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Abstract 

Nowadays, the application of high strength steel (HSS – from S420 up to S960) structures 

increases in the field of structural engineering, especially in bridges. The barrier of the wide 

application is that the improvement of the tensile and yield strength is not followed by the 

increase of fatigue strength which is independent of the steel grade for as-welded structural 

details according to standardized design rules and previous research results. Therefore, HSS 

cannot be economically used in fatigue sensitive structures. In this PhD thesis the fatigue 

behaviour of two structural details made of NSS and HSS are investigated using experimental 

and numerical tools. Two post-weld treatment methods are also studied to increase the fatigue 

strength of HSS structures. Application and design specialties are addressed in this topic.  

Experimental research program is conducted at the BME Department of Structural Engineering. 

Two types of specimens (i) cruciform joints and (ii) plate edge gusset joints are tested. Based 

on the experimental results, it is observed that crack initiation phase is the dominant part at 

fatigue life of cruciform joints, thus the positive effect of HSS can be utilized. In the fatigue 

lifetime of plate edge gusset joints the crack propagation phase is determined as the dominant 

part leading to equal fatigue strength for NSS and HSS structures. These observations answer 

some of the previous contradictory observations regarding the fatigue behaviour of HSS 

structures.  

The thesis also focuses on the application of post-weld treatment methods, which can 

significantly improve the fatigue lifetime of welded structural details. Disc grinding and burr 

grinding post-weld treatments are studied. The conducted experiments verify the fatigue 

strength improvement effect of this treatment method comes from the geometry modification 

and therefore, the effect of grinding can be considered based on the effective notch stress 

approach using advanced numerical models considering the treated geometry of the structural 

detail. The high frequency mechanical impact (HFMI) treatment method is also studied within 

the current research. The lifetime improvement factors of HFMI treatment specimens are 

determined from coherent as-welded – HFMI-treated test pairs. The result of the evaluation 

proves the fatigue lifetime improvement factor decreases by increasing steel grade, which has 

a significant impact on the evaluation of post-weld treated HSS structural details. In addition, 

the analysis of HFMI fatigue test results showed that the fatigue strength of the analysed 

specimens equals to the fatigue strength of the base material. Therefore, based on the maximum 

fatigue strength of the HFMI-treated specimens a calculation method is introduced, which can 

determine the ideal treating parameters.
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Nomenclature: 

a - crack length 

A - intersection of S-N curve and logS axis 

bw - width of weld on the surface of flange gusset specimen 

C - material constant of Paris’ model 

C1 - material constant of Chaboche material model 

C2 - material constant of Chaboche material model 

d - groove depth of HFMI treatment 

dbg - groove depth of burr grinding 

dw - vertical position of the centre of a virtual circle, which defines the shape of weld 

E - Young modulus 

fa - fatigue strength improvement factor for HFMI treatment – method A 

fb - fatigue strength improvement factor for HFMI treatment – method B 

ff - fatigue strength 

fi - degree of freedom for Student’s t-test 

fy - yield strength 

fy,0 - reference yield strength for Yildirim’s model 

fy,0.2 - offset yield strength 

K - stress concentration factor 

KI - stress intensity factor – mode I 

ky - Yildirim’s fatigue strength improvement factor 

lbg - horizontal position of the centre of a virtual circle, which defines the burr 

grinding 

m - slope of S-N curve 

M - mean stress sensitivity factor 

mP - material constant of Paris’ model 

N - number of load cycles 

Ni - number of cycles to reach crack initiation 

Nf - fatigue lifetime 

r - radius of HFMI treatment 

R - stress ratio 

rbg - radius of a virtual circle, which defines shape of burr grinding 

rref - reference radius for effective notch stress approach 
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rw - radius of a virtual circle, which defines shape of weld for flange gusset 

specimens 

s - support factor of Neuber’s micro-support theory 

S - stress range 

S1000 - fatigue strength for Nf = 1000 fatigue lifetime 

Sa - stress amplitude 

Saw - stress range of as-welded specimens 

Se - fatigue limit 

Sdg - stress range of disc ground specimens 

Sm - mean stress 

Sres - residual stress due to HFMI treatment 

Su - ultimate tensile strength 

t - plate thickness of the specimen 

tcrit - critical value of t-statistic 

tij - t-statistic for Student’s t-test 

tw - plate thickness of the specimen in the axis of the weld for flange gusset 

specimens 

u - indention depth of HFMI treatment 

γ1 - material constant of Chaboche material model 

γ2 - material constant of Chaboche material model 

ΔF - force range 

Δσ - measured stress range 

μ - friction coefficient 

ν - Poisson ratio 

ρ - real notch radius 

ρ* - micro-support length 

σav - average stress at the tip of a notch 

σENS - effective notch stress 

σlogS,i
2 - standard deviation of logSi 

σmax - maximum stress of cyclic loading 

σmin - minimum stress of cyclic loading 

σres - an estimate of the common variance of two samples 

σth - theoretical stress at the tip of a notch 
 



6 
 

1. Introduction 

1.1 Background of the research 

Nowadays, the application of high strength steel material (HSS1) is spreading in civil 

engineering praxis, especially among long span bridges. Application of HSS (S420 – S960) 

materials has numerous advantages. When tensile and yield strength of structural steel is 

increasing, reduction in weight and cross-section dimensions can be reached thus the design 

stress level in the structures are increasing. Decreasing the necessary plate thickness results in 

savings in fabrication, transportation and erection costs [1]. However, in the case of long span 

bridges, where the application of HSS could be economical, fatigue problem is an issue and the 

fatigue check could be detrimental in the design. Fatigue strength2 of structural steel is in clear 

relationship with yield strength. Increasing yield strength results in increase in fatigue strength 

for non-welded structures. However, in the case of welded structures it is assumed that the 

fatigue strength of as-welded3 structural detail is independent of the steel grade, as proved by 

many previous investigations [2–5]. Test based relationships between the ultimate strength of 

the steel material and fatigue strength of different structural details is shown in Fig. 1, which 

results are acknowledged and proved in the international literature. The first structural detail 

(upper one in Fig. 1) showing largest increase in fatigue strength with the ultimate strength is 

the base material. However, in the case of as-welded specimens (lower one in Fig. 1) there is 

no increase in the fatigue strength by increasing ultimate strength.  

 
Fig. 1: Relationship between fatigue strength and ultimate tensile strength of steel [4]. 

                                                 
1 A steel material is called HSS, if its nominal yield strength is higher or equal than 420 MPa. 
2 Fatigue strength is a stress level below which a predefined number of cycles can be reached without fatigue 
failure. This predefined number of cycles is usually 2x106. 
3 A structural detail is called as-welded, if there is no other treating applied on it after the welding process. 
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Therefore, application of welded HSS in fatigue sensitive structures cannot be economical 

based on the current knowledge. In cases, when fatigue resistance is dominant in structural 

design, the advantages of HSSs cannot be exploited. This phenomenon is an essential barrier of 

spreading HSS in structural engineering, especially among bridges, which are sensitive for 

fatigue. Researchers have investigated the problem for more than 60 years, because beside the 

economic reasons, it is an interesting question: what causes the difference between the fatigue 

resistance of base materials and as-welded details in steel structures? The actuality of the topic 

is indicated by numerous studies and research papers in this subject. From the 70s [6] there are 

research programs studying the effect of steel grade on the fatigue strength. 

According to previous investigations [2, 4] the unfavourable effect of welding regarding fatigue 

comes from two important effects. On the one hand, tensile residual stresses appear, which can 

be observed in all as-welded details in the local region of the weld. The maximum value of 

these stresses depends on the applied steel grade of the base material. Usually this value is 

between 0.8ꞏfy and fy [7–10]. In most cases the maximal tensile residual stress appears close to 

the weld toe. The fatigue lifetime of an arbitrary steel detail strongly depends on mean stresses 

[11, 12]. The constant life diagrams show the acceptable stress range or stress amplitude for a 

given fatigue lifetime which reduces significantly, if mean stress increases. For as-welded 

details the tensile residual stresses have an important effect on the mean stress level influencing 

the fatigue life of the structure. Because of the high tensile residual stress, the normalized mean 

stress level is almost the same for all as-welded structural details, and this effect is explicitly 

considered by standard S-N curves4. On the other hand, weld defects, undercuts and lack of 

fusion have also an important role in fatigue strength of as-welded details. To understand the 

favourable fatigue behaviour of HSS base material, firstly the phases of fatigue failure should 

be discussed. There is three main phases of fatigue phenomenon [11, 13, 14]: crack initiation 

or nucleation, macro crack propagation and the rapid final failure, as shown in Fig. 2.  

 
Fig. 2: Phases of fatigue phenomenon [11]. 

The crack initiation part contains the nucleation of micro cracks and their growth. The micro 

cracks initiate on the surface of the material in slip bands, if the level of cyclic stress reaches 

                                                 
4 S-N or Wöhler-curve is a diagram, which shows the relationship betweeen the fatigue life and the cyclic loading. 
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the fatigue limit. After a micro crack has been nucleated, crack growth rate5 is usually low, 

because in this phase microstructure and tensile strength of the base material has a significant 

effect on the crack initiation. In contrast to the crack initiation phase, the crack propagation is 

usually not influenced by steel grade, the crack propagation rate is independent of the yield 

strength [4]. According to previous fatigue test results and investigations, it was concluded that 

weld defects act like macro cracks, and in every welded case it can be assumed that crack 

initiation phase within the fatigue lifetime6 is almost negligible. Based on this assumption the 

fatigue life of a welded specimen depends on the crack propagation phase alone. As previously 

mentioned, the length of crack propagation phase is independent of steel grade, thus the fatigue 

life of a welded detail is equal to all steel grades.  

In order to utilize the favourable properties of HSS and increase the fatigue lifetime of welded 

details, different post-weld treatment methods7 were evolved and investigated. Post-weld 

treatment methods are classified into two main classes [5, 15] shown in Fig. 3: weld geometry 

improvement methods and residual stress methods.  

 
Fig. 3: Classification of fatigue strength improvement techniques [15]. 

                                                 
5 The crack growth rate is the slope of the crack growth curve, which presents the crack size as a function of cycles. 
6 Fatigue lifetime equals to number of cycles, when the fatigue failure is reached. 
7 Post-weld treatment methods are techniques, which improve the fatigue strength of welded structural details. 



9 
 

The weld geometry improvement methods modify the local geometry of the weld toe, but there 

is no significant change in the residual stresses. This modification can be introduced by 

remelting methods (TIG8 dressing, plasma dressing), when weld region is remolten, leading to 

vanishing weld defects. There are special welding techniques, when the welding process is 

manipulated to get a better weld toe profile. It can be performed by applying Weld Profile 

Control (AWS9) or special electrodes during welding. The simplest weld geometry 

modification treatments are the machining methods. These processes are usually grinding type 

treatments (burr or disc grinding), however there are special machining ways, e.g. using 

waterjet. A schematic drawing on the burr grinding treatment method is presented in Fig. 4, 

which is one of the investigated treatment method within my current research work. 

 
Fig. 4: Illustration of burr grinding. 

Residual stress methods can be mechanical or thermal approaches. The most commonly used 

thermal method is the Thermal Stress Relief (Post-Weld Heat Treatment - PWHT). A typical 

PWHT process has two main phase. First the joints are heated to approximately 600 °C and are 

held at this temperature for 1 hour per 25 mm of thickness. Then it is allowed to cool down in 

air. However, this treatment approach can reduce the tensile residual stresses due to weld, it 

does not introduce compressive residual stresses at the treated joints. Among the mechanical 

methods, the most commonly used and effective approaches are the High Frequency 

Mechanical Impact (HFMI) treatments. During the procedure an indenter is accelerated against 

weld toe surface with high frequency (~90 Hz). These methods vanish tensile residual stresses, 

and introduce favourable compressive residual stresses at the treated region. A schematic 

drawing on the mechanical impact of the HFMI treatment method is presented in Fig. 5, which 

is the second treatment method studied within the current research work. 

                                                 
8 Tungsten inert gas welding. 
9 American Welding Society 
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Fig. 5: Illustration of HFMI treatment [16]. 

Beside the residual stress field modification, the method modifies the local geometry of weld 

toe. Therefore, the stress concentration at weld toe is mainly removed from the fatigue critical 

region. Applying HFMI treatment method, the crack initiation phase can be activated and 

tensile residual stresses at the weld region can be reduced. Despite of the relative large number 

of previous investigation on the post-weld treatment methods, it can be concluded that the 

fatigue properties and behaviour of post-weld treated steel structural details compared to as-

welded ones have numerous unanswered questions. In the current thesis some of these 

unanswered questions are investigated, and new explanations are given to the fatigue 

phenomena regarding high strength steel welded structural details.  

1.2 Problem statement 

High strength steel cannot be applied economically in fatigue sensitive structures, if the 

favourable fatigue properties of base material cannot be utilized. One solution can be the 

application of post-weld treatment, which can increase the fatigue strength of a welded 

structural detail. At the same time, the mechanical behaviour and the fatigue strength 

improvement effect of these post-weld treatments are not known properly. On the other hand, 

the investigations of as-welded structural details focused only on some commonly used detail 

classes, and the latest fatigue test results were conducted in the 1990s. The main aim of the 

current thesis is to investigate the fatigue strength increasing methods, in case of both as-welded 

and post-weld treated specimens. Two post-weld treatment methods are investigated: (i) 

grinding, and (ii) High Frequency Mechanical Impact (HFMI) treatment. The grinding 

techniques are nowadays the most economical treatment methods, because the required 

equipment is easy to purchase and the application of the method does not require special 

qualifications. The HFMI method is the most modern technique and its application is spread 

rapidly. Nowadays, this treatment method is the only approach, which can utilize the favourable 
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fatigue properties of HSS materials. Moreover, the highest fatigue strength improvement 

belongs to HFMI treatment techniques. In the thesis the following questions are studied: 

 Is it correct that fatigue strength of as-welded structural detail is independent of the steel 

grade for each fatigue detail classes? 

 How can the fatigue strength improvement factor of the investigated post-weld 

treatment techniques (grinding; HFMI) be determined? 

 What are the ideal parameters of the different (grinding; HFMI) post-weld treatment 

methods? 

1.3 Solution strategy 

Answering these questions both experimental and finite element analysis are applied to study 

the fatigue phenomena of as-welded and post-weld treated structural details. Usually, fatigue 

problems are answered by experimental research programs. However, the finite element 

analysis of fatigue problem becomes more common nowadays. The following investigations 

are executed to answer the previous questions: 

 laboratory tests on as-welded and ground test specimens: comparison of fatigue lifetime 

of (i) normal and high strength steel specimens, (ii) as-welded and post-weld treated 

specimens. 

 investigation of fatigue test results from previously published and own experimental 

research programs: (i) collecting and re-evaluating the fatigue test results of as-welded, 

ground and HFMI-treated specimens for different types of fatigue classes to determine 

the differences in their fatigue strength, (ii) determination of fatigue strength 

improvement factor. 

 improvement of finite element analysis based fatigue design approaches for different 

grinding techniques, 

 simulation of HFMI treatment method by finite element analysis and investigating the 

treating parameters on the fatigue behaviour.  

Fatigue properties of two different as-welded structural details (non-loaded cruciform and plate 

edge gusset joints) using two different steel grades are investigated within an experimental 

research program. In the frame of the experimental research a previously well-researched detail 

type (non-loaded cruciform joints) is selected, thus the results of the fatigue tests can be put in 

context, and a previously non-investigated type (plate edge gusset joints) is chosen to 

investigate the general applicability of the results. The applied steel materials are selected 
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according to the Hungarian civil engineering practice; S235-J0 and S420-N-J2 steel grades are 

investigated which are frequently used for buildings and bridges in Hungary. The fatigue test 

results are evaluated and converted to the same log-log system by applying the effective notch 

stress method. The fatigue test results are analysed and the experimentally obtained S-N curves 

are compared by statistical tool to study the difference between the normal and high strength 

steel specimens. 

The grinding post-weld treatment method is studied by re-analysing of own and previously 

executed fatigue test results. The analysed structural details are as-welded and ground; non-

loaded cruciform; plate edge gusset and longitudinal attachment joints. The fatigue strength 

improvement effect of this treatment method is investigated by numerical model. The 

relationship between the geometry of the treated zone and the efficiency of grinding is analysed 

and an improvement factor calculation method is developed for design purposes.  

The efficiency and specialties of the high frequency mechanical impact (HFMI) treatment 

method is investigated as well. Previously published fatigue test results are collected and 

statistically re-analysed. The relationship between the steel grade and efficiency of the HFMI 

post-weld treatment method is studied using statistical tools. The fatigue behaviour of HFMI-

treated specimens and applied base materials are evaluated, and the maximum possible fatigue 

strength of the HFMI treated specimens is determined. Based on the analysis, a new calculation 

method is developed to find the ideal geometrical parameters of the HFMI treatment by 

numerical simulation.   
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2. Literature review 

In this Chapter, the basic knowledge about the fatigue properties and behaviours of welded high 

strength steel structural details are collected and summarized. The previous research results 

about as-welded NSS10 and HSS structural details, different fatigue lifetime estimation 

techniques and post-weld treatment methods are reviewed and studied. Based on them, the 

economical application of HSS materials in fatigue sensitive structures can be investigated. 

2.1 Fatigue properties of base materials 

The fatigue properties of non-welded structural steel materials can have effect on the fatigue 

strength of welded structural details. Thus a short summary of these properties is necessary to 

understand the mechanical behaviour of fatigue phenomenon in as-welded and post-weld 

treated specimens. The relationship between the ultimate tensile strength, the fatigue limit11 and 

the mean stress12 effect are presented in this Section. These two phenomena have a major rule 

in the fatigue properties of post-weld treated steel structural details. Moreover, one aim of this 

study is to find correlation between the fatigue behaviour of base material and as-welded steel 

details. 

2.1.1 Relationship between the tensile strength and fatigue limit of structural steel material 

Numerous previous studies investigated these macroscopic and fatigue properties together to 

find correlation between them. According to these research activities [17], it can be observed 

that there is a quasi-linear relationship between the ultimate tensile strength and fatigue limit of 

various steel materials, as shown in Fig. 6. On the horizontal axis of the diagram the ultimate 

strength, on the vertical axis the fatigue limit is shown. Points show test results proving clear 

increasing trend in the fatigue strength with increasing steel grade up to a maximum value, 

which is currently under detailed investigation for ultra-high strength steel materials13. The 

maximum value is called as critical ultimate strength, from where the fatigue limit becomes 

constant. The shape of the diagram is mostly the same for different steel materials. However, 

there is a difference in the fatigue limit values. On the other hand, there are several parameters, 

which can influence this relationship. The fatigue properties of steel materials depend on the 

loading types, surface finish and the size of the investigated specimens. These parameters can 

                                                 
10 A steel material is called NSS, if its nominal yield strength is below 420 MPa. 
11 Fatigue limit is a stress level, below which the fatigue failure cannot be reached. 
12 The mean stress is the average of the minimum and maximum stresses of cyclic loading. 
13 A steel material is called ultra-high strength steel, if its nominal yield strength is higher than 960 MPa. 
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be taken into account by applying different modifiers, when the fatigue limit is calculated. In 

this summary, the effect of the loading type is introduced, because it will be applied in the 

further research work. The thickness of the applied steel plates for all investigated specimens 

is below 25 mm. Thus the size effect of fatigue phenomenon can be neglected [18]. 

