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Stress components and local effects in the fatigue strength assessment of fillet weld 
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Ultra-high-strength steels (UHSSs) enable a significant reduction in material usage 

compared to mild steels and, thus, provide energy-efficient solutions for structural 

applications. In welded steel components, an increase in material strength does not 

necessarily result in enhanced fatigue strength, unless post-weld treatments (PWTs) are 

introduced. Consequently, the fatigue strength of welded UHSS components is amongst 

the most important design criteria, and fatigue assessments should be conducted using 

appropriate and accurate approaches.  

This dissertation’s objective is to evaluate the effect of stress components and local 

behavior on the fatigue strength assessments of fillet-welded UHSS joints. In this thesis, 

the effects of the cyclic membrane and bending loads on the fatigue strength of load-

carrying (LC) and non-load carrying (NLC) fillet weld joints are investigated considering 

both weld root and weld toe failures. Furthermore, the local effects on the fatigue 

performance are addressed. The local effects are evaluated at a structural level, i.e. the 

effect of geometrical symmetry and asymmetry on the fatigue performance of fillet weld 

joints. In addition, the effect of stress components on notch stress is evaluated. Notch 

stress analysis applies a generic fatigue strength assessment model – namely the 4R 

method – to evaluate the combined effects of notch stress, residual stress, material 

strength and applied stress ratio on the fatigue strength of welded UHSS components. The 

thesis applies both experimental and numerical methods to examine the fatigue 

performance of fillet-welded LC and NLC joints. Experiments are conducted for joints 

made of S960MC and S1100QL UHSS grades, and numerical studies carried out for 

investigating structural stresses, notch stresses, and crack propagation of these joints.  

The results demonstrate the importance of stress components and structural symmetry 

when assessing the fatigue strength of fillet-welded UHSS joints. Furthermore, PWT and 

its effect on the fatigue strength of UHSS components requires particular attention to 

notch geometry in association with the residual stresses and applied stress ratio in the 

fatigue strength assessments – for which the 4R method provides an efficient means of 

assessing the influencing factors. 

Keywords: fatigue, welded joints, ultra-high-strength steel, stress component, local 

effect, fillet weld 
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Nomenclature 

Latin alphabet 

A elongation % 

a crack depth mm 

af final crack depth mm 

ai initial crack depth mm 

atcd critical distance mm 

aw weld throat thickness mm 

aw,eff effective weld throat thickness mm 

b base plate width  mm 

C crack propagation coefficient da/dN in mm/cycles, K in N∙mm-3/2 

Cf Fatigue capacity MPam 

c crack width mm 

E Young’s modulus GPa 

e plate misalignment mm 

F axial force N 

f enhancement factor – 

fy yield strength MPa 

H strength coefficient MPa 

I second moment of area mm4 

K stress intensity factor N∙mm-3/2 

Ks structural stress concentration factor – 

Ks,b,b structural bending stress concentration factor under bending loading – 

Ks,b,m structural bending stress concentration factor under membrane loading – 

Ks,m,b structural membrane stress concentration factor under bending loading – 

Ks,m,m structural membrane stress concentration factor under membrane loading – 

Kt,m notch stress concentration factor under membrane stress – 

Kt,b notch stress concentration factor under bending stress – 

Ktot total stress concentration factor – 

kb bending bonus factor – 

km  stress magnification factor – 

ks thickness correction factor – 

L gusset length mm 

Lj joint width  mm 

M bending moment Nmm 

m slope parameter of S-N curve or Paris’ law – 

N fatigue life cycles 

Nf fatigue life cycles 

n strain hardening exponent – 

nts number of specimens – 

Ps survival probability % 

p weld penetration depth mm 
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R applied stress ratio – 

Reff effective applied stress ratio – 

Rm ultimate tensile strength MPa 

Rp0.2 proof strength, 0.2% plastic strain MPa 

r weld toe radius mm 

rref reference radius, see also ENS mm 

rtrue actual weld toe radius mm 

S stress MPa 

s stress multiaxiality factor – 

Tσ scatter range – 

t plate thickness mm 

w infusible weld root length mm 

x x-coordinate (through thickness direction) mm 

xg stress gradient exponent – 

y y-coordinate (plate width direction) mm 

z z-coordinate (longitudinal direction) mm 

Greek alphabet 

γf partial safety factor for fatigue – 

Δ range – 

ε strain – 

εe elastic strain – 

εp plastic strain – 

θ weld flank angle ° 

ν Poisson’s ratio – 

ρ actual notch radius mm 

ρ* micro-support length mm 

ρf fictitious radius mm 

σ stress MPa 

σb bending stress MPa 

σens effective notch stress MPa 

σeff effective stress MPa 

σhs,eff effective hot-spot stress MPa 

σhs hot-spot stress MPa 

σm membrane stress MPa 

σnom nominal stress MPa 

σk notch stress MPa 

σk,ref reference notch stress, see 4R MPa 

σres residual stress MPa 

σw weld stress MPa 

Subscripts 

avg average 



Nomenclature 13 

char characteristic 

max maximum 

min minimum 

Abbreviations 

2D two-dimensional 

3D three-dimensional 

4R notch stress-based fatigue strength assessment method 

AW as-welded 

DNV-GL Det Norske Veritas-Germanischer Lloyd 

DOB degree of bending, bending stress divided by total stress 

DQ direct-quenching 

EC3 Eurocode 3 

FAT fatigue class 

FEA finite element analysis 

G&P ground and peened 

GMAW gas metal arc welding 

HAZ heat-affected zone 

HFMI high frequency mechanical impact 

HS hot-spot 

HSS high-strength steel 

IIW International Institute of Welding 

LG longitudinal gusset 

LC load-carrying 

LCX load-carrying cruciform 

LSE linear surface extrapolation 

MSSPD minimization of sum of squared perpendicular distances 

NLC non-load-carrying 

NLCT non-load-carrying transverse (single-sided transverse attachment) 

NLCX non-load-carrying cruciform (double-sided transverse attachments) 

NWS nominal weld stress 

PWT post-weld treatment 

QC quenched and cold-formable 

QL quenched and tempered 

R-O Ramberg-Osgood 

SCF stress concentration factor 

SIF stress intensity factor 

STDV standard deviation 

SWT Smith-Watson-Topper 

UHSS ultra-high-strength steel 

TCD theory of critical distance 

TG toe ground 

TIG tungsten inert gas 

TTWT through thickness at weld toe 



Nomenclature 14 

WP weld profiled 

XRD X-ray diffraction 
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 Introduction 

 Background and motivation 

Steels are used as structural materials in engineering applications due to their high 

structural performance and economical profitability. Steel materials include a wide range 

of applications, e.g. in civil engineering, working machines, cranes, transportation 

equipment, and marine and offshore structures. To assemble components and products, 

sheet metals typically incorporate welding as a joining method. Welding-related thermal 

cycles with unequal heating and cooling rates cause welding residual stresses and 

deformations. Tensile residual stresses cause an increase in the mean stress level of cyclic 

stress and, consequently, fatigue crack initiation and propagation can also occur under 

compressive cyclic loads. Welding deformations may introduce geometrical 

imperfections, such as axial misalignments and angular distortions in plate components, 

which act as stress raisers with respect to externally applied loads. In addition, a severe 

transition from the base material to weld metal, together with potential initial flaws, 

causes weld toes to be susceptible to fatigue crack initiation and propagation. In the case 

of fillet welds with a lack of full penetration, infusible weld root can act as an initial crack 

for crack propagation, and a fatigue crack can propagate through the weld or base metal 

under propitious cyclic load conditions. Due to these circumstances, fatigue strength 

capacity is amongst the most important design criteria in welded joints and components 

subjected to cyclic or fluctuating load conditions.  

On the other hand, increasing demand for reducing CO2 emissions has led to a pressing 

need for structural optimization and lightweight design in various applications. To 

conform to these requirements, redundant material usage and over-dimensioning should 

be avoided. In structures subjected to cyclic loads, fatigue strength assessments should 

aim for finite rather than infinite fatigue life of structural components in service but 

without forgetting structural integrity. In weight-critical steel structures, an attractive way 

to increase structural performance-to-weight ratio is to introduce the usage of high-

strength and ultra-high-strength steel (HSS/UHSS) materials, which due to high static 

strength enable high load-bearing capacity. In welded components, the design and 

fabrication of UHSS constructions may initiate new design issues in comparison to 

components made of mild steels, such as local reduction and increase of material strength 

at heat-affected zones (HAZ) and fusion lines (Amraei et al., 2016, 2019; Björk et al., 

2018) and metallurgical mismatch effects (Neuvonen et al., 2020; Ran et al., 2019). Such 

phenomena require detailed scrutiny from both design and fabrication perspectives.  

The use of UHSS materials is favored to achieve an increase in stress levels, both static 

and cyclic, so that the material can be utilized to its full capacity. Nevertheless, prior 

investigations have unambiguously recognized that, with the welded steel joints, an 

increase in material strength does not necessarily improve the fatigue performance of 

welded components, as exemplified in Figure 1.1. This factor highlights the need for 

understanding the fatigue behavior of welded UHSS materials so that HSS and UHSS 
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materials can become as feasible options for structural applications (Skoglund et al., 

2020). Potential requirements for high fatigue strength can be overcome by the 

implementation of post-weld treatments (PWTs), e.g. high-frequency mechanical impact 

(HFMI) treatment, weld profiling, weld toe grinding, or tungsten inert gas (TIG) dressing. 

These methods can significantly enhance the fatigue strength of welded joints compared 

to their untreated counterparts in the as-welded (AW) condition. In general, PWT 

methods can be divided into two categories; methods providing geometrical improvement 

at the weld toes, and methods modifying the residual stress state at weld toe, or both 

(Haagensen, 2011). Furthermore, a higher fatigue strength improvement level can 

typically be claimed for joints made of higher material strength. In residual stress-related 

methods, however, a consideration of external load conditions is required because the 

beneficial effects obtained by PWT might be severely diminished in the case of the high 

mean stress level of cyclic loading, and during overload peaks in external loading 

(Haagensen & Maddox, 2013). 

 
Figure 1.1: Correlation between material strength and fatigue strength in the base material, 

notched members and welded joints in the AW condition, after Maddox (1991). 

 

As the use of UHSS material targets a reduction of material usage and plate thicknesses, 

the role of bending loads becomes pronounced. A reduction of plate thickness increases 

the share of bending stress in total stress, as the section modulus is proportional to the 

quadrature of plate thickness and the axial membrane stress is directly proportional to 

plate thickness. In addition, the role of imperfections is pronounced in thin-walled UHSS 

structures since the magnitude of structural stress concentrations increases when plate 

thickness is reduced. Therefore, further understanding of the effect that bending stresses 

have on the fatigue strength of welded components is required. In addition, the fatigue 

strength improvement gained by PWTs requires accurate approaches to avoid 

conservative and unconservative fatigue strength assessments. 

This thesis investigates the role of stress components in the fatigue analysis of fillet-

welded UHSS joints. In addition, the local effects at a structural level, i.e. whether weld 

reinforcement and welded detail are single-sided or double-sided, are addressed. The 

misalignment effects in the double-sided details are also covered in this context. To 
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account for the local effects at the notch level – i.e. weld toe radius and residual stress, in 

the fatigue strength assessments – this thesis also presents and further verifies the notch 

stress-based approach, namely the 4R method, for assessing the fatigue strength of UHSS 

fillet weld joints. The consideration of stress components and notch effects are studied 

experimentally, conducting geometry and residual stress measurements and fatigue tests 

on welded joints and, numerically, performing finite element analyses (FEAs) to 

investigate the stress concentrations and crack propagation properties of fillet-welded 

joints. The study addresses the importance of considering stress components in the fatigue 

analysis of welded joints and shows an efficient method for assessing the fatigue strength 

of UHSS joints using notch stress-based analysis in respect of the joint and external load 

conditions. 

 Objectives of the study 

Together with the estimation of acting service loads, one of the main concerns in fatigue 

design is stress analyses and the achieving of efficient methods for assessing the fatigue 

strength properties of welded joints and components (Haglund et al., 2019). From an 

engineering viewpoint, a common practice has been to select a most conservative 

approach to obtaining safe-side predictions but an increasing need for optimizing 

structures necessitates a more comprehensive understanding of the fatigue behavior of 

welded components. This issue also incorporates consideration for stress components and 

local effects in fatigue design. Some of the design codes and standards include 

consideration of stress components in the fatigue analysis of welded joints. However, the 

most common practice is to obtain the maximum nominal or structural hot-spot (HS) 

stress regardless of the degree of bending (DOB) – i.e. bending stress divided by the total 

stress – and also to use a similar fatigue class (FAT) for both axial and bending loads.  

The incoherence and lack of information present in current fatigue design standards and 

guidelines regarding the role of stress components, together with the importance of 

fatigue strength assessments in welded UHSS joints, combine to pose the research 

questions and main objectives of this study. This thesis aims to analyze the effects of the 

membrane and bending stress components, as well as the local effects on the fatigue 

strength of welded UHSS joints in fillet weld joint configurations, in respect of both non-

load-carrying (NLC) and load-carrying (LC) joint types. Factors influencing fatigue 

strength at structural and notch levels in fillet weld UHSS joints are examined. In 

addition, this thesis examines efficient methods for taking stress components and local 

effects into account to further the scope of fatigue strength assessments. Figure 1.2 

summarizes the study’s objectives and research questions in conjunction with the 

publications included. 
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Figure 1.2: Research objectives and questions in association with publications included in this 

thesis. 

 Scope and limitations 

Experiments within this study are conducted for fillet-welded UHSS joints to reflect the 

main focus of this thesis. Consequently, the experimental findings obtained in this study 

are principally applicable for joints made of UHSS grades. Nevertheless, literature 

reviews on experimental fatigue test data also includes results from joints made of mild 

and high-strength steels. Therefore, the presented theoretical concepts are extended to 

cover various steel grades. 

When considering the applications of thin-walled UHSS components, gas metal arc 

welding (GMAW) is a widely used process applied to produce fillet welds and, thus, is 

the only welding process applied in the study’s experiments. However, similar fillet welds 

(weld size and heat input) can be also produced with other methods of shielded metal arc 

welding or hybrid laser and arc welding techniques, meaning that the results are not only 

limited to GMAW processes. In addition, the thesis investigates fillet weld joints in both 

the AW and post-weld-treated conditions, including the HFMI treatment, TIG dressing, 

grinding methods (burr grinding and weld profiling), and a combined method in which 

grinding is followed by peening treatments. Other PWT methods are not addressed in this 

thesis. 

Fillet welds are usually used to adjoin transverse or longitudinal plate components to a 

base plate; namely transverse attachment and longitudinal gussets. Depending on the load 

configuration, transversely fillet-welded joints can either be LC or NLC, or both. In this 

thesis, the fatigue behaviors of both LC and NLC joint types are addressed but, for 

simplicity, they are investigated individually, i.e. it is assumed that the ends of the fillet-

welded adjoined plate components can deform freely under loading at the base plate. 

To determine the effect of stress components, and local structural and notch geometry on the fatigue

strength of fillet-welded UHSS joints and to obtain efficient methods for fatigue strength

assessments.

Objective

Research questions

P-I P-II

P-III

P-IV P-V

Publications

P-I P-II

Q1. What is the effect of stress components on the notch stresses and fatigue 

behavior of fillet-welded UHSS joints?

Q2. How do the joint symmetry and misalignments affect the notch stress 

concentrations, and what is the role of stress components?

Q3. How should the bending stresses be considered in the fatigue analysis of 

load-carrying fillet welds in the case of weld root fatigue failure?

Q4. What factors influence fatigue strength of UHSS joints and how they can 

be considered in the fatigue strength assessments?

P-III
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Furthermore, all joint experiments are conducted in an atmosphere at room temperature 

using load-controlled uniaxial constant amplitude loading. 

Due to the limited number of test specimens in each study, the thesis does not majorly 

address the statistical aspects usually present in fatigue tests conducted for various weld 

qualities. The fillet welds are prepared using robotic welding to produce uniform 

geometrical and metallurgical quality throughout the fatigue test specimens, and reduce 

thus the scatter of fatigue test results within the test series. Although a welding robot is 

employed in the preparation of the specimens, the specimens in the AW condition are 

aimed to represent fillet weld joints without initial flaws in normal workshop quality, 

resulting in a rather sharp transition from the base metal to the weld reinforcement. 

 Scientific contribution 

This thesis investigates the fatigue behavior of fillet-welded UHSS joints, focusing on the 

role of stress components and local effects in fatigue strength assessments using 

numerical, experimental and analytical methods. Results are provided on the effect of 

axial and bending loads on the fatigue behavior of fillet-welded NLC and LC joints. In 

this context, UHSS components have not been widely studied in prior research and, 

consequently, the role of joint symmetry and misalignments has not been 

comprehensively recognized. Consequently, the thesis provides a novel insight into this 

topic. These viewpoints are principally focused in P-I and P-II.  

The thesis also investigates the fatigue behavior of LC joints prepared with double-sided 

fillet welds and subjected to bending loads. Prior investigations and current fatigue design 

guidelines mainly address the fatigue analysis of such joints subjected to cyclic axial 

loads. Through the numerical and experimental findings, an analytical approach for 

assessing weld stress under bending loading for fatigue strength assessments is proposed. 

P-III covers this topic. 

The fatigue strength of welded steel components failing at the weld toes, particularly in 

the case of UHSSs, can be significantly improved with PWT methods. The use of 

conventional approaches, complete with improved fatigue class and enhancement factors, 

hinders the methodological understanding of the fatigue performance of welded joints as 

such approaches are generally applicable for certain experimentally verified conditions. 

This thesis furthers work related to the novel notch stress-based model – namely the 4R 

method – by applying it for fillet weld UHSS joints in the AW and post-weld-treated 

condition. Also, applying literature data, the 4R method is implemented for joints made 

of various steel grades (from mild steels to UHSSs) post-weld-treated with grinding, and 

also combined grinding and peening, through which both geometrical and residual stress 

improvement is introduced. The thesis demonstrates that the 4R method enables accurate 

fatigue strength assessments for joints in the AW and post-weld-treated conditions, as 

well as supporting its utlization as a generic model for predicting the fatigue strength of 

welded joints. P-IV and P-V concentrate on the 4R method applications. 
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 Structure of the thesis 

The thesis comprises six chapters. Chapter 1 outlines the topics of the thesis, introduces 

background and motivation, and defines study’s scope and limitations. Chapter 2 presents 

the theoretical foundation and current craft associated with the topics the thesis covers, 

i.e. the consideration of stress components and local effects in the fatigue assessments of 

welded joints. In addition, Chapter 2 describes the current design guidelines for a fatigue 

strength assessment of welded joints, including an introduction for considering the 

influencing factors in assessments. Plus, Chapter 2 also theorizes the principles of the 

multi-parametric fatigue strength assessment approach – the 4R method – that is later 

applied for the fatigue strength assessments in Chapter 4.4. In Chapter 3, the basic 

principles of the applied experimental and numerical research methods, together the 

literature review conducted for collecting fatigue test data are introduced. The 

experimental results, numerical analyses, and fatigue analyses are presented in Chapter 

4. Chapter 5 reflects the study results with respect to the objectives and research questions 

of the thesis, as well as discussing the significance of the research findings in comparison 

with previous approaches. Chapter 6 summarizes the thesis and draws the main 

conclusions. 
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 Theoretical foundation 

This chapter presents the theoretical foundation applied in this thesis. Chapter 2.1 gives 

the background of classical stress analysis and insights on the role of primary stress 

components in the secondary and tertiary levels of stresses. Chapter 2.2 presents the 

theoretical concepts related to factors influencing the fatigue strength of welded joints. 

Chapter 2.3 introduces the basic principles of current fatigue design codes and guidelines, 

and, last, Chapter 2.4 presents the 4R method concept. 

 Categorization of stress components 

By nature, stress at a welded joint can be divided into primary, secondary and tertiary 

level stresses (Radaj et al., 2006):  

• Primary-level stresses can be regarded as stresses induced directly by external 

load components. In the context of this thesis, primary stresses are either 

membrane or bending stresses, or else a combination of both. They can be derived 

analytically by means of axial normal force and cross-sectional area, as well as 

bending moment and section modulus. From the fatigue design viewpoint, the 

primary stresses are usually regarded as nominal stresses, and are applied in the 

fatigue analysis as global approaches. Macro-geometric stresses induced by 

angular distortion, for example, can be also regarded as primary-level stresses. 

• Secondary-level stresses are caused by structural discontinuities. In welded 

details, together with primary-level stresses, they are usually regarded as 

structural in nature. In an individual cross-section, e.g. in the front of a 

longitudinally welded detail, the secondary stresses are positive but they are self-

balanced in the whole cross-sectional area and, consequently, alongside the 

welded structural detail, secondary stresses can be negative. Secondary stresses 

are comprised of the membrane and bending stress components. Structural 

stresses can be evaluated obtained numerically with FEA by deriving the stress 

distribution in the through-thickness direction and linearizing the stress 

distribution, or using the analytical formulation of structural stress concentration 

factors (SCFs), Ks, if available. In the fatigue analysis, structural stresses are 

applied using the structural hot-spot (HS) stress methods. 

• Tertiary-level stresses are caused by notched details, due to the cross-sectional 

change, while in the welded details, they are caused by a (severe) transition from 

the base metal to weld metal. Tertiary-level stresses are invariably self-balanced 

in each longitudinal cross-section, i.e. the integration of a notch stress distribution 

in the through-thickness direction gives zero membrane and bending stress. 
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Tertiary level stresses are incorporated by the fatigue analyses when employing 

notch stress-based approaches. 

The main focus of this thesis is on transversely welded joints, i.e. transverse NLC and LC 

fillet weld joints in which primary stresses are superposed with angular distortion-induced 

macro geometric bending stresses only. However, to exemplify the nature of primary-, 

secondary- and tertiary-level stress components in welded joints, a fillet-welded single-

sided longitudinal gusset (LG) joint is analyzed with FEA using a three-dimensional (3D) 

solid element model. Figure 2.1 presents a quarter symmetry model of the studied 

geometry. The LG joint is analyzed using both axial membrane stress (DOB = 0), and 

pure bending loading (DOB = 1) at the loaded surface. In the analysis, the magnitude of 

the nominal membrane and bending stresses are σnom,m = 1 MPa and σnom,b = 1 MPa. 

 
Figure 2.1: Element mesh model and geometry used for analyzing the stress components. L is 

the gusset length, t is the plate thickness, and b is the base plate width. 

 

The primary and secondary membrane and bending stress components, and the tertiary-

level non-linear stress component can be determined using the following formulae 

(modified from Hobbacher, 2016): 
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where σm(y) is the membrane stress at the y location, σ(x,y) is the normal stress distribution 

in the through-thickness direction (x = 0 at the plate surface, and x = t at the bottom of the 

plate) at the y location, σb(y) is the bending stress at the y location, and σnl(x,y) is the non-

linear tertiary stress at an arbitrary location of the x-y plane (see Figure 2.1). Using 

Equations (2.1–2.3), 3D stress distribution plots are obtained for all stress components. 

Figure 2.2 presents the stress distributions for the joint subjected external membrane 

stress. 

Under axial loading, both secondary membrane and bending stresses (see Figure 2.2c–d) 

occur, caused by a one-sided structural stiffener. In the case of a double-sided stiffener, 

bending stresses do not occur due to the symmetry of the joint, and secondary stress is 

only increased by a membrane stress concentration in the front of the gusset. It is also 

noticeable that the counter-reaction forces and moments, are present next to the gusset (y 

≈ 10–50 mm), i.e. secondary-level stresses are negative and, thus, balancing the structural 

stresses at the front of the gusset. Naturally, the notch stress is only present at the front of 

the gusset (Figure 2.2e), and fades out and diminishes to zero next to the gusset. To 

conform to the force and moment equilibrium, the primary nominal stresses must meet 

the following formulae: 
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where σnom,m and σnom,b are the nominal (external) membrane and bending stress, 

respectively. For the LG joint subjected to external bending stress (see Figure 2.3) similar 

structural stress components to the membrane stress loaded LG joint can be found. 

However, in this case, the most interesting finding is that membrane stress is unequal to 

zero, i.e. the external bending stress also causes redistribution of membrane stresses (see 

Figure 2.3d). In addition, the magnitude of secondary-level membrane stress is even 

higher in the case of external bending stress than external membrane stress loading. 
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Figure 2.2: The stress plots of welded longitudinal gusset under axial membrane stress: (a) total 

stress distribution including all stress components, (b) nominal (primary) membrane stress, (c) 

secondary membrane stress, and (d) secondary bending stress distributions, and (e) the non-

linear distribution of tertiary-level stresses. Ks,m,m and Ks,b,m are the structural membrane and 

bending SCFs under the membrane loading, respectively. 
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Figure 2.3: The stress plots of welded longitudinal gusset under bending stress: (a) total stress 

distribution, including all stress components, (b) nominal (primary) bending stress and (c) 

secondary bending stress, and (d) secondary membrane stress distributions, and (e) the non-

linear component of tertiary-level stresses. Ks,m,b and Ks,b,b are the structural membrane and 

bending SCFs under the bending loading, respectively. 
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To explain the stress analysis in accordance with the stress components, the notch stress 

at the weld toe can be formulated as follows (for simplicity σm and σb now represents the 

stress values at the weld toe position y = 0): 

 , , , , , , ,
( 1) ( 1)

m nom m s m m nom m s m b nom b
K K   = + − + − ,   (2.6) 
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Using the membrane and bending stresses, the superposed notch stress σk can be 

calculated accordingly for a finite notch radius r: 

 , ,
( ) ( ) ( )

k t m m t b b
r K r K r  = + ,   (2.8) 

where Kt,m and Kt,b are the notch SCFs under the membrane and bending stress, 

respectively. In Figure 2.2 and Figure 2.3, the stress distributions were exemplified for a 

single geometry configuration. To evaluate the effect of geometrical parameters on the 

magnitude of stress concentrations, the geometry of the LG joint was altered. In this 

observation, of base plate width and gusset length (see Figure 2.1) were varied to study 

their effect on the stress concentrations. These parameters were regarded as the main 

influencing factors for the stress concentrations. In addition, in this analysis, a symmetric 

double-sided gusset was analyzed. Figure 2.4 presents the stress components and Figure 

2.5 presents the notch stress concentrations at the weld toe of LG for the single-sided and 

double-sided LG joints subjected to the external membrane and bending stresses. 
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Figure 2.4: The effect of base plate width and gusset length on the secondary membrane and 

bending stresses: (a) single-sided and (b) double-sided LG joint under axial membrane stress, 

and (c) single-sided and (d) double-sided LG joint under bending stress. 
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Figure 2.5: The effect of base plate width and gusset length on the total notch stress using a 

reference radius of rref = 1.0 mm at the weld toe and maximum principal stress criterion: (a) 

single-sided and (b) double-sided LG joint under axial membrane stress, and (c) single-sided 

and (d) double-sided LG joint under bending stress. Ktot is the total SCF (comprising both 

structural and notch stress concentrations). 

 Fatigue strength of welded joints – Influencing factors 

The following subchapters introduce influencing factors that have been recognized to 

affect the fatigue behavior of welded joints. Following the scope and limitations of the 

study given in Chapter 1.3, some aspects are excluded, such as thickness effects, low-

cycle fatigue characteristics, and environmental effects. Each subchapter focuses on its 

own topic but as the factors and their effects are closely related to each other, their 

combined effects are also discussed. 

 Residual stresses 

Welding incorporates local thermal cycles at the joint areas, an unevenly distributed 

temperature field at the adjoined plate components, and the expansion and subsequent 

contraction of filler material during the thermal cycle. In association with the structural 

stiffness of adjoined components, which may cause high tensile residual stresses. By their 

nature, the residual stresses can be global, i.e. occurring at the whole structural component 

corresponding to the external loading, or local residual stresses (Hensel et al., 2018; 
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Schroepfer et al., 2019). The local stresses occur at the structural details (secondary level) 

or at the notched members, such as weld toes (tertiary level). Local residual stresses are 

characterized by the fact that they reach self-equilibrium. Furthermore, it is noticeable 

that the global residual stresses, similar to external load components, are superposed at 

the local level. Due to these circumstances, high tensile residual stresses, equal to up to 

the yield strength of material, are typically assumed to occur at the weld toes in the AW 

condition. This is a valid assumption, particularly regarding large-scale welded 

components. In the small-scale test specimens usually applied in the fatigue testing, the 

magnitude of residual stresses can be significantly lower, or even compressive, depending 

on the joint configuration and applied base and filler materials (Farajian, 2013; 

Gkatzogiannis et al., 2017). 

High tensile residual stresses combined with the external cyclic loading normally cause a 

high mean stress level of cyclic behavior. This high mean stress level is recognized to 

substantially decrease the fatigue strength of metallic materials. In welded components, 

the high mean stress – in association with the local stress raisers at the weld toes such as 

notches or crack-like defects – significantly lowers the fatigue performance with respect 

to the unwelded counterparts, making welded components susceptible to fatigue failures. 

The presence of high tensile residual stresses diminishes the effect of stress ratio on the 

fatigue behavior in welded joints, as the cyclic loading causes local plasticity – and the 

local cyclic behavior is identical whether the cyclic loading is pulsating tension (R ≥ 0) 

or fully reversed (R = -1). To improve the fatigue performance of welded components, 

the tensile residual stresses can be decreased using various techniques, such as using low 

transformation temperature (LTT) filler materials in GMAW (Bhatti et al., 2013) or 

introducing alternatively gas metal arc brazing in joining (Ahola et al., 2018).  

Another means for modifying and reducing local or global residual stresses is to apply 

PWTs. Various PWT methods can be applied either to modify the residual stresses 

thermally, e.g. by stress relieving or spot heating, or mechanically introducing peening 

techniques or overloads (Haagensen, 2011). Thermal methods cause redistributions of 

residual stresses, and are mainly used to change the secondary level of residual stresses, 

while mechanical methods primarily affect residual stresses at the local notches. The 

reduction of tensile residual stresses, particularly with PWT methods that induce 

compressive residual stresses in welded joints, can significantly improve fatigue capacity.  

 Material strength 

In steel components with blunt notches and negligible low stress residual stresses, 

increase in the material ultimate tensile strength typically provides higher fatigue 

performance. Nevertheless, as demonstrated in Chapter 1.1, an increase in the material 

strength does not contribute to achieving high fatigue strength in the welded joints in the 

AW condition. This observation has been widely supported by the experimental findings, 

e.g. see the works undertaken by Lieurade et al. (2008) and Sonsino (2009). In plain 

specimens and unnotched members, e.g. for cut and machined edges with high surface 

quality, higher fatigue strength can be claimed for HSS and UHSSs (Sperle, 2008). In 
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welded components, multiple factors affect the fatigue strength, and the use of HSS and 

UHSS grades does not necessarily provide any fatigue strength improvement. Such 

fatigue behavior found with UHSS grades is affected by multiple factors: 

• A higher material strength of metallic materials decreases the micro-support 

length (see Chapter 2.2.4) and, thus, increases the fatigue notch sensitivity 

(Stephens et al., 2000); 

• The magnitude of welding residual stresses typically increase along with the 

increase in material strength (Farajian, 2013), and tensile residual stresses equal 

up to the yield strength of the material can be assumed (Hobbacher, 2016); 

• UHSS materials may experience severe changes in local microstructure due to 

the welding, as well as a reduction of material strength at the fatigue-critical 

fusion lines and HAZ (Lieurade et al., 2008; Skriko & Björk, 2015).   

In spite of these concerns, welded HSS and UHSS grades may achieve significantly 

higher fatigue strength than mild steels. Again, the introduction of PWTs is essential for 

materials with higher strength. Particularly, peening methods can lead to high fatigue 

strength in HSS and UHSS grades (Marquis & Barsoum, 2016). Nykänen and Björk 

(2016) examined the effect of material strength on the compressive residual stresses in 

the joints post-weld-treated with peening methods. Based on the literature data, they 

found a conservative correlation between the material ultimate tensile strength and 

residual stress, equal to the residual stress of σres = -0.255Rm, which indicate achievement 

of high fatigue strength in the peened joints made of HSS and UHSS grades. Furthermore, 

recent experimental studies on the fatigue performance of HFMI-treated joints have 

shown that significantly higher fatigue strength improvement can be claimed for joints 

with higher steel grade (Yıldırım, 2017). For other PWT methods, unambiguous 

conclusions cannot be drawn although the design recommendations do allow a higher 

fatigue class for the steels with yield strength of more than 355 MPa. Maddox (2011) 

showed a slight increase in burr ground and TIG-dressed joints along with the increasing 

material strength while a recent study undertaken by Baumgartner et al. (2019) found a 

slight decrease in the fatigue strength of TIG-dressed joints when using local approaches. 

 Applied stress ratio 

Due to a premise of high tensile residual stresses in joints in the AW condition, the applied 

stress ratio of external loading does not have a major influence on the fatigue strength 

capacity of welded joints (Sonsino, 2009). Regardless of the magnitude of maximum 

loading, the presence of high tensile residual stresses causes the plastic deformation of 

material at the notch root (as illustrated in Figure 2.6b). Consequently, the local cyclic 

behavior is quite similar for fully reversed (R = -1) and pulsating cyclic load conditions 

(R ≥ 0), with a similar fatigue performance. 
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Figure 2.6: Cyclic behavior at different applied stress ratios: (a) constant amplitude loading, and 

cyclic behavior under (b) high (σres = +fy) and (c) compressive residual stresses. 

