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The growing demand for lightweight, corrosion-resistant, and cost-effective solutions in offshore oil and gas operations has driven the transition from traditional metallic pipes to advanced non-metallic flexible pipes. A rigorous three-dimensional nonlinear finite element model was developed using ABAQUS/Explicit, incorporating actual material parameters, structural nonlinearity, and interlayer contact behavior. The model was validated through full-scale burst pressure tests, demonstrating excellent agreement (within 13.4% error) with experimental results. Key findings indicate that internal pressure of 35 MPa can increase tensile stiffness by up to 22.1%, while external pressure of 15 MPa enhances it by 8.9%. Under combined axial tension-bending loading conditions, the flexible pipe demonstrates higher bending stiffness compared to single-load scenarios. Internal pressure exhibits minimal influence on non-slip bending stiffness but simultaneously elevates both critical slip curvature and post-slip stiffness. In contrast, external pressure significantly improves both critical slip curvature and post-slip stiffness. These quantitative results provide crucial design guidelines for performance optimization of non-metallic pipes in deepwater applications.
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1 INTRODUCTION
In recent years, composite materials have been widely adopted in engineering applications, particularly in deep-sea oil and gas exploration, where flexible pipes have become essential infrastructure for offshore hydrocarbon transportation. These pipes are often referred to as the “lifeline” of offshore oil and gas resources due to their critical role in production systems. The mechanical analysis of flexible pipes under load is primarily conducted using numerical simulation methods and experimental approaches. In numerical modeling, researchers have focused on developing accurate representations of key functional layers. De Sousa established a finite element model of a 4-inch flexible pipe considering the nonlinearity of metallic materials using ANSYS software. In this model, the spiral strips in the tensile armor layer were simulated using beam elements, the carcass layer and the pressure armor layer were simulated using orthotropic shell elements, and the remaining cylindrical layers were simulated using isotropic shell elements (De Sousa et al., 2018). Sævik utilized the specialized finite element software BFLEX to simulate the compression armor layer and calculate the stress distribution of the Z-shaped helical strip under internal pressure, tensile, and bending loads. Additionally, a complete model of the flexible pipe was established in BFLEX to simulate the stress in the helical strip of the tensile armor layer under bending loads, and the validity of the model was confirmed through experimental results (Sævik and Thorsen, 2012). Zhou and Sævik, among others, investigated the mechanical properties of a multilayer flexible pipe, replacing the metallic compression reinforcement layer with an epoxy composite carbon fiber (EP/CF) material. They developed a finite element model using ABAQUS to analyze the stress state of various functional layers under axial tensile and bending loads for the new structural flexible pipe (Zhou et al., 2017). Lukassen proposed a finite element model using a representative unit cell (RUC) to study the mechanical performance of flexible pipes under axial tensile and bending loads. By establishing periodic boundary conditions based on the periodicity of the flexible pipe structure and loads, the stress distribution of the local tensile reinforcement layer was solved (Lukassen et al., 2019). However, extensive research on numerical simulation of composite structures has also been conducted by other scholars. Venkadesh Raman et al. successfully identified critical failure zones in wind turbine blades through finite element analysis, and their interlayer contact model provides an important reference for the mechanical behavior analysis of non-metallic flexible pipes in this study (Venkadesh et al., 2016). Avachat systematically investigated the dynamic response characteristics of metal/composite hybrid structural plates subjected to underwater shock loading, employing experimental methods coupled with the Coupled Eulerian-Lagrangian (CEL) approach (Avachat and Zhou, 2016). Li et al. adopted a multi-scale simulation method to achieve comprehensive numerical simulation of the fiber-bundle-laminates’ mechanical properties and penetration resistance across micro-, meso-, and macro-scales throughout the entire deformation process (Li et al., 2025).
The establishment of numerical simulation models for flexible pipes is closely linked to the validation of real experimental results. To clarify the mechanical performance and failure modes of flexible pipes under various loads, experimental research is an indispensable and crucial method. Currently, the most cited experimental study is Witz’s re-search from 1996 on a 2.5-inch unbonded flexible pipe, which primarily investigates the mechanical performance of flexible pipes under axial tensile loads, torsional loads, and bending loads. The study provides detailed geometric and material parameters of the test samples (Witz, 1996). Clevelario and others conducted experiments on the crushing failure of flexible pipes un-der bending loads, utilizing samples with internal diameters of 4 inches and 6 inches. In their experiments, the sample pipes were bent to 1.5 times the minimum bend radius while applying external compressive loads to study the crushing failure of the bent flexible pipes. The results indicated that the compressive stiffness of the flexible pipes de-creased by over 10% after bending deformation (Clevelario et al., 2010). De Sousa and colleagues performed experimental studies on the structural responses of 4-inch flexible pipes under various loads, obtaining data on structural stiffness, strains of the outer helical strips, failure loads, and failure modes for different loading conditions. They also conducted tensile tests on high-strength fiber materials designed to prevent radial buckling of the tensile armor layer’s helical strips (De Sousa, 2001).
Currently, research primarily focuses on metallic flexible pipes, with relatively few studies addressing non-metallic flexible pipes, such as those with high-strength fiber reinforcement and composite material functional layers. Due to significant differences in structural forms and material properties of the functional layers, their mechanical responses under various loads differ as well. Therefore, conclusions drawn from studies on metallic flexible pipes cannot be directly applied to non-metallic flexible pipes. It is essential to conduct numerical simulation studies specifically targeting the structural and material characteristics of the functional layers in non-metallic flexible pipes.
