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Abstract

:

Corroded steel pipelines are particularly vulnerable to failure due to ground movement, which highlights the need to improve their seismic resistance through reinforcement methods. This paper establishes a three-dimensional finite element model of a corroded steel pipeline subjected to a reverse fault, which considers the effects of the corrosion position and depth, winding thickness, and length of carbon fiber-reinforced polymer (CFRP), to investigate the stress, strain, elliptic deformation, and failure modes of the pipeline before and after CFRP reinforcement. Results indicate that the main failure mode of the intact and corroded pipeline crossing the reverse fault is local buckling. Corrosion intensifies the response of the cross-fault pipeline, accelerates its failure occurrence, and promotes transformation from a single failure mode to multiple failure modes. For CFRP reinforcement, an increase in CFRP winding thickness can effectively inhibit the growth of the pipeline’s compressive strain, thus reducing the buckling potential. Each additional CFRP layer can further enhance the overall buckling resistance but at a decreasing rate. Similarly, longer CFRP winding improves buckling resistance though the effectiveness per meter decreases. Therefore, it is recommended that the thickness and length of CFRP winding on the pipeline should be optimized to obtain the best reinforcement at a reasonable cost.
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1. Introduction


Long gas pipelines are crucial national infrastructure and civil engineering projects [1] that span extensive areas and inevitably cross seismically active regions. For example, the China–Myanmar pipeline crosses 18 active faults and multiple seismic zones and is highly susceptible to fault-induced permanent ground displacement (PGD) [2]. Post-earthquake investigations have revealed that PGD will compromise the structural integrity of buried pipelines. Significant damage has been observed in pipelines subjected to fault-induced PGD, including the 1971 San Fernando earthquake [3], the 1999 İzmit earthquake [4], the 1999 Chi-Chi earthquake [5], and, most recently, the 2023 Gaziantep earthquake [6]. Most studies that investigated the performance of pipelines crossing faults primarily focus on their failure modes [7], reinforcement measures [8], and failure criteria of non-corroded pipelines across faults [9].



During the transportation of natural gas through the pipelines, there is a large temperature difference between the transport medium and the environment outside. Corrosive media in the pipeline, such as CO2, H2S, and volatile organic acids, will condense into droplets at the top of the pipeline along with the water vapor [10], leading to top-of-the-line corrosion (TLC). This process will lead to the thinning of the pipeline wall and reduction of its strength; in serious cases, leakage will occur causing accidents and economic losses [11]. Most studies on corroded pipelines mainly focus on failure modes under simple loads like internal pressure [12]. However, there is limited research on the damage amplification effects and failure modes of corrosion in hanging wall and footwall pipelines subjected to faults.



Research on the performance analysis methods and model prediction of buried corroded pipelines has gradually become a key point in pipeline engineering research. Researchers have carried out a large amount of work on the modeling, simulation, and prediction of pipeline corrosion characteristics. Zhou et al. [13] proposed a nonuniform corrosion field modeling method based on the random field theory to simulate the complex corrosion morphology on the outer wall of the pipeline and, combined with finite element analysis, predict the pipeline burst bearing capacity. In addition, for the corrosion defect behavior of high-strength steel pipes, Ren et al. [14] used the extended finite element method and artificial neural network to analyze the stress field change and rupture behavior at the crack tip, further improving the adaptability and accuracy of steel pipe corrosion prediction. Long et al. [15] evaluated the seismic resilience of urban water supply networks considering the soil corrosion environment and the service age of pipelines. The results showed that different corrosion environments and service ages would significantly affect the seismic resilience of the pipelines. In summary, the research on the performance analysis and model prediction of buried corroded pipelines has made significant progress in aspects such as nonuniform corrosion field modeling and machine learning-based prediction methods.



There are numerous studies on the reinforcement of buried pipelines subject to fault-induced PGD, such as selecting higher-grade steel, reducing the pipeline diameter-to-thickness ratio or buried depth, and setting flexible joints between pipeline segments. Other solutions have also been considered, including increasing the width of the backfill trench and reducing the pipeline–ground friction. Retrofitting corroded steel pipeline CFRP materials has been proposed, owing to many features including lightweight, high tensile strength, and high flexibility for application in complex terrains and irregular pipeline shapes. Consequently, pipelines can be retrofitted quickly and more economically by employing CFRP compared with conventional methods [16]. In addition, CFRP materials have excellent fatigue strength and superior corrosion resistance. Recent studies have also explored the application of CFRP materials inside pipelines. For instance, Rusch et al. [17] developed a bonded internal reinforcement system that boosts pipeline stiffness. Bruce et al. [18] tested a repair system for X52 pipelines with carbon fiber and glass fiber composites and found that the repaired pipeline had a 17% higher burst strength than the unrepaired ones. However, there are no studies on the effectiveness of CFRP treatment for corroded steel pipelines in enhancing its performance when subject to fault-induced PGD.



