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Abstract

Fatigue assessment of welded offshore structures commonly relies on hot-
spot stress (HSS) approaches. However, pronounced geometric scale differences
between monopile shells and welded secondary attachments, such as boat
landings, may place these joints outside the applicability ranges of estab-
lished tubular-joint recommendations. This study compares five structural stress
approaches for single-sided welded circular hollow section (CHS) joints: ITW
plate extrapolation, IIW/CIDECT and DNV-RP-C203 tubular-joint extrapo-
lation, the Xiao—Yamada (XY) 1 mm stress approach, and Dong’s structural
stress method. Chord-side stress concentration factors (SCFs) were determined
using linear-elastic finite-element analyses within a Design of Experiments (DoE)
framework. Response surface models (RSMs) were developed to quantify the
influence of geometric parameters and their interactions across loading conditions
and evaluation positions. An analytical linear-elastic fracture mechanics (LEFM)
model provided an independent computational reference for geometry-dependent
fatigue strength. By transforming LEFM-derived nominal fatigue strengths using
method-specific SCFs, the ability of each stress definition to account for geo-
metric effects was assessed through correlation and residual scatter. Substantial
differences between the approaches depended on joint geometry, loading condi-
tion, and evaluation position. Chord loading was mainly influenced by thickness
ratio and brace slenderness, whereas brace loading additionally depended on



33

34

35

36

37

38

39
40

P51

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

chord slenderness and diameter ratio. The XY method showed the strongest
agreement with the LEFM-based reference and the lowest residual scatter, fol-
lowed by Dong’s method, whereas conventional surface-extrapolation approaches
exhibited greater scatter. These findings highlight limitations of directly transfer-
ring established CHS-based extrapolation procedures to monopile attachments
with pronounced geometric scale differences.

Keywords: Finite Element Analysis, Structural Stress, Circular Hollow Sections,
Fatigue, Design of Experiments, Linear Elastic Fracture Mechanics

1 Introduction

Offshore wind turbine support structures are subjected to highly variable cyclic loads
induced by wind and wave loading [1]. For monopile foundations, these actions result
in global axial forces and bending moments in the primary support structure and
lead to fatigue-relevant stress ranges [2]. Secondary steel attachments, such as boat
landings, may introduce additional fatigue-critical locations because geometric dis-
continuities and local stiffness changes disturb the stress field of the monopile shell
[3]. Boat landing structures are commonly connected to the monopile or transition
piece by welded tubular hollow section and are exposed to cyclic environmental and
operational loads, see Figure 1. Wave-induced loads acting on the boat landing gen-
erate bending moments in the attached braces, whereas axial brace forces may result
from boat impact, wave loading and load redistribution within the secondary frame.
Numerical investigations of impact-loaded offshore steel substructures further demon-
strate that vessel-impact loads acting on secondary components are transferred into
the primary structure, resulting in local stress concentrations [4]. In addition, the
boat landing may locally restrain the bending deformation of the monopile shell. The
resulting deformation compatibility between the primary shell and the secondary boat
landing frame induces constraint forces and secondary bending stresses in the joint
region. Consequently, the stress state at the welded connection is governed by the
interaction of global monopile loading, local brace loading and attachment-induced
stiffness changes.
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Fig. 1 Welded secondary attachment on transition piece shell (source: IPU Ingenieurgesellschaft
Braunschweig mbH, Braunschweig, Germany)

Stress concentration factors (SCFs) in welded tubular joints have been investi-
gated extensively for different joint configurations, loading conditions and geometrical
parameter ranges. Comprehensive reviews by Saini et al. [5] and Zavvar et al. [6] sum-
marize experimental and numerical investigations on tubular joints, covering SCFs,
structural stresses, fatigue behavior and related design provisions. These reviews high-
light the strong dependency of the local stress response on joint geometry, loading
mode and evaluation position, while also identifying remaining limitations of exist-
ing design approaches. Atteya et al. [7] combined experimental measurements and
finite-element analyses (FEA) to investigate elastic SCFs in tubular joints, demon-
strating the strong dependency of the local stress field on the joint geometry. More
recently, Yang et al. [8] investigated large-scale welded tubular T-joints experimentally
and numerically, providing particular relevance to tubular connections with dimen-
sions beyond conventional laboratory-scale specimens. In addition to deterministic
SCF investigations, probabilistic and data-driven approaches have increasingly been
employed to describe geometrical influences. The strong dependency of dimensionless
joint parameters on the SCFs has also been demonstrated by Zavvar et al. [9], who
identified pronounced effects of the wall-thickness ratio 7, diameter ratio 8 and chord
slenderness g, with the governing influence additionally depending on the evaluated
weld-toe position. Liang et al. [10] developed probabilistic SCF models for concrete-
filled tubular joints under axial loading and in-plane bending, whereas Igbal et al.
[11] applied finite-element-based artificial neural networks to predict SCFs in tubu-
lar KT-joints under combined loading. For the joint configuration considered in the
present study, a previous study applied a Design of Experiments and Response Surface
Model (DoE-RSM) framework to identify the governing geometrical parameters for
chord-side HSS under axial brace loading [12]. However, these investigations remain
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focused on geometrical SCF prediction and do not address the suitability of differ-
ent structural stress definitions for fatigue assessment. These studies demonstrate the
increasing capability to represent complex parameter dependencies but remain pri-
marily focused on the prediction of SCF's for specific tubular-joint configurations.

A separate aspect concerns the definition of the fatigue-relevant structural stress
itself. Vieira Avila et al. [13] systematically compared IIW [14, 15] and DNV [16]
hot-spot stress (HSS) evaluation procedures for welded tubular KT-joints and demon-
strated that the selected numerical procedure can lead to relevant differences in the
resulting SCFs. Recent investigations by Macha¢ et al. [17] further indicate that
the interpretation of HSS and thickness effects remains sensitive to the considered
hollow-section geometry and wall-thickness range. These observations are particularly
relevant for monopile secondary attachments, whose geometry may deviate substan-
tially from the configurations underlying established tubular-joint recommendations.
The investigated detail differs from conventional tubular joints by the pronounced scale
difference between the monopile shell and the attached brace and the brace orientation.
Moreover, the comparatively small brace-to-chord diameter ratio 5 and large chord
slenderness g place substantial parts of the investigated parameter space outside the
applicability ranges underlying conventional CHS-based formulations [16, 18, 19], as
illustrated in Figure 2 and Figure 4. The direct transfer of established CHS-based
surface-extrapolation procedures to such joints is therefore uncertain. Alternative
structural stress approaches, such as the Xiao—Yamada (XY) 1 mm stress method
[20] and the structural stress method proposed by Dong [21], provide fundamen-
tally different representations of the fatigue-relevant stress field and are therefore
considered alongside the conventional extrapolation approaches. A systematic com-
parison is therefore required to determine how consistently these approaches represent
the geometry-dependent fatigue response under different loading conditions and at
different evaluation positions.

1.0 7 IIW / CIDECT & DNV
[ Investigated range

0.8 7

0.6

dy/do

B =

0.4 7

0.2 7

0.0 T T T T T T
0 20 40 60 80 100 120 140
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Fig. 2 Comparison of the investigated parameter range with the applicability ranges of conventional
tubular-joint SCF formulations [16, 18, 19]
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Against this background, the present study addresses three main questions:

1. How do established structural stress approaches quantitatively differ when applied
to single-sided welded CHS joints with pronounced geometric scale differences?

