
Wind Energ. Sci., 9, 799–820, 2024
https://doi.org/10.5194/wes-9-799-2024
© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Sensitivity of fatigue reliability in wind turbines: effects
of design turbulence and the Wöhler exponent

Shadan Mozafari1, Paul Veers2, Jennifer Rinker1, and Katherine Dykes1

1Department of Wind Energy, Technical University of Denmark, Roskilde, Denmark
2National Renewable Energy Laboratory (NREL), Golden, CO, USA

Correspondence: Shadan Mozafari (shad.mzf@gmail.com)

Received: 28 April 2023 – Discussion started: 12 June 2023
Revised: 3 February 2024 – Accepted: 7 February 2024 – Published: 5 April 2024

Abstract. Fatigue assessment of wind turbines involves three main sources of uncertainty: material resistance,
load, and the damage accumulation model. Many studies focus on increasing the accuracy of fatigue load assess-
ment to improve the fatigue reliability. Probabilistic modeling of the wind’s turbulence standard deviation is an
example of an approach used for this purpose.

Editions 3 and 4 of the IEC standard for the design of wind energy generation systems (IEC 61400-1) suggest
different probability distributions as alternatives for the representative turbulence in the normal turbulence model
(NTM) of edition 1. There are debates on whether the suggested distributions provide conservative reliability
levels, as the established design safety factors are calibrated based on the representative turbulence approach.
The current study addresses the debate by comparing annual reliability based on different scenarios of NTM
using a probabilistic approach. More importantly, it elaborates on the relative importance of load assessment
accuracy in defining the fatigue reliability.

Using the DTU 10 MW reference wind turbine and the first-order reliability method (FORM), we study the
changes in the annual reliability level and its sensitivity to the three main random inputs. We perform the study
considering the blade root flapwise and the tower base fore–aft moments, assuming different fatigue exponents
in each load channel.

The results show that integration over distributions of turbulence in each mean wind speed results in less
conservative annual reliability levels than representative turbulence. The difference in the reliability levels varies
according to turbulence distribution and the fatigue exponent. In the case of the tower base, the difference in
the annual reliability index after 20 years can be up to 50 %. However, the model and material uncertainty have
much higher effects on the reliability levels compared to load uncertainty. Knowledge about such differences in
the reliability levels due to the choice of turbulence distribution is especially important, as it impacts the extent
of lifetime extension through reliability reassessments.

1 Introduction

Fatigue reliability of a structure is its ability to withstand
cyclic loading during the design life. Fatigue life is a highly
sensitive and uncertain variable (Veers, 1996). In the case
of wind turbines, the random and variable amplitude load-
ing and the complexity of the structural system increase such
uncertainty. In addition, there is a high level of uncertainty
in material strength and in the simplified models commonly

used for counting cycles or describing the material properties
and damage accumulation. The probabilistic approach for fa-
tigue reliability assessment involves probabilistic modeling
of the crucial random inputs leading to a more robust anal-
ysis and design of the wind turbines against fatigue (Choi
et al., 2007). The IEC design standard introduces a semi-
deterministic approach that includes safety factors to account
for the uncertainty in different inputs. These factors are cali-
brated based on probabilistic reliability assessment aiming at
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an acceptable target reliability level at the end of design life.
Treatment of the uncertainty of the different random inputs is
an important part of the probabilistic reliability assessment.

Stensgaard et al. (2016a) show that wind climate parame-
ters contribute to about 10 %–30 % of the total uncertainty in
the reliability estimation. Furthermore, the sensitivity analy-
sis results in Stensgaard et al. (2016a), Dimitrov et al. (2018),
Robertson et al. (2019), and Murcia et al. (2018) reveal that
after the mean wind speed, the standard deviation of the wind
(turbulence) has the largest impact on the equivalent fatigue
load levels in most of the load channels. Thus, accurate mod-
eling of the turbulence at the design level is crucial for de-
creasing the uncertainties in the fatigue loads.

The IEC standard (IEC, 2005) suggests the Normal Turbu-
lence Model (NTM). The model is mainly based on a repre-
sentative value in each wind speed bin for estimating turbu-
lence. The representative value is the 90 % quantile of a log-
normal distribution. However, the standard also allows using
the whole lognormal distribution instead of a single value.
Edition 4 of the IEC standard (IEC, 2019) suggests a Weibull
distribution with the same 90 % quantile magnitude.

Some studies investigate the performance of different
NTM approaches in describing the site turbulence condi-
tions. For example, Ren et al. (2018) investigated the suit-
ability of the 90 % quantile recommendation for describing
onshore conditions and showed that it overestimates the tur-
bulence. Thus, they proposed a three-parameter power-law
model for turbulence intensity. In addition, Øistad (2015) in-
vestigated the performance of representative turbulence rec-
ommendations on a case with both onshore and offshore
wind conditions and concluded that the model overestimates
the turbulence levels in both cases. Other similar studies fo-
cused on offshore conditions (Wang et al., 2014; Türk and
Emeis, 2010; Tsugawa et al., 2015) show the inaccuracy of
the IEC standard recommendations in representing the tur-
bulence in real wind fields. In addition, Ishihara et al. (2012)
presented the same results by studying the compliance of
the lognormal distribution of the IEC standard with mea-
surements in an offshore wind farm. As another example,
Dimitrov et al. (2017) showed that for a case study site, the
lognormal distribution provides overconservative turbulence
expectations, and thus it suggests a two-parameter Weibull
distribution. Emies (2014) showed an offshore case within
which the IEC Normal Turbulence Model provides under-
conservative results for turbulence intensity in low mean
wind speeds and overconservative values in higher mean
wind speeds. A few studies like Larsen (2001) and Wang et
al. (2014) explicitly introduced other approaches for model-
ing offshore turbulence, as they proposed that the NTM is
overconservative for all offshore cases.

In addition, there are some studies on the loads corre-
sponding to each turbulence characterization approach. The
results of these studies vary from each other. For example,
some studies (Ernst and Seume, 2012; Dimitrov et al., 2017;
Hansen and Larsen, 2005) showed that the IEC representa-

tive and full lognormal distribution models of turbulence are
very conservative in the case of blade loads; thus they pro-
posed new, less conservative turbulence models. The results
of Søndergaard and Jóhannsson (2016) also conclude that the
lognormal assumption is conservative. They suggested the
Weibull distribution as a less conservative choice in terms of
resulting blade fatigue and extreme loads. On the other hand,
the results of Stensgaard et al. (2016a) show that following
the suggested 90 % quantile level for turbulence in the IEC
standard leads to an accurate assessment of the blade root
flapwise bending moment while producing a conservative as-
sessment of the tower bottom fore–aft bending moment and
low-speed shaft torque. It has to be noted that these compar-
isons are made with real data in which the wind shear is also
variable (and a function of turbulence) and affects the special
load channels.

As a second matter, the effect of uncertainty in the mate-
rial properties on fatigue reliability assessment is also cov-
ered in many studies. According to previous research (Veers,
1996; Zaccone, 2001), the uncertainty inherent in the mate-
rial properties, including physical, modeling, and measure-
ment uncertainty, represents almost half the total uncertainty
in the fatigue damage. The results of the sensitivity analy-
sis in Velarde et al. (2020) and Ronold et al. (1999) showed
that the uncertainties related to the material resistance model
have the greatest influence on fatigue reliability. Bacharoudis
et al. (2015) presented the high sensitivity of wind turbine
blade reliability to the measurement uncertainty in the mate-
rial properties of the composites using the DTU 10 MW wind
turbine as the case study.

All in all, there are many studies on the accuracy and per-
formance of the representative turbulence, and they all show
the need for transition from such a model to lognormal and
Weibull distributions, especially in the case of offshore wind
farms with overall lower turbulence levels. However, they
have not compared different scenarios to each other in gen-
eral design conditions. It is still debated whether the two dis-
tributions always provide lower reliability levels for different
load channels compared to the representative value approach.
The current work addresses this gap and such debate. Know-
ing the difference between the reliability levels when fol-
lowing different NTM approaches is especially important be-
cause the established safety factors for the semi-deterministic
approach in the IEC design standard are calibrated based on
the representative turbulence approach. Thus, if reliability
levels are assessed using the same safety factors while char-
acterizing the standard deviation turbulence by distribution,
the semi-deterministic approach and probabilistic approach
do not meet at the same reliability level at the end of the de-
sign life. It is important to ensure the two alternative distri-
butions are never underconservative. Furthermore, knowing
the differences in reliability levels can be an asset for fast
initial estimation of the possible extension of a lifetime when
the considered approach in the design phase is known. Such
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information about the design assumptions is also crucial for
more accurate lifetime extension assessments.

In addition, considering the results of the previous studies
on the importance of material uncertainty in fatigue reliabil-
ity, it is valuable to investigate how all the efforts for accurate
modeling of the turbulence will transfer to a more robust re-
liability assessment. In the present study, we reveal how dif-
ferent approaches in the IEC standard for a general case can
change the distribution of the fatigue loads. We also study
the sensitivity of the reliability to the change in the fatigue
load compared to its sensitivity to variations in other random
inputs.

The results of the current study cover blade flapwise and
tower base fore–aft load channels in a large wind turbine
(10 MW) from IEC class 1A. We study the difference in dis-
tributions of the damage equivalent load (DEL) considering
different NTM representations using many aeroelastic sim-
ulations and bootstrapping techniques. In addition, the re-
sults show the overall importance of DEL variation due to
the turbulence model by revealing the relative effects of load
uncertainty on the reliability. Knowing the extent to which
the various sources of uncertainty affect reliability can help
designers and researchers focus on effective areas to get ro-
bust reliability levels. The fatigue exponent is the exponent to
which the load is powered in the damage models commonly
used (as in the current study). Thus, it directly changes the
share of the loads in the fatigue damage, and it also changes
the distribution of DEL (Mozafari et al., 2023). We inves-
tigate the results of the reliability study in different fatigue
exponent levels in each load channel. An important note is
that since the DTU 10 MW turbine is not designed against
fatigue, we observed low reliability levels in the blade root
and the tower base. Thus, the mean value of the material
properties is scaled while keeping the coefficient of varia-
tion the same. To lower the errors in the first-order reliability
method (FORM) in the case of the blade (high fatigue ex-
ponent and thus high nonlinearity), we calibrate the mean
material strength to obtain lower probabilities of failure for
the sake of accuracy. The reliability levels are therefore not
based on real data. In other words, the trends and effects,
which are the purpose of the current study, are reliable, but
the reliability levels are not.

