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Abstract

Increasing demand for the extended lifetime of structures stresses the need for
reliable high-cycle fatigue lifetime predictions for variable amplitude-loaded
structures. Design standards (including Eurocode 3, AASHTO and British
Standard 7608) provide a fatigue design model based on constant amplitude S-N
curves and a linear damage accumulation model. There are minor differences in
detail categories between standards, but larger differences between the extensions
of the S-N curves for variable amplitude loading. It is known that the load
spectrum influences this extension due to load interaction and sequence effects.
The validity of the predicted fatigue life by available design standards is checked
using a compilation of variable amplitude fatigue test data for steel arc-welded
joints from the literature with different loading spectra. The results indicate that
the standards are generally conservative in the mid- but not in the high-cycle
regime, suggesting that resistance non-linearities should be explicitly addressed.

Keywords: fatigue test database; arc-welded joints; design models; variable
amplitude load; steel structures; nominal stress.

Introduction

With the increasing demand for the life-
time extension of existing structures, the
validity of design curves for the High-
Cycle Fatigue (HCF) domain becomes
increasingly important. However, the
design S-N curves in the HCF domain
differ between standards,1–4 and re-
evaluations of the slope and shape of
these curves are ongoing in recent
years,5–7 indicating the uncertainty
associated with the fatigue evaluation
in the HCF domain. Aside from the
developments in the S-N curves, the
damage accumulation model is also re-
evaluated, with some examples of
alternatives for the linear damage
accumulation model of Palmgren and
Miner given by, e.g. Refs. [8–12]. These
novel developments have not (yet)
made their way to implementation in
design standards. This study aims to
enhance the understanding of the impli-
cations of the differences between stan-
dards, based on available Variable
Amplitude (VA) fatigue test data.

Fatigue Design Standards

Present-day fatigue designs of welded
bridges and similar structures under

VA loads are based on the combi-
nation of an S-N curve with the linear
damage accumulation model of Palmg-
ren and Miner. S-N curves are based
on Constant Amplitude (CA) fatigue
test data. For VA fatigue, the slope of
the curve in the (very) HCF region is

typically modified (Fig. 1) to incorpor-
ate VA effects. This modification
involves the extension of the S-N
curve below an assumed Constant
Amplitude Fatigue Limit (CAFL).
The relationship between the applied
stress range Ds and the number of
cycles to failure N is given by a
power law (Basquin equation) as

N = ADs− m

where A = A1 is a detail-dependent
calibration constant for stress cycles
above the CAFL, m = m1 is the corre-
sponding slope factor, m = m2 for
stress cycles below the CAFL in a VA
load spectrum, and the corresponding
value A = A2 follows from the other
parameters. Slope factorm1 is typically
assumed equal to 3 for steel welded
joints subjected to normal stress
ranges. An upper- and lower limit
assumption for m2 can be distin-
guished. The first one is the persistence

Fig. 1: Design S-N curves for VA loading for an example welded detail, with the CAFL
given for reference
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of the CAFL (m2 = Inf), and the
second one is a straight continuation
of the slope in the CA finite life
region (m2 =m1). Several standards
address the fatigue design of welded
joints in steel structures like bridges,
such as the current Eurocode EN
1993-1-9:2005,4 its upcoming successor
FprEN 1993-1-9:2024,3 AASTHO
LRFD Bridge Design Specifications1

and BS 7608:2014.2 These standards
employ comparable values for A1 and
m1, but larger differences for the
other parameters, see Fig. 1:

. Standards [1–4] use m1 = 3 for all
welded details subjected to normal
stress, where [2] uses in general
m1 = 3, but m1 = 4 or 3.5 for a
limited number of welded details

. Parameter A1 is defined such that
the characteristic S-N curve has an
exceedance probability compared
to CA test data of 5% for [1,3,4],
or 2.5% for [2]. Other small vari-
ations in A1 are attributed to other
CA test databases used to infer A1.

