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A B S T R A C T

The influence of a proof load, or an initial overload, on the fatigue resistance of welded structures is
investigated in this study. Arc welded stiffeners made of S355 steel are considered and fatigue-tested in as-
welded and proof-loaded conditions. X-ray diffraction analyses are carried out to evaluate the influence of
a proof load on the residual stress field. To better understand the role of a proof load on the mechanical
fields in the stress concentration zones, a numerical approach based on elasto-plastic finite element analyses
is proposed. The methodology includes a non-local multiaxial fatigue criterion, which integrates a strain
hardening contribution, that makes it possible to estimate the number of cycles to failure. The comparison
between experimental and numerical results indicates that the beneficial effect of a proof load on the fatigue
resistance can be mainly attributed to residual stress and strain hardening effects. The final result is a master
SN curve adapted to the fatigue design of stiffener structures, tested under different loading conditions.

1. Introduction

Welding is one of the most common process for the assembly
of metallic structural components. To assess the integrity of welded
structures, a proof load is sometimes applied before service, and it
is even imposed by certain standards [1]. It consists of applying an
initial overload to the structure to ensure the structural integrity of
mechanical systems. This is usually carried out after manufacture but
before the equipment is put into service, and typically without regard
to the consequences in terms of fatigue life in service. To evaluate
the impact of a proof load on the fatigue resistance of welded steel
structures, different experimental studies have been conducted. For
instance, Masumoto et al. [2] applied a strain-controlled preload, in
tension to butt-welded specimens. These specimens were then fatigue-
tested under tensile cyclic loads, with a positive load ratio. According to
the results, the application of a nominal tensile strain of 4% leads to an
increase in the fatigue resistance of 20% in comparison with as-welded
specimens. The authors attribute the beneficial effect of the preload to
the presence of compressive residual stresses at the weld toe. Hensel
et al. [3] studied the consequences of a proof load on the residual stress
field of arc-welded longitudinal stiffeners made out of S355 steel. The
residual stress state in as-welded and proof-loaded conditions (98% of
the yield strength) was evaluated. In the critical zone, the proof load
eliminated the tensile residual stresses induced by welding. Fatigue
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tests under reverse tension were also conducted. In comparison with
as-welded structures, an increase of the fatigue resistance of 240% was
observed for proof-loaded structures. Sadeler et al. [4] evaluated the
effect of compressive residual stresses induced by a preload on the
fatigue life of notched specimens (notch radius of 2 mm, 𝐾𝑡 = 1.84)
made of AISI 4140 steel. In comparison with as-welded specimens, an
improvement of about 36% in fatigue life of prestrained specimens was
observed.

Since conventional experimental techniques (e.g. X-ray diffraction,
hole drilling) do not provide full insight into the residual stress re-
distribution resulting from the application of a proof load, numerical
simulation has been used as an alternative investigation method. Tsut-
sumi et al. [5] evaluated the beneficial effect of a proof load on the
fatigue resistance of U-rib steel welded specimens. For this purpose,
a 2D elasto-plastic finite element model was developed. A fatigue
criterion, which integrates the influence of residual stresses, was then
proposed. According to the authors, the compressive residual stresses
resulting from a proof load must be considered to obtain numeri-
cal results consistent with experimental observations. Schubnell et al.
[6] considered transverse stiffeners made of mild S355J2 steel and
evaluated the consequences of a HFMI-treatment followed by a single
overload on the residual stress field. For this purpose an elasto-plastic
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List of Symbols

𝛼 Maximal hydrostatic pressure sensitivity
coefficient

�̇� Plastic multiplier
𝜆, 𝜇 Lamé coefficients
𝜎𝑒𝑞 Equivalent stress
𝜎𝑉𝑀 Volume average of the von Mises stress
√

𝐽2𝑎 Volume average of the octahedral shear
stress amplitude

𝑃𝑚 Volume average of the maximum hydro-
static pressure

𝜙 Strain hardening sensitivity exponent
𝜌 Radius of the integration sphere
𝛴 Stress tensor
𝜎𝑛𝑜𝑚 Nominal stress
𝛴𝑟𝑠 Residual stress tensor
𝜎𝑉𝑀 Von Mises stress
𝜎𝑦0 Initial yield stress
√

𝐽2𝑎 Octahedral shear stress amplitude
𝐶𝑘, 𝛾 Material parameters
𝐸 Strain tensor
𝐹 Load
𝐼 Identity tensor
𝑚,𝐶 Basquin parameters
𝑁 Number of cycles to failure
𝑃𝑚 Maximum hydrostatic pressure
𝑃𝑟𝑠 Residual hydrostatic pressure
𝑅 Loading ratio
𝑆0 Nominal section
𝑡 Time
𝑈𝜓 Displacement in the 𝜓 direction
𝑉 Volume of the averaging sphere
𝑋 Backstress tensor

finite element model was developed considering different material
behavior for the base metal, the heat affected zone and the welded
area. The residual stress numerically predicted were then compared to
experimental analysis. According to the authors, the HFMI-treatment
and the single tensile overload affect the residual stresses field and con-
sequently influence the fatigue strength. While the beneficial effect of a
proof load is mostly attributed to the modification of the residual stress
field in critical zones [7,8], Masumoto et al. [2], Schubnell et al. [6,8],
Leitner et al. [9] and Janardhan et al. [10] also mentioned the role of
strain hardening. Indeed, while different studies have concluded that
there is a beneficial effect of strain hardening on the fatigue resistance
of homogeneous specimens [11–13], the role of strain hardening on
the fatigue resistance of welded structures remains unclear. Also, in the
aforementioned studies, no attention has been given to the influence of
the load ratio on the fatigue resistance of proof-loaded structures.

