
 

 

Lappeenranta–Lahti University of Technology LUT 

LUT School of Energy Systems 

LUT Mechanical Engineering 

 

 

 

 

 

 

 

 

 

 

Janne Savolainen 

 

Improving Fatigue Strength of Thin-Walled High-Strength Austenitic-Ferritic Stainless 

Steel made Tubular Joint  

 

 

 

 

 

 

 

 

 

 

 

 

 

Examiners: Professor Timo Björk 

 M. Sc. (Tech.) Lari Brask  



 

 

TIIVISTELMÄ 

Lappeenrannan–Lahden teknillinen yliopisto LUT 

LUT Energiajärjestelmät 

Konetekniikka 

 

Janne Savolainen 

 

Väsymiskestävyyden Parantaminen Ohutseinämäiselle Lujasta Austeniittis-Ferriittisestä 

Ruostumattomasta Teräksestä Valmistetulle Putkipalkkiliitokselle 

 

Diplomityö 

 

2022 

 

74 sivua, 41 kuvaa, 18 taulukkoa ja 7 liitettä 

 

Tarkastajat: Professori Timo Björk 

 DI Lari Brask 

 

Hakusanat: hitsattu, väsyminen, kokeellinen, testaus, painokriittinen, kevyt, bussi, kuljetus, 

lean, duplex, rakenneputki, neliöputki, ohutseinämäinen, liitos, ENS, hot-spot, parametrinen 
 

 

Työssä tutkittiin hitsattujen ohutseinämäisten (t = 2 mm) austeniittis-ferriittisestä ruostumatto-

masta teräksestä (EN 1.4162) valmistettujen neliöputki X-liitosten väsymiskestävyyttä ja kes-

tävyyden parantamista. Liitoksia väsytettiin tason suuntaisella R = -1 taivutuskuormituksella. 

Väsymistä tutkittiin pääasiassa laboratoriotestein sekä numeerisen analyysin keinoin. Väsymis-

kestävyyden parantamista testattiin käyttämällä liitoksessa ilmarakoa ja siten muokkaamalla 

hitsin tunkeumaa, sekä kahdella muulla rakenteellisella vahvistuksella. Lisäksi tutkittiin kor-

keataajuusvasaroinnin soveltuvuutta jälkikäsittelymenetelmänä.  

 

Väsytyskokeiden tueksi kerättiin testidataa kirjallisuudesta sekä teollisen kumppanin aikaisem-

mista testeistä. Liitoskonfiguraatioiden välinen vertailu tehtiin käyttämällä rakenteellisia jänni-

tyksiä parametrisellä formuloinnilla määritettynä. Liitosten numeerisessa analyysissä määritet-

tiin jännityskomponentit ja tehollisen lovijännityksen arvot hitsin kriittisiin kohtiin käyttämällä 

analyysissä 0.05 mm referenssipyöristystä.  

 

Rakenteellisilla vahvistuksilla onnistuneesti parannettiin liitoksen väsymiskestoa, mutta käyte-

tyn jälkikäsittelymenetelmän vaikutus tuloksiin ei vastannut rakenneteräksille tyypillisiä ar-

voja. Alustavasti muutoksilla saavutetut liitoksen väsymisluokan parannuskertoimet olivat vä-

lillä 1.2–2.7, korkeimmillaan tämä tarkoittaisi n. 2000 % lisäystä kestoikään. Tehokkaimmalta 

vaikuttavalla vahvistuksella testien määrä on kuitenkin liian alhainen kuvaamaan väsymis-

käyrän todellista kaltevuutta, jonka takia testejä sopivan kaltevuusparametrin varmentamiseksi 

vaaditaan lisää. Lasketut tehollisen lovijännityksen arvot tuottivat konservatiivisia tuloksia ver-

ratessa referenssikäyriin. Parametrisesti määritetyn rakenteellisen jännityksen avulla määritetyt 

tulokset olivat yhteneviä aiempiin testeihin, sekä suuressa osassa liitoksia varmalla puolella, 

verrattaessa tuloksia t=2 mm putkiliitoksille johdettuun väsymiskäyrään (FAT251, m =3.74). 

Jatkotutkimustarpeita havaittiin sopivien laatukriteerien määrityksessä hitsaustuotantoon 

ohutseinämäisille liitoksille, sekä soveltuvan jälkikäsittelytavan määrityksessä.  
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This thesis focused on examining fatigue behaviour and methods for its improvement on welded 

thin-walled (t=2 mm) austenitic-ferritic stainless-steel (EN 1.4162) made square hollow section 

(SHS) X-joints. Used loading was fully reversed (R=-1) in-plane bending (IPB). Fatigue was 

examined by using laboratory tests and numerical analysis. Methods tested for improving the 

fatigue performance were the use of increased weld penetration by using air gap and two other 

types of structural modifications. Additionally, applicability of High-Frequency Mechanical 

Impact treatment (HFMI) as post weld treatment (PWT) method was tested.  

 

Fatigue data collected from literature and from the industrial partner was used for comparison 

with the laboratory test results. A comparison between the reference tests was made using 

structural stresses through analytical formulation. Structural stress components and effective 

notch stress (ENS) levels were defined along the width of the critical welds using reference 

radius of 0.05 mm. 

 

Structural modifications improved the fatigue life in the tests successfully. Results with PWT 

joints however differentiated from the typical values obtained with structural steels. Initial 

estimates for the joint fatigue class improvement factors with the tested modifications were 

from 1.2 up to 2.7, suggesting possibility for up to 2000 % increase in fatigue life. Due to the 

low number of tested specimens’ slope of the fatigue curve for the most effective modification 

was not accurately captured, and therefore extended tests would be needed to verify the suitable 

slope parameter. ENS analysis with the reference radius of 0.05 mm produced conservative 

estimates with respect to suggested fatigue curves. Comparisons made based on the 

parametrically formulated structural stress were consistent with previous tests, and mostly 

produced results on safe side with respect to the fatigue curve for t =2 mm tubular joints 

(FAT251, m =3.74). Future research needs were identified in the definition of suitable welding 

quality criterions for thin-walled structures and in the definition of suitable PWT methods.  

 



 

 

A LIST OF SYMBOLS AND ABBREVIATIONS 

 

Symbols: 

Ks Structural stress factor 

Kt Elastic Notch factor 

M Bending moment 

m Fatigue curve slope parameter 

Nf Number of cycles to failure 

Ps Survival probability 

R Stress ratio 

Rm Ultimate strength  

RP0.2 Yield strength 

rref Reference radius 

rtrue True toe radius 

S Nominal stress 

s Multiaxiality factor 

SIPB Nominal in-plane bending stress  

Wel Elastic section modulus 

FAT Fatigue class [MPa] 

  

β Width ratio on RHS joints 

γ Geometric ratio on tubular joints 

Δσ Stress range [MPa] 

ΔF Force Range 

ε  Strain 

ρ Notch radius 

ρ* Micro-support length 

ρf Fictious radius 

σb Bending stress 

σENS Effective notch stress 

σHS Hot spot stress 

σm Membrane stress 

σnl Non-linear peak stress 



 

 

σns Notch stress 

σres Residual stress 

τ Wall thickness ratio on tubular joints 

 

Abbreviations: 

  

AW As Welded 

ENS Effective Notch Stress 

FEA Finite Element Analysis 

HFMI High Frequency Mechanical Impact 

HS Hot Spot (stress) 

IIW International Institute of Welding 

IPB In-plane bending 

MAG Metal Active Gas (Welding process) 

MSSPD Minimum Square Sum of Perpendicular Distances 

OPB Out of plane bending 

PWT Post weld treatment 

RHS Rectangular Hollow Section 

SCF Stress Concentration Factor 

SEM Scanning Electron Microscope 

SHS Square Hollow Section 

TIG Tungsten Inert Gas (Welding process) 

TTWT Trough the Thickness integration at Weld Toe 
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1 INTRODUCTION 

 

 

Development and efficient use of materials is important part in creating more sustainable 

and competitive products. Fatigue on the other hand is one of the most common causes for 

premature failures on structures and tackling this issue can have major effect for a lifespan 

of a product. This work focuses on fatigue behaviour of thin-walled welded ferritic-austenitic 

stainless steel made square hollow section (SHS) X-joint under in-plane bending (IPB) load 

in as-welded (AW) and post-weld-treated (PWT) conditions.  Studied base material is lean-

duplex EN 1.4162 and profile dimensions of the SHS are (40 x 40 x 2) mm.  

 

1.1 Background 

Fatigue of steels is a phenomenon where repeated loading causes a crack initiation, and 

where crack propagation eventually leads loss of load bearing capacity of the structure. 

There are no direct equations derived from physics to calculate fatigue life even for simple 

piece of material, but fatigue problems can be solved by introducing a combination of 

experimental test data, statistical methods, and structural mechanics in some form.  

 

Welding causes effects on the material that have generally negative effect for the fatigue 

strength yet it still it is the most cost-effective fabrication method for several types of 

structures. Different kind of welded joints have been tested trough the last decades to the 

extent that fatigue analysis methods have been able to standardize for many joint types and 

materials. However, there is still cases where the fatigue strength cannot be directly defined 

based on the standards with reasonable confidence due to limitations on materials or member 

sizes. In addition, there is always room for improvement when it comes to fatigue 

performance which often commands research, innovation, and practical testing. 

 

Type of joint studied in this work could be used in example in the frame of bus or trolleybus, 

or some industrial applications where the high strength and corrosion resistance of the 

material can be taken advantage of. When it comes to taking the most out of the fatigue 

performance of such joint manufacturing quality is one of the main aspects but applying 

other means in parallel to good welding quality should lead to the best outcome.  
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1.2 Research problem 

Fatigue of the examined joint cannot be directly defined based on the standard procedures 

due to the thin-walled structure and limited availability of results on the specific material. 

Additionally, applications for this type of joints have been recognized where the product 

value can be increased trough extended life span. Therefore, the research problem is to define 

the fatigue capacity of the original joint and to use modifications so that improved fatigue 

strength could be obtained. As there is a lack of knowledge in fatigue behaviour of this type 

of joint, suitable analysis methods shall be considered and compared to the experimental 

results. Since the number of tests that can be performed is low, previous test data, which is 

also quite limited in this specificity, need to be utilized somehow to support and question the 

observations made from the current study. Last part of the research problem relates to the 

complex stress distributions along critical weld toes. There is not a way to simplify the 

detailed stress analysis from 3D FEA (Finite Element Analysis). Furthermore, knowledge 

on the stress condition broadened from single peak stress value might be beneficial for 

design against fatigue. Thus, distribution of the theoretical stress components along weld 

length shall be derived to improve the understanding on the joint behaviour and to guide 

future decisions. 

 

Research questions derived from this problem are: 

- How much the fatigue strength can be increased with the defined approaches 

compared to the reference joint? 

- How does the calculations with different assessment methods correlate with test 

results and reference fatigue curves? 

- How to compare results between studies efficiently where geometric ratios of the 

joints differ? 

- How the stress components used in fatigue analysis distribute along the joint width? 

  

1.3 Objectives of the study 

First goal of the study is to define the fatigue performance of the examined joint, based on 

currently fatigue failure theories and by laboratory experiments. Second goal is to improve 

the fatigue strength of the joint design within defined constraints, and to show the changes 

quantitively using numerical methods and practical tests. Collected data is used for 
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comparison. Lastly, distribution of the stress components along weld toe are derived to 

improve the understanding of the stress condition and fatigue on the RHS joints.  

1.4 Scope & limitations 

Scope of this research is to investigate the joint by relaying on currently available stress-

based fatigue models. Furthermore, focus is kept on the individual joint type with used 

material although additional research and knowledge on fatigue behaviour with other types 

of welded joints with thin-wall austenitic-ferritic stainless steel would be also beneficial. 

Comparisons are made for the fatigue curves intended for common structural steel materials. 

This work considers only fatigue capacity, static capacity or other material testing was not 

performed or details and related analysis were not in the scope of this work. 

 

Methods that are tested for improving the fatigue strength: 

a) Modify root penetration by 

Use of air gap 

b) Strengthening by 

Use of stiffeners fabricated from RHS profile 

Use of plate stiffeners on joint sides 

c) PWT by 

High frequency impact treatment (HFMI) 

 

Fatigue experiments were conducted in laboratory conditions with constant amplitude R =-

1 loading. Stiffeners were fabricated using the same material as the SHS profiles and plate 

thickness for stiffeners was fixed to 4 mm. Welding was the only considered joining method 

for the stiffeners to limit the research topic.  