 

The negligibly small effect of applied stress ratio on the fatigue strength of welded joints 

is, however, valid for joints with high tensile residual stresses. In the case of low or 

compressive residual stresses, the applied stress ratio plays an important role because the 

local stress ratio is affected by the external loading (see Figure 2.6c). This has been clearly 

demonstrated by Baumgartner and Bruder (2013b) for S460 LG joints with high tensile 

residual stresses in the AW condition and, subsequently, stress-relieved with thermal 

methods: for joints in the AW condition, an almost identical fatigue strength was obtained 

under pulsating (R = 0) and fully reversed (R = -1) load conditions. In contrast, for the 

stress-relieved joints, a distinctly higher fatigue strength was experimentally obtained for 

joints tested under fully reversed conditions. Similarly, for joints with compressive 

residual stresses, the stress ratio effects are significant. For instance, a significant 

reduction of fatigue strength improvement has been demonstrated for the HFMI-treated 

joints with an increasing mean stress level (Mori et al., 2012; Wang et al., 2009; 

Yonezawa et al., 2019). 

 Notch effects 

Welding without any PWT methods generally produces a severe transition from the base 

material to the filler material. The AW condition typically provides rather small radius, 

and a actual weld toe radius of rtrue = 0 is assumable based on the worst-case condition. 

The sharp transition causes a notch stress, unevenly distributed stress distribution over 

the plate thickness and local increase in stress at the fatigue critical notch, see Chapter 

2.1 for exemplifying illustrations. The infinite small radius at the weld toe basically 

causes an infinitely high stress peak which, however, tends to be neglected in fatigue 

assessments when applying notch stress methods. Instead, fatigue phenomenon occurs at 

a certain volume underneath the notch root and, as a result, fatigue assessments accounts 

for the notch stresses by applying fatigue-effective notch stress. Consequently, the term 

‘notch effect’ rather refers to the fatigue behavior affected by the notch than the 
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geometrical notch and its notch stress, which can be infinite, at sharp transitions. Few 

methods for describing the fatigue-effective stress gradient underneath the notch have 

been developed, of which two have been most widely applied for the fatigue analysis of 

welded joints (Radaj et al., 2006): 

• Stress averaging concept following Neuber’s (1968) work 

• Critical distance approach originally proposed by the early work of Peterson 

(1959), followed by later works in a larger scope by Taylor (2007)  

The basic notion of Neuber’s notch effect concept is to derive the fatigue-effective 

averaged notch stress in the vicinity of the notch root, as follows (see Figure 2.7a): 
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

 
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=  ,   (2.9) 

where σeff is the effective stress, ρ* is the micro-support length, and σ(x) is the notch stress 

distribution. Due to the lack of computational resources at the time when the approach 

was developed, alternative methods were suggested. Consequently, Neuber’s notch 

theory is more widely known by its applications for substituting the actual notch radius 

with a fictitious radius ρf to account for the fatigue-effective notch stress. Using the 

fictitious notch radius, the effective stress can be determined at the notch root (x = 0), and 

the fictitious notch radius can be determined as follows (see Figure 2.7b): 

 
*

f s  = + ,   (2.10) 

where ρ is the actual notch radius, and s is the stress multiaxiality factor. Although the 

fictitious radius concept was based on the low notch opening angle, it has been extended 

for seam-welded joints. Radaj (1990) suggested the use of a stress multiaxiality factor of 

s = 2.5 and micro-support length of ρ* = 0.4 mm for welded steels joints made of mild 

steel, resulting in fictitious radius of ρf = 1.0 mm. Hereafter, in the fatigue strength 

assessments of welded joints, this approach has been referred to as the effective notch 

stress (ENS) concept, and a reference radius of rref = 1.0 mm with the fatigue class of 

FAT225 has been suggested for welded joints with the plate thicknesses t ≥ 5 mm. 

 
Figure 2.7: Effective stress concepts: (a) stress averaging over the micro-support length and (b) 

substituted fictitious notch radius, and (c) concept of critical distance. 
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Another means of considering notch effects is to apply critical distance approaches. In 

principle, there are two alternative theory of critical distances (TCD) methods, entitled 

line and point methods. Characteristically, the line method corresponds with Neuber’s 

stress averaging concept (Figure 2.7a), but in the point method, the fatigue effective notch 

stress is derived at a certain distance from the notch, i.e. at a critical distance atcd (as 

shown Figure 2.7c). The effective stress can be formulated as follows: 

 ( )
eff tcd

a =    (2.11) 

Compared to the ENS concept, standardized concepts for the theory of critical distances 

(TCD) have not been established for the fatigue strength assessment of welded joints. 

Despite this, in recent years, the TCD has been increasingly applied to evaluate the fatigue 

strength of welded components. The main concern is related to the characterization of the 

value of critical distance. A statistical evaluation of critical distances – i.e. minimization 

of the scatter in fatigue test data – has served as one approach to evaluating an appropriate 

critical distance for fatigue analysis purposes. Baumgartner et al. (2015, 2019) evaluated 

the critical distances of atcd = 0.14 mm (thin- and thick-walled specimens) and atcd = 0.6 

mm for welded steel joints in the AW and TIG-dressed conditions. The use of stress 

averaging and critical distance concepts have been justified by their capabilities for 

considering the stress gradients more comprehensively than fictitious radius concepts. To 

some extent, this is supported by the experimental findings, for instance, Karakaş et al. 

(2018) found a statistically lower scatter for the fatigue test data using stress averaging 

and critical distances concept compared to the fixed reference radii of rref = 1.0 mm and 

rref = 0.05 mm. In contrast to these findings, Möller et al. (2017) exemplified higher 

accuracy with the fictitious radius concept than with stress averaging concepts in butt 

welds. In addition, structural stress, determined at the 1 mm depth below a notch (Xiao 

& Yamada, 2004), can be regarded as a structural stress-level description of the TCD. 

Due to the lack of theoretical consistency, together with the volatile results regarding the 

scatter of test data, extensive and standardized applications of stress averaging and critical 

distances approaches have not been established, meaning that the ENS concept based on 

the fictitious radius has firmly become a standardized notch stress method. Although the 

notch effects are considered in the fatigue analysis covering notch geometry and, in some 

extent, the material behavior through the fatigue effective volume, they fall short of 

addressing the effect of residual stresses and applied stress ratio. Chapter 2.4 presents the 

concept of the 4R method, which is based on the ENS concept but also covers the mean 

stress correction affected by the residual stresses and applied stress ratio. 

 Loading type 

Conventionally, cyclic bending loads are assumed to lead to a higher fatigue strength than 

axial loads, and the implementation of bending fatigue tests is more difficult than axial 

tests (Kang et al., 2002). Consequently, the stress-fatigue life (S-N) curves of design codes 

and guidelines are principally derived from the experimental fatigue data tested under 

axial load conditions (Maddox, 2015). The higher fatigue strength of joints subjected to 
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cyclic bending loads is supported by crack propagation-based predictions; bending load 

produces lower stress intensity factors (SIFs) and, thus, lower crack propagation rate than 

axial load (Bowness & Lee, 1996). If initial cracks and flaws are present, fatigue life is 

predominantly comprised of crack propagation (CP) period, which makes fracture 

mechanics-based predictions justifiable. However, in weldments with moderate or even 

high welding quality, it is not valid to assume the presence of initial flaws, and total 

fatigue life is comprised of both crack initiation (CI) and CP periods. In such an example, 

notch stresses might have a significant influence on fatigue strength. Many researchers 

have also recognized the discrepancies between notch SCFs under axial and bending 

loading in fillet weld joint configurations (Anthes et al., 1993; Brennan et al., 2000; Dabiri 

et al., 2017; Oswald et al., 2019). 

Experimental bending effect studies have principally focused on crack propagation 

analyses and comparisons with design curves. Baik et al. (2009, 2011) found that bending 

fatigue tests complied with the design curves, and developed equations for SIFs in semi-

elliptical cracks under bending loading. Xiao et al. (2012) concluded that lower bounds 

can be extracted using a linear elastic fracture mechanics (LEFM) approach. One-class 

higher fatigue strength was also suggested for bending-loaded joints when applying stress 

at the 1 mm depth below weld toe. Ottersböck et al. (2015) performed axial and bending 

fatigue tests on thin-walled (t = 5 mm) fillet-welded non-load-carrying T (NLCT) joints. 

Contrary to prior implications, they found lower fatigue strength for bending-loaded 

joints than axially-loaded. 

Previous studies have not been comprehensively addressed the following aspects: 

• Comparisons between the fatigue strengths of axially- and bending-loaded joints 

are conducted using nominally applied loads. Due to the thermal cycles of 

welding, angular distortions are generally present. In the case of axial loads, the 

angular distortion induces macro-geometric bending stresses while in the case of 

bending loads, the angular distortion does not superpose any additional stresses. 

Consequently, by neglecting the bending stresses in axially loaded joints, severe 

misinterpretation about the higher fatigue strength of bending loaded joints can be 

conducted. In addition, S-N curves for the nominal stress approach include a 

certain degree of angular distortion and, thus, should be conservative for joints 

tested under bending loading. 

• Comparisons do not address the joint type. As described in Chapter 2.1, axial 

loading leads to a higher notch stress concentration than bending loading in 

symmetric structures (double-sided welded details), while bending loading 

produces a higher notch stress concentration than axial loading in asymmetric 

structures (single-sided welded details). Consequently, dissimilar results for 

bending effects can be derived for single- and double-sided welded details. 
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 Design codes and guidelines for fatigue strength assessments 

Starting from the latter half of the 20th century, great efforts have been made to investigate 

the fatigue behavior of welded joints. To guide engineering practice, research work has 

resulted in many fatigue design codes and guidelines. The generic design codes and 

guidelines in a pan-European context can be listed as: 

• Eurocode 3 (EC3): Design of steel structure – Part 1-9: Fatigue (EN 1993-1-9, 

2005); 

• Guide to fatigue design and assessment of steel products (BS7608:2014 

+A1:2015, 2015); 

• Recommendations for Fatigue Design of Welded Joint and Components by 

International Institute of Welding (IIW) (Hobbacher, 2016); 

followed by many steel application-specific standards and guidelines, such as: 

• Recommended practice for offshore structures by Det Norske Veritas-

Germanischer Lloyd (DNV-GL) (DNVGL-RP-C203, 2016); 

• European standard for fatigue design of cranes (EN 13001-3-1, 2018); 

• European standard for fatigue design of unfired pressure vessels (EN 13445-3, 

2018). 

Currently, the EC3 with its extension standard (EN 1993-1-12, 2007) and BS7608 cover 

HSS grades, with a yield strength of up to fy = 700 MPa. DNV-GL (2016) and the IIW 

Recommendations (Hobbacher, 2016) enable the use of UHSS grades, with a yield 

strength of less than 960 MPa. 

 Basic principles and existing methods 

The standards and guidelines listed above have some special features, e.g. regarding the 

survival probabilities and covered fatigue strength assessment approaches, although the 

basic principles are relatively similar. Most of them cover fatigue design using the stress- 

and fracture mechanics-based fatigue strength assessments based on characteristic (char) 

design parameters representative for a survival probability of Ps = 97.7%, i.e. mean minus 

two standard deviations (STDVs) (Radaj et al., 2006). The stress-based approaches 

comprise the nominal stress method as a global approach, the structural HS method, and 

the ENS concept with the reference radius of rref = 1.0 mm as local approaches. The basic 

equation of the stress-based approaches is: 
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where Δσi is the stress range corresponding to the applied method (i = nom, hs, ens), Nf is 

the fatigue life, ks is the thickness correction factor, γf is the partial safety factor for 

fatigue, FATi is the fatigue class corresponding to the fatigue strength at two million 

cycles – again referring to the applied method – and Cf is the fatigue capacity. 

Furthermore, the fatigue class can address other correction or improvement factors, e.g.  

due to the applied PWTs (see Chapter 2.3.3). Another, widely accepted method for 

assessing fatigue crack growth in welded joints is to apply linear elastic fracture 

mechanics (LEFM). SIF can be determined using analytical equations, weight functions 

or numerically with crack growth analyses. Crack propagation rate can be determined 

with, for example, a simple Paris’ equation: 

 ( )( )
d

d

ma
C K a

N
=  ,   (2.13) 

of which the fatigue life can be derived as follows: 
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where a is the crack depth, ai is the initial crack depth, af is the final crack depth, C is the 

crack propagation coefficient, ΔK(a) is the stress intensity factor range as a function of 

the crack depth, and m is the slope parameter of Paris’ law. One critical step in the LEFM 

analyses is the determination of the initial crack size (Hobbacher, 2011). In the case of a 

fatigue crack propagating from the weld root, the infusible weld root acts as an initial 

crack, and the crack propagation analysis can be carried out accordingly. Respectively, 

when assessing the crack propagation starting from the weld toe, the size of the potential 

initial crack must be critically evaluated. An initial crack depth of ai = 0.15 mm can be 

assumed if no further information is available. 

 Weld root fatigue strength assessment 

This content of this chapter differs from previously described topics, as the previous 

chapters mainly focus on the fatigue failures starting from weld toes. Depending on the 

load and joint configuration, weld root can be a fatigue-critical location of the joint. 

Typically, this refers to the joints prepared with fillet welds and lack of full penetration, 

and subjected to cyclic loads at the adjoined plate component, i.e. load-carrying (LC) 

fillet weld joints. Weld root fatigue strength capacity cannot be improved with PWTs and, 

consequently, usually limits the fatigue performance of fillet weld joints. Again, welded 

UHSS grades do not provide any benefit for weld root fatigue capacity compared to mild 

steels and, consequently, should also be considered as an important design criterion in the 

case of fillet-welded UHSS joints. 

Fatigue cracks can propagate insidiously from the weld root and cannot usually be 

monitored until the fatigue crack has propagated through the weld reinforcement or plate 
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components. The fatigue design against weld root failures in fillet-welded joints is mainly 

based on the weld sizing and/or proper groove preparation to decrease the infusible weld 

root acting as an initial crack. The existing stress-based concepts for the fatigue strength 

assessment of weld root failures are covered by the nominal stress and ENS concepts. 

Two alternative design proposals for assessing weld root fatigue strength using a 

structural HS approach have also been given by Fricke et al. (2006) for the weld leg 

section and Sørensen et al. (2006) for the weld throat section, but the proposed approaches 

have yet become official guidelines.  

The nominal stress approach is the most elementary method for assessing the weld root 

fatigue strength; nominal weld stress (NWS) range is calculated based on the weld throat 

thickness aw, or effective weld throat thickness aw,eff considering the weld penetration if 

it can be verified. In the case of axial membrane stress, the weld stress range Δσw,m can 

be formulated simply: 
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In this case, a characteristic design curve of FAT36 is suggested by the design codes. 

Under bending loads, similar concepts for assessing weld root fatigue strength in double-

sided fillet weld joints using the nominal stress approach have not been addressed in either 

the design codes and guidelines, or in prior investigations. Upon the date of this thesis 

being published (November 2020), the fatigue strength assessment procedure for 

bending-loaded double-sided fillet welds using the nominal stress approach is under 

discussion and development in the working group of the European Committee for 

Standardization, and the design guidelines are supposedly available in an upcoming 

version of the EN 1993-1-9 standard. It is noticeable that an increase in DOB predisposes 

the LC joints to weld toe failures (Jakubczak & Glinka, 1986) but understanding weld 

root fatigue behavior and analysis concepts under bending loads is still important. For 

partially and fully penetrated single-sided T joints subjected to bending loading, 

Sundermeyer et al. (2015) suggest that the linear elastic bending stress at the weld is 

derived at the throat section, with the results showing accordance with the FAT36 design 

curve. Using a similar concept, the NWS range under bending loading can be formulated, 

while the following NWS range is suggested for the fatigue analysis (P-III): 
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where ΔM is the bending moment range, I is the second moment of area, and w is the 

infusible weld root length. Figure 2.8 shows the NWSs for axial loading and the proposed 

model for bending loading. 
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Figure 2.8: (a) dimensions of a double-sided fillet-welded LC-joint, and NWSs in the case of (b) 

axial and (c) bending loading. p is the weld penetration depth and ΔF is the axial force range. 

 Consideration of influencing factors 

Chapter 2.2 addressed factors influencing the fatigue strength of welded joints. This 

chapter briefly describes the existing guidelines for addressing these effects in fatigue 

strength assessments. Principally, the presented concepts follow the recommendations 

provided by IIW, because these offer the latest and most novel methods for considering 

the influencing factors, and can be regarded as state of the art in the field. As described 

in Chapter 2.2, many of the influencing factors have a combined effect and, thus, one 

factor is considered in conjunction with another. 

Residual stresses, material strength and applied stress ratio 

According to the IIW Recommendations (Hobbacher, 2016), for moderate and low 

residual stresses, the applied stress ratio can be taken into account with the enhancement 

factor f to account for improved fatigue strength. In general, high tensile residual stresses 

are assumed as resulting in f = 1 (no enhancement). However, for stress-relieved 

weldments with low residual stresses, for enhancement factors of up to f = 1.6, and for 

thin-walled structural elements with short welds and moderate residual stresses, as key 

examples, a factor of f = 1.3 can be derived for fully reversed load conditions (as shown 

in Figure 2.9a).  

The fatigue strength improvements gained by the PWT methods are also addressed with 

the design guidelines (Haagensen & Maddox, 2013). When improving the weld toe 

geometry using grinding techniques or TIG dressing, fatigue class can be increased with 

a factor of 1.3, resulting in a two-fatigue class improvement. For the peening methods, an 

improvement factor of up to 1.5 is allowable, corresponding to a three-fatigue class 

improvement, depending on material strength and applied stress ratio. These 

improvement factors are usually applicable when applying the nominal and structural HS 

stress approaches in the fatigue strength assessments. Geometrical improvement in terms 

of a higher weld toe radius cannot be considered in fatigue assessments. A later guideline 

for the HFMI treatment by IIW (Marquis & Barsoum, 2016), extends the use of the ENS 

concept with rref = 1.0 mm for the HFMI-treated welded joints. In addition, the material 
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strength is addressed by providing higher fatigue class for steels with higher yield 

strength. Figure 2.9b describes the step-model for the HFMI-treated joints as a function 

of material strength for low stress ratios. For higher stress ratios, the improvement level 

diminishes.  

 
Figure 2.9: (a) Fatigue enhancement factor for joints with low, moderate, and high residual 

stress as a function of applied stress ratio (Hobbacher, 2016) and (b) fatigue class of HFMI-

treated joints according to the ENS concept at low stress ratios (Marquis & Barsoum, 2016). 

 

Bending effects 

Conventionally, the basis of the nominal and structural HS stress approaches has been to 

neglect the stress gradient effects of primary (nominal) and secondary (structural) stresses 

in the fatigue strength assessment. In other words, the fatigue strength assessment is 

carried out using the maximum nominal or structural stress acting at the plate surface or 

edge. This observation covers the EC3 standard (EN 1993-1-9, 2005) and IIW 

Recommendations (Hobbacher, 2016), although diverging expressions have also been 

given. For the structural stress approach, DNV-GL provides an effective HS stress range 

Δσhs,eff in which a 40% reduction for bending stress has been allowed: 
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Originally, the reduction is based on the findings of Kang et al. (2002). As guided by 

DNV-GL, the reduction is limited for special structural details and is not applicable to a 

general stress design. The reduction can be justified if a re-distribution of loads occurs 

together with a decrease in crack propagation rate, as the crack propagates at highly-

stressed areas under displacement-controlled behavior, exemplified with a hopper corner 

joint of beams (Lotsberg & Sigurdsson, 2006). Consequently, the assumption is made on 

the major role of crack propagation time in total fatigue life and fatigue design S-N curve. 

Another bending bonus factor included in the design standards is provided in the revision 

of the BS7608 (2015) standard, which is based on the research work undertaken by 
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Maddox (2015). Based on the experimental findings, and supported by the crack 

propagation analyses, the following empirical equation has been formulated: 
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where kb is the bending bonus factor, Lj is the joint width, and xg is the stress gradient 

exponent (xg = 1 for decreasing, and xg = -1 for increasing stress gradients). Assuming 

joint width to plate thickness ratio of Lj/t = 2, a bonus factor of up to kb = 1.65 can be 

derived for thin-walled joints, as illustrated in Figure 2.10. 

 
Figure 2.10: Bending bonus factor for decreasing stress gradients (xg = 1) for a joint with 

various plate thicknesses (Lj/t = 2.0). 

 4R method 

Chapter 2.2 presented the main factors that decisively influence the fatigue behavior of 

metallic materials, specifically focusing on welded joints. As discussed, many of the 

influencing factors are related to other factors, and it cannot be stated unambiguously how 

an individual parameter affects the fatigue strength without other parameters being 

known. Chapter 2.3.3 briefly addressed the state-of-art methods for considering these 

factors in the fatigue strength assessments according to design guidelines. 

Conventionally, different influencing factors are considered individually or in association 

with a second factor, such as the fatigue strength improvement gained by the HFMI 

treatment as a function of applied stress ratio or material strength or enhancement factor 

for low stress ratios under low or moderate residual stresses. Although such approaches 

may result in reasonable accuracy in fatigue strength predictions, they hinder a 

comprehensive understanding of the fatigue behavior of welded components and, for 

instance, show ambiguity when evaluating ‘moderate’ and ‘low’ residual stresses. 
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Nykänen and Björk (2015) extracted the fatigue test data of butt-welded details and 

evaluated the mean stress effect introduced by applied stress ratio and post-weld 

treatment. Subsequently, Nykänen and Björk (2016) conceptualized the applied method 

by implementing the Smith-Watson-Topper (SWT) mean stress correction (Smith et al., 

1970) in a novel way: the SWT correction is conducted for the applied stress ratio 

considering the local stress ratio Rlocal as acting at the notch root. The notch stress 

approach was initially entitled as the ‘3R method’ after the ‘R’ parameters considered in 

the analysis, i.e. applied stress ratio R, residual stress σres, and material ultimate tensile 

strength Rm. At that time, the reference radius of rref = 1.0 mm was used for both joints in 

the AW and HFMI-treated conditions following the existing design guidelines for the 

ENS concept. Within this thesis, and in related research works, it has been noticed that a 

single reference radius does not characterize the improved weld toe transition. This means 

that the TIG-dressing and grinding PWT methods, as key examples, necessitate 

methodology modifications. Consequently, the approach was further developed to 

consider the actual weld toe radius rtrue, so the method was renamed as the 4R method 

according to additional ‘rtrue’ parameter included in the model. This chapter presents the 

concept of the 4R method. 

The basis of the 4R method is to utilize the notch stress range Δσk using a radius of r = 

rtrue + 1 mm, according to Neuber’s fictitious notch radius concept. The actual weld toe 

radius can be chosen based on the geometry measurements, or, if the geometry 

measurements are not conducted or available, it can be characterized based on 

conservative assumptions, e.g. rtrue = 0 for joints in the AW condition. In the notch stress 

analysis, it is essential to consider the joint symmetry and load components following the 

concepts presented in Chapter 2.1. The linear elastic ENS range is converted to cyclic 

elastic-plastic behavior at the notch root. Amongst various material models, the 

Ramberg–Osgood (R-O) true stress-true strain material model is well-known and widely 

applied for metallic materials (Dowling, 2006): 
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In Equation (2.19), ε, εe and εp are the true, the elastic and plastic strain, respectively, σ is 

the true stress, E is Young’s modulus, and H is the strength coefficient and n is the strain 

hardening exponent, respectively. When the kinematic hardening rule is assumed, the 

cyclic material behavior can be described using the cyclic R-O equation, as follows: 
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In Equation (2.20), the symbols are similar to those presented in Equation (2.19) but Δ 

describes corresponding range values, and H′ and n′ represent the cyclic strength 

coefficient and strain hardening exponent, respectively. If the cyclic parameters are not 
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known exactly, H′ = H and n′ = n can be assumed. Moreover, at the intermediate life, i.e. 

fatigue life of more than 50 000 cycles and particularly with UHSS grades, reversed 

plasticity does not occur. Consequently, cyclic behavior can solely be described with the 

elastic range and the cyclic plastic strain coefficients do not play a major role. The cyclic 

behavior for different residual stress states, as well as external stress amplitudes and mean 

stresses can be simulated with the welding simulation followed by the mechanical 

analysis using a materially non-linear analysis, but usually requires a high amount of 

computational efforts due to element mesh requirements for notch stresses, particularly 

in the case of large components. A simplified method for converting from the linear stress 

range to elastic-plastic behavior is to employ Neuber’s notch theory, in association with 

the local residual stress σk,res occurring at the weld. The rule can be formulated for 

monotonic and cyclic loads as follows: 
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Local residual stresses can either be in compression or in tension depending on the 

location of the welded joint in the applications and potentially conducted PWTs. 

Furthermore, single tension or compression overloads might also significantly change the 

magnitude of compressive residual stresses (Leitner et al., 2017; Schubnell et al., 2020), 

while they can also be taken into account as modifying the residual stress in Equation 

(2.21). By setting equal Equations (2.19) and (2.21), and Equations (2.20) and (2.22), the 

maximum stress σmax , stress range Δσ and, subsequently, the minimum stress σmin can be 

determined based on the ENS range and applied stress ratio: 
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To take into account pre-stresses and self-weights, the applied stress ratio R can be 

replaced with an effective applied stress ratio Reff in Equation (2.23). For instance, in the 

fatigue testing of small-scale specimens, the effect of clamping-induced stresses and 

geometrical non-linearities can be considered. Equations (2.23) and (2.24) do not have 

closed-form but do have single-valued solutions, and the maximum stress and stress range 
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can be determined with numerical approximations, e.g. using the Newton–Raphson 

method or commercial numerical solvers with various approaches. From the local cyclic 

behavior, the local stress ratio Rlocal is determined based on the maximum and minimum 

stresses as follows: 
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Subsequently, the local stress ratio is implemented in the SWT correction, conventionally 

presented in the form σmaxεa = constant, where εa is the local strain amplitude. By 

reformulating the SWT equation, a mean stress-corrected reference notch stress range 

Δσk,ref is formulated as follows: 
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Figure 2.11 exemplifies the above-described concepts, and graphically presents the 

equations needed for analyzing the local stress ratio. The fatigue analysis can be 

summarized with the following steps (see sub-Figures 2.11a–d for a comparison): 

a) Joint conditions (AW or post-weld-treated) characterize the weld toe radius and 

residual stress state. The fatigue-effective notch SCFs are obtained using fictitious 

radius of r = rtrue + 1 mm, i.e. Kt(rtrue + 1 mm), though separately for membrane 

and bending stress components. 

b) Linear elastic notch stress history (σk) and corresponding notch stress range (Δσk) 

acting at the notch root are obtained using the externally applied nominal stresses 

(σnom,m and σnom,b) and notch SCFs. For simplicity, the membrane and bending 

stress are presented to act proportionally but they can also be nonproportional. If 

structural SCFs are present in the joint, i.e. σm ≠ σnom,m and σb ≠ σb,nom, the stress 

components should be calculated using Equations (2.6) and (2.7). The notch SCFs 

are determined considering rtrue in accordance with the applied PWT method. 

c) After welding, the magnitude of tensile residual stresses depends on the boundary 

conditions of plate components during the welding, together with welding 

sequence. High tensile residual stresses of up to σres = +fy can be assumed if the 

welding deformations and weld contractions are prevented. In the case of high 

tensile residual stresses, grinding or TIG dressing may decrease the magnitude of 

tensile residual stresses. Compressive residual stresses can be induced with HFMI 

treatment. During the cyclic loading, over- or underloads may change both tensile 

and compressive residual stresses. The residual stress value is moved to stress-

strain curve (Figure 2.11d) as a starting point of cyclic behavior, see also Equation 

(2.23). 
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d) The cyclic behavior is approximated via an analytical approach using the applied 

notch stress history and residual stresses. As a result, the local maximum and 

minimum of cyclic stress at the notch root is received, and, based on those values, 

the local stress ratio of Rlocal is determined. 

 
Figure 2.11: Schematic description of the determination of local stress ratio: (a) joint 

characteristics, (b) cyclic ENS, (c) residual stresses after fabrication processes and cyclic 

loading, (d) material behavior at the notch root. 
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 Materials and Methods 

Experimental studies, numerical analyses and literature studies are applied as research 

methods to investigate the topics covered in this thesis. Chapter 3.1 describes the 

experimental framework, i.e. fatigue tests and relevant measurements, conducted for 

UHSS weldments, and Chapter 3.2 presents the numerical FE models, principally applied 

for determining SCFs and SIFs for the notch stress and crack propagation analyses, 

respectively. Chapter 3.3 briefly describes the literature review on the existing fatigue test 

data, applied for supplementing the experimental work of this study. This chapter aims to 

present an overview of research methods, while more detailed descriptions of the 

materials and methods, specific to a certain topic covered by this thesis, can be found in 

the included publications. 

 Experiments 

 Materials 

S960MC and S1100QL structural UHSS grades were applied in this study as base 

materials. Both grades are manufactured using controlled direct-quenching (DQ) after 

thermomechanical rolling although the S960MC grade applied in this study does not 

undergo any tempering phase and can be regarded as a QC-type (quenched and cold-

formable) of UHSS grade, meeting the criteria of the EN 10149-2 (2013) standard. In the 

studied S1100QL UHSS grade, DQ is followed by a tempering phase, that is a QL-type 

(quenched and tempered) of UHSS grade (Kömi et al., 2016). S1100QL does not 

currently have an official European standard definition. 

In both base materials, Böhler Union X96 (G 89 5 M21 Mn4Ni2,5CrMo) solid wire with 

a diameter of 1 mm was used as filler material. X96 is nominally strength-undermatching 

filler material but prior studies have shown that it has higher ultimate tensile strength than 

the studied base materials in both butt joint and fillet-welded joint configurations (Amraei 

et al., 2019; Björk et al., 2018). Table 3.1 and Table 3.2 present the mechanical properties 

and chemical compositions of the studied base and filler materials, respectively. For the 

test specimens, the sheet metals were taken from multiple batches, and the ‘typical’ values 

presented in Table 3.1 represent average (avg) values calculated based on the material 

certificates supplied by the manufacturer. 

Table 3.1: Mechanical properties of the studied materials. 
ID type Proof strength 

Rp0.2 [MPa] 

Ultimate tensile 

strength Rm[MPa] 

Elongation 

A [%] 

Impact strength 

KV [J] (temp.) 

S960MC nominal 960 980-1250 7 27 (-40 °C) 

 typical 1040 1160 11 65 (-40 °C) 

S1100QL nominal 1100 1130-1350 10 27 (-40 °C) 

 typical 1150 1190 14 n/a 

X96 nominal 930 980 14 47 (-50 °C) 
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Table 3.2: Chemical compositions ([wt-%], maximum values) of the studied materials, showing 

the most important alloying components. 
ID type  C Si Mn P S Ala 

S960MC nominal  0.12 0.25 1.30 0.020 0.010 0.015 

S1100QL nominal  0.20 0.50 1.80 0.020 0.005 0.015 

   C Si Mn Cr Ni Mo 

X96b nominal  0.12 0.8 1.9 0.45 2.35 0.55 
aminimum value 
bundiluted filler material 

 Test specimens 

Small-scale laboratory test specimens were manufactured to experimentally obtain the 

fatigue strength of welded joints made of UHSS grades. Two types of fillet-welded 

transverse NLC attachment joints were manufactured: single-sided non-load-carrying 

transverse (NLCT) joints and double-sided transverse attachments joints, i.e. non-load-

carrying cruciform (NLCX) joints (as shown in Figure 3.1 and Figure 3.4). In addition, 

the effect of plate misalignment on the fatigue strength of NLCX joints was examined, 

introducing a different degree of plate misalignment e in NLCX joints (see Figure 3.4d). 

The weld root fatigue strength of double-sided fillet welds was examined using the load-

carrying cruciform (LCX) joints presented in Figure 3.2. Table 3.3 summarizes the details 

of fatigue test specimens and the related publications examined in this thesis. 

Table 3.3: Summary of fatigue test specimens. nts is the number of specimens. 
Base 

material 

Joint  

type 

Figure Load 

typea 

nts 

[-] 

Joint 

condition 

t 

[mm] 

R 

[-] 

Publication 

S960MC NLCT  3.1a A 2 AW 8 0.1 P-I 

  3.1a 4B 4 AW 8 0.1  

 NLCX 3.1b A 2 AW 8 0.1  

  3.1b 4B 4 AW 8 0.1  

 LCX 3.2a A 4 AW, HFMI 9 0.1 P-III 

  3.2b 4B 16 AW, HFMI 9 0.1  

S1100QL NLCT 3.4a A 14 AW, TIG, HFMI 8 0.1, 0.5 P-IV 

  3.4b 4B 10 AW 8 0.1, 0.5 n/ab 

 NLCX 3.4c A 12 AW, HFMI 8 0.1, 0.5 P-II, P-IV 

 NLCXc 3.4d A 8 AW 8 0.1 P-II 
aA = axial loading, 4B = four-point bending loading 
bNew, unpublished test results 
cJoints with a plate misalignment e (see Figure 3.3 and Figure 3.4d), e = 6 mm, e = 9 mm and e = 16 mm 
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Figure 3.1: Shape and dimensions (in mm) of S960 NLC transverse attachment specimens 

tested under axial and bending loads: (a) NLCT joints and (b) NLCX joints. 

 
Figure 3.2: Shape and dimensions (in mm) of S960 LCX specimens with double-sided fillet 

welds. Joints subjected to (a) axial loads and (b) bending loads. Weld throat thickness was 

varied between aw = 3–5 mm. 

 

Distinguishing fatigue strength was found for the NLCT and NLCX joints under axial 

loading (see Chapter 4.2) and, consequently, a set of NLCX specimens were 

manufactured, in which the transverse attachments are not aligned. The effect of plate 

misalignment e on the fatigue strength was experimentally observed. Three different 

degrees of misalignment were chosen for the study, based on a preliminary FE study on 

SCFs in a misaligned NLCX joint (t = 8 mm, aw =5 mm) in terms of structural and 

effective notch stresses – as presented in Figure 3.3.  

