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In modern manufacturing and fabrication of structures, welding is an essential 

manufacturing technique for joining structural steels. Welded structures are everywhere in 

our global surroundings. In any welded steel structures, especially that is subjected to cyclic 

or fluctuating loads, the fatigue failure is primary concern. Several factors that significantly 

influence the structures fatigue failures and their effects can be measured experimentally or 

estimated analytically and numerically in anticipating and planning for possibilities for 

structure failure to ensure the performance of welded structures. This is where the 

importance of this study induces and instigated with objective of to learn more about 

significant factors that significantly influence or contribute to fatigue failure by investigating 

the fatigue strength of the welded joints fabricated in different welding configuration. 

The nominal stress and structural hot spot stress approaches for fatigue strength assessment 

were utilized for fatigue strength assessment and for fatigue lives prediction for this 

respective experimentation. Results shows the welding configuration have impact on fatigue 

life of the welded structure. From experimental test measurement and computational work 

results revealed that pre-bent specimens accumulated an average of 59.43% higher number 

of fatigue cycles to failure compared to number of fatigue cycles to failure accumulated by 

free specimens. Thus, it can be concluded that however use of some welding configurations 

(pre-bent technique) may increase some expenses in welding procedure but can be utilized 

as suitable solutions to enhance the fatigue strength of the welded structures. 
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SYMBOLS AND ABBREVIATIONS  

 

A, Aw  Cross sectional area [mm2] 

E  Modulus of elasticity (Young’s Modulus) [MPa] 

F  Force (Load) [N] 

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

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

m  Slope of the S-N curve [-] 

Nfc  Fatigue life, number of cycles [cycles]  

R  Applied stress ratio [-] 

Rm Ultimate strength of the material 

r  Weld toe radius [mm] 

Rlocal  Local stress ratio [-] 

fu, Ultimate tensile strength [MPa] 

fy  Yield strength [MPa] 

t  Thickness [mm] 

Ks Stress concentration factor [-] 

σ Stress [MPa] 

Δσ  Stress range [MPa] 

γf  Partial safety factor for fatigue 

𝜀  Strain [-] 

v  Poisson’s ratio [-] 

∆V  Change in Volume [mm3] 

∆T Change in temperature [K] 

∝v  Volume coefficient of thermal expansion 

qw Heat input per unit length of weld [J/mm] 

μl  Longitudinal stiffness factor for a relevant material [-] 

C  Specific heat capacity [J/g K] 

ρ  Respective material density [g/mm3] 

∝  Thermal expansion coefficient [1/K] 

𝑣𝑠  Welding speed [mm/s] 

q  Heat input per unit of time [J/s] 



 

 

Subscripts 

max Maximum value 

mean  Mean value 

min  Minimum value 

nom  Nominal value 

ref  Reference 

res  Residual stress 

hs Structural, hot spot 

 

Abbreviations 

4R Fatigue assessment method (4Rs - R, Rm, σres, r) 

AWS American Welding Society 

CA Constant amplitude loading 

CBC Cross-Border Cooperation 

CCT Continuous cooling transformation  

EFREA  Energy-efficient systems based on renewable energy for Arctic conditions 

ENS  Effective notch stress 

FAT  Fatigue class 

FCAW Flux-cored arc welding 

FEA  Finite element analysis 

GMAW  Gas metal arc welding 

HAZ  Heat-affected zone 

IIW  International Institute of Welding 

ISO International Organization for Standardization 

LUT Lappeenranta–Lahti University of Technology 

SG  Strain gauge 

SMAW Shielded metal-arc welding 

S-N  Stress-Fatigue life (Wöhler curve) 

VA  Variable amplitude loading 

 



6 

 

 
 
 

 

Table of contents 

 

Abstract 

Acknowledgements 

Symbols and abbreviations 

 
1 Introduction .................................................................................................................... 8 

1.1 Scope ....................................................................................................................... 9 

1.2 Research Problem .................................................................................................. 10 

1.3 Objective of the Research ..................................................................................... 11 

1.4 Research Questions ............................................................................................... 12 

1.5 The Research Questions’ Significances ................................................................ 13 

1.6 Research Methods ................................................................................................. 14 

1.7 Framework of the Thesis ....................................................................................... 16 

1.8 Research Delimitations ......................................................................................... 17 

2 Literature Review (Welded Structures) ........................................................................ 19 

2.1 Weldability of Structural Steels ............................................................................ 20 

2.2 Welding Imperfections .......................................................................................... 22 

2.2.1 Weld Imperfections and Welding Configuration Correlation ....................... 23 

2.2.2 Imperfections and Crack Phenomenon .......................................................... 24 

2.2.3 Effects of Weld Imperfections to Welded Structure ...................................... 24 

2.3 Welding Distortions and Residual Stresses ........................................................... 25 

2.3.1 Welding Distortions ....................................................................................... 26 

2.3.2 Residual Stresses ............................................................................................ 33 

2.4 Stresses in Welded Structures ............................................................................... 38 

2.5 Load Effects and their Estimation in Welded Structures ...................................... 41 

3 Fatigue of Welded Structures ....................................................................................... 47 

3.1 Fatigue Strength of Welded Joints ........................................................................ 47 

3.2 Fatigue Failure and their Prevention/Repair ......................................................... 50 



7 

 

 
 
 

 

3.3 Standard, Guidelines, and Recommendations ....................................................... 54 

3.4 Fatigue Strength Assessment Methods for Weldments ........................................ 58 

3.4.1 Nominal Stress Approach .............................................................................. 61 

3.4.2 Structural Hot Spot Stress Approach ............................................................. 64 

3.4.3 Effective Notch Stress (ENS) Approach ....................................................... 68 

3.4.4 4R Method Approach ..................................................................................... 73 

4 Experiments and Numerical Analyses .......................................................................... 77 

4.1 Experimental Tests, Measurements ...................................................................... 77 

4.1.1 The test specimens design - dimensions and other specifications ................. 77 

4.1.2 Specimens’ material specifications ................................................................ 79 

4.1.3 Experimentation set-up for the fatigue strength testing ................................. 80 

4.1.4 Employed measurement technique ................................................................ 82 

4.1.5 Executed procedure for effective measurements ........................................... 86 

5 Results .......................................................................................................................... 89 

5.1 Applied Laboratory Work – Experiments Results ................................................ 90 

5.1.1 Fatigue loading parameters and their effects ................................................. 90 

5.1.2 Strain gauges measurement results ................................................................ 91 

5.1.3 Residual stress measurements results ............................................................ 92 

5.2 Applied Computational Work Results .................................................................. 97 

5.2.1 Nominal stress approach ................................................................................ 98 

5.2.2 Structural hot-spot stress approach .............................................................. 101 

6 Discussion................................................................................................................... 107 

6.1 Experimental Test Laboratory Results Implication ............................................ 107 

6.2 Computational Work Result Implication ............................................................ 110 

6.3 Results Discussion in Summary .......................................................................... 112 

7 Conclusions ................................................................................................................ 114 

7.1 Brief Clarifications and Drawn Conclusions ...................................................... 115 

7.2 Suggestion for Further Studies ............................................................................ 117 

8 Summary..................................................................................................................... 118 

References .......................................................................................................................... 120 

  



8 

 

 
 
 

 

1  Introduction 

Reliability of welded joint is vital aspect of the functionality and lifetime of any structures. 

Fandem (2017) stated that the critical weld defects lead to crack initiation and as 

consequences fracture failure might occur and cause structure failure. Hence, it can be 

viewed as the reliability, sustainability and quality of the steel welded metal structures must 

be given highly considerations in research activities. The societies need reliable and safe 

structures with strength and stiffness required for structure to withstand the stress or 

fluctuating loads for a given number of fatigues cycles without failure. 

The welding processes has a long history from the first type of welding process discovered 

that used join the metallic metals by means of forging to nowadays where we have high tech 

welding process with different option on welding of dissimilar materials. However, what is 

welding? Welding can be defined as the process used to form uniform connection between 

metal with help of pressure or application of heat to produce a partial melting on metal to be 

joined as well as applying a combination of heat and pressure. (Mandeep & Somvir, 2015). 

For more clarification, the study quoted the welding definition from the American Welding 

Society (AWS) that define welding as  

“a metal joining process which produces coalescence of materials by heating 

them to suitable temperatures with or without the application of pressure or by 

the application of pressure alone and with or without the use of filler materials”  

The welding process is needed to produce welds with better quality and without weld 

imperfections or defects, less distortion, less residual stress, and other factors that hinder the 

life span, and stability or the functionality of the welded structures. Welding process, 

welding configuration, and the heat input on weldment usually have huge effect to weld 

strength and structure lifetime. Nevertheless, the other factors such as design error, material 

condition, environment, and their effects on structure life span, it can be viewed as weld 

imperfections, distortion, and welding residual stresses has major influence on crack 

initiation and propagation that may cause structure failure or fatigue failure. This is where 

the importance of this study induces and instigate to examine and evaluate the fatigue 

strength of the welded joints fabricated in different welding configuration. 
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1.1  Scope 

This study focusses on identifying factors contributing to presence of fatigue failure in metal 

welded joints by analysing the fatigue strength of the specified steel structure material with 

a fillet-welded T-joint. The test specimens of structural steel S420, moderate strength steel 

was welded in different welding configuration/layout to determine the mechanism of fatigue 

failure of fillet welded T-joints. In this study, only applied stress ratios of values of R > 0 

are considered for the fatigue strength test for specimens made of S420 steel plate. The study 

investigates the fillet-welded T-joints produced by robotized Gas Metal Arc Welding 

(GMAW) process to determine the effect of welding configuration to welding stresses and 

its effect to fatigue strength of the structures. GMAW process has been applied for welding 

activities since it became commercially available in the late 1940s. The process is considered 

as the process with high deposition rates because of its fast-welding speeds compared to 

other conventional welding process such as shielded metal-arc welding (SMAW) or flux-

cored arc welding (FCAW). The high speed decreases the heat input to weldment. The higher 

heat input results in reduction in fatigue strength of the weldment. (Phillips, 2016.) 

This study is funded, and it is part of energy-efficient systems based on renewable energy 

for Arctic conditions (EFREA) project. EFREA project aims to improve or to increased level 

of knowledge, innovative potential to ensure quality, cost-efficient ways of welding 

operations and productivity with more ecologically friendly renewable energy production 

and more reliable infrastructure in the Arctic conditions. EFREA is project which targeted 

to improve level of knowledge to solve the extreme challenges in developing structure for 

the region to remain competitive in the field of Arctic engineering. The EFREA project is 

funded by the European Union and the Republic of Finland. (EFREA - LUT, 2022) 

The author wishes to thank EFREA for funding during this project work (thesis work) as 

well as LUT Mechanical Engineering Laboratory of Welding Technology for offering 

chance to author to be part of this commendable project. 
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1.2  Research Problem 

The reliability of the welded metal structures is especially important aspect of structures 

functionality and lifetime. (Kobe, 2015) has stated that the reliability of steel structures and 

fabrication machinery depends on the quality of welds (welded joints) and the quality of 

material to be welded besides proper configuration, application of welding process and 

parameters. 

Welding is among of the process that involved is fabrication of machines, structures making, 

in construction and so many activities in our society. Welded structures are everywhere in 

our global surroundings. Despite the age of welding activities, requirement for welding 

activities and importance of having reliable joints of structures globally, but still, there 

factors need be adjusted to improve structures life expectancy and achieve the acceptable 

reliability level of the structures. Therefore, put welding activities as one of our priorities in 

daily scientific activities is creditable endeavour for the reliability of the welded steel 

structures and fabrication of machinery ensures structures with justifiable level of reliability 

and degree of expectation that the welded structure will full fill expectation they will operate 

effectively technically, and economically during their intended design life 

In any welded steel structures, especially that is subjected to cyclic or fluctuating loads, the 

fatigue failure is primary concern. The fatigue phenomena are widely studied and as material 

properties and technology change, the more studies are needed for more insight about fatigue 

behavior and its more precise fatigue evaluations method for more improved life span 

estimations to fatigue failures. For the structures to perform well for its design life, the 

structure must be provided with adequate fatigue strength to withstand the observed cyclic 

or fluctuating stresses without failure within technically and economically designed life 

span. Callister & Rethwisch, (2007, 227) mentioned that the incidences of fatigue failures 

are estimated to constitute on account of e approximately 90% of all most structure failures. 

Therefore, it is especially important to examine the strength of the welded joints and be able 

to provide appropriate solutions to improve the fatigue strength of the welded structures as 

well as to enhance the economic value of the welded structures. This study considers that 

understanding and determine the effect of welding configuration and its effect to fatigue 
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strength of the welded structures aiming more detailed fatigue evaluations technique for 

more improved life span estimations to fatigue failures will serve as mode to improve 

structure’s reliability level and avoid loses associate to fatigue damage or failure. 

1.3  Objective of the Research 

The fatigue phenomena are widely studied and as material properties and technology change, 

the more studies are needed for more insight about fatigue behavior, and for more precise 

fatigue evaluations technique for more improved life span estimations to fatigue failures. 

There are several factors that are significantly influence the welded structures fatigue 

failures. The influencing factors that significantly affect or impact the fatigue behaviour of 

the welded joints varies from the effects of welding processes on microstructure that is 

especially influenced by the chemical composition metal, mechanical properties as well as 

the induced stress concentrations on weldment of plate surface due to shapes of weld profiles 

or base metal size reduction. The suitable technique for evaluations of fatigue strength of 

welded metal will contribute to fabrications of reliable structures.  

The several factors that significantly influence the structures fatigue failures and their effects 

can be measured experimentally or estimated analytically and numerically in anticipating 

and planning for possibilities for structure failure to ensure the performance of welded 

structures. However, we must determine how these factors contribute to fatigue failures 

before we can begin to analyze them systematically. Even though the first systematic 

investigations of metal fatigue failure were carried out by Wöhler from about 1850 (Abelkis 

& Hudson, 1982, 12) but still there is the need for more sustainable studies due to the 

periodically changes in technology and materials properties, notably material strength. 

This is where the importance of this study induces and instigated with objective of to learn 

more about significant factors that significantly influence or contribute to fatigue failure by 

investigating the fatigue strength and the effect of welding to welded metal joints fabricated 

in different welding configuration/condition/preparation. It studies the roles of restraints and 

distinct roles of residual stresses induced to weldment and their effect to structure life span. 

It also aims to uncover what the factors can be adjusted to achieve the acceptable reliability 
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level of the structures and provides different suitable solutions to boost the fatigue strength 

of the welded joints/structures. The study considers that the improvement of revealed factors 

through laboratory experiments and precisely estimated analytically and numerically will 

contribute to the engineering society in anticipating and planning for more precisely 

possibilities for structure failure to ensure the performance and reliability of the welded 

structures. 

1.4  Research Questions 

The research questions involve seeking data from loading effect experiment of welded S420 

structural steel and previous research data to be able to accomplish the objective of the study. 

The aim is to get the insight about how different welding settings has impact or affect the 

fatigue strength and fatigue life of the welded metal structures. 

Therefore, for the study to be able to achieve its objective, the following questions are 

targeted with determination that at the end of the study, the proper and scientific answers 

must be provided for benefit of scientific community and to the society in general.  

1. Why and how the weld distortions and residual stresses hinder or affect the fatigue 

strength and lifetime of welded metal structures? 

2. How does suitable welding design, configuration/layout have impact to weldment 

distortions, residual stresses, and fatigue life of the structures? 

3. How the welding effects, stress concentrations and loading conditions act as cause 

of fatigue failure? 

4. What preventive measures should be applied to prevent structures from premature 

failures as well as to improve reliability level of the structure?  

5. What are the crucial factors for fatigue failures? and how should be adjusted or 

redesigned to influence or assure welded joints that represents suitable reliability 

level and improved fatigue life of welded structures? 
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1.5  The Research Questions’ Significances  

Here below are the brief explanation on for each question are noteworthy for achieving the 

objective of the study. 

1.  The first question is designed to give insight about distortions and residual stresses 

to welded structures. To answer this question, the study will have a brief look at or 

review of literatures and previous experiments finding as well as utilising the results 

from the study experiment tests under study. 

 

2. This second question is created to disclose the influence of welding layout condition 

such as pre-bending or use of restraints and other welding boundary conditions by 

examining the general relationship between welding effects and welding design or 

layout and their effect to fatigue life of the structures. The study will provide 

information on how suitable results will change the whole fatigue phenomenon for 

welded structures. The question will also insights on how welding performs can be 

adjusted for the betterment of fatigue life of weldment. With this question, the study 

aims to provide modernity or newness proposal for improved way for welding 

configuration and performing activities. 

 

3. The third question purpose is to deepen the understanding the various roles of stresses 

subjected to weldment and their consequence to fatigue life of the structure. The 

study aimed that this question must provide answers to how welding stress, residual 

stress with help of magnitude and frequency of the subjected loads prompting 

fluctuating stresses to welded structures causes crack initiation, propagation and then 

structure failure or fracture.  

 

4. The purpose of this question is to determine the main parameters influencing the 

crack initiation and growth and find out preventive measures should be applied to 

prevent structures from premature failures. From thoroughly laboratory experiment 

measurement and tests for fatigue strength of welded metal structures to determine 

the fatigue life of the specimen under fatigues loading, the question answer is 
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targeted to provide different solutions to prevent structures from premature failures 

as well as to improve reliability level of the structure. 

 

5. The purpose of the fifth is to figure out the influencing factors that significantly affect 

or impact the fatigue behaviour of the welded joints and find mitigation on how they 

can be adjusted or redesigned to assure welded joints that represents justifiable 

reliability level. Also, the question vigorously investigates the relationship between 

welded joints and correctly estimating the loads effect represents the and improved 

fatigue life of welded structures with aim to guarantee degree of expectation that the 

welded structure will full fill expectation that structure will function or perform 

acceptably all over its intended design life. 

1.6  Research Methods 

This study is an experimental examination but always experiments and theory should be 

supposed of as effecting or supporting each other for trustworthy scientifically boost of the 

study. Therefore, the experimental tests and literature reviews are used to as tool to acquire 

the needed information for validity and reliability of the study in scientific context. The study 

considers that the theory and experiment complement is vital aspect for trustworthy 

scientifically boost of the study and it adopted the statement from Doebelin, who has 

mentioned that  

“theory and experiments should be thought of as completing each other, and 

the engineer who takes this attitude will, in general, be a more effective 

problem solver than one who neglects one or the other of these two 

approaches.” Adopted from LUT - Mechanical Engineering Department, 

Laboratory of Steel Structures (Lut.fi, website.).  

Noticeably, a proper combination or complementary of these approaches have seen as most 

effective mode to enhance the purpose of the study as well as contribute to this study to boost 

its reliability/trustworthiness. 

The study deliberated that quality of the material reviewed always has impact to study 

purpose. High quality materials and trustworthy scientifically boost reliability of the study, 

the purpose reveals the significance of the study and that is the study emphasis is. Searching 
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literatures that reveal the importance of quality and reliability of welded products to our 

society as well as evidence of role of quality and reliable welded joints and its effects in 

fatigue strength of welded metal structures justifies the essential for this study. The study 

reviews what others have discovered on how strong insight about fatigue behavior and 

precise fatigue evaluations techniques for precise estimations to fatigue failure serve as tool 

to enhance reputation of welded metal structures technically and economically. 

There are several types of research methods that can be utilized in performing research. The 

most used research methods are quantitative research method and qualitative research 

method and are chosen with respect to nature of the study. To choose what type of research 

method approach to study can be used to a specific study, it depends on the study objective 

and data analysis approach. In most case, it is researchers’ responsibility to decide or to 

choose the best method for the study. However, the type or nature of the study may leave 

the researcher with no room for various option to choose. 

This study is an experimental examination, and the appropriate method is quantitative 

approach. However, the mixed method is used to enhance the level of knowledge the 

phenomenon under study and to have a wide range or scope to data collection, data analysis 

and data interpret. It also helps to capture different perspectives of an investigate lifetime of 

welded structures, but the study opted to not to combine both quantitative and qualitative 

methods due to nature of the examination and analysis. 

The study utilizes the quantitative research method approach for data collection and for 

analysing the numerical data that observed from experimental testing. Hoy, (2010, 3) has 

quoted Proctor & Capald, (2006) and provided the definition for quantitative research 

method or approach as a scientific examination of matter that comprises experiments, 

computational work, statical analysis, and other analytical or systematic method that 

emphasis control and qualified measures of performance. Therefore, with collecting 

numerical data for study under investigation, the quantitative research method is the perfect 

method to be applied to for questions to be answered statistically and analytically. To achieve 

suitable data collection, several tools utilized such as: 

• Laboratory testing with numerical analysis of measured data  

• Strain gauges for defining only the structural stress concentrations 
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• X-ray diffractometer for residual stresses measurements i.e., to quantify the 

residual stress on the surface on the structure under study. 

• Mathematical and statistical analysis based on experimental measurement and 

test data 

• Virtual modelling such as use of FEA, and other applicable weld testing 

parameters should be used to test the validity of the findings 

The prepared specimens of the moderate strength steel S420 should be systematically 

investigated and analytically analysed for the study to be able provide correct estimation of 

loads effect on fatigue strength of the welded joints at end of the study. Data must be 

analysed systematically and be presented to the report clearly with help of some charts, 

diagrams graphs, tables, and some figure to make the report to be more descriptive and more 

understandable to scientific community and to the society as well. 

