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A B S T R A C T

We review of the state of the art in probabilistic modelling for fatigue reliability of civil engineering and
offshore structures. The modelling of randomness and uncertainty in fatigue resistance and fatigue load
variables are presented in some detail. This is followed by a review of the specifics of reliability analysis
for fatigue limit states and a background on the semi-probabilistic treatment of fatigue safety. We discuss
the different life-cycle reliability concepts and give an overview on probabilistic inspection planning. We
describe the choices made in the Probabilistic Model Code of the Joint Committee of Structural Safety, present
alternatives to these choices and suggest areas of future research.
1. Introduction

The development of local material damage caused by fluctuating
actions, known as fatigue, is one of the most important failure modes
of many structural materials. Wöhler’s study into fatigue failure of rail
wheels [1] is the first known systematic study into the phenomenon.
Since then, fatigue has been an area of extensive research and devel-
opment, with many lessons learned from failures in practice. While
fatigue is of particular concern in moving structures, such as ships,
trains, aircrafts and engines, it can also lead to catastrophic failures
in civil engineering and offshore structures. Fatigue cracks in metallic
structures are typically observed at spots where high local stresses
and stress fluctuations are accompanied by metallurgical imperfections.
This makes welded, but also riveted and bolted, joints most prone to
fatigue failure.

The first major collapse of a bridge for which fatigue was identi-
fied as the probable cause took place in 1876 [2], but it was only
between 1930 and 1960 that bridge engineers started to realize that
the large number of heavy axles crossing bridges required consideration
in the design. Studies of bridge failures indicate that fatigue is one of
the major sources of damage and collapse in these structures [3,4].
The fatigue-induced total collapse of the Norwegian semi-submersible
drilling rig ‘‘Alexander L. Kielland’’ highlighted the susceptibility of
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civil offshore structures to fatigue [5]. (On- and offshore) wind turbine
support structures are a more recent type of structure heavily loaded
by fatigue [6], with a significantly different fluctuating load effect than
other civil engineering structures. Crane runways represent another
example of civil engineering structures subject to cyclic loading and
fatigue [7,8].

Fatigue is a highly random process, in which all phases (crack
initiation, propagation, and fracture) are subject to significant aleatory
and epistemic uncertainty. On the one hand, these uncertainties relate
to the material and resistance properties, such as fatigue crack growth
rates, geometrical stress concentrations and metallurgical flaws. The
applied fatigue models are simplified and based on empirical correla-
tions, which leads to significant uncertainty in the prediction of the
fatigue strength. This motivates the use of a probabilistic description
of fatigue strength. On the other hand, actions and action effects are
subject to scatter and uncertainty. In contrast to other failure modes,
for fatigue it is not only the extreme value but the entire load history
that is relevant and specific fatigue load models are applied.

Because of the random nature of resistance and action and the
associated large uncertainties, probabilistic fatigue assessment is com-
mon in research and some industries. Following probabilistic studies
into fatigue of aluminium airplanes in the 1960s, the first probabilistic
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analyses of welded steel motorway bridges and offshore structures
appeared in the 1970s and early 1980s [9–11]. These studies evaluated
the entire life of structures. Studies into the remaining life of civil
and offshore structures, considering the effect of inspections, appeared
in the late 1980s [12], followed by risk-based inspection planning
for fatigue [13–15]. The possibilities of monitoring load effects have
increased tremendously over the years and these have been included
in probabilistic fatigue life studies [16–18]. Throughout all these years,
the models for fatigue resistance and fatigue loads have been refined
and this is a continuous process to-date.

The importance of fatigue failures and the large uncertainties as-
sociated with their prediction have also motivated the structural relia-
bility community, including the Joint Committee on Structural Safety
(JCSS), to develop probabilistic models and tailored reliability analysis
tools (e.g., [19–24]). Section 3.12 of the JCSS Probabilistic Model
Code [25] is devoted to fatigue and summarizes the two most common
approaches to fatigue reliability assessment, the S-N model (see Sec-
tions 2.1–2.2) and the model based on Fracture Mechanics (FM), (see
Section 2.3).

This paper gives an overview on the background and the current
state of the art in probabilistic models and reliability assessment for
fatigue life and fatigue growth predictions in civil engineering steel
structures, with an emphasis on welded joints because of their sen-
sitivity to fatigue (Section 2), probabilistic models describing fatigue
loads (Section 3), as well as the treatment of uncertainties in a semi-
probabilistic design (Section 5) and life-cycle management (Section 6).
The overview includes generally used distributions of the relevant
random variables. Consequences of the selection of probabilistic mod-
els are highlighted and knowledge gaps and areas of future research
identified.

2. Probabilistic fatigue resistance models

2.1. The S-N curve model for constant amplitude load

The modelling of fatigue resistance is largely based on empirical
evidence. Theoretical models are employed for qualitative relationships
and understanding, but fatigue tests are employed to quantify these
relationships. The basic type of fatigue experiment has the geometry,
the stress range 𝛥𝑠 and the stress ratio 𝑅 = 𝑠𝑚𝑖𝑛∕𝑠𝑚𝑎𝑥 as independent
variables and the applied number of cycles 𝑁 (if possible until failure,
in which case called the fatigue life) as dependent variable. In this
setting, the fatigue life is subject to significant scatter. In contrast
to mechanically fastened connections and casted components, 𝑅 is
generally considered unimportant for welded connections because of
the residual stress caused by the welding process, even though it does
influence the fatigue life to some extent for small specimens [26].
The stress ratio effect is therefore usually ignored in (probabilistic)
evaluations of welded connections. Various methods are available to
statistically evaluate fatigue life data [27]. The Basquin relation [28]
is the most widely used relation to describe the outcomes of high cycle
fatigue tests of welded connections:

𝑁 = 𝐾1𝛥𝑠
−𝑚1 (1)

The exponent parameter 𝑚1 is modelled deterministically, either as
learned via a maximum likelihood estimate from the test data or based
on (fully informative) prior information from large test databases of
(other) welded joints, giving 𝑚1 = 3. The uncertainty is expressed by
modelling 𝐾1 as a random variable, whereby 𝐾1 is often assumed to
be lognormal, sometimes Weibull distributed [29,30], also multimodal
distributions are considered [31]. Even though better methods are
available (see below), it is common practice to ignore tests terminated
without failure, so-called run-outs.

As an example of the scatter in typical fatigue tests, Fig. 1(a)
provides a collection of fatigue test data from literature consisting

of 87 series, where each black circle represents a specimen tested to
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failure (1477 tests) and each red triangle represents a run-out (249
tests). All specimens consist of a loaded plate or section with as-welded
(i.e. no post weld treatment) single or double sided transverse non-load
carrying attachments with a weld-toe-to-weld-toe-distance 𝐿 ≤ 50 mm
and all tests are carried out with a low minimum stress (0 ≤ 𝑅 ≤ 0.2).
The data are taken from collective reports and papers [32–37] (the
latter excluding tests on beams) and from documents published since
1955 for Commission XIII of the International Institute of Welding.
Using the fixed value 𝑚1 = 3 and a lognormal distribution for 𝐾1,
the mean of the 10-base logarithm of 𝐾1, log10(𝐾1), is 𝜇log(𝐾1) = 12.54
and its standard deviation is 𝜎log(𝐾1) = 0.30. This standard deviation
is substantial, even though the geometry of this type of detail is well
defined; e.g., it does not contain axial misalignment.

The standard deviation 𝜎log(𝐾1) is actually a function of the stress
range. To demonstrate this, Fig. 1(b) gives the standard deviation
evaluated at certain tested stress ranges, each data point evaluated
using at least 3 series and 15 tests. The data points are limited to
stress ranges of 𝛥𝑠 > 180 MPa so that the run-outs do not influence the
results. The results are obviously subject to scatter, but the trendline
of the data indicates a decreasing standard deviation with increasing
stress range. This trend is observed also for other types of detail
(including non-welded details, [29]) but it is ignored in the simple
Basquin equation.

The parameters 𝜇log(𝐾1) and 𝜎log(𝐾1) are evaluated per series for the
same test data. The standard deviation of all values of 𝜇log(𝐾1) is equal to
0.27, i.e., the difference between the individual test series is substantial,
attributed to differences in weld quality, material, geometry and test
facilities. The average value of all values of 𝜎log(𝐾1) is 0.15 and its
standard deviation is 0.08, showing that the uncertainty per series is
substantially smaller than that of the entire database. The lesson is
that probabilistic fatigue analyses should be based on test databases
containing a sufficient number of individual test series. One can make
use of the data of individual test series if a structure is considered that
contains multiple details of the same type. In a system analysis, a mean
per test series 𝜇log(𝐾1) can be randomly selected using the expectation of
12.54 and the standard error of 0.27 and the standard deviation 𝜎log(𝐾1)
can be selected using the expectation of 0.15 and the standard error of
0.08.

