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Abstract

:

A new D457 × 7.1 X65ERW oil pipeline leaked twice during the pressure test. The two failed oil pipes belonged to the same batch of products from the same manufacturer. Failure analysis showed that the cracks in the 1# and 2# cracking pipes propagated from the outer surface of the pipe wall to the inner surface along the weld fusion line. The inclusion phase distributed in chains in the weld zone is speculated to be the root cause of the cracking in the pressure test. The fitness-for-service of this batch of steel pipes was analyzed using the failure-assessment chart technique. The batch of steel pipes could be used safely under the design pressure of 10 MPa, and the re-evaluation period of three years was recommended for the pipeline based on the fatigue results of the steel-pipe weld zone.
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1. Introduction


Pipeline leakage causes not only oil loss but also water and soil pollution, seriously threatening people’s property and even life safety. Though defects are not generally allowed to exist in pipelines. some pipes with small defects can be reused after repairment. Zhukov et al. investigated the effect of manufacturing defects on gas pipelines. The simulated calculations confirm the admissibility of defect-controlled grinding repair along their paths [1]. However, fitness-for-service assessment based on the operational condition is necessary before these pipes are reused.



Due to the possible existence of welding cracks, cavities, solid inclusions, and lack of fusion, welded joints of the pipeline have become one of the most important factors in pipeline failure. At present, many incidents related to the failure of components are caused by welding behavior, mainly in two aspects: the existence of welding defects reduces the cross-sectional area of the weld and the bearing capacity, and causes stress concentration and cracks [2,3,4,5,6,7,8,9,10,11]. Second, a potential difference may occur between the welding area and surrounding material due to the discontinuity of the geometric size or phase, and under the action of the corrosive medium, the process of the defect is accelerated, resulting in the failure of the component [12,13,14,15,16,17,18].



At present, many studies focus on the effect of defects on the properties of components, such as mechanical properties, brittle fracture resistance, et al. [19,20,21,22,23]. Litter studies are developed on the later service quality and service life [18,24,25]. Lu analyzed the reasons for the multiple bursts of the ERW oil pipeline during the pressure test. Based on the safety assessment, suggestions were made for depressurized operation and the maximum allowable pressure on the failed pipeline [18]. This paper investigates the failure event of two oil pipes leaking successively during the pipeline pressure-test process before running, and analyzes the reasons for the failure of the pipes. This study also analyzes the critical crack length of the pipeline, the fatigue life of the pipeline, and recommended the re-evaluation period of the pipeline. This study not only enriches the weld-failure model but also provides guidance for the safety management of similar potentially defective components.




2. Event Overview


According to the design requirements, the working pressure of a refined oil pipeline was 10 MPa, and a X65 grade ERW straight-seam pipe (D457 × 7.1) was adopted. The pipeline should be subjected to 12.5 MPa by pressure testing before running. However, during the pressure tests, the two oil pipes leaked four days apart. The two oil pipes that cracked were products from the same manufacturer and the same batch. Ultrasonic inspection results showed that a defect had an axial length of 25 mm at the weld 1885 mm away from the port of the 1# line pipe, and a defect with an axial length of 34 mm at the weld of the 2# line pipe was observed at a distance of 2905 mm from the port. These two defects are the leak spot of the 1# line pipe and 2# line pipe, as shown in Figure 1.




3. Analysis of Cause of Leakage


The 1# and 2# cracking pipe were investigated for crack morphology, base-metal/weld-area microstructure, and weld streamline morphology, etc.



The specific sampling locations are shown in Figure 2. C1–C5 samples were used for crack morphology and microstructure analysis, of which three samples were taken from the crack area (sample numbers are C2, C3, and C4), and one was taken away from both ends of the crack (sample numbers are C1 and C5). The three samples in the WSI 1-3 area were used for the impact toughness analysis of the weld zone. The three samples in the BSI 1-3 area were used for the impact-toughness analysis of the base metal.



3.1. Analysis of Crack Morphology


3.1.1. Crack Morphology of 1# Pipe


The morphologies of the side cracks of the 1# cracking pipe in the C1–C5 samples were observed. As shown in Figure 3, the cracks on the side of sample C2 had completely penetrated the pipe wall, and the cracks gradually expanded from the inner wall to the outer wall. The crack morphology was invisible on the side of sample C4. This condition shows that the cracks propagated from the outer surface of the pipe wall to the inner surface. Analysis of the microstructure near the cracks showed that the cracks spread along the fusion line of the weld, and many inclusions occurred in the cracks (Figure 4).