 
Fig. 6: Relationship between ultimate strength and fatigue strength [13]. 

Main part of the fatigue tests within this topic are conducted by bending loading situation. In 

cases, when different loading parameters are analysed, different modifier should be applied. 

According to test results, fatigue strength values are the most favourable, if pure bending is 

applied. In case of axial loading, the fatigue limit calculated by pure bending should be reduced 

by 10 – 30%, as shown in Fig. 7. The worst case scenario is, when the loading type is torsion. 

For torsional loading, the reduction can be more than 40%14. 

 
Fig. 7: The effect of the load-type on the fatigue lifetime [13]. 

                                                 
14 Applying the identical maximum nominal stresses, the fatigue strength of an axially loaded specimen is smaller 
than for specimen in bending. In axial loading, almost the whole cross-sectional material is loaded with a high 
stress level, and it is more likely to initiate a fatigue crack in a larger volume of material. 
Investigating the torsion load, it can be observed that this loading type is the least favourable. The nucleation of 
the first microcrack occures in slip bands caused by the maximum shear stress. This value is equal to half the 
tensile stress for axial loading. However, the maximum shear stress for a specimen under cyclic torsion loading is 
the shear stress on the loaded specimen. 
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2.1.2 Mean stress effect 

The influence of mean stress is one of the most important effect on the fatigue strength of a 

structural detail. However, it is usually neglected for as-welded details, because there is no 

significant difference on it at fatigue critical points of the as-welded specimens. The fatigue 

critical points of as-welded details are mostly at the weld zone, where the residual stress due to 

welding dominates the mean stresses. Therefore, it is usually assumed that the mean stress is 

constant at these locations. On the other hand, the mean stress effect has an important role in 

the fatigue properties of post-weld treated specimens. There are post-weld treatment methods, 

which vanish the tensile residual stresses due to welding processes. Moreover, they can 

introduce compressive residual stresses at treated zones. Therefore, the mean stress has a 

significant effect on the fatigue lifetime of post-weld treated structures. Therefore, the fatigue 

lifetime improvement factor15 depends on the applied treated method and the mean stress effect. 

There are numerous empirical models giving solution for considering the effect of mean 

stresses. The most commonly applied models are proposed by Gerber [19], Goodman [20] and 

Soderberg [21]. These models are usually plotted in Haigh’s plot (Fig. 8). In these plots constant 

life diagrams are presented, the ordinates are the normalized fatigue strength and mean stresses. 

The constant life diagrams give the acceptable mean stress-stress amplitude pair for a given 

fatigue lifetime. In Gerber’s and Goodman’s model, the maximal mean stress is limited to the 

ultimate tensile strength. Gerber proposed a parabolic constant life diagram, Goodman’s model 

uses a simpler assumption, when the constant life diagram is linear. 

 
Fig. 8: Goodman’s and Gerber’s mean stress effect model [13]. 

                                                 
15 The fatigue lifetime improvement factor presents the ratio between the fatigue lifetime of as-welded and post 
weld treated sturtural details. 
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In Soderberg’s model the maximal applicable mean stress is the yield strength of the 

investigated material. The Smith, Watson and Topper’s (SWT) model [22] is a commonly 

applied method as well, where the maximal stress are analysed instead of mean stresses, and 

the fatigue strength for a given fatigue lifetime can be calculated from the stress amplitude 

considering the maximal stress level as well.   

Investigating post-weld treatments, the cases of compressive residual stresses can be highly 

important. Different models make other assumptions to take into account this phenomenon. The 

conservative theory says that there is no fatigue lifetime improvement due to compressive 

residual stresses. However, fatigue tests performed on specimens having ductile materials show 

compressive residual stresses are favourable in fatigue design. To analyse the different mean 

stress models, the mean stress sensitivity factor (M) is introduced (Fig. 9), which is the negative 

slope of the constant life diagram [23].  

 
Fig. 9: Representation of mean stress sensitivity factor [13]. 

If there is no favourable effect coming from compressive residual stresses (M2 = 0), the most 

conservative case is considered. Schütz’s investigations [24] showed the mean stress sensitivity 

factor is in linear relationship with the ultimate strength of steel materials, as shown in Fig. 10. 

The values of M2
16 and M3

17 can be calculated by the original mean stress sensitivity factors. 

M2 can vary between 0 and M, and the value of M3 usually equals to M/3. 

                                                 
16 M2 is the mean stress senstivity factor in cases of negative mean stress values. 
17 M3 is the mean stress senstivity factor in case, when the stress ratio R > 1. 
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Fig. 10: Mean stress sensitivity factor for different materials [13]. 

2.2 Fatigue behaviour of as-welded steel structural details 

At first, the difference between fatigue properties of HSS and NSS materials is studied and 

summarized. The fatigue process of a steel specimen involves three different stages (crack 

initiation phase; stable crack propagation phase; unstable crack propagation). According to 

Maddox [4], favourable fatigue behaviour of HSS base material belongs to the crack initiation 

part of the fatigue lifetime. The experimental results, which investigated the crack propagation 

rates of specimens from different steel grades, showed that there is no significant difference 

between the crack propagation rates of NSS and HSS materials. This observation confirms the 

assumption that advantages of HSS base material in the fatigue behaviour belongs to the crack 

initiation phase. 

The fatigue strength of notched and as-welded specimens is influenced by two main conditions 

[11]. On the one hand, the fatigue behaviour of these detail types depends on the value of the 

mean stress of the cyclic load. Increasing mean stress decreases the fatigue strength. In the case 

of as-welded specimens, the high level of the mean stress comes from the tensile residual 

stresses due to welding. The tensile residual stresses can be approximately equal to 80-100 % 

of the yield strength of the applied material [25]. Therefore, the mean stress for an as-welded 

specimen is always close to the yield strength. On the other hand, the crack initiation part of the 

welded structural detail is negligible according to current theories. For notched specimens, the 

crack nucleation point is already appointed, and the crack grows from the tip of the notch. The 

notch can be considered as a macro crack, which propagates during the entire fatigue lifetime. 

Investigating as-welded details, the undercuts and lack of fusions can behave as macro-cracks; 

thus the crack initiation part of the fatigue lifetime becomes negligible. 

The results of the previous experiments and research activities support the theory that the 

fatigue strength of as-welded structural details is independent of the steel grade [3, 26–28]. 
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Anami and Miki [3] collected numerous test results for cruciform weld joints and re-analysed 

the data, which are shown in Fig. 11. They showed that the reviewed experiments confirm the 

above introduced theory.  

 
Fig. 11: Previous fatigue test results for cruciform joints [3]. 

However, it was recognized that the fatigue lifetime of the HSS specimens is not reached by 

the NSS specimens in the high stress range region. If the assumption that the S-N curve is a 

straight line in the log-log system, is acceptable for HSS details as well, then this observation 

leads to the conclusion that the slope of S-N curve of HSS details should differ from the one 

related to NSS. Consequently, the slope of the relevant S-N curve should be larger than three. 

Therefore, the fatigue lifetime of HSS specimens could be more favourable in the lower stress 

range region. There is only a small number of previous test results related to this stress range 

region found in the international literature. The main part of the previous experiments was 

carried out under loading with high stress range to limit the fatigue lifetime and the duration of 

the laboratory tests. Nevertheless, the representative stress ranges for bridge structures are 

below 100 MPa, therefore the fatigue behaviour of the HSS specimens needs further research 

within this low stress amplitude range. In addition, the analysed results come from different 

research programs using different test layouts, test environments, different loading and 

measuring systems using different manufacturing methods, which makes the comparison of 

these fatigue test data more difficult. However, the performed tests focused only on a small 

number of fatigue detail classes; thus the present theory about the fatigue behaviour of as-

welded structural details is adaptable only on the investigated fatigue detail classes and their 

results cannot have general conclusion.  
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2.3 Fatigue lifetime calculation techniques 

When investigating the fatigue lifetime of a welded structural detail, different stress calculation 

methods can be applied. The most common method is the global method, which is based on the 

nominal stresses18 [29]. For this method the S-N diagrams of all investigated structural details 

should be determined. Therefore, numerous experiments are required to each different 

structural detail types to determine the relevant S-N curves. For these numerous structural 

details, fatigue test results were collected and statistically evaluated in the past. More than 100 

fatigue detail categories were previously determined by researchers, which can be found in the 

EN 1993-1-919 [18] or Recommendations of the International Institute of Welding (IIW) [3, 4]. 

However, these fatigue detail classes cannot cover all the possible geometries of the design 

praxis, especially they are not applicable to new and innovative structural details. The test 

results related to other detail types cannot be used to calculate the fatigue details class (FAT) 

of the analysed structural detail. Therefore, fracture mechanics-based methods are developed 

in order to determine the fatigue life of a detail class with complex geometry [32] or the 

generalization of the fatigue detail classes is required, which led to the development of the hot-

spot and notch stress-based fatigue assessment methods. The basic idea of these methods is that 

peak stresses, or stress concentrations are determined and fatigue analysis is performed using 

these values.  

2.3.1 Structural (hot-spot) stress approach 

The hot-spot stress method (also called structural stress or geometric stress approach) is 

investigating the close environment of the fatigue critical point. The basic idea of this method 

is that the membrane and the bending stresses are included in the analyses of the critical fatigue 

point (hot-spot), but the non-linear stress peak can be neglected [33]. The effect of the notch is 

taken into account through test results, which were used to determine the S-N curve of the hot-

spot stress based fatigue detail classes. The advantage of the hot-spot stress method against the 

nominal stress method is that more complex geometries can be investigated using smaller 

number of detail classes. Therefore, geometries with complex shape can be easier classified 

into fatigue detail class [30]. However, there is no recommended hot-spot fatigue detail class 

for all type of structural details. According to the IIW recommendations [30], the fatigue detail 

                                                 
18 A stress in a component, resolved using general theories, e.g. beam theory. 
19 Eurocode 3: Design of steel structures - Part 1-9: Fatigue 
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class of cruciform joints is FAT100, but this recommendation does not contain any guidance in 

choosing hot-spot fatigue class for numerous structural details with complex geometry.  

This method was firstly developed for analysing welded tubular joints in offshore structures 

[34]. It can be applied to details, where the fatigue crack initiates in the weld toe or at the end 

of the weld. When the crack propagates through the weld throat, this method is unsuitable for 

fatigue design. For the calculation of the hot-spot stresses the surface stress field should be 

computed in the closer region of the critical point, on which the hot-spot stresses are determined 

using extrapolation rules on special pre-defined stress evaluation points [35]. The extrapolation 

rule depends on the applied mesh size and the position of the critical point (located on the 

surface or at the plate edge). The extrapolation rules proposed by the IIW recommendations 

[30] are presented in Fig. 12.  

 

Fig. 12: Linear and non-linear extrapolation rules for hot-spot method [36]. 

The necessary location of the extrapolation points were determined by Niemi and Fricke [35]. 

According to their investigations it can be seen that there are two different types of hot-spots, 

the so-called “a” and “b” types, which depend on the location of the critical point. The research 

results of Niemi and Fricke showed, if the investigated critical point is on the surface of a plate, 

the extrapolation point locations should depend on the thickness of the plate. However, if a 
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critical point is checked at the plate edge, this location can be given by constant distances. The 

extrapolation method can be linear or quadratic, for both ways the IIW Recommendations [30] 

give the positions of the extrapolation points, and the calculation methods to be used. This 

method is an applicable alternative for fatigue design, if there are no fatigue detail classes for 

all the geometries to be checked or a more detailed calculation is to be made for complex 

internal forces.  

2.3.2 Effective notch stress method 

The effective notch stress (ENS) method is a local stress approach, which has a large research 

background in the international literature [37–41]. The basic idea of this method comes from 

Neuber’s micro-support hypothesis [42, 43]. According to Neuber’s concept, a stress averaging 

is taken into account in the direction of crack propagation over a predefined length. The stress 

averaging is performed by the integration of the theoretical crack tip stresses over the micro-

support length (ρ*). This length is a material parameter which can be determined by laboratory 

tests. The ρ* values were given by Neuber for different materials based on fatigue test results 

(Fig. 13). It has to be noted that the given parameter is yield strength-dependent, however all 

the current fatigue assessment approaches are independent of the yield strength in the current 

standards.  

 
Fig. 13: Neuber's micro-support length for different type of materials [42]. 

Upon applying this theory, a reference radius is used for creating the finite element model of 

the analysed specimen. The value of the reference radius is calculated from the average stress 

at the notch tip. When using the correct radius at the critical fatigue points, the theoretically 
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calculated average stress has to be determined by finite element analysis. The reference radius 

(rref) can be calculated by the theoretical application of Neuber’s formula based on Eqs. (1)-(2): 

 *
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In the previous equation, s is the support factor, which depends on the loading mode. The 

parameter ρ is the real notch radius, for which the theoretical stress field can be calculated. 

 
Fig. 14: Neuber's micro-support theory [43]. 

According to Neuber’s recommendation the reference radius should be set to 1 mm (s = 2.5 and 

ρ* = 0.4 mm) for steel structures. This value comes from the worst case scenario, when the 

crack tip is sharp, and its real radius equals to zero. This reference radius can be used only if 

the thickness of the investigated details is higher than 5 mm. The applicable fatigue class for 

this method was determined based on statistical evaluation of previous test results. The fatigue 

classes of the global nominal stress method were converted according to the local stress 

approach. When the nominal stresses are applied on the FE models of different structural 

details, the local 1st principal stress was calculated at the fatigue critical point, and the new 

fatigue detail class for the local stress approach was determined based on the ratio of the 

nominal and the local stresses, resulting in FAT225 [43] using a reference radius of 1 mm and 

the 1st principal stresses [13, 23]. This fatigue detail class was converted to the case of von 

Mises stresses by Sonsino [44]. For the conversion the plain strain condition was assumed. The 

result of Sonsinos’s calculations showed that the equivalent fatigue class for von Mises stresses 

is 89% of the FAT using 1st principal stresses. Therefore, the recommended fatigue detail class 

is FAT200 for steel structures using von Mises stresses within the effective notch stress method. 
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Recommendations for the applicable fatigue detail classes using 1 mm radius and for different 

stress calculation methods are given in Table 1 according to Sonsino [44]. However, the benefits 

of this method are evident, it is still not verified for all structural details. Therefore, numerous 

investigations are conducted recently on this topic as reported in [45–53]. The effective notch 

stress method contains the effect of local yielding. This approach is based on the statistical 

evaluation of fatigue test results, and the calculated notch stress is determined via linear elastic 

calculation. Therefore, the effective notch stress is used only for considering the effect of 

different geometrical properties of the analysed structure. Plastic deformations could be also 

taken into account, if residual stresses due to welding would be determined and incorporated in 

the numerical model.  

Table 1: Fatigue classes for different types of materials in the case of the effective notch method [44]. 

rref in mm 1.00 1.00 

Hypothesis 1st principal 

stresses 

Von Mises 

stresses 

Steel 225 200 

Aluminium 71 63 

Magnesium 28 25 

According to previous studies the ENS method has different results for different structural 

details. When test results of T-joints [54–58] and non-load-carrying cruciform joints [59–64] 

are analysed, specimens show good agreement with the numerical results based on the ENS 

approach. However, the experimental results of numerous butt welded details [59, 63–65] 

analysed by the ENS method were consistently below the FAT225 S-N curve. Pedersen et al. 

[48] explain this phenomenon by the defects of the butt welds, thus a modified S-N curve is 

recommended for this type of joints.  

2.4 Post-weld treatment methods and their effects on the fatigue behaviour of welded 

structural details 

There are numerous post-weld treatment approaches, which can be applied to improve the 

fatigue strength of a welded structural detail. In this thesis two typical methods are investigated 

and studied. At first an easily applicable and economical approach, the grinding method is 

reviewed, which can be used in the Hungarian market. The other one is a residual stress method, 

the high frequency mechanical impact (HFMI) treatment method. This is the most advanced 
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and most effective treatment approach, which can be utilize the favourable fatigue properties 

of HSS materials. 

2.4.1 Weld Geometry Treatment (WGT) Methods and their effect on fatigue strength 

This weld treatment method modifies only the weld geometry, and they have just a slight 

influence on the residual stresses coming from welding as proved by [5, 15, 66]. The fatigue 

lifetime is increased by removing the possible defects of the weld toe. The main benefit of these 

treatment methods is that they reduce the stress concentration at the critical point by 

modification of the weld shape geometry. Different machining or remelting methods belong to 

these treatment methods. Using remelting techniques (Fig. 15), the weld toe shapes are 

improved and the slag inclusions and weld toe undercuts are removed. The most common ways 

are the TIG20 dressing and plasma dressing. 

 
Fig. 15: Remelting post-weld treatment [67]. 

The machining methods are mostly grinding techniques (Fig. 16) described in a detailed manner 

in [68–70]. Two main versions of this technique are the burr and disc grinding. In the current 

thesis both methods are investigated. The burr grinding weld treatment method is a procedure 

where a high speed grinder is used for removing defects of weld surface and modifying its 

original geometry. In general, only the weld toe is ground and the stress concentration effect of 

the weld geometry is reduced. The new surface of the treated plates is at least 0.5 mm below 

the original surface of the base plate, but should not exceed 2.0 mm or 7% of the treated plate 

thickness [71]. Also disc grinding is used for modifying the weld shape and removing defects 

and undercuts of the weld. This method is more economical than burr grinding. However, test 

results showed larger scatter in the fatigue lifetimes, and burr grinding is more favourable 

                                                 
20 Tungsten Inert Gas: Dressing has traditionally been used to describe weld toe remelting 
techniques using TIG welding equipment. 
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because the fabrication scratches of burr grinding are parallel to the direction of fatigue loads. 

In case of disc grinding they usually are perpendicular [66]. 

 
Fig. 16: Burr grinding post-weld treatment [67]. 

According to the IIW recommendations, the effect of grinding techniques can be taken into 

account by increasing the allowable stress range with a factor of 1.3 [67]. In addition, the 

constant amplitude fatigue limit can be relocated at 2 x 106 number of cycles. The favourable 

effect of grinding can show up only in cases of welded details. Thus the treatment benefits apply 

only to FAT 90 [18] or lower fatigue detail classes, as shown in Fig. 17. Higher fatigue detail 

classes include only non-welded details.  

 

Fig. 17: Benefit and limitation of improvement for burr ground steel weldments, S-N curves from IIW Fatigue 
Design Recommendations [71]. 

