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Abstract 

 

Once one talks about fatigue, it is known that usual loading cases actually 

correspond to complex multiaxial fatigue loading and there is a huge lack in the 

relative engineering knowledge. Typical cases in structural engineering are plated 

or tubular joints in bridges or roller coasters, crossings of beams, and crane runways 

under wheel loads, etc. Each practitioner subjected to these cases has to deal with 

them using the limitative standard theories given in national codes. However, 

many concepts and models were developed these last decades to estimate high 

cycle multiaxial fatigue lives. Despite this, behaviour under complex loading 

continues to deserve fundamental research and existing solutions to multiaxial 

fatigue problems are neither satisfactory, nor validated for all cases in welded 

structures. Indeed, one must differentiate between non-welded and welded 

components and obviously with regard to the cyclic elastic-plastic properties (≡ 

“ductility”) and microstructure of the material(s) in welds, which have been shown 

to determine the failure mechanisms. Up to now, only steels with grades up to S460 

have been well studied under multiaxial loading with only a few recent studies 

looking at high strength steel (HSS) welded components. Therefore, especially in 

the case of welded components, experimental verifications are still indispensable in 

order to assess the influence of the parameters related to the welding process and 

to the welds that have the most influence on the fatigue life, e.g. residual stresses, 

weld geometry, changes in the microstructure, etc. 

The objective of this thesis is to improve methods for predicting the fatigue life, 

multiaxial or not, of mild- and more particularly high-strength steels using local 

approaches that have the capacity to be applicable to almost any cases, hence the 

term generalized local approaches. More specifically, the most suited and practical 

generalized stress-based approaches are determined and the framework for a 3D 

generalized approach based on an existing novel continuum strain-based one for 

2D is developed. To achieve this objective, at first, several multiaxial fatigue tests 

are carried out on two representative welded details. These welded specimens are 

made of S690QL HSS and some of conventional S235JR structural mild steel. 

Advanced measurements techniques are used to quantify the parameters that drive 

the fatigue life, i.e. residual stresses measurements using neutron and X-rays 

diffraction, weld geometries scans and microstructure measurements in the weld 
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area using Electron Backscatter Diffraction (EBSD). Stereo Digital Image 

Correlation (DIC) and Alternative Current Potential Drop (ACPD) measurements 

are used to determine the various stages of the fatigue damage process.  

Then, various multiaxial fatigue stress-based criteria are used in combination to the 

effective notch stress local approach to estimate multiaxial fatigue life of the tested 

specimens and of a database obtained from the literature. The results are 

statistically analyzed to help determine the most reliable multiaxial fatigue stress-

based criteria and the ones that should be avoided, as well as their relative FAT 

categories based on various statistical approaches proposed in the EC3, IIW and in 

the literature. The von Mises equivalent stress expressed from stress ranges and the 

more complex and advanced Findley and Carpinteri-Spagnoli criteria have proven 

to be very well suited to study uniaxial and multiaxial fatigue under constant 

amplitude proportional and non-proportional loading, leading to safe estimation if 

combined to the proposed or updated FAT categories. On the contrary, the 

principal stress criterion has been shown to be inaccurate and leads to unsafe 

estimations as soon as multiaxial loading are involved. 

Thirdly, the novel continuum strain-based approach generalization in 3D is 

presented. This approach allows to precisely estimate each step of the fatigue 

damage process, including initiation, short crack propagation and propagation up 

to the final fracture, taking into account even more parameters than the previous 

local stress-based approaches. To estimate the fatigue effective stress in the damage 

process zone, the proposed generalized local approach is based on a so-called "area 

method". The equivalent fatigue effective strain time history is deduced from the 

fatigue effective stress time history using a continuum single element model 

(CSEM), validated under different individual loadings. The proposed approach 

allows to account accurately for complex elastic-plastic material behavior while 

avoiding effects of finite element singularities, mainly at the crack tip. The effect of 

mean stress is modelled while the effect of the residual stresses is also considered 

but in a simplified manner.  

Finally, the influence of the most important parameters that govern fatigue life, 

mentioned previously, is assessed by mean of parametrical analysis using the 

continuum strain-based approach. Estimated initiation fatigue lives and crack 

plane angles are shown to compare well with experimental data, determined by 

help of stereo Digital Image Correlation (DIC) measurements. 

 

Keywords: multiaxial fatigue, high strength steel, welded joints, stress-based approach, 

strain-based approach, weld geometry, residual stresses 
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Résumé 

 

Lorsque l'on parle de fatigue, il est bien connu que les cas de charge habituels 

correspondent en pratique à des charges de fatigue multiaxiales complexes et que 

les connaissances scientifiques relatives font cruellement défaut. Les cas typiques 

en ingénierie structurale sont les joints soudés entre plats ou les joints soudés 

tubulaires de ponts, de montagnes russes, les croisements de poutres et les chemins 

de roulement de ponts roulants, etc. Chaque praticien se trouvant face à ces cas doit 

composer avec les méthodes standard et limitatives habituellement données dans 

les normes nationales. Cependant, de nombreux concepts et modèles ont été 

développés ces dernières décennies afin d’estimer la durée de vie en fatigue 

multiaxiale à grand nombre de cycles. Il n’en reste pas moins que le comportement 

sous des charges multiaxiales complexes continue de mériter une recherche 

approfondie et les solutions existantes aux problèmes de fatigue multiaxiale ne sont 

pas satisfaisantes ou ne sont pas validées pour tous les types de structures ou 

d’éléments soudés. En effet, il convient de différencier les composants soudés des 

composants non-soudés et bien entendu de tenir compte des propriétés cycliques 

élasto-plastiques ainsi que de la microstructure du ou des matériau(x) dans les 

soudures (≡ la « ductilité »), dont il a été démontré qu’elles déterminent les 

mécanismes de rupture sous charges cycliques. Jusqu’à présent, seuls les aciers 

jusqu’à la nuance S460 ont fait l’objet d’études approfondies sous des charges 

multiaxiales tandis que seules quelques études récentes se sont penchées sur les 

composants soudés en acier à haute limite élastique. C’est pourquoi, 

particulièrement dans le cas de composants soudés, des vérifications 

expérimentales sont encore nécessaires afin d’évaluer l’influence des paramètres 

matériels et géométriques liés au procédé de soudage sur la durée de vie en fatigue, 

comme par exemple les contraintes résiduelles, la géométrie de la soudure, les 

modifications de la microstructure, etc. 

L'objectif de cette thèse est d'améliorer les méthodes de prédiction de la durée de 

vie en fatigue, multiaxiale ou non, des aciers doux et plus particulièrement des 

aciers à haute résistance en utilisant des approches locales qui ont la capacité d'être 

applicables à pratiquement tous les cas, d'où le terme d'approches locales 

généralisées. Plus spécifiquement, les approches généralisées les plus adaptées et 

les plus pratiques basées sur les contraintes sont déterminées puis, le concept d'une 
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approche généralisée 3D basée sur une approche existante récente basée sur les 

déformations dans le continuum en 2D est élaboré. Pour atteindre cet objectif, 

plusieurs tests de fatigue multiaxiale sont effectués sur deux détails soudés 

représentatifs. Les spécimens soudés sont fabriqués en acier S690QL à haute limite 

élastique, et une petite partie en acier S235JR conventionnel. Des techniques de 

mesure avancées sont utilisées pour quantifier les paramètres qui déterminent la 

durée de vie en fatigue, c'est-à-dire, des mesures des contraintes résiduelles par 

diffraction de neutrons et de rayons-X, des géométries de soudure scannées et des 

mesures de microstructures dans la zone de soudure par diffraction d’électrons 

rétrodiffusés (EBSD). Des mesures de corrélation d'images numériques (DIC) et de 

chute de potentiel de courant alternatif (ACPD) sont utilisées pour déterminer les 

différentes étapes du processus de dommage par fatigue. 

Deuxièmement, divers critères de calcul en fatigue multiaxiale basés sur les 

contraintes sont utilisés en combinaison avec l’approche effective notch stress (ENS) 

pour estimer la durée de vie en fatigue multiaxiale des spécimens testés 

susmentionnés et ainsi que d’une base de données de spécimens testés en fatigue 

obtenue dans la littérature. Les résultats sont analysés statistiquement afin de 

déterminer quelles sont les critères de calcul en fatigue multiaxiale basés sur les 

contraintes les plus fiables et ceux qui, au contraire, doivent être évités, ainsi que 

leurs catégories de fatigue (FAT) relatives basées sur diverses approches 

statistiques proposées dans l’EC3, l'IIW et dans la littérature. La contrainte 

équivalente de von Mises calculée à partir des amplitudes de contraintes et les 

critères plus complexes et plus avancés de Findley et Carpinteri-Spagnoli se sont 

avérés particulièrement adaptés à l’étude en fatigue uniaxiale et multiaxiale sous 

charge proportionnelle et non proportionnelle à amplitude constante, permettant 

une estimation sûre dès lors qu’ils sont combinés aux catégories de fatigue 

proposées ou mises à jour. Au contraire, le critère des contraintes principales s'est 

révélé être imprécis et conduit à des estimations peu sûres dès lors que des charges 

multiaxiales sont appliquées. 

Ensuite, la généralisation de la nouvelle approche 3D en fatigue multiaxiale basée 

sur les déformations dans le continuum est présentée. Cette approche permet 

d’estimer précisément chaque étape du processus d’endommagement en fatigue, 

ce qui inclut l’initiation, la propagation des fissures courtes et la propagation 

jusqu’à la rupture finale, en prenant en compte encore davantage de paramètres 

que les précédentes approches basées sur les contraintes locales. Pour estimer la 

contrainte effective de fatigue dans la zone du processus d'endommagement, 

l'approche locale généralisée proposée est basée sur une méthode appelée "area 

method". L'historique dans le temps du tenseur des déformations équivalentes 
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effectives est déduit de l'historique des contraintes effectives en utilisant un modèle 

de continuum à élément unique (CSEM), validé sous différentes charges 

individuelles. L'approche proposée permet de tenir compte avec précision du 

comportement complexe des matériaux élastiques-plastiques tout en évitant les 

effets de singularités des éléments finis (FE), principalement en front de fissure. 

L'effet des contraintes moyennes est modélisé tandis que l'effet des contraintes 

résiduelles est également pris en compte mais de manière simplifiée. 

Finalement, l’influence des paramètres les plus importants qui régissent la durée 

de vie en fatigue, mentionnés précédemment, est évaluée au moyen d’une analyse 

paramétrique utilisant l’approche en fatigue multiaxiale généralisée développée 

précédemment. Il est démontré que les durées de vie en fatigue à l'amorçage et les 

angles du plan critique de la fissure estimés correspondent bien aux données 

expérimentales, déterminées à l'aide de mesures de corrélation d'images 

numériques (DIC). 

 

Mots-clés : fatigue multiaxiale, acier à haute limite élastique, joints soudés, approche basée 

sur les contraintes, approche basée sur les déformations, géométrie des soudures, contraintes 

résiduelles 
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Chapter 1 Introduction 

 

 

1.1. Background and problem statement 

Since the industrial revolution at the end of the 19th century and the rise 

of metal in construction and industry, structures of all types have been constantly 

evolving along with the metallic materials used. The unfortunate event of the two 

world wars, however, brought its share of technological advances or at least the 

unrestrained development of existing technologies such as modern steel or 

welding. Consequently, the use of these two technologies has also led to the need 

to solve new problems linked to the opportunities they have brought. Indeed, 

structures became lighter, elements larger, the loads acting on these elements being 

new too. One of the problems that has appeared with these technologies and that 

researchers have been studying for years is metal fatigue, the incremental damage 

process occurring under cyclic loading. These cyclic loads are observed on many 

types of metallic structure, going from traffic loads on bridges, loads lifted by 

cranes, winds acting on wind turbines, dynamic effects of the road on an axle, 

waves acting on offshore structures or ships, etc. 

In the case of bridge superstructures, several solutions exist to carry and transfer 

traffic loads to the main load-bearing elements as shown in Figure 1-1. Maybe the 

most common and simple are simple girders bridges supporting a slab and 

stabilized with cross beams and braces. Box girder bridges are another famous type 

that is widely used in high span suspension or cable-stayed bridges. Warren truss 

solutions are also current typologies for the superstructure of steel bridges. All 

these variants have in common typical assembly details that are often made by 

welding due to its simplicity, aesthetics and its mechanical properties. Truss nodes 

between diagonals, chords and crossbeams or main girders and cross beam 

connections are usual examples of details observed on bridges that can however be 

observed on many types of structures, such as cranes, ships and offshore structures. 

These details have in common the fact of being loaded in multiple directions due 

to their geometry, the complex load transfers and the acting variable loading on the 

structures. 
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Figure 1-1. High strength steel 1) truss arch bridge1, 2) suspension arch bridge2, 3) 

suspension bridge3, 4) and 5) 3D warren truss bridge4 

 

Welded details are the most sensitive parts to fatigue, due to the induced changes 

in the geometry, in the material properties and other phenomenon. In recent 

decades, thanks to improvements made to steels and their strengths, structures 

have become lighter and lighter. Structural stability and fatigue then became the 

predominant limit states in the design of structures. 

Nowadays, fatigue analysis of new and existing steel structures carried out by 

practitioners is generally based on procedures described in the different codes, 

which usually use the notion of uniaxial nominal stresses and standardized S-N 

curves, also known as Wöhler curves, with corresponding fatigue classes for typical 

 

 

1 Glen Canyon Dam Bridge (USA), S690QL steel 

(http://www.beverlysteel.com/images/S690QL%20Steel%20Strength.jpg) 

2 “de Oversteek” bridge (Netherlands), S690QL steel 

(https://www.dillinger.de/imperia/md/content/dh/referenzen/stahlbau/dhfittosize_800_600__d23caef53086c0fae80776

1486d7e8b7_dsc00624.jpg) 
3 Akashi Kaikyō Bridge (Japan), HT690 and HT780 steels  

(https://upload.wikimedia.org/wikipedia/commons/thumb/0/09/Akashi_Big_Bridge.jpg/420px-Akashi_Big_Bridge.jpg) 
4 Brücke über das Nesenbachtal (Germany), S690 steel 

(https://files.structurae.net/files/350high/1/nesenbach10.jpg) 

http://www.beverlysteel.com/images/S690QL%20Steel%20Strength.jpg
https://www.dillinger.de/imperia/md/content/dh/referenzen/stahlbau/dhfittosize_800_600__d23caef53086c0fae807761486d7e8b7_dsc00624.jpg
https://www.dillinger.de/imperia/md/content/dh/referenzen/stahlbau/dhfittosize_800_600__d23caef53086c0fae807761486d7e8b7_dsc00624.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/0/09/Akashi_Big_Bridge.jpg/420px-Akashi_Big_Bridge.jpg
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structural details. However, this method is more and more limiting because it is not 

accurate considering the usually real complex multiaxial stress state situations 

resulting in a limited number of possible treatable design cases. 

The assessment of multiaxial fatigue life of steel structures made with welded 

components is a difficult task. The total number of experimental investigations on 

multiaxial fatigue of full scale steel welded joints is limited, only 14 studies to date 

as given in a recent reviews of (Bäckström and Marquis 2001, Pedersen 2016), 

including the recently completed one done at EPFL by (Baptista 2016), and one done 

by (Bertini et al. 2014, Frendo and Bertini 2015) (see Table 1-1). Out of them, only a 

few considered also Non-Proportional (NP) and Variable Amplitude (VA) 

multiaxial loading and all were conducted on steel grades up to S460 and none on 

HSS. As recommended by (Sonsino 2009a), further verification with other load-time 

histories or with varying mean loads, should be tested. Influence of the residual 

stresses must be assessed as it is of main importance in the fatigue strength 

determination. 

 

Table 1-1 – Experimental studies of steel welded joints under multiaxial loads 

Primary author Type 
Prim. 

loading 

Sec. 

loading 

CA 

(P) 

CA 

(NP) 
VA 

(Archer 1987) Beam Bending Shear X  (X) 

(Siljander et al. 1992) TP CHS Bending Torsion X X  

(Sonsino 1995, 1997) TP CHS Bending Torsion X X X 

(Sonsino 1995, 1997) TT CHS Bending Torsion X X X 

(Dahle et al. 1997) Beam Bending Torsion X   

(Witt and Zenner 1997) TP CHS Bending Torsion X   

(Razmjoo 2000) TP CHS Tension Torsion X X  

(Amstutz et al. 2001) TP CHS Bending Torsion X   

(Yousefi et al. 2001) TP CHS Bending Torsion X  (X) 

(Takahashi et al. 2003) LA Tension Tension X   

(Bäckström 2003) TP RHS Bending Torsion X X  

(Yung and Lawrence 2013) TP CHS Bending Torsion X   

(Bertini et al. 2014, Frendo 

and Bertini 2015) 
TP CHS Tension Torsion X X  

(Baptista 2016) TA Tension Shear X X  

(Garcia et al. 2018) TA Tension Shear X X  

* TT Tube-to-tube, TP Tube-to-Plate, LA Longitudinal-Attachment, TA Transversal-Attachment 
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In order to give a tool to practitioners, different codes and recommendations 

included multiaxial models which are however limited to specific simple situations 

at risk of obtaining, at best, largely overestimated fatigue strength and in some 

worst cases, underestimated fatigue strength.  

According to these different codes and the usual analysis procedures, there is no 

influence of the steel grade on the fatigue strength of a specific welded detail, a 

statement that has been proved to be wrong, mainly because of the material 

ductility which diminishes as the steel grade increases or because the 

microstructure of the steel grade and its related mechanical properties determine 

the failure mechanisms. Indeed, the mode of local deformations plays a role, and 

only under local multiaxial elastic deformations that the loading mode plays no 

role. An expression with ductility as the main parameter has not yet been proposed 

in the codes and the problem statement is the same regarding other important 

parameters, e.g. mean stresses and residual stresses or proportional and non-

proportional loading.  

Suggestions for considering these parameters do however exist in the literature. 

During years of research, these problems were divided in many subjects who have 

been explored. Indeed, many concepts and models were developed to estimate high 

cycle fatigue lives, either based on nominal stresses, structural stresses or, in 

particular in recent years, local stress and other local quantities. The use of 

multiaxial fatigue models coming from the research on base material is very 

common and various authors (Bäckström and Marquis 2004, Sonsino 2009a, Susmel 

2014, Pedersen 2016) analysed and/or adapted these methods to the problem of 

welded details and compared different local approaches. These are in particularly 

interesting when it comes to welded structures, as they can claim to be more 

generally applicable, even though there is no unique solution yet applicable to all 

multiaxial fatigue problems. However, today there does not appear to be much 

consensus, neither in codes nor in the scientific literature, as to which multiaxial 

fatigue criterion is the most accurate in the case of full-scale welded joints subjected 

to multiaxial fatigue (Pedersen 2016). 

Differences are observed between engineering fields and methods employed. 

Structural engineers are more prone to use local linear elastic stress-based 

approaches combined with adapted S-N curves due to their simplicity and their 

ability to take into account both initiation and propagation of cracks up to failure, 

depending on the calibration of the used S-N curves according to the definition of 

failure. Indeed, the definition of the failure criterion can be defined as the 

occurrence of the physical or technical crack initiation, the propagation of the crack 

through thickness or the final fracture for example, as shown in Figure 1-2. 
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After finding the local value using a stress-based approach, the procedure to 

determine the resistance part is effectively the same as the simple uniaxial cases 

described in the codes using fatigue categories (FAT-classes) and their related S-N 

curves. Stress-based approaches are then highly dependent on the employed S-N 

curves that are experimentally calibrated and thus requires lots of tests. Only a few 

recommendations are given in the limited existing codes and further investigations 

are needed for advanced multiaxial approaches proposed in the literature for large 

scale welded details in order to employ them in the construction standards. By 

default, stress-based approaches are more suited to high fatigue life calculation of 

structures which remain in the elastic domain because of the fatigue design 

standards. However, while this last statement stays true when looking at nominal 

stresses, locally, e.g. close to the weld toe or root, high plastic deformations can be 

observed and are highly dependent on several parameters such as the weld 

geometry or the heat affected material properties. The fatigue strength is then much 

more dependent on plastic strains than applied stresses. Several workarounds exist 

to implicitly take into account these highly local plastic deformations while using 

stress-based approach, as proposed first by (Neuber 1946). However, if size effects 

is effectively taken into account using local stress-based approach, for similar local 

stress conditions and S-N curve,  estimations will give the same fatigue life for thin 

and thick plates while in reality when the first shows failure the latter might just 

show a crack that initiated but does not propagate due to the local stress/strain 

conditions at the crack tip. This shows the high correlation between the S-N curves, 

their related definition of failure and the estimated multiaxial fatigue life and thus 

that even if used to estimate the total fatigue life up to final fracture, local stress-

based approaches are more accurate in estimating the technical crack initiation part 

of life (see Figure 1-2). 

When highly localized plastic strains occur, strain-based approaches are then much 

more suited as they were developed mainly for initiation and low cycle fatigue, 

considering material elastic-plastic properties (and so ductility), mean/residual 

stresses, proportional and non-proportional loading, etc. Fatigue life estimation 

using strain-based approaches rely on experimental determination of empirical 

fatigue strain life parameters on uniaxial tests coupons, supposedly making the 

scope of applicability bigger than stress-based approaches. Mechanical engineers 

are, in general, more interested in knowing the time to initiate cracks of non-welded 

components made of different types of alloys. For this reason. They have used and 

developed a lot more strain-based approaches. However, fatigue strain life 

parameters are often defined based on tests at high strain amplitudes and low 

number of cycles, which actually limit the ability of strain-based approach to 

estimate high cycle fatigue lives. 
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Figure 1-2. Definition of fatigue crack initiation and propagation 

 

One common limitation of both stress and strain based types of approaches is that 

they only consider the initial geometry so that the effect of the crack propagation 

and the relative stress-strain state, i.e. concentration at the crack tip and gradient, 

are not considered. 

The other approach to study fatigue, which does not present the previous Results 

plots of the fatigue life estimation using the FAT225 and FAT160 characteristic 

curveslimitations, is fracture mechanics. However, it becomes only relevant after 

the initiation of a crack and is used a lot in the case of welded joints, assuming that 

the initial flaws due to the welding process are similar to initial small cracks. 

However, even for welded joints, several recent studies (e.g. Sonsino and Kueppers 

(2001) and Bruder et al. (2012)) have deduced an average factor of 0.5 between the 

time to initiate and propagate a 1 mm depth crack and to propagate it through-

thickness, for both as-welded and machined or ground weld conditions. Pijpers 

(Pijpers et al. 2009, Pijpers 2011) even concluded that for HSS and VHSS welded 

joint, the fatigue life initiation tends to be prominent, i.e. 80% of the total fatigue life 

is spent for the technical crack initiation (𝑁𝑖,𝑡𝑒), while crack propagation (𝑁𝑝) tends 
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to accelerate in the contrary of more usual structural mild steel; herein, mild steel 

is to be understood as a type of low-carbon steel (see Section 3.2). 

The idea of using a combination of two types of approach to calculate the total 

fatigue life by estimating the initiation and propagation life separately has been 

discussed in several studies (Lawrence et al. 1981, Stephens et al. 2000, Baptista 

2016). The major drawback when considering multiaxial loading conditions is that 

fracture mechanics approach can be complex when a combination of various modes 

of propagation is observed, as shown by (Socie and Marquis 2000a). In addition, 

there is no consensus about the definition of the initial crack size that is calculated 

using stress or strain-based approach even if it is often determined that for steel, a 

crack depth of 0.1 𝑚𝑚 define the limit between technical crack initiation and 

propagation .  

In order to overcome this difficulty, several authors (Glinka 1985, Peeker 1997, 

Noroozi et al. 2005, 2007, 2008, Remes 2008, 2013, Mikheevskiy and Glinka 2009, 

Mikheevskiy et al. 2012, Remes et al. 2012) proposed  2D approaches to fatigue crack 

initiation and propagation in welded steel joints that introduces a continuum 

strain-based approach for fatigue strength modelling. The fatigue damage process 

is then modelled as a repeated crack initiation process within a defined specific 

damage volume, which definition might vary according to the authors. However, 

the size of the damage volume is generally defined by a material-dependent 

parameter called the material characteristic length. Continuum-based stresses and 

strains are then averaged inside this finite damage (or material) volume (see also 

(Taylor 1999)). An interesting point to note is that in the approach proposed by 

(Remes 2008, 2013, Remes et al. 2012), the material characteristics length that 

determines the damage volume is directly defined from the grain size statistics. To 

the author’s knowledge, these discrete continuum strain-based approaches have 

not yet been applied to multiaxial problems and in 3D but have the potential to be.  

Parameters, as residual and mean stresses, weld geometry or material elastic-plastic 

properties are known for decades for their influence on the fatigue strength, 

explaining the usually important scatter of the obtained test data for each detail. 

While their influence has been quantified in several studies, these were usually 

carried for each parameter separately and by various authors leading to limited 

conclusions that do not consider other parameters influence. Local approaches have 

the ability to highlight the importance of these multiple parameters and show the 

physical reasons of their influence. Fatigue life estimations based on statistical 

analyses of various parameters are of main importance and can lead to new 

classification of details and additional recommendations for practitioners, 

justifying the importance to carry further investigations.  
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1.2. Objectives and scope of the thesis 

The first objective of this work is to produce new sets of fatigue life data 

for full scale welded joints in high strength S690QL steel under Constant Amplitude 

(CA) multiaxial cyclic loading, i.e. by inducing an additional cyclic shear stress to 

the usual normal cyclic stress case.  

Two different types of details, Tube-to-Plate (TP) joints and Transversal 

Attachments (TA) were tested. Most of the existing multiaxial fatigue data have 

been obtained on welded tubular specimens, not representative for general welded 

plated structures, such as ships, cranes or bridges. These experiments carried out 

on tube to plate specimens were mostly loaded with combined bending and torsion 

(Siljander et al. 1992, Sonsino and Kueppers 2001, Sonsino 2004, 2009a, Yung and 

Lawrence 2013, Bertini et al. 2014, Frendo and Bertini 2015), see also Table 1-1. 

Reviews of some of these experiments are given in (Carpinteri et al. 2009, Pedersen 

et al. 2010, Bruder et al. 2012, Lukić et al. 2013, Pedersen 2016). By carrying out tests 

on specimens having a different geometry, i.e. the TAs, the objective is to study a 

representative case of welded joint observed on bridges and other types of 

structures. And one can study the influence of shear stresses introduced by a force 

acting parallel to the weld and not by torsion.  Also, no multiaxial fatigue tests were 

carried on high strength steels such as S690QL, a fine grain quenched and tempered 

steel. Effect of the lower ductility and finer microstructure of HSS is assessed. In 

order to be able to estimate the effect of using a high-strength steel as well as a 

different geometry, tests are also carried out on more "usual " specimens, i.e. TP, as 

seen most often in the literature, due to the ease of introducing shear stresses by 

applying a torsional moment. The influence of residual stresses from fabrication, 

which can vary significantly from detail to detail (tube-to-plate, transverse or 

longitudinal attachments), have an impact on multiaxial fatigue which is not yet 

well understood, as explained in Lopez-Jauregi & al. (Lopez-Jauregi et al. 2015). 

Thus, it can be concluded that more research with different steel materials, joint 

types, and specimens with residual stresses should be done. The influence of the 

shear stress is assessed by comparing the experimental data to the usual fatigue 

detail categories.  

In order to obtain additional information during testing, the specimens were highly 

instrumented to measure local strain field and crack growth by mean of stereo 

Digital Image Correlation (DIC) and Alternating Current Potential Drop (ACPD) 

measurements. Both measurement systems have been used on selected specimens 

and proved that they have the potential to provide highly valuable information. 

Indeed, the number of cycles up to the so-called technical crack initiation and the 

short crack propagation period has been determined on several specimens.  
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The second objective is to determine the properties of the parameters that 

are admitted having the most influence on the fatigue strength of welded joints, i.e. 

the material related parameters, the local weld geometry and the residual stresses. 

The elastic-plastic material behaviour and material fatigue properties are of main 

importance in the understanding of the local stress and strain time history and 

estimation of the fatigue life. For this purpose, uniaxial tests were carried on dog-

bone shaped specimens made of S690QL steel Base Metal (BM) material and Heat 

Affected Zone (HAZ) material due to the welding process. This allows for the 

parameter’s definition of the non-linear Ramberg-Osgood isotropic and Voce-

Chaboche combined isotropic-kinematic hardening models, plus the fatigue strain 

life parameters. 

Weld geometry being determinant in the total fatigue life of welded components 

due to the relative stress concentrations, geometry measurements were also 

conducted on several specimens of each type. A new approach has been developed 

to define the statistical distributions of the variables defining the simplified weld 

geometry, mainly the weld toe radius and the flank angle. 

Experimental investigations on residual stresses were carried by means of two 

diffraction techniques, i.e. Neutron Diffraction (ND) and X-Rays Diffraction (XRD). 

Diffraction techniques have the advantage of being non-destructive and thus 

permits to achieve measurements at two stages of the total fatigue life. This was 

carried out on two specimens with the objective of measuring the initial residual 

stresses state and their relaxation after a predefined number of cycles. This type of 

analysis is very uncommon on full-scale specimens and is of great interest in order 

to understand the influence of residual stresses on the fatigue life during the 

initiation and propagation phases. Influence of the multiple weld passes on the final 

residual stresses state is very difficult to assess and can lead to important errors, 

even if highly advanced numerical analyses are used. While being different, the use 

of both diffraction techniques is complementary in the sense that XRD is only able 

to measure residual stresses at the surface while ND is suited for measurements in 

depth, in the bulk of the material, while being much less accurate to measure 

stresses at the surface. The objective here was to determine experimentally residual 

stresses profiles for one type of detail and welding process. 

 

The third objective is to assess the ability of the practical effective notch 

stress approach, as proposed in the IIW recommendations, combined to various 

fatigue criteria to estimate multiaxial fatigue life of full-scale welded specimens 

made of high strength steel (i.e. with higher strength and lower ductility than usual 
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low-carbon construction steel, that is S235 or S355 grades).  

The current version of the EC3 (EN 1993-1-9:2005 2005) only proposes a multiaxial 

fatigue approach based on nominal stresses interaction that has proven to be quite 

inaccurate in estimating the fatigue strength of welded specimens. The IIW 

recommendations (Hobbacher 2016) contains an “interaction” equation based on 

the Gough-Pollard equation (Gough and Pollard 1935) that leads to the same 

inaccurate outcomes. Alternatively, the IIW also proposes a first version of a more 

advanced local stress-based approach, i.e. the effective notch stress (ENS) approach, 

that is combined with the maximum principal stress and validated for uniaxial 

fatigue cases. However, recent research (Baptista 2016, Pedersen 2016, Garcia et al. 

2018) proved that, under multiaxial loads, all are quite inaccurate in comparison to 

other multiaxial criteria proposed in the literature, and an extension of this research 

is presented in this thesis. Assessment of these criteria is closely related to the 

obtained experimental data and thus an experimental multiaxial fatigue database 

is used to determine the accuracy of the selected stress-based approaches to 

estimate the total multiaxial fatigue life of welded joints. This database being 

obtained on specimens made of more ductile structural steels, e.g. S235 or S355, the 

comparison with the less ductile and fine grain S690QL quenched and tempered 

HSS is possible. Effects of the different material properties (“ductility” ∋ elongation 

at 𝑓𝑢, hardening, toughness) and the weld geometries are succinctly assessed. 

 

The fourth objective is to extend the newly developed continuum strain-

based approach (Remes 2008, 2013) to the case of multiaxial fatigue and for 3D  

models.  

Unlike the previous objective − more orientated towards improving multiaxial 

approaches for practitioners − this objective’s aim is to further improve an 

advanced approach to fatigue that could be widely applicable in order to precisely 

estimate each phase of the fatigue damage process, i.e. initiation, short crack 

propagation and propagation up to the final fracture. The fatigue damage process 

is modelled as a repeated crack initiation process within a defined specific damage 

volume and thus has the ability to describe the different phases up to failure. The 

main reason is that in the proposed approach, the material characteristic length that 

defines the initiation crack size is directly defined from the grain size and enables 

fatigue life simulations from the actual weld geometry without an initial crack. The 

use of steel with higher strength and lower ductility is considered through the 

modelling of the elastic-plastic behaviour and the fatigue strain life parameters 

used in the considered damage criterion. 
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The fifth and last objective is to assess the influence of the most important 

parameters that govern fatigue life which are the weld geometry, the residual 

stresses at the location of crack initiation and the material characteristics. 

The adopted procedure consists of using the proposed continuum strain-based 

approach to carry a parametric analysis. Previously measured weld geometries and 

residual stresses are used. Fatigue strength being highly dependent on many 

parameters, the objective was to assess the influence of the most important ones 

using measurement data obtained previously in order to give guidance for future 

research. Validation of the extended continuum strain-based approach will be 

made by comparing experimental vs predicted fatigue lives using stereo DIC 

measurements. 

The scope of the thesis and conclusions are limited to: 

- Constant amplitude proportional loading cases. However, a few tests were 

carried under non-proportional loading and the framework and scripts for the 

application of the extended continuum strain-based approach to variable 

amplitude and non-proportional loading are given. 

- Initiation when applying the extended continuum strain-based approach. The 

scripting process of the approach during the propagation steps requires 

additional work and is still under development. Finite element models of 

cracked specimens were then created manually to assess the ability of the 

approach to accurately model the complete damage process of multiaxial 

fatigue. Also, the framework of the approach is presented. The parametric 

analysis is however limited to the initiation and further investigations are 

needed to understand the influence of these parameters (mean/residual 

stresses, material characteristics and weld geometry) on the fatigue strength of 

welded joints. 

- As welded S690QL high strength steel joints. Residual stresses are admitted 

corresponding to the ones measured using the diffraction techniques. This 

might lead to some errors, but residual stresses are considered only during 

parametric analysis using the extended continuum strain-based approach and 

are applied as an “external load” based on the analysis of their behaviour 

under multiaxial loads carried on specific finite element models. Effectively, 

they are not modelled in the finite element analysis and thus are included in 

the post-process as an additional mean stress. 

- Critical plane stress-based and strain-based approaches except in the case of 

the stress interaction equations analysis from the codes. The main advantage 

of critical plane approaches is that the orientation of the plane parallel to the 

crack is assessed during the analysis, which is not the case when using 
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interaction equations or energy-based approaches for example. Fracture 

mechanics approach is not considered in this thesis, as its application to 

multiaxial stress states (combination of Mode I, II and III) is not 

straightforward and it will be shown that the remaining life of the HSS welded 

joints after short-crack propagation is relatively short. 

- High cycle fatigue region (HCF). The objective is to assess the multiaxial 

fatigue life of HSS welded joints representative of the most typical details 

observed on bridges, cranes and other structures subjected to a relatively high 

number of cycles, i.e. in the HCF region. However, strain-based local 

approaches have also shown their ability to assess fatigue life in the LCF region 

and the proposed extended continuum strain-based approach has the 

potential to cover both the LCF and the HCF regions. 

 

 

1.3. Structure of the thesis 

The Chapter 2 – Background and state of art provides the necessary 

background information to understand the analytical and experimental procedures 

of this thesis. In the first part, the background to multiaxial local stress and strain-

based approaches used in the Chapters 5 and 6 is given. An important review of 

well-known multiaxial stress and strain-based criteria is presented. Criteria are re-

analysed in order to explain variations observed in the literature and some are 

modified by the author based on new propositions. A brief the state of art on 

multiaxial fatigue is also given, including effects of the residual/mean stresses and 

non-proportional (NP) loading. Previously mentioned criteria are almost all based 

on the critical plane theory, so the critical plane search (CPS) method used in this 

thesis is briefly presented. It is interesting to note that this CPS method also gives 

the ability to achieve NP and variable amplitude (VA) analysis. In a second part, 

background on experimental analysis is given. Material cyclic behaviour and 

related models used in this thesis are also presented.  

 

The Chapter 3 – Experimental campaign presents the methods of an 

experimental program conducted mostly on S690QL HSS specimens. The uniaxial 

specimens and setup used to characterise the elastic-plastic material and strain life 

properties are first introduced. Then, multiaxial tests programs on two types of 

specimen, i.e. transversal-attachments (TA) and tube-to-plates (TP), and their 

relative setups are presented. Two types of advanced measurements systems, i.e. 

the Digital Image Correlation (DIC) and Alternating Current Potential Drop 
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(ACPD) were used for some experiments and their relative background and 

application methodology are explained. A novel methodology of measurements 

and analysis of welded geometry is then presented. Then, a short background on 

the diffraction techniques for residual stresses measurements is given and details 

on the residual stress measurement campaign are presented. Two complementary 

diffraction methods, neutron diffraction (ND), allowing measurements through the 

thickness of the specimen, and X-ray diffraction (XRD), allowing measurements of 

residual stresses at the surface, are used and their relative procedures are presented.  

 

The Chapter 4 – Experimental results presents the results of the 

previously introduced experimental program. Uniaxial tests result on heat affected 

zone (HAZ) and base metal (BM) material are presented and analysed. The 

Ramberg-Osgood and Voce & Chaboche non-linear hardening law parameters are 

determined from these tests, as well as strain-life parameters of the Basquin-

Manson-Coffin equation. Multiaxial test results on the TA and TP specimens are 

analysed and presented. Then, the results of the DIC and ACPD measurements to 

assess the time to initiation, short crack propagation and propagation up to failure 

are presented. Then, results of the weld geometry measurements are analysed and 

given in the form of statistical data. Finally, data from the residual stresses 

measurement campaigns are analysed and the results presented. The behaviour, 

and mainly the eventual relaxation of residual stresses is discussed. The thesis 

contains appendices with additional information on experimental results. 

 

The Chapter 5 – Stress-based approaches to fatigue life estimation under 

multiaxial loads first presents a reanalysis of uniaxial and multiaxial fatigue 

databases related to the tests carried in this thesis. Tests data are then compared to 

these databases and analysed in terms of nominal stresses. Multiaxiality effects are 

analysed. The limitations of the nominal approach are discussed based on these 

results.  

The local effective notch stress approach is then used in combination to the 

multiaxial fatigue criteria and interaction equations presented in the Chapter 2. The 

effectiveness of each criterion to characterise multiaxial fatigue is assessed by mean 

of standardized S-N curve analysis, i.e. by comparing the observed dispersion 

around the mean curve of the results, expressed by mean of statistical parameters. 

Finally, standardized S-N curves are used to assess the multiaxial fatigue life and 

compared to the experimental data. A statistical analysis is carried to estimate the 

safety of the analysis using each criterion. 
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The Chapter 6 – Strain-based approach to fatigue crack initiation and 

short crack propagation under multiaxial loads first present a recently developed 

continuum strain-based approach (Remes 2008, 2013) that is extended in this thesis 

to 3D models and the relative complex case of multiaxial stress/strain state. The full 

methodology and the framework to calculate the fatigue life up to the short crack 

final stage of propagation are presented. This new extension of the approach is 

validated using simple and representative load cases in bending, torsion and under 

combined loads.  

In a second step, the influence of the most important parameters that govern fatigue 

life which are the weld geometry, the residual stresses at the location of crack 

initiation and the material characteristics are assessed using the continuum strain-

based approach and a python script developed in order to carry parametrical 

analysis. Previously measured weld geometries and residual stresses are used. To 

date, the development of the algorithms and scripts, and thus the presented results 

are limited to the initiation phase. Estimated initiation lives using the continuum 

strain-based approach are compared to experimental lives determined previously 

by help of DIC measurements. An insight on the subsequent propagation steps is 

presented. 

 

The Chapter 7 – Conclusions and future work is a summary of the 

conclusions and observations of the work presented in this thesis. It finally provides 

the authors suggestions on areas to conduct future work. 
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1.4. Abbreviations and nomenclature 

To better understand the following chapters, it is worth noting that fatigue 

life can be separated in regions which we choose to define, according to S-N curves 

regions, as follow:  

LCF  low cycle fatigue, 𝑁 < 104 

HCF  high cycle fatigue, 105 < 𝑁 < 108 

VHCF   very high cycle fatigue, 𝑁 > 108 

fin.l.   finite life region 105 < 𝑁 < 5 ∗ 106 

inf.l.   infinite life region 5 ∗ 106 < 𝑁 < 𝑁∞ 

 

These standard abbreviations are used throughout the text: 

i.e.  id est, "that is" 

e.g.   exempli gratia, "for example" 

CA  Constant amplitude 

VA  Variable amplitude 

P  Proportional 

NP  Non-proportional 

HSS  High strength steel 

S-N  Stress vs number of cycles curves 

휀-N  Strain vs number of cycles (or reversals) curves 

IIW International Institute of Welding - Recommendations for 

Fatigue Design of Welded Joints and Components 

EC3  Eurocode 3: Design of steel structures - Part 1-9: Fatigue 

BMC  Basquin-Manson-Coffin 

BM  Base metal 

HAZ  Heat affected zone 

WM  Weld metal 

CPS  Critical plane search 
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Fatigue criterion 

𝑃𝑆  Principal Stress 

𝑉𝑀  von Mises equivalent stress 

𝐶𝑆  Carpinteri-Spagnoli criterion 

𝑓  Findley criterion 

𝐷𝑉  Dang Van criterion 

𝑀𝑡𝑘  Matake criterion 

𝑀𝑐𝐷  McDiarmid criterion 

𝐹𝑆  Fatemi-Socie criterion 

𝑆𝑊𝑇  Smith-Watson-Topper criterion 

𝑀𝑆𝑆𝑃  Maximum Shear Stress Plane 

𝑀𝐷𝑃𝑃  Maximum Damage Parameter Plane 

 

Fatigue damage process 

𝑁𝑡𝑜𝑡 Total number of cycles to either unstable propagation or 

failure 

𝑁𝑖  Number of cycles to crack initiation, = 𝑁𝑖,𝑝ℎ 

𝑁𝑖,𝑝ℎ  Number of cycles to physical crack initiation 

𝑁𝑖,𝑡𝑒  Number of cycles to technical crack initiation 

𝑁𝑝 Number of cycles for crack propagation from the initial 

crack to either instable propagation or failure, = 𝑁𝑠𝑐𝑝 + 𝑁𝑙𝑐𝑝 

𝑁𝑠𝑐𝑝  Number of cycles for short crack propagation 

𝑁𝑙𝑐𝑝  Number of cycles for long crack propagation 

𝑁𝑠𝑡𝑎𝑏𝑙𝑒  Number of cycles up to unstable crack propagation 

𝑎𝑖,𝑝ℎ Initial physical crack depth 

𝑎𝑖,𝑡𝑒 Initial technical crack depth 

𝑎𝑠𝑡𝑎𝑏𝑙𝑒 Crack depth before instable crack propagation phase 

𝑎𝑐𝑟 Critical crack depth before failure 

𝑎0 Material characteristic length ∝ 𝑎𝑖,𝑝ℎ 
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Stress and strain quantities 

𝜎  Stress 

휀  Strain 

𝜎𝑛𝑜𝑚, 𝜏𝑛𝑜𝑚  Nominal normal and shear stress 

∆𝜎, ∆𝜏   Normal and shear stress range 

𝜎𝑎 , 𝜏𝑎   Normal and shear stress amplitude 

𝜖  Scalar value representing either stress or strain 

𝑆  Scalar value representing either normal or shear stress 

𝑅𝜎,𝜏,𝜀 Ratio of the minimum stress/strain to the maximum 

stress/strain experienced during a cycle, 𝑅 =  𝜖𝑚𝑖𝑛/𝜖𝑚𝑎𝑥  

𝜆  Ratio of the maximum shear to normal stress, 𝜆 = 𝜏𝑚𝑎𝑥/𝜎𝑚𝑎𝑥 

 

 

Lower case bold roman characters (𝒏) are vectors. Upper case (𝑵) and lower-case 

Greek (𝝈) bold characters are second-order tensors. Scalar quantities are 

represented using normal characters. 
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Chapter 2 Background and state of art 

 

 

 

2.1. General description 

Many models have been developed in recent years to predict fatigue 

behaviour under complex loading using different approaches, which can be 

classified in two main categories; Wöhler’s approach, generally adopted to estimate 

fatigue life until crack initiation or short crack propagation, and fracture mechanics, 

which is usually used to asses fatigue life after crack initiation. 

• Stress based approaches 

• Strain based approaches 

• Energy-based approaches 

• Fracture mechanics approach for crack growth 

Simplified stress-based interaction equations, more suitable for practitioners, are 

given in different codes. They will be shortly described in the next Section. Their 

application to multiaxial cases is however limited due to the complexity of the 

problem and thus more complete models have been proposed. All these models, 

both recent and older, findable in the scientific literature, are generally adapted for 

specific situations and take into account only specific parameters. This category of 

models is mainly based on research on the base material, and sparsely on welded 

details but have been applied to the later with some success; they will be described 

in the next Sections.  

Models and theories cited in this chapter mainly concern fatigue crack initiation, 

even if, in the case of the stress-based approaches, propagation is often implicitly 

considered thru the choice of an appropriate S-N curve. Actually, in the field of 

multiaxial fatigue, these types of models are extensively used and known, mainly 

because initiation of a crack is the limitative state in the mechanical domain, which 

was and stays a main actor in the area of fatigue of materials. The other approach 

to study fatigue, which is well known for years, is fracture mechanics. This theory 

has been extensively used to predict the development and behaviour of cracks in 

Wöhler’s approach (S-N or 

휀-N curves) 
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different type of structures. Fracture mechanics approach for crack growth comes 

only relevant after the initiation of the crack. However, these approaches are not 

considered in this thesis and only initiation and short crack propagation (e.g. cracks 

size of less than a millimetre) will be studied as they are considered an important 

part of component life. Indeed, even for welded joints, several studies (e.g. Sonsino 

and Kueppers (2001) and Bruder et al. (2012)) have deduced an average factor of 0.5 

between the time to initiate and propagate a 1.0 𝑚𝑚 depth crack and to propagate 

it through-thickness, for both as-welded and machined or ground weld conditions. 

Pijpers (Pijpers et al. 2009, Pijpers 2011) even concluded that for HSS and VHSS 

welded joint, the fatigue life initiation phase tends to be prominent, e.g. 80% of the 

total fatigue life is spent for the technical crack initiation, while crack propagation 

rate tends to accelerate unlike for standard structural steels. 

 

2.1.1. Base material models 

Multiaxial fatigue models under CA loading are generally based on the 

same approach. The main assumption is that crack nucleation caused by cyclic 

tensile or shear stresses or strains is affected by mean/residual stresses. All 

approaches are then generally expressed in the similar following form, see Eq. (1). 

𝑆𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 + 𝑘 ∗ 𝑆𝑚𝑒𝑎𝑛 ≤ 𝑏 (1) 

Where, 𝑏 is the endurance limit or any other definition of the fatigue strength, and 

𝑘 a positive constant with no dimension. 𝑆𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 is a certain definition of the 

amplitude or range of the loading cycle and 𝑆𝑚𝑒𝑎𝑛 is a variable related to mean 

stresses or strains. A distinction between models comes from their different 

definition of 𝑆𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 and 𝑆𝑚𝑒𝑎𝑛. These criteria were then modified to obtain an 

equivalent stress to be used in the calculation of the damage sum. As 𝑏 correspond 

to the stress threshold, adapted S-N curves are needed.  

Most of these criteria (e.g. (Findley 1958, Smith et al. 1970, Fatemi and Socie 1988a, 

Dang-Van 1993, Sonsino 1995)) have in common to be based on the same concept 

of a critical plane. The determining fatigue damage and thus determining stresses 

or strains accumulate on a specific plane within the material which normally 

correlates with the physical observations, i.e. the physical crack orientation. Critical 

plane approaches can be distinguished in criteria which assume that failure occurs 

due to:  

1) linear combination of shear and normal stresses acting on a critical plane 
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2) linear combination of shear acting on a critical plane with hydrostatic stress 

3) non-linear combination of shear and normal stresses acting on a critical plane. 

Several methods and criteria have been developed in past years, taking into account 

more parameters and complex interactions between them. 

 

2.1.2. Specific models for welded structures 

Multiaxial fatigue loading in welded joints generally refers to a combination of 

normal stresses perpendicular to the weld interacting with shear stresses parallel 

to the weld. The use of models coming from the research on base material is very 

common and various authors analysed and/or adapted these methods to the 

problem of welded details and compared different criteria (Bäckström and Marquis 

2004, Sonsino 2009a, Susmel 2014, Pedersen 2016). In order to assess the multiaxial 

fatigue behaviour of welded steel joints, these authors have developed in recent 

years different strength hypotheses based on material and ductility dependent 

damage mechanisms. The most relevant ones, from the author point of view, will 

be presented in the next Sections. 

 

2.1.3. Proportional versus non-proportional loading 

It is generally accepted that ductile materials react in a different way to 

non-proportional loading with changing principal stress or strain directions than 

brittle and semi-ductile materials (Sonsino 1995, 2011, Sonsino et al. 2006). What is 

generally accepted is that, for low-ductile materials, damage is activated by normal 

stresses or strains and, for ductile materials, damage is activated by shear stresses 

or strains (Socie and Marquis 2000b). What is also known is that, in the case of 

changing principal stress or strain directions in ductile materials, dislocations are 

activated in different directions, thus blocking each other. This leads to the so called 

non-proportional cyclic hardening in contrast to proportional loading with constant 

principal stress or strain directions even if the material reveals a cyclic softening 

under uniaxial strain controlled cyclic loading (Sonsino 2011). The multiaxial stress 

hardening under out-of-phase deformation control should then decrease the 

fatigue life compared to the proportional loading. Today, it is unclear which of the 

proportional or non-proportional loading situation is more damaging in welded 

joints, i.e. composed of a mix of different zones and properties. 

On one hand, ductility plays obviously a role and, in ductile materials, since 

damage is activated by shear stresses or strains, then non-proportional loading 

should lead to the shortest lives, as explained before (each cycle, normal or shear 
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stress, produces damage in shear). In addition, in the case of high strength 

materials, as S690QL, with lower ductility compared to normal mild low-carbon 

steels, an interaction between shear and normal stresses or strains could be 

responsible for the damage. On the other hand, under proportional loads, due to 

the interaction of shear and normal stress at the initiation location, larger stress 

cycles are experienced by the material at the initiation point; thus, this should lead 

to the shortest lives. Furthermore, shear friction may be severely reduced under the 

presence of normal tensile stresses to the critical plane, e.g. normal mean or 

maximum stresses, resulting from external loading but also due to the presence of 

high tensile residual stresses. This normal tensile stress influence acting in phase 

with the shear, greatly reduces friction between the crack surfaces, increasing the 

damaging character of the shear forces and could explain the reduction in fatigue 

lives under proportional loading. The idea of factorizing the shear damage by the 

normal acting quantity influence can be found in most of the important stress and 

strain based criteria, e.g. (Findley 1958, Smith et al. 1970, Brown and Miller 1974, 

Fatemi and Socie 1988a, Carpinteri et al. 2008).  

Out-of-phase loading is a more specific type of non-proportional loading where a 

phase difference, i.e. the phase shift or phase angle, is observed between sinusoidal 

or triangular cyclic loading signals (see Appendix A). Various authors stated that 

non-proportional out-of-phase has a negative effect compared to proportional in-

phase loading, e.g. Razmjoo (Razmjoo 2000), Siljander et al. (Siljander et al. 1992), 

Frendo et al. (Frendo and Bertini 2015) and Sonsino (Sonsino 1995). The observed 

reduction of the fatigue endurance ranged from 2 to almost 10, depending on the 

endurance and on the adopted failure hypothesis. The most damaging out-of-phase 

situation has been shown to be a 90° angle shift between the normal and shear 

sinusoidal signals (Sonsino 1995). Some authors concluded that non-

proportionality has no influence, e.g. Dahle (Dahle et al. 1997) and Baptista (Baptista 

2016), but they usually made tests with a 180° phase shift. Thus, the question 

remains of the influence of different phase shifts.  

In order to better understand the influence of non-proportionality, it important to 

know the tests conditions and the employed material. Effectively, considering the 

simple CA scenario and for the same stress amplitudes, the acting mean 

stress/strain also plays a role in addition to the out-of-phase angle, as shown in the 

Figure 2-1 and Appendix A. As expected, the proportional case does not show any 

influence of the mean stress on the 𝑃𝑆 amplitude (𝑃𝑆𝑎,0 = 𝑃𝑆𝑎+𝑚,0) and critical 

plane orientation, 𝜃. Similarly, under non-proportional loading with an out-of-

phase angle of 90°, the 𝑃𝑆 amplitude, 𝑃𝑆𝑎,90, remains the same with or without 

mean stress (𝑃𝑆𝑎,90 = 𝑃𝑆𝑎+𝑚,90 = 1)  but the amplitude is smaller than in the 
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proportional case (𝑃𝑆𝑎,90 = 𝑃𝑆𝑎+𝑚,90 ≅ 1.26). On the contrary, the critical plane 

angle varies a lot and the variation is different between the two cases, i.e. with or 

without mean stress. The non-proportional hardening effect might thus be different 

between both cases and, because the 𝑃𝑆 amplitude is smaller than in the 

proportional case, this means that the non-proportional hardening effect might 

have an important detrimental influence on the fatigue life for materials sensitive 

to non-proportionality. Coarse grain and less ductile metals, such as aluminum, are 

much less sensitive to non-proportionality, or can even present a positive effect 

while highly ductile and fine grain steels on the contrary are highly sensitive to 

non-proportional loading (Socie and Marquis 2000a). The non-proportional case 

with an out-of-phase of 180° is the most contradictory. When no mean stress is 

acting, the result is exactly similar to the proportional case, while in presence of a 

mean stress (𝑅 = 0) the equivalent 𝑃𝑆 amplitude drastically diminishes 

(𝑃𝑆𝑎+𝑚,180 ≅ 0.42). However, the variation of the critical plane angle is then the 

same as in the non-proportional case with a phase shift of 90° and an acting mean 

stress, meaning that one can expect an effect which is smaller than the non-

proportional case with a phase shift of 90° (and an effect negligible or even positive, 

depending on the material. 
 

Mean stress, 𝑅 = 0 
                              𝜽 = 𝟎°       𝜽 = 𝟗𝟎°              𝜽 = 𝟏𝟖𝟎° 

 

No mean stress, 𝑅 = −1 
                              𝜽 = 𝟎°       𝜽 = 𝟗𝟎°              𝜽 = 𝟏𝟖𝟎° 

 

Figure 2-1. Influence of the phase shift on the 𝑷𝑺, with or with mean stress effect 
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Most of the steels subjected to non-proportional loading show an additional cyclic 

hardening (more information on material cyclic properties and hardening are given 

in the Section 2.6.1) that cannot be observed under proportional loading, see Figure 

2-2. The continuous orientation change of the critical plane due to non-proportional 

loading increases interactions between slip systems, where dislocations interacts 

and block each other, resulting in an additional strain hardening as compared to 

that observed in proportional loading (see (Socie and Marquis 2000a)). 

 

 

Figure 2-2. Non-proportional (NP) hardening. a) Stresses path, b) Strains path and c) 

cyclic RO stress/strain curves under proportional (P) and non-proportional (NP) 

loading 

 

2.1.4. Effects of residual and mean stresses 

Residual stresses have a direct impact on the high cycle fatigue life 

behaviour of welded components (Maddox 1991, 2003, Harati et al. 2015, Shiozaki 

et al. 2015). The main problem actually is that the estimation of the residual stresses 

distribution in welded structures is very complex since various phenomena are 

involved (Chang and Teng 2004, Messler 2008). To consider them in multiaxial 

criteria, most are based on the simplistic models such as EC3 or IIW where residual 

stresses are implicitly taken into account in the stress range as a mean stress. 

As for uniaxial cases, as-welded details are considered to contain high tensile 

residual stresses, usually of the yield stress magnitude, at the crack initiation point 

and these stresses can be treated similarly to an external load, leading to high mean 

stress (i.e. high stress ratios 𝑅). However, Gurney (Gurney 2006) effectively showed 

that initial residual stresses distribution modifies the nominal mean stress quite 

substantially, but at the same time it does not become the mean stress. Gurney 

pointed another particularly important fact that is, any part of the specimen which, 

under the applied load, reaches yield stress, is subsequently subjected to a stress 

cycle pulsating from yield stress downwards, regardless of the applied nominal 
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stress ratio due to stresses redistribution, i.e. so that critical region remains in the 

elastic domain. This mean that for common low and mid-strength steel, in the 

welded state, mean stresses have a minimal effect and the fatigue failure can occur 

in welded joints under nominal compressive stress range leading to the conclusion 

that stress range seems to be the main controlling parameter of the fatigue strength 

of welded elements (Maddox 1991, Bäckström 2003, Gurney 2006, Acevedo and 

Nussbaumer 2012). This is obviously not the case for stress relieved specimens or 

base material, where a mean stress correction apply (Hobbacher 2016). 

Additionally, residual stresses can also be compressive at a weld toe, such as found 

by (Barsoum 2008) in transverse attachments, so they could have a positive effect 

on fatigue life by reducing the applied stress ratio. Another case where residual 

stresses can be positive or negative is the weld root was presented by (Leggatt 1984) 

in the case of circumferential multi-pass welds of pipes. The above is also supported 

by the researches of (Sasahara 2005, Ngiam 2007, Shiozaki et al. 2015), who 

concluded that the compressive residual stresses increases the fatigue strength. A 

decrease of tensile residual stresses or an increase of compressive residual stresses 

improves the fatigue strength of components. This statement is even more 

important in the case of a HSS and peening or HFMI post weld treatments (Yildirim 

et al. 2013, Yıldırım and Marquis 2014, Marquis and Yıldırım 2015). In these cases, 

with the additional hardening effects, the positive effect in terms of fatigue life 

increases together with the steel grade (Webster and Ezeilo 2001, Remes et al. 2013, 

Benedetti et al. 2016), even at high applied stress ratios and considering relaxation 

effects. 

Stacey (Stacey et al. 2000) did an extensive review of biaxial residual stresses data 

in tubular pipe-to-plate joints. They showed that mean longitudinal residual 

stresses, parallel to the weld direction, never exceeded the material yield stress 

𝑆𝑦 by more than 20 MPa. Furthermore, mean transverse residual stresses were 

never seen to exceed 0.65 𝑆𝑦. In general, it is the transverse stress distribution that 

is of main interest, as the principal stresses due to the applied loads also tend to be 

oriented perpendicularly to the weld direction. Zamiri (Zamiri et al. 2012) and 

Mochizuki et al. (Mochizuki et al. 2000) obtained tri-axial local residual stresses 

distributions of tubes using neutron diffraction measurements, but only in butt 

joints between tubes or tubular K-joints; (Zamiri Akhlaghi 2014) compared them 

with the BS 7910: 2005 distribution and found discrepancies in both values and in-

depth distribution (his residual stresses values where in general smaller). 

