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A B S T R A C T

The design of jacket structures in offshore wind turbines (OWTs) is driven by fatigue, crucial due to dynamic 
loads from operational movements, waves, and wind. This study aims to develop a digital framework for fatigue 
analysis of tubular welded joints in jacket OWT, incorporating real 3D scanned geometries and imperfections 
through their digital images. Numerical analysis has been conducted using finite element method to predict the 
experimental results, in which the effect of micro-support has been taken into account using an implicit gradient 
model (IGM). Furthermore, 4R method has been used to account for mean stress corrections due to residual 
stresses and imperfections. Digital Image Correlation (DIC) was employed during the high-cycle fatigue exper
iments to detect the initiation and progression of a technical crack, providing precise measurements of strain 
distribution and crack size development. The results have shown that the proposed numerical framework based 
on the IGM can successfully determine the lifetime and location of crack initiation in the 3D scanned welded 
details. The proposed framework significantly improves the accuracy of high-cycle fatigue life predictions and 
offers a scalable solution for structural health monitoring, facilitating lifetime extension across a wide range of 
industries, including construction, automotive, aerospace, and renewable energy.

1. Introduction

Welding is a cornerstone in engineering, enabling the assembly of 
various structural components across multiple disciplines, including 
civil, mechanical, aerospace and offshore engineering. In applications 
ranging from bridges, cranes and skyscrapers to pressure vessels and 
ships, welding ensures structural integrity and durability. In offshore 
engineering, welded connections are particularly critical due to the 
demanding environmental conditions and high cyclic loads. This is 
especially true for Offshore Wind Turbines (OWTs), where support 
structures like jacket foundations play a vital role. Jacket foundation 
structures are constructed as lattice frameworks with three or four legs 
made from hollow sections. They offer the benefit of high rigidity while 
utilizing relatively low amounts of material [1,2]. These properties play 
a major role in the offshore sector and result in a transition from 
monopiles to jacket foundations as offshore wind farms are located 
further away from shore and in greater water depth up to 60 m [3]. 
During their service life, support structures for OWTs are exposed to 

high cyclic loads due to mainly movement of the turbine during oper
ation, waves and wind. Therefore, the fatigue strength of the structure is 
the design driving factor, especially for the components of the jacket, 
which exhibit high stress concentrations, such as the welded tubular 
joints between the chord and the brace. One idea is therefore to reduce 
the notch sharpness of the weld seams with a new design-weld, in order 
to reduce the stress concentrations. The same idea has already been 
pursued with casted tubular joints and is anchored with its own S-N 
curves in the DNV-RP-C203 guideline [4]. However, this approach has 
not been able to fully establish itself due to high internal imperfections 
of the casted joints.

The DNV-RP-C203 guideline [4] provides the most crucial normative 
regulation for the practical fatigue verification of offshore jacket tubular 
joints. This guideline utilizes the structural stress approach (SSA), a 
well-established method in the oil and gas industry for decades, and 
combines it with the relevant structural stress S-N curve T found in [4]. 
To determine the S-N curves, a large number of fatigue tests have been 
carried out in the past to quantify the fatigue strength of tubular joints. 
The results of these tests can be found in the OTH 92 390 report [5]. 
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Here, the failure criterion “through-thickness crack” was applied and 
structural stresses were determined using linear extrapolation. Further 
tests by Van Wingerde et al. [6] support the findings and the S-N curves 
from [5]. The tubular joints in these investigations were always manu
ally welded, while Zilli et al. [7] and Schürmann [8] also applied SSA on 
automated welded joints. However, a huge drawback of the SSA is the 
fact that all properties related to the “as-built” weld geometry cannot be 
taken into account.

This can be overcome with consideration of the local weld geometry 
within the notch stress approach (NSA). This procedure is included in 
DNV-RP-C203 [4], IIW [12] and DIN EN 1993–1-9 [13] and is sum
marized in Radaj et al. [14]. The application of the NSA based on the 
guidelines mentioned is not possible without further ado, as a crack can 
occur not only in the area of the weld toe but also between individual 
weld layers. In addition, the NSA cannot be applied to large-scale nodes 
with a through-thickness crack as a crack criterion. In this case, a further 
approach would be a type of two-phase model that combines the NSA 
with a fracture mechanics approach. This would allow the service life of 
a structure up to the technical crack initiation to be determined using the 
NSA and the crack propagation to be calculated further using linear 
fracture mechanics − ideas in this direction already exist using local 
approaches [15]. Additionally, to the weld seam geometry, factors such 
as the micro-support effect in the form of an effective notch factor or 
residual stresses and material characteristics can also be taken into ac
count within application of local fatigue approaches, as seen in [16–18].

This work presents a framework for determining the fatigue strength 
of welded tubular joints based on the weld geometry. For this purpose, it 
focuses on the NSA, how to consider residual stresses according to the 
method of Nykänen and Björk [19] and to apply this method to manually 
welded tubular joints, which were tested under cyclic loading. Notch 
stresses are determined using 3D scans that thoroughly consider both the 

overall structural misalignments of the joint and the detailed weld ge
ometry. The use of modern 3D scanning technology provides highly 
detailed geometric data, capturing surface irregularities and real-world 
imperfections that significantly influence fatigue behavior, which con
ventional methods often overlook. This ensures a more accurate repre
sentation of structural components, enabling precise fatigue life 
predictions and reducing uncertainties in the assessment process. The 
use of 3D scans for fatigue assessment is widespread and has already 
been carried out by Larsen [20] and Plets [21], for example. The prob
lem with this approach, however, lies in correlating the results with the 
fatigue strength of the components in a meaningful way. One approach 
from Schürmann [8] is to consider the micro-support effect via the IGM, 
which is why the fatigue effective notch stresses are derived according to 
this model introduced by Peerlings [22] and carried out according to 
Lang [23]. In addition, Schürmann [8] leaves out the detailed influence 
of residual stresses and mean stress, which are further examined via 4R 
method in this paper. The highlights of this study can thus be summa
rized as follows: 

