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Abstract 
This thesis work is concerned with the mechanical response of welded steel structures, 
which are distortions, residual stresses, and fatigue. The accuracy of fatigue assessment, 
distortion and residual stress analysis using Computational weld mechanics (CWM) is 
focused. The following studies are performed; welding simulations of residual stresses and 
distortions, weld quality estimation, evaluation of local stress-based fatigue strength 
assessment methods. 

The following CWM methods: thermo-elastic-plastic, inherent strain (local-global), and 
sub structuring have been implemented both on T-type fillet weld and butt weld specimens 
to estimate angular distortion and residual stresses. In regard to large welded structures, 
the CWM methods using lumping method, together with prescribed temperature method, 
is implemented on a welded box structures to estimate welding residual stress state. The 
welding distortion analysis has been carried out on a large full scale beam structure 
experimentally and numerically using CWM techniques such as the inherent strain (local–
global) method and the shrinkage method, together with the lumping approach. The 
accuracy of CWM methods is studied, and improvements are proposed. 

A probabilistic model is proposed to estimate the probability of a targeted weld penetration 
depth. The uncertain process parameters are voltage, current, travel speed, and torch travel 
angle which were studied based on an experimental investigation. The weld penetration 
depth is evaluated from macrographs using a digital tool developed in MatLab. The 
epistemic measurement uncertainty related to this evaluation is quantified and incorporated 
in the probabilistic model. 

Monte Carlo simulation is implemented to consider the weld geometry variations in the 
ENS methods. The stochastic variability in toe radius, toe angle and leg length are 
considered. The influence of weld geometry variations on the ENS methods using 
deterministic and stochastic SCF distribution is assessed. 

The Hot Spot Stress (HSS), 1-mm stress (OM), Theory of Critical Distances (TCD), Stress 
Averaging (SA), and Effective Notch Stress (ENS) methods are evaluated for cover plates 
and T-joints subjected to axial and bending loading, in terms of accuracy and reliability. 
The evaluation is based on fatigue test data extracted from the literature and carried out in 
this study. The fatigue design curves applicable for T-joints under bending are discussed, 
which can be used in the TCD method and SA method. 

The studies above contribute to increasing the accuracy in the estimation of residual 
stresses and distortions using simplified CWM methods, achieving a required reliability 
level in manufacturing, and improving accuracy and reliability of local stress-based fatigue 
assessment methods.   
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Sammanfattning 
I denna avhandling studeras de mekaniska egenskaper hos svetsade stålkonstruktioner, 
med focus på svetsdeformationer, svetsegenspänningar och utmattning. Noggrannheten i 
utvärdering av utmattningslivlängden, distorsion och.- svetsegenspänningsanalys med 
hjälp av Finitelement analys (Computational Weld Mechanics – CWM) studeras, samt 
inverkan av svetskvalitet, i form av geometrivariationer och spänningsgradient, på 
utmattningslivlängden.  

Följande CWM-metoder har implementerats i de olika analyserna; termo-elastisk-plastiska, 
inneboende töjning  (inherent strain), lokal och global modellering samt FE sub-
strukturering både på T-kälsvetsförband och stumsvetsförband för att uppskatta 
svetsdeformationer och svetsegenspänningar.  

För stora svetsade strukturer implementeras CWM-metoderna som använder lumping 
metoden, tillsammans med föreskriven temperaturlast, på svetsade lådkonstruktioner för 
att uppskatta svetsegenspänningarna. Analysen av svetsdeformationer har utförts på en stor 
svetsad balkkonstruktion experimentellt och numeriskt med hjälp av CWM-teknikerna, 
inherent strain, shrinkage och lumping. Metodernas noggrannhet studeras och förbättringar 
föreslås. 

En probabilistisk modell utvecklas och implementeras för att uppskatta sannolikheten för 
förekomsten av ett önskat penetrationsdjup hos svetsförband samt för att uppskatta 
variationen. De ingående processparametrarna till den probabilistiska modellen är; 
spänning, ström, svetshastighet samt svetsens pistolvinkel studeras baserat på 
experimentella undersökningar. Svetsens inträngningsdjup utvärderas och mäts med hjälp 
av makrobilder tillsammans med ett digitalt verktyg utvecklats i Matlab. Den 
epistemistiska mätosäkerheten relaterad till utvärderingen kvantifieras och inkorporeras i 
den probabilistiska modellen.  

Metoderna Hot Spot Spänning (HSS), 1-mm spänning (OM), Theory of Critical Distances 
(TCD), Stress Averaging (SA) och Effective Notch Stress (ENS) utvärderas för olika 
svetsförband och geometrier som utsätts för axiell-och böjbelastning med fokus på 
noggrannhet i predikteringen och tillförlitligheten hos de olika metoderna. Utvärderingen 
baseras på utmattningstestdata hämtade från litteraturen, samt utmattningsprovning utförd 
i denna studie. S/N-kurvor för utmattningsdimensionering föreslås för tex svetsade T-
förband utsatta för böj-belastning för metoderna TCD och SA.  

Monte Carlo-simulering implementeras för att beakta svetsgeometrins variationer i de 
lokala spänningsbaserade utmattningsbedömningsmetoderna (HSS-metoden, ENS-
metoden, OM-metoden, TCD-metoden och SA-metoden). Den stokastiska variationen i 
svetsens tåradie, tåvinkel och a-mått baseras på de experimentella mätningarna. 
Noggrannheten hos de lokala spänningsbaserade utmattningsbedömningsmetoderna med 
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deterministisk och stokastisk SCF-fördelning (spänningskoncentrationer) bedöms mot 
experimentell data. 
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Chapter 1 

Introduction 
1.1 Background 

Welding is the most common joining technique used to manufacture large structures such 
as cranes, wheel loaders, and trucks, etc. Metal active gas (MAG) together with metal inert 
gas (MIG) welding processes currently accounts for 70 to 80% of all manual and robot 
welding [1]. Owing to the shrinkage of melted metal, additional distortions and residual 
stresses are induced which have significant influence on structural functionality. To 
compensate for and correct the out of tolerance distortions, it is a common practice to use 
extra treatments such as flame straightening, mechanical pressing, and heat treatment [2,3]. 
The drawbacks of such treatments are extra labor hours, decreased production efficiency, 
inducing additional residual stresses due to these operations. Thus, it is of importance to 
minimize and control the welding distortion by optimizing the welding procedures.  

