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This thesis investigates applications of modified Xiao-Yamada structural stress method for 

fatigue assessment of thin welded joints. The Xiao-Yamada structural stress method applies 

absolute depth of 1 mm for the structural stress extraction. It is problematic in thin plates 

with high stress gradient, and the 1 mm depth is too close to the neutral axis, especially in 

cases with out-of-plane bending load. The proposed modified Xiao-Yamada structural stress 

method considers plate thickness dependency with a linear expression of x/t. 

Experimental fatigue test data of welded specimens was collected from literature, and it was 

used to optimize distance-dependent linear rule for the stress extraction depth. Finite element 

models were used to extract stress gradients for each specimen under axial- and out-of-plane 

bending loads to combine modified nominal stress and finite element models. Different 

structural stress methods were also compared against each other to see how much they 

deviated from each other.  

The optimized thickness-dependent linear depth was 7% of the plate thickness. The fatigue 

strengths were calculated using Smith-Watson-Topper mean stress correction and with the 

original mean stress ratios. Non-corrected results were good with the optimized depth and 

surface extrapolation method compared to the standard fatigue class of FAT100. Other 

methods such as Xiao-Yamada yielded slightly lower fatigue strengths. Mean stress-

corrected fatigue strengths were considerably lower than non-corrected ones. The scatter of 

fatigue test data was relatively high, and further research and data is needed to conclude if 

some other than linear expression is a viable solution for the modified Xiao-Yamada method. 

  

  



 

 

 

TIIVISTELMÄ 

Lappeenrannan–Lahden teknillinen yliopisto LUT 

LUT energiajärjestelmien tiedekunta 

Konetekniikka  

 

Lauri Niinimäki 

 

Muokattu Xiao-Yamadan rakenteellisen jännityksen menetelmä ohuiden hitsattujen 

liitosten väsymislujuuden arviointiin. 

 

Konetekniikan diplomityö 

2026 

63 sivua, 35 kuvaa, 4 taulukkoa  

Tarkastajat: Apulaisprofessori Antti Ahola ja DI Juho Havia 

Avainsanat: väsyminen, hitsiliitos, rakeenteellinen jännitys, ohutlevy, Xiao-Yamada 

 

Tämä diplomityö tutkii modifioidun Xiao-Yamada rakenteellisen jännityksen menetelmän 

soveltuvuutta ohutlevyistä valmistettujen hitsiliitosten väsymistarkasteluun. Xiao-Yamada 

menetelmä käyttää 1 mm absoluuttista syvyyttä rakenteellisten jännitysten määrittämiseen. 

Se on ongelmallinen ohuissa levyissä, joissa jännitysgradientti on suuri ja 1 mm syvyys on 

liian lähellä neutraaliakselia. Tämä korostuu erityisesti tason ulkopuolisessa taivutuksessa. 

Modifioitu Xiao-Yamada menetelmä huomio riippuvuuden levyn paksuuteen lineaarisesti 

yhtälöllä x/t. 

Kokeellista väsymisdataa kerättiin kirjallisuudesta ja niitä käytettiin optimoimaan 

modifioitu levyn paksuudesta riippuvainen lineaarinen etäisyys. Elementti menetelmällä 

tehtyjä malleja käytettiin jännitysjakauman selvittämiseen aksiaali- ja taivutuskuormitus 

tapauksissa. Jännitysjakaumat yhdistettiin modifioitujen nimellisjännitysten kanssa. Lisäksi 

erilaisia rakenteellisen jännityksen menetelmiä vertailtiin keskenään, jotta voitiin selvittää 

kuinka paljon ne poikkeavat toisistaan. 

Optimoitu levyn paksuudesta riippuva lineaarinen syvyys oli 7% levyn paksuudesta. 

Väsymislujuudet laskettiin alkuperäisillä keskijännityksillä ja käyttämällä Smith-Watson-

Topper menetelmään keskijännitysten korjaamiseen. Korjaamattomat tulokset olivat hyviä 

käyttämällä optimoitua syvyyttä ja pinnan ekstrapolointimentelmää verrattuna 

väsymisluokkaan FAT100. Muut menetelmät kuten Xiao-Yamada tuottivat hieman 

alhaisempia arvoja. Keskijännitys korjatut tulokset olivat huomattavasti alhaisempia kuin 

korjaamattomat arvot. Tulosten hajonta oli suhteellisen suurta ja lisätutkimuksia tarvitaan 

määrittämään, sopisiko jokin muu kuin lineaarinen yhtälö paremmin modifioiduksi Xiao-

Yamada menetelmäksi.  
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SYMBOLS AND ABBREVIATIONS  

Roman characters 

a Generic logarithmic base  - 

C S-N curve interception point - 

C50% Mean survival probability  - 

C97.7% Characteristic survival probability - 

d  Distance of zero-point  mm 

E Young’s modulus  GPa 

k Characteristic value  - 

Ks Structural stress concentration factor  - 

Ks,b Bending stress concentration factor  - 

Ks,m Membrane stress concentration factor  - 

Kt Stress concentration factor  - 

l Half-length of fatigue specimen mm 

n Number of specimens  - 

Nf Fatigue life   - 

Nf,i  Cycles for each experimental specimen - 

N̂f,i  Predicted cycles for each specimen - 

m Slope parameter of S-N curve - 

R2 Coefficient of determination - 

s Thickness correction exponent - 

t  Plate thickness  mm 

tref Reference plate thickness  mm 

Tσ Fatigue scatter  - 



 

 

 

x Depth from weld toe  mm  

y Distance along the plate  mm 

 

Greek characters 

α  Angle   rad 

β Correction factor for straightening - 

γMf   Partial safety factor for fatigue - 

Δσ Stress range   MPa 

Δσc,50% Mean fatigue strength  MPa 

Δσc,97.7%  Characteristic fatigue strength MPa 

δ Distance for Dongs’ approach mm 

σb Shell bending stress   MPa 

σhs Hot-spot / structural stress  MPa 

σnl Nonlinear stress peak  MPa 

σnom Modified/nominal stress  MPa 

σm Membrane stress   MPa 

σ(x) Stress distribution over plate thickness MPa 

σ0.4t Stress value from 0.4t  MPa 

σ1.0t Stress value from 1.0t  MPa 

θ Weld toe angle  ° 

ρ Weld toe radius  mm 

 

Abbreviations 

BW Butt joint 



 

 

 

ENS Effective notch stress 

FEM Finite element method 

GMAW Gas metal arc welding 

GM Geometric mean 

HS Hot-spot structural stress 

IIW Internation Institute of Welding 

LEFM Linear elastic fracture mechanics 

MAG Metal active gas welding 

mX-Y Modified Xiao-Yamada  

NLCT Non-load carrying transverse 

NLCX Non-load carrying cruciform  

RMSE Root mean square error 

SAW Submerged arc welding 

SIF Stress intensity factor 

SMAW Shielded metal arc welding 

SWT Smith-Watson-Topper mean stress correction 

TTWT Trough thickness at weld toe 

X-Y Xiao-Yamada 

ZP  Zero-point 

ZPSS  Zero-point structural stress 
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1  Introduction 

Understanding fatigue phenomena and the ability to predict fatigue life and capacity in 

welded structures is important work for engineers. Numerous different fatigue design 

methods have been developed over the years ranging from simple nominal stress approaches 

to complex methods, like linear elastic fracture mechanics (LEFM) or different theory of 

critical distance methods. Finite element analysis is one of the tools used to aid fatigue 

assessment, and many methods utilize it. (Radaj, Sonsino and Fricke 2006, 63-66; Xiao & 

Yamada, 2004.) 

Fatigue assessment methods of welded components and joints can be divided into two main 

categories. These main categories are global approaches and local approaches. Global 

approaches use directly external loads for fatigue strength assessment.  Using these loads, 

nominal stresses are derived. It assumes constant or linearized stress distribution throughout 

the whole cross-section. Global approaches include nominal stress approach and modified 

nominal stress approach. (Radaj et al., 2006, 5-12.) 

Local approaches use local stress or strain for fatigue strength assessment. They include local 

effects from the weld or notch. The actual damage is local phenomena due to material 

fatigue. The steps of fatigue damage are cyclic crack initiation, cyclic crack propagation and 

final fracture. Global approaches also include the same damage phenomena as the local 

approaches, but they are considered inside FAT classes. There are many local approaches 

which include but are not limited to notch stress approaches, LEFM or structural stress 

approaches. In structural stress approach, the local geometries and stress concentrations are 

considered, while the notch effect is implicitly considered by S-N curves. (Radaj et al., 2006, 

6.)  

