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ABSTRACT 
 
To improve the usage of material in fatigue loaded complex welded structures a better 
calculation method (based on FEA) is needed than what is available on the market and an 
improved management of weld quality. Improved FE-procedures are directly applicable to 
design of generic structural components within virtually all industries using CAD and FE-
tools, irrespective of industrial sector. More and more welded structures are created as 3D 
models from the design offices and the FE-work will be easier but the requirement of being 
accurate from the beginning and the reduction of lead times create a great need to 
substantially reduce calculation time.   
 
The main objectives in this thesis is to develop novel procedures to extract design data from 
finite element stress analyses of complex fatigue loaded welded structures,  to achieve a better 
understanding of the limits of the different fatigue design methods and to investigate the 
influence of fatigue strength due to the weld quality. 
  
An investigation of how weld geometry and different type of defects influence fatigue life of 
the weld has been made on a non-load carrying cruciform joint. The weld geometries were 
measured and the stress distributions were computed using FEA. Fatigue tests have been 
performed and the initial defects were analysed. Life predictions with LEFM based on the 
stress distributions and defects were performed with good agreement with the test results.  
 
The different fatigue design methods Nominal stress, Structural stress, Effective Notch stress 
and LEFM proposed by the International Institute of Welding (IIW) have been investigated 
and applied on a welded link. In order to verify the accuracy of the prediction methods, 
fatigue tests of the link were made. Structural optimisations based FEA, using different 
objectives regarding the fatigue properties of the welded link were also carried out to increase 
the performance of the link. 
 
Comparison and investigations of the advantages and disadvantage of the two different LEFM 
approaches, weight function technique and FEA solutions is made on welded structures. 
Based on the conclusions of the investigations an automatic 3D FE based LEFM program was 
developed. The program was successfully implemented and verified on two welded structures. 
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INTRODUCTION 

Background 
Failures due to fatigue in welded structures lead to loss of life and substantial costs each year 
all over the world. Remedies to this situation include the introduction of various standards and 
fatigue design codes. The foundation of such codes rely, in some cases, on old concepts that 
do not easily translate to the output from modern computer programmes and are also limited 
to rather simplified structures. 
 
The development of new generations of products means, in general, increased capacity, 
increased speed and increased demands on life. For construction equipment such as haulers 
and Wheel Loaders, the introduction of improved drive train and suspension systems also 
increases the speed and, as a consequence, increases the number of fatigue cycles at higher 
load levels. Improved maintenance and higher utilisation place additional demands on the 
supporting structures.  
 
The requirements in society towards improved functionality and minimising of Life Cycle 
Cost (LCC) force companies to design structures with reduced weights and ”optimum” 
fatigue resistance. Actions to meet these demands are to introduce high strength steel, weld 
and/or surface improvement technologies and high productivity manufacturing technologies. 
The introduction of high strength steel in structures normally means higher stress levels and, 
hence, an increased sensitivity to defects, deviations in weld geometry (e.g. penetration, throat 
thickness, undercuts) and variations in material strength. 
 
Expertise in developing and manufacturing fatigue loaded welded structures with low LCC is 
a key aspect in order to stay competitive. Shorter development time for new products means 
that it is important to make the correct design and fatigue assessment early on in the project. 
 
A better understanding of the limits of the different fatigue design methods and the influence 
of fatigue strength due to the weld quality will improve the development of new fatigue 
loaded products. The understanding of the link between weld quality and the welding process 
would enable manufacturers to increase the utilisation of high strength steel in fatigue loaded 
welded structures.   
 
A complete fatigue design of a complex welded structure requires knowledge of the following 
activities: 
 

• Load time histories from field measurements 
• Stress analysis by FEA and/or strain measurements 
• Fatigue testing of components 
• Material, weld quality and defects  
• Influence from the manufacturing process 
• Fatigue life prediction methods 
 

The modern development of fatigue life predictions of welded structures in Sweden started 
more than 35 years ago when the nominal stress approach was introduced by the introduction 
of the Swedish Fatigue Design Code for Welded Structures, STBK-N1 [1]. The nominal stress 
of the welded component was calculated by hand or with handbooks and the fatigue strength 
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was taken from tabulated S-N curves for a variety of welded joints. The fatigue structural life 
was estimated by the linear damage rule. For complex welded components the nominal stress 
can be difficult to define even if the stress distribution is very well described with FEA. 
Therefore new improved methods to predict fatigue have been developed. Today there are 
mainly four methods to predict fatigue on welded components [2]: 
 

