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a b s t r a c t

The work here presented is concerned with an experimental and numerical fatigue behaviour study of
tubular specimens. Welded and notched tubular specimens of AlMgSi T6 alloy were submitted to in-
phase bending–torsion tests. For both geometries, correlation of the fatigue lives was satisfactorily
obtained by the distortion energy hypothesis based on the local stresses. A stress–strain field intensity
approach and a novel energy-based approach were used to predict the fatigue lives. The applicability
of fictitious radius concept at the welded toe was also tested. Comparison between referred theoretical
predictions and experimental results reveal reasonable correlations, taking into account the scatter nor-
mally observed in fatigue results.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Frequently, critical areas of structures and mechanical compo-
nents are subjected to multiaxial states of cyclic stresses and
strains, leading to fatigue damage. A multiaxial state can be conse-
quence of local constrains at notches and welded roots, or may be
caused by multiaxial external loadings. Because of the complex
cyclic stress–strain responses of materials, the fatigue behaviour
of structures under multiaxial loading cannot be easily described.
According to the extensive reviews of multiaxial fatigue presented
by several researchers [1–5] there is not yet a universally accepted
model. For notched specimens submitted to in-phase bending–tor-
sion fatigue tests, the von Mises and Guest criteria, suggested,
respectively, by Gough [6] and Guest [7], provided reasonable cor-
relations, but both neglected the influence of the notch geometry
on cracking behaviour [8]. On the other hand, it was verified that
any prediction concept based on von Mises criterion fails, when a
combined out-of-phase bending–torsion loading was applied. In
order to overcome these limitations, was proposed a local stress-
based modification of von Mises, designated by effective equiva-
lent stress hypothesis (EESH) [9]. Assuming that failure of ductile
materials under multiaxial stresses states is initiated by shear
stresses, this hypothesis establishes the determination of the effec-
tive equivalent stress by means of the effective shear stress and
using a size effect factor [9]. The size effect factor reflects the

influence of the maximum stressed material volume on the
supportable local stress. The EESH has been successfully applied
to several connections submitted either to out-of-phase
bending–torsion loadings under constant and variable amplitude
or to in-phase bending–torsion loadings [9,10].

The fatigue life predictions of components submitted to multi-
axial states can only be consistent with experimental results if
the effects of local stress–strain gradient and multiaxial character-
istics at the notch are taken into account. According to several
researchers [11–13], satisfactory predictions for components are
achieved only if were considered all factors by the point of view
of fatigue failure mechanisms at notches and weld roots, submitted
to multiaxial states. One of the most recent methods applied to
predict fatigue life is a macro-mechanical approach, designed by
stress field intensity (SFI). SFI is based on the concept that the fati-
gue strength of a notched component depends not only on the peak
stress range at notch root but also on the stress field intensity at
the fatigue failure region or fatigue process zone [11,12]. This re-
gion can be defined as the material volume where micro or
macro-plastic cyclic strain takes place, initiating the damage of
the material microstructure. According to this approach fatigue
failure of a component will occur from a feature that generates
the highest local stress associated with high stress gradients.
According to Shang et al. [13] the damage cumulative process
within a small area at a dangerous position is not only related to
local stress field intensity, but depends also on local strain field
intensity in the small local area. Based on this theory the authors
proposed the local stress and strain field intensity parameters to
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describe fatigue damage, so that the approach is designed by
stress–strain field intensity (SSFI).

For the stress and strain field parameters calculation is neces-
sary the knowledge of the stress and strain distributions in the
vicinity of the notch roots, which can be obtained by finite element
analyses if the geometric details were well known. Unfortunately
the geometric details of the welded roots and other hidden details
cannot be precisely established [9,14].

For the fatigue assessment of weld roots the concept of the mi-
cro-support theory of Neuber [15,16] and the concept of the ficti-
tious radius [17] were recently developed. The micro-support
concept considers that the fictitious notch radius qf depends on
the actual radius q, the multiaxiality coefficient s and the substi-
tute micro-structural length q*

qf ¼ qþ sq�: ð1Þ

The substitute micro-structural length q* is a local material con-
stant, which is dependent on the yield stress and is different for
the base metal, the heat affected zone and the weld metal [16].
The notch stresses have to be averaged over the micro-structural
length, which is normal to the surface. The coefficient s depends
on multiaxiality of the notch stress (plane stress, plane strain or
anti-plane shear loading) and on the applied strength hypothesis
[15,16].

