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Current fracture mechanics methods for fatigue assessment of welded joints are based on long crack
behavior. The present work introduces a method to predict the fatigue strength of welded joints by
means of an integrated fracture mechanics approach (IFMA) that takes into account the fatigue behavior
of short cracks. This methodology estimates the fatigue crack propagation rate as a function of the differ-
ence between the applied driving force and the material threshold for crack propagation, function of
crack length. Firstly, the proposed fracture mechanic method is introduced and compared with the tra-
ditional fracture mechanic approach, used mainly for fitness for purpose assessment of welded joints
with cracks or other crack-like defects. Then, the method is used for several theoretical and parametric
applications to show its ability to predict the influence of different mechanical, geometrical and micro-
structural parameters in the definition of the fatigue resistance of welded joints. The influence of plate
thickness, initial crack length and reinforcement angle on fatigue strength of butt-welded joints has been
analysed and results show good agreement with experimental trends. Finally, the method is applied to
predict and analyze the fatigue behavior of butt welded and non-load-carrying transverse fillet welded
joints, and estimated and experimental results are analysed and compared.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Welds are often the weakest portions of structures and the re-
lated welding process has significant influence on the integrity of
structures. Welding defects that may be introduced during fabrica-
tion are only generally considered in commonly applied fatigue de-
sign rules for welded structures that are based primarily on Drn–N
curves [1]. However, advances in welding material and technology
allows an easy control of weld geometry such as weld profile,
throat thickness and flank angle. Fabricators are willing to invest
in welds with consistently higher fatigue strength, thus it is impor-
tant to produce welds with known and adequate fatigue design
strength at a reasonable cost. To do so, a better understanding of
the fatigue behavior of welded joints with consideration of all
the involved factors is necessary. So, it is important to quantify
the link between weld geometry, defects, material properties and
fatigue strength. Besides, a model or approach capable of doing
that could help to understand how the fatigue resistance of a given
joint is defined and how it can be improved.

It is well known that in many technical fields the concept of
nominal stress still prevails in the design of welded joints and its
ll rights reserved.
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application requires the definition of the nominal stress and its
permissible value with reference to a corresponding classified
structural detail. In the design code for welded joints (for instance,
the IIW recommendations [1]), the fatigue design categories of
welded structural details are abbreviated by FAT (fatigue design
class) combined with a number that designates the allowable nom-
inal stress range Drn (MPa) at N = 2 � 106 cycles with the survival
probability Ps = 97.7%. The fatigue design curves are valid for any R
ratio and for a given material (steel or aluminum).

However, in case of more complex structural details, to which
neither a nominal stress nor a design category can be assigned;
only local concepts are applicable [1–4]. The fatigue process has
a local character and cannot be well described by nominal stresses.
Some more recently special variants of the local concepts are pro-
posed; however, these are under controversial discussion at the
time being, and the presented concept variants and related issues
are arbitrary to some extent. Thus the basic physical facts behind
these methods should be properly considered. The technical crack
initiation phase should also be further subdivided into an initiation
life at the microstructure scale and a short-crack propagation life,
but this is not yet under discussion in the local concepts of fatigue
assessment of welded joints.

Another aspect that should be taken into consideration is that
the existence of crack-like imperfections in welded joints is nor-
mally assumed to eliminate the crack initiation stage of fatigue life.

http://dx.doi.org/10.1016/j.ijfatigue.2012.02.004
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Nomenclature

a crack length
ai initial crack length
af final crack length
A constant of Woehler Drn–N curve
a weld reinforcement angle
C and m environmentally sensitive material-constants
c half surface crack length
d microstructural dimension (e.g. grain size)
da/dN crack propagation rate
Dre fatigue limit (endurance: 107 cycles)
DreR smooth fatigue limit
Drn nominal applied stress range
Drth threshold stress range for crack propagation
Dryy(x) local applied stress range
Drt welded joint fatigue limit for the thickness t
Drt0 welded joint fatigue limit for the reference thickness t0

DK applied stress intensity factor range
DKC extrinsic component of DKth

DKCR extrinsic component of DKthR

DKdR microstructural threshold
DKth fatigue crack propagation threshold
DKthR fatigue crack propagation threshold for long cracks
h weld reinforcement height
k material constant that takes into account the develop-

ment of DKC

ktx stress concentration at a given distance x from the weld
toe surface

Mk correction factor
N total fatigue life
NI fatigue crack initiation life
NP fatigue crack propagation life
R stress ratio (minimum stress/maximum stress)
q weld toe radius
t plate thickness
t0 reference plate thickness
w weld reinforcement width
x distance from the weld toe surface along the crack path
Y crack shape parameter
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Because small, sharp, slag intrusions are unavoidably present at
the weld toe and act as crack initiation sites, the fatigue life of a
welded joint is predominantly controlled by the crack propagation
process [5]. Metallurgical examinations show that the average
depth of these flaws is 0.15 mm and typically the maximum depth
is approximately 0.4 mm [6,7]. A review by Grover [8] suggested
that even high-quality welds contain flaws up to a depth of about
0.1 mm. Other previous works on fatigue of welded joint have
observed initial crack-like defect depths of about 10–120 lm [9],
20–150 lm [10] or 10–400 lm [11], according to the welding
conditions and applied quality control. Radaj and Sonsino have rec-
ommended initial crack size ai = 0.1–0.25 mm in welded structures
for life predictions [2]. These defect depths clearly fall on the short
crack regime, thus the short crack behavior should be taken into
account in any analysis in which the initial crack length is within
the range of 20–400 lm. Verreman and Nie [12] found that
micro-crack initiation is a small fraction of the total fatigue life
(an average of 6%), and that the life cycles needed to create a crack
with 0.5 mm in length is 25–50% of the total fatigue life and can be
termed as ‘‘short-crack propagation life’’. If the total fatigue life of a
weld detail is estimated as the number of cycles to propagate a
long crack (e.g. 0.5 mm) till fracture, the estimation will surely
be conservative in those details where the initial crack length is
about 0.1–0.2 mm and a short crack propagation life should be
added to the result. So instead of dealing with crack initiation life,
almost un-predictable in the case of welded details, it would be
possible to get better estimations by including the short crack
propagation period in the crack propagation life estimation.

