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Abstract

Internal ring stiffeners are frequently used to improve the ultimate strength of tubular joints in offshore structures.
However, there is a noticeable absence of specific design guidance regarding the assessment of their ultimate strengths in
prominent offshore codes and design guides. No equations are available to determine the ultimate strength of internal ring-
reinforced KT joints. This work developed equations to determine the ultimate strength and the strength ratio of internal
ring-reinforced KT joints based on numerical models and parametric studies comprising ring parameters and joint
parameters. Specifically, a finite element model and a response surface approach with eight parameters (A, 3, v, , 0, 1, v,
and P) as inputs and two outputs (ultimate strength and the strength ratio) were evaluated since efficient response surface
methodology has been proven to give precise and comprehensive predictions. KT-joint with parameters A=0.9111, =0.2,
y=0.7030, {=0.3, 6=45°, 1=0.90, y=16.25, and f=0.6 has the maximum ultimate strength, and the KT-joint with parameters:
2=1, 6=0.2, y=0.8, (=0.5697, 6=45°, 1=0.61, y=24, and p=0.41 has the maximum strength ratio. The KT-joints with the
optimized parameters were validated through finite element analysis. The percentage difference was less than 1.7%,
indicating the applicability and high accuracy of the response surface methodology.

Keywords: KT-Joint; Response Surface Methodology; Ultimate Strength; Ring-Stiffeners; Initial Stiffness; Optimization; Finite Element
Analysis; Strength Ratio.

1. Introduction

Jacket-type offshore platforms are created from circular hollow sections (CHS) tubular segments by welding one
end of the branching component (brace) to the main structure (chord), creating tubular joints. A KT joint is among the
most commonly employed tubular joints. It has three circular braces welded to the main chord, with the central brace at
90° to the chord and the outer inclined braces at an angle © to the main chord, as shown in Figure 1.

Offshore structures are subjected to various complex environmental loads such as earthquakes, ice and mud, ice and
waves, buoyancy, and storms [1, 2]. Structural failure can happen when a given structure cannot withstand the applied
stresses or forces. Various methods have been employed in the industry to enhance the ultimate strength of tubular joints
[3]. Collar and doubler plates [4-12], FRP reinforcement [13-16], and internal rings [17-20] are some of the options
available for strengthening. Concrete filling [21], hybrid grouting [22], and hybrid FRP-concrete tubular joints [23] have
also been used for the strength enhancement of offshore structures. These alternatives are commonly utilized when the
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joint's strength is inadequate during development. Internal rings joined inside the chord have numerous advantages over
other strengthening techniques, as these substantially improve load-bearing ability, reduce stress concentration factors,
increase fatigue life, and prevent wave forces and corrosive attacks [24]. These are called internal rings or stiffeners, as
shown in Figure 1.
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Figure 1. Geometrical notation of internal ring-reinforced KT joints

Internal rings have been shown to increase strength. Lee and Llewelyn-Parry [19] analyzed 42 internal ring-stiffened
T-joints and concluded that the internal rings could significantly increase ultimate strength by at least 50% up to 140%.
Lee and Llewelyn-Parry [18] generated a theoretical framework to evaluate the structural strength of internally ring-
stiffened (IRS) DT-joints. They concluded that internal rings can significantly increase DT-joint strength after
investigating 22 IRS joints. Lan et al. [20] performed numerical parametric studies on stiffener position, depth, and
thickness of internal rings on the static strength of IRS DT-joints and concluded that the cause of failure in crown- and
saddle-stiffened DT-joints under axial loading of the brace is the development of plastic hinges in the stiffener and chord
wall. Masilamani et al. [17] concluded that the internal rings could enhance ultimate strength by 66% based on
experimental and numerical investigations of IRS T-joints under axial compression. These studies demonstrate that
internal rings, especially in tubular joints, can greatly enhance the ultimate strength of these joints. Their findings suggest
significant ultimate strength enhancement, with Lee et al. [19] reporting up to 140% enhancement in the ultimate strength
of DT-joints.

The UK Health and Safety Executive commissioned a study [25] to create a databank of in-service ring-stiffened
joints. Using in-service data, they determined the uncertainties related to such joints' design (both strength and fatigue).
The study has revealed that the approach of elastic closed-ring analysis, which is often employed by operators and
consulting engineers, is inadequate for assessing the capacity of ring-stiffened joints in terms of ultimate strength [19].
Azari Dodaran et al. [26] developed parametric equations to determine the static strength of axially loaded tubular KT
joints at high temperatures. Sadat Hosseini et al. [27] used fiber-reinforced polymer (FRP) material to reinforce the KT
joint to reduce stress concentration factors. They concluded that by including FRP as the strengthening material, a
significant reduction of over 50 percent in SCF values was achieved at the saddle location of the central brace,
independent of the loading scheme. According to Igbal et al. [28], the FRP can significantly lower the stress intensity
factor of semi-elliptical cracks in KT-joints. Internal ring stiffeners provide the opportunity for further use of FRP during
the design stage and during in-service as well. Ahmadi et al. [24, 29-32] conducted comprehensive investigations on
KT-joints with internal ring stiffeners, specifically examining stress concentration parameters rather than ultimate
strength. The authors [24, 29-32] did not further investigate the ultimate strength, which plays a vital role for the
structural integrity and safe operations of offshore structures.

