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Fibre reinforced flexible pipes are subjected to radial compression loads caused by the tensioner during pipe laying, which may lead to excessive deformation or even damage of the pipe. In this study, the mechanical characteristics of a glass fibre reinforced unbonded flexible pipe are investigated under radial compression loading. In the theoretical analysis, the hoop reinforcement layer of the pipe is considered equivalent to an orthotropic circular tube. An analytical equation for calculating the radial stiffness of the circular tube per unit length is then derived based on the classical elastic theory of the ring. Radial compression tests are carried out with a universal testing machine and displacement loading within the elastic deformation range is applied to two 500 mm long samples. A 3D numerical model is established to simulate the compression process of the flexible pipe, through which the distribution characteristics of the displacement, strain and stress of the hoop reinforcement layer are also obtained. The load-displacement curves obtained from the tests and numerical model are linearly fitted to calculate the radial stiffness of the pipe. The radial stiffness obtained by the numerical model is very close to that obtained by the analytical method. However, owing to factors such as material defects and initial ovality, the radial stiffness measured experimentally is lower than the analytical result.
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1 INTRODUCTION
Fibre reinforced flexible pipes are a new type of offshore flexible pipe. They usually consist of reinforcement layers and polymer layers, similar to typical flexible pipes (API SPEC 17J, 2014). The hoop reinforcement layer serves to resist external pressure, whereas the tensile reinforcement layers mainly provide axial stiffness. Fibre reinforced flexible pipes, such as the Technip (Do and Lambert, 2012) and Deepflex products (Bryant et al., 2007) replace metal reinforcement layers with composite reinforcement layers, which results in a lighter weight, better corrosion resistance, and improved fatigue performance compared with typical flexible pipes.
Fibre reinforced flexible pipes may be subjected to uniform loads caused by hydrostatic pressure during operation and concentrated loads caused by the tensioner during laying. As a result, buckling and crushing damage are the most common failure modes of flexible pipes (API RP 17B, 2014). To avoid excessive deformation and failure, the radial stiffness and ultimate failure load of flexible pipes should be calculated. The classical ring elastic theory (Timoshenko and Gere, 1961) is used to derive the calculation formula for the radial stiffness by equating the carcass layer to the homogeneous ring with a rectangular section and ignoring the contribution of all other layers to the radial resistance. The main difference between theoretical methods is the determination of the thickness of the equivalent ring. These methods mainly include the section area equivalent method (Zhang et al., 2003), unit area bending stiffness equivalent method (de Sousa et al., 2001) and unit length bending stiffness equivalent method (Martins et al., 2003). The finite element method can be used to establish 3D models considering the detailed geometry and non-linear factors such as the material plasticity and contact, thus providing more accurate solutions for the stress, displacement and other variables and improving the convenience of parametric sensitivity analyses. Prototype tests can be used to observe the whole deformation and failure process of flexible pipes directly to verify the analytical and numerical results.
Malcorps and Felix-Henry (2008) demonstrated experimentally that the deformation of a flexible pipe under radial crushing is a gradual process. Pesce et al. (2010) obtained the real yield stress of the carcass layer through a 3D numerical model and presented a sensitivity analysis regarding the ovality. The effects of geometric non-linearity and material plasticity were considered in a subsequent numerical analysis (Franzini et al., 2011). Optical measurements and image processing were used in radial crushing tests (Fujarra et al., 2010) to accurately capture the displacement behaviour of the carcass layer, thus providing a comprehensive understanding of the deformation behaviour of the pipe. A non-linear analytical model of the equivalent ring considering the combined action of the carcass layer and pressure armour (Pesce et al., 2012) was also extended to consider the crushing problem of flexible pipes. Santos et al. (2015) proposed a 2D numerical model to predict the stress and strain fields of an umbilical cable under a radial crushing load, while the displacement field was assessed using a high-resolution digital image correlation (DIC) system (Santos et al., 2016). Mendonça and Martins (2016; 2017) studied the stress and displacement of the carcass layer and pressure armour with parametric variations using the finite element method. Tang et al. (2016) proposed the strain energy equivalent method for the carcass layer and verified it through a finite element model and radial compression tests. Caleyron et al. (2017) introduced collapse tests of flexible pipes conducted by Technip; the corresponding calculations were performed using finite element models considering the ovality, plasticity, and manufacturing residual stress. Ren et al. (2019) modified the bending stiffness equivalent method for the carcass layer by introducing the geometric coefficient g, which further improved the accuracy of the solution.
