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A B S T R A C T   

The stress concentration factors (SCFs) in uniplanar fibre-reinforced polymer (FRP) DKT joints are 
calculated under five axial loading conditions to determine the maximum SCFs. To this end, 108 
finite element models of reinforced DKT joints with different FRPs and geometrical parameters 
are analysed. Available experimental data and formulas are used to validate the finite element 
models. The validated finite element models are utilized to investigate the effects of the FRP 
parameters along with different geometrical parameters on the stress concentration factors in 
uniplanar DKT joints. The simulations show a reduction of the maximum SCF by around 40% 
compared to unreinforced DKT joints. The reduction effect increases significantly with increasing 
the FRP thickness and the number of layers. Despite the notable efficacy of the FRP sheets on the 
drop of the SCFs in the X-connections, there is not any study or equation on the X-joints with FRP. 
Therefore, a precise equation is proposed for quantifying the SCFs in X-connections with FRP and 
is checked against the UK DoE acceptance standard.   

1. Introduction 

Tubular steel structures are commonly used in many structures, namely offshore jackets, and bridges (Fig. 1). During their service 
life, they will be exposed to cyclic loadings which can create severe fatigue damage. Offshore jacket structures’ service life depends in 
many cases on the structural integrity of the tubular joints. Hence, designing joints for service life and fatigue is the basis to ensure 
structural integrity. 

One typical method to predict the fatigue resistance of tubular steel joints is the structural stress concept. Here, the S–N curves are 
based on hot spot stresses (HSSs) and SCFs [1]. The S–N curves are extensively utilized to predict fatigue life. As representative stresses 
nearby the notch HSSs are used [2]. The HSS range is responsible for the commencement of fatigue cracks, which will bring about the 
failure of joints. SCFs are defined as the ratio of hot spot stress to nominal stress [3]. 

Typical investigation procedures to determine the fatigue resistance of tubular joints are experimental and numerical analyses. Gao 
[4] studied numerically and experimentally the prediction of SCFs in T-joints (Fig. 1a) subjected to in-plane bending (IPB) loads. Cheng 
et al. [5] conducted a study on bird-beak SHS T-joints (Fig. 1a) under basic loads (Axial (AX), in-plane bending (IPB), and out-of-plane 
bending (OPB)) to determine SCFs and effects of dimensionless parameters. It was found that the dimensionless parameter β (the ratio 
of the brace diameter to the chord diameter) always increases the SCF of chord crown points. At saddle points, SCFs increase when γ 
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(the ratio of the chord diameter to the chord thickness) increases. The increase of τ (the ratio of the thickness of the brace to the 
thickness of the chord) leads to an increase of SCF in all positions. 

In another study by Shao [6], K-joints (Fig. 1c) subjected to balanced axial loads (AX) were investigated. After analyzing 1008 FE 
models, a set of equations was established to calculate SCFs based on dimensionless parameters. Zhang et al. [7] analysed overlapping 
KK-joints to obtain universal SCFs (Fig. 1f) under basic loading conditions by using shell elements in ANSYS. These universal SCFs for 
equivalent joint beam models can be obtained just based on basic loading conditions. This leads to savings in computation time, as 
traditional FE techniques are not necessary to predict SCF values in these kinds of tubular joints. 

Liu et al. [8] studied KK-joints (Fig. 1f) to optimize the FE simulation method by using a stress influence matrix (SIM) method and a 
modified version of SIM (gSIM). They used these methods to simplify and save computation effort. They found that the gSIM method 
can reduce the computation time by 4000 times more than the FE simulation method. Jiang et al. [9] performed a research study to 
predict the effects of nondimensional parameters on DT joints (Fig. 1e) subjected to axial loads. They proposed equations to calculate 
SCFs for such joints and concluded that γ has a considerable effect on the SCFs compared to other parameters. Lotfollahi-Yaghin and 
Ahmadi [10] investigated tubular DKT joints (Fig. 1h) subjected to axial loading to evaluate the effects of dimensionless parameters on 
the SCFs. As a result, they developed equations to predict SCF values. 

Ahmadi and Zavvar [11] and Zavvar et al. [12] conducted a research study on three-planar KT joints (Fig. 1i) under in-plane 
bending (IPB) and out-of-plane bending (OPB). They proposed equations to calculate SCFs in multi-planar KT joints. In another 
research study about KT joints (Fig. 1d), Ahmadi and Zavvar [13,14] investigated the degree of bending (DoB). A set of formulae has 
been proposed to determine DoB in KT joints subjected to AX, IPB, and OPB. To further understand SCFs in steel tubular KT joints, 
Ahmadi et al. [15] carried out a probabilistic study. They used Kolmogorov-Smirnov and Chi-squared tests to evaluate the quality of 
the fit of the SCF formulae under in-plane bending moments in KT joints. Ahmadi and Zavvar [16] performed research on ring-stiffened 
KT joints subjected to the out-of-plane bending (OPB) load. ANSYS software and SPSS were used to create 108 FE models with solid 
elements and to propose formulae to predict SCFs. 

To reinforce and rehabilitate tubular structures, several methods are used, for example, internal rings [16], FRP [17], doubler 
plates [18], collar plates [19,20], brackets [21], concrete [22], grout [23], among others. Since many decades ago, composite materials 
have been used to build ships [24,25]]. As the advantages of composite materials, such as lightweight, corrosion resistance and su-
perior strength became apparent, they have been used to strengthen steel structures at specific locations [26]. This has also occurred in 
offshore structures by reinforcing tubular joints with composites (Fig. 2). 

Some investigations on the FRP strengthening approach were done by Zhao and Zhang [27], Yu et al. [28], and Lin et al. [29]. Xu 
et al. [30] studied CFRP-strengthened DT joints to propose formulae to evaluate SCFs by analysis of 704 FE models in ABAQUS. It was 

Fig. 1. Tubular joint classification: a) T; b) Y; c) K; d) KT; e) DT; f) DK; g) DKT; h) DKT; i) Three-planar KT.  
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concluded that the maximum SCF in CFRP-strengthened DT joints decreases compared to simple steel DT-joints by about 14%, and the 
fatigue life increases by about 47%. Hosseini et al. [31] performed a study on SCFs in reinforced KT joints (Fig. 1d). They conducted a 
numerical analysis by using FE models in ABAQUS under axial loading conditions to predict the effects of FRP and geometry pa-
rameters. Nassiraei and Rezadoost [32–34] conducted a comprehensive study on FRP-strengthened T/Y joints subjected to main 
loading conditions including compressive, in-plane bending, and out-of-plane bending loads. A total of 531 FE models with solid 186 
and shell 286 in ANSYS software program were created and analysed to predict the effect of the FRP layer numbers, FRP layer ma-
terials, the joint geometry, and the brace angle (θ). They concluded that the SCF of an FRP-reinforced T/Y joint under compressive can 
be reduced to 34% of the SCF of the corresponding unreinforced joint FRP-strengthened T/Y joints, but in joints under in-plane 
bending loads reduction is about 40%, and in joints under out-of-plane bending loads reduction is about 29%. Zhao et al. [35] 
investigated rectangular hollow section (RHS) joints stiffened with FRP. A main finding was that CFRP significantly increases the 

Fig. 2. A uniplanar DKT-joint, which is used in fixed offshore platforms; a) Uniplanar KT-joints in a platform; b) Unreinforced uniplanar KT-joints; 
c) Uniplanar KT-joints reinforced with FRP; d) saddle, crown toe, and crown heel positions. 