To address this identified gap in the literature, this paper investigates the response of corroded steel pipelines without and with CFRP reinforcement to reverse fault movement. It evaluates the effects of corrosion location and depth on the failure modes of buried pipelines and, further, on adopted reinforcement measures. A three-dimensional finite element model of the pipeline with corrosion defects subjected to reverse fault is developed and employed to examine the effectiveness of CFRP treatment considering the influence of CFRP reinforcement thickness and length on the responses and failure modes of pipelines crossing faults.




2. Finite Element Model


2.1. Geometric Dimension and Mesh Elements


A 3D finite element model of a buried pipeline with localized corrosion subjected to reverse fault movement is developed employing ABAQUS 2021. As shown in Figure 1, the buried depth is set at 2 m, outer diameter D = 0.9144 m, and wall thickness t = 0.0119 m [19]. To eliminate boundary effects, the soil domain size is set as 8 m ×10 m × 60 m and is discretized using eight-node reduced solid units (C3D8R) [20], with a total of 13,260 units. The reverse fault features a crossing angle of θ = 90° and a dip angle of β = 60° [21]. The pipeline material is API 5L X65 steel and is discretized using four-node reduced shell elements (S4R).



To account for the small soil deformation at the far end of the pipeline model and its effect on the large deformation of the section subject to PGD, the equivalent boundary condition proposed is adopted; nonlinear springs are attached to both ends of the pipeline to simulate the far-field end. The relationship between the axial external load and the pipeline elongation is given by Liu et al. [22]:


  F =   2  f s  A E Δ L   ,  



(1)




where F is the axial force of the equivalent nonlinear springs at both ends of the pipeline; fs is the axial force per unit length along the pipeline axis; ΔL is the elongation of the equivalent nonlinear springs when subjected to axial force; A and E are the cross-sectional area and elastic modulus of the pipeline.




2.2. Material Constitutive Model and Related Parameters


The Mohr–Coulomb constitutive model is used to simulate soil behavior, with parameters listed in Table 1. The Ramberg–Osgood stress–strain constitutive model is used to simulate the pipelines’ plastic deformation under fault displacement, with the stress–strain relationship given by:


  ε =     σ y     E p      [    σ   σ y     + λ  (    σ   σ y      )   ]  ,  



(2)




where σ is stress; ε is total strain; σy is yield stress; Ep is initial elastic modulus; λ and N are parameters of the Ramberg–Osgood model. For X65 steel material considered in this study, σy = 448.5 MPa, Ep = 206 MPa, λ = 0.533, N = 14 [23]. Figure 2 shows the stress–strain curve of X65 steel. The range of the elastic and elastoplastic stages of X65 steel can be obtained from Figure 2, and the material parameters required for numerical simulation are also provided.




2.3. Constitutive Model and Reinforcement Form of CFRP


To accurately simulate the mechanical response of CFRP-reinforced steel pipelines subject to fault displacement, the orthogonal elastic plane stress model (Lamina model) is applied to simulate the constitutive behavior of CFRP, which can simulate the mechanical properties of composite laminates [24]. The Hashin failure criterion is used to predict the anisotropic damage degree of CFRP under fault displacement, which considers four damage initiation mechanisms: fiber tension, fiber compression, substrate tension, and substrate compression.



The CFRP material considered in the analysis refers to that used in the testing program of Teng et al. [25], with its mechanical properties shown in Table 2. The failure parameters of CFRP are defined according to the Hashin failure criteria. The thickness of single-layer CFRP is 0.18 mm, and each single-layer is assumed perfectly combined. Finally, shell elements are used to discretize the CFRP material.




2.4. Simulation of Fault Displacement and Pipe-Soil Interaction


The frictional contact model, face-to-face discretization, penalty function, and hard contact are used to simulate fault displacement [26]. The friction coefficient at soil interfaces is set to 0.7, while the coefficient at the pipe–soil interface is set to 0.3 [27]. The pipeline mesh is refined within 10 m near the fault plane, while the mesh of the farther part is relatively coarse.