2. How consistently do the individual stress definitions account for the geometry-
dependent fatigue response predicted by an independent LEFM-based reference?

3. Which geometrical parameters govern the chord-side stress concentration, and how
do these dependencies vary with loading condition and evaluation position?

To address these questions, five structural stress approaches are evaluated within a
common linear-elastic FE framework. Their geometry-dependent response is investi-
gated using a DoE-RSM approach, while analytical linear-elastic fracture mechanics
(LEFM) provides a stress-definition-independent computational reference for assess-
ing the consistency of the resulting SCFs. This combined framework enables both the
comparison of the structural stress definitions and the identification of the governing
geometrical effects.

2 Methodology

The general methodological framework of the study is illustrated in Figure 3 and
comprises two coupled analysis branches. In the FE-based branch, the relevant geo-
metrical parameters were first investigated by a screening DoE, followed by a main
DoE and the derivation of RSMs for the different loading conditions, evaluation
paths, and structural stress approaches. The resulting SCFs extracted from the RSM
were subsequently compared against the underlying FE results and used to analyze
the geometry-dependent stress response. In a second branch, analytical LEFM was
employed to derive a fatigue reference independent of the investigated structural stress
definitions. Finally, both branches were combined by relating the method-specific
SCF's to the LEFM-derived fatigue strengths in order to assess how consistently the
individual stress approaches represent the geometry-dependent fatigue response. The
individual components of the framework are described in the following sections.
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Fig. 3 Flowchart using DoE-RSM [22, 23] and analytical LEFM [24] for evaluating different struc-

tural stress fatigue approaches

2.1 System and range of variables

Figure 4 illustrates the design of the investigated tubular joint, which consists of two
welded CHS. The figure also defines the dimensionless parameters used to describe
the joint geometry and to parametrize the subsequent numerical study.
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Fig. 4 Definition of dimensionless and dimensional parameters

Table 1 summarizes the dimensionless and dimensional parameters considered in
the numerical parameter study. A wide parameter range was investigated in order to
systematically evaluate the resulting SCFs for different tubular joint configurations
and loading conditions. Although parts of the selected parameter range extend beyond
typical boat-landing geometries, this range was intentionally included to investigate
the general applicability and limitations of the considered structural stress approaches
for tubular joints with pronounced scale differences. The normalized chord length was
defined as a = ?TL and was kept constant at o = 2 throughout the present study.
Consequently, the derived results are conditional on the selected chord length and
boundary configuration. The stress evaluation was focused on the chord surface, since
the fatigue assessment in this study targets the stress concentration in the primary
structure.

Table 1 Parameter ranges used in the DoE

Type Parameter Range Unit
B [0.015 — 0.15] -

Dimensionless 3(1) [2[2 : ;’g?] :
T [0.05 — 0.5] -
0 [0 —25] °
d1 [165 — 2270] mm

Dimensional do [2000 — 12500] mm
t1 [2.5 — 55] mm
to [50 — 200] mm

2.2 Structural stress fatigue approaches
2.2.1 Surface extrapolation for plate structures

The ITW surface extrapolation approach for plate-type welded joints determines the
HSS from surface stresses evaluated at defined distances in front of the weld toe [14, 15].
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The method is based on the separation between the HSS opg caused by the global
joint geometry (membrane stresses o) and bending stresses o) and the local nonlinear
notch stress o,; caused by the weld profile. The stress increasing part of the weld
profile should not be included in the extrapolated HSS, but is implicitly accounted for
by the corresponding fatigue resistance curve. For type-a hot spots, where the weld toe
is located on the plate surface, the structural surface stress component perpendicular
to the weld toe is evaluated along a path normal to the weld toe [14]. A relatively fine
finite-element mesh is required when high stress gradients occur close to the weld toe,
as expected for complex welded details and local attachment geometries [14]. In such
cases, the refined discretization enables a reliable evaluation of the structural stress
field at the prescribed extrapolation points, while avoiding the notch-dominated and
potentially singular stress field directly at the weld transition [14]. For a fine mesh
condition, the ITW recommendation defines a linear extrapolation using the stresses
at distances of 0.4 x T and 1.0 x T from the weld toe, where T denotes the wall
thickness of the evaluated component, see Figure 5. The element size normal to the
weld toe should be < 0.4 x T [15]. This allows the structural surface stress gradient
to be resolved up to the first reference point and avoids evaluating the HSS from a
discretization that is too coarse for the prescribed extrapolation distances.
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Fig. 5 IIW Plate structures surface extrapolation [14]

2.2.2 Surface extrapolation for CHS

For welded CHS joints, the HSS is also determined by surface stress extrapolation.
The basic procedure is identical to the IIW approach for plate structures [14]: surface
stresses are evaluated along an evaluation path normal to the weld toe at two defined
reference points and are linearly extrapolated to the weld toe. The local nonlinear weld
notch stress directly at the weld toe is therefore excluded from the evaluation, while
the structural stress concentration caused by the joint geometry and load transfer is
retained. The difference between the CHS-based recommendations therefore does not
lie in the extrapolation principle itself, but in the definition of the reference point
locations. The IIW/CIDECT recommendation [18, 19] defines the first reference point
in the same area as the IIW recommendation for plate structures [14], at a distance
of 0.4 x T from the weld toe. The second reference point is defined as a function of
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the tubular joint geometry. Depending on the evaluated position, i.e. crown or saddle,
the second reference distance accounts for the radii and wall thicknesses of the brace
and chord. Thus, the IIW/CIDECT formulation introduces the influence of the CHS
geometry primarily through the second extrapolation point, see Table 2. CIDECT
specifies a local finite-element mesh size of approximately 0.5 x T to 0.5 x ¢ for numer-
ical SCF determination, while requiring a mesh-sensitivity study to demonstrate that
further mesh refinement does not significantly affect the computed stress distribution
or resulting SCFs.

Table 2 Reference points for HSS calculation according to
IIW/CIDECT [18, 19] and DNV [16]

Code Reference- Chord Chord
point crown saddle
1w [18] / a 0.4T 0.4T
CIDECT [19] b 0.4V/7tRT 0.09R
DNV-RP-C203 a 0.2v/rt 0.2v/rt
[16] b 0.4v/7tRT wR/36

In contrast, DNV-RP-C203 [16] defines both reference points as geometry-
dependent distances. Depending on the evaluated position, the reference-point dis-
tances depend on the member radii and/or wall thicknesses. Accordingly, the DNV
approach accounts for the curvature and thickness of the CHS joint already at the first
extrapolation point. DNV-RP-C203 additionally allows a direct evaluation of the HSS
at Gaussian integration points, if these are positioned 0.1 x /7t from the weld toe,
with r and t denoting the radius and wall thickness of the considered tubular member.
In this case, the stress at the Gaussian point may be used directly for fatigue assess-
ment instead of applying a two-point extrapolation. These procedures may lead to
reference point locations that differ considerably from the plate structure IITW extrap-
olation [14], particularly for large diameter and thick-walled monopile connections.
The location of the reference points for CHS is illustrated schematically in Figure 6.
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Fig. 6 Extrapolation reference points according to IIW/CIDECT [18, 19] and DNV [16]