 
Figure 3.3: Results of a preliminary FE study conducted on the effect of plate misalignment, see 

also Figure 3.4d.  
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Figure 3.4: Shape and dimensions (in mm) of S1100QL specimens. NLCT joints subjected to (a) 

axial loads and (b) bending loads, (c) NLCX joints and (d) a detailed view of NLCX joints with 

plate misalignment. 

The plate components were laser cut from larger sheet metals and, subsequently, cleaned 

with 5–10% citric acid to remove any impurities from the plate surfaces (mill scales, rust, 

and grease). The weldments were prepared using a single-pass robotic GMAW and the 

shielding gas was an argon-carbon dioxide (Ar-CO2) mixed gas, i.e. Ar+8%CO2 or 

Ar+10%CO2. In all specimens, the welding position was horizontal-vertical (PB, the 

loaded plate orientated horizontally) producing rather sharp transition from the loaded 

base plate to the weld reinforcement. The welding sequence is presented in Figure 3.5 

and the weld run-on and run-off widenings were machined and ground to flush before 

fatigue testing. No welding deformations were prevented during welding. 

(c)                                                                  (d)

(a)                                                                  (b)
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Figure 3.5: (a) Welding sequence and directions of T and cruciform joints, and (b) welding 

preparation of test specimens. 

 Geometry and residual stress measurements 

Before fatigue testing, geometry measurements were carried out to obtain the angular 

distortions, weld profiles, flank angles, and weld toe radii in the test specimens. The 

geometry measurements were principally carried out using a two-dimensional (2D) 

coordinate measuring device with an inductive displacement transducer and a laser 

transducer to measure the longitudinal coordinates and specimen shape, respectively (see 

Figure 3.6a). These measurements were conducted at the centerline of the specimens in 

the longitudinal (loading) direction of the test specimens. In chronologically later studies, 

3D laser scanners were used for determining weld geometries: Hexagon Romer Absolute 

Arm for measuring x-y-z point clouds. 

In the selected specimens, the transverse welding residual stresses, parallel to the loading 

direction, were measured with the X-Ray diffraction (XRD) technique using the 

Stresstech X3000 G3 device with the 1 mm spot size of the collimator (see Figure 3.6b). 

A common approach within the test series was to measure the longitudinal residual stress 

distribution with a 1–2 mm step size in one specimen representative for a test series (joint 

type and condition), while, in the other test series specimens, residual stresses were 

measured at the weld toes. 

 

 

 

 

 
 

(a)                                                                                (b)

Machined and 

ground to flush
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Figure 3.6: (a) geometry measurement using a 2D coordinate measuring device, and (b) XRD 

residual stress measurement device.  

 Instrumentation and fatigue test setup 

The studied joints types were transversely welded LCX, NLCT, and NLCX joints. 

Consequently, the structural stresses are equal to nominally applied stresses, and 

potentially superposed with macro geometric bending stresses, resulting from the angular 

distortion and axial loading. Each specimen was instrumented with, at least, one strain 

gage at the distance of 0.4t from the weld toe to measure the strain variation during the 

cyclic loading. The grid sizes of the applied strain gages were 0.6 mm and 1.5 mm, in 

accordance with the IIW Recommendations (Hobbacher, 2016) – i.e. less than 0.2t. 

Furthermore, the strain gages also were utilized to account for the magnitude of clamping 

stresses, i.e. the strain gages were engaged before attaching specimens to the fatigue test 

rigs, and the clamping-induced strains were recorded. 

Carried out using servo-hydraulic fatigue testing machines with a constant amplitude 

loading, the fatigue tests were performed using load-controlled cyclic loading, with the 

total rupture of the specimens taken as the failure criterion of the test specimens. In the 

axial tests, fatigue test machines with maximum axial force capacities of 400 kN, 750 kN, 

and 1200 kN were applied. In the bending tests, load rigs with a lower force capacity, i.e. 

maximum force capacities of 100 kN and 150 kN, were used. The fatigue tests were also 

carried out with a four point-bending test setup, producing a constant moment and zero 

shear stress area between the inner press rolls. Figure 3.7 exemplifies the fatigue test 

setups for the axial and bending tests. 

(a)                                                                                      (b)
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Figure 3.7: Fatigue test setups used in the (a) axial tests, and bending tests of (b) LCX joints and 

(c) NLCT joints.  

 Numerical finite element analyses 

The FE analyses had two principal objectives. Firstly, structural and notch SCFs applied 

for analyzing the experimental fatigue test results in terms of structural HS stress, and 

notch stress-based approaches, such as the ENS concept and 4R method. Secondly, the 

FE models were employed to compare the computational fatigue strength with 

experimental results. Computational fatigue lives were also obtained using LEFM, and 

crack growth models were employed in these analyses to obtain SIFs. 

The FE analyses were also utilized to evaluate the effect of geometrical parameters on the 

SCFs and SIFs and, subsequently, on the fatigue strength of welded joints. Such 

parametric FE studies were carried out to obtain the effect of misalignment degree on the 

SCFs of NLCX joints (see Figure 3.3 and Figure 3.4d), and to obtain the effect of weld 

penetration on the weld root fatigue strength of LC joints (see P-III).  

 

 Specimen

 Applied axial force

 Fixed support

 Inner press roll

 Outer press roll

 Force transducer
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 Structural and notch stress analysis 

The FE models were prepared according to the joint type. In the case of transverse 

weldments, continuous uniform stress along the weld can be assumed when cyclic loading 

is perpendicular to the weld and weld shape and dimensions do not vary along the weld. 

Therefore, 2D plane strain element models were employed in these cases. In P-V, ground 

fillet welds with various joint types (NLCT, NLCX, LCX and LG joints) were examined, 

with the weld toe radii equal up to 10 mm being found, which hinders the plane strain 

condition at the weld toe due to the low stress concentration. In the study of ground joints, 

3D hexahedral element models were applied. In addition, 3D element models were used 

when investigating the stress components in the LG joints (see Figure 2.1. in Chapter 2.1). 

Symmetry constraints were applied where applicable, and linear material model, with E 

= 210 GPa and Poisson’s ratio of v = 0.3, was used. 

The geometries of the FE models were prepared according to the measured geometries 

and polished sections, from which the weld penetration was obtained. However, the 

angular distortions were not modeled. Instead, the FE models were analyzed using 1 MPa 

membrane and bending stress seed loads, with the resulting stress values, therefore, 

corresponding directly to SCFs. Notch stresses superposed from the membrane and 

bending stresses were calculated on the basis of notch SCFs in accordance with Equations 

(2.6)–(2.8). 

Three different evaluation methods were used for determining the structural HS stresses, 

and the FE models were prepared in accordance with the applied method (Niemi et al., 

2018): 

• Linear surface extrapolation (LSE)  

• Through thickness at the weld toe (TTWT) method 

• Structural stress at the 1 mm depth 

The notch stress analyses were carried out using the fictitious radius at the weld toe after 

the ENS concept with rref = 1.0 mm, and the 4R method with r = rtrue + 1 mm. To 

accurately determine the notch stresses, the element side length of r/20 was used as a 

basis of the mesh size, corresponding to 125 elements over a 360° arc, as per the mesh 

convergence study for notch stresses by Baumgartner and Bruder (2013a). The notch 

stresses were determined at the notch root using maximum principal stress criterion. 

Figure 3.8 presents the typical meshes applied in the FE analyses. 
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Figure 3.8: 2D FE models used to obtain (a) structural SCFs and (b) notch SCFs. 

 Crack growth analyses 

Crack growth simulations were carried out to obtain SIFs for predicting fatigue strength 

using LEFM. The main interest of LEFM analyses was to assess the fatigue strength of 

LC joints because the infusible weld root acts as an initial crack. Comparisons with LEFM 

and stress-based analyses, however, were conducted for fatigue failures starting from 

weld toe, i.e. in the case of NLC joints. As transverse continuous weldments were studied, 

2D plane strain models were employed in the analyses once again. This assumption 

regards planar cracks as having a crack depth to crack width ratio of a/c ≈ 0. 

Crack growth simulations were carried out using Franc2D software distributed by Cornell 

University (Cornell Fracture Group, 2020). Crack growth paths were computed using 

maximum tangential stress criterion, and SIFs (modes I and II) were obtained using the 

J-integral approach embedded in the Franc2D software. In the case of crack growth 

starting from the weld root, the weld penetration was taken into account in the geometry 

of FE models (as demonstrated in Figure 3.9). In the case of weld toe failures, a crack 

depth of a = 0.025 mm was inserted radially to the model at the maximum stress location, 

which was propagated to ai = 0.15 mm as applied in the LEFM analyses (as shown in 

Figure 3.10). 

r = rtrue + 1 mm
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Figure 3.9. The Franc2D crack growth model of an LC joint: (a) load and boundary conditions, 

and (b) crack paths under axial and bending loads. 

 

 
Figure 3.10. The Franc2D crack growth model of a misaligned NLCX joint: (a) load and 

boundary conditions (b) weld toe FE mesh, (c) inserted crack depth of a = 0.025 mm and (d) 

propagated crack at the crack depth of a = 1.5 mm. 
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 Literature review on fatigue test data 

The third research method, closely related to the experimental methods, was to conduct 

literature reviews on the fatigue test data of existing studies to supplement the fatigue test 

data-sets and to experimentally further-verify the proposed concepts for the fatigue 

strength assessments. In this thesis, literature reviews were carried out on experimental 

studies concerning fatigue strength of fillet-welded LC joints under bending loads and 

fatigue strength of ground fillet weld joints. The fatigue test data of fillet-welded LC joints 

under bending loading was used to experimentally verify the proposed analytical model 

for assessing the weld root fatigue strength, together with the experiments on UHSS grade 

conducted within this thesis. In both studies, the scope was extended to cover mild steels 

and HSSs, as opposed to UHSS grades only due to the lack of fatigue test data on welded 

UHSS grades. 

Literature reviews and extracted data sets were limited to those studies in which the 

geometry details of specimens were comprehensively described. In the case of LC joints, 

the degree of weld penetration and weld throat thickness should have been available to 

compute NWS and ENS for geometry. In the ground joints, attention was paid to the 

reported weld toe radii as they were used as a basis for the FE models. 
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 Results 

 Measurements 

 Residual stresses 

Typical residual stress distributions for an S960MC LC joint in the AW and HFMI-treated 

conditions are demonstrated in Figure 4.1. Figure 4.2 summarizes the results of residual 

stress measurements at the weld toes, conducted for S960MC and S1100QL NLCT and 

NLCX specimens in the AW and post-weld-treated conditions. It should be noted that all 

experiments were conducted for small-scale specimens and negligible low tensile, while 

even compressive residual stresses were measured at the weld toes for joints in the AW 

condition. The compressive residual stresses at the plate components (far away from the 

weld toe) is a result from the manufacturing process of these UHSS grades. 

 
Figure 4.1: Transverse residual stress distributions (parallel to the loading direction) in the 

S960MC LC joints in the AW and HFMI-treated condition. 

 

 
Figure 4.2: Summary of residual stress measurements at the weld toe positions in NLCT and 

NLCX joints in the AW, HFMI-treated and TIG-dressed conditions. 
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 Specimen and weld geometries 

From the geometry measurements, the actual weld toe radius, weld flank angle θ, and 

weld throat thickness were determined. Strain gage measurements were utilized in the 

determination of bending stresses induced by the angular distortions, that particularly 

occur in the single-sided NLCT joints due to their asymmetric heat input. The magnitude 

of bending stresses is denoted with the stress magnification factor km = (σm + σb)/σm. Table 

4.1 presents a summary of the geometry measurements (average and STDV) together with 

stress magnification factor ranges. Figure 4.3 presents macro graphs of the S1100QL 

NLCT joints in the AW, HFMI-treated, and TIG-dressed condition, from which the weld 

penetration and effective throat thickness were obtained.  

Table 4.1. Results of geometry and strain gage measurements. 

Material 

Joint 

type 

Joint 

condition 
Average  STDV  

km 

[-] rtrue 

[mm] 

θ 

[°] 

aw 

[mm] 
 

rtrue 

[mm] 

θ 

[°] 

aw 

[mm] 
 

S960MC NLCT AW 0.30 43 5.1  0.07 1.1 0.12  1.26–1.35 

 NLCX AW 0.29 43 5.2  0.07 1.5 0.17  1.00–1.01 

S1100QL NLCT AW 0.35 36 4.5  0.22 1.2 0.16  1.14–1.19 
 NLCT HFMI 2.3 37 4.5  0.49 1.7 0.09  1.07–1.12 

 NLCT TIG 6.4 37 4.5  1.8 1.5 0.11  1.17–1.41 
 NLCX AW 0.30 44 5.2  0.11 1.9 0.18  1.00–1.06 
 NLCX HFMI 2.3 43 5.2  0.21 2.3 0.23  1.01–1.09 

 

 
Figure 4.3: Macro graphs of NLCT joints in the (a) AW, (b) HFMI-treated, and (c) TIG-dressed 

conditions. 

 Fatigue strength of non-load-carrying joints 

 Notch stress concentration factors 

Notch stress concentrations were determined for NLCT and NLCX joints using FEA. A 

fictitious radius concept was applied using the reference radius of rref = 1.0 mm, as per 

the ENS concept and considering actual weld toe radius, i.e. r = rrtue + 1 mm. Figure 4.4 

presents the results of notch stress analyses in accordance with the geometrical details 

presented in Table 4.1. 
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Figure 4.4: Notch SCFs for NLCT and NLCX joints under axial and bending loading. 

 Axial and bending fatigue behavior 

Figure 4.5 and Figure 4.6 present the fatigue test results of S960 NLCT and NLCX joints 

subjected to axial and bending loading, respectively. Table 4.2 presents the mean fatigue 

strengths and slope parameters of the S-N curves. The results are plotted in terms of 

nominal stresses, structural HS stresses (considering the macro-geometric bending 

stresses), and ENSs. It is noticeable that, in the case of bending loading, nominal bending 

stress is equal to HS stress because angular distortion does not cause any additional stress 

at the joints. 

 
Figure 4.5: The fatigue test results of NLCT and NLCX S960MC specimens in the AW 

condition under axial loading: (a) nominal stress, (b) HS stress and (c) ENS. See Table 4.2 for 

further details regarding the S-N curves. 
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Figure 4.6: The fatigue test results of NLCT and NLCX S960MC specimens in the AW 

condition under bending loading: (a) nominal stress, and (b) ENS. See Table 4.2 for further 

details regarding the S-N curves. 

 

Table 4.2: Mean (Ps = 50%) fatigue strengths [MPa] of S960MC specimens in the AW 

condition and tested under R = 0.1 using different stress criteria. 
Approach Nominal stress  HS stress  ENS 

Joint 

type 

Load 

type 

FAT 

(m = 3) FAT m  

FAT 

(m = 3) FAT m  

FAT 

(m = 3) FAT m 

NLCT Axial 115 
147 4.18 

 150 207 5.07  286 
383 4.83 

NLCX Axial 111  111 156 4.51  259 

NLCT Bending – – –  183 230 4.98  373 474 4.98 

NLCX Bending – – –  163 204 4.40  292 366 4.40 

 

In the second set of fatigue tests, NLCT joints made of S1100QL grade were tested under 

axial and bending loads. Figure 4.7 presents the results of these tests. The experimental 

program also concerned NLC joints post-weld-treated with HFMI treatment and TIG 

dressing. Figure 4.8 summarizes the fatigue test results of these experiments. 

 
Figure 4.7: Fatigue test results of NLCT S1100QL specimens in the AW condition under axial 

and bending loading. 
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Figure 4.8: Summary of fatigue test results of axially tested NLCT and NLCX specimens in the 

AW and post-weld-treated conditions: (a) nominal stress, (b) structural HS stress, (c) ENS.  

 Misaligned transverse non-load-carrying attachments 

A discrepancy was found in the fatigue strength of fillet-welded NLCT and NLCX joints, 

which raises a question about the fatigue behavior of misaligned NLCX joints, i.e. NLCX 

joints in which transverse attachments are not perfectly aligned. Consequently, a set of 

test specimens were prepared to investigate the effect of plate misalignment on the fatigue 

strength of NLCX joints. This study was limited to observe axially loaded misaligned 

NLCX joints with symmetrical fillet welds. Three different degrees of plate misalignment 

were chosen for fatigue testing, based on the numerical FE study on the effect of plate 

misalignment. Figure 4.9 demonstrates the applied misalignments and corresponding 

fatigue failures in NLCX joints. 

 
Figure 4.9: NLCX joints with different degrees of misalignments and fatigue failures: (a) e = 0, 

(b) e = 6 mm, (c) e = 9 mm and (d) e = 16 mm. The white arrows show locations of fatigue 

crack initiation. 
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stress, was not employed as it is not applicable in the case of a misaligned NLCX joint. 

Notch SCFs were determined in accordance with the ENS concept using rref = 1.0 mm at 

the weld toe. Figure 4.10 presents S-N data plots in comparison with design curves using 

different stress criteria, and Table 4.3 presents the fatigue strengths obtained for the 

different specimen configurations. 

 
Figure 4.10: Fatigue test results of the misaligned NLCX joints. 

 

Table 4.3: Mean fatigue strength for different misalignments and stress criteria. The slope 

parameters of S-N curves (m) were determined for all joints and fatigue strengths for the 

different degrees of misalignment using the obtained slope parameter.  
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  Approach m e [mm] 0 6 9 16 
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 Weld root fatigue strength of load-carrying fillet weld joints 

 Experimental results 

The main focus of this thesis, as far as the fillet-welded LC joints made of UHSS are 

concerned, was to investigate fatigue behavior under out-of-plane bending and so 

establish an analytical approach to calculating NWSs for fatigue strength assessments. 

Consequently, the bending tests were in the main focus of the experiments, but axial tests 

were performed for comparison. In each specimen failing from the weld root, 

macrographs were taken from the failed specimens to obtain the throat thicknesses 

(nominal and effective) and infusible weld root length for stress analysis. Figure 4.12 

demonstrates weld root crack paths in the axially and bending-loaded LC joints. NWSs 

were calculated in accordance with Chapter 2.3.2 using effective throat thickness. 

Furthermore, ENSs were obtained using rref = 1.0 mm by means of FE analysis. Figure 

4.11 presents the fatigue test results in S-N plots using NWSs and ENSs for both axial 

and bending tests. 

 
Figure 4.11: Fatigue test results and S-N curves of S960 LCX joints for (a) the nominal stress 

(NWS) approach and (b) the ENS concept. 
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Figure 4.12: Experimentally (left) and numerically (right) obtained fatigue crack paths under (a) 

axial and (b) bending loading. 

To further-verify the applicability of the proposed procedure for calculating NWSs in the 

bending-loaded LC joints with fillet welds, fatigue test results were extracted from the 

existing experimental studies. Bending fatigue tests have not been widely applied for 

investigating the fatigue behavior of fillet-welded LC joints but a few test series were 

found. Mori et al. (2009; 2010) studied the fatigue strength of GMA-welded LC fillet 

weld joints made of mild low-carbon structural steel (KA32, fy = 362 MPa) under four-

point bending and axial loading, and Ghafoori-Ahangar and Verreman (2019) studied two 

multi-pass TIG-welded stainless steel grades (AISI 415, Rp0.2 = 754 MPa; E316L, Rp0.2 = 

395 MPa) under three-point bending. In these studies, the focus was on experimental work 

and fracture mechanics-based assessments, with analytical approaches not being 

proposed. Figure 4.13 presents the findings of a re-analysis conducted for these results. 

 
Figure 4.13: The findings of the re-analysis of fatigue test results with (a) the nominal stress 

(NWS) approach and (b) the ENS concept in comparison with the design curves. 
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 Weld penetration effects on fatigue performance 

Chapter 4.3.1 presented the fatigue test results by applying NWSs in association with the 

nominal stress approach. For the axially-loaded joints, NWSs were determined based on 

the acting force and cross-sectional area while, for bending loaded joints, linear stress 

distribution over the LC weld section was assumed. In both load cases, the effective weld 

throat thickness considering weld penetration was used as a basis for computing NWSs – 

see also Figure 2.8, together with Equations (2.15) and (2.16) in Chapter 2.3.2. The results 

showed good correspondence between joints fatigue-tested under axial and bending 

loads, as well as complying with the FAT36 design curve for NWSs. Nevertheless, to 

address the effects of weld penetration and chosen ligament size on the weld root fatigue 

strength capacity, crack growth simulations and LEFM analyses were carried using 

varying degrees of penetration. 

A symmetric LC joint with double-sided 45-degree (isosceles) fillet welds without weld 

penetration was chosen as a basis for the observation. Weld throat thickness to plate 

thickness ratios (aw/t) of 0.33, 0.50, and 0.66 were analyzed. The weld penetration p was 

increased from p/t = 0 (no penetration) to p/t = 0.2, then its beneficial effect on the fatigue 

strength was evaluated. In this context, NWSs were analyzed using ligament sizes of 

effective throat thickness (aw,eff) and external throat thickness summed with weld 

penetration (a + p). The improvement gained by penetration was evaluated by a relative 

improvement compared to an LC joint without penetration (k = FATpenetrated/FATfillet weld). 

Similarly, the improvement is estimated based on the increase of ligament sizes (aw,eff and 

aw + p). Figure 4.14 and Figure 4.15 present the results of the analyses for LC joints 

subjected to axial and bending loads, respectively. In axially-loaded LC joints, the weld 

penetration enhancing the fatigue strength seemingly correlates with the NWS calculated 

based on the ligament size of aw + p, whereas the ligament size of aw,eff follows the results 

obtained by LEFM analyses in bending-loaded joints.  

 
Figure 4.14: Fatigue strength improvement gained by weld penetration in axially loaded LC 

joints: (a) aw/t = 0.33, (b) aw/t = 0.50, and (c) aw/t = 0.66. 
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Figure 4.15: Fatigue strength improvement gained by weld penetration in bending loaded LC 

joints: (a) aw/t = 0.33, (b) aw/t = 0.50, and (c) aw/t = 0.66. 

 Fatigue strength assessments using 4R method 

 Welded ultra-high-strength steel joints 

This chapter presents the results of the 4R analysis conducted for fillet-welded UHSS 

joints tested in the AW, HFMI-treated and TIG-dressed conditions. In these assessments, 

the residual stress, geometry, and strain gage measurements were of paramount 

importance, accounting for the local stress ratio in association with the effective notch 

stresses. Residual stresses were chosen according to conservative assumptions, i.e. a 

maximum value in the test series (joint type and condition), as well as the average weld 

toe radii were chosen for the analysis, see Figure 4.1 and Table 4.1. Figure 4.16 presents 

the results of 4R fatigue strength assessments for fillet-welded UHSS joints. 

 
Figure 4.16: Fatigue test results of UHSS fillet weld joints. 
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Figure 4.17 presents a comparison between the design curves of the ENS concept and the 

4R method for the fatigue strength assessment of welded joints in the AW and HFMI-

treated condition as a function of material yield/proof strength. The 4R method provides 

an S-N curve in terms of the reference notch stress range (Nf, Δσk,ref), which does not have 

a direct correspondence with the conventional ENS curves because the reference ENS 

represents fictional mean stress-corrected stress. Nevertheless, a continuous S-N curve of 

the 4R method (Nf, Δσk), can be formulated using the following equation: 

 
 

,

1 , , ,
m

local k res mf

f fm
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R R RC
N C

 
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 

   (5.1) 

By setting Nf = 2∙106 in Equation (5.1), Δσk can be determined numerically and compared 

with the design curves for a given condition (R, σres, Rm). For the comparisons, the 

material yield strength to ultimate tensile strength ratios were estimated following the 

upper bound of the structural integrity assessment procedure by Webster and Bannister 

(2000), and residual stresses for the HFMI treatments were approximated using two 

values; σres = -0.255Rm (Nykänen & Björk, 2016) and higher compressive residual 

stresses, i.e. σres = -0.5Rm to visualize the residual stress effects on fatigue strength 

estimation after the 4R method. 

 
Figure 4.17: Comparison between the 4R method and the design curves of the ENS concept (rref 

= 1.0 mm) by the IIW Recommendations (Marquis & Barsoum, 2016) at R = 0.1. 
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assessments conducted for fillet-welded joints post-weld-treated with grinding using the 

4R method. In addition, the study considers joints in which the grinding treatment was 

followed by peening to induce compressive residual stresses at the notch root.  

For this analysis, fatigue test data was extracted from existing studies. The extracted data 

consisted of fillet-welded NLC, LC and LG joints, post-weld treated with weld toe 

grinding, weld profiling (entire weld reinforcement profiled with grinding), and combined 

grinding and peening. Joints in the AW condition were also included in the 4R analysis 

to compare the assessment accuracy. In total, 607 data points were extracted. From these 

studies, S-N data points together with the geometrical details, including joint geometry, 

weld size and profile, and weld toe radius were determined. FE analyses were carried out 

to obtain notch SCFs to convert the nominal stresses to the fatigue-effective notch stress 

system, considering the radius of ground weld toe (r = rtrue + 1 mm). For joints in the AW 

condition, rtrue = 0 was conservatively assumed if no further information was provided. 

The angular distortions and/or stress magnification factors were not reported in all 

studies, and a stress magnification factor of km = 1.25 was assumed in those joints to 

account for the macro geometric bending stresses, as per the IIW Recommendations 

(Hobbacher, 2016). 

Some of the extracted studies covered experimental work on residual stresses before and 

after the grinding treatment. In transversely welded joints, it was found that welding 

residual stresses, transverse to weld and parallel to the loading direction, were negligible 

small (near zero) in both AW and ground condition (Baptista et al., 2008; Braun, Hensel, 

et al., 2020; Gao et al., 2015), similar to the results found in this study for NLCT, NLCX 

and LCX joints in the AW condition and made of UHSS grades. Such results are 

fundamentally related to the characteristics of small-scale specimens. 

In small-scale specimens of LG joints, the longitudinal weld cannot contract freely at the 

cooling phase due to the stiffness of plate components, while significantly higher residual 

stresses can be present. The experiments have demonstrated tensile residual stresses 

nearly equal to the yield strength of the material, and weld toe grinding in LG joints causes 

residual stress reduction (Huther et al., 2006; Miki & Tai, 2013). Based on these findings, 

conservative assumptions of residual stresses were made, as presented in Table 4.4. 

Table 4.4: Residual stress approximations on fillet welded joints in the AW, ground and ground 

and peened condition. 
Joint type Joint condition σres 

Joints with transverse welds AW 0 

 Ground 0 

 Ground and peened -0.5Rm 

LG joints AW +fy 

 Ground  +0.5fy 

 Ground and peened -0.5Rm 
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Figure 4.18 presents the fatigue strength assessment results obtained using the 4R method 

in terms of data plots and statistically determined S-N curves. In the statistical analyses, 

both the minimization of the sum of squared perpendicular distances (MSSPD) approach 

and standard method (Δσ is a known variable and Nf is an unknown variable) were used 

to obtain S-N curves. Furthermore, to enable a comparison between the fatigue strength 

assessments of joints in the AW, toe ground (TG), weld profiled (WP) and ground and 

peened (G&P) condition, the mean fatigue strengths were obtained for each joint 

condition category. Table 4.5 presents the results of statistical analyses. 

 
Figure 4.18: The fatigue test data and S-N curves of fillet weld joints in the AW, TG, WP, and 

G&P conditions using the 4R method. Tσ is the scatter range (corresponding to Ps = 90% and 

10%). 

 

Table 4.5: Results of statistical analyses.  

Statistical 

approach 

 All specimens  FATmean,i [MPa]  

 m 

[-] 

FATmean 

[MPa] 

FATchar 

[MPa] 

Tσ 

[-] 

 (ratio FATmean,i/FATmean) 

  AW TG WP G&P 

Standard  3.55 345 243 1:1.57  345 

(1.00) 

344 

(1.00) 

325 

(0.94) 

395 

(1.15) 

MSSPD  4.86 388 288 1:1.46  393 

(1.01) 
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(1.00) 

366 

(0.94) 

418 

(1.08) 

 

The results indicate that the 4R method accounts for the fatigue strength improvement 

gained by geometrical and residual stress improvement, and approximately similar 

fatigue strength was found for all categories. Figure 4.19 provides a closer insight on the 

4R results in respect of the data series in which joints in the AW, TG and/or WP, and 

G&P conditions were fatigue-tested. 
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Figure 4.19: A comparison of 4R fatigue strength assessments in joints in the AW, ground, and 

ground and peened conditions: Data points of (a) Gao et al. (2015), (b) Haagensen (1993), (c) 

Gurney (1968), and (d) Miki and Tai (2013). The S-N curves correspond to the ones presented 

in Figure 4.18 and Table 4.5. 

 Sensitivity analysis 

The 4R method considers the weld toe radius, residual stress, applied stress ratio and 

material strength in fatigue strength assessments. An increase in the number of parameters 

included in the analyses expectedly increase the accuracy of prediction. However, 

uncertainties related to the determination of the parameters can affect the accuracy of the 

fatigue strength assessments conducted using the 4R method. Figure 4.17 exemplified 

material strength effects using different residual stress assumptions. To comprehensively 

address the effect of a change in the 4R parameters on the reference ENS in a UHSS fillet 

weld joint, a sensitivity analysis was conducted. Furthermore, this analysis enables a 

consideration of the importance of an individual parameter in fatigue strength 

assessments at different joint and load conditions. 

In the sensitivity analysis, a simple ‘one variable at a time’ approach was employed, and 

each parameter was varied with respect to the values of baseline scenarios. The effect of 

parameter change on the reference ENS was obtained, which was then compared to the 

corresponding value in a baseline scenario. To obtain the sensitivity of the parameters in 

different joint conditions, various cases were chosen for observation. Residual stress and 

applied stress ratio were altered in the baseline scenarios, resulting in nine different 

combinations. Table 4.6 presents the baseline scenarios and chosen ranges of variation in 
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each parameter. For simplicity, material strength was chosen to be a UHSS grade with 

Rp0.2 = 1100 MPa and A = 10%, while ultimate tensile strength was estimated based on 

the yield strength to ultimate tensile strength ratio, as per Webster and Bannister (2000). 

The chosen joint type was NLCT and the notch SCF for membrane loading was estimated 

following the analytical equation formulated by Ushikorawa (Iida & Uemura, 1996). The 

results of the sensitivity analyses are shown in Figure 4.20. 

Table 4.6: Parameters in baseline scenarios and variation ranges in 4R parameters. 
4R parameter rtrue 

[mm] 

Rp0.2 

[MPa] 

σres 

[MPa] 

R 

[-] 

Baseline scenarios 0.5 1100 800; 0; -300 0.5; 0; -1 

Variation ranges ±0.5 ±100 ±100 ±0.2 

 

 
Figure 4.20: Results of the sensitivity analyses.
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 Discussion 

This chapter analyzes the results and discusses about the implications and significance of 

the findings. Chapters 5.1–5.3 focuses specifically on certain topics of the thesis 

answering the research questions of the study, and Chapter 5.4 summarizes the topics of 

the thesis by compiling the findings. 

 Non-load-carrying joints under axial and bending loading 

To summarize the numerical studies on SCFs, it is definite that axial loading and 

membrane stress induces higher notch SCF in symmetric joints – in double-sided details, 

than in asymmetric joints – in single-sided details. In contrast, bending stress cause higher 

notch factors in asymmetric joints than in symmetric joints, as demonstrated in Figure 

4.4. When observing different joint types, notch SCFs are higher for bending stresses in 

asymmetric joints, whereas notch SCFs are higher for axial stresses in symmetric 

structures. It is of great importance, therefore, to consider the joint and load type when 

evaluating notch stress for a fatigue analysis. This applies to stress analyses, for example, 

in which a cross-sectional (plane strain) model is applied for computing notch stress based 

on the structural stresses determined from a global model. Stress components in joints 

should be distinguished and applied as load conditions in the cross-sectional model. 

The fatigue test results also indicate that, under axial loading, higher fatigue strength can 

be claimed for NLCT joints than NLCX joints. It is noticeable that angular distortions 

should be considered in this observation – see Figure 4.5. For NLCX joints, negligibly 

small stress magnification factors of km = 1.0–1.06 were determined (Table 4.1), while 

for NLCT joints in the AW condition km = 1.14–1.35 were obtained. In the ENS criterion, 

the data points lie in a single S-N curve.  

Some inconsistencies were found in the bending fatigue tests. In NLCX joints, expectedly 

higher fatigue strength was found under bending loading. In NLCT joints, due to the 

higher notch SCFs, a lower fatigue strength could be expected. Nonetheless, a higher 

fatigue strength was found in S960 NLCT specimens. Crack propagation periods were 

significantly higher than numerically obtained periods in those joints, and, possibly for 

that reason, higher fatigue strength was obtained – see Figure 4.6. However, it is worth 

mentioning that the number of test specimens in these series was low, and further tests 

should be carried out to verify these findings. In the second set of specimens, S1100QL 

specimens were fatigue tested under bending loading with applied stress ratios of R = 0.1 

and R = 0.5. When taking angular distortions into account in axially-loaded specimens, 

lower fatigue strength was obtained for bending-loaded joints than for axially-loaded 

joints at both stress ratios – see Figure 4.7. 

An increase in applied stress ratio decreased the fatigue strength of NLC joints and also 

in the joints in the AW condition. Negligibly small residual stresses were measured in the 

tested small-scale specimens and consequently, the fatigue strength was affected by the 

applied stress ratio. It is also worth noting that the R = 0.5 results did not exceed the 
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design curves indicating that they might lead to unconservative assessments in UHSS 

joints. The R = 0.1 results complied with the design curves, although it should be noted 

the design curves are determined for the applied stress ratio of R = 0.5 

This study also addressed the PWT methods – namely HFMI treatment and TIG dressing 

– to enhance the fatigue strength of fillet-welded UHSS joints. Distinct improvements in 

fatigue strengths were found – see Figure 4.8. The present findings agree with current 

design recommendations for PWTs, although the use of the nominal and structural HS 

stress approaches might lead to conservative fatigue assessments. In contrast, this study 

was unable to demonstrate that no improvement is gained by the HFMI treatment at high 

stress ratios, as guidelines have recommended (Marquis & Barsoum, 2016). Expectedly, 

this can be reasoned by the geometrical improvement resulting from HFMI treatment, but 

might show material-dependency and would need further verification.  