The loading is applied in two stages. First stage: the soil domain and bottom surface are fixed, and the gravity load is applied to the whole model to simulate the initial geostatic stress conditions and the deformation of the whole model. Second stage: the footwall is fixed, and the hanging wall represents the displacement applied by the moving block 60° along the fault direction to simulate the reverse fault movement, and both are fixed in the normal direction. The fault displacement caused by an earthquake is predicted based on an empirical statistical equation [28], i.e.,:


       log   10    d  m a x   = M   −   2.247   log   10    (    k   L R      )  + 0.6489 M + 0.0581 s − 0.3407 v − 2.985      −   0.1369  M 2  − 0.0306  S L  + 0.2302  S L 2  + 0.5792  S L 3       +  [  − 0.3898 R − 0.2749  (  1 − R  )   ]  R / 100 ,     



(3)




where M is earthquake magnitude, R is epicentral distance (km), H is depth of seismic source, and LR is rupture length.




2.5. Simulation of Local Corrosion


Table 3 shows the data measured in the total distance of 62.8 km from the first station to the first middle station of the Qing–Harbin Pipeline where 9625 volumetric defects in steel pipelines were identified [29]. Five working conditions of residual wall thickness of 0.6 t, 0.7 t, 0.8 t, 0.9 t, and t (t = 0.0119 m) are designed according to the proportion of different corrosion extents. With the deepening of corrosion extent, the remaining wall thickness decreases accordingly.



Considering the most unfavorable condition of the pipeline stress based on the results of seismic response analysis for non-corroded pipelines [30], corrosion defects are set at the maximum strain of the hanging wall and footwall pipelines (L = 3.2 m away from the fault plane). Figure 3 displays a schematic diagram of the corroded pipeline model, Figure 3a shows the front profile of the pipeline, and Figure 3b presents the longitudinal profile of the pipeline. In Figure 3, d is the corrosion depth, S is the side length of the corroded area, and t is the wall thickness. Studies have revealed that the size of the corrosion area is mostly 50% of the annular length of the upper half of the pipeline [31]. Therefore, the proposed annular length of the corrosion area is 0.28 m, and it is assumed that the corrosion area is a square with S2 = 0.28 m2.





3. Failure Criteria for Pipeline Crossing Fault


The strain-based pipeline design criteria are chosen according to the code provision GB/T 50470-2017 [32]. When the pipeline is subjected to fault-induced displacement, the following three different limit states are considered for analysis and quantification and are used as the failure criteria of the pipeline.



3.1. Tensile Fracture


Due to the fault displacement, the tensile strain of the pipe wall exceeds the ultimate tensile strain of the pipeline material, resulting in rupture. Considering the ductility of the steel material itself, the allowable tensile strain [εT] used in this study is 3% according to the recommended value in IRRK-GSDMA [33].




3.2. Local Buckling


Under fault displacement, the pipeline will produce compressive folding deformation at a certain position away from the fault plane. When the compressive strain exceeds a certain limit, the pipe wall will sag and bulge due to instability, and when buckling further progresses, more serious collapse will occur. Therefore, according to the relevant provisions of the CSA Z662 [34], the allowable compressive strain [εC] in this study is expressed as:


   [   ε c   ]  = 0.5   t D   − 0.0025 + 3000    (      σ h   E    )   2  ,  



(4)






   σ h  =  {         P D   2 t    ,    P D   2 t  σ y     ≤ 0.4       0.4  σ y  ,    P D   2 t  σ y     > 0.4       ,  



(5)




where [εC] is an allowable compressive strain (taken here as −0.016); t is the thickness of pipe wall; D is the pipe outer diameter; σy is the pipe circumferential stress; P is the pipe internal pressure; and σh is the yield stress of pipe material.




3.3. Elliptic Deformation


The loss of pipe wall thickness caused by corrosion will lead to a change in the pipeline cross-section shape under fault displacement. Correspondingly, serious bending will cause the circular section of the pipeline to flatten, thus reducing the pipeline transportation capacity. The deformation of the pipeline cross-section is usually presented by an ellipse. In this study, the dimensionless ellipticity parameter f is used to measure the extent of pipeline ellipticity, which is expressed as follows:


  f =    Δ D  D   ,  



(6)




where D is the change in the pipe’s outer diameter. When the ellipticity reaches 0.15, the pipeline will be damaged [35]. The final adopted pipeline failure limits in this study are shown in Table 4.