. The slope parameterm2 = 5 for most
details in [2–4] following a proposal
by Haibach [13] (m2 is defined as
m1 + 2 in [2]) versus m2 = 3 [1] if at
least one cycle is above the CAFL.

. The slope change location of the
curve, further referred to as the
knee-point, is taken as the CAFL
in [3] and [4]. It is defined at 5 · 106

cycles for all details in [4], whereas
[3] defines it at 107 cycles or at
5 · 106 cycles for details with low
and high fatigue strength, respect-
ively. The knee-point differs from
the CAFL in [2], and it is set at
5 · 107 cycles. Note that [1] does not
have a knee-point.

. A cut-off value at 108 cycles is intro-
duced in [3,4], where fatigue damage
induced by stress ranges below the
cut-off value is ignored. A cut-off
value is not introduced in [2]. Note
that [1] does not explicitly account
for variable amplitude loading but
considers the number of truck pas-
sages, by which the continuation of
the curve after 108 cycles is irrele-
vant. It is assumed here that the
slope m2 = 3 continues over the
full domain.

. The critical damage of the linear
damage accumulation model is set
as Dcr = 1 [3] and [4]. Contrarily,
[2] recommends Dcr = 1 in general,
but adds a note that Dcr = 0.5 is
more realistic for spectra with high
tensile loads or if there is uncer-
tainty regarding the service stress

spectrum. Note that [1] does not
explicitly adopt the linear damage
accumulation model. However, it
implicitly adopts Dcr = 1.

None of these standards includes a
mean stress correction forwelded joints.

Problem Statement and Aim

It is observed by Gurney [14] and
others that the calculated critical
damage of welded joints depends on
the VA load characteristics because of
load interaction and load sequence
effects. Adopting a fixed critical
damage for a broad scope of appli-
cations can thus provide a significant
error in the predicted fatigue life esti-
mate. However, it would be impractical
to formulate a direct spectrum depen-
dency in design standards as the actual
spectrum is uncertain in the design
stage. A second possibility in the calcu-
lation to account for the influence of
the VA load characteristics is found in
a correction on m2. Checking the val-
idity of any variation in m2, damage
accumulation model (and critical
value), or combination requires VA
fatigue test data, but a generally avail-
able database is lacking, and the docu-
mentation of available data is a
known challenge [15].

The aim of this paper is to characterise
the differences between the predic-
tions of the fatigue lives of VA
fatigue test data from literature using
available fatigue design standards in
the HCF domain. This is done to con-
clude the influence of the shape of
the design S-N curve in combination
with the linear damage accumulation
by Palmgren and Miner in available
standards for various load histories in
the HCF domain.

Database

A database of VA fatigue test results
from the literature is drafted to quanti-
tatively compare design models. The
requirement adopted here for includ-
ing test results in the database is that
sufficient information is available to
enable reproduction, considering:

. Stress spectrum: sufficient information
to reconstruct a histogramof the stress
and to calculate the mean stress value.
Ideally, the formulation enables the
reconstruction of an equivalent VA
time trace, required for future com-
parisons with more advanced damage
accumulation models.

. Material characterisation: yield stress,
steel grade.

. Welding geometry: information to
determine the appropriate detail cat-
egory as per the considered standards.

. Fatigue life: cycles to failure, where
failure is defined as a through-thick-
ness crack or complete loss of
strength (the difference is neglected
in the current study, as it is relatively
small for small-scale components
loaded in tension).

In addition, the data should be in the
scope of the mentioned design stan-
dards, implying:

. Specimen base plate thickness equal
to or larger than 6 mm.

. Without intended weld imperfections
(beyond those allowed for quality
level C of ISO 5817:2023 [16]).

. VA load in random sequence repre-
sentative for bridges and similar
structures (excluding CA loads with
incident over- or underloads or
extreme load peaks compared to
the rest of the spectrum).

Finally, only those data are considered
with specimens tested in the as-welded
state, i.e. without post-weld treatment.
Table 1 provides the database with the
references along with their main
characteristics, where DC stands for
Detail Category, linked to the constant
A in Eq. (1).

