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Abstract

:

In this paper, the effects of different loading paths of axial tension and external pressure on the collapse pressure of sandwich tubes are studied by experiments and finite element models. The difference of the two loading paths is investigated. Eight experiments were carried out to study the influence of different loading paths on pipeline collapse pressure under the same geometric and material parameters. Parameterization studies have been carried out, and the results are in good agreement with the experimental results. The test and finite element results show that the loading path of external pressure first and then the axial tension (P→T) is more dangerous; the collapse pressure of the sandwich pipe is smaller than the other. Through parametric analysis, the influence of the axial tension and the diameter-to-thickness ratio of the inner and outer pipe on the collapse pressure under different loading paths are studied.






Keywords:


sandwich pipes; axial tension; different loading paths; buckling; collapse












1. Introduction


With the shortage of onshore oil and gas resources, marine engineering has gradually received attention [1]. Risers and pipelines are widely used in the development of marine resources because of their stability, safety, and efficiency. During installation and operation, the riser and pipeline are subjected to loads such as internal pressure, external pressure, waves, and internal waves. Risers mainly bear the combined action of external water pressure and axial tension, while pipelines are subject to external pressure, axial tension, bending moment, transverse loading, and torque [2,3,4,5,6,7,8]. The motion of the offshore platform will drive the cyclic movement of the pipeline, which leads to the riser bearing the cyclic load, and the loading sequence of external water pressure and axial tension is constantly changing [9,10,11,12]. The sandwich pipe has good thermal insulation performance and structural strength, can resist high external water pressure, and is gradually being valued and applied in deep-sea engineering [13,14,15,16]. The ultimate bearing capacity of the sandwich pipe will be reduced under the action of tension loads, which will cause local instability of the pipe. Due to the limitation of the experiment equipment, most of the tests apply the tension load first, and then apply the external water pressure to study the ultimate bearing capacity of the pipeline. However, the loading sequence of external water pressure and axial tension has a great impact on the ultimate bearing capacity of the sandwich pipe. It is necessary to study the influence of different loading paths on the bearing capacity of the sandwich pipe.



As a substitute for the traditional single-layer tube, the sandwich pipe has received wide attention in the practical application of scientific research projects and scientific research, not only because of its good heat insulation and weight ratio but also because of its good resistance to external pressure. In the past few decades, researchers have analyzed different core materials through experiments. Estefen et al. [17] studied the influence of the lateral restraint of the steel pipe on the ultimate strength of the sandwich pipe through the scale ratio test. For the sandwich pipe with concrete as the core layer, researchers have performed a significant amount of research through experiments and found that uniaxial tension and compression and four-point bending have a great influence on the ultimate strength of the sandwich pipe. Castello et al. [18] carried out a numerical simulation of the sandwich pipe by the general commercial software ABAQUS and found that the interlayer bonding behavior has a great influence on the ultimate strength of the sandwich pipe when the sandwich pipe is subjected to a large bending moment and axial tension during the pipe laying process. Xu et al. [19] evaluated the stick-slip properties of epoxy resin and 3M-DP8005 adhesive under two surface conditions of steel pipes through axial tensile and four-point bending tests. Although there are studies on the performance of sandwich pipes, they are limited to local analysis. There are few studies on the overall collapse of sandwich pipes under axial force.



Researchers have conducted a large number of experiments to study the buckling propagation behavior of the sandwich pipe under external pressure. Pasqualino et al. [20], Lourenco et al. [21], Fu et al. [22], Gong et al. [23], and Gong et al. [24] studied the effect of interlayer bonding on the buckling propagation pressure of sandwich pipes through small-scale experiments and numerical simulations and established empirical expressions through numerical simulations. Gong et al. [25] studied the buckling propagation of sandwich tubes with integral buck arrestors under external pressure under different interfacial bonding conditions through high-pressure tank tests and found that interlayer bonding not only affects the collapse pressure but also has a great influence on the buckling propagation. To further study the influence of different parameters on the sandwich pipe, the researchers also conducted a significant amount of research on the sandwich pipe system through numerical simulation. Arjomandi et al. [26,27,28] studied the influence of the structural parameters of SP systems with different internal adhesion properties on their characteristics and pressure resistance, and the accuracy was verified by comparison with other studies, simplified practical equations were established, and the influence of the adhesive structure in the layer on the mechanical properties of the composite material was discussed. Xue et al. [5] proposed the first-order shear deformation theory of cylindrical sandwich pipes under the action of seabed water pressure, studied the circumferential radius change caused by the radial deflection of the sandwich cylindrical shell and its influence on the bending moment, and carried out numerical analysis of the sandwich cylindrical pipe with different slenderness ratios, diameter thickness ratios, and core plate thickness ratios through the development of a MATLAB program. He et al. [29] and Xu et al. [19] developed a special finite element model and discussed the effects of interlayer adhesion, thickness diameter ratio, core thickness, material parameters, relative initial ellipticity direction, and inelastic anisotropy on the failure pressure of SPs. Wang et al. [30] used the heat transfer differential equation for calculations, established a finite element model based on the fiber shell element, and studied the lateral buckling response of the sandwich pipe. Garg et al. [31] compiled and summarized a large number of numerical results in published articles, summarizing the influence of static, vibration, buckling, post-buckling, and other studies (transient, dynamic, impact studies) on the ultimate strength of sandwich pipes. Although there are many studies on the sandwich tube under external pressure, the axial tension has a great influence on the collapse pressure. There are few studies on the influence of the combined effect of axial tension and external water pressure on sandwich pipe collapse pressure.