4. Results and Analyses


4.1. Validation of Numerical Model


To validate the finite element model, its predictions are compared with the results of the full-scale physical model test conducted by Jalali et al. [36]. The developed model adopts the same material structure and size as in the physical test, and according to the test loading scheme, 0.2 m and 0.6 m fault displacements are applied to this model. Figure 4a shows the local buckling predicted by the finite element model in this study. Compared with Jalali’s test, it can be seen that the model successfully predicts the buckling position of the pipeline. Furthermore, Figure 4b compares the measured and calculated longitudinal strains after fault displacements of 0.2 m and 0.6 m. Figure 4b demonstrates that the finite element model successfully predicted the maximum strain and the position of the buckling pipeline section. The measured and calculated peak strains at the top of the pipeline at the hanging wall are 0.02 and 0.018, and the peak strains at the footwall are −0.095 and −0.081, respectively (i.e., discrepancy < 20%). This difference is attributed to the possible soil inhomogeneity and porosity in the test soil caused by fault displacement. In conclusion, the developed finite element model is suitable for conducting the response and failure mode analysis of buried pipeline crossing a reverse fault.




4.2. Mechanical Response of Corroded Pipeline Crossing Reverse Fault


4.2.1. Mechanical Response of Pipeline with Corrosion at Hanging Wall


Figure 5 shows the axial strain diagrams at the top of the pipeline with different residual wall thicknesses when the corrosion occurs at the hanging wall at a distance L = 3.2 m from the fault plane and 0.9 m fault displacement. Figure 5 shows that as the corrosion deepens, its influence on the pipeline strain increases within a certain range x = [17 m, 19.3 m] outside the corrosion area due to the reduced remaining wall thickness. As the pipe wall becomes thinner, the strain at the corrosion location exhibits an approximately linear increase (approximately 0.01 per every 10% reduction in thickness). When the residual wall thickness is 0.8 t, the tensile strain in the etched region exceeds 0.03 (i.e., failure).



Figure 6 shows the von Mises stress diagram of the pipeline with different residual wall thicknesses when corrosion occurs at the hanging wall at a distance L = 3.2 m from the fault plane and 0.9 m fault displacement. Figure 6 demonstrates that the whole pipeline exhibits S-shape deformation and is obviously bent at two locations 3.2 m from both sides of the fault plane. With the stress concentration, the pipe wall is folded due to the pressure. Combined with analyses of Figure 5, the results reveal that local buckling is still the main failure mode of the pipeline crossing a reverse fault when the residual wall thickness is more than 0.8 t. With the deepening corrosion, the main failure mode will change from a single local buckling to a double form controlled by local buckling and tensile fracture when the residual wall thickness is less than 0.8 t. In other words, the increased corrosion weakens the seismic performance of the pipeline and promotes the development of multiple failure modes.




4.2.2. Mechanical Response of Pipeline with Corrosion at Footwall


Figure 7 shows the axial strain diagrams at the top of the pipeline with different residual wall thicknesses when the corrosion occurs at the footwall at a distance L = 3.2 m from the fault plane and 0.9 m fault displacement. It is seen from Figure 7 that compared with the peak strain of a non-corroded pipeline, the peak strain is increased by 24%, 70%, and 99% for 0.9 t, 0.8 t, and 0.7 t pipelines, respectively. Meanwhile, the peak strain of the pipeline at the footwall increases by 126% from −0.0801 for the intact pipeline to −0.1817 for 0.6 t. When the pipe wall thickness is reduced by 10%, the strain in the corroded area changes dramatically, showing an irregular nonlinear growth trend.



Figure 8 shows the von Mises stress diagram of the pipeline with different residual wall thicknesses when corrosion occurs at the footwall at a distance L = 3.2 m from the fault plane and 0.9 m fault displacement. It reveals that the deformation mode of the whole pipeline is consistent with the corrosion of the hanging wall pipeline; however, the difference is that the corrosion of the footwall pipeline has a significant effect on its section deformation. As the corrosion extent increases, the stress level of the corrosion area increases gradually compared with the surrounding area, and the deformation becomes more concentrated, resulting in large section deformation. Though the main failure mode of the pipeline, in this case, is still local buckling, the axial compressive strain makes it easier to reach the failure limit with the deepening corrosion.