- Creation of digital modelling framework of welded tubular joints in 
order to take into account the real weld seam geometries and mis
alignments of the entire node, precise 3D digital scans capture 
detailed geometry and real-world imperfections, enabling more ac
curate fatigue predictions and reducing uncertainties compared to 
conventional techniques

- Consideration of effective notch stresses via IGM on the basis of 
digital models for welded tubular joints

- Validation of IGM by comparison of the locations with maximum 
elastic notch stress and of crack initiation observed by DIC during 
high-cycle fatigue tests

Nomenclature

OWT Offshore Wind Turbine
SSA Structural Stress Approach
NSA Notch Stress Approach
IGM Implicit Gradient Model
FEM Finite Element Method
DIC Digital Image Correlation
ENS Effective Notch Stress
SWT Smith, Watson and Topper
R-O Ramberg-Osgood
UML Uniform Material Law
WPS Welding Procedure Specification
NURBS Non-Uniform Rational B-Splines
TCD Theory of Critical Distance
STL Stereolithography
σk Elastic notch stress
σf Effective notch stress
ρ* Microstructural support length
ΔKth Fatigue propagation threshold
Δσ0 Fatigue limit
ρref Reference radius
G Weighting function
Ψ Scaling factor
∇2 Laplacian operator
Rlocal Local stress ratio
Δσf Effective notch stress range
Δσf ,ref Mean stress corrected effective notch stress
H Strength coefficient
n Hardening coefficient

Hʹ Cyclic strength coefficient
nʹ Cyclic hardening coefficient
Rm Tensile strength
Rp0.2 Yield strength
Fo Upper force limit
Fu Lower force limit
N Number of load cycles
Δy Distance between sections along y-axis
σN Nominal stress
ṗ Heat flux
a Weighting parameter (IGM)
Λ Conductivity parameter
Cp Specific heat capacity
ρd Specific heat density
ρf Fictitious notch radius
Kf Effective notch factor
Kf ,initial,max Maximum notch factor at location of maximum elastic 

notch factor
Kf ,crack Effective notch factor at crack location
Kf ,Neuber Effective notch factor from Neuber model
Kf ,IGM Effective notch factor from IGM
rbrace Radius of brace
tbrace Thickness of brace
E Young’s modulus
Cf Fatigue capacity (4R)
m Slope of SN-curve
Nf ,cal Calculated load cycles until crack initiation
Nf ,exp Load cycles until crack initiation from experiments
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- Use of the NSA including residual stresses for welded tubular joints 
for fatigue assessment and determination of the service life up to a 
defined technical crack criterion

2. Theoretical background

Weld seams are the critical details of connections made from circular 
hollow sections (CHS) that determine the design of the entire structure. 
On the one hand this is due to changes in material properties and re
sidual stresses resulting from the welding process and on the other hand 
to stress concentrations caused by geometric notches in the weld seam 
itself. The aim of the local fatigue approach used here is to consider the 
stress concentrations based on the geometry, the residual stresses from 
the welding process and local material behavior at the notch base. The 
approach is based on the widely used notch stress method developed by 
Neuber and Radaj [14,24]. For this purpose, effective notch stresses are 
calculated according to the notch stress method, taking into account the 
micro-support effect, and these are integrated in the so-called 4R 
method according to Nykänen and Björk [19,25]. The next sections 
provide detailed description of each of the proposed methods.

2.1. Notch stress analysis methods

In the NSA, elastic notch stresses σk at the failure-critical location are 
calculated on the basis of the theory of elasticity. Unlike the SSA, which 
is widely used for CHS nodes, this approach is based on the local stress at 
the weld toe or the weld root assuming micro-support effects. These 
micro-support effects describe the fact that it is not the maximum elastic 
notch stress that is decisive for crack initiation or crack propagation, but 
a lower non-local stress. The basis for this realization is the fact that the 
yield point of the material can be exceeded, particularly at sharp 
notches, and microcracks can be initiated without further crack propa
gation occurring − the local yielding therefore reduces the stress con
centrations [14,26]. For this reason, the concept is often referred to as 
the effective notch stress (ENS) concept.

The open literature presents a variety of different methods for 
calculating the effective notch stress σf , which can be used to take the 
micro-support effect into account. One of the first methods is the 
approach according to Neuber [27], which describes the effective stress 
as a function of the microstructural support length ρ*. The stress σf can 
thus be calculated as the mean value of the elastic stress field 

σf =
1
ρ*

∫ ρ*

0
σ(x)dx (1) 

This method can also be referred to as the line method according to 
Taylor’s Theory of Critical Distance (TCD) [28]. In order to avoid the 
process of integrating the stress field, Neuber proposes in [27] the use of 

a reference radius instead of the real radius. In this way, the effective 
stress from Eq. (1) equals the maximum calculated stress taking into 
account the reference radius. This radius results in 

ρf = ρreal + sρ* (2) 

and differs depending on the load case and strength hypothesis, which is 
taken into account using the parameter s. Fig. 1 shows the relationship 
between the notch radius and the reference radius presented in more 
detail. The microstructural support length ρ* depends on the material 
and its microstructural condition and can be expressed by the fatigue 
crack propagation threshold ΔKth and the fatigue limit Δσ0 [29]. 

ρ* =
2
π

(
ΔKth

Δσ0

)2
(3) 

To extend the reference radius approach proposed by Neuber [27] to 
welded joints, the parameter s is assumed to be 2.5 for plain strain 
conditions and combined with the von Mises multiaxial strength crite
rion by Radaj [30]. Considering welds in mild steel, the value ρ* = 0.4 
mm is appropriate. This assumption stems from a worst-case assessment 
assuming a real notch radius of zero, so that the reference radius is now 
ρref = 1 mm. This procedure has been proven to be applicable to welded 
joints and is a standardized procedure within the IIW design recom
mendations [12].