The present-day fatigue life predic-
tion using the nominal stress method
relies on the detailed categories that
are defined in the considered stan-
dards. The definition of a detail cat-
egory incorporates the interpretation
of a real-world structural detail into
standardised categories and thereby
reduces uncertainty. For example,
the data from Ota [17] and the butt-
welded joints from Demofonti et al.
[18] are not incorporated in the data-
base, because of insufficient infor-
mation on the cap size and weld toe
angle of the butt-welded joint, which
determine the detail category. A
second example is that non-destruc-
tive testing is required for some
detail categories, which increases the
confidence in the quality of the
weld, whereas the specimen remains
unchanged.

Figure 2 presents the distribution of
the main properties over the compiled
VA fatigue test database: Detail cat-
egory (DC) for the four considered
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Reference Spectrum Detail
TT/
TC

DC

No. of
tests

EC
[4]

FprEC
[3]

BS
[2]

AASHTO
[1]

Raftar et al. [17] Gaussian, constant
min

LC cruciform TT 36 40 W1
(36)

E’ (40) 3

Raftar et al. [17] Gaussian, constant
max

LC cruciform TT 36 40 W1
(36)

E’ (40) 4

Grönlund et al. [24] Gaussian, constant
min

NLC longitudinal
attachment

TT 71 71 F2
(60)

D (71) 4

Leonetti et al. [21] Measured bridge
replica

NLC cruciform TT 80 80 E (80) C (90) 3

Yıldırım et al. [22] Log-linear NLC cruciform TC 80 80 E (80) C (90) 9

Baptista et al. [23] Gaussian, constant
max

NLC flange tip
attachment

TT 40 56 G
(50)

E (56) 21

Zhang & Maddox
[24]

Concave up,
constant max

NLC side attachment TC 40 56 G
(50)

E (56) 4

Zhang & Maddox
[24]

Concave up,
constant mean

NLC side attachment TT 40 56 G
(50)

E (56) 1

Zhang & Maddox
[24]

Concave up,
constant min

NLC side attachment TT 40 56 G
(50)

E (56) 1

Zhang & Maddox
[24]

Concave up,
constant max

NLC longitudinal
attachment

TC 56 71 F2
(60)

E (56) 6

Zhang & Maddox
[24]

Concave up,
constant mean

NLC longitudinal
attachment

TT 56 71 F2
(60)

E (56) 2

Zhang & Maddox
[24]

Concave up,
constant min

NLC longitudinal
attachment

TT 56 71 F2
(60)

E (56) 2

Demofonti et al.
[18]

Gaussian NLC cruciform (30mm) TC 80 80 F (68) C (90) 26

Demofonti et al.
[18]

Gaussian NLC cruciform (30mm) TT 80 80 F (68) C (90) 18

Demofonti et al.
[18]

Gaussian NLC cruciform (10mm) TC 80 80 E (80) C (90) 10

Rörup &
Petershagen [25]

Log-linear
“R = 0”a

NLC longitudinal
attachment

TT 56 71 F2
(60)

E (56) 9

Rörup &
Petershagen [25]

Log-linear
“R =−1/3”a

NLC longitudinal
attachment

TC 56 71 F2
(60)

E (56) 3

Rörup &
Petershagen [25]

Log-linear
“R =−1”a

NLC longitudinal
attachment

TC 56 71 F2
(60)

E (56) 7

Rörup &
Petershagen [25]

Log-linear
“R =−3”a

NLC longitudinal
attachment

TC 56 71 F2
(60)

E (56) 8

Agerskov et al. [26] BROAD64 NLC longitudinal
attachment

TC 56 71 F (68) E (56) 16

Agerskov et al. [26] BROAD64 NLC cruciform TC 80 80 E (80) C (90) 12

Agerskov et al. [26] PMMOD64 NLC cruciform TC 80 80 E (80) C (90) 10

Klippstein &
Schilling [27]

Rayleigh NLC cruciform TT 80 80 E (80) C (90) 10

Fisher et al. [28] Rayleigh NLC longitudinal
attachment

TT 56 63 F2
(60)

E (56) 35

Fisher et al. [28] Rayleigh Cover plate TT 50 50 E (56) 13

(Continued)
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standards, failure location, publication
year, yield strength, base plate thick-
ness, runout/failure and global mean
stress of the time trace. The figure
shows that the data are not uniformly

distributed over the different cat-
egories. For example, the global mean
stress is skewed towards zero, indicat-
ing that partly compressive cycles are
not uncommon.