Nowadays, digital tools involving Finite element (FE) simulations and databases possess 
of great potential to reduce the lead times of new developments by replacing the physical 
test loop [4]. One aspect of the digitalized welding process, as a tool for design and 
manufacturing, is to use CWM methods to estimate the mechanical response of welded 
structures. The thermo-elastic–plastic method is widely used to perform coupled and 
uncoupled thermo-mechanical Finite Element Analysis (FEA) with high accuracy 
predictions. However, the application of the thermo-elastic–plastic method on large 
welded structures is limited by the high level of computational time required. Thus, it is 
essential to develop and implement different numerical techniques for increasing the 
computational efficiency. The weld time cost versus simulation time cost of different 
welded structure using different CWM methods can be seen in Table 1. Figure 1 shows a 
schematic illustration of the relation between accuracy, structural complexity and 
computational time for different CWM methods. 
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Table 1 Weld time cost versus simulation time cost 

 
Weld 
length 

(m) 

Weld pass 
number 

(-) 

Weld time 
cost 

(min) 

Simulation time cost 
(min) 

T-type fillet 
weld 0.26 1 0.55 

Thermo-elastic-plastic: 510 
Sub structuring: 480 
Inherent strain: 240 

Butt weld 0.1 2 1.95 
Thermo-elastic-plastic: 1080 

Sub structuring: 720 
Inherent strain: 600 

Box structure 1.6 40 66.67 Prescribed temperature: 1260 

Beam 
structure 35.2 22 1260 Shrinkage method: 4800 

Inherent strain: 1200 
 

 

Figure 1 Schematic illustration of the relation between accuracy, structural complexity 
and computational time for different CWM methods 

 

In welded structures, unwanted variation in weld geometry is typically observed. This is 
due to uncertainties in the process parameters which cannot be fully controlled. Physical 
trial and error tests are widely used in industry to ensure a desired weld geometry. Beside 
these, various predictive tools have been developed, such as mathematical models based 
on experimental results [5], artificial neural network (ANN) models [6], and numerical 
simulations [7]. However, the limitation of having uncertainties in those welding 
parameters is not addressed. Therefore, these studies cannot predict the influence of 
variation in welding parameters on the variation in the weld penetration depth. Establishing 
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model for the probability of satisfying welding requirements is however crucial to ensure 
a required reliability level in manufacturing. 

The fatigue strength assessment of welded structures is typically performed using stress-
based, strain-based, and fracture mechanical based methods. The methods based on 
fracture mechanics include a specific analysis of crack growth which is not considered in 
the stress-based and strain-based methods. The strain-based methods could yield good 
estimation in the low and intermediate fatigue regime, due to the detailed analysis of local 
yielding [8]. The stress-based methods are usually applied to assess the fatigue strength in 
the high-cycle fatigue regime, where the number of cycles to failure exceeds 104 cycles 
[9]. For example, the nominal stress method, HSS method, and ENS methods are well-
established methods in standards [10,11] and International Institute of Welding (IIW) 
recommendations [12]. Over the last few decades, various stress-based methods have been 
developed, which are simplified and computationally efficient, such as the OM method 
[13], TCD method [14], and SA method [15]. The schematic illustration of the relation 
between accuracy, complexity and effort for different fatigue strength assessment methods 
can be seen in Figure 2. 

 

 

Figure 2 Schematic illustration of the relation between accuracy, complexity and effort for 
different fatigue strength assessment methods 

 

The major limitation is that the variability in geometrical weld parameters is not included 
in the fatigue assessment. Instead, the FE analysis is based on only one idealized weld 
geometry and the fatigue strength is based on recommendations (which in their turn are 
developed based on fatigue testing). However, the local geometrical parameters generally 
vary stochastically along the weld. This is due to stochastic variabilities in the 
manufacturing process parameters that can hardly be eliminated. The geometrical 
parameters are found to have dominant contribution to the scatter in fatigue life. The 
disregard of the actual weld geometry effect can cause deviations between the estimated 
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and real fatigue life [16]. It has been shown that these geometrical variations directly affect 
the scatter in fatigue life [17]. Detailed 3-dimensional (3D) FEA of welds have been 
performed to assess the influence of geometrical variability [18,19]. These methods are 
often based on the Weakest-link assumption [18,20]. However, performing such detailed 
analysis is generally computationally prohibitive, especially for practicing engineers. 
Using aforementioned stress-based methods which are simplified and computationally 
efficient with the local geometrical variations included could increase accuracy and 
reliability of fatigue strength assessments. 

The validations of aforementioned stress-based methods for axial loading have been 
carried out in many studies, and an acceptable accuracy has been achieved. However, 
studies on applying the stress-based methods for welded structures subjected to bending 
are limited, especially for newly developed local stress-based methods. Baik et al. [21,22] 
found that bending obviously contributes to longer fatigue life than tension, because 
fatigue crack growth rate tends to be faster in the surface direction than in the depth 
direction. Since the fatigue strength is not often seen in fatigue design specifications for 
welded joints subjected to bending, using the fatigue strength under tension could estimate 
the fatigue life of welded joints under bending inaccurately [23]. Based on the reasons 
above, it is important to investigate the applicability, accuracy, and reliability of local 
stress-based methods for the fatigue strength assessment of welded joints under different 
loading conditions such as axial and bending loading. 

1.2 Research questions and aim 

The following aspects are found to be insufficiently addressed in the existing studies. The 
research questions (RQs) of the thesis are formulated thereafter. 