1.7  Framework of the Thesis 

The study designed with some set of essential supporting activities that indicates what to be 

conducted at a certain level of the study to fulfil the scientific way of report writing and to 

achieve the purpose of the study as well. Here below (Figure 1) is the structure of the study 

that present the research framework – the outline of the thesis. 
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Figure 1. Represent a research framework – outline 

 

1.8  Research Delimitations 

This study only focusses on fatigue strength assessment of welded structural steel grade S420 

which is moderate strength weldable steel with low alloys. The study investigated the fillet-

welded T-joints solely produced on robotized Gas Metal Arc Welding (GMAW) process and 

its applications to determine the effect of welding configurations to welding stresses and its 

effect to fatigue strength of the structures. The properly prepared experimental specimens of 

(820x120x8) mm with (200x60x8) mm for base plate at area which correspond the center 

part of the actual T-joint test specimen and (60x50x8) mm for attachment plates, (Figure 27) 
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were used to assess the fatigue strength of welded steel structures that were subjected under 

fatigue loading for a given number of cycles. In this work, the constant amplitude (CA) 

fatigue loading/strength is used and investigated in experiments and analyses (i.e., variable 

amplitude (VA) loading, and VA fatigue strength are not included in this study). Also, the 

test specimens of S420 subjected to only applied stress ratios of R > 0 were considered.  

The fatigues strength assessment has various methods to be used for as the means for 

assessment to predict the fatigue life of the structure. In this study, the nominal stress method 

and structural stress approach for fatigue strength assessment are opted for fatigue lives 

prediction for joints under study. These methods are opted as better option with 

consideration of their suitability to meet the objective of the study and with respect to other 

resources limitations. 

Despite the mentioned limitations, the study is confident that the validly, and reliability of 

this study were set categorically highly with respect to utilized approaches and other 

systematically and professionally use of resources involved. The reliability and validity 

confidence are set highly because, firstly, with consideration to number of specimens 

involved in experimentation and number of experimental tests conducted to obtain proper 

and enough data to be analysed scientifically to attain the objective of the study. Secondly, 

due to the expertise and insight of individuals participated in experimentation process 

wherein the study is convinced that they provided reliable data and results because they 

tenure great deal of understanding about fatigue strength laboratory testing. The study 

convinced that the acquired results are better results of phenomenon on study and can be 

regarded as reliable findings. 
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2  Literature Review (Welded Structures) 

The previous research findings recognition for research background is vital aspect for the 

study for its validity and reliability. For that reason, this section is targeted to provide some 

information from various literatures on fatigue strength of welded joints and structures as 

done by other researchers. It is a brief review of what some literature says especially about 

welding effect and the influence of induced residual stresses on fatigue strength on welded 

structures as result of diverse factors that influence residual stresses on weld structures. 

There are ample numbers of relevant existing materials available online or in hardcopy such 

as scientific articles, relevant books, related conference papers, scientific journals, logical 

newspapers, magazine, and brochures. Also, relevant materials are available in some 

research database, related companies’ database or websites, related institutions databases 

and other internet sources that may use for completion of research background studies. It is 

responsibility of the researcher chose the suitable related material to be involved in this part 

by considering its reliability and scientific content. Improper selection of the materials to be 

reviewed in this section might cause the purpose of the study to get lost or contribute to study 

to lose its trustworthy. The quality of the materials reviewed always have impact to study 

purpose. High quality materials and trustworthy scientifically boost reliability of the study, 

the purpose reveals the significance of the study. (Gummesson, 1993.) 

To acquire enough study background, numerous sources of relevant and scientific existing 

materials available from different source have reviewed. The reviewed literatures are about 

weldability of structural steels, welding distortions and residual stresses, welding 

imperfections, load effects and their estimation in welded structures, stresses on welded 

structures, fatigue strength of welded joints, fatigue failure and their prevention/repair, 

fatigue strength assessment methods for weldments, standard, guidelines, and 

recommendations. The objective of this section is for researcher to be able to utilize the 

relevant scientific materials to support the study. 
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2.1  Weldability of Structural Steels 

In modern manufacturing and fabrication of structures, welding is an essential 

manufacturing technique for joining structural steels. Common engineering materials, 

especially metals that are globally available for structural work are weldable. However, some 

materials have special properties from their nature or due to combination of properties (alloy) 

that in some conditions make them un-weldable or more difficult to weld and need special 

treatments or extraordinary precautions during welding process or perform. “The more they 

are alloyed, the farther the nose of the continuous cooling transformation (CCT) diagram is 

moved to the right” the more the weldability become more difficult especially when their 

mechanical properties be considered as basic need to meet the mechanical requirement of 

the joint design. (Jenney & O'Brien, 2001 - AWS, 140-141).  

It also mentioned that during the heat treatment of steel, the weldability of the steel is 

inversely proportional to hardenability due to martensite. There is a tradeoff between 

material strength and weldability in which the more carbon content, the more hardenability 

the poor weldability of steel. Weldability for low-carbon steels is excellent, for medium-

carbon steels is good to fair, and poor for high-carbon steels. However, most of the common 

structural steels possess the ability to be welded without losing material strength. Along with 

strength, the deformation capacity of the material (and/or joint) is also an important factor 

to be ensured. (Ghoniya, 2016.) 

What is the weldability of materials? According to The American Welding Society (AWS, 

140), the term weldability has defined as  

“the capacity of a material to be welded under the imposed fabrication 

conditions into a specific suitably designed structure and to perform 

satisfactorily in the intended service” 

It is the simple with which the metal joint will properly be joined with the fabrication 

conditions executed reasonably in the desired weld surface, quality and without producing 

any defect with less effort as well as les cost required for fabricating the weld joint in normal 

conditions. (Ghoniya, 2016; Fetahi, 2012). 
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From the standpoint of weld cracking, the degree of weldability is determined by the extent 

of the resistance to cracking formation, resistance to the propagation of crack and 

susceptibility to formation of cracks of several types such as hot cacking, cold cracking, 

temper cracking, lamellar cracking, and other various forms of cracking phenomena. 

(Grigorenko & Kostin, 2013). It implies that, from crack perspective, the weldability of the 

material can be termed as the as the ability of material to resist various forms of cracking 

phenomena that are associated with the metallurgical changes once material get subjected to 

cold work and heat treatment during fabrication of the component for optimum life in 

fabricated equipment. (Lippold & Kotecki, 2005, 309). 

Further explanation about weldability emanates from The International Organization for 

Standardization (ISO) stated that a component containing of metallic material is weldable 

by a relative specified process which satisfies the requirements of the application in which 

metallic continuity can be attained by welding using an appropriate welding technique and 

procedure governed by three factors, namely material, design, and production. The ISO 

under term ISO/TR 581:2005 which is review of ISO standard 581-1980, defines weldability 

with statement says that  

"Metallic material is considered to be susceptible to welding to an established 

extent with given processes and for given purposes when welding provides 

metal integrity by a corresponding technological process for welded parts to 

meet technical requirements as to their own qualities as well as to their 

influence on a structure they form." (Iso.org., 2021) 

Influencing factors on weldability 

The knowledge of the heat source, and its effect on the metal or weldment and other heat 

associated factors such as melting point of the material, material thermal conductivity, 

thermal expansion coefficient of respective material are vital aspects to be known as factor 

influences on weldability of material. Other factors should well deepen to understand them 

are surface condition of the material, some integral characteristic in base metal as well as to 

understand the welding process in general. This is because of the effects of welding 

processes on microstructure that is especially influenced by the chemical composition metal, 

mechanical properties, and the heat input. Also, the high consideration of nature, the 

chemical composition, and the mechanical properties of the metal or material to be welded 
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is an important aspect to be well understood by designer before selection materials and 

welding process and welding techniques. The weldability of the metal depends on several 

variables as it has been summarized in Figure 2 below. 

 

 

Figure 2. Influencing factors on weldability according to DIN 8528 Part 1, as reprinted from 

(Omajene et al. 2013). 

 

2.2  Welding Imperfections 

Most metal structures involve welding joints. This makes us consider that welding activities 

are inevitable to most constructions. For society to have safe and reliable structures, the 

welding processes in fabrication or various parts should be taken with care that guarantee 

safety and perfect serviceability of the part. Kobe, (2015) has urged that for the integral 
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quality control and for the better quality of the welds, all personnel are involved in 

fabrication of welded metal structures welding should have enough knowledge of weld 

imperfections and preventives measures should be followed. 

2.2.1  Weld Imperfections and Welding Configuration Correlation 

What is weld imperfection? Weld imperfection can be defined as the irregularities or 

deviation from the ideal weld or abnormality that formed in the given weld metal due to 

wrong welding configuration. The improper welding configuration can be influenced by 

human errors or welding process parameters such as wrong selection of filler material, 

welding current welding voltage and travel speed either too low or too fast, improper welding 

position and use of an arc that is too long and so on. (Kobe, 2015). 

Nowacki & Rybicki (2005) have categorized the weld imperfections in three groups as weld 

imperfections caused by design error, welding execution and other technological sceneries, 

and the weld imperfection metallurgical and structural change from welding process. 

Understanding the effect of weld imperfections on fatigue life and fatigue strength of the 

welded metal and identifying situations or limits that initiates structure failure or feasibility 

for a structure is crucial aspect to engineers for the prediction of the acceptable service life 

of structures especially those expected be under cyclic stress. (Jonsson et al. 2016) 

For each type of arc welding procedure, there are different requirements for welding 

parameters configuration and torch positioning setting. The process selection and welding 

parameters configuration are important tasks in welding processes no matter it is manual 

operated, semi or fully operated welding process. The preprocessing and selecting some 

welding parameters like type of welding to be used or gas type, is still under human welder 

responsibility. However, for ensuring the quality and eliminating the variation, welding 

procedure specifications (WPSs) are used and properly followed as per recommendation 

from SFS-EN ISO 15609-1:2019. 
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2.2.2  Imperfections and Crack Phenomenon 

It is especially important for welders and welding supervisors to understand the importance 

of producing risk-free joints. Weld joints represents a safety risk to the serviceability of the 

part or constructions and their quality must be verified (Mára et al. 2017). Crosley & Ripling 

(1990) have classified weld imperfections in two categories. They have stated that there is 

harmful weld imperfection and harmless weld imperfections. They mentioned that the weld 

imperfections that lead to a fatigue failure are the ones to be regarded as harmful or unsafe 

and the harmless one has described as weld imperfection that does not have consequences 

for structural performance. They defined them to be harmless because its imperfection extent 

does not develop into a fatigue crack or if it does, the crack growth is not to the extent that 

will hinder or affect the structural performance. 

However, in most welds or joints failure the unacceptable quality of welds and weld 

imperfections that results fractures are always serve as weak point of the structure that can 

cause the initiation of the crack that its consequence is failure. Fandem (2017) has mentioned 

that there are several numbers of welding imperfections that cause crack initiation and 

propagation in welded metal joints in which at a certain time the crack will results to fracture 

occurs. It can be viewed as weld imperfections has an enormous influence on crack 

propagation that may cause structure failure or fatigue failure. The number of factors 

influence weld imperfections should be minimized for quality and reliability of the joint 

must meet its serviceability.  

2.2.3  Effects of Weld Imperfections to Welded Structure 

Somers & Pense (1994) mentioned the need for higher consideration and better 

understanding of welded structures’ failures sources and consequences to formulate means 

that can abate them. They mentioned that in many cases, the weld failures for most structures 

were result of an inappropriate material selection, welding process selection, and inapt 

welding execution. In their article, they have categorized the caused welded joint failure as 

the result from improper or inappropriate accomplish of the five factors such as weld 

geometrical design, weld process parameters settings, availability of materials and its 
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selection, incompatibilities between material and the process, quality of executed welds, and 

consideration of unanticipated service settings or surroundings. 

Other literature as can be seen from Thomas (2018, 305) has the same view that numerous 

failures of welded components are the consequences of inappropriate way of creating the 

welded construction steel components from design phase, material choices, welding process 

selection, and to defective maintenance phase. The proper way of performing of the 

mentioned factors determines the quality and strength of the welded joint. Thus, it can be 

viewed that the joint with weld imperfection may cause the structures to serve its purpose in 

an abbreviated time than the targeted life span of the structures during the design. This 

suggests that it is important to fix weld imperfection to increase fatigue strength, assure safe 

structure and enhance the economic life span of the structures. 

2.3  Welding Distortions and Residual Stresses 

The modern world uses a lot of welding in their manufacturing processes. The welding 

activities are inevitable to most metal fabrication and constructions. However, welding 

executions are associated with some features that affect the strength of the structure such as 

number of weld defects, welding distortions and residual stresses that need to be properly 

understood, minimize, or avoided. (Radaj, 1992, 1). The thoroughly thoughtful of weld 

quality with respect to reliability and performance should be considered as mode that 

guarantees safety and perfect serviceability of the structure or component. Welds in 

structures and heat affected zone are considered as location increases the stress concentration 

on weldment and might significantly diminish the fatigue strength of the welded component. 

This makes that area to be more susceptible to crack for the strength of the base material 

being affected with other features such as welding distortions and residual stresses. (Moore 

& Booth, 2014, 27) 
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2.3.1  Welding Distortions 

What is welding distortion? Welding distortions can be defined as distortion is unfavorable 

in the welded structures that disfigure the component geometry as well as affect the assembly 

and functionality. It is irregularities or deviation from the ideal shape or geometry 

abnormality that formed in the given welded metal due to bad design or improper welding 

execution or wrong welding configuration that can be influenced by heat input, human 

errors, and welding process parameters such as wrong selection of material, welding current 

welding voltage and travel speed. Welding distortions have some effects to the component 

such as reducing the fatigue strength and minimizing the load capacity of the component 

(Radaj, 1992, 247). 

As it has explained in definition above, the welding distortion changes the physical structure 

or physical geometry of component that might promoted the formation of secondary stresses 

on weldment that can lead to weld defect or crack that hinder entire application or 

functionality of the component as well as lessen the intended life span of the structures. The 

targeted life span of the structures during the design, the assembly, and functionality of the 

fabricated component depends on the quality of the weld joints and other factors associated 

with effect of welding processes on weldment. The designed or targeted lifetime for the 

structure to serve its purpose can be jeopardized with the component with welding distortion 

or geometry deformation (Crosley & Ripling, 1990). The Figure 3 below shows the 

dimensional changes that are associated or might occurring on fillet joints. 
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Figure 3. Geometrical deformation/dimensional changes occurring in a fillet weld. The 

figure extracted from (Schijve, 2009, 89) 

 

In this research, the welded fillet joints produced by robotized Gas Metal Arc Welding 

(GMAW) process are in investigation to determine the effect of welding configuration, the 

induced secondary stresses, and its effect to fatigue strength of the welded structures. The 

material always deforms due to welding, however, welding deformations and residual 

stresses are linked or acting together, but in the experimental studies for this work/research, 

should be considered separately. 

Cause of welding distortions 

The origin of welding distortion is the excessive heat, or the concentrated heat input 

subjected to material in which as the cooling process continues, the base material contract 

and creates secondary stresses in the weldment. Therefore, once it is fully cooled, 

irregularities or geometry abnormality or deviation from the ideal shape (distortion) revealed 

in the weldment. During the welding, the elevated temperature of the weld pool and 

temperature variation on different location of welding creates expansion at the edges of the 

weld joint and consequently contraction at the adjacent area in which that excessive heating 
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is the root cause of welding distortions. (Deng & Murakawa, 2008). This implies that 

understanding the welding process in general and the knowledge of the heat source, heat 

input to base metal and its effects on the metal or weldment is an important aspect to be 

known. The coefficient of thermal expansion at a specific heat per volume and contraction 

during heating and subsequent cooling is what determines distortion in metals. Distortions 

are based on the expansion and contraction of a metal caused by material plastic deformation 

at elevated temperatures during welding. However, different materials expand and contract 

by different proportions (Long et al. 2009). 

The coefficient of thermal expansion at a specific heat per volume and contraction during 

heating and subsequent cooling is what determines distortion in metals. It is also introduced 

a so-called “deformation factor”. It is the suggestive of the degree or magnitude to which a 

material expands and contract immediately after heating and cooling. All dimensions of a 

component materials encounter change in volume as result of heating and cooling effects. 

Callister & Rethwisch (2007, 726) have provided equation to quantify the relationship of 

volume changes with temperature as follows: 

 ∆𝑉

𝑉0
= ∝𝑉 ∆𝑇 

(1) 

Where, ∆V and 𝑉0 are the respectively, volume change and original volume, ∆T represents 

change in temperature, and  ∝𝑉 represents the volume coefficient of thermal expansion in 

which Callister & Rethwisch (2007, 727) have mentioned that it depends on the 

crystallographic direction along which it is measured as it might be anisotropic or isotropic. 

They mentioned that 𝛼𝑉 is approximately 3𝛼𝑙  for materials in which the thermal expansion 

is isotropic, however in many materials, the value of 𝛼𝑉 is anisotropic. 

According to Callister & Rethwisch (2007, 725), most of the material suffer the change in 

temperature encountered as they expand and contact as result of heating and cooling 

respectively. For the solid material, the perceived or observed change in length with change 

in temperature in relationship with the linear coefficient of thermal expansion to can be 

expressed as follows: 
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 (𝐿𝑓 − 𝐿0)

𝐿0
=  ∝𝑙 (𝑇𝑓 − 𝑇0) 

(2) 

 ∆𝐿

𝐿0
= ∝𝑙 ∆𝑇 

(3) 

 
 𝛼𝑙 =  

1

𝐿
 
𝑑𝐿

𝑑𝑇
 

(4) 

Where, ∆L, dL and ∆𝑇, 𝑑𝑇 represent, respectively, the change in length (𝐿𝑓 − 𝐿0) and 

change in temperature (𝑇𝑓 − 𝑇0); moreover 𝐿𝑓,𝑇𝑓 and 𝐿0, 𝑇0 are representing final length, 

final temperature and original length, original temperature respectively, and the 𝛼𝑙  is the 

linear coefficient of thermal expansion. 

In general, no welding process that utterly eliminate distortion, but it is much easier to 

configure welding procedures that avoid or minimize welding distortions than configuring 

the reduction of welding distortion subsequently. Ahn et al. (2018) argued that “it is much 

easier to produce structures without distortion than to reduce it after welding” although, 

Liang et al. (2005) has mentioned that “it is impossible to avoid distortion due to intrinsic 

nature of the non-uniform heating and cooling of the weldment” Hence, it is especially 

important practices to understand where the problems of distortions are coming from on 

welding process because they are unfavorable stimulus in the welded structures that 

disfigures the component geometry that significantly affects the assembly and functionality 

of the component. (Radaj, 1992, 247). 

Types of welding distortions 

Welding distortion can be permanent deformation or temporary deformation. (Radaj, 1992, 

5). In this study, the welding distortion considered as the permanent geometry deformation 

that remains after completion of welding execution and cooling stage, and not the transient 

or elastic deformation during the welding process that at end of welding execution, there is 

no geometry deformation. The geometry deformation can be due to the thermal, the 

extremely localized transitory heat input transversely the welded joint and in the base metals 

during welding execution. (Radaj, 1992, 1). The other properties that are play a crucial role 
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in geometry deformation are the parent material properties, design of the component, 

welding process preparation (joint preparation), welding procedures, type of welding 

process, parameter settings, number of welding passes and pre or post heat treatment to 

metal. (Thomas, 2018, 305) 

Here in Figure 4 are several types of distortions and dimensional change that are commonly 

classified based on the direction relative to weld line including angular distortion, bowing, 

and dishing, longitudinal bending and shrinkage, transverse shrinkage, rotational distortion, 

and twisting distortion. After welding process, the weldment might remain in shape 

deformation with one of the mentioned welding distortions, however most in plane 

distortions are longitudinal bending and shrinkage, transverse shrinkage, rotational 

distortion. Although, it can be with two or various categories of distortion because they may 

happen or formed at the same time in the same weldment (Crosley & Ripling, 1990). 

 

 

Figure 4. The most common type of welding distortions. (Phillips, 2016) 

 

In determination of the stress generated during welding, the thermal coefficient of thermal 

expansion of the material is the crucial factor that plays a significant role. It determines the 

degree of distortion to material because the material distortion is consequence of expansion 

and contraction of the material that take place in both transverse and longitudinal shrinkage 



31 

 

 
 
 

 

on the weld area as a heating and cooling results (Fry, 2021). Shrinkage in weldment is a 

dimension reduction of the weld part geometry result from the non-uniform thermal stresses 

that depends on the mechanical and thermal properties of the materials such as the young’s 

modulus, the yield strength, the thermal conductivity, the thermal expansion coefficient, and 

the specific heat capacity for each respective material. For example, Radaj (1992, 217), has 

provided the equation to compute the longitudinal shrinkage (ΔL) of the weld part geometry 

that takes place longitudinally due to welding thermal stresses as follows: 

 
𝛥𝐿 = 𝜇1

𝛼𝑞𝑤𝐿

𝑐𝜌𝐴
  

(5) 

Where, qw is the heat input per unit length of weld [J/mm], 𝜇1 is the longitudinal stiffness 

factor for a relevant material [-], C is the specific heat capacity [J/g K], 𝜌 is the respective 

material density [g/mm3] and ∝ is the thermal expansion coefficient [1/K]. 

The heat input per unit length of weld (𝑞𝑤), and a material property that is suggestive of a 

extent a material is capable to absorb heat from the external environments so called the “the 

specific heat capacity” (C) can be expressed as follows: 

 
𝑞𝑤 =

𝑞

𝑣𝑠
;  𝑎𝑛𝑑 𝐶 =  

𝑑𝑄

𝑑𝑇
  

(6) 

Where, 𝑞𝑤 is the heat input per unit length of weld [J/mm], 𝑣𝑠 is the welding speed [mm/s], 

q is the heat input per unit of time [J/s], dQ is the energy required to create change in 

temperature and dT is the temperature change. 

In some conditions such as pass when welding with melting electrode the heat input per unit 

length of weld, 𝑞𝑤 is approximately proportional to the cross-section area (𝐴𝑤) of the 

deposited weld pass or to the volume of the molten filler metal per unit of weld length. 

