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Thawing landslide is a common geological disaster in permafrost regions, which seriously threatens the structural safety of oil and gas pipelines crossing permafrost regions. Most of the analytical methods have been used to calculate the longitudinal stress of buried pipelines. These analytical methods are subjected to slope-thaw slumping load, and the elastic characteristic of the soil in a nonlinear interaction behavior is ignored. Also, these methods have not considered the real boundary at both ends of the slope. This study set out to introduce an improved analytical method to accurately analyze the longitudinal strain characteristics of buried pipelines subjected to slope-thaw slumping load. In this regard, an iterative algorithm was based on an ideal elastoplastic model in the pipeline-soil interaction. Based on field monitoring and previous finite element results, the accuracy of the proposed method was validated. Besides, a parametric analysis was conducted to study the effects of wall thickness, internal pressure, ultimate soil resistance, and slope angle on the maximum longitudinal strain of the pipeline. The results from the compression section showed that the pipeline is more likely to yield, indicating an actual situation in engineering. Moreover, the maximum longitudinal tensile and compression strain of pipelines decrease with increasing the wall thickness, internal pressure, ultimate resistance of soil, and slope angle. Finally, based on the pipeline limit state equations in CSA Z662-2007 and CRES which considered the critical compression factor comprehensively, the critical slumping displacements for both tensile and compressive strain failures were derived for reference. The research results attach great significance to the safety of pipeline under slope.
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INTRODUCTION
Permafrost regions in China account for 22.4% of the total land area, mainly distributed in the Qinghai-Tibet Plateau and the Great and Small Xing’an Mountains (Xu et al., 2010). As a link between oil and gas resources and markets, pipelines are exposed to different geological conditions. Among the several oil and gas pipelines that have been crossed, e.g., the Gela pipeline unavoidably traverses the permafrost regions. In China, the Mo-Da line is the first long-distance pipeline that passes through the permafrost regions. According to incomplete statistics by PipeChina North Pipeline Company, more than 40 slopes are greater than 10° along the northern area, and the maximum slope is greater than 60° (Chen, 2012). The length of slopes is mostly over 200 m, and the most extended slope reaches more than 3,000 m. It faces the risk of thawing landslides during pipelines implementation. The stability of slopes is one of the severe problems faced by pipelines in frozen soil areas (Mcroberts and Morgenstern, 1974). Slope-thaw slumping often occurs along with frozen soil melting (FSM). The FSM in the trench attaches complex force loadings to the buried pipelines, which is also vulnerable to changes in operating temperature, vegetation damage on the pipeline route, climate warming, and other factors.
Frozen soil areas are commonly faced with thawing landslides, as one of the common geological disasters (Supplementary Figure S1). In this regard, the permafrost regions accelerate their degradation effect on the oil and gas pipelines and the surrounding areas (Vasseghi et al., 2020). For instance, the Norman Wells pipeline in Canada has been bent and wrinkled six times due to landslides successively, bringing significant risks to pipeline management. The pipe under the slope of 84# was yielded and bent because of the thermal melt landslide. As a degradation effect on the Norman Wells pipeline, a new pipe with a length of 110 m was replaced and implemented in winter.