In the present study, the impact of a proof load on the fatigue
resistance of as-welded steel structures is investigated. For this purpose,
experimental fatigue tests on stiffener structures were performed. Two
load ratios are considered and the impact of the mean load on the
fatigue resistance of as-welded and proof-loaded structures is also
evaluated. In addition, to further analyze the experimental results,
numerical simulations based on the finite element method were con-
ducted. Specifically, an elasto-plastic model is used to evaluate the
stress field resulting from the application of a proof load and a cyclic
load. The stress field is finally post-processed with a non-local fatigue
Crossland criterion. This criterion is a modified version of that initially

proposed by El May et al. [14] for corrosion defects. Specifically, an
additional contribution of stress history effects is included in the non-
local criterion to describe the impact of a proof load on the fatigue
resistance of welded structures. Such a criterion makes it possible to
discuss the impact of the proof load and the load ratio on the residual
stress field and local strain hardening. It also allows for the construction
of a single master curve adapted to the fatigue design of welded
stiffeners with different loading conditions.

This article is divided into four sections with both experimental
and numerical aspects. The specimen geometry and the different ex-
perimental methods are detailed in the first section. The numerical
approach and the fatigue criterion are described in the second section.
The experimental and numerical results are presented in the third
section and confronted and discussed in the last section.

2. Experimental methods

2.1. Specimen geometry

The present study focuses on the fatigue resistance of welded stiff-
eners, which were made of 8 mm thick S355 structural steel sheets.
The corresponding geometry is shown in Fig. 1. For the fabrication
of the stiffeners, the different plates were first positioned with respect
to each other and spot welded. It is worth mentioning that the spot
welds were positioned away from the critical zones for fatigue failure.
A robotic Metal Active Gas (MAG) welding process was then used with
a copper-coated solid wire and an argon/CO2/O2 gas to construct the
weld seams with a single welding pass. The weld starts and weld ends
were positioned away from the critical zones of fatigue failure (see
Fig. 2). Also, it is worth mentioning that only nominal weld dimensions
were used for the present study, i.e., the real geometry of the weld seam
was not considered.

2.2. Specimen characterization

2.2.1. Hardness measurements
To evaluate the mechanical property gradients, Vickers hardness

measurements were conducted according to the EN ISO 9015-2 stan-
dard. For each characteristic zone of the welded structures (base metal,
heat-affected zone and fusion zone), at least 6 hardness measurements
were carried out with a load of 200 g and a dwell time of 10 s.

2.2.2. Residual stress analysis
In the present study, X-ray Diffraction (XRD) techniques were used

to evaluate the impact of a proof load on the residual stress state at the
surface of a stiffener structure. XRD analyses were performed according
to the EN 15305-2009 standard using an X-RAYBOT V2 apparatus
equipped with a chromium anode. As shown in Fig. 2, the analyzed
zone, which is circular (with a diameter of 2 mm), is adjacent to the
weld toe. Prior to XRD analyses, the area of interest was electropolished
to a depth of 100 μm. XRD stress analyses were then conducted in-situ
for successive proof loads with increasing intensity (from 0 to 420 MPa
nominal stress calculated in the longitudinal plate). After each proof
load, the residual stress state 𝚺𝐫𝐬 was estimated from the 2𝜃 position
of {211} lattice planes by assuming a biaxial stress state. The residual
hydrostatic pressure 𝑃𝑟𝑠 was deduced from 𝚺𝐫𝐬 according to:

𝑃𝑟𝑠 =
1
3

tr(𝚺𝐫𝐬). (1)



Fig. 1. Dimensions (in millimeters) of the investigated stiffener structures.

Fig. 2. Position of the electropolished zone and the spot in which the residual stress analysis was done.

2.2.3. Fatigue tests
The fatigue resistance of the stiffener structures was evaluated via

a vast experimental campaign using a uniaxial tension-compression
servo-hydraulic machine. The specimens were clamped on 50 mm at
both extremity of the flange as shown in Fig. 3. The tests were carried
out under load control with a frequency of 10 Hz and a load ratio
𝑅 of either 0.1 or −1 until the total fracture occurred. A number
of cycles of 107 was used as the runout condition. Prior to fatigue
testing, some of the specimens were proof-loaded with either tensile
or compressive loads. Due to possible geometrical distortion induced by
the welding process, an anti-buckling fixture [15] was used to apply the
compressive proof-load in order to limit as possible secondary bending
in the specimens. For the definition of the different loading conditions,
the nominal stress 𝜎𝑛𝑜𝑚 is used:

𝜎𝑛𝑜𝑚 = 𝐹
𝑆0

(2)

where 𝐹 is the prescribed load and 𝑆0 the nominal section of the axial
plate of the specimen. The loading conditions used for the present study
are summarized in Table 1.