If structural stress (hot-spot or effective notch) method is used for fatigue assessment, the 

improvement factor considering weld treatment needs to be derived from equivalent details 

using its fatigue detail class based on nominal stresses according to the previous 

recommendations.  
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2.4.2 HFMI treatment methods and their effect on fatigue strength 

Different types of high frequency mechanical impact treatment methods are known nowadays, 

which are summarized in [72]. Names of different types of devices are as follows: ultrasonic 

impact treatment (UIT) [73], high frequency impact treatment (HiFiT), pneumatic impact 

treatment (PIT) [74], ultrasonic peening treatment (UPT) [75, 76] and ultrasonic needle peening 

(UNP) [16]. At first UIT was developed by the Northern Scientific and Technological 

Foundation (Russia) and Paton Welding Institute (Ukraine) and proposed by Statnikov [77] in 

the early 1970s. The basic principal of all HFMI techniques is identical: cylindrical indenters 

are accelerated against the region to be treated with high frequency (approximately 90 Hz). 

They are residual stress modification methods, which means, they can eliminate weld toe flaws 

and defects, reduce local stress concentrations (Fig. 18), eliminate tensile residual stresses in 

treated regions and induce compressive residual stresses. Researchers proved in the past that 

this approach significantly increases the fatigue strength and lifetime of welded structural 

details. The treatment method introduces compressive residual stresses in fatigue critical points 

decreasing the local mean stress in the surrounding region. Therefore, it leads to increase in the 

crack initiation part of the fatigue lifetime. 

 
Fig. 18: Typical geometry of HFMI-treated weld region [78]. 

 

In the previous twenty years, numerous experimental programs were conducted with the aim to 

investigate and analyse the fatigue behaviour of as-welded and HFMI-treated, normal and high 

strength steel specimens. According to the previous studies [79–81] it has been observed that 

HFMI post-weld treatment methods are more favourable in case of high strength steel 

specimens than for normal strength steel structures. It means increasing yield strength increases 

the fatigue strength, which would not happen for non-treated specimens. However, it is 

important to mention that these observations have been confirmed in cases, when the stress ratio 

is smaller than 0.5 (R < 0.5) and the maximum appearing stress value (σmax) is larger than 0.8ꞏfy. 
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Based on the test results of German experimental research programs, Weich [79] proposed a 

formula to estimate the lifetime increasing effect of HFMI treatment method. The same 

phenomenon was investigated by Yildirim and Marquis [72]. In their study three types of 

structural details were investigated (longitudinal attachment, butt joint and cruciform joint) and 

three different formulas were proposed, which can describe the effect of yield strength on 

fatigue strength of HFMI-treated structural details. The slope (m) of standardized S-N curves 

for as-welded specimens is equal to 3. However, test results show, for HFMI-treated details m 

= 5 gives the best approximation. Therefore, a recent set of S-N curves was necessary to 

calculate fatigue lifetime of HFMI-treated structural details. The proposed S-N curves can be 

found in the IIW recommendations [71, 78]. 

However, in most previous experimental research programs the regression lines of S-N 

diagrams were determined by the method of the least squares, and the fatigue strength 

improvement factors were only calculated for the actual test data set. In Weich’s [79, 82] and 

Yildirim’s [72, 83, 84] research programs the favourable fatigue properties of HFMI-treated 

high strength steel details come from the analysis, where the fatigue strengths are calculated 

from regression lines with a forced slope of m = 5. In these cases, it can be observed that the S-

N curve of treated details from higher steel grade have higher fatigue strength. Yildirim and 

Marquis [72] compared the experimental S-N curves of HFMI-treated specimens from different 

steel grades using the recommended [30] S-N curves of as-welded specimens. Their conclusion 

was for specimens loaded by R = 0.1 constant amplitude fatigue load, fatigue strength increase 

can be observed, which increase depends on the yield strength. Yildirim and Marquis proposed 

a calculation method for HFMI-treated specimens in which fy,0 = 355 MPa is taken as reference 

value. The proposed equations are given by Eqs. (3) and (4): 
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Based on these investigations an amount of 200 MPa increase in yield strength causes 

approximately 12.5% increase in fatigue strength. This fatigue life calculation method was 

adopted by IIW as well. It means determining the fatigue resistance of an arbitrary structural 

detail, the FAT of an original, as-welded detail increases by applying post-weld treatment 

method and the rate of increase depends on the yield strength, as shown in Fig. 19. 
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Fig. 19: Improvement effect of HFMI treatment method [72]. 

 
2.5 Numerical simulation of HFMI post-weld treatment 

For a better understanding of the mechanics of HFMI treatment, numerical simulation of the 

process can be a beneficial and interesting tool. The numerical modelling specialties of this 

treatment method is presented here, because it is applied in the current thesis and HFMI treated 

specimens are modelled by me and ideal parameters of the treatment method is determined.  

There are numerous previous studies about the simulation of this method, in which different 

parameters are investigated like simulation techniques, size of the applied mesh, overlapping 

of indentations21, groove depth22 and radius of the indenter. Two different simulation types can 

be applied: (i) displacement controlled simulation (DCS) [10, 85, 86] and (ii) force controlled 

simulation (FCS) [87–91]. Application examples for both methods can be found in the 

international literature. In case of DCS, the displacement of the modelled indenter is the input 

parameter of the analysis, the plastic deformations and the residual stresses can be determined 

from this value. If the applied method is the FCS, the velocity and the mass of the indenter are 

the input parameters, and a dynamic analysis is required to calculate the residual stress field 

and deformations of the investigated structural detail. The applied numerical models are mostly 

three dimensional, solid element models. The boundary conditions of treated specimens have 

to be properly defined, in most cases one or more side of the specimens are clamped. The 

indenters can be modelled as rigid or linear elastic body. The connection between the indenter 

and the treated surface is modelled using contact elements, and tangential friction is taken 

                                                 
21 The distance between two neighbour impacts of the indenter. 
22 The distance between the surface of the base material and the deepest point of the indentation. 
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account between the interfaces. The previously applied and studied parameter values are shown 

in Table 2.  

Table 2: Previously investigated parameters of HFMI treatment simulations [92]. 

Parameters 
permanent 
indentation 

depth 

impact 
velocity 

friction 
coefficient 

between pin and 
specimen 

distance 
between two 

impacts 

radius of 
pin  

Investigated values 0.1-0.25 mm 1-5m/s 0.15-0.5 0.2-0.8 mm 1.5-3 mm 

 

The applied material model has a significant effect on the simulation results. Welded and non-

welded specimens are investigated in previous studies, in which the applied structural steels are 

modelled by assuming isotropic, kinematic or combined isotropic-kinematic hardening law. 

The results of the investigations show isotropic hardening is dominant near the surface of the 

treated specimen. The kinematic hardening has a significant effect on the residual stresses in 

the deeper zones. The best accuracy can be reached, if the combined isotropic-kinematic 

hardening law is applied. Thus the most commonly used material models are based on the 

Chaboche or Johnson-Cook models. 

2.6 Summary 

Nowadays, the commonly accepted theory about the as-welded structural details is that their 

fatigue strength is independent of the ultimate tensile strength of the base material. However, 

the basis of this theory comes from fatigue tests, which are carried out using different loading 

parameters in different research programs and the investigated structural steels are not 

reconciled. Within the current research program, the theoretical background and differences in 

the fatigue properties between NSS and HSS as-welded specimens are investigated via 

comparable laboratory tests and numerical investigations. 

The commonly recommended method to increase the fatigue strength of as-welded structural 

details are the post-weld treatment methods. These approaches can result in economic 

application for high strength steel materials in fatigue sensitive structures. The easiest and most 

economic methods are the grinding methods and the most effective approaches are the high 

frequency mechanical impact treatments. These methods are commonly applied and well 

known in practice. However, the theoretical background of these treatment methods are less 

understood, and design methods are developed based on experimental results alone. The 

mechanism of treatment method and the fatigue properties of treated details are intensely 
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researched within the current research program using laboratory tests and numerical modelling 

techniques.  
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3. Relationship between steel grade and fatigue strength of as-welded details  

In this Section, an experimental research program is introduced, in which the different fatigue 

properties of NSS (S235-J0) and HSS (S420-N-J2) materials are compared. Two different types 

of as-welded structural details are tested, and the fatigue life of each specimen is measured and 

evaluated. The test results are compared to standardized S-N curves and on the bases of the 

current investigations, previous assumptions about fatigue properties of as-welded NSS and 

HSS structural details are reconsidered. For a better understanding, it is the most favourable, if 

the test results of all investigated structural details are plotted in the same logS-logN system, 

which is possible in the case of applying the effective notch stress method. Therefore, the 

effective notch stress (ENS) method is applied to investigate the fatigue strength of the test 

specimens and the experimental S-N curves are compared to the same standardized fatigue 

detail class (FAT225). At first, the fatigue strength of each specimen type is determined and the 

difference between them and the standardized fatigue detail class is discussed. Then the test 

results from different steel grades are analysed and the mechanical reasons of the obtained 

trends are investigated. The fatigue crack propagation rates are determined and analysed leading 

to understand the fatigue behaviour of the analysed detail classes and test results.  

3.1 Experimental research program 

An experimental research program is carried out at Budapest University of Technology and 

Economics Department of Structural Engineering between 2017-2018 to investigate the fatigue 

behaviour of (i) cruciform and (ii) plate edge gusset type joints. These two investigated 

structural details frequently appear in bridges in Europe (Fig. 20). The concept of research 

program is that two different structural detail categories are investigated. One, which has been 

investigated in numerous previous studies, like non-load-carrying cruciform joints; and another, 

which is less examined in former papers, like plate edge gusset connections.  

   
 

Fig. 20: Investigated structural details. 



32 
 

The reason of these two detail category selection is also that for the cruciform joints usually 

fillet welds, for the edge gusset joints, usually butt welds are applied, which has significant 

differences in the fatigue properties, applicability of the local stress concepts and numerical 

modelling specialties as well.  

3.1.1 Test specimens and set-up 

A total of 25 fatigue tests have been conducted on cruciform (X-type) and plate edge gusset (II-

type) type joint specimens. Two types of each geometry are investigated. The geometries and 

the dimensions of X-type specimens (X-10-norm and X-18-norm) are shown in Fig. 21 and Fig. 

22. The geometries and parameters of II-type specimens (II-10-norm and II-18-norm) are 

shown in Fig. 23 and Fig. 24. Both types of specimens with a thickness of 10 mm (X-10-norm 

and II-10-norm) are manufactured from NSS (S235) and from HSS (S420) material to 

investigate the fatigue properties for both steel grades using the same structural layout, weld 

sizes and loading parameters. Specimens made from plates having 18 mm thickness are also 

manufactured and investigated to analysed the size effect in case of these specimen types, which 

can be also beneficial for HSS bridges, where the plate thickness can be significantly reduced. 

The X-type specimens are manufactured using fillet welds with a weld throat size of 4 mm (X-

10-norm) and 7 mm (X-18-norm) for the smaller and larger thicknesses, respectively. The joints 

of the II-type specimens are butt welded through the entire thickness of the steel plate 

irrespective of the plate thickness. 

Fig. 21: Geometry of X-10 and X-18 type specimens. 

 
Fig. 22: Photo of an X-10 type specimen and the positions of strain gauges. 
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Fig. 23: Geometry of II-10 and II-18 type specimens. 

 
Fig. 24: Photo of an II-10 type specimen and the positions of strain gauges. 

All specimens are loaded by a Mohr-Federhaff Losenhausen HUS40 pulsator. The applied loads 

are sinusoidal cyclic loads at constant amplitude. The minimum and the maximum forces are 

both tensions, to eliminate the effect of the crack closure. The minimum value of the cyclic load 

is 10 kN for all test specimens. The investigated stress ranges of previous studies are usually 

higher than the usual stress range values acting in bridges. Therefore, this research focuses on 

lower stress ranges to examine the fatigue behaviour of typical steel bridge details. During the 

fatigue tests the number of load cycles is measured and recorded. Two strain gauges are placed 

on each specimen to monitor the stress range change, as shown in Fig. 22 and Fig. 24. At these 

points strain changes are measured for 10 seconds with 0.2 second length interval and the strain 

– fatigue lifetime relationships are evaluated for all specimens. 

3.1.2 Fatigue test results and evaluation based on nominal stresses 

The main test results are the fatigue lifetime of the test specimens with different stress ranges 

applied in order to determine the relevant S-N curves for all analysed structural details. 

Important information is also taken from the crack pattern of the failed specimens. The location 

of the crack initiation point and the crack propagation route are analysed and evaluated for each 

specimen. The measured strain data are also analysed by strain gauges, which show the stress 

range change close to the weld toes and the crack propagation rates can be compared in cases 

of different steel grades. The test results are summarized in Table 3 and Table 4. The tables 

contain the ID number of the test specimens, the applied material and geometrical properties, 
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the applied load, stress ranges and the measured fatigue life cycles. The typical observed failure 

mode, the fatigue crack pattern and the measured stresses of both specimen types are presented 

in Fig. 25. Investigating the fracture surface of the X-type specimens it can be observed fatigue 

crack initiates in the base plate close to the weld toe at the middle third of the plate width. At 

first the crack propagated through the thickness of the base plate, until it reached the opposite 

edge of the loaded plate. 

Table 3: Parameters and test results on X-type specimens. 

No. of 

specimen 

Steel 

grade 

t 

[mm] 

ΔF 

[kN] 

S 

[N/mm2] 

N  

[cycles] 

1 S420 10 90 100 6327900 

2 S235 10 90 100 1821100 

3 S420 10 135 150 538000 

4 S420 10 110 122 1313200 

5 S235 10 110 122 839900 

6 S235 10 130 144 599410 

7 S235 18 61 38 3300000 

8 S235 18 220 136 286900 

9 S235 18 160 99 1239900 

10 S420 10 100 111 780700 

11 S235 10 120 133 566400 

12 S420 10 120 133 671000 

13 S235 10 100 111 919400 

14 S420 10 100 111 1194200 

ΔF: force range; S: nominal stress range;  

N: number of cycles to failure 

 

 a)  b) 

Fig. 25: Fracture surface of the a) X-type and b) II-type specimens. 
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After that the crack grew from the middle of the width to the edges of the base plate. The failure 

point can easily be recognized from the rough texture of the crack surface. The fracture surfaces 

of the II-type specimens are also studied. The analysis showed that the crack initiation point is 

always located at the weld end. The crack is a through-thickness crack, and it propagated 

perpendicularly to the longitudinal edge of the base plate. The failure point is on the opposite 

side of the base plate. During the test process the applied stress ranges are measured via strain 

gauges placed on the specimens. The measured data was analysed, and the fatigue crack 

initiation was determined. The crack initiation point/time is defined by the cycle number where 

the difference of the current stress and the moving average is reached more than 5% at 

measuring point. According to the recorded data it can be observed the crack initiation part is 

the dominant part of the fatigue lifetime of the X-type specimens, as shown in Fig. 26a. The 

fatigue lifetime of the II-type specimens can be divided into two approximately equal parts: (i) 

crack initiation – micro crack growth and (ii) crack propagation phases – macro crack growth, 

as shown in Fig. 26b. In case of X-type specimens, the crack initiation phase is approximately 

95% of the fatigue lifetime. Investigating the II-type specimens, it can be observed that the 

crack initiation part (micro crack growth) of the lifetime is only ~75%, 20% less than for X-

type specimens (Table 5). According to the determined fatigue lifetime phases, it can be 

assumed that the fatigue propagation part (macro crack growth) for cruciform joints is 

significantly smaller than for plate edge gusset joints.  

Table 4: Parameters and test results on II-type specimens. 

No. of 
specimen 

Steel 
grade 

t 
[mm] 

ΔF 
[kN] 

S 
[N/mm2] 

N  
[cycles] 

15 S235 10 90 100 210100 

16 S235 10 60 67 270700 

17 S420 10 70 78 548900 

18 S420 10 90 100 275200 

19 S235 18 160 99 535700 

20 S235 18 140 86 442200 

21 S235 18 120 74 519200 

22 S235 10 60 67 1121400 

23 S235 10 110 122 131700 

24 S235 10 50 56 1300900 

25 S420 10 50 56 1019600 

ΔF: force range; S: nominal stress range;  
N: number of cycles to failure 
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a)   b)  

Fig. 26: Typical measured stress range of an a) X-type and b) II-type specimens. 

 

Table 5: Ratio of crack initiation phase and entire fatigue lifetime. 

X-type II-type 

No. of 

specimen 
Nf Ni 

Ni/ Nf  

[%] 
No. of 

specimen 
Nf Ni 

Ni/ Nf  
[%] 

1 6317900 5905900 93.4 15 210100 155500 74.0 

2 1821100 1770900 97.2 17 548900 418440 76.2 

3 538000 493610 91.7 18 275200 234510 85.4 

4 1313200 1259600 95.9 19 535700 427860 66.5 

5 839900 825680 98.3 20 442200 314130 71.0 

8 286900 272030 94.8 23 131700 87515 85.2 

9 1239900 1178700 95.1 
25 1019600 871200 79.9 

10 780700 742100 95.1 

Avg.   95.2 Avg.   76.8 

Ni: number of cycles, when the first crack appears; Nf: number of cycles to failure 
 

From the stress range - fatigue lifetime pairs the experimental S-N curves of the investigated 

details are determined and presented in Fig. 27 separately for both specimen types. The 

diagrams show the results of the specimens having different steel grades by different colours. 

Based on the test results it could be concluded that there are no large differences in the fatigue 

lifetime between specimens made of S235 and S420 steel grades in the analysed parameter 

domain. However, upon evaluating the mean curves obtained by regression analysis it seems 

that the S-N curve slopes are different for the different steel grades, which might be beneficial 

for the HSS cruciform joints used in bridges, where the usual stress change range is low.  
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Fig. 27: Experimental S-N diagram of X-type and II-type specimens. 

 

The size effect is investigated in the current research program as well. The fatigue test results 

of specimens with 10 mm and 18 mm thickness are also plotted in the same logS-logN system 

for both X-type and II-type specimens. According to the measured data and the obtained 

experimental S-N curves, it can be stated that there is no difference within the II-10-norm and 

II-18-norm specimen results. The regression lines fitted on these two specimen types are very 

close to each other and both are located on the same experimental S-N curve.  

                              X-type specimens                                                                II-type specimens 

Fig. 28: Investigation of the size effect. 

However, a remarkable difference can be observed between the fatigue strength (Nf = 2x106) 

of X-10-norm and X-18-norm specimens (Fig. 28). This difference is not enough to change 

to a higher fatigue detail class but it shows the beneficial effect of the reduced plate thickness 

of X-10-norm specimens fits, which fits to the expected trend. These results show that the 

advantages of HSS by reducing the plate thickness can lead to differences in the fatigue 

behaviour, however, its effect depends on the analysed detail type. It should be noted that the 
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number of the investigated test results is low. Therefore these deductions have to use 

carefully, further experimental investigations are required for a better understanding of the 

size effect on the fatigue behaviour. 