In this paper, a three-dimensional finite element model of flexible pipe was developed by ABAQUS/Explicit, which take the real material parameters, structural nonlinearity as well as the nonlinear contact behavior between components into account. Full-scale pipeline mechanical performance tests are conducted. The mechanical behavior of non-metallic unbonded flexible pipe subjected to combined load was investigated in detail. The stiffness change rule of flexible pipe under different loads is obtained. The findings and conclusions of current study would provide useful guides to the design and manufacturing of nonmetallic unbonded flexible pipe.
2 NONLINEAR FINITE ELEMENT MODEL
2.1 Structure and parameters
The schematic diagram of the functional layers of the non-metallic non-bonded flexible pipe is shown in Figure 1. Unlike conventional metallic flexible pipes, the internal pressure reinforcement layer and tensile reinforcement layer of the non-metallic non-bonded flexible pipe are made of high-modulus aramid fibers, while the external pressure reinforcement layer is composed of carbon fiber reinforced nylon materials. The primary load-bearing functional layers are all made from non-metallic materials. The various functional layers of the pipe are not bonded with each other, allowing for relative slippage and friction under marine conditions. A three-dimensional solid model of the non-metallic non-bonded flexible pipe was established using the ABAQUS finite element analysis software. This model includes the S-shaped cross-section structure of the self-locking external pressure reinforcement layer, the internal pressure reinforcement layer woven from aramid fibers, the tensile reinforcement layer, and the corresponding polymer layers, with a non-bonded configuration between adjacent layers, as illustrated in Figure 2A. The internal pressure reinforcement layer and tensile reinforcement layer are modeled by composite material lamination model, which can simulate the braided angle and ply thickness of the fiber accurately. The braided angle of internal pressure reinforcement layer is 55° and the winding angle of tensile reinforcement layer is 30°. The length of the model is setup as 1640 mm to eliminate the end effects. The material parameters for each functional layer are presented in Table 1 (Wang et al., 2021).
[image: Cross-section of a multilayer pipe. Diagram on the left labels seven layers: 1. Internal Sheath, 2. Internal Pressure Reinforcement Layer, 3. Anti-wear Layer 1, 4. External Pressure Reinforcement Layer, 5. Anti-wear Layer 2, 6. Tensile Reinforcement Layer, 7. Outer Sheath. The image on the right shows a physical cross-section with corresponding numbered labels for each layer.]FIGURE 1 | Schematic diagram of nonmetallic unbonded flexible pipe.[image: Exploded view of a flexible pipe in section (A) showing layers: external pressure reinforcement, internal pressure reinforcement, tensile reinforcement, aramid braided layer, and outer sheath. Section (B) depicts the assembled flexible pipe with external pressure reinforcement.]FIGURE 2 | Finite element model and meshing schematic diagram: (A) FEM schematic diagram. (B) Mesh of the FEM.TABLE 1 | Material parameters of nonmetallic unbonded flexible pipe.	Materials	Young’s modulus (MPa)	Tensile strength (MPa)	Poisson’s ratio	Density (g/cm3)
	HDPE	536	15.3	0.41	0.95
	Aramid	110,000	662	0.35	1.05
	CF reinforced PA66	9,444	193	0.34	1.27
	PU	41.4	35	0.49	1.13


2.2 Boundary conditions
The flexible pipe will be subjected to various forms of loads in the marine environment. To apply the loads and boundary conditions, reference points RP-1 and RP-2 are established at both ends of the flexible pipe. The “kinematic coupling” method was employed to couple both ends of the pipe with reference points (RP-1 and RP-2), ensuring that the degrees of freedom at the pipe ends match those of the reference points (Yang et al., 2015). The boundary conditions are applied at the reference points. The form of the boundary conditions for the finite element model analyzing the mechanical performance of the non-metallic flexible pipe is presented in Table 2.
TABLE 2 | Boundary conditions of nonmetallic unbonded flexible pipe.	Load forms	Tensile load	Internal pressure	External pressure	Bending load
	Boundary Conditions	The axial force at RP1; RP2 is fixed	The internal pressure is applied on the inner surface; RP1: U1 = U2 = UR1 = UR2 = UR3 = 0; RP2 is fixed	The external pressure is applied on the out surface; RP1 and RP2 are fixed	RP-1 and RP-2 are set at angular deviations in the UR2 direction; fixed except for axial in RP-1
	Schematic Diagram	[image: ]	[image: ]	[image: ]	[image: ]


2.3 Contact behaviors and mesh
The normal behavior of contact between layers is defined as “hard contact” with the setting of “allow separation after contact.” The tangential contact behavior is defined as “penalty,” with a friction coefficient set to 0.1 (Dai et al., 2017). A friction coefficient (CoF) of 0.1 was selected based on prior studies on non-bonded composite structures (Dai et al., 2017), which reported typical CoF values between thermoplastic layers. Sensitivity analysis shows that increasing CoF to 0.2 increases tensile stiffness by 4.7%, while decreasing it to 0.05 reduces stiffness by 3.2%. This confirms the model’s robustness and the chosen CoF’s rationalisation (reasonableness) for representing interlayer friction in nonmetallic materials. The numerical modeling approach employed distinct meshing strategies and element formulations for different pipe layers. A systematic mesh sensitivity study was conducted to establish appropriate element sizes that achieve an optimal balance between solution accuracy and computational cost for each functional component. The inner sheath, abrasion layer, external pressure reinforcement layer, and outer sheath are modeled using solid elements C3D8R (8-node hexahedron linear reducing integral element), with the thickness direction of the inner and outer layers divided into four elements. These elements are suitable for nonlinear analysis and can produce high-accuracy results when considering contact and nonlinear geometry (Ebrahimi et al., 2018). The mesh size is set to 15 mm in the axial direction, with 48 elements in the circumferential direction, while the external pressure reinforcement layer is assigned a global mesh size of 15 mm, and the S-shaped cross-section is refined using a sweeping method. The internal pressure reinforcement layer and tensile reinforcement layer are modeled using continuous shell elements SC8R (8-node quadrilateral general continuous shell elements), allowing for the simulation of the laminate arrangement. The axial dimension of the pipeline is 15 mm, and the circumferential direction is divided into 48 elements. This element size ensures the accuracy of the computations. The model comprises 232,755 elements, as shown in Figure 2B.
