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Abstract12

Fatigue assessment of welded offshore structures commonly relies on hot-13

spot stress (HSS) approaches. However, pronounced geometric scale differences14

between monopile shells and welded secondary attachments, such as boat15

landings, may place these joints outside the applicability ranges of estab-16

lished tubular-joint recommendations. This study compares five structural stress17

approaches for single-sided welded circular hollow section (CHS) joints: IIW18

plate extrapolation, IIW/CIDECT and DNV-RP-C203 tubular-joint extrapo-19

lation, the Xiao–Yamada (XY) 1 mm stress approach, and Dong’s structural20

stress method. Chord-side stress concentration factors (SCFs) were determined21

using linear-elastic finite-element analyses within a Design of Experiments (DoE)22

framework. Response surface models (RSMs) were developed to quantify the23

influence of geometric parameters and their interactions across loading conditions24

and evaluation positions. An analytical linear-elastic fracture mechanics (LEFM)25

model provided an independent computational reference for geometry-dependent26

fatigue strength. By transforming LEFM-derived nominal fatigue strengths using27

method-specific SCFs, the ability of each stress definition to account for geo-28

metric effects was assessed through correlation and residual scatter. Substantial29

differences between the approaches depended on joint geometry, loading condi-30

tion, and evaluation position. Chord loading was mainly influenced by thickness31

ratio and brace slenderness, whereas brace loading additionally depended on32
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chord slenderness and diameter ratio. The XY method showed the strongest33

agreement with the LEFM-based reference and the lowest residual scatter, fol-34

lowed by Dong’s method, whereas conventional surface-extrapolation approaches35

exhibited greater scatter. These findings highlight limitations of directly transfer-36

ring established CHS-based extrapolation procedures to monopile attachments37

with pronounced geometric scale differences.38

Keywords: Finite Element Analysis, Structural Stress, Circular Hollow Sections,39

Fatigue, Design of Experiments, Linear Elastic Fracture Mechanics40

1 Introduction41

Offshore wind turbine support structures are subjected to highly variable cyclic loads42

induced by wind and wave loading [1]. For monopile foundations, these actions result43

in global axial forces and bending moments in the primary support structure and44

lead to fatigue-relevant stress ranges [2]. Secondary steel attachments, such as boat45

landings, may introduce additional fatigue-critical locations because geometric dis-46

continuities and local stiffness changes disturb the stress field of the monopile shell47

[3]. Boat landing structures are commonly connected to the monopile or transition48

piece by welded tubular hollow section and are exposed to cyclic environmental and49

operational loads, see Figure 1. Wave-induced loads acting on the boat landing gen-50

erate bending moments in the attached braces, whereas axial brace forces may result51

from boat impact, wave loading and load redistribution within the secondary frame.52

Numerical investigations of impact-loaded offshore steel substructures further demon-53

strate that vessel-impact loads acting on secondary components are transferred into54

the primary structure, resulting in local stress concentrations [4]. In addition, the55

boat landing may locally restrain the bending deformation of the monopile shell. The56

resulting deformation compatibility between the primary shell and the secondary boat57

landing frame induces constraint forces and secondary bending stresses in the joint58

region. Consequently, the stress state at the welded connection is governed by the59

interaction of global monopile loading, local brace loading and attachment-induced60

stiffness changes.61
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Secondary
attachment

Primary structure

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-62

gated extensively for different joint configurations, loading conditions and geometrical63

parameter ranges. Comprehensive reviews by Saini et al. [5] and Zavvar et al. [6] sum-64

marize experimental and numerical investigations on tubular joints, covering SCFs,65

structural stresses, fatigue behavior and related design provisions. These reviews high-66

light the strong dependency of the local stress response on joint geometry, loading67

mode and evaluation position, while also identifying remaining limitations of exist-68

ing design approaches. Atteya et al. [7] combined experimental measurements and69

finite-element analyses (FEA) to investigate elastic SCFs in tubular joints, demon-70

strating the strong dependency of the local stress field on the joint geometry. More71

recently, Yang et al. [8] investigated large-scale welded tubular T-joints experimentally72

and numerically, providing particular relevance to tubular connections with dimen-73

sions beyond conventional laboratory-scale specimens. In addition to deterministic74

SCF investigations, probabilistic and data-driven approaches have increasingly been75

employed to describe geometrical influences. The strong dependency of dimensionless76

joint parameters on the SCFs has also been demonstrated by Zavvar et al. [9], who77

identified pronounced effects of the wall-thickness ratio τ , diameter ratio β and chord78

slenderness γ0, with the governing influence additionally depending on the evaluated79

weld-toe position. Liang et al. [10] developed probabilistic SCF models for concrete-80

filled tubular joints under axial loading and in-plane bending, whereas Iqbal et al.81

[11] applied finite-element-based artificial neural networks to predict SCFs in tubu-82

lar KT-joints under combined loading. For the joint configuration considered in the83

present study, a previous study applied a Design of Experiments and Response Surface84

Model (DoE–RSM) framework to identify the governing geometrical parameters for85

chord-side HSS under axial brace loading [12]. However, these investigations remain86
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focused on geometrical SCF prediction and do not address the suitability of differ-87

ent structural stress definitions for fatigue assessment. These studies demonstrate the88

increasing capability to represent complex parameter dependencies but remain pri-89

marily focused on the prediction of SCFs for specific tubular-joint configurations.90

A separate aspect concerns the definition of the fatigue-relevant structural stress91

itself. Vieira Ávila et al. [13] systematically compared IIW [14, 15] and DNV [16]92

hot-spot stress (HSS) evaluation procedures for welded tubular KT-joints and demon-93

strated that the selected numerical procedure can lead to relevant differences in the94

resulting SCFs. Recent investigations by Machač et al. [17] further indicate that95

the interpretation of HSS and thickness effects remains sensitive to the considered96

hollow-section geometry and wall-thickness range. These observations are particularly97

relevant for monopile secondary attachments, whose geometry may deviate substan-98

tially from the configurations underlying established tubular-joint recommendations.99

The investigated detail differs from conventional tubular joints by the pronounced scale100

difference between the monopile shell and the attached brace and the brace orientation.101

Moreover, the comparatively small brace-to-chord diameter ratio β and large chord102

slenderness γ0 place substantial parts of the investigated parameter space outside the103

applicability ranges underlying conventional CHS-based formulations [16, 18, 19], as104

illustrated in Figure 2 and Figure 4. The direct transfer of established CHS-based105

surface-extrapolation procedures to such joints is therefore uncertain. Alternative106

structural stress approaches, such as the Xiao–Yamada (XY) 1 mm stress method107

[20] and the structural stress method proposed by Dong [21], provide fundamen-108

tally different representations of the fatigue-relevant stress field and are therefore109

considered alongside the conventional extrapolation approaches. A systematic com-110

parison is therefore required to determine how consistently these approaches represent111

the geometry-dependent fatigue response under different loading conditions and at112

different evaluation positions.113
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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:114

1. How do established structural stress approaches quantitatively differ when applied115

to single-sided welded CHS joints with pronounced geometric scale differences?116

2. How consistently do the individual stress definitions account for the geometry-117

dependent fatigue response predicted by an independent LEFM-based reference?118

3. Which geometrical parameters govern the chord-side stress concentration, and how119

do these dependencies vary with loading condition and evaluation position?120

To address these questions, five structural stress approaches are evaluated within a121

common linear-elastic FE framework. Their geometry-dependent response is investi-122

gated using a DoE–RSM approach, while analytical linear-elastic fracture mechanics123

(LEFM) provides a stress-definition-independent computational reference for assess-124

ing the consistency of the resulting SCFs. This combined framework enables both the125

comparison of the structural stress definitions and the identification of the governing126

geometrical effects.127

2 Methodology128

The general methodological framework of the study is illustrated in Figure 3 and129

comprises two coupled analysis branches. In the FE-based branch, the relevant geo-130

metrical parameters were first investigated by a screening DoE, followed by a main131

