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The strength of the natural gas transmission pipe is reduced due to sag deformation and corrosion defects. However, there are rare experiment data to quantitatively describe the effect of the defect’s size and position on the pipe strength. This paper designed seven groups of steel pipes with various defects to perform the hydrostatic bursting experiments, and to research the effects of the defects on the strength of the steel pipe. The experimental pipe sample is selected as the X52 material. Three types of defects were set up: concave and corrosion combinational defects, one corrosion defect, and two corrosion defects. The pipe rupture size, the strain around defects, and pipe perimeters before and after experiments are measured, finally yielding the strain-pressure curve of each steel pipe. Comparisons of experimental results show that the defect depth is the dominant factor affecting the pipe strength. Moreover, results show that the DNV-RP-F101 code tends to yield less distance beyond which two defects will not affect each other. The ASME B31G code also tends to give a lower residual strength of the pipe. However, in comparison with the PCORRC criterion, the ASME B31G formula has higher accuracy for X52 pipes. The average relative deviation between the experimental and calculated corroded pipe strength is 14.87%.
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1 INTRODUCTION
Internal concave defects and corrosion defects are commonly found in natural gas pipelines. These defects reduce the strength of the pipe and finally cause severe pipe fault accidents, such as gas leakage, fire, explosion accidents as well as environmental pollution (Milos et al., 2019; Jia et al., 2021a; Jia et al., 2022; Jia et al., 2023). The corrosion defects on the gas pipe can be classified into two types: uniform corrosion and local corrosion. There are no pure uniform corrosion defects. Instead, local corrosion is the dominant reason that causes pipe failure, including pitting corrosion, crevice corrosion, intergranular corrosion, erosion-corrosion, and stress corrosion (American Petroleum Institute, 2012; Sultan et al., 2018; Jia et al., 2021b). Besides, the concave defect is often caused by rock obstacles, mechanical damage, and third-party excavation, during the pipeline construction and installation processes. The concave defect is not a convex defect that often occurs in the pipeline installation process, but a local elastic-plastic deformation caused by the impact or extrusion of external forces, which causes a significant change in the curvature of the pipeline surface, as shown in Figure 1. However, it is difficult to predict the effects of the defect size and its position on the pipe strength because of the shape and position of the complicated defect as well as the interaction between different defects.
[image: Figure 1]FIGURE 1 | Schematic diagram of aconcave defect.
Representative evaluation standards and methods have been studied all over the world since the end of the 1960s, to evaluate the residual strength of defective pipes, such as ASME B31G (ASMEB31G-2012, 2012) and DNV-RP-F101 (DNV-RP-Fl01, 2010). These standards were built based on more than 70 full-size pipe bursting tests, and a large number of three-dimensional, nonlinear, elastic-plastic finite element analysis results.
Many scholars have researched the strength of the pipe with various defects by the use of experimental methods. Vanaei et al. (2017) reviewed the common pipe corrosion forms, the current status of state-of-the-art online detection (ILI) techniques, and corrosion growth rate models considering the advantages and limitations of each model. Some studies found that when the initial crack length of the steel pipe is known, the residual life of the pipe can be predicted (Jun et al., 2014). For example, when the crack length of the long crack surface is 10 mm, the residual life of the pipe is approximate 41320 h (4.71 years), and the target reliability is 98. When the penetration crack is 40 mm, the remaining life reduces to 10520 h (1.20 years). Bouledroua et al. (2019) performed burst tests on the API 5L X60 pipe steel. The experimental bursting pressures are compared with the simulation results obtained from the finite element method. The comparative study of the experimental and simulation results is used to evaluate the pipe structure integrity evaluation method, including the standard and fault assessment diagram (FAD). Zhang and Fan (Huimin and Jiazhen, 2009) carried out internal pressure bursting tests of the pipe when there are pit defects distributed along with the axial and the circumferential directions of the pipe, and finally proposed an internal pressure limit load estimation formula.