3 FULL-SCALE BURSTING EXPERIMENTS
3.1 Specimen and experiment process
The internal pressure reinforcement layers and tensile reinforcement layers are modeled by composite material ply structure. To verify the accuracy and effectiveness of the above modeling approach, two groups of internal pressure bursting tests (one specimen pipeline for each group) of aramid fiber reinforcement thermoplastic pipes were conducted according to the API SPEC 17E standard (API, 2017). The 1-inch flexible pipe which produced by Beijing Zhongshida petrochemical technology development Co. Ltd were selected for the internal pressure bursting test. The flexible pipe specimen is shown as Figure 3A. The effective length of pipe is 800 mm (21 times of its outer diameter) and the end fittings (240 mm) are assembled by the withhold machine, rendering a sealing function. The end fittings were installed at both ends of the flexible pipe, where one end was fixed at the pressure port and the other end was free. The aramid fiber-reinforced thermoplastic pipes used in the internal pressure burst test consist of three functional layers: an internal liner made of Nylon 11 (PA11), a fiber reinforcement layer with a braided structure of aramid fibers at a weave angle of ±55°, and an external protective layer made of polyurethane, as illustrated in Figure 3B. The parameters of the flexible pipe are shown in Table 3. The bursting pressure can be obtained by gradually increasing the internal pressure till flexible pipe bursts or leaks.
[image: Image A shows a pressure hose connected at both ends with a labeled pressure port, measuring 800 millimeters in length. Image B displays a cross-section of a hose with layers labeled as the external protective layer, fiber reinforcement layer, and internal liner. The diagram includes diameter measurements of 37.50, 35.50, 29.50, and 26.00 millimeters.]FIGURE 3 | 1-inch aramid fiber reinforcement thermoplastic pipe (Unit:mm): (A) Specimen with end-fittings. (B) Pipeline structure diagram.TABLE 3 | Geometric parameters of 1 - inch aramid fiber reinforcement thermoplastic pipe.	Functional layers	Inner diameter (mm)	Outer diameter (mm)	Lay angle (°)	Materials
	Internal Liner	26.00	29.50	—	PA11
	Fiber Reinforcement Layer	29.50	35.50	±55	Aramid
	External Protective Layer	35.50	37.50	—	Polyurethane


3.2 Experiment results
Two sets of experiments were conducted, during which the aramid fiber-reinforced layers experienced rupture under internal pressure, leading to the failure of both the inner and outer layers of the pipeline. Figure 4 illustrates the time-pressure relationships for the two tests. The trend of increasing internal pressure was largely consistent. When the in-ternal pressure reached the burst pressure, the time-pressure curve exhibited a sharp de-cline, indicating leakage of the pipeline. The burst and leakage pressures of the hose in the two experiments were 78.2 MPa and 76.1 MPa, respectively.
[image: Line graph showing internal pressure in megapascals (MPa) over time in seconds (S) for two tests. Test 1, in dark red, peaks around 80 MPa at 50 seconds and falls to zero by 75 seconds. Test 2, in orange, peaks around 70 MPa at 40 seconds and also drops to zero by 65 seconds.]FIGURE 4 | The time-pressure curves during the internal pressure experiments.3.3 Model validation
Based on the internal pressure burst test results, a finite element analysis model was established to validate the accuracy of the numerical model. The fiber reinforcement layer is modeled by composite material ply structure, the braided angle and thickness of rein-forced layers are same with the specimen. The internal liner and external protective layer are modeled as solid structures based on their real geometric parameters, with material parameters referenced from Table 3. Using Chamis micromechanics equations, various anisotropic mechanical properties parameters of the aramid fiber composite material can be calculated (Qu, 2009). Specific parameters are shown in Table 4. The head plate is coupling on one end of flexible pipe to apply the head force (as shown in Figure 5). A pressure of 78.2 MPa is applied on the internal surface and head plate (Wang et al., 2019). The equivalent tensile strength of the aramid fiber bundle is 662 MPa, and the ultimate tensile strength of the matrix material of the composite laminate is 24.7 MPa. The failure of fiber reinforcement layer can be analyzed with the maximum stress criterion (given by Equation 1) of composite materials (Cornacchia et al., 2019).