Although few cases study the effect of complex loads on the ultimate strength of sandwich pipes, there have been many studies on the effect of complex loads on the ultimate strength of single-layer steel pipes. Ole Fabian [32], S. Kyriakides et al. [33], and AndréC Nogueira et al. [34] found that axial tension affects the ultimate strength of the pipe, not only by reducing the collapse pressure but also by speeding up the process of buckling propagation. S. Kyriakides et al. [35] found that the effect of axial pressure on pipeline collapse is mainly due to an increase in the local deformation of the pipeline in the plastic deformation stage. Babcock et al. [36] found that for single-layer pipes with a diameter-to-thickness ratio in the range of 10–40, axial tension will affect the ultimate strength of the pipe under external pressure, which is reflected in the reduction of material strength. Bai et al. [37,38,39] established a finite element model to study the effects of initial ovality, residual stress, strain hardening, yield anisotropy, combined external pressure, and tensile and bending loading path on collapse pressure. In previous studies, some researchers found that the different loading paths of axial tension and external pressure would affect the ultimate load-carrying capacity of single-layer pipes through numerical simulation methods. However, there are few studies on the influence of different loading paths in the study of sandwich pipes. Madhavan et al. [36,40] and Tamano et al. [41] found that different loading paths of axial tension and external pressure will affect the ultimate strength of the single-layer pipe; in particular, when the external water pressure and axial tension are applied successively, the collapse pressure of the pipe is lower. The influence of different loading paths on the collapse pressure of single-layer pipes has gradually gained attention, but there are few studies on the influence of different paths on the ultimate bearing capacity of sandwich pipes.



In the safety analysis of deep-water pipelines, the combined effect of axial tension and external pressure is an important factor affecting the stability of submarine risers and pipelines. There are few studies on the influence of complex loads on the sandwich pipe. In the experimental research, the influence of geometric dimensions and materials on the collapse pressure of the sandwich pipe is mainly studied. In the numerical simulation analysis, the researchers analyzed the influence of the axial tension and the bending moment on the collapse pressure through a simplified model, but there is less analysis of the sandwich pipe under different loading paths. The excessive load will cause the pipeline to collapse and fail, or even result in rupture and leak accidents, causing significant economic losses.



Accurately assessing the structural bearing capacity of pipelines during installation and operation is an important research area for avoiding accidents. The innovation of this paper is as follows: under the same geometric and material parameters, the ultimate bearing capacity of sandwich pipes under different loading paths is studied through eight experiments and numerical models. The finite element model can accurately simulate the experimental process, and the T→P is more dangerous than the P→T loading path. In this paper, the experimental study was carried out to study the influence of axial tension and external pressure on the bearing capacity of the sandwich pipe. In addition, a finite element model was established to analyze the different experimental results produced by different loading paths. Finally, through parametric analysis, the influence of axial tension and geometric parameters on the collapse pressure of the sandwich pipe under different loading paths was discussed.




2. Experiment


The experiments were conducted in a reduced-scale hyperbaric apparatus at the Institute of Offshore and Naval Engineering of Tianjin University of China. In this paper, the buckling experiments of sandwich pipes under external pressure were carried out. The material of the outer pipe and inner pipe was stainless-steel SS304 (with nominal value of outer pipe diameter Do = 73 mm, outer pipe wall thickness to = 4 mm, inner pipe wall diameter Di = 51 mm, inner pipe thickness ti = 3 mm). Due to the influence of pipe end effect and welding residual stress, the length-to-diameter ratio of the experimental pipe was generally greater than 7 [42]. The length of the experimental sample was 2.3 m. All stress–strain samples were cut from 6 m long seamless stainless-steel tube with different diameter by a wire cutting machine tool. Figure 1 shows the geometry of the pipeline and the method of load application. The red line represents the outer tube, the black line represents the inner tube, and the green part represents the polypropylene tube. The blank part of the pipe is filled with epoxy resin as an adhesive. The rectangles at both ends of the pipe represent flanges and are welded to the inner and outer pipes. The axial tension is applied to the flange, and the external water pressure is applied to the outer surface of the pipe.