Results: Fatigue Life
Prediction

The fatigue life of the specimens in the
database is predicted using the design

Continued.

Reference Spectrum Detail
TT/
TC

DC

No. of
tests

EC
[4]

FprEC
[3]

BS
[2]

AASHTO
[1]

G
(50)

Schilling et al. [29] Rayleigh Cover plate TT 56 56 G
(50)

E (56) 9

Schilling et al. [29] Rayleigh Welded beam cover plate TT 56 56 G
(50)

E (56) 6

Yamada&Albrecht
[30]

Bridge load
replication

Cover plate tapered ends TT 56 56 G
(50)

E (56) 54

Yamada&Albrecht
[30]

Bridge load
replication

Welded beam tapered
flange butt weld

TT 71 90 D
(90)

B’ (100) 66

Total 372
aFor the dataset of Rörup and Petershagen [25], there are four different mean stress levels, indicated by the values R between 0 and −3 as used in [25].
However, these values only refer to the largest stress range in the load sequence, and they are therefore put between quotation marks.

Table 1: Database specification, indicating the spectrum, detail type, tension-tension (TT) or tension-compression (TC) load, detail
categories according to the standards and the number of tests

Fig. 2: Database composition visualisation
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models in the previously mentioned
standards.1–4 The S-N curves in stan-
dards are based on tension-tension
fatigue test data. For this reason, in
addition to the analysis of the full data-
base, a subset is evaluated with
tension-tension VA data only. The
resulting predicted fatigue lives using
the four design models are compared
to the experimentally determined
fatigue lives using characteristic and
mean (if available) S-N curves in Fig.
3 per dataset. BS 7608:2014 [2] pro-
vides both the design and the mean
fatigue resistance, but this information
is lacking in the other standards. The
mean curve for the FprEN 1993-1-
9:2024 [3] is obtained from the col-
lected data from which the DCs are

derived in [31]. The data is shown
again in Fig. 4 with a colour bar indi-
cating the fraction of cycles below the
CAFL. Note that the applied CAFL
is at 5 · 106 cycles, which is not in line
with all standards, see Section
1. However, the exact value of the
CAFL does not influence the visual
presentation of the results. As a
measure of the quality of the fit (i.e.
how well the respective standards
predict the experimental fatigue life),
the standard deviation of the mean
life predictions is calculated and pre-
sented in the plot headers.

It can be observed from Figs. 3 and 4
that the fatigue life of the dataset by
Fisher [28] is, on average, overpre-
dicted by all standards and that this

dataset has significantly more cycles
below the CAFL than other datasets.
Upon excluding the dataset by Fisher
[28], the standard deviations of the
logarithmic mean life predictions s

change from 0.84 to 0.75 and are
fixed at 0.80 for FprEN 1993-1-9:2024
[32] and BS 7608:2014 [2], respect-
ively. The mean critical damage m

changes from 1.08 to 1.11 and from
1.10 to 1.12 for both standards. This
indicates that the prediction is, on
average, more conservative and less
scattered when excluding the data
from Fisher.

The change of the location of the
slope change from the current Euro-
code EN 1993-1-9:2005 [4] to a differen-
tiation for detail categories above and

Fig. 3: Comparison between the experimentally determined and predicted fatigue life considering the mean and characteristic S-N curves of
four different standards of all data in the dataset. White markers indicate a runout. Open markers indicate TC data, where filled markers
indicate TT data
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below DC 71 in the upcoming version
FprEN 1993-1-9:2024 [3], in combi-
nation with changes to the DCs, slightly
improves the prediction. However,
both Eurocode versions give a worse
prediction than BS 7608:2014 [2] and
AASHTO [1], both in terms of percen-
tage of overpredicted datapoints and
their average deviation.