 

1.5 Research methods 

This research consists of three main components: literature review on main topics & 

preceding fatigue experiments, design and numerical analysis of the joints, and the 

laboratory experiments. First, the goal is to acknowledge and collect the main conclusions 

and results of the previous research related to the topic of this work and to introduce some 

of the current failure theories. In the second step practical tests & FEA are utilized to define 

the test joint configurations and to assess the fatigue life. Finally, results from each step are 

combined to obtain usable data for future design and research. 
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2 LITERATURE REVIEW 

 

 

This chapter includes a literature review on preceding fatigue experiments related to studied 

joint and theoretical background on relevant fatigue theories.  

 

Reference data was collected using LUT University e-library tool Primo and included 

databases. Scopus (Elsevier) database was additionally used to search relevant articles and 

literature. Furthermore, data from two previous experimental studies done with the industrial 

partner was utilized – results of the first one was presented in a published article but results 

of the second one have not been published prior to this.  

 

2.1 Fatigue assessment methods 

As briefly mentioned in the introduction, fatigue of the welded joints is dependent on 

multiple variables and several methods have been developed to analyse different kind of 

joints and structures. International Institute of Welding (IIW) have published 

recommendations for analysing fatigue on welded joints including following methods of 

verification: component testing, nominal stress method, structural stress method, notch stress 

method and fracture mechanics procedures (Hobbacher 2009, p. 50). Fatigue performance 

of the joints is typically expressed using abbreviation FAT (fatigue design class) and a 

number, which indicates the stress range that can be applied to reach fatigue life Nf = 2 x 106 

with reasonable certainty. Design fatigue classes are typically given with probability of 

survival Ps = 97.7% including all possible stress ratios (Radaj et al. 2009, p. 2). Generally, 

the fatigue life can be expressed with equation: 

 

 𝑁𝑓 = (
𝐹𝐴𝑇

∆𝜎
)

𝑚

∙ 2 ∙ 106 (1) 

Where, 

𝑁𝑓 is the number of cycles to failure 

FAT is the Fatigue class 

∆𝜎 is the applied stress range 

m is the slope of the fatigue curve 
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IIW recommendations and fatigue curves may be applied for structures made of wrought or 

extruded products of ferritic/pearlitic or bainitic structural steels with yield strength up to 

960 MPa and of austenitic stainless steels and weldable aluminium alloys. (Hobbacher 2016, 

p. 1.) 

 

Analysis approaches mentioned above differ in the level of details known and by the level 

of generalization or scalability to be used for various designs. With the analysis procedures 

it is worth noting the consistency in know information; used fatigue action and the type of 

assessed property (i.e., S-N curve for detail, weld, or material), see table 2.1. Nominal stress 

method for example is simple to apply for some beam and plate structures, where stresses 

may be calculated using general beam and plate equations derived from elasticity of 

materials. For such cases S-N (Stress – Life) curves for structural detail can be derived based 

on nominal stress and experimental results. Problems or uncertainty arise when there is 

variability in detail dimensions or even welding procedure.  (Hobbacher 2009, p. 51 – 54.)  

 

Table 2.1 Relationships between different assessment procedures with respect to fatigue 

action, resistance and needed information. Modified Hobbacher (2000, p. 51. & 2016, p. 8.)  

Fatigue action Fatigue resistance Information Assessment procedure 

Forces on component Resistance determined by 

test of the component 

No information Component testing 

Nominal stress in cross-

section 

Resistance given by 

tables of structural details 

in terms of a set of S-N 

curves 

 

Structural detail 

+ Hand calculations  

Summation of 

cumulative damage 

 

 

Structural stress at weld 

toe 

Resistance against 

structural hot-spot stress 

in terms of S-N curves 

for weld type 

 

Type of weld + 

FEA/measurements 

Summation of 

cumulative damage 

Effective notch stress in 

weld notch 

Resistance against 

effective notch stress in 

terms of a universal S-N 

curve of the material 

 

Effective notch 

stress 

Summation of 

cumulative damage 

Stress intensity at crack 

tip 

Resistance against crack 

propagation in terms of 

the material parameters 

of the crack propagation 

law 

Material 

parameters 

Summation of crack 

increments.  
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Standards such as Eurocode 3 and recommendations of IIW have set limitations for material 

thickness for fatigue curves. According to Niemi (2018, p. 2) due limited availability of 

relevant fatigue data structural hot-spot stress design curves by IIW cannot be recommended 

for plate thicknesses below 3 mm. Fatigue investigations by IIW subcommission XV-E 

which is specialising for welded tubular joints had limited the research program of RHS 

made tubular joint for thicknesses between 4 mm and 16 mm (Zhao & Packer 2000, p. 4). 

Similarly, ENS procedure recommended by IIW with fictious reference radius of 1 mm is 

only applicable for plate thicknesses ≥ 5 mm (Jönsson et al 2016, p. 16).  Yet in example 

automotive sector have successfully utilized analysis methods like hot-spot stress method 

for thin-wall structures (Niemi 2018, p. 2). And e.g., Sonsino et al. (2012 p. 2-16) have 

published suggested fatigue curves for modified ENS approach for thin-walled structures. 

Following chapters present these approaches in more detail and discuss the currently 

available data and background of the suggested modifications for the thin-walled structures. 

 

2.1.1 Hot Spot stress method 

The hot spot (HS) stress method is more versatile compared to nominal stress method as it 

accounts, by definition, more details of the stress action at the welded joint. The method is 

suitable analysing cases where the main stress fluctuation affects more or less perpendicular 

to the discontinuity caused by the weld detail and the crack will initiate on the weld toe.  

(Niemi 2018, p. 5; Jönsson et al. 2016, p. 14 – 15).  Hot spot locations are classified for two 

types which are illustrated in figure 1. (Niemi 2018, p. 5). Hot-spot types categorize if the 

crack growth occurs through the plate thickness or to the width direction. 
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Figure 1. Types of hot spots. (Modified, Niemi 2018) 

 

The idea of the method is to account membrane and bending stress components of the stress 

distribution at weld toe. This is achieved either using strain gauge measurements or FEA 

(Niemi 2018, p. 13). Example of real stress distribution on weld toe (𝜎𝑛𝑜𝑡𝑐ℎ,𝑡𝑜𝑒) is shown in 

figure 2. The stress on weld toe consists of membrane (𝜎𝑚) and bending (𝜎𝑏) stresses and 

nonlinear peak stress 𝜎𝑛𝑙.  

 

 

Figure 2. Stress components on weld toe. Modified, Jönsson et al. (2016, p. 15). 

 

Membrane stress component is the mean stress along the plate thickness and can be 

categorized to its primary and secondary components. Bending stress on weld toe is a 

similarly combination primary and secondary component – primary (bending) stresses are 

the stresses required to obtain (moment) equilibrium in the structural system and secondary 

stresses are in example the bending caused by structural discontinuity & weld geometry.  

(Radaj et al. 2006; SFS-EN 1993-1-6, p. 11.) Equation for hot-spot stress 𝜎𝐻𝑆 is shown 

below: 

 

type a) 

type b) 
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 𝜎𝐻𝑆 = 𝜎𝑚 + 𝜎𝑏 (2) 

 

In real structures there is no way to directly measure or identify described mathematical 

stress components, therefore in practice hotspot stresses are defined using some 

approximative method. Two methods for defining the hot-spot stress in any weld detail are: 

Surface extrapolation to weld toe & trough the thickness integration at weld toe (TTWT). 

First one may be used via strain gauge measurements or FEA and the later one is, with 

currently often available measurement technologies, only applicable with FEA. (Hobbacher 

2016, p. 21.) Using structural stress concentration factor (SCF) tables or parametric formulae 

to define HS stresses is one option but generally only few structural details have such 

publicly available (Niemi 2018, p. 10). However, Zhao et. al. (2000) has introduced SCF 

formulae for typical tubular connections. Structural SCF, denoted by Ks in this work, is the 

relationship between nominal stress and HS stress as shown in equation below. 

 

 𝐾𝑠 =  
𝜎 𝐻𝑆

𝑆
   (3) 

Where, 

S is the nominal stress 

  

HS stress at weld toe can be estimated by extrapolating the stress or strain distribution 

approaching weld toe. Either linear or quadratic extrapolation may be used – quadratic being 

more suitable to describe the stress state in some cases. Extrapolation points are chosen based 

on plate thickness (t) and for linear extrapolation the stress or strain values are extracted 

from 0.4 t and 1.0 t distances from the weld toe. Principle for strain gauge measurement is 

shown in figure 3.  
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Figure 3. Linear extrapolation to weld toe. 

 

Hot spot strain value (𝜀𝐻𝑆) is obtained using equation:  

 

 𝜀𝐻𝑆 = 1.67𝜀0.4𝑡 − 0.67𝜀1.0𝑡 (4) 

Where, 

𝜀0.4𝑡 & 𝜀1.0𝑡 are the measured strain values 

 

If the stress is close to uniaxial stress values can be estimated from the strain values using 

following equation (Niemi 2018, p. 13 – 15):  

 

 𝜎 = 𝐸 ∙ 𝜀 (5) 

Where, 

𝜎  Measured stress value 

E  is Youngs modulus 

𝜀  is measured strain 

 

If stress condition is bi-axial accounting longitudinal and transverse strain components will 

yield more accurate estimate for the stress, whereas using equation (5) will produce up to 10 

% lower estimates. (Niemi 2018, p. 15.) 

 

The second approach (TTWT) utilizes the normal stress distribution calculated from FEA. 

The formulation of the stress components is shown below for normal stress distribution 

𝜎(𝑥, 𝑦). In context of fatigue of welded joints, formulas for two-dimensional case are 

published by Hobbacher (2016, p. 14), and the use of 3D distribution was shown e.g., in the 

  S  0. t
 1.0t

 nl

0. t
1.0t

 

t
S 1 S 2
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work by Ahola (2020, p. 22 – 23). Hot spot stress may be well expressed by 2D approach 

for single location but definition of the stress components along the length of the weld gives 

broader picture of the loading if the stresses are unevenly distributed along the weld toe. 

Such distribution could be later leveraged on notch-based approaches that account the true 

geometry other manufacturing data. Coordinate system used in this work for the TTWT 

approach is shown in figure 4. 

 

 

Figure 4.  Coordinate system for TTWT. At weld toe x = t.  

 

The membrane stress 𝜎𝑚(𝑦) is calculated as mean of the stress function along the plate 

thickness for each location (y) along the weld length, as shown in equation: 

 

 𝜎𝑚(𝑦) =  
1

𝑡
 ∫ 𝜎(𝑥, 𝑦)𝑑𝑥

𝑡

0

 (6) 

Where, 

t  is the plate thickness. 

𝜎(𝑥, 𝑦) is the z-normal stress distribution 

 

Bending stress component 𝜎𝑏(𝑦) for used coordinate system is defined by equation:  

 

 𝜎𝑏(𝑦) =  
6

𝑡2
 ∫(𝜎(𝑥, 𝑦) − 𝜎𝑚(𝑦)) ∙ (

𝑡

2
+ 𝑥) 𝑑𝑥

𝑡

0

 (7) 

 

Non-linear peak stress 𝜎𝑛𝑙(𝑥, 𝑦) is the residual component which is defined by equation: 
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 𝜎𝑛𝑙(𝑥, 𝑦) =  𝜎(𝑥, 𝑦) − 𝜎𝑚(𝑦) − 𝜎𝑏(𝑦) (
2𝑥

𝑡
− 1) (8) 

 

As mentioned by Niemi (2018, p. 2), published hot-spot stress fatigue curves & guidelines 

shouldn’t be used to define fatigue life for structures thinner than 3 mm. However, the 

structural stress describes the loading condition on weld toe and can therefore be used to 

compare structural designs with similar notch effect.  

 

Typical fatigue failure locations on welded steel structures are shown in figure 5. These types 

of plated connections have hot-spot FAT class of 90 or 100 MPa in as welded condition.  

 

 

Figure 5. Typical locations for fatigue crack initiation. Standardized HS method is suitable 

only to analyse cases where crack initiates on weld toe (a-e) – fatigue on weld root must be 

considered by other means. (Niemi 2018, p. 6) 

 

Experimental extension of the HS method to analyze weld root fatigue is published in 

example by Fricke et. al. (2006, p. 67 – 68). Couple different methods for defining structural 

stresses in weld were presented in the study: calculating the stress along the weld leg (A-A) 

or through the throat thickness (A-B), as shown in figure 6.  
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Figure 6. Defining the structural stress in symmetric fillet weld, either along leg length A-A or trough 

throat thickness (A-B).  

