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effective prediction fatigue model in order to evaluate the fatigue damage performance of the blades based on
aerodynamic load by wind speed.
For analysing the aerodynamic load calculation, the blade element momentum theory (BEMT) is simple, and is still
widely used for practical engineering application of wind turbine blade at present [2, 3]. In order to improve the
accuracy, the BEMT method has been optimised and modified to provide increasingly accurate results, and the latest
corrections for the BEMT model are the turbulent wake state by Buhl [4] and the tip-hub loss by Shen [5]. To develop
specific stress-strain curves of the composite structure, the FE model of wind turbine blade can be combined with
results of aerodynamic loads from the BEMT method by applying forces and moments in each element of the FE
model. The most investigations on fatigue phenomena of wind turbine blades use load spectra from wind speed spectra
generated by the Weibull distribution, giving numerical estimates at a location near the root of the blade. Then, to
obtain the cycles, traditional counting methods such as Rainflow counting is widely used in recent research. Based on
the Goodman diagram and S-N curve, the equivalent load spectra for each cycle can be estimated [6]. This calculated
stress is then utilised to estimate fatigue damage in the blade using Reifsnider model, and then the predicted fatigue
life is estimated for optimal maintenance strategies [7].
In previous studies, the gamma process has been considered as an appropriate stochastic approach to simulate the
stochastic deterioration process, such as fatigue damage of wind turbine blades [8]. The evolution of fatigue damage
for wind turbine blades can be modelled as a stochastic process because of uncertainties in offshore environments.
Considering the nature of cumulative growth of fatigue damage by Reifsnider model, the gamma process model is an
appropriate approach for deterioration since gamma process has been proved to be more versatile and increasingly
used in optimal maintenance strategies. On the basis of stochastic deterioration modelling, a cost-effective model is
proposed for the rational and optimal planning of maintenance actions for composite blades of offshore wind turbines.
As previously indicated, a combined approach integrating the FPM, SRM, and CBM model is herein proposed for
lifetime structural performance assessment and management associated with fatigue damage of wind turbine blade.
The existing data and the approach of [6] are used to develop the FPM for the time-dependent fatigue reliability
evaluation, while the stochastic method information from [7] and the cost prediction is used to develop the SRM and
CBM model. The proposed approach is illustrated on an existing blade in the FE model, the NREL 5 MW wind turbine
blades. From the results, the proposed method can both provide a useful tool for evaluating the performance of a wind
turbine blade and assessing fatigue damage of the wind turbine blades with a wide range of wind velocities.
Nomenclature
v
u
Γ(v)
D(t)
D
N
η, ζ
Cd
CP
CF

shape parameter for gamma process
scale parameter for gamma process
complete gamma function
fatigue damage at t time
fatigue damage
fatigue cycles
Reifsnider model parameters
the expected discounted costs
preventive maintenance cost
corrective maintenance cost

2. Fatigue prediction model
The fatigue prediction model is based on the BEMT method applying in the FE model, and then the structural
analysis is proposed. The aerodynamic loading for wind turbine blade is based on the BEMT with latest corrections,
which obtains the thrust acting on the blade as well as the torque. The normal force, tangential force and pitching
moment along with the global coordinate of the blade need to be calculated for the FE model based on the results of
the BEMT established for different wind speeds [9]. Then the maximum stress in the blade is investigated by the
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results of the FE model of wind turbine blades. Fatigue life is estimated by a new fatigue model for accumulating the
damage based on the Goodman diagram and S-N curve. By FPM, a dynamic structural problem for the fatigue can be
converted into a static structural problem, which is easier to be solved. The details of this processing are presented in
the previous study [6].
3. Stochastic reliability model
Gamma process is a stochastic process with an independent non-negative gamma distribution increment with
identical scale parameter monotonically accumulating over time in one direction, which is suitable to model gradual
damage such as wear, fatigue, corrosion, erosion. Gamma process with uncertainties is a stochastic process and should
be an effective approach for simulating the deterioration process. Thus, it can be considered as a time-dependent
stochastic process {X(t),t≥0} where X(t) is a random quantity for all t≥0.
The gamma process is a continuous stochastic process {X(t),t≥0} with the following three properties: (1) X(t)=0
with probability one; (2) X(t) has independent increments; (3) X(t)-X(s)~Ga(v(t-s),u) for all t>s≥0. [4, 10]
The probability density function Ga(x│v,u) is given by
𝑢𝑢𝑢𝑢 𝑣𝑣𝑣𝑣

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(𝑥𝑥𝑥𝑥|𝑣𝑣𝑣𝑣, 𝑢𝑢𝑢𝑢) = 𝛤𝛤𝛤𝛤(𝑣𝑣𝑣𝑣) 𝑥𝑥𝑥𝑥 𝑣𝑣𝑣𝑣−1 𝑒𝑒𝑒𝑒 −𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝐼𝐼𝐼𝐼(0,∞) (𝑥𝑥𝑥𝑥)