Despite extensive research on the internal ring-reinforced KT-joint, there is a lack of research on three main factors.
Firstly, the ultimate strength of stiffened internal rings in KT-joints has not been considered. Secondly, no parametric
equations are available to determine the ultimate strength of internal ring-reinforced KT-joints. Thirdly, there is a lack
of research on ultimate strength optimization. These are essential design factors to ensure structural integrity, safety,
and adherence to industry standards. Well-designed joints transfer the load efficiently, preventing overloading and
improving durability and longevity. The pervasive use of these stiffeners in the industry, coupled with the lack of design
guidelines in the main offshore codes and standards, emphasizes the need for guidance on strength calculations to assess
the structural integrity of platforms with internal ring stiffeners. For ultimate strength, the effects of ring parameters
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were studied along with joint parameters, with a novel set of parametric equations proposed. They may be used to
calculate the maximum ultimate strength and the strength ratio of an internally reinforced KT joint with high accuracy.
The percentage difference between the optimization studies indicated the applicability and high accuracy of the response
surface methodology.

2. Research Methodology

The methodology involves parametric modeling in CREO 5.0 software and finite element modeling in ANSYS
Workbench 2021, followed by analyzing the response surface design and optimization in Minitab software. The
methodology flow chart is shown below in Figure 2. Each step is explained in the following sections:
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parameters and SCF
output in Minitab

Figure 2. Methodology flowchart

2.1. Finite Element Modeling

Nonlinear structural analysis was performed using ANSYS 2021 software. Material and geometric non-linearities
were modeled. The “ARCLEN” method was utilized to address numerical instability. The arc-length method is
applicable for solving nonlinear static equilibrium problems that involve instability. The arc-length method is employed
to determine the complex orientation in the force-displacement diagrams during the buckling and post-buckling phases.
This technique utilizes explicit spherical iterations to preserve orthogonality between perpendicular directions and the
arc-length radius [33]. Further explanations about the “ARCLEN” method can be found in the ANSYS Mechanical

APDL Theory Reference [33].

Based on the work by Ahmadi & Lotfollahi-Yaghin [24], a KT joint was modeled in Creo 5.0. Three rings were
used in the current investigation for each brace, as illustrated in Figure 1 above. Two were joined at crown positions,
with the third at the saddle location. Parametric modeling was performed in CREO 5.0 software based on the
dimensionless parameters provided in Equations 1 to 9 (Figure 1). The notations and definitions are provided in the
"Nomenclature" section.
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A sensitivity assessment with different numbers of divisions for all the subparts at the brace chord intersection and
coarser mesh for the chord led to the finalization of a mesh of 12419 elements. The parts were modeled in pieces and
then assembled, which helped achieve sub-zone meshing, to be described in the next section. Due to the parametric
modeling and efficient CREO 5.0 software, the model creation, update, and saving for the next iteration take about 30
seconds. Since the weld had a negligible impact on the strength of the joint, it was excluded from the modeling [19, 17,
20, 34].

Steel was selected for the KT-joint and stiffeners, with a Young's modulus of 207 GPa and a Poisson’s ratio of 0.3
[27, 35]. The tangential modulus was taken as 1/100 of Young’s modulus [36]. For FEA analysis, the model was
imported into the ANSY'S 2021 software. Only 1/4 of the complete KT-joint is required to be modeled owing to the XY -
plane and YZ-plane symmetries in the joint geometry and loading. Symmetries and model refinement were adopted in
the ANSY'S design modeler. The parts were modeled in pieces to achieve the best configuration for mesh generation
and assembled in CREO 5.0 to achieve the best mesh for the KT-joint analysis, as shown in Figure 3. A sub-zone method
was employed for mesh generation in the model to achieve a better result.

Stiffeners

Figure 3. Mesh generated for FEA analysis of KT-joint in ANSYS 2021

A balanced axial load was imposed on the central brace top until the deformation reached 3% of the chord diameter.
The highest point on the load-displacement curve often determines the ultimate strength of the joint. The highest point
can be achieved if the load-displacement curve has a distinct peak; however, if the load-deflection curves lack a distinct
peak, the load at 3% deformation is taken as the ultimate static strength of the KT-joint [37—40].

Figure 4 illustrates the loads and boundary conditions implemented in the experimental investigation by Ahmadi &
Lotfollahi-Yaghin [24]. The ends of the outer inclined brace and the chord were fixed.

Applied Load

Outer inclined brace l Outer inclined brace

y

Fixed ends

Central brace.

N

\

Fixed Ends

Figure 4. Applied loads and boundary conditions

2.2. Validation of FEA Results against Experimental Data

To the best of the authors' knowledge, no experimental data is available for the ultimate strength of the internal ring-
reinforced KT-joint. So, to validate the FE results, the experimental work on the T-joint by Masilamani & Nallayarasu
[17], who used the peak load as the ultimate strength of the joint, was considered, where the T-joints were simulated in
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ANSYSS software and validated against the experimental results. Three T-joint types were modeled and analyzed for the
dimensions and material properties used. The first joint was an unstiffened T-joint, the second was a plain ring stiffened
joint, and the third was a flanged ring stiffened joint.

Figure 5 illustrates the load-deflection curves of three T-joints extracted from experimental and FEA analyses. A
comparison of the FEA results and experimental data [17] is shown in Figure 5, showing a strong correlation between
the simulation results and experimental data, proving that numerical models can reliably estimate the ultimate strength
of the T joint.
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Figure 5. Validation of FEA results against experimental data [17]

Table 1 lists the ultimate strength of the T-joints from experimental and FEA simulations. The percentage error
between the experiment and FEA simulations is between 0.2% and 2.3%. The comparison indicates that the FEA model
can reliably estimate the ultimate strength of tubular joints.