The mean, but also the standard deviation of log10(𝐾1) are detail
dependent. The standard deviation of welded details is reported to
range between 0.18 ≤ 𝜎log(𝐾1) ≤ 0.25 [38,39] or 0.1 ≤ 𝜎log(𝐾1) ≤
0.22 [40], the latter based on a limited number of tests. More recent
re-evaluations of large databases for an update of the standard EN
1993-1-9 [41] generally gave larger standard deviations [42]. The often
used value 𝜎log(𝐾1) = 0.2 [25,43] might therefore be too generic. For
example, the standard deviation of bolts in tension with rolled thread
ranges between 0.15 ≤ 𝜎log(𝐾1) ≤ 0.18 and that of bolted joints with
cover plates ranges between 0.24 ≤ 𝜎log(𝐾1) ≤ 0.53 for tests with
0 ≤ 𝑅 ≤ 0.1 [44].

A single Basquin relation no longer applies in case of relatively low
stress ranges. A transition takes place from surface to subsurface crack
initiation, with a resulting larger initiation life and an associated larger
value of 𝑚1. This effect is highly dependent on the material type, the
environment and the surface condition and therefore highly uncertain
for general applications [45,46]. However, due to the very high number
of applied cycles required for failure, this second part of the dual slope
S-N curve is often irrelevant for civil engineering and it may then
be convenient to assume a Constant Amplitude Fatigue Limit (CAFL)
𝛥𝑠0 below which an infinite life applies. A lognormal distribution is
usually assumed for 𝛥𝑠0 [47] and the maximum likelihood method
is used to derive the distribution parameters, using both failed data
and run-outs. A number of models exist that describe the finite life
fatigue resistance as conditional to the CAFL [47–50]. These so-called

random fatigue limit models use the following general expressions. The
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Fig. 1. Fatigue of welded transverse attachment with 𝐿 < 50 mm and 0 ≤ 𝑅 ≤ 0.2: (a) Test data; (b) Standard deviation of fatigue life (logarithm) at the indicated stress range.
Probability Density Function (PDF) of the 10-base logarithm of the
CAFL 𝑣 = log10

(

𝛥𝑠0
)

is:

𝑓𝑣 (𝑣) =
1
𝜎𝑣

𝜙
(

𝑣 − 𝜇𝑣
𝜎𝑣

)

(2)

where 𝜙 is the PDF of the standard normal distribution and 𝜎𝑣 is the
standard deviation of the CAFL. The PDF of the conditional probability
of the finite fatigue life (for 𝛥 𝑠 > 𝛥 𝑠0) is:

𝑓𝑤|𝑣 (𝑤|𝑣) = 1
𝜎𝑤|𝑣

𝜙
(

𝑤 − 𝜇𝑤
𝜎𝑤|𝑣

)

(3)

where 𝑤 = log10 (𝑁) with its mean 𝜇𝑤 given by the S-N curve (e.g., in
case of the Basquin relation, 𝜇𝑤 = log10(𝐾1) − 𝑚1 log10(𝛥𝑠)) and its
standard deviation conditional to the fatigue limit 𝜎𝑤|𝑣. The marginal
PDF of the fatigue life is:

𝑓𝑤 (𝑤) = ∫

log10(𝛥𝑠)

−∞
𝑓𝑤|𝑣(𝑤|𝑣)𝑓𝑣 (𝑣) 𝑑𝑣 (4)

The model parameters are inferred using the maximum likelihood
method, see [47]. This allows to include information from run-outs and
to account for the scatter in the CAFL. The model proposed in [50] can
account for the smaller scatter of the fatigue resistance at higher stress
range levels, and/or a more gradual transition between the finite life
and the CAFL, resulting generally in a substantially better performance
compared to the Basquin relation according to Akaike Information
Criterion (AIC) scores [51]. In contrast, the advantage of the Basquin
relation is its simplicity.

2.2. The S-N curve extension for variable amplitude load

The S-N curve is known to change if the detail is subjected to
variable amplitude load and the fatigue propagation life dominates the
entire fatigue life, which is the case for welded joints. A dual slope S-N
curve results if a fraction of the load spectrum contains stress ranges
exceeding the CAFL. Using the Basquin relation:

𝑁 = 𝐾2𝛥𝑠
−𝑚2 for 𝛥𝑠 ≤ 𝛥𝑠0 (5)

and Eq. (1) applies to stress ranges 𝛥𝑠 > 𝛥𝑠0. This change in S-N curve
can be explained with the principals of FM: the cycles above the CAFL
cause a small crack to initiate so that also stress ranges just below
the CAFL contribute to crack growth. The more cycles applied, the
larger the crack grows, the more severe is the stress intensity field near
the crack tip and the larger is the fraction of the load spectrum that
contributes to further crack growth. The associated slope parameter
𝑚 is larger than 𝑚 but smaller than the slope parameter associated
2 1

3 
with the near infinite life regime under constant amplitude load. As
a convention, the parameter 𝑚2 is often taken as 𝑚2 = 𝑚1 + 2 or as
2𝑚1−1 as proposed by Haibach [52,53], but FM principles indicate (and
tests confirm) that it actually depends on the shape of the spectrum, the
fraction of cycles above the CAFL and the type of detail. Only few data
are available from which the fraction of cycles above the CAFL can be
estimated that result in the change from a single to a dual slope S-N
curve, but the fraction appears very small [54].

The most commonly used assumption with the Basquin relation is
a fixed value of the number of cycles at the CAFL, and full correlation
between the two slopes, so that 𝐾2 follows from 𝐾1. Such a description
is applied in the Probabilistic Model Code [25]. However, because of
the limited test data available to evaluate the parameters 𝐾2 and 𝑚2,
their values are subject to significant epistemic uncertainty. This is
sometimes taken into account by assuming 𝜎log(𝐾2) > 𝜎log(𝐾1) [55].
One could consider the increased uncertainty for larger number of
cycles (smaller stress ranges) by taking slope parameter 𝑚2 as a random
variable.

The description of this S-N curve is accompanied by the linear
damage accumulation assumption by Palmgren and Miner [56,57]:

𝐷(𝐗, 𝑡) =
∑

all cycles up to 𝑡

1
𝑁𝑖(𝐗)

(6)

where 𝐷 is the damage measure, 𝑁𝑖(𝐗) is the fatigue life for each
applied stress range 𝛥𝑠𝑖 in the spectrum. It is a function of random
model parameters 𝐗 and determined using Eqs. (1) and (5). The limit
state function is:

𝑔(𝐗, 𝑡) = 𝐷𝑙𝑖𝑚 −𝐷(𝐗, 𝑡) (7)

where 𝐗 is the vector of random variables, 𝑡 is the time, and 𝐷𝑙𝑖𝑚 is a
random variable indicating the damage at which failure of the detail
occurs. A lognormal distribution is often assumed for 𝐷𝑙𝑖𝑚 with a mean
of 𝜇𝐷𝑙𝑖𝑚 = 1 and a standard deviation of 𝜎𝐷𝑙𝑖𝑚 = 0.3. This distribution
is attributed to Wirsching [58] and probably based on the experiments
in [57]. It should be noted that the distribution of 𝐷𝑙𝑖𝑚 is correlated
to the choice of the S-N curve with associated parameters 𝑠0, 𝑚2 and
𝜎𝑙𝑜𝑔(𝐾2). The distribution of 𝐷𝑙𝑖𝑚 implicitly contains the retarding and
accelerating effects of load sequence and it thus depends on the load
history.

The previous description makes clear that the extended S-N curve
is largely based on conventions, but it is simple in use and appears to
give results in reasonable agreement with test data. Some probabilistic
descriptions of the variable amplitude S-N curve exist that take account
of the uncertainty in 𝑚2 and the number of cycles above the CAFL, by
considering a gradual transition from the constant amplitude S-N curve
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to the variable amplitude S-N curve [59–61]. In these models, the CAFL
is replaced by a fatigue threshold that is equal to the CAFL in absence
of damage and that gradually drops as the damage applied increases.

2.3. Fatigue fracture mechanics

Fatigue FM makes use of the empirical correlation between the
crack growth rate, i.e., the average crack extension per cycle 𝑑𝑎∕𝑑𝑁
and the stress intensity factor range 𝛥𝐾. Although a debate exists on
the theoretical soundness of the similitude concept of 𝛥𝐾 [62], the
correlation has shown to be a convenient tool for evaluating the crack
propagation life for engineering purposes. The stress intensity factor
range is originally developed for cracks with a straight crack front:

𝛥𝐾 = 𝑌 𝛥𝑠
√

𝜋𝑎 (8)

where 𝑎 is the crack size and 𝑌 is a geometric correction factor,
explained later.

Surface cracks in real structures are usually modelled as having a
semi-elliptical shape. In such a case, two coupled equations are used
to describe the crack extension in depth and in surface direction. The
associated stress intensity factors are defined as, respectively, [63,64]:

𝛥𝐾𝑎 = 𝑌𝑎𝛥𝑠
√

𝜋𝑎 (9)

𝐾𝑐 = 𝑌𝑐𝛥𝑠
√

𝜋𝑎 (10)

where parameters 𝑌𝑎 and 𝑌𝑐 are a function of the crack dimensions –
expressed through the semi-elliptical crack depth 𝑎 and semi surface
length 𝑐 – the local geometry and the loading mode. These param-
eters can be obtained with the finite element method, alternatively
parameterized equations from the literature based on the finite element
method can be used.