Recently, research analyzing the mechanical response of pipelines under the thermal melt slip has been categorized into numerical and analytical methods. One of the crucial discussions in the numerical method is an interaction model between pipe and soil. Tsatsisl and Ocampo et al. introduced the pipe-soil model with nonlinear contact and used the Mohr-Coulomb nonlinear constitutive model to describe the material properties (Tsatsis, 2015; Andrés et al., 2017). Ho and Eichhorn applied the nonlinear soil spring model (Ho et al., 2014; Eichhorn and Haigh, 2018). In the finite element model established by Ho, the thermal stress of the pipeline was considered, and the stress and strain distribution of the pipeline was analyzed under the action of the longitudinal landslide. Eichhorn made an in-depth analysis on the pipe-soil interaction model of the longitudinal landslide with a horizontal foundation. In the model introduced by Eichhorn, it is assumed that the soil-spring model is not necessarily applicable to the problem of large ground deformation. The soil springs in all directions are interdependent and influenced by each other, and need to be verified according to an actual situation. Furthermore, Chen et al., Huang et al. considered the interaction between pipes and soil as simple forces such as thrust and friction, without considering the elasticity characteristics of soil (Chen and Hu, 2014; Huang et al., 2015). Besides, Li and Chen et al. adopted the pipe-soil model of nonlinear contact, adding contact units at the interface of pipe-soil, so the nonlinear contact problem between pipes and soil has been solved, and further considering the elasticity of soil (Li et al., 2016; Chen et al., 2017). However, these studies abridge the frictional action between the pipe and the soil as linear. and have not profoundly investigated the nonlinearity of the soil. In doing so, Wang, Zhang et al. implemented a nonlinearity-based soil spring model to evaluate a large deformation in soil and pipeline geometry (Wang et al., 2014; Zhang et al., 2017). However, this model could not simulate the contact nonlinearity between pipe and soil, and the simulation effect of nonlinear friction between pipe and soil is not perfect. Besides, the numerical method can accurately provide the approaches to the mechanical response of pipelines under thermal-thawing slip. However, there are some issues such as costly evaluation process and standardization by applying the numerical methods.
On the other hand, the analytical method is mostly used for pipeline mechanics calculation, which is simple and easy to standardize (Zhang and Liu, 2017). A considerable amount of literature has simplified the analytical method of pipelines to a bilinear elastoplastic model. These studies have focused on the interaction between the pipelines and the soil (as an ideal elastoplastic material) in an elastic foundation beam model following Winkler’s hypothesis. Yuan established a Z-shaped pipeline model where in the middle part of pipeline is horizontally located in the landslide section at both ends (Yuan, 1993). In this study, it is considered that the surface of the slope pipe is subjected to constant shear stress, and the pipes at both ends of the slope are regarded as beams buried horizontally in the elastic soil model. The formulas for calculating the displacement and axial stress are discussed in the case of different resistance coefficients at both ends of the soil. However, elastic-plastic characteristics of soil are not considered in the landslide section of Yuan’s study, namely no attention to the relative soil displacement caused by the different pipe shearing stress. Also, Rajani et al. considered the pipe as an elastic beam buried in the elastoplastic soil, and the landslide section was semi-infinite in length with no bending at both ends (Rajani et al., 1995). In their model, the relationship between soil displacement and its resistance is linear in an elastic state. When the soil displacement increases to a certain extent, the soil will deform to a plastic state, and the resistance remains unchanged. The model introduced by Rajani et al. is classified as a bilinear elastoplastic model; however, the Poisson’s ratio and the temperature effect are not considered in this model. Moreover, Yoosef-Ghodsi et al. remarked the Poisson’s ratio and the temperature effect on the strain caused in the pipelines and believed that the initial strain of the pipeline is not zero (Yoosefghodsi et al., 2008). O ‘Rourke et al. used the nonlinear model of Ramberg-Osgood power exponential hardening to describe the constitutive relationship of pipes, assumed the soil displacement of various forms of permanent ground deformation and considered the relative displacements between pipes and soil (O’Rourke et al., 1995). He believed that the strain in the slope of middle pipeline section is zero. Based on the above considerations, the distribution of the strain in the pipelines is obtained under the action of the longitudinal landslide. However, O ‘Rourke et al. assumed that the amount of soil displacement is perfect and may not be consistent with the actual situation. Chan also adopted O ‘Rourke’s infinite slope model and idealized soil displacement model but denied the boundary condition (i.e., the strain is zero) from O ‘Rourke et al.’s model in the slope of middle pipeline section (Chan, 2000). Chan assumed that the pipeline is always in a linear elastic state with a displacement of soil along the pipeline axes. Thus, the discontinuity of pipelines strain is solved by a relative displacement of soil and pipeline in an elastoplastic state.
Above all, although the finite element numerical simulation can obtain accurate results, the calculation cost is expensive. The existing analytical methods ignore the elastic characteristics of soil spring and do not consider the actual situation of the boundary at both ends of the slope. Therefore, given the above deficiencies, this paper provides an improved analytical method for the longitudinal strain of buried pipelines under the thawing landslide, which considers elastoplastic characteristics of the axial nonlinear pipe soil interaction behaviors. Moreover, it is suitable for the pipeline under the large slope.