The theoretical method, including the finite element method, also has been widely applied in pipe strength research. Shuai et al. (Yi et al., 2017) proposed a new model to predict the bursting pressure for the corroded pipeline by the finite element method. They presented that the corrosion depth and the pipeline operation pressure have the largest influence on the pipe failure probability. However, they do not research the effects of the interaction between different defects. Ma et al. (Ma et al., 2013) applied the finite element method to predict the limit load of the buried pipeline. The simulation results are consequently used to evaluate the accuracy of the bursting test results. They found that pipe failure occurs when the von-Mises equivalent stress of the pipe reaches the ultimate tensile strength of the material. The failure mechanism of high-strength grade steel is plastic instability and is mainly controlled by the ultimate tensile strength of the material. Zhang and Fan (Huimin and Jiazhen, 2009) also used the finite element method to build the internal pressure limit load estimation formula for a steel pipe with various defects. Fekete and Varga (Gábor and László, 2012) studied the influence of axial and circumferential defect depth, length, and width on the bursting pressure. Yeom et al. (Kyu et al., 2015) studied the influence of axial defect depth and length on the failure pressure of the pipe. They also proposed a corresponding evaluation equation. These researches mainly focus on the effect of a single defect on the pipe strength.
On the other hand, the interaction between different defects also affects the pipe strength. Chandra et al. (2016) researched the effects of the interaction defects on the residual strength of the X46 steel pipe. They found the pipe residual strength is significantly reduced with increasing defect depth. Milos et al. (2019) studied the relationship between the pipe strength and the defect’s depth, length, width, and defect distance, yielding a criterion to determine the limit distance beyond which the defects will not affect each other. Behrooz et al. (2018) suggested that the limit axial distance between two defects is 25.4 mm. Cao et al. (Cao et al., 2017) stated that using the DNV model can accurately predict the actual bursting pressure when there are two axial rectangular defects on the X80 steel pipe.
Current achievements mainly focus on researching the effects of a single defect on the pipe strength for a specified pipe. The numerical simulation method based on the finite element method also has been widely involved in determining the pipe residual strength. However, some of the simulation results lack experimental verifications. The X52 steel pipe is widely used in the raw gas gathering and transmission process (Wenlong et al., 2020a; Wenlong et al., 2020b). We also lack experiment data regarding the strength of the pipe with one or two defects, which limits the pipe residual strength evaluation and the numerical simulation verification.
In this paper, the failure pressure and yield pressure of the X52 steel pipe are measured. The effect of the interaction between two defects on the strength is obtained through hydrostatic bursting tests. In what follows, the experimental materials and methods are introduced in Section 2. The experimental results are summarized in Section 3, and the effects of the shape and positions of the defect are analyzed based on experimental results. Finally, the accuracy of the DNV-RP-F101 and ASME-B31G are analyzed based on experimental results.
2 MATERIALS AND METHODS
2.1 Experimental pipe samples
The experiments selected seven groups of seamless steel pipe sections with various defects. The steel pipe material is X52, the external diameter is 406 mm, the wall thickness is 10 mm, and the length is 4000 mm. A total of seven pipes are selected and marked with the sample number: #1, #2, #3, #4, #5, #6, #7. The two end-sides of the pipe are sealed with reinforcement plates, and the pressurized medium is water, as depicted in Figure 2. A hydrostatic bursting test system is applied to gradually boost the pressure by injecting water into the sealed pipe, and the strain of the pipeline is recorded during the whole testing process (Shuai et al., 2006; Jian, 2010). The test procedure follows the DNV-RP-F101 code (DNV-RP-Fl01, 2010).
[image: Figure 2]FIGURE 2 | The diagram of the pipe sample for the hydrostatic bursting test.
The size of the corrosion defect is represented by its length, width, and depth. Also, the concave is represented by its depth on the test pipe samples (Chinedu et al., 2015). A total of seven pipe samples are set according to different defect combinations. Firstly, a pure corrosion defect with 100 mm in length, 30 mm in width, and 5 mm in depth is set in pipe sample #2 as the control group. Secondly, the above corrosion defect is combined with a concave defect of 50 mm in depth. This combination is set in pipe sample #1, which revealed how the residual strength of pipe with corrosion changes when there is a concave on the corrosion at the same time. Finally, the above corrosion defect and another corrosion defect (350 mm in length, 30 mm in width, and 4 mm in depth) are carved in five pipe samples with different axial distances and circumferential angles. The list of the pipe samples is given in Table 1. Since the three dimensions of a defect (length, width, and depth) instead of its shape have the main influence on the residual strength of the pipe, the corrosion defect is made into a standard rectangle to ensure the accuracy of the measurement of the above three dimensions. The depressions were prefabricated by hardball extrusion, and the corrosion defects were prefabricated by cutting tool and fillet.