2.2. Implicit gradient model

The IGM is another approach to calculate effective notch stresses −
the already described stress averaging via the microstructural support 
length ρ* (Eq. (1)) is analogous to this, which according to Bažant [31] 
and further by Zhang [32] is described using a weight function G and a 
scaling factor Ψ: 

σf (x) =
1

Ψ(x)

∫

V
G(x, y)σk(y)dVy (4) 

Furthermore, V is the volume around the notch, x the point of interest 
and y the far point. By averaging the calculated notch stress over a 
certain volume using a Gaussian weighting, the IGM is introduced [22]. 
The integral relation Eq. (4) is transformed into a differential approxi
mation by substituting a truncated Taylor expansion for the local stress 
in Eq. (4). The resulting model is a Helmholtz equation and can be 
described as: 

σf (x) = a∇2σf (x) = σK(x) (5) 

where a > 0 and ∇2 denotes the Laplacian operator. The detailed deri
vation of this equation can be found in [22]. To solve Eq. (5)

Fig. 1. Illustration of the concept of reference notch radius.
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numerically, an appropriate boundary condition must be considered. 
Here, the volume of the body is considered as domain and the surface 
has to be defined as boundary, usually done by the Neumann boundary 
condition: 

∂σf (x)
∂x

⋅n = 0 (6) 

According to Lang [23], Eq. (5) can be interpreted as a transient heat 
conduction equation in order to use a commercial finite element solver 
to solve it for a discrete timestep Δt = 1 s. With this procedure, the linear 
elastic notch stress is used as the initial temperature in a transient 
thermal conduction calculation to calculate the fatigue effective notch 
stresses. With the help of the IGM, it is therefore possible to calculate 
fatigue effective stresses for each location of the real scanned geometry 
and the user is not dependent on a single local value or the creation of a 
model, as is the case with the SSA or the reference radius approach 
proposed by Neuber, for example.

2.3. 4R method for residual and mean stresses

The so-called 4R method according to Nykänen and Björk [19,25] is 
used to take into account various influences on the fatigue strength of 
components, in particular welded joints made of steel, in the fatigue 
strength assessment process. Particularly relevant here is the consider
ation of residual stresses and mean stress correction, which can affect 
the fatigue resistance. In the IIW design recommendations [12], this is 
considered by multiplying the fatigue class of classified details by a fa
tigue enhancement factor f(R).

Another approach is the mean stress correction according to Smith, 
Watson and Topper (SWT) [33], which supports the hypothesis that 
there is a stress–strain function governing the fatigue of metals. This 
function is dependent on the product σmaxεa, where σmax is the maximum 
tensile stress and εa is the strain amplitude. Nykänen and Björk [19,25] 
implemented the SWT correction in a novel way by transforming the 
linear elastic notch stress to local cyclic elastic–plastic material behavior 
from which the local stress ratio Rlocal can be obtained and a mean stress- 
corrected reference notch stress range is formulated as 

Δσf ,ref =
Δσf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − Rlocal

√ (7) 

The local stress ratio Rlocal can be expressed as 

Rlocal =
σmin

σmax
(8) 

The point of maximum stress σmax is determined using the initial load 
step via the Ramberg-Osgood (R-O) curve [34] by converting the 
determined elastic stresses into elastic–plastic values via the Neuber 
hyperbola. In this step, the equation 
(
σk + σk,res

)2

σmaxE
=

σmax

E
+
(σmax

H

) 1
n (9) 

is set up to calculate the strain ε and resolved according to the stress 
σmax. The parameters H and n describe the strength coefficient and the 
hardening coefficient. When kinematic hardening is assumed, a cyclic 
material behaviour including the cyclic R-O curve and accordingly also 
the Neuber hyperbola (see Fig. 2) with cyclic parameters can be 
assumed: 

Δσ2
k

ΔσE
=

Δσ
E

+ 2
(Δσ

2H’

) 1
n’ (10) 

Equation (10) is similar to Equation (9), the difference here lies in the 
consideration of the range values with Δ and Hʹ and ń  represent the 
cyclic strength coefficient and the strain hardening exponent, whereby 
the coefficients Hʹ = H and nʹ = n can be assumed for a fatigue life with 

more than 50,000 cycles [15].
The cyclic strength coefficient and the strain hardening exponent are 

based on various assumptions in the literature, see Table 1. for different 
examples. The so-called Uniform Material Law (UML), which was cali
brated on the basis of tests according to Bäumel and Seeger [9], is widely 
used. Based on this, the UML was modified as part of the German 
guideline “Richtlinie Nichtlinear” [10]. In addition, parameters relating 
to correlations and relationships among hardness, tensile properties and 
cyclic deformation properties were determined in [11].

The entire procedure of the 4R method for calculating the mean 
stress corrected reference notch stress range, taking residual stresses into 
account, is shown in Fig. 2.

3. Experiments

3.1. Jacket node fabrication

As part of a German national research project (acronym “Smart
Weld”), fatigue tests were conducted on scaled jacket nodes at the Test 
Centre Support Structures Hannover. The tubular joints are made from 
welded circular hollow section tubes in S355 G10 + M steel, which is a 
typical material used in offshore structures. The scale of the joints is 
approximately 1:2 in comparison to real structures, and all other di
mensions and properties can be found in Fig. 7. The braces are manually 
welded to the chords using the MAG process according to DIN EN ISO 
4063. The edges are prepared for welding by clean blasting, brushing, 
and grinding. The electrodes T46 2P C1 H5/T46; Ti 52 T-FD and pro
tective gas M21 ArC 18 (82% Ar/18% CO2) were used for welding [35]. 
All the tubular joints were welded with a Welding Procedure 

Fig. 2. Procedure of calculating the local mean stress ratio Rlocal according to 
the 4R method including Neuber hyperbole (orange) and R-O-curve (black). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Table 1 
Values of the cyclic strength coefficient and the strain hardening exponent ac
cording to different publications [9,10,11].