On average, the predicted fatigue lives
of TC VA data are more conservative
than the TT data. The generally
applied assumption for welded joints
is that the tensile residual stress at
locations of crack initiation is so high

that the mean stress of the cycles is
irrelevant. However, under cyclic
loading, relaxation of these residual
stresses leads to longer lives.33 In VA
loading, this effect may be more pro-
minent than in CA loading due to
load sequence effects, where large
stress cycles can cause residual stress
relaxation, affecting the damage
induced by subsequent smaller
cycles.34 Such a mean stress correction
is not posed in the considered stan-
dards for welded joints, causing the
more conservative results for the TC
data.

Table 2 provides indicators for the per-
formance of the standards. The first
columns give the mean critical
damage, defined as the mean of the
ratios between the predicted number
of cycles using (when available) the
mean S-N curve and the experimental
number of cycles. The centre columns
present the fraction of data for which
the characteristic S-N curves result in
an overpredicted fatigue life, along
with a colour to indicate whether the
value is higher or lower than the
exceedance probability associated
with the characteristic value of each

Fig. 4: Comparison between the experimentally determined and predicted fatigue life considering the mean and characteristic S-N curves of
four different standards of all datapoints in the dataset. Open markers indicate TC data, where filled markers indicate TT data

Standard

Mean critical damage based
on the mean S-N curve
(when available) Exceedance

probability
associated with the
characteristic curve

Fraction overpredicted

Average deviation of
overpredicted values

1 −
Nexp
Npred

All
data

Excl.
TC

Excl.
Fisher

All
data

Excl.
TC

Excl.
Fisher

All
data

Excl.
TC

Excl.
Fisher

EN 1993-1-9:2005 5% 13% 18% 1% 6.5% 6.8% 0.7%

FprEN 1993-1-9:2024 1.08 10.5 1.11 5% 16% 18% 3% 6.1% 6.7% 3.7%

BS 7608:2014
(Dc = 1)

1.10 1.07 1.12 2.5% 9% 11% 1% 5.0% 5.2% 3.5%

AASHTO 5% 9% 12% 2% 3.2% 3.0% 4.4%

Table 2: Mean critical damage, fraction of datapoints with a predicted life using characteristic values exceeding the experimental life and
average deviation of the overpredicted values. The coloured boxes indicate the best (green) to worst (red) performing datasets and standards
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standard. As a measure of the
extent of overprediction, the average
deviation, expressed by the average

value of 1 −
Nexp
Npred

, of the overpre-

dicted values is presented in the final
columns. Table 2 indicates the large
influence of excluding the dataset
from Fisher [28], where the exclusion
of this dataset results in a percentage of
overpredicted values that stays within
the bounds of the standards. It is to be
mentioned that safety factors are not
accounted for, which does not necess-
arily indicate unsafe designs, as further
elaborated below. The AASTHO [1]
results for all data have a relatively
small fraction of overpredicted values,
and the average deviation is the smallest
if Fisher’s data is excluded.

Discussion

(Almost) the entire fatigue damage of
the brightest datapoints in Fig. 4 is
created in the part of the S-N curve
above the CAFL, i.e. the part with
slope parameter m1. The characteristic
predicted lives of these data are, on
average, shorter than the experimental
lives for all four design models. Con-
trarily, for a high fraction of cycles
below the CAFL, the predicted lives
are longer than the experimental
values. Guidelines and standards such
as British Standard [2] and IIW [35]
recommend the use of a critical
damage lower than 1 to reduce the
fraction of too optimistic predictions.
However, the above observation
implies that such a simple adjustment
is not advisable, as this would make
the underpredicted datapoints even
more conservative, resulting in over-
conservative designs in the mid-cycle
domain. It seems more appropriate to
adjust the slope parameter m2,
because this affects only the cycles
below the CAFL.