Different types of structural stress methods have been developed over the years. Each of 

them has their typical characteristics and use cases. Structural stress methods are used to 

assess critical locations of welded joints without the need to use methods that require more 

effort and computational power. The focus of this thesis is on the applications of local 

approaches and specifically the problems with Xiao-Yamada structural stress method (X-Y) 

(Radaj et al., 2006, 63-66.) 
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X-Y structural stress method applies the structural stress from one absolute reference point 

at the depth of 1 mm below the surface at the expected crack path. X-Y structural stress 

method is relatively easy to use compared to the other methods as there is only one sub-

surface reference point where the structural stress is obtained. This enables the use of X-Y 

structural stress method in cases where other methods wouldn’t work. For example, if there 

is not enough room for surface extrapolation. (Xiao & Yamada, 2004.) 

X-Y method has two fundamental problems. In thin plates, such as from 2 mm to 3 mm, the 

1 mm distance is too close or at the neutral axis. This leads to decrease in the bending stress 

in cases where out-of-plane bending load or secondary bending are involved. This makes the 

total stress too low for the structural stress analysis and ultimately predicting too high fatigue 

life (Remes and Fricke, 2014). On the other hand, problem with thick plates is that the stress 

gradient for thicker plates is larger. The stress from 1 mm depth still has non-linear peak 

stress in it making the stress state too large for analysis as stated by (Liu, Liu and Huang 

2014)  

Research questions derived from the research problem: 

• How to determine a thickness-dependent rule for structural stress approach? 

• Does thickness-dependent rule for structural stress method align with the other 

structural stress methods such as linearization through the plate thickness and surface 

stress extrapolation and how much is the deviation? 

• At what distance from the weld toe in thickness direction does the nonlinear stress 

peak disappear? 

The hypothesis for this thesis is that the new rule for the X-Y structural stress method could 

be 10-15% the thickness of the plate. This hypothesis is based on the original study from 

Xiao & Yamada (2004) as the studied plate thickness was 10 mm and the 1 mm rule created 

happens to be 10% of the plate thickness. The study by Liu et al. (2014) also supports the 

hypothesis as it showed that for 50 mm thick plate the non-linear stress peak disappears at 

depth of 5 mm from plate surface.  

The objective of this thesis was to further develop X-Y structural stress method to better 

consider different plate thicknesses. The aim was to come up and validate a new reference 

depth from the plate surface for the structural stress values that would better consider the 
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plate thickness and the effects from that. The aim of the plate thickness-dependent rule is to 

better consider thin and thick plates. 

The scope of this research was to study fatigue of arc-welded joints failing from weld toe. 

The range of studied plate thicknesses was 2-20 mm. The studied joint types were non-load 

carrying cruciform joint (NLCX), non-load carrying transverse joint (NLCT) and butt joint 

(BW). Joints were studied with axial load, bending load and axial load with angular 

misalignment which leads to combination of membrane and bending stress.  

The research methods in this thesis consist mainly of quantitative methods. Fatigue test data 

was collected from different sources, and optimization process was used to find the best 

solution for the thickness-dependent rule. Other structural stress methods were compared 

against each other and the thickness-dependent rule using results from finite element 

analysis.  

This thesis consists of introduction, theory, methodology, results, discussion, analysis and 

conclusions. Introduction introduces the topic, background, research problem, scope and 

research questions. The relevant theory is discussed in the second chapter. Methodology 

goes through the methods used in the research. The result section introduces the results of 

the research that are then analyzed and discussed in the next section. Finally, conclusion 

concludes with the whole research and gives suggestions on future research on this topic. 
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2  Structural stress methods 

Structural stress methods are commonly used local approaches for fatigue assessment. The 

stress can be called structural or geometric stress, and it is located at a critical location where 

fatigue crack can be expected to initiate. Structural stress accounts for stress increase due to 

geometric effects. It is commonly used in cases where nominal stress cannot be clearly 

defined, or the assessed structural detail cannot be compared to predefined structural details. 

Fatigue crack can be expected to initiate at the critical location. (Hobbacher & Baumgartner, 

2024, 20-22; MacDonald, 2011, 119-120.) 

According to Hobbacher & Baumgartner (2024, 16-17) distribution of stress near a notch is 

non-linear over the plate thickness. The non-linear stress distribution over the plate thickness 

can be seen in Figure 1. These stresses are called notch stresses, and they comprise of three 

components that are: 

• Membrane stress σm 

• Shell bending stress σb 

• Non-linear stress peak σnl. 

 

 

Figure 1. Notch stress. (Hobbacher & Baumgartner, 2024, 16.) 

 

Membrane stress is the average stress calculated through the thickness of the plate, and it is 

constant throughout the whole plate thickness. The shell bending stress is linearly distributed 

through the plate thickness. The non-linear peak is caused by the notch effect. (Hobbacher 

& Baumgartner, 2024, 16; Niemi, Fricke and Maddox 2018, 8.) The stress components can 
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be derived analytically from stress distribution σ(x) from the surface x = 0 to x = t through 

the plate thickness t with the following equations: 
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In structural stress methods, the non-linear stress peak is excluded from the total stress. The 

non-linear peak disappears with certain distance from the notch either along the surface of 

the plate or through the thickness of it. The notch effect is implicitly included in the 

experimentally determined S-N curves characterized into fatigue strength at two million 

cycles also known as FAT classes. (Niemi et al., 2018,8.) 

Most of the primary structural stress methods are not applicable to joints, where the crack 

grows from the weld root and propagates through the weld. Figure 2 shows crack 

propagation locations for weld toes in common joint types. Fricke (2013) has proposed a 

modified structural stress method for assessing fatigue originating from weld root, but it is 

outside of the scope of this thesis.  

 

 

Figure 2. Crack propagation locations for weld toes in different joint types (Hobbacher & 

Baumgartner, 2024, 22). 
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The IIW recommendations for structural stress FAT classes are 90 MPa and 100 MPa 

depending on the reference detail. Reference FAT classes are valid for steel plates up to 25 

mm and joints with under 5% of misalignment. The fatigue life using structural stress and 

S-N curves can be calculated with the following equation: (Niemi et al., 2018, 39-41) 
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f

Mf hs

FAT
2 10

m

N
 

 
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,  (4) 

 

where FAT is the fatigue class of the reference detail, ∆σhs is the hot-spot stress range, m is 

the S-N curve slope parameter and γMf is the partial safety factor for fatigue. 

The influence of component size needs to be considered in joints, where the fatigue crack 

initiation happens at the weld toe. The size effect is composed of geometric, statistical and 

technological effects. Geometric size effect is comprised of stress gradient effect and effect 

of incomplete scaling. Local weld geometry doesn’t scale with the plate thickness this means 

that the weld geometry is similar for thin and thick plates. The stress gradient is steeper for 

thinner joints as shown in Figure 3. For given crack size the stress field is less intense in 

thinner plates compared to thicker plates. Lower stress leads to smaller crack growth which 

increases the fatigue life of the joint. (Pedersen, 2019.) 
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Figure 3. Geometric size effect for different thicknesses by Berge (1985) (Pedersen, 2019). 

 

As stated by Berge (1985) fatigue is governed by the weakest link. As component size 

increases, the statistical probability of the existence of detrimental defects increases. The 

technological size effect is caused by manufacturing processes. For example, larger 

structures may require more than one weld pass leading to more heat input. Larger structures 

resist the shrinkage caused by welding better than smaller ones, leading to higher tensile 

residual stresses which have a negative effect on fatigue resistance. Technological size effect 

also includes misalignments. Higher misalignment increases secondary bending stress. 

Although misalignments are included in the size effect, they are not as detrimental in thicker 

plates as they are in thin plates. Out of these size effects, the geometric size effect is the most 

influential in fatigue resistance. (Pedersen, 2019.) 

It is shown in many studies that fatigue resistance decreases while the plate thickness 

increases. In the current International Institute of Welding (IIW) recommendations the effect 

of component size is considered by multiplying the FAT class with thickness reduction factor 

f(t). (Hobbacher & Baumgartner, 2024, 81-82; Niemi et al., 2018, 40-42.) The reduction 

factor can be calculated with the following equation: 
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where tref is the reference wall thickness of 25 mm and s is the thickness correction exponent. 