Table 1. Comparison of FEA results and experimental results [17]

Results

Ultimate strength -
Experimental FEA (present study) % Error

Un-stiffened T-joint 282.26 289.05 23%
Plain ring-stiffened T-joint 468.03 465.56 0.5%
Flanged ring-stiffened T-joint 573.38 572.20 0.2%

Figures 6 to 8 show the failed samples of the unstiffened, plain, and flanged ring-stiffened T-joints obtained from
both experiments [17] and the numerical simulations. The von Mises stress pattern (Figures 6 to 8-c and 8-d) and
equivalent plastic strain pattern (Figures 6 to 8-e) on the deformed shapes (Figures 6, 8-a, and 8-b) of the joints from
numerical simulations are derived at the specimen's failure displacements. Figures 6 to 8 display the distorted shapes
from the numerical simulation without any magnification factor. These shapes exhibit a high degree of similarity to
those observed in the specimen after failure for every joint under investigation. These shapes indicate that all tested
joints fail due to localized deformation of the chord wall, which is accompanied by the chord’s ovalization [17].

D: Unstiffened T-joint (d)
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= Time: 1
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Figure 6. Experimental failed unstiffened T-joint and numerical results [17]
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Plain ring stiffened T-joint

Flanged ring stiffened T-joint

Figure 8. Experimental failed flanged ring stiffened T-joint and numerical results [17]

In an unstiffened joint, the chord undergoes yielding when a load is applied up to its elastic limit. After reaching the
ultimate strength, the chord wall buckles and ovalizes due to large displacements. This buckling forces the brace to press
the chord, accelerating the ovalization. In contrast, in the plain ring stiffened T-joint and the flanged ring stiffened T-
joint, the stiffener reinforces the chord at its ultimate strength, reducing ovalization.

In an unstiffened T-joint, the saddle region experiences higher stresses than the crown region. The stiffener
experiences higher stress levels in a plain-ring stiffened T-joint, as depicted in Figures 6-8c. The higher stress in
stiffeners suggests that the stiffeners experience a significant amount of stress compared to the chord, with the region
between the flange and the chord in a flanged ring-strengthened T-joint subjected to higher stress levels.

The region of maximum strain correlates to the location of maximum stress (Figures 6 to 8-c and 8-e). In an
unstiffened T-joint, the critical location is at the intersection of the brace and chord. However, in stiffened joints, the
critical location is at the web of the stiffeners (Figures 6 to 8-e).

It is clear from Figure 6-8 (c & d) that the failed specimen of unstiffened, plain ring stiffened, and flanged ring
stiffened joints [17] depicted in Figures 6 to 8-b resembles the deformed shape at the location of the brace-chord
intersection from the numerical simulation.

2.3. Parametric Study

In this work, the effect of ring parameters and joint parameters on the ultimate strength of KT joints is investigated
to develop a new set of equations for determining the ultimate strength and the strength ratio, as well as identifying the
internally reinforced KT joint configuration that maximizes both ultimate strength and the strength ratio.

Table 2 lists the dimensional and dimensionless parameters and their corresponding values for the parametric study.
They cover the most practical ranges used in the tubular joints of the offshore industry.

Table 2. Parameters and their values

No.  Type of parameter  Parameter Value References
1 B 0.4-0.6 [24,30-32, 41]
2 Y 16-24 [24,30-32, 41]
3 T 0.6-0.9 [24,30-32, 41]
4 Dimensionless C 0.1-0.6 [24, 30-32, 41]
5 IS 0.2-1 [20]

6 ) 0.1-0.2 [17, 19, 25]
7 \ 0.4-0.8 [19, 25]
8 Dimensional 0 30°-60° [24, 30-32, 41]

Efthymiou [42] has shown that to guarantee that the stresses at the brace/chord intersection are unaffected by the end
condition, a sufficiently long chord larger than six chord diameters (i.e., o >12) must be utilized. All the models in the
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current investigations were assigned an o value of 12.3, and an ab value of 15 was chosen for all joints, as the stress
distribution has a negligible effect due to brace length [37].

As shown in Figure 1, internal rings were positioned relative to the brace diameter at a distance of A = a.w;, where
w; is the distance between the outer stiffener’s center in sections A-A along the longitudinal axis of the chord, with “a”
varying from 0.2 to 1 [20]. For the central brace, w; is the same as the diameter of the brace, while it differs in outer
inclined braces due to their angle with the chord. Three stiffeners were used under each brace. The central stiffener was
always at the saddle location [19], and the outer two stiffeners were placed with reference to A.

2.4. Generation of Design of Experiments (DoE) Dataset

The geometry of the internally ring-reinforced KT-joint is defined by dimensionless and dimensional parameters
(Figure 1). The set of dimensionless and dimensional parameters were selected to build a dataset for the Design of
Experiments (DoE) according to the established criteria in the offshore sector (Table 2). A dataset consisting of 420
design points was utilized for simulation. CREO 5.0 was used to do parametric modeling of the IRS KT-joint.

3. Results and Discussion

After simulations, the effect of different joint and ring parameters on the initial stiffness, ultimate strength, and
strength ratio was studied. The details of each section are given below. Each combination enhances the ultimate strength
of the KT-joint. Overall, the results show that the internal ring stiffened joints can significantly enhance ultimate strength
[19].

To evaluate the enhancement in maximum strength resulting from ring parameters, a new parameter Q is included.
The Q is the ratio of the ultimate strength of the joint with ring stiffeners to the ultimate strength without ring stiffeners.

In all cases, both the ring stiffened joints and unstiffened joints achieve ultimate strength at the same deformation
levels. This suggests that the inner rings do not impact the ductility of the tubular joints. A similar pattern was noted in
the study conducted by Masilamani et al. [17]. The inner ring and cylinder-formed T-section have greater bending
stiffness than the cylindrical section, the ring-stiffened joint can withstand more bending stress, increasing the KT-joint's
ultimate strength.