 

Structural stresses in weld are often only possible to be defined using FEA (Fricke et. al. 

2006, p. 66.). Same equations as with TTWT approach may be utilized after using 

appropriate coordinate transformation to obtain the linearized stress values.  

 

Experiments showed that design fatigue class FAT80 could be used to conservatively define 

the root side fatigue class (Fricke et. al. 2006, p. 73). However, the number of shown tests 

was quite low and the approach has not been widely adopted in the recent design guidelines 

nor standards.    

 

2.1.2 Local notch stress approaches  

Fatigue behaviour of notched members can generally be described using local stress- or 

strain-based approaches (Dowling 2013, p. 417). Utilization of these approaches require 

good understanding on shape and quality of the component and fatigue or material behaviour 

of the used material. Welding on the other hand is hazardous and rough process, which 

results that the actual geometry nor non-linear behaviour in such weld notch is rarely known. 

Therefore, the usual methods cannot be directly applied for welded joints, instead the actual 

notch shape shall be replaced with effective one in the analysis and material properties can 

be accounted indirectly in the FAT class (Hobbacher 2016, p. 27). 
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ENS method is based on definition of the effective notch stress which is the total stress at 

the root of a fictious notch, calculated assuming linear-elastic material behaviour. Fictious 

notch root with radius rref = 1 mm have been confirmed to give consistent results for welded 

members with thickness ≥ 5 mm ( obbacher 2016, p. 27). The effective notch stress may be 

computed by FEA or boundary element analysis. Obtained stress value represents elastic 

notch factor (Kt) on the fictious notch and transition to fatigue notch factor (Kf) is implicitly 

included in the FAT class. In IIW recommendations single S-N curve, FAT225 (m = 3) is 

used for steel materials (t ≥ 5 mm) to assess both weld toe and root failures with above 

mentioned reference radii. (Jönsson et al. 2016, p. 16 – 17.) Effective notch stress 𝜎𝐸𝑁𝑆 may 

be computed directly from FEA for specific loading or based on structural stress components 

and corresponding elastic stress factors. Stress component-based formulation is given by 

equation: 

 

 𝜎𝐸𝑁𝑆 =  𝐾𝑡,𝑚 ∙ 𝜎𝑚 + 𝐾𝑡,𝑏 ∙ 𝜎𝑏  (9) 

where, 

𝐾𝑡,𝑚 is elastic notch factor for membrane load 

𝐾𝑡,𝑏 is elastic notch factor for bending load 

 

Elastic SCFs may be calculated from 3D geometry or by using 2D simplification in some 

cases (Hobbacher 2016, p. 29). Basic principles for applying the fictious radii is shown in 

figure 7. It’s worth noting that ENS method is not applicable for e.g., attaching welds parallel 

to load so such details and the strength of the base material shall be checked separately using 

applicable nominal stress or HS methods. (Hobbacher 2016, p. 27.) 

 

 

Figure 7. Recommended rounding’s for ENS analysis. ( obbacher 2016, p. 28.)  
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Theory of the ENS method with fictious radius 𝜌𝑓 = 1.00 mm is based on hypothesis of 

micro-support. Assuming worst case notch with radius  =  and by introducing multiaxiality 

factor s = 2.5 and micro-support length  =  mm gives the fictious radius for low strength 

steels, see equation below. (Radaj et. al. 2013, p. 108.) 

 

 𝜌𝑓 =  𝜌 + 𝑠𝜌∗ (10) 

 

Using the fictious radii in the analysis yields the average notch stress 𝜎 corresponding to the 

one obtained by integration of the stress distribution in the real notch (Sonsino 2010, p. 2 – 

3). This concept is visualized in figure 8. 

 

 

Figure 8. Obtaining the average notch stress over micro-support length by using fictious 

radii. (Radaj et. al. 2013, p. 108.) 

 

Linear-elastic notch stress concept using reference radius rref = 0.05 mm have been 

developed for thin-walled structures (t < 5 mm) to bypass the limitations of method with rref 

= 1.00 mm. Notch stress concept with rref = 0.05 mm is based on different theories than the 

one briefly described above. Namely the background is on the relationship between the stress 

intensity factor and the notch stress as well as crack tip blunting according to Sonsino (2012, 

p. 2). Also, the radius is somewhat compromise regarding FE-modelling and calculation of 

reasonable local stress components at given stress intensity. (Sonsino 2012, p. 2.) 

Experimental programs have been conducted to test the approach for laser and MAG welded 

thin specimens, as a result FAT630 curve (m = 3) have been suggested for thin-walled steel 

joints by Sonsino (2012). This master curve is formed to correspond FAT225 curve in stress 

range and probability of survival.  
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Guidelines for mesh sizing and construction of the mesh are shown in table 2.2 and more 

details are found IIW guidelines, i.e., document by Hobbacher (2016 p. 29). 

 

Table 2.2. Element sizing for different plate thicknesses and reference radii (Fricke 2012, p. 10) 

Element type 
Relative 

element size 

t ≥ 5mm 

rref =  mm 

t < 5 mm 

rref =  mm 

Number of elements on 

perimeter of circle (360°) 

Parabolic ≤   ≤ 0.25 mm ≤ 0.012 mm ≥ 2  

Linear ≤   ≤ 0.15 mm ≤ 0.008 mm ≥  0 

 

Formulated FAT classes for normal type stresses are shown in table 2.3. Table include the 

derived values also for other common materials used in automotive applications. 

Additionally to normal stresses also reference curves for shear loaded spesimens are derived 

by Sonsino (2010, p. 390). 

 

Table 2.3. ENS FAT classes for common structural materials with different stress hypotheses and 

material thicknesses for normal type stresses. (Sonsino 2009, p. 73.)  

 
 FAT values based on 

Principal stress hypothesis 

FAT values based on 

 Von Mises hypothesis 

Plate thickness t ≥ 5 mm t < 5 mm t ≥ 5 mm t < 5 mm 

rref [mm] 1.00 0.05 1.00 0.05 

Steel 225 630 
200 560 

Aluminium 71 180 
71 160 

Magnesium 28 71 
28 63 

 

Although welding often results quite sharp notch or initial cracks sometimes that is not the 

case, and for these cases using fictious reference radii in the analysis yield over conservative 

results. This problem can be overcome by adjusting the ENS toe radius according to 

identified real toe rounding, or suitable geometry correction using equation:  

 

 𝑟 =  𝑟𝑡𝑟𝑢𝑒 + 𝑟𝑟𝑒𝑓 (11) 

Where, 

rtrue  is the true toe radius 
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This adjustment is included in example analysis procedure called 4R method. Goal of this 

ENS based approach is to explicitly account following parameters in the analysis (Björk et. 

al. 2018, p. 1286): 

 

- Material ultimate strength, Rm 

- Applied stress ratio, R 

- Residual stresses, 𝜎𝑟𝑒𝑠 

- Quality of weld toe geometry in terms of 𝑟𝑡𝑟𝑢𝑒 

 

Using the 4R methodology may become practically advantageous in example cases where 

the welding production quality may be documented and accounted along with load 

monitoring of critical details for predictive maintenance purposes. Or other way around, 

method can be used to define quality criterions for manufacturing so that pre-designed 

fatigue performance will be achieved in the end design. In practise this can mean requiring 

PWTs such as HFMI treatment or TIG dressing with specific toe radius. 

 

2.2 Reference fatigue tests 

Test reports and articles from similar fatigue tests were searched by using databases 

mentioned previously. Defined criterions for acceptable references tests are shown in table 

2.4. Number of found relevant tests however is low. Based on the research major amount of 

the publicly available fatigue test results are done either for thicker walled members and- or 

included other features incompatible for this study.  Studies & fatigue data will be referenced 

based on the author although the relationships between authors and conductor of the fatigue 

tests was not always made clear. 

 

Table 2.4. Selection criteria for reference tests. 

Criteria Value 

Material All Steel materials 

Joint type RHS/SHS: X- or T-joint 

Geometry Width ratio, β ~ 1 

Member wall thickness t < 4 mm 

Loading In/Out of plane Bending 
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Highlights or conclusions of the reference studies are collected below, and comparison of 

the parameters used in each fatigue test set-ups is shown in table 2.6. All studies did not 

explicitly provide the fatigue datapoints, thus image processing was used to extract the 

datapoints from the graphs presented in the studies. Accuracy of the datapoint extraction is 

not considered to cause qualitative differences in context of this study.   

 

Fokilidis & Savaidis (2007) published study on thin-walled tubular connections used bus 

frames. Wall thickness of the joined members was 2 mm, and the IPB load was applied on 

the chord member. Fatigue curves were based on HS stresses defined with FEM. Fabrication 

& material details nor applied force (on hydraulic test bench) were not reported which limits 

the conclusions that can be drawn. Study reported slopes for the fatigue curves m = 4.36 – 

4.2 and Hot-spot S-N datapoints were extracted for comparison. With used configuration 

failures occurred on both brace & chord members and curves were derived respectively. 

 

Experiments ordered by the industrial partner were performed at LUT University’s 

Laboratory of steel structures in 2018. Constant amplitude fatigue tests were carried out for 

different types of stainless steel RHS X-joints. Tested materials were ferritic, and two 

different types of austenitic-ferritic (duplex) stainless steels. RHS members had wall 

thickness of 3 mm and width ratio β was either 0.75 or 1.0. Welding of the specimens was 

done using MAG (Metal Active Gas) welding process by hand with pulsed current. Same 

filler material and shielding gas as in this study was used for the duplex grade steels. 

Fabrication details are given in table 2.5. The test set-up used was same as in this study.  

Data of this study is further utilized and shown in the results. (Koskimäki 2018) 
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Table 2.5. Welding on tests by Koskimäki (2018) 

Parameter  
EN 1.4003 

(Ferritic) 

EN 1.4062 & EN 1.4635 

(Ferritic-Austenitic) 

Filler material Elga 308 Elga 2209 

Wire feed rate [m/min] 9.5 9.9 

Welding speed [cm/min] 36 38 

Voltage [V] 26.0 25.5 

Current [A] 180 - 195 195 – 205 

Pulse current 10 % 

Shielding gas flowrate 

[l/min] 
15 

Shielding gas Ar + 2 % CO2 

Welding sequence Corner to corner 

 

Koskimäki et. al. (2019) studied fatigue on T-Joints made of ferritic stainless steel 1.4003. 

Main takeaways from this study are the effects of variation in fabrication method, effects of 

post weld treatments and application of ENS method in analysis. In the study manually 

welded specimens had increased fatigue strength with respect to robotic welded specimens 

– likely due to smoother weld geometry and constant welding quality on the corners. TIG 

dressing and HFMI (High frequency Mechanical Impact) treatment were used as PWTs and 

both successfully improved the fatigue strength class of the ferritic stainless steel (t = 2 mm) 

joints by a factor of 1.3 – 1.4. The fillet weld was modelled according to worst measured 

geometry for analysis using the ENS concept with reference radius of 0.05 mm. Analysis 

yielded conservative results w.r.t suggested FAT630 reference curve. Test set up and used 

PWTs are shown in  figure 9. (Koskimäki et. al. 2019, p. 1 – 7.) 

 

 

Figure 9. Test joint from the research of Koskimäki et. al. (2019, p. 2). 
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Kepka et. al., (2019) published a study on fatigue assessment of bus and trolleybus bodies. 

Study showed a set of examined thin-walled RHS joint with different dimensions and 

reinforcements. Qualitative effects of the reinforcements can be seen from the results 

regardless missing research details. Study stated that quality of the welded joints and base 

material showed major role in the fatigue test results. The quality was evaluated based on 

metallographic examinations. Tested joints are shown schematically in figure 10. (Kepka et. 

al., 2019). Results from non-stiffened joints (A1, I1, K1) & joints with corner stiffening (K2, 

S1, S2) were collected for comparison. 

 

 

Figure 10. Joint design schematics shown in study of Kepka et. al., (2019, p. 601).  

Stress-Life data from the reference studies is presented in the results chapter. 

 

 

 Summary of the reference studies is shown in table 2.6. Level of known details on each 

study shall be considered in assessment of reliability and validity of the studies. 
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Table 2.6. Main parameters from the reference studies from fatigue testing point of view. 

