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A screen intended for raw material screening is under continuous cyclic loading. Although 

structures are designed so that stresses are low, fatigue failures are common. This master's 

thesis investigates the welded transverse butt joints of an oscillating screens frame structure 

under fatigue loading. The main frame is connected to the centre hub by butt joints, to which 

the rotating counterweight is attached. There were 32 joints under inspection, and the goal 

was to determine the maximum stress range, and type of loading, and calculate the lifetime 

of the critical joint. 

The theoretical part of the thesis discusses the behaviour of welded structures under fatigue 

loading. Additionally, quality-related viewpoints, post-weld treatment methods, and the 

challenge posed by very high cycle fatigue are addressed. The investigation part consists of 

screening the critical area of the structure and calculating its lifespan using nominal stress, 

hot spot stress, and effective notch stress methods. 

As a result, the critical joint, stress range, and stress ratio were determined using the nominal 

stress, hot spot stress, and effective notch stress methods. The nominal stress method was 

found to be too inaccurate to describe the real situation. Based on the structural and effective 

stress ranges, the joint achieves the required lifespan, but post-weld treatments are recom-

mended due to very high cycle fatigue. 

For further research, it is recommended to do fatigue tests with actual welding quality so that 

calculations can be performed using more precise parameters, as scientific evidence is cur-

rently lacking.  
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Raakamateriaalin seulontaa varten tarkoitettu seula on jatkuvan väsyttävän kuormituksen 

alaisena. Vaikka rakenteet ovat suunniteltu niin, että jännityksen ovat matalia, on väsymisen 

aiheuttamat murtumat yleisiä. Tässä diplomityössä tutkitaan oskilloivan seulan runkoraken-

teen hitsattuja poikittaisia päittäisliitoksia väsymiskuormituksessa. Päärunko yhdistetään 

päittäisliitoksilla keskiöön, johon pyörivä vastapaino kiinnitetään. Tarkasteltavia liitoksia oli 

32 kappaletta ja tavoitteena oli määrittää suurin jännitysvaihteluväli, kuormitustyyppi ja las-

kea kriittisen liitoksen elinikä. 

Työn teoreettisessa osuudessa käsitellään hitsattujen rakenteiden käyttäytymistä väsyttävän 

kuormituksen alaisena. Lisäksi tutkitaan jälkikäsittelymenetelmien tuomia mahdollisuuksia 

parantamaan väsymislujuutta sekä erittäin suurten kuormanvaihtojen tuomaa haastetta tar-

kastelun kannalta. Käytännön osuus koostuu sekä rakenteen kriittisen alueen seulomisesta 

sekä eliniän laskemisesta käyttäen nimellisen-, rakenteellisen- sekä tehollisen lovijännityk-

sen menetelmää. 

Lopputuloksena työssä saatiin määriteltyä kriittinen liitos, jännitysvaihteluväli sekä jänni-

tyssuhde nimellisen, rakenteellisen- ja tehollisen lovijännityksen menetelmä avulla. Nimel-

lisen jännityksen menetelmä todettiin olevan liian epätarkka kuvaamaan todellista tilannetta. 

Rakenteellisen- ja tehollisen lovijännitykset perusteella liitos saavuttaa vaaditun eliniän, 

mutta jälkikäsittelyjä suositellaan erittäin suurten kuormanvaihtojen vuoksi. 

Jatkotutkimuksena suositellaan väsytyskokeita todellisella hitsauslaadulla, jotta laskenta 

voidaan suorittaa täsmällisempiä parametreja käyttäen, sillä tieteellinen näyttö on tois-

taiseksi puutteellista.  
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Roman characters 

a acceleration [mm/s^2] 

Ks,a structural stress concentration factor for axial loading [-] 

Ks,b structural stress concentration factor for bending loading [-] 

kt,b Notch stress concentration factor for bending stress [-] 

kt,m notch stress concentration factor for membrane stress [-] 

m S-N curve slope parameter [-] 

N cycles [cycles] 

Nf fatigue life [cycles] 

R resultant [mm/s^2] 

r radius [mm] 

t thickness [mm] 

w width [mm] 

 

Greek characters 

a angle [ę]  

ɔ
M2

 partial safety factor [-]  

ȹů stress range [MPa] 

ȹů
10
7 knee point stress [MPa] 

ů stress [MPa] 

ůb bending stress [MPa] 



 

 

ůENS effective notch stress [MPa] 

ůHS hot spot stress [MPa] 

ům membrane stress [MPa] 

ůnom nominal stress [MPa]  

ɤ rotating speed [Hz] 

 

Constants 

g gravitational acceleration 9,81 m/s^2 

 

Subscripts 

max maximum value 

min minimum values 

 

Abbreviations 

 

COG Centre of gravity 

EC3 Eurocode 3 

ENS Effective notch stress 

FAT Fatigue class 

FE Finite element 

FEA Finite element analysis 

FEM Finite element method 

HAZ Heat affected zone 

HCF High cycle fatigue 



 

 

HFMI High frequency mechanical impact 

HS Hotspot 

IIW International institute of welding 

LCF Low cycle fatigue 

MAG Metal active gas 

MDF Medium-density fibreboard 

MIG Metal inert gas 

NDT Non-destructive testing 

PWHT Post weld heat treatment 

PWT Post weld treatment 

TIG Tungsten inert gas 

TWTT Through the weld toe thickness method 

VHCF Very high cycle fatigue 
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1  Introduction 

This thesis presents the fatigue assessment of transverse welded butt joints under very high 

cycle fatigue loading. The thesis includes a literature review and investigation of the fatigue 

assessment of the critical joint. The literature review covers the subjects and phenomena 

related to welded joints' fatigue behaviour and fatigue strength assessment. The investigation 

part of the thesis consists of analytical calculation methods and finite element analyses 

(FEA). The methods used to assess the fatigue strength of the joints were the nominal stress 

method, the structural hotspot stress method, and the effective notch stress method. 

1.1  Background 

This thesis was conducted as a case study for a company operating in the wood industry. 

Part of the companyôs focus is on oscillating screens, which are used to separate particles of 

different sizes from raw materials to produce final products, such as MDF panels. Oscillating 

screens are subjected to continuous cyclic loading and are prone to failure, especially at the 

welds, even though the stresses are generally very low compared to other machines used in 

the industry. The steel structure of the screens is quite complicated, and assessing the critical 

welds presents a challenge. In this paper, a new conceptual model of the screen design is 

being investigated. From previous experience, it is known that a certain joint in the central 

area of the screen is prone to failure. In this new conceptual design, the area has been re-

designed, and the aim of the paper is to validate the new design of the critical joint. A draft 

model of the oscillating screen is presented in Figure 1. 
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Figure 1. Draft version of the oscillating screen. 

 

The screen is attached to the support frame from four points, and the oscillation movement 

is achieved with a rotating counterweight, which is rotated using a belt drive. 

The assessed joints are located in the central area of the frame structure, connecting the I-

beams to centre plates with butt joints, as shown in Figure 2. There are 16 beams connected 

to the central area, and each beam has two butt joints. These joints are subjected to constant 

cyclic loading, with the type and magnitude of loading differing in each weld. 

 

 

Figure 2. Detailed view from the centre area of the frame structure. 
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The welded joints in the area are under fatigue loading, so fatigue strength assessment is 

critical to ensure reliability and safety in use. Different joints experience different types of 

loadings, and defining the critical stress ranges is necessary to carry out the fatigue assess-

ment. In addition, weld quality plays a major role in fatigue life. The service life of the 

screening device is designed to be from 10 to 20 years. In terms of the number of cycles, this 

means that the structure should withstand between 800 million to 1.6 billion cycles. Very 

high cycle fatigue loading increases the design challenges when it comes to fatigue strength 

assessment and predictions, as knowledge about very high cycle fatigue loading cases is 

limited in terms of design codes and research. The fatigue strength of the frame must be 

sufficient, and it should be achieved through design, welding quality, and post-weldment 

treatments. This is because any added mass increases the energy required for the rotary 

movement of the screen and affects the stresses in the structure 

1.2  Research problem and questions 

This paper addresses the issue of fatigue failures in oscillating screens under very high cycle 

fatigue loading, which can seriously affect their operational reliability and efficiency. Un-

derstanding how these critical welded structures behave under such conditions is crucial for 

improving design, manufacturing, and maintenance approaches. 

The main questions guiding this study are: 

Å What specific detail (joint) of the investigated structure contributes most to its overall life-

time? 

Å Which types of loads are most detrimental to the structure's fatigue life, and what levels of 

stress and ratios do the critical welded joints experience? 

Å What are the main factors affecting the fatigue life of welded joints under very high cycle 

loading, and how is this knowledge used to design and manufacture more durable structures? 

To address these questions, this study aims to identify the most vulnerable welded 

joint/joints in the central area of the frame structure, as well as analyse different loading 

scenarios, particularly focusing on the highest loads. Additionally, the research seeks to un-

derstand various factors influencing the fatigue life of welded joints under cyclic loading to 

prevent future failures. 
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1.3  Research methods 

The main methods used in this thesis were analytical calculation methods and finite element 

analyses (FEA). Basic analytical calculations were used in this research to calculate accel-

erations and other initial values. Finite element analysis was conducted using PTC's Creo 

Simulate and Siemens FEMAP. The assessment proceeded from a simplified beam model to 

a more detailed model. The beam model was used to screen the critical joint from the inves-

tigated structure and to determine the stress ranges for the nominal stress method calcula-

tions. A more detailed model was created by combining beam, shell, and solid elements, and 

the area under consideration was analysed again to determine the critical joint. The structural 

hotspot stress method (HS) was used to determine stress ranges from critical areas, employ-

ing surface extrapolation and the through weld toe thickness (TWTT) methods. The effective 

notch stress method (ENS) was also applied, and the notch effect factors were obtained 

through Siemens FEMAP. 

Fatigue strength analyses were conducted using nominal stress methods, structural hotspot 

stress method (HS), and effective notch stress methods (ENS). For the structural hotspot 

method, two different approaches were used: surface extrapolation and stress through weld 

toe thickness (TWTT). 

The literature review was conducted to identify features affecting the fatigue life of welded 

joints in this research case. The literature review utilized various standards, recommenda-

tions, research, and peer-reviewed articles. Information from the literature review was in-

corporated into the calculation and analyses of the studies. LUT-primo, Scopus, and Google 

Scholar were the main search tools used. 

1.4  Structure of the thesis 

The literature review was carried out, considering the subjects and phenomena related to 

welded joints' fatigue assessment. The first part of the literature review examines the char-

acteristics of the butt joint and the employed welding processðmetal active/inert gas weld-

ing (MIG/MAG)ðas well as aspects of quality assurance pertaining to fatigue endurance. 

Post-weldment treatments (PWT), specifically those considered for use in this case, are also 

covered in the literature review. The second part of the literary review covers the behaviour 
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of welded joints under fatigue loading and factors and properties affecting the fatigue 

strength of welded joints. Challenges and features considering very high cycle fatigue are 

also addressed. The last part of the literature review introduces the methods used for fatigue 

strength calculations. 

The third chapter presents the calculations of initial values such as loading due the acceler-

ations, etc., which were used to model the finite element models and carry out the analyses. 

The chapter also covers in detail the FE models used for computing stress for fatigue assess-

ment using the nominal stress method, structural stress method, and effective notch stress 

method. In addition, the screening of the critical detail with a simplified beam model and 

detailed model is discussed. The stress ranges and stress ratios calculated with different 

methods are presented. 

The fourth chapter presents the calculation of the lifetime of the joint using the nominal 

stress method, structural stress method, and effective notch stress method. The chapter pre-

sents the used FAT classes and other parameters for each method. The effects of different 

PWT methods are also taken into consideration in the calculations. The results are presented 

in a separate subchapter. The analysis and discussion of the results are presented in the fifth 

chapter. 