The strength of the ring was shown to be significantly influenced by the thickness (ts) and height (hs) of the ring, as
shown in Figure 1. The thickness and width of rings exhibit a direct relationship with the bending stiffness [19], hence
enhancing the ultimate strength of the KT-joint. Increasing the parameter y results in a decrease in the thickness of the
KT-joint. While the parameter y does not affect the load deflection curves, it does decrease the ultimate strength of the
tubular KT-joint. In all simulations, the failure mechanism of the KT-joint was the development of plastic hinges and
the yielding of the chord wall. The same observation was made by Xiaoyi et al. [20]. The spacing A parameter exhibits
both increasing and decreasing behaviour for ultimate strength [20].

3.1. Effect of p on the Initial Stiffness, Ultimate Strength, and Strength Ratio

The parameter B represents the brace-to-chord diameter ratio; an increase in 3 at constant chord diameter increases
the brace diameter. The influence of B on the initial stiffness, ultimate strength, and strength ratio of KT-joint and the
interaction between B and ring parameters (A, 5, and y) are investigated. A series of simulations were conducted to
examine the impact of B and its interactions with ring parameters (A, 5, and y). In the interest of brevity, this section
includes six graphs, as shown in Figures 9-a to 9-f, although several comparison graphs were used to analyze the impact.
The load-deflection curves for the simulation models are shown in Figures 9-a, 9-c and 9-e. Figures 9-b, 9-d and 9-f.
illustrates the ratio between the ultimate strength of the stiffened joint and the unstiffened joint for the same models.
There are three different values of B in the six charts: 0.4, 0.5, and 0.6. The values of the remaining joint parameters,
namely vy, t, 6, and , are constant throughout all of these simulations, with y = 16.25, t = 0.6, 8 = 45, and { = 0.3. On
the other hand, the ring parameters, A, 3, and y, have different values in each scenario. & has values of 0.1 and 0.2, A has
values 0of 0.2, 0.6 and 1, and vy has values of 0.4, 0.6, and 0.8.

The graphs show that increasing the B leads to higher ultimate strength and initial stiffness but a lower strength ratio
[1, 18]. By increasing B from 0.4 to 0.5, the initial stiffness increases between 4% and 7%, the ultimate strength increases
between 2% and 15%, but the strength ratio decreases between 6% and 16%. By increasing B from 0.4 to 0.6, the initial
stiffness increases between 10% and 16%, the ultimate strength increases between 3% and 24%, but the strength ratio
decreases between 15% and 29%. The strength ratio indicates that the effect of ring parameters is more significant when
B is small. The effect is more significant due to the increasing ultimate strength of unstiffened joints with higher p values
[19]. These trends suggest that the internal rings were more efficient in enhancing the ultimate strength for joints with
small B, but had a limited impact on joints with large f [1].

For constant values of B, when increasing the spacing A from 0.2 to 0.1, the initial stiffness increases up to 3%, and
the ultimate strength and the strength ratio increase up to 10%. For all values of B when 6=0.1, the ultimate strength and
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the strength ratio decrease by up to 5% when spacing increases from 0.6 to 1.

By increasing 6 from 0.1 to 0.2, the initial stiffness increases between 6% and 16%, and the ultimate strength and
the strength ratio increases between 2% and 28%. By increasing v from 0.4 to 0.8, the initial stiffness increases up to
9%, and the ultimate strength and the strength ratio increase between 1% and 19%.
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Figure 9. Effect of B on the initial stiffness, ultimate strength, and the strength ratio, where y=16.25, t=0.6, 6=45, {(=0.3, and
for (a) and (b) 6=0.1, y=0.8, and for (c) and (d) A=0.6, y=0.6, and for (e) and (f) A=0.2 =0.2

3.2. Effect of y on the Initial Stiffness, Ultimate Strength, and Strength Ratio

The ratio of chord diameter to twice the thickness of the chord is represented by the parameter y, with an increase in
v at constant chord diameter resulting in a decrease of chord thickness. The influence of y on the initial stiffness, ultimate
strength, and strength ratio of the KT-joint; and the interaction between y and ring parameters (A, 8, and y) are
investigated. A series of simulations were conducted to examine the impact of y and its interactions with ring parameters
(A, 8, and ). In the interest of brevity, this section includes just six graphs from Figures 10-a to 10-f, although several
comparison graphs were used to analyze the impact. The load-deflection graphs for the simulation models are shown in
Figures 10-a, 10-c, and 10-e. Figures 10-b, 10-d, and 10-f illustrates the ratio between the ultimate strength of the
stiffened joint and the unstiffened joint for the same models. In each of the six charts, there are three distinct values of
v, which are 16.25, 20, and 24. The values of the remaining joint parameters, namely B, t, 6, and {, are constant
throughout all of these simulations, with = 0.4, = 0.6, 6 = 45, and { = 0.3. On the other hand, the values of the ring

parameters, namely A, 8, and v, differ across the cases. & has values of 0.1 and 0.2, A has values of 0.2, 0.6, and 1, and
v has values of 0.4, 0.6, and 0.8.

The graphs show that decreasing the y leads to higher ultimate strength and initial stiffness but a lower strength ratio
[18]. By decreasing y from 24 to 20, the initial stiffness increases between 18% and 61%, the ultimate strength increases
between 21% and 29%, but the strength ratio decreases between 6% and 12%. By further decreasing y from 20 to 16.25,
the initial stiffness increases between 44% and 124%, the ultimate strength increases between 49% and 71%, but the
strength ratio decreases between 11% and 23%. The strength ratio indicates that when vy is large, strength enhancement

due to ring parameters is more significant. The effect is more significant due to the increasing ultimate strength of
unstiffened joints with smaller y values [1].