• Nominal Stress 
• Structural Stress 
• Effective Notch Stress 
• Linear Elastic Fracture Mechanics (LEFM) 

 
These methods will be described later in the thesis. Fatigue resistance of complex welded 
components based on stress analysis performed with FEA can be assessed in many different 
ways with varying degrees of time consumption and accuracy. Samuelsson [3] made an 
overview of the methods, see Table 1. A large model will increase both the model preparation 
and the computational time. Large and complex FEA models may include several critical 
locations and complex boundary conditions e.g. concentrated load in bearings requiring 
complex contact formulations, see Fig. 1. These models will be extensive and technically 
demanding. There is a great need from companies developing complex welded structures, 
irrespective of business area, to obtain access to an improved fatigue design methodology. 
 

Table 1. Different methods to analyse welded structures with FEA [3]. 

Method Mesh 
size 

Possible 
Design 
Methods 

Accur. Remarks 

Part structure  coarse Nom. Stress Weak Better accuracy in beam type structures. 
 coarse Struc. Stress Weak Sensitive to element type and size  
 fine Struc. Stress Average Lack of design data. Cannot identify root cracking. 
  Notch Stress Good LEFM can be applied. 
  LEFM Good Require assumption of initial flaw size 
Assembled  coarse Nom. Stress Weak  
structure coarse Struc. Stress Weak See part structure 
 fine Struc. Stress Average See part structure. Large models. 
  Notch Stress Good LEFM can be applied. Large models 
  LEFM Good See part structure. Large models 
Assembled  coarse/ Nom. Stress Weak Several ”smaller models” 
structure with fine Struc. Stress Average    -”-         -”-        -”-      , see part struc. 
sub-modelling  Notch Stress Good    -”-         -”-        -”-       -”-    - ”-     
  LEFM Good    -”-         -”-        -”-       -”-    - ”- 
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Fig. 1. Examples of complex fatigue loaded welded structures in a Wheel Loader. 
 
The main areas for the NI-project FE-Design 2000 were: 
 

• To design complex welded steel structures with reduced weight and optimum fatigue 
resistance. 

 
• To reduce lead time in the design process. 

 
The project was divided into several subprojects such as modelling and analysing of structures 
or details. A majority of the structures considered represented actual components from the 
participating industries. Different modelling strategies are considered and some commercial 
systems are evaluated. Results are further verified based on static strain gage and 
displacement measurements. Alternate life prediction strategies are used and, when possible, 
compared to measured fatigue lives. During dynamic testing of structures, both the fatigue life 
and the location and orientation of cracks are compared. Fatigue tests of small-scale test 
pieces manufactured with different weld quality, strength level and thickness are performed. 
The project has been primarily conducted in Sweden, Finland and Denmark. 

Objective 
The work performed herein focuses on: 
 

• Investigation of accuracy of life predictions 
• LEFM 
• Investigation of weld toe defects 
• Develop procedures to make fatigue predictions as efficient as possible 
• Increase the performance of welded components 

Research approach 
The thesis consists of five papers. All papers include FEA and fatigue predictions on welded 
components. Paper A includes fatigue testing and predictions of welds with different 
geometry and defects. Paper B covers fatigue testing and predictions of a welded link based 
on the four design methods described in IIW. Paper C includes structural optimisation of the 
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welded link in paper B with fatigue life as the objective function. In paper D a crack growth 
study in 2D of the welded link is performed using the FE-code FRANC2D [4]. In paper E a 
3D crack growth study is performed with an owned developed program.  The major efforts in 
this thesis are on FEA, fatigue assessment, crack growth and weld quality issues. 

LIFE PREDICTIONS METHODS 
As mentioned earlier there are mainly four methods to predict fatigue of welded components 
[2]: 
 

• Nominal Stress 
• Structural Stress 
• Effective Notch Stress 
• Linear Elastic Fracture Mechanics (LEFM) 

 
Below, brief descriptions of the methods as recommended by IIW are given. More detailed 
description of the methods can be found in Fricke [5], Radaj and Sonsino [6]. 
 