A discrepancy was found between the fatigue strength of NLCT and NLCX joints, i.e. 

higher fatigue strength was obtained for the NLCT joints than NLCX joints when using 

the nominal or structural HS stress approaches, which was due to the higher notch SCF 

in NLCX joints. Therefore, a series of misaligned NLCX specimens were manufactured 

and fatigue-tested. The fatigue strength was evaluated using nominal stresses, while 

structural stresses determined using the LSE method and structural stress at the 1 mm 

below depth. In addition, the ENS concept was employed. The results indicated that the 

misalignment decreases the fatigue strength of these joints by up to 12% compared to 

joints without misalignment, depending on the degree of misalignment – see nominal 

fatigue strengths in Figure 4.10a and Table 4.3. On the other hand, when the misalignment 

is large enough, the joint acts as an NLCT joint, and fatigue strength increases. 

Earlier studies have tended to focus on the effects of plate misalignment on the fatigue 

strength of LCX joints, rather than NLCX joints. Recent studies undertaken by Zong et 

al. (2017) and Su et al. (2020) examined the plate misalignment effects in NLCX joints, 

finding a few percent decrease in fatigue strength. However, their studies were limited to 

the low degree of misalignments (e/t < 0.25) and numerical crack propagation 

simulations, excluding the effect of crack initiation period on fatigue strength. In this 

study, it was found that the notch stress and structural stress (at the 1 mm depth) 

accurately estimated the effect of misalignment on fatigue strength, while the LSE method 

was unable to predict the effect of the plate misalignment on fatigue strength. 

 Weld root fatigue strength of load-carrying joints 

Experimental and numerical studies were carried out to investigate the fatigue behavior 

of LC joints with double-sided fillet welds under bending loading. Fatigue tests were 

carried out for LC joints made of an S960MC UHSS grade, tested under bending and 

axial loading with the applied stress ratio of R = 0.1. An analytical approach was proposed 

for calculating NWS under bending loading for fatigue assessments in accordance with 

the nominal stress method.  
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Through experimental verification, it was suggested that NWSs can be calculated using 

linear elastic stress distributions over the joint section defined by effective throat 

thickness – see Figure 2.8. Using the proposed method, a similar weld root fatigue 

strength was found for axially and bending-loaded LC joints, with the results in line with 

the FAT36 design curve – see Figure 4.11. The proposed method was also applied for 

data sets of existing experimental studies on LC joints made of mild structural steel and 

two stainless steels grades, showing similar results with the experiments of this study. 

Therefore, the proposed method can be suggested for assessing the fatigue strength of 

fillet-welded joints under bending loading. 

An effective throat thickness was applied in the analysis of NWSs, while LEFM analyses 

were carried out to examine the effect of weld penetration on the fatigue strength capacity. 

The results indicated that in axially loaded joints, the improvement correlated with the 

NWS, computed based on the external throat thickness summed with weld penetration 

(aw + p). Under bending loading, a correlation was found with NWS and fatigue strength 

improvement when using effective throat thickness (aw,eff). With a small degree of 

penetration, the difference in NWS resulting from different ligament sizes is rather low 

but as penetration depth is higher, the effective throat thickness gives a distinctly lower 

NWS value. However, these findings are limited to fillet welds with flank angles of θ = 

45° and the fatigue capacities should be analyzed using fillet welds with unequal leg 

lengths. 

Fatigue crack paths from weld root were different for axially- and bending-loaded joints, 

as clearly demonstrated by both the numerical and experimental results shown in Figure 

4.12. Within this study, fillet-welded LC joints were studied with either pure axial or 

bending loading, and the combined effect of axial and bending loads were not addressed. 

Due to the different failure paths under axial and bending loading, a superposition 

principle is expected to lead to safe side fatigue assessments. Such fatigue performance 

was also found by Anami et al. (2008) for fillet-welded LC joints subjected to a DOB = 

0.2 loading. They also applied linear elastic stress distribution over a joint section to 

compute ENSs at the weld root under combined axial and bending loading. 

Based on the experimental findings, the ENS method might give unconservative fatigue 

strength predictions with the FAT225 design curve. The mean fatigue strengths barely 

exceeded the design curve, which raises a question as to whether the UHSS materials 

have lower fatigue strength against weld root failures or whether the FAT225 design 

curve is unconservative for weld root failures. However, recent experimental studies on 

LC joints made of mild steel and failing from weld root have indicated that the FAT225 

does not necessarily provide safe-side predictions (Braun, Milaković, et al., 2020; 

Sundermeyer et al., 2015). In addition, a recent review on the fatigue test data of LC joints 

with double-sided fillet welds has also expressed that one fatigue class lower, i.e. 

FAT200, is justifiable for assessing weld root fatigue strength (Rohani Raftar et al., 2020). 
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 Applications of the 4R method for fatigue strength assessments 

The results of the fatigue tests – see Figure 4.8 – demonstrated that the fatigue strength 

of fillet-welded UHSS joints can be significantly enhanced by introducing PWTs. Weld 

toe radius and notch effect, residual stress, applied stress ratio, and material strength are 

decisive factors influencing the fatigue performance of welded UHSS components. 

Conventionally, the fatigue strength improvements obtained by PWTs are considered in 

fatigue assessments by adopting a higher fatigue class or enhancement factors, influenced 

by material strength and applied stress ratio (Haagensen & Maddox, 2013).  

In this thesis, the 4R method was applied for the fatigue assessments of fillet-welded 

UHSS joints in the AW, HFMI-treated and TIG-dressed conditions, and for fillet weld 

joints geometrically improved with grinding methods and made of various steel grades.  

In both studies, the S-N curves were determined for experimental data, and good 

correspondence was found between the data sets. The 4R method, via ENS with an SWT-

correction using local stress ratio, commeasured data points into single S-N curves – see 

Figure 4.16 and Figure 4.18.  

The current design codes and guidelines for the fatigue assessments of post-weld-treated 

joints are limited to individually conducted PWTs. For instance, prior studies have 

demonstrated that higher fatigue strength can be claimed for joints improved with 

grinding followed by peening treatment at the ground surface, when compared to joints 

improved solely with grinding or peening (Gao et al., 2015; Gurney, 1968; Haagensen, 

1993; Miki & Tai, 2013). Logically, this is a result of both geometrical and residual stress 

improvement. The 4R method was able to accurately assess the fatigue strength of those 

joints, as demonstrated in Figure 4.18. In comparison with conventional local approaches, 

the 4R method enables a methodological and numerical consideration of material 

strength, applied stress ratio, residual stress and ENS, and can thus be regarded as a 

generic model for fatigue assessments. It can, therefore, be assumed that the 4R method 

can predict the fatigue strength welded joints treated with various combined PWTs, such 

geometrical improvements (grinding or TIG dressing) followed by residual stress 

modification method (shot peening, overloads or HFMI treatment). 

The sensitivity analysis – see Chapter 4.4.3 – was carried out to examine the effect of the 

4R parameters and their error or uncertainty on fatigue strength assessments. It clearly 

indicated that, under high tensile residual stress (an assumed condition for a UHSS joint 

was σres = 800 MPa in tension), fatigue strength is insensitive to changes in applied stress 

ratio and residual stresses. This result is in line with the current knowledge on stress ratio 

effects on the fatigue strength of welded joints in the AW condition, as exemplified in 

Figure 2.6. At low or compressive residual stress fields and low stress ratios, fatigue 

strength is severely affected by changes in the applied stress ratio and residual stresses. 

Material strength does not have a major effect on the fatigue strength in these cases when 

cyclic behavior occurs at the elastic regime and, consequently, affects the assessments of 

joints at high residual stress fields and loaded at high stress ratios. Of the 4R parameters, 
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the weld toe radius is the most insensible for changes in load and residual stress 

conditions. 

The obtained slope parameters for S-N curves were slightly lower than found in the prior 

study (Nykänen & Björk, 2016), in which the 4R method (or the 3R method at that time) 

was established for butt welds in the AW condition. Such a difference is expected to be a 

result of different residual stress approximations. In this study, negligibly small tensile 

residual stresses (σres ≈ 0) were assumed for transversely welded small-scale specimens 

based on experimental findings. This assumption particularly affects fatigue assessments 

at low ENS ranges and high strength materials by lowering the local stress ratio and, thus, 

giving a lower reference ENS range. The Rlocal effects on the reference ENS can be found 

in Equation (2.27) in Chapter 2.4. In addition, higher material strength in steels results in 

higher yield strength to ultimate tensile strength ratio (close to fy/Rm ≈ 1), which should 

be considered when determining material stress-strain curve for the 4R analysis. The 

results of quasi-static tests, together with material yield strength, ultimate tensile strength, 

and elongation were used for estimating the R-O curve parameters of UHSS grades and 

ground specimens made of various steel grades. Nevertheless, the data points of this study 

complied with the S-N curves of the prior study, as shown in Figure 4.16. By reflecting 

the results of this study for a larger scope with engineering applications, a slope parameter 

of m = 5 could be approximated for fatigue design purposes, similarly to that 

recommended for the HFMI-treated joints (Marquis & Barsoum, 2016). This proposal, 

however, would need a statistical re-analysis and verification with a high number of data 

points. 

 Summarizing remarks 

The aim of this study was to investigate the fatigue behavior of fillet-welded NLC and 

LC UHSS joints under axial and bending loading considering local effects at the structural 

and notch levels. The findings of this study underline the need for consideration of these 

aspects in order to realize accurate fatigue assessments of welded UHSS components. 

The results of this study imply that the local effects at a structural level, i.e. joint 

symmetry and misalignments, should be taken into account when computing notch stress 

analyses for fatigue assessments. In addition, a consideration of stress components is of 

paramount importance in these analyses. The parametric studies on LG joints – see Figure 

2.4 and Figure 2.5 – exemplified that structural and notch stresses can be significantly 

higher for bending-loaded joints. Furthermore, these results indicated that structural 

stresses are significantly affected by the base plate width, not only the gusset length, as 

typically regarded in the fatigue classes of design guidelines for the nominal stress 

approach (Hobbacher, 2016). This aspect has also been found and addressed in a recent 

study of geometrical effects in longitudinal gussets (Ono et al., 2020). 

Although the fatigue-effective notch stresses are computed precisely, such local 

approaches do not necessarily result in accurate fatigue strength assessments. The fatigue 

strength of fillet-welded UHSS joints is characterized by local effects at the notch level, 
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not only by notch stresses. To enable accurate fatigue strength assessments of weld toe 

failures, a consideration of weld residual stress and material strength, together with 

applied stress ratio and fatigue-effective notch stress is required. These factors are of 

paramount importance in the case of weld toe failures. Although PWTs are usually 

applied locally to enhance fatigue strength, it was also found that the PWTs conducted 

locally at weld toes affects angular distortions in specimens. HFMI treatment decreased, 

and TIG dressing increased angular distortions when compared to the AW specimens in 

the NLCT joints – see reported values in Table 4.1. Consequently, the local treatments 

might have an influence on the structural-level phenomena, and should be addressed if 

fatigue strengths are compared using the nominal stress approach. 

The weld root fatigue strength of fillet-welded LC joints is characterized by an infinite 

sharp notch at the weld root acting as an initial crack for propagation. Fatigue 

performance is influenced by weld throat thickness and penetration, while applied stress 

ratio, for instance, does not have a major effect on the fatigue strength capacity (Ahola et 

al., 2019). Due to these conditions, the weld root fatigue strength cannot necessarily be 

described with a similar S-N curve to weld toe failures when applying local approaches. 

The use of NWSs in fatigue assessments resulted in good accuracy in both axially- and 

bending-loaded LC joints so can be recommended for fatigue assessments. Figure 5.1 

summarizes the topics covered in this thesis and illustrates the fatigue assessment 

procedure considering the stress components and local effects in the fatigue assessments 

of fillet-welded UHSS joints. 

 
Figure 5.1: Consideration of stress components and local effects in the fatigue strength 

assessments of fillet-welded UHSS joints. 
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 Conclusions 

UHSSs enable a significant weight-reduction and high load-bearing capacity in structural 

applications with respect to conventional steels. However, higher material strength does 

not necessarily correlate with higher fatigue strength in welded steel components, 

however, meaning that welded UHSS joints and components are prone to fatigue failures. 

To make UHSSs a viable option for welded structural components, a comprehensive 

understanding of fatigue behavior is demanded.  

Firstly, the thesis investigated the stress component and local effects on the fatigue 

strength of fillet-welded UHSS joints. Bending effects on the fatigue strength of fillet-

welded UHSS joints are closely related to joint symmetry. In symmetric joint 

configurations, bending stress induce lower notch SCF than membrane stress, and a 

higher fatigue strength was experimentally found for bending loading. In asymmetric 

joints, higher SCF was found for bending loads. Experimental results showed some 

inconsistencies on the fatigue strength of asymmetric joints, and both lower and higher 

fatigue strength was found for bending loading when compared to axial loading. 

Concluding remarks cannot thus be drawn. In axially-loaded NLCX joints with plate 

misalignment, notch stress-based methods were able to predict the effects of 

misalignment on the fatigue performance. 

Secondly, this thesis aimed to identify the fatigue strength capacity of fillet-welded LC 

UHSS joints subjected to bending and to examine efficient methods for fatigue strength 

assessments. An analytical method for computing NWSs under bending loads was 

proposed. Through experimental verifications, an elastic stress distribution, determined 

on the basis of effective throat thickness and infusible weld root length, over joint section 

can be applied together with the FAT36 design curve. 

On the basis of the experiments conducted within this thesis, and relying on findings in 

prior studies, the fatigue strengths of UHSS components are decisively affected by 

residual stresses, notch effects, applied stress ratio. Thirdly, in this thesis, the 4R method 

was applied to consider these parameters in fatigue strength assessment. Good accuracy 

was found in the assessments for various joint and load conditions, meaning that the 4R 

method provides a methodological approach for taking these parameters into account in 

fatigue strength assessments. 

These findings enhance our understanding of the importance of the consideration of stress 

components and local effects in the fatigue assessments of fillet-welded joints made of 

UHSS, considering both weld toe and weld root fatigue failures. The effect of local 

geometrical symmetry and stress components should be taken into account in fatigue 

assessments and in general, notch stress-based evaluation can fundamentally define the 

fatigue performance of joints. However, fatigue strength is also essentially characterized 

by local effects at the notch level. A consideration of residual stress, weld toe radius, 

applied stress ratio, and material strength provides higher accuracy in the fatigue strength 

assessments of welded joints made of UHSSs. For the fatigue strength assessment of weld 
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root failures in double-sided fillet weld LC joints under bending loading, this thesis 

proposed an analytical approach for computing NWSs that has not been univocally 

presented in design guidelines. 

The experiments and subsequent analysis of the study were limited to small-scale 

specimens made of S960MC and S1100QL UHSS grades and manufactured in laboratory 

conditions. Significantly higher tensile residual stresses may occur in large-scale 

components, while engineering applications typically incorporate various weld qualities, 

and potentially defected weldments. Such welded UHSS components might show 

different fatigue performance, so careful consideration of these aspects is needed. The 4R 

method is founded on the flawless weldments and fatigue failures starting from weld toes, 

including at least some share of crack initiation period in total fatigue life. The present 

study also determines the weld root fatigue strength of LC joints under bending loading, 

and an analytical procedure for evaluating the weld stresses, complying with the FAT36 

design curve, was proposed. The combined effects of axial and bending loads on the weld 

stresses were not observed, and further studies, taking the interaction of axial and bending 

loads through numerical and experimental observations into account will need to be 

undertaken. 

The discrepancy between the fatigue strengths of S960MC and S1100QL NLCT joints 

bending loads still implies the need for careful consideration of crack initiation and 

propagation periods, which should be paid attention to in further investigations. This 

thesis accounts for the notch effects in fatigue assessments via the ENS concept using the 

fictitious notch stress concept, i.e. r = rtrue + 1 mm, regardless of material strength, weld 

toe radius and notch opening angle. Successful results were acquired using this approach 

but further studies should carefully address the fatigue-effective notch effects for welded 

details. In the field of welded UHSS joints, the applicability of the 4R method for 

assessing the fatigue strength of joints in a high tensile residual field should be explored. 
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Misalignments and distortions inwelded plate components act as stress raisers and can significantly decrease the
fatigue strength of welded connections. This paper investigates the effect of the platemisalignment of transverse
attachments on the fatigue behavior of axially-loaded non-load-carrying cruciform (NLCX) joints. Experimental
fatigue testswith andwithout the platemisalignment are carried out for fillet-weldedNLCX joints. The test spec-
imens were fabricated of S1100 ultra-high-strength steel grade, and the fatigue tests were conducted using an
applied stress ratio of R=0.1. Numerical finite element analyses were conducted to obtain the stress concentra-
tions induced by themisalignment. In addition, varied geometry parameterswere applied to investigate their ef-
fect on themagnitude of stress concentrations. Stress concentrations were obtained using the structural hot spot
stress method applying linear surface extrapolation and 1 mm below depth methods, and the effective notch
stress concept with the reference radius of 1 mm. Experimental fatigue tests showed a decrease of up to 12%
in fatigue strength depending on the degree of misalignment. The highest stress concentration was induced
when the misalignment to the joint width ratio was e/L = 0.2–0.4. Structural stresses cannot be estimated
using the linear surface extrapolation. Instead, structural stress at the 1mmdepth and effective notch stress con-
cept accurately evaluated the misalignment effect on the fatigue performance of NLCX joints, and provided a
good correspondence between the theoretical and experimental fatigue strength estimations.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Use of high- and ultra-high-strength steels (HSS/UHSS) in welded
steel constructions enables weight reduction with similar static
strength capacity, unlike their counterparts manufactured from mild
steel. Consequently, HSS and UHSS materials prove profitable particu-
larly in weight-critical structures and devices to increase payloads, e.g.
in the fields of civil engineering, transportation, lifting and the automo-
tive industry [1]. Such structures are typically subjected to fluctuating or
cyclic load conditions, making them susceptible to fatigue failures.
Whereas it is well-known in the prior art that increasing the static
strength capacity of steel material does not contribute to high fatigue
strength in welded components [2–4] unless specific post-weld treat-
ments, see e.g. [5,6], are employed to improve the fatigue strength. On
the other hand, a decrease in plate thickness predisposes UHSS compo-
nents for different manufacturing imperfections, particularly those as-
sociated with welded details, i.e. welding deformations and the
assembly accuracy of plate components. Structural misalignments and
macrogeometric imperfections act as stress raisers, which may drasti-
cally decrease the fatigue strength capacity of welded joints and, thus,

necessitate the consideration of fatigue performance in welded UHSS
components.

The consideration of different misalignments and imperfections has
been addressed in design codes and guidelines [7–9] providing para-
metric equations to analyze structural stress concentrations, typically
denoted with km or ks factors. In recent studies, significant interest has
been placed on butt-welded details. Indeed, several studies have been
conducted to consider misalignments in the structural HS system
[10–12] but SCFs based on notch stress concepts have also been under
investigation [13–15]. In cruciform joints with double-sided fillet
welds and subjected to axial loading in the adjoined plate components
– see Fig. 1a, i.e. in the case of load-carrying X-joints (LCX) – the effect
plate and angular misalignments on fatigue performance and failure lo-
cation have been well recognized in prior investigations [16–20]. To-
gether with these plate misalignments, the fatigue behavior of the LCX
joints is influenced by the size of weld throat thickness, the depth of
weld penetration, potentially conducted post-weld treatments at the
weld toes [21], residual stress state [22], and loading type [23,24].

Although extensive research has been carried out on the misalign-
ment of LCX joints, far too little attention has been paid to the effect of
the plate misalignment of transverse attachments in similar cruciform
joints but subjected to axial loading at the base plate, i.e. non-load-
carrying cruciform (NLCX) joints, see Fig. 1b. Henceforth in this paper,
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the term ‘plate misalignment’ signifies the misalignment of transverse
attachments of NLCX joints. In such components, the misalignment
can be introduced as a result of manufacturing inaccuracy, or design
and functional purposes. The fatigue failure in a misaligned NLCX joint
typically occurs, as also demonstrated in this study, at the inner weld
toe. In recent studies, Zong et al. [25] and Su et al. [26] conducted nu-
merical analyses based on linear elastic fracture mechanics (LEFM) to
explore the effect of NLCX joint plate misalignment on fatigue strength
capacity. In both studies [25,26], a relatively small degree of the mis-
alignment was investigated, i.e. maximum of e= 3mm for plate thick-
nesses of 8 mm and 12 mm, respectively, and a fatigue-life decrease of
approximately 10% was found due to suchmisalignment. Some insights
on the topic can also be found in [27]. In thin-walled UHSS components,
relatively higher misalignments can potentially occur. Moreover, in
UHSS weldments in the as-welded condition, the crack initiation time
might become predominant in terms of total fatigue life [28,29] and,
in such cases, fatigue strength assessment using LEFM might signifi-
cantly underestimate the capacities. Furthermore, the lack of experi-
mental data on the fatigue strength of misaligned NLCX joints restricts
further conclusions being made on the issue.

This study aims to experimentally and numerically investigate how
plate misalignment affects stress concentrations using different fatigue
design criteria, i.e. structural HS stress and ENS concepts, together
with what the efficient methods are for assessing the fatigue strength
of a UHSSNLCX jointwith platemisalignment. Finite element (FE) anal-
yses are carried out to numerically investigate the structural and notch

SCFs introduced by the plate misalignment in fillet-welded NLCX joints.
Stress distributions along the base plate from theweld toe are obtained,
and the structural stresses are obtained using linear surface extrapola-
tion (LSE) method [30], and 1 mm below the surface approach, most
commonly recognized as the Xiao–Yamada method [31]. For compari-
son, the effective notch stress (ENS) concept with a reference radius of
rref = 1.0 mm [32] is employed to evaluate the fatigue effective notch
stress. Subsequently, the numerically obtained findings on the effects
of the plate misalignment are verified by conducting experimental fa-
tigue tests on fillet-welded NLCX joints made of t = 8 mm S1100
UHSS steel plates prepared with and without plate misalignment. The
S–N curves for joints with a different degree of plate misalignment are
evaluated using different stress criteria, i.e. the nominal stress, struc-
tural HS stress and ENS concepts, and efficient methods for evaluating
the effect of plate misalignment are addressed. This study is limited to
NLCX joints for which the transverse attachments are unconstrained
and so will not carry any axial forces or suffer bending moments.

2. Materials and methods

2.1. Experimental fatigue tests

2.1.1. Specimen design and preparation
Experimental fatigue tests were carried out for NLCX joints made of

S1100 UHSS plates with the base and adjoined plate thicknesses of t0 =
t1 = 8 mm, respectively. Union X96 (Ø1.0 mm) solid wire was used in
the gas metal arc welding (GMAW) of the test specimens. Fig. 2 shows
the shape and dimensions of the test specimens, and Table 1 and
Table 2 present the mechanical properties and chemical compositions
of the studied materials, respectively.

As the aim of this study is to investigate the effect of plate misalign-
ment on the fatigue strength of NLCX jointsmade of UHSS, themisalign-
ments in the test specimenswere intentionally produced. A preliminary
numerical FE analysis study on the stress concentrations induced by the
plate misalignment, observed at the structural stress (LSE method) and
notch stress (ENS method, rref = 1.0 mm) level, was carried out to
choosemisalignment levels. Themodel details regarding the FE analysis
correspond to the specifications given in Section 2.2.1, and the analyses
were carried out for t0 = t1 = 8 mmwith four symmetric welds with a
throat thickness of a = 5 mm, and no weld penetration was assumed.
Fig. 3 shows the SCFs in terms of structural HS stress (Ks) and ENS
(Ktot) as a function of plate misalignment. Fig. 3 reveals that the maxi-
mum structural SCF (Ks,max) and notch SCF (Ktot,max, including both
structural and notch stress) occur at the different degree of misalign-
ment. The notch SCF accounts for the geometrical symmetry at the
joint section, while structural SCF depends on the position of neutral

Fig. 1. Potential fatigue failure paths in axially loaded (a) LCX joint with plate
misalignment and (b) NLCX joint with plate misalignment.

Fig. 2. Shape and dimensions of the test specimens (all dimensions in mm).

Table 1
Mechanical properties of the studied materials (nominal values).

Material Proof strength Ultimate strength Elongation Impact energy

Rp0.2,min [MPa] Rm [MPa] A5,min [%] KV [J] (at temp.)

S1100 1100 1130–1350 10 27 (−40 °C)
Union X96a 930 ≥980 14 47 (−50 °C)

a Mechanical properties of undiluted weld metal.

Table 2
Chemical compositions of the studied materials (nominal values).

Material Cmax Simax Mnmax Pmax Smax Almin

S1100 0.20 0.50 1.80 0.02 0.005 0.015
Cmax Simax Mnmax Crmax Nimax Momax

Union X96a 0.12 0.8 1.9 0.45 2.35 0.55

a Chemical composition of undiluted weld metal.
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axis and stress flow over the attachments. It is also worth mentioning
that the structural SCFs were determined using the LSE method
resulting in different structural SCFs in comparison with the Xiao-
Yamada method (see Section 3.2).

Three different degrees of misalignment were chosen according to
the FEA study, i.e. e/t = 0.75, e/t = 1.1, and e/t = 2.0 corresponding to
misalignments of e=6mm, 9mm and 16mm, based on themaximum
values of SCFs, see Fig. 3. In addition, the reference specimens without
plate misalignment were also manufactured, with the test results
were initially reported in a previous study [33]. A total number of 14
specimens were fabricated and tested, with Table 3 showing the geom-
etry and load configuration for each. To diminish the effect of metallur-
gical and geometrical scatter within the test specimen, the NLCX joints
were prepared using a robotic GMAW process, and the target throat
thickness of a=5mmwas applied, according to the conducted prelim-
inary FEA study. Fig. 4 shows the GMAW preparation of test specimens
and a welded specimen, with Table 4 presenting the key values of the
welding specification procedure (WPS).

2.1.2. Geometry and residual stress measurements
To evaluate the plate misalignment effect on the residual stresses,

and to consider the welding quality in the joint fatigue strength assess-
ment, residual stresses and weld geometries were determined before
conducting the fatigue tests. Residual stresses were measured using an
X-ray diffractometer (XRD, Stresstech X3000 G3 device) parallel to the
loading direction. The collimator's spot sizewas 1mmand the exposure
time was 40 s. The average scatter of the residual stress measurements
(including all points) was ±20 MPa. Residual stress distributions along
the specimens' longitudinal direction were obtained in one reference
specimen and one misaligned specimen. In the rest of the specimens,
only the residual stresses at weld toes were measured (see Table 5). In
the misaligned specimens, it was assumed that the fatigue critical
weld toes are weld IDs 1 and 2, see Fig. 4 welding sequence, and the re-
sidual stress measurements were only carried out at these welds. Fig. 5
shows the residual stress distributions in the longitudinal direction of a
reference specimen (ID S11_NLCX_1, e=0) and amisaligned specimen
(ID S11_NLCX_15, e = 9 mm). As demonstrated in Fig. 4, no welding

deformations were prevented in the test specimens and, thus, low and
even compressive residual stresses weremeasured at the weld toes de-
spite the specimens being in the as-welded condition, similarly to re-
ported in Refs. [33, 34].

Theweld geometries weremeasured using a 2D coordinatemeasur-
ing device and the weld profile determined with a laser displacement
sensor and inductive displacement transducer. From these measure-
ments, the average weld toe radius of rtrue,avg = 0.3 mm, flank angle of
θavg = 44°, and external throat thickness of aavg = 5.1 mm were
evaluated.

2.1.3. Fatigue test set-up
Fatigue tests were carried out using a servo-hydraulic fatigue testing

machine with the test frequency of f=1–3 Hz, using a constant ampli-
tude uniaxial loadingwith an applied stress ratio of R=0.1. Fig. 6 shows
the specimen attached to the test rig. The failure criterion for the fatigue
tests was the total rupture of the specimen.

2.2. Numerical analyses

2.2.1. Model configuration and validation
The principal aim of the numerical analyses is to obtain the stress

concentration factors induced by NLCX joint plate misalignment. Fol-
lowing the separation of stress components into three categories, i.e.
nominal stress, structural HS stress, and notch stress, the numerical
analyses are carried out to obtain both structural and notch stresses.
In a previous investigation [28], it was well recognized that the trans-
verse attachment (NLCT) joint has significantly lower stress concentra-
tion than the NLCX joint. Consequently, notch and joint detail must be
taken into account in the notch stress analysis, insteadof only determin-
ing the structural stresses. Three different approaches are employed in
the numerical study:

• Structural stress approach using the LSE method [35]
• Structural stress approach using the Xiao–Yamada method [31]
• Notch stress approach using the ENS concept (rref = 1.0 mm) [32]

Fig. 3. SCFs for NLCX joint with t0 = t1 = 8 mm and a = 5 mm. Kt represents pure notch
SCF, i.e. the total stress divided by the structural stress.

Table 3
Test matrix.

Misalignment No. of specimens Specimen ID

e [mm]

0 6 S11_NLCX_1–6
6 2 S11_NLCX_13–14
9 4 S11_NLCX_15–18
16 2 S11_NLCX_19–20

Fig. 4. (a) Welding preparation of the test specimen with a robotic GMAW and
(b) sequence of welds in the misaligned specimens.

Table 4
GMAW parameters applied in the test specimen preparation. Shielding gas was Ar + 8%
CO2, and travel angle and working angle were 18° (pushing) and 45°, respectively.

Voltage Current Travel speed Wire feed rate
U [V] I [A] vtravel [cm/min] vwire [m/min]

28.0–28.4 235–240 35.4 13.2
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As the studied joint is assumed to represent a continuous transverse
joint, a two-dimensional (2D) plane strain FE model is used in the anal-
ysis to obtain the stress concentrations. The geometries of the models
were obtained from the fatigue tested specimens; base and attached
plate thickness of t0= t1=8mm, andweldedwith the throat thickness
of a=5.1mmand the flank angle of θ=44° corresponding to themea-
sured geometries described in Section 2.1.2.

In the LSE method, two different types of hot spot stresses are pre-
sented, i.e. type ‘a’ and type ‘b’, depending onwhether there is a distinct
through-thickness stress distribution or not. In the misaligned NLCX
joint, the division into two types is indeterminable since the increase
in misalignment changes the joint type from type ‘a’ to type ‘b’. Thus,
both methods are applied in the present study. A fine mesh is applied
in accordance with the guided mesh sizes [35], see FE mesh details
shown in Fig. 7, and the stresses are extrapolated from the proposed dis-
tances, as follows:

σhs ¼ 1:67σ0:4t−0:67σ1:0t ð1Þ

σhs ¼ 1:5σ4 mm−1:5σ8 mm þ σ12 mm ð2Þ

For the ENS method, the reference radius of rref = 1.0 mm was ap-
plied to assume the worst-case scenario for the transition from the
base material to the weld (rtrue = 0). For the fatigue life predictions
using the 4R method [33], the radius of r = rtrue + 1 mm =
0.3 mm + 1 mm = 1.3 mm, was also applied. Otherwise, the models
of the 4R method correspond to those of the ENS concept. As the
notch stresses have been obtained from thesemodels, a highmesh den-
sity and quadrilateral shape of elements are required for the

convergence. The FE mesh size of r/20 was applied according to the
study by Baumgartner and Bruder [36].

2.2.2. Parametric study on the effects of geometry parameters
In Section 2.2.1, the FE model geometry was specified according to

the fatigue tested geometries. From these FEAs, the stress concentra-
tions (HS and ENS methods) for the determination of S–N curves can
be obtained. Nevertheless, it is worth noting that the magnitude of
plate misalignment effect on the stress concentrations and, subse-
quently, on the fatigue strength of fillet-welded NLCX joints might
vary based on the geometry configuration of the NLCX joint. Conse-
quently, a parametric analysis of the effect of change in the geometry
parameters on the magnitude of stress concentrations is investigated
by conducting FEA.

The base plate thickness t0= 8mm is held as a reference value, with
the attached plate thickness and throat thickness varied. In considering
a real joint configuration, the parametric study concerns are limited to
only single-pass GMAW, for which a throat thickness of a =
3.0–6.0 mm can easily be reached with single-pass welding and, conse-
quently a/t0 ratios of 0.33, 0.50 and 0.66were chosen for the analyses. In
addition, three different plate thicknesses were tested: similar plate,
and thinner and thicker plate thickness, see Fig. 8. Also, the infusible
weld root widthwwas altered. In all cases, the fillet welds are modeled
with a 45° flank angle. As a result, 27 geometry combinations are
achieved, and when the plate misalignment was modeled using a
0.8 mm step size with a total number of 35 increments for each geom-
etry combination (constant step size was used to simplify the element
mesh modeling) from the ratios of e/L = 0 to e/L = 1. A total number
of 1890 element models and analysis results are obtained.

2.2.3. Linear elastic fracture mechanics
2D LEFManalyseswere carried out to evaluate the effect ofmisalign-

ment on the fatigue strength prediction using a crack propagation-
based analysis. In the conducted experiments, no initial defects or
flaws, such as cold laps or sharp undercuts, were present, but LEFM
analysis provides an insight into the results for NLCX joints with initial
flaws. In addition, when considering the crack propagation of the stud-
ied joint types, it is noticeable that the early crack propagation is influ-
enced by the presence of a notch induced by the weld toe. Whereas

Table 5
Summary of residual stressmeasurements. n/a signifies not analyzed (welds 3 and 4were
not fatigue critical).