(1)

where v is shape parameter; u is scale parameter, and I(0,∞)(x)=1 for x∈(0,∞), I(0,∞)(x)=0 for x∉(0,∞); and the complete
gamma function Γ(v) for v≥0 is defined as
∞

𝛤𝛤𝛤𝛤 (𝑣𝑣𝑣𝑣) = ∫0 𝑥𝑥𝑥𝑥 𝑣𝑣𝑣𝑣−1 𝑒𝑒𝑒𝑒 −𝑢𝑢𝑢𝑢 𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥

(2)

The function v must be an increasing, right-continuous real-valued function of time t, with v(0) ≡ 0 to facilitate
the monotonic nature of deterioration over time. The cumulative deterioration at times ti and ti-1 are X(ti) and X(ti-1),
respectively. Using the fatigue damage D(t) to replace the v function, the probability density function can be written
as:
𝑢𝑢𝑢𝑢 𝐷𝐷𝐷𝐷�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 �−𝐷𝐷𝐷𝐷�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖−1 �

𝑋𝑋𝑋𝑋(𝑡𝑡𝑡𝑡2 ) − 𝑋𝑋𝑋𝑋(𝑡𝑡𝑡𝑡1 ) = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 ) − 𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖−1 ), 𝑢𝑢𝑢𝑢) = 𝛤𝛤𝛤𝛤�𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡 )−𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡
𝑖𝑖𝑖𝑖

𝑖𝑖𝑖𝑖−1 )�

𝑥𝑥𝑥𝑥 𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 )−𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖−1 )−1 𝑒𝑒𝑒𝑒 −𝑢𝑢𝑢𝑢𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼(0,∞) (𝐷𝐷𝐷𝐷)

(3)

The mean, variance, and coefficient of variation of the cumulative deterioration at time t are given as
𝜇𝜇𝜇𝜇𝑋𝑋𝑋𝑋(𝑡𝑡𝑡𝑡) =

𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)
𝑢𝑢𝑢𝑢

𝜎𝜎𝜎𝜎𝑋𝑋𝑋𝑋(𝑡𝑡𝑡𝑡) =

�𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)

𝑣𝑣𝑣𝑣𝑋𝑋𝑋𝑋(𝑡𝑡𝑡𝑡) =

𝑢𝑢𝑢𝑢

1

�𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)

(4)

where the coefficient of variation is a time-dependent function and is inversely proportional to the time.
The equation for the failure probability can be calculated from
∞

𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃{𝑋𝑋𝑋𝑋(𝑡𝑡𝑡𝑡) ≥ 𝑋𝑋𝑋𝑋(𝑡𝑡𝑡𝑡𝑁𝑁𝑁𝑁 )} = 𝑃𝑃𝑃𝑃{𝑋𝑋𝑋𝑋(𝑡𝑡𝑡𝑡) ≥ 𝜌𝜌𝜌𝜌} = ∫𝜌𝜌𝜌𝜌 𝑓𝑓𝑓𝑓 (𝐷𝐷𝐷𝐷)𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷 =

𝛤𝛤𝛤𝛤(𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢𝜌𝜌𝜌𝜌)
𝛤𝛤𝛤𝛤(𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡))

(5)

where the ρ is the critical damage according to design code. In modelling the temporal variability of the deterioration
with a gamma process, the mean deterioration at time t is often proportional to a power law, such as exponential
function is used in the most study.
However, the new fatigue damage evolution following a new non-linear mathematic law is used in this study for
composite materials, and the development of the fatigue process is shown in Fig. 1.
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Fig. 1. A schematic of the typical Reifsnider model for fatigue damage evolution

The new fatigue damage model for composites has been widely investigated theoretically and experimentally, and
it can be used to predict the fatigue damage growth within the period of the fatigue lifetime. The damage evolution
equation for composite blades can be written as
𝑛𝑛𝑛𝑛

𝜂𝜂𝜂𝜂

𝐷𝐷𝐷𝐷 = 1 − (1 − � 𝑖𝑖𝑖𝑖� )𝜁𝜁𝜁𝜁
𝑁𝑁𝑁𝑁
∆𝐷𝐷𝐷𝐷 = (1 − �

𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖−1 𝜂𝜂𝜂𝜂 𝜁𝜁𝜁𝜁
� )
𝑁𝑁𝑁𝑁

(6)
𝑛𝑛𝑛𝑛

𝜂𝜂𝜂𝜂

− (1 − � 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖� )𝜁𝜁𝜁𝜁

(7)

where η, ζ are model parameters, respectively. The fatigue damage Di is 0 when ni = 0 and reaches the critical damage
1 when ni = N.
The fracture stage occurs when the damage has developed to the final stage under cyclic loading. Then, the structure
becomes unstable, and the release of strain energy is sufficient to make the damage self-propagate until complete
disruption and failure occurrence. Once the fracture stage is reached, failure will occur whether or not the stress is
increased. This stage starts after the uncontrolled damage development exceeds the unit of damage value and reflects
in the overall expansion of the structure, as shown in Fig. 1. When it occurs, the whole structure could not resist any
further stress, leading to the structural failure.
4. Cost benefit model
Maintenance can be modelled as a discrete time renewal process, whereby the renewals bring a structure back to
its original condition. Two typical types of maintenance are often used: preventive maintenance before failure and
corrective maintenance after failure. The cost benefit model is based on renewal theory, the expected discounted costs
at different dates over time intervals (0, k] are related to the preventive maintenance cost CP, the corrective
maintenance cost CF, and the expected renew fatigue damage
𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 (𝑘𝑘𝑘𝑘) =

𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘
𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖 �∑𝑘𝑘𝑘𝑘
𝑖𝑖𝑖𝑖=1 𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡)�𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹 +𝛼𝛼𝛼𝛼 �1−∑𝑖𝑖𝑖𝑖=1 𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡)�𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝
𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘
1−𝛼𝛼𝛼𝛼𝑖𝑖𝑖𝑖 �∑𝑘𝑘𝑘𝑘
𝑖𝑖𝑖𝑖=1 𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡)�+𝛼𝛼𝛼𝛼 �1−∑𝑖𝑖𝑖𝑖=1 𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡)�

(8)

where k = 1, 2, 3… represents the number of time intervals to be determined; a = 1/(1 + r) is the discount factor per
unit time, and r is the discount rate per unit time. The optimal maintenance time interval k* is then obtained by
minimising the expected discounted costs over a lifetime [11].
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5. Application
5.1. Geometry and results of fatigue prediction model
In order to assess the accuracy of the performance analysis of the above method, the 5 MW blade developed by the
National Renewable Energy Laboratory (NREL) is used as the reference model, and FE model analyses the
performance of the blade. This composite blade considered in this study is the same geometry as the NREL 5 MW
reference wind turbine composite blade. The NREL 5 MW reference wind turbine is a conventional three-bladed
upwind turbine based on the NREL report. According to the existing study, the five cumulative fatigue life results
have been investigated by FPM [6], listed below.
Table 1. The fatigue life results of NREL 5 MW reference wind turbine [6].
No.

1

2

3

4

5

Fatigue life

27.48

31.71

28.66

36.28

30.24

From the inspection data of these wind turbine blades discussed previously, the superstructure data are fitted to the
gamma distribution.
5.2. Gamma parameter estimation of the stochastic reliability model
Because of the inconsistency observed in this basic nonlinear method, it is decided to use a maximum likelihood
[10] method for parameter estimation of the gamma distribution (with 95% confidence interval). The D value is
106.3376 and u is 0.2903. The CDFs with different acceptable ρ at various points at time t, derived based on the
estimated shape and scale parameters, are shown in Fig. 2. The CDF indicates the relative probability of failure at
different times t at each of the values in deterioration.
1
=100%
=95%

Failure probability

0.8

=80%

0.6
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0
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Fig. 2. Failure probability for different critical damage limitations based on gamma process

The results of the lifetime failure probability are shown in Fig. 2 for three different critical delamination length
limits, i.e. ρ =100%, 95%, 80%, respectively. The shapes of failure probability curves for different critical
delamination length are similar. The probability of failure associated with the critical delamination length depends on
the given acceptable limit, with a higher probability of failure for a lower acceptable level at any given time and vice
versa. The time of failure probability reaching unity is close for these three predefined critical delamination lengths
where the blade needs to be repaired or replaced.
5.3. Maintenance strategies and cost benefit model
In a preventive replacement policy, the blade is replaced when it reaches a speciﬁc age regardless of its condition.
It is based on the preventive age replacement policy that minimises the long-run average cost. The gamma process
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model cumulative fatigue lifetime distributions together with expected average cost per unit time presented in Eq. (8)
can be used with a preventive replacement policy to identify the optimal time to replace the building element. Fig. 3
illustrates the derivation of optimal age-based replacement. In this example, the cost model uses the ratio of 1:5 for
the preventive replacement cost: replacement cost (Cp:CF) ratio. As shown in Fig. 3, the optimal age for replacement
is identiﬁed as 17 years. This is the time at which long-run average cost per unit time is minimised.
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Fig. 3. Maintenance cost of reliability based on gamma process

6. Conclusions
This study uses a stochastic method to analyse fatigue damage evolution processes for the composite blades of
offshore wind turbines. A numerical case study is presented to investigate the effectiveness of the stochastic
deterioration modelling with different fatigue damage development model. The results show that stochastic fatigue
damage modelling gives reliable results and can be used for analysing the failure probabilities of composite blades.
The proposed stochastic modelling methods evaluate reasonably the lifetime distribution of probability of failure for
composite blades and can be used to assist in the inspection and maintenance of composite blades in operation.
The proposed optimum maintenance strategy based on the reliability analysis and lifecycle cost analysis can give
a balance between the extended service life and the total cost for maintenance of the composite blades. The proposed
methods will be more cost-effective for repairing the composite blades experienced fatigue when the interventions are
conducted at the early stage of the fatigue damage propagation.
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