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ABSTRACT 

This paper deals with a stochastic approach to simulate mixed mode fatigue delamination 

development and obtain the failure probability of composite blades of wind turbines. Based on existing 

studies, various Paris law is used to predict the propagation of the fatigue delamination growth on mixed 

mode and reproduce the delamination length subjected to cyclically repeated loadings. Combined with 

a failure probability of the blades, the remaining service time is estimated by stochastic methods such 

as gamma process, and the evolution of fatigue delamination length is predicted. The failure time of 

wind turbine blades for mixed mode is estimated by the fatigue delamination crack growth of stochastic 

process with its predetermined critical delamination length. A numerical example is investigated to 

analyse the mixed mode fatigue delamination process by Paris law, and the failure probability of blades 

under different parameters is estimated by a stochastic gamma process for wind turbine composite 

blades. The results show that the Paris model with gamma process provides a good prediction of the 

failure time of the mixed mode fatigue delamination growth, and this stochastic method can be used for 

reliability analysis and determining optimum maintenance strategies. 

 

1 INTRODUCTION 

With the higher requirement of sustainable energy, wind farms have become one of most popular 

clean and renewable power in developed countries. As one typical offshore structures, wind turbines are 

suffered from the harsh marine environments and cyclic wind loadings during the design life, taking up 

nearly 23% of manufacturing costs. In order to improve the performance and structural resistance of 

wind turbines blades, layered fibre-reinforced polymer composite materials are usually manufactured 

for the large blades of wind turbines as they have better mechanical properties and lighter weight. 

Delamination is one of the most important mechanical failures in composite blades during the 

designed lifetime, usually 25 years for offshore wind turbines according to design code. For glass fibre 

reinforced composite materials, there are three different delamination failure modes shown in Figure 1, 

namely, opening (mode I), sliding (mode II) and tearing (mode III) [1]. However, the mode III in fatigue 

growth is usually not considered in this structure, as the critical energy release rate values in this mode 

is high, and it is typical for small composite structures due to the constraints [2]. Nearly all fatigue 

delamination in the composite blade is mixed mode containing mode I and mode II, and it has a 

significant influence on the structure. Therefore, predicting the development of the delamination length 

for mixed mode is vital to plan proper maintenance and inspection for reducing lifecycle costs. The 

mixed mode delamination development of composite blades cannot be predicted deterministically, 

because of uncertainties in realistic situations like random wind loads. It is vital to select an effective 

stochastic damage model in order to evaluate the mixed mode delamination behaviour of the composite 

blades. Paris law is a useful tool for simulating deteriorating composite materials affected by cyclic 

fatigue damage during the service life [3]. In the review of Blanco et al. [2], various Paris law equations 

are discussed to simulate the mixed mode propagation of the fatigue delamination crack growth.  

In previous studies, the gamma process has been considered as an appropriate stochastic approach to 

simulate the stochastic deterioration process, such as fatigue delamination damage of wind turbine 

blades [4, 5]. The evolution of fatigue delamination for wind turbine blades can be modelled as a 
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stochastic process because of uncertainties in offshore environments. Considering the nature of 

cumulative growth of fatigue delamination cracks, the gamma process model is an appropriate approach 

for performance deterioration since gamma process has been proved to be more versatile and 

increasingly used in optimal maintenance strategies. The gamma process can predict the fatigue crack 

growth accurately and estimate the time to reach the predefined crack size [6]. 

 

 

Figure 1: Three modes of fatigue: Model I opening, Mode II sliding, Mode III tearing 

This paper adopts the Paris model with the stochastic deterioration modelling according to gamma 

process for predicting fatigue delamination development within the design service life of composite 

blades. A numerical example of composite materials is investigated to predict the mixed mode 

delamination crack growth by Paris law and to estimate the probability of fatigue failure by the gamma 

process. The probability of failure curves in different cases is then compared in this stochastic 

deterioration model. Finally, the gamma process can take the uncertainties into consideration for the 

delamination crack propagation of mixed mode, and the stochastic deterioration process shows a better 

agreement with the realistic delamination process for composite blades. From the results, the proposed 

stochastic fatigue delamination evolution modelling can provide a useful method for reliability analysis 

and optimum repairing plan for composite blades of wind turbines. 