The thickness correction factor is only needed for plates thicker than 25 mm. This equation 

can be used to reduce fatigue resistance if f(t) ≤ 1. Some structural stress methods, such as 

the X-Y and Dong’s methods, already include the thickness effect. With those methods there 

is no need to lower the FAT class with the reduction factor. (Hobbacher & Baumgartner, 

2024, 81-82; Niemi et al., 2018, 40-42.) 

Many studies show that in cases where plate thickness is under the reference value, the 

fatigue resistance increases as discussed by Gustafsson (2006). The stress concentration is 

steeper for joints made of thinner plates reducing the stress concentration. Although the 

geometric size effect is smaller for thinner plates the technological and statistical size effects 

are increased. Misalignment has greater effect on thinner plates compared to thicker plates 

as the thinner plates cannot resist the distortion during welding. With thinner plates the 

welding quality is critical in fatigue resistance. Deviations in welding quality including 

misalignments and other technological factors can affect fatigue resistance noticeably. 

(Ghanadi, Kepka, Hultgren and Barsoum 2025b; Ghanadi, Clarin, Hultgren and Barsoum 

2025a.) 

There are three primary methods in determining structural stress in addition to the modified 

nominal stress method. They can be seen in Figure 4. These methods include a) using stress 

from one singular point known as Xiao-Yamada structural stress method b) surface stress 

extrapolation, c) trough thickness linearization and. (Niemi et al., 2018, 19.) 
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Figure 4. Common structural stress methods (MacDonald, 2011, 120-121).  

 

These methods will be looked at in more detail in the following chapters.  

2.1  Xiao-Yamada method  

Xiao & Yamada (2004) proposed a new method for evaluating structural stress in welded 

components. The method is based on the stress value at the 1 mm distance below the surface 

on the anticipated crack path. The stress distribution along the crack path is considered as 

sum of the geometric stress caused by the change in geometry and the non-linear local stress 

caused by the weld. This method accounts for the size and thickness effects, and no 

correction factors are thus needed. This method is also called in some literature as 1-mm 

stress. The depth of 1 mm was validated with reference plate thickness of 10 mm and S-N 

data from experiments. Other methods based on stress obtained from sub-surface reference 

point have been developed but they are dependent on stress components or other factors 

rather than absolute distance for the reference point. 

Figure 5 and Figure 6 show the stress distribution near the weld toe of non-load carrying 

cruciform joint along the surface and through thickness. In Figure 5 the stress distribution is 

plotted with respect to weld toe angle θ and weld toe radius ρ.  

b)

a)

c)
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Figure 5. Stress distribution in near weld toe: (a) along the surface (b) through thickness 

(Xiao & Yamada, 2004). 

  

In Figure 5 and Figure 6, Kt value is the stress concentration factor, x and y are distances 

from the weld toe in thickness and along the surface directions, respectively. It can be seen 

in the figure that the convergence happens around 2 mm on the surface and around 1 mm 

trough the thickness for plate thickness of 10 mm. 

Stresses at the weld notch are highly sensitive to the mesh size. On the other hand, as the 

distance gets further away from the weld the effect of mesh size decreases as can be seen 

from Figure 6. The convergence happens around the same area as in weld geometry plot in 

Figure 5.  
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Figure 6. Effect of mesh size on stress along the surface and through thickness stress (Xiao 

& Yamada, 2004). 

 

X-Y method is relatively meshing sensitive method as the mesh size needs to be under 1 mm 

for the method to give out accurate results. This can be problematic, especially with larger 

models. X-Y is also problematic in cases where bending stresses are dominating, especially 

in thinner plates. (Xiao & Yamada, 2004.)  

2.2  Surface stress extrapolation 

Surface extrapolation method is also known as structural hot spot stress method (HS). Hot 

spots can be categorized into two types, type “a” and type “b”. In a type “a” hot spot the 

weld toe is located on the plate surface and in type “b” the toe is located on the plate edge. 

Figure 7 shows examples of type “a” and “b” hot spots.  
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Figure 7. Examples of type a and b hot spot (Niemi et al., 2018). 

 

In “a” type hot spots, the stress distribution approaching the weld toe increases linearly and 

it is dependent on the plate thickness as shown in Figure 7. In “b” type hot spots, the stress 

distribution approaching the weld toe is not dependent on the plate thickness. (Lee, Seo, 

Kim, Shin, Han, Park and Mahendran 2010; Niemi et al., 2018) 

The surface stress extrapolation method is closely related to the strain gauge measurements 

and structural strain approaches. According to Radaj et al. (2006) early work by Haibach 

(1968) and Gaßner & Haibach (1968) structural strain was later developed into structural 

hot-spot method by Erkki Niemi. Proposal by Niemi (1995) for surface stress extrapolation 

method is still used in the IIW recommendations and as the only structural stress method in 

Eurocode 3 (SFS-EN 1993-1-14, 2025) Surface extrapolation requires there to be sufficient 

room next to the weld. If, for example, there are two welds close to each other there might 

not be enough room or there is another structural detail below it. In that case other methods 

like X-Y could be used. (Ahola & Björk, 2020) 

The definition for different types of hot spots is necessary for surface extrapolation methods 

as the reference points differ from each other.  Currently in the IIW recommendations by 

(Niemi et al., 2018) stresses are linearly- or quadratically extrapolated from the surface 

stresses from distances of 0.4t and 1.0t from the weld toe. This method is used for “a” type 

hot-spot stress as it is dependent on the plate thickness. The extrapolation points for “b” type 
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are absolute distances of 4 mm, 8 mm and 12 mm from the weld toe. The principle of surface 

stress extrapolation and total stress at welded joint can be seen in Figure 8. 

 

 

Figure 8. Structural hot-spot stress (Hobbacher & Baumgartner, 2024, 22). 

 

The IIW recommendations for stress evaluation and meshing guidelines can be seen from 

Figure 9. The extrapolation distances differ in relation to the mesh size and hot-spot type. 

The extrapolation distances are bigger with coarser mesh sizes compared to finer mesh sizes.  

 

 

Figure 9. IIW guidelines of meshing and stress evaluation points for surface stress 

extrapolation (Hobbacher & Baumgartner, 2024, 26). 
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Type “a” hot-spot stress can be linearly extrapolated from the FEA results with the following 

equation: 

 

 
hs 0.4t 1.0t1.67 0.67  = − , (6) 

 

where σ0.4t  and σ1.0t are stress values from distances of 0.4 and 1.0 times the plate thickness 

from the weld toe. This equation is related to strain gauge measurements. (Niemi et al., 2018, 

14-16) 

Type “b” hot-spot uses similar but slightly different equation considering the different 

distances for extrapolation. (Niemi et al., 2018, 14-16) Type “b” hot-spot can be calculated 

using quadratic extrapolation with the following equation: 

 

 
hs 4 mm 8 mm 12 mm3 3   =  −  + ,  (7) 

 

where the surface stresses are at fixed distances (4 mm, 8 mm and 12 mm) away from the 

weld toe. 

2.3  Linearization through thickness 

In the through-thickness linearization at weld toe method, structural stress is directly 

calculated from the stresses in the plate. It separates the membrane stress and shell bending 

stress through the plate thickness. Stresses can be linearized through the plate thickness at 

the weld toe with equations (1 and (2. (Hobbacher & Baumgartner, 2024, 16-17; Poutiainen, 

Tanskanen and Marquis 2004.) With the membrane stress and bending stress components 

the linearized structural stress can calculated with the following equation: 

 

 
hs m b  = +  (8) 
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Issue with the TTWT is that if there is another structural detail directly below it on the 

opposite side it makes it impossible to determine the cross-section where the stress 

components could be obtained for the linearization. The structural detail influences the stress 

gradient through thickness. In such cases more local methods such as X-Y structural stress 

method are required. (Ahola and Björk, 2020) 

 

 

Figure 10. Through thickness stress linearization (MacDonald, 2011, 121). 

 

Another option with linearization though the plate thickness is to use Dong’s method. Dong 

(2001) proposed a new approach to through thickness stress linearization. In Dong’s 

approach the through thickness normal and shear stresses are read from certain distance away 

from the weld toe as seen in Figure 11. The primary assumption in this approach is that 

structural stress distribution satisfies static equilibrium conditions at the crack plane and 

nearby reference point. Local stresses near the weld toe are sensitive to mesh-size due to 

singularities. Obtaining stress from a certain distance δ away from the weld toe minimizes 

the mesh-size sensitivity. That is the reason why Dong’s approach can be used with coarser 

meshes. 
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Figure 11. Through thickness stress approach by Dong (2001). 