2.1. Manufacture of Sandwich Pipes


The manufacturing method was using the pre-grouting method. Firstly, cover the inner and outer steel pipes together in a concentric way, weld the inner and outer steel pipes at one end of the sandwich pipe without core layer to form a semi-closed cylindrical shell, fully stir the epoxy resin in a water bath of 50 °C, and fill the gap after steel pipe cooling. Additionally, then pour the reduced consistency epoxy resin into the cylindrical shell from the other end of the sandwich pipe through a designed funnel device. The PP pipe is pressed into the inner and outer pipe gap very slowly through the pressure device, and the epoxy resin glue will overflow after it is completely pressed in, and the production is completed after the epoxy resin glue is cured for 24 h. Then, a steel sheet is placed at the end of the sandwich pipe and welded with the inner and outer steel pipes. Finally, the end of the sandwich tube is polished to a 45-degree bevel and welded tightly to the flange.




2.2. Geometric Features of Pipes


Since geometric imperfection is a key parameter affecting the collapse capacity of the deep-sea pipeline, the specimen samples were fixed with two vises, and the profiles of all samples were recorded using RA7320 (portable arm coordinate measuring machine).



To better verify the accuracy of the numerical model, RA7320 PACMM, as shown in Figure 2b, was used to scan the external contour of the pipe, and the equivalent ovality of the pipe was obtained through the formula as follows:


   Δ 0  =    R  max   −  R  min      R  max   +  R  min      



(1)




where    Δ 0    represents the overall ovality, and    R  max     and    R  min     mean the maximum radius and the minimum radius.



The spatial coordinates of the probe were recorded by software PCDMIS as shown in Figure 3. The recording frequency is set to fixed interval sampling, and the ovality of pipes is collected. As shown in Figure 3, 20 cross-sections are established through points in ABAQUS, and then the whole model of the pipe is built by connecting each cross-section. The measuring range of RA7320 is 2.3 m, with the point repeatability accuracy of 0.03 mm and the spatial length accuracy of 0.042 mm. For more information about the device and measuring scheme, refer to the authors’ previous work [43,44].



Note that the diameter of the probe is 3 mm. When inputting the spatial coordinates, the data points should be offset by 1.5 mm along the radial direction to obtain the true pipe surface. The shape of the inner and outer pipe is measured, and different ovality is obtained. The Ultrasonic thickness gauge with a resolution of 0.01 mm was used to measure the pipe wall thickness. The measuring points were at the intersection of the grid, and the average wall thickness of the outer tube was 4 mm, while that of the inner tube was 3 mm.



In this experiment, 2 single-wall pipes of the control group and 6 sandwich pipes of the experimental group were tested. The geometric features and production method of pipes are shown in Table 1.




2.3. Material Test


According to GB/T 228.1-2010 [45], the uniaxial tensile test was carried out on the strip specimen to obtain the real properties of the material. The geometry of the tensile specimen is shown in Figure 4b. The material test is shown in Figure 4a, and the specimen is stretched with a uniaxial tensile machine.



The stress–strain relationship obtained in uniaxial tensile tests is shown in Figure 4b, which can be described by the Ramberg–Osgood equation as follows:


  ε =  σ E   [  1 +  3 7     (   σ   σ y     )    n − 1    ]   



(2)




where E is elastic modulus, σy is nominal yield stress, and n is the hardening parameter. The material parameters in the Ramberg–Osgood model are summarized in Table 2. The tension and compression tests were also performed for the polypropylene core layer. The material mechanical properties of the polypropylene core layer are shown in Table 3. The difference in the stress–strain curve is due to the different compositions of the raw materials [46].




2.4. Buckling Test


After geometry measurements, all the samples were put into the pressure vessel for collapse experiments. The test setup is shown in Figure 5. The main parameters of the inner diameter of the pressure vessel are 240 mm, and the total length is 4.453 m, with a pressure capacity of 110 MPa, which is suitable for buckling test of pipes with a length of 2.3 m and external diameters ranging from 8 to 76 mm. In addition, regular and random vibration loads can be applied in horizontal directions, and the frequency range of loading is 0.1~40 Hz, which can simulate the vibration behavior of pipe/beam under high external pressure and axial load.



Both ends of the pipe are sealed with the flange which is connected to the pressure vessel and hydraulic cylinder with bolts before the buckling test. The pressure vessel is then filled with water and pressurized with a hydraulic pump, which pumps very slowly into the vessel (maximum pressurization speed 2 MPa/s) to achieve quasi-static conditions and avoid strain rate effects [44,45,46,47]. The pressure in the vessel is monitored by a pressure sensor, and the collapse pressure is defined as the peak value before the pressure in the facility suddenly drops when instability of the pipe occurs. The hydraulic automatic propulsion and locking devices are used in both the entry and exit of the test chamber.



This experiment was divided into three groups of experiments.



In the first group, external pressure tests were performed on two single-layer pipes OUT1 and IN1 to test the collapse pressure of the inner and outer steel pipes. The flanges at both ends of the pipe are hinged, and the flanges can move along the axial direction of the pipe.



