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Use of composite materials is widespread in the wind industry. The design life of a wind 

turbine blade is typically 20 years and its oscillatory nature requires it to perform under cyclic 

loading. Thus, fatigue life prediction of wind turbine blades is an important part of blade 

design. In this paper, we present a comprehensive physics-based methodology for predicting 

fatigue life of a realistic composite wind turbine blade, working under realistic aerodynamic 

loads generated using a CFD model. The wind turbine blade has been modeled using blade 

data released by the Sandia National Labs. Aerodynamic loads on the blade are computed 

using an in-house aeroelastic coupling to the CFD code NSU3D. A physics-based material 

model for fatigue based on the kinetic theory of fracture is incorporated in the structural 

model to predict structural-level composite fatigue life.   

Nomenclature 

Bi = static failure coefficients of the matrix failure criterion 

Cc = composite stiffness matrix (6x6) 

Cf = fiber stiffness matrix (6x6) 

Cm = matrix stiffness matrix (6x6) 

h = Plank’s constant  

I = identity matrix 

It = transversely isotropic matrix stress invariant corresponding to maximum matrix stress normal to the 

                       fiber       

Is1 = transversely isotropic matrix stress invariant corresponding to in-plane matrix shear 

Is1 = transversely isotropic matrix stress invariant corresponding to out-of-plane matrix shear 

k  = Boltzmann constant 

Kb = rate of microcrack accumulation and coalescence  

n  =  fatigue damage variable 

n0  =  equilibrium parameter that depends on the damage accumulation exponent  

R =  fatigue load ratio  

RP  =  ratio of two principal composite stresses  

T =  temperature driving the damage accumulation process 

U =  activation energy associated with microcrack accumulation and coalescence    

β  =  pressure strengthening coefficient  

γ  =  activation volume associated with microcrack accumulation and coalescence    

∆t =  change in time over a particular segment of a load-history curve  

∆σa =  change in stress over a particular segment of a load-history curve 

ηc  = vector describing the coefficient of thermal expansion (CTE) of the composite 

ηf  = vector describing the CTE of the fiber 

ηm = vector describing the CTE of the matrix 

λ =  damage accumulation exponent  
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σc =  volume average composite stress tensor 

σf =  volume average fiber stress tensor 

σm =  volume average matrix stress tensor 

τ0  =  bulk matrix shear strength  

ϕf =  fiber volume fraction  

ϕm =  matrix volume fraction  

I. Introduction 

NE of the major challenges the wind industry faces is the production of electricity at costs competitive with 

traditional fossil fuel-based electricity production. One significant cost driver is maintenance and repair cost of 

the blades1, which are increasingly manufactured using fiber reinforced composites. This cost is to be expected since 

the typical wind turbine blade is designed to last for 20 years running full-time, which is equivalent to nearly nine 

times the service life of a commercial aircraft, with an hourly fatigue 48 times greater.2 Yet in order to keep costs 

down the typical turbine blade receives only 1.3% of the maintenance time that is afforded a commercial aircraft. This 

shortage of maintenance causes greater number of blade failures, shorter blade life, and a reduction in aerodynamic 

performance. To enhance design of turbine blades for longer fatigue life, an improvement in the prediction of fatigue 

life is necessary.  

 Wind turbine blades are typically made of fiber-reinforced polymer-matrix composites. For this class of materials, 

fatigue failure is primarily a matrix-dominated event. Even though fatigue of composite materials has been studied 

extensively3, 4, a generalized method to predict the fatigue life of composites has yet to be formulated. Most fatigue 

prediction methods for composites pertain to a specific load history at a specified temperature and require a great deal 

of characterization data. Such empirical relationship based models are not well-suited to predict fatigue in a composite 

structure as large as a wind turbine blade, with the associated variability in loading and operating temperature. 