Therefore, the emphasis of the fatigue assessment for most
welded structures should be focused on the crack growth portion
of fatigue life, which can be assessed by using the linear elastic
fracture mechanics. By characterizing stable crack growth using
the stress intensity factor range DK, the crack growth rate of a weld
during cyclic loading can be predicted, and hence the number of
cycles necessary for a crack to extend from some initial size, i.e.
the size of pre-existing crack or crack-like defects, to a maximum
permissible size to avoid catastrophic failures. However, this ap-
proach is usually applied by using a simple fatigue crack propaga-
tion Pariś low that does not take into account the threshold for
fatigue crack propagation. Besides, the short crack effect on that
threshold is not taken into consideration. One of the main conse-
quences of this procedure is that the fatigue threshold associated
to a given weld profile cannot be defined or estimated.
In this work an integrated fracture mechanics approach is pro-
posed and used to predict the fatigue behavior of welded joints.
Firstly, the proposed fracture mechanic method is introduced and
compared with the traditional fracture mechanic approach used
mainly for fitness for purpose assessment of welded joints with
cracks or other crack-like defects. Then the method is used for sev-
eral theoretical and parametric applications to show its ability to
predict the influence of different mechanical, geometrical and
microstructural parameters in the definition of the fatigue resis-
tance of welded joints. Finally, the method is applied to predict
and analyze the fatigue behavior of butt welded and non-load-car-
rying transverse fillet welded joints, and the estimated and exper-
imental results are compared.
2. The traditional fracture mechanics approach applied
to welded joints

In the traditional application the fracture mechanic approach is
used for damage tolerance analysis. It is usually stated that the fa-
tigue life in numbers of load cycles consists on the initiation life of
a technical crack of about 1 mm in depth and the subsequent long-
crack propagation life up to final fracture. The approach does not
consider that the technical crack initiation life comprises the
microstructural crack initiation life and the short-crack propaga-
tion life up to that technical crack size. These basic physical facts
are not properly considered in the conventional global and more
recent local fatigue assessment methods for welded joints. When
this traditional approach is applied, the Drn–N curve is calculated
by integrating the Paris–Erdogan crack-growth law [13]:

da
dN
¼ CDKm ð1Þ

where m and C are environmentally sensitive material-constants
obtained from long crack fatigue behavior, and the stress intensity
factor range DK is given by the following general expression [13]:

DK ¼ YMkDrn

ffiffiffiffiffiffi
pa
p

ð2Þ

where Y is a function of crack size and shape (a/2c) and of loading,
Drn is the nominal applied stress range, a is the crack length, and
Mk is a magnification factor that reflects the stress concentration ef-
fect of the welded joint geometry and depends on the crack size,
section thickness and loading mode. Mk quantifies the change in
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stress intensity factor K as a result of the surface discontinuity at the
weld toe.

From (1) and (2), and integrating from an initial crack length (ai)
to a final crack depth (af) the resulting Drn–N curve for a given
stress ratio (R) is predicted to be:

Drm
n N ¼ A ð3Þ

where A is a constant and N is the number of cycles (fatigue life).
According to this expression, the Drn–N curve is linear on a log–
log basis with a slope m equal to that of the Paris law. As a conse-
quence of this, most design Drn–N curves for welded joints are ta-
ken to be parallel with a slope compatible with the fatigue crack law
for the material. Since m is approximately 3 for most materials,
Drn–N curves with slops of 3 are widely adopted [15–17], as recom-
mended for steels in BS 7910 [18] and consistent with the slope of
the Drn–N curve for the as-welded joint. The crack growth param-
eter C in Eq. (1) can be estimated from experimental results using
the initial crack length (when the crack is first observed), the final
crack length (for instance, half the plate thickness), the correlation
between the crack aspect ratio and crack length, the loading history
applied during growth between the initial and final crack lengths,
and the Mk solution for the studied weld.

An effect of stress ratio R (minimum to maximum applied
stress) is evident at growth rates less than 5 � 10�6 mm/cycle
[19]. Below this propagation rate the material exhibits a deviation
from the Paris relationship (Expression (3)) used by others [20–22]
to describe crack growth in welds. Thus a simple linear relation-
ship between stress intensity and growth rates on logarithmic
scales is only accurate when the joints are subjected to high stress
ratio or high nominal loads producing crack growth rates faster
than 10�5 mm/cycle.

Eq. (1) is also recommended by the International Institute of
Welding (IIW) [1] to calculate the fatigue crack propagation rate
of welded joints made of steel or aluminum. The constants m = 3
and C = 5.21 � 10�13 (da/dN in mm/cycle and DK in Nmm3/2) are
recommended by IIW [1] for the assessment of ferrite–pearlite
steel welded joints in the as-welded condition, and Cmean = 1.7 �
10�13 [1,23] is usually used, considered as the mean fatigue crack
growth rate coefficient. Using the values m and C the cyclic life cor-
responding to any stress range can be evaluated. The theoretical
FAT can then be determined by adjusting the result according to
the Drn–N curve, Eq. (3), so as to give the stress range that corre-
sponds to the fatigue life of two million cycles.