3.2 Statistical analysis of NSS and HSS experimental S-N curves 

The mean experimental S-N curves of NSS and HSS specimens are determined by free slope 

regression analysis and compared for X-type and II-type details separately. This analysis is 

executed based on the measured nominal stresses. The slope of the relevant S-N curves is 

determined and statistically evaluated. According to the previous F-test, Student’s t-test could 

be applied. In this case, the null hypothesis of the test is the equality of the two compared slopes. 

Thus the difference between the two slopes equals to zero in an α level of significance. The 

calculations of the standard deviation of the difference of the slopes and the t-statistics differ 

from the determination of t-statistic of intercepts. According to Schneider and Maddox‘s study 

[93] the t-statistic can be determined by Eq. (5) and Eq. (6): 
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The Student’s t-tests are performed on the α = 0.10 significance level. The results of the tests 

are shown in Table 6 and in Fig. 29. According to the statistical evaluation, it can be stated that 

the fatigue behaviour of the welded cruciform high strength steel specimens differs from the 

normal strength steel specimens. The fatigue lifetime of the HSS specimens are greater in the 

lower stress range region than the NSS specimens. 

Table 6: t-test of the standard deviations of the residuals 

Compared data sets ijt
 if  jf

 ij  critt  H0 

S420-X-10 (1) vs. S235-X-10 (2) 1.94 8 3 11 1.7 false 

S235-X-10 (2) vs. S235-X-18 (3) 0.72 3 3 6 1.94 true 

S420-II-10 (4) vs. S235-II-10 (5) 0.47 1 2 3 2.35 true 

 

The slope of the experimental S-N curve of this type of specimen is approximately 4; thus 

applying HSS material in the stress range region below 100 MPa can be more favourable from 
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fatigue point of view. On the other hand, the plate edge gusset joints do not show this auspicious 

property. Comparing the fatigue lifetimes of HSS and NSS specimens, it can be observed in 

this case that plotted results fit on the same S-N curve. Thus there is no significant difference 

between the fatigue behaviour of NSS and HSS as-welded specimens for this structural detail.  

  
S420-X-10 vs. S235-X-10 specimens S235-X-10 vs. S235-X-18 specimens 

  

 
S420-II-10 vs. S235-II-10 specimens 

 
Fig. 29: Student’s t-test of the slopes of S-N curves 

 

3.3 Evaluation of fatigue test results based on ENS method 

3.3.1 Numerical models for effective notch stress approach 

3D models are developed to apply the effective notch stress approach on the investigated test 

specimens. The reason of the model development is to ensure direct comparability of the X-

type and II-type specimens on the same S-N diagram and to check the fatigue behaviour 

differences between the two specimen types. The size and the type of applied finite elements 

are chosen according to the IIW recommendations given in Table 7. The developed numerical 

model, the geometry of the weld region with special attention on the weld toe and root layout 

are shown in Fig. 30. 
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Table 7: Recommended element types and element sizes for ENS method. 

Element type 
(displacement function) 

Relative size Size for rref = 
1 mm 

Estimated 
error 

Quadratic (e.g. with mid-
side nodes) 

≤ rref /4 ≤ 0.25 mm ~2 % 

Linear ≤ rref /6 ≤ 0.15 mm ~10 % 

 
 

  
Fig. 30: Numeric model of X-type and II-type specimen. 

Settings of the numerical model follows the recommendations of the IIW [30] for the solid 

element models used for evaluation based on effective notch stress approach. The model is 

based on a twenty-node structural solid element (SOLID186 of the ANSYS software). The 

benefits of this element type are that it has quadratic base functions and it is suitable to model 

irregular meshes. The effective notch root and weld toe radius are modelled by using rref = 1 

mm. The element size is 0.15 mm close to the fatigue critical point, and 0.5 mm far from this 

region.  

The symmetry of the specimen is used to reduce the number of the applied elements. The 

boundary conditions correspond to the symmetry conditions. The model is loaded by uniformly 

distributed axial, quasi-static load similarly as applied in the test program. The applied material 

model is linear elastic, because the effect of the local yielding is taken into account in the S-N 

curve of the ENS method. The 1st principal stress field is determined at the fatigue critical point 

and specific stress distributions are shown in Fig. 31. These values are used to evaluate the 

characteristic S-N curves applying linear regression using a forced slope (m = 3). 
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(a)   

 

(b)  

 

  

Fig. 31: Calculated ENS from FEM of a) X-type and b) II-type specimens. 

3.3.2 Comparison of the effective notch stress S-N curves and the experimental results 

Results of the X-type specimens 

The effective notch stresses are determined by the previously described numerical model. In 

case of each specimen the relevant geometries are developed and the model is loaded by an 

equivalent load applied in the test program. The calculated effective notch stresses based on the 

maximum 1st principal stress and the relevant fatigue lifetimes taken from the test program are 

evaluated and presented in Fig. 32. Results prove the ENS method with the given model 

parameters is applicable to cruciform structural details with high accuracy according to the 

current experimental and numerical research program as well. All data points fit the similar 

trend and located in a close region of the same S-N curve. The mean and characteristic S-N 

curves determined from data points of the tests results are located above the FAT225 S-N curve, 

the obtained difference between FAT225 and the characteristic S-N curve is +27.28 MPa (Fig. 

32). It can be also observed, that all test results are located above the standardized characteristic 

S-N curve, which proves its applicability for design purposes. 
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Fig. 32: Results of ENS method for X-type specimens. 

Results of the II-type specimens 

Similar evaluation process is executed for the II-type specimens as well, for which the 

applicability of the ENS method is questioned. The calculated maximum 1st principal 

stresses to each specimen are calculated by the numerical model. These values together with 

the fatigue lifetimes obtained from the test program are presented in Fig. 33. Upon 

investigating the test results of these specimens, it can be observed, that the characteristic 

S-N curve is below the recommended FAT225 curve. The difference between FAT225 and 

the characteristic S-N curve is -80.90 MPa at 2x106 fatigue lifetime (Fig. 33), where the 

detail class is characterized.  

 

Fig. 33: Results of ENS method for II-type specimens. 
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However, results fit to a straight line showing the theoretical applicability of the ENS method 

for this detail class as well. Results prove the ENS method using FAT225 detail category is not 

adequate for II-type structural details, as already identified in the international literature. 

However, results also show that the trend of all data points excellently fits to a line, which 

indicates that ENS method could be applicable for mild notches as well, but the given detail 

category or the applied model parameters need improvement. The current results also call the 

attention the ENS method should be applied carefully, and it is recommended only for 

previously tested and studied structural details, where applicability of the method has been 

previously verified. 

The effect of the model parameters on the ENS method  

According to the base assumption of the ENS method, the plotted test results of the two types 

of specimens should fit to the same S-N curve, which is not the case based on the current test 

results. The statistical analysis has shown that the S-N curves of X-type and II-type specimens 

are different. Therefore, the ENS method cannot be applied to all structural details using the 

same numerical model settings. The plotted results of X-type joints are above the recommended 

FAT225 S-N curve, however, the results of the II-type specimens are located under this curve. 

In the current Section it is studied, which model parameters would fit to both structural details, 

making the FAT225 curve applicable to the II-type specimens as well.  

A numerical parametric study is executed to investigate the effect of the mesh size and the 

rounding radius on the S-N curves. The element size (l) is changed from the recommended 0.15 

mm to 0.08 mm; the reference radius (rref) is decreased from the recommended 1 mm to 0.5 

mm and the effective notch stress at fatigue critical point was investigated (σENS). The 

investigated radius – element size pairs and the calculated effective notch stresses are 

summarized in Table 8. Evaluating the numerical results, it can be concluded the element-size 

reduction has no significant effect on the local maximum stress intensities. However, if the 

reference radius is decreased, the local stresses significantly increase. Therefore, if a smaller 

radius is applied to the II-type specimen, the computed stresses can be significantly increased 

and the obtained data points would be closer to the FAT225 S-N curve. The current numerical 

calculations showed for X-type joint the rref = 1 mm fits well to the FAT225 curve, however, 

for the II-type joints a radius of rref = 0.5 mm would be required to fulfil the safety requirement 

of the IIW recommendations [31], as shown in Fig. 34 and Fig. 35.  
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Table 8: Effective notch stresses and the parameters of the numerical investigation on 3D models. 

σENS 

 [MPa] 

 X-type specimens  II-type specimens 
 l [mm]  l [mm] 
 0.15 0.10 0.08  0.15 0.10 0.08 

rref 
[mm] 

1.2  283.1 283.2 283.5  308.1 306.7 306.9 
1.1  276.5 275.7 275.7  318.2 315.6 315.1 
1.0  285.0 283.2 283.3  327.3 324.4 324.6 
0.9  296.6 293.4 293.6  337.7 334.8 334.2 
0.8  309.2 306.7 305.5  350.9 347.3 347.2 
0.7  321.6 320.3 319.5  360.5 362.8 361.7 
0.6  340.3 339.5 336.8  385.7 382.1 378.6 
0.5  365.7 360.4 360.7  408.3 404.9 403.0 

Applying a reference radius rref = 1 mm for both specimen types causes the separation of data 

sets of X- and II-type fatigue test results (Fig. 36). However, if a reference radius rref = 0.5 mm 

would be applied for II-type specimens, the X-type and II-type fatigue test results would be part 

of the same data set according to statistical investigations, as shown in Fig. 37. Thus a common 

fatigue detail class could be used in the fatigue design process. 

Fig. 34: S-N curves based on ENS models with rref = 
1 mm for X-type and II-type joints. 

Fig. 35: S-N curves based on ENS models with rref = 
1 mm for X-type, and rref=0.5 mm for II-type joint. 

 
Fig. 36: Student’s t-test when rref=1 mm for II-type 

joint. 

 

Fig. 37: Student’s t-test when rref=0.5 mm for II-type 
joint. 
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3.4 Investigating fatigue crack propagation 

In Sections 3.2-3.3 the difference between the fatigue behaviour of X-type and II-type 

specimens is analysed. It can be seen that the crack propagation part is remarkable in the fatigue 

life of II-type specimens (Fig. 26b). However, this part is only a small fraction of the fatigue 

lifetime in case of X-type specimens (Fig. 26a). For a better understanding of this phenomenon, 

the fatigue crack propagation of NSS and HSS materials is investigated in a detailed manner. If 

there is a significant difference between the crack propagation properties of NSS and HSS 

materials, the different fatigue properties are originated in crack propagation phase. Otherwise, 

the fatigue crack initiation part is the key to the different fatigue behaviour. The fatigue crack 

propagation rates are investigated only in the case of II-type specimens, because the crack 

propagation part is here long enough to analyse the measured stress range changes. Based on 

the executed evaluation, the crack propagation rates of NSS and HSS specimens are compared. 

In this research program, a new method is applied to determine the crack propagation constants 

of a structural detail, which is based on the measured stress ranges during the fatigue test 

procedure. When the length of the fatigue crack varies, the measured strains and therefore the 

calculated stresses are changing in the surrounding region of the fatigue crack. Investigating 

the measured data of the strain gauges, it can be observed if the crack length increases, the 

stresses next to the crack tip decrease. However, stresses on the opposite side increase. The 

reason of this phenomenon is that the path of the stress lines varies close to the fatigue crack as 

presented in Fig. 38.  

 

Fig. 38: Alteration of the stress field due to crack propagation. 

To calculate the material constants (mP and C) of Paris’s crack propagation model, the crack 

propagation rates and the length of the cracks are determined from the measured data. In this 

method, an equivalent crack length (ECL) is used which differs from the real crack in its size 

and shape. The equivalent crack is a through-thickness crack and it has a crack front, which is 
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always perpendicular to the surface of the base plate. The direction of the crack propagation is 

always perpendicular to the edge of the plate. This assumption is in good agreement with the 

observed crack pattern showed in Fig. 25b. 

Another approximation is taken to simplify the Paris-Erdogan equation (Eq. (7)). The original 

differential equation was rewritten with the difference quotient as shown by Eq. (8) and 

evaluated within small time increments separately: 
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A numerical model (Fig. 39) is developed by me in ANSYS 17.2 to investigate the fatigue 

sensitive region of an II-type specimen. The model is based on a full solid model using eight-

node structural solid elements (SOLID185). To analyse the tip of the equivalent crack, a 

concentration keypoint (KSCON) is defined in the crack tip; thus the stress intensity factor can 

be determined using the FE model. The geometry and dimensions of the models are the same 

as for the test specimens (Fig. 23).  

 
Fig. 39: FE model of the specimen for calculating stress 

intensity factor at fatigue crack tip. 

The equivalent crack length is a variable parameter in the numerical model from 0 to 40 mm. 

The stresses at the position of the strain gauges are calculated by the numerical model, hence 

the equivalent crack length can be plotted as a function of the measured stresses or the function 

of the stress ranges as shown in Fig. 40 for the gusset plate joint specimen. It means, for an 

optional stress range ( i ) the equivalent crack length ( ia ) can be determined.  
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Fig. 40: Equivalent crack length (a) values as function of the measured stress ranges (  ). 

According to Eq. (8) the crack growth rate is calculated by the ratio of Δa and ΔN, where Δa is 

the difference of two equivalent crack lengths and ΔN is the difference between two cycle 

numbers (Fig. 41). The required parameters are calculated from two neighbour measured data, 

and the crack propagation rate is calculated by Eq. (9): 
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Fig. 41: Demonstration for determination of ΔN from measured Δσ values. 

Using the numerical model the Mode I (opening) stress intensity factor range ( ,I iK  - SIFR) is 

also determined for each equivalent crack lengths, and the diagram of measured stress ranges – 

calculated SIFRs is derived, as shown in Fig. 42. However, the determination of stress intensity 
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factor range is required only one stress range value; thus in this method the average (Δσ*i) of 

two neighbour stress ranges (Δσi and Δσi+1) is taken, and this value is used to get the SIFR from 

the stress range – SIFR diagram.  

 

Fig. 42: The SIFR (ΔKI) values as a function of the measured stress ranges (Δσ). 

Finally, the crack propagation rates and the SIFRs are applied in Paris-Erdogan model. The 

equation of the model is linearized, as shown by Eq. (10): 

dlog log log( )
d P I

a C m K
N
    . (10) 

The linear least squares method is applied to calculate mP and C parameters by Eq. (10) using 

the previously determined parameters. The calculation results are shown for one particular 

specimen in Fig. 43 for demonstration purposes and results for all specimens are summarized 

in Table 9 regarding the obtained material constants. 

 
Fig. 43: Fatigue crack propagation diagram of specimen No. 11. 
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Table 9: Paris-Erdogan parameters of investigated II-type specimens. 

No. of the 

specimens 
Material 

Thickness 

[mm] 

  

[MPa] 
fN  mP C 

15 S235 10 100 210100 2.30 8.51E-11 

17 S420 10 78 548900 2.92 1.50E-12 

18 S420 10 100 275200 3.03 8.31E-13 

20 S235 18 86 442200 2.50 3.34E-11 

21 S235 18 74 519200 1.23 1.44E-07 

24 S235 10 56 1300900 2.11 2.11E-10 

 : stress range; fN : fatigue lifetime; mP and C: material constants of Paris law 

Investigating the calculated material constants, it can be observed that the commonly used slope 

of the crack propagation diagram (mP = 3) in stage II is a good approximation for S420. The 

mean value of mP for S420 equals to 2.98 with a standard deviation of 0.08. However, the mP 

values for S235 material show a higher scatter. The mean value of mP is 2.04 in this case, but 

the standard deviation is 0.94, thus there is an uncertainty in the comparison of S235 and S420 

values. For a more precise conclusion, results from previous research activities are collected 

[25, 94–96]. According to these results, the mP value equals approximately 2.7-2.9 for mild 

steels. This value is in agreement with the current results, if the deviations are taken into account 

(mS235 = 2.04 ± 0.94). Therefore, it can be stated that there is no significant difference in the 

fatigue crack propagation behaviour of S235 and S420 materials in case of the analysed 

structural detail. The recently applied international observations and design recommendations 

are confirmed by the current results. 

Summarizing it can be stated that the fatigue behaviour of as-welded HSS structural details is 

more complex than the previous investigations showed. The current research program proved, 

there are some assumptions that should be revised. According to the fatigue test results, it is 

proved that the effective notch stress method cannot be applied for all structural details. It can 

be applied for cruciform joints based on the current IIW recommendations, however the fatigue 

lifetime of a plate edge gusset detail cannot be determined precisely. I proposed enhanced 

model settings to make this method applicable for the investigated detail class.  

Furthermore, it can be recognized that there are special cases when applying HSS in a fatigue 

sensitive structure can be more favourable than using NSS. Application of HSS is better, if 

crack initiation phase dominates the fatigue lifetime, e.g. cruciform type joints. In these cases, 

the crack propagation phase (macro crack growth phase - which is independent from the yield 
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strength of the base material) has less effect on the fatigue lifetime, the crack initiation phase is 

the dominant, in which the favourable fatigue properties of HSS can be utilized. For these detail 

categories the fatigue lifetime increasing effect of HSS can be observed.  

The current results also proved that the same trend cannot be observed for the gusset plate type 

joints, where the crack propagation phase is more dominant. Calculation results proved the 

crack propagation properties of as-welded gusset plate type joint made from NSS or HSS 

material are the same based on the current combined numerical model results and measured 

fatigue test data.  
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4. Investigation of grinding post-weld treatment methods 

In this Section, the grinding type weld geometry improvement method is investigated. This 

method can be used for most of the fatigue detail classes; there is no need for special 

qualification to implement the process. The grinding tools can be procured easily and at a low 

price level. In this research program, previous experimental results are collected and analysed 

about burr and disc grinding. An experimental research program is also conducted to investigate 

the effect of disc grinding on the fatigue lifetime of plate edge gusset joints. Currently, there is 

no calculation method for the determination of fatigue strength improvement effect of this 

treatment technique. The design practice uses only fatigue test results. Thus the ideal treatment 

parameters are not determined yet, the application of grinding is based on previous observations 

and test results. The numerical models of the investigated specimens are developed and the 

application possibility of ENS method for determination of fatigue lifetime improvement effect 

of grinding is studied. The aims of the current investigation are (i) to develop a numerical model 

based calculation technique determining the fatigue strength improvement effect of grinding 

considering the modified geometriy of the weld toe and (ii) determination of ideal grinding 

parameters. In this Section, the following research strategy is applied: 

 previous and own fatigue test results of as-welded and ground specimens are collected 

and the fatigue strength improvement factors are determined, 

 a new numerical approach is devised to determine the fatigue strength of ground details 

without fatigue tests, 

 the numerical calculation method is verified by the collected and evaluated test results, 

 the optimal treatment parameters are determined applying the introduced numerical 

approach. 