Actually, most of the existing multiaxial fatigue life estimation approaches do not 

consider explicitly residual stresses, e.g. the nominal stress method, widely used 

and included in the majority of standard codes. The same holds true for the 
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structural stress methods, such as hot spot stress, and local methods, such as the 

effective notch stress.  Different multiaxial approaches exist that allow to consider 

residual stresses, generally as a mean stress, based on obtaining an equivalent 

uniaxial stress or on the use of suitable S-N curve parameters corresponding to a 

high stress ratio (high tensile mean stress). Some of these approaches, whose 

seemed interesting regarding to the author point of view, were already mentioned 

in Section 2.1.2 and presented in Section 2.2. 

Another open question which should be answered is the way of efficiently consider 

the presence of non-zero mean stresses. Effectively, contrary to what happens in 

standard mild-steel welded details, high strength steel weldments could be highly 

sensitive to the presence of imposed static stresses, in both stress relieved and as-

welded conditions. 

 

 

2.2. Stress based approaches 

2.2.1. Stress-based approaches technical background 

The fatigue analysis of metals based on stresses is the standard approach 

used by practitioners and has its origins in the work of Wöhler (Wöhler 1870). He 

first introduced the principle of S-N curves (or Wöhler curves) to characterise the 

fatigue behaviour of metals. In S-N curves, stress ranges or amplitudes in the 

structure or component are compared to the maximum number of cycles that this 

element can withstand up to failure. Results are plotted in a log-log scale and S-N 

curves are generally linearized to simplify the analysis. Actually, two types of 

linearized representations are used to define the S-N curves for steel under constant 

amplitude (CA), as shown in Figure 2-3. The first type is mostly used in the 

literature and is based on Basquin’s (Basquin 1910) relationship, as shown in the 

Eq. (2), where 𝑆𝑓
′ is the fatigue strength coefficient or fatigue strength at 1 cycle, 𝑏 is 

the fatigue strength exponent or the slope of the curve and 𝑁𝑓 is the number of 

cycles. It is based on stress amplitudes. The second type of representation is used 

in the actual standards as the EC3 (EN 1993-1-9:2005 2005) and the IIW 

recommendation (Hobbacher 2016). It is expressed in terms of stress ranges as in 

the Eq. (3), where 𝐹𝐴𝑇𝑆 or ∆𝑆𝐶 corresponds to the fatigue detail category or fatigue 

strength at a specific number of cycles 𝑁𝐹𝐴𝑇 = 2 ∙ 106 𝑐𝑦𝑐𝑙𝑒𝑠 and 𝑚 is the inverse of 

the slope of the curve.  

∆𝑆

2
= 𝑆𝑓

′(𝑁𝑓)
𝑏
 (2) 
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∆𝑆 = 𝐹𝐴𝑇𝑆 (
𝑁𝐹𝐴𝑇

𝑁𝑓
)

1
𝑚

= 𝐹𝐴𝑇𝑆(𝑁𝐹𝐴𝑇)
1
𝑚(𝑁𝑓)

−
1
𝑚 (3) 

Both equations are based on the line equation in the log-log scale Eq. (4), that can 

be rewritten as in Eq. (5), 

log𝑁𝑓 = log𝐶 − 𝑚 log𝛥𝑆 (4) 

𝑁𝑓 = 𝐶𝛥𝑆−𝑚 (5) 

Expressed in terms of stress ranges, the Eq. (5) becomes, 

𝛥𝑆 = (
𝐶

𝑁𝑓
)

1
𝑚

= (𝐶)
1
𝑚(𝑁𝑓)

−
1
𝑚 (6) 

One can now easily notice that from Eq. (2), (3) and (6), the constants 𝑏 and 𝐶 can 

be rewriten as in the following Eq. (7) and (8), 

𝑏 = −
1

𝑚
 (7) 

𝐶 = (𝐹𝐴𝑇𝑆)
𝑚𝑁𝐹𝐴𝑇 = (2𝑆𝑓

′)
𝑚

 (8) 

 

 

 

Figure 2-3. Definition of the steel CA S-N curves according to a) Basquin’s (Basquin 

1910) relationship and b) actual standards as the EC3 (EN 1993-1-9:2005 2005) and 

IIW (Hobbacher 2016) 
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A less pronounced slope and a possible limit at low stress ranges is found for body-

centred cubic lattice metals like construction steels (Bathias 1999). Under CA 

loading, this fatigue limit 𝑆𝐹𝐿 or 𝑆𝐷 were defined in the European standards as the 

stress below which failures does not occur. However, today we know that failures 

can occur below the constant amplitude fatigue limit (CAFL) but under an 

increasing number of cycles (Haibach 1971, Bathias 1999). Even if it still under 

discussion and there is still ongoing research on that subject, in actual European 

standards the CA knee point is generally assumed to correspond to 𝑁𝐷 = 107 𝑐𝑦𝑐𝑙𝑒𝑠 

for normal stress S-N curves and 𝑁𝐷 = 108 𝑐𝑦𝑐𝑙𝑒𝑠 for shear stress S-N curves. 

Second slope values were proposed by Sonsino (Sonsino 2007) in addition to their 

relative knee-points position, based on the material characteristics and for the 

welded and non-welded cases to account for imperfections and residual stresses 

effects.  

D’Angelo (D’Angelo 2015) proposed a probabilistic approach based on the 

Maximum Likelihood theory and on Monte-Carlo simulations to calibrate a 

random CAFL non-linear model to experimental data, considering run-outs. This 

is advanced representation of the S-N curve that tends to be used more and more 

and proves that design based on the concept of infinite life should be avoided, being 

too sensitive to the definition of the CAFL and the applied stress range. Other 

similar approaches exists in the literature, as the one proposed by (Leonetti et al. 

2017) which also uses the Maximum Likelihood theory combined to frequentist and 

Bayesian inference to fit the proposed relation including informative and non-

informative prior distributions. 

Actually, most of the practitioners use nominal stress combined to their relative S-

N curve to design components. Stress concentrations and residual stresses are 

determinant parameters that drives the fatigue life, being the reason why welded 

joints are the detrimental parts of structures submitted to fatigue loading. The 

nominal stress S–N curve is then not only dependent on material but also on the 

weld geometry or detail class and weld quality. Each type of joint should be then 

experimentally tested to obtain the related S-N curve. The standards as EC3 and 

IIW provide standardized S-N curves for isolated welded joints detail geometries. 

They are classified in 𝐹𝐴𝑇𝑠 or ∆𝑆𝐶 categories as shown in Figure 2-4 and Figure 2-5. 

Both the EC3 and IIW give almost the same FAT classification but only the IIW 

proposes to consider a second slope under the CAFL. The IIW, based on (Sonsino 

et al. 2005, Sonsino 2007) stated that the S-N curve should continue but with a 

decline in stress range of about 10% per decade in terms of cycles, which 

corresponds to an inverse slope 𝑚𝐻𝐶𝐹 𝑜𝑟 𝑏𝐻𝐶𝐹  =  22. This assumption will be used 

in this thesis when using standardized S-N curves. 
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Figure 2-4. EC3 (EN 1993-1-9:2005 2005) S-N curves under CA nominal a) normal 

stress and b) shear stress ranges 

 

 

Figure 2-5. IIW (Hobbacher 2016) S-N curves under CA nominal a) normal stress 

and b) shear stress ranges 

 

These standardized S-N curves are associated to a scatter band of endurable values. 

Tests data used to define standardized S-N curves are analysed to produce 

characteristic values. A gaussian normal distribution in the log-log scale 

characterizes the scatter band. Standardized S-N curves of the EC3 and IIW 

represent the 95 % survival probability (i.e. 5 % failure probability) of 𝑙𝑜𝑔𝑁𝑓 

calculated from the mean on the basis of a two-sided confidence level of 75 % (see 

Figure 2-6) of failed specimens only, i.e. the knee point is by convention at a given 

number of cycles. As explained in (Baptista 2016, Hobbacher 2016), several studies 

and standards (e.g.(BS 2014, DNV 2014, 2016)) refer to mean minus two standard 
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deviations, which corresponds to a survival probability of 97.7 % for sample sets of 

𝑛 >≈ 15. In this thesis, the evaluations of test data and their relative characteristic 

values are calculated following the IIW procedure. Logarithmic values of the stress 

range (log∆𝜎) and the number of cycles (log𝑁𝑓) are calculated in order to calculate 

the slope 𝑚 and the constant 𝐶 (using log𝐶) by linear regression by least square fit 

using the Eq. (4) and taking the stress range as the independent variable, i.e. 

log𝑁𝑓 = 𝑓(log∆𝜎). Rewriting Eq. (4), 

log𝑁𝑓 = log𝐶 − 𝑚 log𝛥𝑆  →   𝑦 = 𝑏 − 𝑚𝑥 (9) 

Parameters 𝑚 and 𝑏 are defined using statistical mean values of log𝑁 = �̅� and 

log∆𝜎 = �̅� as, 

𝑏 = log𝐶 = �̅� − 𝑚�̅� =
∑ 𝑥𝑖

𝑛
𝑖=1

𝑛
− 𝑚 ∙

∑ 𝑦𝑖
𝑛
𝑖=1

𝑛
 (10) 

𝑚 =
𝑛 ∙ ∑ (𝑥𝑖𝑦𝑖) − ∑ 𝑥𝑖

𝑛
𝑖=1 ∙ ∑ 𝑦𝑖

𝑛
𝑖=1

𝑛
𝑖=1

𝑛 ∙ ∑ 𝑥𝑖
𝑛
𝑖=1

2
− (∑ 𝑥𝑖

𝑛
𝑖=1 )

2  (11) 

Where 𝑛 is the number of test data. As mentioned by (Hobbacher 2016), if the 

number of data 𝑛 < 10 or if the data are not sufficiently evenly distributed to 

determine 𝑚 accurately, a fixed value of 𝑚 should be taken from other tests under 

comparable conditions, e.g. 𝑚 =  3 for uniaxial normal tests and  𝑚 =  5 for shear 

tests for steel. Anyway, the standard deviation of the slope 𝑚 shall be determined 

for a subsequent check if the pre-fixed slope is still reasonable. Under other 

conditions different slopes can be also adequate. 

 

 

Figure 2-6. Scatter band according to the IIW standardized S-N curves 
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The IIW general procedure to determine S-N curves is based on the estimation of 

confidence limits on the prediction limits, i.e. the tolerance limits. The advantage is 

that they yield more conservative S-N curves and allow for uncertainty in estimates 

of population statistics from small samples (Schneider and Maddox 2003). 

The characteristic values 𝑥𝑘 of the S-N curves at 𝛼 = 95% and their upper bound at 

𝛼 = 5% survival probability (5% and 95% probability of failure respectively) are 

calculated from the statistical mean value of log∆𝜎 = �̅� and on a two sided tolerance 

limits based on the 75 % confidence level of the mean �̅� as shown in the following 

Eq. (12), 

𝑥𝑘 = �̅� − 𝑘 ∙ 𝑆𝑡𝑑𝑣 (12) 

Where the standard deviation 𝑆𝑡𝑑𝑣 is calculated as,  

𝑆𝑡𝑑𝑣 = √
∑ (�̅� − 𝑥𝑖)

2𝑛
𝑖=1

𝑛 − 1
 (13) 

The factor 𝑘 is an important statistical indicator to evaluate a set of fatigue data. 

Effectively, as described in the IIW (Hobbacher 2016) it considers the variance of 

the data, the probability distributions of the mean and the variance values by their 

confidence interval and the difference of the distribution of the whole set of data 

and the distribution of the sample (Gaussian versus t-distribution). It corresponds 

to the minimum value of the mean confidence interval and the maximum value of 

the variance confidence interval. The general formulation of 𝑘 is expressed as in the 

following Eq. (14), 

𝑘𝐼𝐼𝑊,1 =
𝑡(𝑝,𝑛−1)

√𝑛
+ 𝜙(𝛼)

−1
√

𝑛 − 1

𝜒(𝑝,𝑛−1)
2  (14) 

Where 𝑡 is the value of the two sided 𝑡-distribution (Student’s law) for 𝑝 = 𝛽 = 0.75 

(or the value of the two-tailed inverse of the 𝑡-distribution for 𝑝 = 1 − 𝛽 = 0.25), or 

of the one sided (left-tailed inverse) 𝑡-distribution for a probability of 𝑝 = 1 + 𝛽 2⁄ =

0.875 at 𝑛 − 1 degrees of freedom. 𝜙(𝛼)
−1  is the inverse of the standard normal 

cumulative distribution (mean of 0 and standard deviation of 1) function of the 

Gaussian normal distribution probability of exceedance of 𝛼 = 95 %. Finally, 𝜒2 is 

the inverse of the right-tailed probability of the Chi-squared distribution for a 

probability 𝑝 = 1 + 𝛽 2⁄ =  0.875 (or left-tailed with 𝑝 = 1 − 1 + 𝛽 2⁄ =  0.125) at 

𝑛 − 1 degrees of freedom. It has been noticed that calculated values of each 

parameters sometimes differ from values given in the IIW and are then given, as a 
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sake of information, in Table 2-1. 

However, it is much more common in the codes (standard procedure as proposed 

in the IIW, EC3, DNV, ISO 12107, etc) and in the literature not to work with 

tolerance limits. Effectively, they have the advantage to explicitly allow for 

uncertainty in estimates of population statistics (e.g. standard deviation) of small 

samples but they have the following drawbacks, according to (Schneider and 

Maddox 2003): 

“ 

- They are inherently more complicated, and therefore there is an increased risk 

of misinterpretation. 

- They are harder to implement (within a spreadsheet, for instance). 

- The extra conservatism may not be warranted for all applications. 

- The validity of the approach depends critically on the assumption of 

normality. 

- Their use represents a fundamental change to previous practice, so there is a 

risk of incompatibility with current design rules. 

“ 

Then, and as a sake of comparison, characteristic curves are also determined using 

standard procedure of the IIW and EC3, using confidence limits (or prediction 

limits), i.e. the 95% probability of survival for a 75% confidence interval. For this 

purpose, the other important parameter that have a large influence on the estimated 

characteristic curves is the variance (IIW) or coefficient of variation (EC3). If the 

variance is fixed from other tests or standard values, the general formulation of 𝑘 

expressed in Eq. (14) can be then rewritten as, 

𝑘𝐼𝐼𝑊,2 =
𝑡(𝑝,𝑛−1)

√𝑛
+ 𝜙(𝛼)

−1  (15) 

with 𝑝 = 0.875 and 𝛼 = 0.95. 

In the EC3, the formulation of 𝑘 is slightly different. If the coefficient of variation is 

unknown, 𝑘 is defined based on 𝑡-distribution as expressed in the following Eq. 

(16), 

𝑘𝐸𝐶3,1 = 𝑡(𝑝,𝑛−1)√1 +
1

𝑛
 

where the probability of exceedance 𝑝 = 0.95. 

(16) 
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On the contrary if the coefficient of variation is known, 𝑘 is defined based on a 

normal distribution as, 

𝑘𝐸𝐶3,2 = 𝜙(𝑝)
−1√1 +

1

𝑛
 (17) 

where the probability of exceedance 𝛼 = 0.95. 

The mean minus two standard deviations, 𝑚 − 2𝜎, admitted to corresponds to the  

97.7% survival probability (which is true only for large number of tests), is also used 

in many fields and by several authors, e.g. (Sonsino 2009b, Susmel 2014). 

Finally, the 90% probability of survival of the simple 10-90% scatter band is also 

widely used in the literature, as a simple first approach, by several authors, e.g. 

(Sonsino 2009a, 2011, 2013, Meneghetti et al. 2014, Pedersen 2016). 

All values of 𝑘 according to each standard and procedure, and corresponding 

statistical distribution values, are summarized in Table 2-1. 

 

Table 2-1. Values of 𝒌 and the relative parameters in function of the number of test 

data 𝒏, according to Eq. (14) to (17)n 

  IIW EC3 

𝒏 𝝓(𝟎.𝟗𝟓)
−𝟏  𝒕(𝟎.𝟖𝟕𝟓,𝒏−𝟏) 𝝌(𝟎.𝟖𝟕𝟓,𝒏−𝟏)

𝟐  𝒌𝑰𝑰𝑾,𝟏 𝒌𝑰𝑰𝑾,𝟐 𝒕(𝟎.9𝟓,𝒏−𝟏) 𝒌𝑬𝑪𝟑,𝟏 𝒌𝑬𝑪𝟑,𝟐 

2 1.645 2.414 0.025 12.16 3.352 6.314 7.733 2.015 

3 1.645 1.604 0.267 5.427 2.571 2.920 3.372 1.899 

4 1.645 1.423 0.692 4.135 2.356 2.353 2.631 1.839 

5 1.645 1.344 1.219 3.581 2.246 2.132 2.335 1.802 

10 1.645 1.230 4.507 2.713 2.034 1.833 1.923 1.725 

15 1.645 1.200 8.266 2.450 1.955 1.761 1.819 1.699 

20 1.645 1.187 12.24 2.314 1.910 1.729 1.772 1.685 

30 1.645 1.174 20.55 2.168 1.859 1.699 1.727 1.672 

40 1.645 1.168 29.14 2.088 1.829 1.685 1.706 1.665 

50 1.645 1.164 37.90 2.035 1.809 1.677 1.693 1.661 

100 1.645 1.157 83.08 1.911 1.761 1.660 1.669 1.653 

500 1.645 1.152 462.9 1.759 1.696 1.648 1.650 1.646 

1000 1.645 1.151 947.8 1.725 1.681 1.646 1.647 1.646 

2500 1.645 1.151 2418 1.695 1.668 1.645 1.646 1.645 

5000 1.645 1.150 4884 1.680 1.661 1.645 1.645 1.645 
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Figure 2-7. Evolution of the factor 𝒌𝒊 in function of the number of tests 𝒏 

 

2.2.2. IIW and EC3 interaction equations approaches 

 Recent models from the literature are sometimes complex in their 

application for practitioner and rather simpler solutions are suggested in the 

Eurocode 3 (EC3) and the more actualized IIW recommendations.  

 

IIW recommendation 

In the IIW recommendation (Hobbacher 2016), the interaction equation is 

a Gough-Pollard equation (Gough and Pollard 1935), modified and expressed in 

the following Eq. (18): 

(
∆𝜎𝑆,𝑑

∆𝜎𝑅,𝑑
)

2

+ (
∆𝜏𝑆,𝑑

∆𝜏𝑅,𝑑
)

2

≤ 𝐷𝑀𝐴 (18) 

The multiaxial damage sum 𝐷𝑀𝐴 may have the value of 1,0 or 0,5 depending on the 

loading state (proportional or non-proportional) and the ductility of the material. 

All the necessary values are compiled in (Sonsino 2009a) and are part of the IIW-

Recommendations (Hobbacher 2016).  

The Eq. (18) can be rewritten in terms of nominal stress components and using Eq. 

(8), 

(
∆𝜎𝑥

𝑚𝜎 ∗ 𝑁𝐹𝐴𝑇

𝐶𝜎
)

2
𝑚𝜎

+ (
∆𝜏𝑥𝑦

𝑚𝜏 ∗ 𝑁𝐹𝐴𝑇

𝐶𝜏
)

2
𝑚𝜏

≤ 𝐷𝑀𝐴 

→ ∆𝜎𝑥
2 = 𝐷𝑀𝐴 (

𝐶𝜎

𝑁𝐹𝐴𝑇
)

2
𝑚𝜎

+ (
∆𝜏𝑥𝑦

𝑚𝜏 ∗ 𝑁𝐹𝐴𝑇

𝐶𝜏
)

2
𝑚𝜏

(
𝐶𝜎

𝑁𝐹𝐴𝑇
)

2
𝑚𝜎

 

(19) 
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The Eq. (19) can be expressed as an equivalent stress function of the FAT number 

of cycles as expressed in the following Eq. (20) or (21), 

∆𝜎𝐼𝐼𝑊 =
√

𝐷𝑀𝐴 ∗ ∆𝜎𝑥
2 + ∆𝜏𝑥𝑦

2 (
𝑁𝐹𝐴𝑇

𝐶𝜏
)

2
𝑚𝜏

(
𝐶𝜎

𝑁𝐹𝐴𝑇
)

2
𝑚𝜎

 
(20) 

∆𝜎𝐼𝐼𝑊 = √𝐷𝑀𝐴 ∗ ∆𝜎𝑥
2 + ∆𝜏𝑥𝑦

2
𝐹𝐴𝑇𝜎

2

𝐹𝐴𝑇𝜏
2

 (21) 

 

EC3 standard 

In the Eurocode 3 EN 1993-1-9 (EN 1993-1-9:2005 2005), the criterion is 

based on a linear damage sum according to Miner’s rule as shown in the following 

Eq. (22), 

(
∆𝜎𝑆,𝑑

∆𝜎𝑅,𝑑
)

3

+ (
∆𝜏𝑆,𝑑

∆𝜏𝑅,𝑑
)

5

≤ 1.0 (22) 

The assumption is made that normal and shear stresses contribute to the total 

damage independently. As for the IIW, one has to note that the application of the 

above criteria is not restricted to nominal or structural stress components, it is also 

valid for local stress components. 

As for the IIW interaction equation, the EC3 Eq. (22) can be rewritten in terms of 

the local nominal stresses and using Eq. (8) as in the following Eq. (23), 

(
∆𝜎𝑥

𝑚𝜎 ∗ 𝑁𝐹𝐴𝑇

𝐶𝜎
)

3
𝑚𝜎

+ (
∆𝜏𝑥𝑦

𝑚𝜏 ∗ 𝑁𝐹𝐴𝑇

𝐶𝜏
)

5
𝑚𝜏

≤ 1.0 

→ ∆𝜎𝑥
3 = (

𝐶𝜎

𝑁𝐹𝐴𝑇
)

3
𝑚𝜎

+ ∆𝜏𝑥𝑦
5 (

𝑁𝐹𝐴𝑇

𝐶𝜏
)

5
𝑚𝜏

(
𝐶𝜎

𝑁𝐹𝐴𝑇
)

3
𝑚𝜎

 

(23) 

As for the IIW interaction equation, the Eq. (23) can be rewritten in terms of an 

equivalent fatigue stress range as in the following Eq. (24) or (25), 

∆𝜎𝐸𝐶3 = √∆𝜎𝑥
3 + ∆𝜏𝑥𝑦

5 (
𝑁𝐹𝐴𝑇

𝐶𝜏
)

5
𝑚𝜏

(
𝐶𝜎

𝑁𝐹𝐴𝑇
)

3
𝑚𝜎

3

 (24) 
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∆𝜎𝐸𝐶3 = √∆𝜎𝑥
3 + ∆𝜏𝑥𝑦

5
𝐹𝐴𝑇𝜎

3

𝐹𝐴𝑇𝜏
5

3

 (25) 

Both defined equivalent stress ∆𝜎𝐼𝐼𝑊 and ∆𝜎𝐸𝐶3 can then be evaluated against the 

uniaxial S-N curve given by 𝐹𝐴𝑇𝜎, as expressed in the Eq. (3), to estimate the fatigue 

life.  

 

2.2.3. Critical plane approaches 

Principal stresses (PS) and Von Mises (VM) 

As a reminder, in three dimensions, the principal stresses values are 

obtained by solving the roots of the following Eq. (26), 

𝜎3 − 𝐼1𝜎
2 + 𝐼2𝜎 − 𝐼3 = 0 (26) 

where 𝐼1, 𝐼2 “𝑎𝑛𝑑 “ 𝐼3 are the stress invariants and are defined as, 

𝐼1 = 𝜎𝑥 + 𝜎𝑦 + 𝜎𝑧 = 𝜎1 + 𝜎2 + 𝜎3 

𝐼2 = 𝜏𝑥𝑦
2 + 𝜏𝑦𝑧

2 + 𝜏𝑧𝑥
2 − (𝜎𝑥𝜎𝑦 + 𝜎𝑦𝜎𝑧 + 𝜎𝑧𝜎𝑥 ) = −(𝜎1𝜎2 + 𝜎2𝜎3 + 𝜎3𝜎1) 

𝐼3 = 𝜎𝑥𝜎𝑦𝜎𝑧 + 2𝜏𝑥𝑦𝜏𝑦𝑧𝜏𝑧𝑥 − 𝜎𝑥𝜏𝑦𝑧
2 − 𝜎𝑦𝜏𝑧𝑥

2 − 𝜎𝑧𝜏𝑥𝑦
2 = 𝜎1𝜎2𝜎3 

(27) 

Principal shear stresses are defined as in Eq. (28), 

𝜏𝑖𝑗 =
|𝜎𝑖 − 𝜎𝑗|

2
 (28) 

where the maximum principal shear stress is defined on the 𝑖𝑗 = 13 plane assuming 

that 𝜎1 ≥ 𝜎2 ≥ 𝜎3. The normal stress component acting on the plane of maximum 

shear stress is determined as shown in the following Eq. (29), 

𝜎𝑛,𝑖𝑗 =
(𝜎𝑖 + 𝜎𝑗)

2
 (29) 

Radaj et al. (Radaj et al. 2006) stated that one should use the Von Mises equivalent 

stress combined with the effective notch stress in case of ductile material instead of  

the maximum principal normal stress that is more suited to brittle material as cast 

steel. The equivalent von Mises stress is not a critical plane model, but, due to its 

common use in the scientific literature, it is presented here and will be used in the 
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Chapter 5. Based on the principal stress values, it is defined as in the following Eq. 

(30),  

𝜎𝑣𝑀 = √
(𝜎1 − 𝜎2)

2 + (𝜎2 − 𝜎3)
2 + (𝜎3 − 𝜎1)

2

2
 (30) 

It can also be written in terms of the Cauchy’s stress tensor components, as 

expressed in the following Eq. (31), 

𝜎𝑣𝑀 = √(𝜎𝑥 − 𝜎𝑦)
2
+ (𝜎𝑦 − 𝜎𝑧)

2
+ (𝜎𝑧 − 𝜎𝑥)

2 + 6(𝜏𝑥𝑦
2 + 𝜏𝑦𝑧

2 + 𝜏𝑥𝑧
2 )

2
 (31) 

Estimation of fatigue life under multiaxial loading, characterized by 

tensile/compression and shear stresses, is highly dependent on their interaction and 

the ratios between them. The major drawbacks of these two criterion is that, as 

explained by (Sonsino 2009a), the standard application of both criteria divides the 

equivalent stress range by 2 under fully reversed loading (𝑅 = −1), and renders a 

pulsating loading (𝑅 = 0). Ignoring the stress in compression leads to much higher 

calculated fatigue life than experimentally obtained. One can then express the von 

Mises criterion in terms of stress amplitude as follows, 

∆𝜎𝑣𝑀

2
= 𝜎𝑎,𝑣𝑀 = √(𝜎𝑎,𝑥 − 𝜎𝑎,𝑦)

2
+ (𝜎𝑎,𝑦 − 𝜎𝑎,𝑧)

2
+ (𝜎𝑎,𝑧 − 𝜎𝑎,𝑥)

2

2

+ √
6(𝜏𝑎,𝑥𝑦

2 + 𝜏𝑎,𝑦𝑧
2 + 𝜏𝑎,𝑥𝑧

2 )

2
 

(32) 

However, if considering stress amplitudes and if the mean stress (𝑅 > −1) is not 

considered, the estimated fatigue life may be largely overestimated. The mean 

stress effect can be taken into account using Morrow’s (Morrow 1965) modification 

of Basquin’s relationship (see Eq. (2)) and Goodman equation as expressed in the 

following Eq. (33), 

∆𝑆

2
= (𝑆𝑓

′ − 𝑆𝑚)(𝑁𝑓)
𝑏
 (33) 

The Eq. (33) can be rewritten in order to give the von Mises criterion, 

𝑉𝑀(𝜎𝑎) = 𝜎𝑎,𝑣𝑀 = (𝜎𝑓
′ − 𝜎𝑚,𝑣𝑀)(𝑁𝑓)

𝑏
 (34) 
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Where the equivalent von Mises stress is calculated as in the following Eq. (35), 

𝜎𝑚,𝑣𝑀 = √(𝜎𝑚,𝑥 − 𝜎𝑚,𝑦)
2
+ (𝜎𝑚,𝑦 − 𝜎𝑚,𝑧)

2
+ (𝜎𝑚,𝑧 − 𝜎𝑚,𝑥)

2

2

+ √
6(𝜏𝑚,𝑥𝑦

2 + 𝜏𝑚,𝑦𝑧
2 + 𝜏𝑚,𝑥𝑧

2 )

2
 

(35) 

The same approach can be used with the PS and is sometimes called the principal 

stress hypothesis (PSH) or the maximum normal stress criterion because the 

effective PS critical plan orientation might change depending on the loading 

situation. 

The principal stress criterion is the expressed as, 

𝑃𝑆(𝜎𝑎) = 𝜎𝑎,𝑃𝑆 =
∆𝜎𝑚𝑎𝑥

2
= (𝜎𝑓

′ − 𝜎𝑚)(𝑁𝑓)
𝑏
 (36) 

 

Dang Van (DV) 

Dang Van (Dang-Van 1993) presented an endurance limit criterion based 

on the concept of micro-stresses within a critical volume of the material. Effectively, 

fatigue crack nucleation is a localized process which begins in a set of grains that 

have undergone plastic deformations, leading to the formation of slip bands. As 

cracks usually nucleate in intragranular slip bands, it is assumed that shear stresses 

are have a detrimental effect on the fatigue strength. The hydrostatic stress acting 

in combination of the shear stress tends to open or close of these cracks or slip bands 

and is also considered as an important parameter. The failure criterion is then 

defined as a linear function shown in the following Eq. (37), 

𝐷𝑉(𝜏𝑎) =
∆𝜏𝑚𝑎𝑥

2
+ 𝑎 𝜎ℎ

𝑚𝑎𝑥 ≤ 𝑏 (37) 

where ∆𝜏𝑚𝑎𝑥 2⁄  is the maximum shear stress amplitude and  𝜎ℎ
𝑚𝑎𝑥 the maximum 

hydrostatic stress acting on the plane that maximises ∆𝜏𝑚𝑎𝑥. The criterion is thus 

defined on the plane that maximises the shear stress amplitude, the maximum shear 

stress plane (MSSP). Parameters 𝑎 and 𝑏 are constants that can be determined from 

simple fatigue tests (torsion and axial tests). 

In its original form, the Dang Van criterion is intended to predict the endurance 

limit. Unlike other methods, the output from the analysis is normally expressed as 
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a safety factor and not a fatigue life expressed in terms of number of cycles 𝑁𝑓. The 

criterion formulation allows to derive the parameters 𝑎 and 𝑏  and express the Dang 

Van criterion in terms of an equivalent fully reversed stress amplitude. Effectively, 

under pure torsion it corresponds to ∆𝜏𝑚𝑎𝑥 2⁄ = ∆𝜏 2⁄ ≤ 𝜏𝑎𝑓,𝑅−1 and  𝜎ℎ
𝑚𝑎𝑥 = 0 so, 

from the Eq. (38) it follows, 

𝑏 =
∆𝜏

2
≤ 𝜏𝑎𝑓,𝑅−1 (38) 

In case of fully reversed tension or bending and considering plane stress conditions, 

∆𝜏𝑚𝑎𝑥 2⁄  and 𝜎ℎ
𝑚𝑎𝑥 can be expressed in function of the normal stress (see also Figure 

2-8) as in the following Eq. (39) and (40), 

∆𝜏𝑚𝑎𝑥

2
=

1

2
 
∆𝜎𝑥

2
≤

1

2
 𝜎𝑎𝑓,𝑅−1 (39) 

 𝜎ℎ
𝑚𝑎𝑥 =

1

3
 
∆𝜎𝑥

2
≤

1

3
 𝜎𝑎𝑓,𝑅−1 (40) 

Including the Eq. (38), (39) and (40) into (37), it follows that, 

𝑎 =
3(𝜏𝑎𝑓,𝑅−1 −

𝜎𝑎𝑓,𝑅−1

2 )

𝜎𝑎𝑓,𝑅−1
=

3𝜏𝑎𝑓,𝑅−1

𝜎𝑎𝑓,𝑅−1
−

3

2
 (41) 

Including the Eq. (38) and (41) into (37), it follows that the Dang Van criterion can 

be expressed as in the following Eq. (42), 

𝐷𝑉(𝜏𝑎) =
∆𝜏𝑚𝑎𝑥

2
+ (

3𝜏𝑎𝑓,𝑅−1

𝜎𝑎𝑓,𝑅−1
−

3

2
)𝜎ℎ

𝑚𝑎𝑥 ≤ 𝜏𝑎𝑓,𝑅−1 (42) 

This derivation gives the formulation of the DV criterion as presented by several 

authors in the literature. However, local conditions at the weld toe are often closer 

to the ones at the root of a sharp notch where plane strain conditions (휀𝑦 = 0, 𝜎𝑦 =

𝜈𝜎𝑥 , 𝜎𝑧 = 𝜏𝑥𝑦 = 𝜏𝑥𝑧 = 0) are observed (Sonsino 2009a). Under plane strain and pure 

shear the derived value of 𝑏 (Eq. (38)) remains identical while under pure bending 

Eq. (39) becomes, 

∆𝜏𝑚𝑎𝑥

2
=

(1 − 𝜈)

2
 𝜎𝑎𝑓,𝑅−1 (43) 

 𝜎ℎ
𝑚𝑎𝑥 =

(1 + 𝜈)

3
 𝜎𝑎𝑓,𝑅−1 (44) 
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Including the Eq. (38), (43) and (44) into (37), it follows that, 

𝑎 =
3𝜏𝑎𝑓,𝑅−1

(1 + 𝜈)𝜎𝑎𝑓,𝑅−1
−

3(1 − 𝜈)

2(1 + 𝜈)
 (45) 

Including the Eq. (38) and (45) into (37), it follows that the Dang Van criterion can 

be expressed as in the following Eq. (46), 

𝐷𝑉(𝜏𝑎) =
∆𝜏𝑚𝑎𝑥

2
+ (

3𝜏𝑎𝑓,𝑅−1

(1 + 𝜈)𝜎𝑎𝑓,𝑅−1
−

3(1 − 𝜈)

2(1 + 𝜈)
)𝜎ℎ

𝑚𝑎𝑥 ≤ 𝜏𝑎𝑓,𝑅−1 (46) 

By defining the factor 𝑞 as, 

𝑞 =
𝜏𝑎𝑓,𝑅−1

𝜎𝑎𝑓,𝑅−1
 (47) 

The Eq. (46) can be rewritten in terms of a uniaxial normal equivalent stress as,  

𝐷𝑉(𝜎𝑎) =
1

𝑞
(
∆𝜏𝑚𝑎𝑥

2
+ (

3𝜏𝑎𝑓,𝑅−1

(1 + 𝜈)𝜎𝑎𝑓,𝑅−1
−

3(1 − 𝜈)

2(1 + 𝜈)
)𝜎ℎ

𝑚𝑎𝑥) ≤ 𝜎𝑎𝑓,𝑅−1 (48) 

In order to achieve finite life calculations, the shear 𝜏𝑎𝑓,𝑅−1 and tensile 𝜎𝑎𝑓,𝑅−1 

amplitude fatigue limits should be replaced by the corresponding fatigue strength 

value for fully reversed stresses in function of the estimated number of cycles, i.e. 

the fatigue strength at finite life 𝜎𝑎𝑓,𝑅−1
′  and 𝜏𝑎𝑓,𝑅−1

′  (see Figure 2-8). Using Eq. (2), it 

follows that, 

𝑆𝑎𝑓,𝑅−1
′ = 𝑆𝑎𝑓,𝑅−1 (

𝑁𝑓

𝑁𝑙𝑖𝑚
)
𝑏

= 𝐹𝐴𝑇𝑆 (
𝑁𝑓

𝑁𝑙𝑖𝑚
)
−

1
𝑚

 (49) 

Where 𝑁𝑙𝑖𝑚 is the reference number of cycles at the fatigue limit 𝑆𝑎𝑓,𝑅−1, e.g. 107 or 

108 for, respectively, the axial or shear fatigue limits.  
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Figure 2-8. Definition of the fatigue limit 𝝈𝒂𝒇,𝑹−𝟏, fatigue strength (in function of 

the number of cycles) 𝝈𝒂𝒇,𝑹−𝟏
′ (𝑵𝒇) and fatigue strength exponent 𝝈𝒇

′  

 

 

Findley (f) 

Pedersen (Pedersen 2016) has recently shown that, when using the 

effective notch stress approach, for CA proportional loading, Findley’s (Findley 

1958) critical plane criterion leads to the safest predictions. Similarly to the Dang 

Van criterion, Findley’s criterion suggests that the maximum normal stress 𝜎𝑛
𝑚𝑎𝑥 

acting in combination with the shear amplitude ∆𝜏 2⁄  on a specific plane has a 

detrimental effect on the allowable alternating shear stress at the fatigue limit. It is 

defined on the plane subjected to the maximum value of this combination, i.e. the 

Maximum Damage Parameter Plane (MDPP), as expressed in the following Eq. 

(50), 

𝑓(𝜏𝑎) = {
∆𝜏

2
+ 𝑘 ∗ 𝜎𝑛

𝑚𝑎𝑥}
𝑚𝑎𝑥

≤ 𝑓lim(≅ 𝜏𝑎𝑓,𝑅−1) (50) 

where 𝑘 is a material constant related to materials' sensitivity to normal stresses 

and 𝑓 is directly related to the materials' shear fatigue strength. In its original form 

and similarly to the Dang Van criterion, Findley’s damage parameter 𝑓 was defined 

to predict infinite life using an experimentally determined threshold value 𝑓𝑙𝑖𝑚 that 

𝑓 ≤ 𝑓𝑙𝑖𝑚 however, as a sake of simplicity and as a first approach, it can be directly 

compared to the shear fatigue limit 𝜏𝑎𝑓,𝑅−1. Normally, 𝑘 is determined 

experimentally by mean of fatigue tests including at least two stress states. For 

ductile materials, 𝑘 usually varies between 0.2 and 0.3. As shown by (Bruun and 

Härkegård 2015), the solution for 𝑘 based on the ratio of the shear 𝜏𝑎𝑓,𝑅−1 and tensile 

𝜎𝑎𝑓,𝑅−1 amplitude fatigue limits is given in the Eq. (51) below, 

𝜎𝑎𝑓,𝑅−1

𝜏𝑎𝑓,𝑅−1
= 𝑞𝑓 =

2

1 +
𝑘

√1 + 𝑘2

 
(51) 
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This equation works only for 1 < 𝑞𝑓 < 2, meaning that 2𝜏𝑎𝑓,𝑅−1 > 𝜎𝑎𝑓,𝑅−1 > 𝜏𝑎𝑓,𝑅−1, 

and thus 𝑘 is derived and expressed as, 

𝑘 =
1

2
√

(𝑞𝑓 − 2)
2

𝑞𝑓 − 1
           𝑓𝑜𝑟 1 < 𝑞𝑓 < 2  (52) 

Combining the Eq. (50) and (51), Findley’s criterion can be reformulated in terms 

of an equivalent fully reversed uniaxial stress amplitude (see Eq. (53)).  

𝑓(𝜎𝑎) =
∆𝜎

2
= {

∆𝜏
2

+ 𝑘 ∗ 𝜎𝑛
𝑚𝑎𝑥

1
2 (𝑘 + √1 + 𝑘2)

}

𝑚𝑎𝑥

≤ 𝜎𝑎𝑓,𝑅−1 (53) 

As a generalization, the assumption is made that even if 𝑘 is expressed in terms of 

the shear 𝜏𝑎𝑓,𝑅−1 and tensile 𝜎𝑎𝑓,𝑅−1 amplitude fatigue limits, Eq. (53) is also valid 

in the finite life region. The contrary oblige the use of normal and shear fatigue 

strength value function of the estimated number of cycles, i.e. 𝜎𝑎𝑓,𝑅−1
′ (𝑁𝑓) and 

𝜏𝑎𝑓,𝑅−1
′ (𝑁𝑓) (see Figure 2-8). The criterion being maximized on the maximum 

damage 𝐷𝑚𝑎𝑥 parameter plane (MDPP), computation time and work is more 

important, implying to solve the non-linear function for each orientation increment 

during the critical plane search. 

 

Carpinteri and Spagnoli (CS) 

Carpinteri et al. recently presented a specific criterion also based on the 

critical plane theory and on the Gough and Pollard equation (Gough and Pollard 

1935) to estimate the high cycle fatigue strength of smooth to notched structural 

components (Carpinteri and Spagnoli 2001, Carpinteri et al. 2008). They later 

extended the criterion to the fatigue life assessment of welded element under in-

phase and out-of-phase loading (Carpinteri et al. 2009) including the effect of 

mean/residual stresses. 

The Carpinteri and Spagnoli damage parameter is defined as a non-linear 

combination of the acting normal stress and shear stress ranges occurring on the 

critical plane modified by the squared ratio of the normal to shear fatigue strength 

at fully reversed loading. The orientation of the initial crack plane (or critical plane) 

and that of the final fracture plane coincides with the averaged directions of the 

principal stress axes. Thus, the criterion is originally developed for hard (brittle) 

metals but has been employed in the assessment of welded component made of 

usual construction mild steels with success (Carpinteri et al. 2009, Pedersen 2016). 
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It expressed as shown in the following Eq. (54), 

𝐶𝑆(𝜎𝑎) = √𝜎𝑛𝑎,𝑒𝑞
2 + (

𝜎𝑎𝑓,𝑅−1

𝜏𝑎𝑓,𝑅−1
)

2

(
∆𝜏

2
)
2

≤ 𝜎𝑎𝑓,𝑅−1 (54) 

where the effect of the mean normal stress is accounted for through the parameter 

𝜎𝑛,𝑒𝑞 which is defined as follow, 

𝜎𝑛,𝑒𝑞  =
∆𝜎𝑛

2
+ 𝜎𝑎𝑓,𝑅−1 (

𝜎𝑚

𝜎𝑢
) (55) 

Where ∆𝜎𝑛 2⁄  is the normal stress amplitude on the critical plane, 𝜎𝑚 is the normal 

mean stress and 𝜎𝑢 is the ultimate tensile stress. In its original formulation, the 

criterion is designed for infinite life fatigue design, as Dang Van and Findley. To 

carry strength assessment in the finite life region, the fatigue limits 𝜎𝑎𝑓,𝑅−1 and 

𝜏𝑎𝑓,𝑅−1 should be replaced by the corresponding fatigue strengths function on the 

estimated number of cycles, i.e. 𝜎𝑎𝑓,𝑅−1
′ (𝑁𝑓) and 𝜏𝑎𝑓,𝑅−1

′ (𝑁𝑓) (see Eq. (49) and Figure 

2-8).  

In order to adapt the criterion to mild steels and shear dominated initiation, it is 

proposed to calculate the criterion on the MDPP and thus, to maximise its value. It 

follows that the criterion is now expressed as, 

𝐶𝑆(𝜎𝑎),𝑀𝐷𝑃𝑃 = {√𝜎𝑛𝑎,𝑒𝑞
2 + (

𝜎𝑎𝑓,𝑅−1

𝜏𝑎𝑓,𝑅−1
)

2

(
∆𝜏

2
)
2

}

𝑚𝑎𝑥

≤ 𝜎𝑎𝑓,𝑅−1 (56) 

 

Effective equivalent stress hypothesis (EESH) 

The Effective equivalent stress hypothesis proposed by Sonsino (Sonsino 

1995, 1997) is a critical plane oriented integral hypothesis. It was verified and 

confirmed within the framework of several researches on welded components 

(Sonsino 2004, Sonsino et al. 2006, Pedersen 2016).  The EESH is a modified von 

Mises criterion as, under proportional loading and non-proportional loading with 

a phase shift angle 𝜙 = 180° (2𝜋), the criterion returns the von Mises equation 

where the shear component is amplified with a bending to shear von Mises 

equivalent stress ratio. Effectively, the EESH assumes that failure of ductile 

materials under multiaxial stress states is initiated by shear stresses. In the case of 

non-proportional loading with principal stress directions that changes in time the 

integral of shear stresses in all the search planes perpendicular to the surface is 
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calculated as, 

𝜏𝑒𝑞(𝜙) =
1

𝜋
∫ 𝜏𝑎(𝜑)𝑑𝜑

𝜋

0

 (57) 

The equivalent stress is then calculated as,  

𝐸𝐸𝑆𝐻(𝜎𝑎) =
𝜎𝑒𝑞(𝜙 = 0°) (𝜏𝑒𝑞(𝜙))

𝜏𝑒𝑞(𝜙 = 0°)

√
𝐺

[1−(
𝜙−90°

90°
)
2

]
 (58) 

Where, 

𝜎𝑒𝑞(𝜙 = 0°) = √𝜎𝑎,𝑥
2 + 𝜎𝑎,𝑦

2 − 𝜎𝑎,𝑥𝜎𝑎,𝑦 + 𝑓𝐺
23𝜏𝑎,𝑥𝑦

2  (59) 

𝑓𝐺 =
√𝜎𝑎,𝑥

2 + 𝜎𝑎,𝑦
2 − 𝜎𝑎,𝑥𝜎𝑎,𝑦

√3𝜏𝑎,𝑥𝑦
2

 (60) 

𝐺 =
1 + 𝐾𝑡,𝜎

1 + 𝐾𝑡,𝜏
 (61) 

𝐾𝑡,𝜎 and 𝐾𝑡,𝜏 are the bending and shear stress concentration factors respectively. For 

round specimens under bending with 𝜈 = 0.3, Sonsino (Sonsino 2004) that for the 

calculation of 𝐾𝑡,𝜎 and 𝐾𝑡,𝜏 different fictitious notch radius for bending (𝜌𝑏 =

1.16 𝑚𝑚) and for torsion (𝜌𝑡 = 0.4 𝑚𝑚) should be applied. 

 

Matake (Mtk) 

Similarly to Dang Van and Findley, Matake (Matake 1977) observed that 

the fatigue crack propagation directions overlap the planes of the maximum shear 

stresses and that normal stresses have a detrimental effect on the fatigue life. The 

criterion is also a linear combination of the shear stress amplitude and the 

maximum normal stress, respectively ∆𝜏𝑚𝑎𝑥 2⁄  and 𝜎𝑛
𝑚𝑎𝑥, on the critical plane and 

is defined as in the following Eq. (62), 

𝑀𝑡𝑘(𝜏𝑎) =
∆𝜏𝑚𝑎𝑥

2
+ 𝑘 ∗ 𝜎𝑛

𝑚𝑎𝑥 ≤ 𝑀𝑡𝑘𝑙𝑖𝑚(≅ 𝜏𝑎𝑓,𝑅−1) (62) 

The criterion is in fact similar to Findley’s criterion but defined on the MSSP as 

Dang Van and allows then to derive the material coefficient 𝑘 as follow. For uniaxial 
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torsion loading, the plane of the maximum shear stress amplitude does not 

experience the normal stress. Then,  

𝑀𝑡𝑘(𝜏𝑎) =
∆𝜏𝑚𝑎𝑥

2
≤ 𝜏𝑎𝑓,𝑅−1 (63) 

Therefore, 𝑘 is determined from uniaxial fully reversed tests. Effectively, ∆𝜏𝑚𝑎𝑥 2⁄  

and 𝜎𝑛
𝑚𝑎𝑥 = 𝜎𝑛,𝑎 can be expressed in function of the normal stress (see also Figure 

2-8) as in the following Eq. (64) and (65), 

∆𝜏𝑚𝑎𝑥

2
=

1

2
 
∆𝜎𝑥

2
≤

1

2
 𝜎𝑎𝑓,𝑅−1 (64) 

𝜎𝑛,𝑎 =
1

2
 
∆𝜎𝑥

2
≤

1

2
 𝜎𝑎𝑓,𝑅−1 (65) 

Including the Eq. (63), (64) and (65) into (62), it follows that, 

𝑘 = 2
𝜏𝑎𝑓,𝑅−1

𝜎𝑎𝑓,𝑅−1
− 1 (66) 

As for the DV criterion, this derivation gives the formulation of Matake’s criterion 

as presented by several authors in the literature. However, for sharp notches and 

plane strain conditions (휀𝑦 = 0, 𝜎𝑦 = 𝜈𝜎𝑥 , 𝜎𝑧 = 𝜏𝑥𝑦 = 𝜏𝑥𝑧 = 0) under pure bending 

Eq. (64) and (65) become, 

∆𝜏𝑚𝑎𝑥

2
=

(1 − 𝜈)

2
 𝜎𝑎𝑓,𝑅−1 (67) 

𝜎𝑛,𝑎 =
(1 + 𝜈)

2
 𝜎𝑎𝑓,𝑅−1 (68) 

Including the Eq. (63), (67) and (68) into (62),  it follows that, 

𝑘 =
2𝜏𝑎𝑓,𝑅−1 − (1 − 𝜈)𝜎𝑎𝑓,𝑅−1

(1 + 𝜈)𝜎𝑎𝑓,𝑅−1
 (69) 

Matake’s criterion can then be expressed as in the following Eq. (70), 

𝑀𝑡𝑘(𝜏𝑎) =
∆𝜏𝑚𝑎𝑥

2
+ (

2𝜏𝑎𝑓,𝑅−1 − (1 − 𝜈)𝜎𝑎𝑓,𝑅−1

(1 + 𝜈)𝜎𝑎𝑓,𝑅−1
) ∗ 𝜎𝑛

𝑚𝑎𝑥 ≤ 𝜏𝑎𝑓,𝑅−1 (70) 
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By defining the factor 𝑞 as, 

𝑞 =
𝜏𝑎𝑓,𝑅−1

𝜎𝑎𝑓,𝑅−1
 (71) 

The Eq. (70) can be rewritten in terms of a uniaxial normal equivalent stress as,  

𝑀𝑡𝑘(𝜎𝑎) =
1

𝑞
(
∆𝜏𝑚𝑎𝑥

2
+ (

2𝜏𝑎𝑓,𝑅−1 − (1 − 𝜈)𝜎𝑎𝑓,𝑅−1

(1 + 𝜈)𝜎𝑎𝑓,𝑅−1
) ∗ 𝜎𝑛

max ) ≤ 𝜎𝑎𝑓,𝑅−1 (72) 

For fatigue life assessment at finite life, the fatigue limits 𝜎𝑎𝑓,𝑅−1 and 𝜏𝑎𝑓,𝑅−1 should 

be replaced by the corresponding fatigue strengths function on the estimated 

number of cycles 𝜎𝑎𝑓,𝑅−1
′ (𝑁𝑓) and 𝜏𝑎𝑓,𝑅−1

′ (𝑁𝑓) (see Eq. (49)). 

 

McDiarmid (McD) 

McDiarmid (McDiarmid 1985) proposed a critical plane criterion for high 

cycle multiaxial fatigue very similar to Dang Van, Findley and Matake. 

Interestingly, the criterion takes into account if whether cracks grows along the 

surface (case A) or into the surface (case B) according to the original proposition of 

(Brown and Miller 1974). The original form of the criterion is expressed in the 

following form, 

𝜏𝑎
𝑚𝑎𝑥

𝜏𝑓,𝐴,𝐵
′ +

𝜎𝑛
𝑚𝑎𝑥

2σu
= 1 (73) 

The criterion is defined on the MSSP. It is assumed that for bending and torsion 

case A cracks, i.e. cracks propagate along the surface, develops and therefore 

𝜏𝑓,𝐴,𝐵
′ = 𝜏𝑓,𝐴

′ = 𝜏𝑓
′ . The criterion is then expressed as, 

𝑀𝑐𝐷(𝜏𝑎) =
∆𝜏𝑚𝑎𝑥

2
+

𝜏𝑓
′

2𝜎𝑢
𝜎𝑛

𝑚𝑎𝑥 ≤ 𝜏𝑓
′  (74) 

To conclude and as a final remark, when searching for the MSSP, several planes 

reach the same maximum shear stress value. This situation is usually solved by 

selecting the MSSP that maximises the criterion, i.e. the MSSP subjected to the 

maximum 𝑘𝜎𝑛 according to Dang Van, Matake or McDiarmid criteria. 
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2.3. Strain-based approaches 

2.3.1. Strain-based approaches technical background 

Local approaches are based on the premise that the stresses and strains 

located in an area of stress concentration dictate fatigue life (initiation or to some 

extend total life). In most structures subjected to fatigue, nominal stresses in the 

components remain elastic but, locally, perturbations induce change in the stress 

field and stresses concentrate in these areas, which are typically at changes in the 

geometry such as cuts, notches, or welds (e.g. weld toes on welded elements include 

in addition residual stresses, imperfections, changes in material properties, …). In 

these areas, the fatigue damage is highly dependent on the plastic strains that 

appear locally and are controlled by the surrounding material which remains in the 

elastic domain. This leads to the observation that even under stress-controlled 

conditions (e.g. external loads applied, traffic loads, …) these highly stressed areas 

are strain (or deformation) controlled. The similitude concept states that the fatigue 

life to crack initiation at the local notch-tip and the fatigue life of a smooth specimen 

are the same if the stress-strain history is the same, as shown in Figure 2-9. The 

fatigue life is then described by a material strain-life relationship (i.e. the strain-life 

(휀 − 𝑁) curve described in Figure 2-10). 

 

 

Figure 2-9. a) Development of a plastic zone at the notch tip and b) similitude 

concept  

 

Strain-based approaches have been developed since the 1950s when Manson (1953) 

and Coffin (1954) independently formulated a relationship for low cycle fatigue 

between cycle plastic strain amplitude and the fatigue life in terms of number of 

reversals. It can be written in the following form, 

Δ휀𝑝

2
= 휀𝑓

′(2𝑁𝑓)
𝑐
 (75) 

Morrow (Morrow 1965) first proposed a combination of the conventional Basquin 

(Basquin 1910) elastic stress life curve and the Manson-Coffin plastic strain life 

relation. Dividing the Basquin’s elastic stress life Eq. (76) by the elastic modulus 
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gives an elastic strain life relationship, as expressed in Eq. (77). 

Δ𝜎

2
= 𝜎𝑓

′ (2𝑁𝑓)
𝑏

 (76) 

Δ휀𝑒

2
=

Δ𝜎

2𝐸
=

𝜎𝑓
′

𝐸
(2𝑁𝑓)

𝑏
 (77) 

Morrow’s equation is then expressed in the following form, 

Δ휀

2
=

Δ휀𝑒

2
+

Δ휀𝑝

2
=

𝜎𝑓
′

𝐸
(2𝑁𝑓)

𝑏
+ 휀𝑓

′ (2𝑁𝑓)
𝑐
 (78) 

where 𝜎𝑓
′ is the fatigue strength coefficient, 휀𝑓

′  is the fatigue ductility coefficient, 𝑏 is 

the fatigue strength exponent and 𝑐 is the fatigue ductility exponent. In its original 

form, this expression does not take into account mean stresses and is considered as 

the foundation of local strain-based approach to fatigue life. In order to define the 

fatigue life coefficients, both the elastic and plastic part of the equation are fitted 

separately to experimental data for stress and plastic strain expressed in function 

of the number of reversals 2𝑁𝑓 to failure (see Figure 2-10). 

 

 

Figure 2-10. Morrow’s strain life (𝜺𝑵) curve 

 

Several empirical relationships exist in order to calculate the fatigue strain life 

coefficients, e.g. (Morrow 1965, Lemaitre 1987), the universal slope method 

proposed by (Muralidharan and Manson 1988) or the Brinell hardness approach as 

proposed by (Roessle and Fatemi 2000). 
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The crack initiation period of smooth uniaxial test specimens occupies the major 

part of their total fatigue life and it is generally assumed that it equals the total 

fatigue life. This leads to the conclusion that, strain-based approaches can estimate 

only the crack initiation part of fatigue life at areas of stress concentration on the 

analysed structural element. It is also necessary to precisely define the stress and 

strain components of the equation that, unlike the elastic only analysis, are highly 

dependent on the material cyclic properties. 

 

2.3.2. Smith-Watson-Topper criterion 

The mean stress is known to have an influence on the fatigue strength of 

a component. An applied tensile mean stress reduces the fatigue strength while on 

the contrary, a compressive mean stress increases the fatigue life. This is one of the 

objectives when applying post-weld treatment as high frequency mechanical 

impact (HFMI). The formulation of the Basquin-Manson-Coffin equation does not 

account for the effect of mean stresses. For this reason, Smith-Watson-Topper 

(SWT) (Smith et al. 1970) proposed a parameter that take into account the effect of 

mean stresses in the strain-based approach.  The SWT parameter is expressed as,  

𝑆𝑊𝑇 = 𝜎𝑛

∆휀𝑛

2
 (79) 

where the governing parameters are the maximum principal strain amplitude 

∆휀𝑛 2⁄  and the maximum normal stress 𝜎𝑛 acting on the maximum principal strain 

amplitude plane. The mean stress due to the multiaxial loads and non-proportional 

hardening effects are taken into account through the use of the maximum normal 

stress term 𝜎𝑛. 

Including the Eq. (79) into (78), the SWT criterion is then expressed as follow, 

𝑆𝑊𝑇 = 𝜎𝑛

∆휀𝑛

2
=

𝜎𝑓
′2

𝐸
(2𝑁𝑓)

2𝑏
+ 𝜎𝑓

′ 휀𝑓
′  (2𝑁𝑓)

𝑏+𝑐
 (80) 

The solution of this equation requires an iterative approach because the SWT 

parameter, is a non-linear complex function of the number of reversals 2𝑁𝑓. 

It is important to note that local mean stresses can be larger or smaller than the 

nominal mean stress depending on the cyclic plastic deformations at the area of 

stress concentration. 
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2.3.3. Fatemi-Socie criterion 

The FS (Fatemi and Socie 1988a) criterion is a reformulation of the Brown 

and Miller (Brown and Miller 1974) criterion. Both state that cracks initiate on the 

plane that experiences the maximum shear amplitude combined to a maximum 

normal quantity, i.e. stresses or strains, to that plane. As already explained in the 

Section 2.1.3, under out-of-phase loading situations fatigue lives are generally 

shorter and more rarely longer than those under the same in-phase loading, 

depending on the phase angle and the material (e.g. Fatemi and Kurath 1988, 

Fatemi and Stephens 1989, Sonsino 1995, 2004, Socie and Marquis 2000, Pereira 

Baptista 2016, Garcia et al. 2018). This is mainly due to the principal axes rotation 

into space during the fatigue loading, often causing additional cyclic hardening or 

rarely softening of the material (e.g. Fatemi and Kurath 1988, Fatemi and Stephens 

1989, Sonsino 1995, 2004, Socie and Marquis 2000, Stephens et al. 2000, Pereira 

Baptista 2016, Garcia et al. 2018). 

The FS criterion can be written in terms of shear strain-life properties obtained from 

fully reversed torsion tests (usually using thin-walled tube specimens) as, 

∆𝛾

2
(1 + 𝑘 ∗

𝜎𝑛

𝜎𝑦
) =

𝜏𝑓
′

𝐺
(2𝑁𝑓)

𝑏𝛾
+ 𝛾𝑓

′  (2𝑁𝑓)
𝑐𝛾  (81) 

where ∆𝛾 2⁄  is the maximum amplitude of shear strain experienced on any plane, 

𝜎𝑛 is the maximum normal stress occurring on the same plane for the cycle of 

interest and 𝑘 is a material and fatigue life dependent parameter. The ratio 𝑘 𝜎𝑦⁄  

gives the sensitivity of ductile materials, whose initiation are shear dominated, to 

the applied normal stress including the effect of the mean/residual stresses and the 

non-proportionality by using the normal stresses and not strains. Mean or residual 

stresses effects on fatigue life in this model are accounted for by the maximum 

normal stress term, as shown in the following Eq. (82). 

