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Abstract

Circular hollow section (CHS) joints are among the most critical components in offshore jackets, often requiring
rehabilitation to maintain structural integrity. The structural stress approach, based on stress concentration factors (SCFs)
for hot-spot stress (HSS) calculations, is commonly used to estimate the fatigue life of critical structural elements such as
CHS joints. Various empirical models exist for the rapid estimation of SCF in composite-reinforced CHS joints; however,
most studies focus on SCF at the crown and saddle positions under uniplanar loading. This limitation reduces their
applicability to multi-planar loading conditions, potentially leading to the underestimation of HSS. This study investigates
the use of fiber-reinforced polymer (FRP) composites to strengthen CHS KT-joints under complex loading, focusing on
reducing SCF and improving fatigue life. A total of 5,429 finite element simulations were conducted to examine the effects
of geometric and reinforcement parameters on SCF. The simulation data were used to train artificial neural networks
(ANNS), which were incorporated into a computational tool for the rapid approximation of hot-spot stress in FRP-
reinforced KT-joints. The application of composites to CHS joints significantly reduces SCF, particularly with an increased
number of reinforcement layers, a higher elastic modulus, and an orthogonal fiber orientation to the weld toe. This study
presents a novel methodology for developing efficient models to estimate SCF in composite-reinforced CHS joints under
complex loading, addressing a key gap in fatigue design for such joints. The developed computational tool enables the
rapid calculation of hot-spot stress in CHS joints.

Keywords: Circular Hollow Section Joints; Composite Reinforcement; Stress Concentration Factors (SCF); Artificial Neural Networks
(ANN); Structural Rehabilitation; Surrogate Modelling.

1. Introduction

Tubular structures are extensively used in offshore jackets due to their high specific stiffness and low drag
characteristics [1, 2]. The structural integrity of these structures primarily depends on the performance of their tubular
joints, which are highly susceptible to fatigue damage due to stress concentration [3]. Various repair and strengthening
techniques have been explored to enhance the durability of these joints, including internal and external ring stiffeners,
gusset plates, collar plates, and mechanical clamps [4]. In recent years, fiber-reinforced polymer (FRP) composites have
gained attention as a viable rehabilitation method due to their high strength-to-weight ratio, corrosion resistance, and
ease of application [4, 5]. While composite reinforcement techniques have been acknowledged in ASME PCC-2 [6] and
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ISO 24817 [7] as effective repair methods, their impact on stress concentration factors (SCFs) in tubular joints, a critical
parameter in fatigue life assessment using the structural hot-spot stress (HSS) approach [8], remains insufficiently
quantified, limiting their integration into structural design codes.

Several studies have investigated SCF reduction in CHS joints through composite reinforcement. The first article on
this topic was published by Sadat Hosseini et al. [9] in 2019. Since then, within a relatively short period, various
researchers have contributed to this field. These articles have been critically analyzed and listed in chronological order
in Table 1. The primary focus has been on the numerical and experimental investigation of SCF reduction in various
types of CHS joints (T/Y, K, X, TT, and KT joints) reinforced with composites. Most studies have examined a specific
planar load type (axial compression, in-plane bending (IPB), or out-of-plane bending (OPB)) and have used simplified
load configurations. While several studies target T/Y joints, fewer focus on more complex geometries such as KT and
DKT joints. Given the identified research gap, it was essential to select a frequently encountered joint type, such as KT-
joints, for investigation. Notably, KT-joints are among the most complex of the composite-reinforced joints studied.

Table 1. Literature on SCF in Composite-Reinforced CHS Joints in Chronological Order

S. No. Reference Joint type Load type/direction
1 Sadat Hosseini et al. [9] TY IPB, OPB
2 Sadat Hosseini et al. [10] TY Axial compression, IPB, OPB
3 Tong et al. [11] K Balanced axial load
4 Xu et al. [12] K Balance axial load
5 Sadat Hosseini et al. [13] TY Axial compression
6 Nassirian et al. [14] TY Axial compression
7 Hosseini et al. [15] TY Axial compression
8 Nassiraei et al. [16] TY IPB
9 Nassiraei et al. [17] TY OPB
10 Sadat Hosseini et al. [18] KT Axial loads on all braces
11 Nassiraei et al. [19] X OPB
12 Nassiraei et al. [20] X OPB
13 Zavvar et al. [21] KT IPB, OPB on all braces
14 Nassiraei et al. [22] X Axial compression, IPB, OPB
15 Xu et al. [23] TT Axial tension
16 Mohamed et al. [24] K Balance axial load
17 Mohamed et al. [25] TY Axial compression
18 Sadat Hosseini et al. [26] TY IPB, OPB
19 Zavvar et al. [27] DKT Axial loads on all braces
20 Mohamed et al. [28] TY IPB, OPB
21 Rashnooie et al. [29] TY 1PB
22 Zavvar et al. [30, 31] DKT Axial loads on all braces
23 Rezadoost et al. [32] TY OPB