TABLE 4 | Anisotropic material parameters of aramid fiber reinforcement layer.	E1 (MPa)	E2 (MPa)	μ12	G12 (MPa)	G13 (MPa)	G23 (MPa)
	110,000	525	0.35	1,300	1,300	1,500


[image: Cross-sectional illustration of a cylindrical pipe showing three layers: an external blue layer, a middle reinforced layer, and an internal red sheath. A detached circular head plate is shown on the right. Labels indicate each part.]FIGURE 5 | Internal pressure burst test model.By applying a burst pressure of 78.2 MPa to the model and comparing the failure criterion coefficient (MSTRS), we observed that while the experimental failure corresponds to MSTRS = 1, our FEM (Finite Element Model) simulation yielded MSTRS = 1.13. The resulting 13.4% error margin adequately demonstrates the model’s accuracy. Although strain data were not directly compared, the fact that both kinetic energy and pseudo-strain energy remain below 5% of the total internal energy further confirms the model’s stability (as shown in Figure 6). This also ensures the numerical results remain unaffected by inertial effects, which is an essential requirement for conducting quasi-static analysis (Ren et al., 2018).
[image: Graph showing the proportion of internal energy versus step time in seconds. The black line represents kinetic energy, peaking near 0.1 percent early on, while the red line depicts pseudo-strain energy, remaining steady at 0 percent throughout.]FIGURE 6 | The proportion of kinetic energy and pseudo-strain energy in internal energy.4 MECHANICAL BEHAVIORS OF FLEXIBLE PIPE UNDER DIFFERENT LOADS
According to API 17J specifications, the stiffness coefficients and mechanical properties of flexible risers under internal pressure, axial tension, and external pressure loads constitute critical parameters for both design/manufacturing processes and the establishment of integrated riser analysis models. Accordingly, this study systematically simulated: (1) individual loads (internal/external pressure, tension, bending) and (2) combined load cases including axial tension + internal pressure, axial tension + external pressure, and bending + internal/external pressure. These loading conditions accurately replicate the actual stress states encountered during deepwater operations.
4.1 Individual loads
4.1.1 Internal pressure load
The distribution of Von Mises stress (referred as stress in the following content) in the flexible pipe under an internal pressure of 35 MPa is shown in Figure 7. It can be seen that under the internal pressure, the stress in the internal pressure reinforcement layer is the highest among all functional layers, reaching to 417.5 MPa. Additionally, due to the material and structural differences, the stress distribution is very different for each functional layer. The maximum stress in the non-metallic reinforcement layer (417.5 MPa) is approximately 18% lower than that reported by De Sousa et al. (2018) for metallic pipes. This difference is mainly due to the lower elastic modulus of aramid fibers (110 GPa) compared to steel (210 GPa), but the specific strength of aramid is higher, meeting the lightweight requirements for deep-water applications.
[image: Cutaway illustration of a cylindrical object showing internal reinforcement layers highlighted by a color scale ranging from blue to red, indicating varying stress levels from low to high. An arrow points to the reinforcement labeled "Internal Pressure Reinforcement Layer." A 3D axis in the lower right corner shows X, Y, and Z directions.]FIGURE 7 | Von Mises stress distribution in the nonmetallic unbonded flexible pipe under 35 MPa internal pressure.In order to further investigate the mechanical performance and bearing capacity of each functional layer of the flexible pipe under the action of internal pressure, stress plots of each functional layer are extracted separately, as shown in Figures 8A,B. The in-ternal pressure reinforcement layer primarily bears the internal pressure load. The maxi-mum stress of the aramid fibers in the internal pressure reinforcement layer 1 differs by 20 MPa from that in the internal pressure reinforcement layer 2. This is because the internal pressure reinforcement layer 1 is located on the internal side, and under the action of the internal pressure, its deformation is relatively larger. The tensile reinforcement layer on the external side of the external pressure reinforcement layer bears relatively smaller load.
[image: Four graphical models of a cylindrical object displaying stress distributions. (A) and (B) show S_11 stress with varying color gradients, indicating different stress areas. (C) depicts S_Mises stress with multi-color bands. (D) illustrates S_11 stress with green and blue color layers. Legend scales are present, detailing stress values.]FIGURE 8 | Stress of each functional layer under internal pressure: (A) Internal pressure reinforcement layer 1. (B) Internal pressure reinforcement layer 2. (C) External pressure reinforcement layer. (D) Tensile reinforcement layer.Under the action of internal pressure, the maximum stress of the external pressure reinforcement layer is located on the internal side, close to the surface of the internal pressure reinforcement layer. The maximum stress is 83.9 MPa. Due to its S-shaped cross-section with spiral-wrapped strips, it has relatively large radial stiffness, allowing it to withstand certain internal pressure. Under 35 MPa internal pressure, the tensile reinforcement layer will experience stress along the direction of the fiber bundle, with the maximum stress of the fiber being 108.3 MPa. This is because under the action of internal pressure, the flexible pipe undergoes radial and axial deformation, and the tensile reinforcement layer is subjected to tensile load.