Therefore, an appropriate constituent-level physics-based methodology is essential for predicting the fatigue life of a 

wind turbine blade. Such a methodology for predicting the fatigue life of large composite structures using constituent-

level physics has been described by Fertig et al.5-7 In this methodology, composite fatigue is modeled as a matrix-

specific phenomenon using matrix specific physics and it is implemented in three separate modeling steps: (1) a 

multiscale modeling methodology to link composite stresses and strains to matrix stresses and strains, (2) a physics-

based model for fatigue of the matrix material, and (3) a link between the microscopic bond breaking in matrix and 

the macroscopic fatigue failure of the model. This theory is easily programmable, computationally efficient and the 

requirement for material characterization data is minimal - which makes it a suitable model to use for fatigue life 

prediction of large composite structures. Furthermore, it has been previously shown that this multi-scale approach 

enables the prediction of laminate level fatigue life and failure modes from lamina level characterization data.6  

 As a first component of this analysis, a finite element model (FEM) of a wind turbine blade was constructed. The 

wind turbine blade model data were gathered from the data released by the Sandia National Labs (SNL). The model 

of a 13-meter wind turbine rotor used in the Scaled Wind Farm Technology (SWiFT) turbines8 was used as a basis for 

this study. Realistic aerodynamic loads were defined on the wind turbine blade using the CFD code NSU3D.9 Gravity 

and centrifugal force were also applied on the blade to simulate the operating environment of a typical wind turbine 

blade. All of these steps provided the necessary platform for the fatigue model to operate upon. This computationally 

efficient multiscale physics-based fatigue model predict the mean fatigue life of a composite wind turbine blade in 

addition to prediction of damage initiation and propagation in the blade.  

II. Modeling Approach 

Three separate modeling efforts were required in our approach to investigating the fatigue life of a wind turbine 

blade: a realistic finite element (FE) structural model of the wind turbine blade, a computational fluid dynamics (CFD) 

model to compute realistic aerodynamic loads on the blade, and a physics-based fatigue model for predicting fatigue 

life of the composite blade. These modeling steps are described in details in the subsequent sections. 

A. Structural Model of the Wind Turbine Blade 

 Realistic structural models are essential to perform realistic fatigue or other structural analysis of a wind turbine 

blade. Consequently, a finite element model of a composite wind turbine blade has been developed as a basis for the 

fatigue life investigation. Blade model data from manufacturers is not available due to proprietary reasons. However, 

the Wind Energy Technologies Department of the Sandia National Laboratories (SNL) has published some model 

data. One of the few blade models released by SNL is a 100 m 13.2 MW horizontal axis wind turbine (HAWT) blade.10, 

O 
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11 Another blade model available from SNL is the SWiFT turbine aeroelastic model.8 It is a 13 m blade and currently 

being used in the turbines of the DOE/SNL SWiFT project.12 This SWiFT blade was used in this paper.  

To generate the geometric profile and composite layup of a wind turbine blade, a fully parametric finite element 

software was developed using the commercial FE code Abaqus.13 The most important aspects of creating a finite 

element model of a wind turbine blade are briefly described below: 

 

1. Aerodynamic geometry of the blade 

 Wind turbine blades have complex aerodynamic profiles to maximize the potential of wind velocity to generate 

power. A typical wind turbine rotor consists of several airfoil cross-sections along the length (span) of the blade, as 

seen in Fig. 1 (Left) for the SWiFT wind turbine rotor. The airfoil coordinates and other necessary blade geometry 

parameters, e.g., spanwise location, chord length, twist, offset from blade reference axis of the stations were gathered 

from the report8 published by SNL to reproduce the wind turbine blade profile in Abaqus. These airfoil profiles were 

lofted together to create the geometry of the wind turbine blade. The SWiFT wind turbine blade airfoil profiles and 

the resultant geometry of the blade can be seen in Fig. 1 (Right). Each station were further divided into an appropriate 

number of regions with the help of the datum points feature of Abaqus to facilitate the definition of different composite 

layups.   

 

2. Composite layup definition of the blade 

 Modern wind turbine blade structures are usually made of fiber-reinforced polymers (FRP), due to their superior 

strength-to-weight ratio and higher fatigue life compared to metals. The blade of interest for this study is made of 

glass-fiber reinforced polyester resin. The material properties and the composite layup of the blade are provided in the 

 

 
 

Figure 1. (Left) Airfoil profiles of the Swift wind turbine blade. (Right) Resultant geometric profile of the Swift 

wind turbine blade. 

