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Abstract. To address the fatigue damage induced by wind on the wind turbine tower, the present work
introduces a novel probabilistic fatigue assessment framework. The idea is based on the deterministic fa-
tigue approach combining with various statistical and probabilistic techniques. The proposed framework
is applied to a Design Load Case (DLC) given in IEC 61400-1 standard using a reference wind turbine
and carry out a probability distribution of cumulative fatigue damage on the cross-section of wind turbine
tower under a turbulent wind condition.

1 INTRODUCTION

The random nature of the wind actions could cause unexpected fatigue damage and thus reduce the wind
turbine’s operating lifetime. With the increasing size of wind turbine tower, the fatigue damage induced
by the vibrations and cyclic loads becomes more and more crucial. Therefore, a reliable mechanical
design is essential for high-raise wind turbines to ensure their operating lifetime.

The deterministic assessment of the fatigue damage cannot identify the probability distribution of the
fatigue damage. In this work, a probabilistic approach for assessing the probability distribution of the
fatigue damage in wind turbine tower is proposed. The normal turbulence model defined in IEC standard
is applied to generate the random wind condition.

The probabilistic approach is based on Monte Carlo simulations, which is performed for each mean wind
speed varying from the cut-in to cut-out speed and by considering the variance of wind turbulence. The
aeroelastic simulation FAST codes [1] is carried out to get the load-time histories used to estimate the
cumulative fatigue damage. The Kolmogorov-Smirnov (K-S) test achieves the best-fitting distribution
of the fatigue damage. The probabilistic approach developed in this work gives a way to assess the
cumulative fatigue damage on the circumference of the cross-section of the wind turbine tower.
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2 DETERMINISTIC FATIGUE ANALYSIS

The main process for estimating lifetime of structure builds upon two relationships as shown in Figure 1.
The first relationship establishes the correlation between loading environment and stress state (or strain
state). This load-stress, or load-strain, relation is usually deduced from finite element method (FEM) or
experiments.

Loading 
environment

Load-stress
Load-strain

Stress state
Strain state

Stress-life
Strain-life

Fatigue life

Figure 1: Fatigue life estimation process

No matter which approach described above is applied, a cycle counting algorithm is indispensable to
extract a series of fatigue cycles from the complex loading sequences. The most widely applied technique
is rainflow counting algorithm proposed by Masanori Matsuishi and Tatsuo Endo [2].

2.1 Load-stress relation

In this work, the wind turbine tower is simplified as a thin-walled cylinder structure. Neither the effects
of weld and bolt nor the connection components between tower segments are considered. As the result,
the stress concentration factor (SCF), i.e., a ratio of the highest stress to a nominal stress, is fixed to 1.0
in the following equation:

σlocal = SCFσnominal (1)

To sum up, the local stress σlocal for fatigue design would be the normal stress σnormal . The normal stress
σnormal across the section of tower is estimated at every local spot along its circumference (Figure 2).
Ignoring the cross section deformation after the loads are exerted, the nominal stress can be computed
by:

σlocal(z, t,α) =
Fz(z, t)
A(z)

−Mx(z, t)
IGx(z)

R(z)sinα+
My(z, t)
IGy(z)

R(z)cosα (2)

where, Fz is axial force, A is nominal cross section area, Mx and My are side-to-side bending moment and
fore-after bending moment of tower, respectively, IGx and IGy are second moment of area, z is the vertical
distance along~zt-axis. By evaluating the Equation 2 through all tower gage from z = 0 to hub height and
all local spots from α = 0 to 2π, the stress-time history of the whole wind turbine tower is achieved.

2.2 Stress-life relation

Fatigue or fatigue damage means the modification of the mechanical properties of materials following
repeated application of stress cycles, such applications may lead to the failure of parts. To evaluate such
relation, the main approaches involves S-N curve method, mean stress effect and, finally, Palmgren-
Miner’s rule to get the cumulative fatigue damage.

S-N curve method, also known as Wöhler curve, is commonly used in high-cycle fatigue to characterize
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Figure 2: Top view of cross section (gray area) and illustration of spot point

the materials performance. It is firstly proposed by the German scientist August Wöhler while investi-
gating a train crash in France [3]. It describes the magnitude of a cyclic stress (S) against the logarithmic
scale of cycles to failure (N).

log10 N = log10 ā−m log10 ∆σ (3)

where, N is number of cycles to failure for stress range ∆σ, ∆σ is stress range exported from stress-
time history, m is negative inverse slope of S-N curve, log10 ā is intercept of log10 N-axis by S-N curve.
The numerical value of m and log10 ā for common used materials are often given in many handbooks or
industrial standards [4]. Thus, once the stress range ∆σ is exported, the corresponding number of cycles
to failure N can be easily found by the above equation.