We provide information about the wind turbine case study
and the aeroelastic simulations in Sect. 2.1 and 2.2, respec-
tively. Section 2.3 provides information about the assump-
tions and the mathematical relations used in the current study
for assessing fatigue loads, post-processing simulation re-
sults, reliability assessment, and sensitivity analysis meth-
ods. Then, Sect. 3 presents the results in three parts: Sect. 3.1
covers the results of DEL distributions, Sect. 3.2 shows the
results of the reliability assessments, and Sect. 3.3 provides
the sensitivity analysis of the reliability. Finally, Sect. 4 con-
tains the conclusions of the study together with limitations
and suggestions for future research in the area.

2 Methodology

We use 10 min aeroelastic simulations to obtain the load time
series and estimate the fatigue reliability based on them. Fig-
ure 1 presents a general, schematic view of the main random
inputs of the fatigue reliability assessment and the procedure
for the analysis in the current study. The following sections
provide more details.

Section 2.1 explains the case study wind turbine specifi-
cations, and Sect. 2.2 introduces the properties of the simu-
lations. Finally, Sect. 2.3 explains the mathematical relations
and methods we use.

2.1 The case study wind turbine

Our case study is the DTU 10 MW reference wind turbine
(Bak et al., 2013). The DTU 10 MW is from the IEC standard
class 1A (IEC, 2019) with a rotor diameter of 178.3 m and a
hub height of 119 m. It is rated at a power of 10 MW and a
mean wind speed of 11.4 m s−1. The cut-in and cut-out mean
wind speeds are 4 and 26 m s−1, respectively. The blade in
the current case study is made of unidirectional E-glass fiber
epoxy, and the tower is made of steel. In the present study, we
use the onshore version of the DTU 10 MW wind turbine.

2.2 Aeroelastic simulations

We perform three groups of aeroelastic simulations in
HAWC21 software (Larsen and Hansen, 2007), forming a
total of 98 400 10 min simulations of the DTU 10 MW ref-
erence wind turbine. Each simulation group covers an ap-
proach for modeling turbulence (standard deviation of wind)
in wind speed bins.

The current work only covers normal operating conditions
and does not consider the fatigue damage occurring in the
fault, idling, start-up, or shutdown events. Thus, we perform
the simulations based on the IEC standard design load case
(DLC) 1.2 (IEC, 2019) with normal wind condition. As an-
other simplification, we set the wind direction constant equal
to 0 in all the simulations.

The mean wind speed varies from 4 m s−1 (cut-in) to
26 m s−1 (cut-out) in bins of 2 m s−1. Simulations are per-
formed for 700 s, from which the first 100 s is recognized
as transient time and is omitted from the results. The tran-
sient time is defined by checking the time of stabilization
for tower base side–side moments in high mean wind speeds
(20–26 m s−1), as this load channel is the one with the longest
stabilization time.

We use the Mann turbulence model for modeling the wind
field (see Mann, 1998). The Mann turbulence boxes contain
8192 evaluation points in the wind direction for higher reso-
lution and 32 points in the other two perpendicular directions.

1HAWC2 is an aeroelastic code for calculating wind turbine re-
sponse in the time domain and was developed in the DTU Wind
Energy department between the years 2003–2007.
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Figure 1. Flowchart of the procedure, main random inputs (Xi ), and the output (Y ) considered in the present study for the fatigue reliability
assessment.

Each wind bin (a combination of wind speed and turbulence)
has 200 turbulence realizations. We use 200 turbulence seeds,
as the results of a previous study (Mozafari et al., 2023) show
that the estimation of the fatigue loads fairly converges in this
number of realizations.

Table 1 presents the specifications of wind load modeling
in each group of simulations.

The study considers the flapwise bending moment in the
blade and the fore–aft bending moment in the tower base as
the main outputs of the simulations and the input for fatigue
assessment of the blade and tower.

2.3 Mathematical formulations

In the following, we present the mathematical background
and relations we use for post-processing simulation load out-
puts and estimating the corresponding fatigue damage and
reliability.

2.3.1 Probabilistic modeling of wind

Wind as a random process is mostly described by its mean
value and standard deviation (turbulence) at each point in
time and space. The IEC standard (IEC, 2019) presents a
Rayleigh distribution for probabilistic modeling of the mean
wind speed at the wind turbine’s hub height. Equation (1)
presents the cumulative distribution function (CDF) of the
mean wind speed based on the suggested Rayleigh distribu-

tion.

F (Vhub)= 1− e

(
−π

(
Vhub
2Vave

)2
)

(1)

In Eq. (1), F (Vhub) is the CDF. Furthermore, Vhub accounts
for the mean wind speed at the hub height, and Vave is the
annual mean wind speed at the hub height. In the standard
wind turbine classes, Vave = 0.2Vref, in which Vref is the 50-
year extreme wind speed over 10 min. The parameter Vref
equals 50 m s−1 in the IEC class 1 category (IEC, 2019), the
class of the current case study wind turbine.

The statistical parameters of the wind are correlated. In
other words, the standard deviation of the wind (turbulence)
changes with a change in the mean level. However, since the
IEC design standard suggests binning of the wind speeds (as
we do in our simulations), one can use the marginal distri-
bution of turbulence in each wind speed bin. The first option
is to consider the constant representative turbulence for each
wind speed bin, equal to the 90 % quantile of the distribu-
tion, instead of the marginal distribution. The other option
is to consider the whole distribution domain in each wind
speed bin. The third edition of the IEC standard (IEC, 2005)
presents a lognormal distribution as the marginal distribution
of turbulence (standard deviation of the wind speed) within
each wind speed level. The fourth edition (IEC, 2019) sug-
gests the Weibull distribution. Following each distribution,
the designer has two options in the IEC standards.
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Table 1. Specifications of wind modeling in three groups of HAWC2 simulations corresponding to three study cases.

Parameter Group 1 Group 2 Group 3

Marginal distribution of turbulence constant lognormal Weibull
Turbulence levels in each mean wind speed bin 1 20 20
Realizations per wind condition 200
Wind shear exponent 0.2
Turbulence model Mann
Cut-in mean wind speed (m s−1) 4
Cut-out mean wind speed (m s−1) 26
Rated wind speed (m s−1) 11.4
Size of wind speed bins (m s−1) 2
Mean wind speed distribution Rayleigh
Yaw angle (degrees) 0
Simulation time (seconds) 700
Initial transient time (seconds) 100
Mann box grids along the wind 8192
Mann box grids in other dimensions 32
Time steps of the simulations (seconds) 0.01

The current study investigates the impact of NTM turbu-
lence characterization choice on design fatigue reliability, as
it has not been studied before. For this purpose, we define
three cases for the different turbulence characterization ap-
proaches: case 1 covers the 90 % quantile turbulence value,
and cases 2 and 3 refer to the lognormal and Weibull dis-
tributions, respectively. Equations (2), (3), and (4) show the
CDF, standard deviation, and mean of the suggested lognor-
mal distribution (T ∼ ln(µ,σ )), respectively (case 2). In ad-
dition, Eq. (5) shows the 90 % quantile value of the same
distribution (case 1).

F (T )= 0.5
(

1+ erf
(

ln(T )−µ

σ
√

2

))
, (2)

σ =

√√√√√ln

( Iref
(
1.4(ms−1)

)
0.75Vhub+ 3.8(ms−1)

)2

+ 1

, (3)

µ= ln
(
Iref

(
0.75Vhub+ 3.8(ms−1)

))
−

(σ )2

2
, (4)

Trep. = Iref

(
0.75Vhub+ 5.6(ms−1)

)
(5)

Equations (3) and (4) refer to the NTM model in IEC
(2005). In these equations, T represents turbulence standard
deviation, and Iref is the reference turbulence intensity equal
to 0.16 for the standard class 1 wind turbines (the current
case study). In addition, µ and σ are the mean and standard
deviation of the logarithm of turbulence as a function of the
hub height mean wind speed (Vhub). Trep. is the representa-
tive turbulence equal to the 90 % quantile of the lognormal
distribution. One must note that Eq. (5) is not the exact cal-
culation of the representative turbulence and is only a linear
regression approximating it.

Equations (6), (7), and (8) present the CDF (considering
that the turbulence always has positive values), the shape pa-
rameter, and the scale parameters of the Weibull distribution
(T ∼Wbl(K,C)), which the fourth edition of the IEC stan-
dard (IEC, 2019) suggests.

F (T )= 1− e
−

(
T
C

)K
, (6)

K = 0.27Vhub+ 1.4(ms−1), (7)

C = Iref

(
0.75Vhub+ 3.3(ms−1)

)
(8)

In Eqs. (7) and (8), K and C represent the shape and scale
parameters of the Weibull distribution, respectively. Weibull
is very flexible and can be close to many other distribu-
tions, including lognormal, depending on its shape parame-
ter. Figure 2 presents the cumulative probability distributions
of cases 2 and 3 in one mean wind speed of 8 m s−1. In this
plot, the horizontal axis shows turbulence (T ) levels, and ver-
tical axis refers to log10(1−F (T )), where T ∼ ln(µT,σT) and
T ∼Wbl(K,C).

The lognormal distribution is generally heavy-tailed; how-
ever, as Fig. 2 shows, for the distribution parameters provided
in the standard, NTM with Weibull distribution has a thicker
tail. In other words, with the same accumulated probability
in the tail (for example, the 10 % upper tail), the Weibull tail
covers lower turbulence levels than the lognormal distribu-
tion and shows higher standard deviation. Overall, the two
distributions have opposite behaviors in the two portions be-
fore and after their intersection at the 90 % quantile.

The Weibull distribution represents higher probabilities in
the lower turbulence levels and covers more data from lower
values considering the same number of observations. There-
fore, we generally expect the use of the Weibull distribution
to represent turbulence occurrences to be a less conservative
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Figure 2. Lognormal and Weibull distribution of turbulence at a
mean wind speed (MWS) of 8 m s−1 compared to the 90 % quantile
level (representative turbulence level).

approach. In the following sections, we study this expecta-
tion and its effects on the DEL estimations in each case.

2.3.2 Resistance and damage models

Material fatigue resistance tests are often performed under
constant-amplitude cyclic loading. The number of cycles that
the test specimen can endure in each stress amplitude before
failing is collected within S–N curves. Basquin formulation
(Basquin, 1910) is a linear regression of the logN–logS data
points valid for most materials in the region between approx-
imately 103 and 106 cycles. Equation (9) shows the Basquin
relationship.