The last part of the paper is the conclusion where the whole paper is summarized; also, the 

limitations of the study and further research on the targets are reported. 
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2  Theoretical background 

This chapter presents the theoretical background of the work. The first subchapter consists 

of general information about butt joints, welding processes, welding quality, and post-weld-

ment treatments. The second subchapter focuses on the fatigue behaviour of welded joints 

and aspects affecting fatigue strength; residual stresses, microstructure, and geometrical ef-

fects. The second subchapter also delves into the challenges and special features brought by 

very high cycle loading cases. The third subchapter presents the different methods that are 

used to assess the fatigue strength of the load-carrying butt joint in this paper. 

2.1  Welded butt joints 

Butt joints are generally welded joints, where two pieces of material are attached together 

by placing them end-to-end and welding them together along the join, the angle between 

members must be Ó 120ę. If the angle is < 120ę, the join type is considered as fillet weld. 

Thicknesses of the joined materials can vary, and welding can be done using different weld 

grooves, and welding processes, and can be done either single or double-sided, depending 

on the need and application. Examples of different groove types of butt joints can be seen 

in Figure 3. Removable or permanent backing/root supports can also be used if necessary. 

Removable or permanent backing/root supports can also be used if necessary. Butt joints are 

generally load carrying. 

 

 

Figure 3. Different groove types for butt joint. 
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The joint under fatigue assessment in this paper is shown in Figure 4. 

 

 

Figure 4. Welded butt joint. 

 

In this specific joint, the material thicknesses vary between the plates and the groove type is 

a double V-groove with a 60ę groove angle. Welding from both sides makes the root weld 

easier and reduces the risk of poor penetration of the root, especially in this case, where the 

space is very limited for the welding torch. The welding start and ending points are ground 

off. 

2.1.1  Metal inert/active gas welding processes 

The MIG/MAG welding process is a semi-automatic welding process where filler material 

(wire) is fed automatically with a constant feeding rate to the welded area where the arc 

between the filler material and base material melts the base and filler material (Lepola & 

Ylikangas 2023, 71). 

In MIG welding inert (passive) shielding gas is used. Normal inert gasses contain noble 

gases, argon, or a mixture of argon and helium. MIG welding is typically used for welding 

non-ferrous materials such as aluminum, copper, and titanium. (Lepola et al. 2023, 71.) 
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In MAG welding the active shielding gas is used, such as a mixture of argon and carbon 

dioxide or argon and oxygen. MAG welding is used to weld steel materials. (Lepola et al. 

2023, 71.) 

MIG/MAG welding is used all around the welding industry from heavy machinery to the 

sheet metal industry (Kemppi 2024). MAG welding is considered the welding process in this 

case as it is commonly known and available in all workshops and does not require special 

training on behalf of the process, although the welding quality must be assured. In this case, 

the standard MAG welding process is considered multipass welding. Detailed welding pa-

rameters or WPS are not covered in this paper. 

2.1.2  Quality assurance 

For statically loaded structures the most important features of the welds are the sufficient 

throat thickness, ductility of a weld metal and a heat affected zone (HAZ). Sufficient throat 

thickness is the most important geometrical feature because the design calculations are based 

on stress in the net area of the welds. Because of this, many imperfections do not affect the 

load-carrying capacity of the weld under static loading, if a joint has sufficient toughness 

and the weld net area is not unexpectedly reduced. Examples of these imperfections are po-

rosity, undercuts, and cold laps. Standard ISO 5817 includes multiple imperfections, which 

arenôt critical when only static loading cases in considered. (Jonsson, Dobmann, Hobbacher, 

Kassner & Marquis 2016, 6.) 

Under fatigue loading many imperfections, which are not critical under static loading, be-

come critical. Naturally, the heat affected zone and weld area ductility and suitable throat 

thickness are needed, like in the static loading cases. However, as the fatigue strength of the 

joint is impacted by local attributes of the welded joint, more attention needs to be paid to 

weld geometry and imperfections. (Jonsson et al. 2016, 6.)  

According to IIW guidelines by Johnsson et al. (2016, 6-7) the seven features, that strongly 

influence the welded joint's fatigue strength, are penetration, lack of fusion, cold lap, radius 

of a weld toe transition, misalignments, undercuts, and porosity. The transition between weld 

and base material e.g. weld toe transition acts as a stress raiser and can have a detrimental 

effect on the fatigue strength of the weld toe. In addition, undercuts and cold laps act as a 
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stress raiser and/or as an initial crack and have a negative impact on the lifetime of the weld 

toe. Internal pores and lack of fusion act as internal defects, that can be seen as initial cracks 

and have a detrimental effect on a lifetime of the weld. Incomplete root penetration/lack of 

root fusion can be seen as an initial crack and has a detrimental effect on weld root. Excessive 

misalignment causes secondary bending to weld and this way increases the stresses in the 

weld area and reduces the lifetime of a weld. Among the above-mentioned features, the big-

gest effect on fatigue strength is penetration in the joint under consideration, as insufficient 

penetration leads to root fracture. In addition, the misalignments must be within the limits, 

which are covered in the FAT class. Other imperfections must also considered according to 

ISO 5817-2023. 

ISO 5817-2023 includes an annex for the additional criteria for welds in steel structures 

subject to fatigue. Additional criteria for quality levels B & C are given to adjust limits for 

FAT 90 for quality level B (B90) and FAT 63 for quality level C (C63). In addition, require-

ments for FAT 125 (B125) are given but itôs not generally archived as weld condition. Butt 

joints in nominal stress system are generally considered in FAT class of 90 as weld condition 

in both IIW recommendations and in the EC3. Considering this, ISO 5817-2023 can be used 

to determine the required quality class for this case-specific butt joins as a quality class on 

B90.  B90 quality class is mostly the same as quality level B but includes some additional 

requirements for weld toe radius, inclusions, misalignments, etc. 

Hobbacher and Kassnerr (2012, 157-169) also published a paper in considering the FAT 

classes and their relation to weld quality. Also in this paper, the FAT 90 quality falls into 

weld quality category B according to ISO 5817 with some additional information and re-

quirements. 

IIW guidelines 2016 by Jonsson et al. contains also similar, but more extensive guidelines 

on weld quality in respect to fatigue strength. It also contains factors for fatigue resistance 

for different geometrical imperfections and guidelines for choosing the right method for cal-

culations. 

It is clear that to ensure the fatigue strength in the weld, the quality must be verified through 

NDT testing, especially in this case where the required lifetime is in the very high cycle 
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zone. Visual inspection is necessary to see that the requirements are met in geometrical fea-

tures. To ensure complete root penetration and to exclude the lack of fusion, ultrasonic or 

radiographic testing is recommended.  

2.1.3  Effects of post-weld treatments 

Post-weld treatments (PWT) can be used to increase the fatigue strength of the welded joints. 

PWT can be divided into two categories; weld profile modification methods and residual 

stress modification methods (Baumgartner, Yēldērēm & Barsoum 2019, 72 & Mettänen, 

Nykänen, Skriko, Ahola & Björk 2020, 3). 

In PWT methods, which aim to modify the weld profile, the main goal is to remove or reduce 

the size of the crack-like flaws, which act like crack initiation.  The secondary goal is to 

ensure a smooth transition between the weld bead and the base material. (Haagensen & Mad-

dox 2013, 2.) Removing the crack-like flaws and defects increases the fatigue strength of the 

weld as the crack initiating time usually covers most of the weld lifetime and smooths the 

transition between the weld bead and the base material decreasing the notch stress at the 

weld toe. In PWT methods, which aim to modify the residual stresses, the main goal is to 

introduce the beneficial compressive stresses in the weld and reduce tensile residual stresses. 

(Marquis & Barsoum 2016, 3.) 

PWT´s, which focus on the weld profile modification, are for example burr grinding and 

TIG dressing (Haagensen et al. 2013, 4-21). In addition, the flush grinding can be seen falling 

into this category as the whole weld bead is removed during the treatment to level the base 

material in the butt joints. In this thesis, the focus is on the TIG dressing and flush grinding, 

as both are considered possible PWTs in this case, other methods which has an effect on the 

weld profile are not covered. 

Examples of PWTs that focus on residual stress modification are hammer peening, needle 

peening, shot peening, and HFMI treatment (Marquis et al. 2016, 4). In this thesis, only the 

HFMI treatment is considered as it is a fairly new and promising technology, which benefits 

wanted to be studied. 
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TIG dressing 

In TIG dressing aim is to remove flaws such as micro cracks and cold laps from the weld toe 

by re-melting the material, the penetration depth of the TIG dressing can be assumed as 3mm 

(Manai 2020, 8). TIG dressing also reduces the local stress concentrations by smoothening 

the transition between the weld bead and the base material (Haagensen et al. 2013, 15). This 

is the main criterion for use if no flaws are present in the weld toe.  Figure 5 presents the T-

joint weld geometry before and after the TIG dressing. The transition between the weld bead 

and the base material is smoother after the TIG dressing. 

 

 

Figure 5. Before (a.) and after the TIG dressing (b.) (modified form Skriko 2018, 54). 

 

In the IIW recommendation, there are guidelines for the TIG dressing procedure. Weld must 

be prepared so that no contaminants are present in the weld, which is treated, for example, 

rust, paint, oil, and mill scales must be removed to prevent possible gas pore formation in 

the treated area. In addition, guidelines have recommendations considering the electrode, 

shielding gas, pre-heating, parameter. Personnel must also be trained properly, as incorrectly 

done TIG dressing can weaken the fatigue strength properties of the welded joints. (Haagen-

sen et al. 2013, 12-18.) Optimized and non-optimized profiles can be seen in Figure 6. Op-

timized and non-optimized profiles can be seen in Figure 6. The optimized profile is 

achieved with the torch positioned 0.5 to 1.5 mm from the weld toe, in non-optimized pro-

files the torch is positioned Ò 0.5 mm from the weld toe. 
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Figure 6. Optimized and non-optimized TIG dressed weld (modified from Haagensen et al. 

2013, 16). 

 

As mentioned previously, correctly done TIG dressing increases the fatigue strength of the 

welded joint. The benefits of the TIG dressing can be however considered only for FAT 

classes equal to or under 90 in the nominal stress method. This is because higher FAT classes 

include also non-welded details and details which lifetime is not determined by failure at the 

weld toe. (Haagensen et al. 2013, 19.) 

The improvement factor for FAT classes 90 and below is 1.3, which corresponds to 2.2 in 

the lifetime. It is recommended that the FAT class be increased by two classes. The maxi-

mum improved FAT class is also limited to FAT class 112 in the nominal stress method. 

When using the hot spot method, the improved FAT is 112 for load-carrying fillet welds and 

125 for non-carrying fillet welds, and the butt welds. (Hobbacher 2016, 69 & Haagensen et 

al. 2013, 19.) Table 1 & Table 2 present the FAT classes for use with nominal stress and 

hotspot stress methods for TIG dressed joints. 

 

Table 1. FAT classes for nominal stress method for TIG dressed joints (Haagensen et al. 

2013, 19). 

Area of application  and maximum possible claim Steel Aluminum  

Benefit at details with FAT Ò with steel of FAT Ò 32 at alumin-

ium, as welded 

1.3 1.3 

Max possible FAT class after improvement FAT 112 FAT 45 
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Table 2. FAT classes for structural hot-spot method for TIG dressed joints (Haagensen et 

al. 2013, 35). 

Material  Load carrying fillet welds Non-load carrying filler 

welds and butt welds 

Mild steel, f
y
 < 355MPa 112 125 

Higher strength steel , f
y
 > 355MPa 112 125 

Aluminium alloys 45 50 

 

Based on the factors mentioned above, the improved FAT class for the butt joint under as-

sessment is 112 in the case of the nominal stress method and 125 for the hotspot method. 

For the effective notch stress method (ENS), no recommendation is yet given, so the FAT 

class of 225 is used. The effect of the TIG dressing can be taken into consideration in the 

ENS method by changing the fictitious radius from 1mm to the real value according to true 

geometry. If the true final geometry is unavailable, a 3mm radius can be assumed which is 

the minimum radius according to Haagensen et al. (2013, 18). 

 

Flush grinding 

In flush grinding, the weld toe is removed completely by grinding. Therefore, the stress con-

centrations are removed from the transition area between base and weld material. Even if the 

toe is removed, multiple different failure locations can be identified from the joints as seen 

in Figure 7. 