Offset Residual stress σres [MPa] Measured specimens

Weld 1 Weld 2 Weld 3 Weld 4

e = 0 −101 −117 −129 −93 S11_NLCX_1 – S11_NLCX_4
e = 6 mm 12 −22 n/a n/a S11_NLCX_13 – S11_NLCX_14
e = 9 mm 4 −8 n/a n/a S11_NLCX_15 – S11_NLCX_18
e = 16 mm −44 36 n/a n/a S11_NLCX_19 – S11_NLCX_20

Fig. 5.Residual stress distribution and scatter values in a reference (ID S11_NLCX_1, e=0)
and a misaligned specimen (ID S11_NLCX_15, e = 9 mm). Fig. 6. Fatigue test set-up.
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for large fatigue cracks, general stress state and crack shape dominates
the crack propagation.

Numerical analyses were carried out using the Franc2D software
provided by Cornell University [37]. 2D element meshes of the studied
NLCX joints were modeled, corresponding to the geometry presented
in Section 2.2.1, see Fig. 9a. However, for the sake of similarity with
the fatigue tested joints, a weld toe radius was modeled according to
themeasured averageweld toe radius, rtrue,avg=0.3mm. For the design
purposes, IIW recommends an initial crack depth of ai = 0.1 mm for
sharp notches. In the FE modeling, crack of 0.025 mm was applied to
the model, see Fig. 9b, which was subsequently propagated to achieve
an initial crack depth of 0.1 mm. From a fatigue life viewpoint, the
final crack depth does not have a major effect on the results. In this
case, the final crack depth was af = 7 mm, i.e. af/t = 0.875, to confirm
the stability of FE re-meshing when reaching the plate surface. The
crack pathwas obtained using themaximum tangential stress criterion.
A seed load of 1 MPa was used in the model, and afterwards multiplied
with the stress range corresponding to the test load, see Table 6 in
Section 3.1.

From the LEFM models, the SIF values (KI and KII) were obtained
using a J-integral approach embedded in the software. The magnitude
of KII values is negligibly low in this case with respect to KI values, so it
can be ignored when assessing fatigue life. The crack propagation fa-
tigue life can be obtained using Paris' law:

da
dN

¼ C ΔK að Þð Þm ð3Þ

where a is crack depth, N is the number of cycles, C is the crack propa-
gation coefficient, ΔK(a) is the SIF as a function of crack depth, and m
is the slope of Paris' law.

3. Results

3.1. Fatigue test results

A total number of 14 NLCX specimens, including six reference spec-
imens without plate misalignment, and eight specimens with misalign-
ment, were fatigue tested using uniaxial loading with an applied stress
ratio of R = 0.1. All specimens failed at the weld toe, and, in the case
of misaligned NLCX, the specimens failed at the inner weld toe, as
shown in Fig. 10, due to the stress concentration induced by the plate
misalignment. Numerical analyses were conducted, see Section 2.2, to
obtain SCF for different stress criteria, i.e. structural HS stress using the
LSE and Xiao–Yamada methods, together with the ENS approach with
the reference radius of rref = 1.0 mm.

Table 6 summarizes the fatigue testing details, and Fig. 11 shows the
fatigue data plots and obtainedmean fatigue strength and scatter ranges
values in a log-log coordinate system in comparison with the standard
curves using different stress criteria, i.e. the nominal stress, structural
HS stress (LSE and 1 mm depth methods), and ENS approaches. In the
nominal stresses, the macrogeometric stresses induced by the angular
distortions were also considered.

Using a free slope parameter and standard statistical evaluation of S–
N curves, the mean fatigue strength can be evaluated for each series
(misalignments of e = 0, 6, 9 and 16 mm). First, the slope parameters
of S–N curves are evaluated for all data points, subsequently, the mean
fatigue strength at two million cycles with a survival probability of
Ps=50% is obtained for each series, see Fig. 12. The characteristic design
curves (Ps =97.7%) were not obtained within this study due to the low
number of test specimens in the experimental program.

The angular distortions due to the welding were negligibly low and,
consequently, no bending stress was present in the fatigue tests, and
strain gages were not always positioned in the vicinity of failing weld
toe. However, Fig. 13 exemplifies the strain gage measurements in the
fatigue tests where strain gage was next to the failing weld toe. Based
on the changes in the strain range Δε, the crack initiation (CI) and
crack propagation (CP) periods can be estimated.

3.2. Stress distributions and stress concentration factors

Numerical analyses were conducted to evaluate the stress concen-
tration factors induced by the plate misalignment. Fig. 14 exemplifies
the normal stress distributions at plate surfaces in the NLCX joint with
equal plate thicknesses (t1 = t0 = 8 mm), and with a throat thickness
of a = 4 mm. The structural stresses, obtained using the LSE method
(type ‘a’), are extrapolated at the given points. Fig. 14c shows that the
inner and outer weld toe have identical notch stress but, due to the
stress distribution at joint area, the LSE method estimates a structural
SCF of less than 1.

Fig. 7. FE model configurations: (a) HS models, and (b) ENS model.

Fig. 8. (a) Analyzed geometry combinations, and (b) dimensions of the joint.
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To determine the effect of geometrical parameters, i.e. plate thick-
ness (t1/t0), throat thickness (a/t0), and degree of weld penetration
(w/t1) on the magnitude of SCF, parametric analyses were carried out.
Fig. 15 summarizes the results of structural SCFs determined using the
applied structural stress methods, and Fig. 16 presents the results of
SCFs obtained using rref = 1.0 mm, i.e. the ENS method denoted with
Ktot, including both the structural stress and notch effect.

3.3. Fatigue strength predictions

This section summarizes the numerical results obtained to evaluate
the structural behavior of misaligned NLCX joints, as well as to predict
the fatigue strength of such joints using different fatigue strength as-
sessment approaches in comparison with the experimental fatigue
test results. Table 7 presents the reference S–N curves of each stress-
based fatigue strength assessment method and the crack propagation
coefficients for LEFM. In both cases, the values are representative of
characteristic values with the survival probability of Ps = 97.7%.

Fig. 9. 2D LEFMmodels: (a) full model with boundary conditions, (b) detailed view of the weld toe mesh, (c) initial crack of ai = 0.025mm, and (d) a propagated crack with the depth of
a = 1.5 mm.

Table 6
Results of fatigue testing.

ID e Δσnom Ks,m,LSE Ks,m,1mm Ktot,m Nf,exp

[mm] [MPa] [−] [−] [−] [cycles]

S11_NLCX_1 0 312 1.0 1.0 2.30 72,872
S11_NLCX_2 0 317 1.0 1.0 2.30 82,578
S11_NLCX_3 0 247 1.0 1.0 2.30 169,415
S11_NLCX_4 0 241 1.0 1.0 2.30 169,322
S11_NLCX_5 0 205 1.0 1.0 2.30 496,828
S11_NLCX_6 0 196 1.0 1.0 2.30 528,328
S11_NLCX_13 6 206 1.37 1.17 2.85 214,769
S11_NLCX_14 6 168 1.37 1.17 2.85 547,795
S11_NLCX_15 9 206 1.48 1.17 2.74 217,244
S11_NLCX_16 9 244 1.48 1.17 2.74 124,297
S11_NLCX_17 9 169 1.48 1.17 2.74 596,207
S11_NLCX_18 9 188 1.48 1.17 2.74 463,560
S11_NLCX_19 16 206 1.34 1.12 2.48 253,715
S11_NLCX_20 16 168 1.34 1.12 2.48 883,148

Fig. 10. Fatigue failures of the test specimens: (a) a reference specimen (S11_NLCX_1), (b) e= 6mm, (c) e=9mm, and (d) e= 16mm.White arrows show the weld toe location of an
initiated fatigue crack.
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Fig. 17 shows the predicted computational fatigue lives with respect to
the experimental results.

4. Discussion

In the present study, the effect of plate misalignment on the fatigue
performance of fillet-welded NLCX joints was evaluated by conducting
experimental fatigue tests for NLCX fillet weld joints made of t =
8 mm S1100 UHSS grade. In addition, numerical analyses were carried
out to investigate the stress concentrations induced by the misaligned,
and the effect of geometry parameters (plate and throat thickness, and

weld penetration) on the magnitude of SCFs, and to investigate the de-
gree of misalignment (e/L ratio) inducing the maximum SCF. The SCFs
were investigated using the structural HS stress-based methods, deter-
mined using the LSE method and Xiao–Yamada method [31], and the
ENS method with the reference radius of rref = 1.0 mm. In addition, the
fatigue life predictions were conducted with a multiparametric notch
stress-based approach, the 4R method, and LEFM.

In prior investigations related to the topic [25,26], a low degree of
misalignment was investigated by the fracture mechanics-based evalu-
ation, and, in those studies, only minor effects on the fatigue life were
found. As shown in this study, the maximum SCF (Ktot) is induced
when the misalignment to the joint width ratio is e/L = 0.2–0.4, see

Fig. 11. S–N data plots using different stress criterion: (a) nominal stress, (b) structural HS stress using the LSEmethod, (c) structural HS stress using the Xiao-Yamada 1mm depth stress,
and (d) the ENS concept. All standardized reference S–N curves (characteristic, Ps=97.7%) have a slope parameter ofm=3 [7]. FAT is the fatigue strength (in MPa) at twomillion cycles.

Fig. 12. Experimental mean fatigue strength (Ps = 50%) value for different stress criteria
using a free slope parameter of the S–N curve.

Fig. 13. Strain gage measurements during the fatigue tests: CI and CP periods of the total
fatigue life, based on the strain drop at weld toe having a fatigue crack.
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Figs. 15–16. Consequently, the fatigue strength is influenced by themis-
alignment. Experimental fatigue tests showed a decrease of 12% in fa-
tigue strength for the misaligned joint compared to the joint without
misalignment (corresponding to 36% in fatigue life) when using the
nominal stress approach. Depending on the joint geometry, the

maximum stress concentration induced by the misalignment is derived
when the degree of misalignment is e/L = 0.2–0.4. As shown in a prior
investigation [28], fillet-welded single-sided non-load carrying
transverse (NLCT) joint has a lower notch SCF than a double-sided
NLCX joint, which was also clearly indicated by this study as, when

Fig. 14. Normalized normal stress (σx,norm.) distributions of the misaligned NLCX joints obtained using FEA: (a) e/L = 0.25, (b) e/L = 0.75 and (c) e/L = 1.25.

Fig. 15. Results of parametric analyses: structural SCFs obtained using the Xiao–Yamada (X-Y) method (1 mm below depth), ‘a’ type of LSE (LSE-a), and ‘b’ type of LSE (LSE-b).
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e/L > 1.0, the notch SCF for T joint is 80%–85% of the corresponding
notch SCF of X joint, see Fig. 16. It is also worth noting that, in the case
of T joint (e/L > 1.0), the joint geometry parameters do not have influ-
ence on the notch SCF; Ktot = 1.84 was derived for all geometries,
while for the X joints (e/L= 0), the notch SCF depends on the joint ge-
ometry (throat thickness, the thickness of adjoined plate component,
and weld penetration). The results of this study can also reflect on, for
instance, welding-repaired fatigue cracks in welded components [39];
as the weld toes are not aligned after repairing, in axial loading the
outer weld toe has lower stress concentration, as also demonstrated in
Fig. 18.

When observing the applicability of local stress-based approaches
for evaluating the effect of plate misalignment on the fatigue perfor-
mance of the fillet welded NLCX joints, it was clearly indicated that
the LSE method with extrapolation points (type ‘a’ or type ‘b’) is not
able to evaluate the structural SCF correctly, because the extrapolation
points are influenced by the through-thickness stress distribution of
the adjacent (outer) weld toe. Consequently, more local approaches
are needed for the fatigue analysis of misaligned joints. In this study, a

structural stress method using stress value at the 1 mm depth after
Xiao and Yamada [31], and the ENS concept were utilized in the fatigue
assessments. Both methods showed good agreement with the experi-
mental results, i.e. similar fatigue strengths were obtained for different
misalignment degrees, see Fig. 12. However, it is worth noting that the
magnitude of structural stress at the 1 mm depth is significantly influ-
enced by the stress distribution in through-thickness direction, and for
thicker or thinner plates the stress distribution is different.

Fig. 19 summarizes the fatigue test results in comparison with ap-
plied fatigue strength assessment approaches. The effect of plate mis-
alignment is evaluated by comparing the fatigue strength of a
misaligned (e/L> 0) NLCX joint to an NLCX joint without misalignment
(e/L=0) in terms of nominal stress applied in the base plate. In this re-
gard, an LEFM-based evaluation on the plate misalignment effects gives

Fig. 16. Results of parametric analyses: SCFs in terms of the ENS system.

Table 7
Characteristic model parameters for different fatigue strength assessment approaches
(units are inmm,MPa and N). C4R is the fatigue capacity for the 4Rmethod, σres is the re-
sidual stress, r is the weld toe radius applied in the FE model, H and n are the strain hard-
ening coefficient and exponent, respectively, and C is the crack propagation coefficient.

Approach Parameters Ref.

Nominal stress FAT80, m = 3 [7,38]
Structural HS stress FAT100, m = 3 [7]
ENS FAT225, m = 3 [7]
4R C4R = 1017.94, m = 4.65 [33]

σres = 0, R = 0.1, r = 1.3 mm
H = 1391 MPa, n = 0.03

LEFM C = 3.0∙10–13a, m = 3, [7]
ai = 0.1 mm

a Based on the prior value. The currentmore conservative estimation is C=5.21∙10−13.

Fig. 17. Fatigue test results in comparison with predicted fatigue lives: (a) HSwith LSEmethod, (b) Structural stress method using stress at 1 mm depth, (c) ENSmethod, (d) 4Rmethod,
and (e) LEFM.

Fig. 18. Comparison of notch SCFs at outer and inner weld toes (WTs) for the tested
specimens.
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the closest estimation with respect to the experimental result but, on
the other hand, offers very conservative estimations for fatigue life, as
clearly demonstrated in Fig. 17e, while Fig. 19 provides the proportional
comparison of fatigue strengths only. When comparing the fatigue life
predictions using different approaches, the notch-stress based system,
the ENS method and particularly the 4Rmethod all showed a good cor-
respondence between the experimental lives, Fig. 17.

In the experiments of the present study, a robotized GMAW was
employed to produce constant welding quality through all test welds
and fatigue test specimens to diminish the effect of changes in weld ge-
ometry easily produced by manual welding. The changes in weld size
alter the degree of misalignment along the weld, and the changes in
local weld toe geometry have a significant influence on the notch stress
concentration that may disable concluding the effects of misalignment.
Nevertheless, the weldments of this study were prepared at the PB po-
sition (horizontal plate in the loading direction, see Fig. 4) and, conse-
quently, quite a sharp transition was produced, i.e. rtrue,avg = 0.3 mm.
This signifies a rather sharp notch but, however, no initial fatigue
crack was present at the weld toe, and the major share of total fatigue
life, up to 80%, was comprised of the fatigue crack initiation period, as
demonstrated in Fig. 13. Reflecting on the prior investigations of crack
initiation share, the result is quite typical for welded UHSS joints
[28,29]. By changing the welding procedure, or implementing post-
weld treatments, the fatigue performance of weld toes in UHSS joints
can be significantly improved [40,41], and the fatigue life is even more
controlled by the local notch stress. Consequently, further experiments
should be conducted for variousweld toe qualities and applied stress ra-
tios, and considerationsmade on the effect of platemisalignment on the
fatigue strength of misaligned joints in the case of bending load.

5. Conclusions

In the present study, the fatigue strength of axially loaded
misaligned thin-walled (t = 8 mm) NLCX joints was evaluated experi-
mentally by conducting fatigue tests on NLCX joints made of S1100
UHSS material, and numerically conducting FEAs to determine the
SCFs induced by the misalignments. Based on the results of the numer-
ical and experimental studies, the following conclusions can be drawn:

• In the misaligned fillet-welded NLCX joints, the inner weld toe is the
fatigue critical weld toe under axial cyclic loading, not the outer one
due to stress concentration induced at the inner weld toe (see exper-
imental fatigue failures in Fig. 10 and stress distributions in Fig. 14);

• The fatigue strength of NLCX joints decreases by up to 12% when a
plate misalignment of adjoined plate components occurs. The maxi-
mum SCF occurs when the misalignment to joint width ratio is
e/L = 0.2–0.4, while the misaligned joint has a lower SCF when the
misalignment is more than e/L = 0.6–0.8, as the NLCT joints have
lower notch SCF than the corresponding NLCX joints in axial loading;

• An increase in the plate thickness of the adjoined plate component or
throat thickness results in higher magnitude of misalignment effect
on the SCF. The degree of weld penetration has a negligibly small ef-
fect on the SCF, particularly in the case of the small plate thickness
of adjoined plate component or large throat thickness;

• Notch stress-based methods seem to be applicable for evaluating the
effect of platemisalignment on the fatigue performance of misaligned
fillet-welded NLCX joint – a scatter range value of Tσ = 1:1.13 was
found. A structural HS approach using the LSE method is not applica-
ble for evaluating the SCF as the stress values at the extrapolation
points are affected by the notch stress distribution of adjacent notch
detail (see Fig. 11b and Fig. 14).
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A B S T R A C T

Weld root fatigue strength capacity is an important design criterion in load-carrying (LC) fillet welded joints
subjected to cyclic loads. This paper elaborates on the weld root fatigue strength capacity of fillet welded LC
joints made of ultra-high-strength steel (UHSS) and subjected to out-of-plane bending. Experimental fatigue tests
are carried out using constant amplitude loading with an applied stress ratio of R=0.1 with both pure axial, i.e.
DOB=0 (degree of bending, bending stress divided by total stress) and bending, i.e. DOB=1.0, load condi-
tions. The applicability of different approaches – nominal weld stress, effective notch stress concepts, and 2D
linear elastic fracture mechanics (LEFM) – for the fatigue strength assessment of weld root capacity is evaluated.
Furthermore, a parametric LEFM analysis is used to evaluate the effect of weld penetration on the root fatigue
strength capacity in axial and bending loading. The results indicate that in the case of bending, nominal weld
stress can be calculated using the linear stress distribution over the joint section and FAT36 as a reference curve.
In the bending loading, for the joints failing from the weld toe, a mean fatigue strength of up to 185MPa in the
nominal stress system was achieved, indicating that the reference curve FAT63 is overly conservative. The ENS
concept with FAT225 seemed to be slightly unconservative for assessing the root fatigue strength capacity. LEFM
analyses revealed that in the case of increasing weld penetration and bending loading, weld root fatigue strength
capacity seemed to correlate with the nominal weld stress calculated using effective weld throat thickness, while
in axial loading, weld stress should be calculated using external throat thickness summed with penetration
length.

1. Introduction

Lightweight structures have a reduced environmental impact as
they allow a decrease in material usage, weight, and production re-
sources used. The introduction of lightweight structures is connected to
the possibility of using high-strength steel (HSS). Higher structural
performance and energy efficiency of metal structures is increasingly
required in many fields, such as in the automotive, construction and
offshore industry. The objective to optimize structures with the mini-
mized weight and cost, and increase thus the structural performance
and energy efficiency, pose challenges for the designers and analysts.
Structures made of HSS or ultra-high-strength steel (UHSS) plates in-
corporate typically welding, and an awareness regarding the potential
failure mechanisms is also needed. One of the main challenges when
using HSS to achieve lightweight design of welded structures and
components is to obtain high weld quality and simultaneously, mini-
mize the scatter of quality in manufacturing. Other important aspects

are the accurate assessment of the fatigue life of welded structures and
adequate concepts for these assessments. One of the critical steps in the
fatigue life assessment of welded structures is the adequate determi-
nation of effective stress, which is one of the uncertainty parameters
that results in a variation in the life estimation. A common engineering
practice is to consider the most conservative approach, which often
leads to unnecessarily over dimensioned welded joints and structures.

Weld root fatigue strength capacity, due to unpenetrated weld or
insufficient throat thickness, is an essential design criterion in load-
carrying (LC) joints. Depending on the weld size and its location, the
share of secondary bending stresses at the adjoined plate member, and
potentially conducted post-weld treatments, a fatigue crack may initiate
from the weld toe or the weld root [1–3]. Fatigue strength capacity of
the weld root can be assessed using stress-based approaches, i.e. nom-
inal stress, hot spot (HS) stress or effective notch stress (ENS) or using
fracture mechanics and crack propagation analysis. Of these, the
nominal stress method is the most elementary of the fatigue assessment
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approaches. In a pure axial loading, the nominal weld stress (NWS)
range Δσw is calculated at the shortest ligament of the weld, usually
corresponding to throat thickness, and fatigue life is obtained using
characteristic reference curve FAT36 [4–6].

For LC joints with throat bending, structural weld stress methods
have been established. Fricke et al. [7] proposed a method that is based
on the structural stress at the weld leg length following the failure path
of the root failure. Alternatively, structural stress can be calculated at
the throat section following the procedure proposed by Sørensen et al.
[8]. However, these methods have not been officially included in the
design codes and guidelines, and are thus not the focus of this study. In
more complex structural components, the ENS concept can be applied
for the fatigue assessment of the weld root using the reference radius
rref=1.00mm and the reference curve FAT225 or FAT200 for the
maximum principal or von Mises stress criterion, respectively [9]. Re-
cently, Sundermeyer et al. [10] analyzed and tested partially and fully
penetrated single-sided welded thick-walled T-joints (t=24.5mm),
indicating that the increasing penetration depth improved the fatigue
strength of the weld root in terms of the ENS system. In the partially
penetrated joints with an initial crack due to an infusible weld root face,
FAT225 appeared to be unconservative. This issue was also previously
reported by Fricke and Kahl [11] for fillet welded hollow sections with
an end or intermediate plate. In their studies, the fatigue test results
barely exceeded the FAT225 reference curve.

Due to the insidious characteristics of root side failures, i.e. the fact
that the failure cannot be visually monitored until the crack has pro-
pagated through the weld or parent material, the fatigue strength
properties of LC joints have been comprehensively investigated in re-
cent decades. Also, different load conditions, such as shear loading and
multiaxial loads, have come under investigation. Kim et al. [12] studied
the effect of the direction of uniaxial loading, i.e. the share of shear load
component, on the fatigue capacity of LC joints. Khurshid et al. [13]
and Frendo and Bertini [14] investigated tubular joints subjected to
multiaxial loads. However, the vast majority of previous experimental
studies [15] have focused on single- or double-sided fillet welds where
the adjoined plate member is subjected to axial membrane loading
having only secondary bending due to the angular distortion or the
axial offset of adjoined plate members, as in [16] . Supposedly, there
are two main reasons for this: Firstly, the root fatigue capacity of
double-sided fillet welded joints subjected to bending is much higher
than joint subjected under axial tension and consequently, careful
consideration of potential root fatigue is particularly required in the
case of axial loading [17–19]. Secondly, due to complexity of bending
test procedure, axial tension tests have been preferred [20].

The existence of bending stresses induced by external bending
loading, axial misalignment or angular distortion in an adjoined plate
member, see Fig. 1, cannot totally be neglected and should be taken
into account in fatigue strength assessment. Moreover, current design
codes do not give instructions for the consideration of bending stresses
in the weld root fatigue strength assessment of double-sided fillet

welded joints. Fatigue strength properties of non-load carrying joints
made of HSS or UHSS have been widely studied in recent years but less
attention has been paid to the root fatigue strength properties of
strength-matching weld metals.

This paper evaluates the root side fatigue strength capacity of
double-sided fillet welded LC joints made of UHSS. Experimental fa-
tigue tests were carried out using constant amplitude loading with an
applied stress ratio of R=0.1. The focus of this paper is on DOB=1.0
(degree of bending, bending stress divided by total stress) out-of-plane
loading but DOB=0 axial loading was also considered to have a rea-
sonable comparison between different load conditions. Hereby, an
analytical fatigue assessment procedure for the calculation of the weld
root stresses under bending loading is proposed. Furthermore, the paper
discusses the applicability of the ENS approach and two-dimensional
linear elastic fracture mechanics (LEFM) for the fatigue assessment of
root side failures and the effect of weld penetration on the root side
fatigue strength capacity of double-side fillet welded joints.

2. Experimental program

2.1. Materials

Experimental fatigue tests were carried out for LC joints made of
direct-quenched S960 MC sheet metals. With the direct-quenching, high
mechanical properties can be obtained with the minimized need for the
alloying. Böhler Union X96 (Ø1.0 mm), which is a strength-matching
filler material for S960 steels, was used in the preparation of the test
specimens. The chemical compositions and mechanical properties of
the base and filler materials are presented in Table 1 and Table 2, re-
spectively. In Tables 1 and 2, the measured items represent the values
obtained from the material certificate provided by the material sup-
plier.

2.2. Test specimens

Load carrying fillet welded joints were fabricated of t=9mm S960
MC plates using a gas metal arc welding (GMAW) process (1 3 5) [21]
and a welding robot to achieve a uniform metallurgical quality and
weld reinforcement geometry. Two types of test specimens were fab-
ricated: For the axial (DOB=0) tests, specimens with widenings for
clamping, Fig. 2a, and for the bending (DOB=1.0) tests, specimens
with a uniform width, Fig. 2b, were fabricated. Due to the high weld
root fatigue capacity of bending loaded joints, small throat thicknesses
were preferred and a=4mm throat thickness was solely pursued
within these joints. In the axially loaded joints, the weld root is more
critical than weld toe and consequently, both a=4mm and a=5mm
target throat thicknesses were manufactured and tested; see Table 4. In
two specimens (FWB_DYN7 and FWB_DYN8), double beveling was used
to test the effect of weld penetration and reinforcement location on the
fatigue strength capacity. In the other specimens, no groove preparation
was conducted. The main welding parameters are presented in Table 3
for the two different throat thicknesses. The realized values are pre-
sented in Table 4.

Preliminary tests, conducted for joints in AW condition and sub-
jected to a DOB=1 loading, indicated that the weld root fatigue ca-
pacity was substantially higher than the weld toe, resulting in fatigue
failures from the weld toe, see Table 5 in Section 2.4. Consequently,
high frequency mechanical impact (HFMI) treatment was employed at
the weld toe in the remaining specimens to achieve a fatigue failure
from the weld root. The HFMI treatment resulted in improved weld toe
geometry in terms of a higher toe radius and beneficial compressive
residual stresses; see Fig. 3. Plate surface normal residual stresses par-
allel to the loading direction were measured using an X-ray dif-
fractometer (Stresstech Xstress G3000) in the selected specimens re-
presenting the test series. Table 4 presents the test matrix and
conducted procedures for each specimen. In Table 4, n/a refers to not

Fig. 1. Fillet welded LC joints where bending stresses are induced by: (a) ex-
ternal bending loading or structural discontinuity, (b) plate axial offset, and (c)
angular misalignment.
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relevant for the specimens failing from the weld toe.

2.3. Test set-up

For joints subjected to out-of-plane bending, a four-point bending
device producing a constant bending moment with no shear stress be-
tween the inner press rolls was assembled; see Fig. 4b. For joints sub-
jected to axial loading, a conventional test rig, whereby the specimen is
clamped to jaws, was used; see Fig. 4a. In both test set-ups, the force
was produced using a servo-hydraulic cylinder. During tests, the
minimum and maximum of applied load and displacements were re-
corded. Despite almost nonexistent secondary bending stresses due to
the straightness of specimens and the loading type in the case of
bending, each specimen was instrumented with a strain gage at a
0.4 t=3.6mm distance from the weld toe. The failure criterion for the
end of a test was a fracture of the specimen.

2.4. Results

Table 5 presents the fatigue test results for all tested joints. In the
axially loaded specimens that failed from the weld root, the weld stress
range is calculated for the gross weld area according to the design codes
[4–6,23] as follows:

=σ t
a

σΔ
2

Δw
eff (1)

where t is the plate thickness, aeff is the effective throat thickness
(considering the weld penetration; see Table 4) and Δσ is the maximum
nominal stress at the adjoined plate component; see Fig. 5. Respec-
tively, for the bending loaded specimens, an elastic stress distribution in
the gross cross section of the weld areas, as this paper proposes, was
assumed. A similar concept regarding elastic stress distribution for
single-sided welds has been applied previously by Sundermeyer et al.
[10]. By adopting this concept concerning the reference weld root stress
in bending loading, for double-sided fillet welded joints, the corre-
sponding elastic stress range at the weld root is:
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where ΔM is the moment range acting on the adjoined plate component,
I is the second moment of area, w is the width of the non-fused weld
root and c is the distance from the neutral axis to the weld root (c=w/
2 in the case of symmetric welds); see Fig. 5.

In both loading types, the penetration obtained by macro graphic
investigations, see Fig. 8 and Table 4, was included in the calculation of
the root stress to obtain more conservative results. Only the specimens
with an observable failure from weld root (WR) were considered in the

calculation of the root fatigue strength; see Table 5. The joints failing
from the weld toe, i.e. the AW joints FWB_DYN1-3 and FWB_DYN7-8,
were included in the analysis of the weld toe fatigue strength, respec-
tively. The test results of the FWB_DYN4 and FWB_DYN13 specimens
were excluded from further analysis since they failed from the base
material. For the ENS system, 2D FEA was employed to obtain SCF
kt(rref=1mm) values, and to convert nominal plate stress to ENS at
weld root or weld toe depending on the failure location. A more de-
tailed description of the FE modeling can be found in Section 3.

The mean fatigue strength for each approach, was calculated using
the standard procedure according to the IIW Recommendations [4], i.e.
stress as an independent variable and fatigue life as the dependent
variable. In the joints failing from the weld root, only the fixed slope of
the S-N curve (m=3) was used in the fatigue strength assessment; see
Fig. 6. For the weld root failures, the FAT36 characteristic design curve
following the IIW Recommendations [4] and EC3 [5] was chosen for a
comparison.

The test results of the joints with a toe failure indicated that a
shallower slope would fit the test data more comprehensively, and
consequently, both m=free and m=3 regression analyses were con-
ducted; see Fig. 7. No distinct improvement, however, was found in the
joints with partial K-groove preparation with regard to purely fillet
welded joints; see Fig. 7. For that reason, all weld toe failure test results
were included in the same regression analysis. In the case of bending
loading, it must be considered that no secondary bending stress is in-
duced by the angular distortion, and the nominal stress is thus equal to
the structural hot spot stress.

3. Numerical analysis

3.1. Computational fatigue capacity

Two-dimensional (2D) plane strain modeling was employed when
computational fatigue strength capacities were obtained for the tested
joints. The ENS concept and LEFM were applied in the analysis. Pre-
processing and analysis of the ENS models were carried out using
FEMAP/NxNastran v11.4.0 (Siemens PLM Software), and the crack
propagation analysis and subsequent stress intensity factor (SIF), ΔK(a)
evaluation was conducted using Casca/Franc2D v4 distributed by
Cornell University [24]. The crack paths were calculated using max-
imum tangential stress criterion at the crack tip and SIFs were obtained
utilizing the J-integral approach implemented in the Franc2D software.
The geometry for each model was modeled following the measured
geometry. The throat thicknesses and width of unpenetrated root gap
were measured from the polished section at the center of the crack, as
presented in Section 2.4, Fig. 8. As shown in Fig. 8, neither excessive
convexity nor concavity were found in the weldments, which could
have affected the fatigue strength capacity. Consequently, the weld

Table 1
Chemical compositions of the studied materials [weight-%].

Material Type C Si Mn P S Cr Ni Mo Cu Nb N

S960 MC maximum 0.12 0.25 1.30 0.02 0.01
measured 0.097 0.20 1.09 0.008 0.001 1.13 0.38 0.191 0.033 0.001 0.005

Union X96 nominal* 0.12 0.8 1.9 0.45 2.35 0.55

* Undiluted weld metal

Table 2
Mechanical properties of the studied materials.

Material Type Proof strength Rp0.2 [MPa] Ultimate strength Rm [MPa] Ultimate elongation A [%] Min. impact toughness KVC [J]

S960 MC nominal 960 980–1250 7 27 (-40 °C)
measured 1041 1210 11 65 (-40 °C)

Union X96 nominal 930 980 14 80 (+20 °C) 47 (-50 °C)
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profile was simplified in terms of modeling only triangle-shaped geo-
metry, as shown in Figs. 9 and 10.

Fig. 11 illustrates the notch stress distribution along the cir-
cumference of the fictitious radius in terms of normalized stress and the
maximum principal stress criterion (SCF= σmax/σnom). The maximum
values were used as representative SCFs in the fatigue strength assess-
ment in the ENS concept, see Table 5 and Figs. 6 and 7. In bending
loading, the maximum SCF=0.73–0.81 was induced at approximately
100°, i.e. 10°from leg length section in the direction of the attached
plate. In axial loading, the maximum SCF=3.85–3.93 was at 80°, i.e.
10°from the leg length section in the direction of the weld reinforce-
ment. The locations of the maximum SCFs correspond well to the di-
rections of early crack propagation; see Fig. 8.