(Radaj, 1992, 123 & 185): 

 𝑞𝑤 = 𝑘𝐴𝑤 (7) 

Where, “k” is the propositionally factor that varies according to type of welding process and 

for the welding process used in this study (GMAW), k = 41. 
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The Longitudinal shrinkage is a longitudinally shrinking or contracting of the component as 

a results of welding heat and thermal stresses induced on component. The longitudinally 

contract of component can be quantified as ratio of product of shrinkage force (𝐹𝑠) and length 

(L) of weld part geometry to a product of elastic Modulus (E) of notably plate and cross-

section area (A) of the plate as presented in following equation below: 

 
𝛥𝐿 =

𝐹𝑠𝐿

𝐸𝐴
 

(8) 

Where, ΔL is the longitudinal shrinkage due to welding thermal stresses [mm], 𝐹𝑠 is the 

shrinkage force [N], L is the weld piece length [mm], E is the elastic Modulus [N/mm2], and 

A is the cross-section area of the plate [mm2]. 

The value for 𝐹𝑠 that “refers to the prestressing force of the tensioning element directly before 

it subjects the component to a load and is partially relieved as a result of the elasticity of the 

component” Radaj (1992, 182) can be quantified using the below equation that states that: 

 𝐹𝑠 = 𝜇1

𝛼𝑞𝑤

𝑐𝜌
 (9) 

Where the definition for all components involved in this equation are already provided and 

clarified in previous equations and according to EN 1993-1-1 in subchapter 3.2.6, the 

material design properties and values for structural steel S420 are as follows: 

 

Table 1. Material design properties and values are as according to EN 1993-1-1 

Material Properties Values 

Density (𝜌) ≈ 7 850 kg/m3 

Unit weight (𝛾) ≈ 78.5 kN/m3 

Modulus of elasticity (E) (Young’s modulus) 210 000 MPa 

Shear Modulus (G) 𝐺 =
𝐸

[2∙(1+ 𝜈)]
≈ 81 000 MPa 

Yield strength (𝑓𝑦) (for nominal thickness t ≤ 40 mm) 420 MPa 

Ultimate strength (𝑓𝑢) (for nominal thickness t ≤ 40 mm) 520 MPa 

Poisson’s ratio in elastic range (ν) 0.3 

Coefficient of linear thermal expansion (𝛼) 12 𝑥10−6 °𝐾−1  
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The tabulated material design properties and values are as according to EN 1993-1-1, 

Eurocode 3 in subchapter 3.2.6, for structural steel S420 and others wherein the yield 

strength ang ultimate strength differs with respective strength of material. 

2.3.2   Residual Stresses 

The effect of residual stresses on the fatigue strength and fatigue life of welded joints is 

especially aspect to understand and realize with respond of providing proper quality control, 

that provide the enhanced fatigue strength to guarantee welded joint with acceptable 

resistance to fatigue failure. This needs the understanding of the nature and formation of 

residual stresses, their effect on fatigue strength of welded structures and way to avoid or 

reduce residual stresses during welding operations so that in-service failures of the structures 

or components can be avoided. (Ahn et al. 2018). 

What is Residual Stress? The term residual stresses can be defined as stresses or internal 

forces that exist to welded structure in the absence of thermal gradients and after all eternal 

loads, or applied forces subjected to the weldment have been removed. They are self-

equilibrating stresses that exist in the structures without external forces acting. Schijve 

(2009, 89) has defined residual stress as stress distribution in the material and as internal 

stresses which are present in a welded structure in the absence of an external load applied to 

a particular weldment. 

Residual stresses are self-equilibrium stress because they are in equilibrium within a 

structure, without any external loading or thermal gradient. Radaj (1992, 5); Masubuchi 

(1980, 92-94) stated that  

“since residual stresses exist without external forces, the resultant force and 

the resultant moment produced by the residual stresses must vanish” that 

explains the equilibrium condition of residual stresses. 

This statement has been supported by Schijve (2009, 89) stated that  

“residual tensile stress and residual compressive stress always occur together” 

and “if there is no external load, residual tensile stresses must be balanced by 

residual compressive stresses” in which the possible residual stress distribution 

might be as presented in Figure 5 here below. 
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Figure 5. An equilibrium distribution of the residual stress distribution, as reprinted from 

(Schijve, 2009, 90) 

 

From the Figure 5 above, it indicates that the residual stress distribution is balanced so that 

must satisfy the equilibrium equation below as presented by (Schijve, 2009, 89). The same 

kind of equation can also be observed from Masubuchi (1980, 94) where it also mentioned 

that there is especially important to check if the data from any residual stress experiment 

satisfies the equilibrium equation below: 

 

∫ 𝜎𝑟𝑒𝑠𝑥𝑑𝑦 = 0

𝑡
2

−
𝑡
2

 

 

(10) 

Likewise, the following equation (10) must be satisfied once there is no external moment 

 

∫ 𝑦. 𝜎𝑟𝑒𝑠𝑥𝑑𝑦 = 0

𝑡
2

−
𝑡
2

 

 

(11) 

The equations 10 and 11 are reprinted from Schijve, (2009, 89) where are noted as equation 

4.1 and 4.2 respectively. 

Causes of residual stress in weldment 

Stress in weldment can occur due to various circumstances, but most happen due to the 

highly localized transitory heat input subjected to a structure or component during welding 

performing as well non-uniform cooling process that causes the deviations/changes of the 

mechanical properties of materials with respect to the changes in temperature. Blondeau 
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(2008, 123); Masubuchi (1980, 92) have described this type of residual stress that is caused 

by thermal strains and microstructure transformation which are consequence of nonuniform 

temperature changes subjected to weldment as thermal stress. As it has seen that the non-

uniform heat input or any process involves non-uniform heating and cooling during the 

manufacturing and fabrication process are the main causal of residual stress on weldments, 

the other factors that contributes to cause residual stresses to weldments are such as heat 

treatment such as surface heat treatment, assembling components, machining processes such 

as turning or forging, and other processes such as shot peening and sand blasting. (Schijve, 

2009). 

Metal expands uniformly and cools uniformly if heated uniformly and cooled uniformly in 

which yielding no thermal stress or strains on welded material and vice versa is true that if 

the metal is heated and cooled unevenly, the thermal stress or strains develops on weldment. 

The coefficient of thermal expansion (𝛼) of the material in response to a change in 

temperature (ΔT) contributes a significant part in quantifying the stresses (𝜎𝑥) produced in 

the time of welding performing. According to Radaj (1992, 8),  

“the rule of thumb which applies is that, in the areas of the component which 

have cooled down last, tensile stresses occur where thermal stress dominates, 

and compressive stresses where transformation stress dominates”. 

 Due to a temperature change (ΔT), the induced magnitude of a thermal stress is dependent 

on other significant characteristic termed the coefficient of thermal expansion (α) and the 

modulus of elasticity (E) (Callister & Rethwisch, 2007, 237) as can be presented in formula 

equation below. 

 
𝛥𝜎 = 𝛼𝐸 ∆𝑇  

(12) 

Also, the literature from Kou (2003, 124) shows distinct types of residual stresses based on 

the temperature changes in different sections of the weldment during welding process as 

presented in figure 8 below that shows the stress distribution. The stress distribution shows 

that the tensile stresses in the middle part of the weld presented in Figure 5 are balanced by 

compressive stresses at both ends of the respective weld. Due to variation of nature and 

causes of the residual stress, the residual stress has been denoted in various titles such as 

initial stress, internal stress, inherent stress lock-in stress and reaction stress in which mostly 
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are always formed because of welding. It also seen that the settings during the welding 

execution and conditions such as use of restraints play a crucial role in generated type of 

residual stress. The weldment welded with external restriction members creates reaction 

stress in weldment while the welded structures produced in unrestricted condition generates 

residual welding stress. (Masubuchi, 1980, 92). 

Effect of residual stresses to fatigue strength of welded structure 

Welding processes involve heating that cause the microstructural modification on material 

especially on heat affected zone (HAZ) that consequently induce residual stresses on 

weldment that can have adverse effect on the fatigue strength of welded structure. It is true 

that microstructural alterations (e.g., delayed martensite reaction) influence residual stresses 

but however, other phenomena and boundary conditions play more important role in terms 

of residual stress formation in weldments. The resulted residual stresses in weldment, in 

most cases, they have effect on fatigue strength of the welded structures, either positive or 

negative effect depending on their nature and the stresses distribution, as well as the type of 

applied loads and the magnitude. (Barsoum, Z. & Barsoum, I., 2009; Radaj, 1992, 247). 

 Marulo et al. (2017) have stated that understanding the significance of residual stresses, the 

welding process, and the effect of welding execution to properties of materials as source to 

where the problems of distortion and residual stress are coming from is essential aspect to 

fatigue life of the structure. They mentioned that the significance of residual stresses to 

fatigue life on any scale either on a macroscale or on a much smaller scale have the same 

implication to fatigue life of the structures. It is especially important to understand the 

effective stress levels, the mechanics of the various failure associated with residual stress 

and be familiar with appropriate design principles that may be employed to improve 

structure's reliability and prevent or to minimize the possibility of in-service failures of the 

structures. (Callister & Rethwisch, 2007, 208); (Ahn et al. 2018). Figure 6 below shows 

effective stress level resulting from the superposition of the residual and external stresses. 
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Figure 6. Effective stress level resulting from the superposition of the residual and external 

stresses. The figure extracted from (Ahn et al. 2018) 

 

Much literature has shown obviously that residual stresses can have a significant effect or 

influence on the fatigue strength and fatigue life of welded metal structures. Residual stresses 

are among the factors that affect the fatigue strength of the welded joints or structures 

depending on nature of residual stress such as either tensile residual stress or compressive 

residual stress. These two types of residual stresses are always occurred together although 

they have different impact on fatigue strength and fatigue life of welded structures and their 

effects can be measured experimentally or estimated analytically and numerically in 

anticipating and planning for possibilities for structure failure to ensure the performance of 

welded structures. (Barsoum, Z. & Barsoum, I., 2009). 

Ahn et al. (2018) urged a good understanding of the welding process and proper investigation 

of the effect of residual stress on structural fulfillment with respect of mechanical properties 

of welded joints (such as compressive residual stresses can improve fatigue life and tensile 

residual stresses are detrimental to fatigue life of the structure) to minimize the possibility 

of failure. The statement that residual stresses in tension are detrimental while compressive 

residual stress are beneficial and can be consider aa a significantly aspect to improve the 
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fatigue behavior of the structure have supported in other literatures such as (Masubuchi, 

1980, 3; Schijve, 2009, 89; Radaj, 1992, 247). 

2.4  Stresses in Welded Structures 

What is structural member stress? The Encyclopedia Britannica defined stress as  

“force per unit area within materials that arises from externally applied forces, 

uneven heating, or permanent deformation and that permits an accurate 

description and prediction of elastic, plastic, and fluid behaviour”. 

 It is the result of internal forces and internal resistance which the body develops against load 

or forces that result when internal particles react to each. It is ability to a structures or 

structural member to remain intact under a load or to withstand against the deformation 

which increase gradually when a structure is acted upon by a force that might be caused by 

loads and the forces resultant from those loads. The stress is the results of external force 

acting or acted upon member per unit cross sectional area of a particular member. 

 
𝜎 =

𝐹

𝐴
  

(13) 

Where σ is stress [N/mm2, MPa], F is force/load [N], A is cross sectional area [mm2] 

When we consider the variation of stress with respect to stress range as can be seen in Figure 

7 below, then, for constant amplitude and for components subjected to axial normal force, 

the change in stress (Δσ) is the results of differences in external force acting over the cross-

sectional area of an object as presented in following equation: 

 
Δ𝜎 =

(𝐹𝑚𝑎𝑥 − 𝐹𝑚𝑖𝑛)

𝐴
 

(14) 

Where 𝐹𝑚𝑎𝑥  and 𝐹𝑚𝑖𝑛 respectively, are maximum and minimum force. 
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Figure 7. The stress-time variation sinusoidal curve. 

 

The nature of stress developed in the structural member depends upon the amount of strength 

structural member that depends on its material properties and upon nature of loading on the 

structural member. As categorized in Eurocode 3 EN 1993-1-9, the following are the distinct 

types of stresses that are mostly involved in fatigue of welded metal structures which 

involves axial stress (direct stress) in which we have tensile stress and compressive stress, 

and others are bearing stress, bending stress, shear stress, and the other stresses. (Eurocode 

3 EN 1993-1-9). 

Effects of temperature changes on stress 

The temperature changes (ΔT) have a significant impact on welded metal structure as 

explained here below in Figure 8 that shows thermal stress. In Figure 8, temperature, and 

residual stress distributions from different locations of the weldment are depicted/showed. 

 



40 

 

 
 
 

 

 

Figure 8. The changes in temperature and stress that occur during welding as reprinted from 

(Kou, 2003, 124). 

 

Figure 8 shows some areas are not yet significantly affected while others are already affected 

by the heat input due to their position from heat source that creates different conditions in 

particular sections. It can be noted that the section A-A is ahead of the welding arc and 

section D-D is backwards of welding direction as the welding arc is moving at a specified 

speed from section D-D towards section A-A. Therefore, section A-A is not yet significantly 

affected by the heating and cooling cycles produced by welding. 

The temperature change (ΔT) due to welding is remarkably close to zero at section A-A 

because it is ahead of the welding arc this create a situation that there is no metal expansion 

or metal contraction at that point. For that case, it noticeable no strains and stresses formed 

at section A-A. However, in section D-D, the (ΔT) is represented as zero but the stress (𝜎𝑥) 

is not zero as it is in section A-A. In D-D location, the condition has changed because the 



41 

 

 
 
 

 

area section D-D been located is already significantly affected by heat input been subjected 

to that area during the welding process and then cooled. At section D-D, strains and stresses 

were formed as results of constrained expansion of metal and contraction of the heated metal 

at the time of welding execution. This justifies that the origin of welding residual stresses is 

the concentrated heat input, the thermal properties of the material on the heat affected zone 

(HAZ) during the welding process and cooling (Kou, 2003, 124; Mandal, 2017, 241-242). 

2.5  Load Effects and their Estimation in Welded Structures 

Understanding the load effects on fatigue and fracture strength of a material is vital aspect 

for a safe estimate fatigue loading and prediction of the acceptable service life of a welded 

structure under stress. The loading effect inducement can be either through static or cyclic 

loading. Both static and cyclic load have effect on fatigue strength of material, but cyclic 

load has more effect due to the physical effect of a recurrent load in different frequencies on 

a material. It is different from situation the static load because fluctuating loads from diverse 

sources may be significant at distinct stages of the structure life in which failure can take 

place or materialized at lower loads level than under a static load. However, under static 

loading, a sudden and rapid facture can occur due to little deformation that does not vary 

with time or slow changes that can cause a catastrophic failure. Too, depends on failure 

mechanism (fatigue failure, ductile fracture, brittle fracture), it also seen that under 

fluctuating or cyclic stresses, fatigue failure can happen/materialized at lower loads than the 

load will be required to failure for component under a static load. Therefore, during 

structures designing, there is a need to consider failure mechanisms and all types of varying 

loading from miscellaneous or diverse sources. (Dowling, 2013, 23). 

Boardman & Deere (1990, 673-688) advised that a careful consideration of material 

selection, design details and manufacturing processes of structure can significantly reduce 

the structure fatigue failure prevalence and increase welded component's reliability. There 

is a compacted correlation between material, design, manufacturing process and loading 

effect in welded component reliability as summarized in Figure 9 below. 
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From the design phase, it is important to consider that a welded structure may be subjected 

to the different combinations of loads at stress well below the static elastic strength of the 

material. With the help of a repetitive or cyclic load, and with respect to time, the material 

gets weakened that mostly causes structure fatigue failure. The process of weakening the 

material that takes place once structures being subjected to dynamic and fluctuating stresses 

is termed as fatigue. (Callister & Rethwisch, 2007, 227). Hence, this justify that 

understanding the loading effects and find out strength of the material to withstand loading 

effects is vital aspect of fatigue phenomenon to estimate fatigue life of a component because 

with cyclic loading, there are failure mechanism or chain of events that can lead to fatigue 

failure. 

 

 

Figure 9. The quantitative relationship between the design, material, and load on welded 

component reliability (Schroepfer & Kannengiesser, 2016) 

 

In fatigue phenomenon, continuous loads that are applied to the material create axial stress 

on structure during service period can be repeated tensile and compressive stresses or can be 

also in tensile or in compressive stresses (Callister & Rethwisch, 2007, 228) as are 

characterized as sinusoidal curves in stress-time diagrams (Figure 10 below). The shape of 

the stress-time (sinusoidal and simplified) curves in stress diagrams may vary depending on 

varying frequencies and amplitudes, however, with respect to loading history, the fatigue 

loading is classified into two categories which are the constant amplitude fatigue loading 

(CA) and variable amplitude fatigue loading (VA) as shown in Figure 10 below. 
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For defining the fatigue phenomenon, the load cycle or the sinusoidal curves in stress 

diagrams must comprise higher stress level values and lower stress values, repeatedly with 

respect to time. However, the stress level may change arbitrarily in amplitude and frequency 

depending on loading effect in which, the applied stress may oscillate between identical 

positive and negative values as well as may alternate between unequal positive and negative 

values. (Callister & Rethwisch, 2007, 228-229). The time dependence stress values that are 

upper than zero in sinusoidal stress-time diagrams is regarded as positive stress values 

(tensile stress), while the stress values that are lower than zero is considered as negative 

stress values (compressive stress) especially is referred to as a fully reversed stress cycle. 

(Yena, 2021; Callister & Rethwisch, 2007, 228-229). 

As stated in previous chapter 2.3.2, the effect of residual stresses may either serve as 

beneficial or detrimental aspect to welded metal structures. The compressive residual 

stresses improve the fatigue strength while the tensile residual stresses in combination with 

highly stressed locations that are prone to fatigue failure promote fatigue fracture of the 

structure. (Radaj, 1992, 247). It also stated from Todinov (2007, 23-280) that the induced 

changes to stress states can be beneficial or detrimental to weldment in which it can be 

observed in induced stress such as compressive residual that has positive effect on fatigue 

strength because it serves as a tool to decrease the crack growth rate whereas tensile residual 

stresses increase the crack growth rate. 

 

 

Figure 10. The stress-time diagram with the effective stress levels described by the 

positions/locations and fatigue loading. Extracted from (Ahn et al. 2018; Niemi, 1995, 6) 
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Main parameters for defining fatigue load 

The two main important parameters for defining fatigue load are the stress difference, or as 

mostly and commonly called stress range (σ) and stress ratio (R). The fatigue loading can 

cause the fatigue cracks from occurring at weld due to the repetitive stress in welded 

structure resulting by pressure changes, vibrations, temperature fluctuations and wave loads 

of different magnitudes. Therefore, for a safe estimate fatigue loading and prediction of the 

service life of a welded structure under stress, it is important to know that the fatigue life of 

structures depends on applied stress range and stress concentration. The applied stress range 

is a set of action parameters formed on characteristic loading actions that can be either fully 

reversed loading, or repeated loading or fluctuating loading and can be described by the 

loads locations, their magnitudes, as well as by frequencies of incidence, sequence, and 

proportional phasing as reparented in Figure 11 (a) below. (Littmarck, 2016: Callister & 

Rethwisch, 2007, 229). 

 

 

Figure 11 (a). Types of fatigue loading/ the typical loading events. 
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Figure 11(b). A stress-time sinusoidal curves schematic of stress terms. Retrieved from 

material fatigue definition (Littmarck, 2016) 

 

In general, and according to Callister & Rethwisch (2007, 229), the term stress range can be 

defined as “the algebraic difference between the two extremes of a stress period or cycle so 

the constant amplitude fluctuating stress is a constant stress range”. It is twice the stress 

amplitude. While the stress ratio “R” is the algebraic ratio of the minimum and maximum 

stress amplitudes in which increasing the value of the stress ratio “R” produces a decrease in 

stress amplitude. (Callister & Rethwisch, 2007, 229). From Figure 11 (b) above, it is possible 

to quantify or calculate the values for mean stress, stress range, stress amplitude, and stress 

ratio with help of the below formulas for each respective aspect of the load cycle. 

 
𝑀𝑒𝑎𝑛 𝑆𝑡𝑟𝑒𝑠𝑠: 𝜎𝑚 =

𝜎𝑚𝑖𝑛 + 𝜎𝑚𝑎𝑥

2
 

(15) 

   

 𝑆𝑡𝑟𝑒𝑠𝑠 𝑅𝑎𝑡𝑖𝑜: 𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 (16) 

 

 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑅𝑎𝑡𝑖𝑜: 𝐴 =
𝜎𝑎

𝜎𝑚
 (17) 

 

 𝑆𝑡𝑟𝑒𝑠𝑠 𝑅𝑎𝑛𝑔𝑒: ∆𝜎 =  𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 (18) 
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𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒: 𝜎𝑎 =

∆𝜎

2
 

(19) 

Additional relations with respect to above equations and substitution method can be: 

 
𝐴 =

1 − 𝑅

1 + 𝑅
 

 

(20) 

 
𝑅 =

1 − 𝐴

1 + 𝐴
 

 

(21) 

 𝜎𝑚 =
𝜎𝑚𝑎𝑥

2
(1 + 𝑅) 

 

(22) 

 𝜎𝑎 =
𝜎𝑚𝑎𝑥

2
(1 − 𝑅) (23) 

Where, A is the amplitude ratio, R is the stress ratio, 𝜎𝑚 is the mean stress and 𝜎𝑎 is the stress 

amplitude. 
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3  Fatigue of Welded Structures 

It is especially important to study the fatigue phenomenon and their quantitative relationship 

between the fatigue strength of welded structures, structures lifetime, and fatigue failure. It 

helps to enhance the level of knowledge about how to achieve the acceptable reliability level 

of welded structures. It is without doubt that acquiring a great deal of understanding of the 

fatigue phenomenon especially fatigue strength of the welded joints provides room for being 

able to provide appropriate solutions to minimize the possibility of the structure's fatigue 

failures. This is the motive that the fatigues tests were taken to obtain the inner insight of 

welded joint of S420 structural steel welded in different welding configuration/layout 

together with aiming to provide modernity or newness proposal for improved way for 

welding configuration and performing activities to minimize the possibility of the welded 

structure's fatigue failures. 