𝜎𝑛 = 𝜎𝑛,𝑎 + 𝜎𝑛,𝑚 (82) 

where 𝜎𝑛,𝑎 and 𝜎𝑛,𝑚 are the alternating normal and mean or residual normal 

stresses, respectively. 

The FS criterion is originally defined (Fatemi and Kurath 1988, Fatemi and Socie 

1988a) as the combination of the shear strain amplitude on the maximum shear 

strain ∆𝛾𝑛
𝑚𝑎𝑥 plane (MSSP) and the relative maximum normal stress 𝜎𝑛 on that same 

plane (Socie and Marquis 2000b, Banvillet et al. 2004, Fatemi and Shamsaei 2011). 

This is reasonable for fatigue analysis of material experiencing shear failure modes. 

If not the case, it is common to use the SWT criterion. However, another formulation 
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based on FS, that might be more widely applicable, has been proposed and explored 

by several authors (Bannantine and Socie 1990, Kim et al. 1999, Kim and Park 1999, 

Gates and Fatemi 2016, 2017, Yu et al. 2017, Schubnell, Farajian, et al. 2018). This 

formulation consists in searching for the plane that maximises the criterion in its 

globality, i.e. the maximum damage parameter 𝐷𝑚𝑎𝑥 plane (MDPP). As long as 𝑘 ≠

0 this plane doesn’t correspond to the plane of maximum shear strain and is largely 

influenced by the factor 𝑘 and the acting maximum normal stress 𝜎𝑛. Both variants 

are expressed as in the following Eq. (83) and (84), 

𝐹𝑆𝑀𝑆𝑆𝑃 =
∆𝛾𝑚𝑎𝑥

2
(1 + 𝑘 ∗

𝜎𝑛

𝜎𝑦
) (83) 

𝐹𝑆𝑀𝐷𝑃𝑃 = max {
∆𝛾

2
(1 + 𝑘 ∗

𝜎𝑛

𝜎𝑦
)} (84) 

Recently, (Gates and Fatemi 2016) found that replacing the yield limit 𝜎𝑦 in Eq. (84) 

and implicitly Eq.(81) with 𝐺∆𝛾𝑚𝑎𝑥, where ∆𝛾𝑚𝑎𝑥 is the shear strain range on the 

maximum shear strain plane, results in improved fatigue life correlations in the 

presence of mean stresses. The modified formulation is given in the Eq. (85) 

expressed in terms of the uniaxial strain-life properties, 

𝐹𝑆𝑀𝐷𝑃𝑃 = max {
∆𝛾

2
(1 + 𝑘 ∗

𝜎𝑛

𝐺∆𝛾𝑚𝑎𝑥
)} 

      = [(1 + 𝜈𝑒)
𝜎𝑓

′

𝐸
(2𝑁𝑖𝑛)𝑏 + (1 + 𝜈𝑝) 휀𝑓

′  (2𝑁𝑖𝑛)𝑐] [1 + 𝑘
𝜎𝑓

′

4𝐺
(2𝑁𝑖𝑛)𝑏] 

(85) 

Where 𝜈𝑒 and 𝜈𝑝 are the elastic and plastic Poisson's ratios, with values assumed 

to be equal to 0.3 and 0.5 respectively for steel. 

This last formulation is used in this thesis as it gives better correlation to the results 

and the initial crack orientation corresponds better to the calculated critical plane. 

In addition, there is no unique MSSP leading to complex procedure and calculations 

while applying this approach using routines as done in the next Sections. 

Most of the time, 𝑘 is assumed to be constant as a sake of simplicity. As a 

conservative approximation, 𝑘 can be fixed as 𝑘 = 1.0 (Bannantine and Socie 1990, 

Schubnell, Farajian, et al. 2018) increasing the influence of the normal stress 

(including mean/residual stresses) and the non-proportional effects to the 

maximum. More representative values are determined by best fitting the axial to 

the shear strain fatigue properties (McClaflin and Fatemi 2004, Shamsaei and 

Fatemi 2009).  
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For the S690QL steel, Schubnell et al. (2018) found that the parameter 𝑘 ranged from 

𝑘 = 0.48 to 0.68 for high to low load amplitudes respectively, showing that 𝑘 

increases with an increasing number of cycles. Other authors showed   One reason 

being that the lower plasticity observed in higher fatigue life tests gives the lead to 

stresses, here normal to the critical plane, to determine the high cycle fatigue life in 

relation to the Basquin elastic part of the equation. 

To define 𝑘 more precisely, several authors (McClaflin and Fatemi 2004, Shamsaei 

and Fatemi 2009, Zhu, Liu, et al. 2018, Zhu, Yu, et al. 2018, Karolczuk et al. 2019) 

calculate its value as a function of the fatigue life, expressed in number of reversals 

2𝑁𝑓 to failure, or 2𝑁𝑖 to initiation. However, only (Karolczuk et al. 2019) applied it 

directly to the calculation of the FS criterion. In addition, derivation of the 

formulation to calculate 𝑘 is rarely expressed and its formulation differs slightly 

according to the various authors. The most common formulation (according to 

(Socie and Marquis 2000b, McClaflin and Fatemi 2004, Shamsaei and Fatemi 2009, 

Zhu, Liu, et al. 2018)) is shown in the Eq. (86) hereafter, 

𝑘 = [

𝜏𝑓
′

𝐺 (2𝑁𝑓)
𝑏𝛾 + 𝛾𝑓

′  (2𝑁𝑓)
𝑐𝛾

(1 + 𝜈𝑒)
𝜎𝑓

′

𝐸 (2𝑁𝑓)
𝑏

+ (1 + 𝜈𝑝) 휀𝑓
′  (2𝑁𝑓)

𝑐
− 1 ]

𝜎𝑦

𝜎𝑓
′(2𝑁𝑓)

𝑏
 (86) 

(Karolczuk et al. 2019) found an additional factor of 2 before 𝜎𝑦 by deriving the 

formula, based on (Fatemi and Kurath 1988). 

With regard to these observations, the formulation of 𝑘 is derived here in the case 

where the FS criterion is: a) defined on the MSSP, according to most of the authors’ 

definition, b) defined on the MDPP, according to the analysis carried out in this 

thesis. Under fully reversed axial loading, the maximum amplitude of shear strain 

∆𝛾𝑛 2⁄  and the maximum normal stress occurring on the same plane 𝜎𝑛
𝑚𝑎𝑥 can also 

be expressed as functions of the axial fatigue strain properties according to 

Morrow’s Eq. (78). Both quantities can thus be expressed according to the Eq. (87) 

and (88) using the Mohr circle (see Figure 2-11). 

∆𝛾𝑚𝑎𝑥

2 𝑀𝑆𝑆𝑃
=

∆휀𝑥𝑥 − ∆휀𝑦𝑦,𝑧𝑧

2
    ;     

∆𝛾

2 𝑀𝐷𝑃𝑃
= sin(2𝜃) (

∆휀𝑥𝑥 − ∆휀𝑦𝑦,𝑧𝑧

2
)  (87) 

𝜎𝑛
𝑚𝑎𝑥

𝑀𝑆𝑆𝑃
=

∆𝜎𝑥𝑥

4
     ;      𝜎𝑛

𝑚𝑎𝑥
𝑀𝐷𝑃𝑃

= (1 + cos(2𝜃))
∆𝜎𝑥𝑥

4
 (88) 

where ∆휀𝑥𝑥/∆𝜎𝑥𝑥 are the axial and ∆휀𝑦𝑦,𝑧𝑧 the transverse stain/stress amplitudes. 

Tests to define 𝑘 and the strain life parameters (i.e. 휀𝑓
′ , 𝜎𝑓

′, 𝑏 and 𝑐) being uniaxial, 
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휀𝑥𝑥/𝜎𝑥𝑥, 휀𝑦𝑦/𝜎𝑦𝑦 and 휀𝑧𝑧/𝜎𝑧𝑧 are equal to the principal strains/stresses. Moreover, 

transverse strains 휀𝑦𝑦 and 휀𝑧𝑧 are equals under plane strain for the material element 

in the centre of the cross-section. 

Knowing that the total strain 휀 can be decomposed into elastic 휀𝑒 and plastic 휀𝑝 

parts as follow (Eq. (89)), 

휀 = 휀𝑒 + 휀𝑝 (89) 

the axial ∆휀𝑥𝑥 and transversal ∆휀𝑦𝑦,𝑧𝑧 strain amplitudes follow the same relation as 

shown in the following Eq. (90), 

∆휀𝑥𝑥 = ∆휀𝑥𝑥
𝑒 + ∆휀𝑥𝑥

𝑝
     ;      ∆휀𝑦𝑦,𝑧𝑧 = ∆휀𝑦𝑦,𝑧𝑧

𝑒 + ∆휀𝑦𝑦,𝑧𝑧
𝑝

 (90) 

According to Morrow’s relation (Eq. (78)) of the Basquin-Manson-Coffin equations, 

both the elastic and plastic parts can be expressed separately according to Basquin’s 

Eq. (77) and Manson-Coffin Eq. (75) respectively. 

∆휀𝑥𝑥
𝑒 =

𝜎𝑓
′

𝐸
(2𝑁𝑖𝑛)𝑏     ;      ∆휀𝑥𝑥

𝑝
= 휀𝑓

′  (2𝑁𝑖𝑛)𝑐 (91) 

And in the transverse direction, according to the generalized Hook’s law, 

∆휀𝑦𝑦,𝑧𝑧
𝑒 = −𝜈𝑒∆휀𝑥𝑥

𝑒 = −𝜈𝑒
𝜎𝑓

′

𝐸
(2𝑁𝑖𝑛)𝑏   ;    ∆휀𝑥𝑥

𝑝
= −𝜈𝑝∆휀𝑥𝑥

𝑝
= −𝜈𝑝휀𝑓

′  (2𝑁𝑖𝑛)𝑐 (92) 

Substituting Eq. (91) and (92) into (90) and finally into (87) and (88), it follows that, 

∆𝛾𝑛

2 𝑀𝑆𝑆𝑃
= (1 + 𝜈𝑒)

𝜎𝑓
′

𝐸
(2𝑁𝑓)

𝑏

+ (1 + 𝜈𝑝)휀𝑓
′(2𝑁𝑓)

𝑐
 

∆𝛾𝑛

2 𝑀𝐷𝑃𝑃
= sin(2𝜃)((1 + 𝜈𝑒)

𝜎𝑓
′

𝐸
(2𝑁𝑓)

𝑏
+ (1 + 𝜈𝑝)휀𝑓

′(2𝑁𝑓)
𝑐
)  

(93) 

𝜎𝑛
𝑚𝑎𝑥

𝑀𝑆𝑆𝑃
=

∆𝜎𝑥𝑥

4
=

𝜎𝑓
′

2
(2𝑁𝑓)

𝑏
 

𝜎𝑛
𝑚𝑎𝑥

𝑀𝐷𝑃𝑃
= (1 + 𝑐𝑜𝑠(2𝜃))

𝜎𝑓
′

2
(2𝑁𝑓)

𝑏
 

(94) 
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Figure 2-11. Fully reversed uniaxial loading tests for fatigue strain life parameters 

definition and corresponding Mohr circles for the analysis on a) the MSSP (∆𝜸𝒏
𝒎𝒂𝒙)  

and b) the MDPP (𝑫𝒎𝒂𝒙). 

 

 

Finally, substituting the Eq. (94) and (93) into (81), 𝑘 is expressed as follow, 

𝑘𝑀𝑆𝑆𝑃 = [

𝜏𝑓
′

𝐺
(2𝑁𝑖𝑛)𝑏𝛾 + 𝛾𝑓

′  (2𝑁𝑖𝑛)𝑐𝛾

(1 + 𝜈𝑒)
𝜎𝑓

′

𝐸 (2𝑁𝑓)
𝑏

+ (1 + 𝜈𝑝)휀𝑓
′(2𝑁𝑓)

𝑐
− 1] ∗

2𝜎𝑦

𝜎𝑓
′(2𝑁𝑓)

𝑏
 (95) 
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𝑘𝑀𝐷𝑃𝑃 =

[
 
 
 
 
 𝜏𝑓

′

𝐺
(2𝑁𝑖𝑛)𝑏𝛾 + 𝛾𝑓

′  (2𝑁𝑖𝑛)𝑐𝛾

sin(2𝜃)((1 + 𝜈𝑒)
𝜎𝑓

′

𝐸 (2𝑁𝑓)
𝑏

+ (1 + 𝜈𝑝)휀𝑓
′(2𝑁𝑓)

𝑐
)

− 1

]
 
 
 
 
 

∗
2𝜎𝑦

(1 + cos(2𝜃))𝜎𝑓
′(2𝑁𝑓)

𝑏
 

Which validates the formulation proposed by (Karolczuk et al. 2019) with an 

additional factor 2 before 𝜎𝑦 that is missing in several studies. When no shear strain 

life parameters are available, they can be estimated from the uniaxial strain-life 

properties as, 

𝜏𝑓
′ ≅

𝜎𝑓
′

√3
     ;      𝛾𝑓

′ ≅ 휀𝑓
′√3     ;      𝑏𝛾 ≅ 𝑏     ;      𝑐𝛾 ≅ 𝑐 (96) 

However, the issues are similar to those outlined in Section 2.2.3 for the Dang Van 

and Matake criteria. In the case of notch-like welded joints, plane strain conditions 

are observed at the weld toe and the proposed derivation should take it into 

account. 

 

2.4. Critical plane search method 

A fatigue crack is typically observed to grow either in the direction 

perpendicular to the maximum principal normal or shear stress or parallel to the 

critical plane which maximises a specific damage parameter, e.g. Findley, FS, etc. 

The critical plane search (CPS) is achieved by orienting a generic plane ∆ described 

by its perpendicular unit vector 𝒏 and the two angles 𝜙 and 𝜃, where 𝜙 is the angle 

between the 𝑥 axis and the projection of 𝒏 on the plane 𝑥𝑦, while 𝜃 is the angle 

between 𝑧 and 𝒏 as shown in Figure 2-12. 

Critical plane approaches are all based on the research of the one or multiple planes 

that maximizes a specific damage parameter (or criterion) or a specific quantity 

used in the criterion. Each plane is defined by a unit normal vector 𝒏, which is again 

defined by the polar angle 𝜃 and the inclination angle 𝜑. The stress tensor in each 

material point is needed as the starting point for the analysis. If 𝝈 is the full stress 

tensor, then it can be divided in a component normal to the plane defined by the 

vector 𝒏, i.e. the vector of the normal stress,  

𝝈𝒏 = 𝒏𝒏𝑻𝝈𝒏 (97) 
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And a shear component parallel to the plane, i.e. the vector of the shear stress 

oriented perpendicularly to 𝝈𝒏, 

 𝝉𝒏 = 𝝈𝒏 − 𝒏𝒏𝑻𝝈𝒏 (98) 

 

Figure 2-12. Definition of a random plane into the orthogonal 3D space 

 

Same results can be obtained by carrying out the complete rotation of the stress and 

strain tensors using the rotation matrix (or tensor) 𝑸 expressed as,  

𝑸 = [

𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜃
−𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜑 0

−𝑐𝑜𝑠𝜑 𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜑 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
] (99) 

The reoriented stress or strain tensor then become, 

𝝈′ = 𝑸𝝈𝑸𝑇       with, 𝝈 = [

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

] = [

𝜎𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧

𝜏𝑦𝑥 𝜎𝑦 𝜏𝑦𝑧

𝜏𝑧𝑥 𝜏𝑧𝑦 𝜏𝑧

] (100) 

𝜺′ = 𝑸𝜺𝑸𝑇        with, 𝜺 = [

휀𝑥𝑥 휀𝑥𝑦 휀𝑥𝑧

휀𝑦𝑥 휀𝑦𝑦 휀𝑦𝑧

휀𝑧𝑥 휀𝑧𝑦 휀𝑧𝑧

] =

[
 
 
 
 휀𝑥

1

2
𝛾𝑥𝑦

1

2
𝛾𝑥𝑧

1

2
𝛾𝑦𝑥 휀𝑦

1

2
𝛾𝑦𝑧

1

2
𝛾𝑧𝑥

1

2
𝛾𝑧𝑦 휀𝑧 ]

 
 
 
 

 (101) 

The maximum shear component of 𝝈′ or 𝜺′ on the critical plane is then defined as, 

𝜏𝑛 = √𝜏𝑥𝑦′
2 + 𝜏𝑥𝑧′

2       ;       𝛾𝑛 = 2√(
1

2
𝛾)

𝑥𝑦′

2
+ (

1

2
𝛾)

𝑥𝑧′

2
= 2√휀𝑥𝑦′

2 + 휀𝑥𝑧′
2  (102) 
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Non-proportional calculation being carried out in this thesis and in order to 

propose calculation scripts able to determine the critical plane orientation under 

complex multiaxial load cases (NP and VA), the calculation of each quantities is 

based on the maximum variance method (MVM), as proposed by (Susmel 2010) 

and later extended by (Wang and Susmel 2015, Faruq and Susmel 2019). Under 

constant amplitude proportional loading, this method returns the same values as 

usual analysis using CPS. Stress and strain tensors time histories are used to 

calculate over time 𝑡 each variable that are used in the criterion of interest. For 

example, using strains,  

휀𝑚, 𝛾𝑚 =
1

𝑇
∫ 휀, 𝛾(𝑡) ∗ 𝑑𝑡

𝑇

0

 (103) 

휀𝑎 , 𝛾𝑎 = √2 ∗ 𝑉𝑎𝑟[휀, 𝛾(𝑡)] (104) 

Where the variance terms are calculated as follow, 

𝑉𝑎𝑟[휀, 𝛾(𝑡)] =
1

𝑇
∫ [휀, 𝛾(𝑡) − 휀𝑚, 𝛾𝑚]2 ∗ 𝑑𝑡

𝑇

0

 (105) 

This approach proves to be successful and allows to define a fixed critical plane 

orientation for complex loading situations. In case of variable amplitude loading, it 

can then be combined to usual Rain-Flow counting method and cumulative damage 

calculation. 

 

 

2.5. Averaging approaches 

Welded joints and particularly weld geometries are geometric 

discontinuities, as holes or notches, that cannot be avoided in design of structures. 

Deviation of the stress field locally induces stresses to concentrate close to the 

discontinuity. These stress raisers or notches reduce the fatigue strength of 

component because of these higher local stresses causing fatigue cracks to initiate 

at such locations. Here, the notch term is used as a generic term referring to all stress 

raisers as welded joints, that is a key point of this thesis. This reduction can be 

clearly seen when comparing fatigue data of smooth and notched specimens in 

terms of nominal stresses. The elastic stress concentration factor 𝑘𝑡 is generally used 

to characterize the sharpness of a notch. It is defined as the ratio of the local to 

nominal stress as expressed in the following Eq. (106) and is often used in fatigue 
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analysis. 

𝑘𝑡 =
𝜎𝑙𝑜𝑐𝑎𝑙

𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙
 (106) 

However, fatigue life of smooth and notched specimens subjected to the same 

maximum stress, i.e. 𝜎𝑚𝑎𝑥 = 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙 the smooth specimen and 𝜎𝑚𝑎𝑥 = 𝑘𝑡 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙t 

the notch in the notched specimen, is generally not the same. Effectively, the notch 

has not a linear effect on the basis of 𝑘𝑡 and fatigue lives are higher than predicted. 

This reduction factor is called the fatigue notch factor 𝑘𝑓 and is illustrated for mild 

steel in Figure 2-13 based on data from (Frost 1959). The fatigue notch factor 𝑘𝑓 is 

defined as the ratio of the unnotched to notched fatigue strengths at a given number 

of fully reversed cycles up to crack initiation. The effect of 𝑘𝑓 ≤ 𝑘𝑡 depends mostly 

on the stress gradient at the notch tip. Effectively, the discrete microstructure of 

standard metals, i.e. crystal grains, tends to equalize the stress over a small volume 

due to plastic deformations. This finite volume of material, called the process zone, 

must be involved in order to initiate the fatigue damage process. 

 

 

Figure 2-13. Fatigue notch factors for various notch radii based on fatigue limits of 

bending tests on steel (Data from (Frost 1959), figure from (Dowling et al. 2013)) 
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Multiple definitions of the process zone have been proposed in the literature, based 

on stress gradient at the notch tip obtained using continuum elastic or elastic-plastic 

finite element analysis and/or on the local microstructure. Based on microscopic 

observations that fatigue failure occurs after an accumulation of damage in the 

process zone, which may include several grains (see Figure 2-14), several authors 

conducted researches on the fatigue strength assessment of notched components in  

function of an average stress and/or strain over the process zone (Neuber 1961, 

Banvillet et al. 2003, Delahay and Palin-Luc 2006, Radaj et al. 2006, Taylor 2007, 

Carpinteri et al. 2008, Susmel 2008, Berto et al. 2011, 2012, G.M.Owolabi et al. 2011, 

Susmel and Taylor 2013, Baumgartner et al. 2015, Shi et al. 2015, Sandberg and 

Olsson 2016, Al Zamzami and Susmel 2018, 2018, Faruq and Susmel 2019).  

 

 

Figure 2-14. Example of stress averaging in the process zone defined by a finite 

distance 𝜹 ahead of the notch tip 

 

 

2.6. Metallic materials cyclic properties 

2.6.1. Elastic-plastic properties and models 

Metallic materials subjected to cyclic loading and plastic deformations 

produce a stress-strain response, in the form of hysteresis loops, that exhibit various 

phenomena such as the Bauschinger effect, cyclic hardening and softening and 

ratchetting, among others. The possibility to take into account such phenomena in 

local approaches is one of the most important factors allowing to carry out more 

accurate fatigue analysis based on more complex and advanced constitutive 

material models, instead of being limited by rather simple conventional material 

models. 

According to (de Castro e Sousa and Lignos 2018), there are mainly two important 

phenomena that an advanced elastic-plastic material model should incorporate. 
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The first is that under plastic deformations materials tend to harden or more rarely 

soften, i.e. that the stress it is able to sustain after each cycle has a tendency to 

increase or decrease; this is commonly called isotropic hardening (defines the 

expansion of the yield surface in function of the plastic strain). Soft or annealed 

metals, e.g. S235 or S355 steels, tend to harden (normally up to a pseudo stable stage 

before the cracking stage) while hardened metals generally tend to soften. The steel 

S690QL can be considered at the limit or on the softening side (Vucko et al. n.d., 

Versaillot 2017, de Castro e Sousa and Lignos 2018, Lahtinen et al. 2019). The second 

entails that an increase in the tensile or compressive yield strength occurs at the 

expense of the other one. This is known as the Bauschinger effect and is usually 

modelled in the form of kinematic hardening (define the translation of the yield 

surfaces in stress space in function of the plastic strain). 

Several methods exist to estimate steels’ monotonic and cyclic elastic-plastic 

parameters for simple constitutive material laws, most often based on power-laws 

such as Ramberg-Osgood (Ramberg and Osgood 1943). The parameters can also be 

estimated from monotonic tensile tests and simple fully reversed tension-

compression tests (ASTM E646-16 2016) or from hardness indentation 

measurements, e.g. Brinell, Rockwell or Vickers (Tabor 1951, Hill et al. 1989, Biwa 

and Storåkers 1995, Field and Swain 1995, Taljat et al. 1998, Kucharski and Mróz 

2001, 2007). These methods can give excellent results, but they are usually limited 

to the modelling of rather simple cyclic stress-strain behaviour, being at best 

sufficient to model linear or multilinear kinematic hardening, giving thus 

physically decent results only for strains smaller than 5% (Abaqus Analysis User’s 

Guide (2016) 2020). In case of cyclic loading and fatigue, the simple cyclic version 

of the Ramberg-Osgood (Ramberg and Osgood 1943) material model (RO) is widely 

used in the literature and is employed in this thesis. The materials response in the 

elastic region is described in a linear form and the plastic region is modelled using 

an exponential function that asymptotically saturates. The basic monotonic form of 

the RO equation is expressed as, 

휀 = 휀𝑒 + 휀𝑝 =
𝜎

𝐸
+ (

𝜎

𝐾
)

1
𝑛

 (107) 

Where 휀 is the true strain, 휀𝑒 and 휀𝑝 the true elastic and plastic strains respectively, 

𝜎 the true stress, 𝐾′ the strength coefficient and 𝑛′ the strain hardening exponent. 
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In case of cyclic loading, the cyclic RO equation is expressed as,  

∆휀

2
=

∆휀𝑒

2
+

∆휀𝑝

2
=

∆𝜎

2𝐸
+ (

∆𝜎

2𝐾′
)

1
𝑛′

 (108) 

Where ∆휀 is the true strain range, 𝐾′ the cyclic strength coefficient and 𝑛′ the cyclic 

strain hardening exponent. 

Under complex multiaxial cases, more advanced constitutive models might be 

needed but they are usually defined by a large number of material parameters that 

cannot be estimated from monotonic tests results. Material models with different 

degree of complexity can be used to take into account what is considered as 

important parameters for the analysed case. The more complex combination of 

parameters of the Voce (Voce 1948) and Chaboche (Chaboche et al. 1979) model, 

needs robust multivariable optimisation algorithms to be correctly estimated, as 

proposed for example by (de Castro e Sousa and Lignos 2018). This model is a non-

linear combined isotropic and kinematic hardening model that allows to consider 

inelastic deformations in metals that are subjected to cyclic loading resulting in 

significant inelastic deformation, e.g. low-cycle fatigue. The Voce and Chaboche 

model is a combination of two models; the isotropic hardening model presented in 

the Eq. (109) hereafter and also known as the Voce (Voce 1948) hardening rule, 

𝜎0 = 𝜎𝑦,0 + 𝑄∞ (1 − 𝑒−𝑏𝜀𝑒𝑞
𝑝

) (109) 

As explained by (de Castro e Sousa and Lignos 2018), it is described by an 

exponentially saturating isotropic hardening law meaning that with accumulation 

of plastic strain, the increase will tend to the maximum saturated value 𝑄∞, 

governed by the exponential term at a rate defined by the term 𝑏. Thus, the two 

parameters for this law are 𝑄∞ and 𝑏. 

The kinematic hardening model presented below in the Eq. (110), (111) and (112) 

is known as the Chaboche (Chaboche et al. 1979) hardening rule, defined in rate 

form. 

�̇�𝑘 =
1

𝜎0
(𝜎 − 𝛼)𝐶𝑘휀�̇�𝑞

𝑝
− 𝛾𝑘𝛼𝑘휀�̇�𝑞

𝑝
 (110) 

𝛼 = ∑ 𝛼𝑘

𝑁𝑏𝑎𝑐𝑘

𝑘=1

 (111) 

where 휀�̇�𝑞
𝑝

 is the equivalent plastic strain.  
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Its definition under uniaxial loading can be expressed as, 

휀�̇�𝑞
𝑝

= |휀̇𝑝| (112) 

where the term 𝐶𝑘, if used alone, would lead to a simple linear kinematic hardening 

model and where 𝛾𝑘 is a relaxation term proposed by (Frederick and Armstrong 

1966) whose introduction induces nonlinearity in the model (de Castro e Sousa and 

Lignos 2018). (Chaboche et al. 1979) later suggested the use of multiple backstresses 

creating a more robust rule. The two parameters for this law are 𝐶𝑘 and 𝛾𝑘 over the 

number of backstress 𝑘. 

The more complex Voce and Chaboche material model allows the modelling of 

several phenomena, as already mentioned, that are summarized hereafter: 

- Cyclic hardening/softening taken into account via isotropic hardening models. 

- Bauschinger effect; can be considered using a linear or multilinear kinematic 

hardening model determined by help of a RO law for example. A nonlinear 

kinematic hardening component, as proposed by (Frederick and Armstrong 

1966), improves the shape of the cycles. Further improvement are obtained by 

using a nonlinear model with multiple backstresses, 𝛼�̇�, as proposed by 

Chaboche (Chaboche et al. 1979) and shown by (de Castro e Sousa and Lignos 

2018). 

- Plastic shakedown; predicted in one cycle if only the nonlinear kinematic 

hardening component is used and predicted in several cycles if used in 

combination with the isotropic component (see Figure 2-15). 

 

 

Figure 2-15. Plastic shakedown after several cycles 

 

- Ratchetting or creep; the effect stabilizes at low mean/residual stresses, while 

it shows a constant increase at high mean stresses (see Figure 2-16 a)). A 

constant increase is predicted if only the nonlinear kinematic hardening 
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component is used while the prediction is improved if combined with the 

isotropic component, i.e. it can thus decrease until it becomes constant. In 

several cases, another great improvement is obtained by superposing several 

kinematic hardening models (backstresses 𝛼�̇�) and choosing one of the models 

to be linear or nearly linear which results in a less pronounced ratchetting 

effect (Abaqus Analysis User’s Guide (2016) 2020). 

- Mean/residual stresses relaxation; the nonlinear kinematic hardening as an 

effect on the mean/residual stresses that tends to zero as the number of cycles 

increases (see Figure 2-16 b)). If plastic strains are localized, e.g. at notches, the 

mean/residual stresses behaviour also depends a lot on the local constraints 

(plane strain conditions).  

 

       

Figure 2-16. a) creep or ratchetting, b) relaxation of the mean/residual stresses 

 

It is important to note that even under high cycle fatigue with nominal stresses 

largely lower than the yield stress, locally, e.g. at notches, high plastic deformations 

may occur. The aforementioned phenomena are thus observed, and their 

consideration is of great importance to determine accurate stress and strain 

amplitudes and mean values for fatigue life calculation. The Voce and Chaboche 

combined nonlinear isotropic and kinematic hardening model still have the 

following limitations: 

- The isotropic hardening is constant at any strain ranges while physically, it 

depends on the magnitude of the strain range and on the sequence of the 

various strain ranges if complex loadings are applied. 

- Non-proportional hardening effect (see Section 2.1.3) is not considered. 

 

 

 

a) b) 
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2.6.2. Influence of the ductility  

The description of ductility is pretty much similar to the one of plasticity; 

it is related to the ability of a material to undergo plastic deformation before 

breaking. It is usually expressed as a percentage of elongation or local cross-section 

area reduction, i.e. up to necking. Toughness is a combination of strength and 

ductility and is often defined as the ability of a material to take in energy before 

breaking. The opposite of ductility is brittleness, a term meaning that a material has 

the tendency to break without noticeable plastic deformation. Some material’s 

behavior lies in between both descriptions and are usually classified as semi-ductile 

materials.  

Landgraf (Landgraf 1970) compared the strain-life relationships of ductile and 

brittle metals. The author observed that ductile metal alloys might perform better 

under high cyclic strains than strong alloys (2𝑁𝑓 < ~102 𝑡𝑜 104 𝑐𝑦𝑐𝑙𝑒𝑠). However, 

more brittle metal alloys are superior when low strains are applied (see Figure 2-17). 

 

 

Figure 2-17. Influence of the metal alloy ductility at a given strain amplitude, based 

on (Landgraf 1970, Courtney 2005, Hertzberg et al. 2012) 

    

Figure 2-18. Comparison between 𝜺 − 𝑵 curves of S690QL, S235 and S355 steels 

based on a database of values obtained in the literature 
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2.7. Residual stresses measurements using diffraction 

techniques 

In welded joints of structures subjected to multiaxial fatigue, it is of main 

interest to determine both the time to crack initiation and the time of crack 

propagation to understand what controls fatigue life of the element. It has been 

shown for welded specimens that the residual stresses state at the weld toe is of 

great importance in both initiation and propagation phases. The main problem is 

that the estimation of the residual stresses distribution in welded structures is very 

complex since various processes are involved, as cutting, welding sequence, etc. 

which can be significantly differ from one detail to another, e.g. tube-to-plate, 

transverse or longitudinal attachment. And welded details, in their as-welded state, 

are commonly considered to contain high tensile residual stresses, usually close to 

the yield stress magnitude, at the weld toe. However, in the case of High Strength 

Steel (HSS), due to welding with low heat input and solid-state phase 

transformations, residual stresses are comparatively lower. The objective is to 

quantify the residual stresses field and its stability at the estimated point of 

initiation on the weld toe of TP specimens at two different periods during 

multiaxial fatigue testing. The neutron diffraction (ND) and X-Rays diffraction 

(XRD) techniques are the most used and among the few available choices for this 

type of measurements because they are non-destructive techniques (see Figure 

2-19). 

 

 

Figure 2-19. Indicative scheme of the capabilities of the actual residual stress field 

measurement techniques. Destructive and semi-destructive techniques are shaded 

in grey, Fig. 1 from (Withers et al. 2008) 
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Measurements in depth of same specimens at various stages of their fatigue life is 

possible using the ND technique, which is however limited for the residual stress 

field measurements at the surface (~250𝜇𝑚 to 10𝑐𝑚). On the contrary, XRD is well 

suited for the measurement of surface residual stresses (~1𝜇𝑚 to 10𝜇𝑚).  

The full background on the diffraction techniques and method of calculation is not 

given here. For more information, the author recommends referring to the 

following publications (Hutchings et al. 2005, Acevedo 2011, Suzuki et al. 2011, 

Zamiri Akhlaghi 2014), which are exhaustive and extremely detailed. 

In short, the physical principle diffraction methods are based on is the so-called 

Bragg’s law or Bragg formulation of X-Ray diffraction, which is a special case of the 

Laue diffraction. Based on their experiments, they found that when X-Rays are 

projected on crystalline solids with a specific wavelengths and incident angles, 

noticeable peaks of diffracted rays were observable. These rays are diffracted by 

atomic lattice. Under external stresses or internal residual strains (residual stresses 

are in fact calculated from a state of residual strains), the atomic lattice deforms, 

and thus the lattice spacing 𝑑 changes and acts then as a strain gage (see Figure 

2-20). 

 

 

Figure 2-20. Illustration of the diffraction technique, from (Acevedo 2011) 
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Chapter 3 Experimental campaign 

 

 

 

3.1. Abstract 

In this chapter, new multiaxial fatigue tests of full-scale welded joints in 

high strength S690QL steel are presented. Two types of details are investigated: 

Transversal-Attachments (TA) and Tube-to-Plate (TP) specimens. Both types were 

tested using different and innovative test setups primarily under CA proportional 

loading. Some of the tested specimens were made of the more usual S235JR 

construction mild steel and a few were tested under non-proportional CA loading. 

In order to obtain additional information during testing, the specimens were 

instrumented to measure local strain fields and the various crack growth steps by 

mean of Digital Image Correlation (DIC) and Alternating Current Potential Drop 

(ACPD) measurements. The influence of the shear stress is assessed by comparing 

the experimental data to the usual fatigue detail categories and to experimental 

databases. In addition, the effect of the higher steel grade is also analysed using the 

same procedure. The weld geometry having an important influence on the total 

fatigue life, weld geometries of both types of specimen were measured with a laser 

scanner (FARO arm) and analysed with a newly developed approach. This 

approach permits to define the statistical distribution of the main parameters 

characterising the weld’s simplified geometries. 

Characterisation of the cyclic material properties and fatigue strength properties 

was conducted by mean of uniaxial material and fatigue tests on dog-bone shaped 

specimens. Cyclic material properties are expressed by help of the usual Ramberg-

Osgood isotropic hardening law and the recent Voce and Chaboche combined 

isotropic and kinematic model as developed and optimized at the EPFL RESSLab 

by (de Castro e Sousa and Lignos 2018). Uniaxial fatigue strain life properties are 

described by the parameters of the Morrow’s relation of the Basquin and Manson-

Coffin laws as presented in the Section 2.3.1. 
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3.2. S690QL plates and tubes material properties 

High strength steels (HSS) differ from mild steels in their composition, the 

latter being a type of low-carbon steel while the former are low-alloy steels, or 

micro-alloyed steels. Low-carbon steels contain a small percentage of carbon (0.05-

0.25%). HSS also have low carbon contents (also 0.05-0.25%) in order to have 

adequate formability and weldability, but they have manganese contents up to 

2.0% and also present small quantities of chrome, nickel, aluminum, molybdenum, 

copper, titanium, etc. The exact chemical properties of the S690QL steel tubes and 

plates used for fabricating the Tube-to-Plate and Transversal-Attachment 

specimens (see Sections 3.4 and 3.5) are given in the Appendix B.1. 

Most of the tests presented in this thesis were performed on S690QL high strength 

steel specimens, except for some transversal attachment tests carried on standard 

S235JR mild construction steel for comparison. The S690QL is a fine grain quenched 

and tempered steel with an austenitisation obtained at 900°C. Quenching is done in 

water and tempering on air at around 560°C. The main mechanical properties of 

the employed steel provided by the manufacturer (material certificates) are given 

in Table 3-1 and Table 3-2.  

 

Table 3-1. Mechanical properties of the S690QL steel plates 

  Mechanical properties 

  
𝜎𝑦 

0.2% 
𝜎𝑢 %EL 

 Charpy  

-40°C 
  [MPa] [MPa] [%] [J] 
 max - 940 - - 

  min 690 790 14 30 

12mm plates ESSAR  824 873 23 84 

20mm plates SSAB 756 796 17 202 

25mm plates SSAB 824 853 15 241 

 

Table 3-2. Mechanical properties of the S690G5QL steel tubes 

  Mechanical properties 

  
𝜎𝑦 

0.2% 
𝜎𝑢 %EL 

 Charpy  

-40°C 
  [MPa] [MPa] [%] [J] 
 max - 960 - - 

  min 690 770 16 45 

17.5mm tubes V&M 694 775 18.1 184.4 
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The S690QL steel has really good welding properties as long as preheating and 

interpass temperatures recommended by the producer are respected. During the 

fabrication process of the specimens the preheating temperature was minimum 

100°C while the interpass temperature was between 100 and 150°C. The cooling 

time 𝑡8/5 is also an important parameter to choose the cooling time range so that the 

phase changes in the microstructure finally corresponds as much as possible to the 

one of the parent materials. Excessively rapid cooling can lead to cold cracking and 

brittle material while too slow cooling generally results in lower strength properties 

that does not match with the parent material. The applied cooling time range is 

10 ÷ 20𝑠 to obtain the bainitic-martensitic microstructure of the base metal. The 𝑡8/5 

curve for S690QL and other information on welding parameters are given in the 

Appendix B. 

 

 

3.3. Uniaxial material and fatigue tests 

3.3.1. Tests setup and specimens 

Uniaxial tests were carried on dog-bone shaped specimens following the 

recommendations from (Lignos and de Castro e Sousa 2018) as shown in Figure 3-1. 

The specimens have a global diameter of 8mm and a reduced section with a 

diameter of 4mm to control the location of failure. The length of the reduced section, 

i.e. the control section, is 9mm. Surface roughness is controlled (𝑅𝑎 ≤ 0.8𝜇𝑚). 

 

 

Figure 3-1. Uniaxial specimen geometry, following recommendations from (Lignos 

and de Castro e Sousa 2018) 

 

Two different material conditions are considered, i.e. as received base material 

(BM) and coarse grain heat affected zone (HAZ) material in order to define their 
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relative elastic-plastic and fatigue properties. HAZ material is often implied in the 

area of crack initiation of welded specimen, thus characterization of HAZ material 

properties is of great interest. HAZ uniaxial specimens were extracted from the 

welded area of transversal attachments (TA) specimens that are presented in the 

next Section. Two TA specimens were cut in order to isolate the full welded area. 

The cross-section was then cut through the thickness to isolate six 10x10x~80mm 

square elements in HAZ areas, from which the dog-bone shaped specimens were 

then machined (see Figure 3-2 and Figure 3-3). BM specimens were extracted from 

the 12mm plates in the longitudinal direction. Due to machining problems on one 

of the HAZ specimen and one of the BM specimen, a total of 11 HAZ and 7 BM 

samples were fabricated. The testing machine is a Walter & Bai Schenk frame 

controlled by an electric actuator. Figure 3-4 shows the vertical cut of the mounting 

and a picture with the employed MTS extensometer. The extensometer as a gauge 

length 𝐿0 = 8 𝑚𝑚 and a working range of ±12%. It is fixed to the uniform reduced 

gage length, i.e. the control section, to control the test and measure strain over the 

gage section. More details on the setup and followed procedures developed at the 

RESSLab can be found in (Lignos and de Castro e Sousa 2018).  

 

 

Figure 3-2. HAZ zones from which the uniaxial specimens are extracted 
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Figure 3-3. SEM micrograph of the TA weld cross-section showing the position 

where the HAZ uniaxial test specimens were extracted 

 

The testing machine is a Walter & Bai Schenk frame controlled by an electric 

actuator.  Figure 3-3 shows the vertical cut of the mounting and a picture with the 

employed MTS extensometer. The extensometer as a gauge length 𝐿0 = 8 𝑚𝑚 and 

a working range of ±12%. It is fixed to the uniform reduced gage length, i.e. the 

control section, to control the test and measure strain over the gage section. More 

details on the setup and followed procedures developed at the RESSLab can be 

found in (Lignos and de Castro e Sousa 2018).  

 

 

 

Figure 3-4. Vertical cut on uniaxial cyclic test setup, Figure 7 from (Lignos and de 

Castro e Sousa 2018) 
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3.3.2. Uniaxial strain-controlled fatigue tests 

Strain-controlled fatigue tests consisted of constant amplitude fully 

reversed strain sinusoidal cycles (𝑅𝜀 = 휀𝑚𝑖𝑛/휀𝑚𝑎𝑥 = −1) applied with a constant 

strain rate corresponding to a frequency of around 1𝐻𝑧. The stress response 

changes are measured during the cyclic tests through the load cell of the test bench 

with a frequency of around 33𝐻𝑧. The failure criterion is fixed as a 50% drop in load 

amplitude, as recommended by the (ASTM  E606/E606M 2019). The matrix of 

experiments is given in the Table 3-3. The purpose of these tests is to characterize 

the fatigue strain life parameters and to define the monotonic and cyclic Ramberg-

Osgood (RO) parameters (see Section 4.1.2 and 4.1.4). 

 

 

Figure 3-5. Definition of the RO cyclic curve 

 

Table 3-3. Matrix of experiments of the uniaxial fatigue tests 

   Estimated Fatigue 

Lives 
Number of tests 

𝜺𝒕𝒓𝒖𝒆 [%] 
𝝈𝒕𝒓𝒖𝒆 

[MPa] 

F  

[kN] 

BMC 

[cycles] 

SWT 

[cycles] 
HAZ BM 

0.23 457 5.74 433'141 473'905 1  

0.25 508 6.38 164'729 160'668 1  

0.3 598 7.51 33'839 25'625 1 1 

0.4 707 8.88 7'744 5'317 1  
0.6 718 9.02 2'261 1'985 1 1 

0.8 720 9.05 1'192 1'145 1*  

*tested after tension test up to 2%   
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3.3.3. Uniaxial tests for defining the elastic-plastic properties of the 

BM and HAZ materials 

The testing procedures for the characterisation of the elastic-plastic  

properties of the HAZ and BM follows the guidelines from (de Castro e Sousa and 

Lignos 2018, Lignos and de Castro e Sousa 2018) for uniaxial testing of steels for 

RESSLab at EPFL's testing facilities managed by the structural engineering group 

(GIS). These documents give the standardize procedures used at RESSLab to obtain 

the raw data for inverse problems of metal plasticity (true stress-strain curves) and 

the optimization tool (RESSPyLab (de Castro e Sousa 2017a)) background to 

calibrate the Voce and Chaboche (VC) model parameters.  

Employed load protocols include monotonic tensile tests, constant and variable 

amplitude fully reversed cyclic tests, and cyclic random tests. The employed load 

protocols LP1, LP5, LP6 LP8 and LP9 are illustrated in the Appendix C.1. The load 

protocols are based on nonlinear response history analyses of steel moment 

resisting frame systems (Suzuki and Lignos 2014) and are expected to be sufficiently 

heterogeneous to be representative of large displacement cases (de Castro e Sousa 

and Lignos 2018, Lignos and de Castro e Sousa 2018). The original objective of the 

authors was to calibrate non-linear isotropic and kinematic hardening material laws 

parameters for ultra-low cycle fatigue using an optimization tool developed for that 

purpose. The optimization accuracy being highly dependent on the load path and 

large strains, the same procedure is followed here to assess the ability of this 

approach to characterise the behaviour of steel alloys subjected to high cycle fatigue 

and thus, low cyclic strain amplitudes. 

 

Table 3-4. Simplified matrix of experiments of the uniaxial material and fatigue 

tests 

 Number of tests 

Tests type Tests purpose BM HAZ 

Strain-controlled  

specific load protocols 

Voce-Chaboche material 

parameters 
5 5 

Strain-controlled  

CA fatigue tests 

BMC Strain-life properties + 

Ramberg-Osgood material 

parameters 

2 6 
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3.4. Multiaxial fatigue tests on transversal attachements 

The Transversal-Attachment (TA) test program was carried out on a 

multiaxial setup developed previously by Baptista (Baptista 2016) and slightly 

updated for the purpose of this thesis. This setup was developed in order to carry 

multiaxial proportional and non-proportional tests in a typical welded detail that 

has never been tested under these conditions before. In addition, the INOVA 

system controller also allows to pursue tests under complex Variable Amplitude 

(VA) loading signals. The test campaign includes 34 fatigue tests under Constant 

Amplitude (CA) multiaxial stress according to the matrix of experiments (Table 

3-5). Tests carried on the S235JR steel follows the conditions applied by (Baptista 

2016) where 5 specimens were tested proportionally and 6 non-proportionally with 

a 180° out-of-phase angle. Four tests carried on the HSS S690QL also follow the 

loading protocols from (Baptista 2016) as a sake of comparison and the remaining 

tests were carried at different load levels and with targeted 𝜆 = 𝜏𝑛𝑜𝑚 𝜎𝑛𝑜𝑚⁄ =

0.58 (𝐴𝑛𝑜𝑚 = 𝑏 ∗ 𝑡 = 100 ∗ 10 = 1000𝑚𝑚2). Lower 𝜆 values are observed for the 

straight weld geometry. This is due to the fact that an additional normal stress due 

to a bending effect acts locally and geometries being slightly different, the 

additional normal stress varies and the 𝜆 ratio changes. More detailed explanations 

are given in the next Section. In order to be consistent with usual bridge state of 

stress in specific details and because of setup limitations, a unique stress ratio 𝑅 =

𝑆𝑚𝑖𝑛 𝑆𝑚𝑎𝑥⁄ = 0.1 is used, either for the nominal normal or shear stress ranges. Two 

life levels were targeted in the finite life region, i.e. 2 ∗ 105 and 2 ∗ 106 cycles.  

 

Table 3-5. Matrix of TA experiments under CA loading. 

Steel 

grade 

𝜟𝑭𝒉𝒐𝒓 

[𝒌𝑵] 

𝜟𝑭𝒗𝒆𝒓𝒕 

[𝒌𝑵] 

𝜟𝝈 

[𝑴𝑷𝒂] 

𝜟𝝉 

[𝑴𝑷𝒂] 

 
𝑹𝝈 𝝀𝝉/𝝈 

𝑷𝒉𝒂𝒔𝒆 

[°] 

# of 

tests 

Weld 

geom.* 

S235JR 

0 100 54 50 P 0.1 0.93 0 1 Rounded 

100 100 154 50 P 0.1 0.32 0 4 Rounded 

100 100 100 50 NP 0.1 0.50 180 6 Rounded 

S690QL 

100 100 154 50 P 0.1 0.32 0 3 Rounded 

100 100 183 50 P 0.1 0.27 0 1 Straight 

38 117 101 59 P 0.1 0.58 0 3 Rounded 

38 117 135 59 P 0.1 0.44 0 3 Straight 

32 101 87 50 P 0.1 0.58 0 6 Rounded 

28 88 76 44 P 0.1 0.58 0 4 Rounded 

28 88 101 44 P 0.1 0.44 0 2 Straight 

* see Figure 3-7 
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3.4.1. Experimental setup and specimens 

The S690QL high strength steel (HSS) specimens where produced and 

welds were Ultrasonic Testing (UT) controlled by a specialized company. The 

S235JR mild steel specimens were fabricated by Baptista (Baptista 2016) at the EPFL 

RESSLab laboratory with commercial flat bars. The specimen geometry consists of 

two orthogonally welded plates loaded in their plan as shown in Figure 3-6. The 

main longitudinal plate is continuous and has a cross-section of 100 ∗ 12 𝑚𝑚 while 

the second plate is a rigid and not continuous plate with a cross-section of 150 ∗

20 𝑚𝑚. To ensure crack to initiate at the weld toe on the main longitudinal plate 

and not at the weld root or on the base material, full penetration welds and a 

smooth reduction of the thickness to 10 𝑚𝑚 along 200 𝑚𝑚 of the plate at the 

location of interest are applied. To avoid weld defects at the main longitudinal plate 

lower edge, vertical welds lengths is 80mm long, leaving 10 𝑚𝑚 on each side of the 

weld (see Figure 3-7). The welding procedures and parameters are given in the 

Appendix A. 

 

 

Figure 3-6. TA specimen geometry 

 

The manufacturing of the TA specimens unfortunately showed some variations 

despite the instructions given to the manufacturer. The rounded geometry of the 

weld in the lower part of the specimen was neglected on some specimens and a 

straight vertical weld was made instead, as shown in Figure 3-7. This resulted in a 

significant variation in the stress concentration at the weld toe, amplified by the 

secondary moment due to the vertical load and the eccentricity between the roller 
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bearings (Figure 3-9 and Figure 3-10), and changed the location of initiation (Figure 

3-7). 

 

Figure 3-7. Details of the different weld geometries of the TA specimens 

 

The calculation of the nominal stresses considers the variation of geometry and thus 

position of initiation. The TA setup is based on two orthogonal servo-hydraulic 

actuators of ±1000 𝑘𝑁 capacity allowing the application of forces in two directions 

(Figure 3-8 and Figure 3-9). The TA specimen is fixed horizontally to a column on 

one side and to the horizontal jack on the other side. Due to this support condition, 

a small horizontal displacement, generally comprised between almost 0 𝑚𝑚 to 

0.4 ÷ 1.0 𝑚𝑚 (depending on the load case), is measured at the middle point using 

LVDTs. About the double is measured on the loaded side by the actuator. To ensure 

the application of the targeted normal stress range at the weld toe and to limit at 

the maximum the interaction between the two orthogonal jacks, the TA specimen 

is simply supported vertically on its bottom side by two linear roller bearing sliders 

allowing the aforementioned horizontal displacement to occur with low 

restrictions. 

 

Figure 3-8. TA test setup 

Location of initiation 
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The vertical load is applied by the vertical jack above the specimen and transmitted 

by contact to the roller bearing supports. Due to the support conditions and to the 

plate slenderness, only tensile loads can be applied horizontally to avoid any effects 

of elastic buckling or slipping at bolted connections. Vertically, in order to maintain 

contact with the roller bearing sliders, only compressive loads can be applied.  

 

 

 

 

Figure 3-9. Setup operation scheme and picture 

 

One limitation of the TA setup is that it is impossible to create a pure nominal shear 

stress because of the space between the two roller-bearing supports inherent to their 

geometry (see Figure 3-10). Roller bearings are installed as close as possible from the 

central axis of the vertical plate, and therefore of the vertical jack, but a bending 

effect is still present due to the 75 𝑚𝑚 distance imposed by the bearings design and 

the flexibility of those, which induces an additional normal stress due to the vertical 

load as shown in Figure 3-10. However, a minimum span of the toe-to-toe distance 

is necessary in order to avoid a direct load transfer from the vertical plate to the 

roller bearing without having full transfer of the shear stress passing thru the weld 
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toe. Under multiaxial non-proportional loading tests, this initially unaccounted 

additional cyclic tensile stress due to bending increases the R ratio to 0.6 (because 

of the phase shift) at the location where normally cracks initiated under 

proportional loads. The position of initiation slightly changed under non-

proportional loading. 

 

 

Figure 3-10. Detail of the vertical support system and weld geometry. Definition of 

the crack initiation location and determination of the nominal stresses. 
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3.5. Multiaxial fatigue tests on tube-to-plate specimens 

The Tube-to-Plate (TP) tests were carried out on a multiaxial setup 

developed for the purpose of this thesis. Contrarily to some older investigations on 

TP specimens, the proposed symmetrical arrangement of the two jacks applying 

the loads on a lever arm avoids limitations considering complex loading situations 

and permits to execute tests in pure bending, pure torsion or in a combination of 

bending and torsion under proportional or non-proportional CA or VA loading.  

A total of 22 fatigue tests were conducted under Proportional (P) Constant 

Amplitude (CA) multiaxial stress according to the matrix of experiments (Table 

3-6). Different mean stress conditions were considered, by applying two different 

𝑅-ratios of 0.1 and −1. The applied ratio of 𝜆 = 𝜏𝑛𝑜𝑚 𝜎𝑛𝑜𝑚⁄ = 0.58 is chosen to have 

comparable results with other studies. Indeed, this value has been chosen by 

various authors in their experimental campaign, coming from early studies as it is 

effectively possible then to draw the Von Mises yield function of the tension torsion 

loading as a circular yield surface, as shown by (Socie and Marquis 2000a). As for 

the TA tests, the same two life levels were targeted in the finite life region, i.e. 

2 ∗ 105 and 2 ∗ 106 cycles.  

 

Table 3-6. Matrix of TP experiments under CA loading. 

Steel 

grade 

𝜟𝑭𝒉𝒐𝒓 

[𝒌𝑵] 

𝜟𝑭𝒗𝒆𝒓𝒕 

[𝒌𝑵] 

𝜟𝝈 

[𝑴𝑷𝒂] 

𝜟𝝉 

[𝑴𝑷𝒂] 
𝑹𝝈 𝝀𝝉/𝝈 

 𝑷𝒉𝒂𝒔𝒆 

[°] 

# of 

tests 

S690QL 

23.40 1.27 112.5 65.2 0.1 0.58 P 0° 1 

28.80 1.47 191.0 110.8 0.1 0.58 P 0° 1 

26.28 1.34 174.2 101.1 0.1 0.58 P 0° 2 

23.40 1.19 155.2 90.0 0.1 0.58 P 0° 2 

34.20 1.74 226.7 131.5 0.1 0.58 P 0° 1 

37.80 1.93 250.6 145.4 0.1 0.58 P 0° 1 

40.50 2.06 268.5 155.7 0.1 0.58 P 0° 6 

50.00 2.54 331.5 192.3 -1 0.58 P 0° 4 

42.40 2.16 281.1 163.0 -1 0.58 P 0° 1 

38.00 1.93 252.0 146.1 -1 0.58 P 0° 3 

 

 

3.5.1. Experimental setup and specimen geometry 

The TP setup consists of a TP specimen fixed to a bulky column on one 

side and fixed to a lever arm beam on the other side using prestressed bolts. Loads 

are applied through two servo-hydraulic INOVA actuators of ±100 𝑘𝑁 capacity 
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installed vertically on each side of the lever arm (see Figure 3-11 and Figure 3-13). 

This configuration allows to apply bending, torsion and a combination of the two 

on the specimen both under CA or VA and proportional or non-proportional 

conditions. The two jacks acting in the similar direction and on the same element, 

each one has an effect on the other. In the case of quasi-static tests, the closed-loop 

system is then capable of correcting these interaction effects. In the case of cyclic 

tests, however, it becomes impossible for a controller to correct the control signal 

sufficiently quickly according to the reading of the force and displacement signals 

measured. The applied loads then do not correspond to the target control signal 

and can result in totally random signals depending for example on test frequencies, 

frame stiffness (and thus eigen frequencies) or oil temperature.  

 

 

Figure 3-11. TP test setup 

 

The system is controlled by an INOVA controller (TestControl - Inova 2020) 

including the ITRM Pro module (ITRMPro - Inova 2020). This module uses a 

frequency domain approach to generate optimized drive signals for any type of 

constant, variable or random load data. It works by using the “iterative transfer 

function compensation” in the frequency domain and uses advanced modelling 

techniques like overlaying of identification models with models build from the 
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iteration. A white noise is generated through the actuators to generate identification 

signals and assess the eigen frequencies of the whole configuration using either 

(Fast Fourier Transformation amplitude spectrum (FFT), Power spectral density 

(PSD) or Amplitude Spectral Density (ASD) with their own advantages and 

disadvantages. These identification signals are then used in combination to the 

targeted signals to iterate and find the command signal with help of frequency 

response function (FRF) and inverse FRF. After several iterations, the calculated 

stabilized command signals, as illustrated in Figure 3-12, are exported and applied 

directly using the classical INOVA controller. This process is then repeated several 

times after the first crack initiated and during the propagation due to the 

continuous change of stiffness. The same approach is applied for each tested 

specimen. 

 

 

Figure 3-12. Typical calculated command and target signals for a CA proportional 

multiaxial test at 𝟒𝑯𝒛 and 𝑹 = −𝟏  

 

    

Figure 3-13. Picture of the TP setup from the front and side. 
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The Tube to Plate specimen (TP) is a CHS tube Section (101.6 ∗ 17.5 𝑚𝑚 in S690QL) 

welded to square plates (220 ∗ 220 ∗ 25𝑚𝑚 in S690QL) at each end (see Figure 

3-14). In order to avoid the failure to appear on side of the application of the loads 

and to enforce the failure to occur at the weld toe on the tube, full penetration welds 

on both side and a smooth reduction of the tube thickness to 10 mm at the location 

of interest are applied. 

 

 

Figure 3-14 – Tube-to-Plate (TP) specimen details 

 

 

3.6. Geometry measurements 

Welded joints are usually characterized by notches and other geometrical 

peculiarities. It is known that fatigue strength of welded joints is significantly lower 

the one of the base materials and despite the effect of the material properties and 

microstructure or residual stresses, several investigations have shown that a clear 

correlation between the local weld geometry and the fatigue life of welded joints 

exists, see for example (Barsoum and Jonsson 2008, Jonsson et al. 2011, Schork et al. 

2018). Geometry measurements were then carried on both the TP and TA 

specimens. A total of 17 TA specimens and 15 TP specimens were measured using 

a FARO laser scanning arm, having the advantage of being non-destructive and the 

possibility to generate precise geometry data with relatively low effort. The quality 

of the measurements is indeed highly dependent on the accuracy of the employed 

system. Such an analysis using several systems and making comparison with more 

classical weld geometry measurements techniques has already been presented in 

(Harati et al. 2014, Schork et al. 2018, Schubnell, Jung, et al. 2018, 2019) . These have 

shown that similar results can be achieved by 2D (destructive and costly) 

measurement techniques, by non-destructive 3D plastic replica or 3D contactless 

ones, which explains why the latter have become more attractive. The specifications 

of the arm and measurement procedure are given in the Appendix G. 
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Figure 3-15. Pictures of the TA and TP weld measurements with the laser arm 

 

Measurements were limited to the welded area, due to the already large amount of 

data obtained using a very refined scanning grid. Measured data are points 

characterized by their location 𝑥𝑦𝑧 in space. These data are then used to determine 

using evaluation methods the main simplified geometry parameters such as 

typically the weld toe radius 𝑟 [𝑚𝑚], the weld flank angle 𝛼 [°] and the weld length 

𝑙 [𝑚𝑚], as represented in Figure 3-16 for the TP specimens. 