Hʹ[MPa] nʹ[ − ]

UML [9] 1.5Rm = 753 0.15
Modified UML 

[10] 3.1148MPa
(

Rm

MPa

)0.897

0.3380.187 = 1009.38

0.187

Lopez and Fatemi 
[11]

3*10(− 4)R2
m + 0.23*Rm + 619 =

810.06
− 0.33

Rp0.2

Rm
+ 0.4 =

0.117
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Specification (WPS) and a welding quality conforming to DIN EN 
1090–2 [36] with a welding configuration comprising two-thirds single 
bevel butt weld and one-third fillet weld and welded on only one side.

3.2. Fatigue tests

The tubular joints were subjected to fatigue loading with a sinusoidal 
load and frequency of 1.5 Hz in the tensile range (R = 0.1) until through- 
thickness crack was detected, which serves as the failure criterion. This 
crack was detected by monitoring the inner air pressure in sealed chord. 
The pressure was reduced by ca. 0.5 bar with a vacuum pump. A rapid 
change in pressure indicates that the joint has ruptured. This detection 
method allows for identifying both externally visible through-thickness 
cracks in the chord as well as cracks in the chord’s wall thickness 
initiating at the weld root. The test setup is shown in Fig. 3 and further 
information regarding the boundary conditions of the fatigue test can be 
found in Fig. 9 This methodology was also used in another German 
national research project (acronym “FATInWeld”) [8].

Prior to conducting the tests, the most highly stressed area − iden
tified as the location with the greatest stress concentration within the 
structure of the tubular joint − was determined using a FE model that 
includes the geometry of the welded tubular joint and a rough weld 
geometry. Stochastic black-white speckle pattern was applied to this 
hotspot-area, in order to monitor strains with digital image correlation 
(DIC). The DIC system is mounted on a separate truss structure in order 
to be independent of all movements during the testing procedure. It 
provides detailed information on the strain state directly at the notch of 
the weld seam and enables to monitor the crack initiation and propa
gation. It should also be noted that the test specimens were not exposed 
to environmental influences from the surroundings over a longer period 
of time. Therefore, a potential influence of corrosion on the results of the 
fatigue tests is excluded and not addressed further.

3.3. DIC measurements

Using the DIC system, strains were recorded during the fatigue tests, 
providing insights into the crack location, crack initiation, and the crack 
propagation phase. The notch stress method used in this study aims to 

evaluate the number of load cycles until joints fracture. It’s important to 
note that this method, along with the S-N curves, was developed based 
on small-scale specimens tested by Seeger et al. [37,38] with an 
approximate width of 40 mm. The tubular joints analyzed here represent 
larger structures, and applying the notch stress concept with the failure 
criterion of through-thickness crack could yield overly conservative re
sults [39]. Therefore, similar to the approach in [39,40], it is assumed 
that the fracture of a small-scale fatigue test specimen corresponds to 
crack initiation in a large-scale structure. Hence, in this study, technical 
crack is defined as the point in time at which a crack enters the pro
gression phase and has a width of 40 mm. Fig. 4 illustrates the criterion 
of the technical crack and may help to better understand this 
assumption.

For further numerical analyses, it is necessary to determine the 
number of load cycles up to the development of the technical crack. 
Various criteria can be used for the evaluation, for example local strain 
peaks or sudden changes in displacement along a path perpendicular to 
the weld seam [41]. Additionally, several studies have adopted locally 
measured strains of 1% or greater as the criterion for technical crack 
formation [42,43]. In this study, formation of a crack is localized using 
the displacement along the defined path. Once a crack is localized, 
adjacent sections are examined to determine its actual length. The 
evaluation procedure is schematically illustrated in Fig. 5. In each step 
of the DIC analysis, sections are analyzed at approximately 1 mm in
tervals to assess the location of crack initiation and the length of the 
resulting crack..

3.4. Test results

3.4.1. Fatigue test results
A total of three different jacket nodes were tested, but only two 

nodes, referred to as B1 and B2, are suitable for further evaluation. Node 
B3 cannot be analyzed due to the formation of cracks at its lower weld 
seam with no DIC. Consequently, no data from the strain gauges or the 
DIC system are available for crack initiation and propagation on B3. 
Only the stress range and the number of load cycles at fracture are 
known for this specimen. The results of the tests including upper (Fo) 
and lower (Fu) load as well as the number of load cycles up to through- 

Fig. 3. (a) Test setup for the axial fatigue tests of the tubular X-joints with Limess DIC system, (b) stochastic black-white speckle pattern for DIC measurement and (c) 
weld seam geometry extracted from scans.
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thickness crack are summarized in Table 2. During the tests, an R-ratio of 
0.1 was targeted, but this target could not be precisely achieved due to 
internal control parameters of the hydraulic system of the 2 MN actuator 
(Fig. 3(a)) affecting the underload values.

The results of the fatigue tests can then be analyzed using S-N curves. 
According to current offshore standards, welded tubular joints are 
dimensioned for through thickness cracking utilizing the SSA. The 
evaluation is therefore carried out using the structural stresses. The 
required structural stress ranges ΔσS are based on the SCF values 
determined numerically as an extrapolation of the stresses normal to the 
fatigue-critical weld notch according to DNV-RP-C203 [4]. 

SCF = 3.15 (11) 

The SCF value for the crown position shows a significantly lower value 
with 1.4 – both values lie in good agreement with the SCFs according to 
the analytical formulas from DNV-RP-C203 [4], which result in 2.79 for 
the saddle and 1.64 for the crown positions. The statistical analysis of 
the fatigue tests follows the procedure outlined in the background 
documentation 9.01 of DIN EN 1993–1-9 [13] fatigue design rules, as 
referenced by the ECCS Technical Committee 6 [44]. Generally, it is 
assumed that the results follow a student’s t-distribution and the eval
uation is carried out for a survival probability of 97.7%. However, as 
only three test results are available in this study, the application of the 
student’s t-distribution leads to a scattering, which would result to an 
unrealistic low fatigue strength for a survival probability of 97.7%. 
Therefore, the 50% survival probability is used for representing the test 
results. In addition, the T S-N curve from DNV-RP-C203 [4], which 
represents the currently valid S-N curve for welded tubular joints, is used 
for comparison, see Fig. 6.