3.1.2. Crack Morphology of 2# Pipe


For the 2# cracking pipe, the fusion line of the weld seam of the sample was inclined, and the crack propagated from the outer surface of the pipe wall to the inner surface along the fusion line. The cracks of C3 and C4 samples had completely penetrated the wall thickness. Small cracks were inclined to the base metal on the outer surface of the pipe wall, as shown in Figure 5. Inclusions were observed in the small cracks on the outer surface of the tube wall at a distance of 2–3 mm from the fusion line, as shown in Figure 6.



The crack morphology of the C2–C4 samples of the 1# and 2# pipes can be combined, and the fracture morphology of the original pipe wall of the two cracking pipes can be obtained, as shown in Figure 7.





3.2. Analysis of Crack Source


The TESCAN-VEGA II scanning electron microscope (TESCAN Ltd., Brno, Czech Republic) and the Oxford INCA350 (Oxford Instruments Ltd., High Wycombe, UK) energy dispersive spectrometer were used to further observe the small cracks and complete penetration cracks near the outer surface of the fracture. Inclusions exist at the crack source area, as shown in Figure 8a–d. A large number of secondary cracks can be seen near the inclusion phase. The chemical composition of the inclusion phase is shown in Table 1. The Fe and O contents of the four inclusion phases were similar, and the Fe/O ratio was close to 2:3. Combined with the dendritic structure of the inclusion phase, the inclusion phase is speculated to be iron oxide, which has existed for a certain period at high temperature.




3.3. Microstructure Analysis of Weld Area


According to the standards GB/T13298-1991, GB/T10561-2005, and GB/T6394-2002, MEF4M metallographic microscope and image analysis system were used to observe the welding parts of 1# and 2# cracking pipes, as shown in Figure 9 and Figure 10. The microstructure of the weld zone and heat-affected zone was mainly ferrite (F) and pearlite (P). The grain size of the weld zone was higher than grade 9.5, and the grain size of the heat-affected zone was grade 10.5, which met the design requirements. However, gray inclusions in the fusion line were distributed in a shuttle-shaped chain along the direction of the fusion line, that is, the so-called gray spot of weld oxide inclusions with a length of 20–40 μm.



Morphological observation and composition analysis of gray spots in the weld fusion line were conducted, as shown in Figure 11 and Table 2. The chemical composition of the gray spot was similar to that of the inclusion at the crack source (Table 1), and it was the same type of oxide inclusion, that is, iron-oxide inclusion.




3.4. Analysis of Weld Streamline Morphology


The streamline morphology of the welding seam was analyzed for the 1# and 2# cracking pipes. As shown in Figure 12a, the streamline morphology of the 1# cracking pipe sample meets the criterion. The fusion line was not obviously inclined, the rising angle of the streamline at the weld did not appear too steep or too flat. The streamline morphology on both sides of the fusion line was symmetrical. The streamlines on the side near the outer surface have double peaks, and the width of the waist drum in the heat-affected zone was moderate. Figure 12b shows that the fusion line of the weld seam of the 2# cracking pipe sample was seriously inclined because of the unbalanced pressing force. The streamline morphology was asymmetric on both sides of the fusion line and the rising angle of some streamlines was extremely large, accompanied by double peaks, and the width of the waist drum in the heat-affected zone was moderate. At the same time, the small cracks near the outer surface of 2# pipe in Figure 6 were due to the turning of the outer surface of the steel sample on the side of the fusion line, as shown in Figure 13.




3.5. Analysis of Mechanical Properties of Weld Zone


To clarify the influence of weld inclusions on the cracking of steel pipes in this batch of products, in addition to two cracking oil pipes, three steel pipes of the same batch without cracks in ultrasonic testing were selected to test the mechanical properties of the weld zone.



3.5.1. Tensile Properties


According to the standard GB/T 228-2002, the weld-sampling analysis of five steel pipes was conducted. Three tensile specimens were taken from each steel pipe. The full-thickness plate specimen was cut perpendicular to the weld, and the weld was located in the middle of the specimen. The specimens were cold-flattened before tensile testing. The test results showed that the tensile strength of the 15 samples was between 540 MPa and 570 MPa, and they were all broken in the weld area. The tensile strength values of specimens are listed in Table 3. The tensile fractures all had “gray spot” defects (Figure 14).