Hosseini et al. [18] investigated KT-joints under three configurations of brace axial loading using 1,458 finite
element (FE) simulations in ABAQUS. This study was the first to examine the composite reinforcement of KT -joints.
A parametric study was also carried out, but the results were comparable to those of Sadat Hosseini et al. [9, 10, 13] for
T/Y joints. It was reported that the SCF decreases with increasing brace inclination angle (8) and increases with a rise
in y and 7. The effects of various configurations of glass fiber-reinforced polymer (GFRP) and carbon fiber-reinforced
polymer (CFRP) reinforcement on SCF at specific positions of KT-joints were studied, and empirical models were
developed. This study proposed thirty-eight parametric equations for determining SCF at the crown, saddle, heel, and
toe of KT-joints subjected to axial loads on all braces.

Similarly, Zavvar et al. [21] investigated composite-reinforced KT-joints under bending loads. They simulated 2,920
FE models of composite-reinforced KT-joints under IPB and OPB in ABAQUS. Thirty-eight parametric equations were
proposed for determining SCF at the crown, saddle, heel, and toe of KT-joints subjected to IPB or OPB loading on all
braces. These parametric equations for determining SCF at the crown for IPB and at the saddle for OPB in composite-
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reinforced and unreinforced KT-joints represent a significant contribution. A sensitivity analysis was conducted for KT-
joints under IPB and OPB. It was found that increased reinforcement thickness and elastic modulus significantly
enhanced the effect of composite reinforcement when subjected to IPB. Similarly, the reinforcement effect was more
pronounced for high g and y, while the impact of t depended on the type of loading. On the other hand, for KT-joints
under OPB, the effect of reinforcement thickness and elastic modulus was similar, but the impact of g and 7 was
minimal. The brace inclination angle affected the SCF under IPB but had little influence under OPB.

When a joint is under multiaxial load, the location of maximum SCF, referred to here as peak HSS, can vary
anywhere between crown and saddle positions, depending on the directions and magnitude of load components. Many
practical load scenarios involve multiaxial loads (also referred to as multi-planar loads), for which the SCF (and HSS)
and crown and saddle may not be sufficient for fatigue life estimation. Consequently, parametric models that can
estimate the SCF in composite-reinforced joints are required for complex load situations. However, examining all
available literature on CSF in composite-reinforced CHS joints, it was found that none of these joints have been
investigated under combined load conditions. This essentially indicates that the optimal orientation and empirical models
for combined-loaded joints remain unexplored.

When a joint is subjected to multiaxial loading, the location of the maximum SCF, referred to here as peak HSS, can
vary anywhere between the crown and saddle positions, depending on the direction and magnitude of the load
components [33]. Many practical load scenarios involve multiaxial loads (also referred to as multi-planar loads), for
which SCF (and HSS) at the crown and saddle alone may not be sufficient for fatigue life estimation. Consequently,
parametric models capable of estimating SCF in composite-reinforced joints under complex loading conditions are
required. However, after reviewing all available literature on SCF in composite-reinforced CHS joints, it was found that
none of these joints have been investigated under combined loading conditions. This highlights the fact that the optimal
reinforcement orientation and empirical models for combined-loaded joints remain unexplored.

This study investigates an alternative MATLAB-based computational approach for GFRP-reinforced KT-joints. A
surrogate modeling approach is employed, comprising finite element analysis (FEA) for data generation and artificial
neural networks (ANNS) for developing predictive functions capable of rapidly estimating SCF/HSS. Unlike previous
studies, which focused solely on the crown and saddle positions, this study examines SCF across the entire brace axis.
Since SCF is typically higher at the central brace interface than at the inclined brace interface [34], only the chord-
central brace interface is considered. Load is applied to the central brace of the joint [35]. Extensive FE simulations
were conducted, generating approximately 1,465 models based on geometric parameters (3, y, t, 6, and {) and FRP
reinforcement parameters (n and Q). ANNs were used to develop empirical models for SCFs in both unreinforced and
reinforced joints. The accuracy and effectiveness of the empirical models were rigorously validated through FEA and
experimental testing.