Details of this study are shown for comparison on the rightmost column. 

Property 
Fokilidis & 

Savaidis (2007) 

Koskimäki 

(2018) 

Koskimäki et. 

al., (2019) 

Kepka et. al., 

(2019) 
Current study 

Joint type X-Joint X-Joint T-Joint T-Joint X-Joint 

Loading IPB IPB on Brace IPB IPB IPB on Brace 

Chord  50 x 50 x 2 
60 x 60 x 3 

80 x 40 x 3 
60 x 40 x 2  

see, figure 10. 

40 x 40 x 2 

Brace  50 x 30 x 2 60 x 60 x 3 60 x 40 x 2 40 x 40 x 2 

Supports 

on test set-

up 

Fixed* Pinned Pinned Fixed Pinned 

Material Steel materials  

EN 1.40034 

EN 1.4062 

EN 1.4635 

EN 1.4003 Not reported EN 1.4162 

Stress 

ratio, R 
-1 -1 – 0.4 -1 -1 - 1 

Regime 
Low/Intermediate 

104 – 106 

Intermediate 

104 –106 

Intermediate 

105 –106 

Intermediate 

105 –106 

Intermediate 

105 –106 

Datapoints 

based on 

HS stress 

(FEA) 

Nominal 

Stress 

Nominal 

Stress/ 

ENS 

Nominal 

Stress 

Nominal/HS/ 

ENS 

Failure 

criteria 

Crack length 

(3 – 4 mm) 

Loss of load-

bearing 

capacity 

25 % increase 

in 

displacement 

Not reported 
25 % increase in 

displacement 
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3 TEST AND ANALYSIS METHODS 

 

 

This chapter describes the methods used to perform the fatigue testing and specimen 

fabrication & designs.  Additionally, employed analysis methods and numerical models are 

presented.  

 

Materials used in the joints was austenitic-ferritic stainless steel EN 1.4162 and filler 

material is ER2209. Chemical composition for the materials is shown in table 3.1. and 

mechanical properties in table 3.2. Mechanical properties are shown for the plate/coil that is 

used in tube manufacturing and for the used tubing with increased strength due to strain 

hardening in manufacturing process. Filler wire properties are given as typical values. 

 

Table 3.1. Chemical composition. 

 
C Si Mn Cr Ni Mo N P S Cu 

Base 

material, 

EN 1.4162 

0.040 1.00 
4.0-

6.0 

21.0-

22.0 

1.35-

1.70 

0.10-

0.80 

0.20-

0.25 
0.04 0.15 

0.10-

0.80 

Filler wire, 

ER2209 
0.015 0.40 1.8 22.5 9.0 3.0 0.18 - - - 

 

 

Table 3.2. Mechanical properties for base & filler material. 

Material 

Yield strength 

RP0.2 [MPa] 

Tensile Strength, 

Rm [MPa] 

Elongation, 

A80 % 

EN 1.4162 C/H: 530/480 1) 680 – 900 1) 20/- 

SHS tubes - Stala 630D 630/690 2) 750/840 2) 20/- 

Fillet metal – ER2209 620 3) 8003) 303) 

1) Minimum values for: Cold formed / Hot-rolled strip, thickness max. 6.4 mm (EN 10088-4, p. 28).  
2) Minimum values/typical value for the cold formed tubular members (Stalatube 2022, p. 5). 
3) Typical values 
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3.1 Welding procedure and fabrication 

The joints were fabricated using pulsed MAG welding process by hand. Used filler wire was 

ø1.0 mm Elga ER2209. Used shielding gas was (Ar + 2 % CO2 + 0.03 % NO) – 

commercially Mison-2. No backing gas was used nor strict pre-cleaning of the weld area was 

followed during the fabrication. No post-fabrication clean-up was made for the specimens 

prior to testing. Welding run-on positions were not allowed on joint corners and interpass 

temperature limit was kept as 150 °C according to recommendations of material 

manufacturer - however, two sequential welds for each side were welded without a break. 

Generally welding positions were chosen so that the smoother joining is produced at critical 

weld toe. Welding positions were BP for fillet welds and PA for ‘butt-weld’ part of the R S 

joint & slot welds with side plates. Used welding sequences and positions are shown in 

appendix I. Tack welds were located in the middle of the brace member flange between the 

studs. 

 

Used welding parameters are shown in table 3.3 below. Welding speeds are given only as 

approximation. 

 

Table 3.3. Welding parameters. 

Specimen/ 

Weld 
Voltage [V] Current, I [A] 

Travel speed 

[cm/min] 

Wire feed speed 

(m/min) 

SX 20.4  100 – 110  ~ 30 – 35    4.7 

SXI 20.0 90 – 110 ~ 30 – 35    4.3 

SXK, stiffeners 20.6  100 – 120 ~ 30 – 35    4.9 

SXS, slot welds 20.5 100 – 115 - 4.8 

 

   

3.1.1 Weldability tests 

Welding tests were performed by the Laboratory of Steel structures at LUT. Objectives in 

the welding tests were to obtain suitable welding parameters for normal fillet weld without 

an air gap, and to determine suitable air gap to obtain good penetration. Workflow in the 

welding tests is shown in figure 11. Tube cutting was performed with laser tube-cutting 

machine by the industrial partner. The reference joint was fabricated using straight cut on 

the tube. Air gap was set by using laser cut studs on the end of the tube. Discontinuity on 

weld root caused by the studs potentially effects the fatigue life, therefore the stud 
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positioning was a compromise between ease of fabrication and structural stress on the stud 

location. Welding tests for air gaps ranging from 1 mm to 2 mm were performed to define 

suitable parameters for the air gap design.    

 

 

Figure 11. Workflow in weldability tests. 

 

Tests showed that reasonably large air gap was needed to obtain good penetration, however 

welding the sides of the joint became difficult with larger gap. Groove geometry on the tube 

end was re-shaped to contour along the corner radii of the tubing by utilizing capabilities of 

laser CNC tube-cutting machine. This way air gap around the joint was kept more constant 

easing the welders’ job.  

 

First pre-test specimen was fabricated with 1.4 mm air gap – fatigue test result, however, 

showed decreased fatigue life w.r.t original joint. Examinations on the broken specimen 

showed less penetration than expected close to the critical corner. It was considered that 

weld heat could not be increased enough to obtain the adequate penetration and optionally 

higher weld size would have required multi pass welding. 

 

 Air gap was increased to 2 mm & welding sequence was modified for the test specimens. 

Testing and visual examinations of the root showed that welding sequence had great impact 

on the root side geometry.  
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Figure 12. Identified effect of the welding sequence to root side geometry on corner. Lack 

of penetration on the fillet weld run-on location (left) and on the corner (right). Sequence 

shown on left was used. 

 

It was recognized that welding the final air gap and achieving constant quality joints might 

be a challenge in production environment. Modifications required for the improved 

manufacturability were not done due to limited time. However, the test joints were 

successfully fabricated to test the performance of joints with ideally full penetration on the 

critical corners by using the described 2 mm airgap. Used welding preparations on tube ends 

are shown in figure 13.  

 

 

Figure 13. Groove/Tube end preparation & dimensions of studs used SXI brace members. 
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3.2 Test joint configurations 

Four different joint configurations were tested during the program and in addition HFMI 

treatment was applied as the post-weld treatment for two configurations. Test joint 

configurations and some of the related design considerations are described below.  

 

Reference design 

Traditional way of welding tube connections is pure fillet weld without air gap. These were 

kept as reference for the rest of the specimens. However, no run-on locations were allowed 

on corners thus the un-ordinary welding sequence with 4 run-on locations was used. 

Reference test specimens are noted by “SX”. 

 

Using the air gap 

Air gap was determined based on welding tests to 2 mm. It appeared that with this type of 

air gap corner areas of the joint were possible to weld with good penetration.  Air gap 

specimens are noted by “SXI”. Details regarding fabrication are described in previous 

section. 

 

Corner stiffener 

Stiffening the joint by adding material on the corners has couple basic considerations: 

- How the stress flow is directed from side 

- Width ratio of the stiffening piece to tube 

- Direction of the weld toe w.r.t the loading 

- Size of the joined piece 

 

Corner stiffener was chosen to be fabricated simply with symmetric shape and to have equal 

width as the base joint. Preliminary FE-analysis indicated that structural stress concentration 

Ks was not dependent on the stiffener size and stiffeners were cut as big as possible to be cut 

from used tubing. Equally slight positive effect for stress levels was obtained by using equal 

width stiffener w.r.t shallower profile for which as the trade of welding would have been 

easier. Welding of the tubes was done equally to SX-joints and stiffeners were welded on 

top. Corner stiffener specimens are noted by “SXK”.  
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PWT 

HiFIT device was used to apply the PWT for test joints. Treatment was used for the 

additional sets of specimens with SXI & SXK configurations. Impact pin with ⌀3 mm head 

was used to apply treatment on the critical weld toes. HFMI treated specimens are noted as 

SXIH & SXKH respectively. 

 

Side plates 

Stiffening and re-directing the stress flow in the joint with side plate -type solution has 

similarly couple basic consideration:  

- Location for the plates 

- Shape of the plates 

- How the welds are located 

 

Some options for locating the welds are shown in figure 14. By using simple fillet weld’s 

end location of the mounting weld becomes potential failure location, assumably producing 

fatigue class similar to the intermediate welds. Extending the welds around the high nominal 

stress area could help this but requires a lot of welding from multiple directions. Locating 

the welds only close to neutral axis on low nominal stress area would be good, but for trade 

off this approach will typically leave either liquid collecting pockets or slot-weld root as 

critical location. 

 

Figure 14. Some options for locating the welds without considering the gusset plate itself.  

 

Welding only close to the neutral axis was chosen out of these options due to potential of 

the low nominal stress range. Additionally, this way welding of one stiffener plate requires 

only one welding direction and in theory may be performed with four weld beads. And x-

joint can be symmetrically strengthened with minimal number of straight, plate made parts. 

Therefore, manufacturability is good compared to other considered options. 
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After the decision of the conceptual design iterative process was used to refine the shape and 

dimensions of the plate & welds. Parametric 3D modelling was used test different designs. 

Mainly FEA was used to assess the deformation shape (crack opening mode) and notch stress 

levels on weld root for different design configurations. Macros were used to automate the 

FEA pre-processing for the parametrically modelled geometries. Sub-modelling technique 

was used to obtain qualitatively comparable root notch stresses on weld for each iteration. 

Initial goal was to design the plate so that most probable failure location is still located on 

the weld toe between tubular members instead of creating a new weaker spot, but this did 

not seem conceivable within present constraints.  

 

There are multiple ways of constructing similar idea and as there was no previous data of 

fatigue behaviour of such joint details, initial design was intuitively guided rather than 

applying any algorithmic optimization procedure. Obtained test joint design is shown in 

figure 15.  

 

 

Figure 15. Side plate design for test joints, SXS. 

 

Overview of the tested joint configurations is shown in table 3.4. 
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Table 3.4. Overview of the tested joint configurations. 

Brace 

to 

chord 

Specimen 

IDs 
Modification 

N
o

 A
ir

 g
a

p
 

SX 

Reference specimens, 

welded without air gap 

or stiffening 

 

SXK Stiffeners cut from RHS 

 

SXKH 

RHS stiffeners + 

HFMI treatment 
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table 3.4. 

 

Table 3.4, continues... 

 

Brace 

to 

chord 

Specimen 

IDs 
Modification  

A
ir

 g
a

p
 

SXI 

Air gap, 

Weld penetration 

increased 

  

SXIH 

    Air gap + 

 HFMI treatment 

      

SXS 
Side plate stiffeners + 

Air gap 

 

 

 

3.3 Laboratory experiments & measurements 

In total 17 specimens were tested during the program – 13 of them in AW condition and 4 

in HFMI treated condition. This chapter describes used test methods and related 

measurements. 
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3.3.1 Fatigue test set-up 

Test specimens were tested with constant amplitude fully reversed (R = -1) loading. Load 

was applied using force-controlled servo-hydraulic actuator with frequency in range from 1 

to 3.5 Hz. Used failure criteria was 25% increase in the displacement range. However, 

criteria for ending the test for all joints was reach of 3 mm displacement limit. This approach 

captured the crack growth to near rupture.  

