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Abstract

Fatigue analysis of tubular joints based on peak stress concentration factor (SCF) is critical for offshore structures as it
determines the fatigue life of the joint and possibly the overall structure. It is known that peak SCF occurs at the crown
position for in-plane bending (IPB) and at the saddle position for out-of-plane bending (OPB). Tubular joints of offshore
structures are under multiplanar bending, comprising IPB and OPB. When a joint is subjected to IPB and OPB loads
simultaneously, the peak SCF occurs somewhere between the crown and the saddle. However, existing equations estimate
SCF at the crown and saddle only when a joint is subjected to IPB or OPB. It was found that the position and magnitude
of peak SCF under simultaneous IPB and OPB depend on the relative magnitudes of these uniplanar load components. The
crown and saddle position SCF can be substantially lower than the cumulative peak SCF. Empirical models are proposed
for computing peak SCF for KT-joints subjected to multiplanar bending. These models were developed through regression
analysis using artificial neural networks (ANN). The ANN training data was generated through 3716 ANSY'S finite element
simulations. The empirical model was validated using models available in the literature and can determine peak SCF with
an error of less than 1.5%.

Keywords: Fatigue Analysis; Stress Concentration Factor; Empirical Modeling; ANN; Multiplanar Bending Load; Tubular KT-Joint.

1. Introduction

Circular hollow section Steel tubular members are preferred for offshore structures due to their high stiffness-to-
weight ratio, low drag, and direction-independent structural response. Fatigue due to environmental and operational
loads is the primary cause of failure in offshore structures, and it is critical to design for fatigue loading. The weld line
at the interface tubular members is typically the most vulnerable to fatigue failure due to stress amplification caused by
geometric variation [1, 2], as illustrated in Figure 1. The failure of a joint causes additional load on the neighboring
structural elements and can lead to the collapse of the entire structure [3]. Therefore, careful fatigue life estimation is
essential for the reliable design of offshore structures [4].

Fatigue life can be estimated experimentally or numerically. Experimental fatigue analysis is usually difficult, costly,
and time-consuming. Among various numerical methods, the structural hot-spot stress-based fatigue life estimation is
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straightforward and widely used when designing offshore structures [4]. This approach is based on fatigue life
determination using peak hot-spot stress (HSS) in conjunction with an S-N curve. The HSS in a joint is usually calculated
using the stress concentration factor (SCF) and nominal stress, as shown in Equation 1. The nominal stress (a,,) is the
bending stress calculated using beam theory, given by Equation 2 [5].

JHSS = SCF * Jn (1)

32dM
In = Tlat- @-207 )
where oy IS hot-spot stress (HSS), SCF is stress concentration factor, a,, is nominal stress in the brace, d is diameter
of the brace, M is moment on the brace, t is brace wall thickness.
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The SCF measures stress amplification at a tubular joint and depends on the geometry and load on the joint.
Significant efforts have been devoted to investigating and developing empirical models for SCF in various tubular joints.
These studies can be traced back to Kuang et al. [6], Wordsworth [7], Wordsworth and Smedley [8], Efthymiou [9],
Hellier et al. [10], Lloyd [11], Smedley and Fisher [12], and Morgan et al. [13, 14]. Efthymiou's equations [9] are widely
used for estimating the fatigue life of KT-joint and are included in various standards such as DNV-GL-RP203 [15],
NORSOK [16], and CIDECT [17]. The geometric configurations and load conditions of KT-joints are varied, and
numerous aspects have been actively explored in recent years. Many researchers have investigated SCF concerning
different design aspects of KT joints subjected to bending and proposed numerical models to determine SCF rapidly.

Ahmadi & Zavvar [18] investigated KT-joints with internal ring stiffeners under four different configurations of
OPB and proposed empirical models for determining SCF at the saddle positions. They conducted a study [19] in which
four different IPB load conditions were investigated using 118 finite element (FE) models, and empirical models were
developed for the crown position of the central brace and the toe of inclined braces. Simulations of these two studies
[18, 19] could be used to determine the combined SCF effect of IPB and OPB using the superposition of stress. However,
while the peak SCF of simultaneous loads occurs somewhere between crown and saddle, the empirical models were
only for SCF at the saddle for OPB and the crown for IPB. Utilizing these models will underestimate the peak SCF.
Therefore, empirical models that can estimate SCF around the brace axis are required. Additionally, they investigated
the probability distribution functions for SCFs in internal ring-stiffened KT-joints under IPB [20]. Four IPB load
configurations were explored using 108 simulations. Various probability density functions (PDFs) were fitted to the
maximum SCFs, and the goodness of fit was evaluated using Kolmogorov-Smirnov and chi-squared tests. These
investigations were limited to SCF to locations of maximum SCF when the KT-joint is subjected to either IPB or OPB.
They simulated 432 FE models of KT-joint under various OPB loads and investigated the probability distribution of
SCF at saddle position [21] under various configurations of IPB loads. Ten parametric equations were proposed for
determining SCFs at braces' crown, toe, and heel positions by regression analysis of data obtained through 46 simulations
[22]. They also investigated the effect of multilinearity by stimulating 81 finite models [23]. It was found that the SCF
in multiplanar joints can be substantially higher than in uniplanar KT- joints. However, SCF equations were only
available for uniplanar KT-joints under IPB and OPB, and using these parametric models for multiplanar joints would
underestimate the SCF.