Fig. 4. Derivation of the technical crack criterion for the welded tubular joints based on the fatigue tests on 40 mm small scale specimens tested by Seeger 
et al. [37,38].

Fig. 5. (a) Stochastic black-white speckle pattern at fatigue relevant location, (b) investigation of displacement using equidistantly arranged sections with a distance 
of approximately 1 mm, (c) displacements in x along x-coordinate of one section and (d) crack length detection of 40 mm – all exemplary for sample B1.

Table 2 
Results of fatigue tests for specimens B1, B2 and B3.

Specimen Fo [kN] Fu[kN] N [-]

B1 900 90 310,500
B2 870 70 490,000
B3 700 40 478,000
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The statistical analysis of the three test specimens shows that the 
50%-fractile is slightly below the T S-N curve. The size effect according 
to current offshore standards was taken into account, which reduces the 
initial T curve by a ratio of the actual thickness t = 30 mm to the 
reference thickness t = 16 mm. In addition, a constant gradient was 
assumed in the statistical evaluation of m = 3. This results in a mean 
fatigue strength of the welded joints of ΔσC = 93.5 N/mm2 compared to 
the value of the reduced T S-N curve with 98.4 N/mm2. In the course of 
the project, further welded tubular joints will be tested, which will be 
evaluated via the S-N curve and increase the statistical bandwidth.

3.4.2. DIC measurement
The procedure described in the previous section for determining the 

number of load cycles up to the development of a technical crack pro
vides the results shown in Table 3. It is noticeable that the crack initi
ation phase is relatively short when comparing the number of load 
cycles up to crack initiation versus up to through-thickness crack in the 
joints. The technical crack occurs after approximately 17% of the 
experienced load cycles up to the through thickness crack. It can 
therefore be assumed that microcracks are already present in the area of 
the weld seam notch before the start of the fatigue test and continue to 
propagate with the experienced load cycles.

Schürmann [8] also investigated different stages during the fatigue 
test of tubular joints and identified the crack initiation phase as 
approximately 20% of the total service life of the structure based on a 1 
mm crack definition. For the joints examined here, the phase duration is 
in a similar range, although the crack criterion was a crack length of 40 
mm (Fig. 5), instead of a 1 mm crack. Consequently, the crack initiation 
phase is even shorter compared to Schürmann’s smaller test specimens 
[8]. It should also be noted that with larger node dimensions, the desired 
working distance increases, leading to a decrease in the image resolu
tion. As the quality of the speckle pattern including the speckles’ size 

depends on the camera resolution and is essential to the accuracy of the 
measured displacements, all parameters must be synchronized.

4. Numerical analysis and micro-support effect

4.1. Development of numerical model from 3D digital scans

The development of the numerical model for tubular joints consists 
of several steps to ensure high accuracy and detail. First, a digital model 
is generated by scanning the joints from various angles using a GOM 
ATOS Q 3D scanner. This process captures detailed scans of the weld 
seam and overall imperfections of the node. The data is compiled into an 
STL file. During scanning, the working distance is set at 49 centimeters, 
and the distance between data points ranges from 0.03 to 0.12 mm. The 
STL file includes a triangulated mesh between these points as a model of 
the joints outer surface. To maintain precision, the digital model con
tains higher resolution scans specifically for the fatigue-critical area of 
the weld seam notch, the smallest distance between the data points is 
selected and a scanning residency of 0.005–0.01 mm can be achieved.

In the next step, the STL model must be converted into a solid model 
to carry out a numerical analysis. This is accomplished through a reverse 
engineering process, which creates a continuous surface in the model, 
thereby avoiding singularities during the numerical analysis. This pro
cess also reduces the large number of data points, lines, and facets 
present in the STL model, while maintaining the detailed scans of the 
weld seam.

The reverse engineering process begins with determining the patch 
size and the fineness of the grid for the non-uniform rational B-splines 
(NURBs) in both the x and y directions. Based on previous investigations, 
a patch size of 20 × 20 mm with a grid of 90 curves is suitable, as no 
significant changes in stresses are expected beyond this configuration 
[17]. Using these parameters, the detail scans of the weld seam – which 
particularly critical for fatigue analysis − can be approximated with 
NURBs. As the inner surface of the welded tubular joints could not be 
recorded during the scan, the inner surface was reconstructed by using 
the thicknesses and inner radii of the tubes. To achieve this, all outer 
surfaces were shifted inwards by the nominal thickness of the tubes. This 
ensured that the thickness of the tube is achieved and coarse mis
alignments, such as axial misalignment, offset and deviation from the 
perfectly round tube, can be taken into account in the reverse engi
neering process.

For illustration, Fig. 8 shows the deviations of the CAD model from 
the scanned model. To do this, the CAD model and the scan of the real 
welded joint were superimposed in the GOM Correlate software and 
approximated using a best-fit procedure. The result shows that the 
largest deviations between the surface of the scan and the CAD model for 
node B1 and node B2 are in the area of the weld seams between the brace 
and chord and the weld seams of the tubes. This is obvious, as the design- 
welds are not taken into account in the CAD model.

This approach ensures that all relevant details of the geometry, as 
well as imperfections of the entire structure, are accurately captured in 
the digital model. Subsequently, the solid model can be meshed, pro
vided with boundary conditions, and used for numerical analysis, as 
illustrated in Fig. 9 (a) and (b).

For the numerical calculations, an axial force is applied to the upper 
brace, and its magnitude is equal to the value of the tube’s cross- 
sectional area in mm2. This setup ensures that the nominal stress in 
the brace reaches the value σN = F/A = 1 MPa. As a result, stress con
centrations can be directly observed from the calculation.

Furthermore, the lower brace is firmly clamped to prevent dis
placements in the x, y and z directions, reflecting the conditions of the 
test setup. Tetrahedron-shaped elements with quadratic shape functions 
are used to mesh the geometry, allowing for a sufficiently detailed 
representation of the weld seam. This type of element is particularly 
suitable for meshing of complicated models based on real geometries in 
order to capture the notches and radii relevant for fatigue. Initially, a 

Fig. 6. Fatigue test result evaluation for the manually welded tubular X-joints 
considering through thickness cracking.