 

 

Figure 3-16. Main simplified weld parameters to characterize its geometry 
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3.7. Microstructural characterisation of the TP and TA 

welded areas 

Four samples of the weld cross-section of two TP and two TA specimens 

were taken from one specimen in the as-welded condition and one specimen after 

failure, for both geometries. The preparation and analysis of these specimens was 

carried at the Aalto university by Dr. P. Lehto, following his proposed procedures 

and models (Lehto et al. 2014, 2016). Specimens were then ground and polished for 

EBSD and optical measurements. EBSD analyses were performed using step sizes 

of 0.1𝜇𝑚 and 0.2𝜇𝑚 and magnifications 1000𝑥. The measurements were focused on 

the weld toe area to obtain characteristics of the HAZ and various surrounding 

transition zones, plus measures of the WM and BM. The measurements locations 

are given in Appendix C.3. The grain size statistics for the different crack and 

uncracked samples and materials were determined from the EBSD images with a 

Matlab tool (Lehto 2017), using a grain boundary misorientation criterion of 10° for 

all analyses and presentation of results to follow the common practises of material 

science. 

 

 

3.8. Digital Image Correlation (DIC) 

Digital Image Correlation (DIC) and more precisely stereo correlation is 

used to get information on the local strain field at different periods of the 

specimen’s life. DIC is used with a very fine speckle pattern realized with white 

and black paint sprays. A fine random speckle allows to reduce the size of the 

subset and thus increases the sensitivity of the system, but this statement is limited 

then by the camera’s number of pixels and thus pixel size. Effectively, if the average 

size of the speckle is smaller than the subset size, which is composed of a set of 

pixels, the contrast is not sufficient, and the system loses accuracy and sensitivity. 

The speckle size has been then optimized and the obtained subset sizes varied 

slightly, between 24 and 27 pixels. Step size and filter size were set to 7 pixels and 

7 data points, respectively according to (de Castro e Sousa 2017b) (see Figure 3-19). 

The main area of measurement is located at the expected location of crack initiation, 

e.g. the area of maximum combined tensile and shear stresses at the top of the tube 

(see Figure 3-18). DIC measurements were done on all the TP specimens, as there 

was usually only one possible location of crack initiation on the contrary of the TA 

specimens (always 4 possible sides where cracks could initiate). All information on 

the DIC system and configuration are given in the Appendix E. In order to get the 

full behaviour of the strains under fatigue loading at the weld area, first 
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measurements are done under static loading and then under quasi-static loading 

(0.01 𝐻𝑧) to be able to catch deformation evolution of 3 cycles (image acquisition 

frequency max 0.5 𝐻𝑧 to let the LED light cool down). Effectively, it is impossible 

to measure the full cycle while running the fatigue test as the frequency of testing 

is too high in comparison to the frequency of the cameras. In addition, the amount 

of data produced would be almost impossible to store and to analyse. For this 

reason, a tool has been developed at EPFL to take pictures only at the maximum 

load peak during the load cycle (Figure 3-17). It also gives the option to take pictures 

at a constant interval of number of cycles to diminish the total amount of data. The 

tool allows to detect in real time the maximum load peaks (with an error of 5 %) of 

the analog signal measured by the load cell of the jack applying the main load F1. 

The time offset for the camera trigger signal is calculated mainly as a function of 

the exposure time. Knowing the time variable t and the frequency of the test 

(usually between 3 and 4 𝐻𝑧), the tool is developed to send the camera trigger signal 

at a specific time. The same procedure is used for triggering the LED lighting flash. 

Effectively, in order to diminish aperture time and thus increase image quality 

under dynamic test conditions, the “autostrobe” flash property of the LED light (see 

Appendix E.1.4) is employed but requires to be triggered at the appropriate time. 

Depending on the expected fatigue life, pictures are taken every 250 to 500 cycles. 

This procedure permits to detect short cracks and to determine the initiation time 

up to an estimated technical crack size (𝑎𝑖,𝑡𝑒𝑐ℎ ≅ 0.1 𝑚𝑚). This is achieved by 

localizing the area where strains concentrate at the maximum loading and where 

cracks initiate. Then, several inspection points are placed in the area of interest, 

allowing for the estimation of the number of cycles to initiation and to the 

subsequent stages of propagation. 

 

 

Figure 3-17. Operating principle of DIC image capture at maximum peak during the 

loading cycle using the developed tool 
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Figure 3-18. DIC arrangement on the TP setup, showing the measured area. 

 

 

Figure 3-19. DIC definition of the subset, step size and filter size, from (de Castro e 

Sousa 2017b) 
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3.9. Alternating Current Potential Drop (ACPD) 

Alternating Current Potential Drop (ACPD) is used to follow the crack 

depth evolution during fatigue tests of TA specimens. Potential drop techniques 

consist to measure the variation of potential generated across a certain area to 

determine the initiation and propagation of cracks in the system. Effectively, it is 

based on the principle that a conductive specimen experiences a potential drop if 

the resistance of the element varies due to the presence of a surface crack. The 

ACPD techniques requires the current being of constant amplitude and the electric 

field being of uniform intensity in the area where the probes are located. In 

addition, only the electric potential at the surface should be measured. ACPD 

technique presents an electromagnetic effect, i.e. the skin effect, that is the 

alternating current tends to be confined to the surface of the component. Increasing 

the frequency of the applied current decreases the skin thickness. This increases the 

current density near the surface and results in a high sensitivity to surface cracking 

but also applied stresses, displacements and current pick-up. The skin effect 

depends on the type of material and mainly their relative magnetic permeability 

and resistivity. The thickness of the skin effect is indeed defined as follow, 

𝛿 =
√𝜌

√𝜋 ∙ 𝜇𝑟 ∙ 𝜇0 ∙ 𝑓
 (113) 

Where 𝛿 is the skin depth in [𝑚𝑚], 𝜇𝑟 is the relative magnetic permeability, 𝜇0 is 

the magnetic permeability of the free space [𝐻/𝑚], 𝜌 is the resistivity [𝑆/𝑚] and 𝑓 

is the current frequency [𝐻𝑧] employed with the ACPD (see Figure 3-20). 

 

 

Figure 3-20. ACPD measurement functioning schematic representation, modified 

from (Baptista 2016) 
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Since the current path is limited to a small cross-section, large potential differentials 

can be generated with a low amperage current. In addition, the sensitivity of 

cracking measurements is not affected by the thickness of the element for a current 

induced at the same distance. For a given material, by keeping the current and the 

spacing between the probes constant and ensuring a uniform distribution of the 

current, the measured difference in potential depends only on the length of the 

current path between the two probes. The presence of a crack forces the current to 

flow around and under it (see Figure 3-20). The longer the current path, the greater 

the potential differential between the electrodes. The depth of the crack can then be 

estimated using a linear relationship between the potential measurement and the 

crack depth. This linearity also minimizes the required calibration required, i.e. 

using two potential differential readings, one “around the crack” and the other on 

an adjacent uncracked area, the crack depth can be obtained by proportionality, as 

expressed in the following Eq. (114), for an infinitely long crack, 

∆𝑉1

𝑑1
≡

∆𝑉2

(𝑑2 + 2𝑎)
 (114) 

One effect present in the ACPD method is the current pick-up effect. The induced 

current having a high frequency generates radio waves via the loop created 

between the current input wires. These waves are then received by the loops 

created by the sensor wires (see Figure 3-21). The AC current through a specimen 

is represented as a vector with a phase difference of 45° from the true current to 

which the specimen is subjected, 𝑉𝐴𝐶𝑃𝐷. However, this vector 𝑉𝐴𝐶𝑃𝐷 is not 

measurable due to the superposition of a second vector which represents the 

additional potential detected by the measurement probes, i.e. the pick-up effect. 

This vector is called the pick-up vector 𝑉𝑃/𝑈𝑃 and is oriented at 90°. The sum of the 

two vectors thus corresponds to the vector measured with the ACPD system as 

shown in Figure 3-21. It is not possible to simply subtract the effect of the pick-up 

but one can limit its effects stiffening the connections, for example by twisting the 

wires of the probes together and minimizing the specific area between the 

measurement zones to measure a small and stable pick-up potential that cannot be 

influenced by any movement of the loops during the tests. 

Another effect of the ACPD method is current focusing. An interaction between the 

current inputs wires and the specimen can disturb the current flow, which then 

follows the current input wires path and is no longer uniformly distributed in the 

specimen. Current focusing is therefore often used to improve the sensitivity of the 

technique, the current being deliberately confined to a small area where it is known 

that the crack will propagate rather than spread over the entire specimen. The effect 
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is employed here by using copper parts fabricated for that purpose. The advantage 

being that it also importantly diminishes the area created by the input loop and 

makes it stiff enough so that variations of 𝑉𝑃/𝑈𝑃 are negligible (see Figure 3-22). 

 

 

Figure 3-21. a) incorrect and b) correct setup of the input current (𝑰𝒊𝒏𝒑) and probe 

wires (𝑽𝒎𝒆𝒂𝒔) to reduce and stabilize the pick-up effect, c) illustration of the current 

potential vectors including pick-up 

 

The ACPD system is a new CGM-7 from Matelect. It is a 2-channel ACPD Crack 

growth monitor system that rely on a 32x dual channel signal switching unit to 

switch between the different probes during the test. There is filtered preamplifiers 

for each of the two channels. It has the capacity to deliver continuously frequencies 

from 0.3 to 100 𝑘𝐻𝑧 and a current of up to 5 𝐴𝑚𝑝. The system being recent, there is 

a huge lack of information from the manufacturer and in the literature on the 

parameters and settings to use for large specimens. Thus, several tests were carried 

on uniaxial and multiaxial TA specimens to calibrate the parameters. One first 

realized that preamplifiers were not adapted as almost only noise was measured. 

After changing the preamplifiers and several tests, the parameters that were 

obtained for the large TA specimens made of S690QL steel and are summarized in 

Table 3-7. The main conclusion is that the most important objective to obtained 

good results is to measure potential differential of 0.5 − 1.0 𝑚𝑉 on each channel on 

the specimen installed in the setup but not under fatigue tests. Larger specimens 

usually need higher amperage and then one needs to play with the frequency to 

remain roughly in the range between 0.5 − 1.0 𝑚𝑉. Smaller values are less sensitive 

to noise and pick up effects but will not detect smaller cracks while higher values 

will be more sensitive to noise but will also detect small cracks down to 0.1 𝑚𝑚 

depth. The maximum intensity of the CGM7 system of 5 𝐴𝑚𝑝 had to be applied due 

to the size of the specimen. In the case of the TA specimens, probes are placed on 

the welds on each side of the specimen, meaning that four areas are analysed. The 

total number of channels were used for that purpose.  
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Table 3-7. ACPD parameters for the S690QL TA specimens 

Parameter Value 

Intensity 5 𝐴𝑚𝑝 

Frequency 5 − 6 𝑘𝐻𝑧 

Gain 1000 

Filter 1 𝑘𝐻𝑧 

 

 

Figure 3-22. ACPD setup on TA specimens 

 

       

Figure 3-23. Pictures of the ACPD probes installation on multiaxial and uniaxial TA 

specimens 
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3.10. Residual stresses measurements using diffraction 

techniques 

3.10.1. Neutron Diffraction in-depth measurements 

This work is based on experiments performed at the Swiss spallation 

neutron source SINQ, Paul Scherrer Institute, Villigen, Switzerland. 

(Stuhr et al. 2005).  

Experiments at the ISIS Neutron and Muon Source were supported by 

a beamtime allocation RB1810794  from the Science and Technology 

Facilities Council. 

In time-of-flight technique, the TOF of neutrons sent in the measured specimen and 

diffracted to the detector is measured.  The lattice spacing 𝑑ℎ𝑘𝑙 , of the ℎ𝑘𝑙 lattice 

can be calculated as in the following Eq. (115), 

𝑑ℎ𝑘𝑙 =
ℎ𝑡ℎ𝑘𝑙

2𝑚𝐿𝑠𝑖𝑛𝜃
 (115) 

where 𝑡ℎ𝑘𝑙 is the time of flight, 𝑚 the neutron weight, 𝐿 the total neutron flight path 

length and ℎ is the Plank constant.  

If the lattice spacing 𝑑0,ℎ𝑘𝑙 of a reference stress relieved specimen is known, and 

knowing the lattice spacing of the analysed specimen 𝑑ℎ𝑘𝑙, residual strain in the 

analysed direction can be calculated as,  

휀ℎ𝑘𝑙 =
𝑑ℎ𝑘𝑙 − 𝑑0,ℎ𝑘𝑙

𝑑0,ℎ𝑘𝑙
=

𝑡ℎ𝑘𝑙 − 𝑡0,ℎ𝑘𝑙

𝑡0,ℎ𝑘𝑙
 (116) 

Lattice spacing measurements are done in a specific predefined gauge volume 

(GV). It is well documented (Suzuki et al. 2013, Lee et al. 2015) that GV that partially 

lie outside the material shift the position of the neutron-weighted centre of gravity 

(ncog) from the origin GV geometric centre of gravity (gcog) as shown in the 

schematic illustration in Figure 3-24. This results in artificial peak shifts and 

pseudo-strains. These pseudo-strain corrections can be calculated using the 

following Eq. (117), 

휀ℎ𝑘𝑙 =
∆𝐿

𝐿
+ cot

2𝜃

2

∆2𝜃

2
  (117) 

Where 2𝜃 and 𝐿 are the diffraction angle and the neutron flight path length from 

the ncog and ∆2𝜃 and ∆𝐿 are the relative changes due to a variation in the ncog 

position. 
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Figure 3-24. Schematic illustration of a neutron beam path scattered from ncog and 

gcog positions to a 𝒌𝒕𝒉 channel of a detector bank, from (Suzuki et al. 2013) 

 

At any point in the material, the residual strain tensor can have a completely 

random orientation. The corresponding residual stresses are thus calculated from 

the generalized Hooke’s law (Eq. (118)), meaning that to resolve the full residual 

stresses tensor, a minimum of 6 residual strain measurements under different 

orientations should be made. 

𝜎𝑥,𝑦,𝑧 =
𝐸

1 + 𝜈
[휀𝑥,𝑦,𝑧 +

𝜈

1 − 2𝜈
(휀𝑥 + 휀𝑦 + 휀𝑧) ]  (118) 

Due to the limited beamtime for ND measurements, it is assumed in this thesis that 

the principal residual strain orientation, and thus the principal residual stresses 

orientation coincides with the perpendicular (transversal, OX), parallel 

(longitudinal, OY) and radial (OZ) axis to the weld toe (see Figure 3-25). Thus only 

3 orthogonal measurements in these exact directions were carried out. 

The first session of residual stresses measurements using ND was performed at the 

Paul Scherrer Institute (Villigen, Switzerland) on the POLDI instrument, while the 

second session was performed at the ISIS (Didcot, United Kingdom) on the Engin-

X instrument.  Measurements were carried on three TP specimens, one of them 

having undergone 250′000 cycles under constant amplitude multiaxial loading in 

between two measurement sessions. Measurements were done at the critical 

location on the weld toe at various depths (depending on the total beamtime) on 

gauge volumes of 1.6 ∗ 1.6 ∗ 1.6 𝑚𝑚 at PSI and 2 ∗ 2 ∗ 2 𝑚𝑚 at ISIS.  

The reference material atomistic distance 𝑑0 is measured on HAZ small cubic 

electro-eroded elements of 2 ∗ 2 ∗ 2 𝑚𝑚, the reference gauge specimens, taken on 
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2𝑚𝑚 TP samples at the exact same location as the measurements. See the Appendix 

B.5.3 for more information on the positioning of the specimen for the 

measurements.  

 

 

Figure 3-25. Position of the ND measurements and holes for neutron beam paths. 

Reference gauge specimen fabrication detail. 

 

Holes had to be made on the tube so that the path length of the neutron beam into 

the material was as small as possible (see Appendix B.5.3). Effectively the longer 

the path length of the neutron beam into steel, the smaller the number of diffracted 

neutrons due to absorption, the longer the time of measurement. These holes 

however do not modify the residual stresses field at the locations of interest, as also 

shown by (Zamiri Akhlaghi 2014). 

 

3.10.2. X-Rays diffraction surface measurements 

XRD measurements were carried by the company SONATS (France) 

(SONATS 2020) on the same TP specimens and additionally on TA specimens. 

Details of the measurement technique can be found at SONATS and complies with 

the reference standard EN 15305 (EN 15305:2009 2009), while information on the 
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XRD system are given in Appendix B.6. Two of the three TP specimens measured 

using ND were analysed by XRD, i.e. the samples 2b and 3 as shown in Table 3-8. 

Positions 1 and 2 measured by ND are also measured using XRD. In addition, three 

other positions are measured, as shown in Figure 3-26.  

 

 

Figure 3-26. X-Rays diffraction measurement locations 

 

Table 3-8. Residual stresses measurements tests matrix 

Name 

XRD 

meas. 

points 

ND 

meas. 

locations 

ND 

in depth 

points 

ND 

Instrument 

Number of 

cycles 

TP Sample 1 - 2 3 Poldi (PSI) 0 

TP Sample 2a - 2 3 Poldi (PSI) 0 

TP Sample 2b 5 2 4 Engin-X (ISIS) 250'000 

TP Sample 3 5 2 6 Engin-X (ISIS) 0 

TA Sample 1 2 - - - 0 

TA Sample 2 2 - - - 0 

TA Sample 3 2 - - - 0 

TA Sample 4 2 - - - 0 
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Chapter 4 Experimental results 

 

 

 

4.1. Uniaxial material and fatigue tests 

4.1.1. Tests results and analysis 

Stress-strain curves of the uniaxial fatigue tests according to the specific 

load protocols LP1-LP8 (see Table 3-4) are all given in the Appendix C.1 while 

curves from CA fatigue tests are not presented due to the high number of cycles at 

constant strain amplitudes that are not representative. An example of the LP1 and 

LP8 results is given in Figure 4-1 where it is possible to note that apart of the first 

yield, behaviour of the HAZ and BM have proved to be very similar. These tests 

results are then used to determine the Voce and Chaboche as well as the monotonic 

Ramberg-Osgood parameters. An example of the first 100 cycles of the fatigue tests 

under constant amplitudes at 0.3% and 0.8% is given in Figure 4-2. These results 

are used to determine the cyclic RO parameters and the fatigue strain life properties 

of the Basquin-Manson-Coffin law. 

 

 

Figure 4-1. Example of tests results on S690QL steel. Comparison between the BM 

and HAZ behaviour 
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Figure 4-2. Example of tests results on S690QL steel. Comparison between the BM 

and HAZ behaviour 

 

4.1.2. Ramberg-Osgood parameters (monotonic and cyclic) 

First, the monotonic Ramberg-Osgood relationship parameters are 

computed for the BM and HAZ materials based on the initial tensile phase of the 

LP1-LP8 load protocols. Results are illustrated in Figure 4-3 and given in Table 4-1. 

The HAZ material yields earlier and presents a smooth hardening curve. Indeed, 

HAZ shows an approximately 10% lower yield strength than BM but ultimate 

tensile strength remains identical or even slightly higher. The very first cycle of the 

HAZ specimen tested under LP5 (LP5(HAZ) in Figure 4-3) doesn’t show the typical 

initial linear elastic and yield plateau regions, but only the plastic smooth strain 

hardening region typical of the following cycles. Possible explanations for this 

behaviour are; remaining residual stresses and strains due to the welding process 

or a slight misalignment of the specimen in the test setup. Thus, this test was not 

considered in the determination of the monotonic RO material parameters. 

 

Table 4-1. Monotonic tensile test results and Ramberg-Osgood parameters for the 

BM and HAZ materials 

Specimens 
𝑬  

(𝑮𝑷𝒂) 

𝑲 

(𝑴𝒑𝒂) 
𝒏 

HAZ 210 1009.4 0.062 

BM 210 859.0 0.018 
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Figure 4-3. Monotonic tensile tests results and Ramberg-Osgood curve for the BM 

and HAZ materials 

 

The cyclic CA stress-strain behaviour described by the cyclic RO relationship allows 

to determine the relative values of the parameters 𝐾’ and 𝑛’ according to ASTM 

standard (ASTM E646-16 2016) for the HAZ material. The results are given in Table 

4-2. Only two BM specimens were tested under CA strain, thus, it is not possible to 

determine the corresponding half-life cyclic RO parameters.  

 

Table 4-2. Half-Life cyclic Ramberg-Osgood parameters for the HAZ material.  

Specimens 
𝑬  

(𝑮𝑷𝒂) 

𝑲’ 

(𝑴𝒑𝒂) 
𝒏′ 

HAZ 210 1357 4.26 

 

 

4.1.3. Combined Isotropic-Kinematic Hardening Model 

The RESSPyLab python package (de Castro e Sousa 2017a) is used to 

optimise the parameters of the Voce and Chaboche combined isotropic and 

kinematic hardening model. Based on results and conclusions from the Chapter 6, 

a modified version of RESSPyLab is also used to calculate the parameters. The 

reason is that, by default, the elastic modulus is also an optimized variable. Thus, 

because of the high strain load protocols used to calibrate the parameters, it results 
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in low values of elastic modulus and high values of estimated yield limit. The 

modified version of RESSPyLab smoothen slightly the hardening portion of the 

curve to greatly limit an unwanted behaviour that will be better explained in the 

Chapter 6. To summarize, under load control tests or FEA, the use of VC parameters 

calculated using the original version of the RESSPyLab package can give largely 

overestimated fatigue strain ranges (as shown in Figure 4-4), or the total opposite if 

applied stresses are under the yield limit. 

  

 

Figure 4-4. Definition of the non-linear Voce-Chaboche combined isotropic and 

kinematic parameters by mean of a manual fit, an updated fit using the RESSPyLab 

python tool and an updated fit using the RESSPyLab python tool with a fixed 

elastic modulus E value 

 

The cyclic material properties, described by the Voce and Chaboche model, show 

little difference between BM and HAZ zones, similar properties as BM tested 

previously by (de Castro e Sousa and Lignos 2018) are also reassessed. All graphs 

are given in Appendix C.1 while a summary of the results is given in Table 4-3. 

Compared to (Mikkola 2016), lower hardening properties were found, but this is 

partly explained by : 1) the small number of different cyclic tests available, 2) the 

choice made in the optimisation procedure of the model parameters. Indeed, since 

the model is to be used for fatigue modelling, with little plasticity, the elastic 

modulus was set to values between 206 and 210 GPa in order to get a “soft” 

hardening transition between the linear elastic and strain hardening regions. 
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Indeed, a “soft” hardening transition is more representative of the material cyclic 

behaviour (omitting the first cycle behaviour which is not representative for high 

cycle fatigue analysis) (see Figure 4-5). Mikkola’s parameters were determined 

based on the corresponding half-life cyclic Ramberg-Osgood curve. 

 

Table 4-3. Voce and Chaboche material parameters calculated using RESSPyLab (de 

Castro e Sousa 2017a) and its modified version to fix the elastic modulus 𝑬 

Author Material 𝑬 𝝈𝒚 𝑸 𝒃 𝑪𝟏 𝜸𝟏 𝑪𝟐 𝜸𝟐 

Garcia 

BM 172'641 625 0 0 1’753 8 15'785 86 

BM* 210'000 578 0 0 1'832 8 17'421 88 

HAZ 174'073 634 0 1 1'408 14 14'946 97 

HAZ* 208'500 590 7 24'460 1'497 14 20'438 100 

Castro e 

Sousa 

BM 172'641 628 0 0 11'355 79 1'705 7 

BM* 206'000 590 0 1 19'018 83 771 5 

Mikkola 

BM 198'000 763 1 1 4'939 406 4'939 406 

BM* 200'000 772 1 1 11'478 395 11'478 395 

BM" 210'000 550 0 0 88'258 375 88'258 375 

HAZ 176'583 477 150 1'141 4'216 351 23'375 351 

HAZ* 194'500 413 227 894 16'601 293 16'602 293 

HAZ" 210'000 431 0 0 62'579 304 62'579 304 

* Modified RESSPyLab         
" Mikkola's evaluation. Voce-Chaboche parameters are fitted to the half-life Ramberg-

Osgood law for the HAZ and BM 

 

 

Figure 4-5. Difference between the cyclic RO model and the original version of the 

VC model. The RO model shows a soft hardening behavior while the VC model 

present a sharp transition between the elastic and plastic domain 
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4.1.4. Fatigue strain life properties 

The fatigue strain life behaviour is described by the Basquin-Manson-

Coffin equation. The number of data being limited, the corresponding parameters 

cannot be calculated. However, Figure 4-6. shows the experimental data plotted 

against the scatter band of strain-life curves for S690QL BM and a few HAZ 

materials obtained from the literature (see Chapter 6). No distinction can be made 

between the BM and HAZ results but on the overall, obtained results are on the 

lower side of the scatter band. 

 

 

Figure 4-6. BM and HAZ uniaxial tests under 𝑹 = −𝟏 compared to Basquin-

Manson-Coffin parameters database from the litterature 
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4.2. TA multiaxial fatigue test results 

A total of 34 specimens were tested by the author under various CA 

multiaxial states of stress. Twelve tests were done on S235JR steel specimens, 

including 6 tests under proportional and 6 tests under non-proportional loading. A 

total of 22 tests were done on S690QL steel specimens under proportional loading. 

Analysis also includes 13 tests results obtained by Baptista on similar S235JR 

specimens under proportional and non-proportional loading. All test results are 

given in Appendix C.2 and are illustrated in Figure 4-10. 

Among all specimens, cracks initiated and propagated in the lower part of the weld 

toe section, on the surface, into the longitudinal plate. In the case of rounded weld 

geometry specimens (see Figure 3-7), multiple semi-elliptical cracks initiated in this 

area and coalesced into a single one with a high 𝑎 𝑐⁄  ratio (see Figure 4-7). The bigger 

the shear ratio, the more the crack pattern tends to a semi-circular shape due mainly 

to the Mode II of crack propagation. Exceptions to mention are the specimens 

TA235_P10 and TA235_P13 where the crack initiated from a small notch on the 

lower edge of the main plate at the symmetry axis of the vertical plate. This area 

being subjected to the maximum principal stress when under multiaxial loads, any 

welding notch or imperfection needs to be carefully eliminated. In the case of 

straight weld geometry specimens, unique crack initiated from the weld toe at the 

lower edge of the main longitudinal plate (see Figure 4-8). 

Unlike the uniaxial case, crack surfaces are rough and presents small branches that 

are typical of Mode II/III cracks (e.g. see Figure 4-9). The bigger the ratio between 

shear and normal stress, the more the observable Modes II and III. These tests also 

show the anisotropic nature of the multiaxial fatigue propagation phenomenon in 

welded plate details. Most of the crack propagation driving force is lost in friction 

so these modes have higher lives than their corresponding Mode I cracks. The shear 

friction may however be severely reduced under the presence of a normal stress. 

The idea of factorizing the shear damage with the normal stress influence can be 

found in most of the important strain-based criteria, e.g. Findley (Findley 1958), 

which however are initiation criteria. In propagation and at macroscopic level, we 

believe this phenomenon to be the main reason for the lowest fatigue lives of the 

proportional load case. The normal stress influence, acting in phase with the shear, 

greatly reduces friction between the crack surfaces, increasing the damaging 

character of the shear forces. In bridge and other structures design, fatigue under 

shear and its relative failure modes are generally neglected in plate details because 

of the relative lack of tests on these types of details. It is effectively easier to obtain 

mode II and III in tubular specimens from pure torsion tests. In this regard, the new 

multiaxial setup presented in this thesis proved to be well suited.  
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Figure 4-7. TA area of crack initiation and propagation for 𝑹 = 𝟎. 𝟏 and 𝝀 = 𝟎. 𝟓𝟖. 

Multiple crack initiation sites (yellow) and beachmarks (red). Rounded weld 

geometry. 

 

Figure 4-8. TA area of crack initiation and propagation for 𝑹 = 𝟎. 𝟏 and 𝝀 = 𝟎. 𝟓𝟖. 

Single crack initiation site (yellow) and beachmarks (red). Straight weld geometry. 

 

 

 

Figure 4-9. a) Typical crack pattern under multiaxial stresses with a high 𝝀 ratio 
𝝉

𝝈⁄ = 𝟎. 𝟗𝟑 (specimen TA235_P1 from (Baptista 2016)) on S235JR steel, b) Crack 

pattern of a similar test on S690QL steel specimen with 𝝀 = 𝟎. 𝟓𝟖 
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The first conclusion that can be drawn is that multiaxial loading is definitely more 

damaging than uniaxial loading situations when considering only the uniaxial 

stresses, ∆𝜎. Results in Figure 4-10 and Table 4-4 shows the detrimental effect on 

the fatigue life of an additional cyclic shear stress acting in combination to the cyclic 

normal stress (FAT51 vs FAT71 in the Eurocode 3 (EN 1993-1-9:2005 2005) and IIW 

(Hobbacher 2016)). As for uniaxial tests, linear regressions are done with a fixed 

slope of 3 due to the limited number of specimens tested at only a few different 

levels of stresses. The linear regression of the proportional case results gives a mean 

strength of ∆𝜎2∙106,𝑚𝑒𝑎𝑛 = 81 𝑀𝑃𝑎. The non-proportional load case significantly 

increases the uniaxial fatigue life with regard to the obtained results expressed in 

terms of nominal stresses. The corresponding mean fatigue strength is 

∆𝜎2∙106,𝑚𝑒𝑎𝑛 = 128 𝑀𝑃𝑎. This conclusion is in accordance to what has been 

observed in the literature (see Section 2.1.3) for multiaxial tests where the 180° out-

of-phase non-proportional load case has been reported as less damaging in ductile 

material because under these specific conditions; that is specific grain dislocations 

or non-proportional hardening does not occur as the principal stress plane 

orientation does not vary during the loading cycle. This is effectively seen with both 

specimens TA235_NP9, TA235_NP10 and TA235_NP12 which have reached the 

fatigue life of 107 cycles before being stopped (run-outs). It is not possible to draw 

a general conclusion on the use of high strength steel based on the observed results. 

Data tends to confirm that the use of the S690QL HSS does not improve the fatigue 

life of the TA welded specimens under multiaxial loading. 

 

 

Figure 4-10. Multiaxial fatigue test results on steel TA specimens under CA 

proportional and non-proportional loading 
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Table 4-4. Summary of the TA multiaxial fatigue data statistical analysis results. 

 𝑇𝐴 (𝑃) 𝑇𝐴 (𝑁𝑃) 

Number of data 31 + 4 RO 10 + 3 RO 

Std dev 𝑆𝑡𝑑𝑣 0.28 0.29 

𝐶𝑂𝑉𝜎  0.25 0.00 

𝐶𝑂𝑉𝑁𝑓
 0.32 0.12 

𝐶𝑂𝑉 0.59 0.38 

𝑘 2.12 2.58 

𝑚 3 3 

𝑚𝑐𝑎𝑙𝑐 3.13 N/A 

𝑇𝑆 1:1.45 1:1.53 

Mean (FAT) 81 128 

Characteristic (FAT) 51 71 

 

 

4.3. TP multiaxial fatigue test results 

A total of 22 TP specimens in S690QL steel were tested under CA 

multiaxial loading at two load levels. Fourteen specimens were tested with an 𝑅 

ratio of 0.1, which is the most representative of bridges loading, and 8 specimens 

were test with an 𝑅 ratio of −1 to assess the effect of the mean stress. All test results 

are given in the Appendix C.2 and are illustrated in Figure 4-12, Figure 4-13 and 

Table 4-5. Among all specimens, two different types of failure were observed or 

sometimes a combination of the two. In the first type of observed failures, multiple 

single cracks initiated at the surface of the tube, at the weld toe (see Figure 4-11 a)). 

These multiple cracks propagated independently, first following their initial angle, 

then parallel to the weld toe and finally with an angle of around 45° from the weld 

toe which is a typical Mode I reorientation of the crack in the latter stage of 

propagation when shear loads are involved. Coalescence of the cracks is observed 

late in the total fatigue life. The second type of failure shows a single crack that 

initiate and propagate usually at 45°, showing again the influence of the shear (see 

Figure 4-11 b)). A combination of both types as also been observed. 

Some specimens had cracks who initiated and propagated from the weld toe on the 

plate (see Figure 4-11 d)). The angle of the weld was too large, thus stress 

concentration at the weld to on the plate was as high as at the weld toe on the tube. 

Nominal stress results illustrated in Figure 4-12 and Figure 4-13 thus do not show 

any difference between specimens that failed at the weld toe on the tube or one the 

plate. In addition, no clear differentiation could be found considering the stress 

ratio, mainly due to the high scatter of the data obtained at 𝑅 = −1.  
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Figure 4-11. Different modes of failure observed on the TP specimen under 

multiaxial CA proportional loading. a) multiple crack initiation site at the weld to 

and coalescence up to failure, b) single crack initiation site at the weld toe and 

propagation up to failure, c) combination of a) and b), d) crack initiation at the weld 

toe on the plate side. 

 

 

 

Figure 4-12. Multiaxial fatigue test results on S690QL steel TP specimens under CA 

proportional loading 
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Figure 4-13. Multiaxial fatigue test results on S690QL steel TP specimens under CA 

proportional loading considering influence of the mean stress (𝑹 ratio). 

 

 

Table 4-5. Summary of the TP fatigue data statistical analysis results. 

 𝑇𝑃 𝑇𝑃 (𝑅 = 0.1) 𝑇𝑃 (𝑅 = −1) 

Number of data 21 + 1 RO 13 + 1 RO 8 

Std dev 𝑆𝑡𝑑𝑣 0.32 0.27 0.41 

𝐶𝑂𝑉𝜎  0.05 0.05 0.02 

𝐶𝑂𝑉𝑁𝑓
 0.09 0.08 0.08 

𝐶𝑂𝑉 0.21 0.20 0.24 

𝑘 2.28 2.49 2.91 

𝑚 3 3 3 

𝑚𝑐𝑎𝑙𝑐 3.29 3.67 5.82 

𝑇𝑆 1:1.55 1:1.47 1:1.89 

Mean (FAT) 174 167 187 

Characteristic (FAT) 99 99 75 
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4.4. DIC measurements 

Digital image correlation is used for two purposes mainly in this thesis. 

First, the global and local strain fields were used to validate the numerical models 

presented in the next Chapters 5 and 6. The second objective is to determine the 

various period characterising the fatigue damage, i.e. the time to crack initiation, 

short crack propagation and propagation to failure. The analysis is achieved using 

the VIC-3D™ (Correlated Solutions) software for DIC analysis, multiple virtual 

extensometers are placed across the detected crack(s) giving precise displacement 

histories along the crack during the total duration of the test (see Figure 4-15).  

The proposed method to determine the various stage of the fatigue damage process 

using DIC consists to first locate the position of the first crack that initiates. Visually, 

the employed DIC configuration only allows to detect cracks as small as 0.2 𝑚𝑚 

length. On several specimens it appeared that up to 3 cracks were detected at almost 

the same number of cycles. The procedure consists then to use multiple virtual 

extensometers across the observed 0.2 𝑚𝑚 length crack. Around 20 virtual 

extensometers are used for each crack and their length is about 0.2 𝑚𝑚. 

Considering the maximum subset size of 27 pixels, the effective size of the subset 

can be estimated as 27 ∗ 34 𝜇𝑚 = 0.1 𝑚𝑚 meaning that the two subsets at each end 

of the virtual extensometers can be considered as independents. 

 

   

  

Figure 4-14. Example of DIC measurements of the maximum strain in the vertical 

direction perpendicular to the weld toe. Images show the evolution from no crack 

to failure of the specimen TP.R01_11 
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The measured standard deviation of the strain measurements with the DIC system 

considering the noise is, 

𝜎 ≅ 15 [𝜇휀] =  0.015 ‰ 

the related standard error of the mean, 

𝑆𝐸 =
𝜎

√𝑛
= 0.205 [𝜇휀] =  0.000205 ‰ 

the 95% confidence interval considering a normal distribution, 

𝐼𝑐 = ±(1.96 ∗ 0.205) = ±4.02 [𝜇휀] = ±0.004 ‰ 

 

 

 

Figure 4-15. Example of DIC measurements of strains perpendicular to the weld, at 

several points along the crack path. Example of definition of the initiation and 

propagation process of the specimen TP.R01_11, crack a 

 

An example of the procedure followed to estimate the time to initiation and period 

of short crack propagation is given hereafter. When cracks are identified, stereo DIC 

images are analysed backwards and cracks are manually measured at each step 

using the coordinate system in VIC3D until the crack is not visible anymore. A 

regression is then calculated to estimate the crack growth rate (in length not depth). 

The minimum measured length 2𝑐𝑚𝑖𝑛 is always around 0.2 𝑚𝑚. In a simplified 

approach, if the initial technical crack is considered as semi-circular, the crack depth 

is then equal to 𝑎𝑖,𝑡𝑒 = 𝑐 = 0.1 𝑚𝑚. This value always corresponds to a change in 
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the crack growth rate and thus validate conclusions from the literature (Baptista 

2016) stating that using 𝑎𝑖,𝑡𝑒 = 0.1 𝑚𝑚 as the initial weld defect to calculate the 

crack propagation using linear elastic fracture mechanic is a good approximation. 

In the same time, multiple virtual extensometers are placed across the cracks and 

deformation analysis is run in VIC3D (see Figure 4-16). An example of the obtained 

results is given in Table 4-6 and Figure 4-16. The number of cycles to initiation 

(crack 𝑎𝑖,𝑝ℎ) is estimated as the value at which the slope of the moving average 

changes of more than 10 % (generally from 𝑚 = 0). Values are controlled manually 

to avoid any error. Finally, the last step consists of defining the initial crack angle 

from the weld toe. DIC pictures are imported in Autocad® from Autodesk and 

crack angles are then measured manually using drawings and included 

measurements tools. 

 

Table 4-6. Observation of the crack length (2c) on the DIC pictures, specimen 

TP.R01_11, crack a 

Picture 

Number 

Number of 

cycles 

Length max 

[mm] 

Length min 

[mm] 

Average 

Length [mm] 
Error [mm] 

730 361000 1.382 1.236 1.309 +/- 0.073 

720 356000 1.060 0.975 1.018 +/- 0.043 

715 353500 1.099 0.990 1.044 +/- 0.055 

712 352000 1.000 0.905 0.953 +/- 0.047 

706 349000 0.966 0.849 0.907 +/- 0.058 

700 346000 0.859 0.760 0.809 +/- 0.050 

696 344000 0.715 0.587 0.651 +/- 0.064 

694 343000 0.561 0.425 0.493 +/- 0.068 

688 340000 0.292 0.139 0.215 +/- 0.076 

 

 

Figure 4-16. Example of the procedure to determine the initiation and short crack 

propagation periods of the fatigue life using stereo DIC, specimen TP.R01_11, 

cracks a, b and c 
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Finally, not all specimens failed from the top side of the tube (especially for test 

carried out at 𝑅 = −1) and some failed from the weld toe on the plate. All obtained 

results are summarized in the following Table 4-7. These measurements show that 

the ratio of the number of cycles to initiation to the number of cycles to failure is 

equal to 0.22 ± 0.06 and to ratio of the number of cycles to propagate a 2𝑐 = 0.2 𝑚𝑚 

crack length (𝑎𝑖,𝑡𝑒 ≅ 0.1 𝑚𝑚) to the total number of cycles to failure is roughly equal 

to 0.80 ± 0.20. Indeed, after initiation, the biggest part of the remaining fatigue life 

is spent to propagate an ~0.2 𝑚𝑚 length (~0.1 𝑚𝑚 depth) short crack. On 6 of the 

7 specimens, multiple cracks initiated almost at the same time and coalesced until 

the failure of the specimen.  

 

Table 4-7. Results of the DIC analysis, including the crack orientation, number of 

cycles to initiation, to a 𝟎. 𝟐𝒎𝒎 crack length and to failure. 

Name 
𝜟𝑭𝟏 

[𝒌𝑵] 

𝜟𝑭𝟐 

[𝒌𝑵] 

𝜟𝝈 

[𝑴𝑷𝒂] 

𝜟𝝉 

[𝑴𝑷𝒂] 
𝑹𝝈 𝝀𝝉/𝝈  Crack 𝝓 𝑵𝒊𝒏 𝑵𝟎.𝟐𝒎𝒎 𝑵𝒇 

TP.R01_8 37.8 1.9 251 145 0.1 0.58 a 32° 320'000 1'115'000 1'221'000 

TP.R01_9 40.5 2.1 269 156 0.1 0.58 a 25° 58'000 312'000 411'000 

TP.R01_9 40.5 2.1 269 156 0.1 0.58 b 30° 42'000 294'000 411'000 

TP.R01_9 40.5 2.1 269 156 0.1 0.58 c 28° 60'000 283'000 411'000 

TP.R01_11 40.5 2.1 269 156 0.1 0.58 a 32° 95'000 340'000 386'500 

TP.R01_11 40.5 2.1 269 156 0.1 0.58 b 30° 120'000 335'000 386'500 

TP.R01_11 40.5 2.1 269 156 0.1 0.58 c 40° 155'000 340'000 386'500 

TP.R01_12 40.5 2.1 269 156 0.1 0.58 a 38° 60'000 215'000 285'400 

TP.R01_12 40.5 2.1 269 156 0.1 0.58 b 34° 65'000 200'000 285'400 

TP.R01_13 40.5 2.1 269 156 0.1 0.58 a 31° 52'000 225'000 268'750 

TP.R01_13 40.5 2.1 269 156 0.1 0.58 b 27° 58'000 218'000 268'750 

TP.R-1_3 50.0 2.5 332 192 -1 0.58 a 22° 58'500 134'000 165'750 

TP.R-1_3 50.0 2.5 332 192 -1 0.58 b 20° 62'500 135'500 165'750 

TP.R-1_7 38.0 1.9 252 146 -1 0.58 a 18° 67'000 228'000 267'500 

TP.R-1_7 38.0 1.9 252 146 -1 0.58 b 5° 84'750 230'000 267'500 

       avg 27° 90'517 306'967 372'553 

       mean 30° 62'500 230'000 285'400 

       std. d 8° 67'613 225'487 240'725 

       std. err. 2° 17'458 58'220 62'155 
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4.5. Geometry measurements 

The method proposed in this thesis is a so-called semi-automatic analysis 

based on the 3D data and performed with the software package MATLAB. It is 

described as semi-automatic because flank angle and weld length and toe radius 

are calculated for multiple cross-sections within an automatic loop but the 

boundary conditions for the single fits are set manually. After importing and 

cleaning of the data, a rearrangement is performed in order to have the welds 

orientation in one unique direction. The next two sub-steps are of main importance, 

i.e. setting of the various bounds and constraints used in the routine, as they are 

manually defined. Here, the objective is to define the boundaries to normalize the 

data to the vertical and horizontal axis, as illustrated in Figure 4-17. The reason is 

that it can help to better fit the lines representing the weld and the base, based on 

the boundaries defined in the next sub-step. The lower horizontal limit is used to 

normalize each cut to the vertical axis by using only data where 𝑧 [𝑚𝑚] >

ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡. For each cut, the mean of the 𝑥 [𝑚𝑚] values of the data (𝑧 >

ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡) is calculated and then subtracted to all the 𝑥 [𝑚𝑚] of the 

cuts to normalize them. The same method is applied with the lower vertical limit 

to normalize data to the horizontal axis. In the next sub-step, upper and lower 

boundaries, important to later fit the weld and base lines in the next step, are 

defined, as illustrated in Figure 4-17. 

 

  

Figure 4-17. a) Definition of the normalization bounds, b) definition of the 

boundaries to fit the weld and base lines  

 

Next, cuts are fictively created by rounding the out-of-plane value (generally the 𝑧 

coordinate or, in the case of the tubular specimens, the angle) to the decimal 

corresponding to the expected thickness of the cuts. In this case, and according to 

the arm limitations, it is expected to determine weld toe radius down to 0.1 𝑚𝑚, 

a) b) 
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leading to the conclusion that cut thickness should be of 0.1 𝑚𝑚. Multiple trials on 

many specimen measurements have shown that this assumption proved to be 

suitable in order to have enough points to analyse each cut.  

A main loop is created to analyse each cut separately. It mainly includes the 

definition of the three parameters defined in the Section 3.6, namely the flank angle 

𝛼, weld toe radius 𝑟, and weld length 𝑙. The flank angle is defined between the two 

lines that fit the weld and the base plate as shown in Figure 4-18 a). Data used to fit 

the lines are bounded in both case by the boundaries defined in the previous step.  

 

 

Figure 4-18. a) Weld and base plate best fit lines, b) Closest point to the 

interSection, c) Circle fitting with 3 models at various positions, d) Example of error 

function for weld type D. 

 

Three models are used and compared to define the circles that characterize the weld 

toe radius. The first step for all models is to use the intersection between the weld 

and base plate lines to find the point in the data which is the closest to this 

intersection as shown in Figure 4-18 b). This point is the starting point of an 
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incremental loop where circles are fitted to 𝑛 data, where 𝑛 is the number of fitted 

points and 𝑛 ∈ [ 3 ∶  𝑛𝑡𝑜𝑡  ]; the increment is 𝑛 + 2. The three models start to 

differentiate here and are defined as follows, see also Figure 4-18 c). The first model 

selects the circle (and so the radius) that has the smallest error, with a minimum of 

5 points fitted and a maximum error fixed here at 0.01 𝑚𝑚 (best result between 0.01 

and 0.035). The second one selects the circle for a fixed error, chosen here equal to 

0.01 𝑚𝑚 (best result between 0.01 and 0.035) and with a minimum of 5 points fitted. 

The third model selects the smallest radius for an error ranging between 0.01 𝑚𝑚 

and 0.035 𝑚𝑚, always with a minimum of 5 points fitted. The maximum error is 

fixed in the range of 0.01 to 0.035 𝑚𝑚 because it is where it starts to increase 

exponentially as shown in the example in Figure 4-18 d), also due to the fact that 

the vertical accuracy of the laser arm is equal to 0.035. From our experience, the 

third model gives the best results up to the actual knowledge and according to the 

observed fittings. The first model always gives the smallest radius that can be fitted 

to a number of points 𝑛 > 5 as shown in Figure 4-18. It results many times in really 

small circles fitted to micro-defects that seem not relevant to calculate the stress 

concentration. Examples are given in Appendix G. 

As mentioned in the previous Chapter, a total of 15 TP and 17 TA specimens were 

measured. Measurements focused on the weld and analysis are only made around 

the toe where cracks initiated i.e. the toe on the tube for the TP specimens and the 

four toes on the main longitudinal continuous plate of the TA specimens. All the 

circumference of the TP weld (~320 𝑚𝑚) is analysed while, on the contrary, the top 

and bottom first 10 𝑚𝑚 of welds of the TA are not considered due to the rounded 

shape that is not representative nor useful to the characterization of the geometry 

parameters that can influence fatigue cracking. In total, considering ~0.1 𝑚𝑚 thick 

cuts, approximately 3000 cuts are generated on each TP and TA specimens. This 

leads to 3000 weld toe radius, flank angle and length data per specimen. A statistical 

analysis is then carried on the obtained database. 

Some of these results were already presented in (Schubnell, Jung, et al. 2018), during 

a round robin analysis whose purpose was to assess the influence of the optical 

measurement technique (device) and evaluation approach on the determination of 

local weld geometry parameters. 

The number of data being relatively important, only statistical results are given in 

the form of Table 4-8 and Table 4-9 regrouping values of the most relevant fitted 

distribution for each parameter and for both the TP and TA specimens. If one feels 

comfortable with statistical analysis, the log-logistic distribution appeared to be the 

most suited, robust, distribution for any case and thus is recommended. The other 

distribution which can be recommended is the log-normal as it fitted the data very 
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well and gave very good results too. For the weld length and flank angle 

parameters, the usual normal distribution gave good results. However, its use is 

not recommended for the weld toe radius as it did not fit well the data, but 

distribution parameters are is given here as a sake of information and for eventual 

comparisons with values from the literature.  

 

 

Figure 4-19. Example of distribution of the weld angle and weld length for the 

specimen TA690_P5 
 

 

Figure 4-20. Distribution of the weld toe radius according the model 1 and 3 for the 

TA690_P5  specimen. 

 

It is interesting to note that both the weld flank angle (𝛼𝑇𝐴,𝑚 ≅ 113°; 𝛼𝑇𝑃,𝑚 ≅ 116°) 

and the weld length (𝑙1,𝑇𝐴,𝑚 ≅ 5.06 𝑚𝑚, 𝑙1,𝑇𝑃,𝑚 ≅ 6.15 𝑚𝑚) present low dispersion, 

with relatively small standard deviations. This shows the excellent quality of the 

welds and the welder’s consistency during the welding operation, in terms of the 

“global geometry”. More locally, when looking at the weld toe radius values 

(𝑟1,𝑇𝐴,𝑚 ≅ 2.10 𝑚𝑚; 𝑟1,𝑇𝑃,𝑚 ≅ 1.85 𝑚𝑚), the observed scatter and thus standard 



4.5 Geometry measurements 

115 

 

deviation is more important.  The Model 3 (see Appendix G) has been defined as 

the most suited for fatigue analysis as it best fits the “global” radius, i.e. in the macro 

domain, without taking into account the micro-imperfections, as surface roughness, 

that are not considered to be determinant in fatigue analysis of welded joints in the 

as-welded state (difference between micro- and macro-geometry). 

 

 

Figure 4-21. Difference between Model 1 and Model 3. Model 1 considers micro-

imperfections while Model 3 only considers macro-geometry or imperfections 

 

Table 4-8. Distribution of the weld geometry parameters of the combined 17 TA 

specimens 

 Distribution Mean Var 
Std 

Dev 
𝝁 𝝈 

Angle 𝛼𝑇𝐴 

Logistic 113.316 51.307 7.163 113.316 3.949 

Log-Logistic 113.428 49.641 7.046 4.729 0.034 

Normal 114.131 48.852 6.989 114.131 6.989 

Lognormal 114.129 46.852 6.845 4.736 0.060 

Length 𝑙1,𝑇𝐴 

Logistic 5.052 0.070 0.264 5.052 0.146 

Log-Logistic 5.056 0.068 0.261 1.619 0.028 

Normal 5.078 0.064 0.253 5.078 0.253 

Lognormal 5.078 0.062 0.249 1.624 0.049 

Radius 𝑟1,𝑇𝐴 

Model 1 

Logistic 1.237 0.570 0.755 1.237 0.416 

Log-Logistic 1.346 0.778 0.882 0.151 0.293 

Normal 1.390 0.739 0.860 1.390 0.860 

Lognormal 1.391 0.701 0.837 0.175 0.556 

Radius 𝑟1,𝑇𝐴 

Model 2 

Logistic 1.883 0.756 0.870 1.883 0.479 

Log-Logistic 1.956 0.711 0.843 0.594 0.215 

Normal 2.064 1.082 1.040 2.064 1.040 

Lognormal 2.043 0.702 0.838 0.637 0.394 

Radius 𝑟1,𝑇𝐴 

Model 3 

Logistic 1.997 0.712 0.844 1.997 0.465 

Log-Logistic 2.074 0.724 0.851 0.658 0.206 

Normal 2.149 0.819 0.905 2.149 0.905 

Lognormal 2.138 0.674 0.821 0.691 0.371 
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Table 4-9. Distribution of the weld geometry parameters of the combined 15 TP 

specimens 

 Distribution Mean Var 
Std 

Dev 
𝝁 𝝈 

Angle 𝛼𝑇𝑃 

Logistic 115.208 20.769 4.557 115.208 2.513 

Log-Logistic 115.259 19.982 4.470 4.746 0.021 

Normal 115.844 29.411 5.423 115.844 5.423 

Lognormal 115.840 26.299 5.128 4.751 0.044 

Length 𝑙1,𝑇𝑃 

Logistic 6.121 0.864 0.929 6.121 0.512 

Log-Logistic 6.166 0.903 0.950 1.808 0.084 

Normal 6.147 1.072 1.035 6.147 1.035 

Lognormal 6.144 0.932 0.965 1.803 0.156 

Radius 𝑟1,𝑇𝑃 

Model 1 

Logistic 1.212 0.616 0.785 1.212 0.433 

Log-Logistic 1.400 1.841 1.357 0.106 0.366 

Normal 1.322 1.134 1.065 1.322 1.065 

Lognormal 1.346 1.063 1.031 0.066 0.680 

Radius 𝑟1,𝑇𝑃 

Model 2 

Logistic 1.862 0.702 0.838 1.862 0.462 

Log-Logistic 1.990 0.986 0.993 0.590 0.241 

Normal 1.987 1.494 1.222 1.987 1.222 

Lognormal 1.988 1.051 1.025 0.569 0.485 

Radius 𝑟1,𝑇𝑃 

Model 3 

Logistic 1.808 0.352 0.593 1.808 0.327 

Log-Logistic 1.897 0.609 0.780 0.569 0.207 

Normal 1.815 0.384 0.620 1.815 0.620 

Lognormal 1.865 0.811 0.901 0.518 0.458 

 

 

 

4.6. Microstructural characterisation of the TP and TA 

welded areas 

Multiple locations on the TP and TA specimen cross section of the weld 

were analysed using EBS, e.g. in the weld toe area to measure changes in the 

material microstructure due to the welding process. Details and positions of 

measurements are given in Appendix C.3. Figure 4-22 shows the changes in the 

microstructure between the base metal (BM), the first transition zone between the 

BM and HAZ ( called HAZ1), the second transition zone between the HAZ and the 

weld metal (WM) (called HAZ2) and finally the WM. The same scale is used for 

each picture. Cracks initiated mostly in the second transition zone material, called 

here HAZ2, that shows elongated grains that seems to be lath martensite and 

bainite. 
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Figure 4-22. TP specimen EBSD images of the various areas of interest, a) BM, b) 

transition between BM and HAZ, c) transition between HAZ and WM were crack 

initiated and d) WM 

 

Grain boundaries were then extracted from the EBSD images as shown in Figure 

4-23 to be analysed using the Matlab tool (Lehto 2017). Multiple EBSD analyses 

were carried to study the material microstructure and grain orientation around the 

crack initiation site. Finally, obtained grain size statistics are illustrated in the Figure 

4-21 and results are summarized in Table 4-10. Grain size statistics show what is 

also observable on Figure 4-22, that is HAZ and WM material grain sizes are smaller 

than the ones of the BM. Phase transformations due to the preheating, the multi-

pass welding process and the cooling is controlled by precise manufacturing rules, 

e.g. preheating, interpass temperatures and cooling time, and unlike observations 

on more usual mild steel, the HAZ and WM materials associated to S690QL show 

fine grain microstructures. Within this study, it was not possible to perform micro-

hardness measurements, but the author thinks additional valuable information 

might be obtained when carried on all of the material, i.e. all the different 

microstructure types. 

 

a) b) c) d) 
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Figure 4-23. EBSD image and corresponding grain boundaries 

 

 

Figure 4-24. Log-normal probability plots of the grain size distributions of the 

different material for the TP and TA specimens 

 

Table 4-10. Grain size statistics defined using 10° misorientation threshold criteria 

Specimen Material 
Number 

of meas. 

step  

[𝝁𝒎] 

𝒅 

[𝝁𝒎] 

𝜟𝒅/𝒅 

[𝝁𝒎] 

𝒅𝟗𝟗% 

[𝝁𝒎] 

𝒅𝒗 

[𝝁𝒎] 

TA 

BM 2 0.1 1.9 4.1 8.2 3.6 

HAZ5 1 0.1 1.5 3.7 5.8 2.6 

HAZ4 3 0.1 1.4 5.0 7.4 3.1 

HAZ3 2 0.1 2.2 4.5 10.2 4.2 

WM 2 0.1 1.2 3.7 4.8 2.1 

TP 

BM 8 0.2 2.3 4.2 10.4 4.4 

HAZ5 2 0.2 2.1 3.4 7.8 3.4 

HAZ4(BM) 2 0.2 2.9 4.1 12.4 5.2 

HAZ4(WM) 2 0.2 2.7 5.2 14.8 6.1 

WM(near crack) 2 0.2 2.2 3.7 8.8 3.8 

WM(general) 2 0.1 1.5 4.0 6.5 2.7 

WM(sec. crack) 1 0.2 1.7 3.6 6.8 2.9 

𝑑99% 𝑑99% 
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4.7. ACPD measurements 

Several tests were carried on TA uniaxial and multiaxial specimens to 

calibrate the system. Unfortunately, the ACPD system presented several problems 

throughout these experiments. A defect in the preamplifier initially prevented the 

interpretation of the measurements of 3 specimens due to untreatable noise on the 

signal. Then, after finding the source of the problem, it was necessary to find the 

best compromise in the calibration parameters of the system by performing several 

tests. As the setup of the system is very time demanding and tedious, the result was 

that only 1 test on a TA specimen gave conclusive data. The test results are shown 

as normalized crack size compared to the number of cycles to failure. The results 

presented are very interesting and validate the observations made with the DIC on 

the TP specimens. Indeed, it is possible to detect cracks smaller than the usual crack 

depth of 0.1 𝑚𝑚 by analysing the change of slope of the moving average, e.g. >5% 

in Figure 4-25. Moving average is calculated based on the averaging of subsets of 

200 measured values. The whole propagation phase of short cracks can then be 

estimated.  

 

 

Figure 4-25. ACPD measurements on TA690_P20. Normalized crack depth evolution 

in function of the number of cycles. 
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An attempt is made to use beachmarking to calibrate the ACPD results under 

multiaxial loading. The method is shown to be conclusive since the measured crack 

depth, as shown in Figure 4-26, correlates relatively well with the ACPD 

measurements presented in Figure 4-25. The ACPD system is extremely promising, 

although it still needs to be developed in order to facilitate the calibration and the 

measurement procedures. 

 

 

Figure 4-26. Beachmarks and relative crack depth 𝒂𝟎 on the fractured surface of the 

TA690_P20 specimen. 

 

 

4.8. Residual stresses measurements using diffraction 

techniques 

Analysis of the data were carried using Mantid Plot for the POLDI 

instrument (PSI) data and Open Genie and GSAS for the Engin-X instrument (ISIS) 

data. The obtained diffraction spectrum, as shown in Figure 4-27, represent the 

measured intensity versus the lattice spacing. Typically, for construction steel, the 

body centered cubic (BCC) structure  with orientation [211] peak is used to calculate 

the residual strains as it is the one that is the best represented (Acevedo 2011, Zamiri 

Akhlaghi 2014). Analysis have shown however that in several cases, the BCC 

orientation [110] peak was better defined. The retain method, instead of using one 

peak only, was to use a Pawley fit, which consist in fitting the whole pattern. This 

method was used for all calculations of strains. It however requires tweaking with 

the parameters in order to obtain the best fit. 
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Figure 4-27. Diffraction spectrum for axial residual stresses (perpendicular to the 

weld toe) measurements using the POLDI instrument at the PSI. Most 

representative peaks are always BCC [211] and [110]. 