Various fits of crack growth experiments are used in the literature
to correlate 𝑑𝑎∕𝑑𝑁 with 𝛥𝐾, e.g. [64,65]. In the most simple shape,
for steels in air:

𝑑𝑎∕𝑑𝑁 =

{

𝐶𝛥𝐾𝑝 𝛥𝐾 > 𝛥𝐾𝑡ℎ

0 𝛥𝐾 ≤ 𝛥𝐾𝑡ℎ
(11)

A strong correlation exists between parameters 𝑝 and 𝐶 [66]. In
ractical assessments, a fixed (deterministic) value is often considered
or 𝑝 and the variability in the crack growth experiments is expressed
hrough a lognormal distribution of 𝐶. For 𝑝 selected as 3, 𝑎 expressed
n [mm] and 𝛥𝐾 expressed in [ N/mm3∕2], the 10th base logarithm of
𝐶 has a mean equal to 𝜇𝑙𝑜𝑔(𝐶) = −12.74 and a standard deviation of
𝑙𝑜𝑔(𝐶) = 0.11 or 0.22 for base metal and weld metal, respectively [43].
he values apply for the as-welded condition, assuming high tensile
esidual stresses and hence a high stress ratio. The Probabilistic Model
ode [25] uses an alternative, 2-stage relation for Eq. (11) with variable
istributions taken from [64]. The crack propagation rate 𝐶 varies

within a specimen and can hence also be modelled as a stochastic
process [67]. The fatigue growth threshold 𝛥𝐾𝑡ℎ, below which crack
growth does not occur, depends on many factors, including the cor-
rosivity of the environment, the crack size [68], the stress ratio [69]
and microstructural properties, usually considered by hardness [70]. As
a simplified approximation for high stress ratios, BS 7910 [64] gives
a characteristic value equal to 2 MPa

√

m = 63 N/mm3∕2, a scatter
related to test reproducibility of 10% (5% from the mean) and an
additional scatter of 10% for different batches of material for 𝛥𝐾𝑡ℎ.

his could be interpreted as a mean and a standard deviation of the
hreshold of 𝜇𝐾𝑡ℎ = 2.5 MPa

√

m and 𝜎𝐾𝑡ℎ = 0.25 MPa
√

m, respectively.
he Probabilistic Model Code [25] provides a much higher mean and
oefficient of variation (𝜇𝐾𝑡ℎ = 4.4 MPa

√

m and 𝜎𝐾𝑡ℎ = 1.8 MPa
√

m);
the difference is caused by different test conditions (stress ratio, crack
size). The model in [25,64] is a gross approximation of the actual
complex condition. The threshold condition and the transition from
4 
the threshold to the propagation stage are important for an accurate
fatigue life prediction and they are the subject of recent and ongoing
studies [69,71–75]. Note that a similar expression as Eq. (11) applies
in surface (c) direction of the crack.

2.4. Initial crack size

For simulation of the entire crack propagation stage in welded
joints, Eq. (11) is integrated starting from an initial crack size 𝑎0. This
size is usually calibrated with FM simulations instead of measured crack
sizes, because of different sharpness of initial flaws (e.g., undercut [76])
and because the probabilistic FM formulation considers a single crack,
whereas multiple cracks along the weld toe or root initiate in reality
and these coalesce to a dominant crack after a certain growth period.
Based on [77], the equivalent initial flaw size is lognormal distributed
in the Probabilistic Model Code [25], with a mean depth of 𝜇𝑎0 =
0.15 mm and a standard deviation of 𝜎𝑎0 = 0.10 mm and it has a
lognormally distributed aspect ratio with a mean of 𝜇𝑎0∕𝑐0 = 0.62 and a
tandard deviation of 𝜎𝑎0∕𝑐0 = 0.25. Other distribution parameters used
y many are proposed in [78,79], see also [80]. The initial crack size
nd the radius at the weld toe 𝜌 – the transition between the weld
nd the base metal – appear the two most influential variables for
he fatigue life, [78]. The latter variable is described with a Weibull
istribution [78] with a mean that varies among test series, ranging
rom around 0.5 mm to 2.5 mm and a coefficient of variation (CoV) of
.5 to 1 [76,78,81–84]. The importance of these variables implies that
he fatigue life strongly depends on the weld quality, which corresponds
ith experimental findings.

However, fatigue FM is especially suited for estimating the struc-
ural reliability in case fatigue prone details are subjected to (periodic)
atigue inspections. This is elaborated in Section 5.2.

.5. Fracture

As the crack size increases, the weakened structure may approach
condition of unstable crack growth when subject to a relatively high

oad. Since the vast majority of the entire fatigue life is in the initiation
nd growth of small cracks, the crack size at unstable crack growth is of
imited importance for modelling the entire fatigue life. This is also the
eason why the unstable crack growth condition is not considered in the
-N model of Section 2.1, provided that the material satisfies a certain,
inimum fracture toughness checked by Charpy-V tests. Parametric

quations for 𝐾, e.g. those in [63], are often valid up to 0.8 times the
omponent thickness. In such a case, the limit state equation can be
pproximated as:

(𝐗, 𝑡) = 0.8𝐵 − 𝑎(𝐗, 𝑡) (12)

here 𝐵 is the component thickness.
However, the unstable crack growth condition may be important

or:

• Relatively brittle steels, such as old steels produced with the
Thomas process or very high strength steels, Fig. 2(a): the life
of a brittle steel 𝑁𝑏 may be substantially shorter than that of a
tough steel 𝑁𝑝.

• Large components in realistic structures, which may exhibit a
lower crack growth rate at large crack sizes as compared to small
specimens, Fig. 2(b): the influence of the fracture toughness on
the life of the large component 𝑁𝑙 is larger than that of the small
specimen 𝑁𝑠.

• Details for which the structural integrity relies on fatigue inspec-
tions, Fig. 2(c): the fracture toughness is relatively important for
the remaining life after detection (𝑁1 −𝑁𝑑 and 𝑁2 −𝑁𝑑), or the
detectable crack size 𝑎𝑑 may even be larger than the critical crack

size.
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Fig. 2. Schematic crack growth curves with crack size 𝑎 versus number of cycles 𝑁 .
Crosses represent failure: (a) A brittle steel with life 𝑁𝑏 and a tough steel with life 𝑁𝑝;
(b) A small specimen with life 𝑁𝑠 and a large component with life 𝑁𝑙 ; (c) Life of two
steels 𝑁1 and 𝑁2 and elapsed life after possible detection 𝑁𝑑 at detectable crack size
𝑎𝑑 .

Fig. 3. Failure assessment line (example for a material with yield plateau).

The unstable crack growth condition is represented by a Failure
Assessment Curve (FAC, Fig. 3), which depends on the stress–strain
relationship and the crack tip constraint [85]. The curve describes the
interaction between plastic failure, represented by a plasticity ratio 𝐿𝑅,
and (brittle) fracture, represented by a fracture ratio 𝐾𝑅. In its most
simple form:

𝐿𝑅 = 𝑠𝑟𝑒𝑓∕𝑠𝑦 (13)

𝐾𝑅 = 𝐾∕𝐾𝑚𝑎𝑡 + 𝜌 (14)

where 𝑠𝑟𝑒𝑓 is the stress in the remaining ligament, 𝑠𝑦 is the yield stress,
𝐾 is the stress intensity factor (using Eq. (8) but with 𝛥𝑠 replaced by the
maximum stress), 𝐾𝑚𝑎𝑡 is the fracture toughness and 𝜌 is an interaction
factor. As the crack grows, 𝑠𝑟𝑒𝑓 and 𝐾 increase. The crack is ‘‘safe’’
against unstable crack growth as long as the assessment point (𝐿𝑟, 𝐾𝑟)
remains within the FAC. In probabilistic assessments, an additive model
uncertainty factor 𝑟𝑢 applies to the FAC [86]. The limit state function
is:

𝑔(𝐗, 𝑡) = 𝑟𝐹𝐴𝐶 + 𝑟𝑢 − 𝑟𝑟(𝐗, 𝑡) (15)

where 𝑟𝑟 is the radial distances of the assessment point (𝐿𝑟, 𝐾𝑟) and
𝑟𝐹𝐴𝐶 is the radial distance to the FAC for the same polar coordinate
(Fig. 3). A lognormal distribution applies to 𝑟𝑢, with distribution param-
eters depending on the choices made in the fracture evaluation, with
models and values given in [87], based on comparisons with wide plate
and tubular joint tests. Note that the Probabilistic Model Code [25]
uses another model to express the uncertainty in the FAC than Eq.
(eq:limFM), but that model is based on a small part of the test database
in [87] and it cannot be used in combination with more recently de-
veloped alternatives for the FAC description. The probabilistic fatigue
life can be determined by integrating Eq. (11) up to the point where
the combination (𝐿 ,𝐾 ) is such that the limit state is reached.
𝑟 𝑟

5 
2.6. Variable amplitude FM

In case of an ergodic variable amplitude load spectrum, the rate
𝑑𝑎∕𝑑𝑁 can be determined at each crack increment as the average
growth rate over all individual cycles. Load sequence effects [88] and
crack retardation and acceleration [89] are ignored in this case. It
would then be appropriate to add an uncertainty factor 𝑢 (although –
to the knowledge of the authors – such a factor has not been applied
hitherto):

𝑑𝑎∕𝑑𝑁𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
1

𝑢 ⋅ 𝑛
∑

𝑑𝑎∕𝑑𝑁𝑖 (16)

where 𝑖 ∈ (1… 𝑛) is an applied cycle with corresponding stress intensity
factor range 𝛥𝐾𝑖 and crack growth rate 𝑑𝑎∕𝑑𝑁𝑖 following Eq. (11) and
𝑢 is an uncertainty factor for which, equivalent to the critical damage
parameter in Eq. (7), a lognormal distribution can be assumed with
mean 𝜇𝑢 = 1 and standard deviation 𝜎𝑢 = 0.3.