The study considers that better understanding the vigorous relationship between effect of 

welding configuration to fatigue strength of welded joints and correctly estimating the loads 

effect, represents suitable reliability level and improved fatigue life of welded structures. 

Comprehending the crucial factors that are significantly influence the structures fatigue 

failures is vital aspect to fatigue life of welded structures. There are several factors that are 

significantly influence the structures fatigue failures with respect to fatigues strength, but 

here the study just discusses a few of them. 

3.1  Fatigue Strength of Welded Joints 

Fatigue cycles phenomena 

The welded structure fatigue strength can be defined as the quantitative relationship between 

the stress induced in weldment and number of stress cycles to fatigue failure. Therefore, 

when the welded structure is subjected to variable loading that increases local stress in 

weldment, the fatigue strength of that specific welded structure decreases significantly. The 

decreases in fatigue strength of the material means that reduces the allowable load/stress 
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level or reduces the number of stress cycles to fatigue failure. (Marulo, Baumgartner, & 

Frendo, 2017). In general, when fatigue strength decreases, there are two options applies as 

follows: 

(i) if the applied load/stress remains constant, the number of cycles (i.e., fatigue life) 

decreases, or, 

(ii) if the number of cycles (i.e., fatigue life) remains constant, the allowed load/stress 

must be decreased.  

Nevertheless, the number of cycles of the repeated loading effect can be small or high in 

tens, hundreds, thousands, or in millions of cycles. This makes the fatigue cycles phenomena 

be categorized in two groups such as low-cycle fatigue and high-cycle fatigue. The low-

cycle fatigue goes with high load accompanied by significant amounts of plastic and elastic 

deformation while the number of cycles to failure is small when compared to that of high 

cycles fatigue. The number of cycles to failure for low cycles fatigue is usually termed to be 

less than 105 while for that high cycle fatigue is usually around cycles greater than 105 with 

low loads associated with relatively small deformations that are primarily elastic 

deformation. (Dowling, 2013. 26) 

Factor influencing fatigue strength of welded joint 

The fatigue strength of welded joint depends on several factors such as the material strength 

and its metallurgical variables, the geometrical design, residual stress in weldment, the 

magnitude of the stress range during cyclic loading, applied stress ratio, shape and quality 

of the weld, surface quality effects, and so on as well as environment. EN 1993-1-9 

categorified these factors in four as it mentioned material characteristics, the structural detail 

geometry, stress range and the environment as main parameters can influence fatigue 

strength. However, Hobbacher (2016, 12) mentioned that the fatigue strength of the structure 

is mostly influenced by the variations in the applied loads termed fatigue loading. 

The fatigue loading, with respect to its magnitude of the stress range (∆𝜎), and the applied 

stress ratio (R) is the most crucial factor influencing or have effect on fatigue strength of 

steel structures. Maddox (2002, 27) has stated that “the fatigue strength of welded joints is 

governed by the applied stress range regardless of the nominal applied stress ratio, at least 
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for R values down to 𝑅 = ∞.” This is because it is assumed that the residual stresses in weld 

joints are as high as the yield strength of the material. This statement is generally true in 

most of the real-life welded structures and thus, on the safe side but however, weld joints 

can also have residual stresses below material’s yield strength and even compressive residual 

stress values (e.g., when using post-weld treatments) and in these cases, the global and local 

stress ratio must be considered. In this respective study, the fatigue strength test specimens 

of S420 subjected to only applied stress ratios of values of R > 0, are considered. 

Effect of welding on fatigue behavior 

According to Barsoum, Z. & Barsoum, I. (2009), welded joints are vulnerable to fatigue 

failure and are commonly considered as main reason for fatigue failure due to nature of the 

processes involved in producing a welded joint. Usually, the metal joining process is welding 

process that involves heating and cooling of material. The heating and cooling process 

creates stress in the parent material that creates effects on the fatigue strength of the material 

and welded joint as well. The especially observed welding effect is a decrease in fatigue 

strength of welded joint. The effect of the materials fatigue strength decreases is due to the 

induce heat input to material that causes discontinuities in geometry, changes in material 

microstructure, and change in the stress state in weldment. (Todinov, 2007, 239-280). 

Thomas (2018) has stated that when the ability of welded metal joint to withstand the loads, 

usually determined through laboratory tests experiments, the experiments revealed that once 

consideration or comparison is given to welded structures over that of unwelded component 

made of the same steel, the results show a significant reduction in the fatigue life of a welded 

component. Figure 12 below shows fatigue life comparison of (a) an un-welded member, (b) 

stress raising notch and (c) fillet welded member. (Thomas, 2018). 
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Figure 12. The fatigue life comparison of (a) an un-welded member, (b) stress raising notch 

and (c) fillet welded member. Reprinted from (Thomas, 2018). 

 

3.2  Fatigue Failure and their Prevention/Repair 

A common cause of failure of welded metal structures is fatigue. The phenomena of metal 

fatigue can be considered as a process of weakening the material that happens in structures 

or materials subjected to state of dynamic and fluctuating stresses or loads which are lower 

than the maximum loads in which involves the development of cracks in components. The 

developed crack has three steps in fatigue life of the structure till it will ultimately result in 

whole failure of the component or structure, and it might be catastrophic consequences 

especially when it develops unnoticed. The crack steps are crack initiation, propagation, and 

then final fracture. Therefore, the fatigue behavior of engineering materials is highly vital 

factor to be known for prevention of failures because the incidences of fatigue failures are 

estimated to accumulated approximately 90% of all most structure failures that always create 

human live and economic loses or put human lives and economic activities in jeopardy. 

(Callister & Rethwisch, 2007, 227). 
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Cracks phenomenon 

The effect of cyclic load or the repetitive stress on fatigue strength of material and the overall 

fatigue life of welded structures is probability of microscopic plastic deformation of material 

that can be termed as fatigue cracks. The fatigue cracks generally initiate at stress 

concentration locations in welded material, and then propagate under service load because 

fatigue cracks are considered to result from the local and microscopic plastic deformation of 

material due to fatigue loading or repeated loads with respect to time. (Hobbacher, 2016). It 

also mentioned that there is a great correlation between the heat-affected zone (HAZ) 

whereas the fatigue cracks typically start from and the fatigue strength of the material at the 

stress concentration point in weldment. The increase in the stress ratio decreases the fatigue 

strength of weldment especially the fatigue strength of small-size welded joints (Nykänen & 

Björk, 2015). 

What is a fatigue crack? A fatigue crack can be defined crack as a tiny damage on welded 

metal that evolve as results from heating and cooling or due to repeated loading when 

accompanied by little plastic deformation that tends to grow with time and number of cycles 

until complete failure of component occurs. In fatigue life of the welded structure, the crack 

formation has three stages, crack initiation stage, crack propagation, growth stage, and final 

fracture. Crack initiations occur when material on the surface structure or welded material 

as result of fatigue. When material continue to experience dynamic loading, the crack 

propagates in a way as stated by Griffith (1992) that 

“Crack propagation only occurs when the released strain energy is equal to or 

greater than the energy required to create a fracture surface.” (Griffith, 1921).  

The rate of propagation or the crack change in size occurs incrementally with each stress 

cycle but, depending on the type of material and its strength to crack, the nature of 

component and the nature of the cyclic loads that are applied on a material. (Maddox, 2002, 

4). In Figure 13 below, the various periods, steps in the fatigue life are indicated the fatigue 

cracks from its crack initiation period and a crack growth period until complete failure of the 

component is depicted. 
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Figure 13. The outlined phases of the fatigue life from crack initiation period until complete 

failure. Depiction from, (Schijve, 2009, 15) 

 

The main parameters influencing the crack initiation and growth are defects from welding 

operation, the mean stress, the stress range, and the stress ratio. (Thomas, 2018.). Crack 

usually nucleates on the surface of a component at the areas of stress concentration, then 

propagation and fracture after crack reaches critical size. This is according to the Griffith 

(1992) theory that states that  

“a crack will propagate when the reduction in potential energy that occurs due 

to crack growth is greater than or equal to the increase in surface energy due 

to the creation of new free surfaces.” 

According to Nykänen & Björk (2015), the fatigue crack initiation at a welded joint or 

material surface is connected to the fatigue strength of the respective material at the stress 

concentration point. This is supported by Mikkola, Murakami, & Marquis (2015) wherein 

they have stated that the “fatigue crack propagation from locations of high stress 

concentration, such as weld toes and roots” are typically aspects that determine the fatigue 

strength of welded joints. 

In this study, the more concentration is given to fatigue cracks in fillet welded metal structure 

which usually starts or initiates at a surface defect such as a sharp corner or at weld toe once 

the weldments subject to fluctuating stresses of an intensity below the normal strength of the 

material. According to Mikkola, Murakami, & Marquis (2015), the stress concentration at a 

surface defect such as the weld toe is caused by welding residual stresses induced on surface 

and localized stress peaks due to discontinuities in geometry detail of the welded joint. 

MacDonald (2011, 170 - 171) has mentioned that the crack in fillet welded metal joints 
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commonly originate from the weld toe that results in development in fatigue damage. 

However, it possible that the fatigue crack originates from the root side of the welded (fillet) 

joint as can be seen in in one of the presented examples in Figure 14 below wherein, the 

fatigue failure initiates/propagates from the weld root side (i.e., the single-side welded butt 

joint with backing plate (b). Also, the other two samples in middle line in both sides left (e) 

and right (h) (continuous longitudinal butt and fillet welds respectively) are examples of 

fatigue failure initiates at mild stress concentrations i.e., from weld ripples, stop or starts 

during welding execution, or the weld root. Figure 14 presents examples of weld details 

whereas the fatigue failure initiates at the stress concentration due to weld toe, weld end, 

weld ripples, stop or starts and from weld root side. (MacDonald, 2011, 170-171)  

 

 

Figure 14. Examples of weld details whereas the fatigue failure initiates at weld toe, weld 

end, weld stop/starts and the weld root side. Adapted from (MacDonald, 2011, 171) 

 

Effect of residual stress as reduction/retardation of onset fatigue failure 
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As stated in previous chapter 2.3.2, the effect of residual stresses may either be beneficial or 

detrimental to welded metal structures. The compressive residual stresses improve the 

fatigue strength while the tensile residual stresses in combination with highly stressed 

locations that are prone to fatigue failure promote fatigue fracture of the structure. (Radaj, 

1992, 247). The compressive residual stress in weldment serves as tool to reduce the growth 

rate of fatigue crack while tensile residual serves as tool for a cumulative growth of the 

fatigue crack that results the reduction in the fatigue life of the structure or the economic life 

of the component or structure. (Barsoum, Z., & Barsoum, I., 2009). Therefore, by 

introducing compressive residual stresses at the surface the weldment can be considered as 

a mode/technique of increase fatigue life of structure by delaying the fatigue crack initiation 

and decreases the rate of crack propagation. (Todinov, 2007, 239-280.). 

3.3  Standard, Guidelines, and Recommendations 

There are some fatigue design rules for welded structures that are given based on standards, 

guideline and recommendations specified and published by recognized organizations or 

institutions for standards such as European Standard (EN 1993-1-9:2005 “Eurocode 3”), IIW 

(International Institute of Welding), and AWS (American Welding Society). These standards 

are intended for guiding on structural design for making sound and quality products in 

identified rules by reference codes (e.g., Eurocode 3) and the principles for the safety and 

serviceability of structure. The standard defines the design rules and recommendations 

depending on which type of structural detail and how its design should be performed as per 

the code requirements. It tells how to design of steel structures, using the limit state design 

viewpoint. i.e., fundamental nature of knowledge, reality, and existence, as well as guiding 

principle for design for the safety and serviceability of structure.  

The phenomena of metal fatigue can be considered as a process of weakening the material 

that happens in structures experiences or subjected to cyclic loading - dynamic and 

fluctuating stresses which are normally lower than the maximum loads in which involves 

the development of cracks in components. For the fatigue evaluation or assessment for a 

particular category of structural detail, the quantitative correlation between the stress 

difference (stress range) and number of stress cycles to cause fatigue failure is habitually 



55 

 

 
 
 

 

utilized. With increase in load applied, the stresses and elongations keep accumulate with 

increasing loading that results the reduction in fatigue life of the structure i.e., if the applied 

load or stress remains constant, the number of cycles decreases as well. Moreover, EN1993-

1-9 recommends that stresses should be evaluated and calculated at the serviceability limit 

state of the detail. 

It is recommended that the number of fatigue cycles corresponding to infinite fatigue life N 

= 2 x 106 cycles is used when dimensioning a design for infinite life and the survival 

probability is 97.7% wherein it implies that the probability of failure is 2.3%. During the 

fatigue resistance assessment, it recommended that it is especially important to incorporate 

all possible potential failure modes for the direction of loading as fatigue crack growth from 

different weld area such as from the weld toe area through the base material or from the weld 

root side trough the weld throat and so on. For example, in case of S-N curves, it 

recommended that to give the fatigue lives of the details within testing at two stress 

difference (stress range) levels of 5 x 104 to 106 cycles for the derivation of S-N curves 

(Figure 15) (Hobbacher 2016, 37 & 38). 
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Figure 15. Fatigue resistance S-N curves for steel, normal stress, standard applications. 

Adopted from IIW recommendations for fatigue design of welded joints and components 

(Hobbacher, 2016, 38) 

 

For Nominal stress range, the fatigue strength correspond typical details categories is 

characterized by series of curve wherein from Hobbacher (2016, p. 14) it mentioned to be a 

series of (Log ∆𝜎𝑅) − (Log 𝑁) curves and (Log ∆𝜏𝑅) − (Log 𝑁) curves S-N/ Wöhler 

curves. Each detail category is designed by number which represents in N/mm2, the reference 

value ∆𝜎𝐶   and ∆𝜏𝐶 (as shown in Figure 16) for the fatigue strength at 2 million cycles. 

Therefore, the nominal fatigue strength for constant amplitude can be computed with the 

following equations below, however, note the variation of the slope of the fatigue strength 

with help of Figure 16. With 𝑚 = 3 for 𝑁 ≤ 5 𝑥 106  the nominal fatigue strength can be 

obtained as follows: 

 ∆𝜎𝑅
𝑚  𝑁𝑅 = ∆𝜎𝐶

𝑚 2 𝑥 106 (24) 
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Then with 𝑚 = 5 for 𝑁 ≤ 5 𝑥 108  the nominal fatigue strength can be obtained as follows: 

 ∆𝜏𝑅
𝑚 𝑁𝑅 = ∆𝜏𝐶

𝑚 2 𝑥 106 (25) 

The value for the constant amplitude fatigue limit can be quantified as follows: 

 
∆𝜎𝐷 = (

2

5
)

1
3⁄

∆𝜎𝑐 = 0,737 ∆𝜎𝑐  
(26) 

The value for the cut off limit can be computed as follows: 

 
∆𝜏𝐿 = (

2

100
)

1
5⁄

∆𝜏𝑐 = 0,457 ∆𝜏𝑐 
(27) 

In general, in the standard based design, characteristic values are used. Each fatigue strength 

S-N curve is recognized by the so-called characteristic fatigue strength of the detail in MPa 

at 2 million cycles and S-N curve produce through the laboratory tests must be correlated to 

real-life design characteristics. In in the statistical analysis and with respect to EN1993-1-9 

recommendations, to find out the FAT class of a particular structural detail by laboratory 

testing, the stress ratio “R” should be set at constant in the testing and more than 10 data 

points in essential. For the constant amplitude (Figure 16), the slope of the fatigue strength 

S-N curves for details is m = 3 if not specifically stated and the knee point is assumed to 

correspond at N = 107 cycles. For detail assessed based on shear stress, the m = 5 for slope 

of the fatigue strength of curve for detail assessed wherein the knee point is assumed to 

correspond to N = 108 cycles. As per IIW, at characteristic fatigue strength of the detail in 

MPa at 2 million cycles, the FAT 160 MPa for steel or FAT 71 MPa should only be assumed 

if proved/verified by systematic test. (Hobbacher 2016, 40-42) 
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Figure 16. Shows the detail FAT-classes and the slope of the fatigue strength as lines in an 

S-N or Wöhler diagram/curve for direct stress range. (EN1993-1-9, 2005, 15). 

 

3.4  Fatigue Strength Assessment Methods for Weldments 

Evaluation of the fatigue strength, fatigue life of welded structures is challenging aspect 

because the fatigue life of welded structures depends on many factors such as material, 

geometry, strains/stress, mean stress, residual stress as well as stress intensity factors. 

Therefore, the assessment of the fatigue strength of welded metal structures are determined 

with consideration of change in material behavior due to heating and cooling during welding 

process, and the shapes of weld profiles or geometric notch effects create stress 

concentrations. Then, for assessing fatigue strength of the welded joints, the appropriate 

fatigue calculation methods for a specific study are required. Use of a proper and precise 
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estimations, prediction of fatigue strength parameters of welded joints ensures structures 

with justifiable level of reliability and degree of expectation that the welded structure will 

full fill expectation they will operate effectively technically, and economically during their 

intended design life. (Karakaş, et al. 2017). 

Any scientific investigation that comprises experiments, computational, and other 

systematic method that emphasis control and qualified measures of performance needs 

proper method to meet the objective of the study (Hoy, 2010, 3). However, the fatigue 

strength assessment has various methods to be used for as the means for assessment to 

predict the fatigue life of the structure, but in this study, the nominal stress method and 

structural stress approach for fatigue strength assessment are opted as better option for 

fatigue life evaluations for the joints under study with consideration of their capability to 

meet the objective of the study and with respect to other resources’ limitations. So, the study 

chose to utilize nominal stress method and structural stress approach as tools for analysing 

the measurement as the approaches considered to be utilised in most cases and for industrial 

for assessment to predict the fatigue life of the structure. The methods are appropriate to 

evaluate cracks propagating from the weld toe and require slight amounts of work compared 

to 4R method and effective notch stress approach. However, the study recognises that other 

methods such 4R method, and effective notch stress approach are more effective and 

accurate in structures fatigue life analysis and fatigue life prediction, but due fact that the 

chosen method can provide results that meet the objective of the study, and due to time 

limitation, the study opted not utilize the methods require substantial amounts of work with 

no justification. Accuracy and complexity for some methods are illustrated in Figure 17 

below. 
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Figure 17. Comparing the fatigue strength assessment methods for weldment with accuracy, 

complexity, and work effort can be incurred. Adapted from (Hobbacher 2016). 

 

This section provides some explanations for two mentioned approaches the nominal stress 

method and structural stress approach that are utilized in assessment of welded joint under 

study. Also, the study recognizes the other existing methods are such as nominal stress 

method, structural stress method (hot spot), local strain method, fracture mechanics, 

component testing as other approaches can be utilized for assessment to evaluate and predict 

the fatigue life of the structure. Therefore, a brief elucidation about some methods is provide 

as well. It has seen that each of these different methods have different advantages and 

drawbacks. Some methods require substantial amounts of work, so use should be well 

justified. Some are appropriate to evaluate cracks propagating from the weld toe while others 

are inadequate. Some are only suitable to simpler weld geometries to determine the fatigue 

life of weld toes and others are limited to evaluation of the weld toe and not the weld root. 

However, in most cases and for industrial use is concentrated mostly on three methods i.e., 

nominal stress method, structural stress method (hot spot) and effective notch stress method 

(ENS) (Hobbacher, 2016). 
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3.4.1  Nominal Stress Approach 

The nominal stress approach is the methods used for evaluating the service life of steel 

structures based on calculating fatigue strength against experimental values obtained by 

fatigue testing of a series of defined specimens in the steel structures testing laboratory. It 

also based on use of standard/classified details and defined design rules for steel structures 

for fatigue analysis (Niemi, 1995, 25). According to IIW - Hobbacher (2016, 15), the 

nominal stress is the stress evaluated based on stress in the corresponding sectional area, 

including the stress raising effects of the macro-geometric profile such as shape of the 

component in the vicinity of the joint, such as e.g., large cut outs but disregarding the local 

stress raising effects which cause stress concentration on the welded joint or in weld region 

(Figure 18). However, it also stated that under the respective sectional area, the nominal 

stress may vary over and the example of beam like component is provided with modified 

nominal and local stress (Figure 18). With this modified nominal stress and with disregard 

of the effect of welded on attachment, then by utilization of simple beam theory, the variation 

over the section can be calculated. 

 

 

Figure 18. An example of nominal stress distribution in a beam-like component. (Hobbacher, 

2016, 15; Niemi, 1995, 4) 

 

As mentioned earlier. the nominal stress is the stress calculated by including the stress fields 

in the vicinity of concentrated loads and the influences of macro-geometric features of the 

component then the possibility for substantial redistribution of the membrane stresses all-

over the section and shell bending stress as beam curving, alteration of a box or curling of a 
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flange and other beam or box distortions. Figure 19 presents some of generated changes on 

components as effect of macro-geometric features. 

 

 

Figure 19. Some examples of macro-geometric effects. Stress concentrations at (a) cut-outs, 

(b) curved beams, (c) wide plates (d) curved flanges, (e) concentrated loads, (f) bending due 

to eccentricities. (Hobbacher, 2016, 15; Niemi, 1995, 12-13). 

 

Nominal stress approach considers the stress calculations by classical structural mechanics 

in which the overall elastic behavior (linear elastic theory) is assumed. Nominal stress 

approach is used for simpler geometries where nominal stress can be defined and where the 

structural discontinuity is proportional with one of the categorized details involved in the 

structural design rules. The method is not suitable for geometrical complex details it is 

impossible to calculate nominal stress as well as not appropriate for geometrical complex 

details that are impossible to be assigned to corresponding S-N curve or details/series curves 

may be needed to produce the traditional S-N curve. (Niemi, 1995, 25). 

