.2




	
6 o’clock

	
190

	
33.3

	
9.2




	
AUTO TIG 5G

	
12 o’clock

	
82

	
10.2

	
1.2




	
3 o’clock

	
88

	
11.2

	
1.5




	
6 o’clock

	
94

	
12.2

	
1.5




	
TIP TIG 5G

	
12 o’clock

	
130

	
13.5

	
3.8




	
3 o’clock

	
138

	
14.5

	
4.3




	
6 o’clock

	
146

	
15.5

	
4.3











 





Table 7. Fatigue life of different misalignments.






Table 7. Fatigue life of different misalignments.





	Misalignment e/mm
	Fatigue Life N/cycles





	0
	784,839



	1.0
	559,642



	2.0
	262,502










 





Table 8. Fitting curve parameters of the structural stress concentration factor kj and fatigue life.
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	Coefficient for Linear Term
	Coefficient for Constant Term
	Relative Error





	−415,630.53
	1,370,972.88
	<10%
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