 

2 MIXED MODE DELAMINATION CRACK GROWTH 

Fatigue damage can weaken the resistance properties of the materials by cyclically loading on 

specific parts in a long time, and delamination is one of major failure for composite blades. The fatigue 

delamination crack propagation needs to be investigated to develop a proper model adopting the rate of 

fatigue crack growth under cyclic loadings. In order to find crack threshold and crack growth 

propagation, a most widely used method known as Paris law is often used to construct the relationship 

between the fatigue crack growth rate and strain energy release rate ∆GMix. The crack growth propagation 

in Paris law can be divided into three stages, crack initiation stage, subcritical crack propagation stage, 

and critical crack propagation stage, as shown in Figure 2. With fatigue crack propagation under repeated 

loading, the structures easily reach the first stage of the failure process. Thus, the delamination crack 

propagation of a structure can be predicted by using the Paris law model. 

The strain energy release rate ∆GMix for mixed mode delamination propagation can be written as 

𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐺𝑀𝑖𝑥)𝑚   (1) 

where a is the crack length; N is the number of load cycles; C and m are parameters related to material 

constants; ∆GMix is strain energy release rate for mixed mode, defined as 

∆𝐺𝑀𝑖𝑥 = 𝐺𝑀𝑖𝑥,𝑚𝑎𝑥 − 𝐺𝑀𝑖𝑥,𝑚𝑖𝑛 (2) 
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Figure 2: A schematic of the typical fatigue growth behaviour of cracks 

According to Euler theory and fracture mechanics, the compliance C for SLB (Single Leg Bending) 

test defined as 

𝐶 =
𝛿

𝑃
=

2𝐿3 + 7𝑎3

8𝐸𝑊ℎ3
+

3(𝑎 + 2𝐿)

20𝐺𝑊ℎ
 (3) 

where E is Young's modulus and G is shear modulus; L is distance from the support beneath the cracked 

portion to the measurement point of longitudinal strain of SLB specimen; W is width of the surface of 

the SLB specimen, and h is distance between the neutral axis and bottom surface of the lower cracked 

portion of the SLB specimen, as shown in Figure 3 [7, 8]. 

 

 

Figure 3: Mixed mode fatigue testing of SLB specimen  

Thus, the initial compliance C0 for an initial crack size a0 can be written as 

𝐶0 =
2𝐿3 + 3𝑎0

3

8𝐸𝑊ℎ3
+

3(𝑎0 + 2𝐿)

20𝐺𝑊ℎ
 (4) 

and, the strain energy release rate of SLB beam test is defined as 

𝐺𝑀𝑖𝑥 =
𝑃2

2𝑊

𝜕𝐶

𝜕𝑎
=

21𝑃2𝑎2

16𝐸𝑊2ℎ3+
3𝑃2

20𝐺𝑊ℎ
 (5) 

Based on the theory for energy release rate in fracture mechanics, the mixed mode strain energy 

release rate ∆GMix is defined as 

∆𝐺𝑀𝑖𝑥 = 𝐺𝑀𝑖𝑥,𝑚𝑎𝑥 − 𝐺𝑀𝑖𝑥,𝑚𝑖𝑛 =
21(1 − 𝑅)2𝑃𝑚𝑎𝑥

2𝑎2

16𝐸𝑊2ℎ3
+

3(1 − 𝑅)2𝑃𝑚𝑎𝑥
2

20𝐺𝑊ℎ
 (6) 

in which 
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𝑃𝑚𝑎𝑥 =
2𝑃𝑎

1 − 𝑅
 (7) 

where Pa is constant amplitude at a stress ratio of R and Pmax is maximum constant amplitude. 

Substituting Equation 6 into Equation 1 by integrating, the Paris law equation for mixed mode is 

𝑁 =
𝑎(𝑥𝑎2 + 𝑦)𝑚× 𝐹12 (

1
2 , −𝑚;

3
2 ; −

𝑎2𝑥
𝑦 )

𝐶(
𝑎2𝑥

𝑦 + 1)𝑚

−
𝑎0(𝑥𝑎0

2 + 𝑦)𝑚× 𝐹12 (
1
2 , −𝑚;

3
2 ; −

𝑎0
2𝑥

𝑦 )

𝐶 (
𝑎0

2𝑥
𝑦 + 1)

𝑚  (8) 

where  𝑥 =
21(1−𝑅)2𝑃𝑚𝑎𝑥

2

16𝐸𝑊2ℎ3 , 𝑦 =
3(1−𝑅)2𝑃𝑚𝑎𝑥

2

20𝐺𝑊ℎ
, and 𝐹1(𝑎, 𝑏; 𝑐; 𝑧)2 = ∑

(𝑎)𝑛(𝑏)𝑛

(𝑐)𝑛

𝑧𝑛

𝑛!