• In regard to large welded structures, the accuracy of estimated distortions and residual 
stresses when using simplified approaches in numerical welding simulation are still 
doubtful and limitations in terms of quality in results need to be demonstrated. How 
to assess the welding distortions and residual stresses of large welded structures in 
good accuracy and efficiency? (RQ 1) 

• The uncertainties in welding parameters are not considered. The influence of variation 
in welding parameters on the variation in the weld penetration depth is not addressed. 
How to ensure a required reliability level in manufacturing? (RQ 2) 

• The variability in geometrical weld parameters is not included in the fatigue 
assessment. How would the weld geometry variations affect the fatigue strength 
assessments? (RQ 3) The applicability, accuracy, and reliability of local stress-based 
methods for the fatigue strength assessment of welded joints under bending loading is 
not well addressed. How to achieve good accuracy in the stress-based fatigue strength 
assessment of welded joints under bending loading? (RQ 4) 



 

14 

The aim of the research discussed within the current doctoral thesis is to develop 
methodology and concepts using CWM in order to increase the estimation accuracy in 
fatigue life assessment, distortion and residual stress analysis of welded structures: 

• Assessing and improving the estimation accuracy of CWM methods for distortion and 
residual stress analysis. Propose cost-effective CMW approaches in order to boost the 
application of digitalization in welding industries and to reduce the number of trial-
and-error tests. 

• Establishing probabilistic models to predict the weld geometry, in the presence of weld 
process parameters uncertainties. Understand the effect of weld geometry variation on 
the scatter in fatigue life, in order to be incorporated in assessment methods increased 
fatigue life prediction accuracy. 

• Incorporating geometry variations, welding deformation, axial and bending loading 
into fatigue strength assessment methods. 

1.3 Research approach 

Paper I: This study estimates the angular distortion and residual stresses due to welding 
using the following methodologies: thermo-elastic-plastic, inherent strain (local-global), 
and sub structuring on two types of welded joints (T-type fillet weld and butt weld). 

Paper II: The finite element simulation using lumping method, together with prescribed 
temperature method, is implemented on welded box structures to estimate welding residual 
stress state.  

Paper III: In this work, welding distortion analyses of a large welded beam structure are 
conducted experimentally and with the CWM techniques: inherent strain (local–global) 
method and shrinkage method combined with the lumping approach. 

Paper IV: In this work, a probabilistic model is proposed to estimate the probability of 
satisfying a desired penetration depth as well as to predict its variation. The uncertain 
process parameters are voltage, current, travel speed, and torch travel angle which were 
studied based on an experimental investigation. 

Paper V: In this work, we use Monte Carlo (MC) simulation to study the influence of these 
stochastic variations on the probability distribution of fatigue life. A non-load carrying 
fillet cruciform joint is studied based on notch stress approaches. 

Paper VI: In the study, the local stress-based fatigue strength assessment methods are used: 
the HSS method, OM method, TCD method, SA method, and ENS method, to assess their 
accuracy and reliability for welded joints subjected to axial and bending loading. Fatigue 
design curves applicable for T-joints under bending are proposed, which can be used in 
conjunction with the TCD method and SA method. 
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Figure 3 Illustration of the link between the appended papers and RQs 
 

The connection of the appended papers and RQs is presented in Figure 3. In this thesis, an 
overview of CWM methods for distortions and residual analysis and fatigue strength 
assessment methods is presented in Chapter 2. For distortion analysis, Thermo-elastic-
plastic method, Inherent strain (local-global) method, Sub structuring method, Shrinkage 
method are discussed in Chapter 2.1. The CWM methods (Lumping method, Prescribed 
temperature method) are presented in Chapter 2.2. The fatigue strength assessment 
methods are shown in Chapter 2.3. In Chapter 3, the appended papers is summarized. 
Conclusions are made to address the research questions in Chapter 4. Contribution to 
research field and the future work can be seen in Chapter 5 and 6. 
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Chapter 2 

Computational weld mechanics 

2.1 Distortions 

The welding deformations caused by the shrinkage of filler material can be divided into 
several types. Transverse shrinkage and angular distortion are caused by shrinkage 
perpendicular to the weld bead. For a long butt weld, rotational distortion led by this 
transverse shrinkage may occur. Longitudinal shrinkage, longitudinal distortion, and 
buckling are due to shrinkage along the weld bead. Figure 4 illustrates the basic 
classification of deformation induced by welding.  

 

Figure 4 Classification of welding distortion [24] 
 

2.1.1 Thermo-elastic-plastic method 

The thermo-elastic–plastic method is widely used to perform coupled [2,25] and uncoupled 
[26,27] Thermo-mechanical FEA on small scale specimens such as T-type fillet and butt 
welds, because of its high accuracy. Its application to large welded structures is rarely seen, 
due to the high computational time required, complexity and the amount of welding 
associate with large welded structures.  
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2.1.2 Inherent strain (local-global) 

The concept of inherent strain was developed by Ueda et al. [28]which can be expressed 
in its simple form as 

* eε ε ε= −                                                                 (1) 

The constitutive relation for an elastic material using inherent strain concept following 
Hooke's law is given by [29] 

{ } [ ] { } { }*( )Cσ ε ε= −                                                     (2) 

Where σ  denotes the stress, C  denotes the elastic constitutive matrix, ε  denotes the 
total strain, eε  denotes the elastic strain and *ε  denotes the inherent strain.  

When the structure cools down to room temperature and unclamping takes place, it is 
assumed that thermal strain vanishes and the inherent strain *ε  as assumed to equal the 
plastic strain pε  [30,31], where strain due to phase transformation and creep are neglected. 

The inherent strain (local-global) method needs plastic strains calculated from a local 3D 
model with thermo-elastic-plastic method as input, see Figure 5. Afterwards, the elastic 
FE analysis of the global model is carried out.  