For constant values of vy, increasing the spacing A from 0.2 to 1, the initial stiffness increases up to 3%, and the
ultimate strength and the strength ratio increase up to 16%. For all values of y when 6=0.1, the ultimate strength and the
strength ratio decrease by up to 5% when spacing A increases from 0.6 to 1. By increasing 8 from 0.1 to 0.2, the initial
stiffness increases between 8% and 22%, and the ultimate strength and the strength ratio increases between 8% and 34%.

By increasing y from 0.4 to 0.8, the initial stiffness increases between 3% and 13%, and the ultimate strength and the
strength ratio increases between 4% and 28%.
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Figure 10. : Effect of y on the initial stiffness, ultimate strength, and the strength ratio, where g =0.4, t=0.6, =45, (=0.3 for
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3.3. Effect of T on the Initial Stiffness, Ultimate Strength, and the Strength Ratio

The brace to chord thickness ratio is represented by the parameter t; an increase in T at constant chord thickness
increases the brace thickness. The influence of t on the initial stiffness, ultimate strength, and strength ratio of the KT-
joint and the interaction between t and ring parameters (A, 8, and y) are investigated. A series of simulations were
conducted to investigate the impact of T and its interactions with ring parameters (A, 8, and y). In the interest of brevity,
this section includes just six graphs from Figures 11-a to 11-f, although several comparison graphs were used to analyze
the impact. Load deflection curves for the simulation models are shown in Figures 11-a, 11-c and 11-e. Figures 11-b,
11-d and 11-f illustrates the ratio between the ultimate strength of the stiffened joint and the unstiffened joint for the
same models. In each of the six charts, there are two distinct values of T, which are 0.6 and 0.9. The values of the
remaining joint parameters, namely B, y, 6, and {, are constant throughout all of these simulations, with g = 0.4, y =
16.25, 0 =45, and { = 0.3. On the other hand, the values of the ring parameters, namely A, 3, and v, differ. 5 has values
of 0.1 and 0.2, A has values of 0.2, 0.6, and 1, and y has values of 0.4, 0.6, and 0.8.
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Figure 11. Effect of T on the initial stiffness, ultimate strength, and the strength ratio, where g =0.4, y=16.25, 6=45, =0.3 for
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The comparison graphs show that increasing the t decreases the strength ratio but increases the initial stiffness and
ultimate strength. By increasing T from 0.6 to 0.9, the strength ratio decreases between 2% and 5%, but the initial
stiffness increases between 4% and 7%, and the ultimate strength increases between 1% and 5%.

For constant values of t, increasing the spacing A from 0.2 to 1, the initial stiffness increases up to 2%, and the
ultimate strength and the strength ratio increase up to 10%. For all values of T when 6=0.1, the ultimate strength and the
strength ratio decrease by up to 3% when spacing increases from 0.6 to 1. By increasing & from 0.1 to 0.2, the initial
stiffness increases between 8% and 18%, and the ultimate strength and the strength ratio increase between 8% and 28%.

By increasing y from 0.4 to 0.8, the initial stiffness increases between 3% and 10%, and the ultimate strength and the
strength ratio increases between 4% and 20%.

3.4. Effect of 0 on the Initial Stiffness, Ultimate Strength, and the Strength Ratio

As shown in Figure 1, the 6 angle is the angle between the main chord and the outer inclined braces. The influence
of § on the strength ratio, ultimate strength, and the initial stiffness of the KT-joint and the interaction between 6 and
ring parameters (A, 8, and y) are investigated. A series of simulations were conducted to investigate the impact of 6 and
its interactions with ring parameters (A, 8, and ). In the interest of brevity, this section includes just six graphs from
Figures 12-a to 12-f, although several comparison graphs were used to analyze the impact. The load-deflection graphs
for simulation models are shown in Figures12-a, 12-c and 12-e. Figure 12-b, 12-d and 12-f illustrates the ratio between
the ultimate strength of the stiffened joint and the unstiffened joint for the same models. In each of the six charts, there
are three distinct values of 0, which are 30, 45 and 60 The values of the remaining joint parameters, namely B, v, 7, and
¢, are constant throughout all of these simulations, with B = 0.4, y =16.25, = 0.6, and { = 0.3. On the other hand, the

values of the ring parameters, namely A, 8, and v, differ across the cases. d has values of 0.1 and 0.2, A has values of 0.2,
0.6, and 1, and v has values 0f 0.4, 0.6, and 0.8.
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Figure 12. Effect of 0 on the initial stiffness, ultimate strength, and the strength ratio, where  =0.4, y=16.25, t=0.6, =0.3 for
(a) and (b) 6=0.2, y=0.4, for (c) and (d) 2=0.2, y=0.4 and for (e) and (f) A=1, 6=0.2

The comparison graphs show that the angle 6 does not have much impact on the strength ratio, ultimate strength,
and initial stiffness. By increasing the angle 6 from 30 to 60, the difference between strength ratio, ultimate strength,
and the initial stiffness is less than 2%, which makes this parameter 0 insignificant.

When 6 is constant, the initial stiffness, ultimate strength, and strength ratio follow the same ranges due to ring
parameters as in constant T values discussed in the previous section 4.3.