4.1 Fatigue test results from previous research programs 

Previously published studies are collected, in which fatigue test results of as-welded and ground 

test specimens are parallel investigated and their results are presented and compared. The 

collected test results belong to experiments with different specimen geometry, loading modes 

and steel grades. Therefore, a larger spectrum of fatigue classes could be investigated in 

extension of my current test results. 
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4.1.1 Fatigue test results of T-joint, burr ground specimens 

One of the investigated experimental program is carried out by Pedersen et al. [58] at the 

Aalborg University in Denmark, investigating T-joint specimens (Fig. 44). The specimens were 

produced from Domex 700 steel, manufactured by a Danish crane manufacturer company and 

loaded by four-point bending. The geometry, the dimensions of specimens and the test layout 

are shown in Fig. 44. The research program studied the effect of burr grinding on the fatigue 

behaviour of the tested specimens. 

 

Fig. 44: Geometry and test layout of the T-joint specimens [58]. 

The fatigue tests were carried out by using a hydraulic fatigue testing machine using constant 

amplitude fatigue load with a stress ratio equal to 0.1. The specimens were tested in as-welded 

and burr ground stages as well (Fig. 45 and Fig. 46). The post weld treatment process was a 

two-stage procedure, firstly a rough tungsten carbide burr was applied with a diameter of 8 mm. 

The treatment process was finished with a fine grinder (Ø 6 mm). Fatigue test results are 

summarized in Table 10. The counted cycles belong to the fracture of the specimens and the 

given fatigue strengths are considering nominal stresses. These results are investigated using 

the ENS method by myself to investigate the geometrical post-weld treatment method of this 

structural detail.  

Table 10: Fatigue test results of as-welded and burr ground T-joint specimens [58]. 

Post weld treatment Steel grade 
Number 

of tests 

Mean fatigue strength (Nf = 2x106) 

[MPa] 

no Domex 700 17 168.9 

burr gr. Domex 700 11 223.9 
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Fig. 45: Photo of as-welded (AW) and burr ground (BG) T-joint specimens [58]. 

 

Fig. 46: Micrographs of as-welded (AW) and burr ground (BG) T-joint specimens [58]. 

4.1.2 Fatigue test results of longitudinal attachment, burr ground specimens 

The second experimental data set comes from a study by Puthli et al. [97]. The effect of grinding 

post-weld treatment was investigated by fatigue tests of longitudinal attachments. The research 

program was carried out at the Karlsruhe Institute of Technology, in Germany. The specimens 

were produced from S690QL steel material and loaded by servo-hydraulic machine. Tests were 

performed using constant amplitude axial fatigue load with a stress ratio of R = 0.2. Geometry 

and dimensions of the specimens are shown in Fig. 47. The research program investigated the 

effect of burr grinding on the fatigue behaviour of the tested specimen type. 

Unfortunately, all the test results were not published in [97], but fatigue strengths, which are 

calculated by a slope of m = 3, are given in Table 11. These values are used in the comparison 

of as-welded and treated results in the current research program. 
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Fig. 47: Longitudinal attachment specimens with attachment lengths equal to a) 80 mm and b) 200 mm [97]. 

 

Table 11: Fatigue test results for as-welded and burr ground specimens [97]. 

Attachment 

length 

Post weld 

treatment 

Steel 

grade 

Number 

of tests 

FAT 

according to 

EC3 [MPa] 

Fatigue strength 

(Nf = 2x106) 

[MPa] 

80 mm no div. 10 71 63.6 

200 mm no div. 10 56 55.9 

80 mm burr gr. div. 12 71 91.2 

200 mm burr gr. div. 11 56 94.2 

 

4.2 Own experimental research program 

The effect of disc grinding treatment method is analysed by our own fatigue test results as well. 

Experimental research program is carried out at the BME Department of Structural 

Engineering, in Hungary. In the frame of the experimental program, the fatigue strength of as-

welded and disc ground specimens are determined and test results are evaluated using the ENS 

method. Total of 18 fatigue tests are carried out on plate edge gusset joint (II-type specimens). 

The geometries and dimensions of the specimens are similar as presented in the previous section 

on Fig. 23. Two different thicknesses are used, t = 10 mm (II-10) and t = 18 mm (II-18). All 

specimens are butt welded through the thickness of the steel plate. The rounding of the gusset 

was fabricated with a radius of 400 mm. Six specimens are made of S420 high strength steel 

(HSS) and the other 12 specimens are made of S235 normal strength steel (NSS) material. Both 

specimen types are tested in as-welded (presented in Section 3.1.1.) and disc ground stages for 

direct comparison purposes. The grinding treatment was performed along the four weld lines 

in 100 mm length measured from the weld ends. The grinding process moved from the end of 
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the welds towards the middle of specimen. Thus the direction of the scratches is perpendicular 

to the axis of weld.  

Specimens are loaded by a Mohr-Federhaff Losenhausen HUS40 pulsator applying pure axial 

tension force. The applied loads are sinusoidal cyclic load using constant amplitude. The 

minimum and maximum load levels are both tension, to eliminate the effect of the crack closure 

phenomenon. The minimum value of cyclic loads is 10 kN. During the fatigue tests the number 

of cycles are measured and recorded. The testing program and the measurement strategy is 

similar to the previously introduced test program. Specimens without grinding are also used as 

reference from the previously introduced test program.  

The main experimental results are the stress range – fatigue lifetime data, which are summarized 

in Table 12. The fatigue lifetimes belong to the total fracture of the specimen. The table contains 

the ID of test specimen, the applied material and geometry, the post-weld treatment method, 

the applied stress ranges and the fatigue lifetime of all test specimens. Based on the test results 

the experimental S-N curves of the investigated as-welded and disc ground details are evaluated 

and plotted in Fig. 48. 

 

Fig. 48: Experimental S-N curves (mean) of II-type as-welded and disc ground specimens based on nominal 

stress ranges. 
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Table 12: Parameters and results of the experiments on II-type specimens. 

No. of 

specimen 

Steel 

grade 

Post weld 

treatment 

t 

[mm] 

ΔF 

[kN] 
S [N/mm2] 

N  

[cycles] 

1 (15)* S235 none 10 90 100 210100 

2 (16) S235 none 10 60 67 270700 

3 S235 disc grin. 10 60 67 9136500 

4 S235 disc grin. 10 90 100 672400 

5 S420 disc grin. 10 90 100 646600 

6 (17) S420 none 10 70 78 548900 

7 (18) S420 none 10 90 100 275200 

8 S420 disc grin. 10 70 78 530800 

9 S420 disc grin. 10 60 67 n.f. 

10 (19) S235 none 18 160 99 535700 

11 (20) S235 none 18 140 86 442200 

12 (21) S235 none 18 120 74 519200 

13 S235 disc grin. 18 160 99 15E+6 

14 S235 disc grin. 18 220 136 1310000 

15 (22) S235 none 10 60 67 1121400 

16 (23) S235 none 10 110 122 131700 

17 (24) S235 none 10 50 56 1300900 

18 (24) S420 none 10 50 56 1019600 

ΔF: force range; S: stress range; N: number of cycles to failure; 

n.f.: no failure; *in parenthesis the No. of specimens form Table 4 

 

The diagram shows that there is a significant difference between the S-N curves of as-welded 

and disc ground specimens. It should be mentioned that test results prove, this post-weld 

treatment method changes the slope of the S-N curve. Based on the fatigue test results (Fig. 48), 

it can be observed that the as-welded results are in good agreement with the S-N curves, 

determined by the recommended m = 3 slope. However, the scatter of disc ground results is 

significantly higher with a fixed m = 3 slope. Therefore, a regression analysis is conducted 

where the slope of the S-N curve is a free parameter. In the analysis, the S420-II-pwt and S235-

II-pwt results are taken into account as one common data set because of the small number of 

test results (Fig. 49). The calculated slope for disc ground results equals to 5.8, which is 

significantly higher, than the fixed m = 3 value. Thus the modification of recommended S-N 

slope value for disc ground structural details is worth considering. Unfortunately, there are not 

enough test results available to draw final conclusion, and thus the international literature 

recommends to use the same S-N curve slope for the as-welded and weld treated specimens as 
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well [71], therefore the same slope is used in the further investigations. However, author finds 

this observation as an important and foresighting task to be further evaluated in the future work 

using more test data, because all the test data fit similar trend line. 

 

Fig. 49: Investigation of the slope of the S-N curve of disc ground specimens. 

The ratio between fatigue strength (Nf = 2x106) of as-welded and disc ground specimens is 

calculated based on the same S-N curve slopes, as recommended by the previous international 

recommendations. Results are presented in Table 13. The measured values and IIW 

recommendation are in good agreement (proposed ratio is equal to 1.5), however those are 

recommended for burr ground details. The question is, what is the origin of the favourable 

behaviour of grinding? The fatigue lifetime increase can come from the reduced tensile residual 

stresses at the critical point and from the modification of the local geometry of the weld. To 

answer the previous question, numerical investigations are executed and presented in the 

following sections using effective notch stress method. 

Table 13: Experimental fatigue strength increase factors for disc ground specimens. 

Type of 

specimens 

Fatigue strength of as-

welded specimens  

awS  [MPa] 

Fatigue strength of disc 

ground specimens  

dgS  [MPa] 

Increase factor 

dg

aw

S
f

S
  

II-10-S235 125.91 206.16 1.64 

II-10-S420 123.28 186.74 1.51 
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4.3 ENS numerical models for studying grinding techniques 

A new application of ENS method is introduced in this Section, thus the fatigue strength 

improvement factor of grinding techniques can be determined without fatigue tests. To calculate 

the effective notch stresses for each specimen the numerical model of all the investigated 

specimens (taken from international literature together with own test results) are developed. 

The parameters to be used in the finite element models for the application of the ENS method 

are given in the IIW recommendations [30, 31]. The numerical models, which are introduced 

in the following Section are developed according to that protocols and follow the same 

modelling strategy as presented in the previous Sections. 

4.3.1 Numerical model for T-joint specimens (acc. to Pedersen et al.) 

The numerical model of T-joint specimens is developed using ANSYS 17.2 [98]. The numerical 

model is simplified to 2D plane model using plane strain conditions. Fig. 50 shows the geometry 

and the applied finite element mesh of the models, which are based on 2D eight-node plane 

elements. The effective notch root and the weld toe radius are modelled by rref = 1 mm. The 

applied element size is 0.15 mm close to the fatigue critical point, and 0.5 mm far from that. 

Taking advantages of the symmetry of specimens only half of the T-section is modelled. At the 

axis of symmetry, the boundary conditions are set up according to the symmetry terms. In 

Pedersen’s research program [58] the specimens were loaded by four-point bending, hence the 

support and the loads are set to those conditions. The model is loaded by a fictional load to 

determine the ratio of nominal and notch stresses (stress concentration factor) at the critical 

point. The executed calculations are linear elastic calculations. The effective notch stress, which 

is the 1st principal stress at the critical point is used to determine the applicable S-N curves 

based on ENS method. The calculated nominal stress is 1.386 MPa, the effective notch stress 

for the as-welded specimen is 2.693 MPa; the stress concentration factor is equal to 1.943. 

 
Fig. 50: FE mesh with boundary conditions and results of the ENS analysis of as-welded T-joint specimens.  
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To investigate the effect of burr grinding, the local geometry of critical point at the weld toe 

region was updated. The study of Pedersen et al. [58] gave the radius of the applied burr. These 

values can define the current shape of treated details, photos on the burr ground specimens (Fig. 

51) are also used to determine the geometry of the numerical model. To calibrate the 

measurements in Fig. 51, a previously known length is necessary which can be the basis of the 

measurement. In this case, it is the throat thickness (4 mm). The geometry modification of the 

treatment is modelled by an arc, as shown in Fig. 51.  

A circle is framed into the contour of treated region (rbg – radius of the treatment zone), the 

fitting points are the end points and the midpoint of the arc. The horizontal position of the circle 

(lbg) is measured from the surface of the short plate, its position is calculated from the measured 

depth (dbg) of the treatment. The geometry, the applied FE mesh and the calculated stress field 

are presented in Fig. 52. 

 
Fig. 51: Throat thickness length and modelling parameters of the burr ground specimens (rbg = 2.14 mm, 

dbg = 0.25 mm, lbg = 6.62 mm). 

 
Fig. 52: Model geometry and result of ENS analysis of burr ground T-joint specimens. 

The results of the numerical investigation show that there is a significant difference between 

effective notch stresses of as-welded and burr ground specimens. The effective notch stress 

equals to 2.693 MPa (Fig. 50) at the fatigue critical point of the as-welded specimen, while this 
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value only equals to 1.982 MPa on the treated specimen (Fig. 52). The comparison shows that 

taking into account the modified geometry in numerical modelling is an important and 

necessary parameter of fatigue design. Further analysis of the results is given in Section 4.4.1.  

4.3.2 Numerical model for investigating II-type specimens 

Due to the complex geometry of these specimens, 3D numerical models are developed. The 

parameters of the model are based on the recommendations of IIW [30]. The model is based on 

a solid model using twenty-node structural solid elements (SOLID186). The effective notch 

root and weld toe radius are set to rref = 1 mm. The applied element size is equal to 0.15 mm 

close to the critical point and 0.5 mm at other regions. The geometry and the dimensions of the 

specimens can be seen in Fig. 53. The symmetry of the detail is used to reduce the number of 

the applied elements. In case of this specimen type one eighth of the full specimen is modelled. 

The boundary conditions correspond to the symmetry conditions. The weld geometry is built 

by cylinders and spheres. The weld size on the surface of the base plate (bw) and the total 

thickness in the centre axis of the weld line (tw) are measured and from these data the radius 

(rw) and the vertical position (dw) of the centre of the circle are determined. The model is loaded 

by axial uniformly distributed load equal to 100 MPa. Linear elastic calculations are carried out 

by the model; thus the numerical stress concentration factors are equal to the measured ones. 

The ENS of a specimen is the calculated 1st principal stress at the critical fatigue point of the 

detail, as shown in Fig. 54. 

 
Fig. 53: Geometry of FEM of II-type specimens and the as-welded weld shape (bw = 5.53 mm, tw = 11.82 mm, 

rw = 4.69 mm, dw = 3.76 mm). 
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Fig. 54: Applied FE mesh and result of ENS analysis of as-welded II-type specimens. 

To study the effect of disc grinding on the fatigue lifetime, the geometry of the as-welded 

specimen is modified. After grinding, the convex surface of the weld is removed; the surface 

of the base plate, the gusset and the welds become flat (Fig. 55). The numerical model of the 

treated specimen is built in the same way as the as-welded ones, except the weld geometry as 

shown in Fig. 55.  

 
Fig. 55: Geometry modification by disc grinding and the numerical model. 

The fatigue critical point is the same as for the as-welded case (at the weld end), at the 

intersection point of gusset and base plates. Further evaluation of the numerical results together 

with the test results are given in Section 4.4.2. 

4.3.3 Numerical model for investigating longitudinal attachments 

In this case 3D numerical models are developed due to the complex geometry of these 

specimens. The applied parameters match the recommendations of IIW [30]. The model is 

based on a solid model using twenty-node structural solid elements (SOLID186). The effective 

notch parameters are the same as for II-type specimen. The geometry and the applied mesh of 

the specimens are presented in Fig. 56, which got significant focus on the development of the 

numerical model. In case of this specimen one eighth of the full specimen is modelled. 
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Boundary conditions correspond to the symmetry conditions. The model is loaded by axial load 

with an intensity of 100 MPa nominal stress.  

 
Fig. 56: Geometry and applied FE mesh of FEM of longitudinal attachment specimens.  

Linear elastic calculations are carried out to determine the numerically calculated stress 

concentration factor. Effective notch stress of a specimen is the calculated 1st principal stress at 

the critical fatigue point of the detail (472.3 MPa), as shown in Fig. 57. The applied nominal 

stress in the case of this specimen is 100 MPa. To study the effect of burr grinding on the fatigue 

lifetime, the geometry of the as-welded specimen is modified. The numerical model of the 

treated specimen is built in the same way as the as-welded one, however the effect of grinding 

is taken into account by a circle shape slot along the curve of weld toe with a radius of rbg and 

an undercut of dbg (Fig. 58). The results of the numerical investigations show that there is a 

significant difference between effective notch stresses of as-welded and treated details. For the 

analysed short attachment (80 mm) the effective notch stress equals to 472.3 MPa (Fig. 57) at 

the fatigue critical point; this value is only 334.9 MPa (Fig. 58) for treated specimen. 

 
Fig. 57: Result of ENS analysis of as-welded longitudinal attachment specimens. 

The same tendency can be observed for long attachments (200 mm) as well. In case of as-

welded conditions the value of effective notch stress is 541 MPa, however it is only 320 MPa, 

when the geometry of model is updated by the modified geometry due to burr grinding.  
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Fig. 58: Geometry modification of the numerical model by disc grinding (dbg = 0.45 mm; rbg = 4 mm for short 

attachment and rbg = 7 mm for long attachment) and the results. 

4.4 Evaluation of experimental and numerical results 

The objective of the statistical evaluation is to answer the question, how large is the geometry 

modification effect on the fatigue lifetime increase in case of grinding type post-weld treatment 

methods. Bases of comparison are experimental S-N curves of as-welded and treated 

specimens. In this section the ENS based S-N curves of the T-type, II-type and longitudinal 

attachment specimens are statistically evaluated and compared to previous design 

recommendations. 

4.4.1 Burr grinding of T-type specimens 

The effective notch stress for all test specimens introduced in [58] are determined by using the 

developed numerical model. The results are plotted and compared based on the effective notch 

stresses determined on the as-welded and burr ground numerical models. Fig. 59a presents the 

results, if effective notch stresses are evaluated based on the as-welded numerical model and 

the fatigue lifetimes obtained from the experiments. The results show that the as-welded and 

the burr ground specimens are located on two different S-N curves. This comparison clearly 

shows the fatigue lifetime increasing effect of the grinding treatment. However, if the treated 

test results are evaluated based on the updated numerical model which contains the modified 

shape of the ground weld geometry (Fig. 59b), the test results of the as-welded and weld treated 

specimens are overlapping and located on the same S-N curve.  
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 a) b) 

Fig. 59: Experimental S-N curves of as-welded and burr ground T-joint specimens based on effective stresses 
calculated on a) as-welded model; b) using updated weld geometry. 