2.2.3 XY structural stress

The XY method [20] is an alternative structural stress approach for welded joints in
which the fatigue-relevant geometric stress is not obtained by surface extrapolation,
but by evaluating the stress 1 mm below the weld toe surface in the expected crack
propagation direction, see Figure 7. A central assumption of the method is that the
evaluated stress is located outside the highly mesh-sensitive, non-linear weld notch
stress field, but still sufficiently close to the weld toe to capture the structural stress
concentration governing early crack propagation. Xiao and Yamada show that the
weld toe stress itself is strongly affected by the local weld toe radius, toe angle and
finite-element mesh size, whereas the stress approximately 1 mm below the surface is
considerably less sensitive to these parameters. For large-scale structural models, the
direct use of element sizes below 1 mm in the entire model is generally computationally
inefficient, therefore, a submodel strategy should be adopted, in which the global model
provides the boundary conditions for a locally refined submodel of the weld toe region.
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Fig. 7 XY 1 mm stress evaluation [20]
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In contrast to conventional surface-extrapolated HSS, the 1 mm stress also accounts
for size and plate-thickness effects through the stress gradient along the prospective
crack path. Consequently, when fatigue assessment is consistently based on the XY 1
mm stress and the corresponding fatigue resistance, no additional thickness correction
of the fatigue class is required. Thus, structural stress according to the XY approach
is defined as the normal stress evaluated 1 mm below the weld toe surface along the
expected crack propagation path:

OHS = O(s=1mm), (1)
where s denotes the distance from the weld toe along the expected crack path.

2.2.4 Dong structural stress method

The structural stress methods proposed by Dong [21, 25] — as they are in principle
included by the American Society of Mechanical Engineers (ASME) in the Boiler and
Pressure Vessel Code [26] of the Fitness for Service Code [27] — define the fatigue-
relevant structural stress at the weld toe based on membrane and bending stress
components evaluated at the fatigue critical cross section. The structural stress is
expressed as

Os = Opm + O, (2)
where g, and o, denote the membrane and bending components, respectively. This
approach is based on a force and moment equilibrium across a critical cross section
through the weld toe. There are two evaluation routes:

1. force and moment based approach: Nodal forces (in solid models) or nodal forces
and moments (in shell models) are used. The resulting structural stresses are mesh-
insensitive

2. stress based approach: The stress determined on a path through a critical cross
section of a component is used. Only stresses normal to the path respectively normal
to the weld are evaluated. The resulting structural stresses show a mesh-sensitivity.

The latter one is used in this paper and, therefore, described in more detail.

The evaluation uses the same stress path as it is used for the evaluation according
to XY approach and the fracture mechanical evaluation. In a first step, the membrane
stress is evaluated

O = %/0 o(y)dy. (3)

Then, the bending part is derived

n=z | o) (; - y) dy. (1)

Finally, the structural stress is determined by Equation 2.

11
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2.3 Independent fatigue reference based on analytical LEFM

In addition to the evaluation with structural stresses, a fracture mechanical evaluation
is conducted. The stresses perpendicular to the path through the critical cross section
that starts at the weld toe are used and are multiplied by a factor of 200 to achieve
a cyclic stress intensity factor AK > AK,, = 2 MPa,/m. Stress intensity factors as a
function of the crack depth K = f(a) are evaluated by weight functions according to
Shen et al. [24]:

AK = /Oa Ac(x) h(z,a)dx, (5)

where x denotes the distance from the weld toe along the prospective crack path
and h(z,a) is the geometry-dependent weight function. An initial crack with a depth
of a; = 0.1mm and a width of ¢ = a is used as recommended by IITW [15]. The
propagation of the crack was calculated using the Paris law [28]:

da

— =C(AK)™". 6

o= C(AK) (6)
Material values are also adopted from ITW [15] with C' = 1.8 x 107*% and m,, = 3. The
calculation is stopped as the crack reaches half the chord wall thickness. The results
are the number of cycles to failure Ny. To enable a comparison with results from the
structural stress approach, the number of cycles are transformed to stresses

N 1/3
A0C nom,LEFM = 200 MPa x (2 - Jl‘ 06) : (7)

A derivation of stress concentration factors, as they result from all structural stress
approaches, is not possible. The resulting Aoc nom,LErym is referred to as the
LEFM-derived equivalent nominal FAT class. It represents the nominal stress range
corresponding to the calculated LEFM fatigue life when transformed to the reference
load cycles No = 2 x 10° using the adopted S-N slope m = 3. The quantity is used as
a computational reference and does not represent an experimentally calibrated FAT
class.

2.4 Assessment procedure for structural stress approaches

The LEFM-derived nominal fatigue strength Aoc rgrym was subsequently used as a
reference for evaluating the investigated structural stress approaches. Two comple-
mentary measures were considered. First, the relationship between the method-specific
SCFs and the corresponding LEFM-derived nominal fatigue strengths was quanti-
fied by linear regression in log-log space. For this purpose, both quantities were
transformed using the base-10 logarithm according to

l0og10(SCF;;) = a+b-1ogi1o(Aoc, jnom,LEFM), (8)

where a and b denote the regression coefficients. The coefficient of determination R?
was calculated from the logarithmically transformed values and was used to quantify

12
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how consistently the geometry-dependent trend in fatigue strength is reflected by
the corresponding SCFs. Second, the LEFM-derived nominal fatigue strength was
transformed to the structural-stress level of each investigated approach. Under linear-
elastic conditions, the structural stress range is related to the nominal stress range
through the corresponding SCF. Accordingly, for geometry j and stress approach 4,
the transformed fatigue strength was calculated as

Aoc,gs,ji = SCFji X Ao jnom,LEFM- (9)

If the respective SCF fully accounts for the geometry-dependent stress concentration
governing the LEFM-based fatigue response, the transformed fatigue strengths should
become largely independent of the investigated joint geometry. The remaining scatter
T, therefore provides a measure of the consistency with which the respective stress
definition normalizes the geometry-dependent LEFM fatigue resistance, quantified by

_ Qoo(Aoc,ms.i)

Qio(Aoc,ms,i)’
where Q9o and Q)1¢ denote the 90th and 10th quantiles of the transformed fatigue-
strength distribution, respectively. A lower T, therefore indicates a more consistent
normalization of the geometry-dependent LEFM fatigue strength by the respective
structural stress definition.