Recently, a threshold value of the stress intensity factor was in-
cluded in the IIW recommendations [1]. A simple alternative to the
linear relationship given by Expression (3) can be then, among oth-
ers, the following [13,24]:

da
dN
¼ CðDKm � DKm

thRÞ ð4Þ

where DKthR is the threshold for long crack growth (a constant
value for a given stress ratio), and represents the resistance of
the material to fatigue crack propagation. However, this approach
cannot deal with short cracks for which the threshold for fatigue
crack propagation depends on the crack length, and so the thresh-
old associated to the fatigue limit of a given configuration that is
usually related with short cracks or crack-like defects cannot be
estimated or analyzed.

3. The proposed fracture mechanics approach

An important factor that is not considered in traditional fracture
mechanics approaches is that short cracks usually show lower
threshold levels and higher propagation rates than long cracks
when the same applied driving force DK is considered, and that
their threshold for fatigue crack propagation depends of crack
length [25–30]. The short crack effect can be observed until a crack
length that depends on the effective stress ratio, R, and can be in
the range of 0.5–1 mm for structural steels. In this range of crack
the crack closure and other short crack effects are not fully devel-
oped, so that the threshold for fatigue crack propagation is lower
than that corresponding to long cracks for the same load ratio R.

It is worth noting that each point in the Drn–N plot corresponds
to the fracture of a given specimen and that the total fracture pro-
cess due to pure fatigue can be divided in five well-defined steps
[26,27,31]. Fig. 1 shows schematically the fatigue crack initiation
process from surface for a plain specimen. At first, there is the
damage accumulation, then the microcrack initiation, the early
microcrack propagation that gives rise to a macrocrack formation,
and the propagation of this engineering crack to get a fracture. In
the traditional fracture mechanics approach the first three steps
are usually considered as the crack initiation period (macrocrack
initiation).

In the case of fatigue crack initiation from surface, the well-
known Kitagawa and Takahashi diagram, also shown in Fig. 1,
could be used to deal with the fatigue crack propagation threshold
as a function of crack length [32–35]. Different models and theories
allow us to handle cracks longer than a microstructural dimension
(for instance a grain size d, see Fig. 1) [32–34]. Thus, the pure fati-
gue crack initiation process can be defined as the number of cycles
necessary to give rise to a crack similar in length to the microstruc-
tural characteristic dimension, d. The crack propagation stage can
then be analyzed from that crack length d.

The proposed fracture mechanics approach to analyze fatigue
behavior of welded joints includes the fatigue crack propagation
threshold for both short and long cracks (a P d). The methodology
[31], previously developed to analyze the short crack behavior in
mechanical components, estimates the threshold for fatigue crack
propagation as a function of crack length, DKth, and the fatigue
crack propagation rate as the difference between the applied driv-
ing force, DK, and DKth, as follow:

da
dN
¼ CðDKm � DKm

thÞ ð5Þ

In Expression (4) the threshold for crack propagation is constant for
a given R, but in Expression (5) it is also a function of crack length,
then the short crack regime can be properly accounted.

Expression (5) states that the difference between the total ap-
plied driving force defined by the applied stress intensity factor
range for a given geometrical and loading configuration, DK, and
the threshold for crack propagation, DKth, defines the effective
driving force applied to the crack. This concept is the base of the
Resistance–Curve Method [32,34]. If the short crack effect is con-
templated, according to Fig. 1 the variation of the propagation
threshold should be known as a function of crack length. In a pre-
vious study [31] an expression to estimate the threshold for fatigue
crack propagation as a function of crack length was obtained by
using only the plain fatigue limit, DreR, the threshold for long
crack, DKthR, and the microstructural characteristics dimension, d
(e.g. grain size). The expression was defined from a depth given
by the position d of the strongest microstructural barrier that de-
fines the smooth fatigue limit (e.g. first grain boundary). A micro-
structural threshold for crack propagation, DKdR, is defined by the
plain fatigue limit DreR and the position d of the strongest micro-
structural barrier (see Figs. 1 and 2). A total extrinsic threshold to
crack propagation, DKCR, is then defined by the difference between
the crack propagation threshold for long cracks, DKthR, and the
microstructural threshold, DKdR. The development of the extrinsic
component is considered to be exponential and a development
parameter k is estimated as a function of the same microstructural
and mechanical parameter used to define the material threshold



Fig. 1. Mechanical fatigue of materials without cracks or crack-like defects: (1) initial cyclic damage in the form of cyclic hardening or softening, e.g. Persistent Slip Bands, (2)
microcrack initiation, (3) microcrack propagation to give rise to an initial engineering-sized flaw (0,5–1 mm), and subsequent macroscopic propagation (4) until final failure
or instability (5).

Fig. 2. Threshold curve defined by Expression (6) in terms of the stress intensity
factor range.