 

 

Figure 7. Possible failure points of the ground flushed butt joint (Braun, Baumgartner, Hof-

man, Drebenstedt, Bauer, Bakhschi & Kuhlmann 2023, 2354). 
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Internal defects (1) such as porosities, lack of fusion, or micro-cracks can act as failure 

points. Lack of penetration in the root area (2) can cause failure. Even if no defects are pre-

sent, the failure may start from the base material (3) due to increased hardness and higher 

static strength of the weld material. Clamping points (4) can also act, as failure areas in 

fatigue testing due to the removal of the weld concentration in the weld toe, in practical 

applications, this is not a valid point. If high-strength material is used the HAZ (5) can act 

as a failure point due to decreasing in hardness and fatigue strength. If the joint has some 

minor imperfections in the fusion zone, the failure can start from the metallurgical notch 

between the weld metal and the HAZ (6). In addition, the grinding marks can act as failure 

points, especially if the marks are perpendicular to the load direction. (Braun et al. 2023, 

2354.) Considering all these, the flushed ground butt joint cannot be assumed to be as strong 

as the base material, even if the weld toe is removed and the weld is NDT tested for defects. 

Also in the paper from Zhao, Dongo, Deng, Liu & Zongxian, (2012) it was noticed that in 

fatigue testing the flush ground butt joints tended to fail in the very high cycle fatigue zone 

because of internal defects in the fusion face area. 

Both, the IIW and Eurocode 3 propose the FAT class of 112 for ground-flushed transverse 

butt joints in the nominal stress method. Braun et al. 2023 propose a FAT class of 125 be 

used if excellent quality is guaranteed and the next criteria are met: 100% NDT testing, no 

grinding marks on transverse to main load direction, misalignment is <5% of material thick-

ness, and full removal of the weld overfills is made and there are no remaining undercuts. 

The flush-grinded butt weld cannot be assessed with a hotspot stress method or with an ef-

fective notch stress method as the toe is assumed to be completely removed so in theory no 

hotspot location or notch is causing the stress concentration.  

Another option to flush grinding in order to modify the weld toe geometry can be the burr 

grinding. In burr grinding, the weld is grinded with the high rotation speed grinder (15000 ï 

40000 rpm). The goal of the burr grinding is to remove or minimize the flaws in the weld 

toe and smoothen the weld to geometry to reduce the stress concentration in the weld toe. 

(Haagensen et al. 2013, 4-12.) However, due to limitations of the thesis, burr grinding is not 

considered in more detail. 
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HFMI treatment 

High-frequency mechanical impact (HFMI) or HFMI treatment is a generic term, which is 

used to describe multiple similar technologies. Names that are used to describe the different 

technologies are for example: ultrasonic peening (UP), ultrasonic impact treatment (UIT), 

ultrasonic peening treatment (UPT), high-frequency impact treatment (HiFiT), ultrasonic 

needle peening (UNP), and pneumatic impact treatment (PIT). Different technologies uses 

different power sources, but the main principle is the same in all technologies; cylindrical 

indenters accelerate against the treated area with a frequency of around 90Hz. The impacted 

area is plastically deformed by the impacts which causes the changes in the microstructure 

and the geometry and modifies the residual stresses in the weld. (Marquis et al. 2016, 5.) 

The weld and base material need to be de-slagged and cleaned from the oxide, scales, spat-

ters, and all the foreign material. The Weld bead profile needs to meet the quality level of B 

according to ISO 5817 where the weld profile-related criteria include undercuts, overfill, 

concavity, and overlaps. This is because HFMI treatment to weld profile which has a convex 

weld profile or large weld angle can cause deformed to overlap the weld toe and cold-lap 

feature. If the weld area is ground, it should be taken into consideration that the exact weld 

toe location is still possible to detect, as the HFMI treatment is most beneficial when the 

applied to the weld toe area. (Marquis et al. 2016, 8-9.) Figure 8 presents the correct and 

incorrect HFMI treated weld toe. The HFMI treated area depth should be ~0.2 - 0.6 mm and 

width between 2-5 mm (Marquis et al. 2016, 13). 

 

 

Figure 8. Properly HFMI treated weld on the left, and incorrectly treated weld on the right 

with crack-like feature (modified from Marquis et al. 2016, 13). 
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Heat treatments and hot galvanizing should be avoided to get the full benefit from the HFMI 

treatment as the HFMI introduces beneficial compressive residual stresses, which are relaxed 

during the heat treatments. In these cases, the recommended improvements cannot be stated 

and should be validated through fatigue testing. (Marquis et. al 2016, 11.) The IIW recom-

mendation for HFMI treatment has extensive instructions and recommendations for HFMI 

treatment as it covers operator training, weld preparation, safety aspects, qualitative and 

quantitative measures, documentation, and equipment calibration.  

Fatigue strength improvement by the HFMI treatment depends on the material yield strength 

and the stress ratio R. The material yield strength denotes that after which amount of cycles 

the benefit of HFMI treatment can be benefitted, also the increase of the FAT class is mate-

rial dependent. The stress ratio R can work as a reduction factor for increased FAT class if 

the stress ratio is >0.15. (Marquis et al. 2016, 19-24.) Figure 9 presents the maximum in-

crease in fat class as a function of material yield strength and Table 3 presents the reduction 

in the increased FAT class with different stress ranges. 

 

 

Figure 9. Maximum improved FAT class as a function of material yield strength (Marquis 

et al. 2016, 20). 
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Table 3. Reduction in increased FAT class with different stress ratios (Marquis & Barsoum 

2016, 23). 

R ratio  Minimum FAT class reduction 

R Ò 0.15 No reduction due the stress ratio 

0.15 < R Ò 0.28 One FAT class reduction 

0.28 < R Ò 0.4 Two FAT class reduction 

0.4 < R Ò 0.52 Three FAT class reduction 

0.52 < R No data available. The degree of improvement must be confirmed by testing 

 

When using the nominal stress method the maximum obtainable FAT class is limited to 180 

and HFMI can be applied to details with FAT class of 50 ï 90. This is because details with 

higher FAT class include also non-welded details and details which lifetime is not limited 

by failure at the weld toe or the welds have been already improved by another method. For 

FAT classes <50 have not been studied experimentally and they contain details which life-

time is limited by weld root fatigue, which cannot be improved with HFMI. In addition, the 

assumed S-N slope m changes from 3 to 5 when N < 1*10^7 and 22 for N > 1*10^7 (Marquis 

& Barsoum 2016, 17-21). 

For a structural hotspot method, the slope parameter m = 5 for N <1*10^7 and m= 22 for 

N>1*10^7 can be used like in the nominal stress method. For the FAT class, two different 

curves are proposed, for the FAT class of 90 and 100.  The improvement of HFMI treatment 

is material and stress ratio dependent like in the nominal stress method. (Marquis et al. 2016, 

25-26.) Improved FAT class for structural hotspot stress method as-welded FAT classes of 

90 & 100 are shown in Table 4. 

 

Table 4. FAT class improvement for structural hot spot method (Marquis et al. 2016, 26). 

 Load-carrying fillet welds  Non-load carrying filler welds  

 f
y
 (MPa) FAT KS,min FAT KS,min 

 As-welded m = 3    

All  f
y
 90 - 100 - 

 Improved by HFMI, m = 5    

< 355 140 - 160 - 
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Table 5 continues. FAT class improvement for structural hot spot method (Marquis et al. 

2016, 26). 

 Load-carrying fillet welds  Non-load carrying filler welds  

 Improved by HFMI, m = 5    

f
y
 (MPa) FAT  KS,min FAT  KS,min 

355-550 160 - 180 - 

550-750 180 - 200 1.15 

750-950 200 1.15 225 1.25 

>950 225 1.25 250 1.40 

 

Benefits from HFMI for effective notch stress method are also proposed by IIW. The slope 

parameter m = 5 for N <1*10^7 and m= 22 for N>1*10^7 is proposed as for other methods. 

Improved FAT class for effective notch stress is shown in Table 6.  The fictitious radius of 

1 mm is assumed. (Marquis et al. 2016, 26-27.)  

 

Table 6. FAT class improvement for structural ENS method (Marquis et al. 2016, 27). 

f
y
(MPa) Effective notch stress characteristic curve modelled by using ɟ

f
=1 mm 

 As-welded, m=3 

All f
y
 225 

 Improved by HFMI, m=5 

235 < f
y
 Ò 355 320 

355 < f
y
 Ò 550 360 

550 < f
y
 Ò 750 400 

750 < f
y
 Ò 950 450 

950 < f
y
 500 

 

In this specific case where the material is standard structural steel with a yield strength of 

355 MPa, the FAT class for HFMI treated butt joint would be 160 according to the nominal 

stress method if the FAT class of 90 is chosen to describe as weld condition. For the struc-

tural hotspot method, the improved FAT class is 160, and for the effective notch stress 

method, the FAT class is 320. These are FAT classes without reduction caused by stress 

range. 
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2.2  Fatigue behaviour of welded joints 

Mechanical failures cause financial losses and cause risks of injuries. Failures can involve 

complex interactions between loading, environment, and time. Elevated temperatures and 

corrosion are the most common environmental effects, which can increase the risk of failure. 

Load types can be static, monotonic, variable, uniaxial, or multiaxial, also the magnitude, 

time, and amount of cycles varies greatly depending on the application. Fatigue failures are 

caused by repeated loading, where the nominal stress levels are below the material yield 

strength. It is assumed that 50 ï 90% of failures are caused by fatigue, but the exact number 

is not available, however, the number is remarkable, especially when most of the fatigue 

failures are unexpected. (Stephens, R.I, Fatemi, Stephens, R.R & Fuschs 2000, 1-10.) Fa-

tigue is a localized phenomenon and in general, in fatigue failure one or more cracks initiate 

in the material and grow until complete fracture (Dowling 2013, 7, and Radaj, Sonsino & 

Fricke 2006, 1-3). 

Depending on the number of repetitions the fatigue can be divided into different categories; 

low-cycle fatigue (LCF), high-cycle-fatigue (HCF), and also term very high cycle fatigue 

(VHCF) is used when the number of repetitions is very high (Dowling 2013, 8 & Hobbacher 

2016). LCF regime is a case when the number of cycles is relatively small, theoretically from 

0 to 10 000 cycles, HCF regime lies between low and very high cycles, so between 10^5 to 

10^7 - 10^9 cycles, depending on the author. In IIW recommendations the limit is 10^7 for 

the VHCF regime. In low-cycle fatigue, significant plastic deformation normally occurs, but 

when the number of cycles increases, the deformations are mostly or purely elastic and other 

factors such as surface quality, residual stresses, and internal defects are getting more im-

portant (Dowling 2013, 8, and Krasovsky & Bachmann 2012, 326-327, and Zhao et al. 2012, 

1). 

Fatigue processes in the way that in the first stage, the slips are formed in the material surface 

or at the intragranial boundaries. Slips are followed by the initiation of very fine cracks that 

are not yet visible to the naked eye, which continue to grow until the actual visible crack is 

created. This or these cracks continue to grow until the critical size is reached and a sudden, 

final fracture occurs. (Stephens et al. 2000, 43-46.) Technically the crack is considered to 

have been initiated when its surface length extends to approximately 1mm, with a depth of 

0.5mm (Radaj et al. 2006, 2). The process is faster naturally with higher stress magnitudes 
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but the cracks can also stop progressing due to compressive stresses or when in progress to 

a lower stress area, cracks can also stop in grain boundaries, etc.  With high stress large 

amount of fatigue life consists of micro and macro crack growth (low-cycle fatigue) and with 

lower stresses, most of the lifetime consists of the crack initiation stage (high- and very high-

cycle fatigue). (Stephens et al. 2000, 53-55.) Figure 10 compares different crack lengths in 

comparison to the lifetime of the component. In the x-axis, the lifetime is given in percent-

ages, not in cycles, so it must be noted that for each fatigue regimen, the lifetime in cycles 

is different. 