3. Numerical methods

To evaluate the impact of a proof load on the fatigue resistance
of welded structures, a non-local fatigue criterion is proposed. This
criterion relies on the elasto-plastic finite element method (FEM) to
compute the stress field resulting from the loading history (i.e., the
proof load followed by the cyclic loads). The main features of the
FEM model are presented in the next section.The Abaqus solver was
used for the application of the finite element method. The constitutive
equations used to represent the elasto-plastic behavior of the structural
steel are then detailed. The non-local fatigue criterion that is used to
post-process the FEM simulations is finally described.

3.1. Geometry, mesh generation and boundary conditions

To evaluate the stress field resulting from a loading sequence, a
finite element model of the stiffener structure has been constructed.
As shown in Fig. 4, this model uses an idealized representation of the
weld toe with no fillet radius. Also, the nominal dimensions of welded
structures were used to construct the finite element model. As a result,



Table 1
Summary of the experimental fatigue campaign — Loading conditions investigated to establish the fatigue resistance of stiffener structures.

Proof load nominal pre-stress (MPa) Fatigue applied nominal stress range (MPa) R Number of specimens

0 77 113 169 253 0.1 4 4 4 4
281 140 169 197 225 0.1 5 4 4 4
352 140 197 253 0.1 4 5 4
375 169 0.1 5
422 253 0.1 4
−352 113 0.1 3
0 169 253 −1 4 4
352 169 253 −1 4 4
−352 169 253 −1 2 4

Fig. 3. Stiffener structure clamped on the servo-hydraulic machine.

dimensional errors, such as the perpendicularity defect between the
stiffeners and the base plates or the non-flatness of the base plates,
were not considered. For the application of the finite element method,
the structure was meshed with second order tetrahedral elements. An
isotropic mesh size of 50 μm was assigned to the elements located in a
cylinder with a 0.5 mm radius around the weld toe. The mesh size was
gradually increased to 2 mm toward the global structure as shown in
Fig. 4. The Fig. 5 gives the results of a preliminary mesh convergence
study and show that a mesh size of 50 μm is sufficient to limit mesh
dependency. Specifically, while the local stress state may depend on
the mesh size because of stress singularities, the averaging procedure
presented hereafter allows computing volume-averaged stress quanti-
ties whose dependence with respect to mesh resolution is negligible.
The boundary conditions are also show in Fig. 4. The axial load 𝐹 is
represented as an evenly distributed pressure applied on one of the
specimen end. The axial displacement is blocked on the opposite end.
Additional Dirichlet boundary conditions are also included to prevent
rigid body motions.

3.2. Constitutive model

To consider the accumulation of plastic strains resulting from a
loading sequence, an elasto-plastic constitutive model is used. In the
context of infinitesimal transformations, the total strain tensor 𝑬 is
additively decomposed into elastic 𝑬𝑒 and plastic 𝑬𝑝 contributions:

𝑬 = 𝑬𝑒 + 𝑬𝑝. (3)

For isotropic materials, the stress tensor 𝜮 is obtained from the elastic
strain tensor 𝑬𝑒 with:

𝚺 = 𝜆tr(𝑬𝑒)𝑰 + 2𝜇𝑬𝑒. (4)

where 𝜆 and 𝜇 are the Lamé coefficients. To determine whether the
conditions for plastic flow are met or not, the von Mises yield criterion
is adopted. For this purpose, it is convenient to introduce the von Mises
equivalent stress 𝜎𝑉𝑀 such that1:

𝜎𝑉𝑀 =
√

3
2
(𝚺𝑑 −𝑿𝑑 ) ∶ (𝚺𝑑 −𝑿𝑑 ), (5)

where 𝑿 is the backstress tensor resulting from kinematic hardening.
According to the experimental results of Gadouini et al. [17], Slezak
and Sniezek [18] and Giraud [19], who characterized of the cyclic
behavior of a S355 steel, the size of the elastic domain is not signi-
ficatively affected by the plastic deformation. As a result, a reasonable
description of the cyclic behavior is obtained when a pure kinematic de-
scription of the hardening is adopted. The corresponding yield function
𝑓 is thus given by:

𝑓 = 𝜎𝑉𝑀 − 𝜎𝑦0, (6)

where 𝜎𝑦0 is the initial yield stress. The kinematic hardening rule of
Frederick and Armstrong [20] is used to describe the cyclic behav-
ior of the different regions of the structure. According to the results
of Gadouini et al. [17], this non-linear hardening rule provides a
reasonable description of the cyclic behavior of the S355 steel grade.
The expression of the hardening rule is:

�̇� =
𝐶𝑘
𝜎𝑦0

(𝚺 −𝑿)�̇� − 𝛾𝑿�̇�. (7)

In the above equation, �̇� is the plastic multiplier and 𝐶𝑘 and 𝛾 are
two material parameters controlling the initial hardening rate and the
asymptotic value of the backstress tensor. The material characterization
of the heat affected zone and the welded metal were not considered
in this study, therefore a more sophisticated hardening model was
not envisaged. The microstructure of the weld metal, which is largely
controlled by the local thermal history, is assumed to be heterogeneous.
Depending on the local microstructure, a seam weld is conventionally
divided into three regions: the base metal, the heat-affected zone and
the fusion zone. To model the elasto-plastic behavior of the weld metal,
two different descriptions are tested in the following. The first strategy,
which is referred to as the heterogeneous description, considers differ-
ent sets of material parameters for the different zones. The geometry
of the three zones considered in the models are shown in Fig. 6. The
second strategy, which is referred to as the homogeneous description,
ignores microstructural gradients, hence uses a single set of material
parameters for the whole structure.