A BILINEAR STRESS-STRAIN MODEL FOR BURIED STEEL PIPELINES
The bilinear stress-strain model was considered for pipeline material. Figure 1 shows a stress-strain relationship in where the elastic and plastic modulus of pipe material are E1 and E2, respectively. [image: image] denotes the material yield strength. and the corresponding strain is the elastic limit strain[image: image].[image: image] denotes the plastic strain.
[image: Figure 1]FIGURE 1 | Stress and strain curves of the steel pipeline.
In case the longitudinal stress was less than the yield strength, the material characterizations were analyzed through a linear elasticity model. The maximum plastic strain of the analyzed material was considered 0.2%, The pipe will be failure when the material strain exceeds this value. Eq. 1 describes the stress-strain relationship of steel pipelines in an elastic-linear strain hardening model.
[image: image]
Where [image: image] is the real stress in MPa. [image: image] is the real strain. [image: image] is the yield strength of the analyzed material in MPa. E1 and E2 are the elastic and plastic modulus of the pipeline, respectively, in MPa.
THE PIPE-SOIL INTERACTION MODEL FOR BURIED PIPELINES
Eq. 2 describes the pipe-soil interaction as an ideal elastic-plastic model (Rajani et al., 1995).
[image: image]
Where f is the soil friction of pipes per unit length, u is the relative longitudinal displacement between pipe and soil, Fx is the ultimate soil resistance of pipes per unit length, and ux is the longitudinal subgrade modulus of soil.
From Figure 2, the value of f was assumed to increase linearly with increasing the value of u when the relative longitudinal displacement value is smaller than the maximum elastic displacement. While the value of u reaches the maximum elastic displacement (i.e., ux), the elastic stage of the soil enters the plastic state, and the value of f reaches the ultimate resistance and remains unchanged (i.e., Fx).
[image: Figure 2]FIGURE 2 | The pipe-soil interaction model (f: the soil friction of pipes per unit length; u: the relative longitudinal displacement between pipe and soil; Fx: the ultimate soil resistance of pipes per unit length; kx: the longitudinal subgrade modulus of soil).
ANALYTICAL METHOD FOR THE LONGITUDINAL STRAIN OF PIPELINES
Mechanical Model
Figure 3 shows a side view of the pipeline sections subjected to the thawing landslide of soil. The section of BC was located in an unstable soil. Both sections of AB and CD were in stabilized soils. The length of the BC pipe section is L, and the slope angle is θ.
[image: Figure 3]FIGURE 3 | A side view of the pipeline sections subjected to the thawing landslide of soil.
The pipeline was mainly subjected to the axial force by soil slippage and friction force between pipeline and soil. As shown in Figure 3, the BC section of the pipeline was also subjected to gravity, which was expressed as [image: image] alongside the axial direction. As found by the previous investigation results, the axial force of the pipeline in the slope section almost equals its horizontal section (Zhou, 2010). The axial displacement of the BC and AB sections at point B was [image: image] and [image: image], respectively, due to the axial tension[image: image]. While the axial displacement of BC and CD sections at point C was [image: image] and[image: image], respectively, due to the axial compression [image: image].
According to the engineering, there is no relative displacement between the pipe and the soil when a pipe section is located in the unstable soil. Thus, the soil friction does not affect the pipeline. As shown in Figure 4, the axial force of the pipe reaches its maximum value at points B and C, and it gradually decreases to zero as it moves away from points B and C.
[image: Figure 4]FIGURE 4 | Distribution of axial force alongside the BC section of pipeline.
Considering the soil landslide, the axial force, P0 (P0t, P0c), of the pipeline was calculated from Eq. 3.
[image: image]
A is the cross-sectional area of pipeline in mm2. [image: image] is the total longitudinal stress of the pipe in MPa. [image: image] is the initial axial force of pipeline in MPa due to the Poisson’ ratio and temperature effect, which was obtained from eq. (5) and (6).