N = kS−m (9)

In Eq. (9), N is the number of endured (allowed) cycles
in the stress amplitude equal to S. Both m (the fatigue expo-
nent, also known as Wöhler’s exponent) and k (the Basquin
coefficient) in Eq. (9) are material-specific. The Basquin re-
gression model is uncertain. In addition, there is also physical
and measurement uncertainty included in the material prop-
erties and the fatigue tests. In the Basquin representation, m
and k reflect the same sources of uncertainty because they are
strongly correlated (an increase of one decreases the other
in the regression). Thus, it is enough to model only one of
them as the random variable to describe the scatter of the fa-
tigue strength test data (Kececioglu, 2002; Veers, 1996). Fol-
lowing the mentioned common approach, we only consider
the variability in the k parameter in the logN–logS curve
and assume Wöhler’s exponent to be deterministic. Consider-
ing available data regarding average values of m, we assume
the constant fatigue exponent to be equal to 10 in the com-
posite case and equal to 3 in the case of steel components.
Thus, we consider two values of m= 10 and m= 3 corre-

Table 2. Blade root and tower base section parameters of the DTU
10 MW model in HAWC2.

Cross section Radius In-plane moment of inertia
(m) (m4)

Blade’s root 1.765 4.837
Tower base 4.15 8.416

sponding to the blade and the tower, respectively. We con-
sider the compression–compression fatigue data (load ratio
of R = 10) for the fatigue analysis of the flapwise bending
moments according to Mikkelsen (2020) and the resulting
time series of the current study.

For variable loading, as in the case of wind turbines, one
should use a suitable model to relate the constant ampli-
tude data to the accumulated damage. The Palmgren–Miner
(Miner’s) rule (Palmgren, 1924; Miner, 1945) is a common
linear model for this purpose. Equation (10) presents Miner’s
rule.

D =

Ns∑
i=1

ni

Ni
(10)

In Eq. (10), parameter D accounts for the magnitude of
fatigue damage, ni is the number of cycles of the ith load
amplitude in the loading, and Ni is the allowed number of
cycles according to the S–N curve of the material. In ad-
dition, Ns accounts for the total stress amplitude levels. Ac-
cording to Miner’s rule, failure happens when the summation
in Eq. (10) is higher than the material limit, often assumed
equal to unity.

The blade’s root cross section in the case study wind tur-
bine is nearly circular, and the current study assumes the
same. In addition, the pitch angle in the blade root is zero.
Thus, the moments along the x and y axes refer to flapwise
and edgewise moments, respectively. In both cross sections
of the blade root and the tower base, Eq. (11) can represent
the relation between the moments and stresses.

Si =
Mxi c

Iy
(11)

In Eq. (11),Mxi is the moment corresponding to the stress
level Si . In the present study, the direction y corresponds to
the global direction of the wind in the HAWC2 simulations
since we are considering the root in the blade, and the local
coordinate system of the tower base section is also aligned
with the global coordinate system. Thus, we consider mo-
ments in the perpendicular direction (Mx). In addition, the
section parameters c and Iy are the radius and the moment
of inertia in the direction of the wind (perpendicular to Mx).
Table 2 presents the values for c and Iy parameters in the
blade’s root and tower base cross sections in the structural
model of the DTU 10 MW reference wind turbine.
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Using Eq. (9) and replacing the stresses with the corre-
sponding load/moment amplitudes, Eq. (10) can be rewritten
as Eq. (12).

D =

(
c

Iy

)m Ns∑
i=1

niM
m
xi

k
(12)

The parameter Mxi in Eq. (12) represents the load (mo-
ment) ranges in the time series. We use Eq. (12) to estimate
the DEL, a parameter that we use in the current study to rep-
resent damage. The following section describes DEL.

2.3.3 Damage equivalent load

DEL is a tool to compare the damage caused by different
variable amplitude loading scenarios. Burton et al. (2011)
define DEL as the magnitude of the constant-amplitude load
or stress causing the same damage as the variable-amplitude
loading with the same equivalent number of cycles (Neq).
Equation (13) shows the mathematical expression of this def-
inition based on Miner’s rule (Eq. 12).

NeqDELms
k

(
c

Iy

)m
=

∑Ns
i=1

(
niM

m
xi

)
k

(
c

Iy

)m
(13)

In Eq. (13) above, DELs is the DEL of a sample of 10 min
time series containing Ns number of stress bins, and Neq is
the reference number of cycles. In the current study, we set
Neq equal to 951 cycles corresponding to the average num-
ber of cycles in a 10 min interval based on the simulations of
the DTU 10 MW turbine with a DLC 1.2 condition and fre-
quency of sampling equal to 100. Both sides of Eq. (13) rep-
resent the expectation of damage in a time span of 10 min. We
use the expression on the right side to simplify the reliabil-
ity assessment procedure and to be able to separate the vari-
ability of the load from material properties. Equations (14)
and (15) are used to calculate the lifetime damage estimation
(DELlifetime) from the 10 min sample DEL estimations.

(DELbin)m =
SS∑
s=1

(DELs)m

SS
(14)

In Eq. (14), SS is the number of 10 min samples with the
wind condition (same mean wind speed and turbulence) but
with different wind realizations (different turbulence seeds).
Furthermore, DELbin is the DEL estimation in each wind
condition (wind bin). In all study cases, SS is equal to six
samples bootstrapped from a database of 200 realizations
(see Table 1).

DELmlifetime =
∑
bin

(DELbin)mP (bin) (15)

In Eq. (15), P (bin) corresponds to the joint probability of
each wind condition (wind speed and turbulence). Since we

are considering the marginal probability of turbulence con-
ditioned on the mean wind speed bin, the joint probability
equals the product of the two marginal probabilities. Thus,
Eq. (16) is another representation of Eq. (15).

DELmlifetime =

vU∑
Vbin=vL

tU∑
Tbin=tL

(DELbin)mP (Tbin|Vbin)P (Vbin) (16)

In Eq. (16), the variables Tbin and Vbin represent the mean
wind speed and turbulence in each wind bin, and P (Vbin)
is the probability of occurrence of each mean wind speed
(see Eq. 1). In addition, the parameters vL and vU and tL
and tU represent the lower bound and higher bound for mean
wind speed and turbulence in each wind bin, respectively.
Furthermore, P (Tbin|Vbin) is the conditional probability of
each turbulence value in each mean wind speed bin.

In case study 1 (constant turbulence), the probability of
the representative turbulence value is assumed to be unity.
The following section presents the definition, mathematical
relations, and procedure for estimating fatigue reliability.

2.3.4 Fatigue reliability assessment

Structural reliability is the ability of a structure to fulfill the
structural design request for a defined period (ISO 2394,
2015). Equation (17) shows the probabilistic representation
of this ability as a function of time.

R(t)= 1−Pf(t) (17)

In Eq. (17), Pf(t) is the probability of failure at time t and
can be stated as the probability of exceeding a certain level.
Commonly, this problem is referred to with limit state func-
tion (g(x, t)). The safe region is where the limit state func-
tion is positive. In the design phase, the designer sets a level
of reliability for the end of the design life, which accounts
for an optimal balance among failure consequences, cost of
operation and maintenance, material costs, and the probabil-
ity of failure tolerable by societies (Sørensen, 2015). In the
present work, we perform the probabilistic reliability assess-
ment by taking the following steps as described in Madsen et
al. (2006):

1. modeling of limit state equation g(X)

2. quantification of uncertainties and modeling by the
stochastic variable X

3. applying reliability methods to estimate the probability
of failure (first-order reliability method in the current
case).

The limit state function in assessing safety within time t
can be written as Eq. (18).

g(X,t)= R(X,t)− S(X,t) (18)

https://doi.org/10.5194/wes-9-799-2024 Wind Energ. Sci., 9, 799–820, 2024



806 S. Mozafari et al.: Effect of design turbulence on fatigue reliability

In Eq. (18), R indicates the resistance of the component,
and S is the loading. In addition, X represents a set of
stochastic variables involved in resistance and loading. In the
present study, we assess the reliability in time intervals of
1 year, and the time remains constant through each reliability
assessment. Thus, from here on we eliminate t from the re-
lations and notations for simplification. Failure occurs if the
function g in Eq. (18) is smaller than or equal to 0. In other
words, the probability of failure is the probability of the limit
state function being equal to or less than 0. Accordingly, the
probability of failure can be defined as Eq. (19).

Pf =

∫
g(x)≤0

fx(X) (19)

Miner’s rule does not consider the load sequence effect
in variable loading and thus leads to errors in fatigue dam-
age prediction. There are some studies (Schaff and David-
son, 1997; Yanan et al., 1991; Rognin et al., 2009) showing
high errors in the fatigue estimation of the composite materi-
als, often in the form of overestimation, when using Miner’s
rule. We account for the uncertainty in Miner’s rule by defin-
ing the damage limit as a random variable with a mean value
of 1 (limit for failure). With such an assumption, the limit
state function for fatigue failure can be specified as Eq. (20)
(Márquez-Domínguez and Sørensen, 2012).

g(X)=1−D (20)

In Eq. (20), 1 represents the fatigue limit in Miner’s rule
as a random variable with a mean value equal to unity. Using
Eq. (13) for defining the damage, Eq. (20) can be rewritten
as Eq. (21).

g(X)=1−
NeqDELmlifetime

k

(
c

Iy

)m
(21)

The limit state function in a specific time can be shown via
expressions other than the common form of Eq. (20). Equa-
tion (22) presents one such alternative (Dimitrov, 2013). In
the present work, we use Eq. (22) since it facilitates the sep-
aration of the fatigue loads from the material properties. In
addition, the linearized version makes the use of simple fa-
tigue reliability estimation methods possible.

G(X)= log
(
R(X)
S(X)

)
(22)

Combining Eqs. (21) and (22), the limit state function in
the current study is expressed as Eq. (23).

G(X) = log(1)− log(Neq)−mlog
(
c

Iy

)
+ log(k)

−mlog(DELlifetime) (23)

The parameters log(Neq) and mlog
(
c
Iy

)
in Eq. (22)

are constants. Thus, Eq. (22) consists of three ran-

dom parameters related to the linear damage accumula-
tion model (log(1)), material resistance (log(k)), and load
(log(DELlifetime)).

To find the probability of failure, after defining the limit
state function, the integration in Eq. (19) must be solved.
This integration is hard to solve analytically. There are es-
tablished methods for estimating the integral’s result. Some
of the commonly used methods are the first-order or second-
order reliability methods or Monte Carlo (MC) simulations
(see Melchers and Beck, 2018, for further details about each
method).

Veers (1990) showed that the probability of failure of
a wind turbine blade joint with a design life of 20 years
can vary from 2.2 % when using the second-order reliability
method (SORM) to 1.8 % when using FORM. In addition,
Toft et al. (2011) showed the differences in the results of MC
and FORM in the case of blades can be very different because
of high nonlinearities in the case of higher fatigue exponents
as in composites. We also observe the differences in the MC
and FORM for two scenarios (see Appendix C), showing that
in both high fatigue exponents and low probabilities of fail-
ure, FORM is less accurate. In the current work, we simplify
the formulation of the limit state function to a linear summa-
tion of the random variables to decrease such errors. In ad-
dition, we compare different scenarios and are not interested
in the absolute values. We use the FORM in the current work
for reliability assessment and for defining the importance of
the inputs. The next section contains more details about this
method.