S-N curves characterize the fatigue strength of materials under zero mean stress loads, i.e., σmean = 0.
However, there are enriched findings in literature that highlight the effect of mean stress σmean on fatigue
behavior of materials [5, 6]. When the mean stress is small in front of the stress amplitude, the two
models are in agreement. However they are no longer in agreement when the mean stress is close to
the amplitude. In this case, it is recommended to adopt the most conservative modeling. Thus it can
be considered that the Goodman correction is more suitable to model the influence of a mean stress in
compression (Equation 4):

σa

σe
+

σmean

σult
= 1 with |σmean| ≤ σult (4)

This model, by using the ultimate strength of material σult and the endurance limit σe (also known as
fatigue limit), makes it possible to transform each cycle of non-zero mean stress σmean into an equivalent
stress cycle of zero mean with the amplitude σa.
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All the corrections made to the data provided by the S-N curves allow these data to be used by the
conventional methods in uni-axial fatigue analysis. It is thus possible, for a given amplitude and mean
stress cycle, to determine the number of cycles at the end of which the failure will occur. However, for
loads composed of different cycles, it becomes necessary to use accumulation laws of fatigue damage.

For stress cycles with amplitude greater than the endurance limit, the damage is irreversible to the struc-
ture. The fatiuge damage Dm, produced by nm cycles with amplitude of σa, is related to Nm, the total
number of cycles producing fatigue failure under a stress of constant amplitude σa. If M groups of stress
cycles with different amplitudes and zero mean stress are considered, then the damage produced by each
group is given by Miner’s law [7]. Finally, the cumulative fatigue damage D suffered by the structure
under all groups of stress cycles is given by the Palmgren formula [8]. To sum up, the Palmgren-Miner
linear damge hypothesis is given by:

D =
M

∑
i=m

nm

Nm
(5)

When the cumulative damage is greater than 1, failure of structure occurs.

2.3 Summary

The fatigue life assessment for wind turbine tower subjected to uni-axial stress involves several steps.
The implementation of which in simulation codes is summarized in Figure 3.

As indicated in Figure 1, the first step in estimating fatigue life is to get loading information on structure
or model. Here in this dissertation, this step is achieved by executing numerical simulations on the NREL
5MW reference wind turbine [9] under a specified Design Load Case (DLC) at mean wind speed of Vmean

no matter what type of wind condition is. Then, based on these response simulations, the time history of
local stress σlocal for a given tower gage i at height of zi can be exported by using Equation 2. The stress
state is evaluated on each local spot j at angle of θ j in the plane of tower gage i. Once the stress-time
history is computed, the load-stress relation can be established. Next, the stress-life relation can also be
established and, therefore, the cumulative fatigue damage D(i, j) on each tower gage i and local spot j is
carried out.

To conclude, the final set of fatigue damage D describes naturally the spatial distribution of fatigue
loading over the entire wind turbine tower at a given mean wind speed Vmean. Since the tower gage i
and local spot j are numerically discrete, it is capable to assess the fatigue life at any height from tower-
base to tower-top subject to the wind flow coming from any direction between 0o and 360o. However,
this process is deterministic which means that it cannot tell the probability of occurrence of cumulative
fatigue damage. This requires the need to assess the fatigue damage in a probabilistic way and hence
will be discussed in the next section.

3 PROBABILISTIC FATIGUE ANALYSIS

3.1 Probabilistic concepts

Due to the random nature of wind, the fatigue life estimation process presented in the previous section
must be carried out stochastically. Taking turbulent wind condition for example, the IEC standards
require at least six 10-min stochastic simulations, or a continuous 60-min simulation, for each considered
mean wind speed [10]. The main idea behinds this approach is that the true response of wind turbine are
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Figure 3: Workflow for assessing cumulative fatigue damage D on tower gage i and local spot j
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based on repeated random sampling and statistical analysis.

This estimation procedure is called Monte Carlo simulation which has been widely applied in many dis-
ciplinarians for decades [11]. The principal of Monte Carlo method founds on the law of large numbers
which says that the average of the results obtained from a large number of samples should be close to the
true value.

After generating sufficient samples, the process described in the last section can predict the cumulative
fatigue damage in each sample. In order to conclude a probabilistic distribution of fatigue damage
from these samples, a statistical analysis is indispensable including probability distribution fitting and
statistical testing.

The distribution fitting is a technique to fit a theoretical probability distribution to a series of empirical
data (namely, observations). One of the most dominant methods in distribution fitting is MLE introduced
by R.A. Fisher in 1912 [12]. This method determines values for the parameters of probability distribu-
tion by maximizing the likelihood function. The likelihood function measures statistically how well a
probability distribution fits a set of observations. In other words, it can be considered as a manner to
quantify the quality of fitting (also named after goodness of fit) of a distribution on observed values.