The effects of welding residual stresses, R-ratio, wall thickness and improvement techniques 
are included in the IIW recommendations. In case of variable amplitude loading, Palmgren-
Miner´s linear damage rule is used when the design methods Nominal, Structural and 
Effective Notch stress are applied. In connection with LEFM and variable amplitude, the 
equivalent stress is used in this thesis. 

Nominal Stress 
In non complex components the Nominal stress can be calculated using elementary theories of 
structural mechanics. Fig. 2 shows the variation of the Nominal stress in a beam-like 
component. The effect of the weld is ignored. 
 

 
Fig. 2. Nominal Stress in a beam-like component [2]. 

 
In more complex structures the Nominal stress can be difficult to determine. In IIW and in 
other fatigue design rules, S-N curves for a large number of different welded joints are 
compiled. The S-N curve is identified by its FAT-value which is the characteristic strength of 
the detail at 2 million load cycles. Fig. 3 shows a welded joint and the corresponding FAT 
values. 
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Fig. 3. Welded Joint 611 and the corresponding FAT values in MPa [2]. 

 
Some standards, such as The Volvo Standard [7], consider weld quality measures, such as leg 
deviation, weld toe radius and the size of the throat. The Volvo Standard is used in paper B. 

Structural Stress 
The Structural or Hot-Spot stress, sometimes called Geometric stress includes all stress 
raising effects of a structural detail excluding all stress concentrations due to the local weld 
profile itself, see Fig. 4.  
 

 
Fig. 4. Structural detail and Structural stress [2]. 

 
The method is mainly used when Nominal stress is difficult to define. The IIW 
recommendations for calculating the Structural stress is to use the stresses from FEA or the 
strain from strain gauges at specified distances from the weld toe. The stress or the strains are 
then extrapolated to the weld toe using a two or three point formula, see Fig. 5. There are a 
number of rules and recommendations regarding the FE-mesh in front of the weld and how to 
model the weld described in [2], [8-12]. The method is only valid if the failure occurs at the 
toe side. Depending on the type of weld there are 2 different S-N curves to choose from in the 
IIW recommendations. Some alternative ways of calculating the Structural stress are proposed 
in [13-16]. The calculation procedure due to Yamada et al. [13] has been used in paper E. 
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Fig. 5. Definition of Structural stress and the extrapolation points [2]. 

Effective Notch Stress 
Effective Notch stress is the total stress at the root of a notch, obtained assuming linear-elastic 
material behaviour. To take account of the statistical nature and scatter of weld shape 
parameters, as well as of the non-linear material behaviour at the notch root, the real weld 
contour is replaced by an effective one. For structural steels an effective notch root radius of r 
= 1 mm has been verified to give consistent results.  
 
Fig. 6 shows the principle of applying a notch radius of 1 mm on weld toes and roots. When a 
geometrical notch root radius can be defined, as in case of post weld improvement, the 
geometrical radius +1 mm should be used [2].  
 

 
Fig. 6. Principle of applying a notch radius of 1 mm on weld toes and roots [2]. 

 
The method is very powerful when a comparison study of different weld geometries and 
unconventional welded joints is carried out. The Effective Notch stress method can handle 
failure from both toe and root side but the method is restricted to medium and high cycle 
fatigue (N>105 cycles). In the case of low cycle fatigue the notch strain theory should be used. 
The method is limited to thicknesses t > 5 mm. For fatigue assessment, the Effective Notch 
stress is compared to a common S-N curve.  
 
