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Abstract 

This doctoral thesis concerns fatigue of welded structures. Welding is one of the world’s most 

common joining methods and it is frequently used in several structural applications in many 

fields. Some examples are construction vehicles, loader cranes, trucks, busses, forestry and 

agricultural machines, bridges and ships. Since these structures are subjected to repeated 

loading, fatigue is the most common cause of failure. The welded joint is in general the 

weakest link of a welded structure and this is where the fatigue failure will occur. In order to 

reduce fuel emissions and the use of raw material, and at the same time maintain the 

structural performance of steel structures, it is necessary to introduce high strength steel. 

However, increasing the strength of the material also increases the sensitivity to material 

flaws and defects. Thus, introducing high strength steel in the manufacturing process also 

requires an increase in production quality. Manufacturing companies are facing the following 

challenges when introducing high strength steel in production; produce high quality welds, 

quality assurance and last but not least account for improved weld quality in the design stage. 

 

In this research, a novel numerical algorithm has been developed which assesses the welded 

surface and calculates and quantifies weld quality parameters and the presence of defects 

which are critical in fatigue applications. The algorithm is designed for implementation in 

serial production. It will provide robust and reliable feedback on the quality being produced, 

which is essential if high strength steels are utilized and high quality welds are necessary for 

the structural integrity of the welded component. 

Two welding procedures which can increase the weld quality in as welded conditions have 

been assessed. These procedures utilize welding in different positions and pendling 

techniques, which can be accomplished using the existing welding equipment. It was found 

that by using these methods, the fatigue strength can be increased with 20% compared to 

normal weld quality. 

Furthermore, two fatigue assessment methods ability to account for increased weld quality 

in low cycle and high cycle fatigue applications has been studied. One of these methods 

showed sufficient accuracy in predicting the fatigue strength with small scatter and also 

account for increased weld quality. 

When implementing thinner high strength steels, the overall stress level in the structure 

increase. Therefore, other locations such as the steel cut edges may become critical for fatigue 

failure unless they are not designed and manufactured with the same quality as the welded 

joint. The influence of surface quality on cut edges was studied and the fatigue strength was 

estimated using international standards and a fatigue strength model for cut edges. It was 

found that the fatigue strength in testing was 15-70% higher compared to the estimation, thus 

proving a weak link between the international standard and fatigue strength. 
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Sammanfattning 

Denna doktorsavhandling berör utmattning av svetsade konstruktioner. Svetsning är en av 

världens vanligaste fogningsmetoder och metoden används ofta i flera lastbärande 

konstruktioner som till exempel anläggningsmaskiner, kranar, lastbilar, bussar, skogs- och 

jordbruks-maskiner, broar och fartyg. Då dessa produkter utsätts för växlande laster så är 

utmattning den vanligaste haveriorsaken. Svetsfogen är i allmänhet den svaga länken i en 

svetsad konstruktion och det är därmed i svetsen som utmattningsbrottet sker. För att kunna 

minska mängden skadliga bränsleutsläpp och användandet av råmaterial men samtidigt 

bibehålla eller förbättra konstruktionens hållfasthet, är det nödvändigt att introducera mer 

höghållfasta material i konstruktionen. Däremot har höghållfast stål en ökad känslighet mot 

defekter, vilket medför att om höghållfasta stål ska implementeras i produktion så skall även 

produktkvaliteten ökas, dvs toleransen för tillåtna defekter minskar. Därmed står svetsande 

företag som vill införa mer höghållfasta material inför följande utmaningar; producera 

svetsförband med hög kvalitet, säkerställa att tillräcklig kvalitet uppnås samt tillgodoräkna 

en högre svetskvalitet vid dimensionering. 

 

I detta arbete har en numerisk algoritm tagits fram som utvärderar den svetsade ytan och 

beräknar samt kvantifierar de kvalitetsparametrar som är relevanta för svetsade 

konstruktioner som utsätts för utmattning. Algoritmen är anpassad för implementering i 

serieproduktion och ger robust och tillförlitlig återkoppling för vilken kvalitet som verkligen 

produceras. Detta är kritiskt för att bibehålla den svetsade komponentens hållfasthet 

eftersom svetsning av höghållfast stål kräver en hög svetskvalitet. 

Två svetsprocedurer som kan öka svetskvalitet för obehandlad svets (as welded) har 

undersökts. Vid dessa procedurer nyttjas svetsning i olika positioner samt pendlingstekniker, 

vilket åstadkommes med den befintliga svetsutrustningen. Resultatet visade att dessa 

metoder kan öka utmattningsstyrkan i svetsförbandet med 20%, vilket motsvarar en 

fördubbling av livslängden i jämförelse mot normal svetskvalitet. 

Två dimensioneringsmetoders förmåga att beakta förhöjd svetskvalitet vid både lågcykel- 

samt högcykelutmattning har studerats. En av dessa metoder visade både en god 

noggrannhet och en liten spridning i att prediktera ett svetsförbands utmattningshållfasthet 

samtidigt som en ökad svetskvalitet beaktas. 

Vid implementering av tunnare höghållfasta stål så ökar även den övergripande 

spänningsnivån i hela konstruktionen. Därför kan även andra punkter i konstruktionen – 

exempelvis skärkanterna – bli kritiska för utmattningsbrott om de inte dimensioneras med 

samma kvalitet som svetsförbandet. Därför har även skärkants-kvalitetens inverkan 

studerats, där utmattningsstyrkan beräknades utifrån givna toleranser i en internationell 

standard kombinerat med en utmattningsmodell för skärkanter. Resultaten visade att 

utmattningsprovningen gav 15-70% högre utmattningsstyrka i jämförelse med beräkningen, 

vilket visar att de kvalitetsnivåer som anges i standarden saknar koppling till verklig 

utmattningsstyrka. 
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1 Introduction 

Steel is the dominating material for many types of load carrying structures and 

components in construction machineries, loader cranes, forestry machines, mining 

equipment, transport vehicles and agricultural equipment. Normally 60-80 % of the 

vehicle weight consists of steel plates and steel castings in thickness 6 – 70 mm with 

welding as the primary joining technology. Other structural details in trucks, buses 

and trains are often manufactured using different welding technologies. Thus, a large 

part of the products being used in the global transport system often consist of heavy 

steel structures where welding is a dominating joining technology. Structural details 

and components in many of these products are continuously subjected to variable 

loading during operation. Typically, a load range for many types of vehicles and 

machineries is 1 000 – 20 000 cycles per hour. This means that during the economic 

life of 10 000 – 25 000 operation hours, the components will sustain 10 – 500 million 

load ranges. Thus, fatigue loading is the most common failure mode for the above 

mentioned products. 

 

Fatigue failures in welded structures often starts in the welded joint where the fatigue 

strength is generally lower compared to base material and notched components, see 

figure 1. Fatigue failure comprises three different phases i) the crack initiation phase 

where microscopic cracks form and coalescence into a single macro crack, ii) 

propagation of macro crack until iii) final failure. The fatigue life in base material and 

notched components is dominated by the crack initiation phase, however in welded 

structures most of the propagation phase is consumed due to defects and 

imperfections which are induced during the welding process. There is a great scatter 

in fatigue life of welded joints which is mainly due to the variation of the local weld 

geometry, size and location of defects and residual stresses initiated during the 

welding process. This has been verified in multiple studies and it has been 

incorporated in weld quality standards and recommendations for fatigue design of 

welded joints [1, 2]. 
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Figure 1. Schematic illustration of fatigue strength in base material, notched and 

welded components, reproduction of [3]. 

