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Abstract: Tubular structures are critical in renewable energy and offshore industries but face
significant loads over time, leading to joint degradation. Carbon fiber-reinforced polymers
(CFRPs) offer promising rehabilitation solutions, yet existing studies often overlook stress
concentration factors (SCFs) along the weld toe. This study examines SCFs at 24 weld toe
positions in CFRP-reinforced KT-joints under axial compression. Using 5429 simulations
and artificial neural networks, precise estimations of CFRPs’” impact on SCFs were achieved,
with <10% error. These findings demonstrate CFRPs’ potential to reduce SCFs and improve
fatigue life prediction for tubular joints under axial compression.

Keywords: stress concentration factors (SCFs); carbon fiber-reinforced polymers (CFRPs);
KT-joints; axial loads; hot-spot stress (HSS)

1. Introduction

Circular hollow section (CHS) profiled structures are widely used in civil and off-
shore applications. These structures offer high specific strength, stiffness, and direction-
independent structural responses [1]. Given their typically long service life and the dynamic
nature of the loads that they are subjected to, fatigue strength is the primary design param-
eter. Over time, the repair or rehabilitation of these structures is required, especially for
critical sections such as tubular joints, which are the connection points between two or more
CHS members [2]. Similarly, design requirements are sometimes revised, necessitating the
reinforcement of critical structural segments to meet updated load requirements. Reinforce-
ment is also essential to extend the design life of structures that continue to operate beyond
their service life. For example, numerous oil and gas rigs are used well beyond their design
life to maximize profits [3].

While nominal member stresses may remain within allowable limits, the geometric
variation at the tubular joint causes unequal deformation, and the presence of a weld notch
leads to considerable stress amplification [4]. This behavior is illustrated in Figure 1. This
phenomenon makes CHS joints the most critical component of tubular structures.
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Figure 1. Stress behavior at a CHS joint.

When a joint in a structure deteriorates or faces load demands exceeding its design
capacity, a serviceability assessment becomes essential. This assessment often involves
visual inspection, metrology, finite element analysis (FEA), and reviewing design doc-
uments [5]. While minor defects can sometimes be mitigated through temporary load
reductions, these adjustments are short-term until scheduled maintenance allows for per-
manent rehabilitation [6]. Although replacing a CHS joint can restore structural integrity,
it is rarely pursued due to logistical complexities, including accessibility and machinery
requirements [7]. Traditional methods for strengthening tubular joints include welded steel
collars, internal sleeves, and grouted connections. These methods offer unique benefits but
have certain limitations in terms of durability, adaptability, and fatigue performance. For
instance, welded collars enhance joint rigidity but risk introducing stress concentrations.
Similarly, internal sleeves and grouted connections, though structurally robust, can be
difficult to install, especially in offshore or remote locations [8].

Composite reinforcement has gained prominence due to its enhanced fatigue resis-
tance, weight reduction, and long-term durability. Studies have shown that fiber-reinforced
polymer (FRP) composites significantly improve the fatigue life of CHS structures by dis-
tributing stress more uniformly, thereby extending service life under cyclic loading [9,10].
Composite materials can be tailored to meet diverse strength and stiffness requirements,
enabling their application in intricate profiles even in areas with limited accessibility, with-
out the need for extensive inventories of repair materials [11]. Additionally, composite
reinforcement offers advantages over welded stiffeners, including enhanced safety, on-site
applicability without hot work, and suitability in high-temperature or underwater envi-
ronments [12]. Its versatility in adapting to complex shapes and ease of on-site application
make it an ideal choice for critical infrastructure, including offshore platforms and bridges.

The stress concentration factor (SCF) is a critical parameter used for fatigue life as-
sessment via the structural hot-spot stress (HSS) approach, and various studies confirm
composite reinforcement’s efficacy in extending the fatigue life of CHS joints through SCF
reduction [2]. These studies are listed in Table 1. However, most of the existing SCF models
for composite-reinforced joints often fall short in predicting SCFs under multiplanar loads,
which are common in real-world conditions, and are generally limited to specific joint
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types [13]. Among these joint types, KT-joints are one of the most frequently used in off-
shore and civil structures due to their ability to accommodate multiple braces converging
at different angles. Despite their importance, KT-joints remain relatively underexplored
compared to simpler joint configurations such as T-, Y-, and X-joints. The multiplanar
load paths and complex brace interactions in KT-joints result in highly non-uniform stress
distributions, which existing SCF models fail to predict accurately. This gap necessitates
further investigation to develop reliable SCF models specifically tailored to KT-joints, ensur-
ing accurate fatigue life assessment and structural rehabilitation strategies. This research
addresses these gaps by investigating SCF behavior under various loading scenarios in
composite-reinforced KT-joints.

Table 1. Composite reinforcement of CHS joints.

Reference Joint Type Nature of Investigation
Hosseini et al. [14] T/Y Numerical and experimental
Tong et al. [15] K Experimental
Xu et al. [16] K Numerical and experimental
Hosseini et al. [17] T/Y Numerical and experimental
Nassirian et al. [18] T/Y Numerical
Hosseini et al. [19] T/Y Numerical
Hosseini et al. [20] KT Numerical
Nassiraei et al. [21] X Numerical
Xu et al. [22] TT Numerical and experimental
Mohamed et al. [23] K Numerical
Mohamed et al. [24] T/Y Numerical
Zavvar et al. [25] DKT Numerical
Zavvar et al. [26] DKT Numerical
Igbal et al. [27] KT Numerical

2. Methodology

This research is based on numerical simulations using FEA. A parametric model of the
KT-joint was simulated for various sizes covering a defined range. The simulation results
were used to train an ANN and develop empirical equations. 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 [25]. These parameters are
provided in Equations (1)—(7).