∞
𝑛=0  is the 

hypergeometric series function with (a)n=a(a+1)(a+2)⋯(a+n−1). 

Therefore, the critical cycle number of fatigue leading to composite blades failure Nf can be 

represented by 

𝑁𝑓 = 𝑙𝑖𝑚
𝑎→∞

𝑎(𝑥𝑎2 + 𝑦)𝑚× 𝐹12 (
1
2 , −𝑚;

3
2 ; −

𝑎2𝑥
𝑦 )

𝐶(
𝑎2𝑥

𝑦 + 1)𝑚

−
𝑎0(𝑥𝑎0

2 + 𝑦)𝑚× 𝐹12 (
1
2 , −𝑚;

3
2 ; −

𝑎0
2𝑥

𝑦 )

𝐶 (
𝑎0

2𝑥
𝑦 + 1)

𝑚  (9) 

Equation 8 is adapted to the fatigue model to describe the mixed mode fatigue delamination crack 

propagation between the laminates in composite blade versus cycle number of fatigue loads. It is clear 

that if N→0, then a→a0, and if N→Nf, then a→∞.  

 

3 FAILURE PROBABILITY 

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 [9]. The advantage of this 

stochastic process is that the required mathematical calculations are relatively straightforward and the 

results are trustful. Gamma process with uncertainties is a stochastic process and should be an effective 

approach for simulating the deterioration process. 

The relationship between the mixed mode delamination crack length and the cycles of stress given 

in Equation 8 can be used for fatigue reliability analysis. Because of cyclic fatigue loading, a failure can 

occur even under the stress resistance of the materials. The evaluation of fatigue delamination crack 

growth is an uncertain process because of various conditions such as wind speed, wave loads and 

humidity. 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, 9] 

The probability density function 𝐺𝑎(𝑥|𝑣, 𝑢) is given by 

𝐺𝑎(𝑥|𝑣, 𝑢) =
𝑢𝑣

𝛤(𝑣)
𝑥𝑣−1𝑒−𝑢𝑥𝐼(0,∞)(𝑥) (10) 

where v is shape parameter; u is scale parameter, and I(0,∞)(x) is defined as 

𝐼(0,∞)(𝑥) = {
1    𝑖𝑓 𝑥 ∈ (0, ∞)
0    𝑖𝑓 𝑥 ∉ (0, ∞) 

 (11) 

and the complete gamma function Γ(v) and incomplete gamma function Γ(v,x) are defined as 

𝛤(𝑣) = ∫ 𝑥𝑣−1𝑒−𝑥𝑑𝑥
∞

0
 and 𝛤(𝑣, 𝑥) = ∫ 𝑥𝑣−1𝑒−𝑥𝑑𝑣

∞

𝑥
 (12) 

where v≥0 and x>0. 

According to the delamination crack length, the probability density function can be written as: 
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𝑓(𝑎) = 𝐺𝑎(𝑎|𝑣, 𝑢) =
𝑢𝑣

Γ(𝑣)
𝑥𝑣−1𝑒−𝑢𝑎𝐼(0,∞)(𝑎) (13) 

According to the study by [10], the development of the fatigue crack length can be calculated by the 

Increment Sampling of Gamma (ISG) process. When the fatigue crack evolution of the blades is 

modelled as gamma process by ISG process, the increment of fatigue crack length at each jumping point 

is required. A path of the gamma process is sampled at these time points: t0, t1, t2, t3…… tn-1, tn, which 

means n times per unit are the same and the increment by crack models in each time interval can be 

represented by 

∆𝑎𝑖 = 𝑎(𝑡𝑖) − 𝑎(𝑡𝑖−1) (14) 

Considering the gamma process, each fatigue crack increment by ISG process ∆aii at ti can be 

represented as 

∆𝑎𝑖𝑖~𝐺𝑎(𝑎|[𝑣(𝑡𝑖) − 𝑣(𝑡𝑖−1)]∆𝑎𝑖
2/𝑢 , 𝑢/∆𝑎𝑖) (15) 