This study investigates alternative MATLAB code/functions for GFRP-reinforced KT-joint. A surrogate approach
comprising FEA for data generation and ANN for developing functions that can estimate SCF/HSS rapidly. Unlike
previous studies, which focused solely on the crown and saddle position, this study investigates SCF all around the brace
axis. Since SCF is usually higher at the central brace interface than the inclined brace interface braces, only the chord-
central brace interface is considered. Load is applied on the central brace of the joint. Extensive finite element (FE)
simulations were conducted, generating approximately 5,429 models based on geometric parameters 8,y, t, 8 and ¢ and
FRP reinforcement parameters n and Q. ANNs were used to develop surrogate models for SCFs in both unreinforced
and reinforced joints. The accuracy and effectiveness of the empirical models were rigorously validated through FEA
and experimental testing.

2. Methodology

This research is primarily based on numerical simulations using FEA, with the FE model validated through existing
literature and experimental data. The KT-joint geometry was defined as a function of dimensionless parameters to
simulate a wide range of designs and develop generalized empirical expressions. These parameters were based on those
used in the literature to represent a wide range of design configurations [27]. These parameters are defined in Equations
lto7.

B =d/D ()
y=D/2T O]
t=t/T ?3)
a=2L/D 4
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¢=g/D ®)
n= Efrp/Esteel (6)
Q= trFrRP/Tchord (7)

where D is chord diameter, d is brace diameter, T is thickness of chord wall, t is thickness of brace wall, L is length of
chord, g is gap between braces at chord surface, E,,., is elastic modulus of steel (base joint), Ef,,, is elastic modulus of
reinforcement, and tzxp is thickness of reinforcement.

A typical uniplanar KT-joint consists of one chord and three braces. Loads are primarily transferred from the brace
elements to the chord, and the chord transfers these loads to piles and foundations. The chord usually has a larger
diameter and thickness than the braces. CHS elements with huge and tiny diameters are unusual for structural
applications. As these structural members are generally fabricated through the cold rolling of sheets, large thicknesses
can induce severe residual stress, which is unacceptable. At the same time, minimal thicknesses may require tight
tolerances and can cause welding issues. The chord length should be more than four times the chord diameter to avoid
the effect of end conditions [36]. Based on these practical considerations, the typical range of various parameters has
been identified [36-41] and listed in Table 2.

Table 2. Range of parameters used to define composite reinforced KT-joint

Type of parameters Parameters Range Reference / Source
t=t/T 0.3-0.7 ARSEM [38]
y=D/2T 12-20 ARSEM [38]
Dimensionless a=2L/D 5-40 Smedley & Fisher and API [37, 39]
Geometric Parameters 8 =d/n 0408 ARSEM [38]
o5 AMMCOD sl stk o)
Inclined brace angle, 6 30-75° ARSEM [38]
Gap between central and inclined brace, g 50-100 (mm) Ahmadi (2019) [41]
Brace thickness (all), t 3-10 (mm) Manufacturing limit (assumption)
Geometric Parameters Chord thickness, T 3-10 (mm) Manufacturing limit (assumption)

Chord length, L

1800-3000 (mm)

Amaxs Dmaxs Qmin, and D1y, and Moffat et al. [36]

Brace diameter, d 80-320 (mm) Brmax» Dmin» @nd Dy
Chord diameter, D 200-400 (mm) D >150 [37], Ymax @Nd Trrax
Steel (chord/brace) Young's modulus, E; 211 GPa Zhang et al. [44]

Reinforcement

Young's modulus of FRP, Ej,., 21-204 (GPa) Minimum: GFRP [45], Max: BFRP [46]

Parameters
Thickness of FRP, tf,, 0-5 (mm) Min = no. reinforcement, Max=assumed half of D,
Dimensionless Q = Efrpy/Esteer 0.10-0.96 Derived based on Ey,, and Eee
Reinforcement
Parameters N =tep/T 0-0.8 Derived based on t;,, and T

A set of possible design configurations was developed based on the geometric and reinforcement parameters
D,d,T,t,0,g,Esy, and tg,. Ten equidistant values were assigned to each variable. These eight sets were used to derive
all the possible design points. This initial dataset of 108 design points included configurations that exceeded the range
specified for dimensionless design variables. This dataset was filtered based on the defined range of dimensionless
parameters to exclude the out-of-range design points.