For corrosion at the hanging wall, as the fault displacement increases, the failure mode of the pipeline changes from a single failure mode of local buckling to a double failure mode controlled by local buckling and tensile fracture. On the other hand, the corrosion at the footwall does not change the main failure mode of local buckling; however, the corrosion effect intensifies the local buckling. Thus, different corrosion positions have a significant amplification effect on the local strain of the pipeline. The strain response caused by corrosion at the footwall is larger than that caused by corrosion at the hanging wall.





4.3. Failure Modes of Corroded Pipeline Crossing Reverse Fault


4.3.1. Failure Modes of Pipeline with Corrosion at Hanging Wall


Figure 9 shows the peak strain of the hanging and footwall pipelines with different corrosion extents at the hanging wall at a distance L = 3.2 m from the fault plane (C is compressive strain, T is tensile strain). It is observed in Figure 9a that there is no significant difference in the compressive strain curve at the bottom of the hanging wall pipeline for different levels of corrosion, while the difference in the tensile strain curve is evident. When the fault displacement exceeds 0.6 m, a single failure mode of local buckling occurs at the bottom of the hanging wall pipeline almost simultaneously for different corrosion extents, and the difference in tensile strain at the top of the pipeline is obvious. Double failure modes of local buckling and tensile fracture occur when the fault displacement exceeds 0.8 m. Figure 9b shows that the corrosion at the hanging wall has a minor influence on the strain of the pipeline at the footwall: it does not affect its main failure mode.



Figure 10 shows the variation trend of pipeline peak ellipticity under different fault displacements. Figure 10 shows that the ellipticity of the pipeline increases as the fault displacement increases. When the fault displacement exceeds 0.9 m, the pipeline with different corrosion extents gradually presents an elliptic deformation failure.



Table 5 shows the critical fault displacement of the pipeline with corrosion at the hanging wall. Taking 0.8 t as an example, when fault displacement exceeds 0.9 m, the hanging wall pipeline simultaneously has three failure modes: local buckling at the bottom, tensile fracture at the top, and elliptic deformation. The results demonstrate that when corrosion occurs at the hanging wall, the increasing corrosion extent will weaken the pipeline’s resistance to tensile fracture and elliptic deformation. With the increase in fault displacement and corrosion extent, the failure mode of the hanging wall pipeline changes from single to multiple forms.




4.3.2. Failure Modes of Pipeline with Corrosion at Footwall


Figure 11 shows the peak strain of the hanging and footwall pipelines with different corrosion extents at the footwall at a distance L = 3.2 m from the fault plane. Figure 11a indicates that the corrosion at the footwall has a minor influence on the strain of the hanging wall pipeline. Although the top compression and bottom tensile strain fluctuate to a certain extent, this does not affect its main failure mode. Figure 11b reveals that as the fault displacement increases, the compressive strain of the pipe’s top with different corrosion extents varies significantly. As the corrosion extent increases, the critical fault displacement of local buckling decreases gradually. If the residual wall thickness is only 0.6 t, local buckling failure occurs at the pipe’s top when the fault displacement is only 0.33 m.



Figure 12 shows the variation trend of pipeline peak ellipticity under different fault displacements. From Figure 12, it is noted that the ellipticity increases with the increase in fault displacement. However, when the fault displacement exceeds 0.4 m, the influence of corrosion extent becomes evident. When the fault displacement exceeds 0.9 m, the pipeline with different corrosion extents gradually exhibits an elliptic deformation failure.



Table 6 shows a critical fault displacement of the pipeline with corrosion at the footwall. It is evident from Table 6 that as the corrosion extends, the critical fault displacement of local buckling and elliptic deformation of the pipeline continues to decrease, especially the local buckling, which decreases sharply, while the tensile fracture is the largest and unaffected by corrosion. When the fault displacement exceeds 0.87 m but does not reach 1.15 m, a double failure mode of local buckling and elliptic deformation occurs at the footwall pipeline section. When the fault displacement exceeds 1.15 m, there are multiple failure modes of local buckling, tensile fracture, and elliptic deformation at the footwall pipeline section. The results indicate that when corrosion occurs at the footwall, an increasing corrosion extent will weaken the resistance of the pipeline to local buckling and elliptic deformation. With the increase of fault displacement and corrosion extent, the failure mode of the footwall pipeline will change from single one to multiple forms.