Fig. 3. Schematically explanation of the resistance curve concept and the fatigue
life estimation for a given configuration.
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for crack propagation. The material threshold for crack propagation
as a function of the crack length, DKth, is then defined as [31]:

DKth ¼ DKdR þ ðDKthR � DKdRÞ½1� e�kða�dÞ�
¼ YDrth

ffiffiffiffiffiffiffiffi
p a
p

a P d ð6Þ

where DKdR and k are given by:

DKdR ¼ YDreR

ffiffiffiffiffiffiffiffi
p d
p

ð7Þ

k ¼ 1
4d

DKdR

ðDKthR � DKdRÞ
ð8Þ

Fig. 2 shows schematically the threshold curve given by Expres-
sion (6) in terms of the stress intensity factor range. For a crack
length a = d, DKth = DKdR, and DKth tends to DKthR for long cracks.
The expression defined to estimate the material threshold for crack
propagation as a function of the crack length allows definition of a
crack initiation period as the number of load cycles necessary to
initiate a crack of depth d (micro-crack initiation), from which
the crack propagation behavior can be analyzed. This applies to
materials free of crack or crack-like defects. In the case of a welded
joint the presence of defects usually minimizes the crack initiation
period, and the initial crack length for the crack propagation period
will be given by the maximum crack-like defect.

Fig. 3 shows schematically the concept of the approach given by
Expressions (5) and (6). The difference between the total applied
driving force defined by the applied stress intensity factor range
for a given geometrical and loading configuration, DK, and the
threshold for crack propagation, DKth, defines the effective driving
force applied to the crack. Both parameters should be known as a
function of crack length. By integrating Expression (5) from an ini-
tial crack length (ai) given by the maximum crack-like defect to a
final crack length (af) the resulting number of cycles to failure for
a given nominal stress Drn can be estimated. The Drn–N curve



Fig. 4. Schematical explanation of the condition for the threshold associated to the
fatigue limit of a given joint configuration.

Fig. 5. Influence of plate thickness on fatigue strength of butt-welds (endurance:
107 cycles). Four different lengths ai were considered.

M.D. Chapetti, L.F. Jaureguizahar / International Journal of Fatigue 43 (2012) 43–53 47
for a given weld configuration can be then estimated by using
Expression (5) and accounting for the short crack effects.

The fatigue limit for a given weld configuration and the associ-
ated non-propagation crack can then be easily estimated without
knowing the fatigue crack propagation data (C and m). Fig. 4 shows
schematically the situation associated to the threshold condition.
The value of DK should be greater than DKth for any crack length (be-
tween a0 and af). The fatigue limit Dre will be given by the nominal
stress Drn for which the applied DK becomes equal to DKth for a gi-
ven crack length (see Fig. 4). Then the tangent condition defines the
associated non-propagating crack length associated to the joint
configuration. The maximum defect size allowable for that configu-
ration can also be known, so that the approach can also analyze the
defect size sensitivity of the configuration.

4. Some theoretical and parametric applications

The influence of parameters like plate thickness, initial crack
length and reinforcement angle on fatigue strength of butt-welded
joints has been theoretically analyzed in a previous publication
[36], and results have shown good agreement with experimental
results and trends. Below there is a brief description of an example
of those previous analyses which clearly show the ability of the ap-
proach to account for the influence of different geometrical,
mechanical and microstructural parameters associated with the
joint configuration.

4.1. Influence of reinforcement angle in butt-welds

It has been well established, both theoretically and experimen-
tally, that fatigue endurance decreases when plate thickness in-
creases. Traditionally the thickness effect has been used so that
the fatigue strength is reduced after a certain thickness limit up-
wards, usually 25 mm according to the following expression
[1,14]:

Drt ¼ Drt0
t0

t

� �n

ð9Þ

where Drt is the fatigue strength for a thickness t, Drt0 is the
fatigue strength for the reference thickness, and n is based on test
results. IIW-recommendation [1,14] suggests t0 = 25 mm and
n = 0.25 for butt-welds. Gurney [37] states that the current rule
could be extrapolated back to thinner joints, but he also concludes
that further work is needed to confirm the effect.

Fig. 5 shows estimated results of the fatigue endurance defined
at 107 cycles as a function of the plate thickness for different initial
crack lengths. Details and data can be obtained from Ref. [36]. The
correction recommended by IIW for Expression (9) joints is also
shown, extrapolated to thicknesses smaller than 25 mm. Even
though the results show a general trend, i.e. the fatigue limit de-
creases with thickness as usually observed, notable differences in
the influence of the initial crack length on the fatigue limit of thin
plates are observed (t < 10 mm). In some cases the extrapolation of
Expression (12) could overestimate the fatigue strength for thin
plates. Estimated results show that an opposite trend could be
found for thin plates (t < 6 mm) in the relation between fatigue
limit and thickness when initial crack lengths are longer than
about 0.3 mm. This opposite effect was observed experimentally
by, for instance, Gustafsson [38] for non-load carrying attachments
with 3 and 6 mm plate thickness.

In Fig. 5 the observed thickness effects are related with the ef-
fect of stress gradients and initial crack length. Another mechanism
that can be part of thickness effect is the manufacturing or process
history that can give rise to different grain and inclusion sizes and
then different material fatigue properties. However, this effect is
usually observed to be small when compared with gradient and
initial crack length effects on fatigue strength. For initial crack
lengths smaller than 0.1 mm, as the case of ai = 0.028 mm, a smal-
ler exponent appears from a given thickness (about 6 mm in Fig. 5).
This is attributed to the fact that the influence of the stress gradient
on fatigue limit decreases as the initial crack length decreases.