 Most of category of details such as element geometry, loading, and crack location are 

available in most design guidelines and its calculation is based on the conventional and 

customary calculation method. The approach uses the nominal stress, and detail category 

values obtained by fatigue testing of a series of identical specimens in the laboratory. 

However, when in laboratory testing, the strain gauges are planned or intended to be utilized 
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to measure nominal stress, it recommended that the more precise option for measurement of 

the structural hot spot stress on the structure should be considered during gauging process, 

strain gauges must be positioned aside the stress concentration field of the welded joint 

(Hobbacher 2016, 18). 

According to Maddox (2002, 11), for any specific type of loading, it is possible to establish 

the relationship between nominal stress range (stress difference) and number of fatigue 

cycles to failure. Nominal stress ranges are usually considered to be ether a combination of 

nominal direct stress (∆𝜎) and nominal shear (∆𝜏,) or respective nominal direct stress or 

nominal shear stress. From IIW recommendation, it mentioned that the nominal stress range 

should be within the limits of the elastic properties of the material in which the ranges for 

nominal normal stress and for nominal shear stress has given the specified the limit factors 

with respect to actual or specified yield strength of the material (fy). The ranges were 

recommended as follows; For nominal normal stress, the range of the design values of the 

stress range shall not exceed 1.5 ∙ 𝑓𝑦 and for nominal shear stress, the range of the design 

values of the stress range shall not exceed 1.5 ∙ (𝑓𝑦 √3 ⁄ ). Where, 𝑓𝑦 is actual or specified 

yield strength of the material. 

The fatigue resistance of the parent material limits the fatigue resistance of a welded joint in 

which each fatigue strength S-N curve is identified by the characteristic fatigue strength of 

the detail in MPa at 2 million cycles. The relationship of stress range with respect to number 

of cycles creates (S-N curves) are used to compute the fatigue strength of a welded metal 

structure. For nominal stress approach, the nominal stress values drawn from testing are 

applied, then the number of fatigue load cycles to failure (𝑁𝑓𝑐) of a component can computed 

with help of the following equation: 

 
𝑁𝑓𝑐 = (

𝐹𝐴𝑇

∆𝜎 𝑜𝑟 ∆𝜏
)

𝑚

∙ 2 ∙ 106 
(28) 

Where, FAT is the recommended value for fatigue strength at 2 million cycles for particular 

the structural detail, ∆σ and ∆τ are respectively nominal direct stress and nominal shear 

stress, and m is the slope of the fatigue strength curve wherein, it stated that for nominal 

direct stress, m = 3, and for nominal shear stress, m = 5 should be applied. According to 

Hobbacher (2016, 34) the obtained number of fatigue cycles may be converted into a FAT 
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class. Once the number of cycles and the applied stress is known, then the mentioned 

characteristic fatigue strength value, i.e., the fatigue class (FAT class) can be computed with 

help of the following equation: 

 

𝐹𝐴𝑇 = ∆𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 ∙ √
𝑁𝑓𝑐

2 ∙ 106

𝑚

 

 

(29) 

Where, ∆𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 is nominal applied stress, m is the slope of the fatigue strength curves for 

respective the structural details, and 𝑁𝑓𝑐 is the number of load cycle to failure  

3.4.2  Structural Hot Spot Stress Approach 

Niemi (1995, 5) has defined a hot spot as “the term used to refer to the critical point in a 

structure, where fatigue cracking can be expected to occur due to a discontinuity and/or a 

notch”. It also mentioned that normally, the hot spot is located at a weld toe and the value of 

the structural stress at the hot spot is that term the hot spot stress. Then, with help of the 

details or definition of structural hot-spot stress provided in Figure 20 incorporation with 

technique of extrapolation to the weld toe under consideration from stresses at reference 

points, the structural hot-spot stress can be determined using reference points shown in 

Figure 20. These reference points used to determine the structural hot spot stress by 

extrapolation to the weld toe from the stresses of those reference points wherein those points 

are the strain gauges the are located certain distances, practically 0.4t from the weld toe, 

where “t” is the respective plate thickness. 
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Figure 20. Definition of structural hot-spot stress (a) and measurement of the hot spot strain 

range using linear extrapolation method. (Hobbacher, 2016, 19; Niemi, 1995, 20). 

 

According to Niemi (1995, 62-63), to achieve valid results, the hot spot location and the 

orientation of the principal axes should be considered as the most significant factors to 

decide the strain gauge positions. For appropriate practices when fatigue test specimen is 

instrumented with strain gauges to obtain the hot spot stress, the recommended detail to 

locate the strain gauge and number of strain gauges depends on the type of structural stress 

have provided by Hobbacher, (2016, 17) and Niemi, (1995, 62) to achieve valid results from 

test. For trustworthy scientifically boost of the experimentation, it is important that the 

measured results from recommended placement and number of strain gauges represent 

accurately the conditions at the crack initiation site. Then, to achieve these, the following 

recommendation were provided for which states that the center point of the first strain gauge 

should be located at distance of 0.4t from the weld toe for strain gauge length that should 

not exceed 0.2t. In case of any difficulties such as size affect (small plate thickness), it 

recommended that the leading edge of the gauge should be positioned at defined distance of 

0.3t from the weld toe, where the letter “t” presents plate thickness. Also, for more 

clarifications, the IIW recommendation provides Figure 21 with specific recommended 

placement, extrapolation procedure and respective number of strain gauges. 
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Figure 21. Examples of strain gauge’s location distances and extrapolation procedure in plate 

structures. (Hobbacher, 2016, 25; Niemi, 1995, 63) 

Determination of structural stress 

The structural stress evaluation is generally reliant on the global dimensional and relative 

loading parameters of the component in the vicinity of the joint. For determination of range 

of structural hot-spot stress, the structural hot-spot stress method ignores or exclude the 

stress concentrations due to the welded joint itself and the notch effect of the weld toe 

transition, but it incorporates the macro-geometrical effects caused by the design of the 

component and structural discontinuities because of the structural detail of the welded joint. 

This approach is based on geometrical stresses in the structure, limited to the evaluation of 

the weld toe and it is inappropriate in calculating weld root fatigue strength. However, is 

suited to be used for evaluation of complex geometric effect is situation that there is no 

clearly defined nominal stress or classified structural details. Also, it is appropriate to be 

utilized where the structural discontinuity is not proportional to a classified structural detail. 

For the appropriate structural discontinuity, the calculated nominal stress is multiplied by 

the stress concentration factor (Ks) to obtain the hot spot stress. The calculated value can be 

utilized in case of FAT class calculations or in determination of fatigue lives with respect to 

experimented number of fatigue load cycles. (Hobbacher, 2016, 18-19; Niemi, 1995, 19-25) 

  ∆𝜎ℎ𝑠 = 𝐾𝑠 ∙ ∆𝜎𝑛𝑜𝑚 (30) 

Where, Ks is the relevant stress concentration factor and ∆𝜎𝑛𝑜𝑚 is the applied nominal stress. 

Structural stress can be interpreted from values obtained by using strain gauge. As the 

measured nominal stress are essentially ignore the stress or strain concentration because of 

the corresponding discontinuity state in the structural component, therefore a simple strain 

gauge application outside this field is sufficient. However, when strain gauge is planned to 

be utilized to nominal, the more precise strain gauge for the measurement should be give 

highly consideration for the structural hot spot stress measurement. Also, during gauging 

process, strain gauges must be positioned slightly away from the stress concentration field 

of the welded joint (Hobbacher 2016, 17). In this study, simple uniaxial stress state is 

assumed, then strain gauges were used to define the structural stress at the weld toe wherein 
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the measurement from the strain gauge were used to quantify the structural stress from the 

following equation: 

  ∆𝜎ℎ𝑠 = 𝐸 ∙ ∆𝜀ℎ𝑠 (31) 

Where,  𝜎ℎ𝑠 is the structural stress, E is the modulus of elasticity (Young’s modulus), and 

𝜀ℎ𝑠 is the strain obtained by strain gauges from the laboratory experiment test measurements. 

According to Hobbacher, (2016, 21), the structural hot spot stress is not possible to be 

obtained using analytical methods specifically in case of analysis of structural discontinuity 

and details, however, with finite element analysis (FEA) is possible. It stated that with 

established a FEA model of the reference detail and the detail to be evaluated, the 

characteristic FAT value for the fatigue resistance at 2 million cycles of the detail to be 

assessed FATassess can be computed from fatigue class of the reference detail FATref by the 

following equation: 

 𝐹𝐴𝑇𝑎𝑠𝑠𝑒𝑠𝑠 =
𝜎ℎ𝑠,𝑟𝑒𝑓

𝜎ℎ𝑠,𝑎𝑠𝑠𝑒𝑠𝑠
∙ 𝐹𝐴𝑇𝑟𝑒𝑓 

(32) 

Where, 𝜎ℎ𝑠,   𝑟𝑒𝑓 is the structural hot spot stress of the reference detail and𝜎ℎ𝑠,   𝑎𝑠𝑠𝑒𝑠𝑠 is the 

structural hot spot stress of the detail to be assessed.  

Also, with utilization FEA to obtain the ratio of longitudinal to transversal 

strains ( 𝜀𝑦 𝜀𝑥⁄ ), together with the assumption that the shear strain near the weld is negligible 

and the principal stress is approximately perpendicular to the weld toe then structural hot 

spot stress (𝜎ℎ𝑠) can then be determined from following equation: 

 

𝜎ℎ𝑠 = 𝐸 ∙ 𝜀𝑥 ∙
1 +  𝜈

𝜀𝑦

𝜀𝑥

1 − 𝜈2
 

 

(33) 

Where, 𝜎ℎ𝑠  is the structural or geometric stress at the hot spot, E is the modulus of elasticity 

(Young’s modulus), 𝜀𝑥 and 𝜀𝑦 are the measured transversal (x-direction) and longitudinal 

(y-direction) strains respectively, and 𝜈 is the Poisson’s ratio in elastic range. 

The above equation (33) also applies if strain ranges are measured, creating the range of 

structural hot spot stress (∆𝜎ℎ𝑠) wherein it is recommended to use the rosette strain gauges 

for measurements. It also stated that, for consistence in test results evaluation and fatigue 
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analysis should be based on hot spot strain ranges. Though, it is recommended that fatigue 

analysis is based on hot spot stress ranges rather than based on hot spot strain ranges 

(Hobbacher, 2016, 26; Niemi, 1995, 19). 

3.4.3  Effective Notch Stress (ENS) Approach 

The fatigue strength of welded joint depends on several factors such as the material strength 

and its metallurgical variables, the geometrical design, shape and quality of the weld, surface 

quality effects, and so on as well as environment. The surface geometrical irregularities in a 

weld, especially around anticipated crack initiation regions of welded structure, reduces its 

fatigue strength. The often presence of surface geometrical irregularities such as notch create 

stress concentration in the vicinity of the weld toe followed by an initial period for crack 

initiation, crack growth until final failure. These are factor that needs a thoroughly 

assessment to improve the fatigue life. Hence, this is where the concept of the effective notch 

stress (ENS) assessment for the local stress at the notch created by the weld toe or the weld 

root of a welded joint opens interesting options for determine how the root of a notch can 

cause a detrimental effect on the fatigue strength of welded structure. 

The effective notch stress method (ENS) is the fatigue assessment welded joints based on 

the theory of elasticity that disregard elastic-plastic material behavior but considers the 

upsurge that take place in local stress at the notch of the weld that cause by the weld toe or 

the weld root. The effective notch stress approach can be regarded as an approach that mostly 

considers the computed highest elastic stress at the critical points, i.e., the section in the 

welded structure that possess potential fatigue cracking is considered mostly. Thus, the weld 

toe and the root can be assessed by consideration of the linear- elastic material behavior at 

the notch root to obtain the total stress at the root of a notch. (Fricke, 2013). 

According to Niemi (1995, 16), the notch at the weld toe tend to change significantly across 

a weld as well as between different welds. It stated that the main notch effect is to generate 

a nonlinearity stress state in the stress distribution, in which commonly take s place in the 

plate thickness direction. The author also mentioned that for the surface defect situated at a 

notch area is more detrimental and dangerous because of a non-linear stress peak that usually 
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lies within a radius of approximately 0.3t to 0.4t from the notch root as shown in Figure 21 

and 22 as well. The letter “t” presents thickness of the relative material.   

 

 

Figure 22. Stress distributions across the plate thickness and along the surface in the vicinity 

of a weld toe. (Niemi, 1995, 16). 

 

According to Niemi (1995, 5); Hobbacher (2016, 14), in the vicinity of a notch, the 

corresponding details such as the stress distribution throughout the plate thickness, the 

nonlinear distribution across the plate thickness, as well as the nonlinear stress peak can be 

separated from the structural stress as depicted in Figure 23 below. 

 

 

Figure 23. Non-linear stress (𝜎𝑛𝑙) distribution separated to stress components (Hobbacher, 

2016, 14; Niemi, 1995, 5). 
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The stress components of the notch stress (𝜎𝑛𝑙)  are, membrane stress (𝜎𝑚), shell bending 

stress (𝜎𝑏), and non-linear stress peak (𝜎𝑛𝑙𝑝). With help finite element analysis (FEA) it is 

also possible to define all 3 stress components directly from FEM results with respect to 

following equations: 

 

𝜎𝑚 =
1

𝑡
∙ ∫ 𝜎

𝑥=𝑡

𝑥=0

(𝑥) ∙ 𝑑𝑥 

 

(34) 

 

𝜎𝑏 =
6

𝑡2
∙ ∫ (𝜎

𝑥=𝑡

𝑥=0

(𝑥) − 𝜎𝑚) ∙ (
𝑡

2
− 𝑥) ∙ 𝑑𝑥 

 

(35) 

 
𝜎𝑛𝑙(𝑥) = 𝜎(𝑥) − 𝜎𝑚 − (1 −

2𝑥

𝑡
) ∙ 𝜎𝑏  

(36) 

The immediately above equations (34, 35, 36) are reprinted from Hobbacher (2016, 14) 

where are noted as the equation 2.3, 2.4 and 2.5 respectively. For a given through thickness 

stress distribution σ(x) from x = 0 at the surface to x = t, the stress components can be 

separated analytically as presented in equations (34 - 36) above. 

Fricke (2013) has stated that the ENS approach is mainly based on use of fictitious notch 

rounding and the fundamental factor behind the approach is that by a fictitious enlargement 

of the notch radius the stress reduction in a notch due to averaging the stress over a certain 

depth can alternatively be attained. Yet, the effective notch radius is an idealization, 

therefore, the notch radius measurement cannot be obtained directly from the welded 

component. 

For the determination of effective notch stress the approach taking locally elastoplastic 

behavior at the notch root into account with help of the macro-support formula given by 

Neuber with a fictitious radius of r = 1 mm for plate thicknesses of t ≥ 5 mm. This is 

according to Hobbacher (2016, 27) who mentioned that an effective notch root radius of r = 

1 mm replacing weld toe and weld root notch Figure 24 has been verified to give consistent 

results for structural steels and aluminum alloy. If material thickness t < 5 mm, it 



71 

 

 
 
 

 

recommended to use a radius of r = 0.05 mm. The ENS concept implies that the geometry 

of the weld toe and weld root notch (the actual weld contour) is replaced by (an effective 

one) a rounded notch with a specific radius for the assessment of welded joints with respect 

to potential fatigue failures from the weld toe or weld root. 

 

 

Figure 24. Fictitious notch rounding of weld toe and roots. Diagram according to Hobbacher 

(2016, 27) 

 

With ENS, the fatigue evaluation of welded joints with consideration of the possible fatigue 

failures from the weld toe area or weld root can be performed with a single fatigue resistance 

curve i.e., done using a single universal Wöhler S-N curve. However, in the direction of the 

weld vicinity, the contemplation must be given to that the fatigue resistance curve for the 

parent material not surpassed in the process. The dependence on the fatigue resistance of the 

parent material which determined by using the structural hot-spot stress and the FAT class 

of the non-welded parent material results limitation on the fatigue resistance of a weld toe. 

The FAT classes are normally dependent of the range of maximum principal stress in the 

notch root as differ for welds of different materials and stress thickness. For example, for 

the steel materials, the FATENS is 225 MPa can be used comparatively for every ENS 

structural details so long as the maximum principal stress is used. It mentioned that the 

effective notch fatigue resistance for steel, for notch as-welded, normal welding quality and 

effective notch radius equal to 1 mm replacing weld toe and weld notch, the FAT is 225 MPa 

at the slope of the fatigue strength m = 3 (Hobbacher 2016, 27 & 62). 
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Figure 25. Shows the FAT class reference values for fatigue strength at 2 million cycles for 

the structural. Reprinted from (Hobbacher 2016, 38) 

 

However, when an effective notch radius as taken as replacement of weld toe and weld root 

notch and for notch as-welded, normal welding quality the FATENS values can be categorized 

as follows: 

• if we use principal stresses and material thickness 𝑡 ≥ 5 mm: FATENS = 225 MPa 

• if we use Von Mises stress and material thickness 𝑡 ≥ 5 mm: FATENS = 200 MPa 
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• if material thickness 𝑡 < 5 mm: FATENS = 630 MPa (Von Mises) 

Nevertheless, Hobbacher (2014, 62) specified that with respect to geometric and loading 

parameters and with help of fatigue class (FATENS) value for the fatigue strength at 2 million 

cycles of the detail the number of load cycles to failure (𝑁𝑓𝑐) can be quantified using the 

following equation: 

 
𝑁𝑓𝑐,   𝐸𝑁𝑆 = (

𝐹𝐴𝑇𝐸𝑁𝑆

∆𝜎𝐸𝑁𝑆
)

𝑚

∙ 2 ∙ 106 
(37) 

Where 𝑁𝑓𝑐,   𝐸𝑁𝑆 is the number of load cycle to failure, the FATENS is the reference value for 

fatigue strength at 2 million cycles for the structural, ∆𝜎𝐸𝑁𝑆 is ENS stress range, and m is the 

slope of the fatigue strength curve for respective the structural details. 

According to Björk, et al. (2018, 2), the effective notch stress range can be computed from 

the following equation: 

 ∆𝜎𝐸𝑁𝑆 = 𝐾𝑡,𝑚 ∙ ∆𝜎𝑚 + 𝑘𝑡,𝑏 ∙ ∆𝜎𝑏 (38) 

Where, 𝐾𝑡,𝑚 is the notch stress concentration factor for membrane,  ∆𝜎𝑚 is the membrane 

stress range, 𝑘𝑡,𝑏 is the notch stress concentration factor for bending loading, and ∆𝜎𝑏 is the 

bending stress range. 

3.4.4  4R Method Approach 

The 4R method is newness of the fatigue strength assessment methods for weldment to 

engineering scientific society compared to other existing methods. Despite its newest state, 

the method has proven to be effective and correct in estimating the loads effect on the fatigue 

strength and predicting the fatigue life of the welded structure. Also, it considers that the 

combination of 4R method and effective notch stress approach with FEA methods provide a 

room for more accurate estimation of the load effects as well as help to reduce any 

overestimated or underestimated structures fatigue life. (Björk, et al. 2018.). 
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The 4R method is based on a modified effective notch stress (ENS) approach for the fatigue 

evaluation of welded joints and cut edges in which the weld quality is considered by 

adjusting the weld toe radius r = rtrue + 1 mm, whereas ENS method is usually incorporated 

for computational wok. The 4R method is a reasonable fatigue life evaluation tool based on 

conversion of available data such as stress difference (stress range) that obtained from 

experimental tests to local elastic-plastic behavior to determine the local stress ratio Rlocal at 

the critical notch. That means, with the 4R method and incorporate of  means of local strain 

approach, Ramberg-Osgood material model and Neuber’s notch theory, and Bauschinger’s 

effect (kinematic hardening rule) for computational exertion, the essential 4R method 

approach parameter for fatigue strength evaluation such as the local stress ratio Rlocal at the 

critical notch or local stress ratio at the critical point of the joint which can be regarded as 

point for possible the fatigue failure can happen i.e., at the weld toe or root can be computed. 

(Björk, et al. 2018, 2). The determination of Rlocal value is given by: 

 𝑅𝑙𝑜𝑐𝑎𝑙 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
 (39) 

Then, from 𝜎 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 , the values for 𝜎𝑚𝑖𝑛 and 𝜎𝑚𝑎𝑥 can be calculated in which 

implies that 𝜎𝑚𝑖𝑛 = 𝜎𝑚𝑎𝑥 −𝜎 . Therefore, with that relation and substitution for 𝜎𝑚𝑖𝑛  value, 

the Rlocal can be presented as: 

 
𝑅𝑙𝑜𝑐𝑎𝑙 =

𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
= 1 −  

∆𝜎

𝜎𝑚𝑎𝑥
 

(40) 

This implies that the local stress ratio (Rlocal) can be quantified once values for the local 

minimum stress (𝜎min), and maximum stress (𝜎𝑚𝑎𝑥) are defined with respect to the effective 

linear-elastic notch stress range (𝜎𝑘) and with help of more computational details available 

from Figure 26 below. The computational involves the use of relationship of the Ramberg-

Osgood elastic-plastic material model and Neuber’s theory/rule as their relative 

computational formulas presented in Figure 26. 
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Figure 26. The parameters and principles to define 4R approach based on the material’s 

cyclic elastic-plastic behavior at a notch. Extracted from (Björk, et al. 2018.). 

 

The other factors should be considered from determination of local elastic-behaviour/local 

stresses (Rlocal) of welded specimens under study based on conversion available stress range 

data from experimental tests are the below following parameters because they are essential 

in the 4R method for fatigue strength analysis. (Björk, et al. 2018.) 

• the actual weld toe or root radius (rtrue), 

• the ultimate strength of the respective material (Rm), 

• residual stresses at toe (σres), as well as 

• stress ratio (R) caused by external load. 

The all above mentioned parameters are crucial aspects in 4R method for fatigue strength 

analysis that uses the equation 41 for fatigue life evaluation. (Skriko, Ahola, & Björk., 2022. 