Computational fatigue lives were obtained using mean S-N curves
and the crack propagation coefficient (Cmean) for stress-based ap-
proaches and LEFM analyses, respectively. In the case of nominal stress
and ENS approaches, mean S-N curves were obtained from character-
istic design curves using safety factor of jσ=1.37 [25] representing the
usual scatter bandwidth and failure probability of 2.3% (mean – 2Stdv).
Thus, the computational mean fatigue strengths are 49MPa (FAT36) for
the nominal stress approach, and 308MPa (FAT225) for the ENS con-
cept. Paris’ law and a numerical integrator were used when predicted
fatigue life Nf,pred was obtained using an LEFM-based analysis:

∫=
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=
N da

C K a·Δ ( )f pred a a

a a
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where ai is the initial crack depth, af is the final crack depth, C is the
crack propagation coefficient, ΔK(a) is the SIF range as a function of
crack depth, and m is the slope of Paris’ law. For the LEFM and sub-
sequent fatigue life analysis, the mean values of crack propagation
coefficients m and Cwere applied. Currently, the IIW Recommendations
[4] propose Cchar=5.21 ∙ 10−13 (da/dN in mm/cycle and ΔK in
MPa∙mm1/2) , which was chosen as the reference crack propagation
coefficient in this study. Cmean was obtained using the same ratio be-
tween Cchar and Cmean as in [26,27], i.e. 3.0/1.7=1.76, resulting in
Cmean=5.21 ∙ 10−13/1.76= 2.95 ∙ 10−13. In addition, the computa-
tional design fatigue lives were also obtained using the characteristic
crack propagation coefficient. Fig. 12 presents the results for the com-
putational fatigue lives with respect to the test results. Excluding one
axially loaded test specimen (FWB_DYN15), the experimental fatigue
life was higher than the predicted design fatigue life in all approaches.

In general, the ENS system seems to be slightly unconservative, or there
is no redundant safety with respect to the experimental test results.
When using the LEFM or NWS system, there is no major difference
between these approaches. Using LEFM and NWS, the predicted mean
fatigue lives correspond quite well to the experimental test results, and
on the other hand, design fatigue lives are distinctly lower compared
with the experimentally obtained fatigue lives.

3.2. Efficiency of weld penetration on improving fatigue strength capacity

Weld penetration plays an important role when assessing the weld
root fatigue strength of LC joints. On the basis of the LEFM-based
analysis, Maddox [28] showed that decreasing the infusible root face
improves the weld root fatigue strength proportionally more than the
weld toe capacity. However, previous studies have focused only on LC
joints subjected to axial loading. Consequently, a parametric analysis on
the effect of an increasing degree of weld penetration on the im-
provement level of the weld root fatigue strength capacity was carried
out. The objective of this analysis was to investigate whether weld
stress, see Eqs. (1) and (2), should be calculated on the basis of effective
throat thickness or leg length (external throat thickness summed with
penetration length).

The analyses were conducted for a geometry corresponding to the
tested specimens, i.e. a t=9mm LC joint with symmetric double-sided
fillet welds. A total number of four different throat thicknesses were
analyzed; a/t=1/3, a/t=1/2 and a/t=2/3 with a flank angle of
θ=45°. Four different degrees of weld penetration were analyzed,
focusing on the small degree of penetration, i.e. p/t=0 (no penetra-
tion), p/t=0.05, p/t=0.1, p/t=0.15 and p/t=0.2 resulting in the
total number of 30 LEFM analyses when both pure tensile and bending
load conditions were considered. Otherwise, the model configuration,
and boundary and load conditions were similar to the ones presented in
Fig. 10. The improvement level was assessed relatively by comparing
the fatigue strength capacity of the weld with penetration with welds
without penetration as follows (LEFM data points in Figs. 13 and 14):
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where index i corresponds to the penetrated case p= i. In addition, the

(a) (b) (c)

45°

2

(d)

1
2

3

4
Machined and
ground to flush

Fig. 2. Shape (after removing weld run-on and run-off parts) and dimensions of the test specimens: (a) axially and (b) bending loaded LC joints; (c) sequence of welds
and preparation of the specimens; and (d) partial K-groove preparation used in the FWB_DYN7 and FWB_DYN8 specimens (all dimensions in mm).

Table 3
Welding parameters for the different target throat thicknesses (atarget): average value measured for each pass and the corresponding standard deviations (stdv). Heat
input Q calculated according to EN 1011-1 [22] using a thermal efficiency of k=0.8 for the GMAW process.

atarget [mm] Pass ID Type Current I [A] Voltage U [V] Travel speed v [mm/s] Wire feed rate w [m/min] Heat input Q [kJ/mm]

4 1–4 average 233 27.6 9.5 13.2 0.54
4 stdv 1.4 0.15 * * 3.2∙10−3

5 1–4 average 232 28.3 5.9 13.2 0.90
5 stdv 0.76 0.11 * * 3.1∙10−3

* Pre-set constant value for the welding robot, no variation
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Table 4
Test matrix and weld reinforcement geometry. a1 and a2 are the throat thicknesses of the failed weld pair (the welds 1 and 3, or the welds 2 and 4; see Fig. 2c), ai,eff is
the corresponding effective throat thickness calculated considering the weld penetration, w is the width of the non-fused weld root, and ΔMexp and ΔFexp are the
experimental test moment and force, respectively. AW signifies the as-welded condition.

Specimen ID Load type A= axial B= bending Test condition Groove preparation a1 a2 a1,eff a2,eff w ΔMexp ΔFexp
[mm] [Nm] [kN]

FWB_DYN1 B AW – 3.7 3.7 n/a n/a n/a 278 –
FWB_DYN2 B AW – 3.4 3.4 n/a n/a n/a 263 –
FWB_DYN3 B AW – 3.8 3.8 n/a n/a n/a 223 –
FWB_DYN4 B HFMI – n/a n/a n/a n/a n/a 306 –
FWB_DYN5 B HFMI – 4.0 4.1 4.9 4.9 6.7 371 –
FWB_DYN6 B HFMI – 4.1 4 4.8 4.7 7.0 412 –
FWB_DYN7 B AW Partial K 3.2 3.2 n/a n/a n/a 344 –
FWB_DYN8 B AW Partial K 3.6 3.6 n/a n/a n/a 257 –
FWB_DYN9 B HFMI – 4.0 4.2 4.8 4.9 6.8 512 –
FWB_DYN10 B HFMI – 4.1 3.9 4.9 4.8 6.6 430 –
FWB_DYN11 B HFMI – 4.2 4 5 4.8 6.7 485 –
FWB_DYN12 B HFMI – 3.8 3.7 4.6 4.5 6.7 548 –
FWB_DYN13 B HFMI – n/a n/a n/a n/a n/a 439 –
FWB_DYN14 A HFMI – 4.2 4 4.8 4.6 7.2 – 81.6
FWB_DYN15 A HFMI – 3.9 4.3 4.6 5.1 6.9 – 55.3
FWB_DYN16 A HFMI – 4.5 5.1 5 5.5 7.7 – 73.2
FWB_DYN17 A HFMI – 4.7 5.3 5.2 5.7 7.7 – 64.2

Table 5
Fatigue test results.

Specimen ID Loading type
A=axial
B= bending

Δσ
[MPa]

Δσw [MPa]
Eqs. (1) and (2)

Δσens
[MPa]

Nf

[103 cycles]
Failure location
WR=weld root
WT=weld toe
BM=base material

FWB_DYN1 B 344 n/a 660 192 WT
FWB_DYN2 B 325 n/a 632 343 WT
FWB_DYN3 B 275 n/a 528 1 163 WT
FWB_DYN4 B 378 n/a n/a 946 BM
FWB_DYN5 B 458 60 334 774 WR
FWB_DYN6 B 509 69 392 556 WR
FWB_DYN7 B 424 n/a 809 128 WT
FWB_DYN8 B 317 n/a 599 486 WT
FWB_DYN9 B 632 84 461 324 WR
FWB_DYN10 B 531 70 393 557 WR
FWB_DYN11 B 599 78 454 506 WR→WT+BM
FWB_DYN12 B 676 102 547 229 WR→ BM
FWB_DYN13 B 542 n/a n/a 418 BM
FWB_DYN14 A 153 145 593 120 WR
FWB_DYN15 A 103 95 395 320 WR
FWB_DYN16 A 136 117 536 206 WR
FWB_DYN17 A 119 99 461 290 WR
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Fig. 3. (a) Weld toe geometry; (b) surface residual stress distribution along specimen surface in as-welded and HFMI-treated conditions.
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improvement level was assessed using Eqs. (1) and (2) for axial and
bending loading, respectively. Effective throat thickness aeff (solid black
line, Figs. 13 and 14) and external throat thickness summed with pe-
netration length, i.e. a+ p (dashed black line, Figs. 13 and 14) were
used as reference lengths for the fatigue strength assessment. In the
axial loading, the fatigue strength capacity is linearly dependent on the
length of the ligament (aeff or a+ p) but in the case of bending loading,

the length of the ligament has a quadratic effect on the fatigue strength
capacity; see Eqs. (1) and (2).

4. Discussion

In this study, the weld root fatigue strength capacity of double-sided
fillet welds on steel plates subjected to out-of-plane bending was

(b)

Spherical 
joint

Applied 
force

(a)

Applied 
force

Bolt
clamping

Fixed 
boundary

Specimen

Fig. 4. Test set-ups: (a) axial and (b) bending tests.

Fig. 5. (a) Dimensions of LC joints, and weld stresses for (b) axially and (c) bending loaded specimens in terms of the nominal stress system.
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Fig. 6. Fatigue test results for joints with root failure and the derived S-N curves in terms of (a) the NWS and (b) ENS system. The slope of the S-N curve m=3 is used
in all cases.
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experimentally and numerically investigated. In the joints subjected to
out-of-plane bending, nominal weld stresses were derived using linear-
elastic stress distribution over the joint section, and the stress value at
the non-propagated notch root (see Fig. 5 and Eq. (2)) was used as the
basis for the calculation procedure.

In both the axial and bending load cases, effective throat thickness
was used to consider the weld penetration in the tested joints. Using this
approach, mean fatigue strengths of 47MPa for bending loaded joints
and 54MPa for axially loaded joints, with the S-N curve slope of m=3,
were acquired; see Fig. 6. Since a reasonable accordance in the fatigue
strengths between the axially and bending loaded joints was achieved
using a linear elastic stress distribution over the joint section, it can be
proposed for design purposes. However, it must be recognized that this
proposal is based on a limited number of test results, and further ex-
perimental verification should be conducted for various plate and
throat thickness ratios and for other steel materials. It is also worth
noting that the crack paths for the axial and bending loading vary, see

Figs. 8 and 10, and consequently, further experimental and numerical
studies should be conducted considering different DOB ratios to see the
combined effect of different load components on the root side fatigue
strength capacity.

In terms of the ENS system, mean fatigue strengths computed se-
parately for the axially and bending loaded joints (see Fig. 6b) exceeded
the characteristic design curve FAT225. For bending loaded joints mean
fatigue strength of 260MPa was obtained, while for axially loaded
joints, mean fatigue strength was 235MPa. However, when considering
the usual scatter in the design curves, the test results did not achieve the
computed mean fatigue strength of 308MPa (jσ=1.37) that has been
also obtained for butt-welded joints with toe failure by Nykänen and
Björk [29]. The unconservative nature of the use of the ENS concept for
the fatigue strength assessment of root side failures has been
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Fig. 7. Fatigue test results for bending loaded joints with toe failure and the derived S-N curves in terms of (a) NWS=HS stress, (b) ENS system.
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exemplified in the previous works undertaken by Sundermeyer et al.
[10] and Fricke and Kahl [11]. On the other hand, the weld root fatigue
strength capacity is mainly associated with the gross ligament, i.e.
throat thickness in fillet welds, and residual stress field at the weld root.
Thus, the scatter in the test results is lower in the case of weld root
failure than weld toe failure. However, since reasonably margin with
respect to the FAT225 design curve was not found, a detailed scrutiny
on the designed and realized weld throat thickness and penetration
should be supervised.

In structural design and analysis, the weld penetration should be
generally neglected unless a consistent weld penetration can be trust-
worthily achieved [30] and confirmed by non-destructive testing, such
as radiographical or ultrasonic inspection. However, the consideration
of weld penetration is of paramount importance when deriving the S-N
curves since it significantly affects the obtained weld stress values.
Further insight into the previous studies conducted in the field of weld
root fatigue does not fully reveal whether the weld penetration was

considered or weld stresses were calculated on the basis of external
throat thickness. In this study, macrographic investigations, see Fig. 8
and Table 4, were conducted for each failed specimen to measure the
length of the infusible weld root. These measures were used in the
subsequent analyses to obtain analytical weld stresses and to create
finite element models for the ENS system and LEFM. In addition, a
parametric analysis was conducted to investigate the effect of weld
penetration on the root side fatigue strength capacity. This analysis
revealed that in the case of bending loading, the improvement level
corresponded to the analytical weld stress calculated on the basis of the
effective throat thickness (aeff), as shown in Fig. 13. Respectively, in the
case of axial loading, the improvement level corresponded to the ana-
lytical weld stress calculated based on the external throat thickness
summed with weld penetration; see Fig. 14. An explanatory factor for
this issue has been presented in Fig. 15, in which the normalized stress
distribution through the leg length section is plotted. The stress dis-
tributions were obtained from FE models of which detailed element
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meshes are shown in Fig. 15. Otherwise, the joint dimensions, and load
and boundary conditions followed the models described in Figs. 9 and
10. In the case of axial loading, the stress distribution is constantly
decreasing through the leg length section while in the bending loading,
a curved stress distribution can be seen and the top of the weld re-
inforcement near the weld toe does not sustain any significant load.
Consequently, in the bending loading, the leg length is not fully effec-
tive near the weld toe, particularly when considering the analytical
stress distribution shown in Fig. 5, and the weld root fatigue strength in
the bending loading seems to correlate with the effective throat thick-
ness.

Root side fatigue strength capacities were computed employing
numerical methods. 2D plane strain models were used to obtain the
SCFs for the ENS concept and the SIFs for the LEFM analysis. For a
comparison, fatigue strength capacities were also obtained using an
analytically determined NWS. Fig. 12 shows the results of these ana-
lyses, indicating that both the analytical and LEFM analyses resulted in
a good correspondence with the experimental results. When using
characteristic design coefficients, a reasonable safety margin between
the characteristic design life (survival probability of 97.7%) and the
experimental result was obtained. The ENS concept gave, again, un-
conservative results.

Within this study, the tests were carried out using the external stress
ratio of R=0.1, and the results are thus applicable for the joints sub-
jected to the pulsating load conditions. Depending on the contact me-
chanism within the base plate and adjoined plate component, single-
pass fillet weld may induce high compressive residual stress at the weld
root [31,32], which makes the fatigue strength capacity susceptible to
the external stress ratio. Nevertheless, for similar LC joints and filler
materials used in this study, Ahola et al. [33] reported only 15% de-
crease in the weld root fatigue strength capacity when increasing the
external stress ratio from R=0.1 to R=0.5. Due to these dis-
crepancies, the further studies should pay attention to the formation of
residual stress at the weld root in the UHSS materials, and to the effect
of external stress ratio on the weld root fatigue strength capacity.

5. Conclusions

In the present paper, numerical and experimental analyses of the
fatigue behavior of LC joints made of UHSS were carried out. According
to the results of this study, the following conclusions can be drawn:

• Linear elastic stress distribution over the joint section can be used as
a basis for the nominal weld stress (NWS) calculation for the
bending loading. The characteristic FAT36 design curve for weld
root failure, according to the design codes and guidelines [4–6], is
applicable in this case.

• No significant improvement was found in the case of ultra-high-
strength filler materials when weld root fatigue crack propagation
was the critical design criterion. However, the FAT63 design curve
for the toe failure in the bending loading was overly conservative.
Furthermore, fatigue strength in terms of the ENS concept was very
high in bending loading, whereby mean fatigue strength of 354MPa
(m=3) was obtained for the joints failing from the weld toe. Plate
bending stress induces a lower SCF than membrane stress; secondly,
a stress gradient in the through thickness direction contributes to
the achievement of a high fatigue strength.

• In bending, the fatigue strength improvement level at the weld root
by increasing the weld penetration seems to correlate with the ef-
fective throat thickness, i.e. the shortest ligament, while in axial
loading, the fatigue strength improvement seems to correlate with
the external throat thickness summed with the weld penetration
length.

• LEFM (Cmean=2.95∙10−13 √mm/MPa∙cycle) and the NWS system
(computational mean fatigue strength of 49MPa) estimate the mean
fatigue lives with a reasonable margin of error for both axial and

bending loading. Respectively, considering the fatigue test results of
this study and previous work on fillet welded joints, the ENS system
gives unconservative fatigue life estimations for weld root failures.
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a b s t r a c t

A fatigue analysis on experimentally tested transverse fillet-welded non-load-carrying T- and X-joints
made of S960 and S1100 ultra-high-strength steel was carried out in the present study. The test data
consisted of welded joints in the as-welded, high frequency mechanical impact-treated, and tungsten
inert gas-dressed conditions, that were fatigue tested using uniaxial constant amplitude loading with an
applied stress ratio of R¼ 0.1e0.5. The weld geometry and residual stress measurements were carried
out, and for each joint, the fatigue strength was assessed using a multiparametric notch stress approach,
entitled the 4R method, which incorporates the consideration of four parameters, i.e. notch stress range
Dsk(r), applied stress ratio R, material ultimate strength Rm, and residual stress sres in the fatigue
assessment. In the 4R method, the local cyclic elastic-plastic behavior at the notch root is obtained, and
the Smith-Watson-Topper parameter is applied to conduct a mean stress correction to commeasure all
results into a single S-N curve. The results showed that the applied stress ratio had a distinct influence on
the fatigue strength capacity for both joints in the as-welded and post-weld treated conditions when
using the conventional stress-based approaches, i.e. nominal stress, structural hot-spot stress and
effective notch stress concepts. Nevertheless, the 4R method resulted in a good agreement between the
experimental test results and the fatigue strength assessments, regardless of the load and joint
conditions.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The use of ultra-high-strength steels (UHSSs) has gained
increasing interest for many applications, such as in cranes, aerial
work vehicles and transport equipment since UHSSs enable weight
reduction with improved structural performance in comparison to
conventional mild steels. However, to exploit the full potential of
cyclically loaded structures made of welded UHSS components, the
implementation of post-weld treatments (PWTs) is essential,
together with a convenient structural design and high fabrication
quality. Numerous studies have been conducted in the field of high
frequencymechanical impact (HFMI) treatment [1e5] and tungsten
inert gas (TIG) dressing [6e8] on welded joints made of UHSS
showing a significant improvement in fatigue strength capacity
with respect to the S-N curves for the corresponding joints in as-
welded (AW) condition [9e12].

Conventionally, in the fatigue strength assessment of a welded
joint in the AW condition, the presence of high tensile residual

stresses is assumed. As a consequence, the increasing mean stress
level of externally applied loading does not significantly decrease
the fatigue strength capacity [13]. However, it is well-known that
the applied stress ratio has a significant effect on the improvement
level of the PWT methods if the fatigue strength improvement is
based on themodified residual stress state at the notch root, such as
in the HFMI treatment. The improvement level, obtained by the
HFMI treatment, is also associated with the material strength [14].
Consequently, according to the IIW Recommendations [15], a
higher improvement level can be claimed for a welded detail made
of higher material strength, although a reduction in the improve-
ment level depending on the R ratio is proposed.

TIG dressing, by means of re-melting the transition region from
the base material to the weld reinforcement, lowers the stress
concentration at the weld toe, contributing to the achievement of
high fatigue strength. The residual stress after the TIG dressing
seems to be related to the microstructure properties of the base
metal. Hensel et al. [16] reported near zero residual stresses for
S355 steel and tensile residual stresses for S960QL steel, similar to
Ahola et al. [17] for S1100QT steel. In contrast, Skriko et al. [6] re-
ported compressive residual stresses for TIG-dressed S960QC* Corresponding author.
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weldments. In general, the potential existence of tensile residual
stresses posits that the improvement due to the TIG dressing is less
sensitive to the increase in the mean stress level.

The prevailing concept in engineering is that the different PWTs
and load conditions (R) are considered in the fatigue strength
assessment by either introducing material strength-, PWT- and R-
specific reduction or improvement factors, or using PWT-specific S-
N curves that are based on experimental verifications. Such factors
can be applicable in many cases but might also result in redundant
conservatism and, in particular, offer no physical explanation for
the increase or reduction in the fatigue strength capacity. Hensel
et al. [18,19] introduced a fatigue bonus factor related to the
effective stress ratio that can be used to evaluate the effect of sta-
bilized residual stress, in associationwith material strength and the
external stress ratio, on fatigue strength capacity, but the factor
lacks the consideration of notch stress concentrations potentially
influenced by the welding technique or PWT.

Recently, various local approaches [20e22] have been intro-
duced to evaluate fatigue strength of weld toe and weld root fail-
ures. However, high quality UHSS weldments without initial flaws,
either in the AW or post-weld treated condition, require advanced
methods to consider parameters affecting the fatigue performance.
To overcome the issues related to the combined effect of the
different load and residual stress conditions, in conjunction with
material strength and notch stress concentration, on the fatigue
strength capacity, Nyk€anen et al. [23e25] introduced a notch
stress-based fatigue strength assessment approach, entitled the 4R
method after the four parameters included in the analysis, i.e. notch
stress range Dsk(r), applied stress ratio R, residual stress sres and
material ultimate strength Rm, see bolded R and r letters as an
introduction to the name. In the 4R method, the local stress ratio
Rlocal acting at the notch root is determined considering the afore-
mentioned parameters. Material ultimate strength Rm and residual
stress state sres determine the material behavior at the notch root
under external cyclic load configuration, i.e. the applied notch
stress range Dsk based on the weld toe radius r and applied stress
ratio R. The well-known Smith Watson and Topper (SWT) equation
[26], i.e. smaxεa¼ constant, is adopted in the fatigue strength
assessment to consider the mean stress effect on the fatigue
strength capacity. The applicability of the SWT parameter to the
mean stress correction in welded joints has also been corroborated
in Refs. [27,28].

The applicability of the 4R method for various steel materials
and grades, and applied stress ratios has been shown in the pre-
vious studies [24,29], while less has been paid attention to the
UHSS joints in the post-weld treated condition. This study aims to
verify the applicability of the 4R method for UHSS fillet weld joints
in the AW and post-weld treated condition, including HFMI treat-
ment and TIG dressing as PWT methods. Although UHSS fillet weld
joints have been widely studied experimentally in recent years,
geometry (weld profiles and weld toe radii) or residual stress
measurements have not been conducted or reported precisely
enough to apply the fatigue test data in the fatigue analyses using
the 4R method. Consequently, experimental fatigue test data of
UHSS fillet weld joints, reported in Refs. [17,30], are used as a basis

of the fatigue analysis and in addition, fatigue tests in the AW and
HFMI-treated condition are carried out for non-load-carrying X-
joints (NLCX) made of S1100 UHSS grade to supplement the fatigue
test data. The NLCX-joints in the AW condition are fatigue tested
using R¼ 0.1 and R¼ 0.5 applied stress ratios of external loading.
Based on the findings in a previous study [17], the HFMI-treated
joints were tested with various R values in the R¼ 0.1e0.4 regime
to investigate the effect of increased mean stress on the improve-
ment level of the HFMI treatment. Comprehensive geometry and
residual stress measurements are carried out for the test data, and
the collected data are analyzed using the 4R method.

2. Experimental data

2.1. Applied fatigue test data

In this study, the recently published fatigue test results were
applied for the notch stress analysis. The fatigue test results with
the relevant information related to the test specimens, such as the
weld toe radius, residual stress condition and secondary bending
stress, were collected from recent studies. Numerous experimental
studies have been conducted on welded UHSS joints in the AW and
PWT conditions, but either the secondary bending stress, residual
stress or weld geometry (including weld toe radius, throat thick-
ness and weld flank angle) measurements were not conducted
precisely enough in terms of the 4R method or the results were not
available. Consequently, fatigue test data of such studies were not
included in this study. The applied data consisted of fillet-welded
NLCT- and NLCX-joints. Table 1 summarizes the key information
regarding the experimental test data. Further details regarding the
preparation of the test specimens and measurements can be found
in the original references [17,30].

2.2. Additional fatigue tests

The fatigue tests were carried out for NLCX-joints made of
S1100MC UHSS. Fig. 1 shows the shape and dimensions, and
welding preparation of the test specimens, and Tables 2 and 3
present the nominal mechanical properties and chemical compo-
sitions of the base material and filler metal, respectively. All spec-
imens were prepared using a robotic gas metal arc welding
(GMAW) with a Ø 1.0mmUnion X96 solid wire targeting a nominal
throat thickness of a¼ 5mm. Total number of 12 specimens were
prepared and fatigue tested, of which eight specimens were tested
in the AW condition, and four specimens were tested in the HFMI-
treated condition. Residual stress and geometry measurements
(weld profiles and toe radii) were measured before fatigue testing,
and the further details and results of those measurements can be
found in Table 7 in Section 3.2.

The fatigue tests were carried out using uniaxial constant
amplitude cyclic loading with applied stress ratios of R¼ 0.1e0.5.
The specimen-specific test condition (applies stress range and ra-
tio) can be found in Appendix A. Each specimenwas equipped with
a strain gage installed at the 0.4t distance from the weld toe, see
Fig. 1d, to obtain macrogeometric bending stress induced by the

Table 1
Fatigue test data of axially loaded transverse T- and X-joints included in this study.

Ref. Base material Joint type Joint condition R of external loading No. of tests

Ahola et al. [17] S1100 T-joint AW 0.1 and 0.5 6
S1100 T-joint HFMI 0.1 and 0.5 4
S1100 T-joint TIG 0.1 and 0.5 4

Ahola et al. [30] S960 T-joint AW 0.1 2
S960 X-joint AW 0.1 2
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angular misalignment of specimen. A servo-hydraulic testing ma-
chine, see Fig. 2a, was used in the fatigue tests and the applied
failure criterion was the total rupture of the specimen. Fig. 2b
presents a rupture and polished cross-section of a failed specimen.

2.3. Results

The fatigue test data points are presented in Appendices A and B.
The details regarding the geometry and residual stress measure-
ments can be found in Section 3.2. A standard statistical analysis
[9], with the free and fixed slopes of the S-N curve, was conducted
on the test results. Due to the distinguishing notch stress factors
and amount of the secondary bending stress induced by the angular
distortion [30], the NLCT and NLCX joints showed different fatigue
strength capacities in the nominal and structural stress systems. In
the ENS system, all test results were embedded in the same sta-
tistical analysis. For the joints in the AW condition, a fixed m¼ 3
slope was used while for the TIG-dressed and HFMI-treated joints,
m¼ 4 [31] and m¼ 5 [15] were applied, respectively. Fig. 3 shows
the data point plots with the corresponding standard or recom-
mended curves, and Tables 4e6 present the results of the statistical
analyses regarding the fatigue strengths. FE modeling and analysis
were employed to obtain stress concentration factors (SCFs) for the
ENS analysis. According to the ENS approach, fictitious weld toe
radius of rref¼ 1.0mmhas been suggested for AWandHFMI-treated
specimens [15,32], and this approach was also used in this study.

For the TIG-dressed joints, the rtrue þ 1 mm concept was used due
to the large weld toe radius. A typical element mesh used in the
analyses is presented in Fig. 8 (Section 3.2). The SCFs were obtained
separately for membrane and bending stress (see Table 7), and the
ENS was calculated as follows:

Dsens ¼ Kt;mðr ¼ 1 mmÞDsm þ Kt;bðr ¼ 1 mmÞDsb (1)

where Dsens is the ENS range, Kt,m and Kt,b are the SCFs for mem-
brane and bending stress, respectively, Dsm is the membrane stress
due to the axial loading, and Dsb is the bending stress induced by
the macrogeometric angular distortion, and measured by a strain
gage during the test.

3. 4R fatigue analysis

3.1. Theoretical background

The 4R method is a notch stress-based approach for the fatigue
strength assessment of welded joints. In the 4R method, the ma-
terial cyclic behavior is simulated considering the material
strength, residual stress, weld toe quality, and thus the effective
notch stress acting at the notch root, and the applied stress ratio of
external loading. Effective notch stress with the stress averaging
concept, i.e. r¼ rtrue þ 1 mm, is used as a basis for the fatigue
analysis. In a prior investigation [24], r¼ 1mm was also used for
the HFMI-treated joints but within this study, the r¼ rtrue þ 1 mm
concept is applied and proposed for these joints. The Ramberg-
Osgood elastic-plastic material model with the kinematic hard-
ening rule is applied to describe the material cyclic behavior at the
notch root, which can be formulated as follows:

ε¼ εe þ εp ¼ s

E
þ
�s
H

�1
n (2)

Table 2
Nominal mechanical properties of the studied materials.

Material Proof strength Rp0.2,min [MPa] Ultimate strength Rm [MPa] Elongation A5,min [%] Impact Energy KV [J] (at temp.)

S1100 1100 1130e1350 10 27 (�40 �C)
Union X96a 930 �980 14 47 (�50 �C)

a Mechanical properties of undiluted weld metal.

Table 3
Nominal chemical composition [weight-%] of the studied materials (the most
important alloying components).

Material Cmax Simax Mnmax Pmax Smax Almin

S1100 0.20 0.50 1.80 0.02 0.005 0.015
Cmax Simax Mnmax Crmax Nimax Momax

Union X96a 0.12 0.8 1.9 0.45 2.35 0.55

a Chemical composition of undiluted weld metal.

Fig. 1. NLCX fatigue test specimens tested within this study: (a) shape and dimensions of the test specimens (all dimensions in mm), (b) sequence and direction of weld passes
(W1eW4), (c) example of welded specimen, and (d) detailed views on joint areas and strain gages in specimens in the AW and HFMI-treated condition.
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Dε ¼ Dεe þ Dεp ¼ Ds
E

þ 2
�Ds
2H

�
1
n (3)

where ε, εe, εp are the total, elastic, and plastic strain, respectively, s
is the stress, E is the modulus of elasticity, H is the strain hardening

coefficient and n is the strain hardening exponent. In Eq. (3), the
symbols denoted with D represent the same variables but corre-
spond to the range values. Neuber's rule with hyperbolae and
counter hyperbolae are employed to obtain maximum and mini-
mum stress, respectively, as follows:

Fig. 3. Data points with the reference S-N curves for the AW and PWT joints after 1Haagensen and Maddox [33], 2Hobbacher [9] and 3Marquis and Barsoum [15] in the (a) nominal
stress Dsnom, (b) structural stress Dshs, and (c) ENS system Dsens (rref¼ 1.0mm). Nf,exp is the experimental fatigue life.

Fig. 2. (a) Fatigue test set-up, and (b) rupture and polished cross-section of a failed specimen.
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ε ¼

�
Dsk
1�R þ sk;res

�2
sE

(4)

Dε ¼ Dsk
2

DsE
(5)

where Dsk is the notch stress range obtained using the
r¼ rtrue þ 1 mm concept, R is the external stress ratio, and sk,res is
the local residual stress. Within the fatigue tests conducted in this
and prior studies, relaxed and subsequently stabilized residual

stresses were not measured during the fatigue test. For that reason,
the initial residual stress state was assumed with conservative as-
sumptions, see Section 3.2. Fig. 4 summarizes the key aspects
related to the determination of local stress ratio Rlocal at the notch
root on the basis of the aforementioned concepts for the different
residual stress states with and without residual stress relaxation,
including the following steps:

a. At the notch root, linear elastic effective notch stress (sk) fluc-
tuates cyclically under external constant amplitude loading and
as a result, a time-stress history is received;

Table 4
Obtained mean fatigue strengths for the joints in the AW and PWT condition in the nominal stress system (survival probability of Ps¼ 50%).

Joint type Stress ratio m¼ fixed m¼ free

0.1 0.5 0.1 0.5

m FAT [MPa] m FAT [MPa] m FAT [MPa] m FAT [MPa]

NLCT - AW 3 126 3 92 3.26 134 3.11 96
NLCT - HFMI 5 285 5 204 n/a n/a 6.93 253
NLCT - TIG 4 181 4 172 3.00 144 2.87 127
NLCX - AW 3 111 3 86 4.29 144 3.98 110

Table 5
Obtained mean fatigue strengths for the joints in the AW and PWT conditions in the HS stress system (Ps¼ 50%).

Joint type Stress ratio m¼ fixed m¼ free

0.1 0.5 0.1 0.5

m FAT [MPa] m FAT [MPa] m FAT [MPa] m FAT [MPa]

NLCT - AW 3 155 3 107 4.72 205 3.32 119
NLCT - HFMI 5 315 5 228 n/a n/a 7.57 297
NLCT - TIG 4 250 4 209 3.45 219 3.90 205
NLCX - AW 3 111 3 87 4.33 144 4.09 114

Table 6
Obtained mean fatigue strengths for the joints in the AW and PWT conditions in the ENS system using the reference radius of rref¼ 1.0mm (Ps¼ 50%).

Joint type Stress ratio m¼ fixed m¼ free

0.1 0.5 0.1 0.5

m FAT [MPa] m FAT [MPa] m FAT [MPa] m FAT [MPa]

All joints - AW 3 269 3 200 4.15 338 3.71 246
All joints e HFMI 5a 586a 5 425 4.97a 584a 7.89 564
All joints e TIGb 4 303 4 252 3.33 264 3.92 248

a All test results of R¼ 0.1e0.4 but excluding base material failures (see Appendices A and B).
b rref¼ rtrue þ 1 mm ¼ 7.4 mm (see Table 7, Section 3.2).

Table 7
Average values and corresponding standard deviations for geometric variables derived from the 2D geometry measurements along with the corresponding SCFs. n is the
number of measurements conducted within each test group.