Fig. 6 shows four graphs with applied driving forces and the
threshold for fatigue crack propagation, in terms of the stress
intensity factor. Each graph corresponds to a given thickness: 1,
3, 6 and 25 mm, respectively. For each graph several applied driv-
ing forces are shown, given by the nominal stress level correspond-
ing to the fatigue limit for the following initial crack lengths, ai:
0.028 mm, 0.1 mm or 0.5 mm. It can be seen that below a given
thickness, it is possible to obtain a non-propagating crack in the
range of 0.08–0.18 mm. This is the reason for the different slope
observed in Fig. 5 for ai = 0.028 mm. In this case, the fatigue limit
is given by ai = d = 0.028 mm for a thickness greater than 6 mm,
but it is given by a non-propagating crack of about 0.1 mm for a
thickness smaller than 6 mm, and the slope of the relation becomes
similar to the one for ai = 0.1 mm. The relative position between
the applied driving force distribution and the material crack prop-
agation threshold curve seems to define a thickness range below
which the fatigue limit is given by a non-propagating crack whose
length ranges from 0.08 mm to 0.18 mm. As we will see later, these
mechanisms could be the reason for the low scatter in fatigue
strength experimentally observed for small reinforcement angles.



Fig. 6. Applied driving force (DK, dashed lines), and threshold for crack propagation (DKth, bold lines), as a function of crack length for four different plate thicknesses: 1, 3, 6
and 25 mm. Nominal stresses (Drn) for each DK curve correspond to the fatigue limit estimated for a given initial crack length (ai = d, 0.1 mm or 0.5 mm).
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4.2. Influence of reinforcement angle in butt-welds

Gurney [39] has pointed out that the range of values for the fati-
gue strength of butt welds varies widely, from 100 MPa to 180 MPa
for R values close to zero. He points out that the main reason for
these variations seems to be the local shape on the reinforcing cap,
especially the angle a between the reinforcement and the base me-
tal. Fig. 7 shows the well known experimental results presented by
Gurney, together with results of the estimated fatigue limit as a
function of the reinforcement angle for different initial crack
lengths. Even though the estimated results seem to be a little lower
than the experimental ones, the trend is well estimated. It is worth
noting that the model can explain the reduction in the scatter ob-
served as the reinforcement angle decreases. This is due to the fact
that as the reinforcement angle decreases, the stress gradient near
the weld toe increases and from a given value non-propagating
cracks define the fatigue limit. Those non-propagating cracks are
in the range of 0.1–0.2 mm, so that the fatigue limit would be similar
for the cases of ai = 0.028, 0.1 mm and 0.2, as it can be observed for
Fig. 7. Influence of reinforcement angle in fatigue strength of butt-welds.
a = 115�. The situation is similar to those shown in Fig. 6b and c,
where it can be seen that the minimum applied nominal stress range
(Drn) for which a crack could propagate is almost not influenced by
the initial crack length ai, for d < ai < 0.18 mm.

Fig. 7 also shows the results obtained with the material data
corresponding to a bainite–martensite microstructure and an ini-
tial crack length ai = 0.05 mm. It can be observed that the esti-
mated curve falls above the upper limit of experimental results.
The upper (B/M, ai = 0.05 mm) and lower (F/P, ai = 0.5 mm) esti-
mated curves, which can be considered as an upper and lower lim-
it, respectively, cover all experimental results. Estimations follow
not only the trend in fatigue limit, which decreases as the rein-
forcement angle decreases, but also the trend of the scatter, which
also decreases as the reinforcement angle decreases.

Because toe cracks usually nucleate at heat affected zones,
where the microstructure has enhanced fatigue properties (bai-
nite–martensite microstructure), estimations made by using fer-
rite–pearlite microstructure properties are usually conservative.
For better estimations, the evolution of the fatigue properties could
be also considered. The analysis of the definition of the microstruc-
tural parameter d for different steel microstructures and the influ-
ence of the development of the extrinsic component of the
threshold, mainly defined by the parameter d and the smooth fati-
gue limit DreR, can be found in Refs. [28–31].
5. Theoretical and experimental analysis of butt-welded joints

In this section, we analyze the ability of the approach to esti-
mate the fatigue crack propagation of small cracks propagating
from a weld toe of a butt joint. To do so, a dedicated experimental
methodology is implemented for the detection and monitoring of
the development of surface small cracks initiated at weld toes.
5.1. Experiments

Butt welded joints with three different thicknesses (1=4
00, ½00 and

100) were prepared by using MIG welding. Joints were made of A36
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grade steel with a yield stress of 250 MPa and a tensile strength of
475 MPa.

Specimens were prepared and fatigue tested by using a soft fa-
tigue machine (Walking Beam type), with a configuration of four-
point bending at a frequency of 10 Hz.

For the detection and monitoring of the development of surface
small cracks, a multi-strain gauges technique was implemented.
Fig. 8 shows photographs with details of specimens configuration
and instrumentation with multiple strain gauges, which allowed
to monitor the fatigue crack propagation from a crack length of
100 lm. Details of the method and the implementation can be
found in Refs. [40–42].

5.2. Estimations

In order to apply the approach detailed in Section 3, it is neces-
sary to measure the geometry of the joint, to estimate the applied
DK as a function of crack length (by using finite element methods,
weight function or other methodology), and to define the material
parameter needed for the Expression (6) (DKth vs. a). The applied
driving force, DK, is related to the nominal stress range, Drn, and
crack length, a, by Expression (2), in which the parameter Y is a
function of crack length, component geometry and type of loading.
In this work, the estimation was carried out by using the superpo-
sition and the weight function methods and the following solution
for a through thickness crack in a finite plate [42].
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Fig. 8. Photographs showing details of the instrum
where t is the plate thickness and ryy(x) is the non-uniform
stress field along the crack path. ryy(x) was estimated using finite
element models constructed by using the ABAQUS code [43].
Eight-node quadratic elements were used in a static, elastic
analysis.