The trend of maximum stress in the internal pressure reinforcement layer with the change in internal pressure is shown in Figure 9A. From the figure, it can be observed that the maximum stress of the aramid fibers in the internal pressure reinforcement layer in-creases linearly with the increase in internal pressure load. This is because aramid fibers are linear elastic materials, and fracture failure occurs when their maximum stress reach-es the ultimate tensile strength. The following calculation results can be used to evaluate the mechanical response of the internal pressure reinforcement layer of the flexible pipe under the action of internal pressure load. The trend of radial displacement of the internal pressure reinforcement layer with the increase in internal pressure is shown in Figure 9B. The radial displacement-internal pressure load relationship can represent the radial stiff-ness parameter of the internal pressure reinforcement layer. It can be observed that the radial displacement of the internal pressure reinforcement layer of the flexible pipe increases linearly with the increase in internal pressure. When the internal pressure reaches 35 MPa, with the radial displacement only reaches to 0.192 mm, proving that the combined action of the aramid fiber braided layer and the external pressure reinforcement layer provides excellent resistance to internal pressure for the flexible pipe.
[image: Graph (A) shows a linear relationship between internal pressure (MPa) and aramid fiber stress (MPa), ranging from 0 to 500 MPa. Graph (B) depicts a linear relationship between internal pressure (MPa) and radial displacement (mm), ranging from 0 to 0.25 mm. Both graphs indicate a direct proportionality.]FIGURE 9 | The mechanical response results of internal pressure reinforced layer under 35 MPa internal pressure: (A) Stress-load curve. (B) Radial displacement-load curve.4.1.2 External pressure load
The distribution of stress in the flexible pipe under an external pressure of 15 MPa is depicted in Figure 10. The external pressure reinforcement layer mainly bears the external pressure. This is because the tensile reinforcement layer on the external side is made of aramid fiber bundles, which cannot withstand external pressure. Additionally, the antiwear layer and outer sheath layer are made of thermoplastic materials with lower mod-ulus, limiting their radial load-bearing capacity. Therefore, the external pressure mainly acts on the external pressure reinforcement layer. The maximum stress in the external pressure reinforcement layer under the 15 MPa external pressure load is calculated as 118.1 MPa, and the material still remains elastic.
[image: Diagram of a cylindrical object with a cut-away view showing an external pressure reinforcement layer, labeled with an arrow. To the left, a color gradient scale indicates stress levels, labeled "S, Mises (Avg: 75%)", ranging from red (+1.181e+02) to dark blue (+3.663e-01).]FIGURE 10 | Stress distribution of flexible pipe under 15 MPa external pressure.The local stress distribution of the outer pressure reinforcement layer is shown in Figure 11. It can be observed that under the external pressure, the stress distribution in the external pressure reinforcement layer is relatively uniform. The maximum stress occurs at the front tooth-like structure of the spiral band. This is because under the external pressure load, the external pressure reinforcement layer undergoes radial deformation, and its tooth-like structure contacts with the lower end spiral band, resulting in some stress con-centration at this point. The stress in the main part of the external pressure reinforcement layer is around 70 MPa.
[image: Color-coded finite element analysis of a pipe, showing stress distribution. The legend indicates stress ranges from blue (low) to red (high). An inset zooms in on a section with elevated stress levels.]FIGURE 11 | Stress of external pressure reinforced layer under 15 MPa external pressure.As shown in Figure 12A, the variation of the maximum stress in the external pressure reinforcement layer with increasing external pressure load is depicted. It can be observed that under the external pressure, the stress in the external pressure reinforcement layer exhibits a linear relationship with the external pressure, with the stress increasing with the increase in external pressure. Under the action of external pressure, flexible pipe will experience radial displacement towards the center of the pipe. The radial displacement-external pressure load curve of the outer pressure reinforcement layer can effectively represent the radial bearing capacity of the flexible pipe, as shown in Figure 12B. It can be observed that the radial deformation of the external pressure reinforcement layer exhibits a nearly linear growth trend with the increase in external pressure, with an approximate ratio of external pressure to radial displacement of 20.7 MPa/mm. The trend of radial dis-placement between external pressure loads of 6 MPa and 12 MPa shows slight variations, possibly due to the influence of frictional contact between the spiral bands of the external pressure reinforcement layer on the radial deformation of the pipe.
[image: Two graphs labeled A and B. Graph A plots Mises Stress versus External Pressure Load, showing a linear increase from 0 to 120 MPa as pressure load rises from 0 to 16 MPa. Graph B plots Radial Displacement versus External Pressure Load, illustrating a nonlinear rise from 0 to 0.8 mm as pressure load increases from 0 to 18 MPa. Both graphs use square markers connected by lines.]FIGURE 12 | The mechanical response results of external pressure reinforced layer under 15 MPa external pressure: (A) Stress-load curve. (B) Radial displacement-load curve.4.1.3 Axial tensile load
The stress plots of the flexible pipe under axial tensile load of 1,200 kN obtained through finite element modeling is shown in Figure 13A. It can be seen that under the axial tensile load, the maximum stress of 202.9 MPa is in the tensile reinforcement layer of the flexible pipe, indicating that the tensile reinforcement layer plays a primary role in axial load bearing. This is because the tensile reinforcement layer has a greater axial stiffness compared to other functional layers. The weave angle of the internal pressure reinforcement layer with respect to the axial direction of the pipe is 55°, primarily providing radial load-bearing capacity.
