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ABSTRACT 

Many FRP composite material structures are subjected to cyclic or dynamic loading. This includes 
airplanes, automobiles, and wind turbine blades in addition to buildings and bridges. Appropriate 
assessment of their fatigue damage and residual strength can be important not only for their structural 
integrity and decisions related to their repair during service, but also crucial for the reuse of the materials 
when they come to the end of their service lives. This paper presents a review of available fatigue 
damage models for FRP and how they may be used to estimate the residual strength of the FRP material 
in relevant structures, with particular emphasis on FRP blades in wind turbines.  
 

 
KEYWORDS 
 
All FRP structures, Fatigue, Damage, Dynamic loads, Residual strength, Wind turbines. 
 

INTRODUCTION 

The global wind industry is growing fast, in terms of both the number of turbines and their size. According to the 
Global Wind Energy Council (GWEC 2016), modern turbines are 100 times the size of those in 1980. The global 
wind-power industry installed 63,013MW in 2015, bringing the world total to almost 433 GW. The blades of the 
wind turbines are primarily made of glass fibre reinforced polymer (GFRP) composites. Wind turbines are 
typically designed for a service life of 20 years. It is estimated that the weight of GFRP materials from the 
decommissioned wind turbine blades would be around 512,793 tonnes in 2035, and the accumulated weight of the 
rotor blade GFRP material to recycle before 2035 would be about 3,518,982 tonnes worldwide. At the moment, 
however, there are few established methods for the recycling of wind turbine blades. A recent collaborative 
research project between the Queen’s University Belfast in the Northern Ireland, University College Cork in the 
Republic of Ireland, and City College New York and the Georgia Institute of Technology in the USA has been 
funded under the US-Ireland Tripartite funding scheme to investigate the reuse options for decommissioned GFRP 
composite wind turbine blades. 
The rotor FRP blades in wind turbines are subjected to cyclic or dynamic loading during service. Proper assessment 
of their fatigue damage and residual strength can be important not only for their structural integrity and decision 
of repair strategy during service, but also crucial for the reuse of the materials when they are decommissioned at 
the end of their service life. Many studies have been conducted on the fatigue damage modelling of FRP materials (Degrieck 
and Paepegem, 2001), leading to many damage accumulation and residual strength models for composite materials (Post et al. 
2008). This paper presents a review of available fatigue damage models for FRP and how they may be used to 
estimate the residual strength of the FRP material in structures.  
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TERMINOLOGIES 

Fatigue in materials is caused by repeated loading and unloading cycles to maximum stresses below the ultimate 
strength of a material. This cyclic loading causes a progressive degradation of the material properties and eventual 
failure. In many constant amplitude load controlled fatigue experiments, a specimen is loaded sinusoidally in time 
with the stress σ (Post et al. 2008): 

(1) 

in which σm is the average (mean) stress, σa is the stress amplitude, t represents for time and f is the loading 
frequency (Figure 1). The loading regimes may be characterized by the R-ratio as shown graphically in Figure 2.  
 

 

Figure 1. Sinusoidal fatigue loading (Post et al. 2008) Figure 2. Loading regimes with different R-ratios 
(normalized to the maximum absolute value of stress) 

(Post et al. 2008) 
 

FATIGUE DAMAGE 

Many fatigue models have been proposed. They may be classified as models either with or without considering 
the interaction of loading regimes (or the effect of loading history). They are summarised as follows: 
 
Linear and non-linear fatigue damage models without considering loading history effect 
 
Palmgren-Miner model 
 
The earliest model which is still in wide use for analysing fatigue of materials subjected to variable amplitude 
fatigue loading is the Palmgren-Miner’s (1945) linear damage accumulation rule (hereafter PM). The PM rule 
assumes that a body of material (metals) can tolerate only a certain amount of damage D: 

(2) 

in which Ni is the fatigue life of the material under ith loading regime, ni is the number of loading cycles for the ith 
loading regime. This model is simple in that it only requires S–N curves for given R-ratios or more generally 
constant life diagrams to make variable amplitude fatigue life predictions. The shortcoming of the model is that it 
fails to consider the effect of loading history. 
 
Owen-Howe model 
 
Owen and Howe (1972) extended Palmgren-Miner’s rule so that: 

(3) 

where A and B are curve fitting parameters. In order to maintain D =1 when n =N for constant amplitude fatigue, 
A+ B =1. This method was intended to describe damage in terms of normalised resin cracking. Because the power 
remains constant, this is a linear model and the damage can be summed for all the cycles applied. 
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Bond and Howe model 
 
Bond and Farrow (2000) considered angle ply and quasi-isotropic graphite composite plates incorporating a 
metallic fastener under FALSTAFF spectrum fatigue loading. They generalized the Owen and Howe’s model as  

(4) 

where parameters A, B, and C are found that give the best prediction to experimental results from FALSTAFF 
based spectra scaled for tensile and compressive loading. 
 