3.5. Effect of { on the Initial Stiffness, Ultimate Strength, and Strength Ratio

As shown in Figure 1, the parameter  is the distance between the central and the outer inclined brace. The influence
of  on the initial stiffness, ultimate strength, and strength ratio of the KT-joint and the interaction between ( and ring
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parameters (A, 6, and ) are investigated. A series of simulations were conducted to investigate the impact of € and its
interactions with ring parameters (A, 8, and ). In the interest of brevity, this section includes just six graphs from Figures
13-a to 13-f, although several comparison graphs were used to analyze the impact. The load-deflection graphs for
simulation models are shown in Figures 13-a, 13-c, and 13-e. Figures 13-b, 13-d, and 13-f illustrates the ratio between
the ultimate strength of the stiffened joint and the unstiffened joint for the same models. There are three different values
of { in all of the six charts: 0.1, 0.3, and 0.6. The values of the remaining joint parameters, namely v, t, 0, and B, are
consistent throughout all of these simulations, with y = 16.25, t= 0.6, 6 = 45, and p = 0.4. On the other hand, the ring

parameters, A, 0, and , have different values in each scenario. 6 has values of 0.1 and 0.2, A has values of 0.2, 0.6 and
1, and vy has values of 0.4, 0.6, and 0.8.
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Figure 13. Effect of { on the initial stiffness, ultimate strength, and the strength ratio, where p =0.4, y=16.25, 7=0.6, 6=45 for
(a) and (b) 8=0.2, y=0.6, for (c) and (d) 2=0.6, y=0.6 and for (e) and (f) A=0.6, 6=0.1

The comparison graphs show that decreasing the value of { increases the ultimate strength and initial stiffness.
However, the strength ratio exhibits both increasing and decreasing behaviors. When ( is reduced from 0.6 to 0.1, the
ultimate strength and initial stiffness both increase 9% and 8%, respectively. However, the change in strength ratio
ranges from -6% to 2%, indicating both an increase and a decrease.

For constant values of {, increasing the spacing A from 0.2 to 1, the initial stiffness increases up to 3%, and the
ultimate strength and the strength ratio increase up to 12%. For all values of { when 6=0.1, the ultimate strength and the
strength ratio decrease by up to 3% when spacing increases from 0.6 to 1. By increasing & from 0.1 to 0.2, the initial
stiffness increases between 7% and 19%, and the ultimate strength and the strength ratio increase between 6% and 30%.

By increasing v from 0.4 to 0.8, the initial stiffness increases up to 10%, the ultimate strength and the strength ratio
increase between 3% and 20%.

4. Response Surface Methodology

RSM has been shown to produce precise and comprehensive predictions [43], their use in mathematical modeling
of ultimate strength and strength ratio of internally ring reinforced KT-joints is considered here. Seven dimensionless
parameters and one-dimensional parameter, as listed in Table 2, were used as input components in the response surface
technique. A total of 420 FEA models were developed utilizing optimal design techniques. Optimal design is a superior
alternative in cases where the central composite and box-Behnken designs do not meet the specified requirements.
Evaluation of parameters within the context of an optimal design is characterized by minimal variation and no bias. The

equation represented by Equation 10 is a quadratic model that is an ideal predictor. It can be employed to forecast the
conditions under which reactions of significance may occur [43]:

k j=1
y = Bo + Xicy Bix; + zizlﬁiixiz + Z?:z- ;=1 Bijxix; +€ (10)

A predictive model for the ultimate strength and the strength ratio is given by Equation 10. The constant value "pe"
is indicated in this context. "Bii" designates quadratic regression, but "Bi" denotes linear regression. Furthermore, the
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relationship between the variables "xi" and "xj" is specified by "gij." The random error component is represented by the
symbol "€". As indicated in Table 2, the variables B, v, 0, {, A, and v each have three levels, while t and & have two
levels. To investigate the impact of a joint parameter, such as 3, from the set of joint parameters (B, , 7, 0, y) and its
interaction with ring parameters (A, 3, ), all other joint parameters vy, 1, 0, { (except B) were held constant. Subsequently,
all possible combinations of the joint parameter § with the ring parameters (A, 5, y) were examined using the ANSYS
software. Then, for combinations of y, other joint parameters (B, 7, 6, ) were given a constant value. Subsequently, all
possible combinations of the joint parameter y with the ring parameters (A, 3, ) were determined using the ANSYS
software in the same way combinations of (t, 6, {) were determined in ANSY'S [5, 44].

4.1. The Analysis of Variance (ANOVA) for Response Surface Models

The design utilized the response surface derived from Equation 10 for the two considered responses (ultimate
strength and the strength ratio). The quadratic model was the most suitable fit for the required outputs (ultimate strength
and the strength ratio). The response surface was modeled using a complete quadratic model, resulting in 35 terms for
each equation.

The ANOVA model was validated with a 95% confidence interval at a significance level of 5% [45]. The outcome
of the ANOVA analysis is presented in Appendix I. The model reduction process was conducted using Minitab software,
wherein only the terms with P values less than 0.05 were retained, while those with larger P values were excluded. Table
3 shows the validation parameters corresponding to each model. The output equations obtained by applying response
surface methods to predict the model are shown below.

Table 3. Model validation

Responses

Model validation parameters - -
Ultimate strength  Strength ratio

S x10? 6.587 6.808
R-sq (R?) 97.51% 97.47%
R-sq(adj) 97.23% 97.20%
R-sq(pred) 96.89% 96.86%

4.2. Output Equations for Ultimate Strength and Strength Ratio

Ultimate strength = 559.2 + 1392 B - 70.33 y + 33.9 T + 0.1305 0 - 169.9 { + 20.8 A + 2221.3 § + 637.5 - 450 B*B
+1.2078 y*y + 90.7 T*7- 52.82 A ¥ A - 215.6 s * | - 53.6 P* A - 2424 P* 5 -398.7 p* - 22.29 y* 5 - 442 T A + 1688 (11)
T8 -24.99 T* A +370.6 7* 8 + 34.0 Ty + 5014 A * 8 + 77.75 A * | - 882.2 6 * |

Strength ratio = 0.748 + 0.682 B - 0.01754 y - 0.1546 T + 0.000528 6 + 0.1588 {- 0.0393 A + 3.942 § + 1.608 | -
04291 7*7- 0.2052 A * A - 0.8312 | * | - 0.2667 B* A - 10.525 P* & - 1.744 B* s + 0.00679 y* A + 0.2140 y* § + (12)
0.05320 y* - 0.1596 T A + 1.645 7* 8 + 1.871 A * 8§ + 0.2976 A * | - 3.125 § * s

The coefficient of determination (R?) assesses the accuracy of the model's predictions and is the degree to which the
provided data and model align. The variable R? is quantified on a scale from 0 to 100 percent. The values of R? in the
generated model are presented in Table 3, which are 97.51% for ultimate strength and 97.47% for the strength ratio.
High R? values serve as a reliable indication of the robustness of the built model.