 

 

Figure 10. Crack development in LCF, HCF and VHCF (Krupp & Alvarez-Armas 2013, 

79). 

 

Welds are prone to fatigue for various reasons. As mentioned previously, fatigue is a local-

ized phenomenon and therefore local geometrical effects, loading, and material properties 

play a major role in fatigue. Welds can cause local discontinuities, which act as stress raisers 

and provide sites for crack initiation. Welds can have inhomogeneous material, unusual mi-

crostructure, and welding defects and imperfections. In addition, residual stresses and dis-

tortions are present. (Radaj et al. 2016, 11-13 & Dowling 2013, 429-430 & Stephens et al 

2000, 401-406.) Some of the discontinuities, defects, and imperfections can also act as a 

crack, so the crack initiation time may be negligible, and fatigue life is only governed by 
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fatigue crack growth time. If no crack-like discontinuities etc. do not exist, then the fatigue 

life is governed by crack initiation and growth phase. (Stephens et al. 2000, 52-54.) The 

following subchapters deal with the key issues affecting the fatigue strength of the welds, 

such as residual stresses, microstructure, geometrical discontinuities, stress ratio, mean 

stress, and factors associated with very high cycle fatigue. 

2.2.1  Residual Stresses 

Residual stresses (RS) are characteristic features in welded joints. Residual stresses have a 

similar effect to applied mean stresses (Dowling 2013, 428). Residual stresses are produced 

by the cooling process after the parts are fused. Residual stresses caused by the cooling pro-

cess can be, and often are assumed to reach to yield limit of the welded area. Heat input 

affects greatly the residual stress magnitudes, this is illustrated in Figure 11.  

 

 

Figure 11. Residual stress distribution in a transverse direction in case of butt joint in re-

spect to heat input (Totten 2002, 394). 
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Residual stresses are tensile in a longitudinal direction in the welded area, but compressive 

in the area away from the weld, as residual stresses are self-balancing. Tensile residual 

stresses have a detrimental effect on the weld fatigue strength. These residual stresses will 

generally reduce during cyclic loading if the material is ductile enough and the stress range 

of cyclic loading is appropriate. Also, the post-weld heat treatment can be used to release the 

residual stresses, thou in this case it must carefully consider the effect of certain post-weld-

ment treatments such as HFMI as it produces the beneficial compressive residual stresses. 

(Stephens et al 2001, 54, 84-86 & Radaj et al 2006, 22.) 

This being said residual stresses affect the weld fatigue strength, especially in high cycle 

fatigue; the tensile stresses can be detrimental, and compressive stresses beneficial. The pos-

sible cyclic relaxation is hard to predict, so if no compressive stresses are introduced, it is 

conservative to assume that there are high tensile stresses present in the weld. According to 

IIW recommendations by Hobbacher 2016 and EC3, the effects of high residual stresses 

have been included in reference S-N curves or into FAT classes in different methods like the 

nominal stress method, structural hotspot method, and effective notch stress method. 

2.2.2  Microstructure 

Cracks often start from the metallurgical stress concentrations such as inclusion and pores 

in the material, in addition, the crystallographic anisotropies play a noticeable role. Depend-

ing on the alloy, cracks can nucleate in regions where adjacent grains of the same size have 

the slip characteristics of a single grain. Cracks also initiate within the grain boundaries for 

different reasons such as the influence of the environment, brittle intermetallic in grain 

boundaries, or chemical segregations or impurities. (Chan 2010, 1428-1429.) Crack can 

grow along the grain boundaries or through grains. If the crack is crowing along the bound-

aries, it is called intergranular fracture, and if through grains, transgranular fracture (Down-

ling 2013, 592-593.) These types of fractures are illustrated in Figure 12.  
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Figure 12. Intergranular and transgranular fracture. 

 

In welded joints, the inhomogeneous material is a typical feature. The added filler material 

is similar to the base material in general but specifically alloyed in order to achieve certain 

features considering the transfer of droplets, weld pool shape, and preventing hot cracking. 

When the filler material is mixed with base material in the weld pool, some of the alloys in 

the filler material are burnt or evaporated but some alloy materials may intrude in the weld. 

Some other elements can also intrude into the weld from the environment during welding. 

Microspores can develop if the evaporating of the alloy materials is hindered and microsep-

arations are produced if the welded material is prone to hot cracking. Microinclusion can 

also be produced, which can vary with respect to type and number. These different irregu-

larities occur especially in the weld toe and weld root areas, which are known to be critical 

areas of the weld. (Radaj 2016, 12-14 & Knoshnaw 2023, 541-542.) 

Heat-affected zone (HAZ) next to the weld pool experiences thermal cycles, which leads to 

different microstructures. These microstructures typically have different grain sizes and 

hardness values, which lead to locally different yield strengths, fatigue strengths, and re-

sistance against crack nucleation and propagation. (Radaj 2016, 12-14.) Distribution of the 

microstructure especially in multilayer or multipass welding is even more complex and het-

erogeneous when compared to heat-affected zone and base material. This complexity and 

heterogeneous microstructure in the weld area can weaken the fatigue strength of the mate-

rial. (Han, Liu, Cai, Sun, Huo, Fan & Pan 2023, 12.) Figure 13 presents the macrographic 
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image of a single V-groove butt joint with multiple defects such as lack of fusion and differ-

ent microstructures in the weld area. 

 

 

Figure 13. Macrograph from a single V-groove welded butt joint with defects and different 

microstructures. 

 

Grain size has also an effect on crack initiation. Generally, coarse grain materials fa-

vour crack initiation, if no other factors are taken into consideration. In studies with duplex 

microstructure, it was found that cracks initiated in grains, which were larger than average, 

and growth direction was tilted towards to highest grain size, even if the initiation was not 

from the highest grain size. For microcrystalline materials, the crack initiation rate is in-

creased and the crack propagation rate is decreased when grain size is decreased. Therefore, 

the small grain size increases the crack initiation rate but on the other hand can decrease the 

crack propagation rate. (Chan 2010, 1428-1433.) 

Microstructure has several effects on fatigue strength. Internal defects, microstructure, grain 

size, and material properties all contribute their own characteristics to the matter. Depending 

on the type of loading, the magnitude of the loads, the number of cycles, the environment, 

and the material used, it is difficult to say which will ultimately be the most significant factor, 

especially when considering the human factor and quality of welding. 
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2.2.3  Very high cycle fatigue 

For welded joints, the high cycle fatigue (HCF) region is well covered when it comes to 

fatigue testing, but the very high cycle fatigue (VHCF) region is currently incomplete and 

under research. One of the reasons is that the possibilities of testing in very high cycle re-

gions within a reasonable time frame have been challenged before today's high-frequency 

testing equipment. (Schauman & Steppeler 2013, 88-89.) In the Scopus database the number 

of documents steadily increased in the 20th century when looking with keywords "Very high 

cycle fatigue" OR "VHCF" OR "ultra high cycle fatigue", see Figure 14. 

 

 

Figure 14. Documents considering the very high cycle fatigue, VHCF & ultra-high cycle 

fatigue (Scopus 2023). 

 

Chan (2010) states that the conventional fatigue limit at 10^7 cycles in various codes and 

recommendations is not true and fatigue failures happen beyond this point and the complex-

ity of the crack initiation is most evident in the VHCF region.  This paper focused on the 

non-welded materials and effects of microstructure and internal defects in the material.  



35 

 

In paper from Fernández-Canteli, Blasón, Pyttel, Muniz-Canventa & Castillo (2020, 189), 

the existence of the fatigue limit of S-N curves is discussed. Many authors denies the exist-

ence of the fatigue limit based on micromechanical considerations, observations, analyses, 

and experiences. The existence of fatigue limit seems to be confirmed by the results of fa-

tigue tests in the very high cycle fatigue (VHCF) regime. The topic is still widely discussed 

and many authors disagree with authors which are denying the existence of the fatigue limit. 

In addition, the current guidelines/standards also show inconsistency in the existence of fa-

tigue limits. 

The correct fatigue model is still missing. According to  Fernández-Canteli et al. (2020), the 

correct fatigue model must have horizontal and asymptotic fatigue limits as the failure canôt 

occur with zero stresses spontaneously. Some fatigue models still have this problem when 

the fatigue limit does not exist. The thermomechanical and microstructural considerations 

could allow zero stress fatigue limit, but the fatigue mechanism for this is not identified. 

Multi -stage S-N curves, which are based on the different fatigue limits of the component or 

failures from different areas have been suggested for example by Mughrabi 2002 (Figure 

16). 

 

 

Figure 15. Multi -stage S-N curves (Mughrabi 2020, 757). 
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Figure 16 continues. Multi -stage S-N curves (Mughrabi 2020, 757). 

 

In the paper of Schaumann & Steppeler (2013), the fatigue tests of axially loaded butt joints 

were carried out with 390 Hz frequency and with R of 0.1 & 0.5. Comparison between fa-

tigue tests conducted at stress ratios (R) of 0.1 and 0.5 demonstrated nearly identical fatigue 

limits in the transition region, suggesting no significant influence of stress ratio or tensile 

residual stresses in this region. In both cases, the cracks started from the notches of the weld 

and the data showed the fatigue limit, thou the runout limit was defined as 5*10^8 cycles. 

In his paper from 2014, Fry studied the fatigue behaviour of welded structures. In the paper, 

the vibrating screen, which are vibrating at high frequencies was under inspection. In these 

screens, the high fatigue region of 10^7 cycles is exceeded already in the 14 days in operation 

and even if stresses are generally low, the fatigue failures still happen and are the most com-

mon cause of failures. In paper, the BS 7608 was used as a reference, and it was confirmed 

from the data that fatigue limits of BS 7608 do not apply in the VHCF regime and new 

recommendations were made according to the study. Recommended S-N curves can be seen 

in Figure 17. In BS 7608, the detail categories are similar to EC3 and IIW recommendations, 

but the details are named differently. Detailed explanations for each category can be found 
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in the standard. According to BS 7608, the butt joints fall into categories F, E, and D, de-

pending on the quality and type of butt weld. For these classes, the recommended fatigue 

limit is respectably 19, 22, and 26 MPa in a non-corrosive environment. 

 

 

Figure 17. Modified BS 7608 S-N curves (Fry 2014, 182). 

 

Zhao et al. 2012 conducted a test with ground-flushed butt joints made from low-carbon 

steel. Specimens were machined and finely ground, test was done under constant amplitude 

loading with R -1. When compared to base material the fatigue failure in welded joints oc-

curred earlier and/or with lower stress levels. According to this study, the fatigue limit does 

not exist, and failure would probably happen even with very low stress levels if the number 

of cycles is long enough. The fatigue strength of the specimens decreased noticeably after 

1*10^9 cycles. The fatigue failure occurred mainly from the fusion zone even if larger in-

ternal defects would exist elsewhere. 

England, Toumpis & Gorash 2023 reviewed multiple studies related to VHCF and concluded 

that fatigue strength at the VHCF region of welded joints is lower than the base material, 

even if the stress concentrations are removed. The existence of traditional fatigue limit was 

challenged according to multiple studies with different materials and that change in design 
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of S-N curves should be changed. The primary reason for decreasing fatigue strength in the 

VHCF region is caused by welding defects, inclusions, and pores. The study also found that 

more fundamental studies are required about the welded joint's behaviour in the VHCF re-

gion. 

In this paper, the EC3 and IIW guidelines are used and as mentioned before, IIW has differ-

ent types of S-N curves for very high cycle applications, whereas the fatigue limit does not 

exist, but in the EC3 the fatigue limit is still used. The S-N curve of FAT 71 according to 

IIW and EC3 is compared in Figure 18. 

 

 

Figure 18. S-N curve of FAT 71 according to EC3 & IIW (Schaumann et al. 2013, 89). 

 

Estimation of the fatigue failures of the welded component in the VHCF region is still chal-

lenging due to limited testing possibilities, incomplete understanding of welding defects and 

microstructural effects, disagreement of the existence of the fatigue limits, and missing fa-

tigue model. 