Table 1 
Values of dimensionless parameters to describe the geometrical configuration of tubular joint.  

Parameter Definition Value(s) 

β d/D 0.4, 0.5, 0.6, 0.7 
γ D/2T 12, 18, 24 
τ t/T 0.4, 0.7, 1.0 
θ – 30◦, 45◦, 60◦

ζ g/D 0.3 
N Number of FRP sheets 4, 8, 12, 16 
ξ EFRP/ESteel 0.14–0.87 
η TFRP/Tchord  

α 2 L/D 16 
αB 2 L/d 8  
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crippling web capacity. Zavvar et al. [36] carried out a study on KT-joint strengthened with FRP under bending moments. 2920 finite 
element models with solid elements were analysed in ABAQUS to propose formulae to determine their SCFs. Lesani et al. [37] con-
ducted a numerical study on FRP- stiffened T-joints to predict the ultimate limit state capacity. Glass/vinyl ester was used to reinforce 
the joint. In other investigation, Nassiraei and Rezadoost [38,39] studied X-connections retrofitted with FRP under compressive and 
in-plane bending. 

In this research, the effects of FRP on SCFs in uniplanar KT-joints reinforced with different fibre-reinforced polymers Glass/vinyl 
ester, Glass/epoxy (Scotchply 1002), S-glass/epoxy, Aramid/epoxy (Kevlar 9/Epoxy), Carbon/Epoxy (AS/3501), and Carbon/epoxy 
(T300/5208) under five axial loading conditions is numerically investigated. The main reason for conducting this research is the lack 
of investigations on SCFs of FRP-stiffened uniplanar KT joints. The commercial FE software ANSYS was used to create 5184 finite 
element models with different geometries defined by dimensionless parameters (Table 1), FRP materials, and several FRP layers/ 
orientations. It is worth mentioning that these ranges of dimensionless parameters cover a large number of tubular connections utilized 
in offshore structures. Results of experimental tests conducted by Lloyd’s Register of Shipping OTH 354 [40], Chiew et al. [41], Lloyd’s 
Register of Shipping OTH 353 [42], Hosseini et al. [43], Tong et al. [44] and formulae proposed by the LR equations [40], and API code 
[45] were utilized for validation. 

2. Finite element modelling 

2.1. Loading and boundary conditions 

Under the considered axial loads, symmetry boundary conditions are used to reduce the modelling effort and analyse only half the 
model (Fig. 3). This helps to reduce the stiffness matrix and the analysis time. The chord end fixity conditions of tubular joints in 
offshore structures range from almost fixed to almost pinned, generally being closer to almost fixed [46]. Based on the research studies 
carried out by Smedley and Fisher [47], both chord ends are fixed. Smedley and Fisher [49] showed that changing the end restraints of 
the joints affects the SCF values at the crown position up to +15% for joints with α = 6 and 8% for α = 8. Since the chord end fixity 
effect is only significant for joints with α < 8 and high β and γ values, which do not commonly occur in practice, in this study, the α is 
assumed 16. A comparison of the effect of chord end fixity on SCF values in KT joints was conducted by Refs. [12,36], and results 
showed that fixed chord ends and pinned chord ends have less than 1% difference when α = 16. Therefore, in this research, both chord 
ends were assumed to be fixed for all joints. Uniplanar KT-joints are analysed under 16 loading conditions (Table A-1 in the appendix) 
where 4 loading conditions (Table 2) create maximum SCFs. Hence, the number of loading conditions is reduced to the decisive 4 
loading patterns according to Table 2. In addition, thanks to the symmetric or antisymmetric joints and loading conditions, SCFs are 
extracted for some points presented in Table A-2 at the appendix, and the location of extraction SCF points in the uniplanar DKT-joints 
is shown in Fig. 5. The numbering according to the loading patterns is shown in Fig. 4. The value of 1 and -1 represent compression and 
tension loading, respectively. The Young’s modulus is 207 GPa, and the Poisson’s ratio is 0.3. 

2.2. Weld profile and mesh generation 

A decisive parameter for the fatigue design is the dihedral angle Ψ (Fig. 6), which can be defined by equation (1) according to Refs. 
[16,48]: 

ψ =

⎧
⎪⎪⎨

⎪⎪⎩

π/2 Crown
π − cos− 1 β Saddle

π − θ Crown toe
θ Crown heel

(1)  

Hw(mm)= 0.85t(mm) + 4.24 (2)  

Fig. 3. Symmetry plane in created models.  
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Lw =
t
2

[
135∘ − ψ (deg.)

45∘

]

(3) 

The definition of Hw and Lw is represented in Fig. 7. In the study, the weld profile is modelled according to AWS [49] recom-
mendations. It is a manifest fact that the modelled weld profile is usually different from the actual weld profile. Thus, for the 
amendment of SCFs to consider the actual weld toe position, the reader is referred to API RP2A section C 5.3.2 [45]. 

To model the weld profile, brace, chord, and FRP element type, solid 186 and SHELL 281 are utilized. The solid 186 element 
consists of 20 nodes with three degrees of freedom per node, which have compatible displacements and are well-suited to curved model 
boundaries. The SHELL 281 element has eight nodes with six degrees of freedom per node which has deformation and rotation in each 
node. To guarantee the quality of the mesh, the sub-zone technique is used. In this approach, each FE model is divided into different 
parts, which helps to improve the mesh quality in essential parts, such as the hot-spot region and the weld profile (Fig. 8). 

Before conducting the parameter study, a convergence investigation is performed on the mesh topology to select the optimal 
number of elements through the chord thickness. Results of the convergence investigation are presented in Table 3. For the sake of 
brevity, the results of four FE models are presented, which indicates that the maximum change is about 4.3%; hence, two elements are 
selected (Fig. 8). 

Table 2 
Applied loading patterns which create maximum SCFs.  

No 
Loading 

Brace 

A B C D E F 

1 1 1 1 1 1 1 
2 − 1 1 − 1 1 1 1 
3 − 1 − 1 1 1 1 1 
4 1 1 1 − 1 − 1 − 1 

1 = Compression, − 1 = Tension. 

Fig. 4. Designation of braces for different loading patterns.  

Fig. 5. The location of extraction SCF points in the uniplanar DKT-joints.  
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2.3. FRP and uniplanar DKT-joints modelling consideration 

To model the interaction between FRP and the chord, as well as FRP and the braces, the accurate way is to use the ANSYS contact 
capability. Thus, the chord, the braces, the weld profile, and the FRP are meshed separately. The chord and braces’ outer surfaces were 
defined as the contact (contact 174) surface and the FRP was introduced as the target (target 170) surface. To transfer loading and 
deformation among FRP, chord, and braces, flexible-to-flexible surface-to-surface contact elements were applied to model the inter-
action. Since SCFs are calculated from stresses in the hot spot area, an increase in FRP length has no effect on the hot spot stress [50]. 
The length of the strengthened region of the chord and braces is shown in Fig. 9. 

The used FRP properties are presented in Table A-3 in the appendix. According to previous research [31], a fibre orientation of 90◦

and 0◦ on the chord have more significant effects on axial loading compared to other angles. Hence, a combination of these values has 
been considered. FRP orientations are presented in Table 4. 