 

Joints were tested by applying the bending moment to chord members since this is the 

structurally weaker configuration compared to bending on brace member. Test set-up is 

shown in the figure 16. Shown support pins were lightly tightened against the tubing to 

eliminate gap between supports and specimen. Loose rubber pads were used to eliminate out 

of plane movement on support locations. 

 

 

Figure 16. Test set-up & dimensions. 

 

3.3.2 Measurements 

Strain gauge measurements 

Force sensor of the actuator & test set-up was verified against nominal stresses by using 

strain-gauge measurements on the first test specimens and making the comparisons for 

nominal stress values.  
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Geometry measurements 

Test specimens were 3D laser scanned to measure the weld geometries. Alignment errors 

within general tolerances are negligible in fatigue point of view under applied loading 

condition. Scanned data was used to define weld size profiles (visual examination) and 

shapes, and to measure weld toe radius on critical weld toes. Measurements were simply 

done using Polyworks reviewer software which had tools for extracting distances between 

objects and function for defining smallest radius on selected area.  

 

3.4 Analytical Hot-Spot formulation 

The structural SCF is geometrical – linearly scalable property of a joint under specific 

loading. I.e., one can obtain SCF for joint made of (80 x 80 x 4) mm SHS profiles by FEA.  

Scaling all the FE-model dimensions with a factor of 0.5 and re-running the analysis will 

yield same SCF for 40 x 40 x 2 profile. Therefore, analytical formulas from Zhao et. al. 

(2000) are as applicable for thin-walled joints as for thicker members although other parts 

of the research are not. In practice stress levels may affected e.g., by ratio between corner 

radius or weld size and plate thickness due to fabrication limitations. However, profiles used 

in this study have same geometric ratios as typical cold formed RHS sections according to 

SFS-EN 10219-2:2019. If weld size and type is equal for compared joints, analytical 

calculation should give consistent results whether the actual stress value would be slightly 

higher or not. Note that equations given by Zhao et. al. (2000) does not explicitly specify the 

locations stress values are defined for w.r.t joint corner radius.  

 

Parametric formulas will be used to define the structural HS stresses for the test joints and 

applicable joints from the refence studies. This approach is considered the most effective 

way to compare joint configurations with different member sizes. No distinction can be made 

for all literature-based tests whether the failure has occurred from the weld toe or root side 

of the weld. However, definition of the structural stress may be used to improve the 

comparability between tubular joints regardless. Results with the TTWT method is 

compared to analytically obtained stresses and vice versa.  

 

In the analytical approach structural SCF are calculated using the joint geometric ratios and 

regression analysis-based formulae for each load case. Stress range at one location is the 

product of load specific SCF and corresponding nominal stress range. If multiple loads 
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effect at one hot-spot location, superposition of the hot spot stress ranges can be used to 

obtain total hot-spot stress range. (Zhao et. al. 2000, p. 28.) Nominal stress under bending is 

calculated as shown in equation below. Analytically calculated hot-spot locations and used 

symbols are illustratively showed in figure 17. 

 

 𝑆𝐼𝑃𝐵 =  
𝑀

𝑊𝑒𝑙
 (12) 

Where, 

M is the bending moment 

𝑊𝑒𝑙 is corresponding elastic section modulus 

 

 

Figure 17. Hot-spot locations and geometric ratios for SHS joints. (Zhao et. al. 2000, p. 

104.) 

 

Details of the used parametric formulas are given in appendix II. Typical parametric 

formulas are given in form of equation: 

 𝑆𝐶𝐹 = (𝑎 + 𝑏 ∙ 𝛽 + 𝑐 ∙ 𝛽2) ∙ (2𝛾)(𝑑+𝑒∙𝛽+𝑓∙𝛽2) ∙ 𝜏𝑔 (13) 

Where, 

𝛽 is the member width ratio 

𝛾 is the ratio of chord width to twice its thickness 

𝜏 is the ratio of wall thicknesses 

a – g  are constants from regression analysis 
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Superposition of stress ranges in location X is obtained with following principle (Modified, 

Zhao et. al. 2000, p. 28): 

 

 ∆𝑆𝐻𝑆,𝑋 =  ∑ ∆𝑆𝑖_𝑋 ∙ 𝑆𝐶𝐹𝑋_𝑖
𝑛
𝑖=1   (14) 

where, 

∆𝑆𝐻𝑆,𝑋 Total hot-spot stress range at location X [MPa] 

∆𝑆𝑖_𝑋 Range of nominal stress component i at location X [MPa] 

𝑆𝐶𝐹𝑋_𝑖 Structural SCF at location X due to load component i 

 

Structural stress factors, Ks, are calculated for joints shown in table 3.5.  Multiplication factor 

of 1.4 is used to account weld type according to Zhao et. al. (2000, p. 104). Bending 

resistance ratio between brace and chord members (Wbrace / Wchord) was used to define Ks for 

cases where superposition was required (T-joints), and chord moment was calculated simply 

at the centreline intersection of the tubes instead at the location of the weld. 

 

Table 3.5. Joint configurations & nominal dimensions for analytical Ks definition. 

  Joint ID/Name 

  

Symbol 
Current 

study 

X-Joint 

Koskimä

ki et. al.     

(2019)    

T-Joint 

Koskimäki 

(2018)       

β = 1.0 

Fokilidis & 

Savaidis 

(2007) 

Kepka et. 

al.  

A1 

Kepka et. 

al.  

I1 

Kepka et. 

al.  

K1 

Brace 

Width 
b1 40 40 60 50 40 40 50 

Chord 

Width 
b0 40 40 60 50 40 40 50 

Brace 

Thicknes

s 

t1 2 2 3 2 3 2 2 

Chord 

Thicknes

s 

t0 2 2 3 2 3 2 2 

Wbrace / 

Wchord 
- 1.0 1.0 1.0 1.98 0.55 1.0 1.59 

 

 

3.5 Numerical models for fatigue assessment  

Used FEA software is Simcenter Femap 2020.1 with Simcenter Nastran 2019.2 solver. Unit 

system used in FEA and related results unless otherwise specified is [N, mm, t, MPa].  
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Firstly, FEM was utilized to determine structural stress levels for tested design 

configurations by employing TTWT approach. Secondly, applicability of ENS method was 

tested by analyzing idealized geometries with reference radius rref = 0.05 mm. Details of the 

used geometries are shown in appendix III.  

 

Linear elastic isotropic material model was used, with material properties shown in table 3.6 

 

Table 3.6. Material properties (EN 10088-1 2014, p.53).  

Youngs Modulus, 

(MPa) 
Poisson’s ratio, v 

205 000 0.3 

 

Global structures were modelled using solid elements. Only one quarter of the joint was 

modelled due to double-symmetry. Constraints used for global models are shown in figure 

18. Rigid body element was used to model the pin-supports. Surface loading was applied on 

the chord member away from the joint area, and dead weight was not accounted. One quarter 

load equal to 1 kN or 2.5 kN was used in the models (Total load 4/10 kN), but results are 

scaled to correspond unit-nominal stress at examined weld location. 

 

 

Figure 18. Boundary conditions on the global models.  
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So called cut boundary displacement method was used in sub-modelling. In this approach 

displacements solved for the global model with coarser mesh are interpolated to the nodal 

points on the cut sub-model boundaries. These interpolated displacements are applied as 

enforced displacement load to create boundary conditions for the sub-model. (Cook 1995, p. 

136 – 138.)  

 

3.5.1 Structural stress models 

First order hexahedral elements were used to model the basic joint configuration (SX/SXI) 

for Ks extraction. Weld was modelled as fully penetrated with nominal throat thickness of 2 

mm. Glued contacts were used away from the area of interest to ease the meshing. Normal 

stresses on 17 nodes along the plate thickness and 17 rows of nodes along the length of the 

weld were captured, as the goal was to define the distribution of structural stresses along the 

length of the fillet weld. Separate model was created for the SX joint to investigate the effect 

of the fillet weld penetration to the hot-spot stresses on weld toe. Structural stress models for 

SXI & SX joints are shown in figure 19. 

 

 

Figure 19. SXI global FE-model & mesh (on left). SX joint (on right) was modelled equally 

but by un-connecting elements on fillet weld root on the straight part of the weld (64 

elements width).  

 

Structural stresses for SXK configuration were obtained using sub-modelling. Hexahedral 

elements were used in sub-model and stresses were captured on 17x17 element corner nodes 

similarly to SXI & SX. HS stress model of SXK is shown in figure 20. On the global model 
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stiffener area was meshed with tetrahedral elements. Glued/bonded contacts were used 

between tetra & hex meshes. 

 

 

Figure 20. SXK – global model with tetrahedral mesh and hot-spot sub-model with hexahedral 

meshing. 

 

Maximum nodal stresses obtained from the FE-models were organized to matrix form using 

Python code. Furthermore, linear interpolation & numerical integration functions built in 

MathCad were used to define structural stress components according to equations (2) and 

(6) - (8).  

 

Comparison for the analytical Ks factors was done by defining the hot-spot stresses using 

TTWT method at the beginning of tube corner radius, marked for example by symbol Ks,TTWT 

at figure 20 above.  

 

3.5.2 ENS models 

Effective notch stress models were modelled by applying reference radius rref = 0.05 mm for 

the sub-models. ENS models were created for SXI, SXK and SXS joint configurations. 

Parabolic (20 node) hexahedral elements were used and mesh sizes normal to weld toe/root 

correspond to values recommended by Fricke (2012, p. 10). Coarser mesh sizing was used 
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in longitudinal direction was used as effect on result convergence was less severe. Models 

are shown in figures 21 – 23 below.  

 

 

Figure 21. SXI, sub-model of the critical weld with rref = 0.05 mm.  

 

 

Figure 22. SXK, ENS model & meshing. 
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Figure 23. SXS, Used ENS sub-model of the slot weld area on brace member. 

 

Verification of the sub-model boundary conditions was done by checking the reaction forces 

or by checking the matching of the structural stress levels to the global models by using 

TTWT.  

 

3.5.3 Stress components 

Stress distribution along the length of the weld toe on SXI and SXK joints was split to the 

theoretical components by using the 3D formulation of the TTWT approach and 3D ENS 

analysis. First TTWT was used to define the HS-stress components and distribution for Ks. 

Secondly, curve fitting was used to obtain polynomial approximation for the structural stress. 

In third step, elastic notch stress data was obtained directly from the FE models, and 

distribution for Kt was obtained by using following equation:  

 

 𝐾𝑡(𝑧) =  
𝜎𝐸𝑁𝑆(𝑧)

𝐾𝑠(𝑧)
 

 
(15) 

Where, 

𝐾𝑡(𝑧) is the function of elastic notch stress concentration factor 

𝜎𝐸𝑁𝑆(𝑧)  is the ENS distribution along weld toe  

𝐾𝑠(𝑧) is the approx. function of structural stress concentration factor 
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Finally, polynomial curves were fit for the rest of the data to obtain approximative equations 

describing the stress components.  

 

Although the actual corner rounding area of the joint is often critical in fatigue point of view, 

stress components were defined for the flat part of the tube. This was done to dismiss the 

effect of the actual weld shape on the corner and because the definition of the HS stress is a 

bit ambiguous on curved corner of RHS member under bending. Used coordinate system 

and accounted joint area is shown in figure 24. 

 

 

Figure 24. Coordinate system for TTWT. At weld toe x = t and at the opposite side of the 

welded plate x = 0. y = 0 at the symmetry plane of the joint. Normal stresses are obtained 

from surface noted with “stress results” where width of the straight part is 16 mm. 

 

3.6 Regression analysis  

Fatigue curve fitting was done by using Minimum square sum of perpendicular distances 

(MSSPD) method for unstiffened AW-joints with equal width members (β = 1). Used 

method differs from the standard regression analysis procedure recommended by IIW. Curve 

fitting was done by the means of hot-spot stress to obtain comparable results for the different 

joints. However, no distinction was made between different failure modes – root vs. weld 

toe. As majority of datapoints were obtained for R = -1 loading, stress values (ΔσHS) were 

scaled by using an experimental correction factor of f(R)= 1.3. for the deviant points. This 

corresponds to class II. described by Hobbacher (2016, p. 64) and was identified in results 
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from Koskimäki (2018), see appendix IV for stress ratio comparison. The MSSPD procedure 

published by Nykänen & Björk (2015) is shown as well in the appendix IV. FAT classes 

were defined for fixed slopes m = 3 & 5 and for best fit curve with free slope.   Literature 

based data sets significantly differing from the rest of the data were not included in the 

regression analysis due to lack of reported details in these studies. Otherwise, comparative 

curve fitting was done for two cases: 

- All suitable test results with any steel materials 

- All suitable test results with stainless-steel materials (Ferritic & austenitic-ferritic) 

 

Curve fitting for the stress component distributions was done using polynomial functions up 

to power of 6. Best fit curves were defined simply using trendline functionality in Excel. 