The standard error of the estimate, symbolized as S, quantifies the extent of fluctuation between the predicted and
actual values. A decreased S value indicates a heightened coherence between the predicted results and the empirical
data. The values of S in the constructed model are provided in Table 3, which are 0.06587 for ultimate strength and
0.06808 for the strength ratio. A greater value of the adjusted R-squared (R-sq(adj)) indicates a more optimal balance
between the model's fit quality and its simplicity, which is essential for assuring reliable predictions within the
optimization framework. The adjusted R-squared values for the derived model are presented in Table 3, which are
97.23% for ultimate strength and 97.20% for the strength ratio. The assessment of R-squared prediction (R-sq(pred)) is
significant in response surface methodology. It serves as an indicator for evaluating the model's ability to anticipate new
and unseen data points effectively. A higher value of R-squared (pred) indicates better prediction accuracy, therefore
validating the reliability of the response surface model beyond the available data used for model estimation. The values
of R-squared (pred) in this established model are presented in Table 3, which are 96.89% for ultimate strength and
96.86% for the strength ratio.
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Model accuracy is commonly evaluated using two essential diagnostic tools: actual vs. predicted plots and residual
plots. Two distinct types of plots may be observed in the response models depicted in Figures 14 and 15, respectively.
For a model to be deemed a satisfactory fit, the data points in a plot illustrating the ultimate strength and the strength
ratio extracted from FEA and predicted by the proposed equations should be aligned as closely as possible with the
corresponding fitted line. The data points in this specific model instance are diagonally aligned with the fitted line,
indicating a strong correlation between the projected values and the strength ratio and ultimate strength derived from
FEA. This indicator is a reliable measure of the accuracy of the response models.
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Figure 15. Normal probability plots for ultimate strength and the strength ratio

Figure 15 offers a graphical depiction of residuals' normal plots. This observation supports the notion that error
components exhibit uniform distribution, as it illustrates the linearity of the points along the diagonal. A key attribute
distinguishing a dependable model is its defining trait. This phenomenon can be attributed to the observation that if the
residuals conform to a normal distribution, approximately 95% of them are expected to lie within the range of -2 to +2
to satisfy the criteria for a normal distribution [43]. This analysis shows that all residual plots exhibit conformity,
indicating the models' predictive accuracy (see Figure 15).

4.3. Optimization of Ultimate Strength and the Strength Ratio

Optimization was performed in Minitab software to achieve the optimal parameters for maximum ultimate strength
and maximum strength ratio. The independent variable of the model underwent optimization to enhance its effectiveness.
The optimization process outcome for each answer is ultimately determined by the desirability value, represented by the
interval 0 < dj < 1. The value in question exhibits a range between 0 and 1. By increasing the value of the dj variable,
the resulting outcome can be more advantageous, expressed as a percentage. In the present study, a limit of desirability
was established within the range of 0 to 1. When the desirability value reaches 1, it indicates a more positive outcome
for the model and increases the reliability of the optimized results in estimating the dependent variable. Optimization of
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ultimate strength and the strength ratio concluded that the KT-joint with parameters 2=0.9111, 6=0.2, y=0.7030, (=0.3,
0=45°,1=0.90, y=16.25, and f=0.6 had maximum ultimate strength and the KT-joint with parameters: A=1, 6=0.2, y=0.8,
(=0.5697, 6=45°, 1=0.61, y=24, and p=0.41 had maximum strength ratio. The model's desirability for the ultimate
strength and the strength ratio are 1 and 0.978, respectively, which indicates that the optimization strategy produced
highly desirable outcomes.

(Predicted value—FEA value)
FEA value

Error (%) = x 100 (13)
( )

As shown in Table 4, an FEA verification was performed to determine the discrepancy between the obtained
numerical values and the predicted response values resulting from the optimization technique. The model was developed
based on the ideal parameters suggested by optimization. The percentage error is calculated to compare predicted values
from optimization and FE values with optimized parameters. The data clearly shows that the percentage error for all
responses is less than 1.7%. The close correlation between the optimized outcomes and the findings obtained from finite
element analysis demonstrates significant accuracy.

Table 4. Results of numerical validation of the optimized value

Response Predicted FEA Error (%)
Ultimate strength 636.31 625.67 1.70
Strength ratio 2.66 2.64 0.76

5. Conclusions
Based on current investigations, the following points were observed.
a) The outcome of the parametric study is summarized below.

o Increasing B leads to higher ultimate strength and initial stiffness but a lower strength ratio. By increasing
from 0.4 to 0.6, the initial stiffness increases between 10% and 16%, the ultimate strength increases between
3% and 24%, but the strength ratio decreases between 15% and 29%. The strength ratio indicates that the
effect of ring parameters is more significant when f is small.

o Decreasing the y leads to higher ultimate strength and initial stiffness but a lower strength ratio. By decreasing
v from 24 to 16.25, the initial stiffness increases between 44% and 124%, the ultimate strength increases
between 49% and 71%, but the strength ratio decreases between 11% and 23%. The strength ratio indicates
that when vy is large, strength enhancement due to ring parameters is more significant.

o Increasing the 1t decreases the strength ratio but increases the initial stiffness and ultimate strength. By
increasing T from 0.6 to 0.9, the strength ratio decreases between 2% and 5%, but the initial stiffness increases
between 4% and 7%, and the ultimate strength increases between 1% and 5%.