3.5.2. Impact Property


According to the standard GB/T 229-2007, the impact properties of five steel pipes (three samples from each steel pipe) were tested in the weld zone at −20 °C. The impact-test results of 15 specimens are listed in Table 4. These values meet the requirements in the technical specification (the average value of impact energy is more than 30 J). However, the impact energy value fluctuated greatly, with a standard deviation of 32.





3.6. Analysis of Physical and Chemical Properties of Pipe


According to API Spec 5L-2012 standard, the chemical composition, material microstructure, and impact toughness of the base metal of the cracking pipe section were tested. The chemical composition of the 1# and 2# pipeline is listed in the Table 5 and Table 6. All experiment results meet the requirements of the API Spec 5L-2012 standard and design requirements for the pipeline.




3.7. Analysis and Discussion


The analysis results show that the cracks in the 1# and 2# pipes completely penetrated the pipe wall, and the cracks extended from the outer surface of the pipe wall to the inner surface along the weld fusion line. Many iron-oxide inclusion phases are distributed in chains in the weld fusion zone of the leaking pipe, and these oxides are the same as the inclusion phases observed in the crack source area of the fracture. At the same time, during the welding process, the stress in the weld area is uneven and the weld fusion line of the 2# pipe is seriously inclined. The most serious fusion line was inclined up to 14.8°.



The ERW steel pipe is heated and welded by high-frequency current. During welding, due to the “skin effects”, the metal on both sides of the butt welding is heated to a very high temperature in a short period. Under the action of the extrusion force, the metals on both sides are welded together to form a welded joint. During normal heating, the welding heat input is sufficient, and the internal impurities have good fluidity at high temperatures and are easy to remove. If the welding heat input is insufficient, the inclusions cannot be melted, the floating ability is poor, and the inclusions remain in the weld. As the composition and structure of the inclusion phase is different from that of the surrounding material, stress concentration occurs when the material is subjected to stress.



During pressure testing, the outer surface of the pipe body was subjected to maximum tensile stress. The stress concentration caused cracks to be generated first in the inclusion phase on the outer surface of the weld zone. With the continuous action of tensile stress, the crack gradually grew until it penetrated the pipe wall and the steel pipe leaked. Weld inclusions are the root cause of oil-pipeline leakage events.





4. Fitness-for-Service Assessment


Fitness-for-service assessment is an engineering-failure critical evaluation method to determine whether the defects found in the manufacturing and operation process are allowed to continue to exist. The advantage of the method is considering the safety and costing for components with potential flaws in service. The investigations of the cracking line pipe show that the welding quality of this batch of steel pipes is poor, and problems occur, such as gray spots and a large dispersion of toughness, which cause hidden dangers in the safe operation of the pipelines. It is necessary to proceed with fitness-for-service assessment for the pipelines. The fitness-for-service assessment of a pipeline includes whether the pipeline can be operated safely under 10 MPa design pressure, and the remaining life for this pipeline (reassessment cycle).



According to the GB50369-2006 and the pipeline design standard, 12.5 MPa hydraulic test should be carried out before operation. As a generally accepted method of pipeline integrity evaluation, hydraulic tests can be used as an alternative and supplement to other integrity-evaluation techniques such as internal inspection. A higher hydropressure test contributes to detecting the most of flaws that trigger off failure, and the pipeline operates safely under lower pressure. A hydropressure of 12.5 MPa ensures the safe operation of pipelines under 10 MPa design pressure. Thus, the key fitness-for-service assessment is only the remaining life prediction of the cracking pipeline.



The pipe-body fatigue behavior is particularly prominent due to the flat-type defects from the straight welding seam and the variable load from shutdown and restart and operating pressure fluctuations. The remaining life is mainly decided by the fatigue life of the cracking pipeline. Figure 15 shows the system flow of fatigue life prediction for pipelines with potential cracking risk. First, the critical defect size of the pipeline under two pressures of 12.5 MPa and 10 MPa was determined based on the FAD system. The critical defect size at 12.5 MPa is the maximum size of potential defect in an operating pipeline. The critical defect size at 10 MPa is an unacceptable defect size for an operating pipeline. Then, whether shutdown and startup and pressure fluctuation cause crack fatigue growth were judged. If the stress-intensity factor ΔK exceeded the fatigue threshold ΔKth, the fatigue life and reassessment cycle of the pipeline where the cracking pipe was located were predicted based on the results of the fatigue-crack growth rate.