New empirical models were proposed for multiplanar KT-joints under bending. However, both the old and new
models were only for determining SCF at saddle and crown positions. These models are valid when a joint is subjected
to either IPB or OPB, but not both. Zavvar et al. [24] investigated the SCF of uniplanar and multiplanar KT-joints
subjected to IPB. Four IPB load configurations were investigated through 81 FE simulations. Empirical models were
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proposed for determining SCF at the crown position. They also investigated SCF in FRP-reinforced KT- joints under
IPB and OPB [25]. Simulation of 2920 FE models was carried out, and 38 parametric equations were proposed for
determining SCF at the crown and saddle of the central brace while at the heel and toe of inclined braces. All existing
models are limited to determining SCF at specific locations, as outlined in Table 1. None of these models can determine

SCF around the brace axis for a joint subjected to simultaneous in-plane bending (IPB) and out-of-plane bending (OPB).

Table 1. Literature on empirical modeling of SCF in KT-joint under bending loads

S. No. Article T\I?)f. Joint Load Empirical model
Development of SCF formulae and generalized IPB. OPB Equations were proposed for determining
1. influence functions for use in fatigue analysis [9] KT-joint (base model) (ot simLJItaneous) the SCF at the joint crown for IPB and the
(1988). saddle for OPB.
Stress concentration factors induced by out-of-plane - L Empirical models were developed for the
- A . . KT-joint with internal L
2. bending loads in ring-stiffened tubular KT-joints of ~ [18] ) - OPB SCF at joint saddle under four OPB
. ring stiffeners ] :
jacket structures (2015). configurations.
Stress_corlcentr.atlon due to |n-p|ar.1e.bend|ng (IPB) T Empirical models were developed for the
loads in ring-stiffened tubular KT-joints of offshore KT-joint with internal .
3. - ; . [19] . . IPB SCF at the joint crown under four OPB
structures: parametric study and design formulation ring stiffeners ' .
configurations.
(2015).
Probabilistic analysis of stress concentration factors T The best-fit probability distribution function
. L R L . KT-joint with internal . - -
4, in tubular KT-joints reinforced with internal ring ~ [20] ring stiffeners IPB was identified for the SCF at the joint crown
stiffeners under in-plane bending loads (2015). 9 joint under IPB.
A probability distribution model for SCFs in
5 internally ring-stiffened tubular KT-joints of [21] KT-joint with internal oPB The best-fit probability distribution function
' offshore structures subjected to out-of-plane ring stiffeners was identified for the SCF at the joint crown.
bending loads (2016).
Stress concentration factors in uniplanar tubular Ten parametric equations were proposed to
6. KT-joints of jacket structures subjected to in-plane  [22] KT-joint (base model) IPB determine the SCFs at crown of the central
bending loads (2016). brace, and toe and heel of the outer braces.
The effect of multi-planarity on the SCFs in . Empirical models were proposed for the SCF
L . . niplanar, an IPB, OPB (n . L.
7. offshore tubular KT-joints subjected to in-planeand ~ [23] U. planar, a d . OPB (not at the joint crown for IPB and joint saddle for
. multiplanar KT-joint simultaneous)
out-of-plane bending loads (2016). OPB.
Stress concentration factors of multiplanar tubular . Empirical models were proposed for the SCF
. . . . Uniplanar, and . .
8. KT-joints subjected to in-plane bending moments  [24] multinlanar KT-ioint IPB at crown of uniplanar and multiplanar KT-
(2021). P ] joint subjected to IPB.
Stress concentration factors in steel tubular KT- . Parametric equations were proposed for the
R R . ) FRP reinforced KT- IPB, OPB (n
9. connections with FRP-Wrapping under bending  [25] e'.ofmc ed simulct)aneéu;))t SCF at the central brace crown and saddle at
moments (2021). ] the heel and toe of inclined braces.
Empirical modeling of stress concentration factors Axial, IPB, OPB L.
using finite element analysis and artificial neural (individual and Empirical models were presented for the
10. 9 Y [26] KT-joint (base model) SCF around the axis of the central brace.

networks for the fatigue design of tubular KT-joints
under combined loading (2023).

simultaneous load on
central brace only)

(including the crown and saddle positions)

Fatigue life estimation is based on the peak SCF and S-N curves. The peak SCF occurs at the crown position when
a joint is subjected to IPB, while at the saddle position when it is subjected to OPB. Therefore, while the empirical

models are available for IPB and OPB, no models are available when a joint is subjected to multiplanar bending loads,
e.g., simultaneous IPB and OPB, as the location of peak SCF varies between the crown and saddle [27]. The peak HSS
for joints subjected to combined loads depends on the magnitudes and directions of the load components [28]. In such
cases, HSS can be determined by the superposition of stress due to uniplanar load components by determining SCF
around the brace axis, superimposing it to find the peak HSS, and calculating fatigue life. However, none of the available
empirical models can determine SCF around the brace axis. Recently, Igbal et al. [26] proposed empirical models
capable of determining SCF around the brace axis of a KT-joint; however, only the central brace was subjected to
bending loads. In this work, the SCF around the brace axis for the KT-joint is investigated, with all braces subjected to
bending. 3716 numerical simulations were carried out, and the results generated were used to develop empirical models.
These models were validated with finite element simulations and existing equations.