2.7. Compatibility between the S-N model and the FM model

Ample studies report on the consistency between the probabilistic
S-N model and the probabilistic FM model, e.g. [90–93]. The studies
generally conclude that similar reliability levels are obtained with
the two models, sometimes after calibration of some distributions of
variables, such as the initial crack size representative for the as-welded
stage in the FM model, or the slope parameter 𝑚2 of the S-N model.
The similarity in results is important, since it implies that either prob-
abilistic model can be adopted in practical assessments and they are
therefore both included in the Probabilistic Model Code [25].

Fig. 4 compares the results of the FM model to the test database
of Fig. 1, using Eqs. (9)–(12), where 𝑌𝑎 and 𝑌𝑐 are composed of the
product of the elliptical surface crack correction factors in [63], the 3D
weld toe notch radius correction factor of [94] and correction factors
for the weld toe radius 𝜌 and the weld flank angle 𝜃 of [95]. The black
dots in Fig. 4(a) give the ratio between the FM prediction 𝑁𝐹𝑀 and
the tested number of cycles 𝑁𝑒𝑥𝑝 of each individual test, using median
values of the FM variables as given above.

The bias of the prediction, expressed as the mean of
(

log10(𝑁𝐹𝑀 )−
log10(𝑁𝑒𝑥𝑝)

)

, is equal to −0.10, i.e. the average predicted life is a bit
lower than the average life of the tests. This can be explained by the
stress ratio effect in small welded specimens [96]: The value for 𝐶 in
Eq. (11) is derived for 𝑅 = 0.5 whereas the specimens were tested
at 0 ≤ 𝑅 ≤ 0.2. The scatter, expressed by the standard deviation
of

(

log10(𝑁𝐹𝑀 ) − log10(𝑁𝑒𝑥𝑝)
)

, is 0.28, i.e. similar to 𝜎log(𝐾1) of the
Basquin fit, even though the difference between the S-N and the FM
models of some individual series is large. The latter is attributed to
the specimen dimensions and loading mode (tension or bending) being
parameters explicitly accounted for in the FM simulation, Fig. 4(b).
The local weld geometry variables 𝜌 and 𝜃 were measured in some of
the test series. These tests are re-evaluated with the reported average
values per series of 𝜌 and 𝜃 (blue dots in Fig. 4(a)), causing a slight
reduction of the standard deviation. The limit state of Eq. (12) is also
evaluated using the reported distributions of the variables using Monte
Carlo simulation, for a plate of 10 mm thickness loaded in tension
with a distance between the weld toes of the attachment of 20 mm.
The standard deviation of the 10th base logarithm of the predicted
number of cycles according to this model is 0.12, comparable to the
average experimental scatter per test series (i.e. per geometry) of 0.15
(Section 2.1).

Table 1 summarizes the distributions of the fatigue resistance ran-
dom variables discussed in this section. It gives alternatives to the dis-
tributions currently included in the Probabilistic Model Code [20]. The
table is not intended as a complete overview of all possible alternatives
put forward in the literature.
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Fig. 4. Fracture mechanics simulations versus test data of Fig. 1: (a) Compared to test data; (b) Compared to Basquin fit. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
Table 1
Possible distributions for fatigue resistance variables (units: N, mm).

Description Symbol Distribution Mean CoV Source

Basquin slope parametersa 𝑚1 and 𝑚2 Deterministic 3 and 5 – [25]
Basquin constanta 𝐾1 Lognormal or Weibull Detail dependentb [39]
Basquin constanta 𝐾2 Lognormal or Weibull Fully correlated to 𝐾1

c [25]
Damage at failure 𝐷𝑙𝑖𝑚 Lognormal 1 0.3 [58]

Crack growth exponent 𝑝 Deterministic 3d – [43]
Crack growth rated 𝐶 Lognormal 1.8 ⋅ 10−13 0.11–0.22 [43]
Crack growth thresholde 𝛥𝐾𝑡ℎ Lognormal 79 0.1 [64]

Lognormal 140 0.4 [25]
As-welded crack depth 𝑎0 Lognormal 0.15 0.66 [77]
As-welded crack aspect ratio 𝑎0∕𝑐0 Lognormal 0.62 0.40 [77]
Weld toe radiusf 𝜌 Weibull 0.5–2.5 0.5–1.0 Section 2.3
Load sequence uncertaintyf 𝑢 Lognormal 1 0.3 Section 2.3
FAC uncertaintyg 𝑟𝑢 Lognormal 1.09–1.46 0.14–0.37 [87]

a AIC scores indicate that random fatigue limit models generally better describe test data than the Basquin equation used in [25].
b Based on [97], a CoV of 0.2 is assumed in [25]. Detail class dependent values in [39].
c Larger uncertainty of the second stage can be considered through a larger CoV for 𝐾2 or taking 𝑚2 as random variable.
d Based on [64], a two-stage curve is used in [25].
e It is better to formulate 𝛥𝐾𝑡ℎ as stress ratio and crack size dependent, Section 2.3.
f Important variable, but not considered in [25].
g An alternative, but outdated, FAC description is given in [25].
3. Fatigue loading

Fatigue deterioration is driven by loads varying over time such
as fluctuating environmental loads and moving vehicles. They are
inherently associated with high uncertainties that need to be modelled
in a probabilistic analysis. The load descriptions in this section are
aimed at large civil engineering structures, such as bridges, offshore
structures, and support structures to wind turbines, subjected to vari-
able amplitude loading and a high number of cycles during the service
life.

Following Section 2.1, the decisive load effect is the stress range and
the associated number of cycles, for some fatigue models complemented
with stress ratio or maximum stress. The load effect for a specific
structural detail is typically represented by a stress range spectrum
reflecting the distribution of stress ranges and the associated number
of cycles. For illustration, an example empirical spectrum is shown in
Fig. 5 with stress ranges between 10 MPa and 60 MPa, as a conventional
histogram in (a) and the same distribution as an accumulated spectrum
in (b), with 𝑁T as the total number of cycles.

The distribution of stress ranges exemplified by Fig. 5 depends on
the loading scenario and the structural response. It should be noted that
the distribution can be discontinuous and multimodal over the stress
ranges. Possible reasons are scattered loading or complex structural
response caused by interactions, transients, dynamics, damping, and
non-linear behaviour. Some publications suggest a simplification of
the stress range spectrum to a damage equivalent stress range defined
6 
Fig. 5. An example empirical stress range spectrum shown as (a) a histogram and (b)
an accumulated spectrum.

as [10]:

𝛥𝑠eq =

(

1
𝑁T

𝑁T
∑

𝑖=1
𝑁𝑖𝛥𝑠

𝑚
𝑖

)1∕𝑚

(17)

which is valid for a single slope S-N curve with slope parameter 𝑚.
This reduces the spectrum to a single value which inevitably discards
information about the distribution of stress ranges. This would allow
to express the limit state function in terms of stress range instead of
damage as per Eq. (7). However, with the fatigue strength described
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Fig. 6. A narrowband Gaussian stochastic process realization as a time series (a) and
a resulting Rayleigh distributed stress range spectrum (b).

considering threshold levels and bilinear curves, it is advisable to
consider the complete spectrum distribution [98].

As basis for a probabilistic analysis, stress range spectra may be
attained by [99]

1. spectral analysis (linear); or
2. time domain analysis (linear or non-linear).

Analytical solutions based on idealized loading are utilized in spectral
analyses. A typical case is a narrowband Gaussian stochastic process
giving a Rayleigh distribution of stress ranges [100,101], see Sec-
tion 3.1.1. Spectral analyses are relevant, e.g., for wave loading on
floating structures [99,102] and described as simplified fatigue analysis
in [97].

Time domain analyses build upon generated time histories of
stresses and cycle counting. The rainflow counting method is the most
common, attributed to Matsuishi and Endo [103] and described as a
standardized method in regulations [104,105].

The Probabilistic Model Code [25] provides model uncertainty fac-
tors associated with calculating load effects, but does not cover proba-
bilistic load models for fatigue. However, such load models are avail-
able and are summarized in the following.

3.1. Models for wind and wave loaded structures

Wind and waves are environmental actions regarded as stochastic
processes, described by power spectral densities (PSDs). The following
descriptions are limited to wind speed and wave height, which are
decisive for fatigue deterioration. For a detailed probabilistic assess-
ment, loads associated to all possible operational scenarios should be
considered, see e.g. [106] for more details.

The structural analyses that are required for attaining the load
effect, as stresses and stress range spectra at the studied details, are not
described here. These typically involve case-specific advanced dynamic
models considering aerodynamics, hydrodynamics, coupled analyses,
and control systems [99].

3.1.1. Narrowband stochastic processes
A narrowbanded stochastic process can be described as an approx-

imation of a harmonic function with a fixed single frequency [101].
Others have described it as a function with one single peak following
each zero crossing [9]. Mathematical definitions can be found in [101].
An example of a simulated narrowband Gaussian process is shown in
Fig. 6(a) as a time series. It reflects an oscillation with fixed frequency
but varying heights of the peaks.