T, (10)

2.5 DoE and RSM

A conventional one-variable-at-a-time (OVAT) approach would require a large num-
ber of finite-element simulations, since all parameters except one are kept constant in
each variation step. This limits the efficient identification of interaction effects between
the governing parameters and becomes computationally inefficient for the considered
multidimensional parameter space [22]. Therefore, a numerical Design of Experiments
(DoE) framework was used. The general DoE-RSM procedure follows the method-
ology previously applied to the considered joint configuration, where the screening
design, central composite inscribed (CCI) sampling strategy and statistical model
evaluation are described in greater detail [12]. In the present study, this framework
was extended to multiple loading conditions, evaluation paths and structural stress
assessment approaches. By varying several parameters simultaneously according to a
statistically defined design plan, the DoE approach reduces the required number of sim-
ulations while enabling the systematic evaluation of main effects, interaction products
and nonlinear parameter influences on the resulting SCF's. The selected input param-
eters describe the relevant geometric and loading-related characteristics of the joint
and were systematically varied within predefined limits. For each design point, a finite-
element model was generated and evaluated, and the resulting SCFs were extracted.
The focus of the present study is placed on the chord-side SCF, since the objective is to
assess the fatigue-relevant stress concentration in the primary load-bearing structure.
The brace-side SCF is therefore not considered as the governing evaluation parame-
ter in the subsequent modeling. The DoE was divided into a screening stage and a
subsequent main design stage. In the screening stage, a two-level full factorial design

13
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was used to identify the relevant input parameters and interaction products for each
loading condition and evaluation path [23]. The factors were evaluated at their lower
and upper bounds, while replicated center points were included to estimate the error
variance. A linear regression model comprising main effects and selected two-factor
interactions was fitted to the screening data. The governing parameters were identified
from Pareto diagrams of the standardized t-values, where effects exceeding the criti-
cal threshold corresponding to a significance level of 5% were classified as statistically
significant. Non-significant factors were excluded from the final response surface for-
mulation, while the governing parameters were retained for the main DoE evaluation.
This reduced the complexity of the regression models and avoided overfitting terms
that do not contribute significantly to the SCF prediction. The main experiments were
then planned, using a CCI design, which enables the estimation of linear, interac-
tion and quadratic effects within the predefined parameter limits. The resulting main
design was used to derive the final response surfaces for the selected output quanti-
ties. For a CCI design with k input parameters, the number of required simulations
N is given by

N =2k 4+ 2k +n,, (11)
where 2 denotes the factorial design points, 2k the axial points and n. the number of
center points. In the inscribed variant, the axial points are scaled such that all design
points remain within the predefined parameter limits. For each combination of loading
condition, evaluation path and HSS approach, an individual RSM was derived. The
SCF was treated as the response variable, while the dimensionless geometrical param-
eters and, where applicable, the brace inclination were used as input variables. Linear,
interaction and quadratic terms were considered during model development. The gen-
eral second-order response surface, commonly used to represent linear, quadratic and
interaction effects in RSM, can be written as [29, 30]

! k k=1 &
G=Bo+ Y BiXi+ > BuXP+> Y. BiXiX;, (12)
=1 =1

i=1 j=i+1

where ¢ denotes the predicted response, 5y the intercept, §;,6;; and 5;; the regression
coefficients associated with linear, quadratic and interaction products. X; and X; are
the independent input variables. The final reduced equations retained only statistically
significant terms. The goodness of fit and predictive capability of the reduced RSMs
were assessed using the coefficient of determination R? and the predicted coefficient

of determination Rﬁred, respectively. The coefficients were calculated as
n
L \2
Z (yi — 9s)

RR=1-=L (13)

n

Z (vi — )

i=1
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~ 2
(vi = 93))

M=

R?yred =1-" ) (14)

(yi — 5)2

M

i=1

where y; denotes the FE-derived SCF, g; the corresponding RSM prediction, and ¥
the arithmetic mean of the FE-derived SCFs. The predicted coefficient of determi-
nation was obtained by leave-one-out cross-validation. Accordingly, ;) denotes the
prediction of observation ¢ obtained from a regression model fitted to the remaining
n — 1 observations. In addition, the normalized root-mean-square-error (NRMSE) was
used to quantify the magnitude of the deviation between the RSM approximation and
the corresponding FE-derived SCFs. To allow comparison between data sets with dif-
ferent absolute SCF levels, the RMSE was normalized by the arithmetic mean of the
FE-derived SCFs:

NRMSE w 2o (SCFsws = SCFreas) 100 % (15)
= >< .
SCFrea !

Since different HSS approaches may lead to different fatigue-relevant stress param-
eters, the described DoE-RSM workflow was applied consistently to all investigated
assessment approaches. In this way, the influence of the selected structural stress def-
inition on the predicted chord-side SCF can be evaluated on a consistent numerical
basis.

3 Numerical analysis

3.1 FE model and loading conditions

The FEA was carried out in Abaqus/Standard 2025 using eight-node hexahedron ele-
ments with linear shape functions (element type C3D8R), while the weld geometry
was discretized using six-node wedge elements with linear shape functions (C3D6).
The material was defined as linear elastic, characterized by Young’s modulus E (210
GPa) and Poisson’s ratio v (0.3). The geometries were generated automatically using
a script-based and fully parametrized modeling procedure implemented through the
Abaqus Python interface, enabling consistent model generation for all design points
within the numerical DoE. The loading conditions investigated in this study are
summarized in Table 3.

For the considered configurations, axial loading as well as in-plane bending (IPB)
and out-of-plane bending (OPB) were analyzed in order to represent the relevant
fatigue loading situations of the welded tubular joint. Depending on the applied load-
ing direction, different stress concentrations occur at the chord-side crown and saddle
regions. Therefore, load-case-specific evaluation paths were defined for the extrac-
tion of the structural stresses and the corresponding chord-side SCFs, as indicated in
Figure 8.
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Table 3 Loading conditions and evaluation paths for analyzed

systems
Loading- Item Loading SCF evaluation path
Nr. condition
1 Chord Axial Crown
2 IPB Crown
3 Axial Crown, Saddle heel,
Brace Saddle toe

4 OPB Saddle heel, Saddle toe
5 IPB Crown

¥ \ON,IPB @

“— onN,0oPB

m ON,Azial

©C)

Crown SCF
Evaluation-path

SO |

ONIPB Crown
Saddle

F

v\
Saddle SC
Evaluation

-path

Fig. 8 Evaluation path of different loading conditions

3.2 Model reduction and boundary conditions

To reduce the computational effort of the FEA, geometric symmetry was exploited
in the model generation. Since the investigated joint geometries are symmetric with
respect to the X=0 plane, only one half of the structure was modeled, and a symmetry
boundary condition was assigned to the cut surface, as illustrated in Figure 9. This
reduced the number of elements and degrees of freedom while preserving the local
stress field in the weld toe region.
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Fig. 9 Model reducing techniques

In addition, a model-reduction study was performed for the chord geometry. The
results showed that the evaluated surface stresses are not sensitive when the circu-
lar chord circumference was reduced to a semicircular representation (cutting plane).
Consequently, the chord geometry was also truncated in the x-y plane, leading to a
further reduction of the model size without a relevant influence on the stress con-
centration at the chord-side evaluation paths (less than 1 %). A further distinction
was required with respect to the load symmetry of the investigated load cases. Three
boundary-condition systems were therefore defined, as shown in Figure 10.