DoE and the derivation of RSMs for the different loading conditions, evaluation132

paths, and structural stress approaches. The resulting SCFs extracted from the RSM133

were subsequently compared against the underlying FE results and used to analyze134

the geometry-dependent stress response. In a second branch, analytical LEFM was135

employed to derive a fatigue reference independent of the investigated structural stress136

definitions. Finally, both branches were combined by relating the method-specific137

SCFs to the LEFM-derived fatigue strengths in order to assess how consistently the138

individual stress approaches represent the geometry-dependent fatigue response. The139

individual components of the framework are described in the following sections.140
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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 variables141

Figure 4 illustrates the design of the investigated tubular joint, which consists of two142

welded CHS. The figure also defines the dimensionless parameters used to describe143

the joint geometry and to parametrize the subsequent numerical study.144
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Fig. 4 Definition of dimensionless and dimensional parameters

Table 1 summarizes the dimensionless and dimensional parameters considered in145

the numerical parameter study. A wide parameter range was investigated in order to146

systematically evaluate the resulting SCFs for different tubular joint configurations147

and loading conditions. Although parts of the selected parameter range extend beyond148

typical boat-landing geometries, this range was intentionally included to investigate149

the general applicability and limitations of the considered structural stress approaches150

for tubular joints with pronounced scale differences. The normalized chord length was151

defined as α = 2L
d0

and was kept constant at α = 2 throughout the present study.152

Consequently, the derived results are conditional on the selected chord length and153

boundary configuration. The stress evaluation was focused on the chord surface, since154

the fatigue assessment in this study targets the stress concentration in the primary155

structure.156

Table 1 Parameter ranges used in the DoE

Type Parameter Range Unit

Dimensionless

β [0.015− 0.15] –
γ0 [28− 130] –
γ1 [5− 30] –
τ [0.05− 0.5] –

Dimensional

θ [0− 25] ◦

d1 [165− 2270] mm
d0 [2000− 12500] mm
t1 [2.5− 55] mm
t0 [50− 200] mm

2.2 Structural stress fatigue approaches157

2.2.1 Surface extrapolation for plate structures158

The IIW surface extrapolation approach for plate-type welded joints determines the159

HSS from surface stresses evaluated at defined distances in front of the weld toe [14, 15].160
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The method is based on the separation between the HSS σHS caused by the global161

joint geometry (membrane stresses σM and bending stresses σb) and the local nonlinear162

notch stress σnl caused by the weld profile. The stress increasing part of the weld163

profile should not be included in the extrapolated HSS, but is implicitly accounted for164

by the corresponding fatigue resistance curve. For type-a hot spots, where the weld toe165

is located on the plate surface, the structural surface stress component perpendicular166

to the weld toe is evaluated along a path normal to the weld toe [14]. A relatively fine167

finite-element mesh is required when high stress gradients occur close to the weld toe,168

as expected for complex welded details and local attachment geometries [14]. In such169

cases, the refined discretization enables a reliable evaluation of the structural stress170

field at the prescribed extrapolation points, while avoiding the notch-dominated and171

potentially singular stress field directly at the weld transition [14]. For a fine mesh172

condition, the IIW recommendation defines a linear extrapolation using the stresses173

at distances of 0.4 × T and 1.0 × T from the weld toe, where T denotes the wall174

thickness of the evaluated component, see Figure 5. The element size normal to the175

weld toe should be ≤ 0.4 × T [15]. This allows the structural surface stress gradient176

to be resolved up to the first reference point and avoids evaluating the HSS from a177

discretization that is too coarse for the prescribed extrapolation distances.178

T

σHS

σNotch

0.4·T 1.0·T

σHS

σNotch σM σb

=

σnl

+ +

Fig. 5 IIW Plate structures surface extrapolation [14]

2.2.2 Surface extrapolation for CHS179

For welded CHS joints, the HSS is also determined by surface stress extrapolation.180

The basic procedure is identical to the IIW approach for plate structures [14]: surface181

stresses are evaluated along an evaluation path normal to the weld toe at two defined182

reference points and are linearly extrapolated to the weld toe. The local nonlinear weld183

notch stress directly at the weld toe is therefore excluded from the evaluation, while184

the structural stress concentration caused by the joint geometry and load transfer is185

retained. The difference between the CHS-based recommendations therefore does not186

lie in the extrapolation principle itself, but in the definition of the reference point187

locations. The IIW/CIDECT recommendation [18, 19] defines the first reference point188

in the same area as the IIW recommendation for plate structures [14], at a distance189

of 0.4 × T from the weld toe. The second reference point is defined as a function of190
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the tubular joint geometry. Depending on the evaluated position, i.e. crown or saddle,191

the second reference distance accounts for the radii and wall thicknesses of the brace192

and chord. Thus, the IIW/CIDECT formulation introduces the influence of the CHS193

geometry primarily through the second extrapolation point, see Table 2. CIDECT194

specifies a local finite-element mesh size of approximately 0.5×T to 0.5× t for numer-195

ical SCF determination, while requiring a mesh-sensitivity study to demonstrate that196

further mesh refinement does not significantly affect the computed stress distribution197

or resulting SCFs.198

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

Code Reference-

point

Chord

crown

Chord

saddle

IIW [18] /
CIDECT [19]

a 0.4T 0.4T

b 0.4 4
√

rtRT 0.09R

DNV-RP-C203
[16]

a 0.2
√

rt 0.2
√

rt

b 0.4 4
√

rtRT πR/36

In contrast, DNV-RP-C203 [16] defines both reference points as geometry-199

dependent distances. Depending on the evaluated position, the reference-point dis-200

tances depend on the member radii and/or wall thicknesses. Accordingly, the DNV201

approach accounts for the curvature and thickness of the CHS joint already at the first202

extrapolation point. DNV-RP-C203 additionally allows a direct evaluation of the HSS203

at Gaussian integration points, if these are positioned 0.1 ×
√
rt from the weld toe,204

with r and t denoting the radius and wall thickness of the considered tubular member.205

In this case, the stress at the Gaussian point may be used directly for fatigue assess-206

ment instead of applying a two-point extrapolation. These procedures may lead to207

reference point locations that differ considerably from the plate structure IIW extrap-208

olation [14], particularly for large diameter and thick-walled monopile connections.209

The location of the reference points for CHS is illustrated schematically in Figure 6.210
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Fig. 6 Extrapolation reference points according to IIW/CIDECT [18, 19] and DNV [16]

2.2.3 XY structural stress211

The XY method [20] is an alternative structural stress approach for welded joints in212

which the fatigue-relevant geometric stress is not obtained by surface extrapolation,213

but by evaluating the stress 1 mm below the weld toe surface in the expected crack214

propagation direction, see Figure 7. A central assumption of the method is that the215

evaluated stress is located outside the highly mesh-sensitive, non-linear weld notch216

stress field, but still sufficiently close to the weld toe to capture the structural stress217

concentration governing early crack propagation. Xiao and Yamada show that the218

weld toe stress itself is strongly affected by the local weld toe radius, toe angle and219

finite-element mesh size, whereas the stress approximately 1 mm below the surface is220

considerably less sensitive to these parameters. For large-scale structural models, the221

direct use of element sizes below 1 mm in the entire model is generally computationally222

inefficient, therefore, a submodel strategy should be adopted, in which the global model223

provides the boundary conditions for a locally refined submodel of the weld toe region.224

T

1 mm

Stress distribution

σHS

Fig. 7 XY 1 mm stress evaluation [20]
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In contrast to conventional surface-extrapolated HSS, the 1 mm stress also accounts225

for size and plate-thickness effects through the stress gradient along the prospective226

crack path. Consequently, when fatigue assessment is consistently based on the XY 1227

mm stress and the corresponding fatigue resistance, no additional thickness correction228

of the fatigue class is required. Thus, structural stress according to the XY approach229

is defined as the normal stress evaluated 1 mm below the weld toe surface along the230

expected crack propagation path:231

σHS = σ(s=1mm), (1)

where s denotes the distance from the weld toe along the expected crack path.232

2.2.4 Dong structural stress method233

The structural stress methods proposed by Dong [21, 25] – as they are in principle234

included by the American Society of Mechanical Engineers (ASME) in the Boiler and235

