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1. Jacket platforms
2. Doubler
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5. Glass Fiber Reinforced Polymer
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12. Surface-to-surface

13. Flexible-to-flexible

14. Always bonded

15. Newton-Raphson method
16. Arc-Length
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6. Carbon Fiber Reinforced Polymer
7. Dihedral angle

8. Sub-zone mesh

9. Adhesive elements

10. Target surface

11. Contact surface
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18. Poisson's ratio
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17. Modulus of Elasticity
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1. Introduction

Tubular structures are made of hollow steel members with circular cross-sections and connecting them is
one of the major challenges in their design. So far, some techniques to improve the performance of tubular
connections have been proposed. Most of these methods can only be used for structures during the fabrication,
but there are only a few techniques that can be applied during both fabrication and operation. Due to the
successful experience of using composite materials for the repair and retrofitting of structures, special
attention has now been paid to examining the efficacy of these materials in offshore structures.

In this research, the effect of CFRP and GFRP wraps on the ultimate strength and deformation of tubular X-
joints under compressive load is investigated. For this purpose, the results of the finite element (FE) models
were validated with several available experimental tests. After that, the nonlinear static behavior of tubular X-
joints strengthened with FRP was studied. In these FE models, the contact between the FRP layers and the steel
members (chord, weld, and braces) was considered. Also, the weld profile in the brace/chord intersection was
modeled.

2. Details of FE models

In the present paper, the von Mises yield standard and isotropic plasticity model were applied in the FE
modeling. Moreover, both geometric and material nonlinearities were utilized. The weld along was generated
according to the A.W.S instructions (2002). The SHELL 281 and SOLID186 elements were used to mesh the
steel me members and FRP sheets. The mesh created by this technique is depicted in Fig. 1. Also, the perfect
bonding was modeled between the FRP sheets. Also, the contact was modeled between the steel members and
FRP sheets. For this aim, the bottom planes of the FRP sheets were selected as the target areas and the external
planes of the chord, weld and brace members were selected as the contact areas (Nassiraei and Rezadoost,
2021).

In the present work, the displacement was applied to the brace end. Moreover, a nonlinear static analysis
was carried out to analyze the performance of the connections. Also, the arc-length technique was applied to
overcome the numerical instability (Nassiraei and Rezadoost, 2021).

3. Validation of FE results

The accuracy of the FE results should be verified. As far as the authors are aware, no experimental database
for X-connections retrofitted with the FRP is existent. Therefore, the following experimental data are used to
validate the accuracy of the FE model. Three experimental X-joints under compressive load conducted by the
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second author’ previous study (Nassiraei et al, 2017) and three T/Y-connections with GFRP in brace
compressive load (Lesani et al. 2015). Table 1 shows that the FE results are accurate and safe.

4. Results and discussion
4.1. The effects of the orientation of the FRP sheets

43 FE models are generated and analyzed to investigate the effect of the orientation of the FRP sheets on
the ultimate strength and deformation of FRP-strengthened X-joints. Changing the orientation of the fibers on
the members can modify the behavior of the reinforced joint. For instance, the ultimate strength of a connection
with specifications 5=0.2 and y=18 in the unreinforced state is 173.617 kN. Wrapping this connection with 8
FRP sheets increases the ultimate strength by 50% in sketch 1 and by 60% in sketch 2 (Fig. 2). Changing the
angle of the fibers on the joint, like the ultimate strength, also affects the modulation of the joint deformations,
but this effect is more noticeable in the case of using carbon fibers (CFRP) than in glass (GFRP).

The results of this section showed that the best orientation of the FRP sheet on the chord member is 90
degrees. The angles of the fibers on the brace member do not have a significant effect therefore, the placement
of the FRP on the brace member is determined by the ease of execution.

4.2. The effects of the FRP sheet length

Analysis of 25 joints showed that the length of the FRP on the chord member affects the increase of the
ultimate strength. Therefore, to achieve a stronger connection, a longer length of the chord member must be
wrapped with FRP. The effect of increasing the length of the reinforcement layers on the rate of improvement
of the ultimate strength is more noticeable when using 12 FRP layers than 8 and 4 layers.

Solid186

=
=3

Solid186

Shell281

Reinforcement layers
(FRP)

| % Un-reinforced X-joint " | Y& X-joint reinforced with FRP layers

Fig. 1. The mesh generated in an X-joint reinforced with four FRP layers

Table 1. Comparison between numerical and experimental results

Specimen Joint type Remarks Fu, Numerical (KN) Fu, Experimental (KN) R
S1 X Un-reinforced 171.4 175.1 0.98
S2 X Un-reinforced 258.6 234.2 1.10
S3 X Un-reinforced 313.2 320.1 0.98
S4 T Reinforced with GFRP 197.3 217.8 0.90
S5 Y Reinforced with GFRP 347.7 327.1 1.06
S6 Y Reinforced with GFRP 308.6 320.6 0.96

Note: R = Fu, Numerical / Fu, Experimental
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Fig. 2. The effect of the layer orientation on the strength (7=1.0)

4.3. The effects of the FRP sheet number

As the number of FRP layers on the members increases, so does the ultimate strength. In addition, the
displacements of the surface of the chord member along the longitudinal axis of the brace member and its
ovalization also improve with increasing the number of layers. The effect of increasing the number of layers on
the rate of increase of the ultimate strength in the case of using CFRP is more noticeable than GFRP.

5. Conclusions

Results showed that the orientation of the FRP sheets and their length on the chord member are efficient in
enhancing the ultimate strength. Moreover, Carbon Fiber Reinforced Polymer (CFRP) increased the ultimate
strength of tubular X-joints more than Glass Fiber Reinforced Polymer (GFRP). Also, the increase of the FRP
layer number resulted in the decrease of the deflections and the increase of the ultimate strength. A comparison
of the ultimate strength of the reinforced joint with the corresponding unreinforced joint show that FRP layers
can increase the ultimate strength of the joint by up to 125% and adjust the displacements by up to 84%.
Despite the significant effect of the FRP on the enhance of the static behavior of the X-joints, there was not any
study on the X-connections with FRP. According to the obtained results, it can be concluded that the use of FRP
layers is a good way to reinforce tubular X-joints in offshore tubular structures.
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