2.3.5 FORM and importance ranks

As stated in the previous subsection, the FORM is one of the
ways to estimate the solution of the integration in Eq. (19).
In this method, the problem of the limit state function being
more or less than 0 is redefined in the standard normal space.
In other words, all the distributions of the random variables
are transformed to standard normal distribution, and the ex-
pression of the limit state function is also transformed. In the
standard normal space, the probability of the failure problem
will change into looking for an optimum design point (X∗ or
correspondinglyU∗ in the standard normal space) that lies on
the curve of g(U )= 0 and has the minimum distance from
the origin. The corresponding distance is known as the re-
liability index (β). The reliability index is commonly used
as a measure of structural reliability (for more details about
FORM, see Melchers and Beck, 2018).

Equation (24) shows the relationship between the reliabil-
ity index and the probability of failure (Gulvanessian et al.,
2012).

β =−8−1 (Pf) (24)

The operator 8−1 shown in Eq. (24) corresponds to the
inverse CDF of the standard normal distribution.
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ISO 2394 (2015) presents the basic recommendation con-
cerning a required reliability level in terms of the reliabil-
ity index in a certain reference time. The minimum required
reliability index is known as target reliability. Based on the
IEC (2005), a target value for the nominal failure probabil-
ity for structural design for the fatigue failure mode of the
wind turbine components in a reference period of 1 year
is 5× 10−4, corresponding to a target reliability of 3.7 ac-
cording to Eq. (24). More specifically, Veldkamp (2006) per-
formed a cost–benefit analysis and reported the optimal reli-
ability level for the blade to be 2.7 (probability of failure of
3.5× 10−3) based on the analysis. In the present work, we
study the sensitivity of reliability to different variables and
not the levels. However, we also present the reliability levels
in different study cases.

To apply FORM analysis, we first fit distributions to the
estimations of log(DELlifetime) obtained from bootstrapping
and calculated via Eq. (16) based on 10 min simulations. It is
more realistic to assume that different materials will have a
different range of 1 because of differences in the scatter of
the strength data, which will, in turn, result in different dis-
tribution parameters (Le and Peterson, 1999). We gather and
reuse the information about the distributions and statistical
parameters of the material and Miner’s rule limit from the
literature.

Since the DTU 10 MW turbine is not designed against fa-
tigue, we observed low reliability levels in the blade root
and the tower base (failure occurrence in the tower base).
To lower the errors in FORM in the case of the blade (high
fatigue exponent and thus high nonlinearity), we calibrate
the material strength towards low probabilities of failure for
the sake of accuracy. Thus, in the current study, we increase
the material fatigue strength proportional to the high fatigue
loads while keeping the corresponding coefficient of varia-
tion (CoV) the same as for real material to avoid effects on
the sensitivity analysis. These changes will affect our relia-
bility levels. However, the main interest in the current study
is the sensitivities and changes, not the values.

Table 3 shows the distribution parameters plus the refer-
ences for the coefficients of variation.

We would like to see the sensitivity of fatigue reliability
to changes in fatigue loads in addition to material strength.
Different materials (used in different components) have dif-
ferent fatigue exponents, and thus the effect of change in their
loading on reliability can be different (the higher the fatigue
exponent, the higher the effects of loads in the overall dam-
age and reliability). We want to take this fact into account
while being consistent in the idea of the variability of k. Thus,
we consider k to be the variable representing material uncer-
tainty and redo the assessments in three different levels of m
in each load channel under study. We calibrate the initial reli-
ability in the annual reliability assessments in case 1 to avoid
misinformation due to the correlation between m and k. The
linearized formulation of the limit state function makes this
separation easier by showing the m on the load site.

After specifying all the distributions and probabilistic pa-
rameters of each random variable in Eq. (23), we transform
each non-normal distribution to normal using the normal-tail
approximation and Rackwitz–Fiessler algorithm (Rackwitz
and Fiessler, 1978) to find the optimum design point. The
following contains the relations and procedures for the trans-
formation and solving procedures.

In transforming non-normal continuous distributions to
standard normal, since the design points (X∗) are usually lo-
cated at the tail of the standard normal distribution, we es-
timate the corresponding mean µx∗i and standard deviation
σx∗i

based on the design point x∗i using Eqs. (25) and (26),
respectively (Rackwitz, 2007).

σx∗i
=
φ(u∗i )
f (x∗i )

, (25)

µx∗i
= x∗i − σx∗i

u∗i (26)

In Eqs. (25) and (26), the operator φ is the CDF of the
standard normal distribution, and f corresponds to the PDF
of the initial non-normal distribution. In addition, x∗i is the
non-normally distributed random variable in the design point
(X∗), and u∗i is the corresponding element in the design point
in the standard normal space (U∗). u∗i is acquired as Eq. (27).

u∗i =8
−1 (F (x∗i )

)
(27)

F in Eq. (27) stands for the CDF of the point in the initial
distribution. In fact, Eq. (27) presents the basic concept that
in the transformation process between different distributions,
the probability of each point remains unvaried.

This method also provides information regarding the rela-
tive importance of each random variable or, in other words,
the sensitivity of the output (reliability) to each input. A vec-
tor α provides such information: α is a unit vector defining
the position of u∗ (the design point), and β is its magnitude.
Equation (28) shows the expression for this vector.

α =−
∇g(u∗)
| ∇g(u∗) |

=
u∗

β
(28)

The problem is solved in an n dimension space in which
each dimension represents the values of one random vari-
able. Thus, the unit vector α is composed of each variable’s
normalized magnitude in the design point. These normalized
values define the share of each variable in defining the posi-
tion of the design point. Therefore, the relative importance of
the variables (known as the importance rank) can be shown
by a factor as shown in Eq. (29).

Importance factor=
αi

| α |
(29)

In Eq. (29), as α is a unit vector, the denominator is equal
to 1, and thus αi is the importance factor for variable xi .

The failure probability at each point in time (year in this
case) depends on the survival at the previous point (1 year
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Table 3. Characteristics of the material and model variables.

Variable Component Distribution Mean Standard Reference
deviation

log(1)
blade normal −0.1116 0.4724 Toft and Sørensen (2011), Stensgaard et al. (2016b)

tower normal −0.0431 0.2936 Stensgaard et al. (2016b)

log(K)
blade normal calibrated 0.528 Mortensen et al. (2023), Toft and Sørensen (2011)

tower normal calibrated 0.2 Sørensen (2015), Slot et al. (2019), Toft and Sørensen (2011)

before). Thus, the annual reliability is useful for assessing
the probability of failure at the end of each year. The annual
probability of failure in time t conditional on survival in time
(t −1t) is a special case of conditional probability. The cor-
responding posterior probability is shown in Eq. (30).

1Pf(X,t) =
P (X,t −1t ≤ f ≤ t)
P (X,f > t −1t)

=
Pf(X,t)−Pf (X,t −1t)

(1−Pf(X,t))
(30)

Using Eq. (24), the corresponding annual reliability index
is as in Eq. (31).

1β(X,t)=−8−1 (1Pf(X,t)) (31)

2.3.6 Sampling

To fit the distributions to DEL data in different case stud-
ies, we need to sample from the turbulence distribution in
each wind speed bin to account for turbulence probability
(see Eq. 16). For sampling turbulence levels from cases 2
and 3, we divide their corresponding probability space into
5 % probability intervals, and then we consider the median
of each probability interval as the representative. We derive
the corresponding turbulence sampling point by taking the
inverse of the CDF at the median point. Following such an
approach, the samples can account for all probability levels
equally. The probability of each sampling point is equal to
5 %. Figure 3 shows the resulting sampling points in differ-
ent mean wind speeds.

Figure 3 reveals that the turbulence levels within the same
probability are higher in case 2 (lognormal distribution) com-
pared to case 3 (Weibull distribution) below the 90 % quan-
tile. The trend changes above the 90 % quantile. The differ-
ences are higher in the higher turbulence levels with lower
probability, especially in higher mean wind speeds.

The following section provides the results of the study.

3 Results and discussions

The current section presents the results of the study in two
steps. First, we introduce the distributions of DEL in different
turbulence modeling cases in Sect. 3.1. Then, in Sect. 3.2,

Figure 3. Sampling points of turbulence within intervals of a size
of 0.05 in the corresponding distribution in case 2 (lognormal distri-
bution) and case 3 (Weibull distribution) at five different mean wind
speeds.

we investigate the change in fatigue reliability through time
in different turbulence modeling approaches and in different
Wöhler curve exponents. Section 3.3 contains the analysis
of the reliability’s sensitivity to changes in random inputs in
different scenarios. Section 3.4 investigates the effects of the
design class on the overall results of the previous sections.
Finally, Sect. 3.5 includes supplementary discussions about
the results. All the results are provided for both the blade root
flapwise and the tower base fore–aft load channels.

3.1 Probability distributions and statistical parameters of
load

Wind speed fluctuation is one of the main causes of fatigue
damage, especially in the load channels like the blade flap-
wise and tower base fore–aft. A change in the wind stan-
dard deviation (turbulence) in each mean wind speed level
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directly changes the estimated fatigue damage. In the cur-
rent section, we look into the change in the distribution of
DEL with the change in the turbulence characterization ap-
proach in the IEC NTM. In case 1, each realization of DELbin
is based on one turbulence level (representative turbulence),
while in the other two case studies, it is a result of integra-
tion over all 20 turbulence levels sampled from lognormal
and Weibull distributions.

Figure 4 shows DELbin values averaged over all seeds in
each turbulence level (Eq. 14) in cases 2 and 3. Figure 4 only
contains the fatigue exponent considered in the design, equal
to 10 in the blade root and 3 in the tower base.

The bar plots of Fig. 4 show the binning over mean wind
speeds and turbulence levels. It reveals the increase in the
DEL with an increase in the mean wind speed and standard
deviation of the wind. The only exception to this trend is the
DEL in the tower base around mean wind speeds of 6 and
8 m s−1. The reason is that around these mean wind speeds,
there is a local peak in DEL values due to resonance (Moza-
fari et al., 2023).