Pressure Vessel Code [26] of the Fitness for Service Code [27] – define the fatigue-236

relevant structural stress at the weld toe based on membrane and bending stress237

components evaluated at the fatigue critical cross section. The structural stress is238

expressed as239

σs = σm + σb, (2)

where σm and σb denote the membrane and bending components, respectively. This240

approach is based on a force and moment equilibrium across a critical cross section241

through the weld toe. There are two evaluation routes:242

1. force and moment based approach: Nodal forces (in solid models) or nodal forces243

and moments (in shell models) are used. The resulting structural stresses are mesh-244

insensitive245

2. stress based approach: The stress determined on a path through a critical cross246

section of a component is used. Only stresses normal to the path respectively normal247

to the weld are evaluated. The resulting structural stresses show a mesh-sensitivity.248

The latter one is used in this paper and, therefore, described in more detail.249

The evaluation uses the same stress path as it is used for the evaluation according250

to XY approach and the fracture mechanical evaluation. In a first step, the membrane251

stress is evaluated252

σm =
1

t

∫ t

0

σ(y)dy. (3)

Then, the bending part is derived253

σb =
6

t2

∫ t

0

σ(y)

(

t

2
− y

)

dy. (4)

Finally, the structural stress is determined by Equation 2.254
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2.3 Independent fatigue reference based on analytical LEFM255

In addition to the evaluation with structural stresses, a fracture mechanical evaluation256

is conducted. The stresses perpendicular to the path through the critical cross section257

that starts at the weld toe are used and are multiplied by a factor of 200 to achieve258

a cyclic stress intensity factor ∆K > ∆Kth = 2MPa
√
m. Stress intensity factors as a259

function of the crack depth K = f(a) are evaluated by weight functions according to260

Shen et al. [24]:261

∆K =

∫ a

0

∆σ(x) h(x, a) dx, (5)

where x denotes the distance from the weld toe along the prospective crack path262

and h(x, a) is the geometry-dependent weight function. An initial crack with a depth263

of ai = 0.1mm and a width of c = a is used as recommended by IIW [15]. The264

propagation of the crack was calculated using the Paris law [28]:265

da

dN
= C (∆K)

mp . (6)

Material values are also adopted from IIW [15] with C = 1.8×10−13 and mp = 3. The266

calculation is stopped as the crack reaches half the chord wall thickness. The results267

are the number of cycles to failure Nf . To enable a comparison with results from the268

structural stress approach, the number of cycles are transformed to stresses269

∆σC,nom,LEFM = 200MPa×
(

Nf

2× 106

)1/3

. (7)

A derivation of stress concentration factors, as they result from all structural stress270

approaches, is not possible. The resulting ∆σC,nom,LEFM is referred to as the271

LEFM-derived equivalent nominal FAT class. It represents the nominal stress range272

corresponding to the calculated LEFM fatigue life when transformed to the reference273

load cycles NC = 2× 106 using the adopted S–N slope m = 3. The quantity is used as274

a computational reference and does not represent an experimentally calibrated FAT275

class.276

2.4 Assessment procedure for structural stress approaches277

The LEFM-derived nominal fatigue strength ∆σC,LEFM was subsequently used as a278

reference for evaluating the investigated structural stress approaches. Two comple-279

mentary measures were considered. First, the relationship between the method-specific280

SCFs and the corresponding LEFM-derived nominal fatigue strengths was quanti-281

fied by linear regression in log–log space. For this purpose, both quantities were282

transformed using the base-10 logarithm according to283

log10(SCFj,i) = a+ b · log10(∆σC,j,nom,LEFM ), (8)

where a and b denote the regression coefficients. The coefficient of determination R2
284

was calculated from the logarithmically transformed values and was used to quantify285

12



how consistently the geometry-dependent trend in fatigue strength is reflected by286

the corresponding SCFs. Second, the LEFM-derived nominal fatigue strength was287

transformed to the structural-stress level of each investigated approach. Under linear-288

elastic conditions, the structural stress range is related to the nominal stress range289

through the corresponding SCF. Accordingly, for geometry j and stress approach i,290

the transformed fatigue strength was calculated as291

∆σC,HS,j,i = SCFj,i ×∆σC,j,nom,LEFM . (9)

If the respective SCF fully accounts for the geometry-dependent stress concentration292

governing the LEFM-based fatigue response, the transformed fatigue strengths should293

become largely independent of the investigated joint geometry. The remaining scatter294

Tσ therefore provides a measure of the consistency with which the respective stress295

definition normalizes the geometry-dependent LEFM fatigue resistance, quantified by296

Tσ =
Q90(∆σC,HS,i)

Q10(∆σC,HS,i)
, (10)

where Q90 and Q10 denote the 90th and 10th quantiles of the transformed fatigue-297

strength distribution, respectively. A lower Tσ therefore indicates a more consistent298

normalization of the geometry-dependent LEFM fatigue strength by the respective299

structural stress definition.300

2.5 DoE and RSM301

A conventional one-variable-at-a-time (OVAT) approach would require a large num-302

ber of finite-element simulations, since all parameters except one are kept constant in303

each variation step. This limits the efficient identification of interaction effects between304

the governing parameters and becomes computationally inefficient for the considered305

multidimensional parameter space [22]. Therefore, a numerical Design of Experiments306

(DoE) framework was used. The general DoE–RSM procedure follows the method-307

ology previously applied to the considered joint configuration, where the screening308

design, central composite inscribed (CCI) sampling strategy and statistical model309

evaluation are described in greater detail [12]. In the present study, this framework310

was extended to multiple loading conditions, evaluation paths and structural stress311

assessment approaches. By varying several parameters simultaneously according to a312

statistically defined design plan, the DoE approach reduces the required number of sim-313

ulations while enabling the systematic evaluation of main effects, interaction products314

and nonlinear parameter influences on the resulting SCFs. The selected input param-315

eters describe the relevant geometric and loading-related characteristics of the joint316

and were systematically varied within predefined limits. For each design point, a finite-317

element model was generated and evaluated, and the resulting SCFs were extracted.318

The focus of the present study is placed on the chord-side SCF, since the objective is to319

assess the fatigue-relevant stress concentration in the primary load-bearing structure.320

The brace-side SCF is therefore not considered as the governing evaluation parame-321

ter in the subsequent modeling. The DoE was divided into a screening stage and a322

subsequent main design stage. In the screening stage, a two-level full factorial design323
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was used to identify the relevant input parameters and interaction products for each324

loading condition and evaluation path [23]. The factors were evaluated at their lower325

and upper bounds, while replicated center points were included to estimate the error326

variance. A linear regression model comprising main effects and selected two-factor327

interactions was fitted to the screening data. The governing parameters were identified328

from Pareto diagrams of the standardized t-values, where effects exceeding the criti-329

cal threshold corresponding to a significance level of 5% were classified as statistically330

significant. Non-significant factors were excluded from the final response surface for-331

mulation, while the governing parameters were retained for the main DoE evaluation.332

This reduced the complexity of the regression models and avoided overfitting terms333

that do not contribute significantly to the SCF prediction. The main experiments were334

then planned, using a CCI design, which enables the estimation of linear, interac-335

tion and quadratic effects within the predefined parameter limits. The resulting main336

design was used to derive the final response surfaces for the selected output quanti-337

ties. For a CCI design with k input parameters, the number of required simulations338

N is given by339

N = 2k + 2k + nc, (11)

where 2k denotes the factorial design points, 2k the axial points and nc the number of340

center points. In the inscribed variant, the axial points are scaled such that all design341

points remain within the predefined parameter limits. For each combination of loading342

condition, evaluation path and HSS approach, an individual RSM was derived. The343