 

 

(a)                                       (b)  

Figure 5 Inherent strain distribution, (a) after the first weld pass and (b) after the second 
weld pass[32]. 

 

Thus, the definition of the local model is very important. The influence of the local 
boundary condition has been highlighted by Souloumiac [31]. The boundary condition of 
the local model should be close to reality [33]. Duan et al. [34] developed a well-defined 
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method of determining the size and boundary condition of local models. They concluded 
the local model size should be able to retain the same temperature history as the global 
model. The concept of “rigid border” boundary condition was defined by using a rigid part 
added to the frontier of the local model to keep the boundary in plane. In order to represent 
the mechanical conditions imposed by the rest of the structure, the rigidity of the rigid part 
may be changed by adjusting the value of Young’s modulus. In this study, the local model 
size and local boundary condition are defined according to Duan’s work [34]. 

As shown in Figure 6, the level of accuracy is increased with the decrease of the block 
period and the curve trends for the T-type fillet weld and butt weld are similar. In addition, 
erroneous results could be observed when very short block period is applied as the plastic 
strain is extracted when the structure cools down to room temperature. It is suggested that 
an appropriate block period be considered in the inherent strain (local-global) method. 

 

 

Figure 6 Influence of block period on accuracy in the inherent strain method [35]. 
 

2.1.3 Sub structuring 

The simulation model using the sub structuring technique is performed by dividing the 
entire structure into two parts: the linear region and the nonlinear region, see Figure 7. The 
elastic isotropic material model is assigned to the linear region with almost elastic 
behaviour during the welding process. The elastic-plastic material model, assuming 
isotropic hardening, is applied to the nonlinear region which is close to the heat source. 
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Figure 7 Linear and nonlinear regions in the sub structuring method[35]. 
 

2.1.4 Shrinkage method 

The shrinkage approach is based on a linear elastic FEA where the linear thermal 
contraction of the weld metal is assumed to be the main driving force for welding distortion 
[36]. In the shrinkage approach, the elements within the shrinkage zone are initially 
assigned a melting temperature, which is changed to room temperature at the end of the 
computational step. The contraction is resisted by the surrounding parent metal, resulting 
in the formation of internal forces [36]. The relation between the forces and deformation 
in the linear elastic FEA is given by the following equations [37]: 

{ } [ ] { }1x k F−=                                                           (3) 

{ } [ ] { }1
0k Mθ −=                                                          (4) 

where x , θ , k , 0k , F  and M  denote the shrinkage deformation (mm), angular 
distortion (rad), equivalent shrinkage stiffness of the weld-affected zone (N/mm), 
equivalent bending stiffness of weld-affected zone (Nmm), equivalent shrinkage force (N) 
and equivalent bending moment (Nmm). 

The shrinkage zone size can be determined by the plastic zone size obtained from the 
thermo-elastic-plastic analysis [38,39], see Figure 8. Compared to the inherent strain 
(local-global) approach, the material properties applied in the shrinkage approach can be 
assumed as constant, which significantly reduces the efforts in welding simulations. The 
yield strength and Young’s modulus were found to be the most important material 
parameters for the estimation of distortions in the shrinkage approach [38].  
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Figure 8 Shrinkage zone size[32]. 
 

2.2 Residual stresses 

The welding residual stresses result from the restraints of adjacent base metal during the 
shrinkage of melted metal. The stresses perpendicular to the weld line are defined as 
transverse residual stresses and the stresses parallel to the weld line are defined as 
longitudinal residual stress. The magnitude of residual stresses in and near to the weld can 
be up to material yield strength magnitude in highly constrained cases, which has a very 
significant effect on fatigue [40]. The welding residual stresses distribution can be 
influenced by the structural factors (geometry [41], type of weld joint, fixtures [42]), 
welding process parameters (welding sequence [43], heat input [44]) and properties of base 
and filler materials [41].  

2.2.1 Lumping method 

In the lumping approach, several welding passes are lumped into a large pass [45,46]. The 
lumping approach has been used for the welding process having multi-passes to reduce 
simulation time [46,47]. Hu et al. [48] found that lumping weld passes along the thickness 
direction has little effect on the accuracy of the residual stresses, while lumping weld 
passes along the width direction could cause an underestimation of the transverse residual 
stresses. The longitudinal residual stresses in both cases can be estimated with a reasonable 
accuracy. Malmelöv et al. [49] concluded that the accuracy for the resulting temperatures 
and deformations can be retained with a considerable reduction in computation time. 

In Paper II, the five weld passes were lumped into two weld passes, which reduces the total 
number of weld passes from 40 to 16. The first three weld passes were lumped into one 
pass defined as lump-pass 1 and the last two passes were lumped into another pass defined 
as lump-pass 2, as shown in Figure 9. The total heat input of lump-pass weld Q  is shown 
in Eq.(5).  



 

21 

1

n

n nQ U Iη= ∑                                                           (5) 

Where η is welding efficiency, U  is voltage, I  is current, n  is weld pass. The welding 
efficiency η  and the welding speed of lump-pass were calibrated based on the 
temperature measurements. The moving welding arc was modeled as the double ellipsoid 
distribution developed by Goldak [50]. The parameters of double ellipsoid model were 
calibrated according to the match between the macrographs and the isothermal contour 
plots for the fusion zone. The results from the thermal analysis for the two lump-pass welds 
are presented in Figure 10. 

 

Figure 9 Lumped passes and macrograph [47]. 
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Figure 10 Experimental and numerical temperature history of weld passes [47]. 
 