Another observation from Fig. 4 is the relatively fast de-
crease in the DELbin in the tower base as a function of turbu-
lence compared to the blade. In other words, the difference
between DELlifetime obtained from a single high turbulence
level and a single low level is relatively higher in the tower
base. This is partly because of the resonance in the tower (see
Mozafari et al., 2023), which enhances the effect of the turbu-
lence level on fatigue loads. Thus, we expect the integration
over all turbulence levels (see Eq. 16) to be more effective
in decreasing variability in DELbin in the tower case. As a
result, DELlifetime estimations in the case of the tower base
would also show lower variability. The following includes
observations on DELlifetime distributions.

Using the 200 samples in each wind bin (consisting of con-
stant turbulence and constant mean wind speed), we calculate
the DELlifetime using Eq. (15) in case 1 (constant 90 % turbu-
lence) and Eq. (16) in cases 2 and 3 (lognormal and Weibull
distribution). We use a sample size of six (recommended
number of samples by the IEC 61400-1) from the database
and repeat the procedure 1000 times with replacement (boot-
strapping) to obtain the distributions of DELlifetime. Fig-
ure 5 shows the probability density function (PDF) of the
DELlifetime estimations in different turbulence cases and dif-
ferent fatigue exponents in both load channels under study.
The results are all normalized by the mean DELlifetime in
case 1.

Figure 5 reveals that the overall variability of the
DELlifetime realizations is higher in the case of the tower base
compared to the blade root, as expected due to the reasons
discussed above and in Mozafari et al. (2023). This remains
the case for all approaches of turbulence modeling. The dis-
tributions are not significantly impacted by the fatigue expo-
nent, as indicated by the similarity of the distributions in the
different rows of Fig. 5.

Based on Fig. 5, the integration over turbulence distribu-
tions (cases 2 and 3) instead of using one representative value
(case 1) decreases not only the mean value but also the vari-
ance of the realizations. This effect is more notable in the
case of the tower base. This is expected, as Fig. 4 shows that
the variability in the tower base DELbin is larger than in the
blade root moment. The lower variance of the DELlifetime re-
alizations is partly because we do one extra integration step
in the calculations of this parameter in cases 2 and 3 (see
Mozafari et al., 2023, for the effect of summation on the vari-
ability in case 1). The integration over the whole range results
in an expected value, which is more robust than a single value
(90 % quantile in this case).

Comparing the distributions of DELlifetime in case 2 (log-
normal) and case 3 (Weibull) in Fig. 5 reveals that the mean
levels in case 2 are lower than in case 3. In other words, es-
timating DELlifetime based on the Weibull distribution of tur-
bulence is less conservative than the lognormal distribution
approach. This complies well with the expectations based
on the characteristics of the two distributions discussed in
Sect. 2.3.6. The bias in the mean value of DELlifetime calcu-
lated with the Weibull/lognormal distributions is more sig-
nificant for the tower base than the blade root. Thus, using
representative turbulence is relatively more conservative than
the other approaches in the case of the tower base. For exam-
ple, for a tower with a fatigue exponent of 3, the DELlifetime
estimation can vary by more than 35 % when using six tur-
bulence seeds.

Although the Weibull distribution of turbulence generally
results in lower DEL estimations, there is an overlap between
distributions of all cases in the blade root. There is also an
overlap between cases 2 and 3 in the tower base. This means
if the designer uses only six realizations, there is a chance
that the DELlifetime estimation using the Weibull distribution
is more conservative than the lognormal. For example, in the
tower base with a fatigue exponent of 5, DELlifetime estima-
tions in case 3 can be around 5 %–7 % more conservative
than in case 2. In addition, when using six seeds in the blade
root, lognormal can provide a less conservative DEL esti-
mation than the 90 % turbulence level model. Although such
occurrences are rare, the chances increase with an increase in
the fatigue exponent in each load channel.

The general conservatism of using a 90 % turbulence level
in the DEL evaluations can show itself in the fatigue reli-
ability estimations. In addition, since changing the method
of modeling the turbulence changes the standard deviation of
the DEL realizations, the sensitivity of the reliability levels to
the DEL changes can also vary from one case to another. We
study the extent of such an effect in different fatigue expo-
nents and in different load channels in the next subsections.

3.2 Fatigue reliability in different cases

In the reliability assessments, we use the log(DELlifetime) as
the parameter representing the fatigue load (see Eq. 23). We
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Figure 4. DELbin in each mean wind speed and turbulence level (wind bin) in (a) case 2 (turbulence sampled from lognormal distribution)
for the blade root, (b) case 2 for the tower base, (c) case 3 (turbulence sampled from Weibull distribution) for the blade root, and (d) case 3
for the tower base (the results are only shown for comparison, and the DEL dimensions are relative).

Figure 5. Probability density function (PDF) of normalized DEL
estimates using 1000 bootstrapped samples of size 6 in different
turbulence study cases in (a) blade root flapwise (m= 8), (b) blade
root flapwise (m= 10), (c) blade root flapwise (m= 12), (d) tower
base fore–aft (m= 3), (e) tower base fore–aft (m= 4), and (f) tower
base fore–aft (m= 5).

must determine an appropriate probability distribution for the
load parameter to complete the reliability analysis. Thus, we
first find the probability distributions of log(DELlifetime) in
different conditions (each condition includes a load channel,
a normal turbulence modeling approach, and a specific fa-
tigue exponent). Tables 4 and 5 represent some of the best
distribution fits to the log(DELlifetime) data and their parame-
ters in three different turbulence model cases in m= 10 and
m= 3 for the blade root and tower base, respectively (for
more cases, see Appendix A). We find the best distribution
fits among different options (GEV, lognormal, normal, and
Weibull in this case) using the maximum likelihood method
and Akaike information criterion (Bak et al., 2013).

Using the distributions of log(DELlifetime) and the distri-
butions of other parameters (log(1) and log(k)), as we pre-
viously defined in Table 3, we estimate the annual reliabil-
ity and its change through the lifetime (see Eqs. 31 and 30).
It should be noted that although we derive different distribu-
tions of log(DELlifetime) in the case of different Wöhler expo-
nents, the distributions in Table 3 only refer to the reference
levels of this exponent in the design. For the sake of com-
parison of the trends, we modify the mean value of log(k) in
different variations of fatigue exponents (m= 4 and m= 5
for the tower and m= 8 and m= 12 for the blade) such that
we get the same reliability level in the first year in case 1.
The modification sets a benchmark for comparison. Figure 6
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Table 4. Best distribution fits to log(DELlifetime) in different turbulence modeling cases considering flapwise bending moments in the blade
root (m= 10).

Case number Distribution Par 1 Par 2 Par 3

1 (representative turbulence) GEV (µ,σ,ζ ) −0.299 0.012 2.405
2 (lognormal turbulence) GEV (µ,σ,ζ ) −0.239 0.006 2.349
3 (Weibull turbulence) Normal (µ,σ ) 2.323 0.007 –

Table 5. Best distribution fits to log(DELlifetime) in different turbulence modeling cases considering fore–aft bending moments in the tower
base (m= 3).

Case number Distribution Par 1 Par 2 Par 3

1 (representative turbulence) Lognormal (µ,σ ) 1.11 0.01 –
2 (lognormal turbulence) Normal (µ,σ ) 2.824 0.012 –
3 (Weibull turbulence) GEV (µ,σ,ζ ) −0.22 0.01 2.73

shows the reliability change over 20 years in the blade root
and the tower base in different conditions.

The results in Fig. 6 show that in both load channels and
different fatigue exponents, constant turbulence (black lines)
provides conservative annual reliability levels. The next con-
servative evaluation belongs to the lognormal distribution
(blue lines) and the last to the Weibull distribution (red lines).
The ranks remain the same in all cases. In other words, the
overlaps in the distributions of DELlifetime observed in Fig. 5
between cases 2 and 3 do not affect the reliability trends. We
explain the reason in the sensitivity analysis presented in the
next section.

In general, the tower base shows a very fast reduction
in reliability over time. One possible reason is the high
mean value of the log(DELlifetime) versus material fatigue re-
sistance (log(k)) in this load channel. We use the conven-
tional method of linearly scaling the damage with time. This
method leads to a fast increase in damage over time in a high
DEL magnitude.

In the case of constant turbulence in the tower base, the
change in the fatigue exponent (m) has a more visible effect
on the rate of reliability declination through time. In this case,
a larger m increases the decline in reliability level from the
same initial point at year 2.

Notice that the difference in the results in the tower base
is more visible because of the higher initial variability in the
DEL in this load channel. In the case of the blade, the same
trends occur, but they are less visible.

3.3 Importance ranks of the inputs

We study the sensitivity of the reliability level at year 20 to
each random input into the limit state function. The impor-
tance rank of each of the inputs is derived from FORM analy-
sis (see Eq. 29). Figures 7 and 8 show the relative importance
levels in different cases and fatigue exponents for the blade
root and tower base, respectively. In these plots, the extent of

differences does not represent the absolute sensitivity to the
load, material fatigue strength, and Miner’s rule but their rel-
ative importance. The reason is that the random inputs into
the model are on a logarithm scale and show a different CoV
for each variable. The change in the percentages from one
case scenario to another is still a good measure for comparing
the sensitivity of the reliability to each source of uncertainty
and tracking changes with a change of scenarios.

Figure 7 shows the relatively high importance of the fa-
tigue resistance of the material in the case of the blade root.
The second importance belongs to the uncertainty in the fa-
tigue accumulation model. The relative effects of the two are
much higher than the loads because of the low variance of
load in the blade. The lower variance in the DEL when us-
ing integration over turbulence in each wind speed bin (as
shown in Fig. 5) decreases the effect of this parameter on the
reliability level.

The share of the logarithm of load in the overall reliability
increases with the increase in fatigue exponent, as we expect.
However, the importance of the load uncertainty compared to
the other two parameters is negligible in all cases.

Figure 8 shows the relative high importance of Miner’s
rule uncertainty as the coefficient of variation in log(k) in
steel (material in the tower base) is much lower than in the
composite (in the blade). The second effective parameter is
the fatigue resistance of the material, and the load is the least
important part of the uncertainty in the reliability.

The effects of the fatigue loads on the reliability in the
tower base are relatively higher than in the case of the blade
root (see Fig. 7). This is because of the higher CoV in the
fatigue loads in the tower base.

As seen in the previous load channel (blade root flapwise),
we observe an increase in the importance of the loads with
an increase in the fatigue exponent. In addition, cases 2 and
3 turbulence modeling decrease the CoV of log(DELlifetime)
and thus its importance in fatigue reliability.
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Figure 6. Reliability index through the lifetime considering (a) blade root flapwise and (b) tower base fore–aft moments in cases 1, 2, and 3
considering different Wöhler exponents.

Figure 7. Importance factors of different random inputs in assess-
ing the annual reliability level at year 20 in the blade’s flapwise load
channel in cases 1, 2, and 3 considering different Wöhler exponents.