Thus, the probability density function of ∆aii is  

𝑓(∆𝑎𝑖𝑖 ) =
(𝑢/∆𝑎𝑖)

[𝑣(𝑡𝑖)−𝑣(𝑡𝑖−1)]∆𝑎𝑖
2/𝑢

𝛤([𝑣(𝑡𝑖) − 𝑣(𝑡𝑖−1)]∆𝑎𝑖
2/𝑢)

∆𝑎𝑖𝑖
[𝑣(𝑡𝑖)−𝑣(𝑡𝑖−1)]∆𝑎𝑖

2/𝑢−1𝑒(−𝑢/∆𝑎𝑖)∆𝑎𝑖𝑖 (16) 

The fatigue crack length by ISG process can be accumulated by summing the sampled length in each 

time point, namely 

𝑎𝑖𝑖 = ∑ ∆𝑎𝑖𝑖

𝑖

0

 (17) 

where aii is the crack length by ISG process at time i. 

For the composite wind turbine blades, the fatigue failure is defined as experiencing N times loading 

at tN time, where fatigue delamination length reaches the critical crack propagation stage. The critical 

delamination length depends on the construction design requirement, environmental conditions and the 

safety factor of the structures. The service life of the wind turbine blades can be predicted by 

accumulating the increased delamination in each time before reaching critical delamination length. From 

S-N curves, the bearing capacity of structures decreases when the number of loading increases. Also, 

the fatigue failure probability of the structure increases when the resistance for blades reduces. The 

maintenance for repairing, therefore, should be undertaken in time to prevent structural failure.  

The equation for the failure probability can be calculated from [4, 5]  

𝐹(𝑡) = 𝑃𝑟{𝑡 ≥ 𝑡𝑁} = 𝑃𝑟{𝑎 ≥ 𝑎𝑐𝑟} = ∫ 𝑓(𝑎)𝑑𝑎
∞

𝑎𝑐𝑟

=
𝛤(𝑣(𝑡), 𝑢(𝑎𝑐𝑟 − 𝑎0))

𝛤(𝑣(𝑡))
 (18) 

where v(t) is shape function and can be obtained from the expected delamination growth discussed in 

the previous section as  

𝑣(𝑡) = 𝑢∆𝑎(𝑡) = 𝑢(𝑎(𝑡) − 𝑎0) (19) 

where a0 is initial delamination length, a(t) is the delamination length at time t; acr is critical delamination 

length, and u (u>2) is scale parameter for composite blades. The value u could be determined from 

statistical estimation methods such as a maximum likelihood method and method of moments [5].  

The probability of failure per unit time at 𝑡𝑖  is computed from 

𝑝𝑖 = 𝐹(𝑡𝑖) − 𝐹(𝑡𝑖−1), 𝑓𝑜𝑟 𝑖 = 1,2 … 𝑇 (20) 

When the fatigue delamination crack length reaches the critical level, the probability of failure 

reaches unity, and the structure fails. The requirement for maintenance becomes critical to reduce the 

risk of structural failure and to prevent the possible unacceptable loss before reaching this stage. Thus, 

the service time of composite blades can be extended under proper maintenance. 
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4 NUMERICAL EXAMPLE 

4.1 Fatigue delamination crack growth 

A fibre reinforced composite blade is used to examine the effectiveness of proposed approach. The 

parameters for simulating fatigue crack growth and reliability analysis related to Paris law and gamma 

process are obtained from existing studies. According to the experiment study by [8], the length L is 

180mm, the width W is 25mm, and the height h is 2.7mm. The initial crack length a0 is 45mm at the 

beginning of SLB test for mixed mode. C and m for mixed mode delamination at subcritical crack 

propagation stage in Paris law are 1 and 3, respectively [8]. Consistent with design code of offshore 

wind turbines, the typical service life is 25 years. The properties of the composite material are measured 

that E=150GPa and G13 = 4315MPa [7]. 

 

 
Figure 4: Fatigue crack growth of three types of composite specimens 

The trend of delamination curves for this glass fibre reinforced materials is significant. Firstly, the 

crack lengths grow slowly and gradually at beginning. Secondly, as the service time increases, 

delamination length becomes unstable and develops quickly. When the delamination length reaches the 

threshold length, the crack becomes uncontrolled and the material failures in the final stage. 