 

2.4  Alternative structural stress concepts 

It is also possible to analytically determine HSSs using structural stress concentration factors 

Ks and nominal stresses. This method can be used in cases where nominal stress can be easily 

determined, and if stress concentration factors are available for such detail. Modified 

nominal stress is nominal stress that includes the effects of macro-geometric features. (Niemi 

et al., 2018, 9-10) The structural stress using modified nominal stress can be calculated with 

following equation: 

 

 
hs s nomK = , (9) 

 

where Ks is the stress concentration factor and σnom is modified nominal stress. (Niemi et al., 

2018, 9-10) It is usually used in form that considers the axial- and bending loading 

separately. This is given in the following equation:  
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 hs nom,m s,m nom,b s,bK K  = + , (10) 

 

where Ks,m is the structural concentration factor for axial loading, Ks,b is the structural 

concentration factor for bending, σnom,m is the modified nominal membrane stress and σnom,b 

is modified nominal bending stress. (Niemi et al., 2018,10.) 

Defining structural stress using nominal stress is the simplest approach but it is also the most 

inaccurate approach as it defines it using reference geometries not the actual geometry.  

The primary methods stated above are relatively old but still widely used in the IIW 

recommendations. There is still ongoing research into structural stress and new methods 

have been developed over the years. One new method proposed by Liu et al. (2014) is named 

as zero-point structural stress (ZPSS). In this method, structural stresses are read from point 

below the weld in thickness direction where the non-linear stress peak is zero, called zero-

point (ZP). At ZP the lines for non-linear stress peak and structural stress cross-over. Figure 

12 shows the location of ZP with respect to stress distribution through the plate thickness 

and the relationship between distance d and plate thickness.  

 

 

Figure 12. On the left tress distribution through the plate thickness with zero-point (a) 

uniform tension (b) pure bending. On the right relationship between distance and plate 

thickness (Liu et al., 2014). 

 

At ZP the non-linear stress peak decreases to zero. With this assumption, the relation can be 

written as in the following equations:  
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The relationship between the distance d and plate thickness t can be seen in Figure 12. This 

approach has similarities with the X-Y structural stress approach where stress is taken from 

one singular point in the depth direction. ZPSS requires more effort as the structural stress 

components are needed. (Liu et al., 2014.) 

2.5  Misalignment 

Misalignment is critical in fatigue strength of components. They increase the stress of 

components especially around welds. Misalignments cause secondary shell bending stresses 

in the components. They can be caused by manufacturing inaccuracies and welding 

distortions. Figure 13 shows typical misalignments: a) axial offset, b) angular misalignment 

in butt joints, and c) angular misalignment in NLCT joints. (Hobbacher & Baumgartner, 

2024, 113-114; Niemi et al., 2018, 11-12.)  

 

 

Figure 13. Different types of misalignments (Hobbacher & Baumgartner, 2024, 19). 
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The misalignment can be considered using magnification factors also known as Km factors. 

Parametric equations have been developed for different joint types, especially by the IIW. 

Angular and axial misalignments have their own equations. The equations have been 

developed for different end conditions such as pinned or fixed. (Hobbacher & Baumgartner, 

2024, 166-168.) The following equation is for angular misalignment between flat plates 

assuming fixed end conditions: 

 

 
m

3 tanh( / 2)
1

2 / 2

l
k

t

 


= + , (13) 

 

where, α is the angular misalignment in radians, l is half distance of the whole joint, t is plate 

thickness and β is correction factor taking into account the straightening of the joint under 

axial loading. Straightening decreases the secondary bending stress in the joint. The 

correction factor is presented in the following equation: 

 

 
m32l

t E


 = , (14) 

 

where E is the materials young’s modulus. 
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3  Methods 

In this chapter, the research methodology of the thesis is described. The research methods 

included numerical analysis using finite element method of arbitrary joint geometries with 

slight variations in joint types. It also included collecting fatigue test data from literature and 

using optimization process to find the optimal linear distance for the stress extraction depth.  

3.1   Numerical analysis 

Finite element method (FEM) was used to model different welded joint types in two-

dimensional cases. Arbitrary geometries were created for non-load carrying cruciform with 

double-sided transversal attachments and for non-load carrying transverse with single-sided 

transverse attachment.  

The analysis was conducted on ten different plate thicknesses with emphasis on thinner 

plates. The plate thicknesses for the arbitrary geometries were 2, 3, 4, 5, 6, 8, 10, 12, 16 and 

20 mm, respectively. Only ½ of the joint was modelled with symmetry boundary conditions 

to save modelling and analysis time.  

Figure 14 depicts the geometry of NLCX joint used in the analysis. All the dimensions stayed 

the same through all specimens except plate thickness. The NLCT joint was created with the 

same geometry except the transverse attachment and fillet weld on the underside were 

removed. Misalignment is exaggerated in the figure. 
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Figure 14. Geometries of modelled joints a) NLCX with ideal geometry b) NLCX with 

angular misalignment. 

 

FE analyses were conducted using Siemens’ Simcenter Femap software’s integrated solver 

version 2406.0001. The analysis settings and material properties are listed in Table 1. The 

analysis was linear, material model was based on conventional structural steel, and element 

type was plane strain with four nodes. 

 

Table 1. FEM model and analysis settings. 

Element type Plane strain 

Material model Isotropic 

Material properties Steel 

Young’s modulus 210 GPa 

Poisson’s ratio 0.3 

Analysis type Static linear 

Analysis program Simcenter Nastran 

 

The element mesh was created using plane strain elements with unit-thickness of 1 mm. 

Figure 15 exemplifies a meshed element model with boundary conditions and load cases. 

The mesh size was kept relatively coarse except for the section near the weld toe through the 

whole plate thickness. The transition from base material to the weld was sharp notch with 
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no rounding. The root was kept unconnected from the base plate as seen in the highlighted 

area. The element size throughout the plate thickness was 0.1 mm except near the weld toe 

where they were 0.05 mm. The boundary conditions were X-symmetry along the blue line 

and fixed node at the neutral axis marked with black dot. Two different load cases were used. 

Pure axial load of 1 MPa and pure bending load from 1 MPa at the top surface to -1 MPa at 

the bottom surface.  

 

 

Figure 15. Meshing and boundary conditions of NLCX joint. 

 

FEM models for BW used in chapter 3.2 were also made with the same principle as for 

NLCX and NLCT. Figure 16 shows the element mesh, boundary conditions and loading 

conditions for a BW.  

 

X symmetry

Fixed 

node

1 MPa

-1 MPa

Tensile

Bending
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Figure 16. Mesh, boundary conditions and loads for Butt joint. 

 

Figure 17 show the extraction locations for stress data. The stress data through the plate was 

extracted along solid arrow at the weld toe. For the extrapolation of the surface stress, the 

values were extracted from the marked locations which were 0.4t and 1.0t distances away 

from the weld toe. The stresses were plate top x-normal stresses that were converted from 

average elemental values to maximum absolute nodal values.  

 

X symmetry

Fixed node Tensile

Bending
-1 MPa

1 MPa
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Figure 17. Extraction locations for stress data.  

 

The modelled fillet weld can lower the extrapolated nodal stress at the weld toe if the weld 

element is included in the extrapolation. The post-processor uses nodal averaging which 

means that the surrounding elements lower the stress values. Elements shown inside the red 

frame were grouped together for the nodal stress extrapolation. By converting only the 

grouped elements before the weld toe we ensure that surrounding elements and the fillet 

weld won’t influence stress values. (Poutiainen et al., 2004) 

  

1.0t

0.4t
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Structural stress values were extracted from the different finite element models. These values 

were then compared and relative errors to the linearization through thickness were 

calculated. Figure 18 shows the data collection and comparison workflow. 

 

 

Figure 18. Workflow of structural stress comparison. 