2.3  Methods to assess the fatigue strength 

There are several global and local methods to assess the fatigue strength of the components 

and the welded joints. The most common ones are the nominal stress method, which is the 
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global method and structural hotspot stress method (HS), and the effective notch stress 

method (ENS) which are local methods. These methods are considered in the EC3 part 1-9 

fatigue and in the IIW recommendations for fatigue design of welded joints and components, 

except the ENS method, which is not yet covered by the EC3, but will be included in the 

new publication. This chapter presents these methods and their basic principles and differ-

ences. 

In the HS stress method, only the ñaò type hot spots are considered in this paper, as the in-

vestigated detail falls into that category. A type ñaò hotspots are located in the plate surface, 

and the crack growth is through the thickness direction of the plate. Type ñbò hotspots are 

located on the plate edge and the crack growth direction is in the width direction of the plate. 

In an ñaò type hotspots the stress distribution through the thickness changes in the area of 

the hotspot (near the weld toe), whereas in type ñbò the stress distribution does not depend 

on the thickness of the plate when approaching the weld toe. (Niemi, Fricke & Maddox 2017, 

6-8.)  Examples of type ñaò and ñbò hotspots can be seen in Figure 19. 

 

 

Figure 19. Type "a" and "b" hotspots (modified from Niemi et al. 2017, 6). 

 

The nominal stress method, HS stress method & ENS method all use fatigue classes (FAT) 

to define the fatigue strengths of different details. FAT class is the fatigue strength at 2*10^6 

cycles with a 97.7% survival probability. As an example, the FAT 71 means that detail in 
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that category can withstand 71 MPa stress level for 2*10^6 cycles with 97.7% survival prob-

ability. The stress on the inspected detail is ñcomparedò to the corresponding FAT class and 

lifetime is calculated with the equation shown below. Where ñmò is the slope parameter, ɔ
M2

 

is the partial safety factor, and is the stress range. The method for defining the stresses differs 

between methods and different methods have their own FAT classes. 
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(1) 

In IIW recommendation and Eurocode 3 for the nominal stress, the slope parameter (m) is 3 

for normal stress and 5 for the shear stress. S-N curves in EC3 and IIW recommendations 

are very similar but have some major differences when it comes to fatigue limits. In EC3 

there is a fatigue limit after the so-called knee point for constant amplitude loading defined 

at 5*10^6 cycles for details in FAT Ó71 and 1*10^7 cycles for details < FAT71. Fatigue 

limits are defined also for variable amplitude loadings. In IIW recommendations the fatigue 

limit does not exist, but the slope parameter ñmò is changed from 3 to 22 after 1*10^7 cycles 

for all FAT classes. Curves take the high-stress ratio (R > 0.5) into account. See Figure 21 

& Figure 22 where the S-N curves are presented for the nominal stress method according to 

EC3 and IIW recommendations. 

 

 

Figure 20. S-N curves for nominal stress method according to EC3. 
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Figure 21 continues. S-N curves for nominal stress method according to EC3. 

 

 

Figure 22. S-N curves for nominal stress method according to IIW recommendations (Hob-

bacher 2016, 39). 
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If the stress is below a certain knee point the lifetime needs to be calculated according to the 

equation given below, which is modified from the equation 1. In that equation the FAT is 

replaced with ɝ„  which corresponds to the stress at the knee point in the S-N curve at 

10^7 cycles. The original m is also replaced with a new slope parameter after 10^7 cycles, 

for example, 3 to 22 in IIW recommendations in very high cycle applications. 

 

 
Nf=

æů
10
7

ɔ
M2
ȹů

m

Ā1Ā10
7
 

 

(2) 

S-N curves for HS stress and ENS methods are present in their own subchapters and they 

are based on the nominal stress S-N curves. 

2.3.1  Nominal stress method 

Nominal stress is the stress in a constructional detail, near the potential crack growth loca-

tion, disregarding any local stress-raising effects but taking into consideration the stress-

raising effect from the geometry of the component in the area of the joint. Elastic stresses 

are assumed and distortion must be at a moderate level. Nominal stress can vary for example 

with respect to component length, like in the beam, and then the local nominal stress can be 

calculated through normal beam theory from the inspected area. See Figure 23 for example, 

where the local nominal stress is taken from the beam and the weld itself is neglected. (Bar-

soum 2020, 22-23.) Therefore, the nominal stresses are defined in the cross-section of the 

structural member under assessment, for example, the plate, but in the case of partially pen-

etrated welds, the stresses are defined in the cross-section of the weld (Radaj 2006, 15). 

 

 

Figure 23. Nominal stress in simple beam (Barsoum 2020, 22). 
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Geometrical effects and stress fields near the localized loads must be included in the nominal 

stress as both of these cause membrane stress redistribution. Also, the secondary bending 

stresses that are caused by the possible axial or angular misalignments must be taken into 

consideration, if they are greater than what is already taken into account in the S-N curves. 

(Barsoum 2020, 22-23.) 

Therefore, in simple cases the nominal stress is fairly easy to calculate with basic theories 

and elastic behaviour is assumed. In cases that are more complex the finite element method 

is needed to determine the stresses. In that case, it must be ensured that local stress concen-

trations are excluded. If the finite element method is needed, more local methods should be 

conspired to be used, like the HS stress or ENS method. (Barsoum 2020, 24.) 

In cases where the welded structure is complex with multiple attachments, changing loading 

locations and magnitudes, etc. it can be hard or even impossible to define the nominal 

stresses. Moreover, even if it could be defined, choosing the correct FAT class can be very 

hard, as in many cases the detail in the FAT class and the real structure do not correspond to 

each other. Also in these cases, more local approaches should be considered. (Barsoum 2020, 

27.) 

It must be noted that the minimum and maximum values must be defined as the stress range 

needed to carry out the calculations. 

2.3.2  Hot-spot stress method 

The structural hot spot is a critical weld toe location, where the crack is assumed to initiate. 

In general, the HS stress method can be used to determine the lifetime of certain details, 

which are prone to fail from the weld toe, thou nowadays methods are also being developed 

to assess the weld root failures, but those methods are not standard to use. (Niemi et al. 2017, 

7.) Figure 24 shows the details, and whether they are suitable for the HS stress method or 

not. 
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Figure 24. Suitable and non-suitable details for the HS stress method (modified from 

Niemi et al. 2017, 6). 

 

The weld toe forms a notch in the structure, which leads to high, non-linear stress distribu-

tion. Total stress consists of a membrane, bending, and nonlinear stress peak. The nonlinear 

stress needs to be removed in the HS stress method as in the design phase is often impossible 

to know the weld's final geometry in advance. (Niemi et al. 2017, 8.) In Figure 25, the typical 

stress distribution in the butt joint is shown. 

 

 

Figure 25. Stress distribution in the butt joint (Niemi et al. 2017, 8). 

 

Therefore, the HS stress is the sum of the membrane and the bending stress on the surface 

of the member as shown in Figure 26. 
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Figure 26. Hot spot stress and stress components (Niemi et al. 2017, 7). 

 

The HS stress can be determined in multiple different ways and methods. HS stress spot can 

be derived from the nominal stress or the nominal stress members, so from membrane and 

bending stresses, if the valid stress concentrations are known. Then the HS stress takes a 

form like in the equation shown below, where the Ks,a is the axial loading concentration 

factor and the Ks,b is as concentration factor for bending, ůnom,a & ůnom,b are the correspond-

ing nominal stresses. (Niemi et al. 2017, 10.) 

 

 ůHS=Ks,aůnom,a+Ks,bůnom,b 

 

 

(3) 

However defining the concentration factors and nominal stresses can be challenging espe-

cially with more complex structures, as mentioned in the previous chapter. In these cases, 

other methods should be used, like surface extrapolation or through weld toe thickness 

(TWTT) methods.  

In the surface extrapolating the stress measurements are taken from two points at a specific 

distance from the weld toe, in this assumption is that FEM is used. Depending on the situa-

tion, the weld geometry is modelled or excluded. The element type can be either shell or 

solid. With fine mesh, the points are 0.4t and 1t from the weld toe, and with coarse mesh 

0.5t and 1.5t from the weld toe. Figure 27 presents the extrapolation points. It is sufficient 

to define the maximum (or minimum) principal stress or the stresses normal to weld toe, 

depending on which one is the dominant one. (Niemi et al. 2017, 21.) 
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Figure 27. Surface extrapolation methods points for stress measurement (modified from 

Niemi et al. 2017, 23). 

 

The meshing must be done according to guidelines as the stresses in finite elements are de-

pendent on the mesh density and element properties. For large structures, the more coarse 

mesh can be useful, but for smaller, complicated structures, or those with high-stress gradi-

ents the finer mesh is recommended. (Niemi et al. 2017, 22-23.) Instructions for meshing in 

case of ñaò type of hot spot can be seen in the Table 7. 

 

Table 7. Meshing guideline for "a" type hotspots (modified from Niemi et al. 2017, 22). 

Types of model and weld toe  Relatively coarse models Relatively fine model 

  Type ñaò Type ñaò 

Element length x width Shells: Ò t×t and t×w/2 Ò 0.4t×t and 0.4t×w/2 

 Solids: Ò t×t and t×w Ò 0.4t×t and 0.4t×w/2 

Extrapolation points Shells: 0.5t/1.5t (mid-side pts.) 0.4t/1.0t (nodal pts.) 

 Solids: 0.5t/1.5t (surface centre.) 0.4t/1.0t (nodal pts.) 

 

After defining the stresses from the model with correctly done meshing, the HS stress is 

calculated according to the equations shown on the next page, which equation is to be used, 

depends, on whether a coarse or a fine mesh is used. 
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 ůHS=1.67ů0,4t-0.67ů1,0t 

 

(4) 

   

 ůHS=1.50ů0,5t-0.50ů1,5t 

 

(5) 

The TWTT method is another way to define the HS stresses. In this method, the stress com-

ponents are measured from the weld toe through the material thickness, and then stress dis-

tribution is linearized through the equations presented below and the HS stress is calculated 

by summing the results, so the ůHS=ůhs,m+ůhs,b. (Niemi et al. 2017, 20.)  Linearization of the 

stress distribution is illustrated in Figure 28.   
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Figure 28. Illustration of TWTT method (Niemi et al. 2017, 19). 
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Some FEM programs can also solve the linearized stress distribution and/or the stress com-

ponents directly from the weld toe, in that case, the HS stress is simply ůHS=ůhs,m+ůhs,b with 

the values from FEM. An example of this can be seen in Figure 29, where the membrane 

and bending stresses are solved with Creo Simulate from the weld toe.  

 

 

Figure 29. Membrane, bending and total stresses from the weld toe. 

 

It must be noted that in both HS stress methods, minimum and maximum values must be 

defined as the stress range in needed to carry out the fatigue strength calculations. 

There are only two FAT classes in the HS stress method, which makes it easier to find the 

correct one for assessed detail. The FAT classes are 90 & 100 for steel materials. (Niemi et 

al. 2017, 41.) SN-curves for FAT 90 & 100 can be seen in Figure 21 & Figure 22. 

Possible misalignments must be taken into consideration if misalignment exceeds those 

which are already taken into account in assessment methods. Some misalignments are taken 

already into consideration in the FAT classes. (Niemi et al. 2017, 41.) 
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2.3.3  Effective notch stress method 

ENS stress is total stress in the notch of the weld toe or in the root with linear elastic material 

behaviour assumed (Hobbacher 2016, 27). A fictitious radius of 1 mm is assumed in the 

assessed critical area (Figure 30). Meshing is done with the recommendation given in Table 

8. 

 

 

Figure 30. Guideline for applying fictitious radius (modified from Hobbacher 2016, 27, 

29). 

 

Table 8. Recommended element types and sizes for ENS (modified from Hobbacher 2016, 

29). 

Element type Relative size Absolute size 

(mm) 

No. of element in 

45ę arc 

No. of element in 

360ę arc 

Quadratic with mid-

side nodes 

Ò r/4 Ò 0.25 Ó3 Ó24 

Linear Ò r/6 Ò 0.15 Ó5 Ó40 

 

Stress concentrations can be defined through FEM from the assessed weld toe or root. Notch 

stress factor (KW) is assumed to be at least 1.6 when the FAT class of 225 is used, which is 

the standard FAT class in the ENS method when principal stresses are used in analyses 

(Hobbacher 2016, 27, and Pedersen, Mouritsen, Hansen, Andersen & Wenderby 2010, 

1623.)  
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The HS stress method must be first implemented to define the stress members in the area. 