Uy=U,=0 Upe =Uy=U,=0

Yy
A y
X-Symmetry plane X-Antisymmetry plane M U.=Uy=0
(Uy = Ugry = Ug. =0) (Uy =U, = Ugry =0) X-Symmetry plane

(Uy =Ugy = Ug> =0)
(a) (b) (c)

Fig. 10 Boundary conditions (a) Brace load axial & OPB (b) Brace load IPB (c) Chord Load Axial
& IPB

System (a) was used for axial brace loading and brace OPB cases in which the
deformation mode remains symmetric with respect to the vertical symmetry plane
(Loading-Nr. 3,4). In this case, the cut surface was constrained by a symmetry bound-
ary condition, while the brace load was applied to the reduced half model. System
(b) was used for the IPB-bending load case, for which the geometry remains sym-
metric but the loading produces an antisymmetric deformation state with respect to
the symmetry plane (Loading-Nr. 5). For this case, the symmetry boundary condi-
tion was replaced by an antisymmetric boundary condition in order to reproduce the
deformation mode of the full model correctly. System (c) was used for loading of the
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chord, including axial chord loading and chord bending (Loading-Nr. 1,2). In these
load cases, the load was applied to the chord section of the reduced model. The same
symmetry boundary condition at the vertical cut plane was retained, since the result-
ing deformation state is symmetric with respect to the model plane. In addition, a
line boundary condition was introduced at the chord location where the circumfer-
ential tangent vector is horizontal. This boundary condition was used to transfer the
reaction forces in the longitudinal direction of the chord and to suppress rigid-body
motion without constraining the local deformation behavior in the weld-toe region.

3.3 Weld geometry idealization

In the present study, the weld geometry was idealized based on the American Welding
Society (AWS) D1.1 [31] detailing concept for complete-joint-penetration tubular T-,
Y- and K-connections. In this concept, the applicable weld detail is governed by the
local dihedral angle 1, which varies continuously along the brace—chord intersection,
see Figure 11.

t1
t1
A i

e

Fig. 11 Idealized weld profile based on AWS D1.1 [31], (a) Crown position, (b) Saddle position

Previous studies have shown that the local dihedral angle 1 directly affects the
resulting SCF distribution [32]. Accordingly, the weld was generated from a sequence
of local cross-sections along the intersection line, where 1) was determined from the
tangent planes of the intersecting tubular members. For the numerical model, the
chord-side toe-fillet size F was defined according to the standard flat profile concept
shown in AWS D1.1 [31]. F varies linearly from zero at ¢ = 135° to ¢1/2 at ¢ = 90°.
For smaller dihedral angles ¢ down to ¢» = 50°, F is kept constant at ¢; /2. Thus, the
toe-fillet size was described by the following piecewise function:

0, 135° < 1) < 180°,
t1 [135° — ¢ []
— f— . R o < o
F = 9 |: 450 s 90° < w < 135 R (16)
t
51, 50° < 1h < 90°.
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where t; denotes the brace wall thickness. The parameter F therefore represents the
idealized chord-side toe-fillet size used to construct the weld profile in the finite-
element model. The resulting weld model represents an AWS-oriented idealized weld
geometry and provides a consistent geometric basis for comparing the investigated
structural stress concepts. Local as-built imperfections, such as weld toe irregulari-
ties, undercuts, convexity variations or deviations in weld shape, were not considered.
While simplified approximations for the dihedral angle are available for standard
T/Y-joint configurations with inclined braces, the specific joint geometries considered
in this study required a manual determination of the relevant dihedral angles v in
order to consistently define the weld cross-section around the intersection. From the
generated cross-sections, continuous weld surfaces were constructed along the circum-
ferential intersection line. These surfaces were subsequently closed to form watertight
geometries and converted into solid weld volumes for finite element discretization.
This procedure allowed the weld to be represented as an explicit solid part while
maintaining a parametrized and reproducible model generation workflow.

3.4 SCF calculation

The SCF was calculated as the ratio between the HSS obtained from the structural
stress concepts described previously and the corresponding nominal stress, as given
in Equation (17). If the applied load is scaled such that the nominal stress equals a
normalized stress of 1 MPa, the resulting SCF is numerically identical to the evaluated
HSS. For all models, the fatigue-relevant stress was evaluated using the normal stress
component acting perpendicular to the weld toe.

SCF = 243 (17)

Onom

For the different loading situations, the normalized stresses were determined according
to Equation (18) and Equation (19). In the axial load case, the normalized stress
expression was rearranged with respect to the force N, whereas for in-plane and out-
of-plane bending the bending stress expression was rearranged with respect to the
bending moment M. Consequently, the applied force or moment was selected such that
the nominal stress in the brace or chord cross-section was equal to 1 MPa, enabling
a direct comparison of the resulting SCFs for all investigated geometries and loading
conditions.

4N
Onom,Axial,Brace — 18
B = (g, 21, 1
32d\ M (19)

Onom,Bending,Brace = = [dil — (dl — 2t1)4]

3.5 Mesh discretization and sensitivity
3.5.1 Global model

The finite element mesh was divided into a locally refined region around the brace-
chord intersection, a transition region and a coarse region, see Figure 12. The fine mesh
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was used in the weld toe and hot-spot region to resolve the stress gradients governing
the SCF evaluation, whereas the element size was gradually increased in the transition
region to reduce the overall number of degrees of freedom. This strategy follows the
general approach used in high-fidelity tubular-joint modeling, where a fine mesh is
required near the weld, while coarser elements can be used away from the intersection
because the stress gradients decrease with increasing distance from the weld.

Transition mesh ||

(Fine mesh |

Fig. 12 Element mesh design

A mesh sensitivity study was carried out at the chord surface in the saddle region
under axial brace loading, where high stress concentrations were expected. The objec-
tive was to identify a finite-element mesh that minimizes the computational effort while
providing less mesh sensitivity stress results. As reference quantity, the SCF based on
the ITW HSS approach for plate structures was used, since the corresponding reference
points are located close to the weld toe and are therefore sensitive to the local mesh
resolution. The mesh size was parametrized by the number of divisions through the
chord wall thickness. Since the thickness ratio 7 governs the relative brace-to-chord
stiffness and was identified as a dominant parameter affecting the SCF, the mesh
sensitivity study was performed for two limiting configurations corresponding to the
minimum and maximum values of 7. These two cases represent the stiffness bounds
of the investigated parameter range and were used to assess whether the selected dis-
cretization remains adequate for all intermediate configurations. The results of the
mesh sensitivity study are shown in Figure 13. For comparison, the SCFs were nor-
malized by the value obtained for the selected mesh with eight elements through the
chord wall thickness, so that a normalized SCF of 1.0 corresponds to the selected dis-
cretization. From eight elements through the chord wall thickness onwards, further
mesh refinement changed the resulting SCF by less than 3 %. This discretization was
therefore applied consistently to all investigated FE models.
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Fig. 13 Mesh sensitivity study for the chord-side saddle SCF under axial brace loading

3.5.2 Submodel for the XY approach

The XY approach requires the evaluation of the stress at a distance of 1 mm below
the weld toe along the expected crack propagation path. Since the mesh resolution
of the global FE models is not sufficient to resolve this local stress field accurately
for the investigated wall-thickness range, a submodeling approach was employed. The
submodel comprises the weld toe region and the surrounding parts of the brace and
chord, while the displacement field obtained from the corresponding global model was
transferred to the cut boundaries of the submodel. The extent of the submodel was
selected such that the driven boundaries were sufficiently remote from the local weld-
toe stress field and allowed the global deformation and load-transfer behavior to be
represented without significantly constraining the local response. For this purpose, a
radial distance of 3 x tg, with g denoting the chord wall thickness, was used between
the weld-toe region and the outer cut boundary of the submodel. A separate mesh
sensitivity study was performed for the locally refined weld-toe region using the XY
stress evaluated 1 mm below the weld toe. As shown in Figure 14, the evaluated stress
decreases with increasing mesh refinement and approaches an approximately constant
value for sufficiently small element sizes. An element size of 0.25 mm was therefore
selected for the local evaluation region, since further refinement resulted in only minor
changes in the XY stress. This discretization provides four elements within the first 1
mm below the weld toe and was applied consistently to all XY submodels.
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Fig. 14 Mesh sensitivity of the XY stress evaluated 1 mm below the weld toe