In the second group, the pipes SP1-1, SP1-2, and SP1-3 are put into the hyperbaric chamber, respectively, water is pumped into the hyperbaric chamber, and the pressure is loaded to 42 MPa, 43 MPa, and 45 MPa, respectively. After the pressure in the pressure chamber stabilizes, axial tension is applied to both ends of the pipeline until the pipeline collapses or the pressure inside the pressure vessel drops suddenly.



In the third group, the pipes SP2-1, SP2-2, and SP2-3 are put into the hyperbaric chamber, respectively, the same axial tension is applied to the pipe SP2-1 as SP1-1, and the same axial tension is applied to the pipe SP2-2 as SP1-2 pull. When the tension is stable and the axial tension remains unchanged, water is injected into the hyperbaric chamber. As the pressure in the hyperbaric chamber increases, the pipeline collapses when it reaches the ultimate pressure.




2.5. Result


As mentioned above, 8 pipelines were tested in this experiment. The following sections summarize the behavior of the pipes under external water pressure. Table 4 summarizes the ovality of the specimens, the collapse pressure, and axial tension of the experiment’s result. Figure 6b shows the time versus pressure curves for SP1-1 and SP2-1 test pipe specimens. Figure 7 shows the photos of the sandwich pipe after collapse. The following sections summarize the phenomena observed in each sample and discuss the main parameters that affect the test results.



Two loading path experiments were carried out on the sandwich pipe with the same geometric and material parameters, and the ultimate strength of the sandwich pipe was tested. By comparing the collapse pressure, the influence of different loading paths on the ultimate bearing capacity of the sandwich pipe was determined. By comparing the two groups of tests, it is proved that the loading path of adding water pressure first and then axial tension is more dangerous. It can be seen from Figure 6a that the test results of the two loading paths are significantly different when the diameter-to-thickness ratio and material parameters are the same. The collapse pressure of loading path P→T is 7.78% to 6.05% lower than that of T→P. Moreover, it was found that the axial force had a significant effect on the collapse pressure of the sandwich pipe. As the axial force increased from 49.21 kN to 143.67 kN, the collapse pressure dropped by 4.07% to 5.83%. This phenomenon will also be analyzed in the subsequent numerical simulation results.





3. Numerical Model and Validation


3.1. Geometry of the Initial Model


The 1/8 symmetric model is used in the parametric study to better observe the influence of the axial force and the diameter-to-thickness ratio on the collapse pressure. Irregularities on the surface of the pipeline will seriously affect the bearing capacity of the pipeline. Therefore, in the model validation part, the real data collected on the pipe surface were used to model, eliminate the influence of the pipe surface irregularity on the numerical simulation results, and verify the accuracy of the numerical simulation method and input material properties. When the influence of the outer contour of the pipeline is eliminated and the accuracy of the numerical simulation technology is verified, the same numerical simulation method was used to establish a simplified symmetric model in the parametric study section, which can better investigate the effects of axial force and diameter-to-thickness ratio on sandwich pipes.



For model validation, a sandwich pipe model with local imperfection was established within the framework of the nonlinear finite element code ABAQUS 6.14. General static was selected as the solver. The stress–strain relationship obtained in the uniaxial tension test is described by the Ramberg–Osgood equation in the FE models, which could be expressed as Equation (2). As shown in Figure 3, the geometry features of local ovality defects were the input sequence by Spline base on the test results. The actual shape profile of the ovality imperfection is obtained by connecting the sections with loft as shown in Figure 8. After establishing the model of the inner and outer steel pipes, the two models were combined and the middle layer of the inner and outer pipes was set to be polypropylene pipes. The same material parameters in the experiments are applied to the models. In the experiment, both ends of the pipeline are fixed, so all the degrees of freedom at both ends of the model are restricted in the numerical simulation. The eight-node linear brick and incompatible element C3D8I was used to describe the steel pipe, PP pipe. Meanwhile, self-contact with frictionless was chosen as the interaction between the inner face of the pipe. The normal direction contact between the polypropylene pipe and the steel pipe is set as frictionless and hard contact, and a default penalty function is set. Certainly, the bonding force between epoxy resin and steel pipe is very small. Epoxy resin mainly plays the role of filling pores and transferring force, which is generally defined as frictionless [46]. The numerical simulation results fit the experimental results with frictionless interaction definitions.



For the parametric study, the sandwich pipe models were simplified as an axisymmetric 1/8 model, as shown in Figure 9. In the parametric analysis, the overall ovality is used as the main parameter of the initial defect of the pipe, and the ovality is determined by Formula (2). The ellipse tool in ABAQUS is used to draw and create a sandwich tube. The contact condition of the sandwich pipe is completely consistent with the model in the verification part. The interaction between the steel pipe and core layer is defined by a penalty contact algorithm with no friction [31]. As shown in Figure 9, to save the calculation cost, the model is simplified to a 1/8 model. Two sides of the model are provided with symmetrical boundaries, respectively (U1 = UR2 = UR3 = 0, U2 = UR1 = UR3 = 0), one end connected to the flange is completely fixed (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0), and the other end is a symmetrical boundary along the pipe axis (U3 = UR1 = UR2 = 0). The setting of boundary conditions is the same as Gong et al. [24]. The contact between the rigid plane of the model and the inner surface of the inner pipe is non-friction and hard contact, and the separation is allowed after the contact for the simulation of the process of pipe buckling propagation.