The method is limited to as-welded roots and toes. (Hobbacher 2016, 27). However, the 

effects of different PWTs can be applied according to different guidelines as mentioned in 

previous chapters. 

The stress concentration for membrane and bending stresses are defined separately and the 

ENS stress is calculated according to the equation shown below, where kt,m is the stress 

concentration factor for membrane stress and kt,b is the stress concentration factor for bend-

ing stress (Ahola, Skriko, Lipiäinen & Björk 2021, 8). 

 

 ůENS=kt,můhs,m+kt,bůhs,b (8) 
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3  Loads and stress analyses 

This chapter contains the calculation of the accelerations, rotation radius, and finite element 

(FE) modelling. The first chapter covers the initial values, which were used in the FE mod-

elling and analyses. The next chapters present the models for the nominal stress method, HS 

stress method, and ENS methods. In addition to models, the screening of the critical area 

with different models is presented as well as the calculation of the stress ranges and ratios 

with each method. Calculated stresses are used in the lifetime calculations in Chapter 4. 

3.1  Calculation of the accelerations 

As mentioned previously, certain assumptions need to be made to carry out the calculations 

and modelling, as the final design of the machine under assessment was not ready.  

One of the assumptions was the total mass of the whole structure. The mass of the main 

frame (3450 kg) and rotating counterweight (1085 kg) are known, but mass of the certain 

internal components was based on the estimations based on the previous designs and 

knowledge of designers working on the particular machine. The total mass of the machine 

was assumed to be 9000 kg. In addition, the masses from the processed particles were added 

to be on the safe side, the mass of the particles is estimated to be 400 kg. This gives the total 

mass of 9400 kg, which was used in the calculations. 

The mass centre of the rotating counterweight with respect to the centre of the machine was 

offset 260 mm in the x-direction (horizontal) and 55 mm in the y-direction (vertical). The 

resultant ñrò of these offsets was calculated according to the equation presented below. 

 

 r=x2+y2 

 

(9) 

Counterweight rotates in 3-3.3 Hz frequency, so 3.3 Hz was used in calculations on the ac-

celeration caused by rotation, as the frequency directly affects the acceleration to which the 

structure is exposed. The acceleration is calculated with next the equation, where ñmrotationò 
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is the rotating mass, ñrò is the resultant from the equation 9, ñɤò is the frequency, and ñMtotò 

is the total mass. Acceleration caused by rotating mass is 13500 . 

 

 
a=
mrotationrɤ2

Mtot
 

 

(10) 

With masses known and the resultant ñrò, known from the equation 9 also the radius of 

rotation of the whole structure was calculated according to the equation shown below. The 

radius of rotation is ~30 mm, which is similar to previous designs and suitable for the screen-

ing application. 

 

 r2=
mrotationr

Mtot
 

 

(11) 

Due to the limitations of the Creo Simulate, the acceleration caused by gravity and the rotat-

ing mass needed to be given in a single vector. In real case, the accelerations are perpendic-

ular to each other, and the acceleration caused by rotating mass is 8ę offset with respect to 

the machine, as the machine is installed at 8ę angle with respect to ground level. In this case, 

to simplify the modelling, the machine was modelled to be parallel with the ground level 

which causes the situation that accelerations are not perpendicular to each other. See Figure 

31, which illustrates the difference between real and simulated situations with a detailed 

model and with a skeleton model used in Creo Simulate. The vector ñaò is the acceleration 

caused by the rotating mass, ñgò is gravity, and ñ(a)ò is the acceleration caused by the rotat-

ing mass turned by 180ę, yellow line is the top plane of the machine. 
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Figure 31. Accelerations in respect to machine in real case (a) and the simulation environ-

ment (b). 

 

The magnitude of the resultant was calculated according to the equation presented below, 

where the ñgò is the gravity and ñŬò is the angle between gravity and acceleration caused by 

rotating mass (see Figure 31). In this situation, the resultant vector of the acceleration 

reached its highest value and was used in the FE analysis. The angle between the gravity and 

the resultant was calculated with the equation shown in next page. The magnitude of the 

resultant was 17750 , and the angle is 43.15ę. The acceleration resultant is illustrated in 

Figure 32, where the ñaò is the acceleration caused by rotating mass and ñ(a)ò is the same 

vector moved to the end of the ñgò vector, yellow line illustrates the plane parallel to ground 

level. 

 

 R= g2+a2-2gacos(Ŭ) (12) 
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Ŭ1=a

sin(Ŭ)

R
 

 

(13) 

 

 

Figure 32. Illustration of the acceleration vectors. 

 

It must be noted that the magnitude of the acceleration resultant and the angle changes with 

respect to the rotation of the counterweight. The resultant calculated beforehand corresponds 

to the highest value of the acceleration, so it is conservative to use, also the change in angle 

is limited to ~6 degrees so it won´t cause a major difference. However, the angle of the 

resultant vector changes 16 degrees during the rotation of the counterweight, Figure 33 il-

lustrates the resultant vector (R) when the counterweight is at its zero position and turned 

180 degrees ((R)). 
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Figure 33. Acceleration vectors including the resultant vectors in respect machine. 

 

These simplifications and assumptions were necessary due to the limitation of the used pro-

gram and to carry out the analyses and are further explained in the next subchapters consid-

ering the FE analyses. 

3.2  Identity of beams and joints 

To make it easier to identify the beams and joints from each other, the beams were named 

individually as shown in Figure 34. 

 

 

Figure 34. Beam ID:s. 
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Also for the HS stress and ENS methods, the difference was made for the upper and bottom 

weld, the inside and outside corners of the weld, and also the inner and outer surfaces of the 

weld as shown in Figure 35. 

 

 

Figure 35. ID:s for identifying the weld area. 

 

As an example, the ñT8_BO_iò means T8 beam, bottom flange, outer corner, and inner sur-

face. 

3.3  Finite element model for nominal stress method 

This subchapter presents the model used in Creo Simulate to define the critical joint in the 

structure and to define the stress range affecting the joint. In addition, the limitations of the 

simplified model and nominal stress method are discussed. 

3.3.1  Beam model for nominal stress method 

For the nominal stress method, the simplified beam model was used for the analyses. The 

beam model is a very fast way to run multiple analyses and was assumed to be detailed 

enough to define the nominal stresses. The main frame of the structure was sketched with 

Creo Parametric and the beam elements were defined for each curve with Creo Simulate, 

according to the real structure. Beam elements were attached with fixed types on constraints. 

The sketched skeleton model, beam model, and real mainframe are compared in Figure 36. 
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Figure 36. Skeleton model (a), beam model (b) & real model (c) of the main frame. 
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As the masses needed to match with the total mass of the real model, the masses were in-

serted into the beam model using the mass idealization tools and were defined as points, 

which were linked to the model with weighted links. The masses of outlets, inlets, hatches, 

and rotating counterweights were placed according to their centre of gravity (COG). The 

assumed internal masses and particle masses were evenly distributed in 2 points inside of 

the frame structure, and linked to multiple beams with weighted links. Mass idealizations 

are shown in Figure 37. 

 

 

Figure 37. Mass idealizations in beam model. 

 

Constraints were defined at four corners, at the area where the real structure would hang 

from the cables, and in the centre area of the model. In corners (C1) the translations in the 

y-direction are restricted and the rotational degrees are free. In the centre (C2) the transla-

tions in the x & z-direction are restricted and the rotation in the y-direction is restricted. Both 

constraints are pin connections and with these conditions, the bending is allowed like in the 

real structure. The constraints are illustrated in Figure 38. 
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Figure 38. Constrains C1 & C2. 

 

As mentioned, the resultant of gravity and acceleration caused by rotating mass was calcu-

lated as in Creo Simulate only one gravitational component could be used at time. If the 

accelerations are given as individual accelerations and not as gravitational components, they 

are not affecting the whole structure but at a certain point, thatôs the reason to use the single 

gravitational component to define the total acceleration. For acceleration, the individual co-

ordination system was defined, which was constrained to another coordinate system, which 

was then offset 8ę in the y-direction with respect to the frame's coordination system. The 

acceleration was defined to affect the x-direction in its coordination system. Using the mul-

tiple systems allowed the rotation of the resultant at the correct angle, which was needed in 

the analyses. The coordination systems and acceleration are shown in Figure 39. 

 

 

Figure 39. Acceleration resultant and coordination systems. 
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The analyses were done with conditions given above, analyses are presented in the next 

subchapter. 

3.3.2  Screening for the critical area with beam model and defining the stress ranges 

To find out the most critical joint in the structure, the measure points for maximum and 

minimum principal stresses were defined at the areas where the welded butt joint is located 

for each beam, so 445 mm from the midpoint of the centre tube of the machine, see Figure 

40, which illustrates the measure points.  The sensitivity analysis was used in the Creo Sim-

ulate to calculate the stresses at each point. The sensitivity analysis allows changing certain 

parameters between analyses, in this case, the coordination system in which the coordination 

system of acceleration vector was constrained, was turned around the global y-axis in 10ę 

increments until 360ę was achieved. Linear analysis type was used with 1 to 9 polynomial 

order and with a 1% convergence limit. 

 

 

Figure 40. Measure points 445 mm from centre. 
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The results from all measure points were collected and compared to see the most critical 

area. The challenge with Creo Simulate is that with beam elements, the program does not 

show where in the cross-section the maximum or minimum principal stress is located each 

moment, it only gives the maximum/minimum values. For this reason, it was assumed that 

maximum and minimum stresses occurred in the same area, and the stress range was as-

sumed as the highest range between the maximum and minimum principal stress (Appendix 

2). Figure 41 presents the maximum and minimum principal stresses with respect to the 

rotation angle of the acceleration of the beam T2, which was the most critical according to 

the beam model. The maximum principal stress reached its highest value at 90ę and the min-

imum principal stress reached its minimum value at 270ę. 

 

 

Figure 41. T2 beam stress range and maximum and minimum values. 

 

The tress range and the stress ratio was calculated according to the equations presented in 

the next page. 
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ȹů=ůmax-ůmin 

 

(14) 

R=
ůmin

ůmax
 

 

(15) 

 

The stress range was 51 MPa with a -0.8 stress ratio in the beam T2.  

3.3.3  Limitations of the beam model 

As mentioned before, the Creo Simulate has some limitations when it comes to beam ele-

ments, as it's not possible to define in which area of the cross-section the stresses are occur-

ring at each moment. Also, the simplified model itself has uncertainties as the geometry of 

the critical centre area is simplified. In a real case, the connection between the I-beam and 

centre plates is only through flanges, and the web is removed near the weld area, whereas in 

the simplified model the I-beams are connected to the centre pipe. This affects to overall 

stiffness and stresses in the beams. Also defining the nominal stresses is inaccurate in this 

kind of structure which has many components, and the direction of the forces/acceleration is 

not constant. Simplified geometry does not describe the real situation accurately enough and 

local methods are needed to carry out the screening and defining the stress ranges. 

3.4  Finite element models for hotspot stress method 

This subchapter presents the FE model used for the HS method. The model for the HS 

method was more detailed and contained beam, shell, and solid elements. Screening was 

also done in a more accurate way than in the nominal stress method. HS stresses were cal-

culated with surface extrapolating and through the weld-toe thickness methods. HS stress 

method is more accurate compared to the nominal stress method. Stress components from 

the HS method are used in the ENS method. 



63 

 

3.4.1  Combined model for hotspot stress method 

For the HS stress method, a more detailed model was made. In this model, the centre area 

was modelled as solid and shell elements. The shell elements were used for the centre tube 

and most of the area of the centre plate. The beam elements were used for the other areas of 

the frame structure. The beam elements were constrained to solid elements with weighted 

links which act as rigid connections between the beam and solid elements. Shell elements 

were done with Creo Simulates Shell Pair tools and the shell elements were rigidly linked to 

the solid elements. The model is shown in Figure 42. 