The obtained dataset was still large (3.51 x 10%), and simulating all these datasets would have taken too much time;
hence, it needed to be reduced for simulations. Additionally, the developed empirical models needed to be equally
representative of the entire range and not biased toward design points concentrated at one end. The final dataset for
simulating in ANSY'S was chosen by defining a pre-set number of equidistant designs, namely the first, the last, and the
remaining equidistant points in between. This ensures that a representative sample of the entire design space is selected
for simulation. A MATLAB code was written for efficiency. A parametric model of the KT-joint was simulated for
various sizes covering the defined range of all parameters. Simulation results were used to train an ANN and develop
empirical equations. These models were also validated experimentally. This methodology is similar to Sadat Hosseini
etal. [18] and Zavvar et al. [21], with different tools used and load configuration focused. This methodology is illustrated
in Figure 1 and discussed in the following sections.
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( Start h Define composite reinforcement for
Define range of dimensionless parameters the joint (parametric)
Define range of geometric parameters ¢
Design range of composite reinforcement parameters
Define number of design points to be simulated Investigate the effect of
\ i S/ composite reinforcement on SCF
~ |
Generate design points based on geometric and 1' Increase
: X the number of
\ composite reinforcement parameters l Define artificial neural networks design points

Filter design data set based on
dimensionless parameters

Drop out-of-range Train the artificial neural networks

data points Error exceed 0.01 and

coefficient of performance
is below 0.99

Select data point

within range Error is less than 0.01 and coefficient of

performance is greater than 0.99

Model and discretize the joint
geometry (parametric)

Export weights and bias and develop
‘L g equations for determining SCF
‘ !
Simulate the joint -
Numerical validation of developed
l equations

\

Investigate the effect of load direction l
and multi-planar nature

| Experimental validation

|

Conclusions and reporting of results

Figure 1. Methodology of investigating SCF in composite-reinforced CHS joints

2.1. Geometry Modeling

The geometry of a gapped KT-joint was modeled using the Design Modeler module of ANSYS Workbench. The
geometry was defined as a function of geometric parameters D, T, d, t, 6 and L. These variables are depicted in Figure
2. All braces were assumed to have equal diameter and thickness, lying within the same plane. Additionally, the inclined
braces were deemed symmetric to the orthogonal plane passing through the axis of the central brace.

Inclined brace ! ddl
y=2 Extrapolation ! Saddle
T points for I
_t
=% Central brace \ hot-spot
B = % stress
= % A Crown
q=2 \
D _
o L 27
€ Esteel
— _tFRP
n Tenora

A

F} Section A-A
Figure 2. Circular hollow section KT-joint
The KT-joint was expressed as a function of dimensionless parameters commonly used in literature to ensure the
generalizability of the developed empirical model across a broad spectrum of design configurations. A range was

assigned to each input variable based on industry practices [47]. Various design points were generated, covering the
entire range, and executed in MATLAB.
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2.2. Meshing

Solid elements were used for meshing. The joint was divided into multiple sections and meshed with different mesh
densities, ensuring a fine mesh at the interface region. The relative sizing was determined based on practical
considerations, and then a scaling factor was incorporated into all sizing controls for mesh sensitivity analysis. Once a
mesh-independent FE model was generated, it was optimized to reduce the computational time. A 10% reduction was
applied to the control factor in each iteration, leading to the generation of a mesh with fewer elements and nodes.
Subsequently, this new FE model was simulated, and the percentage difference in SCF for every 24 points along the
weld toe was determined. Mesh independence was assessed by the difference in SCF, with a below 5% difference
assumed acceptable.

Given the requirement to simulate various KT-joint designs in this study, ensuring that the mesh independence
remains valid for the entire range was crucial. The validation process was repeated for three geometric designs,
representing typical minimum, intermediate, and maximum sizes. Multiple FEM iterations were carried out, and sizing
controls were established to generate a mesh-independent model throughout the range. These controls generate different
numbers of elements depending on the size spectrum. Figure 3 shows the mesh independence for varied sizes of KT-
joint, demonstrating the relationship between the mesh control factor (defined as a dividing factor for various sizing
controls) and mesh sizes. Finally, a control factor of 0.8 was selected based on these plots. A typical KT-joint that has
the dimensions as per the drawing given in Ahmadi & Zavvar [48], when meshed using these finalized controls, resulted
in 223,630 elements, which is illustrated in Figure 4.

Mesh sensitivity (D=325, d=133, T=10, t=6, L=2000, theta=45) Mesh sensitivity (D=225, d=100, T=6, t=4, L=1800, theta=40) Mesh sensitivity (D=400, d=320, T=10, t=3, L=2400, theta=525)
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Figure 3. Mesh sensitivity analysis
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Figure 4. Meshed model
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2.3. Validation of the Finite Element Model

The FE model of KT-joint was validated using the numerical and experimental results available in Ahmadi et al.
[49]. The dimensions of KT-joint used for validation are shown in Figure 5-a. As illustrated in Figure 5-b, the maximum
difference between the current and literature FE model is less than eight percent. However, a 15% difference was
observed when compared to the experimental results from the literature, indicating potential undocumented details in
the experimental setup. These omitted details likely contributed to a similar difference between the experimental model
and the FE model of literature.