SCF was treated as the response variable, while the dimensionless geometrical param-344

eters and, where applicable, the brace inclination were used as input variables. Linear,345

interaction and quadratic terms were considered during model development. The gen-346

eral second-order response surface, commonly used to represent linear, quadratic and347

interaction effects in RSM, can be written as [29, 30]348

ŷ = β0 +

k
∑

i=1

βiXi +

k
∑

i=1

βiiX
2
i +

k−1
∑

i=1

k
∑

j=i+1

βijXiXj , (12)

where ŷ denotes the predicted response, β0 the intercept, βi,βii and βij the regression349

coefficients associated with linear, quadratic and interaction products. Xi and Xj are350

the independent input variables. The final reduced equations retained only statistically351

significant terms. The goodness of fit and predictive capability of the reduced RSMs352

were assessed using the coefficient of determination R2 and the predicted coefficient353

of determination R2
pred, respectively. The coefficients were calculated as354

R2 = 1−

n
∑

i=1

(yi − ŷi)
2

n
∑

i=1

(yi − ȳ)
2

(13)
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and355

R2
pred = 1−

n
∑

i=1

(

yi − ŷ(i)
)2

n
∑

i=1

(yi − ȳ)
2

, (14)

where yi denotes the FE-derived SCF, ŷi the corresponding RSM prediction, and ȳ356

the arithmetic mean of the FE-derived SCFs. The predicted coefficient of determi-357

nation was obtained by leave-one-out cross-validation. Accordingly, ŷ(i) denotes the358

prediction of observation i obtained from a regression model fitted to the remaining359

n−1 observations. In addition, the normalized root-mean-square-error (NRMSE) was360

used to quantify the magnitude of the deviation between the RSM approximation and361

the corresponding FE-derived SCFs. To allow comparison between data sets with dif-362

ferent absolute SCF levels, the RMSE was normalized by the arithmetic mean of the363

FE-derived SCFs:364

NRMSE =

√

1
n

∑n
i=1 (SCFRSM,i − SCFFEA,i)

2

SCFFEA

× 100%. (15)

Since different HSS approaches may lead to different fatigue-relevant stress param-365

eters, the described DoE–RSM workflow was applied consistently to all investigated366

assessment approaches. In this way, the influence of the selected structural stress def-367

inition on the predicted chord-side SCF can be evaluated on a consistent numerical368

basis.369

3 Numerical analysis370

3.1 FE model and loading conditions371

The FEA was carried out in Abaqus/Standard 2025 using eight-node hexahedron ele-372

ments with linear shape functions (element type C3D8R), while the weld geometry373

was discretized using six-node wedge elements with linear shape functions (C3D6).374

The material was defined as linear elastic, characterized by Young’s modulus E (210375

GPa) and Poisson’s ratio υ (0.3). The geometries were generated automatically using376

a script-based and fully parametrized modeling procedure implemented through the377

Abaqus Python interface, enabling consistent model generation for all design points378

within the numerical DoE. The loading conditions investigated in this study are379

summarized in Table 3.380

For the considered configurations, axial loading as well as in-plane bending (IPB)381

and out-of-plane bending (OPB) were analyzed in order to represent the relevant382

fatigue loading situations of the welded tubular joint. Depending on the applied load-383

ing direction, different stress concentrations occur at the chord-side crown and saddle384

regions. Therefore, load-case-specific evaluation paths were defined for the extrac-385

tion of the structural stresses and the corresponding chord-side SCFs, as indicated in386

Figure 8.387
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Table 3 Loading conditions and evaluation paths for analyzed
systems

Loading-
Nr.

Item Loading
condition

SCF evaluation path

1
Chord

Axial Crown

2 IPB Crown

3
Brace

Axial Crown, Saddle heel,
Saddle toe

4 OPB Saddle heel, Saddle toe

5 IPB Crown

Crown

Saddle

1 Crown SCF
Evaluation-path

S
a
d
d
le

S
C
F

E
v
a
lu
a
ti
o
n

-p
a
th

2

3

4

5

σN,IPB

σN,IPB

σN,OPB

σN,Axial

σN,Axial

Fig. 8 Evaluation path of different loading conditions

3.2 Model reduction and boundary conditions388

To reduce the computational effort of the FEA, geometric symmetry was exploited389

in the model generation. Since the investigated joint geometries are symmetric with390

respect to the X=0 plane, only one half of the structure was modeled, and a symmetry391

boundary condition was assigned to the cut surface, as illustrated in Figure 9. This392

reduced the number of elements and degrees of freedom while preserving the local393

stress field in the weld toe region.394
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Fig. 9 Model reducing techniques

In addition, a model-reduction study was performed for the chord geometry. The395

results showed that the evaluated surface stresses are not sensitive when the circu-396

lar chord circumference was reduced to a semicircular representation (cutting plane).397

Consequently, the chord geometry was also truncated in the x-y plane, leading to a398

further reduction of the model size without a relevant influence on the stress con-399

centration at the chord-side evaluation paths (less than 1 %). A further distinction400

was required with respect to the load symmetry of the investigated load cases. Three401

boundary-condition systems were therefore defined, as shown in Figure 10.402

X-Symmetry plane
(Ux = URy = URz = 0)

X-Antisymmetry plane
(Uy = Uz = URx = 0)

Uy = Uz = 0

(a) (b) (c)

Ux = Uy = Uz = 0

Uz = Uy = 0

x

y
z

x

y
z

x

y
z

X-Symmetry plane
(Ux = URy = URz = 0)

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 the403

deformation mode remains symmetric with respect to the vertical symmetry plane404

(Loading-Nr. 3,4). In this case, the cut surface was constrained by a symmetry bound-405

ary condition, while the brace load was applied to the reduced half model. System406

(b) was used for the IPB-bending load case, for which the geometry remains sym-407

metric but the loading produces an antisymmetric deformation state with respect to408

the symmetry plane (Loading-Nr. 5). For this case, the symmetry boundary condi-409

tion was replaced by an antisymmetric boundary condition in order to reproduce the410

deformation mode of the full model correctly. System (c) was used for loading of the411
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chord, including axial chord loading and chord bending (Loading-Nr. 1,2). In these412

load cases, the load was applied to the chord section of the reduced model. The same413

symmetry boundary condition at the vertical cut plane was retained, since the result-414

ing deformation state is symmetric with respect to the model plane. In addition, a415

line boundary condition was introduced at the chord location where the circumfer-416

ential tangent vector is horizontal. This boundary condition was used to transfer the417

reaction forces in the longitudinal direction of the chord and to suppress rigid-body418

motion without constraining the local deformation behavior in the weld-toe region.419

3.3 Weld geometry idealization420

In the present study, the weld geometry was idealized based on the American Welding421

Society (AWS) D1.1 [31] detailing concept for complete-joint-penetration tubular T-,422

Y- and K-connections. In this concept, the applicable weld detail is governed by the423

local dihedral angle ψ, which varies continuously along the brace–chord intersection,424

see Figure 11.425

F F
(a) (b)

hw

t0

ω

ω

t1

φ

t0

t1

hw

φ

Ψ
Ψ

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 ψ directly affects the426

resulting SCF distribution [32]. Accordingly, the weld was generated from a sequence427

of local cross-sections along the intersection line, where ψ was determined from the428

tangent planes of the intersecting tubular members. For the numerical model, the429

chord-side toe-fillet size F was defined according to the standard flat profile concept430

shown in AWS D1.1 [31]. F varies linearly from zero at ψ = 135° to t1/2 at ψ = 90°.431

For smaller dihedral angles ψ down to ψ = 50°, F is kept constant at t1/2. Thus, the432

toe-fillet size was described by the following piecewise function:433

F =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

0, 135◦ ≤ ψ < 180◦,

t1
2

[

135◦ − ψ [◦]

45◦

]

, 90◦ ≤ ψ < 135◦,

t1
2
, 50◦ ≤ ψ < 90◦.