¢ By increasing the angle 6 from 3(0°to 60, the difference between initial stiffness, ultimate strength, and strength
ratio is less than 2%, which makes this parameter 6 insignificant.

¢ By decreasing the value of (, the initial stiffness and ultimate strength are increased. However, the strength
ratio exhibits both increasing and decreasing behaviors. When ( is reduced from 0.6 to 0.1, the initial stiffness
and ultimate strength both increase 8% and 9%, respectively. However, the change in strength ratio ranges
from -6% to 2%, indicating both an increase and a decrease.

The maximum increase in the values of initial stiffness, the ultimate strength, and the strength ratio due to ring
parameters (A, 3, and y) are achieved for the constant values of y.

The depth parameter () and thickness parameter () of the rings have a direct relationship with strength ratio,
ultimate strength, and the initial stiffness [19]. Increasing depth parameter (8) from 0.1 to 0.2 increases the
initial stiffness between 6% and 22%, and the ultimate strength and the strength ratio increases between 2%
and 34%. By increasing the thickness parameter (y) from 0.4 to 0.8, the initial stiffness increases up to 9%,
and the ultimate strength and the strength ratio increase between 1% and 17%.

¢ By increasing the spacing parameter (1) from 0.2 to 0.6, the initial stiffness increases up to 2%, and the ultimate
strength and the strength ratio increase up to 12%. By further increasing the spacing parameter (A) from 0.6
to 0.1, the initial stiffness decreases up to 1%, and the ultimate strength and the strength ratio decrease up to
8% [20].

o With these parameters, as listed in Table 2, the increase in the ultimate strength is at least 30% and up to
170%.
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b) The response surface methodology for internally reinforced KT-joint ultimate strength and the strength ratio
optimization under compressive load were presented in this study. The response surface model and suggested
mathematical formulas provide high precision in predicting the ultimate strength and the strength ratio variables.
Since different combinations of rings can result in strength enhancements, all ring characteristics were used. With
R? values greater than 97.47, Practicing engineers can use these equations (Equations 11 and 12) to accurately
predict the ultimate strength and the strength ratio to mitigate potential risks associated with structural failure and
ensuring the longevity and efficiency of offshore structures.

¢) The optimal outcomes with a maximum ultimate strength of 625.67kN and a maximum strength ratio of 2.64 with
a maximum error of 1.7% show excellent accuracy.

6. Nomenclature

I @ —H O

=
&
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Bo

€
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“,y 0
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Responses Source DF AdjSS AdjMS F-Value P-Value Responses Source DF AdjSS AdjMS F-Value P-Value
Model 25 1350154 54006 3195.31 <0.001 Model 22 135799 0.61727 969.21 0.000
Linear 8 751641 93955  5558.92 <0.001 Linear 8 86336 1.07920 1694.52 <0.001

B 1 51080 51080 3022.21 <0.001 B 1 26078 260780 4094.66 <0.001

b 1 509222 509222 30128.44 <0.001 % 1 22396 223962 3516.56 <0.001

T 1 1298 1298 76.79 <0.001 T 1 0.078 0.07855 123.33 <0.001

0 1 138 138 8.17 0.005 0 1 0.0023 0.00226 3.54 0.02

C 1 4635 4635 274.25 <0.001 ¢ 1 0.0249 0.02493 39.15 <0.001

A 1 453 453 26.78 <0.001 A 1 0.0085 0.00848 13.31 <0.001

) 1 20140 20140 1191.59 <0.001 ) 1 0.8238 0.82377 1293.46 <0.001

] 1 22788 22788  1348.26 <0.001 ] 1 03163 0.31629 496.62 <0.001

Square 5 11862 2372 140.36 <0.001 Square 3 0.1020 0.03400 53.39 <0.001

B*p 1 273 273 16.15 <0.001 *¢ 1 0.0147 0.01468 23.05 <0.001

vy 1 4466 4466 264.25 <0.001 A*A 1 0.0431 0.04311 67.69 <0.001

[ 1 624 624 36.92 <0.001 y oy 1 0.0442 0.04421 69.42 <0.001

gtf;’r:"gitﬁ 2 1 2857 2857 169.06  <0.001 St:gt”igth 2-Way Interaction 11 09376 008523 133.83  <0.001

y*y 1 2975 2975 176.04 <0.001 B* A 1 0.0051 0.00513 8.05 0.005

2-Way Interaction 12 40497 3375 199.67 <0.001 p*d 1 01941 0.19413 304.82 <0.001

B* A 1 220 220 13.00 <0.001 B* v 1 0.0570 0.05699 89.48 <0.001

B* o 1 9886 9886 584.91 <0.001 YEA 1 0.0049 0.00494 7.75 0.006

B* v 1 3123 3123 184.76 <0.001 v*d 1 01192 0.11916 187.10 <0.001

v* 1 1242 1242 73.48 <0.001 vy 1 0.0788 0.07879 123.72 <0.001

L 1 296 296 17.53 <0.001 A 1 0.0037 0.00371 5.83 0.017

™9 1 97 97 5.75 0.018 c*d 1 0.0156 0.01564 24.56 <0.001

ck A 1 154 154 9.12 0.003 A*d 1 01679 0.16794 263.70 <0.001

c*d 1 792 792 46.87 <0.001 AFy 1 0.0453 0.04533 71.18 <0.001

Ty 1 72 72 4.23 0.041 d*y 1 01172 0.11717 183.97 <0.001
A*d 1 12066 12066  713.88 <0.001
A*y 1 3095 3095 183.10 <0.001
d*y 1 9338 9338 552.51 <0.001
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