 

Design and manufacturing of welded structures is an important task which requires 

accuracy, especially for robotic welding in serial production. For lightweight welded 

structures however, where thinner and high strength steels are utilized, the increased 

nominal stress levels require consideration of other design aspects such as buckling, 

plastic collapse and fatigue strength. High strength steels suffer from an increased 

sensitivity to notches and defects compared to mild steels. For welded components 

the fatigue strength will be the same for high strength steel and mild steel if no 

improved weld quality is achieved [4]. Thus, improving the design of the welded 

structure by using high strength steel requires improved weld quality, which in turn 

demand an improved quality assurance. Today, most of the quality assurance for 

welded components is carried out by the audit process, separate to the production 

line, using standard gauges. Hammersberg and Olsson [5] concluded that basic 

standard gauges and methods for weld quality assurance are out-dated if care is not 

taken to investigate and improve the used measurement systems relative to the actual 

variations occurring in production. Thus, in order to fully achieve lightweight design 

in welded structures, manufacturing companies which utilize serial production will 

face challenges in quality assurance when introducing high strength steel in their 

products.  
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2 Research aim 

The research aim is to investigate and quantify the benefits in terms of fatigue 

performance by producing high quality welded joints using improved welding 

procedures and develop design recommendations to allow lightweight design. 

 

1. Develop a measurement system for robust assessment of the local weld 

geometry in order to determine the presence of defects and imperfections and 

thereby quantify the produced weld quality. 

2. Investigate the potential of alternative welding techniques and procedures in 

order to improve the fatigue strength and thereby the service life of the welded 

joint. 

3. Investigate the ability of different design methods to account for high quality 

welds and thereby enable lightweight design. 

4. Study the fatigue strength of cut edges in high strength steel and the influence 

of cutting process and material strength affect the surface quality and the 

resulting fatigue strength. 
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3 Lightweight design potential for welded structures 

Material and fabrication technologies for welded structures are continuously 

developing. The end users are also continuing to push the limits of the structures used 

in automotive, construction, offshore, energy production and within many other 

fields. The endeavor to reduce weight and cost, increase energy efficiency, improve 

performance and reduce the environmental impact continue to provide challenges in 

fatigue design of welded structures. Structures which incorporate welding of high 

strength materials also requires a fundamental understanding of potential failure 

modes and mechanisms. In order to enable the production of more lightweight 

structures the utilization of high strength materials is increasing rapidly. However, 

when designing a welded structure in high strength steel the designer need to 

consider several important factors in order to allow for the lightweight potential. 

 

One of the main challenges when using high strength steel to achieve lightweight 

design of welded structures and components is to reduce the scatter of quality in 

production and at the same time increase the weld quality. The size of critical defects 

tend to decrease for steels with an increased strength, meaning the sensitivity to 

notches and imperfections increases for high strength steels. This is illustrated in 

figure 2 with a schematic Kitagawa diagram, where the fatigue strength is inverse 

proportional to the defect size. As seen, the size of defects need to be reduced 

considerably in order to enable an increased fatigue strength when utilizing high 

strength steels. Specified quality and acceptance limits should be based on such local 

features and a suitable quality assurance technology which can detect and quantify 

such small defects and material flaws should be adopted. 

 

 
Figure 2. Schematic Kitigawa diagram, fatigue strength as a 

function of the size of defect, reproduction of [4]. 
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As seen in figure 1, for un-welded base material the fatigue strength is proportional 

to the static strength. Due to the introduction of stress concentrations, material flaws 

and residual stresses during welding, the fatigue strength does not increase with the 

increased static strength of the material. There are several improvement techniques 

available to enhance the fatigue strength of a welded structure, which either improves 

the local weld geometry and/or removing defects such as cold laps and/or reduces 

the tensile residual stresses, or even introduce compressive residual stresses. The 

most commonly used improvement techniques are summarized in table 1, these are 

further described by the IIW recommendations for improvement techniques [6]. 

 

Table 1. Most commonly used weld improvement methods [6]. 

Method Weld geometry Residual stresses 

Burr grinding X  

TIG dressing (or Plasma dressing) X (X) 

Hammer peening X X 

Ultrasonic Impact Treatment (UIT) X X 

Needle peening (X) X 

Shot peening  X 

 

Fatigue assessment and the utilization of reliable and accurate design methods is 

challenging for the design analysist in two ways. The fatigue damage mechanisms 

itself is a local phenomenon, which require a very dense finite element mesh. 

However, welded structures are in general large geometrically complex components 

with varying loading and complex boundary conditions, which may be difficult to 

define accurately. Such demands are satisfied using large and complex finite element 

models, which in turn makes the fatigue assessment process very time consuming.  

 

The IIW recommendations for fatigue design [2] provides a comprehensive 

description of the common fatigue assessment methods for welded structures: 

 Nominal stress approach 

 Structural “hot spot” stress approach 

 Effective notch stress approach 

 Linear elastic fracture mechanics approach (LEFM) 

 

The fatigue assessment of both simple and complex welded structures using finite 

element analysis can be assessed using the above mentioned methods. These 

methods vary in accuracy and time consumption depending on the required accuracy, 

which is illustrated in figure 3. A large and complex model will increase the total 

assessment time in terms of preparation, solving and post processing.  
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For complex structures, nominal stresses might be very difficult or even impossible 

to determine. Even if a nominal stress can be determined using a finite element 

model, the designer must select the appropriate detail category, which may not 

correspond to both geometry, loading and boundary conditions. However, 

lightweight design will require complex shapes and structures in terms of type of 

connections and joints, loading, boundary conditions etc. It is essential to utilize local 

based approaches in fatigue design in order to achieve adequate accuracy in the 

design and analysis process. 

 

 
Figure 3. Schematic overview of the accuracy, complexity and work effort associated 

with the different fatigue assessment methods, reproduction of [4]. 
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4 Weld quality and quality assurance methods 

4.1 Weld quality 

The weld quality quantifies the welded joints ability to perform the functional 

requirements of the weld during the service life of the structure. Which could be 

either durability in static and/or dynamic loading, corrosion resistance, appearance 

or any other mechanical function. Insufficient quality must be avoided due to serious 

consequences in safety and cost, i.e. failure occur at an early stage. Excessive quality 

on the other hand may result in increased fabrication cost which does not add more 

customer value to the product. It is also necessary as a design engineer to specify the 

sufficient quality in the relevant locations of the structure, as different locations in 

the structure may experience increased loading due to local stress raisers such as 

stiffeners, holes and notches [7]. 