(16)
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where t1 denotes the brace wall thickness. The parameter F therefore represents the434

idealized chord-side toe-fillet size used to construct the weld profile in the finite-435

element model. The resulting weld model represents an AWS-oriented idealized weld436

geometry and provides a consistent geometric basis for comparing the investigated437

structural stress concepts. Local as-built imperfections, such as weld toe irregulari-438

ties, undercuts, convexity variations or deviations in weld shape, were not considered.439

While simplified approximations for the dihedral angle are available for standard440

T/Y-joint configurations with inclined braces, the specific joint geometries considered441

in this study required a manual determination of the relevant dihedral angles ψ in442

order to consistently define the weld cross-section around the intersection. From the443

generated cross-sections, continuous weld surfaces were constructed along the circum-444

ferential intersection line. These surfaces were subsequently closed to form watertight445

geometries and converted into solid weld volumes for finite element discretization.446

This procedure allowed the weld to be represented as an explicit solid part while447

maintaining a parametrized and reproducible model generation workflow.448

3.4 SCF calculation449

The SCF was calculated as the ratio between the HSS obtained from the structural450

stress concepts described previously and the corresponding nominal stress, as given451

in Equation (17). If the applied load is scaled such that the nominal stress equals a452

normalized stress of 1MPa, the resulting SCF is numerically identical to the evaluated453

HSS. For all models, the fatigue-relevant stress was evaluated using the normal stress454

component acting perpendicular to the weld toe.455

SCF =
σHS

σnom
(17)

For the different loading situations, the normalized stresses were determined according456

to Equation (18) and Equation (19). In the axial load case, the normalized stress457

expression was rearranged with respect to the force N, whereas for in-plane and out-458

of-plane bending the bending stress expression was rearranged with respect to the459

bending moment M. Consequently, the applied force or moment was selected such that460

the nominal stress in the brace or chord cross-section was equal to 1MPa, enabling461

a direct comparison of the resulting SCFs for all investigated geometries and loading462

conditions.463

σnom,Axial,Brace =
4N

π [d21 − (d1 − 2t1)2]
(18)

σnom,Bending,Brace =
32d1M

π [d41 − (d1 − 2t1)4]
(19)

3.5 Mesh discretization and sensitivity464

3.5.1 Global model465

The finite element mesh was divided into a locally refined region around the brace-466

chord intersection, a transition region and a coarse region, see Figure 12. The fine mesh467
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was used in the weld toe and hot-spot region to resolve the stress gradients governing468

the SCF evaluation, whereas the element size was gradually increased in the transition469

region to reduce the overall number of degrees of freedom. This strategy follows the470

general approach used in high-fidelity tubular-joint modeling, where a fine mesh is471

required near the weld, while coarser elements can be used away from the intersection472

because the stress gradients decrease with increasing distance from the weld.473

Fine mesh

Transition mesh

Coarse mesh

Fig. 12 Element mesh design

A mesh sensitivity study was carried out at the chord surface in the saddle region474

under axial brace loading, where high stress concentrations were expected. The objec-475

tive was to identify a finite-element mesh that minimizes the computational effort while476

providing less mesh sensitivity stress results. As reference quantity, the SCF based on477

the IIW HSS approach for plate structures was used, since the corresponding reference478

points are located close to the weld toe and are therefore sensitive to the local mesh479

resolution. The mesh size was parametrized by the number of divisions through the480

chord wall thickness. Since the thickness ratio τ governs the relative brace-to-chord481

stiffness and was identified as a dominant parameter affecting the SCF, the mesh482

sensitivity study was performed for two limiting configurations corresponding to the483

minimum and maximum values of τ . These two cases represent the stiffness bounds484

of the investigated parameter range and were used to assess whether the selected dis-485

cretization remains adequate for all intermediate configurations. The results of the486

mesh sensitivity study are shown in Figure 13. For comparison, the SCFs were nor-487

malized by the value obtained for the selected mesh with eight elements through the488

chord wall thickness, so that a normalized SCF of 1.0 corresponds to the selected dis-489

cretization. From eight elements through the chord wall thickness onwards, further490

mesh refinement changed the resulting SCF by less than 3 %. This discretization was491

therefore applied consistently to all investigated FE models.492
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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 approach493

The XY approach requires the evaluation of the stress at a distance of 1mm below494

the weld toe along the expected crack propagation path. Since the mesh resolution495

of the global FE models is not sufficient to resolve this local stress field accurately496

for the investigated wall-thickness range, a submodeling approach was employed. The497

submodel comprises the weld toe region and the surrounding parts of the brace and498

chord, while the displacement field obtained from the corresponding global model was499

transferred to the cut boundaries of the submodel. The extent of the submodel was500

selected such that the driven boundaries were sufficiently remote from the local weld-501

toe stress field and allowed the global deformation and load-transfer behavior to be502

represented without significantly constraining the local response. For this purpose, a503

radial distance of 3× t0, with t0 denoting the chord wall thickness, was used between504

the weld-toe region and the outer cut boundary of the submodel. A separate mesh505

sensitivity study was performed for the locally refined weld-toe region using the XY506

stress evaluated 1 mm below the weld toe. As shown in Figure 14, the evaluated stress507

decreases with increasing mesh refinement and approaches an approximately constant508

value for sufficiently small element sizes. An element size of 0.25 mm was therefore509

selected for the local evaluation region, since further refinement resulted in only minor510

changes in the XY stress. This discretization provides four elements within the first 1511

mm below the weld toe and was applied consistently to all XY submodels.512
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Fig. 14 Mesh sensitivity of the XY stress evaluated 1 mm below the weld toe

4 Results513

4.1 Comparison of structural stress approaches514

The comparison of the structural stress approaches was performed for each design515

point, loading condition, and evaluation path. For this purpose, the SCFs obtained516

directly from the FEA at the sampled DoE design points were used rather than the517

corresponding RSM predictions. Thus, the comparison is not affected by additional518

approximation errors introduced by the RSM. The IIW plate-structure approach was519

selected as reference for the relative comparison. This choice does not imply that the520

IIW plate approach represents an exact solution, but provides a consistent baseline521

independent of CHS-specific reference-point definitions. Figure 15 shows the resulting522

ratios between the method-specific SCFs and the corresponding IIW plate-structure523

SCFs. The DNV-based approach generally results in higher mean SCFs than the IIW524

plate extrapolation for all investigated loading conditions and evaluation paths. The525

positive deviations are more pronounced for several crown configurations, whereas the526

mean deviations at the saddle heel and saddle toe remain comparatively small but527

are likewise positive. The variation over the investigated parameter range indicates528

that the magnitude of the difference between the DNV and IIW plate approaches529

depends on both the joint geometry and the evaluated position. The IIW/CIDECT530

approach shows the closest agreement with the IIW plate extrapolation. At the crown531

positions, the mean SCF ratios remain close to unity, whereas slightly lower mean SCFs532

are obtained at the saddle heel and saddle toe. The comparatively small deviations533

are consistent with the similarity of the underlying surface-extrapolation procedures,534

although the geometry-dependent definition of the CHS reference points results in535

position-dependent differences. The XY approach yields systematically higher SCFs536

for the investigated brace-loading cases and exhibits the largest method-dependent537

deviations as well as the widest ranges over the considered parameter field. The most538

pronounced increase is observed for brace IPB at the crown position. For chord axial539

loading, by contrast, the deviation from the IIW plate reference is considerably smaller.540

The Dong approach generally results in moderate increases in SCF for brace loading,541
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with the largest deviation likewise occurring for brace IPB at the crown, whereas only542

minor differences are observed for chord axial loading.543
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Fig. 15 Comparison of different structural stress approaches for different loading conditions and
evaluation paths

Overall, the comparison demonstrates that the differences between the investi-544

gated structural stress approaches cannot be represented by a constant method-specific545

factor. Instead, their magnitude depends on the loading condition, evaluation posi-546

tion, and joint geometry. Particularly pronounced differences are obtained for the XY547

approach under brace loading, whereas the conventional surface-extrapolation proce-548

dures generally remain closer to the IIW plate reference. The mechanical origin of the549

observed method-dependent trends is discussed in Section 5 with particular consider-550

ation of the respective stress definitions and, for the surface-extrapolation approaches,551

the location of the prescribed reference points relative to the local stress gradient.552

4.2 LEFM-based assessment of the structural stress approaches553

For each investigated geometry and loading condition, the analytical LEFM model554

provides a calculated fatigue life based on the corresponding nominal stress range. To555

establish a common reference level, the calculated fatigue lives were converted into an556

equivalent nominal fatigue strength ∆σC,LEFM at N = 2× 106 cycles. The resulting557