TABLE 1 | The list of the pipe samples with different corrosion and concave defects.
[image: Table 1]2.2 Static tensile experiments
As the most important property of pipeline steel, the tensile property is the basic index for pipeline safety evaluation. To measure the tensile properties of the pipe samples mentioned above, seven X52 steel standard specimens were prepared from the above seven pipe samples to perform the material axial tensile experiment, obtaining the yield strength, tensile strength, and corresponding elongation of the material. The tensile test was carried out on the Instron-426 universal material testing machine following GB/T 228.1-2010 standard, and the experimental results should meet the standard requirements of API 5L, as shown in Table 2.
TABLE 2 | Tensile mechanical properties of API5 L about X52 pipeline steel.
[image: Table 2]Table 3 presents that the yield strength of the material is in the range of 392–410 MPa, and the tensile strength is in the range of 494–515 MPa, which meets the requirements of the API 5L standard. Moreover, both the yield-tensile ratio and the elongation of the material reach the prescribed standards of API5 L, indicating that all the tested pipes have good plastic deformation capacity and deformation resistance.
TABLE 3 | Tensile properties of seven standard static tensile samples.
[image: Table 3]2.3 Principles to determine the bursting pressure
Based on the above experimental samples, variations of the pressure with the time can be obtained by continuously injecting water into the sealed pipes. The first rupture occurs when the von-Mises equivalent stress at the defect position is equal to the strength limit of the pipe material. The bursting pressure of the pipe is equal to the water pressure when the pipe rupture occurs. The von-Mises equivalent stress is calculated by Eq. 1 (ASMEB31G-2012, 2012; DNV-RP-Fl01, 2010):
[image: image]
where σs is the von-Mises equivalent stress; σ1 is the principal stress along the pipe hoop direction; σ2 is the principal stress along the axial direction; σ3 is the principal stress along the radial direction.
The pipe material is an elastic material when the equivalent stress at the defect position is less than the yield strength of the material. However, the pipe material becomes a plastic material when the equivalent stress is beyond the yield strength. Hence, two different pressure-increasing stages can be measured during the whole experimental process. We take the pressure loading process of sample #1 as an example to show the two stages. The pressure-loading time curve is shown in Figure 3. According to the pressure-loading time curve, the yield pressure of the pipe is 19.00 MPa, and the bursting pressure is 25.82 MPa.
[image: Figure 3]FIGURE 3 | The pressure-loading time curve for sample #1.
2.4 The strain and stress test around defects
The pipe rupture generally occurs at the defect position because of the stress concentration. The strain and stress test around the defect is essential to determine the pipe bursting pressure. Sample #1 is still taken here as an example to show the method of measuring the strain and stress around the defect. The strain gauge parameters are as follows: the resistance 120 ± 0.2 Ω, the sensitivity coefficient K = 2 ± 1%, measuring range 20000 με.
Nine strain measuring points numbered 0, 1, 2, 3, 4, 5, 6, 7, and 8 around the defect, and the stick strain gauges are installed on these nine points. Four points are installed along the axial direction, and four points are installed along the hoop direction. One point is located at the intersection point of the axial and the hoop axis, as shown in Figure 4A. Besides, for the pipe sample containing two defects, it is not clear which defect will be the first broken one in the priority of experiments. We assume that the bigger defect will be firstly broken, so the strain measurement points are installed around the bigger one, as shown in Figure 4B. The actual installations of these measured points are shown in Figure 5A. Finally, sample #1 steel pipe shows fusiform rupture after bursting, and the specific morphology is shown in Figure 5B. Following the above method, Figure 6 shows the pressure-axial strain and pressure-circumferential strain curves for different test points for sample #1.
[image: Figure 4]FIGURE 4 | Nine strain test points around the defect on test samples, where (A) shows the strain test points for sample #1, and (B) shows the strain test points for samples with two corrosion defects.
[image: Figure 5]FIGURE 5 | The strain test sample #1 steel pipe, where (A) shows the Strain test installation on the pipe, and (B) shows the piperuptureafter the experiment.
[image: Figure 6]FIGURE 6 | The pressure-straincurves for Sample #1, where (A) shows the pressure-axial strain curves, and (B) shows the pressure-circumferentialstrain curves.