4 Results

4.1 Comparison of structural stress approaches

The comparison of the structural stress approaches was performed for each design
point, loading condition, and evaluation path. For this purpose, the SCFs obtained
directly from the FEA at the sampled DoE design points were used rather than the
corresponding RSM predictions. Thus, the comparison is not affected by additional
approximation errors introduced by the RSM. The IIW plate-structure approach was
selected as reference for the relative comparison. This choice does not imply that the
ITW plate approach represents an exact solution, but provides a consistent baseline
independent of CHS-specific reference-point definitions. Figure 15 shows the resulting
ratios between the method-specific SCFs and the corresponding ITW plate-structure
SCFs. The DNV-based approach generally results in higher mean SCFs than the ITW
plate extrapolation for all investigated loading conditions and evaluation paths. The
positive deviations are more pronounced for several crown configurations, whereas the
mean deviations at the saddle heel and saddle toe remain comparatively small but
are likewise positive. The variation over the investigated parameter range indicates
that the magnitude of the difference between the DNV and IIW plate approaches
depends on both the joint geometry and the evaluated position. The ITW/CIDECT
approach shows the closest agreement with the ITW plate extrapolation. At the crown
positions, the mean SCF ratios remain close to unity, whereas slightly lower mean SCF's
are obtained at the saddle heel and saddle toe. The comparatively small deviations
are consistent with the similarity of the underlying surface-extrapolation procedures,
although the geometry-dependent definition of the CHS reference points results in
position-dependent differences. The XY approach yields systematically higher SCFs
for the investigated brace-loading cases and exhibits the largest method-dependent
deviations as well as the widest ranges over the considered parameter field. The most
pronounced increase is observed for brace IPB at the crown position. For chord axial
loading, by contrast, the deviation from the ITW plate reference is considerably smaller.
The Dong approach generally results in moderate increases in SCF for brace loading,
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sz with the largest deviation likewise occurring for brace IPB at the crown, whereas only
ss  minor differences are observed for chord axial loading.
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Fig. 15 Comparison of different structural stress approaches for different loading conditions and
evaluation paths

544 Overall, the comparison demonstrates that the differences between the investi-
s5  gated structural stress approaches cannot be represented by a constant method-specific
s6  factor. Instead, their magnitude depends on the loading condition, evaluation posi-
sz tion, and joint geometry. Particularly pronounced differences are obtained for the XY
ss  approach under brace loading, whereas the conventional surface-extrapolation proce-
se0  dures generally remain closer to the IIW plate reference. The mechanical origin of the
sso  observed method-dependent trends is discussed in Section 5 with particular consider-
s ation of the respective stress definitions and, for the surface-extrapolation approaches,
ss2  the location of the prescribed reference points relative to the local stress gradient.

s 4.2 LEFM-based assessment of the structural stress approaches

ssa For each investigated geometry and loading condition, the analytical LEFM model
55 provides a calculated fatigue life based on the corresponding nominal stress range. To
ss6  establish a common reference level, the calculated fatigue lives were converted into an
ss7 - equivalent nominal fatigue strength Aoc ppra at N =2 X 10% cycles. The resulting
558 LEFM-derived nominal FAT class inherently reflects the geometry-dependent influ-
ss0  ence on crack propagation contained in the LEFM solution. It is therefore used as an
s independent LEFM-based reference for evaluating the SCFs obtained from the differ-
st ent structural stress approaches. The LEFM-derived fatigue strength is not interpreted
sz as an experimentally calibrated FAT class, but as a consistently calculated reference
53 quantity for the investigated parameter field.
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If a structural stress approach consistently represents the fatigue-relevant geometrical
stress concentration, geometries associated with a low nominal LEFM fatigue strength
are expected to exhibit correspondingly high SCFs, and vice versa. Figure 16 there-
fore compares the method-specific SCFs with the nominal FAT classes derived from
LEFM. A pronounced correlation is observed for all investigated approaches, although
the strength of the relationship differs between the methods. Thus, the XY and Dong
approaches show the strongest relationship between the calculated stress concentration
and the geometry-dependent fatigue resistance predicted by LEFM.
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Fig. 16 Correlation between SCFs and FAT classes derived from LEFM

The transformed results to the structural stress level indicate that the XY stress
definitions provide the most consistent transformation of the geometry-dependent
nominal FAT class to a common structural stress level within the investigated param-
eter range, see Figure 17. The comparison therefore evaluates not only the magnitude
of the calculated SCFs, but their ability to account for the geometrical effects that
govern the LEFM-based FAT class.
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Fig. 17 Scatter of LEFM-derived fatigue strengths before and after transformation to the structural-
stress level

4.3 Assessment of RSM Accuracy

Before using the RSMs to analyze the geometrical parameter effects in Section 4.4,
their ability to reproduce the underlying FE results was assessed. The assessment of
the derived RSM was evaluated by comparing the RSM-predicted SCFs with the cor-
responding FE-derived values. The assessment was performed individually for each
loading condition and evaluation path. The assessment of the reduced RSMs was
evaluated using the model-quality measures defined in Section 2.5. Table 4 summa-
rizes the resulting model-quality measures for the investigated loading conditions and
evaluation paths. The reported values represent the arithmetic mean across the five
structural stress approaches. Overall, the RSMs show high coefficients of determina-
tion and comparatively small normalized deviations within the investigated parameter
domain. The largest deviations occur for axial brace loading at the crown position,
whereas the saddle-position models generally show higher coefficients of determina-
tion. The RSMs are therefore used in Section 4.4 as surrogate models for trend analysis
within the investigated parameter domain, rather than as generally applicable SCF
prediction equations.

Figure 18 compares the RSM predictions with the corresponding FE-derived SCFs
for all investigated structural stress approaches, loading conditions and evaluation
paths. The 10% and 20% lines are included as visual reference ranges. The inset
provides an enlarged representation of the low-SCF range, for which relative deviations
may appear comparatively large despite small absolute differences.
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Table 4 Mean accuracy measures of the RSMs

Group of Evaluation R2___ R2,cd mean INRMSEcan
Loading- path / %
Nr.
1,2 Crown 0.96 0.91 1.30
3 Crown 0.95 0.88 9.22
3 Saddle heel 0.99 0.96 6.12
3 Saddle toe 0.99 0.97 5.69
4 Saddle heel 0.99 0.98 6.18
4 Saddle toe 0.99 0.98 6.27
5 Crown 0.99 0.97 5.23
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Fig. 18 Comparison of RSM-predicted and FE-derived SCFs for all investigated loading conditions,
evaluation paths and structural stress approaches.

