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a b s t r a c t

In this paper, a novel strain- based approach for the fatigue strength modelling of welded steel joints is 
introduce d. The actual weld notch geometry and the variation in the microstructure characteristics of 
the material are considered, and thus, the approach enables the fatigue crack growth simulation from 
the crac k initi ation to the critical crack length before the final fracture. The predicted fatigue strength 
is in line with the experimental results. By consider ing the crack tip plasticity and stress triaxiality, 
the approach is able to describe the different crack growt h periods of the fatigue life: the short crack, long 
crack, and tearing-related long crack growth periods. For a welded joint with a smooth notch shape, the 
short crack growt h period is observed to be dominant and to have a significant influence on fatigue life. 

� 2013 Elsevier Ltd. All rights reserved. 

1. Introduction 

The fatigue strength modelling of welded joints is commonly 
based on the nominal, structural stress, or notch stress approaches 
[1,2]. In these approaches, the fatigue strength of the joint is de- 
scribed by an S–N curve, where the total fatigue life is presented 
as a function of the specific reference stress range. The reference 
stress is obtained from the linear elastic analysis using the average 
weld geometry [1]. Consequentl y, the statistical variation in the 
weld notch shape and the material properties are not considered 
in the modellin g and their effects on fatigue strength are included 
in the S–N curve. Thus, this modelling approach assumes that the 
statistics of the weld notch geometry are similar to those in the 
experimental database that are used in defining the reference S–
N curve.

For a joint welded using advanced welding methods, such as la- 
ser welding, the weld notch geometry can differ significantly from 
that of a traditional welded joint. Traditionall y, a welded joint is 
assumed to incorporate crack-like defects and, thus the crack prop- 
agation dominates the total fatigue life [1]. For smooth weld notch 
geometry, the macro crack initiation becomes more significant. A
longer initiation time was observed to lead to a significant differ- 
ence in the fatigue strength and slope value of the S–N curve in 
comparison to the existing S–N curves [3–5]. The modelling of this 
difference is not possible with the existing stress-based approaches 
since the assumption of the similarity of the notch geometry is no 

longer valid. In addition, the use of the initial notch geometry ne- 
glects the effect of fatigue crack propagation on the stress and 
stress gradient. This effect is evident in a smooth weld notch, 
where the initial smooth geometry differs significantly from that 
of a sharp crack. 

The effect of crack propagation on the stress–strain state is con- 
sidered in fracture mechanics -based approaches [1], but they re- 
quire the initial crack. Therefore, these approaches neglect the 
crack initiation period. The crack initiation period is strongly re- 
lated to material propertie s, and this period can be modelled using 
the strain-based approach originally developed for smooth notch 
geometri es [6,7], but later also successfu lly applied to define the 
crack growth properties of parent material [8–14]. Recently, the 
strain-bas ed approach has been developed further, to include the 
effect of the microstructur e of the material on the stress–strain
state and fatigue damage process [15]. The continuu m and 
strain-bas ed discrete crack growth approach that was developed 
was successfully applied to different weld metals. These results 
are promising, but the approach has not yet been applied to 
welded joints, with the combined effect of the weld notch geome- 
try and material being included. 

In this paper, the strain-based discrete crack growth approach is 
further developed for welded joints. There, special challenges are 
caused by the statistical variation in the weld notch geometry, 
the strength overmatchi ng of the weld metal, and the arbitrary 
crack growth direction. The approach is validated with experi- 
ments. In addition, the influence of the weld notch geometry and 
microstru cture of the material on the crack initiation and propaga- 
tion are discussed. 
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2. Strain-based discrete crack growth approach 

2.1. Modelling of fatigue damage process 

In the strain-bas ed discrete crack growth approach [15], the fa- 
tigue damage process is modelled as a repeated crack initiation 
process within the volume related to the microstru cture of the 
material, as illustrate d in Fig. 1. The volume is the damage zone 
where the micro cracks nucleate and coalesce, causing macro crack 
growth. In the initial step n = 0, the initial joint geometry is applied 
without a crack, described by misalignme nts and weld and notch 
dimensions , as shown in Fig. 2. After the fracture of the initial dam- 
age zone, the crack is propagat ed until the critical crack size is 
reached. The size of the damage zone, i.e. the homogen isation unit 
for the continuum modelling, is defined on the basis of the strength 
of the material and microstructure. It is assumed that the damage 
process follows the weakest link scenario. According to the Hall–
Petch relation [16,17], low strength is related to large grain size 
and thus the size of the damage zone, i.e. the so-called material 
characterist ic length ao, which is defined as a function of the aver- 
aged grain size d and the parameter c, which is dependent on the 
grain size distribution 

ao ¼ c � d: ð1Þ

In the present study, the material fatigue strength is assumed to 
correlate with the grain size d99% at a probabili ty level of 99%, 
according to [15]. Conseque ntly, the paramete r c is defined as 
the ratio between the grain size d99% and the average grain size d

c ¼ d99%

d
: ð2Þ

This material characterist ic length defines the length of the dis- 
crete crack growth step and the same length is applied to calculate 
the fatigue-effectiv e stress and strain, the fatigue damage parame- 
ter PSWT [18], and finally the number of load cycles Nin for a discrete 
growth step n. The number of load cycles Nin is obtained using the 

Coffin–Manson formula [6,7] and the hardness-based estimation 
[19] for fatigue strength coefficients. The total fatigue life for the 
final fracture Nf is the sum of the load cycle number covering all 
the discrete growth steps. The crack growth rate CGRn at the step 
n can be defined on the basis of the discrete crack growth length 
ao and the number of cycles at the growth step n

CGRn ¼
Nin

ao
: ð3Þ

The crack growth rate CGR is always related to a certain crack 
length, and thus it enables a comparison to be made between the 
present results and the previous results based on the fracture 
mechanical approach. 

2.2. Modelling of arbitrary crack growth 

A fatigue crack is typically observed to grow in the direction 
perpendi cular to the maximum principal stress [20]. In the case 
of a welded joint, the direction of the maximum principal stress 
can vary according to the weld geometry and loading. In addition, 
the direction can change during the crack growth. Therefore, the 
crack growth direction is calculated for each growth step n. In or- 
der to model the arbitrary crack growth, the stresses and corre- 
sponding crack growth direction are calculated for several lines 
around the point of maximum stress or crack tip, as shown in 
Fig. 3. Thus, the stress values are obtained using the line method 
[21,22], where the fatigue-effectiv e stress is calculated as an aver- 
age value of the stress distribut ion within the characteristic length 
of the material ao

re ¼
1
ao
�
Z ao

o
rds: ð4Þ

In order to calculate the fatigue effective stress and strain based 
on the averaging line perpendicul ar to maximum principal stress, 
the direction of the maximum principal stress is defined as the 
mean value of all values within the highly stressed volume. This 

Fig. 1. Flow chart of the fatigue damage modelling of welded joints. 
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