For the as-welded joint the weld toe was modeled as a sharp
corner, so that theoretical elastic stresses near the surface would
tend to infinity. This is acceptable if crack-like initial defects exist
almost continuously along the weld toe. Therefore, the stresses at
the surface are not needed, but the stress from a depth equals to
the considered initial crack length, whose value is usually greater
than 0.1 mm. In a previous publication it was shown that the stress
concentration obtained at different depths from the toe root, ktx,
does not depend on the notch root radius when x > 0.2q [36]. Be-
cause a value of 0.1 mm seems to be a reasonably minimum value
to be considered as a minimum initial crack length for weld details,
the influence of notch root radius seems to have no important ef-
fect in the applied stress distribution, unless the notch root radii
are greater than 0.5 mm. A greater toe radius would give lower
stress concentrations, so that in those cases the assumption would
be conservative. If it is necessary, the toe radius could be easily in-
cluded in the analysis by accounting for it when estimating the
stress distribution by using finite element models.

Fatigue properties of a C–Mn steel with ferrite–pearlite micro-
structure were used conservatibely. Microstructural dimension,
plain fatigue limit and threshold for long crack were experimen-
tally measured according to standards [44,45] (see Table 1). The
propagation threshold as a function of crack length in terms of
the stress intensity factor range (DKth vs. a) or the threshold stress
(Drth vs. a), was estimated by using Expressions (6), (7) and (8).
Estimations were made with applied R = 0.1, residual stress of
about half the yield stress (so that the effective load ratio was con-
sidered to be about 0.4), final crack length af = t/2, t = 12.5 mm, and
d = 0.028 mm (average ferrite grain size).
ented specimens and testing configuration.



Table 1
Material chemical composition and mechanical properties used for the application in Section 5.

C–Mn Steel

Ferrite–Pearlite (F/P) microstructure

0.11 wt.% C 0.38 wt.% Mn 0.2 wt.% Si 0.013 wt.% P 0.018 wt.% S

rys (MPa) ru (MPa) d (mm) Dre R = 0.1 (MPa) DKthR (MPa m1/2) C (mm/cycle) m

286 472 0.028 360 7.6–5.7 R 1.526 � 10�9 3.15

Fig. 9. Example of the experimental measured and predicted fatigue crack lengths
as a function of number of cycles for a butt welded joint.

Fig. 10. Experimental and predicted fatigue lives for butt joints.
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The basic concept used in this work is that the effective driving
force applied to the crack is given by the difference between the to-
tal applied driving force, defined by the applied stress intensity fac-
tor range for a given geometrical and loading configuration, DK,
and the threshold for crack propagation as a function of crack
length, DKth (see Fig. 3). DK and DKth are estimated using Expres-
sion (10) and (6), respectively. Finally, the fatigue crack propaga-
tion life is estimated integrating Expression (5) for a given crack
length range. The initial crack length ai is defined by the greater de-
fect present at the weld toe. Failure was assumed to occur at a final
crack length, af, defined as half the plate thickness.

5.3. Results and discussions

Fig. 9 shows an example of the results of monitoring the fatigue
propagation of a crack initiated from a weld toe. It can be observed
that the method has a detection threshold of about 100–200 lm,
which also allows to monitor the crack propagation during the
early stage of fatigue. Good agreement is observed in the total
crack range, mainly for crack lengths smaller than 1 mm. It can also
be observed that the number of cycles necessary to propagate the
crack length from 0.1 mm to 1 mm was about 60% of the total
monitored fatigue crack propagation life.

Fig. 10 shows the experimental results and the estimated fati-
gue lives for butt joints with three different thicknesses. Initial
crack length was chosen as ai = 0.150 mm. As we have mentioned
in the introduction, a review by Grover [8] suggested that even
high-quality welds contain flaws up to a depth of about 0.1 mm,
that other previous works on fatigue of welded joint have observed
initial crack-like defect depths of about 10–400 lm [9–11]
according to the welding conditions and applied quality control,
and that Radaj and Sonsino have recommended initial crack size
ai = 0.1–0.25 mm in welded structures for life predictions [2]. An
initial defect size of about 150 lm seems to be a proper estimation
for good quality welds. Besides, this value is similar to the detec-
tion threshold of the experimental technique used to detect and
monitor the crack evolution, so that comparisons of estimated
and experimental results could be done.

Even though the tests were carried out at relatively high nom-
inal stresses, the estimations show a good correlation and trends.
It can also be seen in Fig. 10 that the approach allows to obtain
an associated fatigue limit for any analyzed configuration, and that
the estimation of the fatigue limit for 100 thickness is in good corre-
lation with the value given by IIW FAT curve (80 MPa for this case)
[1,14].
6. Estimation of the fatigue threshold for a non-load-carrying
transverse fillet welded joints

Results, conclusions and suggestions of an interesting paper re-
cently publicated by Zhang and Maddox [46] are analyzed in order
to show how important the proposed approach is to study and
understand the influence of the different parameters on the fatigue
behavior of welded joints. Zhang and Maddox have presented the
results of an investigation of the effect of weld toe burr grinding
on the fatigue performance of non-load-carrying transverse fillet
welded joints. In that work, both experiments and calculations
based on fracture mechanics suggest that the fatigue lives of the
toe ground joints in short life regime (<106 cycles) were dominated
by the crack propagation process, while in the long life regime
(>106 cycles) crack initiation became significant. Reasonable esti-
mates of the crack initiation period were made using the local
stress approach proposed by Lawrence et al. [47]. The investigation
also suggested that more benefits from weld toe grinding could be
claimed in the long (N > 106 cycles) than the short life regime (by a
factor of at least 4.6 in that work). When compared with as-welded
joints, the increased fatigue performance of ground joints was
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attributed to reduced stress intensity magnification factor Mk, re-
duced DK due to more favorable fatigue crack front shapes, and
slower crack growth rates possibly related to reduced tensile resid-
ual stresses.