4.4 Geometrical effects on the SCF
4.4.1 Screening and retained parameters

The geometrical parameters exhibiting a statistically significant influence on the SCF
are summarized in Table 5. The screening analysis considered the dimensionless param-
eters 3, 7o, 71, and 7, together with the brace inclination §. A parameter was classified
as influential when its effect was statistically significant at a significance level of
p < 0.05. The identified parameter dependencies differ between chord and brace load-
ing. For chord loading, only the thickness ratio 7 and brace slenderness ; showed
a significant influence. For brace loading, the SCF was consistently influenced by T,
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Y0, and B, while an additional influence of the brace inclination # was identified for
selected loading conditions and evaluation paths.

Table 5 Screening results of significant effects on the SCF

Group of Evaluation Significant
Loading-Nr. path parameters
1,2 Crown T, 71
3 Crown T,7%0, 3,0
3 Saddle heel 7,70, 5,0
3 Saddle toe T, %0, 3
4 Saddle heel T,%0, 3
4 Saddle toe T, %0, 3
5 Crown T,7%0, 3,0

The screening analysis reduced the initial five-parameter description to a maxi-
mum of four relevant parameters for the individual loading conditions and evaluation
paths. The governing parameters were found to depend distinctly on the applied load-
ing mode. For brace loading, the SCF is primarily controlled by the diameter ratio 5,
the chord slenderness g and the thickness ratio 7, while the brace inclination 6 con-
tributes only for selected evaluation paths. The identified significant parameters were
subsequently retained as input variables for the main DoE and systematically evalu-
ated with respect to their linear effects, two-factor interactions, and quadratic effects
on the SCF.

4.4.2 Chord loading (Axial and bending)

For chord loading, the relevant chord-side stress concentration occurs at the crown
position, consequently, only the crown evaluation path was considered for axial loading
and in-plane bending of the chord. Both loading conditions showed the same significant
geometrical parameters and qualitatively similar response-surface characteristics and
are therefore discussed jointly. The screening analysis identified the thickness ratio 7
and the brace slenderness -y, as significant parameters. In the subsequent main DoE,
the interaction term 77, and the quadratic term 72 were additionally retained in the
reduced RSM. Figure 19 shows the resulting response surface for the ITW approach
as a representative example. The investigated structural stress approaches exhibited
qualitatively similar parameter dependencies despite differences in the absolute SCF
level and regression coefficients. The SCF is primarily affected by 7, while the influence
of 71 is less pronounced. The retained interaction term indicates that the effect of
7 depends on the brace slenderness, whereas the quadratic term reflects a nonlinear
dependence on the thickness ratio. Within the investigated parameter range, increasing
1 generally reduces the SCF.
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Fig. 19 Axial and IPB chord loading, ITW plate approach, Crown position

The influence of 7 can be associated with the relative wall-thickness configuration
and thus with the stiffness ratio between the brace and the chord shell, whereas v;
characterizes the slenderness and local stiffness contribution of the attached brace.
The retained RSM terms for chord loading are summarized in Equation (20).

SCFAxial/Bending Chord loading — f {Ta Y1, TV T2} (20)

4.4.3 Axial brace loading

Under axial brace loading, relevant chord-side stress concentrations occur at the crown,
saddle heel, and saddle toe. The geometrical effects are therefore evaluated separately
for the three evaluation paths. Figure 20 shows representative response surfaces for
the ITW plate approach [14, 15], with parameters not displayed on the respective axes
fixed at their center-point values.
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Fig. 20 Axial brace loading, IIW plate approach [14, 15] (a) Crown position, (b) Saddle heel, (c)
Saddle toe
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At the crown position, 7, g, B, and 0 were identified as significant parameters.
The retained interaction term 7y indicates that the influence of the thickness ratio
depends on the chord slenderness, while the quadratic term (32 reflects a nonlinear
dependence on the diameter ratio. At the saddle heel, the same four parameters were
identified as significant, whereas the reduced RSM additionally contains several inter-
action and quadratic terms, indicating a more pronounced coupled and nonlinear
geometrical response. The resulting SCF levels are substantially higher than at the
crown position. A similar response is obtained at the saddle toe, for which 7, 7o, and
[ are significant, while no statistically significant influence of 6 was identified. Over-
all, the saddle response is characterized by stronger interaction effects between the
relative wall-thickness configuration, chord-shell flexibility, and brace-to-chord diam-
eter ratio. The retained RSM terms for the three evaluation paths are summarized in
Equations (21) to (23).

SCFAxiaI brace loading, Crown,(a) — f {7—7 0,770, 527 Ba 9} (21)

SCFAxial brace loading, Saddle heel,(b) — f {7—7 Yo, ﬂa 70, Tﬂa /827 7—27 737 9} (22)

SOFAxiaI brace loading, Saddle toe,(c) = f {7-, 0, 5, 70, TB, B2a 7—27 ’Yg} (23)

4.4.4 Bending brace loading

For brace bending, the governing hot-spot position depends on the bending direction.
Out-of-plane bending of the brace leads to pronounced stress concentrations in the
saddle region, whereas the crown position is mainly affected by the in-plane bending
configuration. Therefore, the geometrical effects are discussed separately for the rel-
evant evaluation paths. Figure 21 shows representative response surfaces for the ITW
plate approach [14, 15].

NOs O

(b)

Fig. 21 Bending brace loading, ITW plate approach [14, 15] (a) OPB Saddle heel, (b) OPB Saddle
toe, (c) IPB Crown position
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For out-of-plane brace bending, the saddle heel and saddle toe exhibit closely
comparable parameter dependencies. In both cases, 7, vy, and [ were identified as
significant geometrical parameters. The reduced RSMs additionally retain the inter-
action products 7o, 73, and 003, together with the quadratic terms ¢ and 32. This
indicates that the saddle response under OPB is governed by coupled geometrical
effects rather than by independent linear contributions of the individual parameters.
In particular, the influence of the relative wall-thickness configuration is dependent on
both chord slenderness and diameter ratio, while the quadratic terms account for the
nonlinear variation of the SCF with g and 5. The retained RSM terms for the saddle
heel and saddle toe are summarized in Equations (24) and (25).

SCFOPB brace loading, Saddle heel = f {T7 Y0, B? 770, Tﬂ7 7057 ’787 62} (24)

SCFOPB brace loading, Saddle toe — f {7-7 Y0, Bv 770, Tﬁv F)/O/Ba 737 62} (25)
For in-plane brace bending, the relevant stress concentration occurs at the crown
position. In addition to 7, vy, and 3, the brace inclination 6 was identified as a sig-
nificant parameter. Compared with the OPB cases, the corresponding RSM exhibits
a more pronounced dependence on the brace inclination, as reflected by the interac-
tion products 76 and (9 as well as the quadratic term §2. Together with the retained
products 70, 73, 74, and (32, this indicates a coupled nonlinear response involving
both the relative brace-chord geometry and the brace orientation. The retained RSM
terms for the IPB crown position are summarized in Equation (26).