Table 3 
Results of the presented routine for determining the number of load cycles up to 
a technical crack of 4 cm for specimens B1 and B2.

Specimen NCrack,4cm[− ] NFailure[− ] NCrack,4cm

NFailure
⋅100[%]

B1 54,000 310,500 17.39
B2 85,000 490,000 17.35
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coarse mesh is applied to the entire node model to determine global 
displacements, which are then transferred to a more detailed sub-model 
of the weld seam, as shown in Fig. 9 (b). To capture the stresses at the 
weld seam notch accurately, the element size is particularly small with 
an edge length of 0.15 mm. This element size is based on Lang’s [23] 
recommendation to use a maximum length < 2√a for square elements. 
As a specific value for the weighting parameter a from IGM is not 
specified at this stage, literature values for steel with a ≈ 0, 01 mm2 are 
used [45].

4.2. Application of implicit gradient model

To account for the micro-support effect using the IGM approach, the 
differential equation (5) from section 2.2 must be solved. Based on the 
work of Lang et al. [46] and Lener et al. [47], this can be accomplished 
using the thermal analysis module within commercial FE-software, as 
equation (5) closely resembles the differential equation for thermal 
diffusion. In this research, the thermal analysis module in ANSYS 
Workbench is employed to solve equation (5). Elastic notch stresses are 
used as input values for the diffusion analysis at each node within the 
numerical model. The Neumann boundary condition, according to 

Fig. 7. Scanning process shown for a CHS joint, (a) ATOS Q 3D scanner mounted on a robot, (b) STL file resulting from multiple scans from different angles, (c) 
Section A-A with dimensions of the brace, (d) Section B-B with dimensions of the chord.

Fig. 8. Surface comparison between the CAD file of the welded tubular joint and the stl file of the 3D scan for (a) joint B1 and (b) joint B2.
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equations (6), is applied using a ’heat flux’ boundary condition with q̇ ≈

0 to the specimen’s surface. The weighting parameter a is associated 
with the thermal properties as a = λ

(ρd•cp)
and is assigned with the ther

mal conductivity parameter λ, while both the specific heat capacity and 
density are assigned values of cp = 1.0 and ρd = 1.0, respectively.

4.2.1. Parameter study for a
Overall, there are different ways to determine the parameter a. 

Firstly, the parameter can be calibrated based on the assumptions of the 
TCD or the reference radius approach proposed by Radaj [30]. Previous 
studies [48,49] have demonstrated a correlation between intrinsic ma
terial length and the critical distance. The procedure for this approach, 
as outlined in [8,23], involves calibrating the parameter for a certain 
numerical model. This calibration is done by comparing the fatigue 
effective stress calculated using the notch rounding approach proposed 
by Radaj, which considers a fictitious notch radius of ρf = 1 mm, with 
the corresponding IGM-based fatigue-effective stress for an ideal sharp 
notch. The parameter a is then adjusted iteratively until a value is found 
that matches 

Kf ,Neuber = Kf ,IGM(a) (12) 

Additionally, one can choose the weighting parameter a according to the 
literature and check its applicability by examining the locations of crack 
initiation. This procedure leverages the effect that as the value of 
parameter a increases, the calculated effective stress concentration 
changes. This is because the stresses are averaged over a larger volume, 
leading to lower effective stress concentrations. As a result, when 
comparing the location of maximum stress concentration before 
consideration of the micro-support effect against the actual crack loca
tion observed during fatigue testing, a shift in the maximum stress 
location may occur [50]. Various weighting parameters have been 
proposed for welded steel, depending mainly on the chosen stress cri
terion and the stress ratio. Chapter 2.1 has already shown that the 
microstructural support length ρ* depends on the material and its 
microstructural condition and that there is a similarity between the 
material characteristic lengths determined according to the IGM and the 
TCD [29,51]: 

a = c2 =
(

ζ
ρ*
2

)2
(13) 

Where ζ considers the stress criterion and can be set to ζ = 0.5 [49]. 
Accordingly, the generally valid value for welded steel ρ* = 0.4 mm, 
which is derived in [29] and confirmed in [52], can be used as a first 
approach. This results in a weighting parameter a = 0.01 mm2. With 
more test results, it would be possible to determine the weighting factor 
using the scattering minimization technique, shown in [52,53].

Fig. 10 illustrates the calculated effective notch factors Kf in 
dependence of the weighting parameter a for two different locations. 
The location of the initially maximum notch factor based on elastic 
calculations (black curve), i.e., without consideration of the micro- 
support, and the actual location of the crack initiation from the DIC 
measurement of the fatigue test is shown in red. It is clear that the notch 
factor Kf ,initial,max is greater than Kf ,crack in the range of small values for 
the weighting parameter a. With a larger weighting parameter, the stress 
is averaged over a larger volume and this leads to a change in the 
location of the maximum notch factor after the so called “shifting point”. 
This behavior is shown using node B2 as an example. It is evident that 
the value of parameter a must be greater than 0.002 mm2, as the loca
tion of the crack initiation represents the point of maximum stress.

4.2.2. Comparison of DIC and effective notch factors
When examining specimens B1 and B2, it became apparent that 

considering the micro-support provides the location of crack initiation 
from the test as the critical site of notch stress. This correlation can be 
extended from general welded components to welded tubular joints 
within the scope of this research [16,17].

Fig. 11 shows the results of the DIC measurements for the welded 
joint B2. It is clear that a crack starts in the area of the weld toe at the 
maximum stressed point and continues to propagate over the cycles. In 
addition, the results of the effective notch factors Kf are shown, which 
demonstrate good agreement between the hot spot and the crack loca
tion from the DIC results. The same procedure was applied to specimen 
B1 also showing a good match between the locations, as seen in Fig. 12. 
A match between both examined locations is present, when the notch 
factors ratio at crack location and the hot-spot is higher than 0.95. This 
allows for accounting for potential inaccuracies throughout the entire 
modelling process and is based on the procedure in [17].