[image: Diagram showing stress analysis of a pipe. (A) Illustrates tensile reinforcement with color-coded stress levels from red (high) to blue (low). (B) Shows von Mises stress distribution, similarly color-coded, with a scale indicating stress values.]FIGURE 13 | Stress of flexible pipe and external pressure reinforced layer under 1200 kN tensile load: (A) Stress of flexible pipe under 1200 kN tensile load. (B) Stress of external pressure reinforced layer.The external pressure reinforcement layer is composed of S-shaped cross-section carbon fiber reinforced composite strips wound in a large angle spiral, with certain gaps between the spiral strips. Under axial tensile load, sliding can occur between the spiral strips, resulting in very low axial tensile stiffness of the outer pressure reinforcement layer, almost no axial load-bearing capacity is provided by the external pressure reinforcement layer. The stress in the external pressure reinforcement layer under tensile load is shown in Figure 13B, with the maximum stress value of only 21.3 MPa.
The variation of stress in the tensile reinforcement layer fiber bundle under axial tensile load is shown in Figure 14A. It can be observed that the stress in the aramid fiber bundle of the tensile reinforcement layer under axial tensile load exhibits a linear relationship with the axial tensile load. This curve can be used for stress assessment and calculation of the tensile reinforcement layer under axial tensile load, providing a basis for the design and manufacture of the tensile reinforcement layer of flexible pipes. By extracting the elongation of the pipe under tensile load, the axial tensile stiffness of the flexible pipe can be obtained, as shown in Figure 14B. Under axial tensile load, the axial strain of the flexible piper is linearly related to the tensile load, with the tensile load increasing with the in-crease in axial strain. This is because in this study, the flexible material is considered to be elastic, but due to the nonlinear contact and friction between the functional layers, the curve of tensile force and elongation strain fluctuates. The axial tensile stiffness of the flexible pipe is calculated as 413.0 MN based on the slope of the curve.
[image: Graph (A) shows a linear relationship between axial tensile load (kN) and aramid fiber stress (MPa) from 0 to 1200 kN and 0 to 200 MPa. Graph (B) depicts a linear increase of tensile load (N) with axial strain (%) ranging from 0.0% to 0.6%.]FIGURE 14 | The mechanical response results of tensile reinforcement layer under 1200 kN tensile load: (A) The curve of fiber bundle stress. (B) Elongation-tensile load curve.4.1.4 Bending load
At RP-1 and RP-2, angular deviations of 0.25 radians are applied around the central axis of the pipe. The deformation of the flexible pipe under bending load is shown in Figure 15A. It can be observed that under the bending load, the flexible pipe undergoes upward arching deformation, with deformation uniformly coordinated across various functional layers. Under a curvature of 0.25 m−1, the maximum displacement of the flexible pipe is 72 mm.
[image: Five engineering simulations display stress and displacement on cylindrical structures. Each graph uses color gradients to indicate varying magnitudes of stress and displacement. Labels (A) through (E) accompany each figure, with respective legends illustrating ranges for U Magnitude, S Mises, and S S11 values.]FIGURE 15 | Contour plot distribution of flexible pipe under bending load: (A) Deformation of flexible pipe under bending load. (B) Internal pressure reinforcement layer 1. (C) Internal pressure reinforcement layer 1. (D) External pressure reinforcement layer 1. (E) Tensile reinforcement layer.The stress distributions across functional layers of the flexible pipe under a curvature of 0.25 m−1 are presented in Figures 15B–E. It can be observed that under the bending load, the maximum stress is in the second internal pressure reinforcement layer of the flexible pipe, reaching 407.2 MPa. This is attributed to the fact that under the same deformation curvature, the second outer internal pressure reinforcement layer experiences greater bending strain compared to the first outer internal pressure reinforcement layer. Additionally, since the internal pressure reinforcement layer is composed by densely woven aramid fibers, it cannot recede the bending induced tensile/compressive stress by slipping among fiber bundles, hence leading to a greater local stress value.
The stress distribution of the fiber bundles in the tensile reinforcement layer is analyzed separately. Since the aramid fiber bundles are wounded in 30° angle, when the axial force on the tensile reinforcement layer exceeds the frictional force induced by interlayer pressure, sliding happens among the aramid fiber bundles. This leads to changes in the mechanical properties of the tensile reinforcement layer, affecting its bending stiffness. The bending moment data at reference point RP-2 and the stress of aramid fiber bundles are extracted and plotted in Figure 16. The bending moment curve can be divided into three segments. Firstly, when the bending curvature is small, the bending moment of the tensile reinforcement layer increases linearly with curvature. At this stage, the bending stiffness of the tensile reinforcement layer is constant, at 387.9 kN·m2. When the bending moment of the tensile reinforcement layer increases to the critical slip moment of 0.116 m−1, the trend of the bending moment changes to nonlinear growth with curvature. As the curvature increases, the bending stiffness of the tensile reinforcement layer decreases. At this point, aramid fiber bundles undergo slipping behavior, leading to reduced load-bearing capacity. The average bending stiffness during the slip segment is 138.93 kN·m2. When the bending curvature of the pipe increases to 0.249 m−1, the aramid fiber bundles reach equilibrium and stop slipping. At this point, the trend of bending moment against curvature at the end returns to approximately linear, and the average bending stiffness of the tensile reinforcement layer after slipping stage is 288.9 kN·m2. When the aramid fiber bundles change their slipping state at curvatures of 0.116 m−1 and 0.249 m−1 respectively, the stress on the fiber bundles also changes accordingly. The stress increment of the aramid fiber bundles is relatively small in the pre-slip stage. When the aramid fiber bundles enter the slipping stage, their mechanical state is influenced by the slipping behavior, causing an increase in stress level of the fiber bundles with increasing bending moment. After the aramid fiber bundles cease slipping behavior, the amplitude of stress variation changes again. In all three stages, the stress increases linearly along with the increase of bending curvature. Moreover, it is noteworthy that the critical slip curvature observed in this study (0.116 m−1) is significantly higher than that reported for metallic pipes by Witz (0.05–0.1 m−1). This discrepancy may be attributed to the relatively lower friction coefficient characteristic of non-metallic layers, which facilitates more pronounced interlayer slip behavior (Witz, 1996).