Almeida et al. (2017) established a damage model that was connected to finite element software through the UMAT subroutine to evaluate the effect of the material stacking sequence on the failure of a composite pipe under radial crushing loads. Stabla et al. (2022) demonstrated that the winding angle and mosaic pattern had a significant influence on the radial compression response of a filament-wound pipe using both experimental and numerical approaches. Lisbôa et al. (2022) developed a finite element model updating routine to verify the influence of the winding pattern on the damage evolution parameters of wound cylinders. A numerical simulation of a composite pipe under tensile and radial compressive loads was conducted using the LS-DYNA finite element software (Abdallah and Braimah, 2022) to evaluate the effects of the winding angle and ply sequence on the pipe stiffness and failure mode.
A glass fibre reinforced unbonded flexible pipe with an inner diameter of 6-inch and nine layers is investigated in this study. The pipe consists of liner, inner hoop layer, two inner tensile reinforcement layers, hoop reinforcement layer, membrane, two outer tensile reinforcement layers and outer sheath, as shown in Figure 1. The tensile reinforcement and hoop reinforcement layers are all spiral structures wound in a single direction using a glass fibre wet winding process. The inner hoop layer is a circular structure formed by curing after cross winding of the glass fibre. The liner, membrane and outer sheath are formed by extrusion moulding of polyethylene. The hoop reinforcement layer has a large winding angle and the largest thickness of all layers, and thus it has the greatest contribution to the radial resistance.
[image: Figure 1]FIGURE 1 | Fibre reinforced unbonded flexible pipe with an inner diameter of 6-inch.
To avoid excessive deformation or damage of the fibre reinforced flexible pipe caused by the tensioner, the behaviour under radial compression should be analysed, particularly the most dangerous two-point loading condition. The radial stiffness of the fibre reinforced flexible pipe under a symmetrical radial compression load is obtained using analytical method, tests and finite element model in this study, and the results of different methods are compared. The displacement, strain, and stress distribution characteristics of the hoop reinforcement layer are also discussed.
2 ANALYTICAL METHOD, TESTS AND NUMERICAL MODEL
2.1 Analytical method
According to the classical elastic theory (Timoshenko and Gere, 1961), the instability process of a ring can be regarded as a bending problem of a circular bar. It is assumed that the ring has only a small deformation in the radial direction, and the tangential deformation and higher-order small quantities can be ignored. Thus, the deflection differential equation of the circular bar can be given as follows:
[image: image]
where [image: image] is the radial deflection of the ring, [image: image] is the angle of the radius through any point on the ring and the horizontal direction, [image: image] denotes the bending moment acting on the ring, [image: image] represents the radius of the ring, and [image: image] is the bending stiffness of the ring.
The ring under a symmetrical concentrated load is shown in Figure 2. The bending moment at any section, [image: image], of the ring can be expressed as follows:
[image: image]
[image: Figure 2]FIGURE 2 | Ring under a symmetrical radial compression load.