Di

©=0.60, 7= 1625 =041, =031, a= 1231 6.00
N 5.00
7 wl ]
B l1330] 3
o ] b & 4.00
260.5 ws LSS e - weveeees Simulation N
00 100 i _
300 " Experimental (literature)
- = Numerical (literature)
\ / =
“ 1000.0 1000.0 “ 2.00
0 30 60 90 120 150 180
- 2000.0 ®) Angle (degree, starting from the crown point)
a,

Figure 5. Validation of the numerical model with literature results: (a) geometry of the joint (b) SCF [48, 49]

To further validate the numerical model, experimental testing was conducted on a scaled-down KT-joint. The
experimental setup is shown in Figure 6. Figure 7-a presents the geometric details of the joint tested, while Figure 7-b
compares the experimental SCF with that determined from the numerical model for the joint. The difference between
the numerical and experimental SCF was less than 5 percent, which is considered acceptable. The detailed procedure
for SCF determination is explained in the following section.

« 100 > i 45
N\ Inclined — —e—SCF-Experimental
. brace Vbl a.22 200 - SCF-FEA
Pl -4.0
Central bra;i‘(: ! ;. 1441
v "
i g 3s
|
200 7 " 50
| ! v -30
R R .
e 240 25
ey = e e e ——————————— 0 30 60 90 120 150 180 210 240 270 300 330 360
Angle (starting from crown point)
(@) 6 f¢ (b)

Figure 7. Experimental validation: (a) joint geometry (b) SCF
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2.4. SCF Calculation

The commonly used nominal stress approach, covered in the structural design codes, e.g., IW [50] and Eurocode
[51], is simple; however, determining nominal stress for complex geometries is challenging for complex joints and loads
[52]. Furthermore, this approach ignores the effect of geometric variation at the interface [52]. Local stress-based
approaches have been developed and applied to address these limitations [50-54]. The concept that fatigue strength is
related to stress or strain field near the weld toe was discovered in the 1960s [55]. This concept is used in the hot-spot
stress (HSS) approach.

The HSS approach accounts for the factors causing stress concentration at the anticipated crack initiation site while
excluding the local non-linear stress peak caused by the notch at the weld toe; thus, it avoids the shortcomings of the
nominal stress approach and is computationally less demanding than other local stress approaches [52]. HSS considers
the geometric dimensions of the joint and ignores the stress peak caused by the notch at the weld toe with the notch
effect included in the experimental S-N curve. The exclusion of the notch effect is reasonable because the exact geometry
of the weld may not be known at the design stage [52, 56].

The W recommendations for determining the HSS are based on the extrapolation of surface stress [56]. The
reference points for extrapolations are selected as close as possible to the weld toe but outside the region affected by the
weld toe singularity. IIW recommends distances of 0.4 and 1.0 times the chord thickness, T, from the weld toe [56].
SCF is determined using the HSS and nominal stress, as per Equation 8. The HSS is determined through linear
extrapolation, as outlined in Equations 9 to 11 and illustrated in Figure 8.

SCF =i ®
HSS =0, + ("1A;2"2)A1 €)
Ay = (1 = x)? + (1 = ¥)? + (2 — 2)? (10)
By = 0 — %)% + (2 = ¥1)? + (22 — z1)? (11)

Stress amplification due to weld geometry

Hot-spot stress

Surface stress —__

Brace
o

Linear extrapolation of surface stress -___

Nominal stress

Arbitrary reference

Figure 8. Hot-spot stress extrapolation at the weld toe [56, 57]

The HSS determined is utilized with the S-N curve for the fatigue life estimation. The stress magnitudes at reference
points 1 (a,) and 2(a,) are crucial parameters in this determination, illustrated in Figure 8. Global coordinates (x, y, z),
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(x1,¥1,21) and (x5, ¥, z,) correspond to the weld notch and reference points, respectively. The position of these points
is contingent upon the chord diameter, chord thickness, brace diameter, and brace thickness.