2.2.2 Prescribed temperature method 

In the prescribed temperature method, the prescribed temperature curve was calculated 
from Thermal-elastic-plastic method using a moving heat source. The temperature history 
of the nodes in the molten zone was averaged. Afterwards, the averaged temperature 
history curve was applied on the entire weld bead assuming the infinite welding speed in 
the sequential thermomechanical welding simulation. Lindgren et al. [51] used the 
prescribed temperature method as a means for heat input to study the residual stress state 
as a result of multi pass butt welding of a very thick plate. 
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In Paper II, the temperature curves of all the nodes in the molten zone with temperatures 
equal or above 1500℃ were averaged and made into the prescribed temperature curve 
which is shown in Figure 11a. The prescribed temperature curve was applied on all the 
nodes associated with a weld, see Figure 11b. This corresponds to the weld with infinite 
welding speed. 

 

 

(a) 

 

 (b) 

Figure 11 (a) Prescribed temperature for lump pass 1 and 2; (b) Temperature 
distributions[47]. 
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2.3 Welding, weld quality and Fatigue  

2.3.1 Weld geometry uncertainties 

2.3.1.1 Welding parameters and sources of uncertainty 

The travel speed is the linear rate with which the torch arc moves along the weld bead. A 
schematic illustration of the torch arc movement is shown in Figure 12a. Conservatively, 
the travel speed may vary by ±10% of the pre-set value due to undesirable vibration or 
backlash. 

The torch travel angles, defined in Figure 12a, is set using a digital angle gauge. Various 
factors result in variation in the torch travel angle, such as limited repeatability in robots 
and inaccuracies of measuring devices. The assumption is that the uncertainty is ±3 degrees 
of the setting value. It should be observed that this variation is assumed to be the same 
regardless of the pre-set value. 

The voltage is pre-set at the power source which has a constant voltage characteristic. 
However, the dynamic characteristic of the welding arc, under the influence of electric and 
thermal conductivity of arc and arc length [52], results in variations in both voltage and 
current. The power source makes simultaneous millisecond changes in both voltage and 
current, in order to maintain a stable arc condition. Thus, during welding, the voltage and 
current are correlated [53]. The typical volt-ampere characteristic for constant voltage 
power source can be seen in Figure 12b. The slope α  defined as 

V
I

α ∆
= −

∆
                                                               (6) 

is used to compute the statistical correlation between voltage and current. A value of α  
being 0.02 V/A is used for robotic MAG welding, which was verified both mathematically 
and experimentally [53]. 
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                          (a)                                                                           (b) 

Figure 12 Illustration of welding parameters: (a) Travel direction and torch travel angle. 
(b) Volt-ampere characteristic for constant voltage power source [54]. 

 

2.3.1.2 Variations in weld geometry 

The measurements of local geometrical parameters such as toe angle, toe radius and throat 
thickness shown in Figure 13a are described in [17]. In the manual welding, the data points 
number is 40, and the mean values of the toe angle, toe radius and throat thickness are 49°, 
0.95 mm and 6 mm. The corresponding standard deviations are 7.5°, 0.9 mm and 0.3 mm. 
In the robotic welding, the data points number is 23, and the mean values of the toe angle, 
toe radius and throat thickness are 49°, 1.4 mm and 5.4 mm. The corresponding standard 
deviations are 9.8°, 0.8 mm and 0.2 mm. Since the geometry values in manual welding 
and robotic welding are similar, the two groups of data are combined. The combined mean 
values of the toe angle, toe radius and throat thickness and the corresponding standard 
deviations are calculated using Cochrane's formula [55], which are 49°, 8.33°, 1.11 mm, 
0.89 mm, 5.78 mm, and 0.39 mm. The toe angle, toe radius and throat thickness are 
described as lognormal distribution because of the positive sign of the three geometry 
parameters, see Figure 13b. 
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(a) 

 

 (b) 

Figure 13 (a) Geometry parameters, (b) Lognormal distribution of geometry parameters.  
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2.3.2 Fatigue strength assessment methods 

2.3.2.1 Hot spot stress (HSS) method  

The HSS method is one of several ways to describe the structural stress originally 
developed within the offshore industry. The structural stress is also referred to as geometric 
stress, which considers the effects of a structural discontinuity and is characterized by 
membrane and shell bending stress. The HSS method is only applicable to weld toe failures 
and not weld root failures. There are two types of HSS, which are distinguished according 
to the location on the plate and orientation to the weld toe. Type a HSS is transverse to 
weld toe on the plate surface, and type b HSS is transverse to weld toe at plate edge [12]. 
The HSS can be determined using the linear/quadratic extrapolation of surface stresses 
[12], (see Figure 14a) or the stresses through thickness direction [56]. In this study, the 
linear extrapolation of surface stress is applied to calculate the hot spot stress 

hsσ , see 

Eq.(7). 

  
0.41.67 0.67hs t tσ σ σ= −                                                   (7) 

where 
0.4tσ  and 

tσ  are the stresses parallel to the loading direction at a distance of 0.4t 
and t from the weld toe, and t is the plate thickness. The quadratic extrapolation is suitable 
for the case where the stress gradient is steeper [56]. In the HSS method, the FAT class, 
e.g. the characteristic fatigue strength of the detail in MPa at 2 million cycles, depends on 
the structural details and loading conditions.  

2.3.2 1-mm stress (OM) method 

The OM concept has been proposed by Xiao and Yamada [23], which is another way of 
assessing structural stress from a fatigue perspective. The non-linear stress peaks due to 
the local weld profile are excluded, especially the notch effect of the weld toe transition. 
Compared to the HSS method, the OM method can account for the size and thickness 
effect, which results in a reduction of fatigue strength with increasing plate thickness. 
Because the stress gradient through thickness is considered in the OM method [23]. The 
stress parallel to the loading direction at 1 mm below the weld toe or the location of 
expected crack is defined as the 1-mm stress 

sσ , see Figure 14b. Xiao et al [13][23] 
proposed different FAT classes for axial loading and bending. FAT 100 is suggested for 
welded joints under axial loading with a positive stress ratio. FAT 125 is recommended 
for welded joints under bending with 0.1R = . m is set to be 3 for axial loading and 
bending [13][23].  