3.3. Fatigue criterion

To evaluate the fatigue resistance of welded structures tested with
different loading conditions, a non-local multiaxial fatigue criterion
is proposed [21–23]. Such a criterion relies on the definition of an
equivalent stress 𝜎𝑒𝑞 to evaluate the number of cycles to failure 𝑁
for a given loading history. According to this approach, fatigue crack

1 The superscript 𝑑 denotes the deviatoric part of a second rank tensor.



Fig. 4. Boundary conditions used in the finite element model and mesh refinement in the critical zone, element size 50 μm.

Fig. 5. Mesh convergence study based on the equivalent stress presented at the
Section 3.3 and considering the mesh size of 20 μm as the reference one [16].

Fig. 6. Geometry of the heat affected zone (HAZ) considered in the model.

initiation after 𝑁 loading cycles occurs when the maximum value of
the equivalent stress equals the fatigue resistance:

max𝒙(𝜎𝑒𝑞(𝒙)) = 𝛽(𝑁), (8)

where 𝛽(𝑁) is the fatigue resistance corresponding to a given number
of cycles to failure 𝑁 . In the present work, the Basquin equation [24]
is used to include the number of cycles to failure in the expression of
the fatigue resistance:

𝛽 = 𝐶
𝑁𝑚 , (9)

where 𝑚 and 𝐶 are the Basquin parameters. According to Eq. (8), the
number of cycles to failure 𝑁 is therefore given by:

𝑁 = 𝐶
max𝒙(𝜎𝑒𝑞(𝒙))𝑚

. (10)

The evaluation of the equivalent stress 𝜎𝑒𝑞 is based on the Crossland
criterion [25]. According to the literature, this criterion, which was
selected here mostly for simplicity reasons, provides a reasonable de-
scription of the impact of stress multiaxiality on the fatigue resistance
of welded structures [26,27]. In contrast with the original proposition
of Crossland [25], the equivalent stress is non-local in the sense that
it is obtained from a spatial averaging procedure. The non-locality is
introduced to (i) limit the FE mesh dependency and (ii) to take into
account the stress gradients that affect the fatigue resistance [28–30].
The non-local equivalent stress is computed from the volume average
of the octahedral shear stress amplitude

√

𝐽2𝑎 and the volume average
of the maximum hydrostatic pressure 𝑃𝑚. As shown in Fig. 7, these
quantities are obtained from their local counterparts

√

𝐽2𝑎 and 𝑃𝑚
with a volume averaging operation applied in a sphere with radius 𝜌
according to:
√

𝐽2𝑎(𝒙) =
1

𝑉 (𝒙) ∫𝑉

√

𝐽2𝑎(𝒙′) 𝑑𝒙′, (11)

𝑃𝑚(𝒙) =
1

𝑉 (𝒙) ∫𝑉
𝑃𝑚(𝒙′) 𝑑𝒙′, (12)

where 𝑉 denotes the volume of the averaging sphere.
Different studies have shown that the fatigue resistance of metallic

materials is affected by strain hardening [2,11,31,32]. To consider the
influence of strain hardening, the present study assumes that the fatigue
resistance increases when the maximum von Mises stress obtained
during a loading history exceeds the initial yield stress. It is therefore



Fig. 7. 2D representation of the integration sphere. The parameter 𝜌 defines the radius
of the integration sphere for the computation of the non-local fatigue criterion.

convenient to introduce a hardening factor ℎ (with 0 < ℎ ≤ 1) for any
material point such that:

ℎ(𝒙) =

(

𝜎𝑦0(𝒙)
max𝑡(𝜎𝑦0(𝒙), 𝜎𝑉𝑀 (𝒙, 𝑡))

)𝜙

, (13)

where 𝑡 is the time, 𝜙 is a material parameter that controls the contri-
bution of the strain hardening and 𝜎𝑉𝑀 is the average von Mises stress:

𝜎𝑉𝑀 (𝒙, 𝑡) = 1
𝑉 (𝒙) ∫𝑉

𝜎𝑉𝑀 (𝒙′, 𝑡) 𝑑𝒙′. (14)

The hardening factor ℎ is constructed in such a way that it takes a unit
value if the initial yield stress is not exceeded during a loading history.
Alternatively, when plastic yielding occurs, the hardening factor is
reduced. Such a strategy allows considering that the impact of an
initial plastic straining (i.e., overload) on the fatigue resistance strongly
depends on the difference between the maximum stress obtained during
the initial loading and that obtained during cyclic loading. Specifically,
when an initial plastic strain is applied, the maximum von Mises stress
obtained during the initial loading is superior to the initial yield stress.
The ℎ factor is thus inferior to unity, which reduces the severity of the
cyclic loading measured by the Crossland equivalent stress.