Substituting Eq. 2 into Eq. 1 yields the general solution of the equation as follows:
[image: image]
According to the Castigliano theorem, the partial derivative of the ring strain energy, [image: image], with respect to the bending moment, [image: image], is equal to the rotation angle of the ring cross-section, as follows:
[image: image]
Substituting Eq. 2 into Eq. 4 and integrating gives the bending moment as follows:
[image: image]
Substituting Eq. 5 into Eq. 3 yields the deflection of the ring as follows:
[image: image]
For a uniform circular tube of infinite length, the deflection differential equation similar to Eq. 1 can be obtained by extracting a ring of unit length along the axial direction of the tube. The difference is that the ring is a part of the tube, and its rectangular section will not deform when the ring is bent under axial stress. Then, the elastic modulus, [image: image], in the equation must be replaced by a term that considers the Poisson’s ratio of the material. For the hoop reinforcement layer of the fibre reinforced flexible pipe, the fibre direction can be approximated as the same as the circumferential direction owing to the large winding angle. Then, the hoop reinforcement layer can be considered to be equivalent to an orthotropic tube wherein Direction 1 refers to the circumferential direction of the tube and fibre direction of the material, Direction 2 refers to the axial direction of the tube and matrix direction of the material, and Direction 3 refers to the radial direction of the tube and thickness direction of the material. In this case, the deflection differential equation of the tube per unit length can be expressed as follows:
[image: image]
where [image: image] and [image: image] respectively represent the thickness and the external radius of the equivalent ring, [image: image] is the bending moment acting on the unit length tube, [image: image] denotes the elastic modulus in the fibre direction of glass fibre reinforced plastics, and [image: image] and [image: image] are the in-plane Poisson’s ratios of glass fibre reinforced plastics.
The corresponding displacement can be calculated as follows:
[image: image]
When [image: image], the radial displacement in the CD direction can be expressed as follows:
[image: image]
The radial compression stiffness per unit length of the ring within the range of elastic deformation is given as follows:
[image: image]
The equivalent thickness of the tube can be estimated using the section area equivalent method (Zhang et al., 2003). For the hoop reinforcement layer composed of two spiral belts, the equation can be given as follows:
[image: image]
where [image: image] and [image: image] are respectively the section area and the pitch of the spiral belt, [image: image] denotes the winding angle of the spiral belt, and [image: image] is the average radius of the hoop reinforcement layer.
2.2 Radial compression tests
For the radial compression tests, a sample of the fibre reinforced flexible pipe containing all layers should be used, because it is difficult to obtain a separate sample of the hoop reinforcement layer under the condition where multiple inner and outer structural layers exist. Unlike the interlocking structure, the hoop reinforcement layer is a spiral-wound structure that lacks sufficient axial restraint. If the radial compression load acts on the hoop reinforcement layer directly, the spiral belts will be unable to maintain the original winding shape and will become disordered. The hoop reinforcement layer cannot play full role in radial resistance in this condition, which may lead to a large deviation in the test results.
Two 500 mm long samples of fibre reinforced flexible pipe with an inner diameter of 150 mm were extracted for the test. The main geometric parameters and material of each layer of the sample are respectively listed in Tables 1, 2.
TABLE 1 | Geometric parameters and material of each layer.
[image: Table 1]TABLE 2 | Parameters of materials.
[image: Table 2]The primary equipment for the test was a computer-controlled electro-hydraulic servo universal testing machine, as shown in Figure 3. The sample was placed at the centre of the rigid platform, which was completely fixed to the testing machine to ensure that there was no vertical rigid body displacement. The upper steel plate had dimensions of 500 × 400 mm, and the axial direction of the sample was aligned with the long side of the steel plate to ensure uniform radial compression of the sample. The steel plate was connected to an actuator, and the radial compression load was applied to the sample by controlling the vertical displacement. To avoid the influence of the inertial force, the loading rate of the steel plate should not be too large. In addition, the total displacement of the steel plate should be controlled within a certain range to maintain the sample in the elastic deformation range.
[image: Figure 3]FIGURE 3 | Sample and testing machine for the radial compression tests.