 

The fatigue strength of a welded joint is mainly governed by two factors; i) the tensile 

residual stresses induced during the solidification after welding and ii) the presence 

of defects and geometrical imperfections of the weld which generate a local stress 

concentration. The residual stresses may be as high as the yield strength of the 

material being welded and is affected by a number of factors such as the clamping of 

the workpiece, choice of weld filler material, weld process parameters etc. [8, 9]. The 

geometry of the weld depends on a number of factors such as weld filler material, 

orientation of the workpiece during welding and process parameters [10]. Also, 

different weld discontinuities and geometrical imperfections affect the fatigue life of 

the welded joint differently.  

 

4.2 Novel aspects of standards for weld quality 

In manufacturing companies, the drawing is the most obvious document where the 

design engineer can specify the required quality, which the production and inspection 

departments can read to find relevant information to work with. In order to facilitate 

the communication process between departments there is an international standard 

ISO 5817 [11] which define the weld quality in different classes or quality levels (B, C 

or D). The letters represent different quality levels with acceptance limits defined for 

each weld discontinuity, which makes the weld quality system very convenient to use 

as a base for design against fatigue, see figure 4. The ISO 5817 standard was designed 

in the 1960´s using a German design code DIN 5863, by welding workshops which 

were following the principle of “good workmanship”. However, later studies [12, 13] 

show that the acceptance limits for different imperfections within ISO 5817 does not 
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correlate with the resulting fatigue life. Karlsson and Lenander [12] conducted a 

comprehensive study of the relation between the acceptance limits within ISO 5817 

and the resulting fatigue life using fracture mechanics, see figure 5. It was showed 

that for some imperfections there was a direct relationship between the acceptance 

limit and the resulting fatigue life, i.e. a higher quality level should result in longer 

fatigue life compared to a lower quality level, see case 3.1 linear and 3.2 angular 

misalignment in figure 5. However this was not consistent for all discontinuities, were 

several show little or no relationship between the quality level and the fatigue life, for 

example 1.10 excessive convexity and 1.16 unequal leg length. 

 

 
Figure 4. Example of imperfections in ISO 5817 [11]. 

 

 
Figure 5. Summary of the relation between weld quality acceptance limits in ISO 5817 

and the resulting fatigue life [12]. 
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This clearly marked that the current weld quality system ISO 5817 was inconsistent 

and not appropriate for fatigue loaded applications. Studies [12, 13] showed that the 

type of weld imperfection and discontinuity had a larger influence of the fatigue 

strength compared to the weld quality level itself, since different imperfections affect 

the fatigue strength differently. Therefore, Jonson et al [14] developed a new weld 

quality system which has become a Volvo Group corporate standard [1]. The standard 

contain 3 weld quality levels; as welded condition or normal weld quality (VD), high 

as welded quality (VC) and post weld improved quality (VB) which is achieved by 

using for example TIG-remelting or HFMI-treatment. One important feature is that 

the acceptance limits for each imperfection within the new weld quality system are 

balanced between each other. Meaning that the acceptance limits in quality level VD 

for undercuts should give the same resulting fatigue life as the same acceptance limits 

for a cold lap. Another feature is that the relation between each weld quality level 

should correspond to a 25% increase in fatigue strength, which is approximately a 

factor 2 increase in fatigue life.  

 

Another feature of the new quality system is an improvement of the qualitative 

language. In ISO 5817, the requirement for the transition region – or the weld toe 

region – between the base material and the weld bead is prescribed as “even 

transition”. Since an “even transition” can only be measured using visual tools it is by 

nature a subjective measure and is therefore not suitable for as a measure for quality 

assurance. One of the governing factors for the fatigue strength is the stress 

concentration in the vicinity of the welded joint, which is strongly influenced by the 

local weld geometry. If there are no other weld imperfections present – such as 

undercuts and cold laps – the stress concentration is mainly dependent of the weld 

toe radius R, weld transition angle α and the plate thickness t, see figure 6. Jonson et 

al [14] showed that the toe radius R and the plate thickness t has a major influence 

on the resulting stress concentration and the weld transition angle α has a minor 

influence. Since a radius is a quantitative measure, this has replaced the term “even 

transition” in the new weld quality system. However, by defining a new requirement 

in a quality system which is supposed to work as a controlling document within an 

organization, this also requires that the weld auditors at the inspection department 

do have the tools and gauges to inspect the specific requirement. It is also of great 

interest to enable self-inspection for the welder, and also help the production 

engineer to receive feedback on whether the requirements of the weld toe radius are 

fulfilled during the welding process development.  
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Figure 6. Local weld geometry parameters which affects 

the local stress concentration. 

 

4.3 Measurement systems for quality assurance 

Manual gauges typically used at Volvo Group to assess the weld toe geometry are 

presented in figure 7. The gauges for measuring the weld toe radius are the radius 

gauge and the radius master, see figure 7a-b. The radius gauge contains a set of blades 

where the end of every blade has a predefined radius. The measuring operation is 

performed manually, were the operator compares different blades with the weld toe 

radius being assessed. The weld toe radius is determined as the radius of the blade 

which has the best fit. The radius master is manufactured from a solid block using 

electrical discharge machining in order to achieve a high precision surface geometry, 

±0.03mm. The master resembles a welded cruciform joint where the four different 

sides contain a weld toe radius which correlates to the requirements within the weld 

new quality system [1]. The measuring is conducted by visual inspection of the weld 

toe on the specimen being assessed. Using the radius master as a reference, the 

operator estimates the weld toe radius based on the visual difference between the 

specimen and the radius master. 

 

 
Figure 7. Gauges for measuring the local weld geometry; a) radius gauge, 

b) radius master, c) gauge for throat thickness and depth of undercut. 
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When using a single manual gauge – or even an automated measurement system – 

to perform repeated measurements on a part there will be a scatter or variation in the 

results. Allowing several operators to measure a specific feature on a single part will 

further increase the variation. Also, allowing several operators to repeatedly perform 

measurements on several different parts will increase the variation even further. 

Thus, there are three sources which contributes to the variation in measurements; 

the measurement system, the operator and the parts being measured. By performing 

a measurement system analysis – also denoted as Gauge R&R – where several 

operators conduct repeated measurements on several parts, it is possible using 

statistical analysis to determine the measurement systems, the operators and the 

parts individual contribution in % to the total variation. It is desired that the major 

source to the variation is the part-to-part variation. In order to decide whether a 

gauge is appropriate for quality assurance or not depends on; i) what feature the 

system is supposed to measure, ii) the specified tolerance width of that feature on the 

part and iii) the gauge contribution to the variation is significantly lower than the 

tolerance width of the part. If the feature is measured in the millimeter range, a rule 

of thumb is that the measurement system should be able to measure in the 1/10 

millimeter range. A standard requirement is that for making go/no go decisions, the 

measurement system should not contribute more than 9% of the total variation in 

measurements. For process development, the contribution should be <4%. 

Hammersberg and Olsson [5] conducted a measurement system analysis on the 

gauge in figure 7c when measuring the weld throat thickness, see figure 8. It was 

concluded that the gauge had a contribution of almost 60% of the total variation, 

which is too much for making go/no go decisions and (>9%) and for conduction 

process development (>4%). 