Fig. 9. (a) Process of using NURBs in ANSYS Spaceclaim to approximate the stl file with a continuous surface, (b1) boundary conditions for an axially loaded tubular 
joint, (b2) sub-model of the fatigue-critical area, (b3) meshed sub-model with 0.15 mm elements and (b4) results of an elastic calculation of the first prin
cipal stresses.
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With this background, an overall notch factor ratio of > 0.95 was 
achieved for both welded tubular joints, so that this procedure can be 
used in future to determine the crack location even before the fatigue 

tests are carried out. The agreement between crack locations and hot 
spots identified by the effective notch factors is 100% for the tubular 
joints considered.

Fig. 10. Effective notch factor Kf in dependence of the weighting factor a for joint B2.

Fig. 11. Comparison of the crack location from DIC results (a1-a2) with location of the numerically determined effective notch factor (b1-b2) for tubular joint B2.
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5. Fatigue lifetime assessment and discussions

Based on the explanations and results in Chapter 4.2, the weighting 
parameter a can be set to 0.01 mm2 for the fatigue assessment. This 
value is based on assumptions from the literature for welded steel and it 
was shown that the crack locations could be predicted in the numerical 
calculation for both nodes B1 and B2. Furthermore, this weighting 
parameter is used to calculate the maximum effective notch factor for 
the entire node. This effective notch factor can then be incorporated into 
the 4R method process, alongside the upper and lower load limits from 
the fatigue test, the node’s dimensions, and the residual stress values. 
Residual stresses for one of the nodes examined in this study have 
already been determined and reported in Schubnell et al. [35]. The 
values for both nodes are presented in Table 4.

The material parameters required for the calculations are provided 
from the manufacturer, including a minimum tensile strength Rm,min =

460 MPa, a minimum yield strength Rp0.2,min = 355 MPa, and a modulus 
of elasticity of 220 GPa. Using these parameters, the 4R method results 
in a mean stress-corrected value of the effective notch factor, which is 
subsequently utilized to recalculate the achievable number of load cy
cles until the onset of a technical crack.

According to the 4R method, values for a locally corrected R-ratio are 
determined, allowing the calculation of a corrected effective notch 
factor, as described in eq. (7). The number of load cycles until the 
technical crack formation is then recalculated using a 4R master curve, 
previously determined in [19]. The parameters from the Master Curve 
are integrated into the equation 

Nf =
Cf

Δσm
f ,ref

(14) 

which can be used to calculate the expected number of load cycles until 
the onset of a technical crack in the tubular joint. In these calculations, 
Cf denotes the fatigue capacity for the 4R method, Δσf ,ref represents the 
effective notch stress range after considering IGM, and m is the slope of 
the 4R master curve. Additionally, a calculation is performed using the 
same principles with the notch stress concept based on the FAT225 S-N 
curve recommended by the IIW. The results from both approaches are 
compared in Fig. 13 both with each other and also with standard 
assessment methods shown in [12], including the SSA and the ENS 
approach. Black triangles indicate the results based on the NSA, while 
black squares represent the results obtained using the 4R method, 
considering the 4R master curve described in [19]. The effective stresses 
for both methods were calculated using the IGM. The white circles 
denote the SSA results, and diamonds indicate the ENS results, with an 

Fig. 12. Comparison of the crack location from DIC results (a1-a2) with location of the numerically determined effective notch factor (b1-b2) for tubular joint B1.

Table 4 
Input parameters for the 4R method.

rbrace[mm] tbrace[mm] Kf,IGM[-] Fo[kN] Fu[kN] σrs[MPa]

B1 203 12 15.67 900 90 250
B2 203 12 13.84 870 70 250

Fig. 13. Fatigue test results in comparison with predicted fatigue lives until 
crack initiation, effective notch stresses calculated with IGM and a = 0.01.
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artificial rounding of the weld notches.
Fig. 13 shows the numerically predicted fatigue life in comparison to 

the fatigue test results. It reveals that there is a good compliance for all 
methods between the calculated number of cycles Nf ,cal and the ones 
from the experiment Nf ,exp. The 4R method, the NSA and the ENS 
approach estimate the number of load cycles until a welded tubular joint 
develops a technical crack. The SSA in comparison estimates the number 
of load cycles until through-thickness crack is reached. The slightly 
overestimation by the NSA using IGA highlights the methods’ suitability 
for predicting service life. Notably, the 4R method lies on the uncon
servative side and demonstrates less accuracy. It should be noted that 
the approach with a = 0.01 mm2 for the IGM applies to steel in general 
and was derived using different steel samples excluding welded tubular 
joints. The ENS approach with fictitious notch rounding overestimates 
the fatigue life until crack initiation for both welded tubular joints and 
appears to be applicable in the present form for the welded tubular 
joints. The weld geometry approximated in the CAD model cannot de
pict reality and the notch stresses calculated are too small. As a result, 
the calculated load cycle numbers Nf ,cal are significantly greater than 
those in the experiment Nf ,exp. The SSA delivers results that are in both 
the conservative and unconservative range. At this stage, it is not yet 
possible to make a precise statement on the applicability of this method; 
further fatigue tests are required.