 

The stress-relieved or stress-free lattice spacing 𝑑0 is first calculated for the HAZ 

material for both instruments. Results are given in Table 4-11 and Table 4-12. These 

values cannot be compared directly due to the specific calibration of each 

instrument. Measurements realized at Engin-X where done in two opposite 

directions. The purpose of this procedure is to suppress the measurement error by 

measuring exactly the same gauge volume reversed at 180°. It is also possible to 

note that the Engin-X instrument has 2 detectors (or Banks) and thus allows to 

achieve measurements much faster than with the POLDI instrument or to greatly 

increase quality of the statistics by measuring the same amount of time 

 

Table 4-11. Engin-X. Stress-free lattice spacing 𝒅𝟎 for HAZ material  

  Bank1 Bank 2 
 Run a Δa a Δa 

𝑑0(0°) 298794 2.86866 9.60E-05 2.86973 0.00011 

𝑑0(180°) 298795 2.86871 7.70E-05 2.86908 7.80E-05 

𝑑0(1,2)  2.86869 - 2.86941 - 

𝑑0,𝑎𝑣𝑔 2.869045 

 

Table 4-12. POLDI. Stress-free lattice spacing 𝒅𝟎 for HAZ material 
  

Bank1  
Run a Δa 

𝑑0(1.5𝑚𝑚) 7805 2.86887993 2.50E-05 

𝑑0(3.6𝑚𝑚) 7817 2.868731018 9.81E-05 

𝑑0,𝑎𝑣𝑔 8602 2.86885655 2.53E-05 



Chapter 4 : Experimental results 

122 

 

Strains were then calculated using the Eq. (115) and (116) presented in the previous 

chapter. Pseudo-strain corrections expressed in Eq. (117) were applied to 

measurements where part of the gauge volume was outside the material. Finally, 

residual stresses were determined from the calculated strains using the Eq. (118). 

Results of the first session of measurements carried at PSI and according to the 

matrix of experiment in Table 3-8 are presented in the following Table 4-13, Table 

4-14, Figure 4-28 and Figure 4-19. To recall, 𝜎𝑥 is the RS value transversal 

(perpendicular) to the weld toe, 𝜎𝑦 the RS value in the longitudinal direction 

(parallel) to the weld and 𝜎𝑧 is the radial direction, normal to the tube surface.  It is 

possible to note that the maximum values of the transversal residual stresses are 

slightly lower than the nominal yield stress (𝑓𝑦 = 690 𝑀𝑃𝑎). 

 

Table 4-13. Position 1 and 2 measurements of the Sample 1, Poldi PSI 

Position 
Depth 

[𝒎𝒎] 

𝝈𝒙 

[𝑴𝑷𝒂] 

𝜟𝝈𝒙 

[𝑴𝑷𝒂] 

𝝈𝒚 

[𝑴𝑷𝒂] 

𝜟𝝈𝒚 

[𝑴𝑷𝒂] 

𝝈𝒛 

[𝑴𝑷𝒂] 

𝜟𝝈𝒛 

[𝑴𝑷𝒂] 

1 0.63 -565.9 24.1 -216.4 23.0 -254.3 25.2 

1 1 -557.4 25.0 -285.1 25.2 -257.7 29.6 

1 1.5 -565.3 30.1 -360.9 29.2 -268.2 35.7 

2 0.63 -538.1 30.8 -156.1 27.7 -205.1 30.1 

2 1 -645.6 24.9 -334.6 23.3 -334.6 23.3 

2 1.5 -486.7 29.5 -204.1 30.6 -173.1 37.0 

 

 

Figure 4-28. Example of Position 1 measurements of the Sample 1, Poldi PSI 
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Table 4-14. Position 1 and 2 measurements of the Sample 2a (“high cycle” specimen, 

at 𝟎 𝒄𝒚𝒄𝒍𝒆𝒔), Poldi PSI 

Position 
Depth 

[𝒎𝒎] 

𝝈𝒙 

[𝑴𝑷𝒂] 

𝜟𝝈𝒙 

[𝑴𝑷𝒂] 

𝝈𝒚 

[𝑴𝑷𝒂] 

𝜟𝝈𝒚 

[𝑴𝑷𝒂] 

𝝈𝒛 

[𝑴𝑷𝒂] 

𝜟𝝈𝒛 

[𝑴𝑷𝒂] 

1 0.63 -666.2 25.8 -317.8 22.9 -310.6 25.1 

1 1 -628.0 25.2 -352.3 23.8 -311.0 27.5 

1 1.5 -552.5 25.8 -370.8 25.2 -295.5 30.4 

2 0.63 -640.6 18.6 -322.8 18.7 -291.6 19.6 

2 1 -616.8 19.2 -391.4 19.9 -308.9 22.5 

2 1.5 -526.9 19.8 -431.4 21.0 -296.8 25.3 

 

 

Figure 4-29. Example of Position 1 measurements of the Sample 2a (“high cycle” 

specimen, at 𝟎 𝒄𝒚𝒄𝒍𝒆𝒔), Poldi PSI 

 

The results of the measurements carried at Engin-X (ISIS) are now presented. The 

first results concern the Sample 2 that was previously measured at Poldi (PSI) and 

subjected to 250’000 cycles under multiaxial loading with a ratio 𝑅 = 0.1 before 

being measured again at the Engin-X. From Table 4-15, it is then obvious to note 

that, when compared to values of Table 4-14, important residual stresses relaxation 

occurred.  One reason for this is assumed to be a localized elastic shakedown, in the 

weld toe area where RS are the highest and which is also the area of stress 

concentration. Elastic shakedown is defined as a plastic deformation that generate 

a change in plasticity induced residual stress during the first few load cycles, 

followed by an elastic response. It is often associated with the so-called elastic 

shakedown limit (Abdel-Karim 2005, Chukkan et al. 2018). Structures subjected to 

higher levels of loading and thus stresses, above the shakedown limit, demonstrate 

reverse plasticity or ratchetting (Bree 1967), as shown in Section 2.6.1. Such 
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behaviors can be modelled very well using a combined non-linear isotropic and 

kinematic hardening model, as the Voce and Chaboche model presented in the 

Section 2.6.1(Chukkan et al. 2018). In this regard, the effects of both the applied 

mean stress and multiaxial loading seemed to be relatively important. Residual 

stresses measurement facilities were different, with different gage size, and 

analyses also carried using different software’s but, even considering these 

limitations, the observed divergence is important enough to affirm that residual 

stresses relaxation occured even under relatively low multiaxial stress ranges and 

mean stress. There seems to be no change between the behavior at Position 1 and 

Position 2, indicating that both shear and multiaxial cyclic stresses tend to induce 

residual stresses relaxation (with 𝑅 = 0.1 in shear also) in the weld toe area. 

 

Table 4-15. Position 1 and 2 measurements of the Sample 2b (“high cycle” 

specimen, at 𝟐𝟓𝟎′𝟎𝟎𝟎 𝒄𝒚𝒄𝒍𝒆𝒔), Engin-X ISIS 

Position 
Depth 

[𝒎𝒎] 

𝝈𝒙 

[𝑴𝑷𝒂] 

𝜟𝝈𝒙 

[𝑴𝑷𝒂] 

𝝈𝒚 

[𝑴𝑷𝒂] 

𝜟𝝈𝒚 

[𝑴𝑷𝒂] 

𝝈𝒛 

[𝑴𝑷𝒂] 

𝜟𝝈𝒛 

[𝑴𝑷𝒂] 

1 1 -137.1 17.3 -13.8 20.4 -17.3 12.7 

1 1.5 -96.0 21.1 57.0 26.0 -34.3 15.8 

1 2 -54.4 19.0 107.8 23.9 -54.1 14.5 

1 3 -34.4 20.2 108.3 24.7 -126.7 15.3 

2 1 -149.3 17.7 -21.2 25.4 -7.1 14.7 

2 1.5 -113.3 16.8 20.4 22.6 -51.3 13.5 

2 2 -76.4 16.4 77.9 21.1 -83.4 12.9 

2 3 -42.6 16.2 73.8 20.8 -156.5 12.9 

 

 

Figure 4-30. Example of Position 1 measurements of the Sample 2b (“high cycle” 

specimen, at 𝟐𝟓𝟎′𝟎𝟎𝟎 𝒄𝒚𝒄𝒍𝒆𝒔), Engin-X ISIS 
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Finally, for the last test at Engin-X ISIS on the Sample 3, additional beamtime 

allowed us to do additional measurement close to the surface, in order to compare 

the obtained results with date from XRD. Results are presented in Table 4-16 and 

Figure 4-31, where the residual stress gradient is thus more easily noticeable on the 

first 3.0𝑚𝑚 depth from the surface at the weld toe. 

 

Table 4-16. Position 1 and 2 measurements of the Sample 3, Engin-X ISIS 

Position 
Depth 

[𝒎𝒎] 

𝝈𝒙 

[𝑴𝑷𝒂] 

𝜟𝝈𝒙 

[𝑴𝑷𝒂] 

𝝈𝒚 

[𝑴𝑷𝒂] 

𝜟𝝈𝒚 

[𝑴𝑷𝒂] 

𝝈𝒛 

[𝑴𝑷𝒂] 

𝜟𝝈𝒛 

[𝑴𝑷𝒂] 

1 0 -497.3 33.9 -107.3 49.6 -22.7 27.1 

1 0.5 -495.2 22.1 -63.5 22.5 -146.7 15.3 

1 1 -428.7 18.9 -5.2 24.5 -105.9 15.0 

1 1.5 -393.7 19.2 6.9 24.9 -147.8 15.4 

1 2 -341.7 20.0 41.0 25.4 -163.9 15.7 

1 3 -170.5 23.0 126.3 26.9 -129.0 17.0 

2 0 -467.8 34.2 -186.9 43.6 -36.2 25.6 

2 0.5 -120.4 23.5 127.7 28.1 35.7 17.7 

2 1 -465.9 24.1 -104.7 31.1 -118.7 18.8 

2 1.5 -403.5 21.9 3.3 28.0 -127.6 17.3 

2 2 -345.6 21.9 46.1 27.6 -150.0 17.3 

2 3 -161.2 23.0 188.3 30.4 -127.7 18.9 

 

 

Figure 4-31. Example of Position 1 measurements of the Sample 3, Engin-X ISIS 
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X-Rays measurements are then presented in the following Table 4-17 and Table 

4-18. Results seems to confirm the previous conclusions. However, the 

differentiation is less obvious, and these results should be used with caution. 

 

Table 4-17. Position 1 to 5 XRD measurements of the Sample 2b, SONATS 

Position 
𝝈𝒙 

[𝑴𝑷𝒂] 

𝜟𝝈𝒙 

[𝑴𝑷𝒂] 

𝝈𝒚 

[𝑴𝑷𝒂] 

𝜟𝝈𝒚 

[𝑴𝑷𝒂] 

1 -80 5 -50 4 

2 -176 4 -155 5 

3 -109 7 -40 4 

4 -213 49 -53 6 

5 -90 15 -61 5 

 

Table 4-18. Position 1 to 5 XRD measurements of the Sample 3, SONATS 

Position 
𝝈𝒙 

[𝑴𝑷𝒂] 

𝜟𝝈𝒙 

[𝑴𝑷𝒂] 

𝝈𝒚 

[𝑴𝑷𝒂] 

𝜟𝝈𝒚 

[𝑴𝑷𝒂] 

1 -272 11 -189 4 

2 -20 10 -94 3 

3 -102 16 -98 9 

4 -277 35 -199 23 

5 -293 5 -162 7 

 

 

4.9. Conclusions 

From the analyses of the different experimental works carried out within 

this study on S690QL welded steel joints, the following conclusions can be drawn. 

For the uniaxial fatigue tests: 

- The cyclic material properties, described by the Voce-Chaboche and Ramberg-

Osgood models, show little differences between BM and HAZ materials, 

similar properties as BM tested previously by Castro e Sousa, and lower 

hardening properties then Mikkola. Since the model is to be used for fatigue 

modelling, with little plasticity, in the modified RESSPyLab optimisation 

procedure, the elastic modulus calculated beforehand and set between 206 and 

210 GPa was used in order to get “soft” hardening. This leads to a more 

representative shape of the cyclic hysteresis loops, reducing the influence of 

the first loading cycle. 
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- The uniaxial fatigue strain life properties found are among the lower values 

when compared with the literature. The first reason is obviously related to the 

fact that the tested material corresponds to the HAZ, whose microstructure 

suggests that the fatigue strength is lower than that of the base material. The 

second is that residual stresses present in these specimens may also play a role. 

For the multiaxial fatigue tests: 

- Fatigue tests on TP specimen under multiaxial CA proportional loading 

showed no influence of mean stress (𝑅-ratio).  

- Fatigue tests on TA specimens under multiaxial CA loading showed no 

observable differences in the fatigue resistance as compared to S235 

specimens. Non-proportional loading cases led to higher fatigue resistance 

than the proportional cases, confirming that a phase shift angle of 180° is less 

damaging, as no detrimental effect of non-proportional hardening due to the 

phase shift are involved and little or no combination of normal and shear 

stresses are involved either. 

- The instrumentation to measure local strain fields and the various crack 

growth steps by mean of Digital Image Correlation (DIC) and Alternating 

Current Potential Drop (ACPD) were successful. DIC images taken at the 

maximum peak load during cycling allowed for the detection of cracks as 

small as approximately 0.2 𝑚𝑚 in length (~0.1 𝑚𝑚 depth). These 

measurements show that the number of cycles to physical crack initiation 

represent between 16 to 28% of the total fatigue life. The number of cycles to 

initiate and propagate a 2𝑐 = 0.2 𝑚𝑚 long crack (which correspond to the 

technical crack depth 𝑎𝑖,𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 ≅ 0.1𝑚𝑚) represent 65 to 95% of the total 

fatigue life. Indeed, after initiation, the biggest part of the remaining fatigue 

life is spent to propagate an ~0.2𝑚𝑚 long (~0.1𝑚𝑚 deep) short crack. 

For the weld geometry measurements: 

- A new method for the measurement of the weld geometric parameters was 

developed with success. It allows a better and more coherent evaluation of the 

weld toe angle and toe radii. Multiple distributions were fitted to the results 

and the use of a log-normal distribution is highly recommended for the weld 

toe radius and the weld flank angle rather than the usually used normal 

distribution. The measurement results showed differences between the TA 

and the TP specimens due to their geometry and welding process. 

For the residual stresses measurements: 

- Residual stresses were measured both in the as-welded virgin state and after 

0.25 million cycles, and showed an important amount of residual stresses 
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relaxation. The measured specimen was tested under multiaxial loads at 

relatively low stress ranges (target of 2 ∗ 106 cycles) but with a mean stress 

ratio 𝑅 = 0.1. An elastic shakedown effect occurred, local plastic deformations 

being important in the first cycles, the effect being amplified by the applied 

tensile mean stress ratio. Further measurements are needed to confirm these 

results obtained from a limited number of data. 

- The residual stresses, measured with the ND and XRD techniques, are in 

compression at the weld toe in both directions. Observed average values at the 

surface, after relaxation, are around -145 MPa in transverse and -20 MPa in 

longitudinal direction. 

For the microstructure measurements: 

- The BM, HAZs and WM materials showed different types of microstructure 

due to phase transformations induced by the welding process. However, grain 

size statistics showed relatively little variation between all microstructure 

types. 
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Chapter 5 Stress-based approaches to fatigue 

life estimation under multiaxial loads 

 

 

 

5.1. Abstract 

The usual method applied by practitioners to assess fatigue life is based 

on nominal stresses and the corresponding nominal FAT categories. The hot-spot 

method is becoming more and more known and applied, having been included in 

building standards for some years (EN 1993-1-9:2005 2005, DNV 2014, 2016, 

Hobbacher 2016). As for the effective notch stress method, it shall make its incursion 

in national standards in the near future, while being already present in the IIW 

recommendations (Hobbacher 2016) for a few years. This chapter focusses first on 

the characterisation of multiaxial fatigue in terms of nominal stresses, as it is the 

usual approach, and shows the limitations of it. The hot-spot method has its own 

drawbacks and limitations (Aygül 2012), particularly under multiaxial loading 

(Carpinteri et al. 2003), and thus is not considered in this thesis. Herein, more 

emphasis is put on the more accurate and general effective notch stress approach is 

used, first in combination to principal stresses as actually recommended in the IIW. 

The limitations of the principal stress (PS) criterion under multiaxial state of stresses 

is shown, and assessment of the well-known von Mises (VM) equivalent stress is 

then presented and compared to the PS. The IIW and EC3 (EN 1993-1-9:2005 2005) 

interaction equations efficiency are also assessed. Finally, more advanced critical 

plane multiaxial fatigue criteria, presented in the Section 2.2.3, are used in 

combination with the effective notch stress averaging approach. All these steps are 

validated using fatigue data obtained from the experimental campaign combined 

to a database of multiaxial fatigue tests from the literature. New characteristic 

fatigue strength values for fatigue design using the effective notch stress approach 

are proposed based on the reanalysis of the data. An intrinsic limitation to almost 

all database analyses based on stresses and S-N curves is the failure criterion which 

is indeed difficult to identify from each study and could differ, increasing the 

scatter of results and run-outs and thus of statistical analyses. 
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5.2. Reanalysis of the multiaxial fatigue data using 

nominal stresses 

5.2.1. Statistical analysis 

The results of the statistical reanalysis of data in this section are presented 

in terms of S-N data plots and fatigue strength summary tables to allow for 

comparison between the various procedures and corresponding characteristic 

curves. Several procedures exist in the various codes and recommendations to 

calculate the characteristic curves, which generally rely on a log-normal 

distribution to calculate the probability of failure 𝑃𝑓 or survival 𝑃𝑠. Herein, statistical 

analyses are carried out in priority according to the updated IIW procedure and 

then to the more standard procedures of the IIW, of the EC3 and of the simplified 

ones available in the literature. These different procedures are given in Section 2.2.1 

and lead to fatigue strength values denominated as follows: 

- 𝑭𝑨𝑻𝑰𝑰𝑾,𝟏 → updated procedure from the IIW including tolerance limits 

- 𝐹𝐴𝑇𝐼𝐼𝑊,2 → standard procedure from the IIW, variance is known 

- 𝐹𝐴𝑇𝐸𝐶3,1 → standard procedure from the EC3, variance is unknown 

- 𝐹𝐴𝑇𝐸𝐶3,2 → standard procedure from the EC3, variance is known 

- 𝐹𝐴𝑇2𝜎 → mean minus two standard deviations 

- 𝐹𝐴𝑇90% → simple 90% probability of survival based on log-normal 

distribution  

where in addition the denomination FATa/m corresponds to fatigue strength 

category a at 2 million cycles, with fixed slope coefficient value equal to m. 

Recalls that depending on the statistical analysis procedure, data above the knee 

point (i.e. 5 or 10 million cycles) and run-outs are disregarded (see for example 

(Pedersen 2018)). 

Additional statistical values are used to assess the quality and accuracy of each 

procedure results. The first ones are the coefficient of variation (COV) of the data 

for each variable (𝐶𝑂𝑉𝑥 and 𝐶𝑂𝑉𝑦) and the combined variability (𝐶𝑂𝑉𝑧). They are 

expressed as the ratio of the standard deviation 𝜎 to the mean 𝜇 as expressed below, 

𝐶𝑂𝑉𝑥 = 𝐶𝑂𝑉𝑁𝑓
=

𝜎𝑁𝑓

𝜇𝑁𝑓

     ;      𝐶𝑂𝑉𝑦 = 𝐶𝑂𝑉∆𝜎 =
𝜎∆𝜎

𝜇∆𝜎
 

𝐶𝑂𝑉𝑧 = √∏(1 + 𝐶𝑂𝑉𝑖
2)

𝑚2
− 1

𝑛

𝑖=1

 

(119) 
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Another value that is often used is the scatter 𝑇𝜖 calculated on the variable stress (or 

strain) range or amplitude. It is defined in this thesis as, 

𝑇𝜖 = 1:
∆𝜖(𝑃𝑠 = 5%)

∆𝜖(𝑃𝑠 = 95%)
= 1:

𝜖𝑎(𝑃𝑠 = 5%)

𝜖𝑎(𝑃𝑠 = 95%)
 (120) 

Finally, the factor 𝑘 is also used as statistical indicator to evaluate the distribution 

of a whole data set and of the sample (Gaussian versus t-distribution, including 

tolerance limit effect or not depending on the procedure), see Section 2.2.1 for the 

equations corresponding to each of the procedures. Note that k value is 

independent of the slope coefficient, i.e. it does not differ between a free and fixed 

slope. The calculated effective slope 𝑚𝑒𝑓𝑓 is also given as a sake of information, in 

order to validate that data fit the fixed slope well enough. 

 

5.2.2. Uniaxial and multiaxial fatigue databases 

All the databases presented in this Section concern steel specimens in the 

as-welded or stress relieved condition with no other post-weld treatment and tested 

under constant amplitude loading 

 

Database of tests on TA specimens under uniaxial normal 

tensile stresses 

Fatigue tests results and database of TA with non-load carrying fillet 

welds under uniaxial normal stresses were presented by Baptista (Baptista 2016) 

(see Appendix A of (Baptista 2016) for additional details on the extensive literature 

data analysis carried out) and shared with the courtesy of the author. A reanalysis 

of the database is carried out according to the classification “toe-to-toe length” 𝑙 of 

the transversal attachments as in Table 8.5 of EC3 (EN 1993-1-9:2005 2005)(see 

Figure 5-1). A similar classification exists in the IIW but the differentiation between 

the FAT80/3 and FAT71/3 categories is based on the main plate to transverse plate 

thickness ratio; if the main plate is thinner than the transverse attachment, the detail 

category is downgraded to FAT71/3. This validation is important in order to 

compare the obtained TA test data (TA specimen length: 40 < 𝑙 < 50 𝑚𝑚) to the 

proper FAT category. 

Based on observations of several authors (Maddox 1987, Gurney 1991, Gurney et al. 

1995), size effects play a significant role on fatigue strength/life. Tests were carried 

on non-load carrying TA with plates thicknesses from 10 to 100 𝑚𝑚 but both the 

thickness of the main plate and the toe-to-toe length 𝑙 of the attachment proved to 
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have an influence on the fatigue life (Gurney 1991, Gurney et al. 1995). Maddox 

(Maddox 1987) carried similar tests but both in the as-welded and stress relieved 

conditions and pointed out the influence of the residual stresses in function of the 

plate thickness on the obtained results. The available database mainly includes tests 

on plate thickness lower than 25 𝑚𝑚 and thus, the related effects on fatigue life is 

not taken into account, as in the EC3 and the IIW.  

 

 

Figure 5-1. Extract of the Table 8.5 of the EC3 (EN 1993-1-9:2005 2005). Detail 

categories of non-load carrying transversal attachments 

 

Characteristic curves, and so FAT categories, are defined only based on tests carried 

under 𝑅𝜎 > 0 in order to be able to compare the multiaxial results on TA directly 

with the database limiting, if not suppressing, the influence of the stress ratio. The 

use of ratios 𝑅 ≥ 0 complies with standards recommendations in order to implicitly 

consider residual stresses effects. Out of 3100 test results in (Baptista 2016) database, 

985 were performed under 𝑅𝜎 > 0 and are used in this reanalysis. The procedure 

for the statistical analysis follows, as explained in the Section 2.2.1, the IIW 

recommendations. The standard classification proposed in the EC3, differentiating 

FAT detail categories based on the toe-to-toe length is used to evaluate data (see 

Figure 5-2 a)) and is in good agreement with the observed results. A clear difference 

is observed between TA specimens with 𝑙 ≤ 50 𝑚𝑚 and 50 < 𝑙 ≤ 80 𝑚𝑚 giving 

fatigue characteristic categories of FAT79/3 and FAT65/3 respectively (calculated 

effective slope 𝑚𝑒𝑓𝑓 = 2.1, 𝑘 = 1.69 and 𝑚𝑒𝑓𝑓 = 2.8, 𝑘 = 2.04 respectively). The first 

is in good agreement with the FAT80/3 of the EC3 and IIW while the latter give a 

lower fatigue strength than the FAT71/3 of both standards, largely influenced by 

the larger scatter that is well represented by the factor 𝑘. Figure 5-2 b) shows the 

database reanalysis including other categories based on 𝑙. Almost no difference is 

observed between groups with 𝑙 ≤ 30𝑚𝑚 and 30 < 𝑙 ≤ 50𝑚𝑚, with fatigue detail 
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categories of FAT80/3 and FAT77/3 respectively and mean curves of FAT148/3 and 

FAT131/3 respectively (𝑚𝑒𝑓𝑓 = 2.1, 𝑘 = 1.70 and 𝑚𝑒𝑓𝑓 = 2.4, 𝑘 = 1.74 respectively). 

The additional category 𝑙 > 80𝑚𝑚 shows a lower FAT45/3 category. Based on these 

results, multiaxial fatigue test data can be directly compared to the uniaxial 

database of specimens with toe-to-toe length 𝑙 ≤ 50𝑚𝑚 (see Figure 5-2). 

 

 

 

Figure 5-2. Reanalysis of the TA database from (Baptista 2016). Classification of the 

TA according to the toe-to-toe length 𝒍 

 

Database of tests on tubular specimens under uniaxial normal 

bending stresses 

A fatigue database of mostly tube-to-plate, but also tube-to-flange and 

tube-to-tube specimens under uniaxial normal stresses, generally induced by 

bending, was presented by (Pedersen 2016) and shared with the courtesy of the 
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author. The database has been extended by the author to include recent bending 

tests results on tubular specimens from (Bertini et al. 2014, Frendo and Bertini 2015). 

Only a few experimental investigations have been carried out on tubular specimens 

under bending and most of them were tested in parallel of multiaxial fatigue test 

campaigns. This research has been presented already in the Table 1-1. A reanalysis 

of the database is performed and compared to the classification in the EC3 (EN 

1993-1-9:2005 2005) Table 8.6 and IIW (Hobbacher 2016) Table 3.1 (Figure 5-3) for 

circular hollow sections welded to an intermediate plate.  

 

 

 

 

Figure 5-3 Extract of the Table 3.1 of the IIW (Hobbacher 2016). Detail categories of 

welded circular hollow sections 

 

Only one category (FAT50/3) is given in the EC3 while the IIW applies a 

differentiation between circular and square hollow sections, and between full 

penetration or fillet welds that lead crack to initiate from the weld toe or root. Detail 

category ranges between FAT56/3 and FAT36/3, circular hollow sections with fully 

penetrated welds being the highest and square hollow sections with fillet welds the 
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lowest. The IIW also gives two other categories for circular hollow sections with 

fillet or partially penetrated welds on plate, with potential failure from the weld 

root (FAT50/3) and from the weld toe (FAT71/3 for the as welded case). 

The first analysis has shown that, in terms of nominal stresses, lower fatigue 

strengths were observed on square hollow sections tests from (Bäckström 2003). 

Tests were carried at 𝑅 > 0 which might explain this observation, but no tests were 

carried at 𝑅 = −1 for comparison. Tests on boxed beams from (Archer 1987, Dahle 

et al. 1997) are also not considered. Multiaxial fatigue tests on the TP specimens 

being carried under two different stress ratios, i.e. 𝑅 = 0.1 and 𝑅 = −1, a database 

including both ratios is used in the statistical analysis. It is also important to note 

that most of the tests were carried on stress-relieved specimens, influencing a lot 

the obtained fatigue lives. Results are presented in Figure 5-4.  

 

 

Figure 5-4. Uniaxial test database obtained on tubular specimens tested under 

bending loads, extended collection data from (Pedersen 2016) 

 

The calculated fatigue characteristic curve is FAT73/3 (𝑚𝑒𝑓𝑓 = 2.9, 𝑘 = 1.91) and 

seems largely influenced by tests carried out at 𝑅 = −1 (FAT88/3 see Figure 5-5 a)). 

The large scatter of the 𝑅 > 0 data (standard deviation of 0.75, 𝑚𝑒𝑓𝑓 = 5.6 and 𝑘 =

2.59) leads to the relatively low FAT36/3 category, the IIW procedure giving 

conservative characteristic curve when a small number of data is involved with a 

large scatter, due to the tolerance limit approach (Schneider and Maddox 2006). 
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Even if the number of available data is relatively small, the effect of the stress-

relieved and as-welded condition was also analysed and are presented in Figure 

5-5 b). The stress relieved specimen test under 𝑅 = −1 gave a FAT88/3 category 

(𝑚𝑒𝑓𝑓 = 3.7, 𝑘 = 1.98). At 𝑅 > 0 the obtained category was FAT36/3 (𝑚𝑒𝑓𝑓 = 5.6, 

𝑘 = 2.58), showing the high scatter of the fatigue data under these conditions. For 

as-welded specimens a FAT67/3 category is obtained at 𝑅 = −1 (𝑚𝑒𝑓𝑓 = 1.7, 𝑘 =

2.45) and FAT57/3 for 𝑅 > 0 which is in good agreement with the IIW and EC3 

FAT56/3 and FAT50/3 that normally take into account the effect of the residual 

stresses by considering only data obtained under 𝑅 > 0. The statistical 𝑘 value is 

relatively high in this case due to the small number of available tests data under 

these conditions. 

 

 

Figure 5-5. Influence of the 𝑹 ratio. Uniaxial test database obtained on tubular 

specimens tested under bending loads, extended collection data from (Pedersen 

2016) 
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Database of tests under shear stresses 

As for the uniaxial test data, existing shear fatigue results were collected 

from the literature and presented previously by (Baptista 2016) and (Pedersen 

2016). Both databases are combined here and were shared with the courtesy of the 

respective authors. Relevant shear fatigue tests found in the literature were mainly 

carried on tube-to-plate specimens and only a few on welded plates. An applied 

stress ratio of generally 𝑅 = −1 was applied and only a few tests were done with 

𝑅 ≥ 0. No distinction was observed between both load ratios during the analysis. 

In addition, it is worth noting that most of the failures started from the weld root 

and, in this case also, no distinction was made between both situations due to a too 

limited number of available data of fatigue failure at the weld toe (under shear). 

Results are given in Figure 5-6 and shows that the calculated fatigue category is 

FAT99/5 (calculated slope 𝑚𝑒𝑓𝑓 = 3.4, 𝑘 = 1.95). Results are in good agreement 

with the FAT100/5 category of the EC3 and IIW but it is interesting to note that the 

calculated effective slope 𝑚𝑒𝑓𝑓 is closer to 𝑚 = 3. 

 

 

Figure 5-6. Uniaxial shear stress database results and analysis (mainly on tube-to-

plate specimens), collection data from (Baptista 2016) and (Pedersen 2016) 
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Database of tests under multiaxial stresses 

A multiaxial fatigue database of mostly tube-to-plate (TP), but also tube-

to-flange (TF ≅ TP) and tube-to-tube (TT) specimens under uniaxial normal 

stresses, generally induced by bending, was presented by (Pedersen 2016) and 

shared with the courtesy of the author. The database has been extended by the 

author to include recent multiaxial fatigue tests results on tubular specimens from 

(Bertini et al. 2014, Frendo and Bertini 2015). Only investigations in Table 1-1 could 

be found which complied with the limitations of this study, i.e. construction steel 

material, constant amplitude loading and a combination of external 

normal/bending and shear loading. As mentioned by (Pedersen 2016), most of the 

results from (Dahle et al. 1997) are excluded as cracks initiated in a longitudinal 

welds and thus are not representative of the multiaxial tests carried in this thesis; 

only specimens where crack occurred at the transverse butt weld are considered. 

Results presented in Figure 5-7 shows that the analysis of all multiaxial fatigue data 

gives a characteristic fatigue category FAT45/3 (𝑚𝑒𝑓𝑓 = 3.4, 𝑘 = 1.95).  

 

 

Figure 5-7. Multiaxial stress database results and analysis (mainly on tube-to-plate 

specimens), extended collection data from (Pedersen 2016) 
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Following the recommendations of design standards, an analysis of the data 

obtained on tests under 𝑅 > 0 is presented in Figure 5-8. The FAT44/3 is relatively 

low in comparison to the FAT71/3. This shows the important detrimental effect of 

multiaxial loading, i.e. the influence of the additional combined cyclic shear stress. 

A summary of the databases reanalysis is given in Table 5-1. One can notice that 

characteristic curves obtained under uniaxial normal stresses on TA and TP 

specimens are relatively close and are in good agreement with the FAT80/3 and 

FAT71/3 categories respectively, that are given in the EC3 and IIW. The same 

conclusion arises for the FAT99/5 category under pure shear that complies well 

with the FAT100/5 from the standards. 

 

 

Figure 5-8. Influence of the 𝑹 ratio. Multiaxial stress database results and analysis 

(mainly on tube-to-plate specimens), extended collection data from (Pedersen 2016) 

 

Table 5-1. Summary of the fatigue database statistical analysis results. Databases 

expressed in terms of nominal uniaxial stress ranges ∆𝝈 and ∆𝝉 

 𝑻𝑨∆𝝈 𝑻𝑷𝒃𝒆𝒏𝒅𝒊𝒏𝒈,∆𝝈
∗  𝑻𝑷𝒕𝒐𝒓𝒔𝒊𝒐𝒏,∆𝝉

∗  𝑻𝑷𝒎𝒖𝒍𝒕𝒊𝒂𝒙𝒊𝒂𝒍,∆𝝈
∗  

Number of data 2974 94+6RO 74+6RO 109+10RO 

Std dev 𝑆𝑡𝑑𝑣 0.46 0.46 0.55 0.53 

𝐶𝑂𝑉𝜎 0.08 0.09 0.07 0.10 
𝐶𝑂𝑉𝑁𝑓

 0.11 0.15 0.14 0.13 

𝐶𝑂𝑉 0.20 0.36 0.67 0.23 

𝑚 3 3 5 3 

𝑚𝑐𝑎𝑙𝑐 2.12 2.75 3.49 2.05 

𝑇𝑆 1:1.79 1:1.80 1:1.53 1:1.98 

Mean (𝐹𝐴𝑇) 144 142 162 96 

𝑘𝐼𝐼𝑊,1 1.69 1.92 1.96 1.90 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟏) 79 72 99 44 

*mostly TP but also includes TT and beam specimens 
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5.2.3. Reanalysis of the multiaxial fatigue data using nominal 

stresses 

This Section presents the analysis of test results from the experimental 

campaign in comparison/combination with the database presented earlier. TA 

specimens tested under multiaxial loads are first plotted against the uniaxial TA 

database. As expected, the induced shear as a detrimental influence on the total 

fatigue life when expressed in terms of nominal uniaxial normal stress ranges ∆𝜎. 

No clear distinction can be done between the S235JR and S690QL steels, as shown 

in Figure 5-9. Not enough data are available, but the resulting mean curves are 

almost the same (FAT78/3 for the S235JR and FAT77/3 for the S690QL).  

 

 

Figure 5-9. TA multiaxial fatigue tests data compared to the uniaxial tensile 

database on TA 

 

Non-proportionality seems to have a beneficial effect when considering the applied 

phase shift of 180°. One should note that, in this thesis, calculated stresses are time 

dependant and thus, the effective stress range diminishes considerably at the lower 

part of the specimen due to the secondary bending effect that induces tensile 

nominal stresses when the applied vertical load is at its maximum value, totally out 

of phase with the maximum tensile value obtained from the horizontal load. This 
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means that under the considered NP load case, the location where the uniaxial 

normal and shear stress ranges are maximum is at the middle height of the 

longitudinal plate, also at the weld toe, where additional normal stresses due to the 

bending effects are equal to zero. The non-proportional fatigue strength of 

specimens tested under CA with a phase shift of 180° is then closer to the uniaxial 

normal case. Various authors stated that non-proportional out-of-phase has a 

negative effect compared to proportional in-phase loading, e.g. Razmjoo (Razmjoo 

2000), Siljander et al. (Siljander et al. 1992), Frendo et al. (Frendo and Bertini 2015) 

and Sonsino (Sonsino 1995). The observed reduction of the fatigue endurance 

ranged from 2 to almost 10, depending on the endurance and on the adopted failure 

hypothesis. The most damaging out-of-phase situation has been shown to be a 90° 

angle shift between the normal and shear signals (Sonsino 1995). This parameter 

has an influence on the problem, and authors that concluded that there is no effect 

of phase shift, e.g. Dahle (Dahle et al. 1997) and Baptista (Baptista 2016) usually 

made tests with a 180° shift. The EESH approach from Sonsino (Sonsino 1995) takes 

into account the phase shift and considers that the 0° and 180° cases are similar 

while the 90° case has the most detrimental effect. This might be overconservative 

in the sense that results in this thesis show that under a phase shift of 180°, 

multiaxiality is less detrimental than under proportional (0°) loads (NP mean 

FAT116/3 vs proportional mean FAT78/3). 

The same approach is applied with multiaxial tests data on TP specimens, which 

are compared to the uniaxial pure bending tests database on tubular specimens (see 

Figure 5-10).  

 

 

Figure 5-10. TP multiaxial fatigue tests data compared to the uniaxial bending and 

tension database 
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Multiaxial results show here a surprisingly higher fatigue strength (FAT100/3) than 

pure bending data (FAT72/3). Measured residual stresses in compression might be 

a first reason that explains this, but another reason might be related to the employed 

fine grain HSS quenched and tempered. This behaviour might be due to the fact 

that the S690QL is less “ductile”, showing great improvement in the fatigue 

strength in case of smooth specimens and similar or even worst fatigue strength for 

sharp notched specimens.  

The comparison of the multiaxial tests against the shear tests database shows (see 

Figure 5-11) this time, as expected, the detrimental effect of the normal stresses on 

the shear strength of the TP specimens (multiaxial FAT75/5 vs pure shear FAT99/5). 

 

Figure 5-11. TP multiaxial fatigue tests data compared to the uniaxial shear database 

on hollow section specimens 

 

Both the TP and TA multiaxial fatigue data are then compared to the multiaxial 

fatigue database (see Figure 5-12 and Figure 5-13). The tests data on the TP S690QL 

specimens clearly show that the multiaxial fatigue strength is higher than the one 

of the multiaxial fatigue databases (FAT100/3 and FAT44/3 respectively) while TA 

tests results on S235JR and S690QL give closer results (FAT57/3 and FAT44/3 

respectively) and are in good agreement with the multiaxial fatigue database. 

Several parameters may play a role in the observed results. Firstly, S690QL is a fine-

grained steel whose ductility, if defined from elongation or necking, can be up to 3 

times lower than that of S235JR steel (see Table 5-2). Less ductile HSS have a higher 

fatigue strength but are also much more sensitive to imperfections, e.g. notches or 

welds, and may therefore have a lower strength in the case of sharp notches 

compared to a mild steel such as S235JR. TA specimens are, due to their 
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manufacturing process, made up of welds with a sharp angle and therefore a higher 

stress concentration at the weld toe. In addition, a part of the TA specimens had a 

weld terminating on the low edge of the main plate (see Figure 3-7), creating a notch 

in an area with already a higher stress concentration. In comparison, the TP 

specimens were fabricated with a softer weld angle and with no other geometric 

variation that could result in large stress gradients. The average SCF of both type 

of specimens being 𝑇𝐴 = 3.1 and 𝑇𝑃 = 2.5, an additional detrimental influence of 

the lower ductility could thus be expected.  Secondly, the process of welding the 

two specimens is different and also very different from the majority of the 

specimens in the database. Indeed, the number and order of the passes is not the 

same between the two types of specimens and the geometry being different, the 

resulting residual stresses can be totally opposite. Residual stresses measurements 

have shown the relatively high variability in the observed residual stresses profiles, 

but all measured residual stresses were in compression. Third, the ratio between 

shear and normal stresses 𝜆 = ∆𝜏/∆𝜎 is not the same between the various tests in 

the database. The greater the 𝜆 ratio, the greater the shear stress range and thus its 

detrimental influence on the fatigue strength when expressed in terms of normal 

stress ranges ∆𝜎. 

 

Table 5-2. Example of typical mechanical properties of the S690QL and S235 steels 

Steel Grade 𝝈𝒚 [𝑵 𝒎𝒎𝟐⁄ ] 𝝈𝒖 [𝑵 𝒎𝒎𝟐⁄ ] 𝑨 [%] 

S235 235-270 390-550 20-40 

S690QL 690-830 770-880 12-25 

 

 

Figure 5-12. TP multiaxial fatigue tests data compared to the multiaxial database 
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Figure 5-13. TA multiaxial fatigue tests data compared to the multiaxial database 

 

Finally, it turns out that too many parameters have an influence on fatigue strength 

and that it is almost impossible to characterize these separate/combined influences 

through experimental results expressed using a nominal approach. Indeed, this 

would require too many experiments to be carried out by varying the parameters 

one by one for each series of tests and would not even solve the problematic of 

combined influences. Results are then analysed (see Figure 5-14 and Table 5-3) 

without distinction to characterize the multiaxial fatigue strength of welded joints 

expressed as a function of nominal normal stress ranges. It appears that the 

additional multiaxial tests results increase a little the quality of the statistics and the 

final characteristic curve for multiaxial data is calculated as FAT46/3 (<< FAT71/3). 

 

 

Figure 5-14. Multiaxial fatigue tests data and multiaxial fatigue database 
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Table 5-3. Summary of the updated multiaxial fatigue database statistical analysis 

results. Database expressed in terms of nominal normal stress ranges ∆𝝈 

 𝑼𝒑𝒅𝒂𝒕𝒆𝒅 𝒎𝒖𝒍𝒕𝒊𝒂𝒙𝒊𝒂𝒍 𝒅𝒂𝒕𝒂𝒃𝒂𝒔𝒆 

Number of data 161+15RO 

Std dev 𝑆𝑡𝑑𝑣 0.54 

𝐶𝑂𝑉𝜎 0.10 
𝐶𝑂𝑉𝑁𝑓

 0.12 

𝐶𝑂𝑉 0.17 

𝑚 3 

𝑚𝑐𝑎𝑙𝑐 1.86 

𝑇𝑆 1:2.01 

Mean (𝐹𝐴𝑇) 99 

𝑘𝐼𝐼𝑊,1 1.85 

Characteristic (𝑭𝑨𝑻) 46 

𝑘𝐼𝐼𝑊,2 1.74 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 48 

𝑘𝐸𝐶3,1 1.66 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 50 

𝑘𝐸𝐶3,2 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 50 

𝑘2𝜎 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 43 

𝑘90% 1.29 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 58 

 

In case of multiaxial loading situations, the EC3 and IIW propose the use of 

interaction equations that are presented in Section 2.2.2. These equations were 

originally proposed for analysis using nominal stresses and they are used here to 

assess their efficiency to assess multiaxial fatigue strength. Both were derived in 

Section 2.2.2 to express values in terms of uniaxial nominal stress ranges. Both 

approaches yield similar results and it seems difficult to recommend one more than 

the other. This is confirmed by Figure 5-15 and the statistical analysis of the results 

summarized in Table 5-4. 

It then becomes clear that the results obtained are on the unsafe side if one refers to 

the FAT71/3 characteristic curve of the standards or FAT73/3 obtained previously 

in bending with which the IIW and EC3 equivalent stresses should be compared. 

However, the results are more consistent than when multiaxial fatigue test results 

are expressed using only the nominal uniaxial stress. This tends to support the fact 

that in order to correctly characterize the multiaxial fatigue strength, it is necessary 

that the shear term be taken into account in the definition of the stress range (or 

amplitude). 
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Figure 5-15. CA proportional multiaxial fatigue database and TA+TP tests expressed 

according to the a) IIW and b) EC3 equivalent stresses (from interaction equations)  

 

Table 5-4. Summary of the updated multiaxial fatigue database statistical analysis 

results using nominal stress ranges and IIW and EC3 interaction equations 

 𝑰𝑰𝑾𝒏𝒐𝒎𝒊𝒏𝒂𝒍 𝑬𝑪𝟑𝒏𝒐𝒎𝒊𝒏𝒂𝒍 

Number of data 161+15RO 

Std dev 𝑆𝑡𝑑𝑣 0.51 0.51 

𝐶𝑂𝑉𝜎 0.10 0.11 
𝐶𝑂𝑉𝑁𝑓

 0.12 0.12 

𝐶𝑂𝑉 0.20 0.13 

𝑚 3 

𝑚𝑐𝑎𝑙𝑐 2.02 1.91 

𝑇𝑆 1:1.91 1:1.91 

Mean (𝐹𝐴𝑇) 110 110 

𝑘𝐼𝐼𝑊,1 1.85 1.85 

Characteristic (𝑭𝑨𝑻) 54 54 

𝑘𝐼𝐼𝑊,2 1.74 1.74 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 56 56 

𝑘𝐸𝐶3,1 1.66 1.66 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 58 58 

𝑘𝐸𝐶3,2 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 58 58 

𝑘2𝜎 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 51 51 

𝑘90% 1.29 1.29 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 67 54 
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Thus, an attempt to use equivalent stresses and multiaxial criteria that consider the 

shear component in their equivalent stress definition calculated from nominal 

stresses is presented hereafter. The objective is to assess the ability of some of the 

criteria presented in Section 2.2 to characterise multiaxial fatigue strength in terms 

of nominal stresses. Their calculation is here simplified to the maximum, using 

nominal values without any consideration of the critical plane orientation for the 

critical plane multiaxial stress-based criteria. The von Mises equivalent stress and 

the Findley (Findley 1958) and Carpinteri-Spagnoli (CS) (Carpinteri and Spagnoli 

2001) criteria are used for this purpose. 

Consideration of the shear stress component using the above criteria significantly 

improves the estimation of fatigue strength using nominal stresses. The Findley 

criterion, which was originally developed as a local approach, is used here with a 

factor 𝑘 = 0.3 and gives the very good results (FAT69/3) with the lowest dispersion. 

The von Mises criterion gives the best results, even more on the safety side 

(FAT73/3), but with a larger dispersion of results. Finally, the CS criterion 

calculated using nominal stresses doesn’t give satisfactory results and is not 

recommended. All these results are presented in Figure 5-16 and Figure 5-17, and 

summarized in Table 5-5. 

 

 

Figure 5-16. CA proportional multiaxial fatigue database and TA+TP tests expressed 

according to a) von Mises and b) Findley criteria 
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Figure 5-17. CA proportional multiaxial fatigue database and TA+TP tests expressed 

according to Carpinteri-Spagnoli criterion 

 

Table 5-5. Summary of the updated multiaxial fatigue database statistical analysis 

results. Database expressed in terms of nominal normal stress ranges ∆𝝈 

 𝒗𝑴𝒏𝒐𝒎𝒊𝒏𝒂𝒍 𝑭𝒊𝒏𝒅𝒍𝒆𝒚𝒏𝒐𝒎𝒊𝒏𝒂𝒍 𝑪𝑺𝒏𝒐𝒎𝒊𝒏𝒂𝒍 

Number of data 161+15RO 

Std dev 𝑆𝑡𝑑𝑣 0.50 0.46 0.50 

𝐶𝑂𝑉𝜎 0.09 0.08 0.08 
𝐶𝑂𝑉𝑁𝑓

 0.12 0.12 0.12 

𝐶𝑂𝑉 0.21 0.24 0.26 

𝑚 3 

𝑚𝑐𝑎𝑙𝑐 2.00 2.28 2.35 

𝑇𝑆 1:1.91 1:1.81 1:1.89 

Mean (𝐹𝐴𝑇) 149 133 94 

𝑘𝐼𝐼𝑊,1 1.85 1.85 1.85 

Characteristic (𝑭𝑨𝑻) 73 69 46 

𝑘𝐼𝐼𝑊,2 1.74 1.74 1.74 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 76 72 48 

𝑘𝐸𝐶3,1 1.66 1.66 1.66 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 79 74 50 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 79 74 50 

𝑘2𝜎 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 69 66 44 

𝑘90% 1.29 1.29 1.29 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 91 85 57 
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5.3. Multiaxial fatigue analysis using local approach 

5.3.1. Effective notch stress approach 

The effective notch stress is one of the various notch stress approaches as 

explained by Radaj et al. (Radaj et al. 2006). The fatigue notch factor defining the 

effective stress concentration is determined with the help of a microstructural notch 

support hypothesis, meaning that the maximum notch stress is determined by an 

averaging over a material-characteristic small-length, area or volume at the notch 

(critical distance by Peterson (Peterson 1950), stress averaging by Neuber (Neuber 

1946, 1968, 2013),…). The effective notch stress method is a fictitious notch rounding 

approach based on Neuber’s notch concept (Neuber 1946, 1968, 2013), and extended 

by Radaj (see papers and publications in Radaj et al. (Radaj et al. 2006)). The 

fictitious notch radius is defined as 𝜌𝑓 = 𝜌 + 𝑠𝜌∗, where 𝜌 is the real notch radius, 

𝜌∗ a material constant and 𝑠 the multiaxiality coefficient. As defined by Radaj (Radaj 

1985) for low strength steel welded joints, 𝑠𝜌∗ ≅ 1 𝑚𝑚. Olivier et al. (Olivier et al. 

1989, 1994) thus confirmed the validity  of the notch stress approach according to 

Radaj, for several weld configurations, including the scatter due to different notch 

values and the effect of stress ratio. They also concluded that even if an higher 

strength steel offers a better local fatigue strength on smooth specimens, they are 

also more sensitive to notch sharpness, and they are usually associated with higher 

welding residual stresses so that the fatigue strength is not improved and 𝑠𝜌∗ ≅

1 𝑚𝑚 is still valid. In its application, even if the approach was proposed for any 

notch radius, one generally uses the theoretical worst case where 𝜌 = 0 𝑚𝑚 leading 

to the popular fictitious notch radius 𝜌𝑓 = 1 𝑚𝑚. 

Radaj (Radaj 1990) first proposed the introduction of an allowable effective local 

stress for welded joints, using the reference radius 𝜌𝑓 = 1 𝑚𝑚. He deduced a design 

fatigue strength of 240 𝑀𝑃𝑎 for 95% survival probability. This was changed later in 

the IIW recommendations (Hobbacher 2016) by using a 97.7% survival probability 

in order to account for the micro-structural imperfections, the residual stresses 

effects and stress ratio as high as 𝑅 =  0.5 leading to a design fatigue strength of 

225 𝑀𝑃𝑎. In bridge, crane and ship welded construction using construction steel up 

to S690, fatigue assessment consists then to compare the effective notch stress with 

the FAT225 resistance master curve (225 𝑀𝑃𝑎 at 2 million cycles and 𝑚 = 3, see 

Figure 5-17). The effective notch stress is by definition a principal stress because of 

the applied 2D-model in which the plane strain conditions were considered. 

In the IIW, the FAT225 S-N curve is limited by a criterion, which is the minimum 

fatigue notch factor that is 𝐾𝑤 ≥ 1.6, at the weld toe or root. When low fatigue lives 

(or high local stress ranges) are considered, the FAT225 S-N curve is limited by the 
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value FAT160 ∗ 𝐾𝑤 as shown in Figure 5-18. This limitation is obtained by 

transforming the FAT160 design curve of the base material into the local system 

using 𝐾𝑤 and the slope of the base material 𝑚 = 5.  

 

 

Figure 5-18. Master curve for the notch stress method (Hobbacher 2016) 

 

Recently, Sonsino (Sonsino 2009b) reanalysed the allowable stresses (FAT 

categories) for the fatigue design of welded joints according to the notch stress 

concept using the reference radii 𝜌𝑓 = 1 𝑚𝑚 for thick (𝑡 ≥ 5 𝑚𝑚) and 𝜌𝑓 = 0.05 𝑚𝑚 

for thin connections (𝑡 < 5 𝑚𝑚). He pointed out an important reasoning gap, that 

it is not clear for which strength hypothesis these S-N curves are valid. Local 

equivalent stresses can be calculated by the principal stress or von Mises 

hypotheses and the S-N curves are to be adapted respectively. The allowable 

stresses derived from normal as well as from shear stresses and are given in Table 

5-6. This shows that each multiaxial criterion in the next Section has a 

corresponding design SN-curve that needs to be assessed separately in order to 

estimate the multiaxial fatigue lives of welded joints. 

 

Table 5-6. FAT normal and shear stresses according to (Sonsino 2009b) for the ENS 

concept (radii 𝝆𝒇 = 𝟏. 𝟎𝒎𝒎 and 𝟎. 𝟎𝟓𝒎𝒎) and different strength hypotheses 

 𝜌𝑓 = 1.0𝑚𝑚 𝜌𝑓 = 0.05𝑚𝑚 

 Bending Shear Bending Shear 

PS 225 160 630 250 

von Mises 200 280 560 450 

m=5 

m=3 

m=22 
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Figure 5-19. Fatigue characteristic S-N curves for the effective notch stress approach 

(with 𝝆𝒇 = 𝟏. 𝟎 𝒎𝒎) in combination with the Principal Stress range or the von 

Mises equivalent stress range according to (Sonsino 2009b) 

 

5.3.2. Modelling of the specimens and notch stress analysis 

If, in general, most of the multiaxial fatigue situations can be simplified 

into a two-dimensional system, the studied geometries and their relative stress state 

intricacy at the location of interest implies to consider a three-dimensional system 

when looking at local approaches. Both the TP and TA specimens were analysed 

with the notch stress approach using numerical FE models developed in ABAQUS 

6.16 from Dassault®. Steel material is modelled as linear elastic, using an elastic 

modulus of 𝐸 = 205’000 𝑀𝑃𝑎. A 3D global model and 3D sub-model were created 

in order to refine the model and particularly the weld area. Indeed, any notch at the 

expected crack location, weld toe or root, is modelled by the fictitious reference 

radii 𝜌𝑓 = 1 𝑚𝑚 , as explained previously. This eliminates the discontinuity and 

allows a linear-elastic finite stress to be obtained. A minimum of 4 quadratic 

elements and 6 linear elements in the radius is advised (Fricke 2012, Hobbacher 

2016). This gives the local stress including both the macroscopic stress 

concentration due to the weld shape and the local one from the weld toe or root. 

Eventual misalignments are not modelled in this research due to the lack of 

information reported in the literature. This simplification may increase the results 

scatter but assuming execution tolerances limits cover for those misalignments, a 

reasonable assumption, then estimations can be considered on the safe side. 

The global model is built up using linear brick reduced-integration elements 

(C3D8R) with enhanced hourglass control as they perform well and require a low 

amount of resources. The sub-model uses second order C3D20R elements with 

reduced integration as they capture stress concentrations more effectively and are 
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better for modelling geometric features, e.g. fewer elements (4 minimum) are 

needed to model a curved surface as the weld toe. In addition, they generally give 

more accurate results than their corresponding fully integrated version. In addition, 

fully integrated elements do not hourglass but may suffer from both shear and 

volumetric locking. The most refined mesh is applied at the weld toe where 

maximum stress concentrations occurs. The sub-modelling technique is applied 

using both node-based displacements and surface-based stresses at boundaries. 

Node-based sub-modelling is the most common technique and uses a nodal results 

field, e.g. displacement or temperature degrees of freedom, to interpolate global 

model displacement results onto the sub-model nodes. Node-based sub-modelling 

is a more general technique than surface-based sub-modelling and large 

displacements and rotations are more accurately transmitted using this approach. 

The surface-based sub-modelling is an alternative technique that uses the stress 

field to interpolate global model stress results onto the sub-model integration nodes 

of the driven element surface facets. Surface-based sub-modelling is generally more 

adapted when the simulation is load-controlled, as done in this thesis, and when 

stiffness changes between the global model and the sub-model occur. Indeed, 

stiffness changes arise when changes in material properties or geometry are 

applied, e.g. the addition of the weld toe radius in this case. However, when 

surface-based sub-modelling is used on the whole sub-model and no other 

boundary condition is applied, then rigid body motion modes appear, leading to 

convergence difficulties or no convergence. This imposes to either create fictious 

boundaries, using springs with extremely low stiffness in order to avoid rigid body 

motion and to have as less as possible influence on the stress field or to use the 

surface-based technique combined to the node-based technique. Thus, the face that 

is the most representative to support the sub-model is node-based displacement 

controlled while the remaining surfaces are surface-based stress controlled, see 

Figure 5-20. 

 

                

Figure 5-20. Assessment of the most accurate sub-modelling technique. Example of 

selection of the face (in red) which is node(displacement)-based controlled. 

Remaining faces at the global model boundaries driving the sub-model are 

surface(stress)-based controlled 
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All configurations were tested and compared to detailed global models to assess 

the accuracy of both sub-modelling techniques. As a result, the differences obtained 

are of the order of 10% on average. The node-based approach is believed to be the 

most accurate method in our situation and the one that is the least sensitive to the 

global model mesh size. Changes in stiffness due to the inclusion of the 1 𝑚𝑚 radius 

at the weld toe is too small to influence the results obtained using the node-based 

approach. These conclusions corroborate those obtained by (Narvydas and 

Puodziuniene 2014). 

 

Transversal attachment specimens 

The FE global model of the TA specimens is shown in the following Figure 

5-21. The model was created with the bolts and holes to analyse the distribution of 

the stress field precisely. All fixations are clamped by prestressing the bolt. A 

friction coefficient of 0.5 is used. Longitudinal normal stresses (in the X direction of 

the coordinate system) are then mostly distributed by friction on the specimen’s 

surfaces while vertical loads are mostly applied by contact on the top of the vertical 

transverse attachment. The specimen is supported by a column on one side in the 

longitudinal direction and by roller-bearing supports vertically (contact in 

compression only). 

 

Figure 5-21. Global finite element model of the TA. Definition of the boundary 

conditions and constraints 

 

Due to the complexity of the TA test setup, the characterization of its behaviour in 

the numerical model is critical. An initial calibration of the model is needed. One 

important feature of the setup is that it is not purely symmetrical, implying that the 

FE model cannot be simplified, and flexible supports must be considered. The linear 
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roller bearings and the column are modelled with spring elements supporting the 

edges of the main horizontal plate (see Figure 5-22). Calibration of the spring 

elements in the FE model is made with the help of displacements measurements 

done with Linear Variable Differential Transformers (LVDTs) placed on the 

specimen during several quasi-static uniaxial and multiaxial loading situations. The 

behaviour of the spring elements proved to be relatively linear. The rigidity of the 

two supports, on the column for axial loads and on the roller bearing for vertical 

loads, must be considered. In a first step, rigidity is defined based on displacement 

measurements done directly on the setup under various static loading cases. Based 

on these measurements, the corresponding global vertical and horizontal rigidity 

are calculated, as can be seen in Figure 5-23. 