Each loading process in the tests lasted for 1.5 min at a speed of 11 mm/min. During the test, the time history curves of the vertical displacement and reaction force of the upper steel plate were output by the displacement sensor installed on the testing machine and the force sensor installed on the actuator, respectively. Then, the radial stiffness of the samples could be obtained from the load-displacement curves.
2.3 Finite element model
Using the ABAQUS finite element software, a 3D numerical model of the fibre reinforced flexible pipe and the upper and lower steel plates was established to simulate the radial compression process of the universal testing machine. The local coordinate systems were established for material orientations of all fibre reinforced layers, wherein direction 1 referred to the fibre direction, direction 2 referred to the transverse direction, and direction 3 referred to the thickness direction, thus the output strain and stress followed the direction of local coordinates. The steel plates were defined as rigid bodies, and reference points RP1 and RP2 were located at the centre point of the upper surface of the upper plate and centre point of the lower surface of the lower plate, respectively. Kinematic coupling constraints were established between the two reference points and their corresponding surfaces, and the boundary conditions could then be added through the reference points. Considering the loading condition, all of the degrees of freedom of the RP2 and all of the degrees of freedom except U2 of the RP1 were constrained. The contacts between the pipe and the plates and those between the adjacent layers of the pipe were all defined as general contact. The tangential behaviour was defined using a penalty method based on the Coulomb friction model while the normal behaviour was set as a hard contact. According to the results of friction tests, the friction factor between composite layers was set as .18 while that between composite layer and PE layer was set as .08.
Structured mesh was selected for the cylindrical layers and swept mesh along the helix direction was employed for the spiral layers. After the mesh convergence analysis, the global mesh size was set as 5 mm. The element number along the thickness direction of the hoop reinforcement layer was set as 4. The outer sheath was divided into 83 elements along the axial direction and 116 elements along the circumferential direction. To avoid the influence of excessive deformation of elements on the analysis, Eight-node brick element with reduced integration (C3D8R) were adopted for all parts of the model. The whole model included 164,796 elements and 300,140 nodes, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | 3D finite element model of the fibre reinforced flexible pipe and steel plates.
ABAQUS/Explicit solver was employed for the quasi-static analysis to prevent the convergence problem of the calculation because the model contains non-linear factors such as complex contact. The loading time was set to .1 s. A displacement of −16.5 mm was applied along the U2 direction through RP1. Smooth step was used to control the loading rate and energy curves were monitored to control the inertial effect, thus the accuracy of the calculation can be guaranteed.
3 RESULTS AND DISCUSSION
3.1 Energy time history curves
The time history curves (Figure 5) of the total internal energy (ALLIE), elastic strain energy (ALLSE), artificial strain energy (ALLAE) and kinetic energy(ALLKE) of the pipe and elastic strain energy of the hoop reinforcement layer (ALLSE-L5) during the loading process were extracted from the finite element results. As shown in Figure 5, the internal energy curve remains relatively smooth without obvious fluctuations throughout the loading process. The kinetic energy remains low and the ratio of kinetic energy to internal energy is only approximately 6.8% at .05 s, which confirms that the quasi-static condition is satisfied in the loading process. The ratio of artificial strain energy to internal energy is approximately 3.3% at .1 s, which indicates that the hourglass problem has little influence. The proportion of elastic strain energy to internal energy is approximately 96.7%, indicating that almost all of the work performed by the external force is converted into elastic deformation of the pipe. The elastic strain energy of the hoop reinforcement layer accounts for 92.3% of the total strain energy, which demonstrates that the hoop reinforcement layer contributes most of the radial stiffness of the pipe.
[image: Figure 5]FIGURE 5 | Energy time history curves of the fibre reinforced flexible pipe.
3.2 Deformation and radial stiffness
When the loading process of the test is completed, the sample shows a certain amount of elliptical deformation (Figure 6A). Similar deformation can also be seen in the finite element analysis results (Figure 6B).
[image: Figure 6]FIGURE 6 | Deformation of the fibre reinforced flexible pipe. (A) Experimental result, (B) Numerical result.