If the stress history at a specific point in a structure is narrowbanded
and Gaussian, the resulting stress range spectrum follows a Rayleigh
distribution as shown in Fig. 6(b). Moreover, a closed mathematical
expression is available for the expected stress range (to the power
m) [100]:

𝐸
[

𝛥𝑠𝑚
]

=
(

2
√

2 𝜎
)𝑚

𝛤
(𝑚 + 1

)

(18)

2

7 
here 𝑚 is the slope parameter of the single slope 𝑆-𝑁 curve or crack
rowth rate curve, 𝜎 is the standard deviation of the stress process, and
(⋅) is the Gamma function. Eq. (18) is valid for a constant slope 𝑚. For

hreshold values and bilinear curves, incomplete Gamma functions can
e used for the different branches, as summarized in the Probabilistic
odel Code [25].

.1.2. Wave loading
Waves are produced by wind, with higher wind speeds leading to

arger waves. For the assessment of an offshore structure, the waves
roduced by a given wind speed are needed, which are determined
rom idealized PSDs. The narrowband approximation in Section 3.1.1
an be appropriate for simplified fatigue assessments [97]. Measure-
ents have shown, however, that wave loading has contributions from
broad band of frequencies, making time domain analyses advisable.

ierson and Moskowitz [107] suggested a PSD for a fully developed sea
tate as

PM(𝑓 ) = 5
16

𝐻2
s 𝑇

−4
p 𝑓−5 exp

(

−1.25
(

𝑇p𝑓
)−4

)

(19)

following the formulation in the standard ISO 19901-1 [108]. The
variable 𝐻s is the significant wave height, a statistical measure of the
height of waves in a sea state as described in [108], 𝑓 is the frequency
in cycles per second, and 𝑇p is the peak period of the spectrum.

Based on data collected in the Joint North Sea Wave Observation
Project (JONSWAP) [109], it was concluded that the wave spectrum
is never fully developed due to nonlinear wave–wave interactions. A
modification to the Pierson–Moskowitz PSD was suggested as

𝑆J(𝑓 ) = 𝛼(𝑟)𝑆PM(𝑓 ) 𝑟𝑞 (20)

The definitions of 𝛼(𝑟), 𝑞, and 𝑟 can be found in [108]. Examples
of frequency functions for the JONSWAP PSD are shown in Fig. 7. A
realization of a time series is shown in Fig. 7(b), with a marginal dis-
tribution of the realizations illustrating that the underlying stochastic
process can be assumed to be Gaussian.

The significant wave height (𝐻s) and peak period (𝑇p) are fitted to
site specific data. A 3-parameter Weibull distribution is suggested for
𝐻s [110] and a lognormal distribution for 𝑇p [111]. The calculation
of stress ranges from wave heights requires structural models, typi-
cally finite element models (FE models), for spectral or time domain
analyses [99].

3.1.3. Wind loading
Wind load is characterized by the mean wind speed and turbulence.

The latter is decisive for fatigue deterioration while changes in mean
wind speed vary slowly, resulting in few load cycles over the service
life. The turbulence is, however, dependent on the mean wind speed.
The probability distribution of mean wind speeds over an extended
period of time is typically assumed Weibull distributed as [112]

𝑃
(

𝑉0
)

= 1 − exp

[

−
(

𝑉0
𝐶𝑣

)𝑘
]

(21)

where 𝑉0 is the mean wind speed for a reference period of 10 min,
𝐶𝑣 is the scale parameter of the Weibull function, and 𝑘 is the shape
parameter. The distribution function expresses the probability that the
mean wind speed is lower than 𝑉0. The fraction of time that the wind
speed acts within a specified interval can be calculated as 𝑃

(

𝑉2
)

−
(

𝑉1
)

. It is recommended that 𝐶𝑣 and 𝑘 are determined from real data
or the site. In lack of data, recommended values for the annual average
alue of the wind speed, 𝑉ave, and the shape parameter can be used to
stimate 𝐶𝑣 as

𝑣 =
𝑉ave

𝛤 (1 + 1∕𝑘)
(22)

where 𝛤 (⋅) is the Gamma function.
With an occurrence of a wind speed (interval) estimated by Eq. (21),

its associated turbulence can be modelled by a PSD. The established
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Fig. 7. PSDs for the JONSWAP model (a) and a simulated time series for 𝛾 = 5 (b). The significant wave height is set to 𝐻s = 5m and the peak period to 𝑇p = 10 s.
Fig. 8. PSDs for the Kaimal model (a) and a simulated time series for 𝜎1 = 5m/s (b). The scale parameter is set to 𝐿1 = 170m and the mean wind speed to 𝑉𝑧 = 25m/s.
choice is the Kaimal PSD based on extensive measurements from Kansas
in the Midwestern United States [113]. Following the notation in the
standard IEC 61400-1 [112] the frequency function can be calculated
as

𝑆K,𝑗 (𝑓 ) =
𝜎2𝑗
𝑓

4𝑓𝐿𝑗∕𝑉𝑧
(

1 + 6𝑓𝐿𝑗∕𝑉𝑧
)5∕3

(23)

where 𝑗 = 1…3 is an index representing the longitudinal, lateral,
and upward velocity components, respectively; 𝜎𝑗 is the turbulence
standard deviation for direction 𝑗, 𝐿𝑗 is an integral scale parameter,
and 𝑉𝑧 is the 10 min mean wind speed at the height 𝑧, which for wind
turbines is set to the height of the centre of the wind turbine rotor above
the terrain surface (denominated hub height). Examples of frequency
functions for the Kaimal PSD are shown in Fig. 8.

A Weibull distribution is suggested for the turbulence 𝜎𝑘 in Eq. (23)
conditional on the wind speed and shape coefficient dependent on 𝐼ref ,
being a reference value for the turbulence intensity. More details about
the parameters can be found in [112].

Dynamic simulations using structural models (e.g., FE models) are
needed to retrieve stress ranges from operational modes, wind speeds,
and turbulence. In addition, for wind turbines, the stress ranges ob-
tained from simulated time series are highly dependent on the wind
turbine’s control system and the blade aerodynamics. Time intervals
with fault conditions as well as wake effects may contribute signifi-
cantly to the accumulated fatigue. It should be noted that the number
of stress cycles is large for wind turbines, implying the need to consider
the complete spectrum distribution. Similar fatigue load models but
without the control system can be applied for other structural systems
such as buildings and chimneys.

3.2. Traffic loads on bridges

Traffic loads consist of vehicles with characteristics such as axle
loads, spacing of axles, and speed. The load effect from a specific
vehicle can be considered close to deterministic, meaning that the load
effect can be estimated with high accuracy if the vehicle’s properties are
known. The randomness associated with traffic loads originates from
traffic volume, the mixture of vehicles (and their actual loads), dynamic
effects, and – for road bridges – the lateral positions in the lanes. The

resulting stress range spectrum depends on the combination of axle load

8 
configuration and the influence line for a specific structural detail. A
probabilistic fatigue assessment should therefore build upon models for
realistic vehicles. Suggestions can be found in standards such as the
Eurocode part 1991-2 [114]. Still, the traffic volume and mixture of
vehicles need to be assigned case specifically.

With the weigh-in-motion (WIM) technique, the characteristics of
passing vehicles can be determined without disturbing the traffic [115].
It builds on sensors along the road/railway or installed on bridges
(BWIM), transforming the bridge to a scale [116]. The technique en-
ables a determination of traffic loads relevant for the considered struc-
tures, but it comes with a measurement uncertainty.

3.2.1. Loads on road bridges
The Eurocode load models for fatigue assessment (FLM1 to FLM4)

were derived and calibrated against WIM measurements performed in
1986 in Auxerre, France [117,118]. Fatigue load model 4 (FLM4) is a
set of standard lorries derived to give load effects equivalent to typical
traffic on European roads [114], and it is more suited for probabilistic
assessment than the other models. Load models from the American
AASHTO specifications are described in [119], together with a model
development approach using WIM data.

An example of more recent WIM data is from measurements per-
formed 2018 along the motorway A16 near Moerdijk in the Nether-
lands [120]. It consists of about 240 000 heavy vehicles (≥ 35 kN). The
vehicle gross weights and number of axles are presented in Fig. 9. In
the same figure, data collected in Sweden from BWIM measurements
between the years 2005 to 2009 are shown. It comprise about 870 000
vehicles used for fatigue calculations in [121]. There are some obvious
differences in the distributions with higher gross weights in the Swedish
data and more vehicles with higher number of axles. There is a clear
dominance of five axle vehicles in the data from the Netherlands. This
can be explained by legislation on maximum allowed gross weights
for regular traffic, prescribed to 50 metric tonnes in the Netherlands
(excluding exemption permits) and 60 tonnes in Sweden at the time of
the measurements.

As exemplified by Fig. 9, significant regional differences exist which
needs to be considered in the modelling of traffic loads. Additional
examples where WIM data have been used for fatigue assessments can

be found in [122–126].
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Fig. 9. Data for road vehicles from WIM measurements in the Netherlands (NL) and
weden (SE) reproduced after [120,121], respectively.