4.4. Effectiveness of CFRP Reinforcement


When the top corrosion occurs in a certain position of the footwall pipeline, the original failure mode of the pipeline changes from single to multiple forms, and the failure damage will be more serious than that in other positions. Therefore, it is necessary to undertake reinforcement measures for the corroded footwall pipeline.



4.4.1. Design Conditions


A 3D numerical model is established for a corroded pipeline crossing a reverse fault with dip angle β = 60°, buried depth h = 2 m, and corrosion depth of 0.6 t (t = 0.0119 m) to investigate the effectiveness of different CFRP external winding reinforcement schemes on the mechanical response and the failure mode of the pipeline. The number of reinforced layers is either 4, 8, or 12, and the reinforcement lengths considered are 5 m, 10 m, 15 m, and 20 m.




4.4.2. Response and Failure of Corroded Pipeline with CFRP Reinforcement


Figure 13 shows the peak strain and peak ellipticity of the footwall pipeline reinforced with CFRP of a certain 20 m length and different thicknesses. It is observed in Figure 13a that compared with the unreinforced pipeline, CFRP can significantly reduce the strain response and delay the occurrence of local buckling failure. The buckling resistance increased by 56.7%, 82.4%, and 86.9% for the 4-, 8- and 12-layer cases, respectively. The strain of the severely corroded pipeline (0.6 t) can be restored to 90% of the intact pipeline by using 4-layer CFRP. It is further noted that in the interval from 0 to 4 layers, the average buckling resistance increased by 14.17% for each layer compared with 0 layers; in the interval from 4 to 8 layers, the average buckling resistance increased by 6.43% for each layer compared with 4 layers; and in the interval from 8 to 12 layers, the average buckling resistance increased by 1.2% for each layer compared with 8 layers. Therefore, as the CFRP thickness increases, the buckling resistance increases but at a decreasing rate.



Figure 13b shows that, compared with the unreinforced pipeline, the peak ellipticity of the 4-layer reinforced pipeline is increased by 27.8%, that of the 8-layer reinforced pipeline is increased by 36.79%, and that of the 12-layer reinforced pipeline is increased by 44.8%, indicating that more CFRP reinforced layers mean stronger resistance of the pipeline to cross-section deformation. Moreover, when the fault displacement is less than 0.3 m, the section deformation of the pipeline reinforced with CFRP is basically the same as that without the reinforcement, and the effect and difference of CFRP reinforcement with different thicknesses cannot be reflected temporarily.



Table 7 shows the critical fault displacement of the pipeline with different CFRP thicknesses. It is noted from Table 7 that the critical fault displacement of local buckling and elliptic deformation increases significantly after the reinforcement, and the reinforcement effect is the most significant in the 4-layer case. The failure sequence of the pipeline is first local buckling, then elliptic deformation, and finally tensile fracture.



Figure 14 shows the peak strain and peak ellipticity of the footwall pipeline reinforced with CFRP of 8 layers and different lengths. Figure 14a shows that compared with the unreinforced pipeline, the increase in buckling resistance is 31.8%, 48.5%, 66.9%, and 82.4% for the 5 m-, 10 m-, 15 m-, and 20 m-long reinforcement, respectively. However, the rate of increase in resistance also decreases as the reinforcement length increases, similar to the case of different CFRP thicknesses.



Furthermore, Figure 14b indicates that compared with the unreinforced pipeline, the resistance to section deformation increases by 25%, 31%, 33.9%, and 36.3% for the 5 m-, 10 m-, 15 m-, and 20 m-long reinforcements. This shows that the resistance of the pipeline to cross-section deformation increases as the CFRP reinforcement length increases but at a decreasing rate. Same as the case of different CFRP thicknesses, when the fault displacement is less than 0.3 m, the CFRP reinforcement has no effect on the pipeline behavior.



Table 8 shows the critical fault displacement of the pipeline with different CFRP lengths. Table 8 indicates that the critical fault displacement of local buckling and elliptic deformation increases significantly after the reinforcement, and the reinforcement effect is the most significant in the 5 m case. The failure sequence of the pipeline is still local buckling, then elliptic deformation, and finally tensile fracture.