2.4. SCF calculation methodology 

To calculate the joint’s SCF, a static analysis is appropriate [51]. An SCF is defined as according to Refs. [3,52] as follows: 

SCF =
HSS
σn

(4)  

σn =
F
A

(5)  

where σn and HSS are the nominal stress and hot spot stress, and F is the axial force, and A represents the cross-section of the loaded 
brace, respectively. The hot spot stress (HSS) at the weld toe is calculated by the extrapolation method recommended by IIW [53]. 
Thus, HSS is predicted from 0.4 T to 1.4 T from the weld toe (Fig. 10). The stress at the weld (σ) is calculated as: 

σ = 1.4σ1 − 0.4σ2 (6)  

where σ1 and σ2 represents the first and second extrapolation points, respectively. 

3. Validation process 

To check the accuracy of the analysis method, the weld size, the meshing approach, and mesh size, the FE models must be verified 

Fig. 7. Weld dimensions at (a) crown and (b) saddle locations [12].  

Fig. 6. Definition of dihedral angle Ψ based on AWS (2002).  
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by experimental data. To this end, experimental data, which are conducted by Lloyd’s Register of Shipping OTH 354 [40], Chiew et al. 
[41], Lloyd’s Register of Shipping OTH 353 [42], Hosseini et al. [43], Tong et al. [44] and formulas proposed by the LR equations [40], 
and API code [45] were utilized. The geometrical parameters of the validated joints and the belonging results are provided in Table 5, 
Table 6, and Table 7, respectively. The specimens from M1 to M16 were used to determine the SCFs in unreinforced tubular 
DKT-connections under axial loads which the maximum difference between the experimental and numerical results in 87% of models 
is about 14% in the saddle, crown heel, and crown toe positions. By closely looking at the results of these 16 models, it can be seen that 
the results of the SCFs in produced FE models and experimental models are close. The SCFs in reinforced tubular DKT connections 
under axial loads were predicted with the specimens from M17 to M24. The results of 8 reinforced models show that the maximum 
difference between the experimental and numerical results in 80% of models is less than 15%. Based on the validation of the models 
and Tables 6 and 7, there is a logical consensus between experimental and FE results. Accordingly, produced FE models are accurate 
enough to provide acceptable results in unreinforced and reinforced tubular DKT connections under axial loads. 

Fig. 8. The mesh generated by the sub-zone method: a) A view of the uniplanar DKT-joint; b) a view of the FRP-stiffened uniplanar DKT-joint; c) 
extrapolation region and weld profile; d) FRP-stiffened region; e) the FRP- stiffened weld profile; f) the outer brace extrapolation region; g) the 
central brace extrapolation region; h) plug area; i) a weld root. 
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4. SCF affecting parameters 

4.1. Effects of FRP orientation on SCFs 

Four FRP orientation patterns (Table 4) are investigated, and for the sake of brevity, only results of Carbon/epoxy (T300/5208) 
under 1st and 4th loading conditions are presented in Fig. 11, as the 2nd and 3rd loading conditions lead to equivalent conclusions. The 

Table 3 
Comparison of the result of SCFs with a different number of elements through the chord thickness in the FE models subjected to the 1st, 3rd, 15th, and 
16th loading condition.  

Geometrical parameters Number of elements SCF value (SCFn elements/SCF3 elements) – 1.0 

Outer brace Central brace Outer brace Central brace 

CH S CT C S CH S CT C S 

β = 0.4, 
γ = 12, 
τ = 1.0, 
θ = 30◦

2 1.55 10.05 5.25 4.45 20.56 0.00% 0.00% 0.00% 0.00% 0.00% 
3 1.58 10.37 5.27 4.49 21.12 2.03% 3.15% 0.45% 0.98% 2.74% 
4 1.60 10.43 5.30 4.50 21.22 3.45% 3.75% 1.12% 1.05% 3.20% 
5 1.62 10.46 5.31 4.50 21.22 4.21% 4.10% 1.20% 1.14% 3.22% 

β = 0.5, 
γ = 18, 
τ = 7.0, 
θ = 45◦

2 5.00 2.22 7.15 0.73 13.84 0.00% 0.00% 0.00% 0.00% 0.00% 
3 5.06 2.24 7.19 0.73 13.89 2.20% 2.65% 1.44% 0.84% 1.24% 
4 5.12 2.25 7.19 0.73 14.00 3.50% 3.02% 1.37% 1.02% 2.02% 
5 5.00 2.22 7.15 0.73 13.84 1.04% 2.02% 0.80% 0.70% 0.90% 

β = 0.6, 
γ = 24, 
τ = 0.4, 
θ = 45◦

2 1.76 4.19 4.05 4.15 10.45 0.00% 0.00% 0.00% 0.00% 0.00% 
3 1.79 4.27 4.09 4.19 10.56 1.45% 1.87% 0.98% 0.87% 1.02% 
4 1.79 4.28 4.12 4.21 10.61 1.32% 2.03% 1.65% 1.24% 1.54% 
5 1.81 4.31 4.13 4.23 10.66 2.60% 2.87% 2.01% 1.74% 2.03% 

β = 0.7, 
γ = 24, 
τ = 1.0, 
θ = 60◦

2 9.43 4.78 14.65 16.04 1.54 0.00% 0.00% 0.00% 0.00% 0.00% 
3 9.52 4.87 14.89 16.43 1.56 1.05% 1.87% 1.65% 2.45% 1.23% 
4 9.54 4.91 15.00 16.53 1.58 1.22% 2.68% 2.41% 3.06% 2.74% 
5 9.67 4.97 15.15 16.71 1.59 2.54% 3.98% 3.45% 4.21% 3.08% 

C: Crown, CH: Crown Heel, CT: Crown Toe, S: Saddle. 

Fig. 9. The length of the strengthened region by FRP wrapping.  

Table 4 
FRP orientation schemes.  

Pattern 4 layers 8 layers 12 layers 16 layers 

1 [0◦/0◦/0◦/0◦] 2x[0◦/0◦/0◦/0◦] 3x[0◦/0◦/0◦/0◦] 4x[0◦/0◦/0◦/0◦] 
2 [90◦/90◦/90◦/90◦] 2x[90◦/90◦/90◦/90◦] 3x[90◦/90◦/90◦/90◦] 4x[90◦/90◦/90◦/90◦] 
3 [0◦/90◦/0◦/90◦] 2x[0◦/90◦/0◦/90◦] 3x[0◦/90◦/0◦/90◦] 4x[0◦/90◦/0◦/90◦] 
4 [90◦/0◦/90◦/0◦] 2x[90◦/0◦/90◦/90◦] 3x[90◦/0◦/90◦/90◦] 4x[90◦/0◦/90◦/90◦]  
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results indicate that at the crown heel position (P1), the effects of all patterns are approximately similar, but at the crown toe (P3) the 
third pattern leads to a more pronounced SCF reduction. At the saddle positions (P2 and P5), with 4 and 16 FRP layers, the third pattern 
leads to a higher reduction of the SCFs. However, with 8 and 12 FRP layers, the first and the third pattern have similar effects on the 
reduction of the SCFs. Hence, among the 4 ordination patterns, the third pattern is the most effective one. Therefore, the third pattern 
will be used for other parts of the presented research. 

4.2. Effects of FRP materials on SCFs 

The FRP materials that are used in the study, are shown in Table A-3 in the appendix. The reduction of the SCFs according to the use 
of different FRP materials is presented in Fig. 12. The horizontal axis indicates the investigated FRP materials, and the vertical axis 

Fig. 10. The extrapolation points according to the IIW [53].  