[image: image]
[image: image]
From eq. (9) and (10), [image: image] is the Mises stress of pipeline.[image: image], [image: image] and [image: image] are the maximum, intermediate, and minimum principal stresses of pipeline, respectively, in MPa. In this regard, the [image: image] of the pipeline is subjected to internal pressure, and the axial tensile load is the axial tensile stress. The [image: image] is the hoop stress [image: image] , while the [image: image] is 0. When the Mises stress value of the pipeline achieves the yield stress, it is considered to be yielded. The axial tensile stress [image: image] was calculated from eq. (11) and (12) by considering the yield strength of the pipeline.
[image: image]
[image: image]
Similar to eq. (15) and (16), the [image: image] of the pipeline is subjected to the internal pressure, and the axial compression load is the hoop stress [image: image]. The [image: image] is 0, and the [image: image] is the axial compression stress of the pipeline. The axial compression stress [image: image] was calculated from eq. (17) by considering the yield strength of the pipeline.
[image: image]
Thus, the ultimate axial force of the pipeline was obtained from eq. (19) and (20) subjected to the tension and compression loads.
[image: image]
[image: image]
A vertical view of the pipeline crossing the slope is shown in Figure 5. The displacement of points A and D at the infinite far end of the horizontal pipeline is 0. The displacement at points B and C in the horizontal direction is converted into the slope direction. It was assumed that the displacement of the slope [image: image] is equal to the geometric elongation of the pipe under a tension in the slope direction. It is also equal to the geometric compression of the pipe being compressed in the slope direction (eq. 23).
[image: image]
[image: Figure 5]FIGURE 5 | A vertical view of a pipeline longitudinally crossing a thawing landslide slope.
Governing Equations for a Pipe Segment in the Slope Section
As shown in Figure 5, the crossing pipeline in the slope was divided into three parts: AB ([image: image]), BC ([image: image]), and CD ([image: image]) pipe sections. A micro-unit was selected from the section of BC in the pipeline. dx (x1, x2, and x3) the length changes of the micro-unit, and N is the total axial force of the pipeline (Figure 6, eq. 25).
[image: image]
The density ([image: image]) and gravity ([image: image]) of the steel pipe are 2.49 kN/m and 77 kN/m, respectively. In this study, the friction force of the steel pipe is much greater than its gravity value; thus, the effect of gravity on the results was ignored (Eq. 13)-(15).
[image: image]
[image: image]
[image: image]
Eq. (30) and (31) were obtained through substituting the geometric eq. (32) and (33).
[image: image]
[image: image]
Where [image: image], [image: image], [image: image], [image: image], [image: image] are undetermined coefficients.
[image: Figure 6]FIGURE 6 | A schematic diagram of the total axial force in the pipeline segments.
The Distribution Function of the Longitudinal Strain in Pipelines
Pipelines in unstable and stabilized soils are semi-infinite (Xi and Wen, 2019), the tension section of the pipeline in the uphill stabilized and unsteady slope soils is symmetrical. Meanwhile, the compression section of the pipeline in the downhill stabilized and unsteady slope soils is symmetrical. The distribution function of the longitudinal strain in pipelines were divided into three stages I, II, and III.
At the stage I, the pipeline and soil represent an elastic state. As shown in Figure 7, the coordinate value of point B is 0. The soil on the left and right sides of point B is defined as stabilized and unstable types, respectively.
[image: Figure 7]FIGURE 7 | The distribution of soil reaction forces in the tension section of the pipeline at the stage I.
The displacement and strain functions of the uphill pipeline section were determined as follows:
[image: image]
[image: image]
Where boundary conditions are [image: image] and [image: image]. Thus,
[image: image]
[image: image]
In eq. (40) and (41), the displacement of the horizontal section in the pipeline at point B is [image: image]. The displacement of the horizontal section in the pipeline at point C is [image: image].
At the stage II, the soil is in a plastic state, and the pipeline is in a elastic state. As shown in Figure 8, the coordinate value of point B1 is 0. When x ≤ 0, the soil is in an elastic state. When 0 < x ≤ LBB1, the soil is in a plastic state.
[image: Figure 8]FIGURE 8 | The distribution of soil reaction forces in the tension section of the pipeline at the stage II.
The displacement and strain functions of the uphill section of pipeline are as follows:
[image: image]
[image: image]
Where boundary conditions are [image: image], [image: image], and [image: image].