6). 
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𝑁𝑓,4𝑅 = (

√1 − 𝑅𝑙𝑜𝑐𝑎𝑙

𝛾𝑓 ∙ (𝐾𝑡,𝑚 ∙ ∆𝜎𝑚 +  𝐾𝑡,𝑏 ∙ ∆𝜎𝑏)
)

𝑚4𝑅

 ∙ 𝐶4𝑅 
 

(41) 

Where Nf,4R  Fatigue life of the welded structure 

Rlocal  Local stress ratio at the critical point of the joint prone to the 

fatigue failure to happen 

γf  Partial safety factor for fatigue 

Kt,m Notch stress concentration factor for relative membrane stress 

Δσm Membrane component structural stress range  

Kt,b  Notch stress concentration factor corresponds to bending stress 

Δσb Bending component structural stress range 

m4R Slope of the reference/master curve (Rlocal = 0) 

C4R Fatigue capacity of the 4R reference/master curve (typical value, 

Rlocal, ref = 0) 

In Figure 26 all parameters and principles to define 4R approach based on the material’s 

cyclic elastic-plastic behavior at a notch are presented. Refer Figure 26 for more 

clarification. 

  



77 

 

 
 
 

 

4  Experiments and Numerical Analyses 

The most effective analysis approach is a combination of theory review, experimentation 

and computational analysis that allows the study to obtain the maximum amount of 

information using the smallest number of specimens to minimize time and expenses. The 

theories review can be considered as the qualitative evaluation of the phenomenon under 

study that have evaluated or elucidated through literature reviewed. The quantitative 

evaluation or analysis of welding configuration effects on fatigue strength of welded 

structures considered to be achieved based on experimental, analytical, and numerical 

techniques as going to be elucidated in this section. The theory part has given some insights 

about the phenomenon under study in previous chapters. In this chapter, the experimental 

compartment elucidated to show how it complement with theories given in previous 

chapters.  

4.1  Experimental Tests, Measurements 

This experimental study is conducted with purpose of revealing the essential parameters that 

effect of influence the fatigue strength of welded T-joints. The study focusses on identifying 

factors contributing to presence of fatigue failure in metal welded joints by analysing the 

fatigue strength of the S420 structural steel plates with welded T-joint and provide a suitable 

mitigation towards the formation of the revealed factors. Nevertheless, to be more specific, 

the study focusses more in determine the influence/effect of welding configuration as well 

as induced to welding stresses and their effect to fatigue strength of the structures, especially 

the material under study (S420). 

4.1.1  The test specimens design - dimensions and other specifications 

The seven test specimens of structural steel S420, moderate strength steel were welded in 

different welding configuration to determine the relationship/correlation between welding 

configuration and fatigue strength of the welded structure/joints. The test specimens were 
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with simple and most common joint in structural structures, the T-joint welded joint. All 

seven specimens were with dimensions of 820 mm x 120 mm x 8 mm and 60 mm x 50 mm 

x 8 mm for base plates and attachment plates respectively (Figure 27 below).  The plate sizes 

for area which correspond the center part of the actual T-joint test specimen were in 

dimensions of 200 mm x 60 mm x 8 mm for base plate and 60 mm x 50 mm x 8 mm for 

attachment plate (Figure 27 below). 

 

 

Figure 27. The experimental test specimen dimensions 

 

The mentioned seven (7) experimental tests specimens of S420 structural steel plate with 

attachment plate at the middle part of the base to form a geometrical T-joint were prepared 

in different welding configuration This makes the test specimens to be categorized in two, 

i.e., free specimens and pre-bent specimens. Every specimen was distinguished with given 

IDs (S420ET8_3,4,5, … 9) as can be noted in Figure 29. The two classified specimens are 

in two different features in which each category considered to have some special 

characteristic features due welding layout. The categorization is as follows: 

• The free specimens: Means specimens were welded while fixed only at one end that 

provided room/freedom condition for the specimen to deform freely during welding 

and cooling process. (Four specimens were prepared in this condition).  

• Pre-bent specimens: Means the specimens were welded in restraint condition to limit 

freely deformation of the specimen. (Three specimens were prepared in this layout). 

The below Figure 28 shows the welding configuration for pre-bent specimen. Just to give an 

idea on how the pre-bent welding layout configured and performed.  
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Figure 28. Pre-bent specimens’ layout for welding execution. 

 

All the test specimens had attachment plate as explained before. All attachments in all test 

specimens were welded with robotized Gas Metal Arc Welding (GMAW) process with 

welding parameter as shown in Table 2 below. The welding procedure specifications (WPSs) 

was used and properly followed. 

 

Table 2. Welding parameters of the specimen for macrographic examination. 

 

 

4.1.2  Specimens’ material specifications 

The material used for specimens is S420 structural steel plate as mentioned earlier on. From 

the manufacture of the material (SSAB), the material is mentioned to comply with the 

European standard i.e., the EN 10025:2004 standard. The specific mechanical properties and 

chemical compositions as noticed from SSAB website where the general product description 

specifically for S420 material is provided and are as presented in Table 3 and Table 4 

respectively. 
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Table 3. Material mechanical properties 

 

 

Table 4. Material chemical composition 

 

 

4.1.3  Experimentation set-up for the fatigue strength testing 

The actual focus for this experiment is to evaluate the fatigue life of welded metal structure 

subjected to repeated dynamic load and with constant amplitude loading in different or 

variables load to ascertain number of cycles it can endure before failure. Therefore, for this 

study, the seven specimens were tested. All seven test specimens were tested in the 

Laboratory of Welding Technology at LUT University of Technology. The welded 

specimens for experimental tests were produced with different type of welding 

layout/configuration. To obtains the desired results for fatigue strength of welded joints, the 

constant amplitude loading experiments for fatigue tests was deployed with different loads 

and in different stress ratios at room temperature. In each test, the specimen loaded with 

variable loads to create a certain level of stress with created constant amplitude loading 

condition until it fractures. The fatigue stress parameters applied to make a specimen to 
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fracture, the number of cycles to specimen fracture and other important details for fatigue 

testing were noted as per evaluation methods requirements. The results for the tests are 

presented in some tables and figure presented in result section, Refer results section for more 

details. 

Planned initial test matrix for both specimens 

Here below is the plan matrix for the experimental tests (Figure 29) that give the overview 

on how the experiment for every respective specimen was planned and conducted. It gave 

almost all necessary details/information for the experimentation to have a smooth running. 

 

 

Figure 29. Present the experimentation Outline (the planned experiment matrix). 

 

Fatigue testing set-up 

As mentioned previously, each test specimen, four free specimens (S420ET8_3, 

S420ET8_4, S420ET8_5, and S420ET8_6) and three pre-bent specimens (S420ET8_7, 

S420ET8_8, and S420ET8_9) was subjected to constant amplitude and uniaxial fatigue 

loading with a variation of a given loads, stress range (with respect to time) and stress ratios. 
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However, only applied stress ratios of 𝑅 > 0 were considered in this experimental test for 

fatigue strength. The combination of the two sets of stress ratios R (0.1 and 0.33) and the 

two sets of nominal stress ranges ∆𝜎 (250 MPa and 300 MPa) with different nominal loads 

(test rig forces) were utilized for experimentation. However, in the study/research plan and 

in planned initial test matrix (Figure 29) it was mentioned that the study might not 

experiment all specimens, but in was mentioned that at least two of each category must tested 

at applied stress ratio of R = 0.1. The other factor was applied stress ratios where the planned 

ratios of between R = 0.3 - 0.4 were mentioned. The main idea was to make sure the study 

must have enough data to meet objective of the study and draw conclusion of the study with 

respect to sufficient collected and analysed data. The (Table 5) represents the combination 

of fatigue loading parameters used in experimentation. 

 

Table 5. Fatigue loading (with test rig forces) parameters 

Specimen ID Test Rig 

[kN] 

Applied R 

[-] 

∆𝜎 

[MPa] 

∆𝐹 

[kN] 

𝐹𝑚𝑎𝑥 

[kN] 

𝐹𝑚𝑖𝑛 

[kN] 

Frequency 

[Hz] 

S420ET8_3 750 0.1 250 120 132 12 0.3 

S420ET8_4 1200 0.1 300 144 160 16 1 

S420ET8_5 1200 0.33 250 120 180 60 1 

S420ET8_6 1200 0.1 250 120 132 12 0.8 

S420ET8_7 1200 0.1 250 120 132 12 1.2 

S420ET8_8 1200 0.1 300 144 160 16 1 

S420ET8_9 1200 0.33 250 120 180 60 0.8 

 

Table 5 presents some details deployed in experimental test. Just to give overview of 

information/details involved in experimental test. 

4.1.4  Employed measurement technique 

As stated earlier, several factors that significantly influence the structures fatigue failures 

and their effects can be measured experimentally or estimated analytically and numerically 
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in anticipating and planning for possibilities for structure failure to ensure the performance 

of welded structures. Therefore, to determine how these factors contribute to fatigue failures 

before we can begin to analyze them systematically, the utilization of appropriate measuring 

tools and techniques are significant aspect to consider. Here below are the tools and 

techniques used to obtain data that met the object of the study. 

 

Strain gauges (SGs) for defining the structural stress 

Structural stress can be interpreted from values obtained from strain gauge measurement. In 

this study, simple uniaxial stress state is assumed, then strain gauges were used to define the 

structural stress at the weld toe. As the measured nominal stress are essentially ignore or 

disregard the stress or strain concentration because of the corresponding discontinuity state 

in the structural component, therefore a simple strain gauge application outside this field is 

sufficient. However, when strain gauge is planned to be utilized to nominal, the more precise 

strain gauge for the measurement should be give highly consideration for the structural hot 

spot stress measurement. Also, during gauging process, strain gauges must be positioned 

slightly away from the stress concentration field of the welded joint (Figure 21; 30; and 31) 

(Hobbacher 2016, 17). 

Seven specimens were involved in this experimental test for structural stress measurements. 

All seven test specimens were equipped with strain gauges with the measurement grid length 

0.6 mm and a grid size of 3 mm positioned at some mm (10 mm away) from the mid-section 

of the specimen to quantity the real structural stress (for defining only the structural stress 

concentrations). Each specimen instrumented with two strain gauges at 0.4t mm distance 

from the weld toe, one gauge on each side. The specimen thickness t = 8 mm, then by 

substituting the “t” value to 0.4t mm distance makes the hot spot = 3.2 mm from both weld 

toes. The strain gauges positioned at distance of 20 mm from one side of specimen or at 10 

mm aside the center line because residual stress measurements were conducted at the center 

line of the specimen (Figure 30). 
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Figure 30. Strain gauges attached on both sides of an attachment plate on test specimen for 

quantifying the real structural stress (defining the structural stress concentrations) 

 

The strain gauges were categorized as SG1 and SG2 for easy data collection identification. 

They were attached on either side of the base plate attachment weld (noted as weld 1 and 

weld 2). The SG1 was located on weld 1 side and SG2 was placed on weld 2 side. The SGs 

were placed at defined distances from the weld toe. Specially, the SG1 and SG2 were located 

on different weld sides at 0.4t distance from the weld toe as mentioned earlier, and as can be 

seen in Figure 30 and 31.  
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Figure 31. The strain gauges (SG1 and SG2) allocations (strain gauges attached on both sides 

of the plate, placed at 0.4t distances from the weld toe). 

 

Residual stress (RS) measurements by X-ray diffractometer 

There are several types of method or techniques can be utilized for measuring welding 

residual stress that can be categorized as neutron diffraction technique, stress-relaxation 

techniques, techniques exploiting stress-sensitive properties, X-ray diffraction techniques 

(Masubuchi 1980, p. 112). For this experimental test, the study utilizes only X-ray diffraction 

techniques for measurement of welding residual stress on specimens under study to quantify 

the residual stress induced on the surface of the specimen. It is obvious that with X-ray 

diffraction techniques, the exact value of the residual stress level induced in the weld after 

welding cannot be thoroughly measured, but it was aimed to estimate the residual stresses in 

the weld toe which is enough for the purpose of this study. It is nondestructively technique 

that suite the study conditions and target. 

Residual stresses on weldment/structure plays a significant role in the fatigue strength of the 

welded metal structure. For more and better understanding of the residual stress level on the 

welded structure, the specimens were under study, the residual stress measurements with X-

ray diffractometer at the test rig before/during fatigue tests were executed perpendicular to 
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weld (parallel to loading direction) and the paths were measured, starting from weld toe to 

5 mm distance from weld toe. For all specimens, residual stress measurements have taken 

on both sides of attachment welds categorized as weld 1 and weld 2 (Figure 30 and 31). Six 

points for measurements were created. The points start at 0 to 5 mm distance from weld toe 

that makes 6 points with the step size of 1 mm from one point to another. The created points 

in every step of 1 mm were labeled as 0, 1, 2, 3, 4, 5 on both sides (side 1 and side 2) of 

plate. The first or starting point “0” for each specimen was as closer to weld toe (as close as 

possible) at notch stress area and the last point noted “5” was 5 mm from first one. The 

residual stress was measured at all 6 points on both sides. However, in some cases, especially 

for specimen S420ET8_8 and S420ET8_9, the measurement was taken only from one side 

in certain steps. 

4.1.5  Executed procedure for effective measurements 

The residual stresses measurement was executed with consideration of the as follows steps: 

• Before attaching to the test rig 

• After attaching to the test rig, before loading (point 0) 

• After subjected to quasistatic load (point 1) 

• After first few (100) cycles (point 2) 

• After few thousand (10,000) load cycles (point 3, = stabilized residual stress). 
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Figure 32. The measurement of residual stresses steps 

 

The specimens were 7 in number as mentioned earlier, and the experiments starts with the 

specimen S420ET8_3 and continue to the last/final on that was S420ET8_9.  For all 

specimens, there were 10 steps took place for each specimen to its experimental test 

successful completion. The process was the same for all seven specimens involved in 

experimentation i.e., for 4 free specimens and for 3 pre-bent specimens. The process started 

with taking the measurement before the specimen attached to test rig and then other steps up 

to step 10 at 10,000 load cycles, then after this step, there was no more residual stress 

measurement, but the test process continues for the specimen be subjected to relative cyclic 

loading till final failure. 

The following information is a brief elucidation on how the experimental test conducted. Let 

take for instance the specimen ID number S420ET8_3, the free specimen. The measurements 

were achieved with the consideration of the following set-up and other details during 

experimentation process. Here are some utilized details. The considered tilt angles were 

between -35°/9° to 28° in which for side 1 was 7° / - 45° and for side 2 was -12° /45°. The 

number of tilts were 3/3 and tilt oscillation was +-1°. Other are long collimator of 1 mm and 

Arc 75. Also, for mentioned specimen ID, it involves the utilization of stress ratio R = 0.1, 

the nominal stress range ∆σ 250 MPa with different nominal loads (test rig forces) of ΔF = 
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120 kN / Fmax = 132 kN and Fmin = 12 kN. The intended measurement was achieved as 

elucidated here in the following paragraph. 

For specimen S420ET8_3, that is taken as an example, when measurement starts, the 

calibration of strain gauge was not at zero (3000 μStr). Then attachment to the 1200 kN test 

rig (note! strain gauge values are not zeroed). Thereafter, followed by the measurements of 

residual stress at point at all points (0,1,2,3,4, and 5 mm at each side). The next step was to 

set quasistatic loading to Fmax = 132 kN, then back to F = 0 to measure residual stresses at 

that step in which measurement of residual stress (0…5 mm at each side) was successfully 

conducted. After that process of measurement of residual stress, the next step was the 

specimen subjected cyclic loading Fmax = 132 kN and Fmin = 12 kN for 100 load cycles, then 

test stopped (back to F = 0) to measure residual stresses again. The measurement of residual 

stress (0…5 mm at each side) as usual as being taken in previous steps. After a thoroughly 

residual measurement been taken, again the specimen subject to cyclic loading Fmax = 132 

kN and Fmin = 12 kN for 10,000 load cycles, then test stopped (back to F = 0) to measure 

residual stresses. Up to this stage, the final measurement of residual stress (0…5 mm at each 

side) was achieved. Thereafter, the process continues for the specimen be subjected to cyclic 

loading Fmax = 132 kN and Fmin = 12 kN for until failure. 

The process was the same for all 7 specimens involved in experimentation, however, the 

fatigue loading, and stress ratios were different in some cases. The respective specimen 

S420ET8_3 has just taken to give an overview of the procedure used for residual stress 

measurements acquisition. 

  



89 

 

 
 
 

 

5  Results 

Fowler (2009, 1) suggested that for creating a scientific base that make a well understandable 

interpretations and inferences about the phenomenon under investigation, the collected 

evidence or data should be utilized afterward scientifically to produce statistics or numerical 

inscriptions that can be beneficial to scientific community and to the society in general. 

Then, as mentioned earlier in preceding chapters, the evaluation or analysis of effects of 

welding configuration on fatigue strength of welded structures considered to be achieved 

based on experimental, analytical, and numerical approach as well as with acknowledgement 

on how they complement with existing theories. The fundamental purpose in this form of 

incorporation of different approaches is to compare the results from computational work to 

the experimental test results and evaluated theories. 

To make the results report to be clear easy to understand for readers and other researchers in 

the future, the study has provided all documents containing factual and objective information 

involved in experimentation and computational work. Here below, the systematically 

analysed results are presented in some tables, and some figure to make the study results be 

more descriptive and more understandable. The fatigue strength of the studied welds for all 

test specimens is determined by fatigue testing in a laboratory and then followed by use of 

different analytical calculations aimed to compare the laboratory test results to 

computational results. Wesiman, H., (1996) urged that in result section is where the 

important findings for study are presented so the researcher is needed to be objective and 

report the observed findings/results without any biased comment, or viewpoint. This is 

robust statement that has considered, and, in this chapter, the relative theories/details and 

computational work results are presented. The study is confident that through number of 

experimental tests conducted, has managed to produce enough data that used to produce this 

statistical inscription. 
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5.1  Applied Laboratory Work – Experiments Results 

In this sub-chapter, the study provides experiment test results from all experiments took 

place in this respective research.  

5.1.1  Fatigue loading parameters and their effects 

In Table 6, the measured and noted number of cycles to failure for all test specimens are 

presented. Also, the table comprises some details about in what side the specimens broke 

from. The presented results are corresponding to what observed from laboratory testing. In 

Table 6, the respective accumulated number of cycles for every specimen are presented. 

 

Table 6. Fatigue loading (with test rig forces) parameters 

Specimen 

ID 

Test Rig 

[kN] 

Applied R 

[-] 

∆𝜎 

[MPa] 

∆𝐹 

[kN] 

𝐹𝑚𝑎𝑥 

[kN] 

𝐹𝑚𝑖𝑛 

[kN] 

𝑁𝑓𝑐  

Cycles 

Weld toe failure 

side details 

S420ET8_3 750 0.1 250 120 132 12 151 205 Broke from side 2 

S420ET8_4 1200 0.1 300 144 160 16 84 428 Broke from side 1 

S420ET8_5 1200 0.33 250 120 180 60 150 965 Broke from side 2 

S420ET8_6 1200 0.1 250 120 132 12 207 144 Broke from side 2 

S420ET8_7 1200 0.1 250 120 132 12 679 922 Broke from side 2 

S420ET8_8 1200 0.1 300 144 160 16 189 812 Broke from side 2 

S420ET8_9 1200 0.33 250 120 180 60 285 515 Broke from side 2 

 

The details from Table 6 above, the fatigue lives as per laboratory experiment test results are 

illustrated with a bar graph as can be seen in Figure 33 below 
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Figure 33. Fatigue lives as per laboratory experiment test results 

 

From Figure 33 that present the fatigue lives in bar graph with respect to the results, reveals 

that in average, the freely welded specimens - free specimens (S420ET8_3, S420ET8_4, 

S420ET8_5, and S420ET8_6) exhibit less accumulated number of cycles to failure 

compared to the specimens welded in pre-bent state (S420ET8_7, S420ET8_8, and 

S420ET8_9). Also, it can be noted that in group of free specimens, the specimen S420ET8_6 

has better or higher number of cycles to failure compared to other specimens of the same 

category, but this might be because of plasticity state created on specimen due to the overload 

of an amount of 90% of the materials yield strength subjected to relative specimen. 

5.1.2  Strain gauges measurement results 

In this study, strain gauges were used to define the structural stress at the weld toe wherein 

the measurement from the strain gauges were used to quantify the structural stress. The 

tabulated details below (Table 7) are the strain values measured during the experimental test. 
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Table 7. The strain gauges strain measurements 

Specimen Details After fixing After static After 100 cycles After 10 000 

cycles 

Category Specimen ID SG1 

[γStr] 

SG2 

[γStr] 

SG1 

[γStr] 

SG2 

[γStr] 

SG1 

[γStr] 

SG2 

[γStr] 

SG1 

[γStr] 

SG2 

[γStr] 

 

Free 

specimens 

S420ET8_3 164 185 485 768 570 965 606 1057 

S420ET8_4 125 136 2324 3718 120 254 222 444 

S420ET8_5 70 91 3685 5282 1408 2964 324 347 

S420ET8_6 95 118 4009 5796 1707 3407 18 22 

Pre-bent 

specimens 

S420ET8_7 114 90 1640 1658 148 208 138 307 

S420ET8_8 157 135 1851 2490 16 656 82 392 

S420ET8_9 63 41 2985 3852 1000 1835 1299 2422 

 

However, it is recommended that hot spot stress ranges should be used as base for fatigue 

analysis rather than based on hot spot strain ranges, but in case of this study and for 

consistence in test results evaluation and fatigue analysis should be based on hot spot strain 

ranges as per IIW recommendation. 

5.1.3  Residual stress measurements results 

For general overview, with respect to the measured details, it is apparently that the weld joint 

sides are in different residual stresses states. For side 1 at point 1 (zero mm) i.e., the point 

nearer to weld toe shows the region to be in compressive stress and getting higher stress 

value (MPa) as moving from compressive to tensile stresses states especially at point 2 and 

3 (critical points) in most cases. Thereafter, from point 3, the stress values start to get lower 

unit as continue moving away from point 3 to point 6 which is 5 mm away from weld toe. 