FEM:

• Modelling geometries

• Ideal & with angular misalignment

• Axial and bending 1MPa unit loads

• Ks,m & Ks,b factors through thickness, 

0.4t and 1.0t

• Calculating the relative errors to 

TTWT

• Calculating the linearized structural 

stress and hot-spot stress 

• Obtaining Xiao-Yamada and 

modified X-Y stress values
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3.2  Fatigue data from literature 

Fatigue test data was collected from literature focusing on as-welded joints tested under 

constant amplitude fatigue tests. The fatigue data included BW, NLCT and NLCX joints and 

plate thicknesses focus was to obtain wide variety of plate thicknesses ranging from thin 2 

mm plates up to around 25 mm thick plates. Two different load configurations were applied 

in the fatigue tests: axial and 4-point bending. These loading conditions were chosen to see 

how the stress gradient behaves under axial and bending load and they allowed to create 

unified model that captures both effects in the real joint. Fatigue data of axially-loaded 

specimens was only collected from studies that reported the angular misalignments, or from 

the ones that eliminated the secondary bending moment in some other way as it increases 

the total stress. All the joints collected to the data set were in as-welded condition. Only 

specimens that broke were used runouts were removed from data set. The studies used to 

extract fatigue test data are listed below in Table 2 .  
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Table 2. List of the extracted fatigue studies and joint types. 

Reference 
Load 

type 
Material 

Joint 

type 

Welding 

process 
R 

Nominal 

plate 

thickness 

[mm] 

n Abbr. 

Ghanadi 2025 Axial S960QL NLCX SAW 0.1 2 & 8 26 + 27 
GHA-

1,2 

Luo 2024 Axial SS400 BW SMAW 0 16 13 LUO 

Ohta 1974 Axial HSS NLCX SMAW 
0.09-

0.15 
22 20 OHT 

Ottersböck 

2018 
Axial S960 NLCT GMAW 0.1 5 29 OTT 

Remes 2010 Axial S275 BW SAW 0 12 5 REM 

Galtier 2004 
4-point 

bending 

S355, 

S700 
NLCT 

Not 

specified 
0.1 6 &6 13 + 16 

GAL-

1,2 

Pedersen 

2010 

4-point 

bending 
S700 NLCT MAG 0.1 6 17 PED 

Statnikov 

2002 

4-point 

bending 
S420 NLCT SAW 0.1 20 9 STA 

 

From these studies fatigue test data points (applied stress range and number of load cycles) 

and angular misalignment were collected and re-analyzed in this thesis. FE model with 

idealized geometry was modelled for each joint type using the same principles as described 

for the arbitrary geometries in chapter 3.1 . Two loading cases: pure axial tension and pure 

out-of-plane bending with 1 MPa unit loads were applied in each model. The stress values 

through thickness at the weld toe were extracted as in Figure 17 and used as Ks,m  and Ks,b 

factors for membrane stress and bending stress respectively. Figure 19 shows the original 

fatigue test specimens. 
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Figure 19. Literature data joints. 

 

The study by Ghanadi et al. (2025b) focused on two different plate thicknesses 2 mm and 8 

mm. Each plate thickness was welded with two different quality classes B and C. The 

variation in angular misalignment was high from around 0.2° to 3.35° especially in the 

thinner 2 mm plates. Ottersböck, Leitner and Stoschka (2018) studied the effect of angular 

distortion on fatigue strength. Three test series of NLCT with different angular distortions 

were used. The misalignments included positive and negative angles. Ohta and Eguchi 

(1974) studied the effect of weld leg length on fatigue life. They studied thick NLCX joints 

with varying weld leg lengths. The leg lengths were 8, 12, 16 and 20 mm. The nominal plate 

thickness was 22 mm, but the average of the actual specimens was around 23,5 mm. They 

also straightened the test pieces before fatigue tests, eliminating the secondary bending 

stresses. (Galtier and Statnikov 2004; Pedersen, Mouritsen, Hansen, Andersen and 

Wenderby 2010; Statnikov, Muktepavel and Blomqvist 2002) studied post-weld treatments 

on structural steels. They used 4-point bending as testing methods on NLCT joints. Luo, 

Mashino, Matsuo, Kasaoka and Tsutsumi (2024) studied the effects of weld geometries and 

misalignments on fatigue behavior of butt joints. Remes & Varsta (2010) studied the relation 

between stress concentration factors and weld geometry.  
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3.3  Optimization modified Xiao-Yamada method 

With the collected fatigue data and Ks factors from idealized FEM models, linear regression 

optimization was used to define the optimal distance for obtaining structural stress values.  

In this research, axial misalignments were not considered, as there are even less records of 

it in fatigue tests. Equation (13) from IIW recommendations was used to calculate the 

angular misalignment factors for each specimen that had angular misalignment in the 

fatigue tests. With the angular misalignment factor Km, the membrane and shell bending 

stress components were calculated using the applied nominal stress of the fatigue tests. 

With the following equation it is possible to calculate modified Xiao-Yamada (mX-Y) 

structural stress at any depth through the plate thickness at the weld toe: 

  

 s s,m m s,b b( ) ( ) ( )x K x K x  =  +  , (15) 

 

where Ks,m is membrane stress factor and Ks,b is bending stress factors from the 1 MPa unit 

load FE analysis through plate thickness at the weld toe.  

With stress through the plate thickness and fatigue life known for each test specimen it is 

possible to optimize the linear stress extraction depth in form of x/t. As the extraction depth 

is linear and the stress changes with the depth, it is possible to optimize the depth where 

error between experimental fatigue lives and predicted is minimized. Linear regression 

model was used to optimize the mX-Y depth. The objective function was used to calculate 

root mean square error (RMSE) between the actual fatigue lives and predicted fatigue lives 

for each depth using least square fitting with slope parameter m = 3. One-dimensional 

minimizer was then used to find the depth with the lowest RMSE. (Hobbacher & 

Baumgartner, 2024, 106; Raczek, Nieslony, Kluger and Lukasik 2025.) The objective 

function can be seen in the following equation: 

 

 

2

10 f,i 10 f,i

1

1 ˆ( ) log ( ) log ( )
n

i

J x N N
n =

 = −
  , 

(16) 
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where n is the number of specimens, Nf,i is cycles for each experimental specimen and N̂f,i is 

the predicted cycles for each specimen.  

The curve fitting was done using least square fitting according to IIW. It assumes that the 

statistical scatter is only in fatigue life of the specimens in horizontal direction of the curve. 

(Hobbacher & Baumgartner, 2024, 106.) The linear regression function for the S-N curves 

can be seen in the following equation: 

 

 10 f 10 10log log logN C m = −   , (17) 

 

where Nf  is the fatigue life, C is the interception point for the curve, m is the fixed slope 

parameter and Δσ is the stress range. The interception point for the characteristic survival 

probability can be seen in the following equation: 

 

 
10 97.7% 10 50%log log StdvC C k= −  , (18) 

 

where C97.7% is the characteristic survival probability, C50% is mean survival probability, k is 

characteristic value and Stdv is the standard deviation of log10(C) in the data. The 

characteristic value is calculated with the following equation: 

 

 
1

1.645 1k
n

 
=  + 

 
 (19) 

 

Figure 20 shows the whole optimization workflow.  
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Figure 20. Optimization process workflow. 
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4  Results 

In this chapter, the results of the FEM simulations and optimization are presented. The 

results include comparison of different structural stress methods on different joint types and 

S-N curves for the fatigue test data collected from literature.  

4.1  Comparison of structural stress definitions 

Different structural stress methods were used to calculate the structural stress of the arbitrary 

geometries of NLCX and NLCT in pure axial and bending loading and with 1° and 2.4° of 

angular misalignment. These methods were: linearized stress through the thickness at weld 

toe, linear surface extrapolation or hot-spot method, X-Y structural stress method and mX-

Y with 10% and 15% of the plate thickness. The mX-Y used linear relation to the plate 

thickness in determining the depth. The stress values were compared to the values of TTWT, 

and the relative errors of each method were plotted. Negative values in error meant that the 

stress was lower than in TTWT and positive value meant that the stress was higher.  

Figure 21 shows the relative error of HS, X-Y, 10% and 15% linear rules structural stress 

methods compared to TTWT in pure axial loading. In pure axial load the error range for 

NLCT was from -10% to 10%. Overall, the error range in NLCT was relatively low. In the 

NLCX joint the error range was slightly bigger, ranging from -17% to 20%. The errors in 

hot-spot and linear depths stayed relatively flat throughout the different plate thicknesses 

compared to the absolute depth in the X-Y structural stress method.  
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Figure 21. Relative error of different structural stress methods in pure axial load compared 

to TTWT. 