[image: image]
[image: image]
Eq. (46) represents the displacement function of the horizontal section in the pipeline at point B.
[image: image]
[image: image]
Also, the critical axial force and the displacement function at point C are formulated as eq. (49) and (50), respectively.
[image: image]
[image: image]
At the stage III, both the pipeline and soil are in a plastic state. As shown in Figure 9, the coordinate value of points B, B2, and B3 are [image: image], [image: image], and 0, respectively. When [image: image], the soil is in an elastic state. When [image: image], the soil is in a plastic state. Considering [image: image] and [image: image], the pipeline is in an elastic and a plastic state, respectively. As the pipeline reaches [image: image] at point B, the elastoplastic boundary is [image: image]. Also, the critical axial force of the pipeline is [image: image] at point B. When [image: image] the pipeline enters a plastic state at point B. The length of the elastic section in the pipeline ([image: image]) was calculated from eq. (53) in the plastic soil.
[image: image]
At point B3, the displacement function of the pipeline is:
[image: image]
Also, the length of the plastic section in the pipeline ([image: image]) from eq. (56) in the plastic soil.
[image: image]
Thus, the displacement and strain functions of the uphill horizontal section in the pipeline were calculated from eq. (58) and (59).
[image: image]
[image: image]
At the stage III, boundary conditions are [image: image], [image: image], [image: image], and [image: image].
[image: image]
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At point B, the displacement of the uphill horizontal section in the pipeline is:
[image: image]
[image: image]
At point C, the critical axial force ([image: image]) and the displacement function of the pipeline were calculated by the following equations.
[image: image]
[image: image]
[image: Figure 9]FIGURE 9 | The distribution of soil reaction forces in the tension section of the pipeline at the stage III.
A Solution for the Maximum Longitudinal Strain of the Pipeline
The maximum longitudinal tensile strain of the pipeline is at point B, and the maximum longitudinal compressive strain is at point C. When the soil on the slope is in a plastic state, the friction force of the pipeline per unit length is Fx. The axial force of the pipeline at points B and C is [image: image] and[image: image], respectively. The equilibrium equation of axial force for the pipeline on the slope can be expressed as follows:
[image: image]
The amount of thawing landslide is the same on the uphill and downhill slopes. Thus, the maximum axial force of the pipeline and critical value of thawing landslide [image: image] is calculated using eq. (69) when the soil is in a plastic state.
[image: image]
For a specific value of thawing landslide [image: image], when [image: image], the soil is in an elastic state. Eq. (71) was used to calculate the axial force of the slope pipeline at points B and C.
[image: image]
When [image: image], the soil is in a plastic state. The axial force of the slope pipeline at points B and C reaches the maximum value [image: image] and [image: image], respectively.
[image: image]
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The specific process is shown in Figure 10. The strain of the pipeline at points B and C are [image: image] and [image: image], respectively. Thus, the maximum longitudinal tensile and compressive strains of the pipeline can be expressed as eq. (77), respectively.
[image: image]
[image: Figure 10]FIGURE 10 | Steps for solving the maximum longitudinal strain of the pipeline at points B and C.
VALIDATION OF THE ANALYTICAL METHOD
Verification of Strain Results Using Field Monitoring
To validate the developed analytical model, combined with the actual situation of an X65 pipeline in China, the analytical calculated results were compared with monitoring data. As shown in Supplementary Figure S2, the length of the slope is 1,000 m, and the slope angle is about 30°. The soil types mainly include silty clay, gravelly silty clay, gravel, and gravel sand. The value of a thawing landslide is about 10 mm. Table 1 represents the effective parameters of the pipeline subjected to the thawing landslide. The diameter (D) and the wall thickness (t) are 813 mm, 12.7 mm, respectively. Also, the design factor (fp) is 0.4. Besides, the operating internal pressure (p) is 5.80 MPa, the yield strength of pipeline (σy), and the tensile strength (Fy) are 5.8, 450, and 535 MPa, respectively. The yield ratio (RY/T) and the Poisson’s ratio (v) are 0.84 and 0.3, respectively. Moreover, the elastic modulus (E1) is 205 GPa, the plastic modulus ([image: image]) is 6,150 MPa. Furthermore, the temperature difference between the pipe installation and operation ([image: image]) is 20°C. The ultimate resistance of soil (Fx) is 77kN/m.