LEFM-derived nominal FAT class inherently reflects the geometry-dependent influ-558

ence on crack propagation contained in the LEFM solution. It is therefore used as an559

independent LEFM-based reference for evaluating the SCFs obtained from the differ-560

ent structural stress approaches. The LEFM-derived fatigue strength is not interpreted561

as an experimentally calibrated FAT class, but as a consistently calculated reference562

quantity for the investigated parameter field.563
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If a structural stress approach consistently represents the fatigue-relevant geometrical564

stress concentration, geometries associated with a low nominal LEFM fatigue strength565

are expected to exhibit correspondingly high SCFs, and vice versa. Figure 16 there-566

fore compares the method-specific SCFs with the nominal FAT classes derived from567

LEFM. A pronounced correlation is observed for all investigated approaches, although568

the strength of the relationship differs between the methods. Thus, the XY and Dong569

approaches show the strongest relationship between the calculated stress concentration570

and the geometry-dependent fatigue resistance predicted by LEFM.571
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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 stress572

definitions provide the most consistent transformation of the geometry-dependent573

nominal FAT class to a common structural stress level within the investigated param-574

eter range, see Figure 17. The comparison therefore evaluates not only the magnitude575

of the calculated SCFs, but their ability to account for the geometrical effects that576

govern the LEFM-based FAT class.577
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4.3 Assessment of RSM Accuracy578

Before using the RSMs to analyze the geometrical parameter effects in Section 4.4,579

their ability to reproduce the underlying FE results was assessed. The assessment of580

the derived RSM was evaluated by comparing the RSM-predicted SCFs with the cor-581

responding FE-derived values. The assessment was performed individually for each582

loading condition and evaluation path. The assessment of the reduced RSMs was583

evaluated using the model-quality measures defined in Section 2.5. Table 4 summa-584

rizes the resulting model-quality measures for the investigated loading conditions and585

evaluation paths. The reported values represent the arithmetic mean across the five586

structural stress approaches. Overall, the RSMs show high coefficients of determina-587

tion and comparatively small normalized deviations within the investigated parameter588

domain. The largest deviations occur for axial brace loading at the crown position,589

whereas the saddle-position models generally show higher coefficients of determina-590

tion. The RSMs are therefore used in Section 4.4 as surrogate models for trend analysis591

within the investigated parameter domain, rather than as generally applicable SCF592

prediction equations.593

Figure 18 compares the RSM predictions with the corresponding FE-derived SCFs594

for all investigated structural stress approaches, loading conditions and evaluation595

paths. The 10% and 20% lines are included as visual reference ranges. The inset596

provides an enlarged representation of the low-SCF range, for which relative deviations597

may appear comparatively large despite small absolute differences.598
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Table 4 Mean accuracy measures of the RSMs

Group of Evaluation R
2
mean R

2
pred,mean NRMSEmean

Loading-
Nr.

path / %

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 SCF599

4.4.1 Screening and retained parameters600

The geometrical parameters exhibiting a statistically significant influence on the SCF601

are summarized in Table 5. The screening analysis considered the dimensionless param-602

eters β, γ0, γ1, and τ , together with the brace inclination θ. A parameter was classified603

as influential when its effect was statistically significant at a significance level of604

p < 0.05. The identified parameter dependencies differ between chord and brace load-605

ing. For chord loading, only the thickness ratio τ and brace slenderness γ1 showed606

a significant influence. For brace loading, the SCF was consistently influenced by τ ,607
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γ0, and β, while an additional influence of the brace inclination θ was identified for608

selected loading conditions and evaluation paths.609

Table 5 Screening results of significant effects on the SCF

Group of
Loading-Nr.

Evaluation
path

Significant
parameters

1,2 Crown τ, γ1
3 Crown τ, γ0, β, θ

3 Saddle heel τ, γ0, β, θ

3 Saddle toe τ, γ0, β

4 Saddle heel τ, γ0, β

4 Saddle toe τ, γ0, β

5 Crown τ, γ0, β, θ

The screening analysis reduced the initial five-parameter description to a maxi-610

mum of four relevant parameters for the individual loading conditions and evaluation611

paths. The governing parameters were found to depend distinctly on the applied load-612

ing mode. For brace loading, the SCF is primarily controlled by the diameter ratio β,613

the chord slenderness γ0 and the thickness ratio τ , while the brace inclination θ con-614

tributes only for selected evaluation paths. The identified significant parameters were615

subsequently retained as input variables for the main DoE and systematically evalu-616

ated with respect to their linear effects, two-factor interactions, and quadratic effects617

on the SCF.618

4.4.2 Chord loading (Axial and bending)619

For chord loading, the relevant chord-side stress concentration occurs at the crown620

position, consequently, only the crown evaluation path was considered for axial loading621

and in-plane bending of the chord. Both loading conditions showed the same significant622

geometrical parameters and qualitatively similar response-surface characteristics and623

are therefore discussed jointly. The screening analysis identified the thickness ratio τ624

and the brace slenderness γ1 as significant parameters. In the subsequent main DoE,625

the interaction term τγ1 and the quadratic term τ2 were additionally retained in the626

reduced RSM. Figure 19 shows the resulting response surface for the IIW approach627

as a representative example. The investigated structural stress approaches exhibited628

qualitatively similar parameter dependencies despite differences in the absolute SCF629

level and regression coefficients. The SCF is primarily affected by τ , while the influence630

of γ1 is less pronounced. The retained interaction term indicates that the effect of631

τ depends on the brace slenderness, whereas the quadratic term reflects a nonlinear632

dependence on the thickness ratio. Within the investigated parameter range, increasing633

γ1 generally reduces the SCF.634
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Fig. 19 Axial and IPB chord loading, IIW plate approach, Crown position

The influence of τ can be associated with the relative wall-thickness configuration635

and thus with the stiffness ratio between the brace and the chord shell, whereas γ1636

characterizes the slenderness and local stiffness contribution of the attached brace.637

The retained RSM terms for chord loading are summarized in Equation (20).638

SCFAxial/Bending Chord loading = f
{

τ, γ1, τγ1, τ
2
}

(20)

4.4.3 Axial brace loading639

Under axial brace loading, relevant chord-side stress concentrations occur at the crown,640

saddle heel, and saddle toe. The geometrical effects are therefore evaluated separately641

for the three evaluation paths. Figure 20 shows representative response surfaces for642

the IIW plate approach [14, 15], with parameters not displayed on the respective axes643

fixed at their center-point values.644
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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, τ , γ0, β, and θ were identified as significant parameters.645

The retained interaction term τγ0 indicates that the influence of the thickness ratio646

depends on the chord slenderness, while the quadratic term β2 reflects a nonlinear647

dependence on the diameter ratio. At the saddle heel, the same four parameters were648

identified as significant, whereas the reduced RSM additionally contains several inter-649

action and quadratic terms, indicating a more pronounced coupled and nonlinear650

geometrical response. The resulting SCF levels are substantially higher than at the651

crown position. A similar response is obtained at the saddle toe, for which τ , γ0, and652

β are significant, while no statistically significant influence of θ was identified. Over-653

all, the saddle response is characterized by stronger interaction effects between the654

relative wall-thickness configuration, chord-shell flexibility, and brace-to-chord diam-655

eter ratio. The retained RSM terms for the three evaluation paths are summarized in656

Equations (21) to (23).657

SCFAxial brace loading, Crown,(a) = f
{

τ, γ0, τγ0, β
2, β, θ

}

(21)

SCFAxial brace loading, Saddle heel,(b) = f
{

τ, γ0, β, τγ0, τβ, β
2, τ2, γ20 , θ

}

(22)

SCFAxial brace loading, Saddle toe,(c) = f
{

τ, γ0, β, τγ0, τβ, β
2, τ2, γ20

}

(23)

4.4.4 Bending brace loading658

For brace bending, the governing hot-spot position depends on the bending direction.659