(Microsoft Excel, 2019.) Fitted curves are in form of equation below. Obtained constants a 

– g and R2 values are shown in results. 

 

 𝑎𝑥6 + 𝑏𝑥5 + 𝑐𝑥4 + 𝑑𝑥3 + 𝑒𝑥2 + 𝑓𝑥 + 𝑔 = 0 (16) 

 

3.7 Metallographic examinations 

Metallographic samples were prepared by grinding and polishing the cut pieces which were 

then electro-chemically etched using oxalic acid. Samples were examined with microscope 

or SEM (Scanning Electron Microscope). In the metallographic examination microstructures 

e.g., grain size on fusion line and possible crack like defects were under interest. Effect of 

the HFMI treatment and possibly caused initial cracks were examined.  
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4 RESULTS & ANALYSIS 

 

 

This chapter presents the main results of the research and analysis of the connections 

between identified phenomena.  

 

4.1 Welding & measurements 

Examples of macroscopic samples during welding testes are shown in figure 25.  

 

  

Figure 25. Examples from the macroscopic examinations during welding tests. Section 

from the location of 1.5 mm wide stud with 1.4 air gap on left, and from the joint sides on 

right.  

 

3D scanning results of typical fillet welds are shown below. Theoretical fillet weld size on 

the joints varies between a4.5 and a2.2 due to applied welding practice. Weld size 

measurement results on SX-joint is shown in figure 26. Figure shows the distance from the 

ideal weld root line to weld surface, and therefore weld size is defined by the smallest 

(perpendicular) distance between weld root and surface. Note that strength of (SX) welds as 

shown here cannot be considered statically equivalent to base material. 
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Figure 26. Typical fillet weld thickness profiles – size is expressed by distance from the theoretical 

root line to weld surface [mm]. Measured from SX-2 specimen. 

Weld size and shape around SXI specimen corner is shown in figure 27. 

 

 

Figure 27. SXI 3D scanned fillet weld geometry & failure location. Weld penetration is not 

accounted in measurement. 

 

Measurements of the local weld geometries results were analyzed after fatigue tests. 

Measurements showed that SXI Specimens had smoother joining between the weld and base 

material, but toe rounding varied a lot along the weld length. The smoothest toe geometries 

were around the critical tube corner rounding, and near the run-on position measured toe 

shape was sharper. SXK specimens had more even toe geometry along the weld length. 

Measurements near failure locations on SXI & SXK specimens are shown in figure 28. 
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Figure 28. Weld toe rounding measurements on failure locations, note that direction of searched 

smallest radius is not restricted. SXK specimen (left) & SXI (right). Measurements & visual 

inspection showed that SXK specimens had relatively sharp joining on weld toe (rreal_min ~= 0.2 

mm) & SXI specimens had smoother joining (rrea_min~= 0.5 mm).  

  

Measurement results for the representing typical shape and size of the specimens are 

shown in table 4.1. 

 

Table 4.1. Geometry measurement results for reference. Shown weld size does not include 

penetration. 

Specimen Visible weld size (a) 

[mm] 

Toe radius 

SX 2.2 - 

SXI 2.0 0.30 – 3.0  

SXK - 0.23 – 0.7  

 

 

4.2 Calculations and numerical analysis results 

Results from the analytical and numerical calculations are presented below. 

 

4.2.1 Hot spot stresses  

Analytically calculated structural SCFs are shown in  table 4.2.  



51 

 

Table 4.2. Analytically calculated structural SCF’s. Superposition was used to account bending in 

brace and chord for the T-joints at location D. Highest analytical SCFs for each joint is shown 

bolded. 

 

  Calculated structural SCFs – KS_param. 

Load 

Condition 
Location 

Current 

study 

SXI/SX 

Koskimäki 

et. al. 

(2019) 

T-Joint 

Koskimäki 

(2018).               

β = 1.0 

Fokilidis & 

Savaidis 

(2007) 

Kepka 

et. al. 

(2019) 

A1 

Kepka 

et. al. 

(2019) 

I1 

Kepka et. 

al. 

(2019) 

K1 

LC2 SCFE,IPB 3.72 3.72 3.72 4.25 2.93 3.72 4.25 

LC2 SCFD,IPB  2.07  2.93 1.11 2.07 2.93 

LC3 SCFD,ch 
 2.54  2.66 2.33 2.54 2.66 

         

Superposition     

SIPB_ch 
  0.50  1.00 0.28 0.50 0.79 

SIPB_br 
  1.00  0.99 1.00 1.00 1.00 

LC2 + LC3  SCFD - 3.57 - 5.56 1.75 3.34 5.04 

LC2: Bending on brace member 

LC3: Bending on chord member 

 

Structural hot-spot stresses were calculated using FEA to define Ks for the tested joints. 

Stress factors are calculated in the beginning of corner radii for each case. Derived Ks factors 

are shown in table 4.3. with comparison to the analytical value. Distribution of the stress 

components is shown in later chapter. Joint with width ratio β = 0.75 from Koskimäki (2018), 

did not fulfil the criterions defined for the analytical formulation, thus structural stresses in 

the tube corner were defined in FEA. However, difference for the analytical results was 

relatively small (< 5%), so despite the restrictions analytically calculated value was used in 

curve fitting. 

 

Table 4.3. FEA based structural stress concentration & comparison analytically calculated values. 

KS / Joint 
SX 

 (Reference) 

SXI 

 (Full penetration) 

SXK  

(RHS Stiffener) 

KS_FEA 3.93 3.71 2.46 

KS_param. (SCFE,IPB) 3.72 3.72 - 

 

 When the stress is defined at the beginning of the corner radius, TTWT approach for SXI 

joint yields matching results for analytical equations. Fillet weld without penetration yields 

5.6% higher hot-spot stress values compared to the analytical equation the value with fully 

penetrated weld.  
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4.2.2 Notch stresses 

Loading of the models (SXI & SXK) was scaled so that nominal bending stress is 1 MPa at 

weld location. ENS analysis results are shown in figures 29 – 31. 

 

Figure 29. SXI, ENS stress with rref = 0.05 mm on basis of the Principal Stress hypothesis. Loading 

on joint 10 kN – results scaled to unit nominal stress using scale factor 1/403.45. 

 

Figure 30. SXK, ENS stress with rref = 0.05 mm on basis of the Principal Stress hypothesis. Loading 

on joint 4 kN – results scaled to unit nominal stress using scale factor 1/131.4. 
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Figure 31. SXS, slot weld root on brace member. ENS Stresses on basis of von Mises hypothesis 

with joint loading of 4 kN. Maximum (fictious) elastic notch stress 879 MPa 

 

4.3 Fatigue tests 

Fatigue test results are shown table 4.4. and datapoints are presented on graph in figure 32. 

 

Table 4.4. Fatigue test results. Stress range R= -1 for all datapoints. 

Joint Configuration Notation Joint ID Nf ΔF [kN] Δσnom
(1) 

Reference SX 

SX-1 244748 5.00 201.7 

SX-2 354172 4.00 161.4 

SX-3 468816 3.80 153.3 

SX-4 92563 6.80 274.4 

Air gap SXI 

SXI-2 Run-out 3.8 153.3 

SXI-3 473486 7.50 302.6 

SXI-4 706160 7.00 282.4 

SXI-5 53622 9.40 379.3 

Air gap + HFMI SXIH 
SXIH-1 173700 7.80 314.7 

SXIH-2 35766 9.60 387.3 

Corner stiffener SXK 

SXK-1 339827 6.00 197.1 

SXK-2 77400 10.00 328.5 

SXK-3 1181646 5.00 164.3 

Corner stiff. + HFMI SXKH 
SXKH-1 394058 5.80 190.5 

SXKH-2 104750 10.00 328.5 

Side plate 

 stiffener. 
SXS 

SXS-1 792978 9.00 363.1(2) 

SXS-3 480381 10.40 419.6 (2) 

(1) Calculated at critical weld location. 
(2) On fillet weld location, with shear force range = ΔF/2 
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Figure 32. Fatigue test results on basis of the applied load range. Explanations for specimen 

symbols are given in table above. 

 

Test results indicate improvements in fatigue life are gained with all done structural 

modifications. Meanwhile, used HFMI treatment did not remarkably improve the fatigue life 

for SXKH specimens and decreased the fatigue life for SXIH specimens with respect to AW 

joints. According to the test results SXK joints had slightly improved fatigue capacity 

compared to the reference joint (SX) by means of nominal stress at weld location as shown 

later. Figures of the joints after testing & curve fitting on basis of nominal stress are shown 

in appendix V. Comparison of specimens is done using curve slope m = 3, obtained 

improvements for fatigue class w.r.t SX joints are SXI: 1.69, SXK: 1.2 and SXS: 2.75 as 

shown in the appendix V.  

 

4.4 Reference fatigue tests 

Test results of the executed fatigue experiments and collected reference studies are presented 

in this chapter. As the tests do have many differences, comparative approach is taken in 

presenting the result of the data collection. Firstly, all collected data is shown on basis of the 

nominal stress, which only describes the amount of bending with respect to used member 

size No distinctions between materials stress ratio or other factors are included. Secondly, 
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suitable part of the results is shown on basis of structural hot-spot stress. This way the 

magnitude of the local (structural) stress is accounted, and the assessment of “quality” 

against fatigue between different joints is in a way equalised. However, no distinction was 

made for the different failure modes, although with currently known formulation the hot-

spot stress explicitly describes fatigue only on the weld toe. Finally, further 

compartmentalization is made, and indicative fatigue curves are defined for thin-walled RHS 

joints in AW condition. Data presented in the S-N curves uses notation according to table 

4.5. 

 

Table 4.5. Notation for the datapoints from different sources: 

Data source: 
Study symbol    

+ 
Second part of the notation 

Data point notation 

E.g., 

Current study, 

Laboratoty tests 

Used joint 

configuration  
- SX 

Koskimäki et. al 

(2019) 
T-joint Material + PWT T-joint, AW 

Koskimäki 

(2018) 
X 

Material + β-ratio + R-ratio  

(If not R= -1) 
X, 1.4062, β = 0.75, R = 0.1. 

Fokilidis & 

Savaidis (2007) 
X (t=2) Failure location (Brace/Chord) X(t=2), Chord 

Kepka et. al. 

(2019) 
X (Kepka) Not Stiffened/ Stiffened. X (Kepka) – Stiffener 

Fatigue data is shown in nominal stress S-N graph below, see figure 33.+ 
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Figure 33. Fatigue test results from the reference tests & current study on basis of nominal 

stress. R = -1 if not showed otherwise in notation.  

 

Analytical formulation for the structural stress is for applicable joints, and for stiffened joints 

Ks’s are derived from FEA. Majority of the collected fatigue test resutls are shown in figure 

34 on basis of structural stress. Figure includes results with many different fatigue 

parameters, such as: material type, weld condition (AW/PWT), stress range and type of the 

weld detail. FAT100 curve used in assesment of thicker welded structures generally, and 

FAT251/m = 3.74 curve for tubular joints obtained  by using thickness parameter  t = 2 mm 

for the fatigue equation according to  Zhao (2000 p. 30) are shown for reference. Datapoints 

noted with “X, 1. …” have wall-thickness 3 mm and other datapoints are for t = 2 mm joints.  
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Figure 34. Fatigue data on basis of the structural (hot spot) stress. FAT100 & FAT251 (m = 

3.74) for t = 2 mm curves are shown for reference. 

 

Presenting the results in terms of the structural stress naturally decreases the scatter between 

datapoints. Results with β=0.75 joints differentiate from the β=1 joints with same materials 

e.g., due to different stiffness on foundation plate and reduced notch effect w.r.t structural 

stresses. Effect of PWT’s and stress ratio can be seen in the graph.  

 

MSSPD is used for as-welded non stiffened specimens with R = -1 loading. Experimental 

correction factor for stress range is used as described previously. Data is compartmentalized 
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for two sets and corresponding curve fitting is shown in Figure 35. Curve fitting results & 

data are shown in Table 4.6.  

 

a) All b) Stainless-steel joints 

  

Figure 35. Curve fitting for unstiffened AW joints by MSSPD method on basis of hot-spot 

stress for R = -1 loading.  