Petershagen [17] successfully showed that the Effective Notch stress approach correctly 
classifies simple welded joints due to the IIW FAT-value recommendations of the Nominal 
stress approach. 
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Linear Elastic Fracture Mechanics (LEFM) 
Normally there are imperfections like flaws, slag intrusions or microcracks resulting from the 
manufacturing process of the welds. This means that the crack initiation period is only a 
fraction of the total life of a welded joint and the majority of the life is spent during the crack 
propagation. In order to estimate the fatigue life, an initial size, ai and a final size, af, or a 
critical stress intensity factor range, Kc, has to be defined. Stress intensity factors can be 
achieved using handbook solutions, weight functions or numerical (FEA or BEM) solutions 
[6, 18-22]. When using weight functions the stress in the remaining ligament normal to the 
unbroken assumed crack path is used. This method will save a lot of time compared to a FEA 
of the crack. To avoid stress singularities at the weld toe and weld root they have to be 
fictitiously rounded according to the Effective Notch stress theory. This means that if an 
Effective Notch stress fatigue calculation is performed it is easy to perform a fracture 
mechanics analysis. Paris law is used to predict life. Weld quality may be introduced into this 
method by analysing different weld geometries and initial crack sizes based on acceptance 
limits and postulated design defects. 

Application of different life prediction methods 
Byggnevi [23] and Petterson [24] compared and evaluated the four different fatigue design 
methods from IIW on complex frame structures. The scatter in results for the different design 
methods was large. The more time consuming methods like Effective Notch stress and LEFM 
showed better agreement with experimental results performed tests than the Nominal and 
Structural stress methods. The former two methods also give a better physical understanding 
of the fatigue behaviour of the fatigue loaded weld. If the residual stress field is known, these 
two methods have the capability to estimating where the crack growth may start, weld toe or 
root.   
 
Complex structures in construction machinery often show nonlinear behaviour. This 
combined with overlay simplified life prediction methods may lead to highly inaccurate life 
predictions with no general trend if the inaccuracy is in the conservative or non-conservative 
direction. Fig. 7 summarise experiences from several design analysis departments within 
Volvo CE and similar organisations and the trend is confirmed of many investigations within 
the FE-2000 project. 
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Fig. 7. Relation between accuracy, and effort required for fatigue analysis of welded joints as 
a function of structural complexity. 

COMPUTATIONAL ASPECTS IN FATIGUE ANALYSIS 
Due to the development of software and improved computational efficiency, the possibility to 
perform advanced fatigue analysis of large complex structures has increased. Including 
contact elements, pretension bolts and nonlinear materials (e.g. rubber) into large models 
drastically increases the computational time. The need of solid element modelling of the 
welds to achieve the correct stress distribution instead of shell element is often the case when 
the complexity increases [25]. As an example of the computational and software 
development, the FEA of the link in paper B had a computational time of 90 min on a PC with 
650 MHz frequency processor and with 1Gbyte internal memory using ANSYS 5.6 in the 
year 2001. In 2004, the same type of calculation takes about 2 min on a PC with 2x3.1MHz 
with 2Gbyte internal memory using ANSYS 8.1. It should also be mentioned that the price of 
the two computers is approximately equal. 
 
The importance of applying the loads and boundary conditions as correct as possible in the 
FE-models, especially when the investigated welds are close to load introductions points 
and/or boundary conditions, has been discussed by Byggnevi [23] and Petersson [24]. The 
welds investigated in [24] were close to the applied boundary conditions and large differences 
in stress levels between FE models and experiments were found. Better agreement between 
test and FEA was achieved when contact elements were introduced together with a refined 
model of the applied boundary conditions. This resulted in increased computational work due 
to the larger number of elements and the use of contact elements. The same finding was also 
confirmed in paper B, where as a first attempt, a simplified FE-model without contact 
elements was used to apply the loads. This resulted in differences between the measured and 
calculated stresses close to the boundary conditions. When a refined model of the boundary 
conditions together with contact elements was used, the calculated stress levels were in good 
agreement with the measurements. 
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Normally, analysis of Nominal and Structural stresses requires only a rather coarse mesh 
which is preferred in large FE-models. When the Effective Notch stress analysis or LEFM 
method are used, a finer mesh around critical regions is needed. This can be accomplished by 
using the sub-modelling technique.  
 
In the case of modelling the crack growth in a FE mesh, the user should be aware of the 
limitations in using a traditional sub-modelling technique [24]. Due to the crack growth the 
geometry and stiffness of both the global- and the sub-models are change. This means that 
both the global- and the sub-model geometries have to be updated. This is a very time 
consuming task and sometimes very difficult to perform on complex welded structures. But it 
also means that both the sub-model and the global model have to be solved, i.e. two FEA 
calculations for every step of the crack growth process, leading to an increased computational 
effort.  An alternative method to the traditionally sub-modelling technique is presented in 
paper E. The method removes the intersecting elements between the global- and the sub-
model and generates constraint equations between the two models. This means that only the 
sub-model has to be updated through the crack growth process and one FEA calculation for 
every step.  