 

 
Figure 8. Measurement system analysis of gauge for measuring the 

throat thickness [5]. 
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The radius master and the radius gauge can be used in two different ways, either to 

estimate the weld toe radius to get an actual value, or to make go/no go decisions 

depending on the assigned weld quality level. For go/no go decisions, it is only 

necessary to decide whether the weld toe radius is larger or smaller compared to the 

acceptance limits for the specified weld quality level. However, since the radial 

measurement is based on estimation and is thereby highly subjective, different 

operators will estimate the same radius differently. This should be compared with the 

study by Hammersberg and Olsson [5], where the gauge being assessed was based on 

actual measurements and not estimations. It may also be of great interest to study 

the variation of different critical dimensions along the weld bead, such as weld toe 

radius, depth of undercut and throat thickness. The areas where these dimensions 

reach a critical level are high probability areas for fatigue cracking [10]. The gauges 

mentioned above are only able to measure on one single position at a time. 

Performing such an inspection is therefore time consuming and subjective, which 

makes these gauges inappropriate for a lean, tact-timed production environment 

where fast feedback of a continuously changing local weld geometry is required.  

 

Other tools available for measuring the local weld geometry are vision systems, where 

the welded surface is scanned and the evaluation is performed in a computerized 

environment. Stenberg et al [15] used a vision system which utilizes the stripe light 

projection method to measure and evaluate the welded surface. The evaluation is 

performed by manually placing measurement points – a minimum of 3 – in the area 

of interest on the cross section curve of the measured surface. The program then 

automatically calculates the radius using the least square method, see figure 9. Thus, 

it is the operator who decides where the program calculates the weld toe radius. Table 

2 shows the results for two different operators measuring the weld toe radius on a 

welded surface and the radius master. The results from the very same profile varies 

from 0.06 mm to 1.25 mm. None of the estimated radii during the measuring are 

consistent with the true weld profile or the 1 mm toe radius on the radius master. The 

conclusion is that the manual gauges or the vision system are strongly influenced by 

the judgement of the operator. To minimize the influence of the operator, an objective 

and consistent method for evaluating the weld toe radius is required, e.g. an 

automated algorithm. 
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Figure 9. Welded surface is measured and divided into several cross sections where each 

cross section is evaluated individually. 

 

Table 2. Results when using least square radius fitting based on measurement points 
defined by different operators. 

 Operator A Operator B 

No zoomed view  

    5 points 0.21 mm 0.63 mm 

    9 points 0.78 mm (fit below surface profile) 0.26 mm 

   

5 x zoomed view  

    5 points 0.68 mm 0.62 mm 

    9 points 1.25 mm 0.06 mm (fit below surface profile) 

   

Radius master, 1mm side  

    5 points 0.59 mm (left radius  

    5 points 0.44 mm (right radius)  

 

4.4 A numeric algorithm for weld quality assurance 

Stenberg et al [15] developed an automatic algorithm for measuring the toe radius in 

welded joints, where the algorithm evaluates a single cross section at a time and the 

toe radius is calculated using the least square method. The algorithm identifies the 5 

different zones of the weld bead; the weld toe (zone 2 and 4), the weld bead (zone 3) 

and the base material (zone 1 and 5), see figure 10a. This is performed by calculating 

the curvature of each cross section using the cross product κ of the unit tangent 

vectors ti and ti+1. By using this method it is possible to determine if the measured 

surface is convex (κ = ti × ti+1 > 0), flat (κ = ti × ti+1 ≈ 0) or concave (κ = ti × ti+1 < 0) 

and thereby distinguish between zone 1 to 5 in the measured weld surface, see figure 

10b. Running the algorithm using the curvature method on a fillet weld as in figure 9 

gives a cross product curve as shown in figure 10c. Here the left weld toe radius is 
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located in the zone between 2 to 4 mm on the x-axis, owing to the zone of a positive 

cross product. The algorithm starts by identifying the zones where κ is positive, these 

zones provide the input of which measured points should be used when fitting a circle 

and calculating the toe radius using the least square method. This procedure is 

repeated along the entire measured surface, which provides the variation of the weld 

toe radius along the weld, see figure 11. This information enables rapid feedback on 

how the weld toe radius is influenced by different setups of the weld process 

parameters such as current, voltage, wire feed rate, travel speed, gun angle etc.  

 

 
Figure 10. a) Different zones defining the weld geometry and the corresponding 

curvature, b) illustration of cross product response for a convex (toe) and concave (bead) 

surface, c) curvature when measuring on a real welded surface. 
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Figure 11. a) Left and right toe radius on welded surface b) example of weld toe radius 

variation along the weld bead. 

 

Repeated measurements of welded specimens has shown that a common geometric 

case is a small radius (0.15-0.3mm) inside a global radius (1-2mm). According to 

Radaj et al [16] regarding the relationship between the notches and the material 

properties, these types of cases are not supported by the fatigue assessment methods 

for welded structures used today. In order to expand the accuracy of fatigue life 

assessment of welded structures it is important to incorporate the effect of local 

material inhomogeneities on the stress concentration in notches. The numerical 

algorithm has the ability to find these types of inhomogeneities in the zone of the 

radius. The main point is that an algorithm processes a surface profile objectively, 

whereas operators would treat it more subjectively. This is important when many 

different operators are involved in the weld inspection process. This novel 

methodology for quality assurance of welded joints in serial production will enable 

the introduction of more high strength steels in fatigue loaded structural components 

which require an improved weld quality. Thus, an increased welding process 

monitoring will enable serial production of lightweight designed welded structures. 
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5 Improved fatigue strength using alternative welding techniques 

The welding process itself induces several types of material flaws and imperfections 

into the welded joint. Material flaws are for example softening in the heat affected 

zone and tensile residual stresses. Weld imperfections such as undercuts and small 

weld toe radii increases the stress concentration in the weld toe, which decrease the 

fatigue life of the welded joint and the presence of cold laps decrease the fatigue life 

even further [4, 6, 7, 10, 17, 18]. The available methods to increase the fatigue life of 

a welded joint can be divided into two main groups; methods for reducing tensile 

residual stresses and methods for weld geometry improvement, see table 1. Methods 

for improving the residual stress state are mainly post-weld treatment methods, such 

as High Frequency Mechanical Impact methods (HFMI) [19-20]. However, such 

methods will increase the cost of manufacturing in terms of excessive work efforts 

and also prolonged lead time in production. Thus, if the fatigue strength can be 

improved using an improved welding process, additional costs for post treatment can 

be avoided. Optimizing the welding process includes selecting appropriate welding 

process parameters, positioning and also choice of filler material and shielding gas 

[10, 17, 21-23]. 

 

5.1 Weld toe weaving 

In late seventies, Matsumoto el al [24] introduced an alternative and somewhat 

controversial welding procedure; weaving of the weld toe line, which was inspired by 

pendling. During pendling the welding gun was moving back and forth between the 

base material in a fillet weld, which generated an irregular and weaved weld toe line. 

It was found that cracks initiated at the tip of the wave and then propagated along the 

toe line into the cusp region, see figure 12. When the crack tips from the nearby waves 

intersect at the cusp region the non-coplanarity of the crack faces obstructs crack 

coalescence, which reduces the crack growth rate and thereby prolong the fatigue life. 