4.1. Critical Defect Size of Pipeline under Pressure of 12.5 MPa and 10 MPa


According to the macroscopic appearance and microscopic analysis results of the cracking pipes, the possible defects in the welds of the pipeline are treated as semielliptical outer-surface cracks. For crack-type defects, the failure-assessment diagram technique is preferentially selected since the technique considers all possible material-failure behaviors, from brittle fracture to plastic instability. The failure-assessment diagram is shown in Figure 16, and the evaluation curve equation is as follows:


    K r  =  (  1 − 0.14  L r 2   )   [  0.3 + 0.7 e x p  (  − 0.65  L r 6   )   ]       L r  ≤  L r  m a x     



(1)






    K r  = 0      L r  >  L r  m a x     



(2)




where    K r  =  K I  /  K  m a x     is toughness ratio;    K I    is stress-intensity factor;    K  m a t     is fracture toughness of the material;    L r  =  σ  r e f   /  σ y    is load ratio;    σ  r e f     is reference stress; and    σ y    is yield strength of the material.    L r  m a x     is the cutoff line of the evaluation curve, and    L r  m a x   =    σ u  +  σ y    2  σ y     , and    σ u    is tensile strength of the material.



Based on the API 579 (Fitness for Service), the critical defect size of the pipeline under the test pressure of 12.5 MPa and the design pressure of 10 MPa is calculated and shown in Figure 17. The critical defect size of the pipeline at 12.5 MPa and 10 MPa is a curve controlled by the two parameters of crack depth a and crack length 2c.




4.2. Fatigue Life Prediction


As shown in Figure 18, the first important step of fatigue life prediction is to determine whether the initial crack propagates under the given conditions. If no propagation occurs, the fatigue life is infinite. Otherwise, the increment (Δa, Δc) of a certain crack size is given based on the initial crack (a0, c0), and the life increment is calculated by virtue of Paris crack-propagation formula. Safety-assessment software (TGRC-AFSP) developed by us is used to calculate the pipe fatigue life. At each step of the life numerical integration, the two parameters (Lr, Kr) of the FAD diagram are used as the criteria of failure conditions. The accumulation and approximation methods are combined to predict the evaluation period.



4.2.1. Fatigue-Crack Growth Rate da/dN and Threshold ΔKth


Based on the statistical data of the operating pressure fluctuations of the resemble pipelines within one year, the stress ratio of the pipeline where the cracking pipe was located was set to 0.6 and the fatigue cycle was 47 times per year. The stress ratio with shutdown and restart was 0.1, and the fatigue cycle was 65 times per year. When performing fatigue life prediction, the initial crack depth α0 took the values of 0.95, 1.0, 1.1, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0. The initial crack length 2c0 was determined according to the critical defect length, as shown in Figure 17.



According to the step-by-step force-reduction method in the standard GB/T 6398-2000, the fatigue-crack growth rate da/dN and crack growth threshold ΔKth of the weld seam were tested under the stress ratio (R) of 0.1 and 0.6. The samples were taken from two cracking steel pipes and three steel pipes in the same batch with no cracks in acoustic detection. Three samples were taken from each steel pipe.



Table 7 shows the average values of the fatigue-crack growth threshold ΔKth. When the stress ratio R was 0.1, the average values of the fatigue-crack growth threshold ΔKth were larger than that of the fatigue-crack growth threshold ΔKth when the stress ratio R was 0.6. For the sake of safety, when predicting fatigue life, the threshold value of fatigue-crack growth is the minimum value under the two stress ratios; that is, when the stress ratio is 0.1,   Δ  K  t h   = 3.67 MPa ·  m   ; when the stress ratio is 0.6,   Δ  K  t h   = 3.49 MPa ·  m   .



The measure values of three specimens from the same pipe section were fitted, and the results are shown in Figure 19. The fatigue-crack growth rate when the stress ratio R was 0.6 is higher than the fatigue-crack growth rate when the stress ratio R was 0.1, and the crack growth rates of different steel pipes under the same stress ratio are not much different.