The analysis routines for WIM measurements are typically cali-
rated to give static values for axles loads and gross weights. Hence,
he dynamic effects caused by road surface roughness, expansion joints,
he dynamic properties of the structure, and the vehicle–structure
nteraction need to be considered explicitly. A multiplicative stochastic
ariable for dynamic amplification is suggested for extreme load effects
y [127] as normal distributed, with a mean value of 1.1 and a standard
eviation of 0.1. It may be conservative for heavy vehicles based on
easurements in [128]. Moreover, the dynamic amplification consists

f bias and scatter. Hence, for the fatigue limit state it is usually
onservative to use a single multiplicative value for each stress range.
o date, it remains a challenge to estimate or predict a distribution for
atigue-relevant dynamic amplification.

.2.2. Loads on railway bridges
The load carrying capacity of a railway line is classified by vehicle

odels with specified characteristics. In Europe these are defined by
he standard EN 15528 [129]. The vehicle models are built up by
agons with axle loads in the range of 10 tonnes to 25 tonnes, and

ealistic axle configurations possible to implement in a fatigue assess-
ent. Regional amendments are necessary if other trains are allowed.

mam et at. [130] combined models representative for historic trains
ith today’s governing models for a probabilistic fatigue assessment.
he annual vehicle frequency, a stress uncertainty factor, and dynamic
mplification were modelled as stochastic variables on the load side.

As for road bridges, WIM and BWIM measurements can be used
or registering vehicle loads with sensors mounted on the track or on
ridges. North American load models for fatigue analyses based on
easurements have been suggested by [131], and updated with more
easurements by [132]. For specific vehicle types, the scatter in gross
eights and axle loads are small with CoVs around 4%.

Dynamic effects in railway bridges are caused by the transient
esponse of the train entering and leaving the bridge, repetitive loading
f axles and bogies, vehicle–structure interaction, and rail irregulari-
ies. Amplification factors to consider these phenomena are reviewed
n [133]. For code based assessments, the Eurocode EN 1991-2 (Annex
) [114] suggest an additive dynamic enhancement of

= 1∕2
(

𝜑′ + 1∕2𝜑′′) (24)

where 𝜑′ is associated to the dynamic behaviour of the structure with
perfect track, and 𝜑′′ is associated to vertical rail irregularities. Both

actors are defined in [114]. The load effect should be multiplied
ith a factor (1 + 𝜑). The statistical background for Eq. (24) is not
ocumented which makes the model in the code difficult to associate
ith a stochastic representation.

An alternative model for dynamic amplification is presented in
134] based on data from [135]. About 1800 train passages were
egistered for 37 different steel beam bridges. Lognormal distributions
ere shown to give the best fit with parameters dependent on train

peed, span length and whether the track had ballast. Mean values of
he amplification factor were found to be between 4% to 22% and CoVs
n the range 3% to 12% depending on the conditions.
 c
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.3. Model uncertainties

The calculation of load effect from acting loads requires structural
nalyses that involve modelling choices by the analyst. The output is
ssociated with uncertainties that need to be considered in a proba-
ilistic assessment. Suggestions for model uncertainties associated to
he loads are listed in Table 2. The structural analyses of wind and
ave loaded structures need to include dynamic behaviour. Therefore,
n associated uncertainty factor is listed in the table. For bridges, the
tructural response is typically calculated using quasi-static analyses
dding a dynamic amplification to the response as a separate stochastic
ariable.

The model uncertainties listed in Table 2 need to be aligned with
he detailing of the analyses. Other relevant factors for wind and
ave loaded structures can be found in [137,138]. For bridges, model
ncertainties are discussed in [136].

For existing structures, in-service monitoring provides a possibility
o significantly reduce the uncertainties related to the loads and load ef-
ect estimation. Strain measurements can be used to directly determine
he stress history at critical locations [54]. The model uncertainties in
able 2 including dynamic increments should then be replaced by a
tochastic variable for measurement errors. A lognormal distribution is
uggested with a mean value of one and a CoV in the range 2% to 5%
16,98].

. Fatigue and structural reliability

The reliability of structural details is generally defined as

(𝑡) = 1 − Pr
[

min
𝜏

𝑔(𝐗, 𝜏) ≤ 0 for all 0 ≤ 𝜏 < 𝑡
]

(25)

herein 𝑔(𝐗, 𝑡) is the limit state function describing failure and Pr
enotes probability. This definition reflects that failure in deteriorating
ystems is a first-passage event [25]. This is relevant when modelling
atigue failure with the LSF of Eq. (15) reflecting brittle failure.

When using the simpler LSF of Eq. (12) or when modelling fatigue
ith the S-N model, 𝑔(𝐗, 𝑡) is non-decreasing with increasing 𝑡. In these

ases, Eq. (25) reduces to:

(𝑡) = 1 − Pr [𝑔(𝐗, 𝑡) ≤ 0] (26)

his point-in-time formulation is easier to evaluate than the first-
assage probability of Eq. (25) [142].

The reliability is often expressed through the reliability index 𝛽
efined as:

(𝑡) = 𝛷−1 [𝑅(𝑡)] (27)

here 𝛷−1 is the inverse of the cumulative function of the standard
ormal distribution.

The reliability is straightforward to evaluate with standard reli-
bility methods if models of the random variables 𝐗 are available
e.g., [23]). One of the most common reliability methods is FORM
first order reliability method), originally proposed by Rackwitz and
iessler [143]. When modelling the load as a stochastic process, com-
utations are more challenging (e.g., [88,144]). Such an approach is
elevant when load sequence effects and crack retardation and accelera-
ion need to be considered, but it is not commonly applied in reliability
nalyses because of modelling and computational challenges.

Ultimately, fatigue failures of structural details are only relevant
f they lead to consequences. Such failures may or may not result in
lobal collapse of a structure. This mainly depends on the possibility
o redistribute forces from a fatigue weakened part to other parts of
he structure and on the material toughness. As an example, major
atigue cracks were detected in the Hoan bridge (preceded by a loss
f equilibrium of one joint), which caused large deformations but did
ot lead to overall collapse [145]. In contrast, a suspension span of
he I-95 Mianus river bridge collapsed completely because of a fatigue

rack (preceded by corrosion damage of another component) [146].
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Table 2
Examples of model uncertainties associated to load modelling in structural analyses for fatigue assessment
given as load or stress multiplication factors.

Description Distribution Mean CoV Source

Nominal stress calculation Lognormal 1 0.10 [25,136]
Stress concentration calculation Lognormal 1 0.20 [25]

Normal 1 0.05 [43]
Wind and wave loads Lognormal 1 0.10 to 0.20 [137–139]
Dynamic response (wind and wave) Lognormal 1 0.05 [137]
Traffic load models Normal a 0.10 to 0.20 [140]
WIM measurement uncertainty System-dependent [141]

a Load-model dependent.
Hence, even though fatigue limit states (FLS) can in some cases
irectly lead to collapse, they are treated differently than other ultimate
imit states (ULS). The three main reasons for this difference are:

i. Fatigue cracks can be detected in time by dedicated inspections
or the users of a structure, provided the material is sufficiently
tough. However, in case of low toughness, fatigue failure is
characterized by a lack of plastic redistribution and a lack of
warning.

ii. Fatigue is about details (such as connections) rather than com-
ponents. A structure can contain a large number of details. A
system reliability analysis can be applied to evaluate the relia-
bility of the entire structure conditional on the fatigue failure(s)
of the detail(s).

iii. Whereas other limit states are usually reached at extreme loads,
at which often multiple components fail simultaneously, the
fatigue limit state can be reached at quite ordinary load levels
at different points in time.

s a result of the latter two aspects, combined with the large scatter
n fatigue resistance, the dependence among fatigue failure events at
ifferent details is lower than for other ULS [147].

In offshore engineering, the relation between fatigue failures and
ltimate collapse is quantified by the change in reserve strength or
he probability of collapse when fatigue failures occur [148,149]. This
s then used to derive acceptable reliability levels for fatigue failures.
owever, these models neglect that fatigue failures are dependent,

.e., that they are likely to occur in clusters. This dependence can
trongly affect the structural system reliability for given levels of fatigue
eliability. A system reliability models to account for this were proposed
n [147,150].

Repair of detected cracks is often made dependent on estimates of
he probability of global collapse. In some cases, crack growth is closely
onitored until a convenient time for repair or replacement. However,

uch a strategy has been demonstrated to be dangerous in some cases,
s cracks can grow in unexpected directions and ‘jump’ to other parts
f a structure, e.g., observed in some of the collected cases in [151].

The differences between FLS and ULS can lead to requiring differ-
nt target reliability levels. The choice of the target reliability level
ust consider both safety and economic risks to society, with typical
aximum acceptable probabilities of failures in the order of 10−6 to
0−5 per year for ULS [25]. The initial values for target reliability
ecommended for fatigue are given in the Eurocode background doc-
ment [152]. These values came from the Eurocode 3 draft. They
re similar to a proposal made by the Transportation Research Board
rogram in the USA, which investigated the fatigue safety of road
ridges [153]. There, a distinction is made between design details in
tatically indeterminate load-bearing elements versus statically deter-
inate ones. For the former, a reliability of 97.7%, or a reliability

ndex 𝛽 = 2 referring to the entire design life, is considered as safe
hile for the latter a reliability of 99.87%, corresponding to 𝛽 = 3, is

required. Since then, based in particular on the work of the JCSS, all
have converged towards higher values that are similar in most structure
standards, but depending on the type of structure; the target reliability

levels for structures such as bridges [154] are higher than those for

10 
wind turbine towers [112]. For fatigue of structures not designed for
inspection and/or difficult to repair, the target reliability levels in most
structural standards are the same as for other ULS states.