𝜎𝑒𝑞(𝒙) =
(

√

𝐽2𝑎(𝒙) + 𝛼𝑃𝑚(𝒙)
)

⋅ ℎ(𝒙), (15)

=
(

√

𝐽2𝑎(𝒙) + 𝛼𝑃𝑚(𝒙)
)

⋅

(

𝜎𝑦0(𝒙)
max𝑡(𝜎𝑦0(𝒙), 𝜎𝑉𝑀 (𝒙, 𝑡))

)𝜙

. (16)

The evaluation of the non-local Crossland equivalent stress uses three
material parameters: 𝜌 the averaging sphere radius to account for the
effects of stress gradients, 𝛼 the maximal hydrostatic pressure sensi-
tivity coefficient and 𝜙 the strain hardening sensitivity exponent. The
original form of the Crossland criterion [25] is obtained when both 𝜌
and 𝜙 are zero.

4. Results

4.1. S-N curves for stiffener structures

4.1.1. Influence of the loading ratio
The experimental S–N curves, showing the nominal stress range as

a function of the number of cycles to failure for the stiffener structures,
are shown in Fig. 8 and a summary of the fatigue test results is given
in Table 4. The Basquin curve parameters were identified by linear
regression taking stress amplitude as the independent variable and
plotted [24]. The results obtained for loading ratios of −1 and 0.1

Fig. 8. S–N curves obtained for as-welded and proof-loaded stiffener structures for
different load ratios. An initial nominal stress of 352 MPa was applied before cyclic
loading for the proof-loaded stiffener structures.

are presented for as-welded and proof-loaded specimens. For proof-
loaded specimens, an initial nominal stress of 352 MPa was applied
before cyclic loading. According to these results, the load ratio has no
significant influence on the fatigue resistance for as-welded specimens.
Such results are consistent with those obtained by Baumgartner and
Bruder [33] and Hensel et al. [3] on similar structures. Alternatively,
proof-loaded structures tested with a load ratio of −1 display a higher
fatigue resistance than those tested with a load ratio of 0.1. The
application of a proof load therefore affects the mean load sensitivity
of the structure.

4.1.2. Influence of the proof load intensity
The nominal S–N curves obtained for proof-loaded stiffener struc-

tures with load ratios of 0.1 and −1 are presented in Fig. 9. Different
proof loads were applied before cyclic loading. The investigated proof
load values, corresponding to nominal axial stress, were varied between
−352 MPa and 422 MPa. The results obtained for as-welded specimens
are also included. It can be seen from Fig. 9 that a beneficial effect on
the fatigue resistance is observed when the proof load exceeds 250 MPa.
For moderate or negative proof loads (≤ 250 MPa), no beneficial, nor
detrimental effect is detected. Also, the beneficial effect of a proof load
is more visible for low nominal stress ranges. Such results indicate that
the difference between the maximum nominal stress applied during
the proof load and the maximum nominal stress of the cyclic loading
controls the impact of the proof load.

4.2. Material parameters

4.2.1. Constitutive model parameters
For the application of the elasto-plastic constitutive model, the

Lamé coefficients (𝜆 and 𝜇) were taken as being identical for the
different zones. They correspond to a Young’s modulus of 210 GPa
and a Poisson’s ratio of 0.3. When the heterogeneous description of
the stiffener structure is adopted, a set of hardening parameters must
be assigned to each of the three regions (base metal, heat-affected
zone and fusion zone). In the present study, it was not possible to
evaluate the local mechanical behavior and to determine the material
parameters corresponding to the different zones. Indeed, the heat-
affected zone extends only up to 1 mm from the weld toe, which makes
it difficult to extract representative specimens from each zone. To
circumvent this difficulty, the empirical relations proposed by Hart [34]
are used. Specifically, Hart [34] established empirical relationships



Fig. 9. S–N curves obtained for as-welded and proof-loaded stiffener structures for
different load ratios. Nominal proof loads from −352 MPa to 422 MPa were applied
before cyclic loading.

Table 2
Parameters of the constitutive equations used to model the material behavior of the
base metal, the heat-affected zone and the fusion zone.

Zone Hardness (HV) 𝜎𝑦0 (MPa) 𝐶𝑘 (MPa) 𝛾

Base metal 185 350 7700 30.4
Heat affected zone 225 382 10 550 30.4
Fusion zone 205 545 3500 30.4

between the Vickers hardness and the yield stress for the base metal,
the heat-affected zone and the fusion zone of welded steels. These
relationships make it possible to determine the initial yield strength
𝜎𝑦0 for the different zones. Also, the kinematic hardening parameters
𝐶𝑘 and 𝛾 were obtained from the results of Hiraide et al. [35], who
performed strain-controlled cyclic tests on specimens with different
hardnesses, for a similar steel grade. The material parameters obtained
for the different zones are given in Table 2 with the corresponding
Vickers hardness. These parameters were used for both the initial and
cyclic loading. For the purpose of illustration, the stress–strain curves
obtained for the different zones for a uniaxial Bauschinger test (tension
then compression) are displayed in Fig. 10.

For the homogeneous description, the hardening parameters asso-
ciated with the heat-affected zone are used for the entire structure.
As discussed hereafter, the critical region for fatigue crack initiation
is located within the heat-affected zone. In the other regions (base
metal and fusion zone), plastic deformation is usually limited and an
accurate estimation of the hardening parameters is not essential for the
evaluation of the overall behavior of the stiffener structure.