Table 5 
Geometrical parameters of validation tests.  

Number Joint type Type Ref. D (mm) τ β γ α θ ξ 

M1 E30 X Un-reinforced OTH 354 [40] 508 0.79 0.38 20.7 9.8 90 – 
M2 B X Un-reinforced OTH 354 [40] 583 0.56 0.5 8.6 5.8 90 – 
M3 X6 X Un-reinforced OTH 354 [40] 407 0.81 0.35 25 17.5 90 – 
M4 T204C T Un-reinforced OTH 354 [40] 914 0.5 0.5 14.3 5 90 – 
M5 WE-Com Multi-T Un-reinforced Chiew et al. [41] 457 1.0 0.6 18.81 20.5 90 – 
M6 7.A K Un-reinforced OTH 353 [42] 150 0.6 0.5 24 – 45 0.07 
M7 6.B3 KT Un-reinforced OTH 353 [42] 150 0.6 0.5 24 – 45 0.07 
M8 6.A3 KT Un-reinforced OTH 353 [42] 150 0.6 0.5 12 – 45 0.07 
M9 T T Un- and reinforced Hosseini et al. [43] 328.3 1.00 0.67 25.90 12 90 – 
M10 K1-13 K Un-reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M11 K1-43 K Un-reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M12 K1-23 K Un-reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M13 K1-21 K Un-reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M14 K1-25 K Un-reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M15 K2-23 K Un-reinforced Tong et al. [44] 219 16.27 0.58 18.25 0.7 45 219 
M16 K3-23 K Un-reinforced Tong et al. [44] 219 16.27 0.58 13.7 1 45 219 
M17 CK1-13 K Reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M18 CK1-43 K Reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M19 CK1-23 K Reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M20 CK1-21 K Reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M21 CK1-25 K Reinforced Tong et al. [44] 219 16.27 0.58 13.7 0.75 45 219 
M22 CK2-23 K Reinforced Tong et al. [44] 219 16.27 0.58 18.25 0.75 45 219 
M23 CK3-23 K Reinforced Tong et al. [44] 219 16.27 0.58 13.7 1 45 219 
M24 CK4-23 K Reinforced Tong et al. [44] 219 16.27 0.41 18.25 0.75 45 219  
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Table 6 
Results of numerical and experimental tests in un-reinforced models.  

Number Position Experimental FE API [45] LR [40] e1 e2 e3 

M1 Saddle 21.80 20.00 15.68 14.47 9% 28% 38% 
Crown 3.30 3.65 4.20 4.56 − 10% − 13% − 20% 

M2 Saddle 4.80 4.77 4.52 3.72 1% − 5% − 22% 
Crown – 2.24 1.94 2.44 – − 13% 9% 

M3 Saddle 24 25.53 26.03 23.99 − 6% 2% − 6% 
Crown – 2.80 3.93 3.09 – 29% 10% 

M4 Saddle 5.70 4.92 5.36 4.94 16% 9% 0% 
Crown 2.80 2.50 1.91 2.26 12% − 23% − 9% 

M5 ws1ch 28.23 31.61 – – − 11% – – 
ws2ch 20.04 21.30 – – − 6% – – 

M6 76 15.94 18.18 – – − 12% – – 
M7 4 14.78 17.01 – – − 13% – – 

71 19.12 20.75 – – − 8% – – 
94 21.97 22.94 – – − 4% – – 
34 19.16 20.74 – – − 8% – – 
82 19.37 22.62 – – − 14% – – 

M8 71 19.12 20.75 – – − 8% – – 
94 21.97 22.94 – – − 4% – – 
34 19.16 20.74 – – − 8% – – 
82 19.37 22.62 – – − 14% – – 

M9 Crown 26.15 25.86 27.00 – 1% 4% 0% 
Saddle 4.97 5.32 5.08 5.73 − 7% − 4% 8% 

M10 COT 0.52 0.53 – – − 1% – – 
C90T 3.25 3.17 – – 3% – – 
C180T 3.72 3.26 – – 12% – – 
COC 1.58 1.78 – – − 13% – – 
C90C 2.94 3.08 – – − 5% – – 
C180C 4.96 4.27 – – 14% – – 

M11 COT 0.45 0.47 – – − 5% – – 
C90T 3.03 2.89 – – 4% – – 
C180T 3.83 3.07 – – 20% – – 
COC 1.77 1.83 – – − 3% – – 
C90C 2.64 2.92 – – − 11% – – 
C180C 4.21 4.09 – – 3% – – 

M12 COT 0.68 0.51 – – 25% – – 
C90T 2.73 3.02 – – − 11% – – 
C180T 3.37 3.24 – – 4% – – 
COC 1.79 2.18 – – − 22% – – 
C90C 3.12 3.04 – – 3% – – 
C180C 3.2 3.85 – – − 20% – – 

M13 COT 0.62 0.59 – – 5% – – 
C90T 2.81 3.05 – – − 9% – – 
C180T 3.08 3.34 – – − 9% – – 
COC 1.31 1.57 – – − 20% – – 
C90C 2.62 3.18 – – − 21% – – 
C180C 3.34 3.96 – – − 19% – – 

M14 COT 0.83 0.75 – – 10% – – 
C90T 3.16 3.41 – – − 8% – – 
C180T 2.94 2.87 – – 2% – – 
COC 1.65 1.44 – – 13% – – 
C90C 2.62 2.12 – – 19% – – 
C180C 3 3.54 – – − 18% – – 

M15 COT 1.12 0.96 – – 15% – – 
C90T 4.09 4.75 – – − 16% – – 
C180T 3.59 3.41 – – 5% – – 
COC 2.6 2.01 – – 23% – – 
C90C 4.14 4.61 – – − 11% – – 
C180C 3.42 3.07 – – 10% – – 

M16 COT 1.28 1.11 – – 13% – – 
C90T 4.41 3.87 – – 12% – – 
C180T 4.01 3.95 – – 1% – – 
COC 2.46 2.10 – – 15% – – 
C90C 4.81 4.71 – – 2% – – 
C180C 5.83 5.14 – – 12% – – 

SCFS = SCF in the saddle position; SCFc = SCF in the crown position; S = saddle; C = Crown; e1 = (SCFExperimental -SCFFE) - 1.0; (SCFAPI/SCFFE) - 1.0; 
(SCFLR/SCFFE) - 1.0. 
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shows the reduction of SCFUn-strengthened to SCFFRP-strengthened (SR) in per cent. Regardless of the fibre orientation, using FRPs with 
increased mechanical properties, the reduction due to FRP reinforcement increases. As can be seen, Glass/vinyl ester with lower 
mechanical properties leads to the lowest SCF reduction of about 4%, while Carbon/epoxy (T300/5208) with higher mechanical 
properties has a more pronounced effect of approximately 10.2–43% reduction. Hence, carbon-based materials (CFRP) are 3–3.5 times 
more effective in reducing SCFs compared to glass-based materials (GFRP) at critical positions (crown and saddle points). A stiffer FRP 
has a higher contribution to the overall stiffness of the joint. A linear or exponential correlation of the FRP stiffness can be drawn from 
the results. 

According to the analysis and Fig. 12, there is no significant difference between the effects of studied glass-based and carbon-based 
FRP. Thus, among three glass-based FRP, just effects of Glass/vinyl ester, and among two carbon-based FRPs, just the effects of Carbon/ 

Table 7 
Results of numerical and experimental tests in reinforced models.  