According to both Fig. 7 and Fig. 8, there is no obvious
change in the importance factors when changing the distribu-
tion from lognormal to Weibull. In other words, the change
in CoV of DEL is very low when changing the distribution of
turbulence. It must be emphasized again that the differences
are exaggerated since the input parameters are in logarithmic
scale; however, the relative importance is valid and reliable.

3.4 Effects of wind turbine design class

The thickness of the tail in the lognormal distribution is de-
pendent on its standard deviation. The standard deviation of
the distribution in different cases of NTM is a function of
the reference turbulence level (see Eqs. 3 to 8). This means
that there is a possibility that the results of the current study

Figure 8. Importance factors of different random inputs in assess-
ing the annual reliability level at year 20 in the tower base fore–aft
load channel in cases 1, 2, and 3 considering different Wöhler ex-
ponents.

change with the wind turbine class. One case of lower refer-
ence turbulence intensity equal to 0.1 is tested in the current
study, showing the same trends. Figure 9 shows the distribu-
tions of DELlifetime in three different cases of the study for
Iref = 0.1 for two of the scenarios (tower base, m= 3 and
blade, m= 10).

In forming the distribution of the wind speed (using the
Weibull distribution shown in Eq. 1), the annual mean wind
speed defines the scale factor of the Weibull distribution. The
scale factor in the Weibull distribution directly affects the
standard deviation. Thus, there might be a change in the over-
laps of different fatigue load data with a change in the class
of the annual mean wind speeds. We study this effect via
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Figure 9. Different distributions of DELlifetime in two example cases of (a) blade, m= 10 and (b) tower, m= 4 for Iref = 0.1 considering
different editions of the normal turbulence model.

some examples with different mean wind speeds in two dif-
ferent reference turbulence intensities to cover some design
classes. Figure 10 presents the results for one case with the
highest possibility of overlap (high fatigue exponent).

Figure 10 reveals that with a decrease in the annual mean
wind speed, the overlap between the DEL distributions re-
sulted from different NTM case increases. As an example,
there is a visible overlap between the long-term fatigue load
distributions in the case of using representative turbulence
and using full Weibull distribution. This means that in de-
sign classes with very low mean wind speed, when using six
turbulence realizations, the designer can possibly get more
conservative results from following edition 4 NTM versus
edition 1 of the IEC standard.

According to Fig. 10, there is no obvious mutual effects
from changing both representative turbulence and mean wind
speed, while the changes due to the change in the mean wind
speed are more obvious. To make sure that there is no such
consideration in the case of the tower with the highest m
(m= 5), this case is investigated with low reference turbu-
lence and low annual mean wind speed. Figure 11 shows the
corresponding results.

As Fig. 11 shows, there is no considerable overlap in the
case of the tower at the extreme end of case study design
classes.

To investigate the effects of the design class on the annual
reliability, two of the cases for the blade with m= 12 are
compared in Fig. 12.

The results presented in Fig. 12 show a higher difference
between the annual reliability level at the end of the design
life in an IEC design class with a lower annual mean wind
speed. In such classes, although the mean levels get closer
between case 1 and case 3, the higher variability in case 3 de-
creases the corresponding reliability level when using a prob-
abilistic approach. It is important to consider this difference
in the case of any further calibration of the safety factors in
future versions of the standard.

3.5 Overall discussions

The results (especially in Fig. 6) reveal the large effect of the
fatigue exponent on reliability estimations considering tower
base fore–aft moments due to the relatively high magnitude
of the fatigue load in this load channel. The fatigue strength
curves of the steel structures are normally bilinear. The se-
lection of the fatigue exponent at the design level, when us-
ing damage equivalent loads, can vary between the lower,
the higher, or the average slope of the actual S–N curve. The
results in the current work elaborate on the effect of the se-
lection of the steel fatigue exponent at the design level, as the
annual reliability levels of the tower base (normally experi-
encing high loads) can be very sensitive to this parameter.

In addition, the results of reliability estimations show that
the small overlaps seen in the DEL distributions are not very
important when coming into the reliability framework. This
has been made clearer in the sensitivity analysis, where the
effects of load variations are shown to be relatively negligi-
ble.

All in all, although the choice of the turbulence character-
ization approach impacts the reliability and the sensitivity of
the reliability to different uncertainty sources, these effects
are not notable when compared to the high sensitivity of the
reliability to other sources in every case. In other words, ac-
curate modeling of the damage accumulation or more accu-
rate characterization of the material properties (especially in
the case of composites) can impact the reliability levels to a
relatively higher extent. There is a 50 % change in the relia-
bility level at year 20 in the case of the tower base withm= 5
with change in the loads. Considering the larger effect of the
changes in the material properties, the effects of uncertainty
in this random variable on reliability can be drastic.

There are also some limitations and potential for extension
of the study. The most important assumptions that can limit
the generality of the results are as follows:
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Figure 10. DELlifetime probability distributions using different editions of NTM in different annual hub height mean wind speeds and
reference turbulence intensities considering blade root flapwise moments, m= 12.

Figure 11. DELlifetime probability distribution obtained from using
different editions of the normal turbulence model with an annual
hub height mean wind speed of 5 m s−1 and a reference turbulence
intensity of 0.1 considering tower base fore–aft moments, m= 5.

1. Reference turbulence intensity (design class of the wind
turbine). The thickness of the tail in the lognormal dis-
tribution depends on its standard deviation. The stan-
dard deviation of the distribution in different cases of
NTM is a function of the reference turbulence level (see
Eqs. 3 to 8). This means that there is a possibility that
the results of the current study change with the wind
turbine class. Some examples are tested in the present
study. However, we encourage similar studies on other
classes of wind turbines to track the possible differences
in the trends and results. In addition, the annual mean

wind speed influences the variability of the long-term
fatigue loads and thus overlaps between different study
cases. We suggest further studies on the lower mean
wind speeds and the combination of the class with other
changes.

2. Additional averaging of data in the case of full dis-
tributions. A potential concern with the results is the
difference in sample size for the different cases. There
are more 10 min simulations involved in estimations in
cases 2 and 3. A larger sample size naturally decreases
the variance in the DELlifetime evaluations due to the
law of large numbers (see Mozafari et al., 2023, for
more details). To investigate whether this is significant,
we checked the effect by using different combinations
of seed numbers, and the corresponding effect on the
trends is negligible. However, we encourage testing of
different calculation approaches to track any possible
changes in the variability of fatigue loads in cases of
using full distributions of the turbulence.

3. Other load cases. Among all the standard design load
cases related to fatigue in the IEC standard, cases of
idling and power production plus occurrence of fault
also include NTM. It is valuable to perform the same
study considering these other load cases and their corre-
sponding probabilities. In addition, considering all rel-
evant load cases for fatigue (including shutdowns and
start-ups) can change the long-term fatigue distributions
and trends and should be considered in future studies.
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Figure 12. Annual reliability index of blade, m= 12 in two annual average mean wind speeds of (a) 5 m s−1 and (b) 7.5 m s−1 considering
different editions of NTM.

4. Specificity of the wind turbine response. The main study
uses the DTU 10 MW wind turbine as the case study.
The size and design of the wind turbine and its con-
troller’s design affect the turbine’s response to a spe-
cific wind input. The Siemens 2.3 MW wind turbine
(with a smaller size but a similar controller and class)
is checked (see Appendix B), and the results show the
same trends in distributions of the long-term fatigue
load. In future studies, testing other wind turbines with
a different type of controller and also using other aeroe-
lastic simulation tools are beneficial.

5. Variability of the material properties and damage ac-
cumulation rule. The variability of the initial material
fatigue strength and Miner’s rule are taken from the lit-
erature. Updating the corresponding coefficients of vari-
ations can change the levels in the sensitivity analysis.

6. Variability of the fatigue loads. The only variable con-
sidered in the definition of the fatigue loads is the varia-
tion in the turbulence inputs. While the shares of load
uncertainty due to this specific variation are covered,
the sensitivity results can vary when considering other
sources of uncertainty in the loads.

7. Method of reliability assessment. The first-order relia-
bility method performs well in very low probabilities
of failure and less accurately in higher failure proba-
bilities. Doing the same reliability analysis using MC
instead of FORM can provide more accurate reliability
estimates if computational resources are available (see
Appendix D for a detailed explanation regarding com-
putational expenses of MC).

8. Offshore versus onshore. The study uses aeroelastic
simulations with only onshore wind inputs. However,
in the offshore cases, the effects of wind turbulence
on the structure response varies. The effect is more in
the case of tower loads. We recommend performing the

same study for offshore cases to investigate the possible
changes in the trends.

4 Conclusions

The assessment of the remaining fatigue lifetime hinges upon
reanalyzing the reliability. In performing such an analysis
per the IEC standards, a designer can choose to follow dif-
ferent recommendations regarding probabilistic modeling of
the turbulence. The ramifications of those choices are cur-
rently unclear. For example, as the present study shows, us-
ing six realizations for the estimation of DEL, in the case of
the tower with a fatigue exponent of 3, the estimations based
on the Weibull distribution of turbulence can differ by 40 %
from the representative turbulence approach. Regarding fa-
tigue reliability at the end of the design life (20 years), the
differences are up to 50 % in the case of the blade root and up
to 200 % in the case of the tower base. Such a high difference
can change the possible scenarios at the lifetime extension
stage and must be considered. The difference in reliability
levels varies with a change in the design class. Consideration
of the difference between classes is important in the case of
any further calibration of the safety factors in future versions
of the standard.

The results presented in this paper are applicable to the
wind turbine design stage. The study informs the designer
about the extent to which following different editions of the
IEC standard can change the expected value and uncertainty
of the fatigue damage evaluations based on turbulence input.
It also shows how the annual fatigue reliability and sensitivity
of reliability change in load channels of interest and different
fatigue exponents.

Furthermore, the reliability estimation is based on a sim-
plified linearized limit state function, making the complete
separation of the loads from material properties possible. If
all the random variables are lognormally distributed (highly
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possible), this formulation results in a very simple and fast
reliability analysis at the design level.

The importance ranks of the variables reveal that although
the change in the turbulence characterization changes the dis-
tribution of the fatigue loads and the fatigue reliability, focus-
ing on decreasing the material or models’ uncertainty is more
effective. This is due to the relatively high uncertainty in the
material properties and linear damage accumulation rule.

Using Monte Carlo simulations, considering other sources
of uncertainty in the load, testing for other wind turbine de-
signs and classes, using other aeroelastic tools, considering
offshore cases, and – finally – using different approaches for
the design of experiments are some suggestions for future
studies.

The parameters of the best-fitted distributions to log(DEL)
in different load channels under study and different fatigue
exponents are shown in Tables A1–A4.