2.5. Composite Reinforcement

Composite reinforcement was used to strengthen the brace-chord interface. The reinforcement length has a negligible
effect on SCF once a minimum length is reached [12]. The composite reinforcement was meshed with shell elements,
as shown in Figure 4-b. The reinforcement layup was defined using ANSYS ACP (ANSY'S Composite Pre/Post module).
The joint and reinforcement material interface was assumed to be a perfect bond [13, 58]. Linear elastic steel properties
were assigned to the joint, while the reinforcement material properties were defined as a variable. The FRP materials
used for structural applications have orthotropic properties. Depending on the fiber architecture, FRP can be
unidirectional, bidirectional, or tridirectional. It was found that unidirectional FRPs are the optimal choice for the
reinforcement of tubular joints [12]. These simple yet structurally strongest unidirectional FRPs are the focus of this
study.

Elastic modulus in fiber direction has the most prominent effect of SCF on the reinforced joint and can be used to
decide the need for joint reinforcement [18, 21]. The ratio of elastic modulus of composite reinforcement material in the
fiber direction to the base joint material was introduced as a parameter, Q. The range of modulus ratio was selected to
cover commonly used composite materials, given in Table 3.

Table 3. Mechanical properties of FRP materials [10, 59, 60]

Mechanical BFRP Glass/vinyl Glass/ epoxy S-glass/ Aramid/ epoxy Carbon/ epoxy  Carbon/ epoxy Boron/
properties ester (Scotch ply 1002)  epoxy (Kevlar 49/epoxy) (T300-5208) (AS/3501) epoxy
E,(GPa) 17.8 28 38.6 43 76 132 138 204
E,(GPa) 1.25 7 8.27 8.9 55 10.8 8.96 185

V1y 0.15 0.29 0.26 0.27 0.34 0.24 0.3 0.23
G,,(GPa) 5.4 45 414 45 2.3 5.7 71 5.59
G,3(GPa) 54 45 4.14 3.18 2.3 5.7 7.1
G,5(GPa) 52 2.54 3.1 3.18 2.01 34 2.82

A second parameter was introduced to incorporate the amount of FRP materials used for reinforcement as the
reinforcement thickness. If the inter-layer state of stress and strain are not considered, the total thickness can be modeled
as a single layer to get a macroscopic response only. The unidirectional composite reinforcement was defined as a single
layer and its thickness as a parameter. The upper limit for FRP reinforcement was defined as half of the maximum chord
thickness, i.e., Teporq = 10 mm, Ty, = 5 mm. The thickness parameter was expressed as the ratio of FRP thickness to
the chord thickness, denoted by 7.

2.6. Loading and Boundary Conditions

The boundary conditions of chord ends range from pinned to fixed and can be considered as a fixed condition [61].
Both ends of the chord and inclined braces were fixed, with the load applied on the central brace of the tubular KT-joint,
as illustrated in Figure 9. Linear elastic analysis was carried out, as recommended by N'Diaye et al. [62]. The SCF is
independent of the magnitude of the applied load [33]; hence, any magnitude of load could be used. The applied load
was chosen so that the material remains within the elastic limit [63]. A load of 30 MPa was used in axial load cases,
which was determined using Equation 12. The bending load (IPB and OPB), equivalent to 30 MPa bending stress at the
chord-brace interface, was applied and calculated using Equation 13.

o, =F/A (12)
o, = 32dM/[d* — (d — 2t)*] (13)
where F is applied load (denoted as C for compression and T for tensile in Figure 9), A is cross-sectional area of the

central brace, d is diameter of brace, M is bending moment (denoted as IPB and OPB in Figure 9), and t is thickness of
brace.
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Figure 9. Loadings: (a) axial compression (b) axial tension (c) in-plane bending (iv) out-of-plane bending

2.7. Empirical Modeling of SCF using ANN

The conventional approach of experimental investigation has been replaced with simulations, notably FEA.
However, FEA can be time-consuming and resource-intensive. Various empirical modeling techniques are employed to
develop equations for tubular joints' rapid fatigue life estimation. It has been identified that ANN can offer greater
accuracy than conventional approaches in developing such empirical models [64, 65]. This study used ANN to develop
mathematical models for determining SCF in FRP-reinforced KT-joint. The ANN model was configured with
dimensionless parameters defining the joint geometry, reinforcement as input, and SCF along the weld toe as output. A
hidden layer with multiple neurons was defined between the input and output. The tangent-sigmoid transfer function
was used to transfer the input to the hidden layer, and the linear transfer function was used for the hidden to the output
layer. This model was trained using FEA data. A supervised learning algorithm, the "Levenger Marque algorithm ", was
used to train ANN. This algorithm is particularly suitable for only a few thousand training points. The threshold limit
for training was set as 0.01 for mean square error (MSE) and 0.999 for coefficient of determination (R?). The weights
and biases of the best epoch were used to express the trained function as a matrix equation. These developed functions
and equations, combined with the principle of superposition, can be used to determine the SCF along the weld toe for
any input joint parameters (Figure 10).