Hashin and Rotem model 
 
Based on a power law S–N curve, Hashin and Rotem (1978) developed a set of damage equations based on a 
concept of equivalent damage lines of the same form as the S–N curve extending from the ultimate stress or from 
the fatigue limit points of the curve. It can be described generally as 

(5) 

When transitioning between stress levels, the constant damage line is followed to the new stress level and then 
damage accumulation proceeds from there. Although this model was developed for homogeneous materials, it is 
general and can be considered for composites. Since the existence of a fatigue limit in composites may be uncertain, 
the approach based on initial strength could be more applicable. 
 
Fatigue damage models considering loading histories 
 
Under complex loading, the damage of materials may be dependent on loading interaction, sequence, or history 
(memory). The loading history effect can be used to explain the phenomenon that the crack growth in a given cycle 
under variable amplitude loading will be different from that under constant amplitude loading (Skorupa 2010). For 
instance, the high–low loading sequence often leads to a shorter lifetime than the low–high loading sequence 
(Adam et al. 1994), whereas the opposite is obtained for some composite materials (Van and Degrieck 2002). The 
load history effect depends on the transitions of stress levels and their number of appearance. The larger the 
difference between the stress amplitudes, the stronger the damaging effects (Freudenthal and Heller 1959). 
Therefore, the load history effect must be considered under variable amplitude loading. 
 
Marco–Starkey model 
 
Marco and Starkey (1954) proposed that the damage for each level of reversed sinusoidal stress amplitude is: 

(6) 

where c  is a function of stress level and R ratio. In applying a non-linear damage law like this, the equivalent 
number of cycles applied at the new load level must be calculated after each loading step, the model results will 
depend on the loading sequence. This is a non-linear damage accumulation rule. 
 
Corten–Dolan model 
 
Corten and Dolan (1956) defined the fatigue damage as 

(7) 
where mi is the number of damage nuclei, ri is the damage evolution rate, and ai  is a constant. The failure criterion 
is given as 

(8) 

in which the exponent d can be considered as the material’s sensitivity to stress load history. 
 
Freudenthal–Heller model 
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Freudenthal and Heller (1959) defined the fatigue damage and failure criterion respectively as 

(9) 

(10) 

 
The difference between the expression of Freudenthal–Heller model and the Corten–Dolan model is the selection 
of the reference point. In the Freudenthal–Heller approach, the parameter (σi/σm)d is used to describe the effect of 
load interaction, usually called the interaction factor. 
 
Morrow’s plastic work interaction rule 
 
Kurath’s (1983) rule is a nonlinear accumulative damage model which accounts for load history effect. The fatigue 
damage caused by a stress of amplitude σi is 

(11) 

 
The total damage under variable amplitude loading spectrum can be calculated as 

(12) 

The exponent f=(c+e+1)/c is considered as the material’s sensitivity to variable amplitude stress history in which 
c and e are fatigue strength and ductility exponents. The parameter (σi/σmax)f indicates that the maximum loading 
in the loading spectrum has an influence on the damage which is caused by other loadings. This model suggests 
that the parameter (σi/σmax)f  modifies the slope of the S–N curve in a way similar to the Corten–Dolan approach. 
 
Carpinteri et al.’s model 
 
Carpinteri et al. (2003) proposed an accumulative damage model by adding the rainflow counting method. In this 
model, the fatigue damage caused by one reversal is given as 

(13) 

Which is related to the ratio of different series of stress with exponent b. 
 
Dattoma et al’s model 
 
Dattoma et al. (2006) proposed an accumulative damage model by considering the effects due to load interactions 
and different loading sequences. They defined the fatigue damage function as 

(14) 

where D is chosen to be equal to 1 if the applied stress is less than the fatigue limit, and is a monotonically 
decreasing function of stress which accounts for the effects of load interaction for multilevel loading, the 
exponent α depends on the loading  which results in non-separability between damage and loading, β depends on 
the material. 
 
Ye and Wang’s model 
 
Under complex loading, the ratio of different series of stress level can be used to consider the load interaction 
effects as defined by Ye and Wang (2001): 

(15) 

or 
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(16) 

 
This model has a good physical basis. The final damage expression contains only one parameter which is the stress 
ratio, but it does not take the interaction effects between the loading stresses into consideration. 
 