[image: Graph depicting the relationship between curvature and stress of fiber bundles (in MPa) with moment (in KN*m). The x-axis represents curvature (m⁻¹), while the y-axes show stress and moment. Three stages are identified: Non-sliding, sliding, and post-sliding, with red dashed lines marking transitions. The black line indicates stress, and the blue line indicates moment.]FIGURE 16 | Bending moment and stress of tensile layer under bending load.The bending stiffness is a key structural parameter of the flexible pipe. Figure 17 illustrates the correlation between the bending moment at reference point RP-1 and curvature of the flexible pipe. It compares the bending moment-curvature data of the tensile reinforcement layer with that of the entire flexible pipe. It can be observed that the flexible pipe exhibits slipping behavior under bending load, and the bending stiffness variation trend in the flexible pipe across the three stages is generally similar to that of the tensile reinforcement layer. The critical slip curvature of the aramid fiber bundles in the entire flexible pipe model is also consistent with that of the tensile reinforcement layer. The critical slip curvature of the tensile reinforcement layer and the nonmetallic flexible pipe is larger compared to that of the metallic flexible pipe, which typically ranges from 0.05 to 0.1 for an equivalent size.
[image: Line graph comparing moment versus curvature for an entire flexible pipe and its tensile reinforcement layer. The x-axis represents curvature from 0 to 0.40 per meter, while the y-axis shows moment in kilonewton-meters, ranging from 0 to 180. The black line shows the entire flexible pipe with higher values, and the red line indicates the tensile reinforcement layer. Vertical dashed lines highlight specific curvature points.]FIGURE 17 | Bending stiffness comparison between flexible pipe and tensile reinforced layer.The linear stress-displacement relationships in Figures 9, 12, 14 validate the numerical model’s accuracy under monotonic loading, consistent with the elastic behavior of aramid and carbon fiber composites.
4.2 Combined loads
Combined loads included axial tension + internal pressure, axial tension + external pressure, and bending + internal/external pressure, mimicking deepwater operations.
4.2.1 The effect of combined loads on the axial stiffness of flexible pipes
The study considers combined loads including axial, bending, and internal pressure. These load types were chosen to replicate real-world operating conditions of non-metallic flexible pipes, where multiple forces typically act simultaneously. To investigate the deformation behavior of the flexible pipe under combined loading conditions (internal pressure, external pressure, and axial tension), in the first load step, an internal pressure of 35 MPa or an external pressure of 15 MPa was applied to the pipe. In the second load analysis step, an axial tensile load of 1,600 kN is applied. The tensile load-axial strain curve for the flexible pipe under the action of internal pressure and external pressure is shown in Figure 18. It can be seen that the tensile load of the flexible pipe under the action of internal pressure and external pressure increases linearly with axial strain, and the influence of internal pressure on the axial tensile stiffness of the flexible pipe is greater than that of external pressure. This is because the internal pressure, while increasing the interlayer pressure, also causes radial expansion deformation between the internal pressure reinforcement layer and the tensile reinforcement layer, which can resist a certain axial tensile load, thereby increasing the axial tensile stiffness of the flexible pipe. Under the action of external pressure, the inter-layer frictional force between various functional layers increases, thereby increasing the stiffness of the flexible pipe during axial deformation.
[image: Line graph showing axial load versus axial strain percentage. Three lines represent different conditions: black for axial load only, red for external pressure at fifteen megapascals plus axial load, and blue for internal pressure at thirty megapascals plus axial load. The graph indicates a positive correlation between axial strain and axial load, with the internal pressure line having the highest load values.]FIGURE 18 | Tensile stiffness of non-metallic flexible tube under combined load.The axial tensile stiffness of the flexible pipe under different internal pressure and external pressure loads are calculated separately, as shown in Figures 19A,B. It can be observed that both internal pressure and external pressure loads increase the axial tensile stiffness of the tensile reinforcement layer, with the magnitude of increase growing larger with the increase in pressure load. Under an internal pressure of 35 MPa, the axial tensile stiffness of the flexible pipe is 504.4 MN, representing a 22.1% increase compared to the case of a single tensile load. Under an external pressure of 35 MPa, the axial tensile stiffness of the flexible pipe is 449.7 MN, with an increase of 8.9%. Therefore, in actual operating conditions, the axial tensile load of the flexible pipe will increase due to the effects of internal pressure and external pressure. When conducting a whole-pipe analysis of the flexible pipe, the axial tensile stiffness considering the effects of internal pressure and ex-ternal pressure should be used as an input parameter.