Examples where inspections are implicitly considered to accept
lower reliability levels than those for ULS – namely, 𝛽 = 2–3 for the
entire life – are documented in [121,153]. Such an approach is not
opposed by the standards, but it should be taken critically; the added
value of the inspection is a function of the type and frequency of
inspections. In such a case, it is advocated to use a FM assessment in
which the inspections are explicitly considered (see Sections 5.2 and
6.2), so that target reliability levels equal or similar to other ULS apply.

The failure probability for fatigue follows a ‘‘bath tub’’ curve [155],
with a relatively high failure rate at short lives (due to the probability
of low quality details, e.g., with large misalignment or undercut in
welded details) as well as at long lives (due to the progressive nature
of fatigue) and a lower failure rate in between. One needs to use FM
to model this behaviour. Ignoring this, and using Eq. (7), the highest
failure probability occurs in the last period of the design life. Given
this nature, one could debate if a target reliability defined for the entire
design life is the best choice; a target for a shorter reference period like
an annual target reliability level may be more appropriate. It should
be noted that the 50 years and 1 year target reliability levels in EN
1990 [154] are consistent only if all random variables are independent
in time, which is not the case for fatigue limit states.

5. Semi-probabilistic treatment of fatigue in standards

5.1. Historical development

The safety factor principle is as old as the use of design calculations
in engineering practice. For most times, the use of a global safety factor
was common. Pioneering work on the modern partial safety factor
principle started in the 1950s in Denmark [24]. Following advanced
machinery designs and research in the same period, which led to
increased extreme loads on components (including fatigue), a major
research effort was made in structural engineering through the 1960s
and 1970s. These led to substantial changes to the provisions in the
design specifications for steel structures and to the first fatigue design
rules. The first standards that considered fatigue were the German
standard [156], the British standard [157], part 10, and the 1974
AASHTO fatigue specifications [158].

On the resistance side, these standards contained different detail
categories. The mean stress influence was accounted for through a
Smith diagram (German standards) and/or different S-N curve slope
coefficients. It was disregarded for welded details in the British stan-
dards and AASHTO specifications by conservatively defining S-N curves
corresponding to high mean stress, 𝑅 = 0.5, as initially recommended
by [159]. This was followed by the first European ECCS recommenda-
tions in 1985 [160], which contained unified rules with a standardized
set of parallel S-N curves, still in use today in the Eurocodes. For
defining design S-N curves, the 95% confidence limits (97.5% sur-
vival limits) were used, accounting for the size of the dataset used
to estimate the aleatory and epistemic uncertainties. In EN 1993-1-

9 a 95% probability of survival with a 75% confidence level is used
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for the determination of the S-N curve constant log(𝐾1), see [161] for
details. In today’s draft of EN1990 and as presented in Section 2, this
has slightly changed, since the above interval is not consistent with
Annex D of EN 1990. Now a prediction interval using Baysian statistics
to get a 95% probability of survival is used instead. Based on the
work of the JCSS, the ECCS recommendations also contained the first
comprehensive description of partial safety factors determination based
on semi-probabilistic treatment of fatigue to meet a target reliability
(so-called level II method).

The theory of structural reliability offers several methods to find
partial factors corresponding to the target reliability 𝛽𝑡 level. The
ECCS recommendations [160] and Eurocode background document
9.01 dated 1989, re-edited [152], developed explicit expressions for a
linear limit state function expressed with the S-N curves and global load
𝑆 and resistance 𝑅 variables being lognormally distributed. Run-out
test results were not included, but the number of cycles associated with
the CAFL is loosely based on run-out data. The characteristic fatigue
loads are then multiplied by partial factor 𝛾𝑆 and the fatigue resistances
divided by a partial factor 𝛾𝑅, or a combined safety factor 𝛾 = (𝛾𝑆 ∗ 𝛾𝑅)
is adopted. As an example, using the FORM design point, the fatigue
partial resistance factor can be expressed in function of the relevant
variables as follows:

In case of relatively high stress ranges (1st stage of the S-N curve is
relevant):

log10(𝛾𝑅) ≈
(

𝛼𝑅𝛽 − 𝑘
)
𝜎𝑙𝑜𝑔𝐾1

𝑚1
(28)

In case of relatively low stress ranges (2nd stage of the S-N curve is
relevant):

log10(𝛾𝑅) ≈
𝛼𝑅𝛽

√

𝜎𝑙𝑜𝑔𝐾2
2 + [log10(exp(𝑉𝐷𝑙𝑖𝑚))]2 − 𝑘 ⋅ 𝜎𝑙𝑜𝑔𝐾2 − log10(𝜇𝐷𝑙𝑖𝑚)

𝑚2

(29)

where 𝑉𝐷𝑙𝑖𝑚 is the CoV of 𝐷𝑙𝑖𝑚, 𝛼𝑅 is the FORM sensitivity factor for
the fatigue resistance and 𝑘 = 1.65 or 𝑘 = 2 for the characteristic S-
N curve defined as the 95% or 97.5% survival fractile, respectively.
Using the distribution parameters of Table 1, the two equations give
approximately the same partial resistance factor. The above is for
illustration purpose only, as it is based on assumptions such as small
coefficients of variation. Nonetheless it shows the importance of the
influence of the definition of the characteristic resistance (via 𝑘), S-N
urve slopes, and variability of the damage at failure on the resistance
actor.

Since the 1990s, the basis of the safety requirements remained, but
any investigations and further developments were made, in particular
ue to the exponential increase in computing power. These have led to
odifications in the limit state functions to better model reality, includ-

ng more variables and correlations, load cases, inspection results, etc.
urthermore, reliability differentiation has been investigated, consider-
ng annual versus life time reliability targets, as well as minimum versus
verage life-time reliability. For fatigue, this is an ongoing task, it will
ertainly not be finished with the publication of the second generation
f Eurocodes (in 2024–2026). An example of such a recalibration for
he design of steel road bridges can be found in [136].

.2. Safety factors related to consequences of failure and inspectability

Fatigue standards contain different concepts to deal with fatigue
eliability, which can be summarized as follows [162]:

1. Infinite life design, based on keeping actions under an assumed
fatigue strength limit.

2. Safe life design, based on ensuring that no fatigue cracks will
form, i.e., no detectable cracks during the whole service life. If
any cracks appear, they are at the initiation stage.
11 
3. Fail safe design, in which the structure is designed to tolerate
extensive fatigue cracking without failing, possibly because the
structure is statically indeterminate or adequately redundant.

4. Damage tolerant design, which allows fatigue cracks to form
but ensures that they are readily detectable in service before
becoming critical.

The first three concepts can be evaluated using the limit state
functions in Section 2. In a fail safe design, lower reliability indexes
for the individual fatigue limits states can be acceptable due to the
lower consequence of failure of individual details. Damage tolerant
designs can be evaluated with an FM approach, where the probability
distributions of the model parameters are updated with the inspection
results using Bayesian analysis, as outlined in Section 6.2.

Note that the above four concepts can be combined, in particular,
one often chooses to combine a damage tolerant design together with
a fail-safe design in order to have sufficient opportunities to detect and
repair cracks that have developed. In the standard EN 1993-1-9 [41]
and now prEN 1993-1-9 [163], the concepts 2 and 4 are explicit but
in fact all of the four are inherent, often combined. In case of safe life
concept, one must ensure an acceptable reliability for the structure’s
design life without the need for regular inspection nor maintenance.
Thus, the initially high reliability index level is decreasing with time
to reach the minimum (target) value at the end of the design service
life, as shown in Fig. 10. In case of the damage tolerant concept,
the acceptable reliability is ensured by implementing inspection and
maintenance measures throughout the life of the structure. In this case,
the reliability level – initially lower than that of the safe life method
– reaches the minimum target value at the end of the design service
life, but with periodical readjustments according to inspection results
and possible resulting interventions (repairs), as quantified by Bayesian
analysis following Section 6.2. The evolution of the reliability index as
a function of the choice of the verification method (design concept) and
the consequences of failure are reflected in the resistance factor values.
Note that target reliability corresponds to the combined safety factor
𝛾 = 𝛾𝑆 ∗ 𝛾𝑅, thus requiring the load model to be defined simultaneously.

6. Life-cycle management of structures subject to fatigue

6.1. Maintenance strategies

Engineering structures must comply with reliability targets over
their service life following Section 4. For structures subject to fatigue,
these reliability targets may be reached by any of the concepts listed
in Section 5.2. However, given the large uncertainties associated with
fatigue deterioration, the infinite life and safe life design approaches
lead to a substantial safety margin, which can be uneconomical or
even infeasible. Also, for existing structures, these approaches are often
not possible due to the difficulties associated with modifying existing
structural details. This can motivate the use of the damage tolerant
concept, which require an adequate maintenance strategy.