2. Simulation of KT-joint under Bending Loads

This study investigates KT-joints subjected to bending. FE models of KT-joints were simulated using the static
structural module of ANSYS. Artificial neural network (ANN) models were trained using finite element analysis (FEA),
and empirical models were developed. The methodology is summarized in Figure 2.
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Figure 2. Methodology for determining the SCF in KT-joint under bending
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Estimate Fatigue life using the peak HSS and
respective S-N curve

The KT-joint was defined as a function of dimensionless parameters 8,y, 7, 6, @, and ¢, given in Equations 3-7. The
range for these parameters is listed in Table 2. The design data set was generated based on the equidistance distribution
of variables D, d, T, t, 0, and g. This initial set of design points was generated using the permutation dimensionless
parameters. Some of these data points were violating the range defined. Design points outside the range of dimensionless

parameters were excluded. Due to the continuous nature of all dimensionless parameters, the
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contain infinite design points, which need to be limited for simulation in due time. Pre-set data points were selected
from this data, ensuring this selection was equally distributed around the initial data set and simulated using ANSYS,

following the steps shown in Figure 2.

T=1t/T 3)
y=D/2T “)
a=2L/D )
¢=g/D (6)
B =4d/D (7

where D is diameter of chord, d is diameter of brace (all), T is chord wall thickness, t is brace wall thickness (all), L is
chord length, g is gap b/w central and inclined braces at the chord surface.

Table 2. Range for the parameters used [26]

Type Parameters Range Reference
Derived Parameters T 0.3-0.7 ARSEM Guide [29]
(dimensionless)
e 12-20 ARSEM Guide [29]
a 5-40 Lloyd's Register [12], ISO Guide [30]
4 0.25-0.5 Ahmadi et al. [18, 31], Ahmadi [32]
B 04-0.8 ARSEM Guide [29]
Geometric Parameters 2] 30-75° ARSEM Guide [29]
g 100 (mm) Ahmadi [32]
L 1800-3000 (MM)  Xnaxs Dimaxs Xmin, @NA Dy
t 3-10 (mm) Manufacturing limit (assumption)
T 3-10 (mm) Manufacturing limit (assumption)
d 80-320 (mm) Binaxs Dmins @0 Dy
D 200-400 (mm) D >150 (Lloyd's Register [12]), Yiax aNd Tpax

The 3D model of the KT-joint was generated using ANSYS Design Modeler. Geometric inputs were assigned as
parametric variables. The joint geometry was meshed using high-order nonlinear elements, as shown in Figure 3-a. A
mesh with 223630 elements was used following a sensitivity study. This model was validated with results by Ahmadi
etal. [20], as presented in Figure 3-b, with a difference of less than 3% for the numerical model. However, the difference
with the experimental results was 15%, possibly due to approximations in the sizing of joints used. The numerical results
are usually based on the nominal wall thickness, and a difference in nominal wall thickness and measured wall thickness
would cause a mismatch between the numerical and experimental results [33]. This validated model was used for further

investigations.

Extrapolation point-1

Extrapolation point-2 \ \

(a)

\

350 | ceeeeee- - /‘ 2 [ Simulation

----- Experimental (literature)

Numerical (literature)

0 15 30 45 60

(b) Angle (degree, starting from the crown point)

90

Figure 3. FE model of KT-joint: (a) finite element model, (b) validation of finite element model with the literature [24]
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Simulation of 929 geometric design configurations of KT-joints was carried out using ANSY'S for each of the four
bending configurations, as shown in Figure 4. The first two loadings are IPB, and the latter two are OPB. Bending on a
typical KT-joint can be either of these cases or a combination of an IPB and OPB. The chord ends were constrained in
all degrees of freedom (three displacements and three rotations), and static structural analysis was performed. Linear
elastic simulations are reasonable for determining SCF in tubular joints [34, 35].

M ~\\ M
<\\ Inclined brace : Central brace M A ’ ( >
\\\\ | /(/ M ‘\\

Chord

(i) (it)

(iii) (iv)

Figure 4. KT-joint subjected to brace bending loads: (i) in-plane bending condition-1, (ii) in-plane bending condition-2, (iii)
out-of-plane bending condition-1, (iv) out-of-plane bending condition-2

A Python code was integrated into the ANSY'S to automate the determination and extrapolation of stress. This code
extracts the stress and position coordinates of the reference points and computes the stress at the weld toe using linear
extrapolation. Twenty-four positions were selected to determine stress around the brace axis, as shown in Figure 5-a.
For gapped CHS, the variation in stress near the weld toe is almost linear [33]; hence, linear extrapolation was used, as
illustrated in Figure 5-b. This extrapolated stress at the weld toe is referred to as HSS. This stress is expressed as a
dimensionless parameter (SCF) using Equation 1. Various finite element models were simulated, and SCF was recorded
for each simulation. This data was used for regression analysis to develop empirical models for the SCF.