 

Table 4.6. Curve fitting results for R = -1 loading from above graphs. 

 a) All b) Stainless-steel joints 

Data 

Koskimäki (2018), 

Koskimäki et. al. (2019), 

Fokilidis & Savaidis (2007), 

Current study (SX joints) 

Koskimäki (2018), 

Koskimäki et. al. (2019), 

Current study (SX joints) 

n 92 53 

Best fit slope, 

mfree 
4.59 3.79 

FATchar, m=3 240 295 

FATchar, m=free 340 353 

FATmean, m=free 455 448 

Standard deviation (Stdv): 

mfree / m=3 
0.321/0.288 0.209/0.198 

 

 

Fatigue results on basis of the effective notch stress are collected to figure 36. ENS results 

from Koskimäki et. al., (2019) are shown as well for reference. Suggested fatigue curve 
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FAT630 and curve corresponding curve with experimental stress range correction (FAT819) 

are shown as well as the design curve for shear stresses according to Sonsino (2012). Shown 

Characteristic curves correspond to survival probability of 97.7 % whereas test results 

represent survival probability of 50 %.  

 
Figure 36. Results on basis of ENS method with rref = 0.05 mm. SXI & SXK results on 

basis of principal stress hypothesis and SXS using von Mises stress.  

 

ENS analysis was conducted using reference radii of 0.05 mm. SXI specimens had a much 

smoother weld joining and thus the results are not compatible for the reference curve meant 

for sharp notch at weld toe. On SXK specimens toe geometry was found sharper and ENS 

results correspond better to reference curve, although results seem quite conservative. Root 

side fatigue of the SXS specimens is not successfully described by the used approach, as the 

obtained stress results are under-estimating the actual performance. As the critical location 

on the SXS weld root is purely shear loaded comparison to the curve for shear loaded joints 

(FAT450) is considered. Validity of this approach is however questioned since failure 

occurred in unusual fashion trough the base material rather than the load bearing weld. 

 

4.5 Stress components 

Analysis of stress components is shown for examined joints. 3D presentation of the structural 

stress components on SXI is shown in figure 37. 
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Figure 37. Membrane & bending stresses on SXI with respect to nominal stress using 3D 

representation. On the weld toe x=2 & y =16 at the corner of the tubing. 

 

Comparison of SXI and SXK stress components with respect to nominal stress are shown in 

figure 38. 

 

Figure 38. Stress components distribution with respect to nominal stress. ENS notch stress 

& structural hot-spot stresses. 

 

Distribution of the stress components shows that although original joint with full penetration 

reaches higher notch stress levels w.r.t SXK, the stress levels decrease rapidly and 

theoretically meets SXK curve ~3 mm away from the corner rounding.  

 

As previously shown, the true geometry of test specimen toes was good with SXI specimens 

which decreases the actual notch effect. Also, SXK specimens had good toe geometry at the 

corners as shown by the measurements. However, on some SXK specimens crack initiation 
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was recognized away from the corner of the joint where the toe geometry was sharper (y ≈ 

14). 

 

Comparison of the structural stress components is shown in Figure 39. 

 

Figure 39. Distribution of structural stress components. SXI vs. SXK. Note that with SXK local 

effects rise the structural stress above the unit nominal stress for whole width of the joint. 

 

Structural stress components at weld toe on SX & SXI is shown in Figure 40. 

 

 

Figure 40. Effect of the root penetration for hot-spot stresses. Structural stresses on SXI vs. SX. 

 

4.6  SEM 

Examination of the HFMI threated specimens were done aside of this work to investigate 

possible initial cracking, and other evidence for the poor fatigue performance – in addition 

to the reduced plate thickness. Results are shown in appendix VI. 
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5 DISCUSSION 

 

 

In this study the joints were tested by applying bending moment to the brace member. This 

joint configuration is structurally weaker compared to the on where chord member is under 

bending. Difference in the structural stress levels between these two is close to 50%, based 

on the analytically defined Ks factors, and therefore the fatigue life with used joint is around 

one third compared to X-joint where only brace member would be subjected to bending. 

 

No weld run-on locations to joint corners criteria was followed in the fabrication which 

contributes to the achieved weld geometries: un-even throat thickness profile & smooth 

joining around weld corners on the SXI (air gap) specimens. Applied welding sequence may 

not have any advantages or to have even negative effect for the fatigue life on traditional 

joint configuration without air gap (SX) due to difficulties in welding short weld beads. On 

the other hand, welding sequence had clear effect to the weld root geometry on SXI joints 

which favours its’ use in addition to possible metallurgical benefits. 

 

Fatigue life on the test joints was increased by using weld penetration. However, it was 

recognized that the welding procedure used might be impractical in production environment, 

and therefore the manufacturability should be further improved e.g., modifying groove 

preparation by adding chamfers or by modifying the welding procedure by other means so 

that the full penetration welds can be achieved repeatedly. Different levels of weld 

penetration are illustrated in figure 41: In the figure a) corresponds to typical joint b) is 

outcome of unsuccessful welding with air gap, where the lack of penetration will decrease 

the effective weld throat treacherously (not acceptable). The goal of the air gap joint is shown 

in c) where adequate weld size & penetration is obtained - root side fatigue is determined 

primary based initial crack size & notch effect. Un-symmetric weld shape would be 

beneficial for both weld root and toe side fatigue due to increased effective weld size & 

reduced flank angle. 
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Figure 41. Illustration of different type weld penetrations. 

 

Fabricated SXI joints had remarkably smoother weld geometry on the critical location 

compared to e.g., SXK joints. This shall be accounted in the analysis of the test results. Based 

on the stress analysis, differences on the fatigue performance between these joints may be 

assumed decrease when the local weld geometries of the compared specimens are equal. 

Moreover, fatigue cracking with the SXI specimens was occurring on the welds such that 

assumably both weld surface and assumed root side failures were competitive modes of 

failure. 

 

Tested corner stiffener solution is simple to fabricate and as shown by the results static and 

fatigue strength was increased w.r.t the reference joint. In practise it would be recommended 

to use un-symmetric shape for the stiffeners to reduce the stress concentrations or to use 

formed stiffener shapes. Used PWT did not affect the fatigue test results significantly, but 

some other PWT method that is suitable for the material could be strongly recommended for 

joints like SXK. In the initial analysis of it was considered that 45° rotated RHS stiffener 

does not differ significantly enough from used simpler design.  More notable improvement 

could be obtained if corner radius of the used profile is increased e.g., by cutting the stiffener 

from ellipsoidal profile or by using thinner profile. 

 

Number of the tested specimens on the Side plate (SXS) joints was low, but it was recognized 

that significant improvement for the fatigue life can be obtained with the examined loading 

condition. The joint is however susceptible for OPB (out of plane bending) or axial loads on 

the tubular members, as demonstrated e.g., by the initialized cracks on the chord member. 

Shape and fabrication of the side plate can be further refined for improved fatigue 
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performance. Root side stresses and crack initiation is considered to be chiefly dependent on 

the shear force of the connection rather than the bending moment, as is it on the other joints, 

but the end crack growth is driven by the bending magnitude. This means better performance 

may be obtained w.r.t other joint configurations when the shear/bending ratio on joint is 

increased. Further improvement for joints such as tested could be obtained by restricting the 

weld run-on and run-out locations and using different kind of welds on chord member. It is 

important to consider that using this type of stiffener may be used to increase the production 

efficiency drastically by decreased quality requirements on the challenging joint corners, 

although this research does not show experimental evidence for this.   

 

Improving the weld penetration and the root side fatigue on the SXI specimens was done by 

modifying the parameters in the welding tests chiefly based assessment of the root geometry. 

In future work the analysis of the root side fatigue could be included by formulating 

structural stresses for weld root as suggested by Fricke (2006, p. 66) or by ENS or LEFM 

(Linear Elastic Fracture Mechanics) approaches. Use of ENS method for root side would be 

sensible when root geometry that can be constantly reached in production is known. 

 

Stress components were derived for the width of the critical fillet welds on SXI and SXK 

joints. Stress distribution of the SXI joint demonstrated the magnitude of local stress 

concentration on joint corner areas. Such distribution could be used to e.g., define the areas 

where PWT is required. With TIG dressing as an example total heat input and the work 

required on the joint can be decreased by treating only the critical areas of the welds.  On 

the SXK joints stresses distributed more evenly along the joint width due to introduced 

stiffness and therefore PWT shall be used along whole joint width.  

  

ENS method was experimented in assessing the fatigue on the slot welded root– obtained 

results were found conservative w.r.t reference curve for shear loaded specimens. However, 

the failure mode and welding process might differentiate from most of the shear test 

specimens considered in definition of the reference curve, see (Sonsino 2009, 2010, 2012). 

In this case the initial crack (weld root) is subjected to mode III crack opening and the plate 

of the initial crack plane is in perpendicular direction to the one of the end crack. By other 

words, failure did not occur through the load bearing weld or in the initial crack plane. 

Contribution from the normal and shear stresses on different polar coordinates of the weld 
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root were not separately considered in fatigue assessment. Therefore, further consideration 

on the assessment method is needed. In addition, actual shape and continuity of weld root 

might play role on the results but related scatter was not captured on the few tested 

specimens.  

 

5.1 Comparison to previous research 

Fatigue test results corresponded to the reference tests quite well with exception on the post 

weld treated joints. SXI joints had contributing factors (smooth weld jointing & increased 

weld penetration) due to which results corresponded closely to PWT joints from Koskimäki 

et. al. (2019, p. 5). SXK joints with used simple symmetric shape slightly increased the 

fatigue performance w.r.t the unstiffened joint. Further relative increase as shown by Kepka 

et. al., (2019, p. 602) is possible with formed stiffener shapes. Compared to corner stiffener 

performance with the side plate stiffener was superior but no similar solution nor results 

were not found for comparison. 

 

Presenting the data points based on the parametric formulation of the structural hot-spot 

stress showed reasonably good correspondence with the fatigue curve given by Zhao et. al. 

(2000, p. 30). FAT251 curve with slope parameter m = 3.74 was obtained by experimentally 

using the equation presented by Zhao et. al. (2000, p. 30) with thickness value t = 2 mm. 

Zhao et. al. (2000, p. 29) did not suggest the curves to be used with wall thicknesses below 

4 mm. Reason for this was the possibility of the weld defects over-ruling the geometrical 

influence, which apparently was recognized for example by Kepka et. al., (2019, p. 602). 

However, other results from the laboratory tests and other reference tests showed that 127 

out of 129 datapoints were on the safe side by using fatigue curve formulation according to 

Zhao et. al. (2000, p. 30), see figure 34. It was recognized that the used formulation do not 

comply with commonly used HS method, as the stresses are not explisitly describing the 

highest structural stress on the joint, but perhaps rather some “easy to measure” -stress value 

that is stays consistent with experimental results, and the actual highest stress value. 

 

ENS method using reference radius of 0.05 mm produced conservative fatigue estimates for 

SXK and SXS joints. Conservativity was previously reported by Koskimäki et. al. (2019, p. 

6 -7) and Sonsino (2012 p. 15) as well. Suitability of the ENS method for analyzing SXS 

type welds was not considered valid without further thought. On the tested SXI joints actual 
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joint geometries were not compatible with assumption of the sharp notch and further analysis 

with real geometry was excluded from this work – furthermore there is lack of knowledge 

regarding suitable correction method for joints with thickness t < 5 mm. 

 

HFMI treatment was not very successful in improving fatigue properties of tested lean-

duplex stainless-steel joints. Fatigue tests described on paper by Björk et. al. (2018) reported 

differentiating behaviour of HFMI on duplex and super duplex steel joints which seems to 

be also the case here. Definition of suitable parameters for HFMI or testing of other PWT 

methods is need e.g., study on applicability of TIG dressing for examined material would be 

interesting. 

 

Curve fitting resulted best-fit slopes of 4.6 & 3.8 for the two compartmented sets of data. 

Koskimäki et. al. (2019, p. 7) reported slopes m = 4 for TIG dressed and AW joints, and 

steeper curve slope of 3.6 with HFMI treatment. Regarding side plate stiffener however it 

would be interesting to continue tests to see if slope m = 3 is adequate in describing the 

fatigue behaviour.  

 

5.2 Reliability and validity 

Some of the reference studies picked from literature did not report all details important for 

fatigue & e.g., failure criterion for all studies were not exactly the same. Welding by hand 

presumably causes variance for the fatigue test results – this and effects of other 

manufacturing parameters shall be considered.  