2.3.3 Theory of Critical Distances (TCD) method 

The TCD methods introduced by Taylor [57] are the Point Method (PM), Line Method 
(LM), Area Method (AM), and Volume Method (VM). The effective stress in the PM is 
defined as the stress at a fictitious point (Figure 14c). The effective stress in the LM, AM, 
and VM is defined as the average stress over a line, area, and volume. In the current study, 
the PM is used because the accuracy of the PM and LM are similar, and more accurate 
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results are hardly achieved using more complicated AM and VM [57]. The effective stress 
in the PM can be expressed using Eq. (8) [57,58]. 

( 0, )eff r aσ σ θ= = =                                                     (8) 

where a is the critical distance which can be determined through the theoretical equation 
* 4aρ = and *ρ  is a microstructural support length [58]. An appropriate choice of *ρ  

for steel can be derived based on experimental investigations and Neuber’s micro-support 
theory, resulting in * 4aρ =  mm and 0.1a =  mm [58–60]. Baumgartner et al. [58] 

found that 0.1a =  mm also resulted in the lowest scatter in the S-N curves, and FAT 160 
was recommended when using the maximum principal stress.  

 

2.3.4 Stress averaging (SA) method 

The SA method is one of the elastic notch stress methods, which considers the local notch 
radius, the microstructural support effect of the material, and stress gradient in the local 
notch. The method is initially proposed by Neuber [15]. In the SA method, the effective 
stress is the stress averaged over a length *ρ  from the notch tip[15,58,59], see Eq.(9) and 
Figure 14d.  

*

* 0

1 ( )eff r dr
ρ

σ σ
ρ

= ∫                                                (9) 

The relationship between the maximum stress and the effective stress can be expressed as 
Eq. (10), where η  is notch sensitivity factor and n  is support factor. 

max1

eff

n σ
η σ
= =                                                       (10) 

In the SA method, the notch radius could be an actual notch radius, an average radius, or 
a minimal notch radius assumed to represent the worst case [61]. When using maximum 
principal stress, a microstructural length * 0.4ρ = mm and FAT 160 are recommended 
[58]. 

2.3.5 Effective notch stress (ENS) method 

Radaj [62] introduced the fictitious radius to replace sharp notches in the ENS method, 
based on Neuber’s theory. This fictitious notch radius fρ  can be written as 

*
f sρ ρ ρ= + , where ρ is the actual sharp notch radius, s  is a multiaxiality factor. For 

plane strain condition at the sharp notch, the multiaxiality factor is set to 2.5s = , yielding 
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* 1sρ = mm. A worst-case scenario is achieved by setting the actual notch radius to 

0ρ =  mm, resulting in an effective notch radius of 1fρ = mm [59]. For thin-walled 

structures where the plate thickness is less than 5 mm, the fictitious notch radius 
0.05fρ = mm might be applied to avoid the weakening of cross sections of plates [63]. 

The effective notch stress is obtained as the maximum stress at the fictitious notch radius, 
which is calculated from the finite element analysis (FEA), see Figure 14e. The design 
curve with FAT 225 and 3m =  is recommended for the ENS with 1fρ = mm [12]. 

2.3.6 Modified Effective Notch Stress (MENS) method 

In the MENS method, the actual weld dimensions such as actual weld toe radius, weld toe 
angle and weld throat thickness can be considered. The fictitious notch radius depends on 
the weld geometry, instead of using the fictitious notch radius 1fρ = mm. Schijve [64] 

recommended the fictitious notch radius can be determined using 0.1f tρ = . For the 

MENS method in this study (Figure 14f), the fictitious notch radius can be defined in 
Eq.(11) [65] 

1f actualρ ρ= +                                                   (11) 

where actualρ  is the actual radius of the weld toe. A lower design S-N curve is proposed 

with FAT 200, compared to FAT 225 for the fictitious notch radius 1fρ = mm [65,66]. 

The design S-N curve is valid for relatively sharp weld toe radius less than 3 mm, and a 
minimum notch factor 1.6 is recommended, which is the ratio of the effective notch stress 
to the structural stress. 

                 

(a)                                                   (b) 
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(c)                                                   (d) 

              

(e)                                                   (f) 

 

Figure 14 Illustration of (a) HSS method, (b) OM method, (c) TCD method, (d) SA method, 
(e) ENS method, (f) MENS method.  
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Chapter 3 

Summary of the appended papers 

3.1 Paper I 

The welding deformations and residual stresses in a structure may influence the 
functionality, safety, and durability. Thus, it is of significant importance to reduce adverse 
deformation and residual stresses. Traditionally, trial and error tests are used to solve these 
problems. Their drawbacks are that they are time-consuming and expensive. Nowadays, 
digital tools involving FE simulations and databases possess of great potential to reduce 
the lead times of new developments by replacing the physical test loop. Due to the high 
level of computational time necessary in the thermo-elastic-plastic method, the 
applications of simplified CWM approaches are needed and their accuracy should be 
studied. 

In this study, the following FE simulation methods: thermo-elastic-plastic, inherent strain 
(local-global), and sub structuring have been implemented both on T-type fillet weld and 
butt weld specimens to estimate angular distortion and residual stresses. The numerical 
results are compared with the experimental measurements and these methodologies are 
evaluated in terms of accuracy and computational time. In addition, the influence of 
welding sequence on distortion and transverse residual stresses has been studied 
numerically by implementing the thermo-elastic-plastic and inherent strain (local-global) 
methods on the T-type fillet weld. 

3.2 Paper II 

The residual stresses have a vital effect on the fracture and fatigue behaviors of the welded 
structures. Thus, it is of significant importance to quantify welding residual stresses from 
a structural integrity point of view. The Thermo-elastic-plastic method has been widely 
applied to different types of small welded structures because of its high accuracy. However, 
the application of the Thermo-elastic-plastic method on large welded structures is limited 
by the high level of computational time required. Thus, it is essential to develop and 
implement different numerical techniques for increasing the computational efficiency. 