Number Position SCF e1 
Experimental FE 

M9 Phase 1 Saddle 25.23 24.63 2.44% 
Phase 2 Saddle 25.21 24.64 2.31% 
Phase 3 Saddle 18.27 17.61 3.75% 
Phase 1 Crown 4.86 5.10 − 4.71% 
Phase 2 Crown 5.25 5.11 2.74% 
Phase 3 Crown 4.33 4.26 1.64% 

M17 COT 0.59 0.87 − 32.18% 
C90T 2.78 2.89 − 3.81% 
C180T 3.02 3.45 − 12.46% 
COC 1.54 1.44 6.94% 
C90C 2.4 2.23 7.62% 
C180C 3.68 3.18 15.72% 

M18 COT 0.11 0.18 − 38.89% 
C90T 2.47 2.75 − 10.18% 
C180T 3.11 3.22 − 3.42% 
COC 1.25 1.37 − 8.76% 
C90C 2.06 2.33 − 11.59% 
C180C 3.62 3.31 9.70% 

M19 COT 0.37 0.45 − 17.78% 
C90T 2.27 2.45 − 7.35% 
C180T 2.96 3.39 − 12.68% 
COC 1.62 1.82 − 10.99% 
C90C 2.36 2.45 − 3.67% 
C180C 2.51 2.6 − 3.46% 

M20 COT 0.63 0.84 − 25.00% 
C90T 2.52 2.81 − 10.32% 
C180T 2.81 3.21 − 12.46% 
COC 1.41 1.68 − 16.07% 
C90C 2.37 2.62 − 9.54% 
C180C 2.58 2.44 5.74% 

M21 COT 0.61 0.87 − 29.89% 
C90T 2.48 2.34 5.98% 
C180T 2.6 2.91 − 10.65% 
COC 1.47 1.92 − 22.63% 
C90C 1.88 2.21 − 14.93% 
C180C 2.1 1.89 11.11% 

M22 COT 0.45 0.74 − 39.19% 
C90T 2.95 3.31 − 10.88% 
C180T 2.78 3.04 − 8.55% 
COC 1.6 1.85 − 13.51% 
C90C 3.09 3.45 − 10.43% 
C180C 3.14 2.83 10.95% 

M23 COT 0.93 0.87 6.90% 
C90T 3.72 3.45 7.83% 
C180T 3.7 3.12 18.59% 
COC 2.37 2.65 − 10.57% 
C90C 3.87 4.21 − 8.08% 
C180C 4.35 4.93 − 11.22% 

M24 COT 0.95 1.42 − 33.10% 
C90T 3.28 3.1 5.81% 
C180T 3.77 3.67 2.72% 
COC 1.84 1.97 − 6.60% 
C90C 3.43 3.21 6.85% 
C180C 3.9 4.31 − 9.51% 

e1 = (SCFExperimental/SCFFE)– 1.0. 
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Fig. 11. Effects of different FRP orientation on SCFs in uniplanar DKT-joints at 1st and 4th loading condition, Carbon/epoxy (T300/5208), (τ = 0.7, 
β = 0.7, θ = 45◦, γ = 12). 

Fig. 12. Effects of different FRP materials on SCFs in uniplanar DKT-joints with 4 FRP layers; UN= Unstiffened joint; GV = Glass/vinyl ester; GE =
Glass/epoxy (Scotchply 1002); SE= S-glass/epoxy; AE = Aramid/epoxy (Kevlar 9/Epoxy); CEA= Carbon/Epoxy (AS/3501); CET= Carbon/epoxy 
(T300/5208). 
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epoxy (T300/5208), will be investigated. Accordingly, three FRP materials, Glass/vinyl ester, Aramid/epoxy (Kevlar 9/Epoxy), and 
Carbon/epoxy (T300/5208) will be considered for other parts of the presented study. 

4.3. Effects of β on SCFs in FRP-strengthened joints 

The ratio of the brace diameter to the chord diameter is defined as β, and the influence on the SCFs of a DKT-joints is discussed in the 
following. When all braces are loaded by compression or all braces are loaded by tension, an increase of β leads to decreasing SCFs in all 
critical points. However, when some of the braces are loaded by compression and others are loaded by tension, an increase of β leads to 
decreasing SCFs at the saddle positions and increasing SCFs at the crown positions. Figs. 13 and 14 present the effects of β and the 
number of FRP layers on the SCFs. According to Fig. 13, an increasing β leads to decreasing SCFs in unstiffened joints and stiffened 
joints without considering the number of fibre layers at crown and saddle positions under the 1st loading condition. The decrease of 
SCFs at high values of β is more significant than at low values. According to Fig. 14, an increase of β leads to decreasing SCFs in 
unstiffened and stiffened joints without considering the number of layers at the saddle position and to an increasing SCF at the crown 
positions under the 4th loading pattern. 

4.4. Effects of γ on SCFs in FRP-strengthened joints 

The effects of the diameter-to-thickness ratio γ on the SCFs while additionally changing the number of layers are presented in 
Figs. 15 and 16. It can be seen that an increasing γ leads to increasing SCFs for the saddle position. Its reduction effect on the saddle 
position is significantly larger in higher values of γ with a small number of FRP layers. In contrast, an increasing γ leads to decreasing 
SCFs at the crown points. However, the effect of γ on the crown points is negligible, especially at lower values of γ with fewer FRP 
layers. 

4.5. Effects of τ on SCFs in FRP-strengthened joints 

The ratio of the thickness of the brace to the thickness of the chord is defined as τ (τ = t/T). This section presents the effect of τ on 
the SCFs. This result is not dependent on the values of other geometrical parameters. Figs. 17 and 18 indicate that an increase of τ 
results in a rise in the SCFs in all loading conditions with different layers and different materials. It can be seen that a rise in the number 
of FRP layers leads to decreasing SCFs. This effect, caused by the FRP layers is significant in joints with higher τ. A total number of 16 
layers is a suitable choice to decrease the SCFs of the DKT joint. Therefore, the utilization of FRP can improve the fatigue life of the 
structures. 

4.6. Effects of θ on SCFs in FRP-strengthened joints 

The effects of the inclination angle θ and the interaction of this parameter with the number of FRP layers on the SCFs are presented 
in Figs. 19 and 20. The results reveal that the increase of inclination angle leads to a decrease of SCFs values at the crown points and 
increasing SCF values at the saddle points in all loading conditions with different FRP materials and the number of layers. In addition, a 
rise in the number of FRP layers leads to decreasing SCFs. This result is not dependent on the values of other geometrical parameters. 