The propagation of fatigue delamination of composite blades simulated by gamma process is also 

plotted in Figure 4. The results show that the delamination cracks growth for mixed mode predicted by 

Paris law match well the ISG gamma process. Although slightly different values from gamma process 

exist at some points, the trend of the fatigue delamination development is almost the same compared 

with Paris curve. It is obvious that the delamination length development is accumulated by jump values 

for these minor periods as time increases. These random values between two close time points can reflect 

the uncertainties in the loading and environments affecting the crack process development. 

 

4.2 Failure Probability for Composite Blades 

It is assumed the delamination threshold is acr=100mm when the structure failures and the scale factor 

is taken as 6 in this example, which are used to analyse failure probability by the gamma process. 

Combined the propagation of delamination length with gamma process, the deterioration of the 

performance for wind turbine blades during service life can be modelled, and the results of the 

probability of failure curves are shown in Figure 5. 
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Figure 5: Failure probability for different of three types of composite specimens 

At first, as the delamination length grows slowly, the probability of fatigue failure also increases 

slowly, which indicates structures are under normal use. With the increase in service time, the failure 

probability increases gradually until reaching certain time points between 14 and 21 years and then the 

curve has a rapid rise as the crack is reaching the critical length. The probability of failure increases 

dramatically over time and reaches approximately 50% at the time when the expected fatigue crack 

length is equal to the given acceptable limit. Finally, the failure probabilities reach to a value of very 

close to unity where the structure completely fails. 

 

4.3 Parameter Sensitivity Analysis 

The fatigue delamination growth is modelled as the gamma process to analyse the reliability of 

composite wind turbine blades measured by the growth of the fatigue delamination length. The failure 

probability of the structure by gamma process is influenced by several parameters, i.e. initial 

delamination length, critical delamination length. The sensitivity of these parameters is discussed here 

to check the efficiency of proposed stochastic method. 

 

 
Figure 6: Failure probability for different critical crack lengths  

The results of the lifetime failure probability are shown in Figure 6 for three different critical 
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delamination length limits, i.e. acr=100mm, 90mm, 110mm, 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.  

 

 
Figure 7: Failure probability for different initial crack lengths 

The lifetime failure probability for various initial delamination lengths (a0=45mm, 40mm, 50mm) is 

shown in Figure 7. It is obvious that the probability of failure changes with different initial fatigue crack 

lengths, with a higher probability of failure for a higher initial crack length. For smaller initial crack 

length, the results show that the period before the sudden rise in the probability of failure becomes much 

longer. 

 

 
Figure 8: Failure probability for different scale parameters in gamma process  

In gamma process, the scale parameter u has an influence on the fatigue property curve. The results 

are shown in Figure 8, and it is obvious that the smaller scale parameter makes the curve reaching the 

fatigue failure longer. The failure probability for larger scale parameters increases faster. However, 

compared with other factors such as initial crack length a0, and critical crack length acr, the scale 



21st International Conference on Composite Materials 

Xi’an, 20-25th August 2017 

parameters u has less influence on the failure probability and the failure time. 

 

5 CONCLUSION AND FUTURE WORK 

This paper uses a stochastic method to analyse the evolution of mixed mode fatigue delamination 

development for composite blades of wind turbines. A numerical case study is presented to investigate 

the effectiveness of this stochastic method. The failure probabilities of different fatigue cases are 

predicted by gamma process based on Paris law. The results show that gamma process gives reliable 

simulations and can be used for simulating on the mixed mode fatigue delamination propagation of 

composite blades. All of the parameters are analysed, and the following conclusions can be drawn, as 

listed below. 

(1) The gamma process gives good simulations on the mixed mode fatigue delamination crack 

propagation of composite blades. The numerical results by the stochastic method are in good agreement 

with the available data because the gamma process considers uncertainties in the modelling of composite 

wind turbine blades. 

(2) The proposed stochastic deterioration model based on the gamma process can be used for time-

dependent reliability analysis. This method evaluates the lifetime probability of failure for the 

deteriorating blades and can be used to assist in the inspection and maintenance of the blades in advance. 

The optimum maintenance strategies according to the results from the predictive stochastic model can 

save costs for maintenance. 

(3) The results from proposed gamma model show how the parameters affect the failure probability. 

It is helpful in evaluating the failure time of composite blades of wind turbines for inspection and 

maintenance in various situations. 

Further work is needed to determine the optimum repair strategy for composite wind turbine blades. 
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