 

 

Figure 5-22. Lateral view of the TA specimen installed in the setup showing the 

reason of the non-symmetrical behaviour 

 

 

Figure 5-23. Example of a) linear roller bearings vertical stiffness and b) column 

horizontal stiffness measured with LVDTs 

0

40

80

120

160

0 0.2 0.4 0.6 0.8

F
o

rc
e 

[k
N

]

Displacement [mm]

b)
𝐾𝑐𝑜𝑙 = 225 𝑘𝑁/𝑚𝑚

a) 
𝐾𝑅𝐵 = 315 𝑘𝑁/𝑚𝑚 

hinges 
column 



5.3 Multiaxial fatigue analysis using local approach 

155 

 

The manufacturing of the TA specimens unfortunately included some errors 

during welding despite the instructions given to the manufacturer. Thus, the 

rounded geometry of the weld in the lower part of the specimen was neglected on 

some specimens and a straight vertical weld was made instead. For this specimen, 

this resulted in a significant increase in the stress concentration in the weld toe at 

the longitudinal plate corner, amplified by the secondary moment due to the 

vertical load and the eccentricity between the roller bearings. The local approach 

presented in this Section then makes it possible not to have to consider this effect, 

if a finite element model for each situation is created, including the fictious radius 

𝜌𝑓 = 1 𝑚𝑚. Two geometries are then considered for both the global and local 

models. These are shown in Figure 5-25. 

The TA setup is non-symmetrical and a bending effect due to the roller-bearing 

support spacing is acting under the vertical load. All of these led to elastic non-

linearities observed at the location of interest where cracks initiate.  

 

 

Figure 5-24. TA (rounded geometry) SCFs under a) horizontal and b) vertical cyclic 

loading. Effects of the elastic non-linearities and induced bending (𝝈𝒙 

perpendicular, 𝝉𝒙𝒚 parallel to the weld toe) 
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Thus, the stress concentration factor is not constant during a loading cycle, as 

shown in Figure 5-24. It obliges to model each of the seven load cases to determine 

the maximum and minimum stress tensors for a loading cycle for both the rounded 

and straight geometry models (see Figure 5-25). 

  

 

           

           

Figure 5-25. TA finite element global model and sub-models with a) rounded and b) 

straight weld geometries. Mesh refinement and stress concentration at the 𝟏 𝒎𝒎 

effective notch. 

 

R=1mm 

R=1mm 

a) 

b) 
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Tube-to-Plate specimens 

The FE global model of the TP specimens is shown in the following Figure 

5-26. The model was created with prestressed bolts and holes to analyse the 

distribution of the stress field precisely and assess the influence of the base-plate 

rigidity. Little deformations were observed in the base-plate due to its thickness 

and the specimen geometry. A slight reduction of the stress concentration is then 

observed on the effective notch (at the weld toe), around 5%.  

 

Figure 5-26. Global finite element model of the TP. Definition of the boundary 

conditions and constraints. 

 

The TP setup being rigid, force controlled and symmetrical (see Figure 5-27), there 

is no need to model here the flexibility of the supports as it has no influence on the 

determination of the elastic stresses. SCFs values remains almost constant during 

the loading cycle (see Figure 5-28) and SCF values are then given for the TP 

specimen in the Appendix C. 

 

 

Figure 5-27. Lateral and front views of the TP specimen installed in the setup 

hinge 
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Figure 5-28. TP SCFs under a) bending and b) torsion cyclic loading. Effects of the 

linear elastic non-linearities (𝝈𝒙 perpendicular, 𝝉𝒙𝒚 parallel to the weld toe) 

 

 

Figure 5-29. TP finite element global model and sub-model. Cross-section of the 

sub-model, including the 𝟏 𝒎𝒎 notch radius (at toes and root)  
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5.4. Reanalysis of the uniaxial and multiaxial fatigue data 

using local approaches 

The databases presented in this Section concerns steel specimens in the as 

welded or stress relieved condition with no other post-weld treatment and were 

tested under constant amplitude loading. 

 

5.4.1. Uniaxial and multiaxial fatigue data reanalysed according to 

the IIW-Schema using the principal stress and von Mises 

criteria 

According to the concept of the ENS, uniaxial or multiaxial loads generate 

a multiaxial stress state at the weld toe that must be then evaluated using an 

appropriate criterion that considers that multiaxiality. The IIW proposes the use of 

the FAT225/3 characteristic S-N curve in combination to the principal stress (PS) 

with a limitation on the angle of the principal stress perpendicular to the weld toe. 

The reason, as shown by (Seeger and Amstutz 1997, Sonsino 2009b), is that when 

PS are considered, the relative characteristic curve in shear is lower than under axial 

normal stress ranges (FAT225/3 vs FAT160/5 respectively) as shown in Table 5-6, 

leading to unsafe estimations. The other well-known criterion is von Mises and 

(Sonsino 2009b) analysed the definition of the local FAT design curves in function 

of this hypothesis. Based on experimental observation of the fatigue damage 

process and on material mechanics, the von Mises hypothesis is often admitted 

being more appropriate than the PS for ductile materials like steels or aluminium 

alloys with enough ductility (without any indication on the difference between 

ductile and brittle material), the PS being more suited for brittle materials (Sonsino 

1995, 1997, Sonsino et al. 2006). Both criteria are used to reanalyse the fatigue data 

using local approaches in their usual version (see Eq. (32)) but considering stress 

ranges (to avoid pulsating stresses when 𝑅 < 0) and in their modified version to 

take into account the mean stress component (see Eq. (34) and (36)). From the Eq. 

(1) and (6), the mean component is rewritten as, 

𝛥𝜎𝑣𝑀,𝑃𝑆,𝑚 = 2𝜎𝑣𝑀,𝑃𝑆,𝑚(𝑁𝑓)
−

1
𝑚 (121) 

A complete database of tests data under bending/tension, torsion and combined 

proportional and non-proportional was reanalysed using the effective notch 

approach by (Pedersen 2016) and provided for this thesis with courtesy of the 

author. Finite element analysis was carried by (Pedersen 2016) on all specimen 

geometries using a reference radius 𝜌𝑓 = 1 𝑚𝑚 and second order elements smaller 



Chapter 5 : Stress-based approaches to fatigue life estimation under multiaxial 

loads 

160 

 

than 0.25 𝑚𝑚 in the notch. Specimen geometries are shown in Figure 5-30. 

Unit nominal normal and shear stresses were applied to the models in order to 

obtain the respective notch normal and shear stress tensors (see (Pedersen 2016) 

Table A.4). The node subjected to the maximum principal stress under 

bending/tension load is chosen for the investigation as it exhibits a peak value on 

the geometry (red areas in Figure 5-30), whereas the shear stress is generally 

distributed equally along the section. The selected node is located at the surface 

within the weld toe radius. 

 

               

Figure 5-30. Fatigue test specimens of the FEA carried by Pedersen (same scale) to 

define the SCFs using the ENS with 𝝆𝒇 = 𝟏 𝒎𝒎, from (Pedersen 2016) 

 

The database is then extended to include results from (Bertini et al. 2014, Frendo 

and Bertini 2015) and (Baptista 2016). The finite element model for Baptista’s tests 

reanalysis is assumed to be the same as the one employed for the TA proposed in 

this thesis. Only the flexible boundary conditions were recalibrated, due to the fact 

that some changes were made on the setup increasing its stiffness since Baptista’s 

tests campaign was carried. Thus, no general SCF could be extracted for Baptista’s 

results due to the linear-elastic non-linearities as shown in Figure 5-24, and SCF are 

then computed for a complete loading cycle for each case.  For results from Bertini 

Bertini 

X(11) Y(22) 

Z(33) 
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& al., a linear elastic finite element model was created to calculate the stress 

concentration factors under pure bending and shear.  

All SCFs of specimens given in Figure 5-30 and specimens presented in this thesis, 

all calculated according to the ENS approach using 𝜌𝑓 = 1𝑚𝑚 are summarized and 

given in Appendix D.1. 

 

Database of tests under uniaxial normal stresses 

A first analysis is carried on the bending and torsion tests on the hollow 

Sections to evaluate the corresponding ENS FAT categories. Only tests in the as-

welded condition are considered, meaning that torsion tests on TT specimens from 

Sonsino (Sonsino 1995, 1997) are not considered in the shear curve analysis as the 

weld to is machined and grounded. Both the PS and von Mises (VM) criteria are 

considered, first without influence of the mean stress as proposed in the IIW and 

then considering the influence of the mean stress using the Eq. (34) and (36) (see 

Figure 5-31 and Figure 5-32). 

The analysis using the PS and VM equivalent stresses without and with the effect 

of mean stresses included shows that both are giving results at similar level of 

statistical accuracy, with a slight advantage for the Von Mises approach as shown 

in Table 5-7. However, the obtained FAT categories, i.e. FAT192/3 for the PS and 

FAT171/3 for the VM equivalent stress, are considerably lower than the proposed 

∆𝑃𝑆 = FAT225/3 and ∆𝑣𝑀 =FAT200 characteristic curves in the IIW (Hobbacher 

2016) and by Sonsino (Sonsino 2009b) and the original value of ∆𝑃𝑆 = FAT240 

proposed by Radaj (Radaj 1990). It is known that the updated procedure of the IIW 

to estimate characteristic curves often leads to safer results but if looking at the 

characteristic curves obtained using the EC3, values are still lower than the one 

given in the IIW and in the literature, i.e. FAT208/3 for the PS and FAT184/3 for the 

VM equivalent stress. The observed effect of the consideration of the mean stresses 

in the calculation of the PS and VM improves slightly the results and give safer 

estimates, but a too limited number of data with 𝑅 > 0 is available to draw general 

conclusions. The use of the ENS in combination with both criteria diminishes 

importantly the statistical standard deviation in comparison to the nominal stress 

approach (𝑆𝑡𝑑𝑣,𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 0.75 and 𝑆𝑡𝑑𝑣,𝐸𝑁𝑆+𝑃𝑆 = 0.45), showing already the better 

accuracy of the ENS local approach and the importance of accounting for more 

parameters driving the fatigue life in the analysis. 
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Figure 5-31. Bending tests expressed in terms of the PS using the ENS approach 

(with 𝝆𝒇 = 𝟏 𝒎𝒎). a) without and b) including mean stress effect 
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Figure 5-32. Bending tests expressed in terms of von Mises using the ENS approach 

(with 𝝆𝒇 = 𝟏 𝒎𝒎). a) without and b) including mean stress effect 

 

Table 5-7. Bending tests statistical analysis results using the PS and VM combined 

to the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) 

 Bending (normal stress ranges) 

 𝑷𝑺 𝑷𝑺+𝝈𝒎 𝑽𝑴 𝑽𝑴+𝝈𝒎 

Number of data 116+7RO 116+7RO 116+7RO 116+7RO 

Std dev 𝑆𝑡𝑑𝑣 0.45 0.44 0.43 0.41 

𝐶𝑂𝑉𝜎 0.08 0.08 0.08 0.08 
𝐶𝑂𝑉𝑁𝑓

 0.13 0.13 0.13 0.13 

𝐶𝑂𝑉 0.31 0.31 0.31 0.32 

𝑚 3 3 3 3 

𝑚𝑐𝑎𝑙𝑐 2.39 2.43 2.52 2.57 

𝑇𝑆 1:1.79 1:1.75 1:1.74 1:1.70 

Mean (𝐹𝐴𝑇) 370 376 318 323 

𝑘𝐼𝐼𝑊,1 1.89 1.89 1.89 1.89 

Characteristic (𝑭𝑨𝑻) 192 199 171 177 

𝑘𝐼𝐼𝑊,2 1.75 1.75 1.75 1.75 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 202 209 178 185 

𝑘𝐸𝐶3,1 1.67 1.67 1.67 1.67 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 208 215 184 191 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 209 216 184 191 

𝑘2𝜎 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 185 192 164 171 

𝑘90% 1.29 1.29 1.29 1.29 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 237 244 208 215 
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Database of tests under shear stresses 

Results in Figure 5-33 and Table 5-8 show that under shear stresses, the 

estimated FAT categories for both the PS and VM is lower than the ones proposed 

by Sonsino (Sonsino 2009b) when using the updated version of the IIW statistical 

analysis, i.e. FAT150/5 < FAT160/5 for the PS and FAT259/5 < FAT280/5 for the VM 

equivalent stress. However, values calculated using the EC3 procedure give values 

corresponding to the ones given by (Sonsino 2009b), i.e. FAT159/5 for the PS and 

FAT276/5 for the VM equivalent stress. The influence of the mean stress according 

to the assumed consideration is rather low but again, a too limited number of data 

with shear stress ratios 𝑅 > 0 is available and no general conclusion can be done.  

 

 

Figure 5-33. Shear tests expressed in terms of the a) PS and b) VM criteria using the 

ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) without mean stress effect. Fixed slope 𝒎 = 𝟓 
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Table 5-8. Shear tests statistical analysis results using the PS and VM combined to 

the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎). Fixed slope 𝒎 = 𝟓 

 Torsion (shear stress ranges) 

 𝑷𝑺 𝑷𝑺+𝝈𝒎 𝑽𝑴 𝑽𝑴+𝝈𝒎 

Number of data 81+8RO 81+8RO 81+8RO 81+8RO 

Std dev 𝑆𝑡𝑑𝑣 0.50 0.49 0.50 0.49 

𝐶𝑂𝑉𝜎 0.07 0.07 0.06 0.06 
𝐶𝑂𝑉𝑁𝑓

 0.12 0.12 0.12 0.12 

𝐶𝑂𝑉 0.52 0.47 0.51 0.51 

𝑚 5 5 5 5 

𝑚𝑐𝑎𝑙𝑐 3.05 3.06 3.06 3.07 

𝑇𝑆 1:1.47 1:1.47 1:1.47 1:1.46 

Mean (𝐹𝐴𝑇) 234 236 404 408 

𝑘𝐼𝐼𝑊,1 1.94 1.94 1.94 1.94 

Characteristic (𝑭𝑨𝑻) 150 152 259 263 

𝑘𝐼𝐼𝑊,2 1.77 1.77 1.77 1.77 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 156 158 269 273 

𝑘𝐸𝐶3,1 1.67 1.67 1.67 1.67 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 159 161 276 279 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 160 162 277 280 

𝑘2𝜎 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 148 150 256 259 

𝑘90% 1.29 1.29 1.29 1.29 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 174 176 301 305 

 

It is interesting to note that the linear regression calculated slope equals 𝑚𝑐𝑎𝑙𝑐 = 3.1 

for both criteria. The question arises then on the validity of the fixed slope 𝑚 = 5 

for shear tests when using the effective notch stress combined to equivalent stress 

criteria. Thus, the analysis is carried out again for a fixed slope 𝑚 = 3 and results 

are shown in Figure 5-34 and Table 5-9. As expected, the resulting standard 

deviation is much smaller, i.e. before 𝑆𝑡𝑑𝑣,𝑚=5 ≅ 0.50 compared to 𝑆𝑡𝑑𝑣,𝑚=3 = 0.36 

now. In spite of that, the most interesting result is that the characteristic FAT value 

obtained using the PS is drastically diminishing, i.e. FAT109/3 (or FAT117/3 

according to EC3) showing that the use of the ENS approach in combination to the 

PS is highly sensitive to the applied shear stress and that under multiaxial loading 

and state of stress at the weld toe, the consideration of the FAT225/3 characteristic 

curve combined to the PS might lead to highly overestimated fatigue lives and thus, 

unsafe design. On the contrary, the use of the ENS in combination of the von Mises 

equivalent stress results in similar characteristic curves in both types of loading 

situations, i.e. under uniaxial tension/bending and torsion CA proportional 

loading. Effectively, considering a slope 𝑚 = 3 in shear, the characteristic curves 

obtained using the ENS combined to the von Mises equivalent stress are FAT188/3 

(FAT203/3 using EC3) which is not too far from the FAT171/3 (FAT184/3 using EC3) 

curve calculated under normal bending stresses. 
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Figure 5-34. Shear tests expressed in terms of the a) PS and b) VM criteria using the 

ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) without mean stress effect. Fixed slope 𝒎 = 𝟑. 
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Table 5-9. Shear tests statistical analysis results using the PS and VM combined to 

the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎). Fixed slope 𝒎 = 𝟑 

 Torsion (shear stress ranges) 𝒎 = 𝟑 

 𝑷𝑺 𝑷𝑺+𝝈𝒎 𝑽𝑴 𝑽𝑴+𝝈𝒎 

Number of data 81+8RO 81+8RO 81+8RO 81+8RO 

Std dev 𝑆𝑡𝑑𝑣 0.36 0.35 0.36 0.35 

𝐶𝑂𝑉𝜎 0.07 0.07 0.06 0.06 
𝐶𝑂𝑉𝑁𝑓

 0.12 0.12 0.12 0.12 

𝐶𝑂𝑉 0.28 0.28 0.30 0.30 

𝑚 3 3 3 3 

𝑚𝑐𝑎𝑙𝑐 3.05 3.06 3.06 3.07 

𝑇𝑆 1:1.59 1:1.58 1:1.59 1:1.58 

Mean (𝐹𝐴𝑇) 186 187 321 324 

𝑘𝐼𝐼𝑊,1 1.94 1.94 1.94 1.94 

Characteristic (𝑭𝑨𝑻) 109 111 188 191 

𝑘𝐼𝐼𝑊,2 1.77 1.77 1.77 1.77 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 114 116 197 200 

𝑘𝐸𝐶3,1 1.67 1.67 1.67 1.67 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 117 119 203 206 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 118 120 204 207 

𝑘2𝜎 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 107 109 185 188 

𝑘90% 1.29 1.29 1.29 1.29 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 130 132 225 228 

 

 

Data and database of tests under proportional and non-

proportional CA multiaxial stresses 

The TA and TP tests data are plotted in combination of the multiaxial 

proportional fatigue database and shown in Figure 5-35. The uniaxial database of 

transversal attachments was not reanalysed, but the results presented in this 

Section still covers TA attachments data that were tested under multiaxial loads 

from the database and from tests carried out during this thesis. Again, the influence 

of the mean stress is rather low, even if almost half of the specimens were tested at 

ratios 𝑅 > 0 (see Table 5-10). The slope is fixed at 𝑚 = 3 and the calculated slope is 

smaller for both the PS and VM criteria (𝑚 ≅ 2.23 and 𝑚 ≅ 2.44 respectively). As 

expected, the scatter is wider than for the uniaxial cases, one reason being the 

estimation of the equivalent local stress that is more sensitive to the finite element 

modelling hypothesis including tests setup particularities. Another reason being 

that the fatigue strength is also highly dependent on parameters, such as the 

residual stresses, the real weld geometries, the material properties,  that are not 

taken into account in the stress-based approaches and that influences differently 

the fatigue strength according to the applied loading (e.g. the residual stresses are 
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not equal in each directions, and various changes in the degree of multiaxiality also 

changes the conditions of the local load stress tensor, and thus the orientation of the 

critical plane, but the residual stresses tensor remains in the same orientation). For 

both the PS and VM criterion, FAT values are around FAT155/3 (FAT167/3 using 

EC3), which is far from the ∆𝑃𝑆 = FAT225 and ∆𝑣𝑀 =FAT200 given in the IIW and 

proposed by Sonsino (Sonsino 2009b).  

 

  

Figure 5-35. Multiaxial CA proportional (P) tests expressed in terms of the a) PS and 

b) VM criteria using the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) without mean stress effect 
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does not affect stresses in the other direction. In other words, the out-of-phase angle 

and non-proportionality is not taken into account by any mean in order to assess 

the ability of the simplest ENS approaches using the PS and VM to characterize 

multiaxial non-proportional fatigue data. Results are surprising in regard to the 

lower fatigue strength that non-proportionality is expected to generate according 

to conclusions from the literature and nominal stress approaches. Indeed, the 

estimated FAT categories for both criteria give the same results than the 

proportional case with an even lower scatter band for a fixed slope 𝑚 = 3, as shown 

in Figure 5-35 and Table 5-10.  

 

 

 

Figure 5-36. Multiaxial CA non-proportional (NP) tests expressed in terms of the a) 

PS and b) VM criteria using the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) without mean 

stress effect 
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Table 5-10. Multiaxial CA proportional (P) tests statistical analysis results using the 

PS and VM combined to the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) 

 Combined P (multiaxial stress ranges) 

 𝑷𝑺 𝑷𝑺+𝝈𝒎 𝑽𝑴 𝑽𝑴+𝝈𝒎 

Number of data 168+16RO 168+16RO 168+16RO 168+16RO 

Std dev 𝑆𝑡𝑑𝑣 0.50 0.49 0.47 0.46 

𝐶𝑂𝑉𝜎 0.08 0.08 0.08 0.07 
𝐶𝑂𝑉𝑁𝑓

 0.12 0.12 0.12 0.12 

𝐶𝑂𝑉 0.25 0.25 0.27 0.27 

𝑚 3 3 3 3 

𝑚𝑐𝑎𝑙𝑐 2.04 2.07 2.22 2.27 

𝑇𝑆 1:1.90 1:1.87 1:1.83 1:1.81 

Mean (𝐹𝐴𝑇) 316 321 305 310 

𝑘𝐼𝐼𝑊,1 1.85 1.85 1.85 1.85 

Characteristic (𝑭𝑨𝑻) 155 160 156 161 

𝑘𝐼𝐼𝑊,2 1.73 1.73 1.73 1.73 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 162 167 162 167 

𝑘𝐸𝐶3,1 1.66 1.66 1.66 1.66 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 167 172 167 172 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 168 173 167 172 

𝑘2𝜎 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 147 151 147 152 

𝑘90% 1.29 1.29 1.29 1.29 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 193 198 191 196 

 

Table 5-11. Multiaxial CA non-proportional (NP) tests statistical analysis results 

using the PS and VM combined to the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) 

 Combined NP (multiaxial stress ranges) 

 𝑷𝑺 𝑷𝑺+𝝈𝒎 𝑽𝑴 𝑽𝑴+𝝈𝒎 

Number of data 87+4RO 87+4RO 87+4RO 87+4RO 

Std dev 𝑆𝑡𝑑𝑣 0.40 0.39 0.37 0.37 

𝐶𝑂𝑉𝜎 0.08 0.08 0.07 0.07 
𝐶𝑂𝑉𝑁𝑓

 0.15 0.15 0.15 0.15 

𝐶𝑂𝑉 0.40 0.40 0.41 0.41 

𝑚 3 3 3 3 

𝑚𝑐𝑎𝑙𝑐 3.41 3.41 3.79 3.80 

𝑇𝑆 1:1.67 1:1.66 1:1.62 1:1.61 

Mean (𝐹𝐴𝑇) 292 296 282 286 

𝑘𝐼𝐼𝑊,1 1.93 1.93 1.93 1.93 

Characteristic (𝑭𝑨𝑻) 162 165 162 166 

𝑘𝐼𝐼𝑊,2 1.77 1.77 1.77 1.77 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 170 174 170 173 

𝑘𝐸𝐶3,1 1.67 1.67 1.67 1.67 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 175 179 175 178 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 176 180 175 179 

𝑘2𝜎 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 159 162 159 163 

𝑘90% 1.29 1.29 1.29 1.29 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 197 201 195 199 
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To conclude this Section, it appears that the Von Mises criterion is remarkably 

consistent in representing fatigue data of steel welded joints under all CA loading 

situations. The VM criterion, also known as the maximum distortion criterion, 

considers that yielding of a ductile material starts when the second invariant of 

deviatoric stress, 𝐽2, reaches a critical value. By admitting that the calculated energy 

also drives the fatigue damage process (for ductile and semi-ductile materials), 

implicitly taking into account the shear components unlike the PS, could explain 

the reason why VM improves considerably the quality of the predictions under any 

loading scenario, showing less dispersion and thus leading to safer results in all 

cases (and for steels S235JR and S690QL). This statement is confirmed in Figure 5-37 

and Table 5-12, showing that the VM criterion is the most appropriate in any 

loading situation and should be used in combination to a unique ENS design curve, 

e.g. FAT160/3 if on the safe side or FAT175/3 – FAT180/3 if considering the results 

obtained using the standard EC3 procedure for statistical analysis of test results. 

These values appear to be relatively low in comparison to what one might expect 

based on the literature, but it is the first time, to the authors knowledge, that such 

multiaxial database is reanalysed using several criteria and various approaches for 

the statistical analysis to determine characteristic values. It is thus important to note 

that it is not because the determined FAT category is lower than the expected and 

proposed FAT200/3, that it is more conservative as conservatism is different than 

safe prediction. The objective here is to propose an easy to apply, accurate and safe 

criterion and relative characteristic curve based on a reanalysis of an extended 

uniaxial and multiaxial P and NP database. The observed difference is similar to 

the one of the PS criterion, showing that previous estimations of characteristic 

curves, often based on uniaxial test only, are overestimated. 
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Figure 5-37. Uniaxial and multiaxial CA P+NP tests expressed in terms of the a) PS 

and b) VM criteria using the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) 

 

Table 5-12. Uniaxial and multiaxial tests statistical analysis results using the PS and 

VM combined to the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) 

 All data (Bending + Torsion + Combined P&NP) 

 𝑷𝑺 𝑷𝑺+𝝈𝒎 𝑽𝑴 𝑽𝑴+𝝈𝒎 

Number of data 452+35RO 452+35RO 452+35RO 452+35RO 

Std dev 𝑆𝑡𝑑𝑣 0.54 0.53 0.43 0.42 

𝐶𝑂𝑉𝜎 0.09 0.09 0.07 0.07 
𝐶𝑂𝑉𝑁𝑓

 0.13 0.13 0.13 0.13 

𝐶𝑂𝑉 0.28 0.28 0.32 0.32 

𝑚 3 3 3 3 

𝑚𝑐𝑎𝑙𝑐 2.04 2.06 2.68 2.73 

𝑇𝑆 1:1.98 1:1.96 1:1.72 1:1.70 

Mean (𝐹𝐴𝑇) 295 299 306 311 

𝑘𝐼𝐼𝑊,1 1.77 1.77 1.77 1.77 

Characteristic (𝑭𝑨𝑻) 142 146 172 177 

𝑘𝐼𝐼𝑊,2 1.70 1.70 1.70 1.70 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 146 150 175 180 

𝑘𝐸𝐶3,1 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 149 153 178 183 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 150 153 178 183 

𝑘2𝜎 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 129 132 159 164 

𝑘90% 1.28 1.28 1.28 1.28 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 174 177 201 206 
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5.4.2. Data and database of tests under uniaxial and multiaxial 

stresses reanalysed using the EC3 and IIW interaction 

equations 

The interaction equations proposed by the IIW and EC3 are used here to 

characterise the test results as shown in Figure 5-38 and Table 5-13. The 

characteristic curves proposed by the IIW (Hobbacher 2016) and Sonsino (Sonsino 

2009b) FAT225/3 and FAT160/5 are used first. The results show that both 

approaches lead to unsafe estimates, with IIW and EC3 giving characteristic curves 

FAT155/3 and FAT161/3 much lower than the FAT225/3 curve. The IIW method 

gives a lower estimate of fatigue strength but a slightly smaller dispersion of results 

(𝑇𝑠 = 1: 1.78 vs 1: 1.86 for the EC3). This slight improvement might come from the 

fact that in the IIW, the damage sum 𝐷 is different for proportional and non-

proportional load-cases, i.e. 𝐷 = 1.0 and 𝐷 = 0.5 respectively. 
 

 

Figure 5-38. Uniaxial and multiaxial CA P+NP tests expressed in terms of the a) IIW 

and b) EC3 equivalent stresses (from interaction equations) using the ENS approach 

(with 𝝆𝒇 = 𝟏 𝒎𝒎) 
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However, the conclusions of the previous Section showed that the uniaxial normal 

and shear characteristic curves, calculated using the principal stresses, are equal to 

FAT192/3 and FAT150/5 respectively. These values are then used to recalculate the 

equivalent stresses of the two interaction equations. Obtained results (see Table 

5-13) are not more conclusive, as the calculated fatigue categories of IIW and EC3 

are equal to FAT138/3 and FAT160/3, respectively. These values are to be compared 

to the previously calculated FAT191/3 curve. 

The use of the interaction equations in combination with the ENS approach 

therefore does not seem convincing and the fatigue life estimation assessments in 

the following Section will confirm this conclusion. 

 

Table 5-13. Multiaxial tests statistical analysis results using the IIW and EC3 

combined to the ENS approach (with 𝝆𝒇 = 𝟏𝒎𝒎) 

 All data (Bending + Torsion + Combined P&NP) 

 
𝑰𝑰𝑾 

(𝟐𝟐𝟓 𝟏𝟔𝟎⁄ ) 
𝑬𝑪𝟑 

(𝟐𝟐𝟓 𝟏𝟔𝟎⁄ ) 
𝑰𝑰𝑾 

(𝟏𝟗𝟐 𝟏𝟓𝟎⁄ ) 
𝑬𝑪𝟑 

(𝟏𝟗𝟐 𝟏𝟓𝟎⁄ ) 

Number of data 452+35RO 452+35RO 452+35RO 452+35RO 

Std dev 𝑆𝑡𝑑𝑣 0.44 0.48 0.47 0.47 

𝐶𝑂𝑉𝜎 0.08 0.09 0.08 0.09 
𝐶𝑂𝑉𝑁𝑓

 0.13 0.13 0.13 0.13 

𝐶𝑂𝑉 0.30 0.26 0.29 0.26 

𝑚 3 3 3 3 

𝑚𝑐𝑎𝑙𝑐 2.54 2.15 2.38 2.16 

𝑇𝑆 1:1.74 1:1.83 1:1.81 1:1.83 

Mean (𝐹𝐴𝑇) 280 307 261 304 

𝑘𝐼𝐼𝑊,1 1.77 1.77 1.77 1.77 

Characteristic (𝑭𝑨𝑻) 155 161 138 160 

𝑘𝐼𝐼𝑊,2 1.70 1.70 1.70 1.70 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 158 165 142 164 

𝑘𝐸𝐶3,1 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 161 168 144 167 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 161 168 144 167 

𝑘2𝜎 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 143 148 127 147 

𝑘90% 1.28 1.28 1.28 1.28 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 182 192 165 191 
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5.4.3. Data and database of tests reanalysed using multiaxial stress-

based criteria 

Most of the multiaxial stress-based criterion use a parameter that is 

function of a ratio between the shear and normal fatigue limits. In the finite life 

regime, and when considering a second slope 𝑚 = 22, this ratio must then be 

expressed in terms of finite strength. The Eq. (49) allows for this transformation and 

is here reformulated in the Eurocode and IIW standard form using FAT values for 

simplification. It follows, 

𝑆𝑎𝑓,𝑅−1
′ = 𝑆𝑎𝑓,𝑅−1 (

𝑁𝑓

𝑁𝑙𝑖𝑚
)
𝑏

= 𝐹𝐴𝑇𝑆 (
𝑁𝑓

𝑁𝐹𝐴𝑇
)
−

1
𝑚

 (122) 

The FAT225/3 and FAT160/5 values from the IIW and Sonsino (Sonsino 2009b) are 

used to calculate the criteria at finite life. Each criterion has been formulated in 

terms of uniaxial normal and shear stress ranges or amplitude in the Section 2.2 and 

both were used. Only the results expressed in terms of uniaxial normal stress ranges 

are presented here to simplify comparisons with other approaches. In addition, 

each criterion was calculated using fixed parameters or parameters calculated using 

finite fatigue strength as expressed in the Eq. (122). The objective is to assess the 

importance of these parameters on the characterisation of the fatigue strength for 

each criterion.  

As a first step, the results obtained using the Findley and modified CS criteria are 

presented together (Figure 5-39 and Table 5-14) as both are defined on the MDPP.  

Results obtained for these two criteria were calculated first using finite life 

considerations. The main coefficients of each parameter (e.g. 𝑘 for Findley) are 

calculated iteratively to solve the non-linear equations that characterize these two 

criteria, as shown in Section 2.2.3. In the infinite life region, these coefficients have 

a constant value which is calculated here using the considered fatigue categories, 

i.e. FAT225/3 and FAT160/5, for CS (𝑘 = 1.4) and set as 𝑘 = 0.3 for Findley. 

Comparison between obtained results are given in Table 5-14. The modified CS 

criterion clearly gives the best results when calculated using the finite life approach 

while the original formulation of the criterion gives more scattered results. The CS 

criterion is the only proposed multi-axial criterion that is based on a Gough-Pollard 

interaction equation. It is also, together with the McDiarmid criterion, the only 

criteria that consider the ultimate strength 𝜎𝑢 of the steel under test, even if it comes 

originally from the Goodman linear interaction to account for mean stress effect. 

Findley's criterion gives very good results, but non-proportional cases are less well 

represented compared to CS, which takes them fully into account. 
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Figure 5-39. Uniaxial and multiaxial CA tests expressed in terms of a) Findley b) CS 

and c) modified CS criteria using the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎). Best results 

obtained using fatigue strength at finite life to calculate the criterion parameters 
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Table 5-14. Multiaxial tests statistical analysis results using Findley and modified 

CS criteria combined to the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) 

 All data (Bending + Torsion + Combined P&NP) 

 
𝑭𝒊𝒏𝒅𝒍𝒆𝒚 

(𝒇𝒊𝒏. 𝒍𝒊𝒇𝒆) 
𝑭𝒊𝒏𝒅𝒍𝒆𝒚 

(𝒊𝒏𝒇. 𝒍𝒊𝒇𝒆) 
𝑪𝑺 

(𝒇𝒊𝒏. 𝒍𝒊𝒇𝒆) 
𝑪𝑺 

(𝒊𝒏𝒇. 𝒍𝒊𝒇𝒆) 
𝒎𝒐𝒅𝑪𝑺 

(𝒇𝒊𝒏. 𝒍𝒊𝒇𝒆) 
𝒎𝒐𝒅𝑪𝑺 

(𝒊𝒏𝒇. 𝒍𝒊𝒇𝒆) 

Number of data 452+35RO 452+35RO 452+35RO 452+35RO 452+35RO 452+35RO 

Std dev 𝑆𝑡𝑑𝑣 0.50 0.50 0.55 0.49 0.43 0.52 

𝐶𝑂𝑉𝜎 0.07 0.08 0.09 0.07 0.09 0.09 
𝐶𝑂𝑉𝑁𝑓

 0.13 0.13 0.13 0.13 0.13 0.13 

𝐶𝑂𝑉 0.32 0.31 0.26 0.32 0.27 0.29 

𝑚 3 3 3 3 3 3 

𝑚𝑐𝑎𝑙𝑐 2.40 2.21 1.88 2.48 2.23 2.09 

𝑇𝑆 1:1.89 1:1.90 1:2.02 1:1.85 1:1.73 1:1.94 

Mean (𝐹𝐴𝑇) 389 527 507 438 436 387 

𝑘𝐼𝐼𝑊,1 1.77 1.77 1.77 1.77 1.77 1.77 

Characteristic (𝑭𝑨𝑻) 198 266 240 227 244 191 

𝑘𝐼𝐼𝑊,2 1.70 1.70 1.70 1.70 1.70 1.70 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 203 273 247 233 249 196 

𝑘𝐸𝐶3,1 1.65 1.65 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 207 278 252 237 253 200 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 207 279 252 237 254 200 

𝑘2𝜎 2.00 2.00 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 181 243 217 208 226 173 

𝑘90% 1.28 1.28 1.28 1.28 1.28 1.28 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 238 321 294 272 286 231 

 

The latest version of the original CS criterion presented by (Carpinteri et al. 2009) 

being developed to take into account calculation at finite or infinite life, this 

consideration is expected to give the best results, which is the case for the proposed 

modified CS criterion (MDPP, FAT244/3, 𝑆𝑡𝑑𝑣 = 0.43 and 𝑇𝑆 = 1: 1.73), as 

mentioned previously, but not for the original version (MSSP, FAT240/3, 𝑆𝑡𝑑𝑣 =

0.55 and 𝑇𝑆 = 1: 2.02), showing an important dispersion of the data. 

The Findley’s criterion, on the contrary, does not show substantial differences 

between calculations using finite or infinite life approaches apart of the FAT 

category (FAT198/3 and FAT266/3 respectively). The scatter being similar, the 

original version of the criterion calculated using the infinite life approach is thus 

recommended for two reasons; it is much more easy to calculate as 𝑘 (Findley’s 

factor, not statistical factor) is fixed as 𝑘 = 0.3 instead of being calculated in an 

iterative process and the FAT266/3 category is much higher, making it more 

suitable to use with the FAT225/3 of the IIW as long as no update is proposed. 

The results obtained with the Dang Van, McDiarmid and Matake criteria are then 

presented together in Figure 5-40 and Table 5-15 as they are all defined on the 

MSSP. On contrary to the two previous criteria, here the best results are obtained 



Chapter 5 : Stress-based approaches to fatigue life estimation under multiaxial 

loads 

178 

 

when the main coefficients of these criteria (e.g. 𝑘 for McDiarmid) are calculated in 

the infinite life regime. Thus, these coefficients have a fixed value of 0.83, 0.83 and 

0.56 respectively. The dispersion of the results is greater for these three criteria and 

the best values are obtained for the Dang Van and Matake criteria. In fact, both have 

very similar formulation, with only the determination of the factor 𝑘 being 

different. The formulation is also similar to Findley’s criterion but here only the 

shear stress amplitude is maximized (MSSP) whereas Findley’s criterion is 

maximized in its entirety (MDPP). 

One can finally notice on all figures representing results using each criterion that 

TP specimens show higher fatigue lives than the TAs. The S690QL high strength 

steel being less ductile than usual S235 or S355 mild steels, it is also more sensitive 

to notches and the difference in the observed SCFs between both geometries (SCF: 

TA=3.1 and TP=2.5) might explain the observed difference. Residual stresses might 

also be a reason that can explain this difference. 
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Figure 5-40. Uniaxial and multiaxial CA P+NP tests expressed in terms of the a) 

Dang Van, b) McDiarmid and c) Matake criteria using the ENS approach (with 𝝆𝒇 =

𝟏 𝒎𝒎). Best results are obtained using fatigue strength values at infinite life to 

calculate the criterion parameters 

 

Table 5-15. Multiaxial tests statistical analysis results using Dang Van, McDiarmid 

and Matake criteria combined to the ENS approach (with 𝝆𝒇 = 𝟏 𝒎𝒎) 

 All data (Bending + Torsion + Combined P&NP) 

 
𝑫𝑽 

(𝒇𝒊𝒏. 𝒍𝒊𝒇𝒆) 
𝑫𝑽 

(𝒊𝒏𝒇. 𝒍𝒊𝒇𝒆) 
𝑴𝒄𝑫 

(𝒇𝒊𝒏. 𝒍𝒊𝒇𝒆) 
𝑴𝒄𝑫 

(𝒊𝒏𝒇. 𝒍𝒊𝒇𝒆) 
𝑴𝒂𝒕𝒂𝒌𝒆 

(𝒇𝒊𝒏. 𝒍𝒊𝒇𝒆) 
𝑴𝒂𝒕𝒂𝒌𝒆 

(𝒊𝒏𝒇. 𝒍𝒊𝒇𝒆) 

Number of data 452+35RO 452+35RO 452+35RO 452+35RO 452+35RO 452+35RO 

Std dev 𝑆𝑡𝑑𝑣 0.66 0.58 0.86 0.62 0.64 0.55 

𝐶𝑂𝑉𝜎 0.09 0.08 0.14 0.10 0.09 0.08 
𝐶𝑂𝑉𝑁𝑓

 0.13 0.13 0.13 0.13 0.13 0.13 

𝐶𝑂𝑉 0.26 0.30 - 0.23 0.26 0.31 

𝑚 3 3 3 3 3 3 

𝑚𝑐𝑎𝑙𝑐 1.62 1.95 1.26 1.70 1.67 2.13 

𝑇𝑆 1:2.30 1:2.10 1:2.97 1:2.20 1:2.25 1:2.02 

Mean (𝐹𝐴𝑇) 421 419 498 412 411 398 

𝑘𝐼𝐼𝑊,1 1.77 1.77 1.77 1.77 1.77 1.77 

Characteristic (𝑭𝑨𝑻) 173 190 156 178 173 188 

𝑘𝐼𝐼𝑊,2 1.70 1.70 1.70 1.70 1.70 1.70 

Characteristic (𝑭𝑨𝑻𝑰𝑰𝑾,𝟐) 179 195 163 184 179 194 

𝑘𝐸𝐶3,1 1.65 1.65 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏) 184 200 169 188 183 198 

𝑘𝐸𝐶3,2 1.65 1.65 1.65 1.65 1.65 1.65 

Characteristic (𝑭𝑨𝑻𝑬𝑪𝟑,𝟐) 184 200 169 189 183 198 

𝑘2𝜎 2.00 2.00 2.00 2.00 2.00 2.00 

Characteristic (𝑭𝑨𝑻𝟐𝝈) 154 171 134 159 154 171 

𝑘90% 1.28 1.28 1.28 1.28 1.28 1.28 

Characteristic (𝑭𝑨𝑻𝟗𝟎%) 221 236 215 224 219 231 
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5.5. Fatigue life estimation 

In the following Section, the nine multiaxial fatigue criteria, equivalent 

stress and interaction equations are used to estimate the fatigue life of the of the TP 

and TA specimens as well as those from the collected database. The equivalent 

uniaxial stress ranges were calculated and are used to estimate the fatigue life using 

the FAT225/3 and FAT160/5 fatigue curves and the results are then presented as 

estimated fatigue life vs. experimental fatigue life. Three examples are given in 

Figure 5-41, Figure 5-42 and Figure 5-43. Other results are given in Appendix D.2. 

In order to assess the ability of each criterion to estimate the fatigue life, the 

probability of non-conservative prediction, is calculated with the help of a 

prediciton ratio 𝑝𝑟 as employed by Bruun & Härkegard (Bruun and Härkegård 

2015) and Pedersen (Pedersen 2016). Estimated fatigue lives are first normalized 

with respect to the experimentally observed fatigue lives, giving the life ratio 𝑝𝑟.  It 

is expressed as, 

𝑝𝑟 =
∆𝑆𝑒𝑞,𝑁,𝑖

∆𝑆𝑅,𝑁
 (123) 

where ∆𝑆𝑒𝑞,𝑁,𝑖 is the equivalent strength at a specific number of cycles for each test 

𝑖 and ∆𝑆𝑅,𝑁 is the design shear or normal fatigue strength at the same number of 

cycles. If 𝑝𝑟 < 1, it implies that the fatigue life estimation is unsafe while in the case 

𝑝𝑟 > 1 the prediction is safe. This ratio is considered as a random variable, and thus 

can be analysed using statistical distributions. Examples of distributions of 

prediction ratios of the different criteria are shown in Figure 5-41, Figure 5-42 and 

Figure 5-43. Sets of prediction ratios are characterized by their arithmetic mean and 

standard deviation. A Weibull distribution, which appears to be the most suited, is 

then fitted to life ratios distribution for each situation by calculating the scale 𝛼 and 

shape 𝛽 parameters of the distribution. The Weibull distribution is then used to 

compute the probability of non-conservative prediction 𝑃𝑁𝐶, i.e. the probability that 

tests results have prediction ratios 𝑝𝑟 < 1.0. 

The resulting probabilities of non-conservative prediction 𝑃𝑁𝐶 for each situations 

and criteria are summarized in Table 5-16. 
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Table 5-16. Probability of non-conservative prediction 𝑷𝑵𝑪 for all types of load 

cases evaluated using the FAT225/3 and FAT160/5 characteristic curves  

(FAT200/3 for von Mises) 

Criterion 
Bending 

(normal) 

Torsion 

(shear) 

Multiaxial 

(P) 

Multiaxial 

(NP) 
All 

PS 12.4% 9.18% 22.7% 21.3% 26.9% 

Von Mises 12.7% 10.0% 17.8% 14.7% 14.9% 

IIW 15.3% 36.2% 28.5% 29.3% 26.8% 

EC3 15.9% 9.76% 27.6% 27.0% 23.2% 

Findley(inf.l.) 5.20% 8.15% 8.66% 9.27% 9.03% 

CS(inf.l.) 5.17% 15.0% 9.25% 9.57% 9.95% 

modCS(fin.l.) 3.61% 9.35% 5.87% 6.00% 7.53% 

DV(inf.l.) 7.92% 30.9% 12.4% 13.5% 15.7% 

McD(inf.l.) 6.94% 30.9% 15.7% 13.5% 16.9% 

Mtk(inf.l.) 9.78% 30.8% 12.7% 14.2% 16.3% 

 

In the case of uniaxial normal and shear load cases, both the maximum principal 

stress and von Mises give results in the range of 12 to 13% but the principal stress 

gives overall slightly better results. However, when multiaxial loads are involved, 

the von Mises criterion leads to much better results using the FAT200/3 curve than 

the principal stress combined to the FAT225/3 and FAT160/5 characteristic curves 

that gives really unsafe predictions. In addition, only one curve is required under 

all loading situations for the Von Mises criterion while an additional curve for shear 

cases is needed when using the PS criterion. Effectively, the use of the PS combined 

to the unique IIW FAT225/3 curve, while being already not safe for the pure 

bending/tension case (~FAT200/3), should absolutely be avoided when shear 

stresses are involved giving totally unsafe prediction under torsion, i.e. 𝑃𝑁𝐶 =

69.75%, and 𝑃𝑁𝐶 of more than 20% under multiaxial loading situations.  Then, 

probability of non-conservative predictions of the two interaction equations 

proposed in the IIW and EC3 are assessed. The predictions are very similar and are 

the worst among all the tested criteria for all situations. Surprisingly, even under 

NP loads, the IIW interaction equation, considering a damage limit 𝐷𝑀𝐴 = 0.5, 

behaves not better than the one of the EC3. The combination of the modified CS’s 

equivalent stress with the effective notch stress method is the safest with a 𝑃𝑁𝐶 of 

7.53% considering all cases, the worst estimation being for the torsion cases with 

9.35%. Findley’s criterion also gives relatively safe results, being very consistent in 

all the considered situations, i.e. all are comprised between 5 to 10%. The last three 

criteria, i.e. Dang Van, McDiarmid and Matake, gives very similar results. For these 

three criteria, the torsion scenario gives the most unsafe prediction with 𝑃𝑁𝐶 = 31%, 

but one as to recall that they are originally expressed in terms of shear stress ranges, 
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for ductile metals, and are here derived to be expressed in function of normal stress 

ranges. It is also important to note that these three criteria are defined on the MSSP 

while the Findley criterion and the modified CS criterion are maximized as a 

damage parameter on the MDPP. The ability of these two criteria to be maximized 

on any critical plane orientation seems to give much better and safer results. The 

original form of the CS criterion was also tested as a sake of comparison and the 

analysis gave good predictions, similar to Findley, unless for the torsion case, due 

to the fact that the considered critical plane is oriented according to the principal 

stress.  

Consistency of the results obtained using each criterion is representative of their 

ability to safely predict fatigue life when combined to the ENS approach under any 

loading situation. For this reason, it is already possible to state that the von Mises 

equivalent stress is a very suited all-round and easy to apply criterion, as it doesn’t 

require to search for a critical plane (as most of the energy-based criteria) and is 

integrated in all FE software as the PS. 

 

 

Figure 5-41. Uniaxial and multiaxial CA P&NP fatigue life estimation using the 

ENS approach combined to the PS 
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Another important point to note is that, regardless of the criterion used, the fatigue 

life of TA specimens made of S235 and S690 steel is in the average of the results 

from the database while the fatigue life of TP specimens is much higher, and 

therefore on the safety side as seen in Figure 5-41, Figure 5-42 and Figure 5-43. 

The same analysis is carried out but the criteria and fatigue life are this time 

evaluated from the proposed FAT192/3 and FAT150/5 fatigue curves. For the von 

Mises criterion only, the estimation is carried using the proposed FAT160/3 unique 

curve. Graphs of the estimated fatigue life vs. experimental fatigue life are given in 

Appendix C. The updated probabilities of non-conservative prediction, 𝑃𝑁𝐶, for 

each situations and criteria are summarized in Table 5-17. 

 

 

Figure 5-42. Uniaxial and multiaxial CA P&NP fatigue life estimation using the 

ENS approach combined to Findley’s multiaxial fatigue stress-based criterion 
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Figure 5-43. Uniaxial and multiaxial CA P&NP fatigue life estimation using the 

ENS approach combined to the modified CS’s multiaxial criterion 

 

 

Table 5-17. Probability of non-conservative prediction 𝑷𝑵𝑪 for all types of load 

cases evaluated using the updated characteristic curves FAT192/3 and FAT150/5 

(FAT160/3 for von Mises) 

Criterion 
Bending 

(normal) 

Torsion 

(shear) 

Multiaxial 

(P) 

Multiaxial 

(NP) 
All 

PS 7.89% 6.81% 15.8% 13.0% 19.2% 

Von Mises 6.49% 4.57% 10.2% 6.73% 7.84% 

IIW 9.51% 22.4% 18.8% 18.2% 17.7% 

EC3 9.93% 5.92% 19.1% 15.6% 15.9% 

Findley(inf.l.) 3.42% 4.93% 6.22% 6.77% 6.42% 

CS(inf.l.) 3.22% 9.22% 6.27% 6.24% 6.67% 

modCS(fin.l.) 2.12% 4.52% 3.59% 3.40% 4.70% 

DV(inf.l.) 5.43% 19.7% 8.87% 9.64% 11.5% 

McD(inf.l.) 4.73% 19.7% 11.7% 9.44% 12.6% 

Mtk(inf.l.) 6.66% 19.7% 9.13% 10.1% 11.8% 
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As expected, the general tendency shows a great improvement in using the 

proposed modified values of the characteristic curves. As a simple and easy to 

apply equivalent stress calculation, von Mises gives excellent results that confirms 

the observations made previously. Probabilities 𝑃𝑁𝐶 are very consistent for all 

loading cases, remaining lower than 10%. The results obtained with the PS, even if 

improvements are observed, are not satisfactory for the multiaxial cases. The use of 

the PS combined to the IIW FAT225/3 curve or the updated FAT192/3, while being 

already not safe for the bending/tension case, should absolutely be avoided when 

shear stresses are involved. The two interaction equations proposed in the IIW and 

EC3 still give very similar results and are the worst among all the tested criteria for 

all situations. The combination of the modified CS’s equivalent stress with the 

effective notch stress method is the safest with a maximum 𝑃𝑁𝐶 of 5.35% for the 

torsion case, and 4.78% for all situations combined. These values comply very well 

with the 5% probability of failure given by the standardized method of 

characteristic S-N curves assessment from the IIW or EC3. Findley’s criterion also 

gives relatively safe results, being very consistent in all the considered situations. 

Obtained results are very similar to the ones of the von Mises equivalent stress. The 

last three criteria, Dang Van, McDiarmid and Matake, gives very similar results that 

are not consistent over all loading situations. The torsion scenario still gives the 

most unsafe prediction.  

Finally, the probability of non-conservative prediction, 𝑃𝑁𝐶, for all types of load 

cases is evaluated using the corresponding characteristic curves determined using 

the IIW updated procedure (𝐹𝐴𝑇𝐼𝐼𝑊,1) and the EC3 procedure (𝐹𝐴𝑇𝐸𝐶3,1≅𝐸𝐶3,2) for all 

data combined together (see Table 5-18 and Table 5-19). The IIW and EC3 criterion 

given in this thesis are reformulations of the original equations (see Section 2.2.2), 

and are dependent on the PS shear FAT characteristic values. Thus, they cannot be 

expressed and compared here in a coherent manner.  

Calculated probabilities of all data using each criterion give almost constant values, 

i.e. they range from around 9.5 to 13% (mean 10.50%, standard deviation 1.01%) for 

the IIW procedure and 10.5 to 14% (mean 11.65%, standard deviation 1.06%) for the 

EC3. The observed variation comes from the fact that data are not equally 

distributed using each criterion and that characteristic curves are estimated based 

on the normal or 𝑡-distributions while the probabilities of non-conservative 

prediction are calculated based on a Weibull distribution. Here again, the ability 

and accuracy of each criterion to determine fatigue life of welded joints is 

characterized by low variations between predictions under all loading situations. 

Thus, conclusions are similar to the one obtained previously; von Mises is an 

accurate and easy to apply criterion, the modified CS criterion  is a really safe and 



Chapter 5 : Stress-based approaches to fatigue life estimation under multiaxial 

loads 

186 

 

accurate criterion when combined to the FAT244/3 curve unless under pure 

torsion/shear where prediction is a bit high (𝑃𝑁𝐶 = 13.4%). One can see here that 

the simple original formulation of Findley’s criterion (using Findley’s factor 𝑘 =

0.3) gives the most constant results under any loading case, combined to its relative 

FAT198/3 curve. 

 

Table 5-18. Probability of non-conservative prediction 𝑷𝑵𝑪 for all types of load 

cases evaluated using the corresponding characteristic curves determined using the 

IIW updated procedure (𝑭𝑨𝑻𝑰𝑰𝑾,𝟏) for all data 

Criterion 
characteristic 

FAT curve 

Bending 

(normal) 

Torsion 

(shear) 

Multiaxial 

(P) 

Multiaxial 

(NP) 
All 

PS FAT142/3 3.29% 20.1% 7.74% 4.84% 9.76% 

Von Mises FAT172/3 8.03% 5.87% 12.2% 8.67% 9.63% 

Findley(inf.l.) FAT266/3 8.07% 13.0% 12.2% 12.9% 12.9% 

CS(inf.l.) FAT227/3 5.30% 12.8% 9.45% 9.80% 10.2% 

modCS(fin.l.) FAT244/3 4.73% 13.4% 7.51% 7.98% 9.54% 

DV(inf.l.) FAT190/3 5.28% 17.0% 8.64% 9.39% 11.2% 

McD(inf.l.) FAT178/3 3.94% 13.9% 10.2% 7.96% 11.0% 

Mtk(inf.l.) FAT188/3 6.35% 16.8% 8.76% 9.65% 11.4% 

    mean �̅� 10.6% 

    std dev 𝑺𝒕𝒅𝒗 1.07% 

 

Table 5-19. Probability of non-conservative prediction 𝑷𝑵𝑪 for all types of load 

cases evaluated using the corresponding characteristic curves determined using the 

EC3 procedure (𝑭𝑨𝑻𝑬𝑪𝟑,𝟏≅𝑬𝑪𝟑,𝟐) for all data 

Criterion 
characteristic 

FAT curve 

Bending 

(normal) 

Torsion 

(shear) 

Multiaxial 

(P) 

Multiaxial 

(NP) 
All 

PS FAT149/3 3.76% 23.3% 8.65% 5.64% 10.9% 

Von Mises FAT178/3 8.97% 6.67% 13.4% 9.87% 10.7% 

Findley(inf.l.) FAT278/3 9.02% 14.9% 13.3% 14.0% 14.1% 

CS(inf.l.) FAT237/3 6.03% 14.8% 10.5% 11.0% 11.3% 

modCS(fin.l.) FAT253/3 5.35% 15.7% 8.40% 9.08% 10.6% 

DV(inf.l.) FAT200/3 5.99% 20.2% 9.67% 10.5% 12.5% 

McD(inf.l.) FAT188/3 4.49% 16.6% 11.3% 9.00% 12.1% 

Mtk(inf.l.) FAT198/3 7.18% 19.7% 9.77% 10.8% 12.6% 

    mean �̅� 11.8% 

    std dev 𝑺𝒕𝒅𝒗 1.13% 
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By defining a maximum probability of non-conservative prediction, 𝑃𝑁𝐶,𝑚𝑎𝑥, equal 

to the mean plus two standard deviations, i.e. 𝑃𝑁𝐶,𝑚𝑎𝑥,𝐼𝐼𝑊,1 = 10.6% + 2 ∗ 1.07% =

12.8% and 𝑃𝑁𝐶,𝑚𝑎𝑥,𝐸𝐶3 = 11.65% + 2 ∗ 1.06% = 14.1%, it is possible to fix an upper 

limit to all loading situations, that can be used to update the calculated unique 

characteristic categories for each criterion so that each probability of non-

conservative prediction of each loading situation satisfies this limit (unless for the 

PS were it is necessary to have a second curve for the torsion/shear situation, being 

the reason why this criterion is not recommended). Updated values are presented 

in Table 5-20. As expected, the most accurate and consistent criteria show only 

slight changes of characteristic FAT values while criteria that are the less consistent 

show more important changes in order to satisfy safety under each loading 

situation. 

 

Table 5-20. Summary of the updated effective notch stress (ENS with 𝝆𝒇 = 𝟏 𝒎𝒎) 

fatigue characteristic curves according to each criterion based on the reanalysis of 

an extended uniaxial (normal and shear) and multiaxial (P and NP) fatigue database 

on steel welded joints 

Criterion 𝑭𝑨𝑻𝑰𝑰𝑾,𝟏 𝑭𝑨𝑻𝑬𝑪𝟑,𝟏≅𝑬𝑪𝟑,𝟐 

PS 175/3 + 172/5 182/3 + 176/5 

Von Mises 172/3 (0%) 177/3 (0%) 

Findley (inf.l.) 265/3 (~0%) 273/3 (~0%) 

CS (inf.l.) 227/3 (0%) 233/3 (0%) 

modCS (fin.l.) 241/3 (-1%) 246/3 (-1%) 

DV (inf.l.) 174/3 (-8%) 179/3 (-8%) 

McD (inf.l.) 174/3 (-2%) 179/3 (-3%) 

Mtk (inf.l.) 173/3 (-8%) 178/3 (-8%) 

% values indicate the difference between the calculated FAT 

categories assessed from all data combined and the updated 

FAT values that satisfies all situations of loading separately 

 

 

5.6. Conclusions 

This chapter presented several analyses of the multiaxial fatigue tests data 

obtained during the experimental campaign combined to a fatigue test results 

database on welded joints subjected to multiaxial loading. This database was 

obtained from an extended re-analysis carried by (Pedersen 2016) (database 

obtained with the courtesy of the Prof. M. Pedersen) of data from several authors 
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found in the literature. The database under consideration includes 487 tests carried 

out mainly on tubular steel specimens with butt-weld or transverse-attachment 

welds (our tests). The specimens are in the as welded or stress-relieved condition 

but, as shown by (Yung and Lawrence 2013), stress relieving may be detrimental 

due to the compressive residual stresses state at the critical location in the weld toe 

in some specimens, as also shown by our measurements (see Chapter 4). For this 

reason, residual stresses effect is implicitly taken into account as RS are not 

modelled in this Chapter. Weld quality, e.g. material transformation phase at the 

weld toe or flaws, and weld geometries are also important parameters that are not 

taken into account using the ENS approach combined to the proposed criteria. 

Unfortunately, these parameters were generally not recorded and thus it is 

impossible to evaluate their influence on the fatigue data. To conclude with the 

nominal stress-based approach: 

- The use of nominal uniaxial normal stress range ∆𝜎 to characterize the 

multiaxial data is not appropriate (FAT46/3 << FAT71/3) and leads to highly 

scattered results as too many parameters are involved and cannot be taken into 

account by any mean. In addition, the acting shear stresses are also not taken 

into account by this approach. An important difference is observed between 

the TA and TP specimen results that cannot identified in this way. 

- The interaction equations proposed in the IIW and EC3 to take into account 

the influence of the cyclic shear stress does not give satisfactory results with 

too scattered data (FAT54/3 << FAT71/3). 