Out-of-plane bending of the brace leads to pronounced stress concentrations in the660

saddle region, whereas the crown position is mainly affected by the in-plane bending661

configuration. Therefore, the geometrical effects are discussed separately for the rel-662

evant evaluation paths. Figure 21 shows representative response surfaces for the IIW663

plate approach [14, 15].664
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For out-of-plane brace bending, the saddle heel and saddle toe exhibit closely665

comparable parameter dependencies. In both cases, τ , γ0, and β were identified as666

significant geometrical parameters. The reduced RSMs additionally retain the inter-667

action products τγ0, τβ, and γ0β, together with the quadratic terms γ20 and β2. This668

indicates that the saddle response under OPB is governed by coupled geometrical669

effects rather than by independent linear contributions of the individual parameters.670

In particular, the influence of the relative wall-thickness configuration is dependent on671

both chord slenderness and diameter ratio, while the quadratic terms account for the672

nonlinear variation of the SCF with γ0 and β. The retained RSM terms for the saddle673

heel and saddle toe are summarized in Equations (24) and (25).674

SCFOPB brace loading, Saddle heel = f
{

τ, γ0, β, τγ0, τβ, γ0β, γ
2
0 , β

2
}

(24)

SCFOPB brace loading, Saddle toe = f
{

τ, γ0, β, τγ0, τβ, γ0β, γ
2
0 , β

2
}

(25)

For in-plane brace bending, the relevant stress concentration occurs at the crown675

position. In addition to τ , γ0, and β, the brace inclination θ was identified as a sig-676

nificant parameter. Compared with the OPB cases, the corresponding RSM exhibits677

a more pronounced dependence on the brace inclination, as reflected by the interac-678

tion products τθ and βθ as well as the quadratic term θ2. Together with the retained679

products τγ0, τβ, γ
2
0 , and β2, this indicates a coupled nonlinear response involving680

both the relative brace-chord geometry and the brace orientation. The retained RSM681

terms for the IPB crown position are summarized in Equation (26).682

SCFIPB brace loading, Crown = f
{

τ, γ0, β, τγ0, τβ, τθ, γ
2
0 , β

2, θ, βθ, θ2
}

(26)

5 Discussion683

The results demonstrate that the choice of structural stress definition has a systematic684

influence on the calculated stress concentration for the investigated single-sided welded685

CHS joints. The magnitude of the method-dependent differences strongly depends on686

the loading condition, evaluation position, and joint geometry. The largest deviations687

occur for brace IPB at the crown, while pronounced position-dependent differences688

are also observed at the saddle. For the surface-extrapolation approaches, these dif-689

ferences can be related to the location of the prescribed reference points relative to690

the local surface-stress gradient. Owing to the pronounced brace-to-chord scale differ-691

ences investigated here, the geometry-dependent CHS reference points may be located692

either comparatively close to the weld toe or further into regions approaching the693

nominal stress field. Consequently, the different extrapolation procedures sample dif-694

ferent portions of the same stress gradient and may therefore yield different structural695

stresses. This position dependence is consistent with previous observations by Vieira696

Ávila et al. [13] that the selected HSS evaluation procedure can significantly affect697

the resulting SCFs in welded tubular joints. The present results further indicate that698

this sensitivity becomes particularly relevant for geometries with pronounced scale699

differences outside the conventional CHS applicability ranges. Accordingly, the trans-700

ferability of established CHS-based reference-point definitions to large-scale monopile701
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attachments should be verified rather than assumed.702

The LEFM-based assessment further indicates that the investigated stress defini-703

tions differ in their ability to normalize the geometry-dependent fatigue response.704

All structural stress approaches substantially reduce the scatter compared with the705

nominal-stress representation, confirming that the local stress concentration consti-706

tutes an essential part of the geometry dependence. The particularly low residual707

scatter obtained with the XY approach indicates that the stress evaluated 1 mm below708

the weld toe captures the geometry-dependent stress field governing the adopted crack-709

growth model with high consistency over the investigated parameter range. In contrast710

to surface extrapolation, the XY stress is evaluated along the prospective crack path711

and therefore incorporates the subsurface stress gradient that directly affects crack712

propagation. A similarly reduced, although larger, scatter was obtained for the Dong713

structural stress approach. In the implementation used here, the membrane and bend-714

ing components are derived from the through-thickness normal-stress distribution at715

the critical cross section. The resulting structural stress therefore retains information716

on the through-thickness stress field rather than relying exclusively on surface stresses717

at predefined extrapolation distances. The results show in addition that the design S-718

N curves of all approaches need to differ since the SCFs between the approaches vary719

systematically in height. This is especially relevant for the XY approach that results720

in SCFs larger by a factor of approx. 1.5, see Figure 15.721

The identified geometrical sensitivities are broadly consistent with previous investiga-722

tions of tubular joints, which reported pronounced effects of thickness ratio τ , diameter723

ratio β, and chord slenderness γ0 on the resulting SCFs [8, 9]. The present results fur-724

ther demonstrate that the relative importance of these parameters depends strongly725

on the applied loading mode and evaluation position. In particular, chord loading is726

predominantly governed by the thickness ratio τ and brace slenderness γ1, whereas727

brace loading additionally exhibits pronounced dependencies on chord slenderness γ0728

and diameter ratio β. The retained interaction and quadratic terms indicate that these729

influences cannot generally be treated as independent linear effects. This becomes par-730

ticularly relevant for geometries outside the conventional CHS applicability ranges, for731

which extrapolation of existing parametric SCF formulations may therefore be insuf-732

ficient.733

The numerical models employed an idealized weld geometry derived from the local734

dihedral angle and an AWS D1.1-oriented weld profile [31]. This provides a consis-735

tent basis for the comparative assessment of the investigated stress approaches, but736

does not represent the variability of the as-built weld geometry. Local deviations in737

weld toe position, weld angle, convexity, undercuts, misalignment or other geomet-738

ric imperfections may modify the local stress field and thereby affect the resulting739

fatigue-relevant stress. Recent work by Brömer et al. [33] demonstrates the potential of740

incorporating measured three-dimensional weld geometries into the fatigue assessment741

of tubular joints. Such scan-based models can explicitly account for manufacturing-742

induced geometric deviations and may therefore provide an improved representation743

of local eccentricities and stress concentrations. The present idealization should conse-744

quently be regarded as a controlled reference geometry, while the influence of as-built745

weld variability requires separate validation.746
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The derived SCFs are additionally conditional on the structural system represented747

in the numerical model. The normalized chord length was fixed at α = 2, and the748

resulting parameter trends therefore apply to the selected chord length and boundary749

configuration. Variations in chord length or restraint may influence the contribution of750

chord-shell deformation and secondary bending to the local stress state. The present751

RSM results should therefore not be extrapolated to different system configurations752

without additional verification.753

The LEFM-based fatigue strength provides an independent computational reference,754

but remains subject to the assumptions inherent to the adopted crack model, crack-755

growth formulation and material parameters. The resulting FAT classes are therefore756

not experimentally calibrated fatigue strengths, but consistently derived reference757

quantities for comparing the geometry sensitivity of the investigated stress concepts.758

Accordingly, the reduced scatter obtained for individual structural-stress definitions759

should be interpreted as improved consistency with the adopted LEFM reference760

rather than as direct proof of superior fatigue-life prediction. Experimental validation761

on representative welded joints, ideally including measured as-built weld geometries,762

remains necessary before transferring the observed trends to design applications.763