SCFIPB brace loading, Crown — f {7-7 ’707ﬁ777077-ﬁ77977§7 527 97 697 92} (26)

5 Discussion

The results demonstrate that the choice of structural stress definition has a systematic
influence on the calculated stress concentration for the investigated single-sided welded
CHS joints. The magnitude of the method-dependent differences strongly depends on
the loading condition, evaluation position, and joint geometry. The largest deviations
occur for brace IPB at the crown, while pronounced position-dependent differences
are also observed at the saddle. For the surface-extrapolation approaches, these dif-
ferences can be related to the location of the prescribed reference points relative to
the local surface-stress gradient. Owing to the pronounced brace-to-chord scale differ-
ences investigated here, the geometry-dependent CHS reference points may be located
either comparatively close to the weld toe or further into regions approaching the
nominal stress field. Consequently, the different extrapolation procedures sample dif-
ferent portions of the same stress gradient and may therefore yield different structural
stresses. This position dependence is consistent with previous observations by Vieira
Avila et al. [13] that the selected HSS evaluation procedure can significantly affect
the resulting SCFs in welded tubular joints. The present results further indicate that
this sensitivity becomes particularly relevant for geometries with pronounced scale
differences outside the conventional CHS applicability ranges. Accordingly, the trans-
ferability of established CHS-based reference-point definitions to large-scale monopile
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attachments should be verified rather than assumed.

The LEFM-based assessment further indicates that the investigated stress defini-
tions differ in their ability to normalize the geometry-dependent fatigue response.
All structural stress approaches substantially reduce the scatter compared with the
nominal-stress representation, confirming that the local stress concentration consti-
tutes an essential part of the geometry dependence. The particularly low residual
scatter obtained with the XY approach indicates that the stress evaluated 1 mm below
the weld toe captures the geometry-dependent stress field governing the adopted crack-
growth model with high consistency over the investigated parameter range. In contrast
to surface extrapolation, the XY stress is evaluated along the prospective crack path
and therefore incorporates the subsurface stress gradient that directly affects crack
propagation. A similarly reduced, although larger, scatter was obtained for the Dong
structural stress approach. In the implementation used here, the membrane and bend-
ing components are derived from the through-thickness normal-stress distribution at
the critical cross section. The resulting structural stress therefore retains information
on the through-thickness stress field rather than relying exclusively on surface stresses
at predefined extrapolation distances. The results show in addition that the design S-
N curves of all approaches need to differ since the SCFs between the approaches vary
systematically in height. This is especially relevant for the XY approach that results
in SCF's larger by a factor of approx. 1.5, see Figure 15.

The identified geometrical sensitivities are broadly consistent with previous investiga-
tions of tubular joints, which reported pronounced effects of thickness ratio 7, diameter
ratio 3, and chord slenderness 7y on the resulting SCFs [8, 9]. The present results fur-
ther demonstrate that the relative importance of these parameters depends strongly
on the applied loading mode and evaluation position. In particular, chord loading is
predominantly governed by the thickness ratio 7 and brace slenderness 7;, whereas
brace loading additionally exhibits pronounced dependencies on chord slenderness g
and diameter ratio 8. The retained interaction and quadratic terms indicate that these
influences cannot generally be treated as independent linear effects. This becomes par-
ticularly relevant for geometries outside the conventional CHS applicability ranges, for
which extrapolation of existing parametric SCF formulations may therefore be insuf-
ficient.

The numerical models employed an idealized weld geometry derived from the local
dihedral angle and an AWS D1.1-oriented weld profile [31]. This provides a consis-
tent basis for the comparative assessment of the investigated stress approaches, but
does not represent the variability of the as-built weld geometry. Local deviations in
weld toe position, weld angle, convexity, undercuts, misalignment or other geomet-
ric imperfections may modify the local stress field and thereby affect the resulting
fatigue-relevant stress. Recent work by Bromer et al. [33] demonstrates the potential of
incorporating measured three-dimensional weld geometries into the fatigue assessment
of tubular joints. Such scan-based models can explicitly account for manufacturing-
induced geometric deviations and may therefore provide an improved representation
of local eccentricities and stress concentrations. The present idealization should conse-
quently be regarded as a controlled reference geometry, while the influence of as-built
weld variability requires separate validation.
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The derived SCFs are additionally conditional on the structural system represented
in the numerical model. The normalized chord length was fixed at o = 2, and the
resulting parameter trends therefore apply to the selected chord length and boundary
configuration. Variations in chord length or restraint may influence the contribution of
chord-shell deformation and secondary bending to the local stress state. The present
RSM results should therefore not be extrapolated to different system configurations
without additional verification.

The LEFM-based fatigue strength provides an independent computational reference,
but remains subject to the assumptions inherent to the adopted crack model, crack-
growth formulation and material parameters. The resulting FAT classes are therefore
not experimentally calibrated fatigue strengths, but consistently derived reference
quantities for comparing the geometry sensitivity of the investigated stress concepts.
Accordingly, the reduced scatter obtained for individual structural-stress definitions
should be interpreted as improved consistency with the adopted LEFM reference
rather than as direct proof of superior fatigue-life prediction. Experimental validation
on representative welded joints, ideally including measured as-built weld geometries,
remains necessary before transferring the observed trends to design applications.

6 Conclusion

The present study investigated the applicability of different structural stress assess-
ment approaches to single-sided welded tubular joints with pronounced geometric scale
differences representative of monopile secondary attachments. Based on the numerical
parameter study and the LEFM-based reference assessment, the following conclusions
are:

® The XY approach showed the strongest consistency with the geometry-dependent
fatigue response predicted by LEFM. A coefficient of determination of R? = 0.999
was obtained between the calculated SCFs and the LEFM-derived nominal FAT
classes. After transformation to the corresponding structural-stress level, the scat-
ter was reduced to T, = 1.07, representing the lowest scatter among all investigated
stress approaches. The Dong approach likewise showed a comparatively high con-
sistency (R? = 0.980, T, = 1.33), whereas the conventional surface-extrapolation
approaches according to ITW, ITW/CIDECT and DNV resulted in larger remaining
scatter, with T, between 1.51 and 1.66.

® The investigated stress approaches show method-dependent differences that vary
with loading condition, evaluation position, and joint geometry. The largest devia-
tions were observed for brace IPB at the crown, while position-dependent differences
were also evident at the saddle locations. For the surface-extrapolation methods,
the location of the prescribed reference points relative to the local stress gradient
represents an important source of these deviations.

® The geometrical parameter dependencies are strongly load-case dependent. For
chord loading, the SCF is significantly influenced by the thickness ratio 7 and the
brace slenderness 1, with the relevant stress concentration occurring at the crown
position. For brace loading, 7, the chord slenderness 7y, and the diameter ratio
B consistently exhibit significant influences, while the brace inclination 6 becomes

32



790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

relevant for selected loading conditions and evaluation paths. The retained interac-
tion and quadratic terms demonstrate that the SCF response, particularly for brace
loading, cannot generally be represented by independent linear parameter effects.

® The relevant hot-spot position depends on the loading mode. Axial brace loading
produces relevant stress concentrations at both crown and saddle positions, whereas
OPB primarily affects the saddle region and IPB the crown region.

® The combined DoE-RSM framework enabled the identification of load-case-specific
geometrical sensitivities, interaction effects, and nonlinear effects within the inves-
tigated parameter domain.

The conclusions are conditional on the modeling assumptions adopted in this study,
including the idealized AWS-oriented weld geometry, the fixed normalized chord
length, the selected boundary conditions, and the assumptions inherent in the ana-
lytical LEFM reference. Experimental validation is required before transferring the
observed trends to fatigue design practice.
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