 

Figure 22 shows the relative error in pure bending load. In pure bending load the error range 

for both joints was quite a lot bigger than in the pure axial case. The error range for both 

joints was similar, ranging from -100% to around 3%. In the NLCT joint the maximum error 

is slightly over 100%, but the error is marginal. Most of the methods in pure bending case 

gave lower results than TTWT except the hot-spot method. The hot-spot method gave the 

lowest error in all plate thicknesses while X-Y structural stress method gave the biggest error 

in thinner plates.  
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Figure 22. Relative error of different structural stress methods in pure bending load 

compared to TTWT. 

 

Figure 23 shows the relative error in joints with angular misalignment of 2.4° and with axial 

load of 1 MPa. With angular misalignment the error range was similar to the pure bending 

case. The range for both joints was from -78% to 15%. The hot-spot still gave the smallest 

error range, and the X-Y gave the biggest error range. The linearly dependent on the plate 

thickness gave slightly smaller errors than in the pure bending case. 
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Figure 23. Relative error of structural stress method with angular misalignment of 2.4° 

compared to TTWT. 

 

Figure 24 show the relative error in joints with angular misalignment of 1° and with axial 

load of 1 MPa. The trend in relative errors in joints with 1° angular misalignment were 

similar to joints with 2.4° of angular misalignment. Once again, the X-Y method gave the 

larges error range especially in thinner plates, and the hot-spot method gave the smallest 

error range across all plate thicknesses compared to TTWT. The range in NLCT was around 

-56% to 9% and for NLCX around -60% to 18%.   
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Figure 24. Relative error of structural stress method with angular misalignment of 1° 

compared to TTWT. 

 

4.2  Literature fatigue tests and optimization 

Manufacturing large-scale engineering structures introduces high tensile residual stress in 

the components. They can be considered by testing under high-stress ratios or by correcting 

the test results into high mean stress conditions. With the correction, small scale fatigue test 

specimens can better simulate high tensile residual stresses in large structures. The nominal 

stresses were corrected from their respective R-ratios to high mean stress R = 0.5 system 

using Smith-Watson-Topper (SWT) approach.  (Havia, Ahola and Björk 2025a.) 

Figure 25 shows the S-N curve for the optimized depth. With the minimized RMSE the linear 

depth was 7% of the plate thickness. The RMSE of the data calculated with equation (16 was 

0.282. The characteristic fatigue strength Δσc,97.7% was 76 MPa and the mean fatigue strength 

Δσc,50% was 112 MPa with fixed slope parameter of m = 3. Fixed slope parameter with value 

of three was used as it is standard in the IIW recommendations for as-welded joints 

(Hobbacher & Baumgartner, 2024, 46)  
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Figure 25. S-N curve for optimized mX-Y 0.07t depth.  

 

Figure 26 shows the S-N curve for the original Xiao-Yamada structural stress method where 

the stresses were extracted from absolute depth of 1 mm. The RMSE of the data was 0.354. 

The characteristic fatigue strength Δσc,97.7% was 55 MPa and the mean fatigue strength 

Δσc,50% was 90 MPa. 

 

RMSE = 0.282

m = 3

Tσ
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Figure 26. S-N curve Xiao-Yamada structural stress method. 

 

Figure 27 shows the S-N curve for surface stress extrapolation method using equation (6). 

The RMSE of the data was 0.317. The characteristic fatigue strength Δσc,97.7% was 71 MPa 

and the mean fatigue strength Δσc,50% was 109 MPa. 

 

RMSE = 0.354

m = 3

Tσ
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Figure 27. S-N curve surface extrapolated hot-spot stress. 

 

Figure 28 shows the modified nominal stress S-N curve. It calculates stress using the R-ratio 

corrected modified nominal stress which includes secondary bending stress caused by 

angular misalignment. The RMSE of the data was 0.3617. The characteristic fatigue strength 

Δσc,97.7% was 63 MPa and the mean fatigue strength Δσc,50% was 104 MPa. 

RMSE = 0.317

m = 3

Tσ
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Figure 28. S-N curve for modified nominal stress.  

 

Figure 29 shows the absolute zero-point location for each specimen. The normalized mean 

ZP location for all specimens was around 0.102. Which is around 10% of the plate thickness. 

Some plate thicknesses had more deviation in ZP location than others, but they were mostly 

same for each plate thickness. 

 

RMSE = 0.365

m = 3

Tσ
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Figure 29. Zero-point depth of fatigue specimens. 

 

The summary of the data from S-N curves is presented in Table 3. In addition to the figures 

above, the table also includes data for 10% and 15% linear depths and zero-point structural 

stress. Table 3 also includes the coefficient of determination R2 value for the S-N curves 

which measures how well the curve for the mean fatigue strength fits to the data points. The 

dataset consisted of 175 fatigue test specimens.  

  

0.5
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Table 3. Summary of fatigue strength data with corrected to R = 0.5 system. 

Method 
Extraction 

rule 
m 

,97.7%c  

[MPA] 

,50%c  

[MPa] 

RMSE R2 Tσ 

mX-Y 0.07t x/t 3 76 112 0.282 0.727 1.74 

X-Y 1 mm 3 55 90 0.354 0.570 2.01 

HS 0.4t, 1.0t 3 71 109 0.317 0.656 1.86 

Modified 

nominal stress 
- 3 63 104 0.365 0.544 2.05 

mX-Y 0.10t x/t 3 67 101 0.289 0.720 1.75 

mX-Y 0.15t x/t 3 58 89 0.318 0.654 1.87 

ZPSS ZP 3 67 101 0.298 0.696 1.79 

 

According to IIW recommendations fatigue enhancement factor f(R) for welded components 

with R > -0.25 is 1.0. This means that no correction would be needed for these specimens. 

The summary of fatigue strength data with the original R-ratios from the references is 

presented in Table 4. There is slight difference in the statistics, but the biggest difference is 

the fatigue strength values which are much higher than in the R = 0.5 system. (Hobbacher & 

Baumgartner, 2024, 79-80) 

 

Table 4. Summary of fatigue strength data with original R-ratios. 

Method 
Extraction 

rule 
m 

,97.7%c  

[MPA] 

,50%c  

[MPa] 

RMSE R2 Tσ 

mX-Y 0.07t x/t 3 101 150 0.290 0.711 1.77 

X-Y 1 mm 3 73 120 0.365 0.543 2.05 

HS 0.4t, 1.0t 3 93 146 0.328 0.630 1.91 

Modified 

nominal stress 
- 3 83 139 0.375 0.518 2.09 

mX-Y 0.10t x/t 3 90 135 0.295 0.701 1.79 

mX-Y 0.15t x/t 3 76 119 0.327 0.632 1.90 

ZPSS ZP 3 88 135 0.310 0.671 1.84 
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4.3  Comparison of structural stress methods  

In this chapter the resulting depth from the optimization is compared to the thorough 

thickness at weld toe, extrapolated hot-spot stress from the surface and original X-Y 

structural stress method. Comparison is done to same models as in chapter 3.1 with the same 

methods. The values for X-Y structural stress and hot-spot method are the same as in chapter 

4.1 . 

Figure 30 shows the error in pure axial tensile load. In pure axial load the error range in the 

NLCT is low with the optimized 0.07t rule. It is roughly from 0.3% to 3% compared to 

TTWT. On the other hand, in the cruciform joint the error is much larger around 10% to 

16%. 

 

Figure 30. Relative error compared to TTWT in axial load. 

 

Figure 31 shows the relative error to TTWT in pure bending load. In pure bending load both 

joints are in the negative. The error range for NLCT is around -11% to -8% and in cruciform 

joint around -19% to -16%. The results are much lower than hot-spot or TTWT method.  
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Figure 31. Relative error compared to TTWT bending load. 

 

Figure 32 shows the relative error in joints with angular misalignment of 2.4° and with axial 

load of 1 MPa. The relative errors in both joints are quite close to the TTWT baseline. The 

error range in NLCT is around -8% to -0.5% and in NLCX around -9% to 5%.   
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Figure 32. Relative error to TTWT with angular misalignment of 2.4°. 

 

Figure 33 shows the relative error in joints with angular misalignment of 1° and with axial 

load of 1 MPa. The range in errors for NLCT is similar to Figure 32, but in NLCX it is 

slightly bigger. In NLCT the range is around -6% to 1% and in NLCX around -2% to 9%.  

 

Figure 33. Relative error to TTWT with angular misalignment of 1°. 
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5  Discussion and analysis 

This chapter discusses and analyzes the results from finite element method and optimization. 