TABLE 1 | Critical displacements of the thawing landslide of soil under an ultimate strain.
[image: Table 1]The stress value of the pipeline was obtained by a fiber grating sensing technology. The monitoring results revealed that the maximum longitudinal tensile stress at position 1 is 50 MPa, and the maximum longitudinal compressive stress at position 2 is 30 MPa. Theoretical calculation results showed that the maximum longitudinal tensile stress of the pipeline is 59.90 MPa, and the maximum longitudinal compressive stress is 35.55 MPa. The relative error between the analytical and monitoring results is less than 20%.
Verification via Previous Landslide FEM Results
To further validate the developed analytical model, a comparative analysis was performed between results from theoretical analysis of the maximum longitudinal strain and numerical simulation in the pipeline subjected to the thawing landslide of soil. Supplementary Table S1 represents the effective parameters of the pipeline subjected to the thawing landslide. Also, Figure 11 shows that the maximum longitudinal strain of the pipeline derived by the proposed analytical model agrees well with documented FE results.
[image: Figure 11]FIGURE 11 | The result verification of the maximum longitudinal strain in the pipeline with (A) L = 50 m, (B) L = 100 m, and (C) L = 200 m.
PARAMETRIC ANALYSIS OF PIPES’ MAXIMUM LONGITUDINAL STRAIN
The maximum longitudinal strain subjected to thawing landslide was calculated by coding the program of the maximum longitudinal strain with numerical calculation software MATLAB. The size and operation related parameters, soil properties, and slope angle impact on the maximum axial strain of the pipeline subjected to thaw slumping load. In this section, the effects of wall thickness, internal pressure, ultimate resistance of soil, and slope angle are researched on the longitudinal strain of the pipeline.
Baseline Condition
Supplementary Table S2 shows basic parameters of the pipeline, which mainly come from the X65 pipeline in China. The slope length was ranged at 200, 300, 400, and 500 m, respectively. The calculated longitudinal tensile and compressive strains of the pipeline under the basic conditions are shown in Figure 12.
[image: Figure 12]FIGURE 12 | The maximum longitudinal strain of the pipeline under the reference condition with (A) L = 200 m, (B) L = 300 m, (C) L = 400 m and (D) L = 500 m.
From Figure 12, when the thermal melt slip of the soil reaches the critical value ([image: image]), the frictional force between the pipeline and the soil reaches an ultimate resistance. It means the soil enters the plastic state, and the longitudinal strain of the pipeline also reaches the maximum value. As a result, the continuous increase of the slip will not cause the increase of the longitudinal strain.
The Ultimate Strain of the Pipeline
The tensile failure and compression buckling of the pipeline are related to each other. When the maximum longitudinal tensile strain reaches the ultimate tensile strain, the pipeline undergoes a tensile failure. While the maximum longitudinal compressive strain reaches the ultimate compressive strain, the compression buckling occurs in the pipeline. In this paper, the weld defect was assumed to be a surface type, and the strain-based design of CSA Z662-2007 guideline was used to calculate the ultimate tensile strain of the pipeline (eq. 49).
[image: image]
Also, a model proposed by CRES (Liu et al., 2017)which considered the critical compression factor comprehensively was adopted to calculate the ultimate compressive strain. This model accurately considers the geometrical imperfections and the pipeline properties (eqs. 50-58).
[image: image]
[image: image]
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Supplementary Table S3 represents the results from the ultimate tensile strain parameters. The buckling strength ratio of the pipeline ([image: image]) is 0.84, and the apparent toughness ([image: image]) is 0.267 mm. By analyzing the factors affecting the tensile failure, the weld defect size is 50 × 5 mm. From analyzing the factors affecting the compression buckling, the peak wave of the weld defect from the height to bottom of the outer surface (hg) is the maximum value of 0.13%D and 8%[image: image].