Group Joint
type

Weld geometry measurements SCF (r¼ 1mm) SCF (r ¼ rtrue
þ 1 mm)

rtrue,avg Stdvr qavg Stdvq aavg Stdva n Kt,m Kt,b Kt,m Kt,b

S960 - AW [30] NLCT 0.30 0.07 43 1.1 5.1 0.12 24 1.85 2.06 1.73 1.90
S960 - AW [30] NLCX 0.29 0.07 43 1.5 5.2 0.17 12 2.32 1.79 2.14 1.66
S1100 - AW [17] NLCT 0.35 0.22 36 1.2 4.5 0.16 12 1.85 2.03 1.71 1.87
S1100 - HFMI [17] NLCT 2.3 0.49 37 1.7 4.5 0.09 8 1.85 2.03 1.38 1.48
S1100 - TIG [17] NLCT 6.4 1.8 37 1.5 4.5 0.11 8 1.85 2.03 1.20 1.24
S1100 - AW this study NLCX 0.3 0.11 44 1.9 5.2 0.18 32 2.30 1.78 2.12 1.66
S1100 - HFMI this study NLCX 2.3 0.21 43 2.3 5.2 0.23 16 2.30 1.78 1.62 1.32
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b. Local residual stress (sk,res) can be tensile or compressive
depending on the joint condition. Local residual stress posits the
initial stress occurring at the notch root, i.e. the starting point at
the ReO curve in Fig. 4c is derived. The relaxation of residual
stresses can be taken into account by changing the starting point
at the ReO curve;

c. The local cyclic behavior and, subsequently, the hysteresis loops
are determined based on the effective notch stress range and the
initial residual stress. As a result, the local minimum and
maximum stress (smin and smax) acting at the notch are derived.

Both tensile and compressive welding residual stresses can
significantly relax under cyclic loading [34,35]. As shown in Fig. 4,
the stabilization of residual stress in the case of compressive re-
sidual stresses, e.g. as a result of the HFMI treatment, increase
distinctly mean stress level of local stress ratio. A decrease in the
high residual stress, however, does not have a significant influence
on the mean stress level, as local yielding occurs with the
maximum loading even at the low level of loading. Nevertheless, is
must be noted that the given example is presented for a cyclic
loading at the low stress ratio, i.e. R¼ 0.1, and at high stress ratios,
the effect of residual stress state on the cyclic behavior and sub-
sequently on the fatigue strength is lower. The ratio of the local
minimum and maximum stresses (smin and smax) determine the
local stress ratio Rlocal, whereby the reference notch stress range
Dsk,ref can be defined by reformulating the SWT parameter [24] as
follows:

Rlocal ¼
smin
smax

(6)

Dsk;ref ¼
Dskðrtrue þ 1 mmÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� Rlocal
h
Dskðrtrue þ 1 mmÞ;n;H;sk;res;Reff

ir (7)

where Reff is the effective stress ratio (see further details in Section
3.2). Further details concerning the theoretical background of the
4R method can be found in Refs. [23,24,29].

3.2. 4R parameters

The tests were conducted mainly at the intermediate life, i.e.
around 100 000 cycles with a maximum ENS of 1000MPa; no
reversed plasticity was present in the tests with the studied high-
strength materials, and fully elastic stress ranges can be assumed.
If no cyclic softening or hardening is assumed, the monotonic
stress-strain-behavior describes the material behavior in the tests.
In a recent study, Amraei et al. [36] determined the material
behavior of the studied S960 and S1100 grades in non-welded and
butt-welded components. From these tests, the Ramberg-Osgood
(ReO) material models for the base materials can be obtained.
The engineering force-displacement behavior was converted to
true stress-true strain curves and subsequently, the plastic strain
characteristics were derived for the ReO material models by con-
ducting a linear regression analysis on the plastic strain and true
stress, as shown in Ref. [37]:

Fig. 4. Schematic representation of cyclic behavior following Eqs (2)e(5): (a) constant amplitude effective notch stress due to external loading, (b) local residual stresses at the
notch root with and without the residual stress relaxation, and (c) cyclic behavior and hysteresis loops influenced by the effective notch stress range and residual stresses.

Fig. 5. Material models of the S960 and S1100 steels used in this study. ε and s are the
true strain and stress, respectively, obtained from the corresponding engineering
values (e, S) determined on the basis of the test force and displacement.
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logεp¼1
n
ðlog s� log HÞ (8)

Young's moduli for the S960 and S1100 materials were deter-
mined on the basis of the digital image correlation (DIC) system,
and ES960¼ 204 GPa and ES1100¼ 209 GPa were derived [36]. Fig. 5
presents the obtained material models for the studied S960 and
S1100 base materials.

The fatigue tests were carried out using the applied stress ratios
from R¼ 0.1 to R¼ 0.5. However, due to the angular distortion of
the specimens, the clamping led to an additional increase in the
mean stress level, as also shown by Leitner [38]. Thus, each spec-
imen was equipped with a strain gage and the clamping-induced
stress was recorded when the specimens were inserted into the
test rig. Appendices A and B provide the effective stress ratio (Reff)
values, in which the clamping-induced bending stress, the
straightening of the specimen due to axial loading, and the dis-
tinguishing notch factors [30] were considered as follows:

Reff ¼
Kt;msm;min þ Kt;b

�
sb;clamping þ sb;min

�

Kt;msm;max þ Kt;b

�
sb;clamping þ sb;max

� (9)

where sm,min and sm,max, and sb,min and sb,max are theminimum and

maximum of membrane and bending stresses, respectively,
induced by the axial loading and the angular distortion in the test.
In the NLCX joints, no significant clamping-induced bending stress
was found, i.e. sb,clamping < 10MPa, while the highest stresses due to
the clamping were recorded in the TIG-dressed T-joints due to high
angular distortion caused by the asymmetric joint geometry and
thus, unequal welding and PWT heat inputs. In the TIG-dressed
specimens, clamping stresses up to sb,clamping¼ 90MPa were
found, see Fig. 6a. The surface residual stresses, parallel to the
loading direction, were measured using an X-ray diffractometer
(Stresstech X3000 G3 device) at the centerline of the specimens. In
the 4R analysis, the characteristic maximumvalue of residual stress
representative of joint type and conditionwas used since there was
variation in the measurements, as shown in Fig. 6b, and the failure
did not always occur at the center of the specimen where the
measurements were conducted. For the HFMI-treated joints,
relaxation of the residual stresses during the early stage of cyclic
loading has been demonstrated by Leitner et al. [34]. Although the
chosen maximum values for the HFMI-treated joints distinguish
from the measured values up to 900MPa compressive residual
stresses, see Fig. 6b, it can be noted that due to the relaxation, the
stabilized residual stresses are lower in compression. However, in
the studied joints, the stabilized residual stresses were not
measured during the fatigue tests.

Fig. 6. (a) Clamping-induced stresses as a function of km factor in the test, and (b) results of residual stress measurements for the NLCT and NLCX specimens in the AW and PWT
condition.

Fig. 7. (a) Measurement line of 2D geometry measurement and (b) results of the measurements of NLCX joints made of S1100 steel in the AW and HFMI-treated condition (see
measured values in Table 7).
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Geometry measurements were conducted for all specimens and
welds at the centerline of the specimens using a 2D coordinate
measuring device with an inductive displacement transducer and a
laser displacement sensor, see Fig. 7a. Based on the measurements,
the weld toe radius rtrue, flank angle q and throat thickness a were
determined, see Fig. 7b. A summary of these analyses can be found
in Table 7. From the obtained geometry, a 2D quadratic 8-node
plane strain element model with both r¼ 1mm and r¼ rtrue þ
1 mmweld toe radius was modeled and analyzed to obtain SCFs for
notch stress analyses (the ENS concept and 4R method). At the
notch root, the element size of r/20, e.g. element size of
0.05mm� 0.05mm for a weld toe radius of 1mm, was chosen
based on the mesh convergence study on notch stresses under-
taken by Baumgartner and Bruder [39]. All analyses were carried
out using Femap (Siemens PLM Software) with Nx Nastran. Since all
specimens were prepared using a robotic GMAW, almost constant
weld profile was obtained, as indicated by the standard deviations
(Stdv) of the measured values. As shown in Table 7, in the HFMI-
treated and TIG-dressed specimens higher scatter was found
regarding the weld toe radius as the treatments were conducted
manually. Consequently, no specimen-specific finite element
analysis (FEA) was carried out, instead the average (avg) values
were used in each model representing the test series. Fig. 8a shows
the load and boundary conditions applied in the models and Fig. 8b
presents FEA results. For the 4R method, the acting notch stresses
Dsk were obtained using Eq. (1) except now the SCFs based on
r¼ rtrue þ 1 mm were used in the analysis.

3.3. Fatigue strength predictions

Utilizing the concept introduced in Section 3.1 and the param-
eters presented in Section 3.2, the elastic plastic cyclic behavior was
obtained for each test. For the test results (Dsk,ref,i, Nf,i), Deming's
regression [40], i.e. minimization of the sum of the squared
perpendicular distances (MSSPD), was conducted. Conventionally,

in regression analysis, only the scatter in the fatigue life is deter-
mined and considered. However, since the S-N curve is meant to
describe the fatigue strength characteristics, and there is always
uncertainty related to the stress acting at the local point causing the
fatigue failure, the scatter should be regarded also in the stress
value. Consequently, the stress range becomes partly unknown
variable and the use of the MSSPD approach is justifiable. Fig. 9
shows all the fatigue test results presented in terms of the refer-
ence stress rangeDsk,refwith the corresponding S-N curves. The S-N
curve of the 4R method can presented as follows:

Fig. 8. (a) Half-symmetric FE models of the NLCX joints in the AWand HFMI-treated conditions with load and boundary conditions, and (b) the corresponding results of the SCFs for
membrane and bending loading (a seed load of 1MPa was used in the analysis). DOB is the degree of bending (bending stress divided by the total stress).

Fig. 9. Fatigue test results using the 4R method with the mean and characteristic S-N
curves obtained by means of the MSSPD approach. 1For HFMI-treated NLCX-joints, the
R¼ 0.1 and R¼ 0.5 data points represent the tests carried out using R¼ 0.1e0.2 and
R¼ 0.3e0.4 loads, respectively (see details in Appendix 1).
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1� Rlocal
p

Dsk

!m4R

C4R (10)

where the C4R is the fatigue capacity andm4R is the slope of the S-N
curve according to the 4R method. Fig. 10 presents the fatigue test
results corresponding to the notch stress range, and the S-N curves
are obtained from the reference curve, which is modified according
to the Rlocal values following Eq. (10).

4. Discussion

4.1. Fatigue strength capacity

The fatigue strength capacity of transverse NLC-joints made of
UHSS was experimentally tested in the AWand PWTcondition. The
experimental data were collected from recently published studies
[17,30], and supplemented with additional tests on NLCX-joints
made of S1100 grade steel. Due to the configuration of the test
specimens, i.e. small-scale specimens and no deformations were
prevented in the welding, almost zero residual stresses were ob-
tained, also for the AW specimens, see Fig. 6, as also noted in prior
studies [30,41]. In fact, the highest tensile residual stresses were
obtained in the TIG-dressed S1100 specimens, whereby a
maximum of 200MPa parallel to the loading direction was
measured. Nevertheless, to demonstrate the effect of high tensile
residual stresses on the fatigue strength capacity, the tests were
carried out using applied stress ratios of R¼ 0.1e0.5.

The tests with the R¼ 0.1 loading showed a good correspon-
dence with the design guidelines [9e12]; a reasonable margin with
respect to the design S-N curves with a survival probability of
Ps¼ 97.7% was found. For the HFMI-treated joints at low stress ra-
tios, i.e. R¼ 0.1, FAT500 seemed to be applicable, see Fig. 3 and
Table 6. However, the increasing mean stress level had a decreasing
influence on the improvement level of the HFMI treatment. Due to
the lack of design guidelines for the notch stress concept for the
TIG-dressed joints [42], r¼ rtrue þ 1 mm was employed in this
study, following the stress averaging concept with the fictitious

notch rounding [43]. Using this concept, the S-N curve for the TIG-
dressed joints (R¼ 0.1) did not reach the corresponding curve for
the AW joints (r¼ 1.0mm). However, the TIG-dressed joints tested
with R¼ 0.5 loading, converged with the corresponding AW curve;
see Fig. 3 and Table 6. In the TIG-dressed joints, the presence of
tensile residual stresses make them less sensitive to the increase in
the mean stress level. This finding is in agreement with the results
acquired by Skriko et al. [6,44].

Of the geometry measurements conducted in this study, the
average weld toe radius was determined to represent the test se-
ries, i.e. joints with similar joint configuration and welding pa-
rameters; see Fig. 7 and Table 7. A welding robot was used in the
preparation of the test specimens and no significant variation was
thus observed within the measurements and subsequent geometry
analysis results. Although the HFMI and TIG treatments were per-
formed manually, the geometrical variations were also minor in
these specimens. In general, the test results (Fig. 3) showed that the
specific S-N curves for the different R ratios and joint conditions
(AW or PWT) are required to reach a reasonable accuracy in fatigue
strength predictions. To avoid the need for this, the 4R method was
adopted using the concept r¼ rtrue þ 1 mm for all joints, regardless
of the joint condition (AW, HFMI, TIG).

The aim of this study was to further verify the applicability of
the 4R method for the fatigue strength assessment of fillet-welded
joints made of UHSS. The results showed that the 4Rmethod can be
applied for UHSS joints in the AWand PWT condition, regardless of
the applied stress ratio. In the previous work undertaken by
Nyk€anen et al. [23,24], the applicability of the 4R method for joints
in the AW and HFMI-treated conditions was introduced, following
the rref¼ 1.0mm concept recommended by the IIW Recommen-
dations [15]. Nevertheless, the fatigue test conducted at higher
stress ratio, i.e. R¼ 0.5, indicated that fatigue strength improve-
ment with the HFMI treatment can be claimed also at high stress
ratios; see Fig. 3. The main influencing factor for that was obviously
the increase in weld toe radius, as shown in Table 7. Consequently,
the stress averaging concept, i.e. rtrue þ 1 mm, was adopted
different to a previous study [24] showing good accordance with
fatigue test results in terms of the 4R method.

The results of the 4R analysis showed a drastic decrease in the

Fig. 10. S-N curves of the 4R method with a Rlocal correction, and the original data points (Nf,i, Dsk,i) for the S1100 joints in (a) AW, (b) HFMI-treated and (c) TIG-dressed condition.
For the reference curve, Cmean¼ 1018.27 and m¼ 4.65 (see Fig. 9).
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scatter of the test results, i.e. all data points converged in a single S-
N curve with a scatter range (Ps¼ 97.7%: Ps¼ 2.3%) of Ts¼ 1:1.43;
see Fig. 9. This results in amean fatigue strength of C4R,mean¼ 1018.27

(FAT¼ 375MPa at two million cycles) and a characteristic fatigue
strength capacity of C4R,char¼ 1017.91 (Ps¼ 97.7%, FAT¼ 314MPa)
with the slope of the S-N curve m¼ 4.65. The present study esti-
mated a steeper slope with respect to the previous studies related
to the 4R method, in which m¼ 5.85 was obtained [24,29].
Nevertheless, the Master Curve obtained by Nyk€anen and Bj€ork
[24] for C-Mn steels including various material strengths
(Rp0.2¼ 224e1100MPa) fits the experimental results of this study,
as shown in Fig. 9. When conducting a statistical analysis with a
similar slope of m¼ 5.85, C4R,mean¼ 1021.68 was received, which
corresponds well with the Master Curve of C4R,mean¼ 1021.59.

4.2. Efficient fatigue design practices

From the engineering design point of view, the 4Rmethod poses
challenges to designers in the selection of trustworthy 4R param-
eters, i.e. without drawing unconservative assumptions and yet
without redundant conservatism. In this study, an X-ray diffrac-
tometer, and 2D geometry measurement devices were employed to
measure the residual stresses and weld profiles, respectively, for
the 4R analysis. In fatigue design engineering, such facilities are not
always available and, thus, the worst-case assumptions, such as
tensile residual stresses equal to yield strength and a sharp rtrue¼ 0
weld toe radius, are typically used to avoid making unconservative
fatigue life predictions. This concept can also be adopted when
using the 4R method [45]. For the HFMI treatment, a conservative
assumption of sres¼�0.255Rm was given in Ref. [24] based on the
measurements of existing studies, and the assumption seems to
correspond to the residual stress measurements of this study.
Regarding the residual stresses after the TIG dressing, the authors
did not find studies, in which the TIG dressing of UHSSs and sub-
sequent residual stress measurements were conducted for joints in
the high tensile residual stress field.

Nevertheless, the increasing demands for structural and weight
optimization are leading to more comprehensive utilization of
structural performance, and methods to examine the realized
values are needed. In this regard, quality assurance in fabrication
[46] plays an important role; the desired quality level must be
reached and verified. Although there exist many non-destructive
measurement techniques for measuring the residual stresses in
the structures, they are not commonly used in the practical engi-
neering work. To overcome the need for the measurements,
simulation of welding processes [47,48] and PWTs [49e51] for
UHSSs can be adopted to estimate the residual stress state for the
fatigue strength assessment, together with the analytical [52] and
numerical [34] methods to estimate the stabilized residual stresses.

4.3. Future work

Within this study, HFMI treatment and, with a limited scope,
TIG dressing were considered as PWTs for fillet-welded joints,
showing the efficiency of the 4R method for the fatigue strength
assessment of welded joints made of UHSS. To further validate the
4R method for TIG-dressed joints, additional fatigue tests and
detailed research on the residual stress state after treatment for
different steel grades should be carried out. In addition, the
incorporation of other post-weld improvement techniques, such
as burr grinding [33] and laser dressing [44], under the 4R
methodology needs further verification. In the 4R method, the

residual stress relaxation can be considered; see Fig. 4. Never-
theless, in the studied joints, stabilized residual stresses were not
measured, and the effects of it on the use of the 4R method should
be paid attention in future works.

This study showed a decrease in the improvement level of the
HFMI treatment when the R ratio increases. Experimental tests
were conducted at the intermediate regime, i.e. near 100 000
cycles. It should be noted that the HFMI treatment shows a
particularly beneficial effect at the high cycle regime, hence
additional experimental tests should be carried out to verify the
4R method at this regime. The fatigue testing of HFMI-treated
welded joints at the high cycle regime, however, may result in
failures outside the joint area, particularly at low stress ratios, as
also observed in this study. To diminish the affecting parameters
causing scatter in the fatigue test results, small-scale specimens
are typically preferred to study a certain phenomenon. As with
many other fatigue design concepts, the 4R method also requires
further validation by testing with large-scale specimens and
structures.

5. Conclusions

Within this study, the experimental fatigue test data for fillet-
welded joints with transverse attachments made of UHSS was
extracted from literature. The tests were complemented with the
fatigue tests conducted for the NLCX-joints made of the S1100
UHSS. All tests were carried out using CAL with the applied stress
ratio of R¼ 0.1e0.5. The fatigue strengths were obtained using
conventional stress-based approaches; the nominal stress, struc-
tural HS stress and ENS method. The 4R method was employed to
investigate the mean stress correction by means of the local stress
ratio acting at the notch root. On the basis of the experimental work
and subsequent fatigue analysis, the following conclusions can be
drawn:

� The fatigue test results with low stress ratios, i.e. R¼ 0.1,
exceeded the characteristic curves (Ps¼ 97.7%) of the design
codes and guidelines [9e12].

� The design curves [9e12] were unconservative for the joints in
the AW condition and tested at high stress ratio, i.e. R¼ 0.5. For
the HFMI-treated joints tested at high stress ratio, higher fatigue
strength was found than suggested by the IIW Recommenda-
tions [15].

� The conventional fatigue strength assessment methods, such as
the nominal stress, HS and ENS concepts, recall specific S-N
curves for different PWTs, and careful consideration of applied
stress ratio is needed to reach a reasonable accuracy in the fa-
tigue strength assessment.

� The 4R method enables fatigue strength assessment of trans-
verse fillet-welded UHSS joints with good accuracy regardless of
joint condition or applied stress ratio using a single S-N curve
with the SWT mean stress correction.
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A B S T R A C T   

In the present paper, a fatigue analysis for welded joints made of mild, and high- and ultra-high-strength steel 
grades and post-weld-treated with grinding and combined grinding and peening methods is carried out using 
literature data. The 4R method was used to re-analyze the data points considering material strength, residual 
stress, applied stress ratio, and weld toe radius. The use of the 4R method, instead of local fatigue strength 
assessment approaches, enabled residual stresses to be taken into consideration and accurately predicted the 
fatigue strength of joints in the as-welded and post-weld-treated conditions, including grinding and combined 
grinding and peening methods.   

1. Introduction 

A wide range of steel constructions and components undergo fluc
tuating and cyclic load conditions during service. Hence, fatigue 
strength is among the most important design criteria. In welded com
ponents, the consideration of fatigue behavior is even more important 
as welding is associated with thermal cycles, causing tensile residual 
stresses, as well as welding deformations. High tensile residual stresses, 
equal to up to the yield strength of the material, increase local mean 
stress level at the fatigue-critical details, and welding deformations and 
misalignments can cause an increase in macro-geometric stresses, thus 
exposing welded joints to fatigue failures. In addition, a sharp transition 
from the plate component to the weld reinforcement, even if no initial 
flaws are present, introduces a local notch stress concentration, which 
makes the weld toes susceptible to fatigue crack initiation (CI) and 
subsequently crack propagation (CP). To overcome the issues causing 
low fatigue strength of welded joints in the as-welded (AW) condition, 
the implementation of post-weld treatments (PWTs) has attracted both 
academic and industrial interest, and a wide range of PWT methods has 
been developed in recent decades. In general, PWTs can be divided into 
two categories: methods for improving the weld toe geometry and thus 
lowering the notch stress concentration, and methods for modifying 
residual stress state at the weld toe [1]. Notch stress concentration at 
weld toes can be reduced by introducing machining methods, such as 
burr and disc grinding, or re-melting methods, such as tungsten inert 
gas (TIG), laser or plasma dressing. Residual stresses can be modified 
either globally, for example by thermal treatments, or locally by in
troducing overloads or peening methods, such as high-frequency 

mechanical impact (HFMI) treatments. Full descriptions of these 
methods are given in the IIW guidelines for PWTs [1] and partial ones 
covered in design codes [2,3]. 

To select an appropriate PWT method for a given engineering ap
plication, careful consideration of material characteristics and load 
conditions is needed. Re-melting methods might change the metallurgy 
of the dressed region and, consequently, affect the corrosion behavior 
of stainless steel grades [4], as well as the ultimate strength and duc
tility of direct-quenched ultra-high-strength steels [5,6]. Peening 
methods are notably more effective for high- and ultra-high-strength 
steel joints than for mild steels [7,8], while the beneficial effect of the 
HFMI treatment is lost at high mean stress levels [1] and overload peaks  
[9]. Consequently, grinding is a recommended PWT method to enhance 
the fatigue strength of welded joints although it is not the most cost- 
effective one [10–12]. The grinding procedure, nevertheless, usually 
provides at least a moderate improvement in fatigue strength compared 
to joints in the AW condition, regardless of the environmental [13] or 
load conditions [14], and material strength [15]. Furthermore, grinding 
tools are normally readily accessible and can thus be easily adopted in 
workshops, and treatment quality can be simply inspected by de
termining the radius and depth resulting from the grinding treatment. 

One concern related to the implementation of PWTs is the con
sideration of the fatigue strength improvement of fatigue assessment of 
welded joints. The most rudimentary and conventional approach has 
been to assess the fatigue strength using the nominal stress approach, 
and fatigue strength improvements can be incorporated in fatigue 
analysis by implementing an increase in the fatigue class (FAT). 
Nevertheless, due to the increased computational capacity achieved in 
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recent decades, a more common engineering approach is to evaluate the 
fatigue strength of welded joints using local approaches, particularly 
notch stress-based concepts employing finite element (FE) modeling, 
even large-scale components. Pedersen et al. [16] conducted an ex
tensive fatigue data analysis for various welded details in the AW and 
post-weld-treated (burr-ground, TIG-dressed, HFMI-treated) conditions 
using a notch stress approach with a fixed reference radius of 
rref = 1.0 mm after the effective notch stress (ENS) concept [17], re
gardless of the joint condition. Using this approach, a characteristic 
design fatigue strength of FAT320 with the slope parameter of S-N 
curve of m = 3 was suggested for both burr-ground and TIG-dressed 
joints, and of FAT360 with m = 5 for HFMI-treated joints. In a recent 
study, Mecséri and Kövesdi [18] re-analyzed experimental fatigue test 
data of welded specimens post-weld-treated with grinding considering 
the radius of ground weld toe, finding a good correspondence with 
numerically and experimentally determined mean fatigue strengths 
using the ENS concept. Another means of considering notch stresses in 
the fatigue analysis is to apply the theory of critical distance (TCD) or 
stress averaging concepts. Baumgartner et al. [19,20] statistically 
evaluated the critical distances of a = 0.6 mm and a = 0.1 mm, based 
on the maximum principal stress hypothesis, for welded steel joints in 
the AW and TIG-dressed condition, respectively. It is also worth men
tioning that reasonable accuracies were found with different critical 
distances between a = 0.1–1 mm [19,20]. Karakaş et al. [21] found a 
critical distance of a = 0.06 mm for welded magnesium alloys. In ad
dition, Braun et al. [22] have demonstrated the applicability of the 
stress averaging concept for ground specimens. 

Notch stress-based approaches, with multiple different definitions 
and concepts, take local stress into account in fatigue assessment. 
However, they do not take into consideration of material strength (if 
not considered in micro-support length or notch sensitivity), applied 
stress ratio, or residual stresses. Moreover, current design codes and 
guidelines do not address the effect of combined PWTs, for example 
weld toe grinding (TG) followed by peening, for which higher fatigue 
strengths have been obtained in prior studies [23–25], than those joints 
obtained from individually-applied grinding or peening treatments. To 
consider the combined effect of residual stresses and external load 
conditions, in association with notch effects and material strength, 
Nykänen and Björk [26,27] introduced an ENS-based approach com
bined with the Smith-Watson-Topper (SWT) mean stress correction for 
the fatigue strength assessment of C-Mn steel welded joints in the AW 
and HFMI-treated condition. While this approach was in development, 
the authors named the 4R method after four ‘R’-letter parameters 
considered in the analysis (applied stress ratio R, material ultimate 
strength Rm, residual stress σres and weld toe radius r). The applicability 
of the approach was also verified for variable amplitude loads [28], 
duplex and super-duplex stainless steel grades [29], and TIG-dressed 
joints [30,31]. 

Prior studies of the 4R method have not addressed welded joints 
post-weld-treated with either grinding methods or combined grinding 
and peening (G&P) methods. The aim of the current study is to use the 
4R method to assess the fatigue strength of fillet weld joints post-weld- 
treated with grinding methods and, thus, show the general applicability 
of the approach for assessing the fatigue strength of joints treated with 
various PWT methods. An extensive literature research was carried out 
to collect fatigue test data for fillet-welded joints in the AW condition 
and post-weld-treated using burr grinding, disc grinding, weld profiling 
(WP), and combined G&P methods, and tested under uniaxial constant 
amplitude loading. From these studies, the weld profile and toe geo
metries were evaluated based on the available macro graphs, geometry 
measurements, and details related to preparation of grinding. For each 
test series, a three-dimensional (3D) solid element FE model was cre
ated to obtain the notch stress concentration factors (SCFs). 
Furthermore, the available residual stress measurements for joints in 
the AW, ground, and G&P condition is collected to approximate the 
residual stresses. Local stress–strain behavior was analytically 

approximated at the location of the maximum stress at the notch root 
for each test result to obtain the local stress ratio, and the mean stress 
correction was conducted based on the local stress ratio acting at the 
notch root. The results obtained under 4R method are compared with 
those obtained under the ENS approach. 

2. Fatigue strength improvement with grinding 

2.1. Treatment procedures and current design guidelines 

Fatigue strength improvement by grinding PWT methods is based 
on the removal of material from the weld toe using tools with a rounded 
profile, such as rotary burrs and discs. In butt-welded details, the whole 
weld reinforcement can be ground flat; in the case of fillet welds, 
however, typically the fillet weld is profiled with grinding tools or, 
alternatively, the grinding is applied only locally at the weld toe. WP 
requires more material to be removed than under toe treatments but 
typically provides a smoother transition from the base material to the 
filler metal. To implement a successful grinding treatment, the resulting 
radius at the weld toe should be higher than 0.2 t (where t is the plate 
thickness) and have a minimum grinding depth of d = 0.5 mm but no 
more than 7% of plate thickness, as per the IIW Recommendations for 
grinding PWTs [1]. 

As in many other PWT methods, the improvement in fatigue 
strength gained by grinding can be limited by the change in fatigue 
failure location, particularly in load-carrying (LC) joints but also in non- 
load-carrying (NLC) joints. Prior investigations [23,32] have clearly 
demonstrated the weld root failures in post-weld-treated longitudinal 
gusset joints. Fig. 1 demonstrates fatigue failures at inter-bead toes in 
multi-pass fillet-welded joints. Weld root failures can be avoided by 
increasing weld penetration through the use of groove preparation or 
welding techniques while, as demonstrated in Fig. 1b, inter-bead fa
tigue cracking can be efficiently avoided by extending the ground re
gion to also cover the weld face, thus realizing full potential of fatigue 
strength improvement. 

The current codes and design guidelines for the fatigue design of 
ground welds cover nominal stress and structural hot-spot (HS) stress 
approaches. A 30% increase in fatigue strength is provided for ground 
joints by the IIW Recommendations for PWTs [1]. In the nominal stress 
approach, this refers to a two-fatigue class improvement, and in the 
structural HS stress approach, design curves of FAT125 and FAT112 
with S-N curve slope parameter of m = 3 are recommended for ground 
NLC and LC welded joints, respectively. In the fatigue design guidelines 
for offshore steel structures [2], a higher slope parameter of m = 3.5 is 

Fig. 1. (a) Fatigue CI and CP at a HFMI-treated joint at the inter-bead toe of a 
multi-pass weldment, and (b) corresponding ground joint with longitudinal 
finishing. 
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given for ground joints. In a recent study [33], a S-N curve slope 
parameter of m = 4 was proposed based on a literature review of ex
perimental findings. Nevertheless, although treatment procedures are 
given in design guidelines [1–3], the nominal stress and structural HS 
stress approaches do not address the geometrical effects, that is, the 
resulting grinding radius and depth, on the fatigue strength capacity of 
a ground joint. 

2.2. Fatigue test data of specimens in the as-welded and ground condition 

A literature review of the existing experimental studies related to 
the fatigue strength of welded post-weld-treated with grinding methods 
was carried out to collect fatigue test data to evaluate fatigue strength 
using the 4R method, described in Section 3. The main objective of the 
literature review was to collect the data on ground welded specimens 
but also data of joints in the AW condition was collected for purposes of 
comparison. The collected data consisted of various grinding methods: 
TG, covering both burr and disc grinding methods; WP, in which the 
weld reinforcement is profiled; combined G&P methods, in which the 
grinding is followed by mechanical peening to introduce beneficial 
compressive residual stresses. 

From these studies, together with the extracted test data points, 
details regarding the specimen and weld geometry were evaluated to 
prepare FE models. Weld profiles and weld toe geometries were pri
marily determined based on the measurements and analyses conducted 
within the studies or defined based on the available etched or polished 
sections. In most cases, weld toe radii for AW specimens were not 
available, as described in Table 1, and for those test series, rtrue = 0 was 
assumed according to the worst-case assumption [34]. In a few test 
series, neither geometry measurements nor macro graphs were avail
able but the details regarding the applied burr tool and treatment were 
comprehensively described. In such ground joints, the weld toe radius 
was assumed to be equal to the radius of the grinding tool. Expectedly, 
for practical reasons, the resulting true weld toe radius is slightly higher 
than the radius of burr tool but as described in Section 4, when the weld 
toe radius produced by the BG increases, its effect on the notch SCF 
significantly decreases. Consequently, reasonably small error in the 
estimation of weld toe radius leads to a small but conservative over- 
assessment of notch SCF. 

The literature research revealed several comprehensive studies were 
found. However, in some of these, the S-N curves or tables providing 
experimental results were unreadable or untraceable in terms of data 
points. Furthermore, some studies did not provide any essential in
formation on the grinding treatment or weld geometry. Ambiguous 
fatigue test series such as these were excluded from the fatigue analysis 
of this study. Fatigue-tested specimens were still available for further 
analyses from a recent study by Braun et al. [15], and the un-failed side 
of the NLC cruciform specimens were 3D-scanned with a Hexagon 
Romer device to obtain weld geometries – the resulting geometries are 
shown in Fig. 3. Table 1 summarizes the extracted fatigue test data 
series and gives the details of load and joint conditions. A total number 

of 607 fatigue test results was extracted from the literature, and the 
joint conditions were categorized into AW, TG, WP and G&P joints. 

3. Fatigue assessment of as-welded and ground joints using the 4R 
method 

3.1. Theoretical foundation 

The 4R method is based on the determination of cyclic behavior at 
the notch root accounting for material strength properties (stress–strain 
curve), local residual stress σres induced by the welding and subse
quently potentially modified by the PWTs, applied stress ratio R, and 
weld toe quality rtrue. Prior investigations (see, for example,  
[27,28,30,48]) have given fill descriptions of the theoretical foundation 
of the 4R method and the related equations. The 4R method aims to 
determine the local stress ratio, shown in Fig. 4, which is applied with 
the SWT mean stress correction: 

=
R1k ref
k

local
,

(1)  

In Eq. (1), Δσk,ref is the mean stress-corrected reference notch stress 
range, Δσk is the (linear elastic) ENS range, and Rlocal is the local stress 
ratio (σmin/σmax), as demonstrated in Fig. 4. The use of the reference 
ENS range, in terms of the local cyclic behavior and notch stress con
centration, commeasures the fatigue test data points into a single S-N 
curve. When adopting the 4R method for ground joints, no modifica
tions in the basic theory are conducted. The grinding and combined G& 
P methods are in the main focus of this study, which follows the basic 
concepts accordingly. The 4R analysis, illustrated in in Fig. 4, can be 
summarized as follows:  

(a) A welded joint can be in the AW or post-weld-treated condition. If 
grinding is adopted, a reduction of notch SCF is achieved. The joint 
can be treated with peening methods which do not significantly 
affect the weld toe geometry but introduce beneficial compressive 
residual stresses.  