Appendix A

Table A1. Best distribution fits to log(DELlifetime) in different turbulence modeling cases considering flapwise bending moments in the blade
root (m= 8).

Case number Distribution Par 1 Par 2 Par 3

1 (representative turbulence) lognormal (µ,σ ) 0.822 0.005 –
2 (lognormal turbulence) lognormal (µ,σ ) 0.795 0.003 –
3 (Weibull turbulence) lognormal (µ,σ ) 0.780 0.003 –

Table A2. Best distribution fits to log(DELlifetime) in different turbulence modeling cases considering flapwise bending moments in the blade
root (m= 12).

Case number Distribution Par 1 Par 2 Par 3

1 (representative turbulence) normal (µ,σ ) 2.510 0.013 –
2 (lognormal turbulence) normal (µ,σ ) 2.457 0.007 –
3 (Weibull turbulence) normal (µ,σ ) 2.434 0.009 –

Table A3. Best distribution fits to log(DELlifetime) in different turbulence modeling cases considering fore–aft bending moments in the tower
base (m= 4).

Case number Distribution Par 1 Par 2 Par 3

1 (representative turbulence) lognormal (µ,σ ) 1.176 0.007 –
2 (lognormal turbulence) GEV (µ,σ,ζ ) −0.218 0.012 3.044
3 (Weibull turbulence) GEV (µ,σ,ζ ) −0.180 0.015 2.975

Wind Energ. Sci., 9, 799–820, 2024 https://doi.org/10.5194/wes-9-799-2024



S. Mozafari et al.: Effect of design turbulence on fatigue reliability 817

Table A4. Best distribution fits to log(DELlifetime) in different turbulence modeling cases considering fore–aft bending moments in the tower
base (m= 5).

Case number Distribution Par 1 Par 2 Par 3

1 (representative turbulence) GEV (µ,σ,ζ ) −0.169 0.023 3.396
2 (lognormal turbulence) GEV (µ,σ,ζ ) −0.201 0.013 3.216
3 (Weibull turbulence) GEV (µ,σ,ζ ) −0.194 0.017 3.162

Appendix B

Figure B1 shows the distributions of DELlifetime in two dif-
ferent cases of the study (Ed. 1 and Ed. 4) for the Siemens
2.3 MW.

Figure B1. Different distributions of DELlifetime considering the 90 % quantile of lognormal distribution and full distribution of Weibull for
modeling the turbulence using the Siemens 2.3 MW as the case study.
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Appendix C

Table C1 shows the comparison of the probability of failure
using FORM and MC in two scenarios (blade root m= 10
and tower base m= 3).

Table C1. Comparison of the probability of failure in years 10, 15, and 20 using Monte Carlo simulations and FORM for the blade (m= 10)
and the tower (m= 3).

Component (fatigue exponent) Method Pf at year 10 Pf at year 15 Pf at year 20

Tower (m= 3)
FORM 9.6× 10−4 1.1× 10−2 3.3× 10−2

MC 8.9× 10−4 2.3× 10−2 1.1× 10−1

Blade (m= 10)
FORM 4.2× 10−7 6.4× 10−6 3.7× 10−5

MC 3.9× 10−7 5.9× 10−6 3.4× 10−5

Appendix D: Computational expenses of Monte Carlo
in reliability assessment of wind turbine structural
components

For low probabilities of failure, such as in structural com-
ponents of the wind turbines, a lot of simulations are needed
for MC. In a Monte Carlo analysis withN number of simula-
tions, the coefficient of variation of the estimate (Pf = 108 in
our case) is proportional to 1/

√
N (based on the law of large

numbers). This means that if the actual probability of failure
in a structural component is of the order of 10−x , approxi-
mately 10(x+2) simulations are needed to achieve an estimate
with a coefficient of variance of the order of 10 %. Standard
computers can save data with a size up to N = 109, mean-
ing we can capture the maximum probability of failure 10−7.
It is possible to cluster the simulations, for example, to get
10 clusters of 109 to capture Pf = 108. However, increased
loops will take a lot of time for standard processors.

Code and data availability. All data used for the DTU 10 MW
case study, in addition to the codes, can be found at
https://doi.org/10.5281/zenodo.10842326 (ShadanMozafari, 2024).

Author contributions. SM, PV, and JR were responsible for the
overall conceptualization of the study. SM wrote all the computer
codes and performed all the data analyses. SM, PV, and KD were
involved in the writing and editing of the paper.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Wind Energy Science. The peer-review
process was guided by an independent editor, and the authors also
have no other competing interests to declare.

Disclaimer. The views expressed in the article do not necessarily
represent the views of the DOE or the U.S. Government.

Publisher’s note: Copernicus Publications remains neutral
with regard to jurisdictional claims made in the text, published
maps, institutional affiliations, or any other geographical represen-
tation in this paper. While Copernicus Publications makes every
effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. This work was authored in part by the Na-
tional Renewable Laboratory (NREL), operated by the Alliance for
Sustainable Energy, LLC, for the US Department of Energy (DOE)
under contract no. DE-AC36-08GO28308.

Financial support. The research has been funded by Technical
University of Denmark (DTU).

Review statement. This paper was edited by Raimund Rolfes and
reviewed by two anonymous referees.

References

Bacharoudis, K. C., Antoniou, A., and Lekou, D. J.: Measurement
uncertainty of fatigue properties and its effect on the wind turbine
blade reliability level, in: Proceedings EWEA, Paris, France, 17–
20 November 2015, EWEA, Corpus ID: 52970967, 2015.

Bak, C., Zahle, F., Bitsche, R., Kim, T., Yde, A., Henriksen, L. C.,
and Natarajan, A., and Hansen, M. H.: Description of the DTU
10MW Reference Wind Turbine, DTU Wind Energy Report-
I-0092, Technical University of Denmark, Roskilde, Denmark,
2013.

Basquin, O. H.: The Exponential Law of Endurance Tests, in:
ASTM, 625–630, Atlantic city, New Jersey, 28 June 28–2 July
1910, Corpus ID: 222450133 1910.

Wind Energ. Sci., 9, 799–820, 2024 https://doi.org/10.5194/wes-9-799-2024

https://doi.org/10.5281/zenodo.10842326


S. Mozafari et al.: Effect of design turbulence on fatigue reliability 819

Burton, T., Jenkins, N., Sharpe, D., and Bossanyi,
E.: Wind energy handbook, John Wiley & Sons,
https://doi.org/10.1002/9781119992714, 2011.

Choi, S., Canfield, R. A., and Grandhi, R. V.: Reliability-
Based Structural Design, Springer, https://doi.org/10.1007/978-
1-84628-445-8, 2007.

Dimitrov, N. K.: Structural reliability of wind turbine blades: De-
sign methods and evaluation, PhD, Technical University of Den-
mark, 2013.

Dimitrov, N. K., Natarajan, A., and Mann, J.: Effects of
normal and extreme turbulence spectral parameters on
wind turbine loads, Renew. Energ., 101, 1180–1193,
https://doi.org/10.1016/j.renene.2016.10.001, 2017.

Dimitrov, N., Kelly, M. C., Vignaroli, A., and Berg, J.: From wind
to loads: wind turbine site-specific load estimation with surrogate
models trained on high-fidelity load databases, Wind Energ. Sci.,
3, 767–790, https://doi.org/10.5194/wes-3-767-2018, 2018.

Emeis, S.: Current issues in wind energy meteorology, Meteorol.
Appl., 21, 803–819, 2014.

Ernst, B. and Seume, J. R.: Investigation of site-specific wind field
parameters and their effect on loads of offshore wind turbines,
Energies, 5, 3835–3855, https://doi.org/10.1002/met.1472, 2012.

Gulvanessian, H., Calgaro, J., and Holický, M.: Designer’s Guide to
EN 1990: Eurocode: Basis of Structural Design, Thomas Telford,
https://doi.org/10.1680/dgte.30114, 2002.

Hansen, K. S. and Larsen, G. C.: Characterising turbulence intensity
for fatigue load analysis of wind turbines, Wind Engineering, 29,
319–329, https://doi.org/10.1260/030952405774857897, 2005.

IEC (International Electrotechnical Commission: Wind turbine gen-
erator systems – Part 1: Safety requirements, IEC 61400-1, 3rd
edn., Proceedings of the IEC, ISBN 978-2-8322-6253-5, 2005.

IEC (International Electrotechnical Commission): Wind turbine
generator systems – Part 1: Safety requirements, IEC 61400-1,
4th edn., Proceedings of the IEC, 590 pp., ISBN 978-2-8322-
6253-5, 2019.

Ishihara, T., Yamaguchi, A., and Sarwar, M. W.: A study of the nor-
mal turbulence model in IEC 61400-1, Wind Engineering, 36,
759–765, https://doi.org/10.1260/0309-524X.36.6.759, 2012.

ISO 2394: General principles on reliability for structures, ISO,
Zurich, ISO 2394:2015(E), 2015.

Kececioglu, D.: Reliability engineering handbook, vol. 1, DEStech
Publications, Inc, ISBN13: 978-1-932078-00-8, 2002.

Larsen, G. C.: Offshore fatigue design turbulence, Wind Energy, 4,
107–120, https://doi.org/10.1002/we.49, 2001.

Larsen, T. J. and Hansen, A. M.: How 2 HAWC2, the user’s man-
ual, ver. 12.9, Risø National Laboratory, Technical University of
Denmark Roskilde, Denmark, ISSN 0106-2840, ISBN 978-87-
550-3583-6, 2021.

Le, X. and Peterson, M. L.: A method for fatigue-based reliability
when the loading of a component is unknown, Int. J. Fatigue,
21, 603–610, https://doi.org/10.1016/S0142-1123(99)00016-X,
1999.

Madsen, H. O., Krenk, S., and Lind, N. C.: Methods of
structural safety, Courier Corporation, ISBN 0486445976,
9780486445977, 2006.

Mann, J.: Wind field simulation, Probabilist. Eng. Mech., 13, 269–
282, https://doi.org/10.1016/S0266-8920(97)00036-2, 1998.

Márquez-Domínguez, S. and Sørensen, J. D.: Fatigue reliability and
calibration of fatigue design factors for offshore wind turbines,

Energies, 5, 1816–1834, https://doi.org/10.3390/en5061816,
2012.

Melchers, R. E. and Beck, A. T. (Eds.): Structural re-
liability analysis and prediction, John Wiley & Sons,
https://doi.org/10.1002/9781119266105, 2018.

Mikkelsen, L. P.: The fatigue damage evolution in the load-carrying
composite laminates of wind turbine blades, in: Fatigue Life
Prediction of Composites and Composite Structures, Elsevier,
569–603, https://doi.org/10.1016/B978-0-08-102575-8.00016-4,
2020.