By applying the MLE, the values of parameters of both distributions are optimized to give its best fitting
on the samples. However, it is hard to tell which distribution describes the observed data better than the
other. Since there is no doubt that a close fit distribution leads to good predictions, it is impossible to
confidently predict values if the best fit distribution is not reached. In order to choose a closer fit of dis-
tribution on the observed data and to ensure more confident predictions, a compare between the observed
data and the fitted probability distribution must be performed. The ideas to realize this comparison will
be discussed in the next section.

One difficulty in distribution fitting is that there may exist more than one probability distributions which
can suit the observations well. To address this problem, one needs to dispose a method to measure the
goodness of fit of all reference distributions and select the one that gives the closest fit to the observations.
The K-S test proposed by Andrey Nikolaevich Kolmogorov [13] and Nikolai Vasilyevich Smirnov [14]
is a good manner to find out the suitable probability distribution.

The K-S test is a nonparametric test of the equality for one-dimensional probability distributions. The
tested distribution can be either continuous or discontinuous. It can be used to compare a sample to
a probability distribution, or to another sample. In principle, the K-S test uses a statistic measuring
the distance between the ECDF of the sample and the CDF of the reference distribution. Like other
statistical tests, a null hypothesis H0 is required. In the case of comparing a sample to a reference
probability distribution (i.e., one-sample K-S test), the null hypothesis assumes that the observed data is
sampled from the reference distribution.

It should be noted that there are many other methods that can also be used to measure the goodness of
fit, for instance, Anderson-Darling test [15].

3.1.1 Probabilistic fatigue assessment

From the deterministic approach for fatigue assessment mentioned above, the information about cumu-
lative fatigue damage D(i, j) on any tower gage i and local spot j can be deduced. Considering a sample
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of N independent and identically distributed stochastic simulations generated by Monte Carlo method,
each simulation requires a numerical modeling in FAST with arbitrary wind condition. Performing the
deterministic fatigue analysis on each simulation results in a set of fatigue damage, i.e.,

Dk =
{

D(i, j) ∈ R : (i, j) ∈ N2
}

for k = 1, · · · ,N (6)

Next, a pool of reference distributions P need to be defined by the end-user. It should contain a number
of possible distributions to represent the distribution of fatigue damage. For a given position located by
tower gage i and local spot j, a subset D(i, j) can be extracted from the sample in which all available data
of fatigue damage on this specified position are included, i.e.,

D(i, j) =
{

D(i, j)
1 , · · · ,D(i, j)

N

}
where D(i, j) ⊂ {Dk for k = 1, · · · ,N} (7)

According to the MLE distribution fitting process introduced, each distribution in the pool P will be
fitted to the subsample D(i, j) to get the estimated value θ̂ for its parameters. Subsequently, the K-S test
takes place to compare this fitted distribution P(x | θ̂) with the same subsample D(i, j). The K-S statistic
D(i, j)

n resulted from this comparison is used to represent the goodness of fit for this estimated distribution,
i.e.,

P(x | θ̂) 7→ D(i, j)
n (8)

Finally, the distribution that returns the minimum K-S statistic is considered consequently as the distri-
bution of cumulative fatigue damage on tower gage i and local spot j, i.e.,

P̂(i, j) = argminD(i, j)
n (9)

It should be noted that the process described above concerns only a specified position on the tower (i.e.,
tower gage i and local spot j). Repeating such process for all positions outlines a probability profile
for fatigue damage over the entire wind tower (Equation 10). An algorithmic description of the overall
process is detailed in Algorithm 1.

P̂ =
{

P̂(i, j) ∈ P : (i, j) ∈ N2
}

(10)

4 APPLICATION

The design load case of power production with normal turbulence model (DLC1.2) issued from the IEC
61400-1 standard specifies a scenario for generating electrical power in the face of wind considering
Normal Turbulence Model (NTM). The state of wind turbine is considered as in normal production
without technical fault or undesired incident. The wind velocities in three directions (~xt ,~yt and ~zt) are
unsteady and randomly changed during a period of time. The IEC specifications suggest either a period
of 10-min with at least six numerical simulations or a full simulation of 60-min. For convenience of
running, the 10-min period is chosen by the author as the simulated time in each run. The number of
runs depends on the number of observations in the sample. To ensure enough data for probabilistic
fatigue analysis, a number of 10000 observations is planned for each case of mean wind speed. Each
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Algorithm 1: Probabilistic fatigue assessment on wind turbine tower
Generate a sample D of N independent and identically distributed observations using Monte Carlo

simulation
foreach observation k in D do

Run a numerical simulation in FAST under an arbitrary wind condition
Execute the deterministic fatigue analysis on this simulation and return the cumulative fatigue

damage on all positions of wind turbine tower, i.e., Dk = {D(i, j) ∈ R : (i, j) ∈ N2}
end foreach
Define a pool of reference distributions P
foreach tower gage i do

foreach local spot j do
Extract a subset D(i, j) from the sample D of N observations concerning only the fatigue

damage on tower gage i and local spot j, i.e.,
D(i, j) ⊂D such that D(i, j) = {D(i, j)