5. Parametric equations 

Parametric formulae are proposed to calculate the SCFs at crown and saddle positions of FRP-strengthened tubular DKT joints 
subjected to different axial loading conditions. The equations are obtained with multiple nonlinear regression analyses conducted by 
the statistical software package, SPSS. To this end, dimensionless parameters corresponding to the joint geometry (i.e., β, γ, τ, and θ) 
and FRP (η, ξ), and SCF are defined as the independent and dependent variables, respectively. A model of expression was built with 
dimensionless parameters and unknown coefficients. The parametric equations to predict the highest SCFs at crown and saddle po-
sitions are presented as follows, and to calculate SCFs in other locations, the related equations presented in the appendix:  

• 1st loading condition 

SCF1st− P2 =
(
0.344τ1.115γ0.1.242β− 0.446θ1.253ξ− 0.107η− 0.205); R2 = 0.968 (7)  

SCF1st− P5 =
(
0.477τ1.013γ1.278β− 0.225θ0.259ξ− 0.105η− 0.205); R2 = 0.961 (8)    

• 2nd loading condition 

SCF2nd− P5 =
(
0.808τ0.87γ0.947β0.131θ− 0.182ξ− 0.104η− 0.128); R2 = 0.887 (9)  

SCF2nd− P12 =
(
10.189τ1.135γ− 0.032β0.145θ0.093ξ− 0.071η− 0.044) ; R2 = 0.941 (10)  
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SCF2nd− P13 =
(
16.852τ1.119γ− 0.126β0.356θ0.412ξ− 0.049η− 0.011); R2 = 0.943 (11)  

SCF2nd− P14 =
(
0.302τ0.935γ1.225β− 0.418θ0.048ξ− 0.119η− 0.155) ; R2 = 0.918 (12)    

• 3rd loading condition 

SCF3rd− P4 =
(
16.091τ1.096γ− 0.006β0.547θ0.244ξ− 0.062η− 0.035); R2 = 0.951 (13)  

Fig. 13. Effects of β on SCFs in uniplanar DKT-joints at P2 under the 1st loading condition (τ = 0.7, θ = 30, γ = 18, Glass/vinyl ester, the third 
orientation pattern). 

Fig. 14. Effects of β on SCFs in uniplanar DKT-joints at P3 under the 4th loading condition (τ = 0.7, θ = 60, γ = 24, Carbon/epoxy (T300/5208), the 
third orientation pattern). 

Fig. 15. Effects of γ on SCFs in uniplanar DKT-joints at P5 under the 2nd loading condition (τ = 0.4, θ = 45, β = 0.4, Carbon/epoxy (T300/5208), 
the third orientation pattern). 
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SCF3rd− P12 =
(
21.007τ1.160γ− 0.164β0.51θ− 0.056ξ− 0.066η− 0.031); R2 = 0.938 (14)  

SCF3rd− P15 =
(
17.715τ1.118γ− 0.123β0.374θ0.162ξ− 0.049η− 0.019); R2 = 0.922 (15)  

SCF3rd− P16 =
(
13.370τ1.164γ− 0.051β0.344θ− 0.102ξ− 0.077η− 0.05); R2 = 0.935 (16)    

• 4th loading condition 

SCF4th− P3 =
(
20.051τ1.165γ− 0.09β0.521θ0.065ξ− 0.093η− 0.069) ; R2 = 0.949 (17)  

Fig. 16. Effects of γ on SCFs in uniplanar DKT-joints at P15 under the 3rd loading condition (τ = 0.4, θ = 60, β = 0.6, Carbon/epoxy (T300/5208), 
the third orientation pattern). 

Fig. 17. Effects of τ on SCFs in uniplanar DKT-joints at P14 under the 2nd loading condition (γ = 24, θ = 60, β = 0.7, Glass/vinyl ester, the third 
orientation pattern). 

Fig. 18. Effects of τ on SCFs in uniplanar DKT-joints at P3 under the 4th loading condition (γ = 18, θ = 30, β = 0.6, Carbon/Epoxy (AS/3501), the 
third orientation pattern). 
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SCF4th− P4 =
(
22.377τ1.119γ− 0.102β0.596θ0.244ξ− 0.084η− 0.054); R2 = 0.951 (18) 

The value of the maximum SCF in FRP-reinforced tubular DKT-joints under axial loads can be calculated as follows: 

SCFmax =
(
0.499τ1.013γ1.266β− 0.218θ0.257ξ− 0.104η− 0.203); R2 = 0.961 (19) 

The range of validity of the SCF equations based on the numerical parametric studies is as Table 1. 

6. Applicability control for the proposed formulae 

The Fatigue Guidance Review Panel [54] criteria are used to check the reliability of the equations. Here P/R is the ratio of the 

Fig. 19. Effects of θ on SCFs in uniplanar DKT-joints at P3 under the 1st loading condition (γ = 12, τ = 0.4, β = 0.6, Aramid/epoxy (Kevlar 9/Epoxy), 
the third orientation pattern). 

Fig. 20. Effects of θ on SCFs in uniplanar DKT-joints at P8 under the 3rd loading condition (γ = 24, τ = 0.4, β = 0.4, Aramid/epoxy (Kevlar 9/ 
Epoxy), the third orientation pattern). 

Table 8 
Controlling the acceptance criteria of the Fatigue Guidance Review Panel [54], and the statistical indices for the SCF 
formulas.  

Equation Acceptance criteria [54] Decision 

%P/R < 0.8 %P/R > 1.5 

(7) 0% ≤ 5% 1% ≤ 50% Acceptable 
(8) 0% ≤ 5% 0% ≤ 50% Acceptable 
(9) 5% ≤ 5% 1% ≤ 50% Acceptable 
(10) 0% ≤ 5% 1% ≤ 50% Acceptable 
(11) 1% ≤ 5% 2% ≤ 50% Acceptable 
(12) 3% ≤ 5% 0% ≤ 50% Acceptable 
(13) 1% ≤ 5% 2% ≤ 50% Acceptable 
(14) 5% ≤ 5% 1% ≤ 50% Acceptable 
(15) 6% ≤ 5% 3% ≤ 50% Revise 
(16) 4% ≤ 5% 2% ≤ 50% Acceptable 
(17) 1% ≤ 5% 2% ≤ 50% Acceptable 
(18) 1% ≤ 5% 2% ≤ 50% Acceptable 
(19) 0% ≤ 5% 0% ≤ 50% Acceptable  
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Fig. 21. The formulae predictions for the strengthened joints under axial loadings.  
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predicted SCF (P) from a given set of equations to the recorded SCF (R) from a test or analysis.  

• The criteria for acceptable equations are %[P /R< 1.0] ≤ 25%, and %[P /R< 0.8] ≤ 5%.  
• The criterion for conservative equations is %[P /R> 1.5] ≥ 50%.  
• The criteria for engineering judgment about equations are 25% < %[P /R< 1.0] ≤ 30%, and/or 5% < %[P /R< 0.8] ≤ 7.5%.  
• Otherwise, equations are rejected. 

Because for a mean fit equation, there is always a large percentage of under-prediction, the requirement for joint under-prediction, 
i.e. P/R < 1.0, can be removed entirely in the assessment of parametric equations. According to the Fatigue Guidance Review Panel 
[54], assessment results are presented in Table 8. As can be seen in this table, all of the proposed equations satisfy the criteria rec-
ommended by Fatigue Guidance Review Panel. 

In Fig. 21, the SCF values predicted by the proposed equations are compared with the SCFs extracted from FE analyses. For the sake 
of brevity, only a few FE results are presented. It can be seen that there is a good agreement between the results of the proposed 
equations and numerically computed values. 

As can be seen in Table 8, some equations satisfy the UK DoE criteria, but revision is required for equation (15). To revise equation 
(15), SCF values are multiplied by a coefficient in such a way that the obtained SCF set satisfies the UK DoE acceptance criteria. This 
idea can be expressed as follows [16]: 

Design factor =
SCFDesign

SCFEq
(20)  

where values of SCFEq are calculated from the proposed equation, and the values of SCFDesign are expected to satisfy the UK DoE 
criteria. Multiple comparative analyses are carried out to determine the optimum values of the design factor. Hence, the following 
equations should be used for design purposes: 

SCFDesign = 1.02 × SCF3rd− P15 (21) 

It is worthy of mention that the obtained high coefficients of determination guarantee the accuracy of equations, and to augment 
the reliability of equations and to avoid any considerable under-prediction the design factor is presented. 