Hot-spot stress

Quadratic extrapolation

15! extrapolation point »|  Brace thickness, t

Central brace Chord \ Linear extrapolation
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Y b 4 e H :‘
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. . @
) 2700 . Chord thickness, T
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Figure 5. Stress extrapolation: (i) Stress extraction points, (ii) linear extrapolation of principal stress

3. Development and Training of Artificial Neural Networks

An ANN was constructed using MATLAB's tool, as illustrated in Figure 6. The dimensionless parameters served as
the inputs, and the SCF along the weld toe of the central brace were the outputs for ANN. Various combinations of
hidden layers and neurons were compared, and finally, a configuration with one hidden layer with ten neurons was used
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to model the ANN. The Levenberg—Marquardt backpropagation algorithm was applied [36], and the ANN model was
trained using the data generated from the FEA with a coefficient of determination R? > 0.999 and the mean squared
error < 0.01. The regression and performance plots of the training process are shown in Figures 7 and 8. The inputs to
empirical expression are normalized to avoid the dominance of a variable with larger magnitudes. The output will be
denormalized after calculation. The equations for normalization and denormalization are given as Equations 8 and 9.

y=D/2T 4
=tT
— A
o=2L/D
Figure 6. The artificial neural network model
Training: R=0.99972 Validation: R=0.99965 Training: R=0.99959 Validation: R=0.99963
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Figure 7. Regression plots: (i) in-plane bending condition-1, (ii) in-plane bending condition-2, (iii) out-of-plane bending
condition-1, (iv) out-of-plane bending condition-2
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Figure 8. Performance plots: (i) in-plane bending condition-1, (ii) in-plane bending condition-2, (iii) out-of-plane bending
condition-1, (iv) out-of-plane bending condition-2
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Where iy, max 1S 1, imay 1S Max value in input data, i, iy 1S -1, iy, iS Min value in input data, 0, gy 1S 1, 0pgy IS Max
value of SCF is simulation results, oy, ;i iS -1, 01, IS Min value of SCF in simulation results.
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IPB and OPB cases were individually simulated, and ANN was trained for each case. The weights and biases of the
trained model were employed for the mathematical modeling of SCF. Stress can be superimposed on IPB and OPB
when the joint material remains in the linear elastic range [5, 13, 37]. The combined HSS was computed using Equation
10. The results determined are discussed in the next section.

Peak HSS = SCFiprnominal ipb + SCFoprnominal opb (10)

4. Empirical Modeling of Stress Concentration Factors

The equations for the SCF in KT-joint subjected to simultaneous brace bending were developed for four
configurations applied individually. Two of these represent IPB, and the other two represent OPB. A typical complex
bending load can be resolved into IPB and OPB components. For individual load cases, the other component will have
null magnitude. Empirical models were developed for each case, and their effect was linearly superimposed using
Equation 10. These models were validated with detailed FEA for individual and combined load cases. Empirical
equations were developed for quarter geometry (1/4™), with the other quarter having an inverted SCF and the remaining
half being symmetric. Equations 15-22 have been developed for SCF along the weld toe of the central brace. The SCF
determined through these ANN-based equations was validated through finite element analysis of different KT-joint
designs. The SCFs for nine randomly selected designs are shown in Figures 9 to 15. The maximum error in the SCF was
4.7, 4.0, 3.3, and 4.9% for IPB_C1, IPB_C2, OPB_C1 and OPB_C2, respectively. These nine designs were other than
those used for training the ANN model, as presented in Table 3.

SCFchora_crown = 145 708 y(1_0'68ﬁ) sin 6 (11)

SCFehora—sadate = Tpll — O-S(ﬁAY)O'S eXp(_O-BxAB)](BA/BB) J1- O-B(ﬁc)/)o's eXp(—O-Bch)](BC/BB) +
Ty [1—0.8(Bzy)°*® exp(—0.8x45)] . [2.05(Brax)® exp(—=1.3x,5)] + T¢ [1 -
O-B(BBV)OB eXp(—O-Sch)] . [2-05(ﬁmax)0'5 exp(_l-SxBC)]

T, = yt,84 (1.7 — 1.055,%)sin'®0; (12)
where i = A, B, C (inclined brace 1, central brace and inclined brace 2)
XAB =1 + {ABSin 6p
BB
XBC =1+ {pcSin 6p
BB