This improvement technique is interesting from an economical perspective since 

there is no need for separate equipment to generate the weaved line, it can be 

accomplished using the existing welding equipment. 
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Figure 12. Illustration of weaved toe line, the crack propagation paths for 

transversal and longitudinal loaded joints and the toe wave geometry; opening 

angle χ and period length P. 

 

This improvement method has been involved in several studies and each study has 

utilized different process techniques to accomplish the weaved weld toe line. Otegui 

et al [25-27] studied various techniques of moving the robot to accomplish a weaved 

toe line; arc rotation, variable arc voltage and variable welding speed. It was 

concluded that arc rotation – pendling of the arc in a elliptic pattern – was the only 

technique which gave a measurable improvement of the fatigue life. Parametric 

studies of the shape of the weaved toe line has been conducted in order to find an 

optimal geometry of χ and P [27-28]. In these studies, the welding operation was 

conducted on bead-on-plate specimens or single run non-load carrying cruciform 

joints. However, utilizing the weaving concept using single run welding may result in 

lack of penetration on the attachment in non-load carrying joints. Multi-layer 

welding with two runs on the other hand allows for sufficient penetration and fusion 

on the attachments, as opposed to single run welding which requires a highly 

optimized process only to produce the desired weaved geometry. 

 

Stenberg et al [21] conducted a study on cruciform two-run welded joints and the 

influence of weaved weld geometry was studied using linear elastic fracture 

mechanics. Two batches of test specimens was produced using multi-layer welding, 

the first run was optimized to achieve sufficient penetration in the attachment. In the 

first batch the second weld run contained a weaved toe line. In the second batch the 

second weld run had a straight toe line, this batch is denoted as extended leg, see 

figure 13. The linear elastic fracture mechanics model was developed for an as welded, 

weaved and extended leg component, see figure 14.  

 



18 
 

 
Figure 13. Fatigue test specimens welded with dual passes with a) weaved toe line, 

b) straight toe line. 

 

 
Figure 14. Illustration of the finite element model with the inserted crack for the 

a) as welded, b) extended leg, c) weaved toe line. 

 

The analysis for the weaved model showed that the fatigue crack would not propagate 

along the weld toe line into the cusp region, but instead propagate into the base 

material. This was also observed during the fatigue testing, see figure 15. It was found 

that the main reason for the improvement in fatigue strength was the increased 

length of the lower weld leg, which reduced the weld toe angle and thereby also the 

local stress concentration in the weld toe. The resulting improvement in fatigue 

strength for the weaved specimens was 18 % compared to as welded conditions, for 

the extended leg specimens the improvement was 20%. 

 

 
Figure 15. The resulting crack propagation paths during a) simulation was 

consistent with the fatigue testing as shown in b). 
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5.2 Weld defects as a source of fatigue strength improvement 

A common practice within the welding industry is that welding should, if possible, be 

performed in the “best position” where the base material is horizontally aligned and 

the welding gun is positioned straight above the material. Doing so, the melted metal 

will be evenly distributed between the left and the right transition region upon 

solidification, i.e. the resulting geometry is symmetric. This is suitable for joint 

configurations where the weld is subjected to a load which is symmetrically 

distributed over the left and right transition region. However, if the joint 

configuration makes the loading asymmetric, e.g. in joints where non-load carrying 

stiffeners are welded to the base material, the lower weld toe will be the critical 

position. Barsoum and Jonsson [10] evaluated the influence of the welding position, 

where gravity is forcing the melted material to solidify in a shape which facilitates a 

relatively large weld toe radius with respect to the loading direction, see figure 16. 

The fatigue testing showed a 50 % increase in fatigue strength of the 90° specimens 

compared to the 45° specimens. 

 

 
Figure 16. Welding positions and plate orientation, reproduction of [10]. 

 

The IIW recommendations for post weld improvement techniques [6] prescribes 

recommendations of the final geometry when utilizing burr grinding. It is important 

to grind underneath the plate surface in order to remove defects and discontinuities 

at the weld toe, where the recommended depth of grinding is minimum 0.5 mm below 

any undercut in the weld toe and maximum 7% of the plate thickness. A recently 

proposed IIW guideline for HFMI treatment [29] states that the resulting depth after 

treatment should be 0.2-0.6mm with a large weld toe radius. It is also stated as a rule 

of thumb that the weld toe fusion line should not be visible after a successful 

treatment. It is expected that a similar geometry – a smooth undercut with large 

radius – can be achieved in as welded condition if positioning of the plates and the 

weld process parameters are optimized.  
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Åstrand et al [22] conducted a study where non-load carrying cruciform joints were 

produced with a weld toe geometry similar to what is obtained when burr grinding 

and HFMI is used. The specimens were produced with multi-layer two run welding, 

where the first pass was optimized to achieve a sufficient penetration – and avoiding 

lack of fusion – using a narrow arc in position PA. The second run was conducted in 

the PB position – where an increased voltage and thereby a wider arc was used – this 

resulted in an undercut shaped geometry with a large toe radius, see figure 17. The 

fatigue testing showed an improvement of 40% in fatigue strength compared to as 

welded specimens welded in 45° position.  

 

 
Figure 17. a) Schematic illustration the welding operation, b) the resulting weld toe with 

large toe radius and undercut against the base plate. 

 

5.3 Aspects of improved weld quality in standards and codes 

Both of the two different alternative welding procedures discussed within section 5.1 

and 5.2 show a high potential to produce high quality as welded joints. This proves 

the potential to improve the fatigue strength for structural welded components 

without the need for additional process equipment. However, utilizing these welding 

procedures is currently prohibited due to obsolete weld quality levels in available 

guidelines, standards and codes. Excessive weld leg deviation (section 5.1) and 

undercuts (section 5.2) are considered as defects and are thereby not allowed in 

structural components according to the international standard for weld quality ISO 

5817. The novel weld quality system by Volvo Group is a major leap forward in terms 

of connecting the acceptance limits to actual fatigue strength, however there are still 

several other perspectives which has to be considered as well. One example is the 

acceptance limits for the weld toe radius R and its dependence to the plate thickness 

t. Nykänen et al [30] concluded that the ratio R/t should be as large as possible. Using 

both theoretical and experimental fatigue data, Nykänen developed equations 

describing the relation between the R/t-ratio and the fatigue strength.  
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Determining the fatigue strength of a welded joint cannot be made by measuring a 

single geometric feature and compare it with the acceptance limits. Different defects 

affect the fatigue strength differently and some defects may even be canceled due to 

geometrical features, such as undercuts combined with a large radius. One possible 

solution is to establish a correlation between the different weld quality acceptance 

limits. How to define this is however not evident and further research is needed 

within this area. 
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6 Fatigue design for improved weld quality 

As discussed in section 3, fatigue design of lightweight welded structures is a 

demanding task for design and analysis. Since fatigue failure of a welded joint is 

mainly governed by the local stress conditions, it is necessary to use local design 

approaches. The choice of fatigue design method is based not only on the work effort 

and accuracy of the approach, but also on the load level, failure location and the 

complexity of the structure. Depending on the load level, i.e. the amount of plasticity 

in the joint, different methods are suitable for fatigue assessment due to the fact that 

different failure mechanisms occur depending on the loading. Strain based 

approaches have proven to be more accurate compared to stress based methods when 

there is a high level of plasticity in the joint, this is denoted as low cycle fatigue. Lower 

load levels which give less plasticity in the welded joint and its notches are denoted 

as high cycle fatigue, for which stress based methods for fatigue assessment are more 

adequate. There is a transition between low cycle fatigue and high cycle fatigue 

behavior which is dependent on a number of factors, primarily on what local load the 

critical crack tip is subjected to. For welded joints with improved quality – either high 

quality as welded or post weld improved joints – the local stress concentration is 

reduced and thereby also the local loading on the fatigue crack tip. From a lightweight 

design perspective – which incorporates producing high quality welds – it is 

necessary to know how to account for increased weld quality at the design stage. It is 

therefore essential to choose a design method which can account for improved weld 

quality.  