6 Conclusion764

The present study investigated the applicability of different structural stress assess-765

ment approaches to single-sided welded tubular joints with pronounced geometric scale766

differences representative of monopile secondary attachments. Based on the numerical767

parameter study and the LEFM-based reference assessment, the following conclusions768

are:769

• The XY approach showed the strongest consistency with the geometry-dependent770

fatigue response predicted by LEFM. A coefficient of determination of R2 = 0.999771

was obtained between the calculated SCFs and the LEFM-derived nominal FAT772

classes. After transformation to the corresponding structural-stress level, the scat-773

ter was reduced to Tσ = 1.07, representing the lowest scatter among all investigated774

stress approaches. The Dong approach likewise showed a comparatively high con-775

sistency (R2 = 0.980, Tσ = 1.33), whereas the conventional surface-extrapolation776

approaches according to IIW, IIW/CIDECT and DNV resulted in larger remaining777

scatter, with Tσ between 1.51 and 1.66.778

• The investigated stress approaches show method-dependent differences that vary779

with loading condition, evaluation position, and joint geometry. The largest devia-780

tions were observed for brace IPB at the crown, while position-dependent differences781

were also evident at the saddle locations. For the surface-extrapolation methods,782

the location of the prescribed reference points relative to the local stress gradient783

represents an important source of these deviations.784

• The geometrical parameter dependencies are strongly load-case dependent. For785

chord loading, the SCF is significantly influenced by the thickness ratio τ and the786

brace slenderness γ1, with the relevant stress concentration occurring at the crown787

position. For brace loading, τ , the chord slenderness γ0, and the diameter ratio788

β consistently exhibit significant influences, while the brace inclination θ becomes789
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relevant for selected loading conditions and evaluation paths. The retained interac-790

tion and quadratic terms demonstrate that the SCF response, particularly for brace791

loading, cannot generally be represented by independent linear parameter effects.792

• The relevant hot-spot position depends on the loading mode. Axial brace loading793

produces relevant stress concentrations at both crown and saddle positions, whereas794

OPB primarily affects the saddle region and IPB the crown region.795

• The combined DoE–RSM framework enabled the identification of load-case-specific796

geometrical sensitivities, interaction effects, and nonlinear effects within the inves-797

tigated parameter domain.798

The conclusions are conditional on the modeling assumptions adopted in this study,799

including the idealized AWS-oriented weld geometry, the fixed normalized chord800

length, the selected boundary conditions, and the assumptions inherent in the ana-801

lytical LEFM reference. Experimental validation is required before transferring the802

observed trends to fatigue design practice.803

Acknowledgments804

The authors gratefully acknowledge IPU Ingenieurgesellschaft Braunschweig mbH805

(Germany), for their collaboration and valuable contributions to the research project.806

Declaration of Generative AI and AI-assisted807

technologies in the writing process808

During the preparation of this work the authors used ChatGPT (based on GPT-5.5809

OpenAI) in order to reorganize the notes and improve the manuscript readability.810

After using this tool/service, the authors reviewed and edited the content as needed811

and take full responsibility for the content of the published article.812

Statements and Declarations813

Funding814

The research project ”Verbesserung der Lebensdauerbewertung einseitig geschweißter815

T-Knoten aus dickwandigen Hohlprofilen bei Offshore-Gründungsstrukturen” is816

funded by the Federal Ministry of Economic Affairs and Climate Action as part of the817

”Industrial Collective Research” program on the basis of a resolution of the German818

Bundestag. This project 01IF23538N / P1704 from the Research Association for steel819

Application (FOSTA), Düsseldorf, is carried out at the Institute of Steel Structures,820

TU Braunschweig.821

Competing interests822

The authors declare that they have no conflict of interest.823

33



Data availability824

The data can be accessed under doi: 10.5281/zenodo.23345009, see [34].825

Code availability826

The code developed for this study is available from the corresponding author upon827

request.828

Ethics approval and consent to participate829

Not applicable.830

Consent for publication831

Not applicable.832

Author contributions833

S. Vogts: Conceptualization, Methodology, Visualization, Investigation, Formal anal-834

ysis, Data curation, Writing – original draft. J. Baumgartner: Methodology, Data835

curation, Validation, Investigation, Writing – review & editing. J. Unglaub: Project836

administration, Funding acquisition, Supervision, Writing – review & editing. K.837

Thiele: Funding acquisition, Supervision, Resources, Writing – review & editing.838

References839

[1] Liang, R., Yuan, Y., Fu, D., Liu, R.: Cyclic response of monopile-supported off-840

shore wind turbines under wind and wave loading in sand. Marine Georesources841

& Geotechnology 39(10), 1230–1243 (2021) https://doi.org/10.1080/1064119X.842

2020.1821848843

[2] Rezaei, R., Fromme, P., Duffour, P.: Fatigue life sensitivity of monopile-supported844

offshore wind turbines to damping. Renewable Energy 123, 450–459 (2018) https:845

//doi.org/10.1016/j.renene.2018.02.086846

[3] Albiez, M., Boretzki, J., Ummenhofer, T.: Adhesive bonding of secondary steel847

components for offshore wind turbines. ce/papers 6(3-4), 959–963 (2023) https:848

//doi.org/10.1002/cepa.2650849

[4] Jungen, J.-W., Lochte–Holtgreven, S.: On local stress distributions in impact–850

loaded offshore steel substructures. ce/papers 9(2-3), 2826–2830 (2026) https:851

//doi.org/10.1002/cepa.70736852

[5] Saini, D.S., Karmakar, D., Ray-Chaudhuri, S.: A review of stress concentration853

factors in tubular and non-tubular joints for design of offshore installations. Jour-854

nal of Ocean Engineering and Science 1(3), 186–202 (2016) https://doi.org/10.855

1016/j.joes.2016.06.006856

34

https://doi.org/10.1080/1064119X.2020.1821848
https://doi.org/10.1080/1064119X.2020.1821848
https://doi.org/10.1080/1064119X.2020.1821848
https://doi.org/10.1016/j.renene.2018.02.086
https://doi.org/10.1016/j.renene.2018.02.086
https://doi.org/10.1016/j.renene.2018.02.086
https://doi.org/10.1002/cepa.2650
https://doi.org/10.1002/cepa.2650
https://doi.org/10.1002/cepa.2650
https://doi.org/10.1002/cepa.70736
https://doi.org/10.1002/cepa.70736
https://doi.org/10.1002/cepa.70736
https://doi.org/10.1016/j.joes.2016.06.006
https://doi.org/10.1016/j.joes.2016.06.006
https://doi.org/10.1016/j.joes.2016.06.006


[6] Zavvar, E., Rosa-Santos, P., Taveira-Pinto, F., Ghafoori, E.: Lifetime extension857

of offshore support structures of wind turbines: A review. Renewable and Sus-858

tainable Energy Reviews 217, 115788 (2025) https://doi.org/10.1016/j.rser.2025.859

115788860

[7] Atteya, M., Mikkelsen, O., Wintle, J., Ersdal, G.: Experimental and numerical861

study of the elastic scf of tubular joints. Materials (Basel, Switzerland) 14(15)862

(2021) https://doi.org/10.3390/ma14154220863

[8] Yang, Y., Min, S., Peng, Y., Wang, H., Chen, C.: Experimental and numerical864

investigation on stress concentration factor of large-scale welded tubular t-joints.865

Ocean Engineering 320, 120337 (2025) https://doi.org/10.1016/j.oceaneng.2025.866

120337867

[9] Zavvar, E., Ehlers, S., Rosa Santos, P.: Maximum stress concentration fac-868

tors in dkt joints subjected to combined compression and tension loads. Ships869

and Offshore Structures, 1–12 (2025) https://doi.org/10.1080/17445302.2025.870

2453668871

[10] Liang, G., Hou, C., Tan, Q.: Probability model for scf in cfst joints under axial872

loading and in-plane bending. Journal of Constructional Steel Research 217,873

108660 (2024) https://doi.org/10.1016/j.jcsr.2024.108660874

[11] Iqbal, M., Karuppanan, S., Perumal, V., Ovinis, M., Nouman, H.: Empirical mod-875

eling of stress concentration factors using finite element analysis and artificial876

neural networks for the fatigue design of tubular kt–joints under combined load-877

ing. Fatigue & Fracture of Engineering Materials & Structures 46(11), 4333–4349878

(2023) https://doi.org/10.1111/ffe.14122879

[12] Vogts, S., Unglaub, J., Thiele, K.: Numerical study of hot–spot stresses in single880

sided welded t–joints for fatigue assessment of offshore foundations. ce/papers881

9(2-3), 2820–2825 (2026) https://doi.org/10.1002/cepa.70642882
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