This study marks a pioneering application of the presented methods 
to welded tubular joints, offering promising initial insights despite 
involving only two specimens. Both the 4R method and the notch stress 
concept, in conjunction with the determination of effective notch factors 
by IGM, offer the possibility of predicting the number of load cycles in 
fatigue tests up to technical crack. Overall, a framework could be created 
to incorporate various parameters into the fatigue assessment for welded 
tubular joints and a technical crack of 40 mm proved to be a suitable 
assumption based on the background of the notch stress concept, which 
needs further evaluation. A first approach would be to analyze the crack 
growth of the welded tubular joints during the fatigue test in order to 
include the actual crack shape in the technical crack criterion. From 
recent publications, such as Thibaux et al. [54], it is clear that fatigue 
cracks in welded tubular joints will primarily grow on the surface and 
might become very long prior to penetrating through the thickness. In 
the next application, the framework developed could therefore be sup
plemented with fracture mechanics methods in order to map the entire 
service life of a welded tubular joint. However, there are some further 
comments to be made on the fatigue assessment and application of the 
methods presented in this respect: Section 3.4 revealed that the fatigue 
test results for the manually welded tubular joints fall slightly below the 
applicable T S-N curve specified in DNV-RP-C203 [4]. For the evalua
tion, a 50% probability level was applied, as determining the 97.7% 
survival probability using the student’s t-distribution would introduce 
significant scatter due to the limited number of specimens. It is antici
pated that further testing will give more insights into the fatigue 
strength of these tubular joints. It is also important to note that the joints 
were fabricated following DIN EN 1090–2 [36] standards, rather than 
offshore specifications, with a welding configuration comprising two- 
thirds single bevel butt weld and one-third fillet weld, and were wel
ded on only one side. Additionally, joint B1 was preloaded during pre
liminary tests and joint B3 failed along a post-treated weld seam, which 
affects the comparability of the results. The residual stress measure
ments were only carried out on one tubular joint and were used in this 
framework for fatigue assessment for both joints. The location analyzed 
was identified as a hot-spot without considering the real weld seam 
geometry. Measurement data specific to each specimen − such as 
hardness measurements in fatigue-critical areas or residual stress as
sessments at crack initiation points − could refine analysis precision 
further. Within this aspect the material behavior in the notch may 
theoretically also be included via correlation of the HV hardness and the 
tensile strength Rm. The influence of weld seam geometry was tailored to 

individual specimens, leveraging available scans to determine effective 
notch factors precisely. Using the 4R method, it is also possible to 
consider different states of residual stresses in order to include post- 
treated weld seams in the evaluation in the future.

It is additionally important to recognize that the 4R master curve 
utilized for estimating load cycles was originally derived from butt weld 
specimens via the 4R method as outlined in [19]. While the findings 
affirm its applicability to welded tubular X-joints, the limited sample 
size suggests a need for additional results to statistically validate 
whether such application holds without modification. Furthermore, the 
FAT225 S-N curve was used for the evaluation of the calculated numbers 
of load cycles Nf ,cal and was assumed to be suitable. The FAT225 S-N 
curve is applied here as it is the standard curve to use in combination 
with the notch stress approach with fictitious notch rounding according 
to IIW recommendation [12]. In this study, the fictitious notch rounding 
is not used directly, but the implicit gradient approach with the same 
parameters. In addition to the FAT225, there are other S-N curves, such 
as the FAT160, which was derived according to Baumgartner [52] for 
the Point and Line method of the TCD. Therefore, the aspect of a suitable 
S-N curve to be applied in the presented framework has to be examined 
in following analyses. This will be done later in the project as the 
experimental program progresses and more results become available. In 
addition, the assumption of a = 0.01 mm2 cannot be unambiguously 
applied to the case “as welded tubular X-joints”, even if a high agree
ment between the crack location and the hot-spots of the effective notch 
factor could be achieved. The analyses from chapter 4.2 have shown that 
the locations also agree for larger and smaller values of the weighting 
factor.

In this context, employing the scattering minimization technique 
could enhance parameter determination based on several different 
welded tubular X-joints, fortifying the proposed frameworks utility in 
these novel applications.

6. Conclusion

In this study, welded tubular X-joints underwent an innovative 
analysis process, blending advanced 3D digital scanning, high-cycle fa
tigue testing, and advanced numerical evaluation to yield crucial in
sights. The reason behind the application of the mentioned methods was 
the creation of a framework to be able to consider geometrically 
modified weld seams, so-called design-welds, in the fatigue analysis. 
Elastic notch factors were calculated and refined to determine effective 
notch factors using the implicit gradient model framework. These 
refined factors were then integrated into the 4R method and the notch 
stress concept to recalculate the test specimen’s service life up to the 
technical crack. The DIC data from fatigue tests was analyzed to deter
mine the number of load cycles until the formation of a 40 mm technical 
crack. This comprehensive approach allowed for a robust assessment 
and provided several key findings: 

- The evaluation of the fatigue tests showed a slight undercutting of 
the S-N curve specified in the DNV-RP-C203 standard and a mean 
fatigue strength of ΔσC = 93.5 N/mm2 was determined.

- It was assumed that the results from the notch stress concept could be 
applied to welded tubular joints. This assumption was based on the 
idea that a fracture of a small-scale fatigue test specimen is equiva
lent to crack initiation in a large-scale structure with 40 mm. With 
this assumption, the crack initiation phase accounts for about 17% of 
the component’s total service life in both tubular joints.

- The locations of the maximum elastic notch factors calculated from 
the digital scans of the nodes, including the weld seam geometry, do 
not initially match the crack initiation locations. However, with 
consideration of the fatigue effective stresses, by applying the im
plicit gradient model presented in this study, the location of the 
maximum notch factor shifted to the crack initiation point identified 
during testing.
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- Calculating the number of load cycles until the technical crack in the 
tested welded tubular X-joints showed that both the 4R method and 
the notch stress concept are suitable for predicting service life until 
crack initiation of a technical crack. Using the 4R method, it is also 
possible to consider different states of residual stresses in order to 
include post-treated weld seams in the evaluation.

- The findings demonstrate a scalable framework that enhances fa
tigue life predictions, making it highly applicable for industry 
adoption across various welded structures, including bridges and 
automotive components. High-precision 3D scanning technologies, 
including automated ones, are now widely available. By addressing 
real-world imperfections through advanced modelling, the frame
work offers versatile solutions for increasing structural reliability 
through more accurate calculations of service life of critical infra
structure beyond jacket structures.

The results of this study represent an important initial step in 
applying the already established methods to large structures like welded 
tubular X-joints and potential design-welds. The developed methodol
ogy can be used to predict the high-cycle fatigue lifetime of welded 
joints, which can be used for new or existing structures with welded 
details.
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[9] Bäumel A, Seeger T. Materials Data for Cyclic Loading: Supplement 1. Amsterdam: 
Elsevier; 1990.
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