4.2.2. Fatigue criterion parameters
The non-local fatigue criterion includes five different material pa-

rameters: the radius of the integration sphere 𝜌, the maximum hy-
drostatic pressure sensitivity coefficient 𝛼 and the strain hardening
sensitivity exponent 𝜙 and the Basquin parameters 𝐶 and 𝑚. It is worth
mentioning that the radius of the integration controls the sensitivity of
the fatigue criterion to stress gradients. The effect of the mean stress
state, which includes the residual stress state, is controlled with the
maximum hydrostatic pressure sensitivity coefficient. Finally, as dis-
cussed earlier, the impact of strain hardening on the fatigue resistance
can be adjusted with the 𝜙 exponent. For the identification of these
parameters, an optimization procedure has been used. Such a proce-
dure aims at finding the set of parameters that maximize the linear
correlation coefficient between the observed and calculated number
of cycles to failure. This procedure has been applied for both the

Table 3
Set of parameters identified for the homogeneous and heterogeneous behaviors and the
corresponding range of parameters and increments that were investigated.

Parameters Heterogeneous Homogeneous Range, increment

𝜌 mm 0.1 0.1 [0.05–0.5], 0.05
𝛼 0.2 0.3 [0–0.4], 0.1
𝜙 0.4 0.4 [0–0.5], 0.1
𝑚 N∕MPa 4.5 4.6 [2–6], 0.1
𝑙𝑜𝑔10 𝐶 N MPa 15.7 16,2 [10–20], 0.05

homogeneous and heterogeneous descriptions of the stiffener structure.
The corresponding sets of parameters are presented in Table 3.

The experimental and numerical number of cycles to failure ob-
tained for the different loading conditions are compared to each other
in Figs. 11 and 12. The Pearson correlation coefficient 𝑟2, which quan-
tifies the correlation between numerical and experimental data, is also
calculated. For both descriptions (homogeneous 𝑟2 = 0.82 or hetero-
geneous 𝑟2 = 0.84), only minor differences are observed between the
numerical and experimental data for structures tested with a loading
ratio of 𝑅 = 0.1. Such results indicate that an accurate estimate of
material properties is not of prime importance for the evaluation of
the fatigue resistance of as-welded and proof-loaded structures. For the
application of the fatigue criterion, the residual stresses from welding
were not considered. For all the tested configurations, the yield stress
within critical zones is exceed. The accumulation of plastic strains
is therefore expected to eliminate the residual stresses resulting from
welding operations. The sole exception to this situation is the case of
structures that were not proof-loaded and tested with a loading ratio
𝑅 = −1. For this specific case, the fatigue behavior may be influ-
enced by welding-induced residual stresses. This aspect is discussed in
Section 5.3

4.3. Influence of a proof load on the residual stress state

Fig. 13 shows the residual hydrostatic pressure, obtained both ex-
perimentally and numerically, at the weld toe immediately after a proof
load, plotted as a function of the nominal proof stress. In terms of the
experimentally determined values, the residual hydrostatic pressure is
positive (about 180 MPa) for the as-welded state, which indicates that
significant tensile residual stresses are present. When an initial proof
load is applied, the residual hydrostatic pressure is progressively shifted
toward negative values. Such results are consistent with those obtained
by Wang et al. [36] for an aluminum alloy and by Farajian et al. [7]
for a S690QL steel grade. For severe proof loads, the residual hydro-
static pressure saturates to a lower limit of approximately −70 MPa.
It is worth mentioning that the saturation of the residual hydrostatic
pressure occurs when the nominal proof stress exceeds the yield stress
of the base material (≈ 350 MPa), which corresponds to the macroscopic
plastification of the structure.

The results obtained with the numerical models, for both descrip-
tions (i.e., homogeneous and heterogeneous) are also included in
Fig. 13. When the initial residual stresses are not considered, the
model predictions are consistent with the experimental observations
for significant proof loads (≥ 220 MPa). Also, even though the homo-
geneous description provides slightly better results, both descriptions
lead to similar results with a minimum residual hydrostatic pressure of
approximately −70 MPa. To evaluate the impact of an initial residual
stress field on the redistribution of the residual stress field, additional
simulations were conducted with an initial residual hydrostatic pres-
sure of 230 MPa, using the homogeneous description of the structure.
The results show that except for the initial state, the difference between
the model previsions obtained with and without an initial residual
stress field is less than 20 MPa for the smallest proof load. This indicates
that the initial residual stress field does not need to be considered for
the evaluation of proof load-induced residual stresses, provided that the
nominal proof stress is superior to 220 MPa.



Fig. 10. Stress–strain curves calculated with the elasto-plastic model for a uniaxial Bauschinger test (tension then compression) for the different zones: base metal (BM), heat-affected
zone (HAZ), fusion zone (FZ).

Fig. 11. Number of cycles to failure calculated with the numerical model using the
heterogeneous description, as a function of the experimental number of cycles to failure.

Fig. 12. Number of cycles to failure calculated with the numerical model, using the
homogeneous description, as a function of the experimental number of cycles to failure.

Fig. 13. Comparison between the residual hydrostatic pressure determined experimen-
tally and via numerical simulations after proof load. The dotted line indicates a region
where interpolation between the corresponding data points is uncertain.