4.2.2. Determination of Crack Propagation


Fatigue cracks propagate when the stress-intensity factor ΔK at the crack tip is higher than the fatigue-crack growth threshold ΔKth. According to the specification of API 579-2000, for a semielliptical outer surface crack, the crack-tip stress-intensity factor ΔK under internal pressure load should be calculated as follows:


  Δ K =   Δ P  R i 2     R 0 2  −  R i 2     [  2  G 0  + 2  G 1   (   a   R 0     )  + 3  G 2     (   a   R 0     )   2  + 4  G 3     (   a   R 0     )   3  + 5  G 4     (   a   R 0     )   4   ]      π a  Q       



(3)




where   Δ P =  P  m a x   −  P  m i n    ,    P  m a x    , and    P  m i n     are the maximum and minimum working pressures of the pipeline, respectively;  a  is the crack depth;    R i    and    R 0    are the inner and outer radii of the pipeline, respectively;    G 0   ,    G 1   ,    G 2   ,    G 3   , and    G 4    are influence coefficients.




4.2.3. Fatigue Life Prediction


Taking the critical defect size of the pipeline at 12.5 MPa as the initial crack size, we calculated the fatigue life of the pipeline under stress ratios of 0.6 and 0.1. Figure 20 shows that the trend of the relationship between the cycle times and the initial crack depth under the two stress ratios was similar. When the defect depth was 0.95 mm, the fatigue cycle times of pipelines under both stress ratios reached the lowest value. When the stress ratio was 0.1, the minimum number of cycles was 1363; and when the stress ratio was 0.6, the minimum number of cycles was 18,139.





4.3. Reassessment Period


Miner’s theory holds that the fatigue damage of materials at all levels of stress is independent, so the total damage can be accumulated in a linear form. Based on the assumption that the number of cycles for the material to reach failure is N1 under stress ratio R1, and the damage to the structure is D, then the damage to the structure caused by n1 cycles of load is n1D/N1 according to Miner’s theory. For the stress ratios R1 and R2, the damage caused by each cyclic load is D/N1 and D/N2, respectively. When the fatigue damage of the material at all levels of stress reaches the critical value D, the material is damaged, so we can deduce that when the structure suffers fatigue failure, the following is obtained:


     n 1  D    N 1    +    n 2  D    N 2    = D    



(4)







That is,


     n 1     N 1    +    n 2     N 2    = 1    



(5)







For the failed pipeline, when the stress ratio was 0.6, the fatigue cycle was 47 times per year and the fatigue life cycle was 18,139. When the stress ratio was 0.1, the fatigue cycle was 65 times per year and the fatigue life-cycle times were 1363. According to Equations (4) and (5), the fatigue life of the pipe Tf is obtained by Equation (6).


   T f  ×  (    65   1363   +   47   18139    )  = 1  



(6)







In general, the inspection period is decided by the following equation:


  T =    T f   / F   



(7)




where Tf is the integrated fatigue life and F is the safety factor.



Due to the large dispersion of fatigue crack growth data, and a certain error between the small-size sample used in the fatigue test and actual pipeline, the safety factor (F) of fatigue life prediction is generally taken as 6 in engineering. According to Equation (7), the reassessment period of the failed pipeline is three years.





5. Conclusions and Recommendations


Through the analysis of the failed parts and fitness-for-service assessment for the pipeline, the following conclusions and suggestions are obtained:




	
The results of cracking-failure analysis of the steel pipes show that weld defects are the main reason for the cracking of this pressure test.



	
Based on the standards of API 579, GB 50369-2006, and SY/T 6648-2006, the pipeline where the cracking pipe is located can be used safely under a design pressure of 10 MPa.



	
Based on the fatigue-test results of pipeline welds, using Miner’s linear cumulative damage theory, a re-evaluation period of three years is recommended for the pipeline where the cracking pipe is located.



	
When the pipeline where the cracking pipe is located is put into service, the pressure should be gradually and steadily boosted, and attention to monitoring during boosting is necessary.