7. Conclusions 

The effects of FRP and dimensionless parameters on SCFs in FRP-stiffened DKT joints under axial loads are investigated. 108 FE 
models under 4 different axial loading conditions and strengthened by 6 different types of FRP materials are analysed in ANSYS. The 
main conclusions are summarized as follows:  

• Among orientation patterns, the third pattern with zero and 90◦ of FRP orientation is the most effective one.  
• Increasing the mechanical properties of FRP materials leads to an increasing influence of FRP. Hence, CFRPs with carbon-based 

materials are more effective and reduce SCFs about 3–3.5 times more than glass-based materials (GFRP).  
• Increasing β leads to decreasing SCFs at the crown and saddle positions under the 1st loading condition. In addition, an increase of β 

leads to reducing SCFs at saddle positions and increasing SCFs at crown positions under the 4th loading condition.  
• An increasing γ results in increasing SCFs at saddle positions and decreasing SCFs at crown points. The effects of γ on the crown 

points are negligible.  
• An increase in τ results in increasing SCFs in all loading cases with different layers and materials.  
• An increase in the inclination angle leads to decreasing SCFs at crown points and an increase at saddle points in all loading 

conditions.  
• FRPs can decrease SCFs between 5 and 43%, which is a very large advantage for the fatigue life of tubular joints.  
• Design formulae are proposed to calculate SCFs in FRP-reinforced tubular DKT joints under axial loads. Considering the relatively 

high values obtained for the coefficients of determination and the satisfaction of acceptance criteria recommended by the UK DoE, 
it can be concluded that the developed formulae can reliably be applied to predict the SCF in FRP-reinforced tubular DKT joints in 
engineering works. 

• In this study, the effects of FRP and dimensionless parameters on SCFs in FRP-stiffened DKT joints under axial loads are investi-
gated. However, the probability distribution can help to derive governing probability functions in the fatigue reliability analysis of 
tubular joints. Investigating the probability distribution of SCFs in FRP-stiffened DKT joints can be an important topic for future 
study 
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Appendix  

Table A-1 
Loading patterns  

No 
Loading 

Brace 

A B C D E F 

1 1 1 1 1 1 1 
2 − 1 1 1 1 1 1 
3 − 1 1 − 1 1 1 1 
4 − 1 1 1 1 − 1 1 
5 − 1 1 − 1 − 1 1 1 
6 1 − 1 − 1 − 1 1 1 
7 − 1 1 − 1 1 − 1 1 
8 − 1 1 − 1 − 1 − 1 1 
9 − 1 1 − 1 − 1 1 − 1 
10 − 1 1 1 − 1 1 1 
11 − 1 1 1 − 1 − 1 1 
12 1 − 1 1 1 1 1 
13 1 − 1 1 − 1 − 1 1 
14 1 − 1 − 1 − 1 − 1 1 
15 − 1 − 1 1 1 1 1 
16 1 1 1 − 1 − 1 − 1 

1 = Compression, − 1 = Tension.  

Table A-2 
SCF Extraction points in axially loaded uniplanar DKT-joints  

Loading types extraction points 

1 P1, P2, P3, P4, P5 
2 P1, P2, P3, P4, P5, P10, P11, P12, P13, P14 
3 All points 
4 P1, P2, P3, P4, P5   

Table A-3 
FRP materials specification used in the numerical parametric study [55,56].  

Name E1 (MPa) E2 (MPa) ν12 ν32 G12 (MPa) G23 (MPa) 

Glass/vinyl ester 28,000 7000 0.29 0.38 4500 2540 
Glass/epoxy (Scotchply 1002) 38,600 8270 0.26 0.33 4140 3100 
S-glass/epoxy 43,000 8900 0.27 0.4 4500 3180 
Aramid/epoxy (Kevlar 9/Epoxy) 76,000 5500 0.34 0.37 2300 2010 
Carbon/Epoxy (AS/3501) 138,000 8960 0.3 0.59 7100 2820 
Carbon/epoxy (T300/5208) 181,000 10,300 0.28 0.59 7170 3240  

Parametric formulae to calculate other points in uniplanar DKT-joints under axial loadings are presented in here:  

• 1st loading condition 

SCF1st− P1 =
(
0.598τ0.940γ0.160β− 1.7θ− 0.994ξ− 1.128η− 0.176)(0.092ξβ)(η + η).0851.889(βγθ)0.499

;R2 = 0.606 (A-1)  

SCF1st− P3 =
(
0.316τ1.010γ0.489β− 0.712θ− 0.748ξ− 0.148η− 0.233)+(− 0.272ξβ)(η + η)− 3.3612.934(βγθ)− 1.491

;R2 = 0.883 (A-2)  

SCF1st− P4 =
(
0.835τ1.139γ0.071β− 1.155θ− 0.069ξ− 0.084η− 0.118)+(0.004ξβ)(η + η)− 1.8870.004(βγθ)4.035

;R2 = 0.843 (A-3)  
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• 2nd loading condition 

SCF2nd− P1 =
(
3.212τ1.311γ0.314β− 0.097θ0.884ξ− 0.044η− 0.023); R2 = 0.918 (A-4)  

SCF2nd− P2 =
(
0.089τ3.297γ− 8.065β− 1.340θ7.850)*( − 0.073ξη − 0.032θξ+ 0.065τ+ 0.233θ − 0.182τθ)(γ + θ)9.689

(τ + β)13.650
(θ + τ)− 8.890

(
β4.632 + τθ

)− 5.945
;R2 = 0.832

(A-5)  

SCF2nd− P3 =
(
18.48τ1.059γ− 0.091β0.427θ0.575ξ− 0.031η0.013); R2 = 0.957 (A-6)  

SCF2nd− P4 =
(
0.003τ1.388γ2.003β− 1.018θ− 0.516)+( − 0.106γ + 2.691βτ − 0.465τ+ 2.706θ − 1.816τθ)(γ + θ)− 0.29

(τ + β)3.703
(θ + τ)− 0.286

(
η− 0.083 + ξη

)1.260
;R2 = 0.787

(A-7)  

SCF2nd− P10 =
(
2.636τ1.087γ− 0.182β0.582θ− 0.486)(0.063βθ − 5.855β − 1.088τθ+ 8.432θ+ 0.363τ);R2 = 0.954 (A-8)  

SCF2nd− P11 =
(
0.128τ1.042γ1.281β− 0.882θ1.09ξ− 0.127η− 0.171) ; R2 = 0.936 (A-9)    

• 3rd loading condition 

SCF3rd− P1 =
(
4.344τ1.235γ0.167β− 0.201θ0.938ξ− 0.052η− 0.01); R2 = 0.907 (A-10)  

SCF3rd− P2 =
(
0.276τ− 2.569γ− 6.799β− 1.839θ3.083)(0.001η+ 0.117βτ+ 0.083τ − 0.006θ+ 0.018τθ)(γ + θ)8.608

(τ + β)7.455
(θ + τ)− 5.072( η− 0.124 + ξη

)− 1.151
;R2 = 0.812

(A-11)  

SCF3rd− P3 =
(
16.594τ1.121γ− 0.04β0.504θ0.167ξ− 0.042η− 0.057); R2 = 0.931 (A-12)  