APPLICATION OF LEFM TO WELDED STRUCTURES 

Background 
Linear Elastic Fracture Mechanics (LEFM) has been used in all the papers presented in this 
thesis. The possibilities with this method are superior for more complex welded structures as 
compared to S-N based methods. A number of parameters and effects that influence the 
fatigue life can be taken into consideration e.g. penetration depth, a-measure, structural 
redundancy etc. The predictions and tests of different complex welded structures made by the 
authors Byggnevi [23], Pettersson [24], Hansen & Agerskov [26], and in paper B & C also 
verified benefits of using LEFM. Common in all of the author’s investigations were, thick 
plates (20-60mm), long design cracks, failures from the root side and the need of an automatic 
3D FEA crack growth program. In general, industry has not been using LEFM as an 
engineering tool in the development of new products. The method has often seen to be very 
time consuming and computational demanding and the knowledge within the area is often 
small. However, with the evolution of new software [4, 27-33] and improved computational 
efficiency, the use of LEFM in industry has increased and will probably continue to increase 
even more in the future.  

Stress Intensity Factor Solutions 
There are three different types of stress intensity factors, mode I, II & III, see Fig. 8.  
 

 
 

Fig. 8. Different modus. 
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The stress intensity factor is a function of the crack and body geometry plus the stress level in 
the body. The stress intensity is expressed in the form: 
 

aKI πσ 0Υ=      (1) 
 

aK IIIII πτ 0, Υ=      (2) 
 
where σ0 and τ0 is the nominal and shear stress across the crack plane. Factor Υ is a 
dimensionless function of the load case and the geometries of the crack. The Y factor can be 
obtained using handbook solutions, weight functions or numerical (FEA or BEM) solutions 
[6, 18-22]. 
 
In this thesis the weight function technique and FEA have been used to calculate the stress 
intensity factors. The weight function method uses the stress distribution normal to the 
assumed unbroken crack path to calculate KI. The method is often used to calculate crack 
growth from weld toes where one ore more semi elliptical cracks can be used to simulate the 
crack growth.  
 
A FEA calculation of the Y factor is necessary when one or more of the situations below 
occur: 
 

• The load case and geometry can not be found in the handbooks or in the weight 
function solutions. 

• Redistribution of the stress filed during the crack growth process. 
• Crack path simulations. 

 
In paper E the Y factors are calculated by FEA. Fig. 9 shows the difference between FEA and 
weight function solution of ∆KI (range of KI) for the investigated welded frame box presented 
in paper E. The FEA solution also includes a contribution of ∆KII, however in this case it’s 
negligible.  
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Fig. 9. ∆KI solutions of the welded frame box. 

 
The weight function solution “Single Edge Through Crack- Weight Function Solution” in 
AFGROW [27] is used. As shown in Fig. 9 the difference in ∆KI increases as the crack length 
increases. This is due to the weight function solution not being able to correctly represent the 
geometry and load case. 
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Crack Growth in Complex Welded Structure 
In fatigue tests of simple specimens, e.g., cruciform joints, tests normally run until complete 
separation of the specimen. For simple components, e.g., out-of-plane gussets the test 
normally stops after a crack detecting gauge shows sign of fatigue damage [6, 34, 35] or a 
visible crack. In case of fatigue tests of complex welded structures load redistribution and 
interaction between cracks may occur leading to crack growth retardation and longer life. The 
crack growth direction is also an important parameter in the fatigue life prediction. These 
phenomena can only be taking into consideration when using the FEA solution of LEFM. The 
following example shows the importance of using the FEA solution of LEFM on complex 
welded structures. 
 
In Fig. 10a, a complex welded frame structure exposed to fatigue loading is shown. The 
investigated weld is a fillet weld with throat thickness of 5 mm and a root gap of ~1 mm, see 
Fig. 10b. The weld is located within the rectangle shown in Fig. 10a. 
 

a) b) 
Fig. 10. Complex welded frame structure. 