The displacement contour images of the hoop reinforcement layer are shown in Figure 7. The points with the maximum horizontal displacement (6.59 mm) are located on the left and right sides of the section, and thus the diameter of hoop reinforcement layer in the horizontal direction increases by 13.18 mm. The points with the maximum vertical displacement (16.19 mm) are located on the upper side of the section. Owing to the elastic deformation of the outer layers caused by compression load, the maximum vertical displacement is slightly less than that of the upper plate (16.5 mm). For the same reason, the points located on the lower side of the section still remain a displacement of .34 mm although the lower plate is constrained in vertical direction. As a result, the diameter of hoop reinforcement layer in the vertical direction decreases by 15.86 mm.
[image: Figure 7]FIGURE 7 | Displacement contour images of the hoop reinforcement layer. (A) Horizontal displacement, (B) Vertical displacement.
The vertical displacement and vertical reaction force obtained by different methods were extracted to acquire the load-displacement scatter plot (Figure 8). The results show that with the displacement increased from zero to 16.5 mm gradually, the reaction force obtained by the finite element model, test 1, test 2 and Eq. 10 increased from zero to 126.88kN, 107.41kN, 102.55kN, and 116.53kN, respectively. The relationship between the load and displacement is approximately linear, thus the radial stiffness per unit length of the pipe can be obtained through the result of linear fitting (the line in Figure 8) and further calculation. The radial stiffness values of the pipe and errors obtained by different methods are summarised in Table 3.
[image: Figure 8]FIGURE 8 | Load-displacement curves obtained by different methods.
TABLE 3 | Radial stiffness of the fibre reinforced flexible pipe calculated using different methods.
[image: Table 3]As indicated in Table 3, the radial stiffness obtained by analytical model and numerical model are reasonable. The analytical result considering only the hoop reinforcement layer is 95.7% of the finite element result considering all layers of the pipe, which is similar to the conclusion that the elastic strain energy of the hoop reinforcement layer accounts for 92.3% of the total strain energy. The radial stiffness of the numerical result and the analytical result are 13.5% and 8.7% more than the experimental result respectively because the actual production process of the pipe is not ideal. Material defects such as an insufficient fibre volume ratio, uneven distribution of the fibres, uneven winding tension, uneven dipping, and excessive porosity will cause the actual elastic constant of the glass fibre reinforced belts to be lower than that measured by the material test, which will lead to a decrease in the radial resistance of the pipe. In addition, structural defects such as initial ovality are inevitable in the manufacturing process, which further reduces the radial stiffness of the pipe.
3.3 Distribution of strain and stress
The accuracy of the finite element model was verified by comparing the radial stiffness results with those obtained in the tests and with the analytical equations in the previous section. The distributions of strain and stress in the fibre direction of the hoop reinforcement layer under a radial compression load are discussed in this section because the strain and stress in the primary direction of materials are closely related to the failure of anisotropic materials. As the load applied on the pipe model was uniform along the axis direction, one pitch length of the spiral belt in the middle section of the hoop reinforcement layer was extracted for analysis.
Eight points were selected along the circumferential direction of the hoop reinforcement layer, as shown in Figure 9. Regions with large tensile strains in the fibre direction include the 0° position (P1) and 180° position (P3) on the inner surface of the layer as well as the 90° position (P6) and 270° position (P8) on the outer surface of the layer. Regions with large compressive stresses in the fibre direction include the 0° position (P5) and 180° position (P7) on the outer surface of the layer as well as the 90° position (P6) and 270° position (P8) on the inner surface of the layer. The output curves of strain (fibre direction) and displacement (upper plate) at different points (Figure 10) show that the strains are consistent if two points are symmetrical about the horizontal or vertical axis, confirming the uniformity of the load applied to the pipe. When loading was completed, the average strains of P1 and P3, P5 and P7, P6 and P8, and P2 and P4 are .97%, −.97%, .56%, and −.61%, respectively. The 0° and 180° positions are directly subjected to the radial compression load, leading to a greater strain than that of the 90° and 270° positions.