 

 

Figure 42. FE model for the HS stress method. 

 

The weld joint geometry was modelled in the way that it is assumed to be in the real structure. 

The flank angle was 150ę and the welding is assumed to be done from both sides of the 

flange. The welded area is shown in Figure 43. 
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Figure 43. Modelled weld, solid element. 

 

Constraints in the corners were the same as in the beam model. The centre area constraints 

were modified slightly as the geometry was now different, but the main principle of the 

constraints stayed the same. 

The acceleration vector was defined in the same way that in the beam model (see Figure 33 

& Figure 39).  

Mass idealization points were also slightly modified to match the wanted total mass. 

For sensitivity analysis, the default Creo simulate meshing was used. For the surface extrap-

olation, the fine mesh was used in the area according to IIW (see chapter 2.3.2). 

3.4.2  Screening for critical area with hotspot stress model 

For the screening of the critical area, the sensitivity analysis was used as with the beam 

element model. Before the sensitivity analysis, the basic static analysis was with different 

acceleration angles, and it was noticed that the machined area of the web was too close to 

the welded joint, and very high stress concentrations occurred in the area. The machining 

was modified so the stress concentration the stresses levelled off in the flange area, so the 

notch stress does not affect the area and disturb the defining of the HS stress (Figure 44, a & 

b). After that, it was noticed that depending on the weld, the highest stresses were found in 

either the outer or the inner corners of the weld. 
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Figure 44. Contour view from same beam with different geometry. Joint area circled. 

 

The measure points were placed to four points for each weld, outer and inner corner for outer 

and inner surface, so a total of 128 points were measured for maximum and minimum prin-

cipal stresses. Measure points were located in the weld toe, so the measures would represent 

the total stress in the weld toe, including the nonlinear stress peak. This method was seen as 

suitable as the total stress correlates with structural stress if the geometrical discontinuity is 

identical in each location, like in this case. Sensitivity analysis was done with 10ę increments 

from 0ę to 360ę acceleration angles. Measure points for one of the joints are illustrated in 

Figure 45. 
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Figure 45. Measure points locations. 

 

All the results were gathered, plotted, and compared (Appendix 3). From the results, it was 

noted that some joints experience only compression or tension but most of the measured 

areas experience both, depending on the angle of the acceleration (rotational mass). This was 

confirmed with static analysis with different angles in the critical areas. The direction of the 

maximum and minimum stresses was the same in the angles where the maximum principal 

stress reached its highest value and when the minimum principal stress reached its minimum 

value. This is logical, as the difference between maximum and minimum stress was 180ę. 

Multiple joints were examined more carefully to define which was the most critical, at the 

end it was concluded that the most critical area was the joint in the T1 beam, bottom flange, 

and outer corner. Figure 46 presents the stress curves from the inner and outer surface meas-

ure points.  
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Figure 46. T1 BO measurements, outer and inner surfaces. 

 

The maximum stress values are seen in the 70ę and minimum stresses at 250ę. The stress 

range is 64 MPa at the outer surface and 58 MPa at the inner surface. Both surfaces were 

used to define the HS stress. 

3.4.3  Defining the stresses from the hotspot stress model 

The HS stresses were calculated from both the inner and outer surfaces of the T1 BO area. 

For the extrapolation method, the area was meshed according to IIW guidelines with a 

mapped mesh function in the Creo Simulate. The measure points for the stresses were de-

fined at 0.4t and 1.0t distance from the weld toe, as the fine mesh was used (Figure 44). The 

static analysis was done with acceleration angles 70ę & 250ę where the maximum and min-

imum stresses occurred according to the previously done sensitivity analysis. The maximum 

and minimum principal stresses were defined from the surface extrapolation points and the 

HS stresses were calculated according to the equation 4 (Appendix 4). The stress range ac-

cording to the surface extrapolation method was 46 MPa for the outer surface and 47 MPa 

for the inner surface. Stress ratios were -1.2 and -1.1 respectively. The same stress ranges 

can be assumed on both surfaces as the difference is <1 MPa. 
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Figure 47. Meshing for surface extrapolation method. 

 

The TWTT method was also used to calculate the HS stress. For the TWTT method, the 

same static analyses were used as for the surface extrapolation method. The stress levels 

were defined from the weld toe area through the thickness. Linearization of the stress distri-

bution was not necessary as in the Creo Simulate it was possible to separate the different 

stress components with linearized stresses tool. This can be seen in Figure 49 where point 1 

is the inner surface and point 2 is the outer surface. 

 

 

Figure 48. HS stresses for TWTT method calculated with Linearized stress tool. 
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Figure 49 continues. HS stresses for TWTT method calculated with Linearized stress tool. 

 

After the stresses were defined, the HS stress was simply ůHS=ůhs,m+ůhs,b (Appendix 4). The 

HS stress according to the TWTT method was 46 MPa for the both surfaces, which is prac-

tically the same as with the surface extrapolation method. The stress ratios were practically 

the same. 

3.5  Finite element model for effective notch stress method 

In this subchapter, the ENS model done with the Siemens FEMAP is presented. The chapter 

also presents the calculation of the ENS stresses. ENS is a local method like the HS stress 

method but takes also the notch stress into consideration, thus providing even more accurate 

results. 

3.5.1  Model for effective notch stress method 

The model for the ENS method was done with the Siemens FEMAP. Only the local geometry 

of the joint area was modeled as a 2D model. The plate type of element was used and a 

thickness of 1 mm was defined as element property. The surface was divided into different 

areas as different mesh sizing was needed for certain areas like for weld toe. Meshing was 



70 

 

done with the Siemens FEmap meshing toolbox and meshing of the weld toe area was done 

according to IIW recommendations (see chapter 2.3.3). The shape of the mesh was quadri-

lateral and regular shape. Two similar models were done, first with a 1 mm fictitious radius 

and the other with a 3 mm fictitious radius to present the effect of TIG dressing. The model 

is shown in Figure 50. 

 

 

Figure 50. ENS model in Siemens FEmap. 

 

Only the fixed nodal constraints were defined as the whole area was modified as geometry 

was very simple.  

Two different loading cases were defined, one for membrane stress and the other for bend-

ing. In both the type of loading was ñforce per lengthò and 1 N force was used. This led to 1 

MPa stress in the plate.  

For the bending case, the load was defined as a function. With function, 1 MPa of tension in 

the top surface and 1 MPa of compression in the bottom surface of the area was achieved. 

The function for force is shown in the next equation whereas the ñy!ò is the y-coordinate.  

 

 1

5.5
Ĭ(y!) 

 

(16) 
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3.5.2  Defining the stress concentration factors and calculation of the ENS stress 

range 

The linear static analyses were done with both loading cases for both models. The maximum 

values of the maximum principal stresses (nodal) were obtained from the weld toe area. 

Figure 51 & Figure 52 shows the detailed view of the weld toe areas under both loading 

cases. 

 

 

Figure 51. Notch concentration factors when r=1. 

 

 

Figure 52. Notch concentration factors when r=3. 
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The stress concentration factors show significant differences with different radiuses. The 

factor ktb was 1.45 with a 3 mm radius, so the 1.6 was used in the calculations according to 

the recommendation. The stress concentration factor was used to calculate the ENS stress 

using the equation 8 (Appendix 5). The stress components of the TWTT method were used 

in the calculations (T1_BO_i area). The ENS stress was 97 MPa when r=1 and 74 MPa when 

r=3. The ratio can be assumed to be the same as with the TWTT method as the same stress 

components were used.  
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4  Fatigue strength assessment 

This chapter presents the used parameters in the fatigue strength calculations and the results 

of each method. The calculations are carried out with the nominal stress, HS stress, and ENS 

methods. In addition to as-welded condition, the effect of ground flushing, TIG dressing, 

and HFMI treatment are taken into consideration in the calculations. The results are con-

cluded in Chapters 5 and 6. More detailed calculations are presented in Appendix 6. 

4.1.1  Nominal stress method 

For the nominal stress method, the FAT class of 90 was used according to IIW detail No.222. 

The FAT class of 71 (IIW No. 224) could also be considered as the plate thicknesses vary, 

but in this case, the moderate slope is achieved in transition between thicknesses, so the FAT 

90 is more descriptive for the joint. Also, the EC3 recommends FAT 90 for butt joint with a 

150ę flank angle. FAT 36 was used to assess the root failure in case of poor penetration, then 

m=3 as the stress range is higher than knee point stress (æů
10
7) of the FAT 36. 

The effect of TIG dressing and HFMI treatment was taken into consideration according to 

chapter 2.1.3. TIG dressing increases the FAT 90 to 112 and HFMI treatment increases the 

FAT 90 to 160 (m=3 to 5). FAT 112 was used in the case of ground-flushed weld according 

to IIW recommendations and EC3. Table 9 presents the used FAT classes and slope param-

eters for the nominal stress method. 

 

Table 9. FAT classes and slope parameters for the nominal stress method. 

Method FAT (MPa) æů
10
7 (MPa) m Condition 

Nominal 36 21.1 3 As welded 

Nominal 90 52.6 22 As welded 

Nominal 112 65.5 22 Ground flushed 

Nominal 112 (90) 65.5 22 TIG dressed 

Nominal 160 (90) 116 22 HFMI treated 
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The slope parameter ñmò of 22 was used according to IIW recommendations for very high-

cycle applications. The partial safety factor ɔ
M2

 was considered as 1 because, with a slope 

parameter of 22, the results would be too conservative, as even a partial safety factor of 1.1 

would decrease the lifetime dramatically.  

The stress range was 51 MPa with a ratio of -0.8, so no reduction in the HFMI improved 

FAT class.  

4.1.2  Hotspot stress method 

In the HS stress method, the FAT class of 100 was used in the calculation, which is recom-

mended for the butt joints. The slope parameter remained the same as in the nominal stress 

method, so m=22. Lifetime calculations were done for both, the surface extrapolation method 

and for TWTT method, even if the difference in stresses is very low, but still has some effect 

on the results. For the TIG dressed joint the FAT class was improved from 100 to 125 and 

for the HFMI treated joint the FAT class was improved from 100 to 160 (m=3 to 5). Table 

10 presents the used FAT classes and slope parameters for the HS stress method. 

 

Table 10. FAT classes and slope parameters for the HS stress method. 

Method FAT (MPa) æů
10
7 (MPa) m Condition 

HS 100 58.5 22 As welded 

HS 125 (100) 73.1 22 TIG dressed 

HS 160 (100) 116 22 HFMI treated 

 

The stress levels of T1_BO_i were used as they were slightly higher than in the T1_BO_o 

area. The maximum stress range was 47 MPa according to the surface extrapolation method 

and 46 MPa in the TWTT method, stress ratio was -1.1, so no reduction of the HFMI im-

proved FAT class. Ground flushed joint is not considered in the HS stress method as no 

hotspot can be found from the detail. No safety factor was considered, and lifetime calcula-

tions were done according to the same equations as in the nominal stress method. 
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4.1.3  Effective notch stress method 

In the ENS method, the FAT class of 225 was used in the calculations. A slope parameter of 

22 was also used in this method as in the nominal stress method and the HS stress method. 

The effect of TIG dressing was taken into consideration in the FE model by increasing the 

fictitious radius from 1 mm to 3 mm but the FAT class remained the same. With HFMI 

treatment the FAT class was improved from 225 to 320 (m=3 to 5). Table 11 presents the 

used FAT classes and slope parameters for the ENS method. 

 

Table 11. FAT classes and slope parameters for the ENS method. 

Method FAT (MPa) æů
10
7 (MPa) m Condition 

ENS 225 131.6 22 As welded 

ENS 320 (225) 231.9 22 HFMI treated 

 

The stress components of the TWTT method for the T1_BO_i joint were used. The stress 

range was 97 MPa for an untreated joint and 74.1 MPa for a TIG-dressed joint. The stress 

ratio was the same as in the TWTT method so no reduction of the HFMI improved FAT 

class. No safety factor was considered, and fatigue strength calculations were done according 

to the same equations as in the nominal stress method and the HS stress method. 