The more far you go from the weld toe, the less the stress value (MPa) measured/observed. 

For side 2, the higher stress units in MPa were observed for both specimens and mostly at 

points 2 and 3 too i.e., at distance of 1 mm and 2 mm from weld toe. 
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Also, it observed that once the metal welded freely, that means without restraints (i.e., not 

clamped or attached to any constraints), that condition makes the component to deform 

freely that practically results to development of only tertiary, and secondary residual stresses 

to welded component. For this case, the primary reaction stresses due to restraint not induced 

to the welded component. This fact is supported by the experiment results in which it seen 

that from the residual stress measurement for pre-bent specimen indicates that the pre-bent 

specimens possess more compressive residual stresses and specifically, the very high 

compressive residual stresses were observed on weld 1 side. The higher compressive stress 

to pre-bent specimens can be considered are of the primary reaction stresses due welding 

configuration and restraints involved during welding process. In term of fatigue strength, the 

most important matter is the residual stress at the weld toe area. Hence, in both category the 

compressive stress state has observed that at weld toe vicinity and the more far from to the 

weld toe, the stress state changes to higher (positive) stress state i.e., changing from 

compressive stress state to tensile stress state. 

 In free specimen, mostly the tensile residual stress as observed to dominate. However, in 

from both specimens’ results, the highest tensile stress (stress peak) is not found in the 

vicinity of weld toe, but mostly at point 2 and 3 which are at distance of respectively 1 mm 

and 2 mm from the weld toe. Refer the residual stress distribution diagrams (Figure 34, 35 

and 36) that shows the results of residual stress in every point from weld toe i.e., from 0…5 

mm with the step size of 1 mm between points. Here below, the residual stress distribution 

diagrams (Figure 34, 35 and 36) are presented. 

The Figure 34, 35 and 36 below are the residual measurement results as observed during 

laboratory experimentation with respective residual distribution diagrams. For easy figure 

creation, words were abbreviated to make them to fit the desired table size. The utilized 

abbreviations are elucidated as follows; DFWT denotes “distance from weld toe”, (0,1,2…5 

mm, six points/steps with the step size of 1 mm apart). BFTR stands for “before fixing to 

test rig”, AFTR meaning “after fixing to test rig”, ASTL represents “after subjected to static 

test load”, AHFCs shortened for “after hundred (100) fatigue cycles” and ATTFCs is 

abbreviated for “after ten thousand (10 000) fatigue cycles”. 



94 

 

 
 
 

 

Figure 34. The residual stress measurement results with distribution diagrams for the free 

specimens (ID number S420ET8_3, S420ET8_4, and S420ET8_5). 
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For free specimens, the primary reaction stresses due to restraint not induced to the welded 

component compared to pre-bent specimens. This fact is supported by the experiment results 

in which it seen from the residual stress measurement for pre-bent specimen indicates the 

specimen had higher tensile stress compared to free specimens. 

 

 

Figure 35. The residual stress measurement results with distribution diagrams for an 

overloaded free specimen, the S420ET8_6. 

 

It should be noted that the S420ET8_6 was overload by an amount of 90% of the materials 

yield strength (360MPa) in first cycle (0 → Fmax = 182.5 kN → 0) then followed by the 

lower constant amplitude loading with different loads. The overloading techniques has 

provided the specimen with slight diverse characteristic from other specimens of the same 

category. The effect of the overload technique applied to this respective specimen has briefly 

clarified in discussion section of this study. 
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Figure 36. The residual stress measurement results with distribution diagrams for the pre-

bent specimens (ID number S420ET8_7. S420ET8_8, and S420ET8_9). 
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In general observation of presented results from residual stress measurements, it can be 

detected that for all specimens, the weld 2 side revealed to be more in tensile residual stress 

state while weld 1 side found to be more compressive residual stress state and slight tensile 

stresses state in average. The results shows that most broke from side 2 weld toe as tabulated 

in the Table 6 above. From this fact, it can be presumed that because the weld 2 side 

discovered to be more in tensile residual state, then that situation can be considered as factor 

to diminish fatigue strength of the welds on that side. The observed result goes with the fact 

from Radaj, (1992, 247) that cited that the tensile residual stresses in combination with 

highly stressed locations that are prone to fatigue failure (weld toe) promote fatigue fracture 

of the component. From weld 2 side, only one specimen broke from that side. Also, 

according to (Barsoum, Z., & Barsoum, I., 2009), tensile residual stresses serve as tool for a 

cumulative growth of the fatigue crack that results the reduction in the fatigue life of the 

structure or the economic life of the component or structure.  

From residual stress measurement, weld 1 side found to be more compressive residual stress 

state and slight tensile stresses state in average that considered to be a factor to increase the 

fatigue strength of the welds in that side. The result is supported with fact from Todinov 

(2007, 239-280) that states that the compressive residual stresses at the surface the weldment 

can be considered as a mode for increasing fatigue life of structure by delaying the fatigue 

crack initiation and decreases the rate of crack propagation to final failure. Therefore, this 

fact reveals why most of specimen did not broke from side 1 weld toe. 

5.2  Applied Computational Work Results 

As mentioned earlier in previous chapter, the evaluation or analysis of effects of welding 

configuration on fatigue strength of welded structures considered to be achieved based on 

experimental, analytical, and numerical approach as well as with acknowledgement on how 

they complement with existing theories. In this sub-chapter, the relative existing theories are 

utilized to appropriete results or to compare the results from laboratory experiment.Thefore, 

in this sub-chspter, the applied computational work is presented. 
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5.2.1  Nominal stress approach 

As mentioned earlier, the nominal stress approach is the methods used for estimating the 

service life of steel structures based on calculating fatigue strength against experimental 

values obtained from laboratory experimental test. Then, for evaluation with nominal stress 

method, the values from the conducted experiment were utilized.  The nominal mean fatigue 

(FAT) classes were calculated with help of equation 29 (Hobbacher 2016, 34, termed 

equation 2.21) with the slope of the fatigue strength curve for respective structural details m 

= 3 has applied in calculation. The number of load cycle to failure (𝑁𝑓𝑐) applied for 

calculations are the respective values obtained from the laboratory experimental test for 

respective specimens used for experimentation. For the easy reference, the equation 29 is 

recalled, wherein the equation states: 

 

𝐹𝐴𝑇𝑛𝑜𝑚 = ∆𝜎𝑛𝑜𝑚 ∙ √
𝑁𝑓𝑐

2 ∙ 106

𝑚

 

 

The calculated mean fatigue classes (FATnom) are tabulated in Table 8, together with other 

applied details for calculations such as the measured and applied nominal stress ranges, 

applied stress ratios, and obtained number of cycles from the fatigue tests experiment. 

 

Table 8. Calculated FATnom and applied details for FAT classes calculations 

Specimen 

Category 

Specimen ID Applied 

R [-] 

∆𝜎𝑛𝑜𝑚 

[MPa] 

∆𝐹 

[kN] 

𝑁𝑓𝑐 

From Test Results 

Calculated 

FATnom [MPa] 

 

Free 

Specimens 

S420ET8_3 0.1 250 120 151 205 106 

S420ET8_4 0.1 300 144 84 428 105 

S420ET8_5 0.33 250 120 150 965 106 

S420ET8_6 0.1 250 120 207 144 117 

Pre-Bent 

Specimens 

S420ET8_7 0.1 250 120 679 922 175 

S420ET8_8 0.1 300 144 189 812 137 

S420ET8_9 0.33 250 120 285 515 137 
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In evaluating the acquired FAT class, let start with presenting what is recommended by IIW 

recommendations for fatigue design of welded joints and components (Hobbacher 2016, 53) 

about nominal FAT class of the weld. Under section termed fatigue resistance of classified 

structural details, the book has provided fatigue resistance values for structural details in 

steel and aluminum assessed based on nominal stresses. In this respective study, the 

following provided details in Figure 37 extracted from Hobbacher (2016, 53) is reviewed: 

 

 

Figure 37. Nominal FAT class as per IIW recommendation (Hobbacher 2016, 53). 

 

From Figure 37, it can be observed that for non-load-carrying attachment with fillet weld 

and in welded condition as one under investigation in this study, the recommended FAT 

class is FAT 80 for a respective structural detail and for nominal stress. In case of FAT 

classes calculations or in determination of fatigue lives, relationship of details between 

calculated or applied nominal stress and number of cycles to final failure of fracture 

(equation 29) are involved. Also, the slope of the fatigue strength curve structural details m 

= 3 has applied in calculations. The detailed FAT 80 is characteristic value at 2 million 

cycles and survival probability of 97.7% in terms of nominal stress. 
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Figure 38. The nominal FATs illustration with a bar graph with 50% survival probability 

 

Figure 38 above present the derived mean nominal fatigue live (FATnom) value for each 

corresponding specimen with the survival probability (Ps) of 50% as the data used for 

derivation of FAT classes were of the single experimental test results. The obtained mean 

FATnom values from computational analysis for all 7 specimens provide the auspicious 

results in which the mean FATnom classes with 50% survival probability at their respective 

number of cycles to failure are with higher value than IIW recommended FAT 80 (Table 8; 

Figure 38). The values are with an average of 126 MPa. The respectively lowest and the 

highest values counts 25 MPa (31.25%) and 95 MPa (118.75%) higher than the IIW FAT 

80. The average for higher value is laying at 57.68% better to characteristic fatigue values 

(FAT 80) of the IIW recommendations. The IIW FAT 80 is characteristic value at 2 million 

cycles and survival probability of 97.7% in terms of nominal stress. 
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5.2.2  Structural hot-spot stress approach 

For structural stress calculation, the structural stress (hot spot stress) can be defined as 

product of strain measured by strain gauge and respective material’s young modulus, 

likewise from the nominal stress multiplied by the stress concentration factor (Ks) to obtain 

the hot spot stress. The calculated value can be utilized to obtain the FAT class or determine 

the fatigue lives with respect to experimented number of fatigue load cycles. The 

recommended FAT class is provided in IIW recommendations for fatigue design of welded 

joints and components (Hobbacher 2016, 61), For structural hot-spot stress, the classified 

structural details for fatigue resistance against structural hot spot stress are provided under 

section termed fatigue resistance assessed based on structural sot spot stress wherein several 

recommended details are provided. For the case of the specimens under study in this 

research, the provided details in Figure 39 are of concern. 

 

 

Figure 39. Fatigue resistance against structural hot spot stress as per IIW recommendation 

(Hobbacher 2016, 61). 

 

From the Figure 39, it can be noted that the characteristic FAT class at 2 million cycles with 

survival probability of 97.7% in terms of hot spot stress has suggested to be FAT 100 for 

structural steel with non-load-carrying attachment that is not thicker than main plate, as 

welded. This detail is important factor in computational work as this characteristic value 

FAT 100 is the value can be used in calculations corresponding to hot spot stress with help 

of equation 32 and below presented equation. Also, in this study, the mention characteristic 



102 

 

 
 
 

 

value used for comparison with calculated mean fatigue lives that are mostly derived from 

the study test results, the single experimental test results that gives 50% survival probability. 

 
𝐹𝐴𝑇 =

𝐹𝐴𝑇ℎ𝑠

∆𝜎ℎ𝑠
∙ ∆𝜎𝑛𝑜𝑚 

 

Moreover, for structural stress calculation, the structural stress (hot spot stress) the 

relationship between the calculated or measured nominal stress and the stress concentration 

factor can be used to computer structural hot spot stress (∆𝜎ℎ𝑠). In case of using this 

relationship, it recommended that the corresponding stress concentration factor (Ks) against 

the endurable stress at N = 2 x 106 cycles should applied. The value obtained from the 

mentioned relationship for structural stress (∆𝜎ℎ𝑠) calculation, can be used with help of 

eqution 29 to calculate the mean structural hot spot fatigue lives (single experiment test 

FAThs) with 50% survival probability with respect to number of fatigue load cycles (𝑁𝑓𝑐) 

from the test results. However, in this study, different approach has applied as elucidated 

here below 

 

𝐹𝐴𝑇ℎ𝑠 = ∆𝜎ℎ𝑠 ∙ √
𝑁𝑓𝑐

2 ∙ 106

𝑚

 

 

 

To obtain the structural stress (∆𝜎ℎ𝑠) at the weld toe, the use of equation 30 or 31 is 

applicable. Use of those equations involves the use of strain gauge measurement results.  

Therefore, in this study, simple uniaxial stress state is assumed, then strain gauges were used 

to define the structural stress at the weld toe wherein the measurement from the strain gauge 

were used to quantify the structural stress (𝜎ℎ𝑠) by multiplying the calculated strain range 

by Modulus of elasticity (E) value for steel. To achieve this, the equation 31 recalled: 

  ∆𝜎ℎ𝑠 = 𝐸 ∙ ∆𝜀ℎ𝑠  

Where E is Modulus of elasticity (Young’s modulus) in which for steel is 2.1 x 105 MPa, 

and ∆𝜀ℎ𝑠 is the calculated hot spot strain range that obtained with respect to measurement 

from the laboratory experiment tests. The strain gauge measurements were taken 

perpendicular to weld (Figure 30) at distance of 0.4t from weld toe with two train gauges, 

one in either side of attachment plate. Then, as the structural analysis set to base on hot spot 

stress ranges, the measured strain values (strain ranges) were converted to structural stress 
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 (𝜎ℎ𝑠) with help of above recalled equation 31. The calculated hot spot strain ranges and the 

convert stain that became the structural stress (𝜎ℎ𝑠) are present in Table 9 below. 

 

Table 9. The calculated structural hot spot stress ranges and the structural stress 

Specimen 

ID 

Applied 

R [-] 

∆𝜎_nom 

[MPa] 

∆𝐹 

[kN] 

∆𝜀ℎ𝑠_𝑆𝐺1 

[𝛾Str] 

∆𝜎ℎ𝑠_SG1 

[MPa] 

∆𝜀ℎ𝑠_𝑆𝐺2 

[𝛾Str] 

∆𝜎ℎ𝑠_SG2 

[MPa] 

Test result 

𝑁𝑓𝑐 

S420ET8_3 0.1 250 120 1555 327 1544 324 151 205 

S420ET8_4 0.1 300 144 1819 382 1817 382 84 428 

S420ET8_5 0.33 250 120 1492 313 1517 318 150 965 

S420ET8_6 0.1 250 120 1534 322 1592 334 207 144 

S420ET8_7 0.1 250 120 1378 289 1348 283 679 922 

S420ET8_8 0.1 300 144 1713 360 1685 354 189 812 

S420ET8_9 0.33 250 120 1349 283 1379 290 285 515 

 

Brief on mean structural hot spot fatigue lives (FAT classes) results 

The values from Table 9 are mostly from test results than can be applied for computation of 

mean structural hot spot fatigue lives (FAT classes). Therefore, for mean FAT classes 

calculations, again the equation 29 is applied with the slope of the fatigue strength curve 

structural details m = 3 has applied. As two strain gauges were used to quantify the hot spot 

stains that later were converted to structural stresses as elucidate in previous paragraph, then 

the mean structural hot spot fatigue lives - FAT classes were calculated for both weld sides 

and then for whole specimen in general using the average test results value from strain gauge 

measurements for every corresponding specimen. Table 10 presents the mean fatigue lives 

(FAT class) for weld 1 side, then Table 11 for weld 2 side and then Table 12 for general 

FAT classes for whole specimen. The aim of this kind of analysis to try widening the 

understanding the real fatigue live in different section (side) of the specimen under study. 

As most tested specimens (6/7) broke from weld 2, on side 2 weld toe, the study considers 

the necessity of evaluating the fatigue live in this specific side of weld toe to study its specific 

situation to find any unique feature or characteristics. However, the general mean FAT class 

for every specimen is provided as well (Table 12; Figure 40).  
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Table 10. Calculated structural stress (∆𝜎ℎ𝑠,𝑤𝑡1), and calculated mean FAThs, wt1 at weld 1 

Specimen 

Category 

Specimen 

ID 

Applied 

R [-] 

∆𝜎𝑛𝑜𝑚 

[MPa] 

Calculated 

 ∆𝜎ℎ𝑠,𝑤𝑡1 [MPa] 

Test Results 

𝑁𝑓𝑐 

Calculated 

FAThs, wt1 [MPa] 

 

Free 

Specimens 

S420ET8_3 0.1 250 327 151 205 138 

S420ET8_4 0.1 300 382 84 428 133 

S420ET8_5 0.33 250 313 150 965 132 

S420ET8_6 0.1 250 322 207 144 151 

Pre-Bent 

Specimens 

S420ET8_7 0.1 250 289 679 922 202 

S420ET8_8 0.1 300 360 189 812 164 

S420ET8_9 0.33 250 283 285 515 148 

 

According to the fatigue test results, most tested specimens broke from weld 2, on side 2 

weld toe in which from results the side 2 detected to be more in tensile residual stress state. 

This make the weld side 2 to be considered as the critical point/side of the joint prone to the 

fatigue failure to happen. Then, for the structural hot-spot stresses of the specimens, the 

strain gauge values of critical weld (for this case, it was side 2 weld) for each specimen were 

given highly considerations for appropriate FAT class derivation. As most tested specimens 

broke from weld 2, on side 2 weld toe, the study considers the necessity of evaluating the 

fatigue live in this specific side of weld toe. The evaluation was performed, and the Table 

11 present the mean structural hot spot fatigue strength FAT derived from measured strain 

ranges from the critical side of the joint prone to the fatigue failure to happen (side 2 weld). 

The derived FAT classes presented in Table 11, are the structural hot spot mean fatigue lives 

with 50% survival probability with respect to number of cycles obtained from test results, 

single experiment test. 

 

 

 

 



105 

 

 
 
 

 

 

 

Table 11. Calculated structural stress (∆𝜎ℎ𝑠,𝑤𝑡2), and calculated mean FAThs, wt2 at weld 2 

Specimen 

Category 

Specimen 

ID 

Applied 

R [-] 

∆𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑  

[MPa] 

Calculated 

 ∆𝜎ℎ𝑠,𝑤𝑡2 [MPa] 

Test Results 

𝑁𝑓𝑐 

Calculated 

FAThs, wt2 [MPa] 

 

Free 

Specimens 

S420ET8_3 0.1 250 324 151 205 137 

S420ET8_4 0.1 300 382 84 428 133 

S420ET8_5 0.33 250 318 150 965 135 

S420ET8_6 0.1 250 334 207 144 157 

Pre-Bent 

Specimens 

S420ET8_7 0.1 250 283 679 922 198 

S420ET8_8 0.1 300 354 189 812 161 

S420ET8_9 0.33 250 290 285 515 151 

 

To obtain the general mean structural stress hot spot FAT class (termed FAThs, avg) for every 

specimen, the use of equation 29 is applicable as mentioned earlier. The calculations were 

made, and in Table 12, the obtained mean structural hot spot fatigue lives FAThs with 50% 

survival probability with respect to number of fatigue load cycles (𝑁𝑓𝑐) from the test results, 

single experiment test is presented. The slope of the fatigue strength curve for structural 

details m = 3 has applied in calculations. 

 

Table 12. Calculated mean FAThs, avg with 50% survival probability  

Specimen 

Category 

Specimen 

ID 

∆𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑  

[MPa] 

∆𝜀ℎ𝑠,𝑎𝑣𝑔 

[MPa] 

Calculated 

 ∆𝜎ℎ𝑠,𝑎𝑣𝑔 [MPa] 

Test Results 

𝑁𝑓𝑐 

Calculated 

FAThs, avg [MPa] 

 

Free 

Specimens 

S420ET8_3 250 1550 325 151 205 138 

S420ET8_4 300 1818 382 84 428 135 

S420ET8_5 250 1504 316 150 965 134 

S420ET8_6 250 1563 328 207 144 154 

Pre-Bent 

Specimens 

S420ET8_7 250 1363 286 679 922 200 

S420ET8_8 300 1699 357 189 812 163 

S420ET8_9 250 1364 286 285 515 150 
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Figure 40 below present the structural hot spot FATs illustration in a bar graph with Ps = 

50%. The dotted line present IIW FAT 100 which is characteristic value at 2 million cycles 

with survival probability of 97.7%, fatigue resistance against structural hot spot. 

 

 

Figure 40. The structural hot spot FATs illustration in a bar graph with Ps = 50%. 

 

Figure 40 above present the derived mean structural hot spot fatigue live (FAThs) value for 

each corresponding specimen with the survival probability (Ps) of 50% as the data used for 

derivation of FAT classes were of the single experimental test results. It can be observed that 

the obtained mean structural hot spot fatigue lives (FAThs) values from computational 

analysis for all 7 specimens shows the favorable results in which the mean FAThs classes 

with 50% survival probability at their respective number of cycles to failure are with higher 

value than IIW FAT 100 characteristic value for structural steel with non-load-carrying 

attachment at 2 million cycles and survival probability of 97.7% for structural hot spot stress.   
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6  Discussion 

In this section, the study provides the major findings of the study and give a robust 

interpretation or the meaning of the of the study results. More elaboration about the 

significance of the results or its relevance to objective of the study are provided in this 

section. The importance and significance of the findings to the study undertaken are 

interpreted, described, and elucidated clearly in this section. Dean, (2004) has stated that 

explaining or describing the significance of the results to the reader is the main purpose of 

the discussion part of the research report. This is what is presented in this section. 

Specifically, the study has positioned its attention or focus on providing analytical discussion 

with respect to data and results from experimental test and from computational work that 

hoped will help readers to understand the study findings and implications to society. This 

chapter provides more discussions more about what the study has contributed to scientific 

community and how the results is beneficial to entirely society. The study is confident that 

through number of experimental tests conducted, has managed to produce enough data that 

used to produce this analytical inscription. 