[image: Figure 9]FIGURE 9 | Contour images of the fibre-direction strain of the hoop reinforcement layer. (A) ISO view, (B) Front view.
[image: Figure 10]FIGURE 10 | Strain-displacement curves of points on the hoop reinforcement layer.
As shown in Figures 11A,B, the stress distribution characteristics of the hoop reinforcement layer are consistent with the strain distribution characteristics shown in Figure 9. The output curves of stress (fibre direction) and displacement (upper plate) at different points (Figure 12) show that the average stresses at P1 and P3, P5 and P7, P6 and P8, and P2 and P4 are 476.3 MPa, −473.6 MPa, 281.8 MPa, and - 304.9 MPa, respectively, when loading was completed. These results indicate that the stresses at the 0° and 180° positions are significantly higher than that of the 90° and 270° positions. For glass fibre reinforced plastics, the tensile strength in the fibre direction is usually higher than the compressive strength in the same direction. It can be inferred that with a further increase in the radial compression load, the regions near P5 and P7 may reach the compressive strength of the material, leading to subsequent structural damage. Therefore, it is necessary to focus on monitoring the contact position between the pipe and the tensioner when fibre reinforced flexible pipe is laid into the water.
[image: Figure 11]FIGURE 11 | Contour images of the stress distribution of the pipe layers (A) ISO view of fibre-direction stress of the hoop reinforcement layer. (B) Front view of fibre-direction stress of the hoop reinforcement layer. (C) Mises stress of the liner. (D) Fibre-direction stress of the inner hoop layer. (E) Mises stress of the membrane. (F) Mises stress of the outer sheath.
[image: Figure 12]FIGURE 12 | Stress-displacement curves of points on the hoop reinforcement layer.
Except for the hoop reinforcement layers, other layers also contribute to the radial stiffness. The contributions of cylinder layers are greater than those of helical layers, thus the middle sections of the liner, the inner hoop layer, the membrane and the outer sheath were extracted for stress analysis. To acquire the distribution characteristics of stress, the mises stress of isotropic layers and fibre-direction stress of inner hoop layers were output, respectively. As shown in Figures 11C–F, the stress at the 0° and 180° positions of the sections are significantly higher than that of other positions, which is similar to that of hoop reinforcement layer. The maximum mises stress of the liner, the membrane and the outer sheath are 10.32, 16.31, and 24.69 MPa, respectively. The maximum tensile stress and compressive stress of the inner hoop layer are 41.93 and 69.14 MPa, respectively. As a conclusion, the maximum stresses in the cylinder layers are much less than those in the hoop reinforcement layer, which identified the leading role of hoop reinforcement layer in radial resistance.
4 CONCLUSION
The mechanical characteristics of fibre reinforced flexible pipe under a symmetrical radial compression load were investigated in this study. An analytical equation for calculating the radial stiffness of orthotropic circular tubes were derived. Radial compression tests of two samples of fibre reinforced flexible pipes were performed. A 3D numerical model was established to simulate the radial compression process of the pipe. The following conclusions were drawn.
1) The radial stiffness per unit length obtained by the analytical method and finite element model are 8.7% and 13.5% more than that obtained by the tests, respectively, which indicate that the analytical model and numerical model can give reasonable estimations for the radial stiffness of the fibre reinforced flexible pipe.
2) The maximum strain and stress are located at the 0° and 180° positions of the inner and outer surfaces of the hoop reinforcement layer, which are greater than those of other layers. So the stress at those two positions may reach the compressive strength first.
Nevertheless, the analytical model and numerical model proposed in this study are only applicable in the range of elastic deformation. The strength of the materials and the failure mode of the pipe under radial compression load should be taken into account in further research.
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