 
A crack growth simulation from the root side of the critical weld was performed in the LEFM 
based program presented in paper E. Figure 11a shows the weld sub-model inserted into the 
global model. It should be mentioned that the global FE-model does not include the weld. The 
weld itself is only modelled in the sub-model. This is often the case for complex welded CAD 
models. The throat thickness and penetration depth can favourably be changed in the weld 
sub-model to optimise the weld fatigue performance. 
 

b) 

Viewing direction in Fig. 11b & c 

Simulated Crack Growth 
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a) c) 
Fig. 11. Crack growth in the welded frame structure 

 
The circles in Fig. 11a show the locations of the crack growth in the structure. In Fig. 11b the 
crack growth normal to the root gap is shown after a certain number of cycles. Fig. 11c shows 
the crack after additional number of cycles. As can been seen in Fig. 11c the two crack fronts 
interact and two additional crack fronts arise at the location of the arrows due to redistribution 
of the load during the crack growth process. This process will slow down the crack growth 
process and result in a longer life.  

Mixed Mode I and Mode III Crack Growth 
The stress intensity factors along a root crack front of a complex welded structure almost 
always contribute to a mixed mode condition. For example, fatigue damage to welded joints 
in steel bridges [36, 37], the investigated link in the this thesis, the welded frame structure in 
Fig. 10a and several other complex welded objects that have been investigated with the LEFM 
program presented in paper E. In case of mixed mode I/II the crack growth struggle to grow 
normal to the principal stress direction, meaning that the contribution of modus II decreases 
while modus I increases. The crack growth data for modus I is well documented and is rather 
easy to apply. The mode I/III crack growth data is much more complicated and is very 
depending on the ratio of modes I and III.  
 
For mixed mode I/III fatigue loading, experimental studies have been performed on tension 
plates with an inclined slit [38, 39], bending beams with an inclined slit [40–42], and torsion 
round bars with a circumferential slit [43, 44]. These studies were concerned with the 
initiation of fatigue cracks, and proposed fatigue threshold conditions and crack initiation 
directions. In-Tae [44] performed crack propagation in butt welded joints with root cracks 
under mixed mode I/III. The tests showed that an increasing mode I loading increased the 
modus III crack growth rate. Tschegg [45, 46] investigated the influence of a superimposed 
static mode I load and of different mode III mean torques on mode III fatigue crack growth 
(antiplane shear mode) in cylindrical circumferentially notched steel specimens. The test 
showed that the crack growth rate was not influenced by small axial loads (a resulting KI 
value of 0–3 mMPa ). For higher values of KI, 4–9 mMPa , the modus III crack growth 
rate was increased. The increased mode I lead to reduced sliding crack closure influence 
(friction, abrasion and mutual support between the fracture surfaces). This was also verified in 
ongoing fatigue test of welded tube-to-plate specimens within Volvo CE. The specimens were 
exposed to a combination of torsion and internal pressure, leading to mixed mode I/III crack 
growth. In Tjernberg et al. [47] and Olsson et al. [48] crack growth data for Paris Law based 
on fatigue loaded welded specimens failing from the root side was proposed. The slope m was 
set to 5 and the C value between 0.7E-14 and 1.7E-14 (units in MPa and meters).    
 
Tanaka et al. [49] showed that the crack growth rate of modus III depends on the crack length. 
The crack growth rate is not uniquely correlated to the cyclic stress intensity factor as it is in 
mode I. The decrease in growth rate with crack length is attributed to increases in crack 
closure and interlocking forces as the crack grows. The rough branched crack surface will 
produce increased closure forces as the crack length becomes larger. 
 
Ritchie et al. [50] showed that an overload of modus III increases the crack growth rate. This 
is due to the rubbing and eliminating of the branch crack growth in modus III growth. This 
effect is vice versa compared to overloads in modus I. 
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RESIDUAL STRESS 
Residual stress originate from production, in e.g. plastic moulding, welding or heat treatment 
is frequently found in structures as well as during loadings that cause plastic deformation of 
some part of the structure [51]. The residual stress may have a large influence on the fatigue 
life. Residual stresses in tension will reduce the fatigue life and residual stresses in 
compression may increase life. In case of welding the residual stress can be as high as the 
yield limit at the weld toe [52-54], while the residual stress distribution at the weld root can be 
favourable due to compressive stress [55-57]. Welding simulations on the link in paper B (not 
presented in this thesis) and the crack shaft house in paper E showed beneficial compressive 
residual stresses at the weld root.  In spectrum loading the high peaks in tension or the low 
troughs in compression may relax the residual stress field and hence its influence [52, 58, 59].  
 