One distinguishes between corrective and preventive maintenance
strategies [164]. In a corrective strategy, components are replaced upon
failure. Such a strategy is only possible when individual fatigue failures
are not critical for the structural integrity, such as in a fail safe design.
Additionally, it must be ensured that fatigue failures are detected
and repaired. For most civil engineering and offshore structures, these
conditions are not fulfilled and a preventive maintenance strategy is
necessary.

Preventive maintenance is based on identifying deteriorating ele-
ments prior to their failure and performing appropriate maintenance
actions. For fatigue, inspection is the common means to identify these
elements, although the use of monitoring is increasingly considered
(e.g., [165]). Inspections can be visual or by means of non-destructive
evaluation (NDE). For certain types of structures, minimum inspection



J. Maljaars et al. Structural Safety 113 (2025) 102446 
Fig. 10. Evolution of the reliability index with time, influence of concept and inspections. The consequence class (CC) refers to the concept in EN 1990 [154].
intervals are prescribed and implemented, e.g., for bridges [166]. As
pointed out in Section 5.2, inspections are considered in codes as a
means to ensure the safety of structures. However, the extent and
frequency of these inspection is typically not specified. Reliability
and risk-based inspection planning has been developed to specify the
necessary or optimal inspection efforts. These methods are based on the
updating of the fatigue reliability with inspection results. The following
sections give an overview of these methods.

6.2. Bayesian updating of fatigue reliability

Inspections reduce uncertainty, which can be quantified through
updating the probabilistic models or directly the reliability by means of
Bayes’ rule [167–169]. Thereby, the a-priori probability of failure Pr(𝐹 )
is updated to the posterior probability of failure given the inspection
outcome 𝑍. In fatigue reliability, the updating is traditionally per-
formed through the definition of the conditional probability as [168]

Pr(𝐹 |𝑍) =
Pr(𝑍 ∩ 𝐹 )
Pr(𝑍)

(30)

While the failure event 𝐹 is modelled through the limit states, as
in classical fatigue reliability analysis (cf. Section 4), the observation
event 𝑍 is modelled by means of the likelihood Pr(𝑍|𝐗). The likelihood
describes the probability of inspection outcomes given the basic ran-
dom variables 𝐗 or any function thereof, such as the crack size. In the
case that the observation is the detection or no-detection of a crack, the
likelihood is the Probability of Detection (PoD) curve, which gives the
probability of detecting a crack at the inspection in function of the crack
size 𝑎 [170]. Such PoD models are available from the literature [43],
inferred from tests [171,172], from in-service inspections [173] or from
simulations. An example of a PoD curve is shown in Fig. 11. For depth
inspection techniques, e.g. based on ultrasonic waves, the PoD is best
expressed in terms of crack depth. For surface inspection techniques
based on magnetic particles or dye penetrant, the PoD curve is best
expressed in terms of the semi surface length 𝑐, although it is possible,
as in Fig. 11, to express it in terms of crack depth if that is the decisive
parameter for the fatigue reliability.

As an example, Fig. 12 shows the reliability of a fatigue detail
updated with the information that no crack was found at inspections.

Amongst different options, Markov chains have been frequently
applied to facilitate Bayesian updating in estimating the probability of a
state change (e.g., from a measured to a critical crack size, [176,177]).
The advantage of this alternative is its easy and fast computation, its
disadvantage is that it does not properly model (time-invariant) model
uncertainties, which are not Markovian.
12 
Fig. 11. Probability of Detection (PoD) curve for magnetic particle inspections of
welded connection in tubular joints of offshore structures. The PoD curve is learned
from the indicated data that was collected in the ICON project [174].
Source: Figure reproduced from [175].

6.3. Reliability-based inspection planning

To optimize inspection within the preventive maintenance approach,
reliability and risk-based inspection planning has been developed for
structures subject to fatigue, mainly in the offshore domain follow-
ing the collapse of the ’’Alexander L. Kielland’’ platform, although
first approaches were reported for aircraft structures already in the
1970s [178]. These approaches are based on explicitly evaluating
the fatigue reliability and updating it with inspection outcomes using
Bayesian methods. They mostly work at the level of structural details.

In reliability-based inspection planning, inspection times are set to
ensure a minimum level of reliability throughout the lifetime of the
structure. Based on a model of the reliability of fatigue details over time
(including inspections following Section 6.2), the inspection time is
determined to ensure that the acceptable reliability level is not crossed.

Inspection plans have been considered by assuming that either any
inspection results in a no-detection event 𝐷̄ or an identified fatigue
crack is managed, e.g., by an immediate repair [13,14]. Traditionally,
two types of inspection plans were considered: the equi-distant plan
and the threshold plan [179]. In the equi-distant plan, inspections are
planned at fixed time intervals. One then chooses the longest time in-
spection interval that ensures compliance with the acceptable reliability
level. In the threshold plan, inspection times are chosen whenever the
predicted reliability is about to fall below the acceptable reliability
level (the threshold). Fig. 12 illustrates the threshold plan. Inspection
times are determined by ensuring that a probability of fatigue failure
threshold is not exceeded. The threshold 10−4 yr−1 leads to significantly
higher number of inspections than the threshold 10−3 yr−1.
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Fig. 12. Probability of fatigue failure over time for different inspection schedules. The fatigue failure probability is determined conditional on no-detection of a defect at all
nspections using Bayesian updating.
ource: Adapted from [175].
Fig. 13. Expected life-cycle cost for a fatigue detail in function of the probability
of failure threshold. In risk-based inspection, the inspection plan associated with the
lowest expected cost is selected, here the one corresponding to a threshold of 10−4 yr−1.

To account for the relation between the reliability of the fatigue
etail and the structure, the reliability threshold can be determined in
unction of the importance of the detail for the structure. Following
ection 4, the importance can be quantified by the probability of
tructural collapse given a fatigue failure. The acceptable probability
f failure of the fatigue detail then follows from the reliability target
or the structural system [147]. Alternatively, the minimum acceptable
robability of fatigue failure can be specified separately for details that
elong to primary, secondary or tertiary structural members.

.4. Risk-based inspection planning

By explicitly quantifying the consequences of failure, the risk as-
ociated with fatigue failures can be quantified as the product of
he fatigue failure probability and the consequences of failure. The
onsequences are thereby determined in function of the importance of
he structural detail for the structural integrity, following Section 4.
f the consequences are quantified in monetary terms, it is possible to
erform a risk-based optimization of inspection efforts.

As shown in Fig. 12, the inspection efforts determine the reliability
f the fatigue detail, and hence the risks. By balancing the cost of the
nspections (and the repairs following inspections) with the risk, an
ptimal inspection effort can be determined, as illustrated in Fig. 13.

Risk-based inspection planning is more challenging when consid-
ring an optimization at the structural system level and when con-
idering inspection and monitoring that result in information other
13 
than just detection/no-detection of fatigue cracks. Recent works have
addressed these aspects to derive optimal inspection plans for structural
systems [180–183].

Even in risk-based inspection planning it must still be ensured that
the reliability targets are fulfilled. For this reason, risk-based inspection
planning is seldom applied in practice for structures with potential loss
of life; instead inspections are performed following reliability-based
inspection plans.

7. Concluding remarks

This paper gives an overview of probabilistic fatigue load and
resistance models for steel structures, as well as methods for evalu-
ating and assessing the structural reliability. This includes the effects
of inspections and maintenance strategies. While fatigue reliability
assessment is commonly employed and has reached a mature state,
current approaches used in practice still have significant limitations,
which should be addressed in the future. Some important points are
summarized in the following.

• The fatigue resistance is obviously subject to large scatter. The
scatter appears to be larger at low stress range levels. The Basquin
relationship evaluated with the least squares method, as often
applied in practice and used as the basis for standards, does not
consider this. It also does not consider the information contained
in run-outs. S-N models and parameter estimations are available
that do take these aspects into account.

• A good estimate of the distribution parameters of any S-N curve
requires a relatively large test database containing different test
series. There is a risk of underestimating the scatter in fatigue
resistance in case of a small test database. A generally accepted
procedure for establishing the fatigue resistance based on a small
number of tests is currently lacking. This is a topic for future
research.

• The largest uncertainty in the fatigue resistance is in the damage
created by stress ranges lower than the constant amplitude fatigue
limit in a variable amplitude load spectrum.

• Measurement campaigns have provided insights into fatigue rel-
evant loads. The largest uncertainties on the load side arise
from the (accuracy of the) engineering model and the dynamic
interaction between load and structure. These are areas for future
research.
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• Fatigue is an ultimate limit state. However, some characteristics,
such as the possibility to detect cracks before failure occurs, moti-
vate a different treatment of fatigue limit states. For this reason,
the target reliability values can differ from other ultimate limit
states. A consensus is needed to obtain generally accepted values
for the target reliability for fatigue. This applies to both failure of
individual details as well as failure of the entire structure.

• Reliability- and risk-based inspection planning are effective ways
to address the high scatter and large uncertainty of fatigue in
engineering structures. More explicit considerations of the effects
of inspections in fatigue codes and standards is however lacking.

• Possible (future) additions to the JCSS Probabilistic Model Code
are: Alternative (more realistic) fatigue resistance models (in-
clusion of random fatigue limit models, description of the FAC,
consideration of load sequence effects), description of proba-
bilistic fatigue load models, and more explicit procedures for
reliability- and risk-based inspection planning.
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