5. Discussion

5.1. Role of microstructural gradients

The numerical models make it possible to determine the positions
where fatigue cracks are likely to initiate on the as-welded and proof-
loaded structures. The equivalent stress fields obtained for both the
heterogeneous and homogeneous descriptions are displayed in Fig. 15.
For the different loading conditions and material descriptions used in
this study, the equivalent stress is maximal at the weld toe, where an
important stress concentrations exist. This is consistent with the ex-
perimentally observed crack initiation sites (see Fig. 14). These results
indicate that, in the present context, the determination of the fatigue
crack initiation site does not require considering the microstructural
gradients resulting from the welding operation.

The proposed fatigue criterion makes it possible to construct a
unique master S–N curve for all of the configurations tested in the
present study. The master curve is obtained by plotting the maximum
equivalent stress versus the number of cycles to failure. The master



Fig. 14. Fracture surface of (a) an as-welded and (b) a proof-loaded structure, cyclically tested with a load ratio of 𝑅 = 0.1. Multiple crack initiation sites can be observed at the
weld toe surface.

Fig. 15. Equivalent stress distributions in the critical zone obtained for the heterogeneous (a,c) and homogeneous (b,d) descriptions. The results were obtained for as-welded (a,b)
and proof-loaded (c,d) specimens with a loading ratio of 𝑅 = 0.1 and a nominal stress range of 169 MPa. An initial nominal stress of 352 MPa was applied to the proof-loaded
structure.

curves obtained for the heterogeneous and homogeneous descriptions
of the stiffener structures are presented in Figs. 16 and 17, respectively.
The Pearson correlation coefficient 𝑟2 is also indicated on each graph.
Though the heterogeneous description provides slightly better results,
the differences between both descriptions are minor. An accurate de-
scription of the elasto-plastic behavior in the vicinity of the weld toe is
therefore not essential for the evaluation of the fatigue life.

5.2. Hydrostatic pressure and strain hardening

The numerical model proposed in the present study makes it pos-
sible to decouple the effect of the maximum hydrostatic pressure from
that of the strain hardening. For this purpose, the S–N curves obtained
with the homogeneous description under different assumptions have
been constructed with the non-local fatigue criterion. The S–N curve
obtained when the role of strain hardening is ignored (i.e. 𝜙 = 0)
is plotted in Fig. 18. When compared to Fig. 17, the most important
discrepancies with the experimental data are observed for specimens
loaded in tension–compression (𝑅 = −1). Alternatively, for stiffener
structures loaded with a positive R-ratio (𝑅 = 0.1), the correspondence
with the experimental data is equivalent to that obtained when strain
hardening is considered. This result indicate that, for as-welded spec-
imens, the application of a cyclic load is sufficient to promote local
plastic deformation at the weld toe, and hence induce strain hardening.
For this specific configuration, the additional effect of a proof load
on strain hardening remains limited. The S–N curve corresponding
to the situation where both the strain hardening effect and the role

Fig. 16. Numerically determined ‘‘master S-N curve’’ obtained for stiffener structures
for different load ratios for as-welded and proof-loaded specimens. An heterogeneous
description is adopted for the FEM simulations. Both the strain hardening effect and
the role of the maximum hydrostatic pressure are considered for the application of the
fatigue criterion.



Fig. 17. Numerically determined ‘‘master S-N curve’’ obtained for stiffener structures
for different load ratios for the as-welded and proof-loaded specimens. An homogeneous
description is adopted for the FEM simulations. Both the strain hardening effect and
the role of the maximum hydrostatic pressure are considered for the application of the
fatigue criterion.

Fig. 18. Numerical S–N curve obtained for stiffener structures for different load ratios
for as-welded and proof-loaded specimens. An homogeneous description is adopted for
the FEM simulations. The strain hardening effect is ignored but the role of the maximum
hydrostatic pressure is considered for the application of the fatigue criterion.

of the maximum hydrostatic pressure are ignored (i.e. 𝜙 = 0 and
𝛼 = 0) is displayed in Fig. 19. It is worth mentioning that, in such
a situation, only the octahedral shear stress amplitude contributes to
the non-local Crossland equivalent stress. The results indicate that this
assumption does not provide a consistent description of the impact of
a proof load on the fatigue resistance of stiffener structures. Indeed, for
many proof-loaded specimens, the fatigue life is largely underestimated
by the non-local criterion. The residual hydrostatic pressure resulting
from the application of a proof load therefore plays a key role in the
improvement of the fatigue resistance.
5.3. Influence of the load ratio

The maximum residual hydrostatic pressures at the fatigue critical
location are shown in Fig. 20 for as-welded and proof-loaded (352
MPa) specimens cyclically tested with load ratios of 𝑅 = 0.1 or 𝑅 =
−1 and a nominal stress range of 169 MPa. These pressures were
calculated at the end of the 60th loading cycle, which corresponds to
a steady cyclic behavior. When a proof load under tension is applied

Fig. 19. Numerical S–N curve obtained for stiffener structures for different load ratios
for the as-welded and proof-loaded specimens. An homogeneous description is adopted
for the FEM simulations. Both the strain hardening effect and the role of the maximum
hydrostatic pressure are ignored for the application of the fatigue criterion.

to the stiffener structure, the residual hydrostatic pressure reduces the
maximum hydrostatic pressure at the critical location. As discussed
earlier, these negative residual hydrostatic pressures largely contribute
to the beneficial effect of a proof load on fatigue resistance. However,
the proof-loaded specimens tested with a load ratio 𝑅 = 0.1 displays a
greater maximum hydrostatic pressure than the proof-loaded specimen
tested with a loading ratio 𝑅 = −1, which explains the impact of the
load ratio on the fatigue resistance of proof-loaded structures.