SCFcrown = 0.566 T0'883)/0'715,3_0'00390'061 (13)
SCFcrown =0.671 T0.848y0.68350.11560.023 (14)

r0.04 004 029 026 006 —0.46] r—1.807
hi] | 014 028 -004 —004 000 -0.15 —0.80
hyl 1-080 013 -014 -0.01 001 -0.05B,7 | 1.39
hs( )1 014 027 -004 -0.04 0.00 -—0.15[yn| |[—0.80
h,{_[078 004 -026 —0.07 -158 —0.13(|Tn|, |-4.12 |
hs[ |-251 —0.71 083 217 327 —0.14|(6a| | 2.64 (15)
hg| 1-031 014 035 -0.01 —0.04 025 [fanf [-0.10
h,| 1-0.76 —0.03 026 005 156 0.15 [L3 ] | 462
lh,! [ 082 o010 036 005 000 -0.15 0.15

L 082 010 036 005 000 —0.15 L 0.16

]
[ SCFo 1.63 —64.27 0.08 6661 12442 004 060 33510 —22.04 2252 7|, | [—207.78
SCFis| | 1.06 —7473 009 7743 4762 001 063 12779 -2415 2464 ||,°| |-77.46
SCF3| |-0.01 —85.26 0.25 8826 —8694 —0.04 054 -23445 -2393 2440 h3 149.43
SCFys|=1-055 —8297 041 8592 —14743 —0.06 044 -39642 —17.20 17.59 |, *1+| 25035 (16)
SCFg| 1-0.64 —87.33 060 9056 —164.13 —0.06 041 -440.50 -10.99 1133 |}, ° 277.68
SCF,5| [-0.53 —96.41 121 10015 -147.90 —0.05 0.51 -39890 3.11 -2.82 |f.° 252.14
[SCFyq 049 —7873 —189 8240 20067 011 131 54280 17502 -17593)),7| [-337.24
[h,

[hi] r—029 -129 —0.14 071 048 0.14 r—2.02
hy [ 1-041 —0.40 055 -0.02 001 004 0.65
h 136 036 —037 —0.80 —226 —0.14|[B,] |—4.02
h,| |-136 014 -022 001 000 -0.03 [Yn 1.53
hs|_| 020 027 030 001 000 —007( T, [023
hg |~ |-0.81 —0.58 —0.21 -031 —-036 0.56 |[6n 0.50 (17)
h,| |-069 —016 —037 0.04 0.07 025 ||an] |-0.64
hg 0.64 —0.02 -0.18 -0.08 —0.10 -0.14|Le, 0.02
h,| [-0.77 -028 005 005 012 017 —0.46
lh,,] 1013 031 050 001 =002 —024 l—1.05!

1059



Civil Engineering Journal

Vol. 10, No. 04, April, 2024

hy 7
h,
[—0.01 039 —0.44 007 114 010 -0.10 —0.02 0.17 0.717]hs —0.47
0.02 0.44 -023 0.08 108 0.09 -0.15 —025 0.07 0.74|| hs —-0.41
| —0.03 047 034 009 064 005 -029 —0.81 -0.33 0.65||hs + | —0.09 18
~1-0.03 054 061 018 059 —0.02 —0.13 —0.89 -0.56 0.63||h, 0.05 (18)
-0.03 053 058 0.28 066 -0.06 0.07 -073 -0.60 0.75]|h, 0.08
-0.01 0.60 040 0.69 089 -0.11 033 =027 -0.51 0.711| hg —0.42
hg
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Figure 9. Comparison of stress concentration factor for in-plane bending condition-1 determined using empirical model and

finite element analysis
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Figure 10. Comparison of stress concentration factor determined using Equations 15 and 16 to existing models
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Figure 11. Comparison of stress concentration factor for in-plane bending condition-2 determined using empirical model

and finite element analysis
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Figure 12. Comparison of stress concentration factor determined using Equations 17 and 18 to existing models
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Figure 13. Comparison of stress concentration factor for out-of-plane bending condition-1 determined using empirical
model and finite element analysis
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Figure 15. Comparison of stress concentration factor for out-of-plane bending condition-2 determined using empirical
model and finite element analysis
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Table 3. Details of KT-joints used for validation of empirical models

Design # Geometric parameters Dimensionless parameters
T L/2 d t L B Y T o o 4
1 200 6 1000 100 4 2000 0.50 16.67 0.67 40.00 20.00 0.50
2 225 75 1200 120 45 2400 0.53 15.00 0.60 50.00 2133 044
3 250 8 1150 130 5.5 2300 052 1563 0.69 55.00 1840 0.40
4 300 10 1300 133 6 2600 044 1500 0.60 4500 17.33 0.33
5 320 8 1350 250 4 2700 0.78 20.00 050 3500 16.88 0.31
6 350 9 1400 280 5.5 2800 0.80 1944 061 50.00 16.00 0.29
7 220 6 1100 90 4 2200 041 1833 0.67 70.00 20.00 045
8 320 8 1200 240 5 2400 0.75 20.00 0.63 65.00 15.00 0.31
9 380 10 1300 250 6 2600 0.66 19.00 0.60 35.00 1368 0.26

Min 200.00 6.00 900.00 90.00 4.00 1800.00 0.41 1500 045 30.00 10.00 0.26
Max 380.00 10.00 1400.00 280.00 6.00 2800.00 0.80 20.00 0.69 70.00 2133 0.50

The developed empirical models were validated with the literature as well. Efthymiou [9] proposed Equation 11 for
determining SCF at the crown in the joint under IPB_C1 and IPB_C2. Similarly, Efthymiou [9] presented Equation 12
for determining SCF at the saddle in the joint under OPB_C1, while OPB_C2 was not covered. Ahmadi & Ali [22] have
proposed Equations 13 and 14 for determining SCF at the crown joint under IPB_C1 and IPB_C2, respectively.