4.1.4  Results 

The fatigue strength calculations were done according to the equations 1 & 2, with parame-

ters presented in the previous chapters. The results are gathered in their own tables with 

respect to the used method. 

Table 12 presents the results for the nominal stress method with different conditions and 

FAT classes. The results are compared in Figure 53, and Figure 54 presents the S-N curves 

for the nominal stress method. 
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Table 12. Lifetimes according to the nominal stress method. 

Method FAT (MPa) Condition Lifetime  

Nominal 36 As welded 6.9*10^5 

Nominal 90 As welded 1.7*10^7 

Nominal 112 Ground flushed 2.2*10^9 

Nominal 112 (90) TIG dressed 2.2*10^9 

Nominal 160 (90) HFMI treated 6.2*10^14 

 

 

Figure 53. Comparison of lifetimes according to the nominal stress method, cycles in loga-

rithmic scale. 
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Figure 54. S-N curves for the nominal stress method; red dashed line illustrate the nominal 

stress range. 

 

The result of the HS stress method is presented in Table 13 with different conditions and 

FAT classes. The results are compared in Figure 55, and Figure 56 presents the S-N curves 

for the HS stress method. 

 

Table 13. Lifetimes according to the HS stress method. 

Method FAT (MPa) Condition Lifetime  

HS, extrapol. 100 As welded 1.4*10^9 

HS, extrapol. 125 (100) TIG dressed 1.9*10^11 

HS, extrapol. 160 (100) HFMI treated 4.9*10^15 

HS, TWTT 100 As welded 1.6*10^9 

HS, TWTT 125 (100) TIG dressed 2.2*10^11 

HS, TWTT 160 (100) HFMI treated 5.6*10^15 
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Figure 55. Comparison of lifetimes according to the HS stress method, cycles in logarith-

mic scale. 

 

 

Figure 56. S-N curves for the HS stress method; red dashed line illustrate the HS stress 

range. 
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The result of the ENS method is presented in Table 14 with different conditions and FAT 

classes. The results are compared in Figure 57, and Figure 58 presents the S-N curves for 

the ENS stress method. 

 

Table 14. Lifetimes according to the ENS method. 

Method FAT (MPa) Condition Lifetime  

ENS 225 As welded 7.8*10^9 

ENS 225 TIG dressed 3.0*10^12 

ENS 320 (225) HFMI treated 2.0*10^15 

 

 

Figure 57. Comparison of lifetimes according to the ENS method, cycles in logarithmic 

scale. 
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Figure 58. S-N curves for the ENS method; red dashed lines illustrate the ENS stress 

ranges with r=1 & r=3. 

 

Results are analysed in detail in the next chapter, as well the discussion of the results.  
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5  Analysis and discussion 

This chapter analyses the results obtained through the nominal stress, HS stress, and ENS 

methods. Differences between methods and the results are discussed and recommendations 

for quality assurance and PWT are given as the PWTs have a major impact on the fatigue 

strength of the weld especially when factors of VHCF are considered. 

5.1  Analysis 

All the results from the previous chapter are compared in Figure 59. Differences between 

methods can clearly seen as the nominal stress method gives very conservative results for 

as-weld conditions, whereas the local HS stress and ENS methods give more optimistic re-

sults even for as-weld conditions. 

 

 

Figure 59. Result with different methods compared, red dashed line illustrates the 1.6 bil-

lion cycles. 
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Based on the FE analysis conducted with the beam model and nominal stress method, the 

highest stress range is found from the T2 beam, with a range of 51 MPa, and R = -0.8. With 

this range, the fatigue life of the joint is very low if failure occurs due to root defect/lack of 

fusion (FAT 36). Additionally, the fatigue life of the welded joint in the as-welded condition 

does not meet the requirements in this scenario, necessitating post-treatments. Through TIG 

dressing and ground flushing, the fatigue life can be significantly increased, meeting the 

required lifetime according to the nominal method. HFMI treatment further extends the 

lifespan, with the joint expected to last indefinitely. 

Based on the FE analyses done with the detailed model combining beam, shell, and solid 

elements, the largest stress variation was observed on the outer surface of the lower flange 

of the T2 beam, on the inner side. Structural stress was determined using both extrapolation 

and TWTT methods, with differences between the methods being at <1 MPa level; however, 

both values were utilized in the calculations. The stress range according to the HS stress 

method was 46 MPa to 47 MPa with R -1.1 to -1.2. According to both calculation methods, 

the welded joint in the as-welded condition achieves a fatigue life of 1.4*10^9 to 1.6*10^9 

cycles, which is slightly below or just in the area of optimal 20-year or 1.6*10^9 cycles 

lifespan. TIG-dressed and HFMI-treated joints theoretically last indefinitely based on calcu-

lations. 

In the ENS method, stress components obtained through the TWTT method were utilized. 

According to the ENS method, the joint achieves the required lifespan even without post-

treatments, which is a divergent result compared to the nominal and structural stress meth-

ods. TIG and HFMI treatments improve the lifespan similarly to other methods, theoretically 

achieving infinite lifespan. 

5.2  Discussion 

The FE analyses conducted with the nominal stress method must be viewed critically due to 

the model's difference from actual geometry, which impacts the overall structural stiffness 

and stress distribution. Additionally, uncertainties arise regarding the location of maximum 

and minimum principal stresses within the cross-section within each moment, as the Creo 

Simulate does not offer such an examination. The critical region diverges from the HS stress 

method, where a more precise model and a significantly larger number of measurements are 
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utilized for critical area screening. As mentioned in Chapter 2.3.1, determining nominal 

stresses in complex structures or those subject to varying force orientations or magnitudes is 

challenging, if not impossible, more accurate methods should be used. 

The HS stress method employs a more detailed FE model, where the critical area matches 

with the actual structure, thereby presumed to be more accurate. Furthermore, the calculation 

method itself is localized and more suitable for the given scenario. Results indicate that even 

in the as-welded condition, the structure's fatigue life is considerably long, potentially reach-

ing the desired 1.6*10^9 cycle lifespan if the weld meets the required quality standards (ISO 

5817 grade B90). However, it is crucial to note that in very high-cycle loading, even minor 

flaws or defects in the weld,  which could have crack-like behavior, will significantly reduce 

lifespan. HFMI treatment could induce compressive residual stresses in the weld; however, 

their benefit is limited for traditional structural steel and is presumed to relax after a certain 

number of cycles. HFMI treatment also positively affects geometry but must be applied cor-

rectly to avoid introducing crack-like flaws. TIG treatment, being more common and widely 

used in workshops where the equipment is fabricated, would be a suitable solution to ensure 

the weld's required lifetime, providing smoother geometry and removing potential crack-like 

flaws. However, TIG treatment must be executed correctly to claim benefits and avoid in-

troducing errors that could reduce lifespan. 

The ENS method is based on the stresses obtained through the TWTT method. Main princi-

pal stresses, which was used in the calculations are not completely perpendicular to weld. 

However the calculated stresses are on the conservative side as they are greater than the 

stresses normal to the weld.  Stress concentration factors differ for the welded joint and TIG-

treated joint. While in the case of TIG treatment, the assumed fictitious radius was 3 mm, in 

reality, the r could be as high as 5-6 mm, further reducing the stress concentration factors 

and simultaneously lowering stresses in the area. ENS is the most accurate method as it also 

considers the notch effect. However, even though the joint should fulfill the lifetime require-

ments in as-weld condition according to the ENS method, TIG treatment may still be rec-

ommended as it can remove local crack-like flaws and defects, which significantly affect the 

joint lifetime, as previously mentioned. Additionally, HFMI treatment yields benefits, but 

the method is not as familiar in practice as TIG treatment. 

In conclusion, the FE model constructed with beam elements and the nominal stress method 

seems to be inaccurate due to simplifications made and the complex loading conditions. The 



84 

 

structural stress method identifies the critical area as T1_BO_i with a stress range of 46 MPa. 

In this critical area, stress varies between tension and compression, at a ratio of < -1. Post-

weldment treatments may be recommended based on structural stress analysis to ensure the 

required lifespan. Ground flushing of the weld could also achieve the necessary lifespan; 

however, grinding also bears the risk of removing base material during the process or causing 

undesired marks on the critical area, which can have crack-like behavior. The benefits of 

grinding were not confirmed by the HS stress or ENS methods.  

Root-side failure was only considered with the nominal stress method. The root failures were 

left out from the HS stress and ENS analyses as it was clear that the joint couldnôt withstand 

the number of cycles if there was fusion failure or lack of penetration in the root. This leads 

to the necessity of NDT testing so that adequate weld quality can be ensured. 

All joints in the center area must be visually inspected and examined with ultrasonic or X-

ray methods to ensure the required quality is met and no internal flaws are present, as other-

wise, the joint is unlikely to withstand. VHCF poses its challenges, with limited research 

data and conflicts between design codes and recommendations. In VHCF all imperfections, 

errors, and microstructural features are magnified compared to low and high-cycle loading, 

posing challenges in lifespan estimation. All calculations were made assuming m=22 ac-

cording to the IIW recommendation for very high cycle applications, with partial safety fac-

tor ɔ
M2

=1.  
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6  Conclusions 

Oscillating screens are under cyclic loading and the structures have to withstand a great 

amount of cycles during the service life. Even if the stresses are generally very low, the 

structures are prone to fatigue failure. In this masterôs thesis, the fatigue assessment of the 

transverse welded butt joint under very high cycle fatigue loading was carried out. Joints are 

located in the central area of the main frame and combine the frame structure with the centre 

area, where the rotating counterweight is attached. This paper conducted also a literature 

review, which covers the topics that are relevant and necessary in order to understand the 

fatigue behaviour and lifetime calculations of the welded structures, especially in case of 

very high cycle fatigue. 

Finite element modelling was used to define the critical area, stress ranges, and ratios. The 

simplified beam element model and nominal stress method seemed to be too simplified 

presentation of the case and the local methods were needed. The detailed FE model was done 

using the combination of beam, shell, and solid elements and was used to carry out the HS 

stress and ENS methods. From screening, it was found that depending on the location the 

joints can be under tension, compression, or reversed loading with different ratios. The crit-

ical area was defined in the T1 beams bottom flanges' outer corner, which had the highest 

stress range.  

According to the different methods, the required service life can be ensured by implementing 

the PWT in the joints (TIG or HFMI), if the quality requirements are met. The quality of the 

welding must be assured to fulfil  the requirement of the B90 class according to ISO 5817, 

so the NDT testing is mandatory.  

There were some limitations in the study, as certain assumptions and simplifications were 

necessary to make, and the final model of the machine was not complete. Also, the used 

programs lacked some features, which led to some uncertainties and simplifications. This 

study only focused on the butt joints in the central area and neglected other areas of the 

machine. During the study, it was found that several other welds and areas need to be as-

sessed to make sure that the structure can withstand the very high cycle fatigue loading. In 

addition, the manufacturing of the joint was only considered from a welding quality point of 

view, and the manufacturing aspects need to be seen separately and WPS should be done. 
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Finally, the angle effect was neglected, and the main principal stresses were used in the 

calculations, the effect of the weld angle would need analysis that is more accurate.  

In the future, fatigue testing could be done with a simplified geometry of the area (butt joint, 

weld-in angle, and the difference in plate thicknesses). The fatigue testing should be done 

with real workshop manufacturing quality. With the fatigue test, the slope parameter m could 

be defined after 1*10^7 cycles. With the accurate value of m, the calculations could be car-

ried out more precisely. It would be also possible to see does the weld's angle make a no-

ticeable difference in fatigue life. 

Studying VHCF is important both for materials and welded structures, as there are still dis-

agreements between recommendations. Some recommendations and studies support the ex-

istence of a fatigue limit, while others argue against it. From numerous practical cases and 

studies, it is evident that failure can occur even when stresses are very low as the number of 

cycles increases. Further research is needed to better adapt design codes to VHCF applica-

tions. 
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Appendix 1. Calculations of initial values 

 

 