In Figure 6A, curves (0, 1, 2, 3, 4) indicate the axial strain variation of five measured axial points around defects, where point 0 is located at the defect center, points 2 and 4 are closer to the defect center, and points 1 and 3 are far away from the defect center. We can find that the maximum axial strain occurs at the defect center. Also, axial strain decreases with increasing the distance from the measured point to the defect center. That is because the stress concentration at the defect position causes the largest strain in the pipe. Curves (5, 6, 7, 8) represent the axial strain variation of four measured points along with the circumferential position of the defect center (but it doesn't have to be inside the defect). Results show that the axial strain firstly increases and then decreases with increasing the distance from the defect center to the measure points. Additionally, the measured points along the axial direction have negative strains, whereas measured points along the circumferential direction always have positive axial strains. These results indicate that the axial position of the defect is subjected to the axial compressive stress, while the angular position of the defect is subjected to the axial tensile stress. These tendencies are following those presented by Hossein et al. (Al-Owaisi et al., 2016).
Figure 6B shows the variations of circumferential strain with pressure. It presents that before the pressure is loaded up to the burst pressure value, the circumferential strain at the axial position of the defect is positive but the circumferential strain at the circumferential position of the defect is negative. These results mean that the axial position of the defect is subjected to the circumferential tensile stress and the circumferential position of the defect is subjected to the circumferential compress stress. what’s more, Figure 6B shows that variations of the hoop strain curves change abruptly when the pressure is approaching the pipe bursting pressure. That is, the rupture is caused by the hoop strain.
2.5 Pipe circumferential deformation test
Following DNV-RP-F101 (DNV-RP-Fl01, 2010) code, fifteen circumferential deformation instruments are installed along the axial direction of the pipe with a spacing of 250 mm between two test points, as given in Table 4. Firstly, adjust the displacement output knob of the instrument until the initial displacement value is equal to zero. Secondly, collect the perimeter data at different positions of the pipe during the pressure boosting process until the sample yields. Thirdly, releasing the pressure to the atmospheric pressure to observe the deformation recovery. Fourthly, stop injecting water into the pipe, and remove the tester. Finally, draw the pressure deformation curve during the pressure boosting and releasing processes according to the measured data.
TABLE 4 | Comparisons between the original perimeter and perimeter after experiments for sample #1.
[image: Table 4]Sample #1 is still taken as an example to analyze the circumferential deformation of the pipe. The pipe’s original perimeters and the perimeters after experiments at fifteen different positions are listed in Table 4. This sample finally forms a rupture with 540 mm in length, 118 mm in width, and 5.38 mm in depth. The rupture extends both axially and circumferentially, as shown in Figure 5B.
Table 4 shows that the pipe has almost the same original perimeter. However, after experiments, the perimeter becomes larger because of the circumferential deformation. The middle position along the axial direction (2000 mm point) has the largest perimeter, that is because the defect is located at this position, resulting in the largest hoop strain of the pipe. Figure 7 shows the change of perimeter of each measuring point before and after pressurizing the pipeline.
[image: Figure 7]FIGURE 7 | The change curve of pipe circumference before and after the experiments.
3 RESULTS AND DISCUSSIONS
3.1 Pipe bursting pressure
According to the above experimental methods, the yield pressure and the maximum bursting pressure of all seven samples listed in Table 1 are obtained from the pressure-loading time curves and derived strain-stress curves. The results are given in Figure 8. It presents that the seven samples have similar yield pressures although the defects on the sample are different. These results are reasonable because theoretically, the yield pressure is only dependent on the material itself. However, the bursting pressures of these seven samples are different, as shown in Figure 8, because the bursting pressure is dependent on the defect size and position.
[image: Figure 8]FIGURE 8 | Curves of yield pressure and maximum bursting pressures of seven samples.
The rupture pictures of #2, #3, #4, #5, #6, and #7 samples are shown in Figure 9. The rupture size and positions of all these seven samples are summarized in Table 5. Comparisons of the rupture size and positions are given in Figures 9, 10. These results demonstrate that almost all the ruptures of the pipe are located at the small defect positions, although the length of the large defect is much higher than that of the small defect. That indicates the defect depth is the dominant factor affecting the pipe strength, because the depth of the small defect is 5 mm, and that of the large defect is 4 mm.
[image: Figure 9]FIGURE 9 | The rupture shape of six pipe samples, where (A–F) represent pipe samples 2# to 7#, respectively.
TABLE 5 | The rupture size and positions of all samples.