When using residual stresses distribution in combination with fracture mechanics there are 
mainly two methods available: 
 

a) The superposition method. The method is based on the superposition of the stress 
intensity factors achieved from the crack growth and by the residual stress field. The 
method does not take into consideration the redistribution of the residual stress field 
during the crack growth process. However the initial relaxation due to the loading 
condition can be simulated by an elastic-plastic FEA. This makes this method rather 
limited in case of cracks exposed to pressure e.g. root cracks, which was confirmed in 
paper E. In case of cracks propagating from the surface the validity of the method is 
decreasing with increased crack growth due to the redistribution of the stress field. 

 
b) FEA of the crack growth process. In this type of calculation the crack will growth 

within the simulated residual stress field. By using an elastic-plastic FEA the 
relaxation and redistribution of the residual stress field during the crack growth 
process can be simulated [60].  

 

WELD DEFECTS 
It is well documented that the local weld geometry and different type of imperfections 
strongly influence the fatigue strength [61-64]. The local weld geometry affect the stress 
concentration factor and the welding process create crack like defects, which together cause a 
large scatter in fatigue life depending on differences in these factors. 
  
Fig. 12 shows some examples of fatigue sensitive imperfections and bad weld toe geometry. 
An investigation carried out by Lopez & Korsgren [65] showed that 80% of all discovered 
weld defects in MAG-weld were cold laps. Typical sizes of cold laps are between 0.01-1.4 
mm [64, 65], which was also confirmed in paper A. In Barsoum & Samulesson [66] and 
Samuelsson [67] a comparison between solid wire and flux core wire were performed on 
fatigue loaded cruciform joints. The flux core wire showed lower stress concentration (Kt) and 
none or very small visible defects were found at the weld toe. This also led to increased 
fatigue strength of ~30% compared to solid wire. 
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a) Cold lap ~ 0.2 mm b) Under cut ~ 0.2 mm 

 

 

c) Sharp notch  
Fig. 12 Fatigue sensitive imperfections at the weld toe. 

 
To improve the fatigue life of the weld toe different post weld heat treatment can be used. IIW 
recommends TIG dressing, Burr grinding, Hammer peening and Needle peening for increased 
life [68]. The method relies on two main principles: 
 

a) Reducing the stress concentration by re-melting or grinding, which also leads to 
reduced weld to flaw sizes. 

 
b) Introduce favourable compressive residual stresses at the weld toe. These have the 

effect of ‘clamping’ the weld toe in compression. However in a practical view it’s very 
important that the applied maximum or minimum stress not cause any plastic 
deformation at the weld toe, leading to a relaxation of the beneficial compressive 
residual stress field.  

 
In paper B TIG dressing and shot peening have been used to increase the fatigue performance 
of a fatigue loaded welded link. Shot peening is a cold working process in which small 
spherical balls (or wire cut) impacts the surface of the work-piece. The small balls, usually 
made of steel, plastically deform the surface of the work-piece [69]. The process may remove 
´small´ weld defects, as spatter and introduces beneficial compressive residual stresses [51]. 

OPTIMISATION 
The designers always strive for a product design more or less optimised for the task. The 
computational work to design the final product can be very time consuming. The development 
of optimisation programs based on FEA is one solution to decrease the computational work.  
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Samuelsson et al. [51] and Carlgren et al. [70] have successfully decreased the effective stress 
intensity factors of a critical weld in a hydraulic cylinder respective excavator boom with 
approximately 40% by using optimisation tools. The optimisation was performed using a 
rapid optimisation program called (ROpt).  The optimisation engine in ROpt is based on the 
Method of Moving Asymptotes (MMA) [71]. In paper C the investigated link in paper A & E 
is subjected to weight optimisation as well as fatigue life optimisation. Fatigue optimisation 
using higher strength steel was also performed. 