4.1. IPB_C1

When the randomly selected KT-joints were subjected to IPB condition-1, according to Figure 1, the peak SCF
occurred at the crown position. The SCF determined using the developed empirical models, given as Equations 15 and
16 for IPB_C1, was in good agreement with the FE results, as shown in Figure 9. The difference was less than 5 percent.
These equations were extracted from the best epoch of the trained ANN model and validated with equations available
in the literature [9, 22] as well, as shown in Figure 10. A good agreement was observed with Efthymiou [9] (less than
6% difference). However, the difference was slightly higher (35-43%) when the SCF determined through the empirical
models of this study was compared to the one calculated using the equations proposed by Ahmadi & Ali [22]. The large
difference could be due to the limited number of simulations used to extract numerous equations, i.e., only 46 simulations
were used to develop ten parametric equations for different IPB load configurations [22].

4.2. IPB_C2

Similar to IPB_C1, the KT-joint under IPB_C2 has a peak SCF at the crown region. Equations 17 and 18 approximate
the SCF behavior and are compared with FE model results, as shown in Figure 11. The difference was less than 5%.
The position of peak SCF has minor deviations from the crown position, depending on the geometry of the joint. These
empirical models were validated with existing equations [9, 22], as shown in Figure 12. The difference was less than 25
percent, which is a bit large but can be considered acceptable, as various critical details regarding the definition of joint
geometry are missing in the literature. This comparison imparts confidence in the developed empirical models, which
represent a trend similar to that in the literature. Future experimental validation will be beneficial to resolve such
discrepancies.

4.3.0PB_C1

The design data set of 929 FE models was simulated under OPB-condition-1, and empirical models were developed
and given as Equations 19 and 20. These models were validated by comparing the SCF generated through these models
to those generated through detailed FE simulations. A good agreement was observed with a less than 4% difference, as
shown in Figure 13. These empirical models were validated with existing equations [9], with less than 15% difference,
as shown in Figure 14.

—0.62 -0.14 -0.22 -0.04 -0.03 0.06 7 r 1.49 1
hi] [-041 -0.16 -0.28 —0.01 —0.01 0.09 0.85
h, -0.75 -035 -0.36 -0.04 0.14 0.29 [Bn] 2.21
hs -0.13 -0.18 043 -0.01 0.05 0.05 || ¥n —0.78
h,|_|-0.52 -0.19 -0.10 -0.02 0.06 027 ||t +|—022
hg| |-0.07 -020 -039 066 0.14 —0.02]|6s 2.45 (19)
he 094 0.08 -0.34 -0.03 -0.09 -0.17 [‘XnJ 1.49
h, 0.14 003 -0.25 0.00 -0.03 —0.05[L¢, 0.66
Lhg | 1.03 0.18 -0.40 -0.01 -0.10 -0.20 1.64
L 0.51 0.46  0.52 019 -2.85 -0.11- L—3.71
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hy ]
[ SCFo 421 -0.73 -3.12 -055 0.20 015 -196 -2.39 148 0.37]hz [ 130

[SCFis| |-2.61 544 -3.18 0.18 -088 —1.07 —417 -337 415 0.15 ||hs 4.68

[SCF3| | 199 096 -081 -1.67 —091 0.22 -1.62 —6.63 227 0.01 |{hs +|—0.02

[sCF;| | 328 -172 —073 —281 -062 1.03 1.61 -7.45 —0.58 —0.14|(hs| |-0.79 (20)
SCFq, 355 —250 —-1.11 -277 -038 117 262 —634 —170 —0.21||hs| |-0.87

SCF.s 423 -289 -130 -271 -030 131 290 =595 -2.03 -0.23|h,| L-134

[ |
4.4, OPB_C2

Various KT-joints were simulated, and empirical models were developed for OPB_C2. These empirical models are
given as Equations 21 and 22. These models were validated through random KT-joints in Table 3. The difference was
less than 4% for SCF determined empirically compared to the FEA simulation results, as shown in Figure 15. Equations
were unavailable in the literature for validation.