[image: Table 5][image: Figure 10]FIGURE 10 | Distribution of rupture length and width in seven samples.
On the other hand, sample #1 has the highest bursting pressure among all these seven samples. The only difference between samples #1 and #2 is that sample #1 has one additional concave defect which is manufactured by pressing a hardball on the external surface of the pipe wall, resulting in the initial compressive stress for the sample. Contrary, the hydrostatic rupture experiments produce tensile stress on the sample. Hence, sample #1 has higher residual strength in comparison with other samples.
Except for sample 1#, sample #2 has the highest bursting pressure in comparison with samples #3, #4, #5, #6, and #7 because sample 2# has only one defect. The experimental results of these six samples can be applied to analyze the effects of the spacing between different defects on the pipe strength. Results demonstrate that the defects affect each other, resulting in a decrease in the failure pressure of the steel pipe. The interaction between the defects is related to the axial spacing and the circumferential angle (Al-Owaisi et al., 2016; Ghaednia and Sreekanta, 2018).
3.2 Evaluations on the interaction relationships between two defects
3.2.1 DNV-RP-F101 formula
The code DNV-RP-F101 recommends a formula to calculate the limit axial distance between two defects beyond which the two defects will not affect each other. The formula is as follows:
[image: image]
where, S is the limit axial distance, mm; D is the pipe external diameter, mm; t is the thickness, mm.
DNV-RP-F101 also recommends a formula to calculate the limit circumferential angle between two defects beyond which the two defects will not affect each other. The formula is as follows:
[image: image]
where Φ is the l circumferential angle.
According to Eqs 2, 3, the limit axial distance and limit circumferential angle are equal to 127 mm and 56.4°, respectively. However, these two equations do not consider the defect size and depth. We rearranged the bursting pressure of samples #2-#7 in Figure 12, in which we marked the limit axial spacing in the red color and the limit annular angle in the green color. The axial spacing of sample #4 is beyond the limit value calculated from the DNV-RP-F101 method, so there should be no interaction between the two defects, and the residual strength should be determined by the most serious single-point corrosion defect. In other words, the burst pressure of sample #4 should be equal to that of sample #2. However, the experimental results do not follow this rule. Similarly, the circumferential angle between defects of sample #5 is close to the limit value calculated from DNV-RP-F101, so its burst pressure should be close to the value of sample #2. Nevertheless, sample #5 has the lowest residual strength in the experimental results, indicating that it is still affected by the interaction between defects. It seems that DNV-RP-F101 is not accurate for calculating the limit axial distance and the limit annular angle for the pipeline with two defects. In the future, more experiments should be designed to validate and improve the above two equations.
[image: Figure 11]FIGURE 11 | Rupture perimeter and rupture positions of seven samples.
[image: Figure 12]FIGURE 12 | Pipeline sample arrangement (according to burst pressure values).
3.2.2 ASME B31G formula for evaluation of pipeline residual strength
ASME B31G recommends a formula to calculate the residual strength of the corroded steel pipe as follows:
[image: image]
[image: image]
where Pf is the residual strength; SMYS is the material yield strength; M is the expansion correction factor; l is the defect length; t is the defect depth.
Based on Eqs 4, 5, the residual strength of the corroded pipe is related to the pipe material, the external diameter, the wall thickness, the defect length, and depth. Using Eq. 4, the calculated pipe residual strength is obtained. Comparisons between the calculated residual strength and the experimental values are depicted in Figure 13. It demonstrates that the ASME B31G code tends to yield lower residual strength, and the average relative deviation between the experimental and calculated value is 14.87%.
[image: Figure 13]FIGURE 13 | Comparisons between the calculated residual strength and the experimental values.
3.2.3 PCORRC formula for evaluation of pipeline residual strength
PCORRC formula is a fitting formula based on a large number of finite element results, which can be very suitable for evaluating medium and high-grade steel pipelines (Wang et al., 2019) but not applicable to evaluating cracked pipes (Bi et al., 2021). The PCORRC criterion states that the failure of pipe defects is dominated by material tensile strength instead of yield strength. Therefore, different from the ASME B31G standard, PCORRC uses tensile strength to calculate the residual strength of the pipeline. The PCORRC formula is as follows:
[image: image]
[image: image]
where M is the swell factor; σb is the tensile strength of pipe; P is the residual strength of pipe; d is the depth of corrosion defect; D is the outside diameter of the pipe; L is the length of corrosion defect; t is the wall thickness of the pipe.