1 , · · · ,D(i, j)
N }

foreach distribution P(x | θ) in P do
Fit the distribution P(x | θ) on subsample D(i, j) to estimate the value of its parameters θ̂

Perform the K-S test between this fitted distribution P(x | θ̂) and the subsample D(i, j),
then record the corresponding K-S statistic D(i, j)

n , i.e., P(x | θ̂) 7→ D(i, j)
n

end foreach
Select the distribution that has the minimum K-S statistic among all fitted distributions, i.e.,

P̂ = argminD(i, j)
n

Add this distribution to the set P̂ = {P̂(i, j) ∈ P : P̂(i, j) = P̂}
end foreach

end foreach
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Table 1: Summary of DLC1.2

DLC1.2 Power production

Description Simulation of power production in turbulent wind condition

Simulation set-up

Mean wind speed: [Vin,Vin +1, · · · ,Vout ], 23 cases in total
Turbulence: Normal Turbulence Model (NTM)
Initializing period: 60s
Simulated time: 600s

Comment

A number of 10000 simulations is planned for each case of mean wind speed.
This leads to a sum of 230000 runs in FAST simulation codes
As for the post-processing, each run performs the probabilistic fatigue analysis
on 11 tower gages, each of them contains 36 equally separated local spots, that
is, a total of 11×36 = 396 local spots.
The deterministic fatigue assessment follows the guidelines given in the DNVGL-
RP-C203 standard [4].

observation implies a unique random seed number that will be used to generate a unique NTM wind
condition in FAST codes.

By definition, the mean wind speed Vmean at hub height in NTM varies from Vcut−in= 3m/s to Vcut−out=
25m/s at step of 1m/s, that is, a total of 23 cases of mean wind speed. Table 1 summarizes all the
characteristics of DLC1.2.

During post-processing of each simulation, mechanic responses for all tower gages are exported. Each
tower gage is equally divided into 36 local spots. Thus, a total of 11×36 = 396 local spots will be used
to take place the probabilistic fatigue analysis for the wind tower. Each of them will have 23 individual
probability distributions of 10-min cumulative fatigue damage corresponding respectively to the 23 cases
of mean wind speed from Vcut−in to Vcut−out . That is, to sum up, a total of 396× 23 = 9108 probability
functions.

In order to carry out fatigue analysis in numerical environment, the engineering guidance from the rec-
ommended practice DNVGL-RP-C203 [4] is applied. The carbon manganese steel material (C-Mn) is
considered in the simulation. The S-N curve of class B1 in air environment is assumed true which has an
endurance limit of σe = 106.97MPa at 107 cycles.

4.1 Result and discussion

Figure 4 plots the data in radar chart (also known as Kiviat diagram [16]). The radial axis, or polar axis,
represents the 10-min cumulative fatigue damage on which the zero point, i.e., zero damage, is centered
in the chart. The interior perimeters indicate the increment on fatigue damage from zero (center) to its
maximum (exterior perimeter). On the outside of the exterior perimeter locates the azimuth angle α of
local spots in degrees. By convention, the local 1 places on the right side of the cross section and has
an azimuth angle α = 0o (Figure 2). The colored lines inside the radar graph stand for the different
percentiles denoted as Pi where i means i-th percentile. For example, P5 (the blue dotted line) is the 5th
percentile below which 5% of the observations may be found (the gray surface in Figure 4). In other
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Figure 4: DLC1.2 distribution of 10-min cumulative fatigue damage on tower gage 1 radar map (cylindrical
coordinate system)

words, the wind turbine tower has likely a chance of 5% to subject a fatigue damage value inside the
gray surface. More percentiles such as P25, P50, P75 and P95 are highlighted by orange dashed line, green
line, red dashed line and purple dotted line respectively in Figure 4. P25 is also known as the first quartile,
P50 as the second quartile (or median), and P75 as the third quartile.

5 CONCLUSION

In summary, the proposed framework offers a novel way to estimate the fatigue life of the wind turbine
tower. It extends the fatigue damage assessment from deterministic process to probabilistic process. The
application takes account of turbulent wind condition NTM designed by the IEC standards for normal
power production. The cumulative fatigue damage is assessed under all mean wind speed in the operating
range of [Vin,Vout ] through all tower gages and local spots. By means of this analysis, a survey of the
fatigue damage accumulated over the wind turbine tower is acquired. Since the final profile of fatigue
damage is based on statistics and probability, it opens the gate to carry out many statistical analysis and
probability based analysis such as Reliability Based Design Optimization.
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