In this study, the finite element simulation using lumping method, together with prescribed 
temperature method, is implemented on welded box structures to estimate welding residual 
stress state. The simulations have been performed using commercial software: SYSWELD. 
The thermal history from simulations has been verified with experimental measurements. 
Residual stress measurements at the weld toe side were carried out by X-ray diffraction 
technique. Moreover, a sub model of the welded box type structure is studied using the 
following computational weld mechanics concepts: Thermo-elastic-plastic, lumping and 



 

32 

prescribed temperature, in order to assess the computational time and the magnitude of 
estimated residual stresses of those concepts. 

3.3 Paper III 

Unwanted distortions are typically observed in components after the welding process. 
Physical trial tests and extra post-treatments are being widely utilized in industries to 
minimize and correct the out of tolerance distortions. These methods are time-consuming 
and costly. There has been growing interest in digital tools which have great potential to 
minimize the physical test loops and corrections. Although a number of CWM methods 
are available today, the validation of most simplified simulation methods in the literature 
are not sufficient. In regard to large welded structures, the accuracy of estimated distortions 
and residual stresses when using simplified approaches in numerical welding simulation 
are still doubtful and the limitations in terms of quality in results need to be demonstrated. 

In this study welding distortions analysis has been carried out on a large beam structure 
experimentally and numerically using CWM techniques such as the inherent strain (local–
global) method and the shrinkage method, together with the lumping approach. 
Temperature history, distortions, and residual stresses were measured experimentally. The 
numerical results are compared with experimental measurements to quantify the accuracy.  

3.4 Paper IV 

In welded structures using robotized MAG welding, unwanted variation in penetration 
depth is typically observed. Weld penetration depth is one of the critical weld profile 
parameters that have significant influence on fatigue life and structural integrity. Therefore, 
physical trial and error tests are widely used in industry to ensure a desired weld 
penetration depth. Beside these, various predictive tools have been developed, such as 
mathematical models based on experimental results, ANN models, and numerical 
simulations. However, the limitation of having uncertainties in those welding parameters 
is not addressed. Therefore, these studies cannot predict the influence of variation in 
welding parameters on the variation in the weld penetration depth. Moreover, to the best 
of the authors’ knowledge, there is no established model for the probability of satisfying 
welding requirements, in terms of weld penetration depth. Predicting this probability is 
however crucial to ensure a required reliability level in manufacturing. 

In this work, a probabilistic model is proposed to estimate the probability of satisfying a 
desired penetration depth as well as to predict its variation. The uncertain process 
parameters are voltage, current, travel speed, and torch travel angle which were studied 
based on an experimental investigation. The weld penetration depth is evaluated from 
macrographs using a digital tool developed in MatLab. The epistemic measurement 
uncertainty related to this evaluation is quantified and incorporated in the probabilistic 
model. 
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3.5 Paper V 

A wide range of engineering structures rely on welded joints for proper structural integrity. 
These joints are often the limiting factor for the fatigue strength of such structures. A 
widely used simplified and computationally efficient fatigue assessment method is based 
on the notch stress (NS) method. The notch stress is computed by FEA with a certain 
assumed notch radius and an idealized geometry [12]. The stress range is obtained as the 
product of the applied nominal stress range and the SCF due to the local notch. Studies 
demonstrate that the choice of the idealized weld geometry in the notch stress analysis is 
still not clear, especially when the geometrical variations are large [67][68]. The variability 
in geometrical weld parameters is not included in the fatigue assessment. Instead, the notch 
stress analysis is based on only one idealized geometry and a FAT-value based on 
recommendation. However, the local geometrical parameters generally vary stochastically 
along the weld, which is found to have a non-trivial influence on fatigue life. 

To address this limitation, it is essential to include the local geometrical variations when 
assessing the fatigue life. In this work, we use MC simulation to study the influence of 
these stochastic variations on the probability distribution of fatigue life. A non-load 
carrying fillet cruciform joint is studied based on two notch stress approaches with 
different reference toe radius and FAT values: 1fρ = mm with FAT 225 and 

1f actualρ ρ= + mm with FAT 200. Both approaches are compared with respect to their 

fatigue life prediction as well as the predicted influence of geometry variability. 

3.6 Paper VI 

The stress-based methods are usually applied to assess the fatigue strength in the high-
cycle fatigue regime. The nominal stress method, HSS method, and ENS methods are well-
established methods in standards, and IIW recommendations. Over the last few decades, 
various stress-based methods have been developed, such as the OM method, TCD method, 
and SA method. The validations of the HSS method, ENS method, OM method, TCD 
method, and SA method for axial loading have been carried out in many studies, and an 
acceptable accuracy has been achieved. Studies on applying the stress-based methods for 
welded structures subjected to bending are limited, especially for newly developed local 
stress-based methods. Since the fatigue strength is not often seen in fatigue design 
specifications for welded joints subjected to bending, using the fatigue strength under 
tension could estimate the fatigue life of welded joints under bending inaccurately.  

The HSS, OM, TCD, SA, and ENS methods are evaluated in terms of accuracy and 
reliability. The evaluation is based on fatigue test data extracted from the literature and 
carried out in this study. 
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Chapter 4 

Conclusions 
The studies presented in this thesis aim to develop methodology and concepts using CWM 
in order to increase the estimation accuracy in fatigue life assessment, distortion and 
residual stress analysis of welded structures. 

To address RQ 1, Paper I-III conducted welding distortions and residual stresses analyses 
of small-scale specimens and large welded structures experimentally and with the CWM 
techniques. 

• The estimated angular distortion and residual stresses in front of the weld toe from 
the thermo-elastic-plastic, inherent strain (local-global), and sub structuring 
methods are in good agreement with the experimental measurements of T-type 
fillet welds. 

• Sub structuring method can reduce computational hours by up to 30% as 
compared to the thermo-elastic-plastic method. The inherent strain (local-global) 
method is very time-efficient compared with the others, but it needs plastic strains 
as input.  