The aim of this thesis was to develop a new modified distance rule for Xiao-Yamada 

structural stress method for thin welded joints. Linear expression for the thickness-based 

mX-Y structural stress was applied in the new distance. The fatigue data was evaluated using 

the new distance and compared it to other structural stress methods.  

The optimization with fixed slope parameter m = 3 yielded 7% of the plate thickness for the 

linear expression as the best result as seen in Figure 25. The characteristic fatigue strength 

was 76 MPa and mean fatigue strength was 112 MPa. The obtained characteristic value is 

lower than the standard FAT class 100 MPa used in IIW recommendations and Eurocode 3 

(Hobbacher & Baumgartner, 2024, 76-77; SFS-EN 1993-1-14, 2025, 93). The standard 

FAT100 is same for joint types as in the optimization. RMSE for the optimized result was 

0.282 and R2 was 0.727. The results without the SWT mean stress correction gave 

characteristic fatigue strength of 101 MPa and mean stress 150 MPa. The results of the 

statistical evaluation between the SWT correction and original did not change noticeably. 

Figure 34 shows the optimization sensitivity.  

 

 

Figure 34. Optimization sensitivity 
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When comparing the stress values of optimized depth to TTWT, HS and X-Y we can see 

that the error is relatively same throughout the plate thicknesses. The error was overall 

slightly smaller in the NLCT than in NLCX. In pure axial load the error in NLCX was higher 

than in NLCT. While the load was pure axial the NLCT included secondary bending stress 

caused by the slight shift in neutral axis position from the middle of the plate due to the joint 

not being symmetrical.  

method gave characteristic fatigue strength of 55 MPa and 90 MPa mean fatigue strength for 

the literature data. Compared to 100 MPa value for these joint types from IIW and Eurocode 

3 the value is much lower. The stress values in the S-N curve were lower in thin plates than 

the actual structural stress. The scatter was also high compared to the optimized results 0.354 

for RMSE and 0.570 for R2. Even with the original R-ratio the fatigue strength using X-Y 

structural stress method was 73 MPa for the characteristic and 120 MPa for the mean which 

are much lower than the design curve. 

X-Y structural stress method uses absolute distance of 1 mm for structural stress evaluation. 

This method works better for thicker plates as seen from the results. Chapter 4.1 showed that 

when there is bending stress in the joint X-Y predicts lower stress values especially in the 

thinner plates. With only axial load the method seems to work reasonably well with thinner 

plates compared to when bending stress is included.  

The characteristic fatigue strength for the surface extrapolation was 71 MPa with fixed slope 

and mean was 109 MPa. The characteristic fatigue strength is lower than the standard FAT 

100. The statistical scatter was lower than in X-Y structural stress method but still slightly 

higher than the optimized. With non-corrected R-ratio HS gave better results 93 MPa for the 

characteristic and 146 MPa for the mean which are close to the design curve. 

The surface stress extrapolation gave good results when the stress values were compared 

directly to TTWT. The error was only around 1% to 2% in axile and bending loads. This 

was expected as the method is included in IIW recommendations and in Eurocode 3 (SFS-

EN 1993-1-14, 2025, 12).  

The 10% and 15% rules for extraction depth performed slightly better with the fatigue data 

than X-Y structural stress method. Characteristic fatigue strength for 10% rule was 67 MPa 

and mean was 101 MPa. 15% rule did slightly worse with characteristic value of 58 MPa 

and mean 89 MPa. The statistical scatter for both were in the same ranges as the optimized 
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for the 10% rule and HS for the 15% rule. The non-corrected fatigue strengths yielded higher 

results 90 MPa and 135 MPa for the 10% and 76 MPa and 119 MPa. The 10% rule worked 

better than the 15% rule and it was quite close to the HS method. 

When the stress values were compared directly to TTWT and surface stress extrapolation 

the results were much worse when bending stress was involved.  

Fatigue strength using the ZP method gave around the same results as the 10% rule, but the 

statistical scatter was slightly higher. These results are interesting as the normalized mean 

ZP depth for all specimens was around 0.10.  

Figure 35 presents method the parity plot for calculated fatigue lives without SWT correction 

and experimental fatigue lives where a) is the optimized mX-Y method, b) is X-Y method, 

c) is HSSs method and d) is modified nominal stress. Optimized uses the characteristic 

fatigue strength and other methods use the standard FAT 100. It also includes the geometric 

mean (GM) for each plot with the following equation: 

 

 f,exp
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1
loga
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n N
GM a

 
 
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 


= , 

(20) 

 

where a is generic logarithmic base in this case log10. 

 Values below the solid line indicate that the results are non-conservative and above indicate 

conservative results. The dashed line is the mean fatigue strength for the mX-Y. (Havia, 

Ahola, Kozlova, Baumgartner and Björk 2025b.) 
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Figure 35. Parity plot of the calculated and experimental fatigue lives a) mX-Y, b) X-Y c) 

HS, d) modified nominal stress. 

 

The GM values for these methods are all above one which means that the results are 

conservative. The most conservative results were from mX-Y and HS method. The least 

conservative was X-Y structural stress method. Especially thin plates made the X-Y less 

conservative as it predicts lower stress values for them. Rest of the methods were quite close 

to each other. 

The SWT corrected results gave much lower characteristic fatigue strength result compared 

to the non-corrected results. The non-corrected results for the mX-Y(0.07) and hot-spot 

method match nicely with the design FAT class of 100.  
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The research showed that it is possible to determine thickness-dependent rule for structural 

stress applications. The results show that linearly dependent rule has some correlation with 

the other structural stress methods such as TTWT and hot-spot method. The disappearance 

of the non-linear stress peak seems to happen around the 10% to 7% of the plate thickness. 

The linear rule can’t fully consider both thick and thin plates as seen from the curvature in 

the results. For thin plates the non-linear peak disappears at shallower depth than in the 

thicker plates.  

The research showed that there is some correlation between the plate thickness and linear 

expression. The linear expression might not be the ultimate best solution as the stress 

behaves non-linearly as seen by the slight curvature in results of section 4.3 . Some other 

mathematical expressions might better catch the steep stress gradients around the weld toe 

for thin plates. Non-linear equations might be better, but they require more research.  

More fatigue test data could be added to the optimization process, especially thin and thick 

plates. Plates under 5 mm and plates over 25 mm should be added to the data set to see if the 

optimized depth changes. Different joint types could also be added such as lap joints, load 

carrying joints where weld toe is the critical location and misaligned non-load carrying 

cruciform joints. This would add more data to the research thus increasing the validation. 

Because this thesis used only structural stress methods the results could be compared to other 

fatigue strength assessment methods. Methods such as effective notch stress or linear elastic 

fracture mechanic could add more validation to the results. Seeing how the fracture behaves 

at that depth around the weld toe could improve the validity of the results.   

The reliability of the result could have been affected by the small numerical errors in FEM. 

The number of elements has effect on the accuracy of the results. This was visible in the 

stress gradient especially near the weld where the gradient experiences drastic change 

compared to the middle of the plate. As the element size through the thickness was kept same 

for all models, the number of elements depended on the plate thickness. This affected 

especially the thinner plates as there were fewer elements compared to thicker plates.  
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6  Conclusions 

This thesis investigated a modified Xiao-Yamada structural stress method to include 

thickness-dependent rule for the depth of the sub-surface point. Different structural stress 

methods were compared using finite element analysis. Linear thickness-dependent rule was 

established using an optimization process for the fatigue data of arc-welded joints, extracted 

from literature. Linear regression and one-dimensional minimizer were used in optimization. 

The following conclusions can be drawn from the research: 

• The absolute distance of 1 mm, originally proposed by Xiao & Yamada (2004), 

underestimates the structural stresses in thin plates (t < 10 mm), especially under out-

of-plane bending loading. The characteristic fatigue strength was 55 MPa with SWT 

mean stress correction and 73 MPa without mean stress correction. Statistical scatter 

was relatively high around 0.35 for RMSE.  

• The optimized thickness-dependent rule with linear expression was around 7% of the 

plate thickness. It showed the least scattering with RMSE around 0.28 and highest 

characteristic fatigue strength of 76 MPa with SWT mean stress correction, and 101 

MPa without mean stress correction. The results showed that there is some 

correlation between linear thickness-dependent rule and other structural stress 

methods, but it might not be the best option. The rule cannot fully capture thin plates 

and thick plates.  