	
An outside inspection of the entire line should be conducted within three months after the pipeline is put into service to find the possible microseepage points of the pipeline and prevent cracking when the pipeline is in use.
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Figure 1. Morphology of leaking pipes (a) 1# pipe and (b) 2# pipe. 
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Figure 2. Schematic of sampling positions of cracking pipes (a) 1# and (b) 2#. 
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Figure 3. Macromorphology of weld seam of 1# cracking pipe (a) C1; (b) C2; (c) C3; (d) C4. 
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Figure 4. Analysis of weld of 1# cracking pipe: (a) C2 sample crack; (b) inclusions in crack of C3 sample; (c) crack tip morphology and fusion line on inner surface of C3 sample; (d) microstructure and oxide inclusions in the middle of the weld fusion line of C3 sample. 
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Figure 5. Macromorphology of weld seam of 2# cracking pipe: (a) C2; (b) C3; (c) C4; (d) C5. 
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Figure 6. Small crack structures near outer surface of 2# cracking pipe. 
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Figure 7. Restoration diagram of original fracture of leaking pipe. 
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Figure 8. Morphology of inclusions at crack source. (a) zone 1; (b) zone 2; (c) zone 3; (d) zone 4. 
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Figure 9. Microstructure of 1# pipe (a) welding zone; (b) heat-affected zone. 
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Figure 10. Microstructure of 2# pipe (a) welding zone; (b) heat-affected zone. 
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Figure 11. Enlarged morphology of gray spots in weld fusion line (a) zone 1; (b) zone 2. 
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Figure 12. Streamline morphology of cracking pipe (a) 1#; (b) 2#. 
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Figure 13. Rolling and folding on outer surface of 2# cracking pipe. 
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Figure 14. SEM morphology of tensile fracture: (a) “Gray spot” (bottom) and separation (top) of 1# cracking pipe welds; (b,c) “gray spot” of 2# cracking pipe welds; (d) fracture separation of 2# cracking pipe weld. 
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Figure 15. System flow of fitness-for-service assessment for pipelines with potential leakage risk. 
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Figure 16. Failure-assessment diagram. 
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Figure 17. Critical defect size of pipeline under 12.5 MPa and10 MPa test pressure. 
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Figure 18. System flow of fatigue life prediction. 
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Figure 19. Fitting curve of fatigue-crack growth rate of weld (a) R = 0.1; (b) R = 0.6. 
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Figure 20. Relationship between pipeline cycle times and initial crack depth (a) R = 0.1; (b) R = 0.6. 
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Table 1. Energy-spectrum analysis results of inclusions at four crack sources (at.%).
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	C
	O
	Al
	Mn
	Fe
	Total





	Figure 8a
	19.72
	53.85
	-
	0.5
	25.92
	100.00



	Figure 8b
	16.40
	60.36
	-
	0.37
	22.87
	100.00



	Figure 8c
	17.00
	58.24
	-
	2.19
	22.58
	100.00



	Figure 8d
	11.86
	56.28
	2.69
	0.40
	28.77
	100.00
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Table 2. Gray-spot energy-spectrum analysis results (at.%).
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	Elements
	C
	O
	Al
	Mn
	Fe
	Total





	Content
	15.32
	60.21
	1.02
	0.49
	22.96
	100.00
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Table 3. Tensile strength of welding zone.
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No.

	
1# Pipeline

	
2# Pipeline

	
3# Pipeline

	
4# Pipeline

	
5# Pipeline






	
Rm (MPa)

	
570

	
565

	
560

	
555

	
550

	
555

	
540

	
545

	
545

	
540

	
550

	
545

	
540

	
550

	
540
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Table 4. Impact energy of welding zone.
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No.

	
1# Pipeline

	
2# Pipeline

	
3# Pipeline

	
4# Pipeline

	
5# Pipeline






	
Impact energy (J)

	
54

	
67

	
34

	
57

	
50

	
71

	
78

	
64

	
120

	
98

	
38

	
73

	
16

	
78

	
61




	
Average value (J)

	
51.7

	
59.3

	
87.3

	
69.7

	
51.7
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Table 5. Chemical composition of 1# pipeline (wt.%).
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	Element
	C
	Si
	Mn
	P
	S
	Cr
	Mo
	Ni
	Nb
	V
	Ti
	Cu
	B
	Al
	N





	Content
	0.077
	0.22
	1.43
	0.0091
	0.0008
	0.015
	0.019
	<0.001
	0.037
	0.0020
	0.013
	0.024
	<0.0001
	0.029
	0.0058
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Table 6. Chemical composition of 2# pipeline (wt.%).
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	Element
	C
	Si
	Mn
	P
	S
	Cr
	Mo
	Ni
	Nb
	V
	Ti
	Cu
	B
	Al
	N





	Content
	0.060
	0.21
	1.44
	0.012
	0.0026
	0.019
	0.018
	<0.001
	0.038
	0.0019
	0.016
	0.021
	<0.0001
	0.042
	0.0055
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Table 7. Average value of ΔKth of steel-pipe welds (MPa·√m).
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	Pipe No.
	1
	2
	3
	4
	5





	R = 0.1
	3.67
	4.30
	4.20
	4.47
	4.32



	R = 0.6
	3.49
	3.80
	3.98
	3.99
	3.96
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