3.2. Mesh Independence Test


Based on the geometry and loading characteristics, one 1/8 FE model was established to investigate the collapse pressure of the sandwich pipe under external pressure. The end of the pipe is fixed, which simulates the dynamic response of the sandwich pipe when it is not subjected to additional axial tension in the experiment. Mesh independence is determined before model validation, and collapse pressure was used as an index of convergence. The results are shown in Table 5, and the meaning of each item is shown in Figure 9. It was observed that when the number of elements increased from 12,960 to 259,200, the collapse pressure deviation remained at 1%. Considering the accuracy and computational cost, No. 4 was used for further analysis.




3.3. Model Validation


For model validation, the same geometry as that used in experiments is applied. The experimental results are very close to the numerical simulation results. The predicted collapse pressure is compared with the experimental results (Table 6). The errors of Out1, In1, SP1-1, SP1-2, and SP1-3 were calculated by the following formula:


  E r r o r =    P  C O N   −  P  C O E      P  C O E     × 100 %  



(3)







The errors of SP2-1, SP2-2, SP2-3 were calculated by the following formula:


  E r r o r =    T N  −  T E     T E    × 100 %  



(4)







It can be observed that the predicted collapse pressure is in good agreement with the experimental results, and most of the errors are within ±3%.



This verifies the accuracy of the finite element model when simulating two different loading paths of the pipe under axial tension and external pressure.





4. Parametric Study


In this section, various pipe models with different diameter-to-thickness ratios and ovality were established to obtain the collapse pressure based on the validated numerical model.



First, by changing the axial tension, the influence of different axial tension on the collapse pressure under different loading paths is determined. Then, the diameter-to-thickness ratio of the inner and outer pipes was changed, and the influence of the diameter-to-thickness ratio on the collapse pressure of different loading paths was studied. Finally, the initial ovality of the pipeline was changed, and the influence of the ovality of the pipeline on the collapse pressure was studied.



4.1. Effect of Axial Tension


Changing the collapse pressure and axial tension of the sandwich pipe, as shown in Figure 6, the influence of different paths on the collapse pressure of the sandwich pipe is between 0.3% and 4.9%. With the increase of the axial tension, the influence of the axial stress on the circular stress in the P→T loading path increases. The ovality of the pipe increases as the circular stress increases.



As shown in Figure 10a, the local ovality of the pipe is increased as the external water pressure and axial tension increases. As shown in Figure 10b, the ovality of the sandwich pipe increases when the axial tension increases, and the ovality of the yield section is smaller than that of the P→T path. The collapse pressure of the sandwich pipe depends on the ovality, so the increase in axial tension will have a greater impact on the collapse pressure of different loading paths.




4.2. Effect of Outer Pipe Diameter-to-Thickness Ratio


In this section, the influence of different outer diameter-thickness ratios on the collapse pressure of the sandwich pipe is studied. The outer pipe diameter-to-thickness ratios are chosen as 11.83, 15, 18.25, and 23.67. In these analyses, the geometric dimensions of the core layer and the inner pipe did not change; only the wall thickness of the outer pipe was changed, and the ovality of the outer pipe was maintained at 0.6%. The selected material parameters and contact conditions are the same as the model in Section 3. As shown in Figure 11, the black lines represent the influence of different loading paths on the load-bearing limit of the sandwich pipe. A total of 80% of the collapse pressure of the sandwich pipe without being affected by the axial force is selected as the external pressure loaded in the P→T path. The maximum tensile force in the P→T loading path is taken as the tensile force value in the T→P path. When the diameter-to-thickness ratio of the outer pipe is greater than 18, the difference in the collapse pressure of the sandwich pipe under different loading paths is less than 1%, which has little influence in actual engineering applications. However, as the depth of ocean development increases, the diameter-to-thickness ratio of sandwich pipe and risers is often less than 18 to ensure safety during operation.



It can be seen from Figure 11 that when the outer pipe diameter-to-thickness ratio is less than 15, the collapse pressure difference of the sandwich pipe is 2.88%. With the diameter-to-thickness ratio decreasing, the phase difference ratio has little change. Therefore, different loading paths have obvious effects on sandwich pipes with a diameter-to-thickness ratio of less than 18, and the collapse pressure values differ by 0~2.88%.




4.3. Effect of Inner Pipe Diameter-to-Thickness Ratio


In this part, the influence of different outer diameter-to-thickness ratios on the collapse pressure of the sandwich pipe is studied. The comparison of the inner pipe diameter-to-thickness ratio of 10, 12.75, 17, and 25.5 is made. In these analyses, the geometric dimensions of the outer tube and core layer did not change; only the wall thickness of the inner tube was changed, and the ovality of the inner tube was 0.86%. The selected material parameters and contact conditions are the same as the model in Section 3.