This evaluation means that the fatigue lifetime increasing effect of the burr grinding comes 

mainly from the modification of the weld geometry. Results also prove that implementation of 

treated weld geometry in the numerical model can follow the fatigue lifetime increasing effect 

of burr grinding; and shows perfect match to the test results. These results prove that the ENS 

method is applicable for treated specimens as well, which has been not used in the literature 

previously. Mathematical statistical tool is used to check if the two data sets can be considered 

to be identical or not. In the statistical evaluation it is assumed that the slopes of the as-welded 

and burr ground S-N curves are identical, as recommended by the IIW. Student’s t-test is 

applied to investigate, if the logA (intercept of logN axis by S-N curve) values of the two S-N 

curves are identical or different. According to the Student’s t-test it can be stated that the results 

of the experiments belong to the same data set, the logA values are identical. These results prove 

that the effective notch stress method is a useful tool to investigate the fatigue lifetime of post-

weld treated specimens (burr ground details) as well as using the modified weld geometry in 

the numerical model. The same fatigue detail class is applicable for the as-welded and weld 

treated specimens if the effective notch stresses are calculated based on the actual geometry of 

the test specimens.  

4.4.2 Disc grinding of II-type specimens 

The evaluation of the II-type specimens is conducted in the same way as for the T-joint 

specimens. Effective notch stress for all test specimens, introduced in Section 2.3.2, are 

determined by using the developed numerical model. The as-welded and disc ground S-N 

curves are plotted and compared based on the effective notch stresses determined by the as-

welded numerical model (Fig. 60a) in the same way as for the T-joint specimens.  
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a) b) 

Fig. 60: Experimental S-N curves of as-welded and disc ground II-type specimens based on effective stresses 
calculated on a) as-welded model; b) using updated weld geometry. 

The results show that the as-welded and disc ground fatigue test results are significantly 

different, which clearly show the fatigue lifetime increasing effect of disc grinding. The 

effective notch stresses are also calculated by the modified numerical model for the disc ground 

specimens and the results are presented in Fig. 60b. It can be seen that test results are much 

closer to each other using the numerical model having the modified weld geometry. 

 
Fig. 61: Student’s t-test of as-welded and disc ground data sets. 

The statistical analysis of the logA values of two data sets is also conducted. The null hypothesis 

is that the logA values of S-N curves of as-welded and ground specimens are equal. The result 

of Student’s t-test (Fig. 61) shows that the t-statistic (red line) is in the confidence interval  

( [-tcrit; tcrit] ), hence the null hypothesis is correct. Thus the S-N curves of as-welded and disc 

ground specimens overlap each other if the weld geometry is updated in the numerical model 

[93] and we assume that the slope of the two S-N curves are the same. It means that the fatigue 

lifetime increasing effect of disc grinding comes mainly from the modification of the original 

weld geometry. The effective notch stress method seems to be an effective tool to investigate 
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the as-welded and the disc ground specimens as well; same S-N curve could be used for both 

specimen types if the weld geometry is modified in the numerical model accordingly.  

4.4.3 Burr grinding of specimens with longitudinal attachments 

In this case, the statistical analysis of as-welded and treated S-N curves cannot be performed, 

because the fatigue test results are not published in Puthli’s study. However, the fatigue 

strengths (Nf = 2x106) calculated from test results are given for as-welded and burr ground 

specimens as well (Table 14 – FAT from test). Therefore, fatigue strength of as-welded and 

treated details can be compared. At first the fatigue strength ratios of treated and as-welded 

specimens are calculated. Using these values (Table 14 – Improving factor (test)) the fatigue 

resistance increasing effect of grinding is evaluated. On the other hand, using the results of FE 

models, the numerically estimated effect of weld treatment is determined. The difference 

between the effective notch stresses calculated at fatigue critical point (Table 14 – Results of 

FEA) represent the difference between as-welded and treated specimens. The results show that 

for each analysed geometry, the same S-N curve can be applied, if ENS method is used. Thus 

the ratio between effective notch stresses of as-welded and burr ground specimens represents 

the effect of treatment method (Table 14 – Improving factor (FEA)).  

Table 14: Comparison of fatigue test and FEA results for longitudinal attachment specimens. 

Type of specimens 
FAT from 

test [MPa] 

Improving 

factor (test)  

Results of 

FEA [MPa] 

Improving 

factor 

(FEA) 

Difference of 

test and FEA 

results 

80 mm 
as-welded 63.6 

1.434 
335 

1.409 -1.8 % 
burr ground 91.2 472 

200 mm 
as-welded 55.9 

1.685 
541 

1.691 +0.4 % 
burr ground 94.2 320 

80 mm vs 

200mm 
as-welded 

63.6 
1.138 

472 
1.144 +0.5 % 

55.9 541 

The measured and calculated effect of treatment method are also compared and shown in Table 

14. The differences show good agreement between test results and numerical calculations; all 

the differences are less than 2 %. Applying the short (80 mm length) attachment the burr 

grinding treatment method could increase the fatigue strength by 43%. For this geometry, the 

numerical calculations predicted 41% fatigue resistance increase. In case of long attachments 

(200 mm) the values of the measured and calculated fatigue strength increase are both 69%. 

Therefore, it can be concluded that ENS method can be favourable to estimate the fatigue 
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strength improvement effect of burr grinding weld treatment method if the modified geometry 

of the weld toe is implemented in the numerical model. It can be also observed that the 

resistance increasing effect of weld treatment method can be more than 30%, in some cases 

~70%. However, the IIW recommendation gives only 30% fatigue strength increase for all 

geometries. Application of FEA in investigating the effect of grinding type post-weld treatment 

could serve a favourable and efficient tool to investigate other geometries and to develop better 

and more economical fatigue design rules. 

4.5 Effect of grinding geometry on fatigue strength 

Applying ENS method the optimal treatment geometry can be also determined. In this Section 

an example is presented to determine the most favourable shape of the treated specimen. The 

investigated specimen is the T-joint detail from Pedersen’s study. The applied numerical model 

is the previously introduced 2D finite element model. The main parameters of the modified 

geometry (dbg, rbg and lbg) are varied and the maximal 1st principal stress is analysed at the 

critical fatigue point. The vertical position of the grinding circle is varied between ±10% of the 

length of effective weld throat. The maximum investigated depth of the treatment is 0.4 mm, 

which is less than 5% of the base plate thickness. The basis of the parametric study regarding 

the treatment radius is the proposal by Pedersen. The difference between the maximum and 

minimum value of the applied radius is 30%.  

Table 15: Results of parametric study of burr ground – ratio of as-welded to treated stresses, T-joint specimen 
with constant treatment depth. 

𝑺𝒂𝒘
𝑺𝒃𝒈

 lbg [mm] 

lbg,original-0.4mm lbg,original lbg,original+0.4mm 

rbg [mm] 

1.8 1.29 1.29 1.28 

1.9 1.31 1.31 1.31 

2.0 1.33 1.33 1.33 

2.1 1.35 1.35 1.35 

2.2 1.37 1.37 1.37 

2.3 1.39 1.39 1.38 

2.4 1.41 1.40 1.40 

Results belong to model with dbg = 0.25 mm constant undercut depth. 

The results of the parametric study is shown in Table 15 and Table 16. In Table 15 all the results 

belong to a constant treatment depth, dbg = 0.25 mm. In Table 16 the vertical position of 

treatment is constant, and the depth and radius are varied. The tables contain the ratio between 

effective notch stress of the original, as-welded (σaw) and burr ground (σbg) specimens in cases 
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of all investigated parameter pairs. These ratios represent the fatigue strength improvement 

factor. For example in Table 15 at the original vertical position, using a grinding radius of 2.1 

mm the fatigue strength can be improved by 35%.  

Table 16: Results of parametric study of burr ground – ratio of as-welded to treated stresses, T-joint specimen 
with constant vertical position of treatment. 

𝑺𝒂𝒘
𝑺𝒃𝒈

 dbg [mm] 

0.1 mm 0.25 mm 0.4 mm 

rbg [mm] 

1.8 1.36 1.29 1.22 

1.9 1.38 1.31 1.25 

2.0 1.40 1.33 1.27 

2.1 1.42 1.35 1.29 

2.2 1.44 1.37 1.31 

2.3 1.46 1.39 1.33 

2.4 1.48 1.40 1.34 

Results belong to model with lbg = lbg,original constant vertical position. 

According to the numerical results, it can be observed that the vertical position of the treated 

area has no significant effect on the effective notch stresses, if the treated area includes the weld 

toe. Analysing the results from models using different grinding depths, it can be stated that 

decreasing depth indicates decrease in the effective notch stresses. This phenomenon is caused 

by the cross-section reduction effect of grinding. Thus the applied depth should be as small as 

possible. However, it must be great enough to vanish welding defects at the critical fatigue 

points. The numerical results also prove that the grinding radius has the most dominant effect. 

Increasing the radius by 30% causes a 10% reduction in effective notch stresses (Fig. 62). It 

can be concluded that the most favourable configuration is applying the maximal possible 

radius with the minimum depth, as shown in Fig. 62. 

 
Fig. 62: Difference between the “worst” and “best” configurations. 
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Summarizing, the current results proves the effective notch stress (ENS) method is an efficient 

and applicable tool to determine the effect of post-weld treatments if the weld geometry is 

changed without any significant modification of the residual stress pattern. Its application can 

be more economic; if there is no need to perform experimental research programs to calculate 

the influencing effect of grinding techniques on the fatigue lifetime, it could be forecasted from 

numerical investigations. The presented results can give new application field to the notch stress 

based fatigue approach. The previously presented results and conclusions have been confirmed 

and cited by Ahola et al. in their recent study [99] made in 2020 and the applicability of the 

proposed method is verified and suggested to application. 
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5. Investigation of HFMI weld treatment methods 

The high frequency mechanical impact (HFMI) treatment method is one of the most promising 

fatigue strength improvement techniques. The fatigue behaviour and lifetime properties of 

HFMI treated structural details were previously analysed by experimental and numerical tools 

in a detailed manner. However, in these investigations the test results from different sources 

were analysed together and the different manufacturing and testing parameters were neglected 

within the evaluation. In this Chapter, numerous previous experimental results are collected and 

re-analysed. Thus different manufacturing and testing parameters are now taken into account 

and only coherent results are compared. The aim of the review on previous experimental results 

is to get new and more accurate knowledge about the effects of the HFMI weld treatment 

method with a special focus on the relationship of steel grade and HFMI improvement factor.  

5.1 Published experimental results 

Two types of structural details are investigated in the current research program: (i) cruciform 

joints and (ii) longitudinal attachments. These structural details were frequently researched in 

the international literature. The currently analysed database is taken from previously published 

papers and research reports. All test results belong to fatigue tests at constant amplitude fatigue 

loading with R = 0.1. The test results are plotted in a logS – logN system and regression lines 

with a slope of m = 5 are used comparing HFMI results with predefined fatigue detail class. 

The database is gathered from 9 publications in the case of cruciform joints as given in Table 

17 and all the collected results are re-analysed. From these studies a total of 228 fatigue test 

results are gathered which belong to 8 different steel grades [60, 100]. The collected cruciform 

specimens (Fig. 63) have different dimensions, but the loading procedures are the same for all 

experimental program. Yekta’s specimens [100] were fabricated from CSA 350W steel grade 

with a thickness of 9.5 mm. The cruciform specimens were made with a width of 50 mm and 

length of 400 mm. Two transverse stiffeners were welded on the base plate. The HFMI-treated 

specimens were “dog-boned” before tests. The HFMI treatment was conducted with a speed of 

10 mm/s, an amplitude of ~28μm and a power level of 9 [73]. In Okawa’s study [101] the 

investigated specimens are made from AH36 shipbuilding high strength steel. The length of the 

specimens was 700 mm, their width was 75 mm. The applied thickness was 20 mm. The UIT 

equipment was an Esonix 27 with a 3-mm-diameter indenter. Kuhlmann et al. [102] studied 

specimens with length of 450 mm, width of 80 mm and a thickness of 12 mm. Their specimens 

were fabricated from S355J2 and S690QL grade structural steels. The HFMI treatment was a 
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so-called PIT-Technology. The diameter of the indenter was 8 mm, and the applied speed of 

treatment was 20-30 cm/min. All the investigated cruciform specimens were loaded by R = 0.1 

constant amplitude axial cyclic load. All the experimental programs studied the effect of HFMI 

weld treatment method on the fatigue strength of analysed specimens. In the current research 

program, stress range – fatigue lifetime results are collected from these previous research 

programs and all results are re-analysed and conclusions are re-evaluated. This type of complex 

evaluation process of the previous research results is unique in the international literature.  

 

Fig. 63: A typical investigated cruciform specimen [100]. 

Table 17: Published and reinvestigated test results for cruciform joints. 

Ref. 
Steel 

grade 

fy 

[MPa] 

Treatment 

method 
t [mm] 

Number 

of 

specimens 

Yekta [100] 350W 350 UIT 9.5 3 

Okawa [101] AH36 392 UIT 20 3 

Kuhlmann (2006) [60] S355 398 UIT 12 18 

Kuhlmann (2009) [102] S355 477 PIT 12 9 

Kuhlmann (2006) [60] S460 504 UIT 12 17 

Kuhlmann (2009) [102] S690 781 PIT 12 9 

Kuhlmann (2006) [60] S690 830 UIT 12 22 

 

The test results of investigated longitudinal attachments (Table 18 and Fig. 64) were collected 

from other literatures. Lihavainen [103] investigated this type of specimens with a length of 

600 mm, width of 34 mm and thicknesses of 5 and 8 mm. The applied steel grade was S355J0. 

The weld toes were treated by UIT type HFMI-treatment. The diameter of indenter was 3 mm, 

and the depth of treated groove was approximately 0.5 mm. In Huo’s study [104] the specimens 

were fabricated from 16Mn steel plates with a thickness of 8 mm. The investigated specimens 

had a length of 190 mm and a width of 40 mm. The HFMI treatment was an ultrasonic peening 

method and the applied speed was 1.2 m/min. Mori et al. [105] tested specimens from three 

different steel grades: SBHS400, SBHS500 and SBHS700. The steel materials are specified in 

the Japan Industrial Standard (JIS). The specimens were made from plates with a thickness of 
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12 mm. HFMI treatment was carried out using Esonix27 by Applied Ultrasonics. The depth of 

treated groove was about 0.25 mm. Weich [106] studied specimens made from S690QL steel 

material. The specimens had 872 mm length and 60 mm width treated by HiFIT (high frequency 

impact treatment) and UIT (ultrasonic impact treatment) processes. The diameter of indenters 

was 3 mm for both methods and the speed was 3 mm/s and 8.3 mm/s for HiFIT and UIT 

methods, respectively. All the obtained test results regarding longitudinal attachments are 

collected and summarized in Table 18. In the current study, it is important to mention that all 

resource contains test results for HFMI-treated and as-welded specimens as well, which can be 

directly compared. Therefore, the fatigue strength improvement factors for these specimens can 

be unambiguously determined and investigated. The yield strength (fy) of the applied steel 

grades varies between 350 to 830 MPa. Specimen thickness (t) is varied between 5 to 20 mm. 

All run-out fatigue test results are ignored in the current analysis, results of failed specimens 

are only considered for evaluation. 

 

Fig. 64: A typical investigated longitudinal attachment specimen [104]. 

Table 18: Published and reinvestigated test results for longitudinal attachments. 

Ref. Steel grade fy [MPa] 
Treatment 

method 
t [mm] 

Number of 

specimens 

Lihavainen [103] S355 355 UIT 5 and 8 9 

Huo [104] 16Mn 390 UPT 8 9 

Mori [105] SBHS400 456 UIT 12 8 

Mori [105] SBHS500 572 UIT 12 8 

Weich [106] S690 719 
UIT and 

HiFIT 
16 9 

Mori [105] SBHS700 753 UIT 12 9 
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5.2 Determination and investigation of fatigue strength improvement factors of HFMI in 

case of different steel grades 

5.2.1 Determination of experimental S-N curves of collected tests 

For both cruciform joints and longitudinal attachments, the experimental S-N curves of as-

welded and HFMI-treated specimens are determined from the previous test results. For 

calculations and investigations, the nominal values of the stress ranges are applied. An example 

for regression lines and fatigue test results for cruciform joints are shown on Fig. 65. The 

experimental S-N curves are plotted and evaluated based on nominal stresses and measured 

fatigue lifetimes. In all cases red signs show the as-welded and blue signs mark the HFMI-

treated test results. Regression lines of as-welded results are determined with a forced slope of 

m = 3, as suggested by IIW [30]. The slope of HFMI-treated S-N curves is assumed to be equal 

by m=5, as recommended by Marquis [78] and proved by numerous previous research results 

[81, 83].  

a) b) 
Fig. 65: S-N curves of typical a) NSS specimens (Kuhlmann’s experiments (2006)) and b) HSS specimens 

(Kuhlmann’s experiments (2009)). 

Table 19: Calculated fatigue strengths for cruciform as-welded and HFMI-treated joints. 

Ref. Steel grade Fatigue strength - AW Fatigue strength - HFMI 

Yekta [100] 350W 97.2 242.8 

Okawa [101] AH36 86.0 220.1 

Kuhlmann (2006) [60] S355 91.2 199.0 

Kuhlmann (2009) [102] S355 109.6 226.4 

Kuhlmann (2006) [60] S460 100.7 207.8 

Kuhlmann (2009) [102] S690 132.5 221.4 

Kuhlmann (2006) [60] S690 139.4 267.7 
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The presented diagrams prove regression lines show good agreement with the measured data 

points for cruciform joints. Therefore, the analysis of fatigue behaviour of as-welded and 

HFMI-treated specimens are made using the determined regression lines for each data points 

and the fatigue strength (stress range at 2x106 cycles) are calculated using these values. The 

calculated fatigue strengths based on the regression lines are summarized in Table 19.  

An example for regression lines and experimental results for longitudinal joints are presented 

on Fig. 66. The calculated fatigue strengths are presented in Table 20. According to the 

diagrams it can be recognized that regression lines with m = 5 slope are less accurate for 

longitudinal attachments using NSS. For HSS specimens it fits well the measured data row, 

therefore this value is used in the further investigations. 

Table 20: Calculated fatigue strengths for longitudinal as-welded and HFMI-treated joints. 

Ref. Steel grade Fatigue strength – AW Fatigue strength - HFMI 

Lihavainen [103] S355 79.8 173.8 

Huo [104] 16Mn 112.6 186.8 

Mori [105] SBHS400 85.3 109.5 

Mori [105] SBHS500 84.4 114.6 

Weich [106] S690 91.5 182.5 

Mori [105] SBHS700 87.1 119.0 

 

a) b) 
Fig. 66: S-N curves of typical a) NSS specimens (Huo’s experiments) and b) HSS specimens (Weich’s 

experiments). 
 

There are some cases, where the as-welded and HFMI-treated specimens are loaded by the same 

stress range, however in other cases results of as-welded and HFMI-treated specimens are 
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located in the same fatigue lifetime regions with different loading stress ranges. Therefore, it is 

not always possible to select as-welded – HFMI-treated pairs from previously defined stress 

ranges or fatigue life regions for further investigations. Therefore, the comparison is performed 

on the level of data points (regression lines). It is important to mention that all experiments 

from different research programs are analysed separately, thus the effect of different 

environment, temperature, loading machines and other influencing factors are minimized. It 

means, HFMI weld treatment is the only influencing parameter, which effects the fatigue 

lifetime increase and the magnitude of the improvement factor. 