 

6.1 Fatigue assessment methods 

In short, the fatigue assessment process of stress based methods can be described as 

follows; i) the analyst identifies the load or stress for which the assessed detail is 

subjected to, ii) the identified stress is compared to a design curve which describes 

the relation between applied cyclical load and the fatigue life. A typical design curve 

is derived from a large set of test data with a certain survival probability, which is 

usually 97.7%. The design curve is defined by a FAT value, ex. 80MPa at 2·106 cycles 

and a slope which is usually m=3 for welded joints. For simple joint configurations 

such as test specimens, all design methods are approximately equal in terms of 

accuracy, see figure 3. When it comes to more complex structures however the 

accuracy is decreased for the nominal and structural stress method. This is mainly 

dependent on two aspects; the first is the issue of deciding the actual stress which the 

components is subjected to. This is fairly straight forward in simple test specimens. 
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But as the complexity of component increases so does the issue of deciding what type 

of loading – tension, compression, bending, shear, torsion etc. – the weld is subjected 

to. The second issue is selecting the appropriate design curve. 

 

6.1.1 The nominal stress approach 

The nominal stress approach is the most widely used method for fatigue assessment. 

The selection of the appropriate FAT value is based on which detail category that 

corresponds to the component being assessed. Several different design codes and 

recommendations [2, 31] divide the detail categories depending on the geometrical 

joint configuration. Both 2D and in some cases 3D components are listed within these 

codes. This is a very straight forward method for fatigue assessment but 

unfortunately, the different design codes gives different fatigue life for the same 

component. Also, in complex welded structures with attachments and complex 

loading conditions, the stress value is continuously changing. Therefore, a nominal 

stress value may be difficult and sometimes almost impossible to determine. 

 

6.1.2 Structural hot spot stress approach 

The concept of structural stress was originally developed by the offshore industry to 

evaluate the fatigue strength of tubular welded connections in situations where the 

nominal stress is difficult to estimate due to a complex geometry and loading. The 

major advantage of the structural stress concept is that it considers the stress raising 

effects caused by the design of the joint members in the fatigue stress calculation 

procedure, excluding all stress raising effects from the weld itself and thereby defines 

a critical point in the structure, see figure 18a. 

 

 
Figure 18. Schematic illustration of a) structural stress and b) hot spot stress concept. 

 

The most commonly used method to determine the structural stress is the hot spot 

stress approach. The hot spot stress is determined by conducting linear extrapolation 

from fatigue critical points in front of the weld toe line – referred to as “hot spot” 
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points – to the weld toe, see figure 18b. The location of the evaluation points mainly 

depends on the type of loading and dimensions of the component. The method was 

originally defined by Niemi [32] and is also included and described in the IIW 

recommendations [2] as an alternative fatigue assessment method. Another 

advantage of the hot spot method is that a reduced number of S-N curves are required 

in order to evaluate the fatigue life of welded details. There is one design curve for 

load carrying welds and fillet welds and a separate design curve for non-load carrying 

welds and butt welds. It should be mentioned though that this method is only 

applicable for fatigue failures starting from the weld toe [33].  

6.1.3 Structural stress approach by Dong 

Studies [34-35] have shown that the element size has a minor influence on the 

resulting hot spot stress for simple joint configurations. However in complex 

structures, the stress based fatigue assessment methods are extremely sensitive to 

the element size at the weld region. Since the weld region more or less can be 

considered as a singular point due to the change in geometry, i.e. a local stress 

concentration, different mesh density will result in different output in terms of 

strains and stresses. One issue with stress extrapolating procedures is that they 

generally show a great scatter in various design applications [33]. One of the 

underlying assumptions for extrapolation procedures is that the surface stress on 

structural components give a representation of the stress state at the weld toe. Dong 

[35] argued that such assumptions may be inadequate when the assessed section is 

not a dominant load transferring member in the joint. In such cases, the surface 

stresses at a certain distance away from the weld toe may not be relevant. 

 

Dong [35] developed a structural stress method where the local through thickness 

stress distribution at the weld region and a short distance away from the weld are 

utilized to determine a membrane stress 𝜎𝑚 and bending stress 𝜎𝑏. The underlying 

concept is that the 𝜎𝑚  and 𝜎𝑏  component should be equilibrium-equivalent to the 

through thickness stress distribution. By imposing a force and moment equilibrium 

using the internal nodal forces acquired from sections A-A and B-B in the finite 

element model– see figure 19 – the 𝜎𝑚 and 𝜎𝑏 components can be determined using 

equ.(1) and (2): 
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The resulting structural stress in the weld toe is then calculated using equ. (3): 

 

 s m b                      (3) 

 

 
Figure 19. The local trough thickness shear and normal stress distribution is replaced 

by an equivalent structural stress distribution with a membrane stress component σm 

and bending stress component σb. 

 

This method allows very coarse mesh distribution, with element length up to t/2. The 

procedure described in figure 19 is for one-sided fillet weld. In the case of two sided 

welds with symmetrical geometry and loading, stress linearization over half of the 

plate thickness (t/2) is proposed. The fatigue life is determined using a single design 

curve – also denoted as the master S-N curve – where an equivalent structural stress 

parameter ∆𝑆𝑒𝑞 is used to normalize the structural stress range ∆𝜎𝑠: 
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Ha [36] determined the constant C in equ.(4) using over 2000 existing fatigue test 

results. The function of the bending ratio 𝐼(𝑟)  is a correction depending on the 

loading condition and can be found in [37]. The example above is derived for a semi-
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elliptical surface crack, which is a common crack in non-load carrying cruciform 

joints.  

 

6.1.4 Effective notch stress approach 

The effective notch stress method is based on the theory of notch plasticity by Neuber 

and it considers the increase of the local stress in the notched region which is formed 

either by the weld toe or the weld root. To account for the statistical nature of the 

weld shape as discussed in section 4, the real shape of the notch is replaced by a 

fictitious notch radius 𝜌𝑓. This fictitious notch radius is added to the real measured 

radius R, which is generally assumed to zero, see equ. (5).  
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Radaj et al [16] proposed 𝑠 = 2.5 for welded joints, assuming plain strain conditions 

at the root of sharp notches combined with the von Mises multi-axial strength 

criterion for ductile materials. For welds in low strength steel it is appropriate to 

choose  𝜌∗  = 0.4𝑚𝑚 . In typical engineering applications with plate thickness  𝑡 ≥

5𝑚𝑚 it is usually assumed that 𝜌𝑓 = 1𝑚𝑚. The fatigue life for welds with normal weld 

quality is determined by evaluating the highest principal stress (or von Mises stress, 

depending on the loading condition) and then using a design curve with a 

characteristic fatigue strength FAT 225 MPa and a slope of 𝑚 = 3 [38]. 