SCF3rd− P5 =
(
0.192τ0.577γ0.897β− 3.290θ− 1.639ξ− 1.056η− 0.139)(0.194ξβ)(η + η)− 0.0010.196(βγθ)0.719

;R2 = 0.804 (A-13)  

SCF3rd− P6 =
(
15.735τ1.081γ− 0.012β0.493θ0.177ξ− 0.037η− 0.009); R2 = 0.950 (A-14)  

SCF3rd− P7 =
(
− 6.162τ0.946γ0.516β1.305θ0.214)+(0.167γ + 38.721βτ − 11.276τ − 5.504θ+ 0.381τθ) + (γ + θ)0.505

(τ + β)− 0.384
(θ + τ)1.308

(
β2.302 + ξη

)0.045
;R2 = 0.934

(A-15)  

SCF3rd− P8 =
(
0.831τ1.053γ0.869β0.161θ1.312ξ− 0.109η− 0.186); R2 = 0.961 (A-16)  

SCF3rd− P9 =
(
0.815τ3.170γ− 1.191β− 4.520θ− 0.277)+(

− 0.033γ − 13.495βτ − 8.160τ − 0.126θη+ 0.670τθ)(γ + θ)− 1.207
(τ + β)6.261

(θ + τ)− 0.781( β− 4.287 + ξη
)1.306

;R2 = 0.929 (A-17)  

SCF3rd− P10 =
(
16.137τ1.218γ− 0.228β0.257θ0.818ξ− 0.012η0.039); R2 = 0.905 (A-18)  

SCF3rd− P11=
(
− 1.499τ1.009γ1.033β2.891θ0.667)+(0.009η+0.057βτ − 0.087τ − 0.011θ

+0.227τθ)*(γ+θ)1.434
(τ+β)0.741

(θ+ τ)− 0.753( β2.592 +ξη
)− 0.309

;R2=0.958
(A-19)  

SCF3rd− P13 =
(
21.349τ1.123γ− 0.154β0.536θ0.141ξ− 0.038η− 0.021); R2 = 0.918 (A-20)  

SCF3rd− P14 =
(
0.071τ0.875γ1.1.536β− 0.800θ0.191ξ− 0.139η− 0.235); R2 = 0.916 (A-21)  

SCF3rd− P17 =
(
0.125τ1.037γ1.321β− 0.612θ1.515ξ− 0.1337η− 0.240); R2 = 0.954 (A-22)  

SCF3rd− P18 =
(
24.383τ1.034γ− 0.267β0.381θ0.357)+(0.117η − 17.202βτ+ 8.237τ − 12.076θ

+ 4.441τθ)*(γ + θ)− 0.629
(τ + β)4.048

(θ + τ)− 2.108( β− 2.065 + ξη
)0.484

;R2 = 0.958
(A-23) 
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• 4th loading condition 

SCF4th− P1 =
(
6.996τ1.255γ0.01β− 0.213θ0.802ξ− 0.057η− 0.004); R2 = 0.888 (A-24)  

SCF4th− P2=
(
1.023τ3.160γ4.437θ6.835ξ− 1.485η− 0.577)(1.026ξβ)(ξ+η)0.6090.023(βγθ)− 2.683

(τ+η)0.578
(θ+τ)− 2.683( η4.691+τθ

)− 1.535
;R2=0.903

(A-25)  

SCF4th− P5 =
(
0.361τ1.991γ3.923θ3.019ξ− 1.544η− 15.065)(0.362ξβ)(ξ + η)0.7390.363(βγθ)− 2.079

(τ + η)− 0.369
(θ + τ)− 1.974

(
η− 4.753 + τθ

)− 3.087
; R2 = 0.913

(A-26) 

The acceptance criteria of above equations presented in Table A-4.  

Table A-4 
Controlling the acceptance criteria of Fatigue Guidance Review Panel [54], and the statistical indices 
for the SCF formulas  

Equation Acceptance criteria [54] Decision 

%P/R < 0.8 %P/R > 1.5 

(A-1) 21% ≤ 5% 16% ≤ 50% Revision 
(A-2) 7% ≤ 5% 6% ≤ 50% Revision 
(A-3) 8% ≤ 5% 4% ≤ 50% Revision 
(A-4) 4% ≤ 5% 12% ≤ 50% Acceptable 
(A-5) 17% ≤ 5% 17% ≤ 50% Revision 
(A-6) 0% ≤ 5% 1% ≤ 50% Acceptable 
(A-7) 14% ≤ 5% 14% ≤ 50% Revision 
(A-8) 8% ≤ 5% 5% ≤ 50% Revision 
(A-9) 5% ≤ 5% 3% ≤ 50% Acceptable 
(A-10) 5% ≤ 5% 12% ≤ 50% Acceptable 
(A-11) 10% ≤ 5% 21% ≤ 50% Revision 
(A-12) 3% ≤ 5% 2% ≤ 50% Acceptable 
(A-13) 11% ≤ 5% 21% ≤ 50% Revision 
(A-14) 2% ≤ 5% 2% ≤ 50% Acceptable 
(A-15) 12% ≤ 5% 8% ≤ 50% Revision 
(A-16) 4% ≤ 5% 1% ≤ 50% Acceptable 
(A-17) 14% ≤ 5% 9% ≤ 50% Revision 
(A-18) 6% ≤ 5% 7% ≤ 50% Revise 
(A-19) 7% ≤ 5% 6% ≤ 50% Revise 
(A-20) 6% > 5% 2% ≤ 50% Revise 
(A-21) 6% ≤ 5% 3% ≤ 50% Revise 
(A-22) 6% ≤ 5% 10% ≤ 50% Revise 
(A-23) 4% ≤ 5% 0% ≤ 50% Acceptable 
(A-24) 5% ≤ 5% 11% ≤ 50% Acceptable 
(A-25) 14% > 5% 22% ≤ 50% Revise 
(A-26) 14% > 5% 15% ≤ 50% Revise  

The design factors for revised formulae are as follows: 

SCFDesign = 1.30 × SCF1st− P1 (A-27)  

SCFDesign = 1.03 × SCF1st− P3 (A-28)  

SCFDesign = 1.04 × SCF1st− P4 (A-29)  

SCFDesign = 1.25 × SCF2nd− P2 (A-30)  

SCFDesign = 1.10 × SCF2nd− P4 (A-31)  

SCFDesign = 1.25 × SCF2nd− P10 (A-32)  

SCFDesign = 1.13 × SCF3rd− P2 (A-33)  

SCFDesign = 1.18 × SCF3rd− P5 (A-34)  

SCFDesign = 1.18 × SCF3rd− P7 (A-35)  

SCFDesign = 1.35 × SCF3rd− P9 (A-36) 

E. Zavvar et al.                                                                                                                                                                                                         



Marine Structures 90 (2023) 103429

22

SCFDesign = 1.03 × SCF3rd− P10 (A-37)  

SCFDesign = 1.16 × SCF3rd− P11 (A-38)  

SCFDesign = 1.02 × SCF3rd− P13 (A-39)  

SCFDesign = 1.03 × SCF3rd− P14 (A-40)  

SCFDesign = 1.02 × SCF3rd− P17 (A-41)  

SCFDesign = 1.29 × SCF4th− P2 (A-42)  

SCFDesign = 1.20 × SCF4th− P5 (A-43)  
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