5.2.2 Determination of fatigue strength improvement factors 

To compare the effect of HFMI treatment method on different steel grades, the improvement 

factors are determined for all different experimental programs. The comparison of treated and 

untreated results can be made on two different ways. One of them is, when regression lines of 

all data sets are determined, and based on these S-N curves the relevant fatigue strengths (Nf = 

2x106) are calculated (Table 21 and Table 22 – value of fb ). The ratio of HFMI-treated fatigue 

strength to as-welded fatigue strength can demonstrate the improvement effect of HFMI 

treatment. The idea of the other approach is to create test result pairs, which belong to each 

other; thus the improvement effect can be analysed for unique cases. Creating result pairs can 

be made based on separation of test results according to stress ranges (specimens are loaded 

with the same amplitude) or number of cycles (specimens have approximately the same fatigue 

lifetime). However, there is no acceptable pairing technics for all investigated experimental 

results. Therefore, a third coupling method is chosen for data analysis by the author. All as-

welded results are compared to all HFMI-treated specimens. A regression line is fitted to all as-

welded (with a forced slope of m = 3) and all HFMI-treated (with a forced slope of m = 5) test 

results. The fatigue strength from all regression lines are calculated (Nf = 2x106) and all as-

welded values are compared to all treated ones. For each research programs the improvement 

factors are calculated by simple averaging of the calculated improvement factors from all as-

welded – HFMI-treated pairs (Table 21 and Table 22- value of fa). The results show that fatigue 

lifetime increasing effect of HFMI treatment has a large scatter (between 1.5 - 2.5). The 

question is the following. Is there any relationship between the rate of fatigue strength 

improvement and the yield strength of the applied steel materials?  
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Table 21: Calculated fatigue strengths for cruciform as-welded and HFMI-treated joints. 

Ref. fy [MPa] 

Improvement factors 

based on single points 

fa 

Improvement factors 

based on regression lines 

fb 

Yekta [100] 350 2.506 2.497 

Okawa [101] 392 2.561 2.557 

Kuhlmann (2006) [60] 398 2.188 2.170 

Kuhlmann (2009) [102] 477 2.102 2.065 

Kuhlmann (2006) [60] 504 2.090 2.065 

Kuhlmann (2009) [102] 781 1.729 1.681 

Kuhlmann (2006) [60] 830 1.941 1.920 

Table 22: Calculated fatigue strengths for longitudinal as-welded and HFMI-treated joints. 

Ref. 
fy 

[MPa] 

Improvement factors 

based on single points 

fa 

Improvement factors 

based on regression lines 

fb 

Lihavainen [103] 355 2.247 2.178 

Huo [104] 390 1.670 1.660 

Mori [105] 456 1.305 1.284 

Mori [105] 472 1.396 1.357 

Weich [106] 719 1.660 1.994 

Mori [105] 753 1.361 1.367 

 

5.2.3 Evaluation and discussion of test results 

Investigating the fatigue strength of HFMI-treated specimens, it can be observed that there is a 

relationship between HFMI-treated fatigue strength and yield strength (Fig. 67a). According to 

this phenomenon, it can be stated that fatigue strength of HFMI-treated details increases with 

the yield strength [72]. However, there is another aspect; during design the effect of HFMI 

treatments is taken into consideration with an improvement factor. This factor shows the fatigue 

strength ratio of HFMI-treated and as-welded details, but this value is not calculated directly 

from experimental results. In this study, the improvement factors are calculated from fatigue 

test results, and only coherent results are considered. It means, the improvement factor is 

determined only from one test procedure applying the same steel grade. This improvement 

factors are plotted against the yield strength of the investigated steel material (Fig. 67b). 

Analysing Fig. 67b it can be observed that improvement factor decreases with increasing yield 

strength, despite the fatigue strength increases, as shown in Fig. 67a. 
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a) b) 
 

Fig. 67: a) FAT of HFMI-treated specimens and b) HFMI improvement factors for cruciform joints. 
 

Based on this theory the HFMI-treated test results and their regression S-N lines are compared 

to the standardized as-welded S-N curves, which are the same for all steel grades (blue line on 

Fig. 67a). This approach is less accurate than comparing coherent as-welded – HFMI-treated 

results. If data evaluation is executed for the test results of each research program separately, a 

better and more accurate conclusion can be drawn. For all research programs and steel grades, 

an HFMI improvement factor is determined according to the ratio between fatigue test results 

of HFMI and as-welded specimens. According to this calculation it can be observed that the 

improvement factor due to HFMI treatment decreases with higher yield strength in cases of 

both cruciform and longitudinal joints (Fig. 68). It means that for a structural detail using higher 

steel grades, higher fatigue strength can be reached (Fig. 67a). However, the efficiency of HFMI 

treatment is decreasing by yield strength increase. For example, while in case of 400 MPa yield 

strength the development of fatigue strength is ~140%, for 800 MPa yield strength this 

development is only ~70%. 

a) 
b) 

 
Fig. 68: a) HFMI improvement factors plotted against yield strength for a) cruciform joints and b) 

longitudinal attachments. 
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Considering the number of experiments of as-welded and HFMI-treated specimens, it can be 

stated that the amount of research results on HFMI treatment methods are still low. However, 

based on the current results and investigating the previous studies, it can be observed that HFMI 

improvement factors and yield strength are in inverse relationship. Therefore, it can be stated 

the efficiency of post-weld HFMI treatment method decreases by increasing yield strength. 

Investigating all previously mentioned as-welded test results (Table 17 and Table 18) a common 

regression line (Fig. 69a) and standard error of regression are determined. Putting in context, 

these parameters are calculated for HFMI-treated (Fig. 69b) specimens as well. 

a)  
b)  

Fig. 69: Test results and fitted common S-N curves of a) as-welded and b) HFMI-treated specimens 
 

The standard error of regression for as-welded results is 0.102, for HFMI-treated results it is 

0.060. Therefore, it can be stated that a common S-N curve can be fitted more accurately for 

HFMI-treated results, than for as-welded results. It proves that HFMI demolishes the 

uncertainty of weld defects which can cause quite large scatter in the test results. Moreover, the 

current IIW recommendation states the fatigue strength of HFMI-treated structural details 

increases by increasing yield strength. On the other hand, the presented calculations show that 

the fatigue improvement factors decrease by increasing yield strength. The consequence of 

these two phenomena is that the fatigue strength of as-welded structural details cannot be 

independent of the yield strength, according to the observations it increases with increasing 

yield strength. This statement is supported by Harati’s study [107], in which the fatigue 

properties of a welded 1300 MPa yield strength steel was investigated. Harati found that the 

fatigue strength of as-welded details is significantly higher, than the standard value. However, 

the improvement factor of HFMI treatment is only 1.26. 
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Summarizing all these results, in the frame of the executed research program it is observed that 

the efficiency of HFMI treatment is decreasing by increasing yield strength. However, the 

absolute fatigue strength of HFMI-treated details increases with the yield strength, the relative 

effect of this treatment method is in inverse relationship with the steel grade. Based on the 

investigation of different steel grades, the increasing fatigue strength of HFMI-treated details 

and the decrease of improvement factors can be possible, when the fatigue strength of as-welded 

details increases by increasing yield strength. Thus the fatigue strength of as-welded structural 

details cannot be independent of steel grade.  

Another interesting question coming from these test results is the following. What gives the 

maximum fatigue strength limit of the HFMI treated specimens and how to determine this limit 

value? The next Section is aimed to answer this question. 

5.3 Maximizing the fatigue strength of HFMI-treated structural details 

5.3.1 Theoretical background 

If the ideal parameters of HFMI treatment is investigated, different targets can be chosen. The 

target fatigue strength can be the required resistance from the actual design process, or it can 

be the maximum allowable fatigue strength of the HFMI-treated specimen. However, the 

maximum possible fatigue strength value is necessary to know irrespectively of the chosen 

target, because it is an upper limit of the possible fatigue strength improvement. Therefore, the 

following question should be answered. Is there a theoretical maximum of fatigue strength for 

HFMI-treated structural details? To find the answer, fatigue strength improvement mechanism 

of HFMI post-weld treatment method is investigated. The improvement effect comes from the 

following different phenomena: (i) the introduced compressive residual stress at the treated 

region; (ii) the reduction of stress concentration factor (local geometry modification) and the 

elimination of weld defects at fatigue critical points; and (iii) the local work hardening of the 

material. The participation of these effects in the fatigue strength improvement is not 

completely understood yet based on the current international literature. However, previous 

papers showed that the most dominant effect is the introduction of compressive residual stress, 

and the effect of local work hardening of the material can be neglected. On the other hand, the 

reason of the relatively low fatigue strength of as-welded structural details comes from the 

tensile residual stresses and weld defects at the fatigue sensitive points (Fig. 70). The HFMI 

treatment eliminates these effects; thus the fatigue strengths of treated specimens can 

approximate the fatigue strength of base material. Moreover, the introduced compressive 
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residual stress can increase the fatigue strength of the treated zone over the fatigue strength of 

the base material, as schematically shown in Fig. 71.  

 
Fig. 70: Fatigue strength of an as-welded specimen at different positions. 

 
Fig. 71: Fatigue strength of a HFMI-treated specimen at different positions. 

If the compressive residual stress is taken into account, the effective mean stress at the treated 

zone can be compressive. According to Schütz [24], the compressive mean stress is favourable, 

and it can increase the fatigue strength of the investigated zone until a predefined point, as 

shown in Fig. 9. However, the fatigue strength of the base material of the structural detail, which 

is out of the range of HFMI treatment is constant. Thus the fatigue crack initiation point moves 

from the weld toe to the base material. Therefore, the fatigue strength of the investigated detail 

cannot be larger, than the fatigue strength of the base material (Fig. 72). 

 
Fig. 72: Fatigue strength – HFMI treatment relationship of a welded specimen  

(AW – as-welded; BM – base material). 
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5.3.2 Comparison of the HFMI-treated fatigue test results and the fatigue strength of the base 

material 

The fatigue strength of HFMI-treated details can be determined according to the IIW 

recommendations based on Yildirim’s formula (Eq. (4)). This model shows a good agreement 

to the previous fatigue test results. However, the formula is determined by pure statistical tools, 

and there is no theoretical background behind this model. For a better understanding of fatigue 

mechanism, the comparison of Yildirim’s formula, fatigue test results and fatigue strength of 

base materials are conducted and the accuracy of these models are determined. The collected 

HFMI fatigue test results, Yildirim’s model and the S-N curve of the investigated base materials 

are plotted in the same log-log system. It is assumed that the slope of the HFMI-treated test 

results is m = 5, as given in the IIW recommendations. The fatigue strength of the base material 

is determined from the maximum nominal tensile strength [17]. The calculation method is 

introduced in Section 2.1. The difference between the models and the actual test results are 

calculated and the accuracy of each method is determined. Moreover, the predicted S-N curves 

of Yildirim’s and Base Material method is plotted in the same system, and they are compared 

with the fatigue test results of HFMI-treated specimens. According to the analysis (Table 23 

and Table 24), it can be observed that the accuracy of Yildirim’s and the Base Material (BM) 

method is approximately the same for the cases, when the investigated research programs are 

the basis of Yildirim’s statistical analysis (Fig. 73). However, if comparison is conducted on an 

independent data set, accuracy of BM method seems to be better (Fig. 74).  

 
Fig. 73: Comparison of Yildirim’s and Base material model using Kuhlmann’s test results [60]. 

On the other hand, the BM method gives the opportunity to rate the conformance of the post-

weld treatment method. If the difference between the fatigue strength of HFMI-treated detail 

and base material is significant, it can be assumed that the post-weld treatment has not been 

applied properly. 
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Fig. 74: Comparison of Yildirim’s and Base material model using Leitner’s test results [108]. 

Table 23: Standard errors of Base Material method and Yildirim’s model for cruciform joints. 

Ref. Steel grade 
Standard error of 

Yildirim’s model 

Standard error of 

BM method 

Yekta [100] 350W 0.18 0.15 

Okawa [101] AH36 0.16 0.13 

Kuhlmann (2006) [60] S355 0.06 0.05 

Kuhlmann (2009) [102] S355 0.12 0.12 

Kuhlmann (2006) [60] S460 0.06 0.04 

Kuhlmann (2009) [102] S690 0.08 0.05 

Kuhlmann (2006) [60] S690 0.08 0.13 

 

Table 24: Standard errors of Base Material method and Yildirim’s model for longitudinal attachments. 

Ref. Steel grade 
Standard error of 

Yildirim’s model 

Standard error of 

BM method 

Lihavainen [103] S355 0.10 0.09 

Leitner* [108] S355 0.07 0.08 

Huo [104] 16Mn 0.11 0.06 

Mori [105] SBHS400 0.19 0.20 

Mori [105] SBHS500 0.19 0.26 

Weich [106] S690 0.02 0.14 

Mori [105] SBHS700 0.21 0.33 

Leitner* [108] S690 0.13 0.06 

Leitner* [108] S960 0.16 0.10 

* Research program is independent of Yildirim’s statistical analysis. 

Moreover, the BM method has another favourable property, because it originates relationship 

between the fatigue properties of the HFMI-treated structural details and the base material. 
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5.4 Analysing the ideal parameters of HFMI treatment method 

For a more effective and economic application of the HFMI-weld treatment, the ideal 

parameters of the method should be determined. These parameters belong to the cases, when 

the maximum fatigue strength improvement can be reached with the minimal modification of 

the fatigue critical zone. In this investigation, the following assumptions are taken: 

 the ideal parameter set of the treatment process belongs to structural detail loaded by 

constant stress range, 

 using the ideal level of HFMI treatment is enough to reach the minimum groove depth, 

which is required to eliminate the weld defects at the weld toe, 

 if the local work hardening effect of HFMI treatment is neglected; it will reduce the 

calculated fatigue strength leading to conservative calculations, 

 the fatigue properties of the weld material and the heat effected zone after treatment is 

the same as for the base material; the fatigue strength reduction in the as-welded 

condition originates only from the tensile residual stresses and weld defects. 

Applying these assumptions, the fatigue strength of the investigated point depends on the stress 

range and stress ratio. The parameters of the HFMI treatment are the groove depth (d) and 

radius of indenter (r). From these variables the value of compressive residual stresses and a new 

stress concentration factor can be determined. These are the input parameters of the calculation 

to be calibrated reaching the ideal HFMI treatment process. Based on a parametric finite 

element analysis, the stress concentration factor (K – concentration of the treated specimens 

taken from numerical model) of the treated structural detail and the compressive residual stress 

due to the HFMI treatment (Sres) is determined. Taking into account the outputs and the 

previously defined assumptions, the fatigue lifetime of the treated zone is determined. The 

optimal configuration is reached, when the fatigue lifetimes of the treated zone (Nf
HFMI) and the 

base material (Nf
BM) are equal (Eq. 11):  

 BM H FM I
f fN N . (11) 

The stress amplitude (Sa) and the mean stress (Sm) are different in these two investigated 

positions (BM – base material and HFMI – treated position). Thus the use of Haigh-diagram is 

necessary to equate the fatigue lifetime of the investigated zones (Fig. 75). In this study one of 

the simplest constant life diagram, the Goodman-diagram is applied.  
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a)  

b) 

Fig. 75: Constant life diagrams a) with different fatigue life and b) with same fatigue life. 

In this investigation, the nominal loading parameters are given. These values belong to the base 

material (Sa
BM and Sm

BM). To determine the allowable stress amplitude-mean stress pairs for 

the treated zone, the parameters should remain on the same constant life diagram (Fig. 75b). If 

the loading parameters of base material and treated zone are converted to an equivalent R = 0 

loading situation (Eq. 12), they should be the same values (Eq. 7): 

 
, 0 1

a m
a R

S M SS
M
  

, (12) 

 
, 0 , 0

BM HFM I
a R a RS S  . (13) 

The stress amplitude at the treated zone can be determined from the nominal stress amplitude 

at the base material (Eq. 14), ratio of these two values is the stress concentration factor (K): 

 HFMI BM
a aS K S  . (14) 

By using Eq. 12 and Eq. 14 expression of Eq. 15 can be given: 

 
1 1

BM BM BM HFMI
a m a mS M S K S M S

M M
     

. (15) 

The value of the mean stress at base material can be replaced by the stress ratio (R): 
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Eq. 15 is solved for the required mean stress at the treated zone (Sm
HFMI). The fatigue lifetime 

of the base material and the treated zone will be the same, if this mean stress is applied at the 

treated zone as given by Eq. (17): 

    1 1
1

BM
mHFMI BM

m m

K S R
S S

M R
 

  
. (17) 

The required compressive residual stress (Sres) at the treated zone can be calculated from Sm
HFMI  

and 
mS   (the actual mean stress from the cyclic load at the treated zone). In this case, 

mS   

represents the mean stress at the treated zone, if the residual stress equals to zero: 

 HFMI
res m mS S S  . (18) 

Numerical calculations are required to compare the possible and ideal parameters. The K value 

for a given input parameter pair (d and r) can be determined by finite element analysis. Then 

the determined K value can be applied in Eqs. (17) - (18) to determine the required Sres. This 

value (Sres) can be calculated from the input parameters by numerical simulation of HFMI 

treatment as well. If this two (Sres) values are equal, the ideal geometrical parameters of the 

treatment are found. 

5.4.1 Determination of ideal parameters of HFMI treatment 

In the followings an example is presented to determine the ideal parameters of the HFMI 

treatment method. The loading parameters and steel grade are predefined values, which are 

summarized in Table 25. From the loading parameters and the mean stress sensitivity factor, 

the ideal stress concentration factor – compressive residual stress pairs can be determined. The 

possible configurations can be calculated by FEA. 

Table 25: Loading and material parameters of the investigated example. 

Steel grade 
Yield strength 

fy [MPa] 

Mean stress 

sensitivity factor - M 

σmin 

[MPa] 

σmax 

[MPa] 
R 

Sm 

[MPa] 

S355J2H 435 0.2 40 400 0.1 220 

Two different numerical models are developed investigating the parameters of HFMI post-weld 

treatment. At first, a model is made to study the residual stresses due to HFMI procedure with 

a linear elastic – plastic material model using combined isotropic-kinematic hardening rule. The 
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other model is a simple linear numerical model on which the effect of geometric modification 

is studied. 

Numerical model for HFMI simulation 

The numerical models for HFMI simulation are developed using ANSYS 17.2. The model 

development is based on previously published investigations. In this paper, DCS HFMI 

simulation is chosen. Therefore, 3D numerical models are built using eight-node structural solid 

elements (SOLID185). In the treated zone, the applied element size is 0.15 as it is recommended 

in the international literature. One typical, non-loaded cruciform joint geometry is modelled. 