r—0.58 —0.10 —0.27 0.00 0.15 0.02 1 r 1.90 1
-0.27 —-0.12 -0.22 0.09 033 001 1.67
[h1] | 002 -0.09 —022 0.0 004 0.04 [Ba] | 0-57
[hz]| | 110 007 -052 -055 -1.45 —027||¥n| |-133
[hs|_| 013 005 -001 026 —0.16 001 [[Ta| |0.29
h,| |-021 013 002 001 -0.06 002 |6l |-0.61 21)
hs| |-046 013 003 -0.02 —-0.06 0.18 lanJ —-0.38
lh6J 0.04 003 —0.03 034 -0.06 0.02 L3, 0.13
-0.41 -0.10 —-0.09 —0.09 024 0.13 -0.71
l—0.37 —-0.17 045 -0.01 -0.01 —0.01 —1.30!
[SCFis] r1.84 289 -638 —0.11 414 -088 -087 -2.61 232 -153 h, —3.06
[SCFs0| |1.72 321 -6.52 -0.06 266 —1.86 —0.15 —-167 142 —146|lh2| |-3.50
[SCF4s| _|2.05 123 —-6.29 0.03 -1.04 —-3.69 131 077 -=031 -1.63||hs +|—2.90
[SCFe| [3.01 —-2.44 —460 010 =517 —471 245 348 -221 -159|lh,| |-1.60 (22)
SCF75J 471 -542 -3.61 015 -729 —481 278 494 -296 -158||lhs| |-0.88
SCFyl 1585 —6.48 -331 016 -7.61 —461 271 520 -298 -153I[h] L-096

5. Computation of Hot-Spot Stress Using Empirical Equations

Fatigue life estimation using S-N curves requires the peak HSS of a tubular joint based on the load condition. The
empirical models were used to compute HSS around the chord-central brace interface of KT-joint subjected to different
bending load configurations, using the approach by Ahmadi & Ali [22]. A MATLAB code yielding HSS for 0°-360° of
the chord-brace interface was developed, with dimensionless parameters (8,y, 7, 6, a,{) and magnitude for IPB and
OPB loads as input. This plot identifies the peak HSS along the weld toe for fatigue life estimation using the S-N curve.
This method can be used to determine peak HSS along the weld toe of the brace/chord interface, including the crown
and saddle.

5.1. Individual Bending Load

The codes can be used for KT-joint under any bending loads. If the joint is subjected to IPB or OPB, the other load
will be zero. Figure 16 compares the HSS calculated with the empirical equations for individual bending loads. The
error in the computed peak HSS is less than 0.8%. Table 4 lists the error in peak HSS for various bending combinations.

saddle crown saddle

250

Hot-spot stress (MPa)
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Q reakhiss
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Figure 16. Hot-spot stress due to individual bending loads (30 MPa) on all braces of KT-joint
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Table 4. Peak HSS position and error for various bending loads

Load Type Load case Position of peak HSS % Error in peak HSS
IPB_C1 15° from crown 0.2
Individual bending load IPB_C2 30° from crown 02
(uniplanar) OPB_C1 saddle (90° from crown) 0.4
OPB_C2 saddle (90° from crown) 0.8
IPB_C1+ OPB_C14:1 60° from crown 14
IPB_C1+ OPB_C12:1 75° from crown 0.7
IPB_C1+OPB_C11:1 75° from crown 0.6
IPB_C1+OPB_C11:2 saddle (90° from crown) 0.4
IPB_C1+OPB_C11:4 saddle (90° from crown) 0.4
IPB_C1 + OPB_C2 4:1 30° from crown 0.3
) ) IPB_C1+OPB_C22:1 45° from crown 0.3
Slmultapniﬁlljtsiptizzg:;g loads IPB_C1+0OPB _C21:1 60° from crown 0.1
IPB_C1+OPB_C21:2 75° from crown 0.3
IPB_C1+OPB_C21:4 75° from crown 0.3
IPB_C2 + OPB_C2 4:1 30° from crown 0
IPB_C2 + OPB_C2 2:1 45° from crown 0.1
IPB_C2 +OPB_C21:1 60° from crown 0.3
IPB_C2 + OPB_C21:2 75° from crown 0.3
IPB_C2 + OPB_C2 1:4 75° from crown 0.3

5.2. Combined Bending Load

When bending at an angle to the orthogonal axis of the joint, the peak HSS occurs between the crown and saddle
points [26]. A KT-joint was simulated for different combinations of combined bending to show this shift and as a proof
of concept of the empirical models to determine peak HSS in such scenarios. Table 4 summarizes these loads and the
positions of peak HSS. The three possible bending configurations are presented in the following sections:

5.2.1. IPB_C1+ OPB_C1

KT-joints under different combinations of IPB and OPB were simulated. The simultaneous application of IPB_C1
and OPB_C1 causes variation in the position of peak HSS, as shown in Figure 17.
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O reakHss i =
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|
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Figure 17. Comparison of hot-spot stress for simultaneous in-plane bending condition-1 and out-of-plane bending condition-
1 determined using empirical models and finite element analysis

IPB and OPB ratios of 4:1, 2:1, 1:1, 1:2, and 1:4 were used, with "1" representing a 30 MPa bending stress. Equations
20-23 were used for SCF calculation, and combined HSS was calculated using Equation 10. When an IPB_C1 load of
30 MPa was applied with an OPB_C1 load of 30, 60, and 120 MPa, the peak HSS was at 75° from the crown (15° from
the saddle) and remained at the saddle for the following two load combinations. When OPB_C1 magnitude was fixed
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and IPB_C1 was varied, the peak HSS was at 75°, 75°, and 60° from the crown. The variation in peak HSS position
emphasizes the need for empirical models capable of determining SCF around the axis. If hot-spot stress lower than
peak HSS is selected, as would be the case if the equations from the literature were used, it will result in an unrealistic
high fatigue life estimation through the respective S-N curve. These findings were validated with detailed FEA and a
maximum of 1.4% error at the peak HSS points, as listed in Table 4.