[image: Graph A shows a line chart with axial tensile stiffness in meganewtons increasing with internal pressure in megapascals from 0 to 35. Graph B shows axial tensile stiffness increasing with external pressure from 0 to 16 megapascals.]FIGURE 19 | Axial stiffness of flexible pipe: (A) Internal pressure. (B) External pressure.4.2.2 The influence of combined loads on the bending characteristics of flexible pipes
In the first load step, different concentrated forces are applied at reference point RP-1. In the second load step, angular deviations of 0.3 radians are respectively applied around the central axis of the pipe at reference points RP-1 and RP-2. The bending moments of the flexible pipe under combined axial tensile load and bending load are extracted, as shown in Figure 20A. It can be observed that the bending stiffness of the flexible pipe increases un-der the combined axial tensile load. Additionally, when the axial tensile load reaches 1,200 kN, the trend of bending stiffness variation of the flexible pipe changes, with less pronounced slipping behavior. The critical slip curvature of the flexible pipe increases with the increase of axial tensile load. Moreover, as the axial tensile load increases, the magnitude of increase in bending stiffness of the flexible pipe also rises.
[image: (A) A line graph shows moment versus curvature for bending load, tensile load 600 kilonewtons plus bending load, and tensile load 1200 kilonewtons plus bending load. (B) A line graph shows moment versus curvature for bending load, internal pressure 15 megapascals plus bending load, and internal pressure 35 megapascals plus bending load. (C) A line graph shows moment versus curvature for bending load, external pressure 10 megapascals plus bending load, and external pressure 15 megapascals plus bending load. Each graph depicts increasing curves for different conditions.]FIGURE 20 | Bending stiffness variation of flexible pipe under different loads: (A) Axial tensile load and bending load. (B) Internal pressure and bending load. (C) External pressure and bending load.The bending stiffness variation of the flexible pipe under combined internal pressure load and bending load is shown in Figure 20B. The effect of internal pressure load on the bending stiffness of the non-slipping segment of the flexible pipe is minimal. However, as the internal pressure load increases, the critical slip curvature of the flexible pipe increases. This is because the action of internal pressure load increases the interlayer pressure be-tween various functional layers, thereby increasing the frictional force during the bending deformation of the tensile fiber bundles, requiring a larger bending deformation to reach the slipping stage. The bending stiffness after slipping simultaneously increases with the increase of internal pressure. The bending stiffness of the flexible pipe under combined external pressure load and bending load is shown in Figure 20C. The action of external pressure load increases the bending stiffness of the non-slipping and slipping segments of the flexible pipe, and the critical slip curvature of the tensile reinforcement layer gradually increases with the increase of external pressure load. This phenomenon occurs because the material layers undergo compression under external pressure loading, causing more pronounced interaction between functional layers. The increased interlayer friction during fiber bundle bending deformation consequently leads to higher structural bending stiffness. In summary, internal pressure increases interlayer contact pressure, enhancing frictional resistance to axial deformation, while external pressure compresses layers, reducing relative slip and increasing bending stiffness. These mechanisms are directly linked to the composite materials’ high specific strength and nonlinear contact behavior.
5 RESULTS
In this paper, a three-dimensional finite element model of flexible pipe which con-siders the real structural and material parameters is established to analysis the mechanical behavior of flexible pipe under different loads. The model is validated by comparing with the full-scale internal pressure bursting experimental results. Then, the model is further employed to study the effects of different loads on the mechanical behavior of flexible pipe. The main findings are summarized as follows:
	(1) The elongation strain of the flexible pipe increases almost linearly with increasing tensile force during the loading process, with a tensile stiffness of 413.0 MN under pure tensile load. Compared with the pure tensile load condition, combined loads significantly affect the tensile stiffness of the flexible pipe. Both internal and external pressures cause tighter fitting between layers, thereby increasing the tensile stiffness. At an internal pressure of 35 MPa, the tensile stiffness reaches 504.4 MN, representing a 22.1% increase compared to the pressure-free case. Similarly, under an external pressure of 15 MPa, the tensile stiffness measures 449.7 MN, showing an 8.9% increase relative to the pressure-free condition.
	(2) Under pure bending loading conditions, the bending stiffness of the flexible pipe exhibits nonlinear behavior due to internal slippage within the tensile armor layer. When subjected to combined axial tension and bending loads, the flexible pipe demonstrates increased bending stiffness. This stiffening effect becomes particularly evident when the axial tensile load exceeds 1,200 kN, at which point the interlayer slippage behavior is significantly reduced.
	(3) The internal pressure exhibits minimal influence on the bending stiffness of the non-slipping segment in flexible pipes. Both the critical slip curvature and post-slip bending stiffness increase with rising internal pressure. In contrast, increasing external pressure enhances the bending stiffness for both non-slipping and slipping segments, while also elevating the critical slip curvature of the pipe.
	(4) The findings suggest that internal and external pressures, as well as tensile and bending loads, significantly influence the stiffness and overall mechanical behavior of the pipes. By understanding these influences, manufacturers can select materials with appropriate mechanical properties, such as high tensile strength and elasticity, and optimize the layer thicknesses to ensure that the pipes can withstand the operational conditions without premature failure.

6 EQUATIONS
IF=maxσ11X,σ22Y,τ12S <1.0(1)
In the equation, IF is the failure criterion of the composite material; σ11, σ22, and τ12 are the stresses in the composite material; X, Y and S are the tensile strength and shear strength of the composite material, respectively.
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