CONCLUSIONS 
 
The main conclusions from this work are the following: 
 

• Weld geometry and defect strongly influences the fatigue life of the welds. 

• Flux core wire gives smaller and less amounts of defects compared to solid wire. 

• The importance of applying boundary conditions correctly increases when the fatigue 
critical locations are close to the boundary. 

• LEFM is a very powerful tool for simulating crack growth and fatigue life of complex 
welded structures. 

• LEFM is the only fatigue life prediction method that can take load redistribution into 
account. 

• Weight functions technique takes no consideration to load redistribution. 

• Full crack modelling is to be preferred for crack growth simulations on the root side of 
the weld. 

SUMMARY OF APPENDED PAPER 
 
Paper A investigates how weld geometry and different types of defects influence the fatigue 
life of the welds. Four batches of non-load carrying cruciform joints welded in a robotic cell 
with different weld data were fatigue tested. The majority of the test pieces contained cold 
laps, see Fig. 13. 
 

 
 
 

Fig. 13. Cold laps. 
 
The weld geometry and cold lap size were measured and FE-calculations based on the 
measured values were used to predict fatigue life using LEFM. The stress intensity factors 
were calculated using isoparametric quarter point elements (QPE). Life predictions were 
made with both linear and bilinear da/dN data. Comparisons with earlier investigations were 
also performed. The investigation showed that the weld geometry and defects influenced the 
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fatigue life of the weld. It was also shown that LEFM could be used to predict fatigue life for 
different combinations of geometries and defects of the weld.  
 
In Paper B different fatigue design methods from the IIW recommendations of welded 
structures were implemented and evaluated by using a FE-model of a welded link from a 
wheel loader as shown in Fig. 14a. The investigated methods were Nominal stress, Structural 
stress, Effective Notch stress and LEFM. The link is exposed to a variable amplitude load 
between +879 - -647 kN and has 18 different critical locations, as toes, roots and edges, where 
a fatigue crack can start. The results from the different fatigue design methods are compiled 
and some explanations to the deviations between the different methods are suggested. In order 
to verify the numerical results, five links were fatigue tested in a laboratory. The analyses 
showed better agreement to the test results for the more time consuming design methods, 
Effective Notch stress and LEFM. 
 

 
Fig. 14 Welded link. 

 
Paper C covers a structural optimisation and fatigue predictions of the welded link in paper 
B. The FE-model of the link was optimised for better performance using a new optimisation 
concept. The link was subjected to weight optimisation as well as fatigue life optimisation. 
Fatigue optimisation using higher strength steel was also performed. The optimisation 
constraints included the evaluation of stress intensity factors in a weld root crack, coupled 
with extensive stress constraints. The life of the optimised structures was then compared with 
the non optimised structure using Effective Notch stress and LEFM. The min weight 
optimisation of the link is shown in Fig. 14b. The weight decreased about 10% while the 
fatigue properties were maintained or improved.  
 
In Paper D fatigue crack paths and properties in the welded link in paper B & C have been 
investigated. The automatic 2D crack propagation program FRANC2D has been used to 
simulate crack paths. The investigation covers cracks growth from weld toes, roots and base 
material. Fatigue tests were performed to verify life and crack paths. The crack path 
simulations showed good agreement with the test results, see Fig. 15, while the fatigue life 
showed some deviations between predicted and obtained in tests.  
 

b) a) 
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Fig. 15. Comparison between simulated and test of crack paths. 

 
In Paper E an automatic LEFM crack propagation program using the FEM program ANSYS 
is developed. The program is developed for fatigue design of welded joints. The program 
automatically calculates the stress intensity factors and updates the size and shape of the crack 
front, see Fig. 16. Two simulation examples of how to apply the program to welded 
components and fatigue test of the components are given at the end of the paper. The first 
object is a welded crankshaft housing of a large two-stroke diesel engine. The crankshaft 
housing is subjected to constant amplitude loading and designed for infinite life. The second 
investigated object is the link. 
 

 
Fig. 16. Tested and predicted crack growth of the link. 

Predicted Crack Front

Predicted Crack Front
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