Input
_D
V=7 Hidden layer
T=1 _
d Each input Output
B =7 has a weight
=4 (D) SCF at every
b for each » 15" about
a= % neuron. the axis of
central
S] Each neuron brace
€= Efrp has a bias
Esteel (Bi)-
— _tFRP
Tehord

Figure 10. Black-box view of the developed ANN Architecture

3. Results and Discussion

KT-joints reinforced with various levels of the composite were simulated under axial, IPB, and OPB loads applied
to the central brace. The SCF response around the weld was determined at every 15°. The elastic modulus was
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incorporated into the developed models as the ratio of FRP modulus to steel modulus, while thickness was incorporated
as the ratio of reinforcement thickness to chord thickness. Multiple combinations of orientations were evaluated, and
the optimal orientation was found to be dependent on the applied load. Since the SCF is typically highest at the chord-
central brace interface of the KT-joint, this area was specifically analyzed for the three planar load cases. The results
showed that composite reinforcement significantly reduced the SCF and hot-spot stress (HSS). The elastic modulus in
the fiber direction, thickness, and reinforcement orientation were the key parameters influencing this effect. A greater
reinforcement thickness results in a higher reduction in SCF. Similarly, an increase in the elastic modulus of the
reinforcement also leads to a greater reduction in SCF. The optimal reinforcement orientation varied based on the type
of applied load. For an IPB load, the best orientation was along the chord axis, whereas for axial and OPB loads, the
optimal direction was along the hoop direction of the chord, as shown in Figure 11. The axial load case exhibited quarter
symmetry, whereas IPB and OPB demonstrated half symmetry.

Central brace \ Chord \

(b)

Figure 11. Effective direction of FRP for reduction of SCF: (a) Axial tension/compression (b) IPB (c) OPB [65]

For multi-planar loading, where the applied load has components in axial, IPB, and OPB directions, the optimum
reinforcement direction depends on the load distribution. For a typical KT-joint subjected to OPB and axial loads on the
central brace, the peak HSS always occurred at the saddle. However, when the joint was subjected to simultaneous
bending and axial loads, both the peak HSS location and the optimum reinforcement orientation varied with the relative
magnitudes of the load components. A detailed discussion on the optimal reinforcement orientation in CHS joints under
complex loading conditions is provided in Igbal et al. [65]. The peak HSS could be determined using the developed
surrogate models and the principle of superposition. It was observed that the optimal reinforcement direction always
remained orthogonal to the weld toe, but its orientation varied around the axis of the central brace depending on the
applied load. The position of peak HSS dictated the optimal reinforcement orientation. Wrapping the reinforcement
around the chord-central brace interface ensures that the FRP remains orthogonal to the weld toe, which maintains
optimal reinforcement direction for any load and reduces the risk of reinforcement detachment from the joint. For zones
away from the interface, the load is primarily axial (in the brace) or bending (in the chord). The optimum reinforcement
direction in various zones, which offers the maximum SCF reduction for all load types (axial, IPB, and OPB), was
applied in all simulations, as shown in Figure 12.

Figure 12. Reinforcement zones and orientation of unidirectional FRP
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The FEA data, generated through 5,429 simulations, was used to develop empirical ANN-based models for
predicting SCF in FRP-reinforced KT-joints subjected to any central brace load. These models take the ratio of FRP
modulus to steel modulus and the ratio of FRP thickness to chord thickness as inputs, along with dimensionless
geometric parameters. The models, in conjunction with the principle of superposition, enable the determination of HSS
in FRP-reinforced joints subjected to complex loading conditions. The developed models were validated using detailed
FEA for both uniplanar and multi-planar (complex) load cases. A typical KT-joint was modeled based on Ahmadi et al.
[48] and simulated for validation. The unreinforced joint was labeled "1", while joints reinforced with composite
thicknesses of 0.5, 1, 2, 3, 4, and 5 mm were labeled "2" to "7", respectively, in Figures 13 to 16. These joints were
simulated using FEA and compared to SCF values predicted by the ANN-based surrogate models. The differences were
4.1%, 6.1%, 1.7%, and 8.0% for axial tensile, axial compressive, IPB, and OPB cases, respectively. These minor
differences highlight the high accuracy of the developed models in SCF prediction.
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Figure 13. Comparison of SCF in KT-joint under axial tension
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Figure 14. Comparison of SCF in KT-joint under axial compression
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Figure 15. Comparison of SCF in KT-joint under IPB
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Figure 16. Comparison of SCF in KT-joint under OPB