Lv et al.’s model 
 
In order to consider the load interaction effects, Lv et al. (2015) added a load interaction parameter to Ye and 
Wang’s (2001) model, so that: 

(17) 

 
This damage expression has a simple form with only one parameter σi/σmax, however the interaction between the 
loading stresses is considered. 
 
Fatigue damage model considering manufacture defects 
 
Due to the perturbation on the local stress from cracks, elements may undergo varied fatigue stress levels even if 
the external fatigue loading remains unchanged. Considering the influence of the maximum stress , Huang 
(2012) proposed a simple damage accumulation model as： 

 (18) 

 

RESIDUAL STRENGTH 

Corresponding to damage models, residual strength models may be used instead and they have a philosophical 
advantage over damage accumulation laws for variable amplitude loading cases because the failure criterion is 
usually described in terms of the residual strength Sr and the applied maximum stress σp so that at failure: 

(19) 
 
Most residual strength models are based on the assumption that the residual strength is a monotonically decreasing 
function of the cycles applied and they also make use of the initial and final conditions that the initial residual 
strength equals the static strength, Su: 

(20) 
and that under constant amplitude fatigue, the residual strength at fatigue failure (n= N) equals the applied load 
under constant amplitude fatigue: 

(21) 
 
Broutman and Sahu’s model 
 
Broutman and Sahu (1972) were probably the first who conducted research on composite fatigue incorporating a 
residual strength model： 

(22) 
 
There has been some evidence that this linear residual strength approach gave much better predictions on the 
fatigue failure for an E-glass/Epoxy laminate under two block loading than Miner’s rule (1945). 
 
Hahn and Kim’s model 
 
Hahn and Kim (1975) proposed the following residual strength model based on experimental data: 

(24) 
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Yang and Liu’s model 
 
Yang and Liu’s (1977) proposed this residual strength model: 

(25) 
where S0 is determined from the statistical distribution of the initial strength data, the parameters C, B and K are 
fit as a function of R to constant amplitude fatigue failure data (rather than attempting to fit them to the S–N fatigue 
data which would require extensive test data at multiple stress levels to determine the scale factor N0 as a function 
of stress). 
  
Schaff and Davidson’s model 
 
Schaff and Davidson (1997a, b) published two papers which respectively described and applied a 
phenomenological residual strength model for composites under variable amplitude loading: 

(23) 

 
This method essentially forms a complex curve fit for the statistical distribution rather than relying on a 
mathematically consistent model (e.g. Yang and Liu’s (1977) model). 
 
Whitworth’s model 
 
Whitworth (2000) proposed a residual strength model as: 

(26) 

in which γ is a constant, is the residual strength after n cycles. 
 
Wahl et al.’s model 
 
Wahl (2001) and Whal et al. (2001) proposed the following model: 

(27) 

Where S0 is initial Strength,Smax is maximum load applied in fatigue, the parameter C describes the nature of 
strength degradation: linear degradation, early degradation, or ‘sudden death’. 
 
Adam et al.’s loading interaction model 
 
Adam et al. (1986) developed an interaction residual strength model to consider the loading interaction: 

(28) 

where r is the residual strength ratio, t is the normalized time (cycle) ratio. The r ~ t relationship is proposed as: 
(29) 

 
Yao and Himmel’s three stage strength degradation model 
 
Reifsnider and Jamison (1982) considered a typical fatigue damage curve consists of three main stages (Figure 3): 
(1) initial rapid degradation due to matrix cracking; (2) slow degradation due to random fibre breaks and 
delamination; and (3) a sharp decline in properties near the end of life when failure was imminent. 
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Figure 3 Three stages of residual strength degradation (Reifsnider and Jamison,1982) 

 
Yao and Himmel (2000) describes the residual strength using trigonometric functions: 

 

(30) 

in which α and β were recommended to be π/3 and 2π/3 respectively. The introduction of the second parameter 
enables that an S-type strength degradation curve can be described. It seems that such a multiple-parameter 
model is in some cases more appropriate than a single-parameter model in describing experimental data. 

 
Nijssen’s modification for mixed sign strength degradation 
 
When tensile and compressive loads are mixed, the residual strength model needs to be able to describe in both 
tension and compression. Nijssen (2006) proposed the following model:  

(31) 

 

CONCLUSIONS  

A survey of available fatigue damage and residual strength models has been conducted. This paper has presented 
a summary of these models which may be applicable for estimating the residual strength of materials in wind 
turbine composite blades when they are decommissioned. The wind blades would have been subjected to variable 
amplitude load spectra. The applicability of these models will be assessed next in the research project. 
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