• For the inherent strain (local-global) method, the influence of block length on 
estimated angular distortion is significant. Reducing the block length results in an 
increased angular distortion and reduced level of underestimation. 

• The prescribed temperature method can reduce the computational time by 80% 
as compared to the Thermo-elastic-plastic method. Furthermore, the 
computational time for using lumping method, together with prescribed 
temperature method is 65% less than the prescribed temperature method. 
However, the magnitude of residual stresses may be underestimated. 

• The shrinkage zone size has a significant influence on the accuracy of estimated 
distortions using the shrinkage approach. The accuracy of estimated distortions 
increases when the shrinkage zone is set to be close to the plastic strain zone size 
calculated from the thermoelastic–plastic method. 

• For the butt weld specimen and beam structure, the estimated distortions from the 
shrinkage together with lumping approaches are in good agreement with the 
experimental measurements and the computational time is affordable. 

• The trends of estimated distortions using inherent strain (local–global) match with 
the experimental measurements. However, the magnitude of distortions could be 
underestimated if the computational steps of activating the plastic strain in the 
welds are not enough. 

A probabilistic model is proposed in Paper IV to estimate the probability of satisfying 
a desired penetration depth as well as to predict its variation, which will contribute to 
bridge the research gap discussed in RQ 2. 
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• When a reliability level of 90% is required, the proposed probabilistic model 
yields process parameters set-ups that differs significantly compared with a 
traditional deterministic approach. This is due to the fact that deterministic 
approaches yield reliability levels close to 50% regardless of the input 
uncertainties. 

• Using the proposed probabilistic model, it is concluded that the uncertainty in 
welding current shows the largest contribution to the variation in the weld 
penetration depth. Therefore, in order to limit this variation, the capability of 
power sources to control and provide required characteristics has to be enhanced. 

In Paper V, MC simulation is applied to study the influence of these stochastic 
variations on the probability distribution of fatigue life in RQ 3. In Paper VI, the HSS, 
OM, TCD, SA, and ENS methods are evaluated in terms of accuracy and reliability 
for welded structures (cover plates and T-joints) subjected to axial and bending 
loading (RQ 4). The evaluation is based on fatigue test data extracted from the 
literature and carried out in this study. 

• The stochastic NS method with 1fρ = mm and FAT 225 yields roughly the 

same predicted fatigue life as when deterministic (mean) values for the leg length 
and toe angle are used. 

• The Stochastic NS method with 1f actualρ ρ= + mm and FAT 200, predicts a 

lower fatigue life compared to using deterministic (mean) values of leg length, 
toe angle and toe radius. 

• Large misalignments affect the stress considerably and need to be considered 
in the fatigue strength assessment of cover plate joints under axial loading. 

• SA method can be used to assess the fatigue strength of cover plate joints under 
axial loading with relatively good accuracy and low scatter, followed by the 
ENS method. 

• The OM method is not applicable to T-joints with small plate thickness ( 6t ≤
mm) subjected to bending. 

• The fatigue strength assessment of T-joints subjected to bending using the 
current fatigue design curves in the HSS method, TCD method, SA method, 
and ENS method is excessively conservative, and the accuracy and reliability 
are low. 

• Higher accuracy and lower scatter in the TCD method and SA method could be 
achieved using fatigue design curves 5m =  with FAT 298 and 263 for T-joints 
with plate thickness 7t ≤  mm subjected to bending. 
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Chapter 5 

Contribution to research field 
• The accuracy of the CWM methods (thermo-elastic-plastic, inherent strain (local-

global), and sub-structuring) on the estimation of distortions and residual stress 
of small-scale specimens has been studied and improvements have been proposed 
for inherent strain (local-global) method.  

• The evaluation of simplified CWM methods (lumping method, prescribed 
temperature method, inherent strain (local–global) method and shrinkage method) 
are based on large-welded structures in terms of the accuracy of estimated 
distortions and residual stresses.  

• The effects of various welding process parameters (i.e. welding sequence, fixture, 
and weld pool size) on welding distortions were investigated. 

• A probabilistic model is proposed to estimate the probability of satisfying a 
desired penetration depth as well as to predict its variation. The model is crucial 
to ensure a required reliability level in manufacturing. 

• The influence of weld geometry variations is assessed in the ENS fatigue 
assessment methods. 

• The HSS method, ENS method, OM method, TCD method and SA method are 
evaluated under the axial loading and bending in terms of accuracy and reliability. 

• Fatigue design curves applicable for T-joints under bending are proposed, which 
can be used in the TCD method and SA method. 
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Chapter 6 

Future work 
Paper I to III focus on assessing and improving the estimation accuracy of CWM methods 
for distortion and residual stress analysis. The experimental measurements are critical to 
the work. The measuring approach for distortions and residual stresses can be improved, 
such as using laser measuring instruments for measuring distortions and using smaller 
collimator in X-ray diffraction for residual stresses measurements. Furthermore, the 
residual stresses status through the thickness of the plate could also be good inputs for 
assessing the accuracy of CWM methods. Modelling technique in CWM methods can be 
improved to increase the accuracy and efficiency, especially for the inherent strain (local-
global) method. Because it is found that activating the plastic strain with an appropriate 
number of blocks can improve the accuracy of estimated angular distortion. According to 
the weld length and weld speed, the number of blocks is approximately 200 for each weld 
pass. However, the computational time required will rise considerably for the current 
model using solid elements. Hence, a model using shell elements is recommended in 
further studies. 

Paper IV proposed a probability model which can be used to estimate process parameters 
set-ups that satisfy a desired reliability level. In the future, the model can be further 
developed to establish a link between the process parameters set-ups and the performance 
of welded structures. Furthermore, the work paves the way for data-driven manufacturing 
which implies that decisions controlling the manufacturing process are based on analysis 
of collected data. The challenge would be large amounts of data is needed during the 
manufacturing process, testing and measurements.  
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