As shown in Figure 12, the black line represents the influence of different paths on the bearing capacity of the pipeline. A total of 80% of the collapse pressure of the sandwich pipe without the influence of axial force is selected as the external pressure in the P→T path. The maximum tensile force in the P→T loading path is taken as the tensile force in the T→P path. It can be seen from Figure 12 that with the decrease of the diameter thickness ratio, the collapse pressure of the pipeline increases, and the difference of the ultimate bearing capacity of the sandwich pipe under different loading paths becomes larger.



It can be seen from the black line that when the diameter-to-thickness ratio is greater than 17, the influence of different loading paths becomes smaller, and the difference is less than 1%. When the ratio of diameter-to-thickness is less than 12.75, the difference ratio does not change significantly. The influence of the inner diameter-to-thickness ratio on the ultimate strength of the sandwich pipe under different loading paths is in the range of 0~4.05%, which is greater than that of the outer pipe diameter-to-thickness ratio. Different loading paths have different effects on sandwich pipes with different diameter-to-thickness ratios. Therefore, for sandwich pipes with large inner pipe diameter-to-thickness ratios, the pipe is more likely to collapse under the P→T loading path.





5. The Result and Discussion


5.1. The Results of FE Models


Parameter studies were carried out on two different loading paths to supplement the experimental results. The model parameters are shown in Figure 13. The same diameter and wall thickness as the test pipe are chosen, and the ovalities of the inner and outer pipes are 0.60% and 0.86%, respectively. The collapse process of the pipeline under the combined action of external pressure and axial tension is shown in the P→T and T→P loading paths in Figure 13. As the axial tension increases, the influence of different paths on the collapse pressure also increases. Axial tension will greatly reduce the collapse pressure in any loading path. The collapse pressure of the P→T loading path is smaller than the collapse pressure of the T→P loading path. Therefore, the P→T loading path in actual engineering is more severe.




5.2. Discussion of the Two Loading Paths


When the sandwich pipe is subjected to the combined action of axial tension and external water pressure, the stress distribution of the failure section of the pipeline is shown in Figure 14. Figure 14a shows the stress and strain distribution of the inner and outer steel pipes when the pipe collapses. The stress value in the red box is significantly larger than other positions, the yield stress of the material has been reached, and a large displacement has occurred. The stress concentration position in Figure 14b is mainly located in the red box inside the core layer. Stress concentration occurs at point C, but the stress value is lower than the yield strength of polypropylene, and there is no major deformation. The stress concentration at point A and point B is an important cause of section failure. Considering that the stress concentration and displacement at point A are greater than at point B, the stress and displacement at point A are tracked to find the difference between the two loading paths.



When the sandwich pipe is subjected to axial tension and external water pressure, the stress at point A under the two loading paths is analyzed. As shown in Figure 15 and Figure 16, σs, σr, σc, and σa represent total stress, radial stress, circumferential stress, and axial stress, respectively. The value of σr did not fluctuate greatly before the pipeline collapsed and was much smaller than the values of σc and σa. Therefore, σc and σa dominate the von-Mises stress analysis. The relationship between σs, σc, and σa can be expressed by Formula (5):


   σ s  =  σ c    2  +  σ a    2  −  σ c   σ a   



(5)







Under the action of axial tension, the ovality of the sandwich pipe section changes small, and the axial stress increases rapidly. The stress at point A is mainly caused by the axial tension. On the contrary, under the action of external pressure, the circumferential stress of the pipe section increased rapidly, and the ovality of the section increased from 0.973% to 1.372%, an increase of 41%. In the second loading step of the P→T path, as the external water pressure is kept constant, the circumferential stress will increase with the increase of the axial tension; the stress at point A reaches the yield stress faster than the path T→P. In the path of T→P, it can be observed that as the tensile force increases, the circumferential stress hardly changes. When the section approaches yield, the circumferential stress begins to change significantly due to the large deformation. Therefore, the influence of the circular stress by the axial tension is the main reason for the different pressure-bearing capacities of the sandwich pipe in different paths.



As shown in Figure 15, the axial tension increases by 142.79 kN, the circular stress and von Mises stress increase by 107.54 MPa and 108.50 MPa, and the circular stress decreases by only 1.83 MPa. The axial stress contributes the most to the element stress. In the second step of loading, as the external pressure increases, the axial stress hardly changes. The circumferential stress increases from 1.83 MPa to 333.23 MPa, with an increase of 331.40 MPa. When the axial stress is 183 MPa, the von Mises stress reaches 273.63 MPa, the material yields at point A, and the ovality of the section increases rapidly with the increase in external pressure. The pipe collapsed when the ovality reached 3.54%, and the ability of the sandwich pipe to withstand water pressure dropped sharply. Additionally, due to the increase of external water pressure, as shown in Figure 16, the circular stress changes significantly, and the circular stress curve (purple) is almost the same as the von Mises stress curve (red). However, the external pressure increases the von Mises stress by 203.45 MPa, which is higher than the increase of the water pressure on the von-Mises stress in the T→P path. The circular stress of the section increases from 18.47 MPa to 73.06 MPa as the axial tension increases, which will lead to faster local yield at point A.