 

Figure 20 shows the recommended modelling of the notch rounding in the weld toe 

and the root crack of fillet- and butt welds. The welded joint is modeled as an 

idealized weld profile, with a constant flank angle and fictitious notch radius 𝜌𝑓. It is 

recommended to use second order elements. For weld toes with a transition angle of 

45°, it is recommended by IIW [2] to arrange three elements along the curvature of 

the radius, which gives a maximum element length of 0.25mm in the case of 𝜌𝑓 =

1𝑚𝑚. If the root crack in e.g. a load carrying cruciform joint is analyzed, the notch is 

modelled according to figure 20c. The choice of notch radius and its corresponding 

characteristic FAT-value is also dependent on the plate thickness. Bruder et al [39]  
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summarized an appropriate choice of notch radius in figure 21a and the 

corresponding characteristic FAT-value in figure 21b. 

 

 
Figure 20. a) modelling of weld toe and weld root using the effective notch stress 

method, typical mesh distribution for the effective notch stress analysis at b) the weld toe 

and c) the weld root crack, according to IIW recommendations [2]. 

 

 
Figure 21. a) Recommended notch radii for different plate thickness, b) corresponding 

characteristic FAT-values for different notch radii, according to [2, 39]. 

 

When there is an increased plasticity in the welded joint, the fatigue strength of the 

welded joint is mainly governed by the fatigue properties of the base material.  To 

account for this in the effective notch stress method it is necessary to determine the 

notch shape factor 𝐾𝑤, defined as in equ. (6): 
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It is recommended [2] as a preliminary approach to assume a notch shape 

factor 𝐾𝑤 ≥ 1.6. This means that the notch stress and the structural stress has to be 

determined when assessing a welded joint using the effective notch stress method. 
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If  𝐾𝑤 < 1.6 , the resulting notch stress should be determined by multiplying the 

structural stress with the factor of 1.6. The resulting S-N curve for the effective notch 

stress in low cycle fatigue applications will have a slope of 𝑚 = 5  and a characteristic 

FAT-value of 𝐾𝑤 ∙ 160 MPa, where FAT 160 is the characteristic fatigue strength for 

base material.  

6.2 Ability to account for increased weld quality 

Stenberg et al [40] performed a study on the structural stress approach by Dong and 

the effective notch stress approach ability to account improved weld quality in low 

cycle and high cycle fatigue loading. Non-load carrying T-joints were produced and 

fatigue tested, and additional fatigue test data of non-load carrying cruciform joints 

were gathered from literature and analyzed, see table 3. The analysis was conducted 

as described in section 6.1 using symmetric finite element models as shown in 

figure 22 to develop S-N curves with failure probability of 2.3%, 50% and 97.7 % 

respectively. The SN-curves with different failure probability was derived by 

assuming a standard deviation of log(C)=0.2, which is in accordance with the IIW 

recommendation [2].  

 

Table 3. Experimental fatigue data. 

Joint Ref. Steel 
𝑓𝑦  

[MPa] 

Thickness 

[mm] 
Stress 
ratio 

Weld quality No. of spec. 

Cruciform [10] S355J 355 10-12 0 

VD – As welded 

VC – As welded  

VB – TIG-dressed 

37 

Cruciform [41] 
BS 4360, 

Grade 50 
313 – 
405 

13, 25,  

38, 100 
0 VD – As welded 45 

Cruciform [42]  AH36 320 20 0 VD – As welded 25 

Cruciform [43] 
S355J2 

S460ML 
398* 
504* 

12 0.1 VB – HFMI-treated 11 

T-joint [40] S355J0 355 2, 4, 8 0.1 VD – As welded 18 

* verified by testing 

 

 
Figure 22. Analyzed joint configurations a) non-load carrying cruciform joint, 

b) non-load carrying T-joint [40]. 
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When using the effective notch stress approach to evaluate the specimens with 

improved quality (VC and VB), the new weld quality concept by Volvo [1] of 

increasing the allowable stress by 25% for improved welds were adopted. Thus, for 

normal as weld quality (VD) the characteristic FAT value were 225MPa. For high 

quality as welded joints (VC) the FAT value were 281 MPa and for post weld improved 

joints (VB) the FAT value were 351 MPa. Figure 23 show the predicted fatigue 

strength along with fatigue test data from Barsoum et al [10]. As seen, both of the 

design methods are capable of determining the fatigue strength of the normal weld 

quality specimens with sufficient accuracy. For the increased weld quality however, 

the structural stress method by Dong show a conservative fatigue estimation, whereas 

the effective notch stress method manages to predict the fatigue strength more 

accurately. 

 

 
Figure 23. Fatigue strength prediction using the two concepts on cruciform joints 

welded with different weld quality [40]. 

 

Another observation is that the effective notch stress method show less scatter in 

estimation of the fatigue strength, see figure 24. This is mainly due to the ability to 

account for the change in slope m for the increased weld quality when using the 
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system within Volvo [1], which allows a 25% increase in stress for increased weld 

quality. This has not yet been implemented in the structural stress method by Dong. 

It should also be noted that the structural stress method by Dong require significantly 

more post processing of the extracted results from the finite element model compared 

to the effective notch stress method. However, the structural stress method by Dong 

has proved to be mesh-insensitive and require fewer elements compared to the 

effective notch stress method and is therefore more time efficient in terms of 

calculation time. It has been shown however by Fricke et al [44] among others that 

the mesh-insensitivity was mainly validated in 2D structural details such as fillet 

welded lap joints. For 3D structural details, the method proved to be mesh-sensitive 

and demanded more post processing in comparison with the stress extrapolation 

procedures. This is mainly due to that other shear components are not included. The 

effective notch stress on the other hand utilizes the von Mises or the highest principal 

stress depending on the loading and thus taking into account both shear and normal 

stresses in the vicinity of the weld toe. These parameters are easily extracted in the 

finite element solver, making the work effort of post processing sufficiently less 

compared to the structural stress method by Dong. The effective notch stress require 

a high mesh density in the vicinity of the region to be assessed, which limits the use 

of the method in large finite element models. This may be overcome by utilizing sub-

modelling technique.  

 

 
Figure 24. Scatter in estimation of the fatigue strength expressed as standard 

deviation of log C for each data reference. 
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7 Fatigue and quality aspects of cut edges 

In fatigue loaded applications it is important that the introduction of high strength 

steels goes hand in hand with the improvement of production quality. Since defects 

are commonly induced from the manufacturing processes such as welding and 

cutting, these will eventually delimit the service life of the structure if steels with 

increased strength are used, see figure 1. As discussed in section 5, post weld 

treatment methods or improved welding processes can be utilized to improve the 

weld quality end thereby enable design benefits when using high strength steels. 