4.4.3. Comparison of Corroded Pipeline Before and After CFRP Reinforcement


Figure 15 shows the Mises stress diagram of the pipeline reinforced with CFRP when the top corrosion occurs at the footwall with 0.9 m fault displacement and residual wall thickness of 0.6 t. Figure 15 demonstrates that the overall stress of the pipeline before and with reinforcement remains unchanged; the top of the footwall pipeline is under pressure and the bottom is under tension, while the top of the hanging wall pipeline is under tension and the bottom is under pressure. Furthermore, the overall pipeline exhibits an S-shaped deformation. However, the pipeline presents different buckling patterns at the corrosion position without and with reinforcement, which is manifested as local buckling without the reinforcement, while there is no obvious stress concentration with the reinforcement. The Mises stress at the corrosion position is significantly reduced after the CFRP reinforcement.



Figure 16 shows the cross-section deformation diagram of the corrosion position of the pipeline before and after CFRP reinforcement. Figure 16 shows that without the reinforcement, the corrosion position has a large extent of depression and the shape is greatly distorted. However, after applying the reinforcement, the section deformation changes moderately. The irregular deformation of the pipeline is improved, and the maximum deformation occurs at 0.84 m displacement instead of 0.78 m. The reinforcement at the corrosion position improves the deformation resistance by 7% and the cross-section becomes more circular.






5. Conclusions


It is necessary to reinforce the cross-fault pipeline with corrosion defects. In this study, a 3D finite element model of a pipeline with corrosion is developed to analyze the impact of corrosion on the response and failure mode of the pipeline crossing a reverse fault. The effectiveness of CFRP reinforcement and its thickness and length are further evaluated to investigate the positive effect on corroded pipelines. The following conclusions are drawn:



(1) Corrosion defect amplifies the axial strain response and weakens the seismic performance of the pipeline crossing a reverse fault. The strain of the pipeline in the corroded area increases linearly with corrosion extent, at about 0.01 increase for every 10% reduction in thickness. Corrosion at different positions of the pipeline will significantly amplify the mechanical response and promote the pipeline’s failure process.



(2) Corrosion defect promotes the transition of cross-fault pipeline from a single failure mode to multiple failure modes, increasing the risk of pipeline failure. When the fault displacement exceeds 0.8 m, the pipeline with corrosion at the hanging wall already experienced failure of local bulking and tensile fracture compared with the intact pipeline only experiencing local bulking.



(3) CFRP reinforcement can alleviate strain concentration, eliminate local buckling, and improve irregular deformation of the pipeline crossing a reverse fault. The compressive resistance of the corroded pipeline is moderately enhanced by the CFRP reinforcement. The section deformation at the reinforced position is like that of a non-corroded pipeline. In addition, it is found that the increase in thickness and length of CFRP reinforcement can enhance the pipeline buckling resistance, but at a decreasing rate, as the reinforced thickness/length increases. Considering the economy of the actual project, combined with the relevant calculation results in this study, it is suggested to wrap 4 layers of CFRP with a length of 5 m on the pipeline wall at the corrosion location to obtain the most cost-efficient reinforcement effect.
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Figure 1. Reverse fault-pipeline 3D finite element model. 
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Figure 2. The Ramberg–Osgood constitutive model of X65 steel. 
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Figure 3. Schematic diagram of pipeline mode with local corrosion. (a) Front cross-sectional view of the corroded pipeline. (b) Longitudinal section diagram of the corroded pipeline. 
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Figure 4. A comparison of numerical calculation and Jalali’s test. (a) Local buckling of the steel pipeline. (b) The axial strain of the pipe’s top. 
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Figure 5. The axial strain of the pipeline’s top with corrosion at the hanging wall. (a) The axial strain of the pipe’s top. (b) Enlarged image. 
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Figure 6. Stress diagram of the pipeline with corrosion at the hanging wall. 
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Figure 7. The axial strain of the pipeline’s top with corrosion at the footwall. (a) The axial strain of the pipe’s top. (b) Enlarged image. 
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Figure 8. The stress diagram of the pipeline with corrosion at the footwall. 
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Figure 9. The peak axial strain of the pipeline with corrosion at the hanging wall. (a) Hanging wall section. (b) Footwall section. 






Figure 9. The peak axial strain of the pipeline with corrosion at the hanging wall. (a) Hanging wall section. (b) Footwall section.



[image: Applsci 14 10896 g009]







[image: Applsci 14 10896 g010] 





Figure 10. Peak ellipticity of the pipeline with corrosion at the hanging wall. 






Figure 10. Peak ellipticity of the pipeline with corrosion at the hanging wall.