According micro-support concept, the fictitious notch radius
must be determined separately for bending and torsion, for the
assessment of the fatigue behaviour of welded joints submitted
to bending–torsion loadings [18]. Otherwise the concept of the fic-
titious radius is more universal and does not need material con-
stants. For steel welded joints from plates with thickness
t P 5 mm, a fictitious radius of 1 mm is recommended [19,20]. This
radius can be obtained from the micro-support concept assuming
q* = 0.4 mm, s = 2.5 for a plane strain condition at the root of sharp
notches combined with von Mises strength criterion [15] and the
worst case of a crack with a null actual radius [17]. A fictitious ra-
dius of 1 mm was also successfully applied to AlMg4.5Mn and
AlMgSi1 T6 aluminium alloys welded joints from plates with thick-
nesses within 5 and 25 mm [21]. For plates with t 6 5 mm of steel
and aluminium alloys, the fictitious radius of 0.05 mm was suc-
cessfully applied to studies based on the local stress concept [22].

In this study the fatigue behaviour of welded and notched tubu-
lar specimens, submitted to in-phase bending–torsion loading, was
assessed by means of the pseudo-elastic equivalent local stresses
evaluated by means of the von Mises criterion. For variable ampli-
tude loadings composed of blocks, the equivalent stresses were
estimated with Miner’s rule. Two simplification hypotheses were
considered for the weld toe of welded specimens: for one of them
a fictitious radius equal to 1 mm was assumed and for the other
was considered the average of the radius measurement at weld
toes. Local stress–strain field intensity (SSFI) approach proposed
by Shang et al. [13] was applied as damage parameter on fatigue
lives predictions performed for both notched and welded tubular
specimens. However, the authors introduced some modifications
to SSFI in accordance with Qylafku et al. [12], being the approach
presented in this paper a combination of both: (i) the effect of
the fatigue damage zone is introduced by means of the effective
distance [12]; (ii) von Mises equivalent stress and strain distribu-
tions are used to reflect the influence of the applied stress and
strain on notch strength as is suggested by Shang et al. [13], in
place of the ry stress as proposed in the Qylafku et al . [12] ap-
proach. Fatigue life predictions were based on Coffin–Manson ap-
proach with Morrow’s modification to include mean stress
influence. A proposed energy-based approach establishing a power
law between field intensity of strain energy density and fatigue life
was also used for life predictions. In this approach, the local strain

energy density is estimated considering valid the equivalent strain
energy hypothesis, avoiding non-linear elastic–plastic analyses,
even when some plasticity occurs at the notch roots. Therefore, a
new equation based on energy field intensity will be used to esti-
mate fatigue lives. In both approaches the damage zone dimension
was defined by the effective distance, xeff. For this paper, the vari-
ation of xeff with the notch radius and the material properties was
numerically studied by means of finite element analyses. Finally,
the predicted initiation fatigue lives of notched and welded tubular
specimens of AlMgSi alloy with a T6 heat treatment alloy were
compared with experimental data from in-phase biaxial fatigue
tests.

2. Local stress–strain field intensity approach

The stress field intensity rFI is defined as [11,12]:

rFI ¼
1
V

Z
X

f rij
� �

u ~rð Þdv; ð2Þ

and the strain field intensity parameter eFI is defined by [13]:

eFI ¼
1
V

Z
X

f eij
� �

uð~rÞdv: ð3Þ

In previous equations, X is the fatigue failure region, V the vol-
ume of X, f(rij) the stress equivalent function, f(eij) the strain
equivalent function and uð~rÞ a weight function.

The equivalent stress and strain functions reflect the influence
of the applied stress and strain on notch strength. According to
Shang et al. [13] von Mises equivalent stress and strain are used
for ductile materials such as carbon steel and aluminium alloys,
while maximum principal stress is used for brittle materials. Since
the equivalent stress and strain contain the effects of the multiaxial
characteristics at the notch, the stress–strain complex states gen-
erated by the notches are taken into account. In this work von
Mises equivalent stress and strain are used to describe f(rij) and
f(eij).

The weight function, uð~rÞ, introduces the contribution of the
equivalent stress or strain at a point Q in the vicinity of the notch
root to the peak stress at j~rj ¼ 0 and is characterized by:

1. 0 6 uð~rÞ 6 1 and uð~rÞ is a monotonically decreasing function
about j~rj;

2. uð0Þ � 1, which means that contribution of the stress at the
notch root is maximum;

3. uð�rÞ � 1, without stress gradient (v = 0).

The weight function, uð~rÞ, is defined by [13]:

uð~rÞ ¼ 1� vj~rj; ð4Þ

where v is the stress gradient and j~rj is the distance from the point
Q to the notch root. Considering that uð~rÞ is related to the distance

Fig. 1. Schematic diagram of a finite element mesh in notch vicinity with damage
zone representation [13].
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