- A significant improvement can be achieved by using the von Mises equivalent 

stress or the Findley criterion (with Findley’s factor 𝑘 = 0.3) using only the 

nominal normal and shear stress components in a simple 2D approach, with 

no consideration of the critical plane. The obtained characteristic curves are 

FAT73/3 and FAT69/3 respectively, which comply reasonably well with the 

FAT71/3 category from the IIW and EC3. 

   

Detailed linear-elastic finite element models were then created to apply the local 

effective notch stress (ENS) approach in combination of 9 different criteria, 

equivalent stress or interaction equations. The fatigue tests data and database were 

reanalysed first using the usual PS and von Mises criteria according to the IIW-

Scheme to see if the proposed approach is adapted to multiaxial fatigue. Then, the 

IIW and EC3 interaction equations were used for the same purpose. Finally, 

multiaxial fatigue criteria were employed. The ENS combined with the above 

criteria was then used to estimate the fatigue life of the tested specimens and the 

specimens from the database. The probability of non-conservative prediction 𝑃𝑁𝐶 is 
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estimated for each of the criteria to judge their accuracy in estimating fatigue life 

under any type of loading. To conclude with the local stress-based approach: 

- The ENS approach has shown its ability to regroup different load cases in a 

single scatter band when used with an appropriate equivalent stress quantity. 

- Reanalyses of the 123 bending/tension and 89 torsion/shear tests have shown 

that the IIW and Sonsino’s (Sonsino 2009b) proposed characteristic curves 

FAT225/3 and FAT160/5 are non-conservative for all types of loading. The 

FAT192/3 and FAT150/5 characteristic curves are thus proposed. 

- Based on the reanalysis, the use of the ENS combined with the PS should be 

avoided, even considering the updated FAT categories. Obtained results are 

not consistent and, as soon as shear stresses are involved, the FAT192/3 (or 

FAT150/5) tends to diminish drastically down to FAT109/3, leading to poor 

prediction of fatigue lives. 

- The IIW and EC3 interaction equations are not recommended. Neither the use 

of the FAT225/3 and FAT160/5, nor the updated values gave satisfactory 

results. Fatigue life estimations using either approach gave the highest 

probability of non-conservative prediction. 

- The use of the von Mises equivalent stress (calculated from stress ranges or 

amplitudes as given in the Section 2.2) is advised instead of the PS. A unique 

characteristic curve FAT172/3 (or FAT178/3 according to the EC3 procedure 

for statistical analysis of test results) is proposed for all types of loading 

situations and leads to safe CA uniaxial and multiaxial P and NP fatigue life 

estimations. 

- The best characterisation of the uniaxial normal, shear and multiaxial P and 

NP load cases were obtained using the modified Carpinteri-Spagnoli criterion. 

It showed the smallest scatter band and the safest fatigue life estimations when 

evaluated either with the FAT225/3 or FAT192/3 curves.  

- Findley’s criterion also proved to be well suited when evaluated either with 

the FAT225/3 or FAT192/3 curves and thus it tends to prove that criteria that 

are maximized on the MDPP give the most consistent values for both the 

uniaxial and multiaxial cases. 

- Dang-Van, McDiarmid and Matake’s criteria gave good results under 

multiaxial state of stress but are less accurate in the assessment of the uniaxial 

cases, mostly in torsion. These criteria are defined on the MSSP instead, which 

is the main difference with the modified CS and Findley’s criteria. 

The use of a high strength steel, S690QL, even if results are scarce, may show an 

improvement in the total fatigue life under multiaxial loading. However, it should 

be kept in mind that multiple parameters may have influenced this observation. 
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Firstly, compressive residual stresses were measured on some TP and TA 

specimens but variations were observed. Secondly, the S690QL is a quenched and 

tempered steel with fine grain that shows a lower ductility than usual mild steels. 

”Semi-ductile” materials as S690QL have been shown to have higher fatigue lives 

on smooth specimens but to be more sensitive to notches. Thus, differences in notch 

intensity might explain the observed difference between the TP and TA specimens, 

as the TA ones have sharper notches due to their geometry and fabrication process. 
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Chapter 6 Strain-based approach to fatigue 

crack initiation and short crack 

propagation under multiaxial loads 

 

 

6.1. Abstract 

The extension of the continuum strain-based approach to multiaxial 

fatigue and 3D models is presented. This recently developed approach (Remes 

2008, Remes et al. 2012) has proven its potential to assess the whole damage process 

of fatigue for complex uniaxial loading cases of welded joints modelled in 2D. The 

first stage of physical crack initiation will be presented by means of numerical and 

experimental investigations using different parameters, related to the geometry, the 

loading and the material to validate the approach. In this thesis only the first step 

to initiate a crack is presented and compared to experimental data. First stages of 

short crack propagation were modelled on simplified FE models to give an insight 

on the behaviour of the strain-based approach. The framework of the continuum 

strain-based approach was however developed and is summarized in this chapter.  

The solution proposed herein to estimate the fatigue effective stress in the damage 

process zone is based on a proposed area method. The equivalent fatigue effective 

strain time history is then deduced from the fatigue effective stress time history 

using a continuum single element model (CSEM), validated under different 

individual loadings. The proposed approach allows to account accurately for 

complex elastic-plastic material behaviour while avoiding effects of FE 

singularities, mainly at the crack tip. The effect of mean and residual stresses is 

considered in the simulations. However, residual stresses are not modelled, but are 

applied an external load added during the post-processing of the FEA. The 

experimental initiation fatigue life, compared with the strain-based approach, is 

admitted to correspond to the number of cycles needed to initiate a crack with a 

depth equal to the material characteristic length 𝑎𝑖,𝑝ℎ ∝ 𝑎0 while the last step of the 

short crack propagation observed on the experiments generally corresponds to 

crack length of 2𝑐 = 0.2 𝑚𝑚 ± 0.1 𝑚𝑚 and thus estimated crack depth 𝑎𝑖,𝑡𝑒 =
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0.1 𝑚𝑚 ± 0.05 𝑚𝑚, assuming that the initial crack has a semi-circular shape. These 

values were determined by help of stereo Digital Image Correlation (DIC) 

measurements, defining the physical and technical initiation periods based on 

observed changes in local displacements in function of the time around the first 

observed cracks, and were presented in the Chapter 4. 

 

 

6.2. The Continuum Strain-based approach 

6.2.1. Modelling of the fatigue damage process 

The strain-based discrete crack growth approach proposed by Remes et al. 

(2012) and Remes (2013) considers that the fatigue damage process can be modelled 

as a repeated crack initiation process within a specific volume related to the 

microstructure of the material. This volume is the damage process zone where the 

micro cracks nucleate and coalesce, causing macro crack growth. At the initial step 

𝑛 = 0, the initial weld geometry is considered without crack and is characterised by 

precise weld dimensions. After the fracture of the initial damage zone, the micro 

crack propagates step by step (see Figure 6-1) until a predefined crack depth 

threshold 2𝑐𝑡ℎ ≅ 0.2 𝑚𝑚 ± 0.08 𝑚𝑚 observed with the DIC (𝑎𝑖,𝑡𝑒 = 𝑐𝑡ℎ ≅ 0.1 𝑚𝑚 in 

case of a semi-circular) from where LEFM can be applied to calculate the remaining 

fatigue life. Effectively, the remaining fatigue life after reaching 𝑎𝑖,𝑡𝑒 shows to be 

low (around 20% of the total fatigue life to failure) and error in estimation of the 

propagation direction of the cracks and their relative mode has then less influence.  

The size of the damage zone, i.e. the homogenisation unit for the continuum 

modelling, is defined based on the strength of the material and its microstructure. 

It is assumed that the damage process follows the weakest link scenario. According 

to the Hall–Petch relationship (presented in Smith and Hashemi (2005)), low 

strength is related to large grain size and thus the size of the damage zone, i.e. the 

so-called material characteristic length, 𝑎0, which is defined as a function of the 

averaged grain size d and the parameter c, which is dependent on the grain size 

distribution, 

𝑎0 = 𝑐 ∗ 𝑑 (124) 

In this study, and as proposed by Remes et al. (2012), the material fatigue strength 

is assumed to correlate to the grain size 𝑑99% at a probability level of 99% (see Figure 

6-2) meaning that 𝑐 is the ratio between the grain size 𝑑99% and the average grain 

size 𝑑 and so 𝑎0 = 𝑑99%. Up to now, no generally applicable correlation of trends in 
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the fatigue notch factor 𝑘𝑓 with material strength and microstructural features has 

been established but with the proposed strain based approach, the material 

characteristic length defines the length of the discrete crack growth step and the 

same length is applied to calculate the fatigue-effective stress and strain, giving a 

strong physical background to both the approach and the use of a damage process 

zone based on the material microstructure. 

 

 

Figure 6-1. Grain-based homogenization of a theoretical stress distribution at a) the 

crack initiation site (i.e. weld toe), b) before initiation and c) after initiation of the 

first micro-crack 𝒂𝟎 (≅ 𝒂𝒊,𝒑𝒉) 
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Figure 6-2. Influence of grain size distribution on the Hall–Petch relationship of 

welded structural steel, from Lehto & al. (Lehto et al. 2014) 
 

Given this information, two criteria based on Morrow’s relation of the Basquin-

Manson-Coffin equations are used to estimate the number of cycles to physical 

initiation 𝑁𝑖,𝑝ℎ,𝑒𝑠𝑡., i.e. the Fatemi-Socie (FS) (Fatemi and Socie 1988b) and Smith-

Watson-Topper (SWT) (Smith et al. 1970) criteria. Both criteria were presented and 

analysed in the Section 2.3 and are used in the continuum strain-based approach. 

The main reason being that based on the initiation damage process observations, 

ductile materials are more prone to have crack initiating parallel to the slip bands 

in shear, which is well described by the FS criterion. However, as shown by several 

authors, e.g. (Socie and Marquis 2000a, Esnault 2014), as soon as a crack initiated, 

the propagation and even short crack propagation, is governed by the stresses and 

strains acting perpendicular to the crack plane orientation, that usually correspond 

to the principal stress/strain direction. In that case, the SWT criterion is appropriate 

and previous results from (Remes 2008, 2013, Remes et al. 2012) in 2D shows that it 

leads to accurate results.  
 

 

Figure 6-3. a) Fatemi-Socie criterion and b) Smith-Watson-Topper criterion. The 

mean / residual stresses effects and non-proportionality are implicitly taken into 

account through 𝝈𝒏 
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The versions of both criteria used in this Chapter for the continuum strain-based 

approach, expressed in terms of physical initiation 𝑁𝑖,𝑝ℎ, are the following, 

- Smith-Watson-Topper 

𝑆𝑊𝑇 = 𝜎𝑛

∆휀𝑛

2
=

𝜎𝑓
′2

𝐸
(2𝑁𝑖,𝑝ℎ)

2𝑏
+ 𝜎𝑓

′ 휀𝑓
′  (2𝑁𝑖,𝑝ℎ)

𝑏+𝑐
 (125) 

- Fatemi-Socie 

𝐹𝑆𝑀𝐷𝑃𝑃 = 𝑚𝑎𝑥 {
∆𝛾

2
(1 + 𝑘 ∗

𝜎𝑛

𝐺∆∆𝛾𝑚𝑎𝑥
)} 

      = [(1 + 𝜈𝑒)
𝜎𝑓

′

𝐸
(2𝑁𝑖,𝑝ℎ)

𝑏
+ (1 + 𝜈𝑝) 휀𝑓

′  (2𝑁𝑖,𝑝ℎ)
𝑐
] [1 + 𝑘

𝜎𝑓
′

4𝐺
(2𝑁𝑖,𝑝ℎ)

𝑏
] 

(126) 

With the factor 𝑘 calculated as, 

𝑘 =

[
 
 
 
 
 𝜏𝑓

′

𝐺 (2𝑁𝑖,𝑝ℎ)
𝑏𝛾

+ 𝛾𝑓
′  (2𝑁𝑖,𝑝ℎ)

𝑐𝛾

sin(2𝜃)((1 + 𝜈𝑒)
𝜎𝑓

′

𝐸 (2𝑁𝑖,𝑝ℎ)
𝑏

+ (1 + 𝜈𝑝)휀𝑓
′(2𝑁𝑖,𝑝ℎ)

𝑐
)

− 1

]
 
 
 
 
 

∗
2𝜎𝑦

(1 + cos(2𝜃))𝜎𝑓
′(2𝑁𝑖,𝑝ℎ)

𝑏
 

(127) 

And the shear strain life properties for the calculation of 𝑘 are determined as, 

𝜏𝑓
′ ≅

𝜎𝑓
′

√3
     ;      𝛾𝑓

′ ≅ 휀𝑓
′√3     ;      𝑏𝛾 ≅ 𝑏     ;      𝑐𝛾 ≅ 𝑐 (128) 

For the S690QL HSS and based on the mean strain life parameters from material 

properties found in the literature (see Section 6.4.3), the factor 𝑘 can be represented 

in function of the applied number of cycles 𝑁𝑓 and the critical plane main angle 𝜃, 

as shown in Figure 6-4. Using the 𝐹𝑆𝑀𝐷𝑃𝑃 criterion, the observed critical plane main 

angle, under usual mean stress/strain ratio’s (𝑅 < 0.5) generally doesn’t vary more 

than approx.± 15° from the MSSP orientation (45°). Values of angles 𝜃 < 45° are 

observed under tensile mean stresses and 𝜃 > 45° under compression mean 

stresses. Residual stresses, generally defined as being tensile stress, might increase 

the local mean stress/strain ratio leading variation of 𝜃 up to approx.±20°. Under 

tensile residual stresses and high mean stress/strain ratio the observed value of 𝑘 is 

around 1.0. This is in good agreement with the safe cap value of 1.0 found originally 

by Fatemi & Socie (Fatemi and Socie 1988b) and validated by (Bannantine and Socie 
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1990, Schubnell, Farajian, et al. 2018). 𝑘 is an empirical constant found by fitting the 

fully reversed torsion data to the fully reversed uniaxial data. Thus, based on these 

observations and known values of the empirical shear to uniaxial normal stress 

ratio, in the continuum strain-based approach, it is admitted that the calculated 

value of 𝑘 is caped as 𝑘 ≤ 1.0. 

 

 

Figure 6-4. a) evolution of the factor 𝒌 as a function of the number of cycles 𝑵𝒇 for 

fixed critical plane angles 𝜽 and b) evolution of the factor 𝒌 in function of the 

critical plane angles 𝜽 for fixed number of cycles 𝑵𝒇 

 

6.2.2. Fatigue effective stress 

Based on the line method presented in (Remes et al. 2012, Remes 2013), 

where the fatigue-effective stress is calculated as an average value of the stress 

distribution within the characteristic length of the material 𝑎0, stress averaging is 

here calculated on a circumferential surface described by 𝑎0 as illustrated in Figure 

6-5. Evenly spaced lines, called paths in Abaqus, are generated radially around the 

node of maximum damage value of either the SWT or FS criterion. These lines or 

paths are discretised to extract stresses along them at each segment’s nodes. The 

weighted average value of the stress distribution is then defined as the fatigue 

effective stress and is expressed as, 

𝝈𝒆 =
1

𝑛
∑

1

𝐴
∫ 𝝈𝑑𝐴

𝐴

0

𝑛

𝑖

 (129) 

Where 𝝈𝒆 is the fatigue effective stress tensor, 𝑛 is the path number, 𝐴 is the total 

area attributed to each path, 𝑑𝐴 is the area increment attributed to each segment’s 

nodes and 𝝈 is the post-process stress tensor obtained at each node. Similar 

approaches are proposed by several authors, one might refer to (Susmel 2009) for 
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additional information For the calculation at physical initiation, the plane of the 

highly stressed area is parallel to the critical plane calculated for each parameter 

(see Figure 6-5). After initiation of the first crack (𝑎0 ≅ 𝑎𝑖,𝑝ℎ), the plane of the highly 

stressed areas are reoriented perpendicularly to the critical plane and origins at 

several locations along the crack tip as shown in Figure 6-6. 

 

 

Figure 6-5. Generic material plane and definition of the angles for the calculation of 

the fatigue damage parameters. Area method parallel to the plane for the 

calculation of the fatigue effective stress in the highly stressed volume.  
 

 

Figure 6-6. Crack oriented according to a generic material plane. Area method 

perpendicular to the plane for the calculation of the fatigue effective stress at 

several nodes in the highly stressed volume along the crack tip 
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6.2.3. Equivalent fatigue effective strain  

The equivalent fatigue effective strain is calculated from the fatigue 

effective stress using the elastic-plastic material properties of the material. The 

reason is that in presence of high stress and strain gradients due to sharp notches, 

at the crack tip for example, the FEA returns strains that tends to infinite values. 

Due to the continuum approach, strains could also be averaged according to the 

previously presented procedure over a surface or volume, but strains are too 

sensitive to FEM singularities and results would not be representative and realistic. 

Stresses however are less sensitive to FEM singularities and are thus used to 

calculate the equivalent fatigue effective strain using the half-life cyclic Ramberg-

Osgood or Voce and Chaboche law. In 2D, the solution can be found analytically if 

using the RO law. In 3D however, the solution is more complex to find as the 

obtained 3D stress tensor needs to be compared to the uniaxial stress employed in 

the RO formulation. The generalized Hooke’s law allows to get around this 

problem if using RO but the analytical calculation of the equivalent fatigue effective 

strain using the VC law then becomes too complicated. Thus, the solution proposed 

is a numerical FE model of a single element with one integration node (C3D8R), the 

continuum single element model (CSEM) on which the exact fatigue effective stress 

tensor is applied. Elastic-plastic material properties are modelled using a non-linear 

isotropic hardening RO model and a non-linear isotropic and kinematic hardening 

VC model. Using a single integration node element allows to easily obtain the 

fatigue effective strain values from this unique node. In comparison to the 

analytical calculation using the generalized Hooke’s law, it is also much easier to 

take into account the effective cyclic strain range and not the first cycle strain range. 

 

 

Figure 6-7. Usual material elastic-plastic behaviour observed at the weld toe of tests 

carried at R>0 and even R=-1 when applied nominal stresses are largely below the 

yield stress 
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6.2.4. Continuum Single Element Model  

In order to validate that the CSEM is able to return the correct fatigue-

effective strain, the following approach is used. The time-history stress and strain 

tensors are extracted from a single node on the TP sub-model 3, close to the weld 

toe but on the tube as illustrated in Figure 6-8. In doing so, one obtains realistic 

values with sufficient amount of plasticity but without the influence of any 

singularity due to the FE mesh. The time history stress tensor is then used directly 

as the applied loading on the CSEM. The analysis outputs are plotted as stress-

strain curves and compared to the ones obtained directly from the sub-model 3 

node.  

 

  

 

Figure 6-8. Validation process of the CSEM a) selection of a node out of any 

singularity, b) fatigue effective stress tensor time history on node A, c) application 

of the true stress tensor time history on each face of the CSEM 
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As can be seen in Figure 6-9, an almost perfect match is observed and validates the 

applicability of the CSEM. A small error between the various cases is observed at 

the yield limit which does not fit perfectly to the original value in all situations, but 

it can be considered as negligible. The main origin of this error are the springs 

placed at each corner of the CSEM who restrain the displacements and thus the 

stress and strain in the element in each direction. The springs stiffness needs to be 

defined as low as possible (here 𝐸 106⁄ ) to reduce this effect (but not suppress it) 

while being sufficient to avoid any rigid body motion situation. However, the 

quantities used in the SWT and FS damage criteria, i.e. the maximum stress and 

strain amplitudes, remain purely similar and thus the CSEM is totally suited to 

calculate the equivalent fatigue effective strain. 

 

  

  

Figure 6-9. Validation of the CSEM for the calculation of the equivalent fatigue 

effective strain histories 
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6.2.5. Framework of the continuum strain-based approach for 

fatigue life estimation of welded joints under complex 

multiaxial loads 
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6.3. Tube-to-plate specimen modelling 

Numerical fatigue simulations were carried out on Abaqus (Dassault®) 

6.16 finite element software. A 3D global model and three 3D sub-models were 

generated through a python script to allow parametrical analysis and to easily post-

process the data using routines (see Figure 6-10). The sub-modelling technique is 

used three times to refine the model. The global model introduces the global 

geometry including weld angle (see Table 6-5), loading and boundary conditions. 

The first sub-model introduces the weld toe radius (“real” radius from Table 6-5 ≠

 effective notch stress radius) while the second sub-model also includes the material 

non-linearity through the use of either the RO or VC model. A refined mesh with a 

minimum of 8 elements describe the weld toe radius. The third and last sub-model 

is created to refine even more the mesh at the weld toe and in the thickness. Three 

layers of different mesh size are used. In the first layer, at the surface, the mesh size 

is four times smaller than 𝑎0. Non-linear geometric effects (including large 

displacement and large strain) are considered in the modelling through the 

NLGEOM option in Abaqus to accordingly upgrade the stiffness matrix after each 

increment of loading. The global model and first sub-model are built up using linear 

brick reduced-integration elements (C3D8R) with enhanced hourglass control as 

they perform well and require a low amount of resources. First-order triangular 

and tetrahedral elements should always be avoided in the strain-based approach. 

Effectively, the elements are overly stiff and exhibit slow convergence with mesh 

refinement. The second sub-model uses second order C3D20R elements with 

reduced integration as they capture stress concentrations more effectively and are 

better for modelling geometric features, e.g. fewer elements are needed to model a 

curved surface at the weld toe. Also, they generally give more accurate results than 

their corresponding fully integrated version. Finally, fully integrated elements do 

not hourglass but may suffer from both shear and volumetric locking. The most 

refined mesh is applied close to the weld toe where maximum stress concentrations 

occur. The refined mesh size (𝑎0/4) and the used of second order C3D20R elements 

on the third sub-model at the location of maximum stress concentration allows to 

catch relatively well the stress gradient in the highly stressed area (damage zone). 

Due to the geometry of the specimen and setup, the position of the maximum PS or 

maximum value of the SWT or FS damage parameters are not always located at the 

top of the tube but might be shifted with a slight angle as illustrated in Figure 6-11. 

The value of these criteria is then calculated at each node of a node set at the surface 

of the sub-model 2 to determine the position of the node that experiences the 

maximum value of the PS, SWT and FS criteria. The angle of the node from the 

origin is used to position the sub-model 3 at the correct location. 
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Figure 6-10. Global model and sub-models geometries and mesh. The position of 

each sub-models in the previous model is indicated in red 

 

 

 

Figure 6-11. Example of position of the nodes experiencing the maximum value of 

the considered parameters (SWT, FS) for the Sub-Model 2 under multiaxial loads 
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6.3.1. Material models in FEM  

The non-linear material behaviour in the FE model is described using 

either a non-linear isotropic model based on the Ramberg-Osgood stress-strain 

curve or a combined non-linear Voce and Chaboche isotropic and kinematic 

hardening model. Both are presented in Section 2.6. Abaqus implementation of the 

isotropic hardening is either based on the direct use of the Voce parameters or by 

using tabular values. In its most simple form, the tabular input in Abaqus needs 

two pairs of stress and plastic strain, i.e. 𝜎𝑖 and 휀𝑝,𝑖, data points to allow the 

simulation of linear isotropic hardening. If several pairs are used, Abaqus then fit a 

non-linear exponential law according to RO. The Ramberg-Osgood law is then 

modelled using this approach. The implementation of the Voce and Chaboche 

isotropic and kinematic hardening model in Abaqus is very simple. Both the 

isotropic and kinematic hardening parameters can be input directly in the software. 

 

6.3.2. Loading and boundary conditions 

Three cycles are simulated to extract the stress amplitude on the last 

reversal in order to consider the elasto-plastic behaviour of the material. Effectively, 

nominal stresses are elastic but plastic deformation is observed locally at the weld 

toe, influencing then the local stress/strain behaviour and so the stress amplitude. 

Cyclic stability is usually reached after the first cycle due to the low load amplitude 

and the load control condition. Then, the third cycle results are used for the strain-

based calculations. 

 

 

6.4. Parameters definition for the parametrical analysis 

of the Tube-to-Plate specimen 

One of the main objectives of this part of the thesis is to assess the influence 

of various parameters on the estimated fatigue life to physical initiation by mean of 

a parametrical analysis. To validate the ability of the approach to estimate the 

fatigue life to physical initiation (𝑎𝑖,𝑝ℎ), various cases are modelled using only 

realistic small variations in the values of the different parameters. The goal here is 

to represent as well as possible the statistical deviation that could be observed 

during each test separately. For that purpose, each parameter is defined by its 

mean, minimum and maximum values, determined by help of statistical analysis 

or, if the amount of data is too small, simply based on the observations. 
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6.4.1. Material model parameters 

A very limited number of data are available for the S690QL steel and even 

less data when talking about the material into the weld vicinity where crack 

initiates. Parameters obtained in the Heat Affected Zone (HAZ) from Mikkola 

(2016) were used with the assumption that S700MC and S690QL steel might show 

similar fatigue behaviour. This is a rough assumption knowing that MC steels are 

hot rolled thermomechanical steels while QL steels are quenched and tempered. 

S700MC steel is a low alloy fine grain steel composed of mainly ferrite and perlite 

while S690QL is mainly a bainitic and martensitic steel. However, base material 

grain size of both are very similar and toughness measurements (Vickers 

Hardness), which is assumed to dictate the fracture behaviour, also show similar 

values. Other parameters were taken from the literature (de Jesus et al. 2012, 

Versaillot 2017, de Castro e Sousa and Lignos 2018) for the Base Material (BM). 

Relative parameters are given in the following Table 6-1, Table 6-2 and Table 6-3. 

 

Table 6-1. Cyclic half-life Ramberg-Osgood parameters from the literature 

Author 
Case 

Name 
Material 

𝑬 

[MPa] 

𝝈𝒚,𝒄𝒚𝒄𝒍𝒊𝒄 

[MPa] 
n' K' 

(Mikkola 2016) mat1 S700MC (HAZ) 210'000 553 0.052 764 

(Schubnell, Discher, et al. 2019) mat2 S690QL (HAZ) 202'400 690* 0.088 1'230 

(Schubnell, Discher, et al. 2019) mat3 S690QL (HAZ) 202'400 690* 0.070 1'067 

(Mikkola 2016) mat4 S700MC (BM) 210'000 667 0.059 961 

(Schubnell, Discher, et al. 2019) mat5 S690QL (BM) 199'600 690* 0.098 1'050 

(Schubnell, Discher, et al. 2019) mat6 S690QL (BM) 199'600 690* 0.046 949 

(Boller and Seeger 1987) mat7 S690QL (BM) 214'000 618 0.128 1'167 

(Burzić et al. 2015) mat8 S690QL (BM) 206'100 690* 0.198 1'795 

(de Jesus et al. 2012) mat9 S690QL (BM) 210'000 690* 0.092 1'283 

(Versaillot 2017) mat10 S690QL (BM) 202'000 872 0.088 1'507 

Beretta(Beretta et al. 2009) mat11 S690QL 214'600 493 0.112 978 

  mean �̅� 206'427 641 0.094 1'159 
  median 𝒎 206'100 618 0.088 1'067 
  std dev 𝑺𝒕𝒅𝒗 5'548 145 0.043 290 

   Std Err 𝑺𝑬�̅� 1'673 65 0.013 87 

 

The objective here is to compare the usability of the non-linear isotropic and 

kinematic hardening Voce & Chaboche material model with the cyclic Ramberg-

Osgood material model in the continuum strain-based approach. The Voce & 

Chaboche model is increasingly being used and is now part of number of numerical 
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simulation software packages as the one used in thesis. It has the ability to consider 

non-proportional material hardening effects and others that the more classical 

cyclic RO model cannot. The comparison between the simulated material behaviour 

by using different material models and the experimental results will help to give 

recommendations for the possible use of the Voce & Chaboche material model. 

 

Table 6-2. Voce and Chaboche non-linear isotropic and kinematic hardening 

parameters for the S700MC steel from Mikkola et al. (2016) (white area) and the 

S690QL steel from de Castro e Sousa and Lignos (2018) (greyed area) 

Material 
Case 

Name 

E 

[Mpa] 

𝝈𝒚,𝒄𝒚𝒄𝒍𝒊𝒄 

[Mpa] 
𝑪𝟏 𝜸𝟏 𝑪𝟐 𝜸𝟐 𝑸𝒊𝒏𝒇 b 

S690QL(BM) mat12 185'000 553 15'938 78.750 988.770 6.570 0.482 0.540 

S690QL(HAZ) mat13 185'000 473 11'301 63.840 701.084 5.326 0.482 0.540 

S700MC(BM) mat14 210'000 550 88'258 375.000 - - 0.000 0.000 

S700MC(HAZ) mat15 210'000 431 62'579 304.000 - - 0.000 0.000 

mean �̅� 197'500 514 44'519 205.398 844.927 5.948 0.241 0.270 

median 𝒎 197'500 511 39'258 191.375 844.927 5.948 0.241 0.270 

std dev 𝑺𝒕𝒅𝒗 14'434 77 37'236 157.655 203.425 0.880 0.278 0.312 

Std Err 𝑺𝑬�̅� 7'217 39 18'618 78.828 143.843 0.622 0.139 0.156 

 

The Table 6-1 and Table 6-2 presented here does not include the results obtained in 

Section 4.1.2 and 4.1.3 and presented in Appendix C.1. These tests, analysis 

procedures and results were conducted latter and could not be included in the FEA, 

but they are used to validate the data obtained in the literature. In addition, 

observations during the analysis process of the strain-based approach are the 

reason why the modified RESSPyLab analysis is proposed for later use in a 

subsequent work. 

 

 

6.4.2. Microstructure and grain size statistics 

Based on EBSD measurement statistical analysis presented in the Section 

4.6, the grain size 𝑑99% is estimated to range between 5 𝜇𝑚 in the BM and 9 𝜇𝑚 in 

the HAZ materials. Cracks are were observed to initiate from either the WM or 

HAZ. Thus, data of interest are given in the following Table 6-3. 

For the parametrical analysis, values of 5, 10 and 15𝜇𝑚 were tested.  
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Table 6-3. Grain size statistics at the crack initiation area 

Specimen Material 
step 

[𝝁𝒎] 

𝒅 

[𝝁𝒎] 

𝜟𝒅/𝒅 

[𝝁𝒎] 

𝒅𝟗𝟗% 

[𝝁𝒎] 

𝒅𝒗 

[𝝁𝒎] 

TA 
HAZ2 0.1 1.5 3.7 5.8 2.6 

WM 0.1 1.2 3.7 4.8 2.1 

TP 
HAZ2 0.2 2.1 3.4 7.8 3.4 

WM, near crack 0.2 2.2 3.7 8.8 3.8 

  mean �̅� 1.8 3.6 6.8 3.0 

  median 𝒎 1.8 3.7 6.8 3.0 

  std dev 𝑺𝒕𝒅𝒗 0.4 0.1 1.6 0.7 

  std err 𝑺𝑬�̅� 0.2 0.1 0.8 0.3 

 

 

6.4.3. Fatigue strain life parameters 

Parameters from the literature are used and are presented in Table 6-4 and 

Figure 6-12. One can notice that data obtained from (Burzić et al. 2015) does not 

correlate at all with the other data and are not considered in the analysis. The Figure 

6-12 also show the considered values. 

 

Table 6-4. Fatigue strain life parameters cases from the literature 

Author Case name Material 
𝝈𝒇

′  

[MPa] 

𝜺𝒇
′  

[%] 
𝒃 𝒄  

(Mikkola 2016) StrainLife1 S700MC (HAZ) 926 3.187 -0.061 -0.871 

(Schubnell, Discher, et al. 

2019) 
StrainLife2 S690QL (HAZ) 1305 0.878 -0.070 -0.797 

(Schubnell, Discher, et al. 

2019) 
StrainLife3 S690QL (HAZ) 1166 1.243 -0.061 -0.803 

(Mikkola 2016) StrainLife4 S700MC (BM) 1174 9.643 -0.064 -0.961 

(Schubnell, Discher, et al. 

2019) 
StrainLife5 S690QL (BM) 1184 2.919 -0.057 -0.945 

(Schubnell, Discher, et al. 

2019) 
StrainLife6 S690QL (BM) 954 0.842 -0.054 -0.659 

(Boller and Seeger 1987) StrainLife7 S690QL (BM) 1191 0.911 -0.090 -0.674 

(Burzić et al. 2015) StrainLife8 S690QL (BM) 633 0.300 -0.100 -0.732 

(de Jesus et al. 2012) StrainLife9 S690QL (BM) 1403 0.740 -0.087 -0.809 

(Versaillot 2017) StrainLife10 S690QL (BM) 1364 0.500 -0.059 -0.670 

  mean �̅� 1130 2.116 -0.070 -0.792 
  median 𝒎 1179 0.895 -0.063 -0.800 
  std dev 𝑺𝒕𝒅𝒗 233 2.821 0.016 0.110 
  Std Err 𝑺𝑬�̅� 74 0.892 0.005 0.035 
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Figure 6-12. Basquin-Manson-Coffin representation of the different material fatigue 

strain life properties 

 

 

6.4.4. Specimen and weld geometry 

Weld geometry is another important parameter allowing the precise 

determination of the stress and strain conditions on the weld area in FEA. 

Generation of precise finite element model using the exact geometries requires a 

considerable amount of work in addition to be complicated to realize into an 

automated script. Additionally, the only way to model complex real surfaces is by 

using tetrahedral elements and an extremely fine mesh, pushing computation time 

and computation resources too far for the scope of this research. 

The proposed model consists in using simplified geometries as illustrated in Figure 

6-13 and the results obtained in Section 4.5. Extreme and intermediate simplified 

values were defined and are given in Table 6-5. 
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Figure 6-13. Weld geometry parameters 

 

Table 6-5. Weld geometry parameter cases for the parametric analysis 

Case name 
 

[°] 

𝜷 

[°] 

𝒍𝟏 

[𝒎𝒎] 

𝒍𝟐 

[𝒎𝒎] 

𝒓𝟏 

[𝒎𝒎] 

𝒓𝟐 

[𝒎𝒎] 

Geom1 160 115 14.0 4.5 3.00 3.00 

Geom2 150 115 13.5 6.2 1.50 1.50 

Geom3 140 115 13.0 7.6 0.50 0.50 

Geom4 150 115 13.5 6.2 0.50 0.50 

Geom5 160 115 14.0 4.5 0.50 0.50 

Geom6 140 115 13.0 7.6 1.50 1.50 

Geom7 140 115 13.0 7.6 3.00 3.00 

 

 

6.4.5. Residual stresses 

Based on the residual stresses measurements results presented in the 

Chapter 4, simplified cases of RS tensors at the weld toe were applied to assess their 

effect on the fatigue life assessment using the continuum strain-based approach. 

Employed residual stress cases are summarized in Table 6-6. Residual stresses were 

implemented in the calculations by adding the admitted principal residual stresses 

tensor to the FE post-processor obtained stress tensor. Indeed, they are used to 

calculate the critical planes orientation and the damage parameter values through 

the CSEM. This indirect simplified method of including the residual stresses effects 

is very efficient but cannot account for the complexity of phenomena such as 

relaxation, redistribution, etc, while when modelling such refined FE model and on 

small areas characterized by 𝑎0, high level of relaxation is expected to occur. More 

work is needed in this respect to confirm the tendencies observed herein. 
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Table 6-6. Simplified cases of RS tensors at the weld toe 

Case 

Name 

𝝈𝒕𝒓𝒂𝒏𝒔𝒗𝒆𝒓𝒔𝒂𝒍 𝝈𝒍𝒐𝒏𝒈𝒊𝒕𝒖𝒅𝒊𝒏𝒂𝒍 𝝈𝒓𝒂𝒅𝒊𝒂𝒍 

[MPa] [MPa] [MPa] 

RS1 75 42.5 0 

RS2 0 0 0 

RS3 -75 -42.5 0 

RS4 -150 -85 0 

RS5 -300 -200 0 

 

 

6.5. Simple cases analysis for framework validation 

In this Section, several simple cases are analysed to validate the 

framework of the continuum strain-based approach to multiaxial fatigue analysis 

of complex geometries that have to be modelled in three dimensions. The 

simplification is only applied to the loading conditions, considering only a few 

standard cases that allows simple conclusions and validations of the results. These 

load cases are given in Table 6-7 and includes CA bending, torsion and combined 

proportional bending and torsion loads. Two level of loads are considered, one that 

produces very high strains in the highly stress volume and the effect of mean stress 

is also analysed by varying the loading ratio 𝑅. The run of multiple FEA and 

continuum strain-based approach script being time consuming, a 5° angle 

increment for the CPS is used here. 

 

Table 6-7. Simplified load cases for the validation of the continuum strain-based 

approach analysis 

Case name Load 𝑹 
𝑭𝟏,𝒎 

[𝒌𝑵] 

𝑭𝟏,𝒂 

[𝒌𝑵] 

𝑭𝟐,𝒎 

[𝒌𝑵] 

𝑭𝟏,𝒂 

[𝒌𝑵] 

M_R-1_L1 Multiaxial -1 0.00 -39.00 0.00 2.67 

B_R-1_L1 Bending -1 0.00 -29.25 0.00 -29.25 

T_R-1_L1 Torsion -1 0.00 -58.50 0.00 58.50 

M_R-1_L2 Multiaxial -1 0.00 -19.50 0.00 1.33 

B_R-1_L2 Bending -1 0.00 -14.63 0.00 -14.63 

T_R-1_L2 Torsion -1 0.00 -29.25 0.00 29.25 

M_R01_L1 Multiaxial 0.1 -35.75 -29.25 2.44 2.00 

B_R01_L1 Bending 0.1 -21.45 -17.55 -21.45 -17.55 

T_R01_L1 Torsion 0.1 -32.18 -26.33 32.18 26.33 

M_R01_L2 Multiaxial 0.1 -17.88 -14.63 1.22 1.00 

B_R01_L2 Bending 0.1 -10.73 -8.78 -10.73 -8.78 

T_R01_L2 Torsion 0.1 -16.09 -13.16 16.09 13.16 
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First, stresses and more particularly stress gradients are analysed. An example of 

the principal stress gradient obtained from the sub-model 3 is illustrated in Figure 

6-14 for the load case B_R01_L1. This process is also used to compare the maximum 

principal stress value at the maximum node and the averaged principal stress on 

the highly stressed area, i.e. the fatigue effective stress for SWT. Effectively, these 

values are of the same order of magnitude, but the fatigue effective stress is by 

default smaller than the maximum stress at the surface node. 

 

 

Figure 6-14. Example of distribution of the principal stress from the surface node of 

maximum PS a) through the whole thickness of the sub-model 3 and b) in the first 

𝟎. 𝟏 𝒎𝒎 depth corresponding to the estimated 𝒂𝒊,𝒕𝒆 

 

The first conclusion is that, as expected, under bending loads at 𝑅 = −1 or 𝑅 = 0.1, 

all cases (100 results) show exactly the same critical plane angle 𝜑, which is the 

horizontal angle. The SWT criterion, maximising the normal strain amplitude and 

stress gives a constant value 𝜑 = 0° which is the expected result, as it corresponds 

to the PS critical plane angle. The vertical angle calculated with SWT varies slightly 

around 𝜃 = −20°. Again, this is in really good agreement with expectations. The 

maximum value of the SWT parameter is located around the middle of the radius 

(if looking at the cross-section), thus the local coordinate system is inclined of 

around half the value of 𝛼 (or more precisely 𝛼 2⁄ − 180° ≈ −10° ÷ −20°). An 

example of obtained results is given in the Table 6-8. In this example all parameters 

are fixed (B_R01_L2, Mat2, RS1, Geom2) unless the strain life parameters. One can 

easily notice the high dispersion of the estimated fatigue life to physical initiation 

depending only on the fatigue strain life parameters. This dispersion is much lower 

at higher levels of loading. This is shown in Figure 6-15, where results of Table 6-8 

are plotted against results obtained for the exact same conditions except for the load 
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level which is higher (B_R01_L1). Using the FS criterion leads to the same 

observations. Only the critical plane orientation is different, as expected, and show 

values of 𝜑 ranging from 25° ÷ 30° and 𝜃 = 5°. If the FS criterion was estimated, as 

originally defined, on the MSSP, 𝜑 would be equal to 45°. However, the FS criterion 

is maximised on the MDPP and thus the influence of the maximum normal stress, 

including the mean stress, changes the orientation of the critical plane that tends to 

values obtained with SWT. The value of 𝜃 is here influenced by the vertical shear 

(in opposition the shear induced by torsion). 

 

Table 6-8. Example of SWT results for B_R01_L2, Mat2, RS1, Geom2 

Strain Life 

Case 

𝝋 

[°] 

𝜽 

[°] 

𝜺𝒂 

[−] 

𝝈𝒎𝒂𝒙 

[𝑴𝑷𝒂] 

𝑺𝑾𝑻 

[−] 

𝑵𝒊𝒏 

[𝒄𝒚𝒄𝒍𝒆𝒔] 

StrainLife1 0 -20 0.00138 596 0.825 369'071 

StrainLife2 0 -20 0.00138 596 0.825 8'048'591 

StrainLife3 0 -20 0.00138 596 0.825 14'675'461 

StrainLife4 0 -20 0.00138 596 0.825 7'293'811 

StrainLife5 0 -20 0.00138 596 0.825 63'842'981 

StrainLife6 0 -20 0.00138 596 0.825 3'699'101 

StrainLife7 0 -20 0.00138 596 0.825 128'101 

StrainLife9 0 -20 0.00138 596 0.825 735'161 

StrainLife10 0 -20 0.00138 596 0.825 100'000'001 

 

 

Figure 6-15. Example of estimated multiaxial fatigue life to physical crack initiation 

(𝑵𝒊,𝒑𝒉,𝒆𝒔𝒕.) using SWT for B_R01_L1 + B_R01_L2, Mat2, RS1, Geom2 
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Under torsion loads at 𝑅 = −1 or 𝑅 = 0.1, all cases show exactly the same critical 

plane angle 𝜑 = 45°. This corresponds exactly to the expected results for the PS 

critical plane orientation under pure torsion. The FS criterion being now little 

influenced by normal stresses shows critical plane angles 𝜑 varying from approx. 

45° ÷ 50°. Again, results are as expect and the modelled and analysed multiaxial 

cases resulted in intermediate situations, between the pure bending and pure 

torsion cases. This then allows to validate the approach. 

This validation step also highlighted a problem when using the Voce and Chaboche 

material model with parameters calculated using the RESSPyLab (de Castro e Sousa 

2017a, de Castro e Sousa and Lignos 2018) optimisation tool in its original form. To 

give a succinct explanation, RESSPyLab optimises the fitting of the combined Voce 

and Chaboche law by also optimising the total energy of the hysteresis loop. The 

value of the elastic modulus is not fixed and is therefore optimised at the same time. 

In order to obtain parameters that best characterize the law, the loading protocols 

used are mainly derived from seismic loads cases, leading to very high strain 

amplitudes. The original RESSPyLab optimisation leads to material models with 

low elastic modulus and high yield stress values to properly fit the first yielding. 

However, in case of fatigue analysis, characterisation of the first yield is not of great 

interest in comparison to the following cycles and thus in comparison to 

characterisation of the CA cyclic hysteresis loop. This explains the proposition of a 

modified RESSPyLab tool in Section 4.1.3, fixing the elastic modulus using a linear 

regression. 

 

 

Figure 6-16. Observed difference using RO or VC material models with parameters 

defined using the original version of the RESSPyLab tool (de Castro e Sousa 2017a) 
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The problem with the use of the Voce-Chaboche law with the parameters calculated 

with RESSPyLab is that in the situation where a loading is force-controlled the 

equivalent stresses obtained can then vary considerably, as shown in Figure 6-17. 

In the case of displacement-controlled loading the problem is negligible because the 

value of the amplitude of the deformation does not vary and the maximum stress 

obtained in each case is almost identical. 

 

 

Figure 6-17. Example of the behaviour of Voce-Chaboche non-linear isotropic and 

kinematic models under various load conditions 
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6.6. Fatigue life estimation to physical initiation and 

parametrical analysis 

In order to compare the estimated fatigue life to physical crack initiation 

(𝑁𝑖,𝑝ℎ,𝑒𝑠𝑡.) with that observed using stereo DIC (𝑁𝑖,𝑝ℎ,𝑚𝑒𝑎𝑠. see measured DIC data in 

Table 4-7), the test load cases for which measurements were possible are those 

applied in this Section and used for the approach. As a reminder, these load cases 

and the corresponding specimens are given in Table 6-9. One can see that the total 

number of load case is limited to four. 

 

Table 6-9. Specimens for which fatigue life to physical initiation (𝑵𝒊,𝒑𝒉,𝒎𝒆𝒂𝒔.) was 

determined experimentally using stereo DIC and corresponding load case. 

Name 
Load 

Case 

𝜟𝑭𝟏 

[𝒌𝑵] 

𝜟𝑭𝟐 

[𝒌𝑵] 

𝜟𝝈 

[𝑴𝑷𝒂] 

𝜟𝝉 

[𝑴𝑷𝒂] 
𝑹𝝈 𝝀𝝉/𝝈 

TP.R01_8 LoadTest1 37.8 1.9 251 145 0.1 0.58 

TP.R01_9 LoadTest2 40.5 2.1 269 156 0.1 0.58 

TP.R01_11 LoadTest2 40.5 2.1 269 156 0.1 0.58 

TP.R01_12 LoadTest2 40.5 2.1 269 156 0.1 0.58 

TP.R01_13 LoadTest2 40.5 2.1 269 156 0.1 0.58 

TP.R-1_3 LoadTest3 50.0 2.5 332 192 -1 0.58 

TP.R-1_7 LoadTest4 38.0 1.9 252 146 -1 0.58 

 

In this Section, the number of parameters used is deliberately limited for reasons of 

computing time. The material cases 1 and 15 are used because they come from the 

same author (Mikkola 2016) and represent the HAZ according to the laws of VC 

and RO. The geometry cases Geom1, 2 and 3 are used because they represent the 

maximum, average and minimum cases respectively. The residual stresses cases 

RS1 and 2 are chosen because the RS2 case corresponds to a situation without 

residual stresses and the RS3 case represents a case with low residual stresses in 

compression. All stress life cases are taken into account because the calculation is 

very fast. The results are given for each load test.  

The results for the LoadTest1 are shown as Box-and-Whiskers charts in Figure 6-18 

and as the 휀𝑁 curve plots in Figure 6-18 according to SWT and FS. In the Box-and-

Whiskers charts, boxes shows the distribution of data into the first and third 

quartiles, highlighting the mean line, and lines extending vertically up to the 

maximum and minimum values, called “whiskers”, indicate the variability outside 

the upper and lower quartiles with a 5% and 95% confidence interval. The purpose 

is to show the deviations obtained when the main parameters vary. It is important 

to note that Figure 6-18 mainly shows the variation of each of the parameters while 
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the others have a fixed value determined manually and to note that each parameter 

variation is absolute (i.e. based on exact measurement values, not being a complete 

sensitivity analysis). This type of figure is not intended to demonstrate the ability 

of the approach to estimate fatigue life. It is then quite clear in Figure 6-18 a) that 

the StrainLife10 case, which represents the parameters obtained from (Versaillot 

2017), gives totally overestimated lifetime results in comparison to the others. This 

same observation is also visible in the results obtained in the previous Section, Table 

6-8. Thus, the strainlife10 case will no longer be considered in the following 

analyses and Figure 6-18 b) then gives the results obtained without taking this case 

into account, with a readapted scale. It can be seen that SWT is less sensitive than 

FS to changes in geometry, material and fatigue strain life parameters. SWT is, 

however, more sensitive to applied residual stresses.  
 

 

 

Figure 6-18. Analysis of the parameter sensitivity regarding the multiaxial physical 

initiation fatigue life estimation (𝑵𝒊,𝒑𝒉,𝒆𝒔𝒕.) of the LoadTest1 in comparison to the 

tests data (𝑵𝒊,𝒑𝒉,𝒎𝒆𝒂𝒔.). a) with and b) without consideration of the StrainLife10 case 

of the stain life parameters. 
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Residual stresses are by far the parameter with the greatest influence on the 

estimated fatigue life to physical initiation, 𝑁𝑖,𝑝ℎ,𝑒𝑠𝑡., using the continuum strain-

based approach. The lowest residual stresses case was considered here because 

local relaxation of residual stresses in the highly stressed area should occur very 

quickly after the first cycle. Nevertheless, this parameter has a non-negligible 

influence on the estimated life. Since the residual stresses are in compression, the 

estimated number of cycles increases and the positive effect of post-weld 

treatments such as HFMI is better understood. 

 

 

 

Figure 6-19. Estimated multiaxial fatigue life to physical crack initiation (𝑵𝒊,𝒑𝒉,𝒆𝒔𝒕.) 

with varying parameters for the LoadTest1 using a) SWT and b) FS 
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After this example for the LoadTest1 load case, all the load cases in Table 6-9 are 

analysed simultaneously. The results are presented in the same form in Figure 6-20. 

 

 

 

Figure 6-20. Analysis of the parameter sensitivity regarding the multiaxial physical 

initiation fatigue life estimation (𝑵𝒊,𝒑𝒉,𝒆𝒔𝒕.) of all load cases in comparison to the 

tests data (𝑵𝒊,𝒑𝒉,𝒎𝒆𝒂𝒔.). a) plotted in linear scale and b) in log-scale. 
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These results are also shown in Figure 6-21. It can clearly be seen that many of the 

fatigue life estimates calculated using FS tend to tend towards infinite life. 

 

 

Figure 6-21. Estimated multiaxial fatigue life to physical crack initiation (𝑵𝒊,𝒑𝒉,𝒆𝒔𝒕.) 

with varying parameters for all tests using a) SWT and b) FS 
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the maximum node and the value calculated using the effective fatigue stress (using 

the area method). The final orientation of the critical plane is recalculated based on 

the calculated effective fatigue stress, but the same stress is not recalculated based 
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on this new orientation in the script. An iterative process for the calculation of the 

effective fatigue stress and the corresponding critical design could help to improve 

the results obtained using FS. Another solution would be to calculate an averaged 

effective fatigue stress using a volume method instead of the proposed area 

method. A half sphere could be considered, and the critical plane calculated on the 

basis of the effective fatigue stress would then directly have the “correct” 

orientation. The phenomenon is much less pronounced with the SWT criterion 

because the criterion does not take into account any interaction between shear and 

normal stress and the variation of the stress tensor in the thickness has less influence 

on the calculated normal stresses and strains. 

Finally, the estimation of the multiaxial fatigue life to physical crack initiation 

(𝑁𝑖,𝑝ℎ,𝑒𝑠𝑡.) and the relative experimental initiation data (𝑁𝑖,𝑝ℎ,𝑚𝑒𝑎𝑠.), obtained by 

mean of stereo DIC measurements, are presented as estimated fatigue life vs. 

experimental fatigue life plots. Multiaxial fatigue lives to initiation calculated using 

the strain-based approach combined with the SWT criterion are shown in Figure 

6-22 and those determined using FS are given in Figure 6-23. 

 

 

Figure 6-22. Estimated vs experimental fatigue life to physical crack initiation 

(𝑵𝒊,𝒑𝒉,𝒆𝒔𝒕. vs 𝑵𝒊,𝒑𝒉,𝒎𝒆𝒂𝒔.) using the continuum strain-based approach combined with 

the SWT criterion 
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Figure 6-23. Estimated vs experimental fatigue life to physical crack initiation 

(𝑵𝒊,𝒑𝒉,𝒆𝒔𝒕. vs 𝑵𝒊,𝒑𝒉,𝒎𝒆𝒂𝒔.) using the continuum strain-based approach combined with 

the FS criterion 

 

Each of the tests for which the physical initiation fatigue life could be defined using 

the DIC is compared to the 80 estimated fatigue life results corresponding to these 

tests for a total of 1200 combined results. It is obvious that the dispersion of the 

results obtained according to the parameters used is very important. The strain-

based approach is an extremely accurate method, as demonstrated by (Remes 2008, 

2013, Remes et al. 2012) for complex 2D cases, but it requires a detailed knowledge 

of the parameters characterizing the specimen and the test under study. One of the 

major problems observed concerns the ability of the method to estimate fatigue 

over a large number of cycles, mainly due to the 휀𝑁 curves used in the strain-based 

approach and more particularly SWT and FS in the case of this thesis. Most of the 

tests characterizing the 휀𝑁 curves employed in this Section have been performed 

below 200'000 cycles. Thus, the slope 𝑏 and the fatigue strength coefficient 𝜎𝑓
′ of the 

asymptote characterizing the fatigue strength in the elastic range according to 

Basquin’s Eq. (77) are determined from few values and for tests where the majority 

of the damage is due to plastic strains. It is expected that this is mainly because of 

this lack of accurate data that the estimated fatigue lives have such a wide 

dispersion, the majority of the tests having been carried out over a large number of 

cycles, under nominal stresses well below the elastic limit and whose estimated 

maximum local stresses for the strain-based approach, i.e. the maximum fatigue 

effective stress, are between 0.5 ∗ 𝜎𝑦 and 1. 05 ∗ 𝜎𝑦 and the deformation amplitudes 

between 0.15 and 0.35%. 
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Finally, in order to assess the ability of each criterion to estimate the fatigue life, 

and to help determine the most suited one for the strain-based approach, the 

probability of non-conservative prediction, 𝑃𝑁𝐶, as defined in Section 5.5, is 

calculated for both the SWT and FA criteria (see Figure 6-24 and Figure 6-25 

respectively).  

 

 

Figure 6-24. Calculated probability of non-conservative prediction 𝑷𝑵𝑪 of the 

continuum strain-based approach combined to SWT 

 

 

Figure 6-25. Calculated probability of non-conservative prediction 𝑷𝑵𝑪 of the 

continuum strain-based approach combined to FS 

 

One has to note the unexpected shape of the Weibull distribution in Figure 6-25 is 

a representation error due to the employed software that has limitations in plotting 

this type of distribution that does not affect the results (scaling problem). 

The first conclusion is that in this form and under these conditions, the SWT 

criterion is the most appropriate and gives the most accurate estimates. However, 
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apart from the outliers calculated with FS, the results obtained seems less scattered 

and lead us to believe that in a modified form, the continuum strain-based approach 

combined to FS could give better results. In general, however, while the results 

presented in Figure 6-18 and Figure 6-20 tend to suggest that FS overestimates 

fatigue life, the results in Figure 6-23 and related statistical analysis in Figure 6-25 

show that the greatest concentration of results is below the safe limit. In the actual 

form, it seems that the FS criterion is thus overestimating physical initiation fatigue 

lives leading to unsafe predictions. 

For an easier and faster analysis, however, the SWT criterion is recommended. The 

use of the FS criterion is by default more complex and in the proposed form it is 

necessary to calculate the fatigue life 𝑁𝑓 or 𝑁𝑖𝑛 for each iteration searching for the 

critical plane, which is very demanding in terms of computing resources and 

computing time. In addition, it appears that after the initiation of the first crack 

(𝑎0 ∝ 𝑎𝑖,𝑝ℎ), the SWT criterion is, based on the current knowledge of failure 

mechanisms, much more coherent and adapted than FS because cracks, even 

during the propagation of short cracks, tend to propagate in Mode I under principal 

stresses and thus perpendicularly to the critical plane of principal stresses. 

To conclude, the strain-based approach is an accurate approach that takes into 

account several parameters to estimate the total fatigue life. It is however very 

sensitive to these applied parameters and an important scatter in the obtained 

results was observed during the parametrical analysis. Several reasons were 

identified that causes this variability in the obtained results: 

- The employed material model and the relative parameters and assumptions to 

calculate them plays a crucial role. Effectively, it has been seen that the VC 

material models defined with the parameters obtained through the 

RESSPyLab optimisation tool and large plasticity uniaxial tests results leads to 

incorrect estimation and behaviour. Effectively, the E modulus being very low 

and yield stress very high, it creates an abrupt transition in the calculation of 

the equivalent fatigue effective strain. Basquin-Manson-Coffin based criteria 

are much more sensitive to plastic strains and these problems with the VC 

models create two opposite situations, one were the fatigue effective stress is 

smaller than the yield stress leading to almost no damage, and the other were 

stresses are just higher and where a small increment of stress induce a large 

increment of strains. It is thus recommended for safe estimations to use the 

half-life cyclic Ramberg-Osgood material model that has a smooth exponential 

transition between the elastic and plastic domains. 

- The strain life properties are also very important, and their definition requires 

attention. The plastic part of the Basquin-Manson-Coffin based criteria is 
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usually well defined as most of the uniaxial tests to calibrate the parameters 

were achieved at a low number of cycles. The problem arises when high cycle 

fatigue life has to be estimated using these parameters. Multiple slopes and 

strength coefficients for the Basquin’s elastic part of the equation are given in 

the literature and can leads to huge variations in the estimated fatigue life. It 

is thus recommended here that in the case  where the number of uniaxial tests 

at high number of cycles to define the strain life parameters is not sufficient to 

characterise the elastic region of the Basquin-Manson-Coffin equation, a fixed 

slope should be determined and used in the finite life region to control that the 

calculated tendency gives appropriate results and a minimum value should be 

applied to the Basquin slope. 

- The weld geometry and particularly the weld flank angle and weld toe radius 

play an important role in the estimated fatigue life to physical initiation. 

However, after the occurrence of the first crack, the influence of the geometry 

is much lower. In this first approach, the geometry is simplified and the 

variation of the geometry along the weld length is not considered. Boundary 

effect of localized defects are thus not taken into account. 

- The material characteristic length 𝑎0 plays almost no role in the calculation of 

the fatigue life to physical initiation. The stress-gradient, even in the case of 

the smallest weld toe radius, is too small to have an influence. However, when 

the crack is modelled, the material characteristic length has an important 

influence and should be defined with caution, based on microstructures 

analyses and expected crack path into the material vicinity, e.g. in the WM, 

HAZs or BM. 

 

 

6.7. Insight on the following steps of crack propagation 

using the strain-based approach 

The first calculations of the following steps of propagation of the strain-

based approach were performed on simplified sub-models. These sub-models have 

a size of 2 ∗ 2 ∗ 2 𝑚𝑚 in order to limit any undesirable effects close to the 

boundaries while limiting their size as much as possible in order to apply a 

sufficiently fine mesh at the crack front while keeping a limited number of nodes 

for the calculation times to be acceptable. 

Modelled crack shape was, in this first attempt, semi-circular for each step. The size 

of the first modelled crack corresponds to an admitted value of 𝑎0 = 15 𝜇𝑚 while 

the last modelled crack has a size of 𝑎𝑛 = 0.12 𝑚𝑚. It corresponds to the size of the 
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crack after 8 steps 𝑎𝑖 of propagation based on 𝑎0. Quadratic hexahedral elements 

C3D20R are used around the crack tip with a shape of a cylinder swept along the 

crack path (see Figure 6-26). The crack is not physically modelled, a cut is made in 

the volume and element nodes are debonded along the surface of the crack.  