For seven pipe samples in hydrostatic bursting experiments, only two types of corrosion defects contain, including one with a depth of 5 mm and length of 100 mm, and the other with a depth of 4 mm and length of 350 mm. According to the experimental results shown in Figure 9, six defects leading to the failure of six pipe samples are selected to be the detective defects Separately. Taking the size of detective defects as a calculation parameter of the PCORRC criterion and the results are shown in Table 6 and Figure 14.
TABLE 6 | PCORRC and Experimental results of six pipe samples.
[image: Table 6][image: Figure 14]FIGURE 14 | Comparisons between PCORRC and experimental values.
It is clear that there are errors between PCORRC values and experimental values of six pipe samples, and PCORRC values are always lower than experimental values, which shows the conservatism of the PCORRC criterion. Further comparison with ASME B31G formula shown in Figure 15 demonstrates the calculation error of PCORRC formula is larger than that of ASME formula, that is because PCORRC formula is more suitable for evaluating medium and high-grade pipes (Stephens and Leis, 1999) such as X70 ∼ X100. Therefore, compared with the PCORRC criterion, the ASME B31G formula that is suitable for evaluating medium and low-strength pipe has more accuracy for pipe samples of X52 steel.
[image: Figure 15]FIGURE 15 | Comparisons between PCORRC and ASME B31G values.
However, both PCRRC and ASME B31G codes cannot avoid the issue that these criteria can only be used for a single corrosion defect pipeline and are too conservative. Therefore, the influence of axial distance or circumferential angle between defects on the bearing capacity of the pipeline cannot be reflected when evaluating pipeline samples with two defects.
3.2.4 Summary
The verification of DNV-RP-F101, ASME-B31G, and PCRORRC codes indicates that there is still a lack of effective evaluation criteria for multidefect pipelines, and the most direct embodiment is that the change of defect location can not be reflected in the formula of residual strength. In addition, the results of the full-scale pipe hydrostatic blasting test do not exactly match the DNV-RP-F101 discriminant of ultimate axial spacing and circumferential angle, indicating that study of the interaction between defects in the pipeline is still insufficient. Therefore, it is suggested that the evaluation of residual strength of the pipeline could be related to the positions of two defects, and the interaction between defects could be further studied. Meanwhile, the ASME B31G formula and the criterion in DNV-RP-F101 that calculate the limit distance between two defects need to be modified in further work to improve the accuracy in the evaluation of pipe residual strength with multidefects.
4 CONCLUSION
The subject of this paper is to test the strength of X52 steel pipes with various defects. The effect of the axial distance and the circumferential angle between two defects on the pipe strength is also discussed based on experiments. The following conclusions and suggestions are drawn from a comparative analysis.
1) The hydrostatic experiment method can effectively measure the strain around the defect, the yield pressure, and the bursting pressure of X52 steel pipes. The defect depth is the dominant factor affecting the pipe strength.
2) For the X52 steel pipe, the bursting pressure of the pipe with one concave defect and one corrosion defect is greater than that of the pipe with only one corrosion defect. The pipe with two corrosion defects has less strength in comparison with that that has only one corrosion defect.
3) Experimental data are applied to evaluate the limit circumferential angle, limit axial distance formulas in the DNV-RP-F101 code, and verify the corroded pipe residual strength in ASME B31G code and PCORRC code. Results show that the DNV-RP-F101 code tends to yield a less limit axial distance. The ASME B31G code also tends to give a lower residual strength of the pipe, the calculated value of corroded pipe strength which has 14.87% error compared with experimental data.
4) Compared with ASME B31G code, PCORRC code tends to give more conservative results when evaluating X52 pipe, that is because PCORRC is more suitable for evaluating medium and high-grade pipes. It is suggested that the PCORRC code be used in the evaluation of X70 to X100 pipe (SMYS 485MPa–690 MPa) and that the ASME B31G code be used in evaluating pipe strength of steel grade below X70 (SMYS lower than 485 MPa).
5) Evaluation of multi-defect pipeline is still lacking, and the most direct embodiment is that the evaluation of the bearing capacity of defective pipeline in the current criterion can not be combined with positions of two defects. Thus, it is suggested that the interaction between defects could be taken into account in future studies of the residual strength of pipelines.
6) In future work, it is necessary to carry out hydrostatic blasting experiments of pipes with a combination of more than three defects. Meanwhile, more experiments should be designed to validate and modify the formulas proposed in the existing criteria.
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Sample No.