Miner, M. A.: Cumulative damage in fatigue, J. Appl. Mech.-
T. ASME, 12, A159–A164, https://doi.org/10.1115/1.4009458,
1945.

Mortensen, U. A., Rasmussen, S., Mikkelsen, L. P., Fraisse,
A., and Andersen, T. L.: The impact of the fiber vol-
ume fraction on the fatigue on performance of glass
fiber composites, Compos. Part A-Appl. S., 169, 107493,
https://doi.org/10.1016/j.compositesa.2023.107493, 2023.

Mozafari, S., Dykes, K., Rinker, J. M., and Veers, P. S.: Effects
of finite sampling on fatigue damage estimation of wind turbine
components: A statistical study, Wind Engineering, 47, 799–820,
https://doi.org/10.1177/0309524X231163825, 2023.

Murcia, J. P., Réthoré, P., Dimitrov, N. K., Natarajan, A.,
Sørensen, J. D., Graf, P., and Kim, T.: Uncertainty prop-
agation through an aeroelastic wind turbine model us-
ing polynomial surrogates, Renew. Energ., 119, 910–922,
https://doi.org/10.1016/j.renene.2017.07.070, 2018.

Øistad, I. S.: Analysis of the Turbulence Intensity at Skipheia Mea-
surement Station, Master’s thesis, NTNU, 2015.

Palmgren, A.: Die lebensdauer von kugellargern, Z. Ver. Dtsch.
Ing., 68, 339–341, 1924.

Rackwitz, R.: Aspects of structural reliability: in honor of R. Rack-
witz, Herbert Utz Verlag, ISBN-10: 3831607524, ISBN-13: 978-
3831607525, 2007.

Rackwitz, R. and Fiessler, B.: Non-normal vectors in structural re-
liability, Sonderforschungsbereich 96, https://mediatum.ub.tum.
de/doc/1634453/1634453.pdf (last access: 23 March 2024),
1978.

Ren, G., Liu, J., Wan, J., Li, F., Guo, Y., and Yu, D.:
The analysis of turbulence intensity based on wind speed
data in onshore wind farms, Renew. Energ., 123, 756–766,
https://doi.org/10.1016/j.renene.2018.02.080, 2018.

Robertson, A. N., Shaler, K., Sethuraman, L., and Jonkman, J.: Sen-
sitivity analysis of the effect of wind characteristics and turbine
properties on wind turbine loads, Wind Energ. Sci., 4, 479–513,
https://doi.org/10.5194/wes-4-479-2019, 2019.

Rognin, F., Abdi, F., Kunc, V., Lee, M., and Nikbin, K.: Probabilis-
tic methods in predicting damage under multi-stage fatigue of
composites using load block sequences, Procedia Engineer., 1,
55–58, https://doi.org/10.1016/j.proeng.2009.06.015, 2009.

Ronold, K. O., Wedel-Heinen, J., and Christensen, C. J.: Reliability-
based fatigue design of wind-turbine rotor blades, Eng. Struct.,
21, 1101–1114, https://doi.org/10.1016/S0141-0296(98)00048-
0, 1999.

Schaff, J. R. and Davidson, B. D.: A strength-based wearout
model for predicting the life of composite structures,
ASTM special technical publication, 1285, 179–200,
https://doi.org/10.1520/STP19928S, 1997.

https://doi.org/10.5194/wes-9-799-2024 Wind Energ. Sci., 9, 799–820, 2024

https://doi.org/10.1002/9781119992714
https://doi.org/10.1007/978-1-84628-445-8
https://doi.org/10.1007/978-1-84628-445-8
https://doi.org/10.1016/j.renene.2016.10.001
https://doi.org/10.5194/wes-3-767-2018
https://doi.org/10.1002/met.1472
https://doi.org/10.1680/dgte.30114
https://doi.org/10.1260/030952405774857897
https://doi.org/10.1260/0309-524X.36.6.759
https://doi.org/10.1002/we.49
https://doi.org/10.1016/S0142-1123(99)00016-X
https://doi.org/10.1016/S0266-8920(97)00036-2
https://doi.org/10.3390/en5061816
https://doi.org/10.1002/9781119266105
https://doi.org/10.1016/B978-0-08-102575-8.00016-4
https://doi.org/10.1115/1.4009458
https://doi.org/10.1016/j.compositesa.2023.107493
https://doi.org/10.1177/0309524X231163825
https://doi.org/10.1016/j.renene.2017.07.070
https://mediatum.ub.tum.de/doc/1634453/1634453.pdf
https://mediatum.ub.tum.de/doc/1634453/1634453.pdf
https://doi.org/10.1016/j.renene.2018.02.080
https://doi.org/10.5194/wes-4-479-2019
https://doi.org/10.1016/j.proeng.2009.06.015
https://doi.org/10.1016/S0141-0296(98)00048-0
https://doi.org/10.1016/S0141-0296(98)00048-0
https://doi.org/10.1520/STP19928S


820 S. Mozafari et al.: Effect of design turbulence on fatigue reliability

ShadanMozafari: ShadanMozafari/Paper_WES_reliability: wes-
2023-47, Version wes-2023-47, Zenodo [code], https://doi.org/
10.5281/zenodo.10842326, 2024.

Slot, R. M., Sørensen, J. D., Svenningsen, L., Moser, W., and
Thøgersen, M. L.: Effective turbulence and its implications in
wind turbine fatigue assessment, Wind Energy, 22, 1699–1715,
https://doi.org/10.1002/we.2397, 2019.

Søndergaard, A. d. L. and Jóhannsson, H. P.: Assessment of
fatigue and extreme loading of wind turbines, MS thesis,
Aalborg University, oai:pure.atira.dk:studentproject/03da29f3-
26b2-449d-aa5f-36924a175d76, 2016.

Sørensen, J. D.: Reliability assessment of wind turbines in Safety,
Reliability and Risk Anaysis: Beyond the Horizon, in: Proc-
cedings of the European safety and reliability conference, Esrel
2013, Amsterdam, The Netherlands, 29 September–2 October
2013, ISBN (Print) 978-1-138-00123-7, ISBN (Electronic) 978-
315-81559-6, 2015

Stensgaard, H. T., Svenningsen, L., Moser, W., Sørensen, J. D., and
Thøgersen, M. L.: Wind climate parameters for wind turbine fa-
tigue load assessment, J. Sol. Energ.-T. ASME, 138, 031010,
https://doi.org/10.1115/1.4033111, 2016a.

Stensgaard, T. H., Svenningsen, L., Sørensen, J. D., Moser, W., and
Thøgersen, M. L.: Uncertainty in wind climate parameters and
their influence on wind turbine fatigue loads, Renew. Energ., 90,
352–361, https://doi.org/10.1016/j.renene.2016.01.010, 2016b.

Toft, H. S. and Sørensen, J. D.: Reliability-based de-
sign of wind turbine blades, Struct. Saf., 33, 333–342,
https://doi.org/10.1016/j.strusafe.2011.05.003, 2011.

Toft, H. S., Branner, K., Sørensen, J. D., and Berring, P.: Reliability-
based calibration of partial safety factors for wind turbine blades,
Brussels, Belgium, March 2011, EWEA, ISBN: 9781618399915,
2011.

Tsugawa, Y., Sakamoto, N., Kawasaki, S., Arakawa, C., and Iida,
M.: Analysis of Wind Turbine Fatigue Loads for Proper Esti-
mation of Offshore Turbulence Intensity, EWEA Offshore 2015,
Copenhagen, 10–12 March 2015, EWEA (European academy of
wind energy), POID:008, 2015.

Türk, M. and Emeis, S.: The dependence of offshore turbulence in-
tensity on wind speed, J. Wind Eng. Ind. Aerod., 98, 466–471,
https://doi.org/10.1016/j.jweia.2010.02.005, 2010.

Veers, P. S.: Fatigue reliability of wind turbine components, Sandia
National Laboratories, Report No.: SAND-90-2538C, 1990.

Veers, P. S.: Statistical considerations in fatigue,
Journal of Fatigue and Fracture, 19, 295–302,
https://doi.org/10.31399/asm.hb.v19.a0002369, 1996.

Velarde, J., Mankar, A., Kramhøft, C., and Sørensen, J. D.:
Probabilistic calibration of fatigue safety factors for offshore
wind turbine concrete structures, Eng. Struct., 222, 111090,
https://doi.org/10.1016/j.engstruct.2020.111090, 2020.

Veldkamp, D.: A probabilistic approach to wind turbine fatigue de-
sign, PhD thesis, Technical University of Delft, DUWIND Delft
University Wind Energy Research Institute, ISBN-10: 90-76468-
12-5, ISBN-13: 978-90-76468-12-9, 2006.

Wang, H., Barthelmie, R. J., Pryor, S. C., and Kim, H. G.: A new
turbulence model for offshore wind turbine standards, Wind En-
ergy, 17, 1587–1604, https://doi.org/10.1002/we.1654, 2014.

Yanan, C., Zhenand, S., and Shunhe, L.: Experimental study on fa-
tigue behavior of composite laminate, Acta Aeronautica et As-
tronautica Sinica, 12, B643–B646, 1991.

Zaccone, M.: Failure analysis of helical springs under compres-
sor start/stop conditions, Practical Failure Analysis, 1, 51–62,
https://doi.org/10.1007/BF02715198, 2001.

Wind Energ. Sci., 9, 799–820, 2024 https://doi.org/10.5194/wes-9-799-2024

https://doi.org/10.5281/zenodo.10842326
https://doi.org/10.5281/zenodo.10842326
https://doi.org/10.1002/we.2397
https://doi.org/10.1115/1.4033111
https://doi.org/10.1016/j.renene.2016.01.010
https://doi.org/10.1016/j.strusafe.2011.05.003
https://doi.org/10.1016/j.jweia.2010.02.005
https://doi.org/10.31399/asm.hb.v19.a0002369
https://doi.org/10.1016/j.engstruct.2020.111090
https://doi.org/10.1002/we.1654
https://doi.org/10.1007/BF02715198

	Abstract
	Introduction
	Methodology
	The case study wind turbine
	Aeroelastic simulations
	Mathematical formulations
	Probabilistic modeling of wind
	Resistance and damage models
	Damage equivalent load
	Fatigue reliability assessment
	FORM and importance ranks
	Sampling


	Results and discussions
	Probability distributions and statistical parameters of load
	Fatigue reliability in different cases
	Importance ranks of the inputs
	Effects of wind turbine design class
	Overall discussions

	Conclusions
	Appendix A
	Appendix B
	Appendix C
	Appendix D: Computational expenses of Monte Carlo in reliability assessment of wind turbine structural components
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