The dimensions and input parameters are shown in Fig. 76a. The symmetry of the specimen is 

used to reduce the size of the numerical model. Only a slice of the investigated specimen is 

modelled with a width of 4 mm. This simplification is based on Yuan’s [109] work. The 

boundary conditions agree with the symmetry requirements and they are shown in Fig. 76b. A 

combined isotropic-kinematic hardening material model (Chaboche-model) is applied in the 

simulation. A previously calibrated [85] material model is used in the current study. The 

indenter is modelled with a spherical geometry. It is assumed that the pin is rigid. Between the 

pin and the treated surface, contact pair is defined (TARGE170 and CONTA174) using a 

friction coefficient of μ = 0.15. For the simulations the most commonly applied overlapping is 

used with a distance of 0.4 mm. In the simulation the HFMI treatment is applied on the as-

welded geometry of the investigated specimen.  

a) b) 

Fig. 76: a) Geometry of investigated specimen and b) numerical model and boundary conditions. 

The material parameters are summarized in Table 26. According to Föhrenbach [110] there is 

no significant difference in the simulated residual stresses of welded details, if the welding 

process is simulated or not before the simulation of HFMI treatment. Therefore, the validation 
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of the model is performed on a single non-welded steel plate and the results of the simulation 

are compared to measured stress results (Fig. 77). The basis of the validation is Föhrenbach and 

Hardenacke’s research work [85], in which a steel plate from S355J2H material was 

investigated. A steel plate with a thickness of 10 mm is treated by Pitec Weld Line 10 device. 

The operating frequency of the hammering device is 90 Hz and the feed rate is 12 cm/min. The 

specimen is treated on a predefined path (Fig. 77a) and the indention depth is measured by a 

3D-Laserscanner. The residual stresses are measured in a direction perpendicular to the 

treatment path by neutron diffraction method at the Forschungs-Neutronenquelle Heinz Maier-

Leibnitz (FRM II). The stress measurement is performed through the thickness of steel plate 

(Fig. 77b). During the model validation a simple steel plate is modelled with the previously 

presented model parameters (Fig. 77). A friction coefficient μ = 0.15 is applied between the 

connecting surfaces. 

Table 26: Material parameters of S355J2H. 

E [GPa] ν [-] fy [MPa] C1 [MPa] γ1 [-] C2 [MPa] γ2 [-] 

210 0.3 435 8971.8 218.65 12654.88 106.98 

 

a)  b)

 c) 

Fig. 77: a) Result of HFMI simulation; b) comparison of experimental and numerical results; c) longitudinal 

stress distribution through plate thickness. 

The applied predefined indention depth is u = 0.214 mm. The measured stresses are compared 

to the results of the numerical model (Fig. 77b). The simulation results show good agreement 
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with the measured values. The difference between the maximum residual stresses is 8%. 

Therefore, the numerical model is assumed to be accurate and applicable for the investigations 

of HFMI treatment. Therefore, the investigation of cruciform joint (Fig. 76) can be performed 

using a model having similar properties and modelling strategy. 

In the numerical parametric study of the cruciform joint, the radius of the pin and the controlled 

displacement are varied. Parameters are given in Table 27. During the simulation, rigid indenter 

is pushed into the investigated detail with a prescribed displacement (Table 27) at the weld toe. 

After reaching the required displacement, the indenter is pulled back and it is moved along the 

weld toe line by the overlapping distance (0.4 mm). This process is repeated along the entire 

modelled weld toe zone, as shown in Fig. 78. 

Table 27: Investigated parameters of HFMI treatment in the calculations of residual stresses. 

Radius of intender [mm] Described displacement [mm] 

2.0 -0.1 -0.15 -0.2 -.02 -0.3 

2.5 -0.1 -0.15 -0.2 -.02 -0.3 

3.0 -0.1 -0.15 -0.2 -.02 -0.3 

 

Fig. 78: The movement of the indenter during the simulation. 

The results of the numerical investigations are summarized in Table 28. For all intender radius 

– described displacement pairs the calculated undercut (the plastic deformation at weld toe) and 

residual stresses are presented. For determining the ideal geometrical parameters of HFMI 

treatment, the mean stress values are necessary to calculate at the treated zone. The mean 

stresses are the sum of the mean stresses from the loading and the residual stresses. Therefore, 

the main results of HFMI simulations are the longitudinal residual stresses on the surface of the 

specimen close to the treated zone. The minimal compressive residual stresses are taken account 

in the optimization and the position of this minimal values are ~1 mm far from the centre of the 
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indenter, when it reaches the described displacement. A typical longitudinal stress distribution 

is shown in Fig. 79. 

 

Fig. 79: Longitudinal residual stress distribution based on HFMI simulation. 

Table 28:Results of HFMI simulations. 

Radius of intender 
[mm] 

Described 
displacement 

[mm] 

Calculated 
undercut [mm] 

Calculated 
residual stresses 

[MPa] 

2 

-0.1 -0.073 -221.58 
-0.15 -0.116 -264.76 
-0.2 -0.162 -282.76 
-0.25 -0.210 -281.80 
-0.3 -0.256 -281.03 

2.5 

-0.1 -0.070 -388.01 
-0.15 -0.108 -358.90 
-0.2 -0.145 -341.63 
-0.25 -0.186 -343.69 
-0.3 -0.229 -346.34 

3 

-0.1 -0.046 -301.75 
-0.15 -0.075 -289.62 
-0.2 -0.160 -300.75 
-0.25 -0.206 -314.83 
-0.3 -0.241 -324.64 

 

Numerical model for determining the effect of local geometry modification by HFMI 

The applied numerical model of non-loaded cruciform specimens is similar as in Section 4.3 

(Fig. 80a). The geometry and the mesh of the weld toe zone is in correspondence with the IIW 

recommendations. The symmetry of the detail is used to reduce the number of the applied 

elements. The model is loaded by a fictional load to determine notch stresses at the critical point 

for as-welded condition. The executed calculations are linear elastic calculations. 
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To investigate the geometric effect of HFMI, the local geometry of critical point was updated. 

The geometry modification of the treatment is modelled by an arc, as shown in Fig. 80b. The 

variable parameters of HFMI are the radius of the arc and the depth of undercut. The input 

parameters of this modelling level come from the input parameters and results of HFMI 

simulations. The radii of applied arcs equal to the radii of pin from different HFMI simulations. 

The depth of undercut can be determined from the plastic deformations (Table 28 - Calculated 

undercut) of the HFMI-treated specimens, hence the results of HFMI process simulation is 

required to develope these models. In Table 29 the input parameters of the parametric study is 

presented. The radii of intender are the same as for HFMI simulations and the depths of 

undercut come from the results of HFMI simulations. They are the plastic deformations defining 

the final geometry of the treated zone. 

   

Fig. 80: a) Detail of as-welded and b) HFMI-treated numerical model at fatigue critical point. 

The same fictional axial load is applied like for as-welded models, effective notch stresses are 

calculated and the effect of geometry modification is determined. 

Table 29: Investigated geometrical parameters of HFMI treatment in shape effect investigations. 

Radius of intender [mm] Depth of undercut [mm] 

2.0 -0.073 -0.116 -0.162 -.0210 -0.256 

2.5 -0.070 -0.108 -0.145 -0.186 -0.229 

3.0 -0.046 -0.075 -0.160 -0.206 -0.241 

 

The stress distributions of as-welded and HFMI-treated specimen are shown in Fig. 81. In this 

case the maximal 1st principal stresses are collected in the region of fatigue critical point. For 

cruciform joints the fatigue critical point is located at weld toe and the numerical results confirm 

this observation. The effective notch stress (ENS) is 95.078 MPa at fatigue critical point in as-

welded conditions. The ENSs of treated specimens are summarized in Table 30. For every 
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investigated HFMI geometry, the ENS values are given, thus the stress concentration factors 

for every radius – groove depth pairs can be determined. 

a)          b)     

Fig. 81: ENS distribution of a) as-welded and b) HFMI-treated details. 

Table 30: Results of shape investigations. 

Radius of intender 
[mm] 

Calculated 
undercut [mm] 

ENS at weld toe 
[MPa] 

2 

-0.073 83.669 
-0.116 85.494 
-0.162 87.277 
-0.210 89.090 
-0.256 90.984 

2.5 

-0.070 78.290 
-0.108 79.876 
-0.145 81.28 
-0.186 82.652 
-0.229 84.067 

3 

-0.046 73.532 
-0.075 74.532 
-0.160 77.805 
-0.206 79.304 
-0.241 80.386 

 

Determination of ideal parameters of HFMI treatment 

Based on the presented calculation method the ideal stress concentration factor – compressive 

residual stress pairs are calculated. In the calculation, the effect of the compressive residual 

stress relaxation is taken into account according to Yonezawa [111]. For determining the 

mechanically possible stress concentration factor – compressive residual stress pairs, a 

numerical analysis is required, which is presented in the previous Section. The results of the 

FEA are plotted in Fig. 82. In the figure, the ideal consideration is represented by the black line. 

The results below this line represents the configurations, for which the fatigue lifetime of the 
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treated zone is higher, than the fatigue lifetime of the base material (blue zone). The orange 

zone is the parametric domain, in which the fatigue lifetime of treated zone is below the fatigue 

lifetime of base materials. The ideal parameters belong to the case, when the result is on the 

black inclined line. Thus if a numerical result is closer to the black line, it is more favourable. 

According to the diagram, the most favourable pin radius is 3 mm and the most favourable 

groove depth is 0.15 mm in the presented case. Similar calculations can be performed by 

different geometries, steel grades, loading parameters, mean stress sensitivity and compressive 

residual stress relaxation models as well. 

 

Fig. 82: The ideal stress concentration factor – compressive residual stress pairs and FEA results. 
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6. Conclusions and further research proposals 

6.1 Conclusions 

In the thesis the fatigue behaviour and properties of as-welded and post-weld treated HSS steel 

structural details are investigated. The findings of the research program can help for a better 

understanding of the fatigue phenomena of welded high strength steel structures. An 

experimental and numerical research program is conducted. Results of own and previous 

fatigue test programs are analysed by mathematical statistical tools. Differences between the 

NSS and HSS welded specimens are discussed. Comparative study is also executed on as-

welded and post-weld treated specimens investigating grinding and HFMI treatment methods. 

Based on the current research program the fatigue properties of HSS and post-weld treated 

structures are studied and better understood. Numerical modelling techniques are studied to 

investigate the post-weld treatment methods and ideal parameter settings are also presented.  

In case of as-welded specimens, it is showed that the fatigue strength of a structural detail is 

not independent of the steel grade for all fatigue detail classes. The test results proved the ratio 

of fatigue crack initiation and crack propagation phases has a significant effect on the fatigue 

lifetime of the specimen. In cases, when the fatigue crack initiation part is the dominant within 

the fatigue lifetime, the fatigue strength increases with the increase of the steel grade. For those 

types of detail classes, when the crack propagation part is dominant, the fatigue strength is 

independent of the steel grade of the base material. 

In case of grinding type post-weld treatment, it is presented that the fatigue strength 

improvement effect of this type of treatments comes from the geometry modification. The 

comparison of the results of fatigue tests and FEA shows that fatigue strength improvement of 

the treated specimens come from the stress concentration reduction due to the grinding. A new 

fatigue strength improvement calculation approach is introduced. The improvement factor of 

the treatment can be calculated by FEA as the ratio between the stress concentration factor of 

as-welded and ground specimen by implementing the updated, modified geometry into the 

numerical model. 

In case of HFMI-treatment method, previous fatigue test results are collected and reassessed. 

The results of the analysis showed the efficiency of the treatment method decreases with 

increasing tensile ultimate strength. On the other hand, there is a relationship between the 

fatigue strength and ultimate tensile strength of HFMI-treated details, where increasing ultimate 

tensile strength causes increasing fatigue strength. Therefore, the fatigue strength of as-welded 
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details cannot be independent of the ultimate strength of the base material, the increasing 

ultimate tensile strength means an improvement in the fatigue strength of as-welded structural 

details as well. 

In addition, the analysis of HFMI fatigue test results showed that the fatigue strength of these 

specimens equals approximately to the fatigue strength of the applied base material. This 

observation can be explained by fatigue strength improvement at different position of the 

investigated specimen. The fatigue strength of a HFMI-treated specimen cannot be higher than 

the fatigue strength of the base material. If the fatigue strength of the treated zone passes the 

fatigue strength of the base material, the fatigue critical point moves from the weld zone to the 

base material. Thus if the fatigue strength of the base material is known, the maximal fatigue 

strength of the structural detail can be calculated. Based on the maximum fatigue strength of 

the HFMI-treated specimens, a calculation method is introduced, which can determinate the 

ideal treating parameters of the HFMI-treatment method. 

6.2 Future research work 

Based on the currently achieved results, further issues and unanswered questions appear, which 

are worth to research in the future: 

 The slope of the S-N curves of ground structural details (previously accepted value m = 3) 

should be further investigated based on experimental research program. Further fatigue test 

results made on as-welded and ground specimens manufactured from NSS and HSS 

materials are also required to understand the fatigue properties of this treatment method. 

 Comparative experimental research program to investigate the fatigue strength of base 

material and HFMI-treated specimen would be also required. The microstructure of the 

analysed specimens and different loading parameters could be further investigated. To 

better understand the HFMI treatment process and the relationship between the fatigue 

properties of base material and HFMI-treated specimens traced back to microstructural 

reasons. 

 The numerical simulation of HFMI treatment method has also numerous unanswered 

questions. The relationship between HFMI treatment of base material and welded details 

could be studied to help to determine the ideal HFMI treatment parameters. 

 The previously presented calculation method for the ideal parameters of HFMI treatment 

should be experimentally verified. The calculation method could be generalized for 

different type of mean stress effect models and different loading conditions as well.  
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7. New scientific results 

According to the currently accepted theories, the fatigue strength of as-welded structural 

details is independent of the steel grade. However, the theoretical background of this 

assumption has been not investigated in details and it has been validated only for several 

structural detail types considering test results coming from different research programs, which 

are not always comparable. My investigations aim to compare the fatigue lifetime properties 

of normal and high strength steel structures for two detail classes using the same manufacturing 

process, steel material and testing protocol.  

 Main contribution 1 

I designed and executed an experimental research program investigating the fatigue 

behaviour of two as-welded joint types. Within the experimental program 14 cruciform 

joints and 11 plate edge gusset type joints are tested, both are manufactured from normal 

strength steel and high strength steel. Based on the experimental research program the 

following conclusions are drawn: 

 I determined the fatigue lifetime and nominal stress range relationship for the 

investigated specimens and calculated the crack propagation velocity.  

 I showed the fatigue strength of as-welded structural details made of normal 

strength steel and high strength steel can be different depending on the 

distribution of crack initiation and propagation phases within the total lifetime. 

For structural details having dominant crack initiation phase, the fatigue strength 

will be not independent of the steel grade.  

 I showed the fatigue strength of as-welded joints made of normal strength steel 

and high strength steel can be considered equal, if the crack propagation phase 

is dominant for the structural detail class.  

Related publications: [MBJ1], [MBJ2], [MBJ5], [MBJ6] 
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One of the most economical and commonly used fatigue strength improvement technique is the 

grinding type post-weld treatment method. According to the previous recommendations, the 

fatigue strength improvement effect of these treatments can only be calculated based on 

experimental based modified fatigue detail classes. My investigations aim to apply numerical 

modelling techniques to determine the fatigue lifetime of post-weld treated structural details.  

 Main contribution 2 

I designed and executed an experimental and numerical research program investigating 

the improvement effect of grinding type post-weld treatment technique (disc and burr 

grinding). Fatigue tests and numerical calculations are executed on as-welded and 

ground joints to investigate the effect of grinding type post-weld treatment method on 

the fatigue life of the analysed structural details. Based on the executed research 

program the following conclusions are drawn:  

 I determined the fatigue strength improvement factors of the investigated 

specimens and developed a new calculation method. I proved the fatigue 

strength improvement effect of grinding techniques can be determined by finite 

element analysis using effective notch stress (ENS) method. I proved the 

effective notch stress method applying the recommended model parameters for 

the as-welded specimens (rref = 1 mm) can be applied for ground specimens as 

well, if the actual geometry of the treated zone is applied in the numerical model.  

 I showed a unique application of the effective notch stress method to determine 

the necessary geometrical parameters of grinding techniques to reach a prescribe 

fatigue strength for an investigated structural detail.  

Related publications: [MBJ3], [MBJ7] 

  



97 
 

One of the most commonly applied and effective post-weld treatment methods are the High 

Frequency Mechanical Impact (HFMI) treatment methods. Yildirim’s research results showed 

that there is a relationship between the fatigue strength of HFMI-treated details and the steel 

grade of the base material. Previous studies compared only the fatigue strength of HFMI-

treated details and did not compare relevant as-welded and HFMI-treated results. My 

investigations aim to determine the fatigue strength improvement factor of HFMI-treated 

structural detail classes.  

 Main contribution 3 

I investigated the improvement effect of High Frequency Mechanical Impact treatments. 

I collected fatigue tests made on as-welded and HFMI-treated structural details and re-

analysed the test results to determine the fatigue strength improvement factor depending 

on the steel grade. Based on my investigations the following conclusions are drawn: 

 I proved the fatigue strength improving effect of HFMI treatment decreases by 

increasing yield strength in case of cruciform and longitudinal attachment joints. 

I proved there is a relationship between the fatigue strength of as-welded 

cruciform and longitudinal attachment joints and the steel grade of the base 

material. This observation is proved by the fact that fatigue strength of HFMI-

treated specimens is higher for specimens made of higher steel grades, but the 

fatigue strength improving effect of HFMI treatment decreases for increasing 

steel grades. 

Related publications: [MBJ4] 
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The nominal fatigue strength of HFMI-treated structural details can be determined from the 

fatigue strength of as-welded structural details by applying an improvement factor. This 

improvement factor can be calculated from the yield strength of the base material using 

Yildirim’s design equation. This method is based on statistical analysis of previous fatigue test 

results, having no clear theoretical background. My investigations aim to give theoretical 

background to the maximum possible improvement factor and to determine the ideal 

parameters of HFMI-treatment method. 

 Main contribution 4 

I analysed the relationship between the fatigue strength of base material and HFMI-

treated specimens and numerically investigated the HFMI post-weld treatment method. 

Based on my investigations the following conclusions are drawn: 

 Based on the reassessment of previous fatigue test data, I proved the maximum 

possible fatigue strength of HFMI-treated structural detail is the fatigue strength 

of the base material (Base Material method). Therefore, the quality of the HFMI-

treatment can be verified by the Base Material method.  

 I developed a numerical model to simulate the HFMI treatment method and 

showed the numerical simulation of HFMI treatment can be applied to determine 

the ideal parameters of the treatment. Based on the Base Material method, I 

introduced a calculation method, in which the ideal geometrical parameters of 

HFMI treatment can be determined. 

Related publications: [MBJ4], [MBJ8] 
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