Fig. 11 shows the experimental results obtained by Zhang and
Maddox for as-welded and toe grounded welds, including the
mean S–N curve reported by Booth [48] for burr ground joints.
Experimental results proved to be in good agreement with the BS
7608. Class F mean curve, the appropriate class for as-welded
joints of this type [49], is also shown. Fig. 11 also shows the esti-
mated fatigue life carried out by Zhang and Maddox. The fatigue
performance of all the ground joints was significantly better than
that of the as-welded joints. The life increase factor (LIF), defined
as the ratio of the fatigue endurance of ground welds to that of
the as-welded joints (assumed to correspond to the Class F mean
curve), ranged from 4.6 to 18.4, with an average value of 7.4, at
least double the design factor of 2.2 recommended in BS 7608 for
ground welds (corresponding to a 30% increase in the allowed
stress range). An important result is related with one specimen
that was tested at a stress range of 180 MPa. After 5.46 � 106 cy-
cles, which exceeded 18 times the fatigue life for the Class F mean
curve, there was still no indication of fatigue crack initiation, and
the result was treated as a run-out.

According to the results and analysis made by Zhang and Mad-
dox for both cases (as-welded and ground joints), the following
two descriptions can be summarized. For the case of the as-welded
joint, for which an initial crack length of 0.15 mm is assumed, the
fatigue life (or fatigue resistance) is calculated by integrating the
fracture mechanics-based fatigue crack growth law of Expression
(1) for the material comprised between the limits of flaw size
and critical crack size corresponding to failure [50,51]. The initial
crack length (0.15 mm) is clearly inside the short crack regime,
so that the short crack effect is not considered in the approach.
By assuming the exponent m = 3.0, the average value of parameter
C was determined to be 1.3 � 10�13 by using the experimental re-
sults and fatigue crack propagation rate data obtained from beach
marks [47]. Calculations were made using the 3D Mk solution for
as-welded joints [18]. The estimated fatigue endurance, based on
fatigue crack growth only, agreed well with their experimental
data, which, except for the test results from specimens beyond
106 cycles, fall between the two estimates for the different initial
flaw sizes assumed (0.15 and 0.2 mm). Good results for the estima-
tions are clearly expected because an average value of the param-
eter A for Expression (1) is estimated by using the same
experimental results. The initial crack length (0.15 mm) is clearly
inside the short crack regime, as mentioned before, so that the
short crack effect is not considered in the approach.
[3] 

[46]

[46] 

Fig. 11. Experimental and estimated results reported by Zhang and Maddox for as-
welded and toe grounded non-load-carrying transverse fillet welded joints [46].
On the other hand, for the case of the ground joint, a fatigue
crack initiation life was contemplated and calculated by using a lo-
cal approach developed by Morrow [52], as part of the evaluation
of the total fatigue strength of welded joints. This was defined as
the number of cycles required to create a crack of a certain size.
It was estimated using a low-cycle fatigue (LCF) approach which
utilized a Coffin–Manson type equation. The LCF properties of the
heat affected zone (HAZ), where crack initiation occurred, were
estimated by applying the empirical relation between hardness
and tensile strength of steels. The percentage of the total life spent
initiating a crack was predicted to increase with increasing fatigue
endurance. A weakness in the approach is that the transition crack
size, at which the fatigue damage process is assumed to change
from crack initiation to crack growth, has been defined arbitrarily,
ranging from 0.1 mm [53], to 0.15 mm [54] to 0.25 mm [46]. The
authors also addressed that the assumption that part of the fatigue
life of a welded joint is governed by the tensile strength of the
material is in direct contradiction of the well established finding
that the fatigue lives of welded joints are independent of the mate-
rial’s tensile strength. They also addressed that this is one of the
reasons why the approach is not generally used to assess as-
welded joints. However, the approach proposed in the present pa-
per (see Section 3) can clearly account for the influence of the
material properties on the definition of the fatigue strength of
the weld, and states how that influence can be minimized by the
more important initial crack-like defect size influence and the sta-
tistical nature of the phenomenon. Fatigue test results are usually
presented as Drn–N curves where the different levels are hidden
by the variation in fatigue strength due to the main influence of
initial crack length and residual stresses. These effects can be
clearly observed in the analysis of Section 4. To uncover the rele-
vant differences, statistical methods are needed.