The Effect of Wall Thickness
Due to different design factors of four regional levels, the wall thickness alongside the gas pipeline was different under the same design pressure. Figure 13 shows the effect of wall thickness on the pipeline’s maximum longitudinal tensile and compression strains. In Figure 13, the length of the slope is 500 m. The design factors are 0.4, 0.5, 0.6, and 0.72, and the internal pressure of the pipeline is set at 5.8 MPa. According to the specification of API standard steel pipe, the pipeline’s wall thickness is 12.7, 10.3, 8.7 and 7.9 mm, respectively. The values of other parameters are the same as shown in Supplementary Table S2.
[image: Figure 13]FIGURE 13 | Influence of wall thickness on the maximum longitudinal strain.
As shown in Figure 13, the compression section of the pipeline is more likely to yield. As analyzed in Mechanical Model, the absolute value of the longitudinal compressive stress is less than the longitudinal tensile stress when the pipeline is yielding so that the stress of the pipeline is more likely to reach the yield stress under the compressional conditions. The pipeline is prone to a buckling damage at the bottom slope. These results are consistent with the actual situation in engineering (Randolph et al., 2010).
Both the maximum longitudinal tensile and compression strains increase with decreasing the pipe’s wall thickness. As indicated in Table 1, the smaller the pipe’s wall thickness leads to the smaller the critical displacement of soil. This is due to the fact that the smaller the wall thickness, the greater the hoop stress and the longitudinal strain of the pipeline. Moreover, a decrease in the ultimate tensile stress is due to the smaller of wall thickness. Therefore, the smaller the pipe’s wall thickness easily enters to the plastic state.
When the pipeline is in an elastic state, the wall thickness has little effect on the maximum longitudinal tensile and compression strains. In the pipe’s bilinear stress-strain model, the pipe’s elastic modulus is larger than the plastic modulus. Therefore, the fluctuation of longitudinal stress in the pipeline produces a larger strain change in the plastic state than the elastic state.
The Effect of Internal Pressure
The operating pressure alongside the pipeline was affected by seasonality and design factors. Figure 14 shows the effect of internal pressure on the maximum longitudinal tensile and compression strains of the pipeline. In Figure 14, the slope length and the wall thickness of the pipeline are 500 m and 12.7 mm, respectively. The design factor is 0.4, 0.5, 0.6, and 0.72. The internal pressure of the pipeline corresponds to 5.80, 7.26, 8.71, and 10.45 MPa, respectively. The values of other parameters are the same as shown in Supplementary Table S2.
[image: Figure 14]FIGURE 14 | The effect of operating internal pressure on the maximum longitudinal strain.
As shown in Figure 14, both the maximum longitudinal tensile and compression strains of the pipeline increase with the internal pressure. Table 2 also represents the results of the critical displacement in the pipeline under various working conditions. The results show that the greater the internal pressure, the smaller the critical displacement of tensile failure. Due to the higher operating pressure of the pipeline, the hoop stress will be a larger value so that the longitudinal conduit of the strain increases. Pipes with larger internal pressure are more likely to achieve the yield strength under the same ultimate tensile strain. However, for compressive buckling case, the critical displacement increases with the internal pressure oppositely, caused by the increase of ultimate tensile strain.
TABLE 2 | The results of critical displacements in the thawing landslide of soil under an ultimate strain.
[image: Table 2]The Effect of the Maximum Resistance of Soil
The field investigation shows that the yielding soil displacement is between 5 and 8 mm; therefore, the ultimate resistance of the axial soil spring in the pipeline is between 77 kN/m and 122 kN/m. Figure 15 shows the effect of soil’s ultimate resistance on the maximum longitudinal tensile and compression strains in the pipeline. From Figure 15, the length of the slope is 500 m, the yielding soil displacement is between 5 and 8 mm, and the ultimate resistance of the soil per unit length is 77 kN/m, 92 kN/m, 107 kN/m, and 123 kN/m, respectively. The values of other parameters are the same as presented in Supplementary Table S2.
[image: Figure 15]FIGURE 15 | The effect of the maximum resistance of soil on the maximum longitudinal strain.
As shown in Figure 15, both the maximum longitudinal tensile and compression strains of the pipeline increase with the ultimate resistance of the soil. Table 3 also represents the results of the critical displacement in the pipeline under various working conditions. The results show that the greater the ultimate resistance of soil, the smaller the critical displacement of soil. Due to the greater the ultimate resistance of soil, the axial friction of the pipeline will be greater so that the greater the longitudinal strain is the easier the pipeline to achieve the yield strength.