It can be seen from the ovality curve that when the tensile force increases to 84.88 kN, the von Mises stress at point A reaches the yield point, and the ovality begins to increase rapidly. During the T→P loading process, the pipe section began to deform greatly when the ovality reached 1.53%, while in P→T, the pipe deformed greatly when the ovality reached 1.37%. However, the ovality of the two loading paths is 3.87% and 3.53% when the pipe collapses, respectively. Obviously, the deformation of the pipe under the P→T path is greater. The collapse pressure of the sandwich pipe depends on the ovality of the pipeline during buckling, and the difference in the ovality is mainly caused by the increase of the circular stress. When the von Mises stress is the same, point A yields deformation. The circular stress in the two loading paths of P→T and T→P is 231.99 MPa and 183.75 MPa, respectively, with a difference of 26.25%. This also leads to the difference in the ovality under different paths when the pipe section yields.





6. Conclusions


The finite element model is in good agreement with the experimental results of the sandwich pipe under external pressure and axial tension. This paper also studies the influence of the two loading paths on the collapse pressure of the sandwich pipe, analyzes the point where the yield concentration occurs in the section, and explains the reasons for the difference. In addition, extensive parameter studies of different loading paths have been carried out through the finite element model, supplementing the experimental results. On this basis, the influence of the inner and outer pipe diameter-to-thickness ratio on the collapse pressure of the sandwich pipe under different loading paths is analyzed. The main conclusions are as follows:




	(1)

	
The ultimate load of the sandwich pipe under the combined action of external pressure and axial tension is studied through eight groups of tests. It is verified that the ultimate load of the sandwich pipe with the same geometric parameters is different under different loading paths. Experiments show that the path of applying water pressure and then axial tension is more dangerous than the path of applying axial tension and then water pressure, and the influence range of different paths on the collapse pressure of the sandwich pipe is 4.07~7.78%.




	(2)

	
The influence of two loading paths on the ultimate strength of the sandwich pipe is studied by using a finite element model. The results show that different paths lead to different stress changes in the cross-section of the sandwich pipe. In the P→T loading path, the external water pressure increases the ovality of the pipeline, and the axial tension increases the circumferential stress of the sandwich pipe, resulting in the local section of the sandwich pipe reaching the yield state faster. However, in the loading path of T→P, the axial tension has little effect on the circumferential stress, which results in a smaller change of ovality, and the sandwich tube has a higher ultimate strength.




	(3)

	
The experimental results are supplemented by parametric studies. When the axial tension increases from 0 to 291.53 kN, the difference in collapse pressure under different loading paths increases from 0% to 4.9%. When the diameter-to-thickness ratio of the outer pipe increases from 12 to 24, the difference in collapse pressure under different loading paths is reduced from 2.88% to 0.6%. The increase of the diameter-to-thickness ratio of the outer pipe reduces the influence of different loading paths. When the inner tube diameter-to-thickness ratio increases from 10 to 25.5, the difference in collapse pressure under different loading paths is reduced from 4.05% to 0.86%. The increase in the inner tube diameter-to-thickness ratio will reduce the influence of different loading paths. The inner pipe diameter-to-thickness ratio has a greater influence on the collapse pressure than the outer pipe diameter-to-thickness ratio.
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Figure 1. Geometry of tubes and idealized loading adopted in experiment. 
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Figure 2. (a) RA 7320 Portable Arm Coordinate Measuring Machine. (b) Photos of geometric characteristics measuring. 
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Figure 3. Schematic scanning points. 
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Figure 4. (a) The uniaxial tension test. (b) Engineering stress–strain curves of the test sample. 
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Figure 5. (a) Longitudinal sectional view in the middle plane; (b) experiment setup. 
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Figure 6. (a) Collapse envelopes of different loading paths. (b) Pressure–time diagrams of tested specimens SP1-1 and SP2-1. 
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Figure 7. Photos after the sandwich pipes collapse. 
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Figure 8. (a) Schematic diagram of scanning point modeling process for model validation; (b) schematic diagram of boundary conditions. 
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Figure 9. Schematic of the meaning of each item is shown in Table 5. 
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Figure 10. Ovality changing history of the outer pipe. (a) P→T loading path; (b) T→P loading path. 
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Figure 11. Collapse pressure of sandwich pipe with different outer pipe diameter-to-thickness ratios. 
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Figure 12. Collapse pressure of sandwich pipe with different inner pipe diameter-to-thickness ratios. 
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Figure 13. Collapse envelopes of different loading paths. 
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Figure 14. The von Mises stress distribution of pipes’ cross-sections. (a) Outer and inner pipes’ cross-section; (b) core layer cross-section. 
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Figure 15. Stress changing history at integration point A (T→P loading path). 
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Figure 16. Stress changing history at integration point A (P→T loading path). 
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Table 1. Geometric features and production method of pipes.
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	Pipe No.
	Do/mm
	to/mm
	Di/mm
	ti/mm
	Dp/mm
	tc/mm
	Loading Path