(b) Nominal (external) cyclic stress (σnom) is identical for the AW and 
ground joints. The ENS range is obtained based on external loading 
and notch SCFs (see Section 3.2.2 for further details). Due to the 
increased weld toe radius, the notch stress range is lower for ground 
joints.  

(c) In welded joints in the AW condition, tensile residual stresses, equal 
to up to the yield strength of the material, are typically present. 
Notch SCF is reduced by grinding, and a decrease in tensile residual 
stresses can occur locally at the weld toe as the global residual 
stresses are not superposed with high notch SCFs. If peening 
methods are employed, compressive residual stresses are in
troduced (see Section 3.2.1 for further details). During the cyclic 
loading, the residual stresses may relax due to over- or underloads 
or the stabilization of compressive residual stresses.  

(d) Residual stress sets the starting point at the stress–strain (R-O) 
curve. The linear elastic stress range (b) is converted to elastic 
plastic behavior at the notch root, and the local stress ratio is de
termined based on the local minimum and maximum stress (σmin 

and σmax). 

3.2. 4R parameters 

3.2.1. Residual stress 
For joints in the AW condition, tensile residual stresses up to the 

yield strength of the material at the weld toes can be assumed in fatigue 
design [49]. This is a conservative, but justifiable, assumption in en
gineering design since welded structural components cannot deform 
freely due to the stiffness of the whole structure. In small-scale fatigue 
test specimens, however, the deformation are not usually prevented; 
consequently, the residual stresses are also significantly lower [50,51]. 

Fig. 2. Joint types in the extracted data (dimensions in scale and in mm), see 
acronyms in Table 1. 
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Furthermore, the magnitude of residual stresses can be influenced by 
the welding sequence and interpass temperature [52,53]. The magni
tude of residual stresses in small-scale specimens is also related to joint 
type. For instance, in transverse weldments, such as butt-welded joints 
and transverse attachment joints without preventing deformations, 
angular distortion can occur freely, which reduces the formation of 
residual stresses. In contrast, in fillet-welded LG joints, the free 

contradiction of weld metal at the cooling phase is prevented due to the 
axial stiffness of the adjoined plate components, which results in higher 
residual stresses. 

The above-described concepts regarding welding residual stresses in 
small-scale specimens are widely supported by experimental findings: 
for transverse attachments in the AW condition, nearly zero residual 
stresses were reported, and the grinding does not have a significant 

Table 1 
Extracted fatigue test data for the ground specimens. fy/Rp0.2 is the yield or proof strength of material, n is the number of test specimens in the series (failure at the 
investigated area), and dtrue is the grinding depth.               

Ref. t [mm] Steel grade fy/Rp0.2 [MPa] Joint typea Load typeb Joint cond. Toolc n [-] R [-] rtrue [mm] dtrue [mm] Acr.  

[14] 12.5 BS 43A 260e NLCX A AW – 12 −1 & 0.5 0 0 BOO 
[14] 12.5 BS 43A 260e NLCX A TG DG 16 −1 & 0.5 2.65 0.8 BOO 
[15] 8 S900 972d NLCX A AW – 9 0 0.4 0 BRA-1 
[15] 8 S900 972d NLCX A WP LG 11 0 9.6 0.2 BRA-1 
[35] 8 S690 735d NLCX A AW – 12 0 0.6 0 BRA-2 
[35] 8 S690 735d NLCX A WP LG 21 0 8.2 0.5 BRA-2 
[35] 8.4 1.4462 608d NLCX A AW – 12 0 0.8 0 BRA-3 
[35] 8.4 1.4462 608d NLCX A WP LG 17 0 8.3 0.4 BRA-3 
[35] 8 S355 450d NLCX A AW – 9 0 0.7 0 BRA-4 
[35] 8 S355 450d NLCX A WP LG 15 0 8.4 0.45 BRA-4 
[23] 12.7 BS 15 280d NLCX A AW – 7 −1 0 0 GUR-1 
[23] 12.7 BS 15 280d NLCX A TG BG 7 0 3.4 0.1 GUR-1 
[23] 12.7 BS 968 350d NLCX A TG BG 6 0 3.4 0.1 GUR-1 
[23] 12.7 BS 15 280d NLCX A WP BG 11 −1 & 0 6.8 0.25 GUR-1 
[23] 12.7 BS 968 350d NLCX A WP BG 9 −1 & 0 6.8 0.25 GUR-1 
[23] 12.7 BS 15 280d NLCX A G&P BG 5 0 6.8 0.25 GUR-1 
[23] 12.7 BS 968 350d LG A AW – 4 0 0 0 GUR-2 
[23] 12.7 BS 15 280d LG A TG BG 6 0 1.2 0.1 GUR-2 
[23] 12.7 BS 15 280d LG A WP BG 17 −1 & 0 6.8 0.25 GUR-2 
[23] 12.7 BS 968 350d LG A WP BG 6 0 6.8 0.25 GUR-2 
[24] 30 C-Mn steel 380d NLCT 4B AW – 7 0.1 0 0 HAA-1 
[24] 30 C-Mn steel 380d NLCT 4B TG BG 6 0.1 6 0.5 HAA-1 
[24] 30 C-Mn steel 380d NLCT 4B G&P BG 6 0.1 6 0.5 HAA-1 
[36] 20 S420 463d NLCT 4B AW – 56 0.1 0 0 HAA-2 
[36] 20 S420 463d NLCT 4B TG BG 47 0.1 6 0.8 HAA-2 
[25] 12.7 DH36 375d NLCX A AW – 13 0 0.8 0 GAO 
[25] 12.7 DH36 375d NLCX A TG BG 11 0 3.2 0.9 GAO 
[25] 12.7 DH36 375d NLCX A G&P BG 10 0 3.2 0.9 GAO 
[37] 12.7 BS 43A 245e NLCX A AW – 9 0 0 0 KNI 
[37] 12.7 BS 43A 245e NLCX A TG DG 13 0 3.5 0.6 KNI 
[37] 12.7 Superelso 70 685e NLCX A AW – 5 0 0 0 KNI 
[37] 12.7 Superelso 70 685e NLCX A TG DG 4 0 3.5 0.6 KNI 
[38] 12.5 S355 406d NLCX A TG BG 2 0.1 4.2 0.8 ZHA 
[38] 12.5 S355 406d NLCX A G&P BG 4 0.1 4.2 0.8 ZHA 
[39] 20 DH36 355e NLCX A AW – 11 0.1 0 0 POL 
[39] 20 DH36 355e NLCX A BG BG 5 0.1 6.5 0.55 POL 
[40] 16 SM490YA 425d LG A AW – 8 0–0.1 1.1 0 UCH 
[40] 16 SM490YA 425d LG A TG BG 18 0–0.1 3 0.1;0.5;1.5 UCH 
[40] 16 SM490YA 425d LG A TG BG 16 0–0.1 5 0.1;0.5;1.5 UCH 
[41] 6 S700 700e NLCT 4B AW – 17 0.1 0 0 PED 
[41] 6 S700 700e NLCT 4B TG BG 11 0.1 3 0.3 PED 
[42] 8 S700 794d NLCX A AW – 30 0.2–0.73 2.3 0 LIE 
[42] 8 S700 794d NLCX A TG BG 9 0.2 4.3 0.5–0.8 LIE 
[43] 8 S700 700e LG A AW – 7 0.1 & 0.5 0.7 0 HUT 
[43] 8 S700 700e LG A TG BG 8 0.1 & 0.5 5.2 0.5 HUT 
[44] 16 S690 719d LG A AW – 9 0.1 1.5 0 WEI 
[44] 16 S690 719d LG A TG BG 8 0.1 2.66 0.5 WEI 
[45] 24 A515 Grade 70 411d LCX A AW – 4 0 0 0 DIC 
[45] 24 A515 Grade 70 411d LCX A TG BG 4 0 3.8;8.5 0.8 DIC 
[46] 12 SBHS500 633d LG A AW – 6 0.1 0.2 0 MIK 
[46] 12 SBHS500 633d LG A TG BG 4 0.1 2.7 0.5 MIK 
[46] 12 SBHS500 633d LG A G&P BG 14 0.1 3.2;2.9 0.8;0.6 MIK 
[47] 12 SM490YA 417d LG A AW – 6 0–0.1 1.4 0 MOR 
[47] 12 SM490YA 417d LG A AWf DG 5 0–0.1 1.4 0 MOR 
[47] 12 SM490YA 417d LG A TG BG 1 0–0.1 6.2 0.4 MOR 
[47] 12 SM490YA 417d LG A WP DG 1 0–0.1 11.4 0.1 MOR 

a X = cruciform joint, T = T-joint, LG = longitudinal gusset joints (see also Fig. 2). 
b Load type: A = axial loading, 4B = four-point bending. 
c Grinding tool: disc grinder (DG), lamellar grinder (LG), burr grinder (BG). 
d Measured value. 
e Nominal value. 
f Weld face ground but no treatment at the weld toe (BI specimens).  
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influence on the negligible low residual stresses (see, for example,  
[13,25,35]). In LG joints, high tensile residual stresses parallel to the 
loading direction have been measured up to σres = +0.9fy in the vici
nity of the weld toe, while grinding can reduce the tensile residual 
stresses to some extent [40,43,46]. Beneficial compressive residual 
stresses can be introduced using peening methods. Nykänen and Björk  
[27] reported a conservative approximation for residual stresses after 
peening of σres = −0.255Rm, covering various peening methods. For 
ground and pneumatically peened joints, even higher compressive re
sidual stresses have been reported in prior studies [25,46]. Fig. 5 
summarizes the results of residual stress measurements indicated in the 
studies from which the data points were extracted for the present paper. 

Most of the experimental studies extracted for the present study, see  
Table 1, lack residual stress measurements, or these were not reported. 
Consequently, the residual stresses were approximated on the basis of 
the published results, as shown in Fig. 5, using conservative assump
tions. Furthermore, the relaxation of residual stresses was neglected in 
this study. The following approximations of residual stresses were 
conducted (see also Fig. 5 for a comparison):  

• AW condition: in LG joints, σres = +fy and in transverse fillet weld 
joints, σres = 0  

• Ground condition: in LG joints, σres = +0.5fy and in transverse fillet 
weld joints, σres = 0  

• Ground and peened: σres = -0.5Rm 

3.2.2. Effective notch stress range 
FE analyses were employed to obtain the notch SCFs and, subse

quently, the ENS for the fatigue analysis. To consider the fatigue ef
fective notch factors, the notch SCFs were obtained using fictitious radii 
of r = rtrue + 1 mm according to the ENS concept [17] and 4R method  
[27,30]. When enlarging the radius by 1 mm to obtain the fatigue-ef
fective SCF, the undercut (dent) depth was held as original. For joints in 
the AW condition, rtrue = 0 was assumed if no further information was 
available, as shown Table 1, and the notch SCFs for the 4R method 
correspond to the ENS concept with the reference radius of 
rref = 1.0 mm. The SCFs were obtained numerically using linear hex
ahedral solid element mesh models and the maximum principal stress 
criterion. At weld toes, a mesh size less than r/20 corresponding to 125 
elements over a 360° arc was used to obtain SCFs accurately, following 
the mesh convergence study by Baumgartner and Bruder [54]. Fig. 6 
depicts the element mesh used in the FEAs. 

As clearly indicated in a prior study [55], notch SCFs are different 
for membrane and bending stress loads. Consequently, notch SCFs were 
obtained separately for such loads, that is, DOB = 0 and DOB = 1. 
Braun et al. [15,35] reported welding-induced angular distortions and 
subsequent bending stresses for each fatigue-tested NLCX specimen, 
with misalignment factors varying between km = 1.5–2.4, 
km = 1.0–1.2, km = 1.0–1.8, and km = 1.0–1.2 for BRA-1 (S900), BRA- 
2 (S690), BRA-3 (1.4462), and BRA-4 (S355) data sets, respectively. In 
other experimental studies conducted for axially loaded joints, and 
included in this study, neither angular distortions nor secondary 

Fig. 3. 3D-scanned geometries for the S900 NLCX joints tested in [15]: (a) a 
NLCX joint in the AW condition, and (b) a weld-profiled NLCX joint. 

Fig. 4. Steps to determine the cyclic behavior of welded joints in the AW and ground conditions under CA loading: (a) joint characteristics, (b) notch stress range 
based on the external loading and SCF, (c) local residual stresses after welding, PWT and under cyclic loading, and (d) local cyclic stress loops for the joints. 

Fig. 5. Results of published residual stress measurements: (a) LG and NLCX 
joints in the AW and ground condition, and (b) ground and subsequently 
pneumatically peened joints. 
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bending stresses were available or reported, as the nominal stress 
method covers only a certain degree of misalignment in S-N curves. 
Consequently, a fixed distortion and misalignment factor of km = 1.25 
was approximated according to the IIW Recommendations [56]. In the 
case of four-point bending, the angular distortion does not cause any 
secondary stresses, and notch stress ranges can be calculated directly 
using bending stresses and the corresponding notch SCF. The ENS was 
calculated with the superposition principle as follows for axially loaded 
joints: 

= +
= +

K r K r
K r K r k

( ) ( )
[ ( ) ( )( 1)]

k t m m nom t b b nom

t m t b m m nom

, , , ,

, , , (2) 

and for four-point bending-loaded joints simply: 

= K r( )k t b b nom, , (3)  

In Eqs. (2) and (3), Kt,m(r) and Kt,b(r) are the notch SCFs for mem
brane and bending stresses, respectively, using a toe radius of r, and 
Δσm,nom and Δσb,nom are the membrane and bending stress ranges, re
spectively. In the case of LG joints, the Kt,m and Kt,b SCFs also includes 
the structural SCF induced by the gusset. Fig. 7 presents the notch SCFs 
for the extracted specimens in the AW and ground conditions. For the G 
&P specimens, the notch SCFs are similar to the ground specimens since 
peening does not majorly modify the geometrical shape of notch root. 

3.2.3. Material behavior and applied stress ratio 
All extracted fatigue test data series included information about the 

materials used in the experimental program. From the perspective of 4R 

analysis, it is essential to include material behavior in the fatigue 
analysis, as it describes the local maximum and minimum stress from 
which the local stress ratio is obtained. Nevertheless, the strain am
plitude is not employed in the fatigue assessment, and the result is 
therefore not affected by uncertainties related to the obtained strain 
amplitudes. Instead, it is important to consider stress behavior, that is, 
the maximum and minimum stresses should be estimated as accurately 
as possible. For low-alloyed mild steels, a strain hardening coefficient of 
H’ = 1.65Rm and exponent of n’ = 0.15 can be estimated [57] for the 
Ramberg-Osgood (R-O) material curve. This assumption does not, 
however, necessarily provide correct yield/proof and ultimate strengths 
for the estimated R-O curve as the parameters are fixed based on the 
ultimate strength. In addition, for high- and ultra-high-strength steel 
grades, the yield strength to ultimate strength ratio is usually higher 
than it is for mild steels [58,59]. 

In the present study, a simplified method for estimating the R-O 
parameters was employed due to the lack of comprehensive material 
data. The strain hardening coefficient and exponent were derived based 
on the yield and ultimate strength and corresponding elongation values. 
The engineering stress and strains (σ and ε) were converted to true 
stress-true strain ( ¯ and ¯) values, namely = +¯ ln(1 )and 

= +¯ (1 ) [60], and R-O parameters were fitted according to the 
plastic strain at the known yield and ultimate strength points using a 
log-conversion of the plastic term of the R-O equation in comparison 
with a linear formula, as follows: 

= = =
H n

H y
k

x b¯ ¯ log ¯ 1 (log ¯ log ) 1 ( )p p
n
1

(4)  

Applied stress ratios or, alternatively, the minimum or maximum of 
applied nominal stress were provided in all the extracted fatigue test 
data series. Recent studies [30,61,62] have indicated the need to con
sider specimen clamping-induced increase in mean stress and reduction 
in angular distortion to accurately obtain the effective applied stress 
ratio, and secondary bending stresses. Due to the lack of strain gage 
measurements and/or available data, these effects were excluded from 
the 4R analysis undertaken for this study. 

3.3. Fatigue strength predictions 

For each data point, cyclic behavior was analytically determined 
based on the concepts presented in Section 3.1, and the mean stress 
correction was conducted according to Eq. (1). The reference stress 
range was analyzed using linear elastic stress range and the 4R para
meters: material strength, weld toe radius, residual stress and applied 
stress ratio. The approximations conducted in the 4R parameters and 
secondary bending stresses result in a certain level of uncertainty in the 
obtained stress range (see Eq. (1)). Consequently, the statistical ana
lyses of S-N curves should account for the uncertainty in the obtained 
stress range, and not only in the fatigue life, as conventionally regarded  
[56]. Therefore, when determining the S-N curve in the 4R method, the 
minimization of the sum of squared perpendicular distances (MSSPD) 
statistical approach (Deming’s regression [63]) is also applied for S-N 
curve fitting, in addition to the standard method with linear regression 
(Δσ as known variable and Nf as unknown variable). The data plots are 
divided into four categories as follows: AW, TG, WP, and G&P. When 
applying the 4R method with the mean stress-corrected reference stress 
range, no significant difference between the different categories was 
observed, as shown in Fig. 8. 

As regards the ENS concept, the AW data points were obtained with 
the reference radius of rref = 1.0 mm, and TG, WP, and G&P data points 
considering the true radius, that is, r = rtrue + 1 mm. To enable a more 
comprehensive comparison between different data sets (AW, TG, WP, 
and G&P joints), the slope parameter of the S-N curve, mean fatigue 
strength (for a survival probability of Ps = 50%), and scatter range Tσ 

(between Ps = 10% and Ps = 90%) were determined from a data series 

Fig. 6. FE models to obtain notch SCFs: (a) a NLCX joint in the AW condition 
and (b) a weld-profiled NLCX joint, corresponding to the specimen geometries 
presented in Fig. 3. DOB is the degree of bending (bending stress divided by the 
total stress). 

Fig. 7. Numerically obtained notch SCFs for joints in the AW and ground 
condition: (a) transversely welded joints (NLCT, NLCX, LCX), and (b) LG joints. 
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including all specimens. Subsequently, the mean fatigue strengths 
(FATmean,i, Tables 2, and 3) were obtained separately for different data 
sets using the obtained slope parameter. In the ENS concept, a similar 
approach was applied, except that the G&P joints were excluded from 
the statistical analysis of mean fatigue strength for all specimens as they 
showed significantly higher fatigue strength than AW, TG, and WP 
joints. A fixed slope parameter of m = 3 was also applied in the sta
tistical analysis. 

4. Discussion 

Grinding methods are widely used in industrial applications to en
hance the fatigue strength of welded joints due to their ready accessi
bility and suitability for a range of steel joints and components. Current 
fatigue design recommendations for weld toe grinding only cover the 
nominal stress and structural HS stress approaches for ground speci
mens [1]. The aim of this study was to re-analyze existing fatigue test 
data of joints in the AW and ground conditions using the notch stress- 
based approach, known as the 4R method, which employs the fatigue- 
effective fictitious radius concept with the SWT mean stress correction. 
Fatigue test results from a total number of 607 data points, as well as 
related details regarding the weld and specimen geometries, were ex
tracted from published research papers and reports. Notch SCFs were 
obtained based on the geometry details using FE analysis. For each data 
point, the local cyclic behavior at the fatigue critical weld toe was 
analytically approximated to obtain the local stress ratio, which was 
used to mean stress-correct the notch stress range using SWT correction, 
as shown in Fig. 2 and Eq. (1). 

4.1. Comparisons between the 4R method and ENS concept 

The S-N data points, including all joint conditions (AW, TG, WP, and 
G&P), were plotted using the reference ENS range and the data points 
lay in one scatter band with a reasonably low scatter when the 4R 
method was applied. The reference ENS obtained using the SWT mean 
stress-correction commeasures the effect of the local stress ratio influ
enced by the applied stress ratio, material strength, residual stresses, 
and weld toe radius. The mean fatigue strength of FATmean = 388 MPa 

(the slope parameter of m = 4.86) was derived for all data points with 
the scatter value of Tσ = 1:1.46 between Ps = 10% and Ps = 90% 
curves, as presented in Table 2. Scatter values below Tσ = 1:1.50 are 
generally regarded as acceptable for individual series [21,57], and can 
be achieved using the 4R method for various joint types and conditions, 
steel grades, and applied stress ratios. The slope parameter of the S-N 
curve obtained for the extracted data was slightly lower than that ob
tained for the master data of the 4R method [27], in which high tensile 
residual stresses, σres = +fy, were assumed for small-scale butt weld 
specimens. Assumption of high tensile residual stresses affects the cyclic 
behavior and local stress ratio particularly at a high-cycle regime, and 
increases the reference stress range (see Rlocal effects in Eq. (1)) re
sulting in a larger slope parameter. In this study, based on the available 
residual stress measurements, negligible small residual stress were as
sumed for the transversely welded small-scale specimens in the AW and 
ground condition, see Fig. 5. The resulting slope parameter was 
m = 4.86, which is in line with the 4R results obtained in recent studies  
[30,31]. As the reference stress range represents a mean stress-cor
rected value, the results of the 4R method cannot directly be compared 
to the ENS method. 

The ENS concept, with rref = 1.0 mm for joints in the AW condition 
and r = rtrue + 1 mm for ground joints, had good correspondence with 
the FAT225 curve, as shown Table 3. This finding supports previous 
research on the applicability of the ENS approach for ground joints  
[18]. However, insight on data plots (see Fig. 9) reveals that the G&P 
specimens were furthest away from the design curve, as the ENS 
method only takes geometrical improvements into account. Conse
quently, these results were excluded from the statistical analysis when 
evaluating the design curves presented in Table 3. For the HFMI-treated 
specimens, IIW [64] provides the design curves for the ENS method 
using rref = 1.0 mm in accordance with the material strength and ap
plied stress ratio. Fig. 10 shows the data plots of G&P specimens in 
comparison with the design curves of HFMI-treated welded joints, in
dicating that the design curves are overly conservative for these PWT 
methods. Grinding preceding the peening treatment provides a sig
nificant reduction of notch SCF; thus, the combined effect of reduced 
notch SCF and compressive residual stresses should be taken into ac
count more comprehensively. G&P specimens showed a distinctly 
higher fatigue strength than the AW, TG, and WP specimens, and an 
increase of 30–40% in fatigue strength – depending on the statistical 
approach applied – was found for the ENS concept (see Table 3). 

In the statistical analyses for obtaining S-N curves, two different 
statistical approach were applied, namely the standard method (fatigue 
life is unknown variable), and the MSSPD approach (both fatigue life 
and stress range are unknown variables). The use of MSSPD approach 
resulted in larger slope parameters and lower scatter range values 
compared to the standard method (see Tables 2 and 3). In the context of 
this study, there is a certain level of uncertainty related to the stress 
range and, consequently, the use of the MSSPD approach is justifiable. 
The consideration of uncertainties in stress ranges should also be paid 
attention in further studies, and the MSSPD approach should, thus, 
potentially be employed. 

4.2. Effects of compressive residual stresses 

The 4R method provides a fatigue strength assessment approach 

Fig. 8. S-N data plots for the 4R method and the S-N curves obtained using the 
MSSPD approach. 

Table 2 
Results of statistical analyses for the 4R method with different data sets.           

Statistical approach  All specimens FATmean,i [MPa] (ratio FATmean,i/FATmean)  

m [-] FATmean [MPa] FATchar [MPa] Tσ [-] AW TG WP G&P  

Standard  3.55 345 243  1:1.57 345 (1.00) 344 (1.00) 325 (0.94) 395 (1.15) 
MSSPD  4.86 388 288  1:1.46 393 (1.01) 387 (1.00) 366 (0.94) 418 (1.08) 
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which numerically accounts for the magnitude of residual stresses in 
association with the geometrical improvement. By examining more 
closely the 4R results of individual data sets covering joints in the AW, 
ground, and ground and peened condition, it can be seen that the data 
points lie in a single S-N curve, as shown in Fig. 11. The study by Miki 
et al. [46] also covered two type of peening methods after grinding 
(cleaning) treatment, resulting in different magnitude of compressive 
residual stresses, these being electric peening (CEP specimens) with σres 

≈ −240 MPa and pneumatic peening (CPP specimens) with σres ≈ 
−450 MPa at the notch root. In their study [46], the highest fatigue 
strength was experimentally obtained for the CPP specimens, while the 
4R method commeasures their effect on the fatigue performance, as 
demonstrated in Fig. 11d. For all G&P specimens (see Table 2), a 8% 
increase in mean fatigue strength (FATmean,G&P = 418 MPa) was found 

with respect to the mean fatigue strength of all specimens 
(FATmean = 388 MPa). However, in should be noted that the residual 
stresses were conservatively estimated, see Fig. 5, and the number of G 
&P specimens was limited; thus, more comprehensive data on the ex
perimental fatigue test results and residual stresses is expected to im
prove the accuracy of the fatigue strength predictions. 

4.3. Efficient grinding treatments 

In grinding methods, a smoother transition from the base material 
to the weld reinforcement is acquired, and thus reducing the SCF and 
improving the fatigue strength. This was demonstrated in data sets 
applying both TG and WP methods in comparison with the AW joints 
(see Fig. 7). However, as the grinding methods are based on the re
moval of material, it requires they are laborious and redundant 
grinding should be avoided. Fig. 12 presents the notch SCFs for a 
ground NLCX joint under axial and bending loading as a function of toe 
radius. In this consideration, the grinding depth is kept constant at 
d = 0.5 mm, although for larger radii, the grinding depth typically 
slightly increases for practical reasons. It can be noted that notch SCF is 
reduced; however, with higher radii, the reduction of SCF fades out and 
approaches a specific value. Furthermore, it is noticeable that the re
duction of net cross section due to the grinding depth is more detri
mental for bending loads than axial loads due to the reduction of sec
tion modulus. In a notch SCF analysis, grinding depth can be considered 
directly in an FE model, while its effects on the fatigue assessments are 
excluded when the nominal or structural stress approaches are applied. 

4.4. Reliability, sensitivity, and need for further studies 

In axially loaded joints, angular distortion needs to be taken into 
account when evaluating S-N curves due to the secondary bending ef
fects. In the extracted data, only the results of Braun et al. [15,35] 
provided the angular distortion-corrected stress values; consequently, a 
stress magnification factor of km = 1.25 was assumed for all other test 
specimens, as per the IIW Recommendations [56]. Such assumption is 
needed to compare the results with prior studies on the 4R method in 
which the macro geometric bending stresses were taken into account. 
Supposedly, the magnitude of angular distortion varies between the test 
series and individual specimens, and increases the scatter in the test 
results, although reasonably high accuracy was obtained with the as
sumption (see Tables 2 and 3). A higher accuracy with the 4R method 
could be expected if the welding residual stress and specimen-specific 
geometry details had been available for all data sets. The majority of 
prior studies unfortunately lacked information on welding residual 
stresses. Fatigue strength assessments of joints made of high- and ultra- 
high-strength steel grades, and peened specimens have a higher sensi
tivity in particular to the effects caused by welding residual stresses. A 
higher accuracy could also be expected for the ENS method in the fa
tigue strength assessment of G&P joints if a mean stress-correction is 
applied. However, it would require a joint condition-specific descrip
tion and verification. 

The 4R method applies residual stress, material strength, applied 
stress ratio, and weld toe radius numerically in the fatigue strength 

Table 3 
Results of statistical analyses for the ENS method with different data sets.           

Statistical approach  All specimensa FATmean,i [MPa] (ratio FATmean,i/FATmean)  

m [-] FATmean [MPa] FATchar [MPa] Tσ [-] AW TG WP G&P  

Standard 3.20 368 258  1:1.57 381 (1.04) 367 (1.00) 337 (0.92) 509 (1.39) 
Standard 3b 355 243  1:1.62 371 (1.04) 355 (1.00) 326 (0.92) 502 (1.41) 
MSSPD 4.10 410 301  1:1.49 428 (1.04) 408 (0.99) 374 (0.91) 535 (1.30) 

a Excluding data points of G&P joints. 
b Fixed slope parameter of m = 3 in accordance with the design codes and guidelines [2,56].  

Fig. 9. S-N data plots for the ENS method and the S-N curves obtained using the 
standard statistical approach. 

Fig. 10. Fatigue test results of G&P specimens using rref = 1.0 mm compared to 
the S-N curves for the HFMI-treated joints, after the IIW recommendations for 
the HFMI treatment [64]. 
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assessment of welded joints, and the uncertainties related to the 4R 
parameters and their effects on the accuracy of predictions are im
portant subjects from both academic and engineering viewpoints. To 
address these aspects, a sensitivity analysis of the 4R parameters was 
performed. In this analysis, a fillet-welded NLCX joint with different 
residual stress states (high tensile, low and compressive), applied stress 
ratio (pulsating and fully reversed) and steel grades (mild steel S355 
and UHSS S960 grades) were investigated. Each 4R parameter was 

varied according to the ‘one variable at the time’ principle. Table 4 
presents the baseline scenarios and chosen range of variations for each 
parameter. Ushikorawa’s analytical formula [65] for notch SCF was 
applied when determining notch SCFs for the NLCX joint with different 
weld toe radii. 

The results of the sensitivity analysis are presented in Fig. 13. Evi
dently, in joints with high tensile residual stresses, fatigue strength 
prediction is insensitive to the changes in residual stresses and applied 
stress ratios. Nevertheless, in joints with low or compressive residual 
stresses, significantly higher sensitivity to the changes in residual 
stresses and applied stress ratio was found. These aspects are in line 
with current knowledge concerning stress ratio effects on the fatigue 
strength of welded joints [1,56], and highlight that the effect of an 
individual parameter on fatigue strength cannot be unambiguously 
determined unless applied stress ratio and residual stress are not spe
cified. When comparing mild steel and UHSS grades, no major differ
ence was found, except that mild steels appear more sensitive to the 
changes in yield strength. Of the 4R parameters, weld toe radius is not 
severely affected by other parameters. On the other hand, the sensi
tivity of the parameters relating to applied load range should be noted. 
In general, under a high-cycle regime and low stress levels, higher 
sensitivity is present. 

The fatigue assessments showed good correspondence between the 
joints in the AW and ground conditions when using a fictitious radius of 
r = rtrue + 1 mm. Nevertheless, further studies could critically evaluate 
the value of fictitious radius and conduct comparisons with other fa
tigue-effective notch stress concepts, such as the stress averaging and 
critical distance concepts. Grinding quality in terms of surface 

Fig. 11. Comparison of 4R fatigue strength predictions ground and peened data series: (a) Gao et al. [25], (b) Haagensen [24], (c) Gurney [23], and (d) Miki et al.  
[46]. The S-N curves correspond to those presented in Fig. 8 and Table 2. 

Fig. 12. Notch SCFs as a function of toe radius for a NLCX joint with plate 
thicknesses of t = 10 mm and t = 20 mm and a grinding depth of d = 0.5 mm. 

Table 4 
Baseline scenarios and range of variations of the 4R parameters in the sensitivity analysis.            

S355 (Δσm = 150 MPa) S960 (Δσm = 300 MPa) 

4R parameter rtrue [mm] Rp0.2 [MPa] σres [MPa] R [-] rtrue [mm] Rp0.2 [MPa] σres [MPa] R [-]  

Baseline scenarios  0.5 355 250; 0; −100 0.5; 0; −1  0.5 960 850; 0; −300 0.5; 0; −1 
Range of variation   ± 0.5  ± 100  ± 100  ± 0.2   ± 0.5  ± 100  ± 100  ± 0.2 
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roughness has a significant influence on the fatigue limit, particularly in 
high-strength materials [66], and its effects on the fatigue performance 
of ground joints should be addressed in further studies. In fatigue 
testing, small-scale specimens are widely employed, while fatigue test 
data analysis of large-scale components would further-verify the find
ings of this study in engineering applications. To account for the re
laxation of residual stresses in fatigue assessments, further studies 
should be undertaken to investigate, in particular, the residual stress 
relaxion under the manufacturing procedures and mechanical loading 
conditions of ground and peened joints. Grinding methods have shown 
their potential to increase the fatigue strength in large-scale compo
nents [67–70]. However, these studies were excluded from the 4R 
analysis carried out for the present study due to the lack of compre
hensive geometry data. 

5. Conclusions 

In the present study, the fatigue strength of ground specimens was 
evaluated using the 4R method. The 4R method is a versatile approach 
for the fatigue strength assessment of welded joints but, naturally, re
quires higher amount of modeling and analysis work, together with the 
proper estimations of the 4R parameters in comparison with the ENS 
approach. Fatigue test data and relevant information regarding the 
weld geometries were extracted from the literature. For each data 
series, linear FE analyses were carried out to obtain SCFs for notch 
stress analysis. All data points were converted to a reference notch 
stress system with the SWT mean stress correction, and the results were 
compared with the conventional ENS approach. The following conclu
sions can be drawn from the present study:  

• The ENS-based evaluation with fictitious radius concept leads to 
similar results to those obtained using the 4R method and complies 
with the FAT225 curve, when excluding peened specimens. 
Grinding followed by additional peening treatment introduces 
compressive residual stresses and thus improves fatigue strength by 

30–40% in addition to the fatigue strength enhancement related to 
the geometrical improvement.  

• The 4R method was successfully applied, and led to a scatter range 
of Tσ = 1:1.46, for joints in AW, ground, and ground and peened 
condition. Consequently, the study shows that the 4R method can be 
regarded as a generic method for predicting the fatigue strength of 
welded joints in AW and post-weld-treated conditions, including 
PWTs based on both geometrical and residual stress improvement. 

• The 4R method showed a good accuracy of fatigue strength pre
dictions for joints improved by G&P (an 8% higher mean fatigue 
strength for the G&P joints compared to all joints), as well as de
monstrated a high accuracy for joints in the AW and ground con
ditions in particular. Implementation of the 4R method enables the 
methodological consideration of compressive residual stresses in
troduced by peening methods at the ground weld toe. 
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