Contrary to the proof-loaded specimens, the load ratio has no
significant influence on the fatigue resistance of as-welded specimens
(see Section 4.1.1). The maximum hydrostatic pressure of as-welded
specimens tested with a load ratio of 0.1 nevertheless is about 100 MPa
greater than that of as-welded specimens tested with a load ratio of −1.
This is in contradiction with the experimental observations that show
no sensitivity to the load ratio for as-welded specimens. However, the
present analysis does not consider welding-induced residual stresses.
For as-welded specimens tested with a load ratio of −1, the maximum
non-local von Mises stress at the crack initiation site is lower than
the initial yield stress. For this specific configuration, the deformation
process is therefore purely elastic. The initial residual stress field result-
ing from the welding process are therefore not redistributed. As a first
approximation, the residual hydrostatic pressure 𝑃𝑟𝑠 obtained from XRD
analyses on a as-welded structure tested with a loading ratio 𝑅 = −1
can be added to the maximum hydrostatic pressure 𝑃𝑚 produced by the
cyclic loading. As indicated in Fig. 20, when welding-induced residual
stresses are considered, structures tested with load ratios of 0.1 and
−1 display similar maximum hydrostatic pressures, which is consistent
with experimental observations.

6. Conclusions

In this study, the influence of a proof load, or an initial overload,
on the fatigue resistance of welded structures has been investigated.
For this purpose, stiffener structures were made from S355 structural
steel plates and then fatigue-tested with different load ratios. An initial
proof load, under either tension or compression, was applied prior
to fatigue testing to some of these structures. In comparison with as-
welded specimens, a beneficial effect of a proof load on the fatigue
resistance is observed, provided that the nominal proof stress exceeds
250 MPa. When the proof load is applied in compression, no visible
effect on the fatigue resistance is detected. Also, while the fatigue
behavior of as-welded specimens is not influenced by the load ratio, the



Fig. 20. Maximum hydrostatic pressure of as-welded and proof-loaded structures (352
MPa) tested with a nominal stress range of 169 MPa. For as-welded specimens tested
with a loading ratio of −1, the contribution of the residual stress state resulting from
welding to the hydrostatic pressure is also indicated (Prs welding). This contribution
was evaluated from XRD stress analyses.

fatigue life of proof-loaded specimens decreases when the load ratio is
increased from −1 to 0.1. To consider the impact of a proof load on the
fatigue resistance, a numerical model has been proposed. The model
relies on the elasto-plastic FEM to compute the stress field resulting
from a loading history. A non-local fatigue criterion is then used to post-
process the stress field and estimate the fatigue life. When compared to
the experimental data obtained from XRD analyses, the model correctly
reproduces the impact of a proof load on the residual hydrostatic
pressure near the weld toe. Also, the non-local fatigue criterion allows
clustering of the different fatigue test results on to a single master
S–N curve. According to numerical results, although strain hardening
participates in improving the fatigue resistance, the beneficial effect of
a proof load is mostly attributed to the residual stresses resulting from
local plastic deformation near the weld toe. Finally, to consider the
impact of a proof load on the fatigue resistance of stiffener structures,
the role of mechanical property gradients is negligible.
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Appendix

See Table 4.

Table 4
Summary of the fatigue test results.

Proof load (MPa) Stress amplitude
(MPa)

Loading ratio Number of cycles to
failure

0 77 0.1 4 208 852
2 251 776

0 113 0.1 792 786
614 123
570 238
511 673

0 169 0.1 317 761
230 186
199 874
193 464

0 253 0.1 82 809
77 128
50 136
80 044

281 140 0.1 924 853
1 281 517
545 859
973 410

281 169 0.1 235 072
234 931
277 389
279 119

281 197 0.1 140 569
194 229
164 353
215 713
88 000

Proof load (MPa) Stress amplitude
(MPa)

Loading ratio Number of cycles to
failure

281 225 0.1 119 533
104 330
156 495
158 014

352 197 0.1 272 951
201 888
238 058
253 802
119 059

352 253 0.1 71 626
83 699
55 208
88 199

375 169 0.1 428 754
425 681
315 368
319 363
368 383

422 253 0.1 170 520
158 319
190 348
195 460

−352 113 0.1 1 249 413
726 858
1 270 207

Proof load (MPa) Stress amplitude
(MPa)

Loading ratio Number of cycles to
failure

0 169 −1 182 811
165 734
240 001
136 552

0 253 −1 103 006
64 130
30 821
67 176

352 169 −1 2 219 406
1 952 243
2 606 671
1 066 037

(continued on next page)



Table 4 (continued).
352 253 −1 155 282

362 113
242 445
163 728

−352 169 −1 244 711
177 022

−352 253 −1 53 566
68 761
56 053
69 659
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