	Out1
	73.29
	3.96
	-
	-
	-
	-
	P



	In1
	-
	-
	54.02
	3.01
	-
	-
	P



	SP1-1
	73.02
	4.02
	54.02
	3.01
	65.02
	5.05
	P→T



	SP1-2
	73.00
	4.04
	54.06
	3.01
	65.11
	5.10
	P→T



	SP1-3
	73.13
	4.15
	54.17
	3.12
	65.15
	5.09
	P→T



	SP2-1
	73.08
	4.08
	54.05
	3.04
	65.08
	5.10
	T→P



	SP2-2
	73.04
	4.12
	54.09
	3.00
	65.12
	5.06
	T→P



	SP2-3
	73.05
	4.07
	54.09
	3.05
	65.04
	5.06
	T→P







Do is diameter of outer pipe, To is thickness of outer pipe, Di is diameter of inner pipe, ti is thickness of inner pipe, Dp is diameter of polypropylene pipe, and Tc is thickness of polypropylene pipe.
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Table 2. Material parameters of the tested specimens.
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	Pipe
	E/Gpa
	ν
	σy/MPa
	σu/MPa
	n
	Elongation/%





	Outer pipe
	250.00
	0.3
	217.44
	1076.14
	5.59
	46.77



	Inner pipe
	211.71
	0.3
	189.34
	988.42
	5.60
	43.12
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Table 3. Material parameters of the core layer.
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	Material
	E/Mpa
	ν
	σu/MPa
	εfail





	Polypropylene
	1330
	0.41
	21.8
	0.076
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Table 4. Overview of ovality and collapse pressure of all tested specimens.
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	Type of Pipe
	Pipe No.
	Outer Pipe Ovality (%)
	Inner Pipe Ovality (%)
	Collapse Pressure (MPa)
	Axial Tension (kN)





	Outer Pipe
	Out1
	0.49
	-
	27.95
	0



	Inner Pipe
	In1
	-
	0.78
	28.10
	0



	Sandwich Pipe
	SP1-1
	0.60
	0.41
	41.50
	143.67



	Sandwich Pipe
	SP1-2
	0.42
	0.54
	42.50
	94.45



	Sandwich Pipe
	SP1-3
	0.59
	0.61
	44.07
	49.21



	Sandwich Pipe
	SP2-1
	0.32
	0.55
	45.00
	143.67



	Sandwich Pipe
	SP2-2
	0.50
	0.37
	46.12
	94.45



	Sandwich Pipe
	SP2-3
	0.32
	0.79
	46.91
	49.21
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Table 5. Mesh convergence test.
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	No.
	Nh
	Np
	Smin
	Smax
	Element Number of Steel Pipe
	Element Number of Core Layer
	Total Element Number
	P/Mpa
	Error/%





	1
	10
	1
	5
	40
	4320
	2160
	6480
	43.10
	−4.22



	2
	10
	2
	5
	30
	4320
	2160
	6480
	45.36
	0.80



	3
	10
	4
	5
	20
	5580
	2790
	8370
	47.18
	4.84



	4
	30
	2
	5
	40
	8640
	4320
	12,960
	45.45
	1.00



	5
	30
	2
	5
	30
	11,160
	5580
	16,740
	45.15
	0.33



	6
	30
	4
	5
	20
	86,400
	43,200
	129,600
	45.15
	0.33



	7
	60
	1
	5
	40
	17,280
	8640
	25,920
	44.92
	−0.17



	8
	60
	2
	4
	30
	22,320
	11,160
	33,480
	45.02
	0.04



	9
	60
	4
	2
	20
	172,800
	86,400
	259,200
	45.00
	0.01
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Table 6. Overview of geometry parameters and collapse pressure of all tested specimens.
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	Pipe No.
	Experiment Results

PCOE/MPa
	Numerical Results

PCON/MPa
	Experiment Results

TE/MPa
	Numerical Results

TN/MPa
	Error/%





	Out1
	27.95
	28.74
	0
	0
	2.83



	In1
	28.10
	28.11
	0
	0
	0.04



	SP1-1
	41.50
	41.5
	143.67
	142.16
	−1.05



	SP1-2
	42.50
	42.5
	94.45
	96.1
	1.75



	SP1-3
	44.07
	44.07
	49.21
	49.47
	0.53



	SP2-1
	45.00
	45.15
	143.67
	143.67
	0.33



	SP2-2
	46.12
	47.2
	94.45
	94.45
	2.34



	SP2-3
	46.91
	45.73
	49.21
	49.21
	−2.52
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