Fig. 12 shows the fatigue lives estimated for both joints (as-
welded and ground joints) by using the integrated fracture me-
chanic approach (IFMA) described in Section 3. Procedure was sim-
ilar to that described in Section 4 for butt, joint. Fig. 12 also shows
details of the two FE models used for calculations of Dryy(x). Esti-
mation were made with applied R = 0.1, residual stress of about
half the yield stress (so that the effective load ratio was considered
to be about 0.4), final crack length af = t/2, d = 0.02 mm (average
ferrite grain size), and ai = 0.2 mm and 0.04 mm for as-welded
and ground joints respectively. Most data were obtained from
Ref. [46]. Initial crack length was chosen as ai = 0.2 mm for the
as-welded joint and as ai = 0.04 mm for the ground joint, according
to the analysis of the initial defect sizes given in Ref. [46]. Fig. 12
shows that the estimated results agree very well with experimen-
tal results. It is worth noting that estimations are made without the
need of experiments with the weld joints. The approach needs the
geometry and some weld conditions of the joint, some material
parameters and the evaluations of the maximum initial defect size.
It is also worth noting that the approach allows the estimation of
the fatigue limit associated to the weld joint.

Fig. 12 also shows that the actual lives are greater than the ones
estimated by Zhang and Maddox for longer endurances (>106).
Those authors suggested that there is a significant fatigue crack ini-
tiation phase in the fatigue life, and that by ignoring it the fatigue
endurance of ground joints is underestimated. However, it can be
seen that the difference is due to the inability of the used approach
to define a fatigue limit (associated threshold for fatigue crack
propagation). If Expression (5) is used instead of 1, and the thresh-
old can be estimated as a function of crack length, a given thresh-
old for the weld joint can be obtained. Results clearly show that the
proposed approach detailed in Section 3 of this paper can properly
estimate the improvement in fatigue strength due to grinding,
without invoking any fatigue crack initiation stage. Since the main
purpose of the grinding process is to eliminate initial defects at the



Fig. 12. Experimental [46] results reported by Zhang and Maddox for as-welded and toe grounded non-load-carrying transverse fillet welded joints, and results predicted by
using the approach detailed in Section 3.
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weld toe, this effect can be taken into account in the proposed ap-
proach by reducing the initial crack length to a minimum value
(ai = 0.04 mm).

Although it may be arguable whether crack initiation life is sig-
nificant or not for as-welded joints, it is generally believed that one
of the main benefits of toe grinding is to remove welding-induced
flaws, which should significantly increase the crack initiation
endurance and hence the total fatigue life. However, the work by
Zhang and Maddox suggested that crack initiation quickly took
place from flaws on or just below the ground surface when the ap-
plied stress ranges were above a certain stress level. Although the
probability of crack initiation from a flaw was reduced in ground
joints, their analysis clearly demonstrated that the majority of
the fatigue cracks (a total of eleven) initiated at flaws. However,
their sizes were smaller than those observed in the as-welded joint
(about 0.040 mm, against 0.2 mm in the as-welded condition). This
was consistent with the observation that these cracks initiated in
weld metal, not in the parent metal where the SCF due to the
groove produced by grinding was the highest for the ground joints.

Zhang and Maddox indicated that the beneficial effects of toe
grinding can be attributed to the following two aspects. A reduced
stress intensity factor range, DK, when compared at the same nom-
inal stress range and crack size, attributed to the reduced stress
intensity magnification factor Mk and a lower crack aspect ratio.
And secondly, a lower crack growth rate that can be explained by
the possible difference in residual stresses. The reduction of the ap-
plied DK due to the change in geometry introduced by grinding can
be accounted in the proposed approach. However, the threshold
condition that defines the fatigue limit associated to the ground
joint is not influenced by the propagation properties, as it can be
observed schematically in Fig. 4. The other important factor that
changes the fatigue strength is the shorter initial crack length, gi-
ven by the shorter crack-like defects present in the ground joint
when compared with the as-welded one.

Of course, and it is clear from the results, much effort should be
made to avoid defects or grind them out. The fatigue limit and,
above all, fatigue life can be improved by adding a significant crack
initiation period required before a fatigue crack starts to propagate.
However, the maximum fatigue limit that could be possible for a
given set of geometry and material and residual stress distribu-
tions is clearly given by the threshold condition defined by the
threshold curve DKth (given for instance by Expression (6)) and
the applied curve DK (see Fig. 4), both as a function of the crack
length.
7. Concluding remarks

This work stresses the importance of considering the fatigue
threshold condition and the short crack effect in the definition of
fatigue strength and behavior of welded joints. The proposed inte-
grated fracture mechanics approach (IFMA) has shown to be able
to describe the influence of most of the parameters and their inter-
actions involved and to provide a powerful tool to estimate the fa-
tigue strength of different weld configurations, including those
where short crack propagation should be considered.

By making use of advanced meshing techniques and sub-mod-
eling, it is now possible to have information on local stresses near
a feature of interest. On the other hand, some aspects of welded
joints remain difficult to model accurately. Local residual stresses
and variation in material properties across the weld are two other
features which are, and will remain for some time, beyond the
capabilities of the design engineer to model accurately. However,
it is of great importance to be able to quantify the influence of each
parameter involved in the definition of the fatigue behavior of a gi-
ven weld joint configuration. Once the approach is available, many
trend and limitations can be properly estimated. The possibility of
measuring all the necessary parameters will then improve even
more the ability of the approach to estimate the fatigue behavior.
Conservative simplifications are also possible.

Today, the fracture mechanics approach is well established par-
ticularly for the fatigue assessment of welded joints and offers the
one and only way for fitness for purpose assessment of structural
members with flaws or other crack-like defects. The analysis pre-
sented in this paper shows that the proposed approach can also
be used for design and results clearly show its ability to predict
the effect of scaling, defect size, micro and macrogeometry (and
change in geometry), residual stresses, material properties, etc.
Authors believe that much effort should be spent in this direction.
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