B=d/D )
y=D/2T ()
T=t/T @3)
a=2L/D (4)
{=g/D (5)

11 = Efrp/ Esteel (6)
€ = trrp/ Tenora (7)

where
D = chord diameter
d = brace diameter
T= thickness of chord wall
t = thickness of brace wall
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L =length of chord

g = gap between braces at chord surface

Esteer = elastic modulus of steel (base joint)

Ef,p = elastic modulus of reinforcement

trrp = thickness of reinforcement

A typical uniplanar KT-joint comprises one chord and three braces, as shown in
Figure 2. Loads are usually transferred from the brace elements to the chord, and the
chord transfers these loads to piles and foundations. Based on the practical considerations,
the typical range of various parameters has been identified [28-33]. A set of possible
design configurations was generated based on the geometric and reinforcement parameters
D,d,T,t0,4E Frps and t fFrp- Analytical methods cannot be used to determine stress in
complex geometries due to the complex stress behavior in tubular joints. Numerical
methods, particularly FEM, are frequently used to determine the structural response of
CHS joints [34]. Among various CAE software options, ANSYS Workbench 2024 R1 offers
a user-friendly environment with advanced FE modeling and design exploration tools [35].
Various studies on CHS joints have successfully used ANSYS for the analysis of tubular
joints [36]. The geometry of the KT-joint was modeled using ANSYS’s DesignModeler. The
geometry of the KT-joint was meshed with high-order solid elements using the ANSYS
Structural mesh tool, and mesh convergence was ensured.

Inclined brace

Central brace \“

Figure 2. A typical KT-joint.

Steel with a modulus of elasticity and Poisson’s ratio of 211 GPa and 0.3, respectively,
was defined for all simulations [37]. Nonlinear material effects were not considered, as they
do not influence SCF calculations. The hot-spot stress approaches operate within the elastic
range. Both ends of the chord and inclined braces were fixed, and an axial compressive load
was applied to the central brace of the KT-joint. Linear elastic analysis was carried out [38].
An artificial neural network (ANN) was configured with dimensionless parameters defining
the joint geometry and reinforcement as the inputs, SCF along the weld toe as the output,
and a hidden layer with multiple neurons. This model was trained using simulation results
for the rapid estimation of SCF. Seventy percent of the simulation data set was used for
training, fifteen percent for testing, and fifteen percent for validation.
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3. Results and Discussion

A total of 5429 simulations were carried out for various design and reinforcement
configurations. The coefficient of performance achieved for the best epoch was 0.9988, and
the MSE was 0.0022. The trained function was exported and can be requested from the
corresponding author. A KT-joint was tested experimentally to validate the trained function.
A customized test rig was fabricated, as detailed in Igbal et al. [39]. Static loads were applied
to the central brace of the joint through a hydraulic jack, and the stress field was recorded
using strain gauges installed on the chord surface at the interface. The maximum difference
was less than 10 percent, as shown in Figure 3. According to the UK Department of Energy,
empirical formulas with SCF prediction errors below 25% are considered acceptable [40]. If
the deviation ranges between 25% and 50%, then a multiplication factor is recommended
for correction. For errors exceeding 50%, a revision of the formula is required. Since the
ANN predictions in this study show a maximum deviation of less than 10% compared to
experimental results, the accuracy is well within the acceptable range.

-4.5 —e— SCF-Experimental
SCF-ANN

Wl / \\ / \,
> N r .

0 30 60 90 120 150 180 210 240 270 300 330 360
Angle (starting from crown point)

Figure 3. Comparison of experimental and ANN-based SCFs.

Furthermore, the variability of SCFs across different regions of the KT-joint was
examined. The predictions showed consistent accuracy across critical joint locations, in-
cluding the weld toe and saddle point regions, where SCFs are typically highest under axial
compression. In both the unreinforced and composite-reinforced KT-joints, the accuracy
remained within 10%, even at these high-SCF locations. While the magnitude of SCFs
was reduced at various points in the composite-reinforced joint, the prediction accuracy
remained within the acceptable deviation range for all locations.

While this study provides valuable insights into the prediction of SCFs in KT-joints,
several areas remain for future investigation. One potential improvement is the inclusion of
cyclic loading in the SCF predictions, which would better represent real-world conditions
where structures are subjected to fluctuating loads over time. Additionally, the model can be
further validated under multi-axial stress states, which are common in complex structural
systems and could improve the accuracy of predictions in more varied loading scenarios.
These aspects, along with potential refinements to the current model, will be explored in
future work to enhance its applicability to a wider range of structural conditions.

4. Conclusions

This study demonstrated that stress concentration factors (SCFs) in circular hollow
section (CHS) KT-joints can be significantly reduced using composite reinforcement, thereby
enhancing the fatigue life of these structures. Furthermore, it was concluded that finite
element analysis (FEA) combined with artificial neural networks (ANNSs) provides a robust
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approach to developing empirical models to approximate complex phenomena, such as SCF
distribution along the weld toe. This enables accurate SCF estimation at critical locations,
including the crown and saddle, facilitating precise hot-spot stress predictions in joints
under combined loads. The trained ANN model exhibited excellent accuracy, with SCF
estimations deviating by less than 10% from the simulation results.
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