TABLE 3 | The results of critical displacements of the thawing landslide of the soil under an ultimate strain.
[image: Table 3]The Effect of Slope Angle
The field investigation shows that most of the slope angles are between 20° and 60°. Figure 16 illustrates the effect of slope angle on the maximum longitudinal tensile and compression strains in the pipeline. From Figure 16, the length of the slope is 500 m, and the slope angle is between 20° and 60° with an equal interval of 5°. The values of other parameters are the same as presented in Supplementary Table S2.
[image: Figure 16]FIGURE 16 | Influence of slope angle on the maximum longitudinal strain.
According to Figure 16, both the maximum longitudinal tensile and compression strains of the pipeline increase with the slope angle. Table 4 also represents the results of the critical displacement in the pipeline under various working conditions. The results show that the greater the slope angle, the smaller the critical displacement of soil. According to Figure 3. and Eq. (11), by increasing the slope angle ([image: image]), the value of [image: image] is smaller, and the axial force and the maximum axial strain are greater in the slope of pipeline, leading to easily achieve the yield strength.
TABLE 4 | The results of critical displacements of thawing landslide of soil under ultimate strain.
[image: Table 4]CONCLUSION
The purpose of the current study was to introduce an improved analytical method for the longitudinal strain analysis of buried pipelines subjected to the thaw slumping load. In the analytical calculations, a bilinear stress-strain model was adopted to the pipe material, and the pipe-soil interaction was assumed to be an ideal elastoplastic model. According to the elastoplastic change process of the pipeline-soil, the derivation was divided into three stages. First, the pipelines are all in the elastic state. Second, parts of the soil enter the plastic state, but the pipeline is still in the elastic state. Third, the pipeline and parts of the soil enter the plastic state. Based on these stages, the calculation method of the maximum longitudinal stress of the pipeline subjected to the thaw slumping load was given, and the rapid calculation of the maximum longitudinal strain of the pipeline was realized by numerical calculation software MATLAB. This research provides important insights into the improved analytical method is consistent with the calculated results of the nonlinear finite element model and is inconsistent with the real monitoring data of one X65 pipeline. Some conclusions can be drawn as follows:
1) In comparison with the tensile section, the compression section of the pipeline is more likely to yield. Since the absolute value of the longitudinal compressive stress is less than the longitudinal tensile stress, the pipeline is yielding so that the stress of the pipeline is more likely to reach the yield stress under a compressive condition. This result which discussed above is also consistent with the actual situation that the pipeline is prone to buckling damage at the bottom slope under pressure.
2) The maximum longitudinal tensile and compression strains decrease with the increase of wall thickness and increase with the internal pressure, the ultimate resistance of soil, and the slope angle. The soil’s ultimate resistance has the most significant influence on the maximum longitudinal strain, while the slope of angle has the most negligible impact.
3) The critical displacement of tensile failure in the pipeline increases with increasing the pipe’s wall thickness and decreases with increasing the internal pressure, the ultimate resistance of soil, and the slope angle. The main reason is that the hoop stress of the pipeline is closely related to the pipe’s wall thickness and operating internal pressure. The hoop stress increases as the pipe’s wall thickness decreases and the internal pressure increases, leading to increase the maximum longitudinal tensile strain. If the pipe’s wall thickness is smaller, the internal pressure is larger and the pipeline easily yields. While the ultimate resistance of soil increases and the slope angle decreases, the longitudinal tensile force and the maximum longitudinal tensile strain increases in the pipeline. It can be concluded that the larger ultimate resistance of soil leads to the smaller of slope angle and the pipeline easily yields.
4) The critical displacement of compressive buckling in the pipeline increases with increasing the pipe’s wall thickness and internal pressure; however, it decreases with increasing the ultimate resistance of soil and slope angle. The effect of the pipe’s wall thickness, the ultimate resistance of soil, and the slope angle on the critical displacement of compression buckling is the same as tensile failure effect on the pipeline. The ultimate compression stress increases with increasing the internal pressure, leading to an increase in the critical displacement of pipelines.
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