5.2.2. IPB_C1 + OPB_C2

The second load configuration was IPB_C1 and OPB_C2. The same five load cases were simulated, i.e., 4:1, 2:1,
1:1, 1:2, and 1:4 (1 being 30 MPa). For equal magnitudes of IPB_C1 and OPB_C2, the peak HSS was 60° from the
crown point. When the magnitude of IPB_C1 was doubled, the peak HSS was at the 45° position. When the IPB_C1
was further increased, the peak was 30° from the crown. Similarly, with IPB_C1 fixed, three magnitudes of OPB_C2
were applied to determine the variation in the position of peak HSS. The peak HSS was 60° from the crown for the same
load and 15° from the crown for the following two load cases. The maximum difference was 0.3% compared to the FEA
simulation results, as shown in Figure 18.
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200.00 | e FEA2:1 —#— Superposition 2:1
FEA 1:1 Superposition 1:1
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Figure 18. Comparison of hot-spot stress for simultaneous in-plane bending condition-1 and out-of-plane bending condition-
2 determined using empirical models and finite element analysis

5.2.3. IPB_C2 + OPB_C2

The last combination was IPB_C2 and OPB_C2. The peak HSS occurred at 60°, 45°, and 30° from the crown when
IPB_C2 of 30 MPa was applied with OPB_C2 of 30, 60, and 120 MPa bending stress. The peak HSS occurred at 60°,
75°, and 75° from the crown when 30 MPa OPB_C2 was applied with IPB_C2 of 30, 60, and 120 MPa stress. A similar
trend was found for peak HSS based on the equations, with a maximum error of 0.3%, as shown in Figure 19.
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Figure 19. Comparison of hot-spot stress for simultaneous in-plane bending condition-2 and out-of-plane bending condition-
2 determined using empirical models and finite element analysis
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6. Conclusion

Existing models estimate peak hot-spot stress (HSS) at the crown or saddle. However, for a KT-joint under
multiplanar loads, the peak HSS could occur anywhere along the weld toe of the brace-chord interface, which can be
significantly higher than the HSS observed at the crown or saddle. As such, fatigue life can be overestimated if the HSS
at the crown or saddle is used for fatigue analysis of the KT-joint under multiplanar bending. This study investigated
the stress concentration factor (SCF) and HSS in KT-joints under multiplanar bending, addressing the limitations of
existing models by proposing new empirical models to predict SCF and HSS with exceptional accuracy. Various KT-
joint designs were generated, and 3716 simulations were performed. The HSS at the weld toe at 24 equidistant positions
around the brace axis was determined based on the linear extrapolation of maximum principle stress. The HSS was
expressed as a SCF at the weld toe. Artificial neural networks were trained using the simulation data, employing
dimensionless joint parameters as input and SCF as output. Subsequently, empirical equations were developed to predict
peak HSS for any combination of bending loads with less than 1.5% error. It was highlighted that the difference in HSS
at the crown or saddle and the peak HSS depends on the relative magnitudes of in-plane and out-of-plane bending loads.
These models may be validated experimentally in the future to enhance their reliability. Additionally, similar models
could be developed for different joint types and load conditions using similar methodologies.

7. Abbreviations and Symbols

API American Petroleum Institute B d/D

ANN Artificial neural networks Y D2T

DoE Design of Experiment t/T

FE Finite element a 2L/D

FEA Finite element analysis 4 g/D

FEM Finite element method ipx Input to ANN

HSS Hot spot stress, the maximum principal stress extrapolated at the weld toe  hny Output of a hidden layer

IPB In-plane bending moment Wy Weight of a neuron

SCF Stress concentration factor By Bias of a layer

OPB Out-of-plane bending moment inmax  The upper range of normalized input data
Peak HSS  Maximum value of hot-spot stress (HSS) around the brace axis inmin The lower range of normalized input data

6 Angle of the inclined brace with chord axis imax ~ Maximum of dimensionless input data

D Diameter of the chord imin Minimum of dimensionless input data

d Diameter of the brace (all braces kept same) Opmax  The upper range of normalized output data
T Thickness of the chord Opmin  The lower range of normalized output data
t The thickness of the brace (all braces kept the same) Omax  Maximum SCF input used for ANN training
g The gap between the central and inclined brace Omin Minimum SCF input used for ANN training
o, Nominal stress
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