• In general, the scatter in the fatigue test data collected from literature was relatively 

high. Sum of least squares which assumes that there is scatter only in fatigue lives. 

Using different curve fitting process such as minimization of sum of squared 

perpendicular distances could have lowered the scatters, as it assumes that there is 

scatter in the stress range as well.  

• More data is needed to validate the results better. More fatigue data for thin plates 

under 5 mm and thick plates over 25 mm and different joint types are needed. 

  



  61 
 

 

References 

Ahola, A., Björk, T., 2020. Fatigue strength of misaligned non-load-carrying 

cruciform joints made of ultra-high-strength steel. J. Constr. Steel Res. 175. 

https://doi.org/10.1016/j.jcsr.2020.106334 

Berge, S., 1985. On the effect of plate thickness in fatigue of welds. Eng. Fract. Mech. 

21, 423–435. https://doi.org/10.1016/0013-7944(85)90030-X 

Dong, P., 2001. A structural stress definition and numerical implementation for 

fatigue analysis of welded joints. Int. J. Fatigue 23, 865–876. 

https://doi.org/10.1016/S0142-1123(01)00055-X 

Fricke, W., 2013. IIW guideline for the assessment of weld root fatigue. Welding in 

the World 57, 753–791. https://doi.org/10.1007/s40194-013-0066-y 

Galtier, A., Statnikov, E.S., 2004. The Influence of Ultrasonic Impact Treatment on 

Fatigue Behaviour of Welded Joints in High-Strength Steel. Welding in the 

World 48, 61–66. https://doi.org/10.1007/BF03266433 

Gaßner, E., Haibach, E., 1968. Die Schwingfestigkeit von Schweißverbindungen aus 

der Sicht einer örtlichen Beanspruchungsmessung (Determination of Loac-

Carrying Capacity of Welded Joints), in: Tragfähigkeitsermittlung Bei 

Schweißverbindungen. Düsseldorf, pp. 47–73. 

Ghanadi, M., Jr., M.K., Clarin, M., Narström, T., Hultgren, G., Barsoum, Z., 2025a. 

Experimental study on the influence of thinness effect and weld quality of non-

load carrying welded joints. Procedia Structural Integrity 75, 457–466. 

https://doi.org/10.1016/j.prostr.2025.11.046 

Ghanadi, M., Kepka, M., Hultgren, G., Barsoum, Z., 2025b. Thinness and quality 

effects on fatigue strength of transverse non-load-carrying welded attachments. 

Welding in the World. https://doi.org/10.1007/s40194-025-02205-0 

Gustafsson, M., 2006. A Study of Thickness Effect on Fatigue in Thin Welded High 

Strength Steel Joints. Steel Res. Int. 77, 873–881. 

https://doi.org/10.1002/srin.200606475 

Haibach, E., 1968. Schwingfestigkeit von Schweißverbindungen aus der Sicht einer 

örtlichen Beanspruchungsmessung (The fatigue strength of welded joints 

considered on the basis of a local stress measurement). Darmstadt. 

Havia, J., Ahola, A., Björk, T., 2025a. Fatigue strength of welded aluminum 

structures – A re-evaluation of fatigue data of welded aluminum joints with 

nominal stress approach. Mater. Des. 254, 114050. 

https://doi.org/10.1016/j.matdes.2025.114050 



  62 
 

 

Havia, J., Ahola, A., Kozlova, M., Baumgartner, J., Björk, T., 2025b. Fatigue strength 

assessment of arc-welded aluminum joints by local approaches. Int. J. Fatigue 

193, 108803. https://doi.org/10.1016/j.ijfatigue.2024.108803 

Hobbacher, A.F., Baumgartner, J., 2024. Recommendations for Fatigue Design of 

Welded Joints and Components , 3rd ed. 2024. ed, Recommendations for Fatigue 

Design of Welded Joints and Components, IIW Collection. Springer Nature 

Switzerland, Cham. 

Lee, J.-M., Seo, J.-K., Kim, M.-H., Shin, S.-B., Han, M.-S., Park, J.-S., Mahendran, 

M., 2010. Comparison of hot spot stress evaluation methods for welded 

structures. International Journal of Naval Architecture and Ocean Engineering 2, 

200–210. https://doi.org/10.2478/IJNAOE-2013-0037 

Liu, G., Liu, Y., Huang, Y., 2014. A novel structural stress approach for multiaxial 

fatigue strength assessment of welded joints. Int. J. Fatigue 63, 171–182. 

https://doi.org/10.1016/j.ijfatigue.2014.01.022 

Luo, P., Mashino, Y., Matsuo, Y., Kasaoka, Y., Tsutsumi, S., 2024. Fatigue 

experiment and assessment of butt-welded joints in steel structures considering 

misalignment and weld geometry effects. Int. J. Fatigue 182. 

https://doi.org/10.1016/j.ijfatigue.2024.108200 

MacDonald, K.A., 2011. Fracture and fatigue of welded joints and structures , 

Fracture and fatigue of welded joints and structures, Woodhead Publishing 

Series in Welding and Other Joining Technologies. Woodhead Pub., Oxford ; 

Niemi, E., 1995. Stress determination for fatigue analysis of welded components , 

Stress determination for fatigue analysis of welded components. Abington, 

Cambridge. 

Niemi, Erkki., Fricke, Wolfgang., Maddox, S.J., 2018. Structural Hot-Spot Stress 

Approach to Fatigue Analysis of Welded Components : Designer’s Guide , 2nd 

ed. 2018. ed, Structural Hot-Spot Stress Approach to Fatigue Analysis of Welded 

Components : Designer’s Guide, IIW Collection. Springer Nature Singapore, 

Singapore. 

Ohta, S., Eguchi, Y., 1974. Fatigue Strength of Fillet Welded Joints in 80 kg/mm2 

High Strength Steel (Report1) Fatigue Strength of Plate with Transverse Fillet 

Welded Attachments. 

Ottersböck, M.J., Leitner, M., Stoschka, M., 2018. Impact of angular distortion on the 

fatigue performance of high-strength steel T-joints in as-welded and high 

frequency mechanical impact-treated condition. Metals (Basel). 8. 

https://doi.org/10.3390/met8050302 

Pedersen, M.M., 2019. Thickness Effect in Fatigue of Welded Butt Joints: A Review 

of Experimental Works. International Journal of Steel Structures 19, 1930–1938. 

https://doi.org/10.1007/s13296-019-00254-y 



  63 
 

 

Pedersen, M.M., Mouritsen, O.Ø., Hansen, M.R., Andersen, J.G., Wenderby, J., 2010. 

Comparison of Post-Weld Treatment of High-Strength Steel Welded Joints in 

Medium Cycle Fatigue. Welding in the World 54, R208–R217. 

https://doi.org/10.1007/BF03263506 

Poutiainen, I., Tanskanen, P., Marquis, G., 2004. Finite element methods for 

structural hot spot stress determination—a comparison of procedures. Int. J. 

Fatigue 26, 1147–1157. https://doi.org/10.1016/j.ijfatigue.2004.04.003 

Radaj, D., Sonsino, C.M., Fricke, W., 2006. Fatigue assessment of welded joints by 

local approaches , 2nd ed. ed, Fatigue assessment of welded joints by local 

approaches. Woodhead, Cambridge. 

Remes, H., Fricke, W., 2014. Influencing factors on fatigue strength of welded thin 

plates based on structural stress assessment. Welding in the World 58, 915–923. 

https://doi.org/10.1007/s40194-014-0170-7 

Remes, H., Varsta, P., 2010. Statistics of Weld Geometry for Laser-Hybrid Welded 

Joints and its Application within Notch Stress Approach. Welding in the World 

54, R189–R207. https://doi.org/10.1007/BF03263505 

SFS-EN 1993-1-14:2025:en Eurocode 3. Design of steel structures. Part 1-14: Design 

assisted by finite element analysis, 2025. . Helsinki. 

Statnikov, E.S., Muktepavel, V.O., Blomqvist, A., 2002. Comparison of Ultrasonic 

Impact Treatment (UIT) and Other Fatigue Life Improvement Methods. Welding 

in the World 46, 20–32. https://doi.org/10.1007/BF03266368 

Xiao, Z.-G., Yamada, K., 2004. A method of determining geometric stress for fatigue 

strength evaluation of steel welded joints. Int. J. Fatigue 26, 1277–1293. 

https://doi.org/10.1016/j.ijfatigue.2004.05.001 

  

 

 