[image: Applsci 14 10896 g010]







[image: Applsci 14 10896 g011] 





Figure 11. The peak axial strain of the pipeline with corrosion at the footwall. (a) Hanging wall section. (b) Footwall section. 
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Figure 12. Peak ellipticity of the pipeline with corrosion at the footwall. 
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Figure 13. A mechanical response of the pipeline with different CFRP thicknesses. (a) Peak axial strain. (b) Peak ellipticity. 
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Figure 14. A mechanical response of the pipeline with different reinforcement lengths. (a) Peak axial strain. (b) Peak ellipticity. 
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Figure 15. The stress diagram of the corroded pipeline before and after CFRP reinforcement. 
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Figure 16. Cross-section deformation of the pipeline before and after CFRP reinforcement. 






Figure 16. Cross-section deformation of the pipeline before and after CFRP reinforcement.



[image: Applsci 14 10896 g016]







 





Table 1. Mechanical parameters of soil.






Table 1. Mechanical parameters of soil.





	Type
	Density

(kg/m3)
	Elastic Modulus

(MPa)
	Poisson’s Ratio

ν
	Friction Angle

φ (º)
	Cohesion

c(kPa)
	Dilatation Angle

ψ (º)





	Clay
	1960
	20
	0.3
	33.5
	26
	3










 





Table 2. Mechanical properties of CFRP material.
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	E1/MPa
	E2/MPa
	Nu
	G12/MPa
	G13/MPa
	G23/MPa
	tCFRP/mm





	230,000
	1900
	0.3
	3387
	3387
	3387
	0.18










 





Table 3. Interval proportions of different residual wall thicknesses.
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	Corrosion Depth
	Number of Defective Points
	Percentage





	90~100%
	1295
	13.4%



	80~90%
	3277
	34.5%



	70~80%
	2672
	27.8%



	60~40%
	2261
	23.5%










 





Table 4. Identification of failure modes in this study.
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	Failure Modes
	Corresponding Indicators
	Selected Limits





	Tensile fracture
	Allowable tensile strain [εT]
	0.03



	Local buckling
	Allowable compressive strain [εC]
	−0.016



	Elliptic deformation
	Allowable ovality [f]
	0.15










 





Table 5. Critical fault displacement of the pipeline with corrosion at the hanging wall (m).
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Failure Mode

	
Remaining Wall Thickness




	
0.6 t

	
0.7 t

	
0.8 t

	
0.9 t

	
t






	
Local buckling

	
0.51

	
0.51

	
0.51

	
0.51

	
0.6




	
Tensile fracture

	
0.52

	
0.62

	
0.8

	
1.1

	
1.21




	
Elliptic deformation

	
0.78

	
0.79

	
0.79

	
0.92

	
0.99











 





Table 6. Critical fault displacement of the pipeline with corrosion at the footwall (m).
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Failure Mode

	
Remaining Wall Thickness




	
0.6 t

	
0.7 t

	
0.8 t

	
0.9 t

	
t






	
Local buckling

	
0.26

	
0.28

	
0.3

	
0.41

	
0.55




	
Tensile fracture

	
1.3

	
1.3

	
1.3

	
1.3

	
1.3




	
Elliptic deformation

	
0.68

	
0.72

	
0.8

	
0.81

	
1.09











 





Table 7. Critical fault displacement of the pipeline with different CFRP thicknesses.






Table 7. Critical fault displacement of the pipeline with different CFRP thicknesses.





	
Failure Modes

	
Reinforcement Thicknesses




	
0 Layer

	
4 Layers

	
8 Layers

	
12 Layers






	
Local buckling

	
0.25

	
0.46

	
0.46

	
0.46




	
Tensile fracture

	
1.3

	
1.3

	
1.3

	
1.3




	
Elliptic deformation

	
0.68

	
0.98

	
0.95

	
1.2











 





Table 8. Critical fault displacement of the pipeline with different reinforcement lengths.






Table 8. Critical fault displacement of the pipeline with different reinforcement lengths.





	
Failure Mode

	
Reinforcement Lengths




	
0 m

	
5 m

	
10 m

	
15 m

	
20 m






	
Local buckling

	
0.25

	
0.47

	
0.47

	
0.47

	
0.47




	
Tensile fracture

	
1.3

	
1.3

	
1.3

	
1.3

	
1.3




	
Elliptic deformation

	
0.68

	
0.87

	
0.91

	
0.93

	
0.97
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