The sign of SCF is dependent on the nature of the applied load. Axial tension results in positive SCF, while axial
compression leads to negative SCF. IPB and OPB generate both tensile and compressive stress concentrations of equal
magnitude, as depicted in Figures 15 and 16. The SCF sign must be maintained as it directly affects HSS. A more
detailed discussion on this is available in Igbal et al. [33]. The peak HSS is used for fatigue life assessment using the S-
N curve. The empirical models developed for SCF estimation under uniplanar loads can be extended to estimate
combined HSS for composite-reinforced KT-joints under multi-planar loading. By superimposing the HSS values
obtained from uniplanar loads at 24 positions along the weld toe of the brace-chord interface, the combined HSS can be
estimated. This combined HSS is used to determine the peak HSS, which, when used in conjunction with the S-N curve,
allows for fatigue life estimation.

A MATLAB code was developed to automate this process. The code takes dimensionless parameters and loading
information as inputs and outputs the HSS along the weld toe, including the peak HSS for use with the S-N curve. An
example of the output plot generated by this code is shown in Figure 17. This plot illustrates the HSS distribution under
30 MPa axial tension, IPB, and OPB simulated loads, along with the combined HSS from their simultaneous effect. For
individual axial compression and OPB, the peak HSS occurred at the crown, while for IPB, it was 15 degrees from the
saddle point. When all three loads were applied simultaneously, forming a tri-planar loading condition, the peak HSS
shifted to 288 degrees from the reference crown point. Additionally, the combined peak HSS magnitude was higher than
that observed under individual loads, demonstrating the efficiency of the developed MATLAB code in estimating peak
HSS rapidly and accurately.
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Figure 17. representative HSS plot for KT-joint under simultaneous axial, IPB, and OPB using the developed code
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The only available published results for comparison were from Ahmadi & Zavvar [48], which included both
simulation and experimental data for a KT-joint under axial compression, reporting a maximum difference of 15.9%, as
shown in Figure 18. The results obtained from the developed FE model and ANN-based equations closely matched the
FEA-based results of Ahmadi and Zavvar et al. [48], with a maximum percentage difference of 1.8% and 2.6%,
respectively. The maximum difference between the developed models (FE and ANN-based) and experimental results
was 16.2% and 16.8%, respectively. These discrepancies are likely due to unreported details in Ahmadi et al.'s
experimental setup, such as dimensional precision and strain measurement techniques. Consequently, these differences
are considered reasonable.
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Figure 18. Validation of developed models through results of Ahmadi & Zavvar [48]

The experimental setup shown in Figure 19 was used to validate the surrogate model for axial compression. Figure
19-b presents the strain recorded from 48 strain gauges positioned at 24 stations along the weld toe, with two gauges per
station used for linear extrapolation. Figure 19-b compares the SCF results. The maximum SCF difference obtained
from the empirical model was approximately 15%, which falls below the 25% limit set by the UK Department of Energy
and is thus deemed acceptable.
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Figure 19. Validation of the empirical models (a) strain recorded (b) SCF comparison
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4. Conclusion

This research investigated the reduction of stress concentration factors (SCFs) in composite-reinforced circular
hollow section (CHS) KT-joints under multi-planar loading conditions using fiber-reinforced polymer (FRP)
composites, an evolving rehabilitation technique. The application of FRP composites significantly reduced SCF, thereby
enhancing fatigue life. The effectiveness of this reduction depended on the elastic modulus in the fiber direction,
thickness, and orientation of the reinforcement. The optimal fiber orientation was found to be orthogonal to the weld
toe. This can be achieved by wrapping the reinforcement around the brace while ensuring that the fibers remain
orthogonal to the weld toe. Additionally, empirical models were developed to predict SCF in FRP-reinforced KT-joints.
These models calculate SCFs at 24 positions along the weld toe, capturing the peak hot-spot stress (HSS) with a
sensitivity of 15°. The peak HSS and the optimal reinforcement orientation were found to be coplanar. In combination
with the principle of superposition, these models can determine both the location and magnitude of peak HSS as well as
the optimal reinforcement orientation. The peak HSS obtained is then used in conjunction with the S-N curve for fatigue
life estimation, similar to unreinforced tubular joints. The maximum difference in SCF between the developed models
and finite element analysis (FEA) was found to be below 8%, while the difference between the developed models and
experimental results was less than 15%. Future work includes further experimental validation.
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