#1
#2
#3
#4
#5
#6

#7

Length/mm

540
95
470
300
93
94
380

‘Width/mm

118
24
78
66
18
15
90

‘Wall thickness/mm

538
338
425
396
303
338
481

Rupture perimeter/mm

1,440
1,323
1,367
1,357
1,300
1,303
1,374

Rupture position

Single Defect

Big Defect Position

Small Defect Position

Big Defect Position
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Sample No. Size of Detective Defect PCORRC Results/MPa Experimental Results/MPa

Length/mm Depth/mm
#2 100 5 1265 2203
# 350 4 1507 19.43
#4 100 5 1265 19.78
45 100 5 1265 1877
#6 100 5 1265 2093
47 350 4 1507 19.66





OPS/images/fenrg-10-1046900-t002.jpg
Sample Tensile property®
R; o5 (MPa) R, (MPa) R;os/R, A50 (%)

Requirement  390-530 460-760 <0.93 225

“Note: R o is the yield limit of the pipe material; R, is the strength limit of pipe
materiak R, os/R, is the yield-tensile ratio; A50 is material elongation.
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Sample Type Corrosion Corrosion Corrosion Concave i Circumferential
number length/mm width/mm depth/mm depth/mm spacing/ angle/’
mm

1# Corrosion + 100 30 5 50 = =
depression

2 Corrosion 100 30 5 — — —

3 Corrosion + 100 + 350° 30+ 30 5+4 — 30 0
corrosion

4 Corrosion + 100 + 350 30+ 30 5+4 - 135 15
corrosion

5¢ Corrosion + 100 + 350 30+ 30 5+4 — 20 50
corrosion

6t Corrosion + 100 + 350 30+ 30 5+4 — 50 30
corrosion

7¢ Corrosion + 100 + 350 30+ 30 5+4 - 120 20
corrosion

“Note: In the table, the pipe sample #3-#7 sequence contains the dimensions of two defects. The representation form “correction 1 + correction 2" s used to characterize dimensions (length,
i Sl Att). 6 bt ssiocision M .6 100 & S50 Bacasoti Uhs Aot N 100 stk 1 Tk And Bk athes b 350 A By Kkt
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No

Distance from the
measured points to
the pipe end/mm

250

500

750

1,000
1,250
1,500
1750
2000
2250
2,500
2,750
3,000
3250
3,500
3,750

Original perimeter/mm

1,280
1,280
1,280
1,280
1,280
1,280
1,299
1,277
1,279
1,280
1,280
1,280
1,281
1,280
1,280

Perimeter
after experiments/mm

1,310
1,313
1,315
1,317
1,319
1,319
1,390
1,440
1,392
1,320
1,323
1,323
1,324
1,325
1,325
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Sample Tensile property

R s/MPa  R,/MPa  R,,s/R,  A50/%

1 400 503 0.795 478
2 407 498 0.817 474
3 410 496 0.827 47.2
4 392 515 0.761 47.6
5 413 494 0.836 484
6 398 506 0.787 49.2
7 409 497 0.823 47.2