 

 

Figure 6-26. Example of meshing around the crack tip. a) 3D view in transparency 

from the top, b) lateral view and c) cut view of the meshing around the crack tip. 

 

Several types of mesh configuration can be used in the mesh front. In a first 

approach, the degeneration of quadratic elements in crack front, as explained by 

Anderson (Anderson 2005) (see Figure 6-27), was applied. The results obtained do 

indeed allow a good understanding of the crack behaviour under cyclic loading but 

are not suitable for the strain-based approach, since precisely at the crack front, it 

then becomes more difficult to calculate the effective stress in the highly stressed 

area (see Figure 6-28). 

The first results obtained using the continuum strain-based approach have been 

conclusive. Although demanding from a coding point of view to be applied to 3D 

models, this approach makes it possible to physically model several effects that 

cannot be estimated otherwise. Indeed, the crack closure is modelled, it is also 

possible to use an adapted friction coefficient for the crack surfaces when they come 

into contact, the local plastic strains at the crack front adapt to the applied cyclic 

loads, etc. Finally, it is also possible to model and observe, using the continuum 

strain-based approach, a crack which after initiation does not propagate. This 

approach is then perfectly adapted to the analysis of HFMI treated welded joints. 
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Figure 6-27. Crack-tip elements for elastic and elastic-plastic analyses. Element (a) 

produces a strain singularity, while (b) exhibits a strain singularity: (a) Elastic 

singularity element and (b) plastic singularity element, from (Anderson 2005). 

 

  

Figure 6-28. Behaviour of the crack tip using degenerated elements. 

 

 

6.8. Conclusions 

This chapter presented the framework of an extension of the continuum 

strain-based approach from Remes (Remes 2008, Remes et al. 2012) for the case of 

multiaxial fatigue and 3D models. This approach has proven its potential to assess 

the physical crack initiation fatigue life (𝑁𝑖,𝑝ℎ,𝑒𝑠𝑡.) of complex multiaxial loading 

cases of welded joints modelled in 3D and first insight on the subsequent steps of 

crack propagation using the strain based approach gave promising results. 

Essential features of the approach and proposed extension are as follow: 

- The fatigue damage process is modelled as a repeated crack initiation process 

within a specific volume related to the microstructure of the material i.e. the 

damage process zone. 

- The size of the damage zone is related to large grain size and thus material 
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characteristic length 𝑎0, corresponds to the grain size 𝑑99%. 

- The material characteristic length defines the length of the discrete crack 

growth step and the same length is applied to calculate the fatigue-effective 

stress and strain, giving a strong physical background to both the approach 

and the use of a damage process zone based on the material microstructure. 

- The procedure to calculate the fatigue effective stress using the area method 

for both the physical initiation and subsequent propagation steps is provided. 

- Usual continuum-based FEA being sensitive to mesh singularities, the CSEM 

approach is proposed to calculate the equivalent fatigue effective strain. 

- The framework of the continuum strain-based approach is provided in the 

form of a flow chart. This flowchart also summarises the functioning of the 

python script that has been developed. 

The framework and proposed extensions for complex geometries in 3D were 

validated using simple and more complex load cases. More particularly, 

conclusions obtained under bending and torsion cases gave very conclusive results 

based on the observation of the critical plane angle and local stress/strain 

behaviour. The area method in 3D to calculate the fatigue effective stress appears 

to be adapted and calculation of the equivalent fatigue effective strain using the 

proposed CSEM for complex material laws and 3D situations, has been validated 

and gives a solution applicable to any type of situation. 

The strain-based approach is an accurate approach that takes into account several 

parameters to estimate the total fatigue life. It is however very sensitive to these 

applied parameters and an important scatter in the obtained results was observed 

during the parametrical analysis. Several reasons were identified that causes this 

variability in the obtained results: 

- The employed material model and the relative parameters and assumptions to 

calculate them plays a crucial role. Effectively, it has been seen that the VC 

material models defined with the parameters obtained through the 

RESSPyLab optimisation tool and large plasticity uniaxial tests results leads to 

incorrect estimation and behaviour. Effectively, the E modulus being very low 

and yield stress very high, it creates an abrupt transition in the calculation of 

the equivalent fatigue effective strain. Basquin-Manson-Coffin based criteria 

are much more sensitive to plastic strains and these problems with the VC 

models create two opposite situations, one were the fatigue effective stress is 

smaller than the yield stress leading to almost no damage, and the other were 

stresses are just higher and where a small increment of stress induce a large 

increment of strains. It is thus recommended for safe estimations to use the 

half-life cyclic Ramberg-Osgood material model that has a smooth exponential 



Chapter 6 : Strain-based approach to fatigue crack initiation and short crack 

propagation under multiaxial loads 

228 

 

transition between the elastic and plastic domains. 

- The strain life properties are also very important, and their definition requires 

attention. The plastic part of the Basquin-Manson-Coffin based criteria is 

usually well defined as most of the uniaxial tests to calibrate the parameters 

were achieved at a low number of cycles. The problem arises when high cycle 

fatigue life has to be estimated using these parameters. Multiple slopes and 

strength coefficients for the Basquin’s elastic part of the equation are given in 

the literature and can leads to huge variations in the estimated fatigue life. It 

is thus recommended here that in the case  where the number of uniaxial tests 

at high number of cycles to define the strain life parameters is not sufficient to 

characterise the elastic region of the Basquin-Manson-Coffin equation, a fixed 

slope should be used in the finite life region to control that the calculated 

tendency gives appropriate results and a minimum value should be applied to 

the Basquin slope. 

- The weld geometry and particularly the weld flank angle and weld toe radius 

play an important role in the estimated fatigue life to physical crack initiation. 

However, after the occurrence of the first crack, the influence of the geometry 

is much lower. In this first approach, the geometry is simplified and the 

variation of the geometry along the weld length is not considered. Boundary 

effect of localized defects are thus not taken into account. 

- The material characteristic length 𝑎0 plays almost no role in the calculation of 

the fatigue life to physical crack initiation. The stress-gradient, even in the case 

of the smallest weld toe radius, is too small to have an influence. However, 

when the crack is modelled, the material characteristic length has an important 

influence and should be defined with caution i.e. chosen with consideration 

for both the absolute crack length as well as the microstructural length  

 

As a final conclusion, the use of the continuum strain-based approach in 

combination to the SWT criterion is recommended as it gives the most consistent 

results when calculating the multiaxial fatigue life to initiation, in addition to be the 

easiest and fastest to apply of both proposed criteria. It is also expected to be the 

most promising one for the modelling and calculation of the subsequent crack 

propagation steps, as it physically corresponds to the Mode I of propagation 

mechanism which is usually observed on steel alloys. 
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Chapter 7 Conclusions and future work 

 

 

7.1. Conclusions 

The main objective of the work presented in this thesis was to understand 

the behaviour of S690QL steel welded components subjected to multiaxial fatigue 

loading and to propose suitable methods for estimating their fatigue life. However, 

the framework and proposed extensions for complex geometries are not limited to 

high strength steels and can be applied to welded details of lower strength 

construction steels. The conclusions are presented in the following paragraphs, in 

the order of the objectives of the work presented in Chapter 1. 

First, new sets of fatigue life data for full scale welded joints in high strength 

S690QL steel under Constant Amplitude (CA) multiaxial cyclic loading were 

produced by inducing an additional cyclic shear stress to the usual normal cyclic 

stress case. This led to the conclusions: 

- Proportional CA multiaxial loading is found to be more damaging than 

uniaxial loading situations when looking only at the uniaxial stresses ranges 

due to the influence of the applied shear stress. 

- For the TP specimens, no influence of mean stress (𝑅-ratio) was observed.  

- Fatigue tests on TA specimens under multiaxial CA loading showed no 

observable differences in the fatigue resistance compared to S235 specimens. 

Non-proportional loading cases led to higher fatigue resistance than the 

proportional cases, confirming that a phase shift angle of 180° is less damaging 

(see Appendix A1 for shift angle definition). This is explained by no 

detrimental effects of non-proportional hardening due to the phase shift are 

involved and little or no combination of normal and shear stresses is involved 

either. 

During this experimental campaign, properties of the parameters that are admitted 

having the most influence on the fatigue strength of welded joints, i.e. the material 

related parameters, the local weld geometry and the residual stresses were 

assessed. In addition, advanced measurements techniques were used to 
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characterize the various stages of the fatigue damage process. All the related main 

conclusions are 

- New sets of material and fatigue life data for S690QL steel Base Metal (BM) 

and Heat Affected Zone (HAZ) material were produced by means of uniaxial 

tests carried on dog-bone shaped specimens. The cyclic material properties, 

described by the Voce and Chaboche and Ramberg-Osgood models, were 

defined. 

- Little differences between BM and HAZ materials are observed when high 

plastic deformations are involved. 

- Since the Voce and Chaboche model is to be used for high cycle fatigue 

modelling, with little plasticity, in the modified RESSPyLab optimisation 

procedure, the elastic modulus is fixed between 206 and 210 GPa in order to 

get “soft” hardening, representative of the observed cyclic hysteresis loops. 

- Stereo DIC and ACPD measurements show that the number of cycles to 

physical crack initiation 𝑎𝑖,𝑝ℎ ≅ 𝑎0 represent between 16 to 28% of the total 

fatigue life.  

- The number of cycles to propagate a 2𝑐 = 0.2 𝑚𝑚 crack length (which 

correspond to the technical crack initiation size 𝑎𝑖,𝑡𝑒 ≅ 0.1𝑚𝑚) represent 65 to 

95% of the total observed fatigue life (from 0 cycles).  

- A new database of refined weld geometry measurements made using a laser 

arm was produced. A new method for the analysis of the weld geometries was 

developed with success. Obtained results are statistical distributions of the 

weld angle, the weld toe radius and weld length. 

- Multiple distributions were fitted to the results and the use of a log-normal 

distribution is highly recommended for the weld toe radius rather than the 

usually used normal distribution. The measurement results showed slight 

differences between the TA and the TP specimens due to their geometry and 

process of welding. 

- Residual stresses were measured both in the as-welded initial state and after 

0.25 million cycles; it showed a relatively important amount of residual stress 

relaxation. The measured residual stresses were mostly in compression at the 

weld toe (60 ÷ 100% ∗ 𝑓𝑦), in both directions. Observed average values after 

relaxation (0 ÷ 40% ∗ 𝑓𝑦) are -150 MPa in the transverse and -85 MPa in the 

longitudinal directions relative to the weld. 

 

An extended reanalysis of stress-based equivalent stresses and multiaxial fatigue 

criteria was presented. Multiaxial fatigue test data obtained during the 

experimental campaign were combined in an extended multiaxial fatigue database. 



7.1 Conclusions 

231 

 

A total of 487 multiaxial fatigue data, obtained mainly on tubular steel specimens 

with butt-weld or transverse attachment welds were analysed using nominal 

stresses and led to the following conclusions:  

- The use of nominal uniaxial normal stress range ∆𝜎 to characterize the 

multiaxial data is not appropriate (FAT46/3 << FAT71/3) and leads to highly 

scattered results as too many parameters are involved and cannot be taken into 

account by any mean. In addition, the acting shear stresses are also not taken 

into account by this approach. An important difference is observed between 

the TA and TP specimen results that cannot be identified in this way. 

- The interaction equations proposed in the IIW and EC3 to take into account 

the influence of the cyclic shear stress does not give satisfactory results with 

too scattered data (FAT54/3 << FAT71/3). 

- A significant improvement can be achieved by using the von Mises equivalent 

stress or the Findley criterion (with Findley’s factor 𝑘 = 0.3) using only the 

nominal normal and shear stress components in a simple 2D approach, with 

no consideration of the critical plane. The obtained characteristic curves are 

FAT73/3 and FAT69/3 respectively, which comply reasonably well with the 

FAT71/3 category from the IIW and EC3. 

   

Detailed linear-elastic finite element models were then created to apply the local 

effective notch stress (ENS) approach in combination with 9 different criteria, 

equivalent stress or interaction equations. It was used to estimate the fatigue life of 

the tested specimens and the specimens from the database. The probability of non-

conservative prediction 𝑃𝑁𝐶 calculated using a prediction ratio 𝑝𝑟 is estimated for 

each of the criteria to judge their accuracy in estimating fatigue life under any type 

of loading. These works led to the following conclusions: 

- The ENS approach has shown its ability to regroup different load cases in a 

single scatter band when used with an appropriate equivalent stress quantity. 

- Reanalyses of the 123 bending/tension and 89 torsion/shear test results have 

shown that the relative IIW and Sonsino’s (Sonsino 2009b) proposed 

characteristic curves FAT225/3 and FAT160/5 are non-conservative for all 

types of loading. The FAT192/3 and FAT150/5 characteristic curves are thus 

proposed. 

- Based on the reanalysis, the use of the ENS combined with the Principle Stress 

(PS) should be avoided, even considering the updated FAT categories. 

Obtained results are not consistent and, as soon as shear stresses are involved, 

the FAT192/3 (or FAT150/5) tends to diminish drastically down to FAT109/3, 

leading to poor prediction of fatigue lives. 
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- The IIW and EC3 interaction equations are not recommended. Neither the use 

of the FAT225/3 and FAT160/5, nor the updated values gave satisfactory 

results. Fatigue life estimations using either approach gave the highest 

probability of non-conservative prediction. 

- The use of the von Mises equivalent stress (calculated from stress ranges or 

amplitudes as given in the Section 2.2) is advised instead of the PS. A unique 

characteristic curve FAT172/3 (or FAT178/3 according to the EC3 procedure 

for statistical analysis of test results) is proposed for all types of loading 

situations and leads to safe CA uniaxial and multiaxial P and NP fatigue life 

estimations. 

- The best characterisation of the uniaxial normal, shear and multiaxial P and 

NP load cases was obtained using the modified Carpinteri-Spagnoli criterion. 

It showed the smallest scatter band and the safest fatigue life estimations when 

evaluated either with the FAT225/3 or FAT192/3 curves.  

- Findley’s criterion also proved to be well suited when evaluated either with 

the FAT225/3 or FAT192/3 curves and thus it tends to prove that criteria that 

are maximized on the MDPP give the most consistent values for both the 

uniaxial and multiaxial cases. 

- Dang-Van, McDiarmid and Matake’s criteria gave good results under 

multiaxial state of stress but are less accurate in the assessment of the uniaxial 

cases, mostly in torsion. These criteria are defined on the MSSP instead, which 

is the main difference with the modified CS and Findley’s criteria. 

- Finally, updated values of the unique fatigue characteristic curves (FAT𝑎/𝑚) 

are given for each criterion when combined to the ENS approach. 

The ENS and proposed criteria are well suited and recommended for general 

fatigue life estimations under uniaxial and multiaxial load cases. However, they do 

not take into account all the parameters (e.g. residual stresses, elastic-plastic 

properties, microstructures, etc.) that can have a huge influence on the fatigue 

strength of welded specimens, and they are not able to represent the physical steps 

of the fatigue damage process.  

 

The last chapter presented the framework of an extension of the continuum strain-

based approach from Remes (Remes 2008, Remes et al. 2012) for the case of 

multiaxial fatigue and 3D models. This approach has proven its potential to assess 

the physical and technical crack initiation fatigue life of complex multiaxial loading 

cases of welded joints modelled in 3D and first insight on the subsequent steps of 

crack propagation using the strain based approach gave promising results. 

Essential outcomes are: 
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- The procedure to calculate the fatigue effective stress using the area method 

for both the physical crack initiation and subsequent propagation steps is 

found to be well suited to the problem. 

- Usual continuum-based FEA being sensitive to mesh singularities, the CSEM 

approach is proposed to calculate the equivalent fatigue effective strain. 

- The framework of the continuum strain-based approach is provided in the 

form of a flow chart, programmed in a python script (in open access). 

- The use of the continuum strain-based approach in combination with the SWT 

criterion is recommended as it gives the most consistent results when 

calculating the multiaxial fatigue life to physical initiation and is more 

appropriate for the modelling and calculation of the subsequent crack 

propagation steps 

- The continuum strain-based approach has proved to be a very precise and 

versatile approach adaptable to any situation. It has shown to be very sensitive 

to the input parameters and an important scatter was obtained in the results 

of the parametrical analysis. The main parameters causing this variability in 

fatigue life to physical initiation were identified as: material model needs to 

have a smooth transition between elastic and plastic domains, strain life 

properties (Basquin-Manson-Coffin) should be calibrated with sufficient data 

in the long-life domain (elastic part of the equation parameters), local weld 

geometry should be controlled (weld flank angle and weld toe radius). 

In the calculation of the fatigue life to physical initiation, the following parameters 

were found to have minor influence: material characteristic length 𝑎0 plays almost 

no role, stress-gradient, even in the case of the smallest weld toe radius, is too small 

to have an influence. One shall however be aware that for propagation 

computations, i.e. when the crack is modelled the material characteristic length has 

an important influence and should be defined with caution. The opposite is true for 

the influence of the local weld geometry.  

 

 

7.2. Future work 

A thesis does not come to an end without new questions arising from the 

work done and results obtained. The author believes the following topics to be of 

particular interest for future research. 

With respect to the experimental part, multiaxial fatigue tests were carried out only 

under CA loading, mostly proportional, to set the bases of the framework. The 

obvious next step would be to carry tests under variable amplitude loading with 
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specific features (an overload, or a constant vs a variable mean stress). These 

idealised variable loading should be preferred to more realistic load spectra but 

should contain the main features of those (which can be function of the application 

domain). Thus, the influence of extreme peak loads on the local stress and strain 

fields could be assessed. In addition, non-proportional tests should be carried-out 

under constant and variable phase shift angles, but mostly under a constant 90° out-

of-phase angle. Finally, tests at high mean stress ratio 𝑅 should be carried-out to 

better understand residual stresses influence, including also stress-relieved and as-

welded specimen for comparison. 

The stereo DIC method to estimate the fatigue life to physical crack initiation seems 

promising and additional research on optimized setup of cameras, lenses and 

measurement parameters could be of great interest to standardize the application 

of the method. The generalization of these type of measurements for all future 

fatigue tests is of main interest. As well, ACPD calibration was achieved after a lot 

of work and further tests would help to validate results obtained with stereo DIC. 

With respect to the modelling part, for the stress-based analysis the continuous 

extension of the multiaxial fatigue database is of primary importance to enhance 

the design curves given in the standards. A procedure for the non-proportional and 

VA situations still needs additional research. Furthermore, additional analyses 

using multiaxial stress-based criteria on other welded joints geometries is required 

to validate the obtained conclusions and results. 

With respect to the continuum strain-based approach, its application after initiation 

of the first crack to the subsequent propagation steps is still an ongoing process and 

requires additional work as first results seems very promising. The proposed CPS 

method allows for the determination of the critical plane orientation even under 

multiaxial non-proportional load cases. The application of the continuum strain-

based approach under more complex loading situation would also require 

additional work. The use of more complex material model as Voce and Chaboche 

for fatigue analysis at high number of cycles requires additional researches. 

A detailed analysis of the residual stresses behaviour under bending, torsion and 

combined loading using elastic-plastic FEM would be of primary importance to 

assess the amount of local residual stresses relaxation at the weld toe and the 

influence on the cyclic stress/strain hysteresis loop. 

The strain life properties are also very important, and their definition requires 

attention as a problem arises when high cycle fatigue life has to be estimated using 

these parameters. Tests at high numbers of cycles are required to calibrate correctly 

the Basquin-Manson-Coffin curve in the high cycle regime. 
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A Background and state of art 

 

A.1. Non-proportional loading 

A.1.1. Effect of the out-of-phase angle and mean stress 

In order to be consistent with the experiments presented in this thesis, the 

acting stresses used in the following examples are normal and shear stresses. The 

amplitude of the normal and shear stresses is 𝜎𝑎 = 1 and 𝜏𝑎 = √3 ∗ 1 = 0.58 

respectively. 

 

Proportional case – Phase angle = 0° 

Mean stress, 𝑅 = 0 

 

No mean stress, 𝑅 = −1 

 

Figure A-1. a) cyclic shear, normal and corresponding Principal stresses, b) 

corresponding PS critical plane angle 𝜽  
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Non-proportional case – Phase angle = 90° 

Mean stress, 𝑅 = 0 

 

No mean stress, 𝑅 = −1 

 

Figure A-2. a) cyclic shear, normal and corresponding Principal stresses, b) 

corresponding PS critical plane angle 𝜽 
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Non-proportional case – Phase angle = 180° 

Mean stress, 𝑅 = 0 

 

No mean stress, 𝑅 = −1 

 

Figure A-3. a) cyclic shear, normal and corresponding Principal stresses, b) 

corresponding PS critical plane angle 𝜽 
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B Experimental campaign 

 

B.1. S690QL plates and tubes chemical properties 

 

Table B-1. Chemical properties of the S690QL steel plates 

Chemical analysis 

 C Mn S P Si Cr Ni Cu 

 [%] [%] [%] [%] [%] [%] [%] [%] 

max 0.200 1.700 0.010 0.020 0.800 1.500 2.000 0.500 

min - - - - - - - - 

12mm plates 0.143 1.233 0.001 0.011 0.362 0.252 0.059 0.006 

20mm plates 0.161 1.120 0.000 0.007 0.290 0.200 0.050 0.012 

25mm plates 0.129 1.220 0.000 0.009 0.360 0.410 0.040 0.010 

 

Chemical analysis (continued) 

 Ti V Nb Mo Al B N CEv 

 [%] [%] [%] [%] [%] [%] [%] [%] 

max 0.050 0.120 0.060 0.700 - 0.005 0.015 0.650 

min - - - - 0.018 - - - 

12mm plates 0.024 0.037 0.003 0.131 0.033 0.002 0.006 0.437 

20mm plates 0.012 0.030 0.001 0.084 0.091 0.002 0.003 0.410 

25mm plates 0.013 0.031 0.001 0.152 0.096 0.001 0.003 0.450 

 

 

Table B-2. Chemical properties of the S690QL steel tubes 

Chemical analysis 

 C Mn S P Si Cr Ni Cu 

 [%] [%] [%] [%] [%] [%] [%] [%] 

max 0.180 1.700 0.015 0.025 0.500 0.800 0.400 0.250 

min 0.140 1.200 - - 0.200 - - - 

17.5mm tubes 0.140 1.530 0.003 0.009 0.300 0.710 0.140 0.100 

 

Chemical analysis (continued) 

 Ti V Nb Mo Al W N 

 [%] [%] [%] [%] [%] [%] [%] 

max 0.050 0.120 0.050 0.400 0.050 0.700 0.020 

min - 0.050 - 0.200 0.015 0.100 - 

17.5mm tubes 0.000 0.060 0.030 0.240 0.022 0.190 0.008 
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B.2. S690QL welding recommendations 

 

Figure B-1. 𝒕𝟖 𝟓⁄  curves for the S690QL steel (from Thyssenkrupp) 

 

Figure B-2. a) toughness and maximum hardness of multi-layer welds and b) 

working field for welding of the S690QL, from (Hamme et al. 2000) 

a) 

b) 
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B.3. TA specimens welding process and parameters 
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B.4 TP specimens welding process and parameters 
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B.4. TP specimens welding process and parameters 
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B.5 Neutron Diffraction measurements 
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B.5. Neutron Diffraction measurements 

B.5.1. ISIS Engin-X 

 

 

B.5.2. PSI Poldi 
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B.5.3. Positioning of the specimen for ND measurements 
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B.6. X-Rays Diffraction measurements 

B.6.1. SONATS device properties 

 

Appareil : AST X3000 

N° de série : S/N 7680 - S/N 7735 

Radiation* : CrKα 

Matériau : Acier ferritique 

Méthode de calcul : Cross corrélation 

Oscillation  : ± 0° 

Angle de diffraction: 156° 

tache :  1 mm 

Indices de Miller : 211 

ARX : 1 

Module d’Young* : 2100000 MPa 

Coefficient de Poisson : 0.3 

Longueur d'onde : 0,2291 nm 

Tension : 28 Kv 

Courant : 6 mA 

Temps d’acquisition / angle 

Ψ : 
30 secondes 

Nombre d’angles Ψ : 11 

Oscillation en Ψ : 0° 

Gamme d’angles Ψ : De 0° à +40°  

Filtre : aucun 
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C Experimental results 

 

C.1. Uniaxial fatigue tests on S690QL steel 

C.1.1. Load protocols for the optimisation of the Voce-Chaboche 

hardening law parameters using RESSPylab  

 

Figure_Apx C-1. Loading protocols; the loading excursion axis is schematic, Figure 

17 from (Lignos and de Castro e Sousa 2018) 
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Figure_Apx C-2. Loading protocols (continued); the loading excursion axis is 

schematic, Figure 17 from (Lignos and de Castro e Sousa 2018) 
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C.1.2. Uniaxial tests results 
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C.1.3. Voce-Chaboche calibration for the S690QL HAZ material 
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C.1.4. Voce-Chaboche calibration for the S690QL BM material 
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C.1.5. Voce-Chaboche calibration for Mikkola’s (Mikkola 2016) 

S700MC BM material 
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C.1.6. Voce-Chaboche comparison of Mikkola’s (Mikkola 2016) 

S700MC HAZ material using the modified RESSPyLab or 

Mikkola’s defined paramters 
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C.1.7. Voce-Chaboche calibration for Mikkola’s (Mikkola 2016) 

S700MC BM material 
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C.1.8. Voce-Chaboche recalibration for de Castro e Sousa and Lignos 

(de Castro e Sousa and Lignos 2018) S690QL BM material 

using the modified RESSPyLab 
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C.2. Multiaxial fatigue tests results on TA 

C.2.1. Constant amplitude tests on S235JR steel TA specimens 

Table C-1. TA multiaxial fatigue test results under CA multiaxial proportional (P) 

stresses, including data from (Baptista 2016) 

        Nominal stresses 

Name Author 𝝀𝝉
𝝈
 𝝓 

[°] 
𝑹𝝈 𝑹𝝈 

 
𝑵𝒇 

𝛔𝐦𝐚𝐱 
[MPa] 

𝛔𝐦 
[MPa] 

𝚫𝝈  
[MPa] 

𝝉𝒎𝒂𝒙 
[MPa] 

𝝉𝒎 

[MPa] 
𝚫𝝉 

[MPa] 

TA235_P1 Baptista 0.93 0 0.1 0.1  3'780'000 60.0 33.0 54.0 55.6 30.6 50.0 

TA235_P2 Garcia 0.93 0 0.1 0.1  10'000'000* 60.0 33.0 54.0 55.6 30.6 50.0 

TA235_P3 Garcia 0.93 0 0.1 0.1  10'000'000* 60.0 33.0 54.0 55.6 30.6 50.0 

TA235_P4 Baptista 0.32 0 0.1 0.1  174'000 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P5 Baptista 0.32 0 0.1 0.1  240'500 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P6 Baptista 0.32 0 0.1 0.1  192'500 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P7 Baptista 0.32 0 0.1 0.1  306'000 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P8 Baptista 0.32 0 0.1 0.1  330'000 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P9 Baptista 0.32 0 0.1 0.1  253'000 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P10 Garcia 0.32 0 0.1 0.1  291'000 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P11 Garcia 0.32 0 0.1 0.1  487'000 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P12 Garcia 0.32 0 0.1 0.1  315'500 171.1 94.1 154.0 55.6 30.6 50.0 

TA235_P13 Garcia 0.32 0 0.1 0.1  228'500 171.1 94.1 154.0 55.6 30.6 50.0 

* Run-outs       

 

 

Table C-2. TA multiaxial fatigue test results under CA non-proportional (NP) 

multiaxial stresses, including data from (Baptista 2016) 

        Nominal stresses 

Name Author 𝝀𝝉
𝝈
 𝝓 

[°] 
𝑹𝝈 𝑹𝝈 

 𝑵𝒇 
𝛔𝐦𝐚𝐱 

[MPa] 
𝛔𝐦 

[MPa] 
𝚫𝝈  

[MPa] 
𝝉𝒎𝒂𝒙 

[MPa] 
𝝉𝒎 

[MPa] 
𝚫𝝉 

[MPa] 

TA235_NP1 Baptista 0.50 180 0.1 0.1  1'550'000 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP2 Baptista 0.50 180 0.1 0.1  4'052'500 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP3 Baptista 0.50 180 0.1 0.1  3'200'000 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP4 Baptista 0.50 180 0.1 0.1  2'000'000 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP5 Baptista 0.50 180 0.1 0.1  5'000'000 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP6 Baptista 0.50 180 0.1 0.1  5'500'000 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP7 Garcia 0.50 180 0.1 0.1  1'560'000 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP8 Garcia 0.50 180 0.1 0.1  3'282'500 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP9 Garcia 0.50 180 0.1 0.1  10'000'000* 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP10 Garcia 0.50 180 0.1 0.1  10'000'000* 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP11 Garcia 0.50 180 0.1 0.1  4'862'000 111.1 61.1 100.0 55.6 30.6 50.0 

TA235_NP12 Garcia 0.50 180 0.1 0.1  10'000'000* 111.1 61.1 100.0 55.6 30.6 50.0 

* Run-outs       
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C.2.2. Constant amplitude tests on S690QL steel TA specimens 

Table C-3. TA multiaxial fatigue test results under CA multiaxial proportional (P) 

stresses 

       Nominal stresses 

Name 𝝀𝝉
𝝈
 𝝓 

[°] 
𝑹𝝈 𝑹𝝈 

 𝑵𝒇 
𝛔𝐦𝐚𝐱 

[MPa] 
𝛔𝐦 

[MPa] 
𝚫𝝈  

[MPa] 
𝝉𝒎𝒂𝒙 

[MPa] 
𝝉𝒎 

[MPa] 
𝚫𝝉 

[MPa] 

TA690_P1 R 0.32 0 0.1 0.1  532'500 171.1 94.1 154.0 55.6 30.6 50.0 

TA690_P2 R 0.32 0 0.1 0.1  503'500 171.1 94.1 154.0 55.6 30.6 50.0 

TA690_P3 R 0.32 0 0.1 0.1  410'000 171.1 94.1 154.0 55.6 30.6 50.0 

TA690_P4 S 0.27 0 0.1 0.1  366'000 202.8 111.5 182.5 55.6 30.6 50.0 

TA690_P5 S 0.44 0 0.1 0.1  228'000 149.6 82.3 134.6 65.2 35.9 58.7 

TA690_P6 S 0.44 0 0.1 0.1  322'500 149.6 82.3 134.6 65.2 35.9 58.7 

TA690_P7 S 0.44 0 0.1 0.1  210'000 149.6 82.3 134.6 65.2 35.9 58.7 

TA690_P8 R 0.58 0 0.1 0.1  684'300 112.4 61.8 101.2 65.2 35.9 58.7 

TA690_P9 R 0.58 0 0.1 0.1   1'123'500 112.4 61.8 101.2 65.2 35.9 58.7 

TA690_P1 R   0.58 0 0.1 0.1  1'208'500 112.4 61.8 101.2 65.2 35.9 58.7 

TA690_P11 R 0.58 0 0.1 0.1  2'273'000 84.5 46.5 76.0 49.0 27.0 44.1 

TA690_P12 S 0.44 0 0.1 0.1  550'000 112.4 61.8 101.2 49.0 27.0 44.1 

TA690_P13 R 0.58 0 0.1 0.1  10'000'000* 84.5 46.5 76.0 49.0 27.0 44.1 

TA690_P14 R 0.58 0 0.1 0.1  2'830'000 84.5 46.5 76.0 49.0 27.0 44.1 

TA690_P15 S 0.44 0 0.1 0.1  803'900 112.4 61.8 101.2 49.0 27.0 44.1 

TA690_P16 R 0.58 0 0.1 0.1  26'900'000* 84.5 46.5 76.0 49.0 27.0 44.1 

TA690_P17 R 0.58 0 0.1 0.1  646'500 96.4 53.0 86.7 55.9 30.7 50.3 

TA690_P18 R 0.58 0 0.1 0.1  947'000 96.4 53.0 86.7 55.9 30.7 50.3 

TA690_P19 R 0.58 0 0.1 0.1  1'532'000 96.4 53.0 86.7 55.9 30.7 50.3 

TA690_P20 R 0.58 0 0.1 0.1  1'178'000 96.4 53.0 86.7 55.9 30.7 50.3 

TA690_P21 R 0.58 0 0.1 0.1  854'000 96.4 53.0 86.7 55.9 30.7 50.3 

TA690_P22 R 0.58 0 0.1 0.1  1'340'000 96.4 53.0 86.7 55.9 30.7 50.3 

* Run-outs 
R Rounded weld at the bottom of the specimen, smooth transition, surface initiation on the main 

plate 
S Straight weld at the bottom of the specimen, sharp notch at the main plate lower edges, initiation 

on the plate edges 

 

 

C.2.3. Constant amplitude tests on S690QL steel HFMI post-weld 

treated TA specimens  

Table C-4. TA multiaxial fatigue test results of HFMI post-weld treated specimens 

under CA multiaxial proportional (P) stresses 

       Nominal stresses 

Name 𝝀𝝉
𝝈
 𝝓 

[°] 
𝑹𝝈 𝑹𝝈 

 𝑵𝒇 
𝛔𝐦𝐚𝐱 

[MPa] 
𝛔𝐦 

[MPa] 
𝚫𝝈  

[MPa] 
𝝉𝒎𝒂𝒙 

[MPa] 
𝝉𝒎 

[MPa] 
𝚫𝝉 

[MPa] 

TA690(HFMI)_P1 S 0.58 0 0.1 0.1  383’000 221.7 121.9 199.6 -96.7 -53.2 87.0 

TA690(HFMI)_P2 S 0.58 0 0.1 0.1  1’285’000 177.7 97.7 159.9 -77.8 -42.8 70.0 

* Run-outs 
S Straight weld at the bottom of the specimen, sharp notch at the main plate lower edges, initiation 

on the plate edges 
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C.2.4. Constant amplitude tests on S690QL steel TP specimens 

Table C-5. TP multiaxial fatigue test results under CA multiaxial proportional (P) 

stresses at a ratio 𝑹 = 𝟎. 𝟏 

       Nominal stresses 

Name 𝝀𝝉
𝝈
 𝝓 

[°] 
𝑹𝝈 𝑹𝝉 𝑵𝒇 Crack  

𝝈𝒎𝒂𝒙 
[MPa] 

𝝈𝒎 
[MPa] 

𝚫𝝈  
[MPa] 

𝝉𝒎𝒂𝒙 
[MPa] 

𝝉𝒎 

[MPa] 
𝚫𝝉 

[MPa] 

TP.R01_1 0.58 0° 0.1 0.1 4'300'000 Tube 125.0 68.7 112.5 72.5 39.9 65.2 

TP.R01_2 0.58 0° 0.1 0.1 658'500 Plate 212.2 116.7 191.0 123.1 67.7 110.8 

TP.R01_3 0.58 0° 0.1 0.1 1'516'000 Tube 193.6 106.5 174.2 112.3 61.8 101.1 

TP.R01_4 0.58 0° 0.1 0.1 10'000'000* - 172.4 94.8 155.2 100.0 55.0 90.0 

TP.R01_5 0.58 0° 0.1 0.1 6'892'600 Tube 172.4 94.8 155.1 100.0 55.0 90.0 

TP.R01_6 0.58 0° 0.1 0.1 2'148'500 Plate 192.3 105.7 173.0 111.5 61.3 100.4 

TP.R01_7 0.58 0° 0.1 0.1 530'500 Plate 251.9 138.6 226.7 146.1 80.4 131.5 

TP.R01_8 0.58 0° 0.1 0.1 1'221'000 Tube 278.5 153.2 250.6 161.5 88.8 145.4 

TP.R01_9 0.58 0° 0.1 0.1 411'000 Tube 298.4 164.1 268.5 173.1 95.2 155.7 

TP.R01_10 0.58 0° 0.1 0.1 455'500 Plate 298.3 164.1 268.5 173.1 95.2 155.8 

TP.R01_11 0.58 0° 0.1 0.1 386'500 Tube 298.3 164.1 268.5 173.1 95.2 155.8 

TP.R01_12 0.58 0° 0.1 0.1 285'400 Tube 298.3 164.1 268.5 173.1 95.2 155.8 

TP.R01_13 0.58 0° 0.1 0.1 268'750 Tube 298.3 164.1 268.5 173.1 95.2 155.8 

TP.R01_14 0.58 0° 0.1 0.1 436'500 Plate 298.3 164.1 268.5 173.1 95.2 155.8 

* Run-outs        

 

 

Table C-6. TP multiaxial fatigue test results under CA multiaxial proportional (P) 

stresses at a ratio 𝑹 = −𝟏 

       Nominal stresses 

Name 𝝀𝝉
𝝈
 𝝓 

[°] 
𝑹𝝈 𝑹𝝉 𝑵𝒇 Crack  

𝝈𝒎𝒂𝒙 

[MPa] 

𝝈𝒎 

[MPa] 

𝚫𝝈  

[MPa] 

𝝉𝒎𝒂𝒙 

[MPa] 

𝝉𝒎 

[MPa] 

𝚫𝝉 

[MPa] 

TP.R-1_1 0.58 0° -1 -1 379'500 Tube 165.8 0.0 331.5 96.1 0.0 192.3 

TP.R-1_2 0.58 0° -1 -1 168'000 Tube 165.8 0.0 331.5 96.1 0.0 192.3 

TP.R-1_3 0.58 0° -1 -1 165'750 Tube 165.8 0.0 331.5 96.1 0.0 192.3 

TP.R-1_4 0.58 0° -1 -1 233'250 Tube 165.8 0.0 331.5 96.1 0.0 192.3 

TP.R-1_5 0.58 0° -1 -1 2'355'000 Tube 140.6 0.0 281.1 81.5 0.0 163.0 

TP.R-1_6 0.58 0° -1 -1 1'702'550 Plate 126.0 0.0 252.0 73.1 0.0 146.1 

TP.R-1_7 0.58 0° -1 -1 267'500 Tube 126.0 0.0 252.0 73.1 0.0 146.1 

TP.R-1_8 0.58 0° -1 -1 805'000 Tube 126.0 0.0 252.0 73.1 0.0 146.1 

* Run-outs        
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C.3. Microstructural characterisation of the TP and TA 

welded areas 

C.3.1. EBSD measurement locations on the cracked TP sample 

 



C.3 Microstructural characterisation of the TP and TA welded areas 
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C.3.2. EBSD measurement locations on the TA sample 
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C.3.3. Grain size statistics at each location 

 

Table C-7. Grain size statistics of the TP sample measurements defined using 10° 

misorientation threshold criteria 

Position Material 
Step size  

[𝝁𝒎] 
𝒅 

[𝝁𝒎] 
𝜟𝒅 𝒅⁄  
[𝝁𝒎] 

𝒅𝟗𝟗% 
[𝝁𝒎] 

𝒅𝒗 
[𝝁𝒎] 

1 BM 0.1 1.6 4.7 7.9 3.3 

2 BM 0.2 2.3 4.1 9.8 4.1 

3 BM      

4 BM 0.2 2.4 4.4 11.0 4.6 

5 BM 0.2 2.4 4.3 10.8 4.5 

6 BM 0.2 2.3 4.1 9.9 4.2 

7 BM 0.2 2.4 4.2 10.6 4.5 

8 BM 0.2 2.3 4.1 9.9 4.2 

9 HAZ5 0.2 2.2 3.5 8.2 3.5 

10 HAZ5 0.2 2.1 3.2 7.4 3.3 

11 HAZ4(BM) 0.2 2.9 4.2 12.7 5.3 

12 HAZ4(BM) 0.2 2.8 3.9 11.6 5.2 

13 WM(near crack) 0.2 2.6 4.8 13.0 5.3 

14 HAZ4(WM) 0.2 2.6 5.1 13.6 5.6 

15 HAZ4(WM) 0.2 2.7 5.2 14.8 6.1 

16 WM(near crack) 0.2 2.2 3.7 8.8 3.8 

17 WM(general) 0.1 1.5 3.8 6.1 2.6 

18 WM(general) 0.1 1.6 4.1 6.6 2.7 

19 WM(sec. crack) 0.2 1.7 3.6 6.8 2.9 

 

Table C-8. Grain size statistics of the TA sample measurements defined using 10° 

misorientation threshold criteria 

Position Material 
Step size  

[𝝁𝒎] 
𝒅 

[𝝁𝒎] 
𝜟𝒅 𝒅⁄  
[𝝁𝒎] 

𝒅𝟗𝟗% 
[𝝁𝒎] 

𝒅𝒗 
[𝝁𝒎] 

1 BM 0.1 2.0 3.9 8.0 3.6 

2 BM 0.1 1.9 4.2 8.3 3.6 

3 HAZ5 0.1 1.5 3.7 5.8 2.6 

4 HAZ4 0.1 1.4 5.2 7.5 3.1 

5 WM 0.1 1.2 3.9 5.0 2.2 

6 WM 0.1 1.2 3.6 4.7 2.1 

7 HAZ4 0.2 1.9 4.1 8.5 3.5 

8 HAZ4 0.1 1.5 4.8 7.2 3.0 

9 HAZ3 0.1 2.2 4.5 10.0 4.2 

10 HAZ3 0.1 2.3 4.5 10.4 4.3 
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D  Stress-based approach 

 

D.1. Effective notch stress concentration factors (SCFs) of 

the multiaxial fatigue database 

 

Table D-1. Effective notch SCFs at the weld toe (𝝆 = 𝟏𝒎𝒎) defined at unit nominal 

stress. 

Author 
Load 

type 
S11 S22 S33 S12 S13 S23 

Archer Bending 2.02 0.42 0.16 0.00 -0.48 0.00 

  Shear 0.00 0.00 0.00 1.58 0.00 -0.39 

Siljander Bending 2.20 0.81 0.45 0.00 -0.79 0.00 

  Torsion 0.00 0.00 0.00 1.56 0.00 -0.63 

SonsinoTP Bending 2.93 1.16 0.61 -0.03 -1.07 0.01 

  Torsion 0.00 0.00 0.00 1.58 0.00 -0.64 

SonsinoTT Bending 1.56 0.20 0.10 0.02 -0.24 0.01 

  Torsion 0.00 0.03 -0.03 1.34 0.10 -0.19 

DahleTW Bending 1.83 0.29 0.11 0.00 -0.44 0.00 

  Torsion -0.01 0.00 0.00 1.56 0.00 -0.38 

Witt Bending 2.71 1.09 0.54 0.00 -0.97 0.00 

  Torsion 0.00 0.00 0.00 1.56 0.00 -0.61 

Razmjoo Tension 3.69 1.91 0.72 0.00 -1.46 0.00 

  Torsion 0.00 0.00 0.00 1.38 0.00 -0.57 

Amstutz Bending 2.93 1.16 0.61 -0.03 -1.07 0.01 

  Torsion 0.00 0.00 0.00 1.58 0.00 -0.64 

Yousefi Bending 2.71 1.09 0.54 0.00 -0.97 0.00 

  Torsion 0.00 0.00 0.00 1.56 0.00 -0.61 

TakahashiL Tension 2.44 0.67 0.46 -1.01 0.00 0.00 

  Tension -0.82 -0.24 0.37 0.35 0.00 0.00 

TakahashiU Tension 2.94 0.76 0.65 -1.15 0.00 0.00 

 None - - - - - - 

Backstrom Bending 3.34 1.02 0.99 0.75 -0.68 0.11 

  Torsion 0.01 0.58 -0.57 0.96 0.96 0.00 

Yung Bending 2.57 0.94 0.48 -0.01 -0.94 0.00 

  Torsion 0.00 -0.01 0.01 1.42 0.00 -0.54 

Bertini Bending 2.50 0.60 0.28 0.00 0.76 0.00 

  Torsion 0.00 0.00 0.00 1.71 0.00 0.50 

Baptista Tension N/A N/A N/A N/A N/A N/A 

  Shear N/A N/A N/A N/A N/A N/A 

Garcia TA Tension N/A N/A N/A N/A N/A N/A 

  Shear N/A N/A N/A N/A N/A N/A 

Garcia TP Bending  2.55 0.55 0.15 -0.22 -0.55 -0.13 

  Torsion -0.01 -0.19 0.18 1.52 -0.47 -0.25 
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D.2. Results plots of the fatigue life estimation using the 

FAT225 and FAT160 characteristic curves 

 

 

Figure D-1. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the Principal Stress. 
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Figure D-2. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the von Mises equivalent stress. 
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Figure D-3. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the IIW equivalent stress based on the interaction equation. 
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Figure D-4. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the EC3 equivalent stress based on the interaction equation. 
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Figure D-5. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the Findley multiaxial fatigue stress-based criterion. 
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Figure D-6. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the Carpinteri-Spagnoli multiaxial fatigue stress-based 

criterion. 
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Figure D-7. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the Dang Van multiaxial fatigue stress-based criterion. 
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Figure D-8. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the McDiarmid multiaxial fatigue stress-based criterion. 
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Figure D-9. Uniaxial and multiaxial CA P&NP fatigue life estimation using the ENS 

approach combined to the Matake multiaxial fatigue stress-based criterion. 
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E DIC 

 

E.1. DIC setup for TP specimen measurements 

E.1.1. DIC measurement area 

The DIC measurement area covers the top surface of tube and weld at the expected 

area of crack initiation and propagation. 

 

Table E-1. DIC setup general parameters 

Parameter Value 

Distance camera - specimen 487 mm 

Distance between cameras 160 mm 

Angle between cameras 20° 

Size of the measured area 50x40 mm2 

Size of a pixel in the measured plan 34 µm 

 

E.1.2. Cameras 

The DIC-9 system consists in a pair of 4Mpix cameras with 42 Hz image rate. In 

order to reach a suitable precision to catch elastic strains << 0.1%, cameras with 

very large pixels sensor were chosen. The very high sensitivity of each pixel permits 

to take images with a short exposure time and thus to avoid smoothing due to the 

cyclic movement of the specimen. 

 

Table E-2. Cameras properties 

Parameter Value 

System name DIC-9 

Number of cameras 2 (1 pair) 

Camera type SVS EVO 4070 

Resolution 4 MPix 

Max speed of image acquisition 10 Hz 

Pixel size 7.4 µm 

Sensor type CCD (4 taps) 
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E.1.3. Lenses 

An aperture F8 was used to have a good compromise between the depth 

of view and the light. 

 

Table E-3. Lenses properties 

Parameter Value 

Type Myutron FV8528W-F 

Focal distance 85.0 mm 

Aperture F2.8 - F32 

Min size of sensor 62 mm 

Minimum working distance 460 mm 

Filter BP525 Green Bandpass 

 

E.1.4. Light 

The targeted DIC area was illuminated by 1 white LED EFFILUX light bar 

of 10 LEDs, which was mounted above the measurement area at the same height of 

the cameras. To avoid unfavorable influence of light heating and obtain a flash 

effect, the light bars were turned on only when the images were taken (during 2.5𝑠). 

Furthermore, a powerful power supply built for that purpose was used to deliver 

power quickly enough to illuminate the area of interest when capturing images. 

 

Table E-4. LED light properties 

Parameter Value 

Color White 

Type 1 x EFFI-FLEX 10  

Power 45 W 

Length 215 mm 

Diffusion angle 25° 

Diffuser Semi-opaque 

Power supply 24V – 1000W 

 



E.1 DIC setup for TP specimen measurements 

279 

 

 

Figure E-1. Built-in driver with “Autostrobe” function that automatically increases 

power by 300% in overdrive mode compared to continuous mode 
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F ACPD 

 

F.1. ACPD setup for TA specimen measurements 

 

 

Figure 7-1. ACPD setup on TA specimens 
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F.2. ACPD setup for TP specimen measurements 

 

 

Figure F-1. ACPD setup on TP specimens 
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G Geometry measurements 

 

G.1. Laser scanning – FARO arm 

G.1.1. Properties 

The system used for the 3D geometry measurements is a Quantum FARO 

Laser ScanArm® of 2008 bought in 2011. The arm has a span of 1.2m and a total 

range of 2.4m as shown in the Figure G-1. The main specifications of the arm and 

the laser line probe are given in the Table G-1 and Table G-2. 

 

Table G-1. Laser Line Probe V3 Specifications 

Parameter Value 

Accuracy 35µm (.0014”) 

Repeatability ±35µm, 2σ (±.0014”) 

Stand-off 95mm (3.75”) 

Depth of Field 85mm (3.35”) 

Effective Scan Width Near field 34mm (1.34”)  
Far field 60mm (2.36”) 

Points per Line 640 points/line 

Scan Rate 30 frames/second 30 fps x 640 points/line = 19 200 points/sec. 

Laser 660nm, CDRH Class II/IEC Class 2M 

Weight 370g 

 

Table G-2. Arm performance specifications 

Non-Contact 

 

Contact  

Point Repeatability 

Contact  

Volumetric Accuracy 

±0.056 mm ±0.021 mm ±0.030 mm 

 

Single Point Repeatability (Max-Min)/2: The probe of the FaroArm is placed within a conical 

socket, and individual points are measured from multiple approach directions. Each individual 

point measurement is analysed as a range of deviations in X, Y, Z. This test is a method for 

determining articulating measurement machine repeatability.  

Volumetric Accuracy: Determined by using traceable length artifacts, which are measured at 

various locations and orientations throughout the working volume of the FaroArm. This test is a 

method for determining articulating measurement machine accuracy. 
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Figure G-1. Measurement range of the arm 

 

G.1.2. Acquisition Software: Calibration and initial parameters 

The software used for the acquisition and first treatment of the data is 

Polyworks Inspector™ from Innovmetric while the calibration is done thru the 

FARO arm proprietary driver. 

Before starting measurements, it is primordial to calibrate the arm. The procedure 

consists in calibrating the arm hinges first and then the arm with the ball probe, 

here the 3mm ball probe, with the help of the single hole method in this case (the 

tool is shown on the second picture in the Figure G-2). It is then possible to calibrate 

the laser line probe. The relative calibration values and errors for each step are given 

in the Table G-3. Initial measurements parameters relative to the laser line probe 

are given in the Table G-4. 

 

    

Figure G-2. (1) Single hole and laser plan calibration tools, (2) detail of the single 

hole calibration tool 
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Table G-3. Average relative error of calibration 

Element  Error 

Arm hinges  ≈ 0.0200 

Palp 3mm ball probe - single point calibration  ≈ 0.0150 

Definition of the plan for the laser calibration - 

8 points calibration with the palp 
 ≈ 0.0100 

Definition of the plan for the laser calibration - 

8 points calibration with the palp 
 ≈ 0.0100 

 

Table G-4. Laser Line Probe initial parameters 

Parameter Symbol Value 

Continuous time interval 𝑡 2ms 

Continuous distance interval 𝑑 0.025mm 

Exposition - Fixed  16 

Noise limit  15 

Width limit  2 

Pic limit  50 

Scanning Rate  1/1 

Scanning Density  1/1 

 

 

Figure G-3. Laser line probe initial parameters 

 

G.2. Measurements methodology 

G.2.1. Setup 

In order to achieve good measurements, it is important to avoid any 

movement of the arm base and the measured specimen. For this reason, the arm is 

rigidly fixed to a heavy wide flange beam that can be moved to the desired place as 

shown in Figure G-4. The beam is supported on three points only, materialized by 

three small steel cubes, in order to ensure a perfect stabilization of the beam and to 

get rid of any floor imperfection. Measured specimens are either rigidly fixed or 

supported on three points depending on the geometry as shown in Figure G-5. 
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Figure G-4. FARO laser arm and moveable beam support 

 

     

Figure G-5. Disposal of the specimens 

  

G.2.2. Orientation and position into space 

One should notice that data obtained from 3D laser scan measurements 

are points expressed by their xyz coordinates in the 3D space. The obtained point 

clouds need to have an origin and an orientation to be analysed. For this reason, a 

3D model that includes the origin and orientation parameters is imported into the 

acquisition software and used to best fit the data. It gives then the best orientation 

to the data according to the 3D model and it is also possible to graphically and 

numerically know the local deviation in millimetres of the data from the original 

3D model as shown in Figure G-6 and Figure G-7. 
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Figure G-6. TA (1) 3D model, (2) measured data, (3) best fit of the data to the 3D 

model and (4) deviation of the measured data from the original 3D model  

 

 

Figure G-7. TP (1) 3D model, (2) measured data, (3) best fit of the data to the 3D 

model and (4) deviation of the measured data from the original 3D model  
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G.3. Geometry analysis 

G.3.1. Main parameters 

The main goal of the analysis is to define the statistical distributions of 

three parameters that are the weld angle 𝛼, the weld toe radius 𝑅 and the weld 

length 𝑙 as shown in the Figure G-8 in both directions. 

 

Figure G-8. Scheme of the three main parameters 

 

The method used in this report is a routine developed on Matlab® and is semi- 

manual. It can be separated into 3 main steps: 

1. Data treatment 

- Importation and cleaning of the data 

- Rearrangement of the data 

- Definition of the normalization boundaries 

- Definition of the boundaries to fit the weld and base lines 

- Create the cuts 

- Export a file with the treated data 

2. Definition of the parameters 

- Analysis of each cut separately in a loop 

- Definition of the weld angle and weld length 

- Definition of the weld toe radius by the mean of three fitting models 

- Export a file with the results 

3. Statistical analysis 

- Plot PDF histograms for all parameters 

- Fit multiple statistical distribution to determine the best one(s) 

- Export a file with the statistical distribution parameters 
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G.3.2. Analysis procedure 

The routine, relative parameters, models and hypothesis are explained 

more deeply hereafter. 

1. Data treatment 

- Importation and cleaning of the data 

    

Figure G-9. Imported tube-to-plate data and first cleaning 

 

    

Figure G-10. Imported Transverse Attachment second step data cleaning 

 

- Rearrangement of the data 

The main goal in this step is to rearrange the data in order to have the welds 

oriented in one unique direction as shown in the Figure G-11 and Figure G-12. The 

reason is that the next “Data treatment” sub-step is semi-manual, and one need to 

work on a unique plan and weld. 
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Figure G-11. Transversal attachment Weld name definition 

 

 

Figure G-12. Rearrangement of the data, analyse of each weld separately 

 

- Definition of the normalization boundaries 

The next two sub-steps are of main importance, i.e. the various bounds and 

constraints used in the routine are manually defined. Here, the objective is to define 

the boundaries to normalize the data to the vertical and horizontal axis. The reason 

is that it can help to better fit the lines representing the weld and the base, based on 

Weld 1 Weld 2 

Weld 3 Weld 4 
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the boundaries defined in the next sub-step. The lower horizontal limit is used to 

normalize each cuts to the vertical axis by using only data where 𝑧 [𝑚𝑚] >

ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡. For each cuts, the mean of the 𝑥 [𝑚𝑚] values of the data 

(𝑧 > ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑙𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡) is calculated and then subtracted to all the 𝑥 [𝑚𝑚] of 

the cuts to normalize them. The same method is applied with the lower vertical 

limit to normalize data to the horizontal axis. Normalized data are shown in the 

following Figure G-13.  

 

Figure G-13. Definition of the normalization bounds 

 

- Definition of the boundaries to fit the weld and base lines 

In this sub-step, upper and lower boundaries, that are important to later fit the weld 

and base lines in the next step, are defined, as shown in the following Figure G-14.  

 

Figure G-14. Definition of the boundaries to fit the weld and base lines 
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- Create the cuts 

Cuts are fictively created by rounding the out-of-plane value (generally the Z 

coordinate or, in the case of the tubular specimens, the angle) to the decimal 

corresponding to the expected thickness of the cuts. In this case, and according to 

the arm limitations, it is expected to determine weld toe radius down to 0.1mm 

leading to the conclusion that cuts’ thickness should be of 0.1mm. Multiple trials on 

many specimen measurements have shown that this assumption proved to be 

suitable in order to have enough points to analyse each cut. 

- Export a file with the treated data 

 

2. Definition of the parameters 

- Analysis of each cut separately in a loop 

A main loop is created to analyse each cut separately. It mainly includes the 

definition of the three parameters defined previously that are 𝛼, 𝑅 and 𝑙. 

- Definition of the weld angle and weld length 

The weld angle is defined between the two lines that fit the weld and the base plate 

as shown in the Figure G-15. Data used to fit the lines are bounded in both case by 

the boundaries defined in the previous step.  

 

Figure G-15. Weld and base plate line best fit 

 

- Definition of the weld toe radius by the mean of three fitting models 

Three criteria are used and compared to define the circles that characterize the weld 
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to radius. The first step for all models uses the interSection of the weld and base 

plate lines to find the point in the data which is the closest to this interSection as 

shown in Figure G-16. This point is the starting point of an incremental loop where 

circles are fitted to 𝑛 data, where 𝑛 is the number of fitted points and 𝑛 ∈ [ 3 ∶  𝑛𝑡𝑜𝑡 ], 

as presented in Figure G-17. The increment is 𝑛 + 2. 

The three criteria start to differentiate here and are defined as follow (see Figure 

G-18): 

1. The first criterion selects the circle (and so the radius) that has the smallest 

error, with a minimum of 5 points fitted and a maximum error fixed here at 

0.01mm (best results between 0.01 and 0.025) 

2. The second one selects the circle for a fixed error fixed here at 0.01mm (best 

results between 0.01 and 0.025) and with a minimum of 5 points fitted. 

3. The third criterion selects the smallest radius for an error ranging between 

0.1mm and 0.05mm, always with a minimum of 5 points fitted. 

 

Figure G-16. Closest point to the interSection 
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Figure G-17. All circles fitted to one cut for 𝒏 ∈ [ 𝟑 ∶  𝒏𝒕𝒐𝒕 ] 
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Figure G-18. Circle fitting with the 3 criteria at various positions 

 

 

Figure G-19. Example of error in function of the number of points for the EPFL2-

TUHH specimen weld 4 

 

The determinant error is fixed in the range of 0.01 to 0.025mm because it is where 

it starts to increase exponentially as shown in the example in the Figure 7-32.  

From the author point of view, the 3rd criterion gives the best results up to the actual 

knowledge and according to the observed fittings. The first criterion gives always 

the smallest radius that can be fitted to a number of points 𝑛 > 5. It results many 

times in small circles fitted to defects that seem not determinants to the author, as 

shown in the Figure 7-31 for example. 

- Export a file with the results 
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3. Statistical analysis 

- Plot PDF histograms for all parameters 

Probability density function histograms are plotted for the three analysed 

geometrical parameters. A histogram is plotted for each criterion used to define the 

weld toe radius 𝑅.  

- Fit multiple statistical distribution to determine the best one(s) 

Each histogram includes some well-known distributions and all parameters 

relative to these distributions are available in .csv files to determine which ones are 

the most suitable. Statistical distributions of these parameters are of main interest 

in future research on fatigue using Monte-Carlo simulations. 

It appears that the log-logistic distribution gives the best results for all situations. 

Otherwise, normal distribution fit well the angle and weld length distribution. In 

contrary, in the case of the weld toe radius, the most accurate distribution is the log-

normal distribution.  

 

 

 

Figure G-20. Angle and length distributions 
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Figure G-21. Radius distributions according to the Models 1, 2 and 3 
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