A lower location of the (knee-point of
the) second slope of the S-N curve (as
is done in the variations of BS 7608
and AASHTO) is shown to decrease
the fraction of overpredicted data,
indicating a fatigue limit degradation
under VA loading conditions. The
AASTHO design model has the smal-
lest difference between the overpre-
dicted fraction and the target
fraction, and the average deviation of
the overpredicted data is the lowest,
indicating that if there is an overpre-
diction, it is not as severe as in the
other design models. This further

supports the reconsideration of the
slope parameter m2.

Fisher’s [28] data stand out for mul-
tiple reasons. Aside from the small
number of cycles with a range exceed-
ing the CAFL, as mentioned above,
the two details (longitudinal attach-
ment and cover plate) have a relatively
low DC, frequently encountered in
existing bridges but usually not
applied in new designs. Further, this
dataset is relatively old compared to
the other data, with the welding
process applied at that time potentially
influencing weld imperfections and
residual stress. Finally, the specimens
are from steel grade A514, with a
nominal yield stress of approximately
700 MPa, whereas most other data
are from steels of lower grade.
Further experimental studies should
be conducted to determine which of
these deviations is (or are) responsible
for the differences in predicted fatigue
lives compared to the other datasets.
Such a study would give insight into
the applications for which the current
design models can be used straightfor-
wardly, and for which adaptations are
required. Note that Fisher’s [28] data
are considered in the evaluation of
the partial (safety) factors of FprEN
1993-1-9:2024 [3], as outlined in Ref.
[36]. The required partial safety
factors according to that study are
slightly higher than those adopted in
the upcoming Eurocodes, but the devi-
ation is mainly attributed to the load
model, which requires calibration per
country. Hence, the overprediction of
the fatigue lives in this paper (exclud-
ing a partial safety factor) of Fisher’s
[28] data does not immediately pose a
safety issue.

The database size is limited to-date,
with many of the datasets having a
load spectrum where the vast majority
of the fatigue damage is created above
the CAFL, unsuited to evaluate the
slope parameter m2. Further, Fig. 2
shows that the database composition
is not evenly distributed over different
properties. The considered weld root
failure datapoints [19] are within the
scatter band of the weld toe failures,
although the weld root failure data-
base is too small to draw generic con-
clusions. The results should,
therefore, be used as indicative only.
Quantitative conclusions on the influ-
ence require a more extensive data-
base. Finally, most VA loads are
synthetic, e.g. follow standard distri-
butions (Gaussian, Rayleigh, log-

linear, etc) with often block-loaded
sequences and a single frequency com-
ponent. It is recommended to conduct
tests with more random load histories
that are representative of bridges and
other types of structures covered by
the standards.

Conclusions

The following conclusions are drawn:

. All four design models (without
additional safety factors) have
more data with overpredicted lives
using the characteristic S-N curves
than the exceedance probability
associated with the characteristic
value of the respective standards.
Upon excluding the data by Fisher
[28], which has only between 0.2
and 12% of the cycles above
the CAFL, the overprediction prob-
ability is within the target. This indi-
cates that small stress ranges do
matter to the damage.

. The current design models are all
conservative for load spectra con-
taining a majority of stress cycles
above the CAFL. However, BS
7608 [2], and in particular
(Fpr)EN 1993-1-9 [3,4], which has
a cut-off value, give unconservative
predictions for load spectra con-
taining only a few cycles above
the CAFL, which are highly rel-
evant to practice. AASHTO [1],
although not explicitly considering
VA loads, uses single-slope S-N
curves and generally provides a
better fit. This indicates that the
application of a correction on the
critical damage is not advisable, as
this imposes the same correction
on all data points. A selection of
the slope parameter m2 closer to
m1 that of AASHTO [1] seems
more suitable.

. Contrary to EN 1993-1-9:2005 [4],
the new standard FprEN 1993-1-
9:2024 [3] specifies differentiation
of the number of cycles at the
CAFL for details with a high and a
low DC. This is in addition to a
change in several of the detail
categories. This differentiation pro-
vides a small improvement in the
predictions.
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