 

Stress ratio was correction for not R = -1 joints f(R)=1.3 was used on curve fitting for 

specimens tested with R=0.1/0.4 loading from Koskimäki (2018). This was considered as 

conservative estimate based on the results of mentioned study although similar mean stress 

effect was not proved for all tested materials sets or base material examined in this work. 

Effect of the mean stress should be further studied to utilize results for any other than R = -

1 loading.   

 

Deformations of tested joints was relatively large, geometrically nonlinear analysis (large 

displacement theory) was used to check that the nonlinear effect with used loads on idealized 

support system was small. Loading verification on test set-up was done with the first 
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specimens (SX joints) with relatively small loads, and in future it shall be accounted that 

used support system might potentially produce bending resistance with higher 

load/deformation levels which would reduce the bending load around the examined joint. 

Metallurgical examinations during tests were not on extended such that all possible welding 

defects on joints would have been recognized and thus the possible effect of these cannot be 

excluded. 

 

Presented fatigue improvement factors for joint modifications were based on slope parameter 

m = 3, but there is not enough datapoints to show the actual slope e.g., for side plate 

specimens.  

 

5.3 Novelty & generalization of results 

Tested side plate stiffening structure has limited area of application, but test results indicated 

that good improvement for the fatigue performance can be obtained along with general 

stiffening of the joint area and possible improvements in production efficiency. 

 

Utilization of the analytical formulation of HS stress with tubular member is not novel thing 

and it is widely studied for thicker members, but it was not considered in found reference 

papers focusing thin-walled tubular joints. Fatigue curve experimentally defined based on 

work of Zhao et. al. (2000, p. 30) seemed to give safe results for the joints that had no clear 

problems with welding defects. However it would be essential to know which and how strict 

quality criterias are need to be required from production in order to safely use any of the 

fatigue curves mentioned in this reseach. 

 

5.4 Future research 

One of the key questions for future research could be: “What are the needed quality criterions 

for welding production” that ensure no major exceptions from the experimentally shown 

reference fatigue curve is produced. 

 

Re-testing of HFMI as PWT for studied is needed after complete metallurgical analysis. As 

alternative PWT method applicability of TIG dressing (with or without filler material) could 

be studied for the used base material. Residual stress measurements were not successfully 
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conduced for the tested joints, so in the future the level of residual stress measurements could 

be used e.g., to assess the overall benefits of different PWTs’.  

Suitable mean stress correction factor shall be defined trough practical tests in order to   

utilize the results with multiple load ranges. 

 

The analytical equations were used for HS stress definition according to (Zhao et. al. 2000). 

Majority of found datapoints were in good accordance with the fatigue curve experimentally 

obtained using Zhao’s paper. Verified results of parametric formulation could be used to 

e.g., construct optimization program for the trolley bus applications where tube dimensions 

for the frame are optimized based on static and fatigue strength using analytical formulation 

of HS stress and limit values for cross-section class 3. 

 

Suggestions regarding future research on the ENS analysis and how to account smoother toe 

geometry with thin-walled structures (t < 5 mm) was discussed above. 

 

5.5 Key results 

Laboratory tests on different joint configurations showed the fatigue performance and the 

effects of the joint modifications in experimental set-up. With respect to original joint 

configuration, obtained improvement factors for join fatigue class are SXI: 1.69, SXK: 1.24 

and with SXS: up to 2.75 (m = 3). However, more testing is needed for better estimates on 

curve slopes and fatigue behaviour of the joints. Practical use of the structural modifications 

and possible benefits on manufacturability were discussed briefly. 

 

Comparison of fatigue tests was done on basis of HS methods using analytically defined 

structural stress values with intent to improve comparability of the results with different thin-

walled tubular connections. Majority of the collected datapoints were in good 

correspondence with the experimented reference curve. Analytical formulation like this was 

considered effective for comparing joints with different dimensions and its suitability for 

frame optimization was discussed. 

 

ENS method with used reference radius seemed to produce conservative results with respect 

to FAT630 curve. Stress components were defined for examined joint, and possibility to 

utilize them on PWT’s was discussed.  
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Curve fitting yielded m=3.8 slope for stainless-steel joints and corresponding characteristic 

FAT value (R = -1) for structural stress was 353 MPa and characteristic FAT value (R = -1) 

for m = 3 slope was 295 MPa. Fatigue curve shown by Zhao et. al. (2000, p. 30) would 

suggest values FAT251 MPa with slope m = 3.74 for t = 2 mm joints. 
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6 CONCLUSION 

 

 

Fatigue strength and methods for its improvement were tested for thin-walled austenitic-

ferritic stainless steel tubular joints by laboratory tests numerical analysis. Additionally 

comparative test results were collected from literature for reference, as multiple 

characteristics of the studied joints were not considered by the common standards and 

recommendations. Joints were analysed by experimentally applying structural hot spot stress 

method and the ENS method with reference radius of 0.05 mm.  

 

Laboratory test results indicated that improvement for the fatigue life of SHS joints can be 

obtained by improving joint penetration through air gap. Obtained results were affected by 

the smooth toe geometry and it was considered that typical improvement for AW joints may 

not be as high as obtained in the tests. Obtained improvement for the joints’ fatigue class 

was around 1.7. Stiffening solutions tested for improving fatigue life were the use of simple 

RHS cut corner stiffener and by the plate type stiffeners. Corner stiffener improved the 

joints’ fatigue class by a factor of 1.24. Joints with side plates had good results in the fatigue 

tests – calculated improvement for the joint fatigue class was around 2.75 (m = 3) and 

corresponding theoretical improvement in the number of cycles to failure is ~2000 % 

compared to the reference joint. However, number of the tested specimens is not adequate 

to define the fatigue curve slope accurately.  

 

Suggestions for future research and e.g., practical use of the corner stiffeners were discussed 

as the shape of test specimens was not optimized. Tested side plate-type solution may be 

well suited in cases where there is no or is only little OPB on the joint. Additionally, 

adequacy of the side plated joints and possible benefits for the production efficiency were 

discussed. Knowledge from the tests can be used to further refine the shape of the platen.  

 

PWT of the joints with HFMI treatment did not successfully increase the fatigue properties 

of the tested austenitic-ferritic joints. Typically, improvement of 1.2 – 1.3 is obtained for the 

fatigue class by applying HFMI on welded structural steel joints. Some of the tested 

specimens experienced decrease in fatigue life and other specimens benefitted only little 
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from the treatment. Future research would be needed to define suitable PWT method or 

parameters for the studied material. 

 

Analytical formulation for the structural stress method was used to obtain stress levels for 

the joints from the reference studies. This method was considered effective and most of the 

obtained datapoints were on safe side w.r.t experimental fatigue curve for tubular joints. 

MSSPD approach was used to formulate structural stress-based fatigue curves for as-welded 

unstiffened joints under R= -1 loading. Curve fitting suggested best fit slope factor m = 3.79 

and calculated characteristic FAT class for m = 3 slope was 295 MPa (R = -1). Future 

research is needed to define the quality criterion for welding production so that shown 

fatigue curves could be confidently used. 

 

ENS analysis with the reference radius of 0.05 mm yielded conservative results w.r.t the 

reference fatigue curves FAT630 & FAT450. It was considered that the defined stress 

distributions could be used for defining PWT instructions for RHS joints. Future research 

needs regarding the analysis methods were discussed. 

 

Based on the results even better fatigue resistance may be obtained with thin-walled tubular 

joints than with thicker members. If manufacturing quality is kept good, thin-walled high 

strength lean duplex stainless steel made joints seems to be well suited for dynamically 

loaded weight critical applications. 
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APPENDIX I, 1 

Welding sequence & positions.  

 

 

 

  



   

 

APPENDIX II, 1 

Parametric formulation for structural SCF’s (Zhao et. al. 2000, p. 104 – 105.) 

 

 

 

  



   

 

APPENDIX II, 2 

Parametric formulation for structural SCF’s (Zhao et. al. 2000, p. 104 – 105.) 

 

 

  



   

 

APPENDIX III,1 

Idealized geometries used in analysis. 

 

SXI idealized geometry without toe rounding: 

 

 

SXK idealized geometry without toe rounding: 

 



   

 

APPENDIX IV, 1. 

Mean stress effect & MSSPD procedure 

 

 

Effect of mean stress on ferritic stainless-steel joints: Results with R=0.1/0.4 loading, R -1 

loading and effect of experimental stress correction factor f(R)=1.3. (Koskimäki 2018)  
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APPENDIX IV, 2. 

Mean stress effect & MSSPD procedure. 

 

MSSPD procedure is shown below. (Nykänen & Björk 2015) 

Slope parameter is calculated by: 

𝑚 =
∑ 𝑣𝑖

2 − ∑ 𝑢𝑖
2 ± √(∑ 𝑣𝑖

2 − ∑ 𝑢𝑖
2)𝑛

𝐼=1
2

+ 4(∑ 𝑢𝑖𝑣𝑖)𝑛
𝐼=1

2𝑛
𝐼=1

𝑛
𝑖=1

𝑛
𝑖=1

2(∑ 𝑢𝑖𝑣𝑖)𝑛
𝐼=1

 

Where, 

𝑢𝑖 = log ∆𝜎𝑖 −
∑ 𝑙𝑜𝑔∆𝜎𝑗

𝑛
𝑗=1

𝑛
   &     𝑣𝑖 = log 𝑁𝑓,𝑖 −

∑ log 𝑁𝑓,𝑗
𝑛
𝑗=1

𝑛
 

Mean Fatigue strength corresponding to 50 % survival probability: 

log 𝐶𝑚𝑒𝑎𝑛 =
∑ log 𝑁𝑓,𝑖 − 𝑚 log ∆𝜎𝑖

𝑛
 

Characteristic Fatigue strength corresponding to 97.7 % survival probability: 

log 𝐶𝑐ℎ𝑎𝑟 = log 𝐶𝑚𝑒𝑎𝑛 − 𝑘1 ∙ 𝑆𝑡𝑑𝑣 

k-factor used in this work;  

𝑘1 = 1.645 ∙ (1 + 1
√𝑛

⁄ ) 

Where, n is the number of datapoints. 

 

Finally, corresponding fatigue class is defined by: 

𝐹𝐴𝑇 = √
log 𝐶

2 ∙ 106

𝑚

 

 

 

  



   

 

Appendix V, 1 

Specimens after testing & curve fitting 

 
  

SX-2 SXI-3 

SXK-2 SXKH-2 
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Appendix V, 2 

Specimens after testing & curve fitting 

Table V.1. Curve fitting for fatigue test results 

 

 

Curve slope & fatigue 

strength 

  mfree m=3 m = 5 

logCmean 11.5 12.2 16.8 

logCchar 11.4 12.1 16.1 

FATmean 88.5 95.9 126.7 

FATChar 81.0 85.9 92.8 

mfree = 2.69   

 

 

Curve slope & fatigue 

strength 

  mfree m=3 m = 5 

logCmean 28.0 12.9 17.9 

logCchar 27.9 11.9 17.2 

FATmean 254.5 161.9 212.3 

FATChar 246.4 72.6 153.8 

 

Best fit curve is not necessarily well describing 

dataset due to “low-cycle” fatigue on one of the 

test points! 

 

 

Curve slope & fatigue 

strength 

  mfree m=3 m = 5 

logCmean 14.6 12.5 17.2 

logCchar 14.2 12.1 16.6 

FATmean 136.5 118.7 151.9 

FATChar 111.6 84.7 114.2 

mfree = 3.88  
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Appendix V, 3 

Specimens after testing & curve fitting 

 

Table V.1. continues… Curve fitting for fatigue test results. 

 

 
 

 Curve slope & fatigue strength 

  mfree m=3 m = 5 

logCmean 14.8 13.6 18.7 

logCchar 14.8 13.5 18.6 

FATmean 278.0 263.8 308.5 

FATChar 278.0 252.3 282.5 

mfree = 3.47  

    

Note, that curve slope is not 

necessarily well describing the 

behaviour due to proximity & low 

number of datapoints! 
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Appendix VI, 1 

SEM results on HFMI treated weld toe 

 

Figure A7.1 SEM examination around weld toe with HFMI treatment. 
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Appendix VII, 2 

SEM results on HFMI treated weld toe 

 

Figure A7.2 SEM results post fatigue testing on HFMI treated weld toe. 
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