6.1  Experimental Test Laboratory Results Implication 

The experimentation involves specimens of difference category termed the free specimens 

(S420ET8_3, S420ET8_4, S420ET8_5, and S420ET8_6) and pre-bent specimens 

(S420ET8_7, S420ET8_8, and S420ET8_9). The specimens were termed free specimen and 

pre-bent specimen because they were prepared in different welding configuration. The free 

specimens, means specimens were welded while fixed only at one end that provided wide 

degree of freedom for the specimen to deform freely during welding and cooling process. 

Pre-bent specimens, means the specimens were welded in some restraint condition to limit 

freely deformation of the specimen. 
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Induced residual stress implication to fatigue strength 

The measurements results show differences in fatigue strength of test specimens in which it 

observed the free specimens accumulated smaller numbers of fatigue cycles compared to 

that of pre-bent specimens. The difference in fatigue lives has noted in results from both 

measured and evaluated data. This suggests that the welding configuration has effect to weld 

strength of the joint. This is the consequences of fact that if the welding deformation are 

prevented, residual stresses are formed (as rule of thumb). Therefore, the resulted residual 

stresses in weldment, in most cases, they have effect on fatigue strength of the welded 

structures, either positive or negative effect depending on their nature and the stresses 

distribution, as well as the type of applied loads and the magnitude. (Barsoum, Z. & 

Barsoum, I., 2009; Radaj, 1992, 247).  

Therefore, it can be supposed that the use of welding configuration (pre-bent technique) has 

generate additional residual stresses in the weld. Subsequently, it is essential to recognize 

the residual stress state in the weld toe side to get understand if is in compressive or tensile 

or in combination of tensile and compressive stress state. As stated in previous chapter 2.3.2, 

the effect of residual stresses may either be beneficial or detrimental to welded metal 

structures. The compressive residual stresses improve the fatigue strength while the tensile 

residual stresses in combination with highly stressed locations that are prone to fatigue 

failure promote fatigue fracture of the structure. (Radaj, 1992, 247). The compressive 

residual stress in weldment serves as tool to reduce the growth rate of fatigue crack while 

tensile residual stresses serve as tool for a cumulative growth of the fatigue crack that results 

the reduction in the fatigue life of the structure or the economic life of the component or 

structure. (Barsoum, Z., & Barsoum, I., 2009). Therefore, the compressive residual stresses 

at the surface the weldment can be considered as a mode for increasing fatigue life of 

structure by delaying the fatigue crack initiation and decreases the rate of crack propagation 

to final failure. (Todinov, 2007, 239-280.). For reason, it can be suggested that the residual 

stress induced to pre-bent specimen are more compressive or slight tensile compared to 

stresses in free specimen that can be considered be laying more in tensile stress state or in 

slight compressive stress state. However, results for residual stress measurement shows that 

side 2 were in tensile stress state for all specimen no matter what category. 
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As stated earlier, most of specimens broke from one side of attachment weld toes, 

specifically 6/7 specimens broke from side 2 weld toe. Only one specimen (S420ET8_4, free 

specimen) broke from side 1 weld toe. From residual results it can observed that for specimen 

S420ET8_4, side 1 is more compressive and in slight tensile tress state compared to side 2 

that can be considered be laying more in tensile stress state but contrastingly broke from side 

1 weld toe. Another noted detail from the specimen S420ET8_4 is that it accumulated fewest 

number of cycles to failure compared to all other specimens involved in experimentation. 

However, it should be noted that different loading levels were applied to test specimens. 

Thus, the comparison regarding number of cycles should be made only within the specimens, 

which had the same loading conditions. But this discussion is presented just to give an 

overview of what happened to the specimen S420ET8_4. It has a smaller number of cycles 

of about more than 44% less. i.e., 66, 523 inferior number of cycles to nearest specimen that 

follows with small number of cycles. Reason for this situation might be weld quality, weld 

imperfection, defects or other factors that hinder the fatigue strength of the welded structures. 

It is to be emphasized that in this work, the global and, especially, the local geometry (i.e., 

weld toe area) of the welded specimens is not considered. However, it is well-known that 

weld joint geometry, along with residual stresses and material properties, is one key factor 

in terms of fatigue strength of the weldments. On the other hand, the geometries of the welds 

in this study can be presumed to be more or less constant because robotized welding was 

applied to fabricate the specimens and thus, the results are analyzed based on this 

assumption. 

Induced heat implication to fatigue strength 

The results from lab experiment indicate that the induced heat on base metal before welding 

has a major influence on the fatigue strength and fatigue life of the welded joint as it has 

observed that most (6/7) specimens broke from weld toe 2 than from weld toe 1. The fact 

that welds shrink/contract after welding and create new stresses in the parent material, then, 

this is case of weld 1 on side 1 and weld 2 on side 2 of the attachment. The weld 2 welding 

took place after weld 1 welding execution was completed therefore, it can be considered that 

because weld 1 was cooled to some extent, then during heating cooling due to welding on 

side 1, the weld 2 side tends to stretch to form tensile stress state on weldment while weld 1 
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side tends to shrink/compress to form compressive stress state on weldment. This tendency 

has created diverse stress state on either side of weld toe. Side 1 detected to hold more 

compressive stress while side 2 noticed to occupy slight compressive residual stresses or 

more tensile stresses state wherein the fatigue strength on side 2 considered to be diminished 

due to fact that the tensile residual stresses in combination with highly stressed locations that 

are prone to fatigue failure (such as weld toe) promote fatigue fracture of the structure. 

Overloaded specimen result implication 

According to Radaj (1990, 91), this process may influence retardation or acceleration of 

fatigue crack growth however in most cases, the overloads technique spike produces a 

plastically stretched zone in the wake of crack tip that influences the fatigue crack retardation 

while underloads generate acceleration of fatigue growth rates. Therefore, for S420ET8_6, 

it can be observed that the plastic zone was created due to the high peak loading of an amount 

of 90% of the materials yield strength. The induced state has produced the crack retardation 

due to residual stresses ahead of the crack tip wherein the crack-growth rate decreased that 

makes the specimen to accumulate more fatigue cycles to failure compared to other 

specimens of the same category (free specimens). Refer Table 6. This finding form 

laboratory considered to be quite insightful and relatable to what stated in theories as can be 

seen the cited specimen managed to accumulate 55,939 cycles more than the next close 

comparative i.e., about 37% higher to next closer specimen of same category and with 

respect to accumulated number of load cycles. 

6.2  Computational Work Result Implication 

This sub-chapter provides computational work results implications dissuasion with respect 

to applied approaches to acquire the presented results in this study.  

FAT lives observation 

From the result values presented in the tables (Table 8), it can be noted that the attained 

number of cycles to failure from laboratory experimental test is higher for pre-bent 

specimens compared to that of free specimens. Also, from the calculated mean fatigue lives 
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(FAT class) with 50% survival probability, the pre-bent specimens possess higher mean FAT 

classes compared to that of free specimens. This implies or suggests that the welding 

configuration have impact on fatigue life of the welded structure. The free specimens that 

were welded while fixed only at one end that provided room for the specimen to deform 

freely during welding and cooling process have shorter fatigue lives compare to pre-bent 

specimens that were welded in restraint condition to avoid freely deformation of the 

specimen. For this case, it can be suggested that in some cases, the fatigue life is improved 

by the welding restraint or welding configuration and shorten by condition of freely 

deformation of the specimen. 

Discussion for nominal stress computational work result  

The derived nominal mean fatigue live (FATnom) value for each corresponding specimens 

are with the survival probability (Ps) of 50% as the data/details used for derivation of FAT 

classes were of the single experimental test results. The obtained mean FATnom values from 

computational analysis for all 7 specimens provide the auspicious results in which the mean 

FATnom classes with 50% survival probability at their respective number of cycles to failure 

are with higher value than IIW recommended FAT 80 (Table 8; Figure 38). The values are 

with an average of 126 MPa. The respectively lowest and the highest values counts 25 MPa 

(31.25%) and 95 MPa (118.75%) higher than the IIW FAT 80. The average for higher value 

is laying at 57.68% better to characteristic fatigue values (FAT 80) of the IIW 

recommendations. The IIW FAT 80 is characteristic value at 2 million cycles and survival 

probability of 97.7% in terms of nominal stress. The higher mean FAT class from 

calculations compared to recommended characteristic FAT class indicates a better or longest 

fatigue lives that ensuring the performance and reliability of the welded structures. 

Discussion for structural hot spot stress computational result 

For structural hot spot stress computational result discussions, the details from Table 12 and 

Figure 40 are allied. Figure 40 present illustration in a bar graph for the derived mean 

structural hot spot fatigue live (FAThs) value for each corresponding specimen with the 

survival probability (Ps) of 50% as the data used for derivation of FAT classes were of the 

single experimental test results. From the figure, it can be observed that the obtained mean 
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structural hot spot fatigue lives (FAThs) values from computational analysis for all 7 

specimens shows the favorable results in which the mean FAThs classes with 50% survival 

probability at their respective number of cycles to failure are with higher value than IIW 

FAT 100 characteristic value for structural steel with non-load-carrying attachment at 2 

million cycles with survival probability of 97.7% for structural hot spot stress. The computed 

structural hot spot stresses are with an average of 154 MPa. The respectively lowest and the 

highest mean FAT values with the survival probability of 50% count 34 MPa (34%) and 100 

MPa (100%) higher than the IIW recommend detailed characteristic value FAT 100 for 

structural hot spot stress, non-load-carrying attachment. Also, the average for the higher 

mean FAT values with respect to their number of cycles from single experimental test results 

is laying at 53.43% better fatigue values (FAT classes) than that of the IIW recommendations 

FAT 100 non-load-carrying attachment at 2 million cycles with survival probability of 

97.7% for structural hot spot stress. 

The higher mean FAT class values from experimentation compared to recommended 

characteristics FAT class values indicates a better or longer fatigue lives improved welded 

structure’s reliability level and avoid loses associate to premature fatigue failures. With 

respect to IIW recommendation, it can be suggested that the obtained mean FAT class from 

both two approaches use to compute mean FAT classes indicates stronger welded joint with 

better FAT class with respect characteristic FAT classes for the reference fatigue strength in 

two million load cycles with survival probability of 97.7% corresponding to nominal and 

structural hot spot stress. This provides 75% confidence level that ensures structure with an 

acceptable level of probability that their performance will be satisfactory technically and 

economically throughout their design life. 

6.3  Results Discussion in Summary 

Specimen has attachment at the middle of the base metal that creates two weld sides with 

two weld toes (side 1 with weld 1 and weld toe 1, and side 2 with weld 2 and weld toe 2). 

Thus, this is what has revealed from the conducted experimental test. The specimen’s side 

that revealed to be more compressive stress state and in slight tensile residual state have 

detected to possess more fatigue resistance compared to other side that detected to possess 
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more tensile stress state. From the conducted experimental test, the results for residual stress 

measurements shows that apart from specimen S420ET8_4, the other tested specimens broke 

from weld 2, on side 2 weld toe in which from results the side 2 detected to be more in tensile 

residual stress state (refer Figures 34, 35, 36, and Table 6) for residual measurements result 

views). Specimen S420ET8_4 looked to possess diverse features as results shows that its 

failure occurred from side 1 weld toe while residual stress results for side 1 shows that side 

1 was more in compressive residual stress condition.  

For S420ET8_6, the plastic zone was created due to the high peak loading (overload) of an 

amount of 90% of the materials yield strength that formed the crack retardation due to 

residual stresses ahead of the crack tip, thus the crack-growth rate decreased. The overload 

effect makes the specimen S420ET8_6 to accumulate more fatigue cycles to failure 

compared to other specimens of the same category (free specimens). In general, from 

laboratory experimental test results, it revealed that the attained/accumulated number of 

cycles to failure is higher (by 159.43% in average) for pre-bent specimens compared to that 

of free specimens. Also, calculated mean fatigue lives (FAT class) with 50% survival 

probability, the pre-bent specimens possess higher mean FAT classes compared to that of 

free specimens. This implies or suggests that the welding configuration have impact on 

fatigue life of the welded structure.  
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7  Conclusions 

The study was conducted with aim of achieving the objective of the study. The main 

objective of this study is to deepen the practical understanding of the significant factors that 

influence or contribute to fatigue failures, the effect of welding to welded metal joints 

fabricated in different welding configuration, role of restraints and different roles of stresses 

induced on weldment and their effect to structure life span. Also, the study targeted to 

uncover what the factors can be adjusted to achieve the acceptable reliability level of the 

structures and provides different suitable solutions to improve the fatigue strength of the 

welded joints/structures. The study was conducted with some specific questions that at this 

end of the study the answers are provided as well as some recommendation. Here below are 

the questions that have recalled in this section for the clearly to answer to them. 

1. Why and how the weld distortions and residual stresses hinder or affect the fatigue 

strength and lifetime of welded metal structures? 

2. How does suitable welding design, configuration/layout have impact to weldment 

distortions, residual stresses, and fatigue life of the structures? 

3. How the welding effects, stress concentrations and loading conditions act as cause 

of fatigue failure? 

4. What preventive measures should be applied to prevent structures from premature 

failures as well as to improve reliability level of the structure?  

5. What are the crucial factors for fatigue failures? and how should be adjusted or 

redesigned to influence or assure welded joints that represents suitable reliability 

level and improved fatigue life of welded structures? 

The answers, recommendations or suggestions that are going to be provided here in this 

section are based on experimental results, computational work, and reviewed theories. Thus, 

the following brief clarifications and conclusions are drawn. 
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7.1  Brief Clarifications and Drawn Conclusions 

Welding design, configuration/layout have impact to weldment distortions, residual stresses, 

and fatigue life of the structures. This can be seen from experimental test measurement and 

computational work results that has revealed that pre-bent specimens accumulated an 

average of 59.43% higher number of fatigue cycles to failure compared to number of fatigue 

cycles to failure accumulated by free specimens. Also, calculated mean fatigue lives (FAT 

class) with 50% survival probability, the pre-bent specimens possess higher mean FAT 

classes compared to that of free specimens. These two specimens’ type were manufactured 

in dissimilar welding configuration. This implies or suggests that the welding configuration 

have impact on fatigue life of the welded structure in which in this case, the pre-bent 

techniques has provided positive impact. Thus, it can be concluded that however use of some 

welding configurations (pre-bent technique) may increase some expenses in welding 

procedure but can be utilized as suitable solutions to improve the fatigue strength of the 

welded structures.  

The pre-bent technique introduces residual stresses on weldment that can have a major 

influence on the fatigue strength and fatigue life of welded metal structures. As it has 

mentioned previously, the resulted residual stresses in weldment, in most cases, they have 

effect on fatigue strength of the welded structures, either positive or negative effect 

depending on their nature. From the experimental results, the welding configuration 

especially pre-bent technique has seen to introduce beneficial residue stress to welded metal 

structure that lessen possibilities for structure failure in small number of fatigue cycles. This 

can be taken as beneficial outcome that can be used to improve lifetime of welded structures 

(structure's fatigue life). 

The heat impact has observed from the experiment results. It was observed that 6 out of 7 

(about 86%) specimens broke from weld toe 2, only one broke from weld toe 1. The weld 2 

welding execution where weld toe 2 located, took place after weld 1 welding execution 

where weld toe 1 located, was completed therefore the strains and stresses were formed as 

results of constrained expansion and contraction of the heated metal that usually happen 

during welding execution and cooling. For side 2 weld, the welding residual stresses due to 
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the concentrated heat input from previous other side welding and the thermal properties of 

the material was formed and in this case was in more tensile stress form that hinder or affect 

the fatigue strength and lifetime of welded structures. Better understanding about effect of 

welding heat input and try of different weld procedure such as performing welding execution 

on both sides at the same is suggested to be tried to see if the procedure will lessen the 

revealed impact. 

The study suggests that the preventive measures such as proper design work and use of more 

precise methods for estimations of fatigue parameters of welded joints should be applied to 

prevent structures from premature failures as well as to improve reliability level of the 

structure by and preventing or minimizing the possibility of unpredicted in-service failures 

of the structures. This will ensure structures with justifiable level of reliability and degree of 

expectation that the welded structure will full fill expectation they will operate effectively 

technically, and economically during their intended design life. 

The revealed influence of pre-bent technique led to suggest that redesigning of welding 

layout is vital aspect to influence or assure welded joints that represents suitable fatigue 

resistance that consequently creates improved fatigue life of welded structures. Also, as 

mentioned in previous chapters, the fatigue strength of welded joint depends on several 

factors such as the material strength and its metallurgical variables, the geometrical design, 

residual stress in weldment, the magnitude of the stress range during cyclic loading, applied 

stress ratio, shape and quality of the weld, surface quality effects, and so on as well as 

environment. Then, redesign or adjustment on how they significantly influence the fatigue 

strength of welded joint is important aspect. In this study, the results experimental tests show 

most specimen broke from weld toe on side than other side. This suggests the side the 

specimen broke from mostly possess less fatigue resistance compared to other side either 

due to metallurgical changes in respective side, the geometrical design, residual stress in 

respective, shape and quality of the weld, surface quality effects. Thus, study suggest 

adjustment in design and welding procedure to produce weld with better mentioned factors. 

Finally, the study acknowledges the fact that a proper combination and complementary of 

the theory, experiment results and computational work is vital aspect for trustworthy 

scientifically boost of the study to draw conclusions. This what had considered in drawing 
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study conclusions. Then, the study is confident that it has manage to provide conclusions 

that have drawn systematically and in rigorously approach based on combination and 

complementary of the theory, experiment results and computational work so that this study 

conclusions are valid, reliable, and therefore can be considered as credible inferences 

7.2  Suggestion for Further Studies 

Despite these mentioned limitations, the study is confident that the validly, and reliability of 

this study were set categorically with respect to utilized approaches. But it does not mean no 

need for suggestion for further studies. The study considers that the further studies is needed. 

As previously mentioned, that this study only focusses on fatigue strength assessment of 

welded structural steel grade S420 which is moderate strength weldable steel with low 

alloys. The fillet-welded T-joints specimens were solely produced on robotized Gas Metal 

Arc Welding (GMAW) process and its applications. Only the constant amplitude fatigue 

loading/strength is used and investigated in experiments and analyses i.e., variable amplitude 

loading, and variable fatigue strength were not included in this study. Also, only stress ratios 

of R > 0 were considered. For fatigues strength assessment, only, the nominal stress and 

structural stress approaches for fatigue strength assessment were utilized for fatigue strength 

assessment and for fatigue lives prediction for this respective experimentation. 

Therefore, the study suggests further studies using different procedure from the mentioned 

above to see if the different procedure will provide different or same results for studies to 

proof or supporting each other for trustworthy, validity, reliability, and therefore can be 

considered as scientifically credible inferences for reliability and trustworthy of welded 

structures. Suggestion of utilization of different fatigues strength assessment/evaluation 

method such the 4R method and effective notch stress approach (ENS) with finite element 

analysis (FEA) provide a room for more accurate estimation of the load effects. The methods 

considered to reduce any overestimated or underestimated structures fatigue life as the 

computational work with these methods involves the use of relationship of various 

parameters needed for betterment fatigue strength evaluation for precise fatigue life 

estimations.  



118 

 

 
 
 

 

8  Summary 

In modern manufacturing and fabrication of structures, welding is an essential 

manufacturing technique for joining structural steels. Welded structures are everywhere in 

our global surroundings. In any welded steel structures, especially that is subjected to cyclic 

or fluctuating loads, the fatigue failure is primary concern. For the structures to perform well 

for its design life, the structure must be provided with adequate fatigue strength to withstand 

the observed cyclic or fluctuating stresses without failure within technically and 

economically designed life span. The several factors that significantly influence the 

structures fatigue failures and their effects can be measured experimentally or estimated 

analytically and numerically in anticipating and planning for possibilities for structure failure 

to ensure the performance of welded structures. This is where the importance of this study 

induces and instigated with objective of to learn more about significant factors that 

significantly influence or contribute to fatigue failure by investigating the fatigue strength of 

the welded joints fabricated in different welding configuration at end of study the solution 

and best mitigation is provided. 

There are several types of research methods that can be utilized in performing research. The 

study utilizes the quantitative research method approach for data collection and for analysing 

the numerical data that observed from experimental testing as well as literature reviews are 

used to as tool to acquire the needed information for validity and reliability of the study in 

scientific view. To achieve suitable data collection, several tools utilized such as: laboratory 

testing with numerical analysis of measured data, use of train gauges for defining the 

structural stress concentrations, use of X-ray diffractometer to quantify the residual stress on 

the surface of the specimen, and mathematical and statistical analysis based on experimental 

measurement and test data. Data analysis was performed with respect to relationship to 

reviewed literatures, the experimental tests and computational work.  

The nominal stress and structural stress approaches for fatigue strength assessment were 

utilized for fatigue strength assessment and for fatigue lives prediction for this respective 

experimentation. Results shows the welding configuration have impact on fatigue life of the 

welded structure. From experimental test measurement and computational work results 
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revealed that pre-bent specimens accumulated an average of 59.43% higher number of 

fatigue cycles to failure compared to number of fatigue cycles to failure accumulated by free 

specimens. Thus, it can be concluded that however use of some welding configurations (pre-

bent technique) may increase some expenses in welding procedure but can be utilized as 

suitable solutions to enhance the fatigue strength of the welded structures. 

Also, it suggested that the use of more precise methods for estimations of fatigue parameters 

of welded joints should be applied to prevent structures from premature failures as well as 

to improve reliability level of the structure by and preventing or minimizing the possibility 

of unpredicted in-service failures of the structures. Use of the 4R method and effective notch 

stress approach (ENS) with finite element analysis (FEA) provide are supposed because the 

computational work with these methods involves the use of relationship of various 

parameters needed for betterment fatigue strength evaluation for precise fatigue life 

estimations to ensure structures with justifiable level of reliability and degree of expectation 

that the welded structure will full fill expectation they will operate effectively technically, 

and economically during their intended design life.  
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