However, when using high strength steel to reduce the plate thickness and thereby 

enable lightweight design, the overall stress levels in the structure increases. Thus, 

other locations such as the cut edges may become critical for fatigue failure unless 

they are not designed and manufactured with the same quality as the welded joint. 

 

The main governing factors of the fatigue strength in cut edges are the surface quality 

(surface roughness, hardness etc.), yield and ultimate strength of the material and 

residual stresses induced during the manufacturing, which has to be taken into 

consideration in the fatigue design phase. During the latest decade, several studies 

[45-47] has been conducted in connecting the produced surface quality with the 

fatigue strength of a thermally cut surface. Sperle [45] developed an empirical model 

which connect surface roughness, material yield and ultimate strength with the 

fatigue strength. However, the model was only verified for plate thickness < 12mm 

and surface roughness Rz < 120μm. Thicker plates and rough surfaces are common 

in fatigue loaded structures such as infrastructure, offshore and construction 

equipment.  

 

From a design point of view, it is very convenient to utilize the quality level system 

on the drawing to communicate the necessary quality of a component feature, not 

only for the weld quality but also the cut edge quality. This is essential if to enable 

lightweight design of fatigue loaded welded structures, were the specified quality on 

the drawing reflects the fatigue strength. The international standard ISO 9013:2002 

[48] provide quality acceptance limits of the surface roughness produced using 

thermal cutting, and classify the geometrical tolerances into four different ranges, 

where range 1 is the highest (smoothest surface) quality and range 4 is the lowest 

quality. Each quality range is defined as the maximum allowed surface roughness Rz 

as a function of the plate thickness.  
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Stenberg et al [49] conducted a study of whether the quality acceptance limits for 

surface roughness within ISO 9013:2002 correlates to the fatigue strength of cut 

edges in plate thickness >12mm. Fatigue testing was conducted on material with 

different strength which were cut using various cutting processes. Surface roughness 

and residual stress measurements were also conducted. The fatigue strength was 

estimated by correlating the measured surface roughness with the quality acceptance 

limits within ISO9013:2002 along with the fatigue strength model developed by 

Sperle [45], see figure 25. The testing proved a 15-70% increase of the fatigue strength 

compared to the estimation, see figure 26. This proves a weak link to between the 

quality levels within ISO 9013:2002 and the resulting fatigue strength of cut edges.  

 

 
Figure 25. Surface roughness measurement on cut edges [49]. 
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Figure 26. Median fatigue strength and limit lines using fatigue strength model 

developed by Sperle [45] and surface roughness acceptance limits in ISO 9013:2002. 

 

The results show a similar issue as discussed in section 4 regarding the weld quality 

system ISO 5817, where the quality levels were based on good workmanship and 

therefore resulting in a weak connection to fatigue strength. The results within the 

study were also compared to existing design codes and recommendations, it was 

found that most standards does not allow for an increased design value if improved 

cut surface quality is achieved. As long as these documents do not allow for increased 

design values with unambiguous and relevant requirements, designers will be 

prevented from utilizing lightweight design in fatigue loaded structural applications. 

There is a need for further research and testing within this field to fully understand 

the influence of surface roughness, residual stresses – which varies depending on the 

cutting method being used – and other material properties such as hardness and 

static strength. A new cut quality system could be developed using fracture mechanics 

approach, as similar as Karlsson and Lenander [12] performed in the weld quality 

system for Volvo Group [1].  
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8 Contribution to the field 

 A numerical algorithm has been developed which quantifies fatigue critical 

features of the weld. It will allow for introducing of more high strength steels 

in serial production and thereby enable lightweight design. 

 Alternative welding procedures – where the resulting weld geometries are 

classified as defects by current design guidelines and codes – has been used to 

improve the fatigue strength in as welded conditions. This shows the potential 

to produce high quality welds without utilizing post weld improvement 

techniques. 

 The ability of stress based fatigue design methods to account for improved 

weld quality has been analyzed. The effective notch stress method show the 

smallest scatter and a sufficient ability in predicting the fatigue strength of 

improved welds. 

 The current international standard ISO 9013:2002 for cut surface quality has 

a weak relation to the fatigue strength of cut surfaces. Few design guidelines 

allow for increased design values when producing high quality cut surfaces. 
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9 Summary of appended papers 

In Paper A a numerical algorithm which identifies the local weld toe region of a 

measured fillet weld was developed. A few measurement systems and gauges 

available to measure the weld toe radius of a fillet weld was studied. Since these 

gauges are operated manually, different operators estimated the weld toe radius 

differently. The numerical algorithm assesses the weld bead surface data obtained 

using a vision system and automatically identifies and calculates the weld toe radius. 

The measured results are consistent with reference measurements and will enable an 

online quality assurance of welded components in serial production. 

 

In Paper B the influence of a weaved weld toe lines ability to improve the fatigue 

strength of non-load carrying cruciform joints was studied. Two batches of test 

specimens were produced using multi-layer welding with two passes, one where the 

second pass had a weaved weld toe line and one where the second pass had a straight 

weld toe line. Linear elastic fracture mechanics analysis were used to conduct a 

parametric study on the shape of the weaved weld toe line. The analysis concluded 

that the specimens with the straight weld toe line should have the highest 

improvement in fatigue strength, which was verified by the fatigue test results. 

 

In Paper C the ability of two stress based fatigue assessment methods – effective 

notch stress method and the structural stress method by Dong – to account for 

improved weld quality was studied. The study focused on non-load carrying T-joints 

and cruciform joints, where fatigue test data and reported quality was gathered from 

literature. The effective notch stress showed the smallest scatter and proved to be the 

most accurate in estimating the fatigue life of welds with improved quality, both 

within the high cycle and the low cycle fatigue regime. 

 

In Paper D a novel method of producing high quality as welded joints using smooth 

undercuts has been studied. Undercuts are considered as serious weld defects and 

are thereby prohibited in standards, although for post weld treatment methods such 

as grinding or HFMI-treatment a certain undercut depth with a large radius is 

prescribed in order to achieve a successful treatment. By utilizing special welding 

procedures it is possible to achieve a weld bead shape in as welded condition which 

is similar as to the shape prescribed for grinding and HFMI treatment. The resulting 

improvement in fatigue strength is comparable to post weld treated specimens. 
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In Paper E the influence of cut surface quality on cut surfaces in high strength steel 

is studied. Specimens were cut using various cutting methods and additional surface 

roughness measurements and residual stress measurements were conducted. The 

fatigue strength was estimated using a recently developed fatigue strength model 

along with acceptance limits within international standards for surface roughness. 

The result proved that the international standard which provide surface roughness 

acceptance limits has a little or no connection to fatigue strength, whereas the fatigue 

test result showed a clear improvement in fatigue strength when improving the 

surface quality and increasing the yield strength of the material. 

 

10 Future Work 

 Developing design codes and guidelines which allow for increased fatigue 

design values when producing high quality welded joints and cut surfaces. 

 Develop a modern weld quality standard where the interaction between 

different welding defects and the local weld geometry is included. 

 Further assess the ability of producing high quality as welded joints by e.g. 

utilizing the smooth undercut method in high strength steel. 
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