 

 

Table 1. Elastic properties of the blade materials. 
 

Material 
E11 

(MPa) 

E22 

(MPa) 

G12 

(MPa) 

 

ν12 

 

Density 

(kg/m3) 

 

Layer 

Thickness 

(mm) 

Gelcoat 3440 - 1380 0.3 1230 0.5 

M300 Rand-Mat 8880 - 3380 0.3 2212.5 0.2457 

T900 

(DB600/UD300) 
14620 5930 6590 0.486 2212.5 0.7371 

NM450 37000 8760 3840 0.3 2212.5 0.36855 

PVC Foam 256 - 22 0.3 200 1.0 

UD700/M100 33480 8830 3780 0.3 2212.5 0.6552 

UD1200 37000 8760 3840 0.3 2212.5 0.9828 
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previously mentioned report published by SNL. The elastic properties of the blade materials are reported in Table 1. 

The materials Gelcoat, M300 and PVC Foam in the table are isotropic, while the material names starting with the 

prefix ‘UD’ are uniaxial continuous reinforced composites. The T900 material listed in the table is a triaxial composite 

material.  

A typical structural architecture of the blade is presented in Fig. 2. The blade is made of three main parts – 1) a 

high pressure skin, 2) a low pressure skin, and, 3) a box-beam type construction between the HP and LP surface, which 

is a reinforcing structure of unidirectional composite beams and shear web columns.    

 The skin of the turbine blade is made of a variety of materials - random material fabric, uniaxial fabric, triaxial 

fabric, foam core and gelcoat. The spar cap region is the reinforced region of the skin located along the box beam. 

This region is made of thick laminate with primarily unidirectional fibers to carry the flapwise bending loads. The 

skin regions not adherent to the box beam are referred to as panels. While most panels have foam cores, it is not 

present in the leading edge or trailing edge regions. Shear webs are oriented normal to the spar caps and they consist 

of a variety of materials including the UD fabric, triaxial fabric and random material fabric. At each station of the 

blade, composite layup has been defined for spar cap, core panels, leading and trailing edge reinforcements and shear 

webs.  

B. CFD Model to Generate Realistic Load Profile on the Blade 

Using the Reynolds-averaged Navier-Stokes (RANS) computational fluid dynamics (CFD) code NSU3D9, 14, 

realistic loads were computed on the wind turbine blade. These high-fidelity loads were applied directly in a structural 

dynamics simulation in the commercial code Abaqus. Coupling of the CFD code with the blade FEA model was 

performed using an in-house standalone fluid-structure interface module. The aerodynamic forces were measured at 

each node of the blade from the CFD analysis. Wind loads were calculated for an inflow velocity of 12 m/s with the 

 
 

Figure 2. (Left) Schematic of a typical cross-section of the wind turbine blade. (Right) Blade structure meshed 

with shell elements. 

 

 
 

Figure 3. (Left) CFD grid on the Swift wind turbine blade. (Right) Resultant pressure on the nodes of the blade 

at 12 m/s inflow velocity and 43 rpm of the rotor. 
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blade rotating at 43 rpm, which is the optimum operating condition for power generation of the SWiFT blade. Figure 

3 (Left) presents the CFD mesh on the blade and Fig. 3 (Right) shows the resultant pressure distribution on the nodes 

of the blade at this operating condition. Since the turbulent regions of the wind field is not being accounted for, the 

wind loads are constant for a given inflow velocity.  

C. Physics-based Composite Fatigue Model  

With the exception of nearly perfect axial loading, fatigue failure is primarily a matrix-dominated event for 

polymer-matrix composites. Fatigue damage initiates with the accumulation of microcracks in the polymer. This 

microcrack accumulation process is the most rapid during the early stages of fatigue life, and eventually these 

microcracks coalesce and form a macrocrack which leads to ultimate catastrophic failure of the composite. Therefore, 

an accurate fatigue prediction for composite materials requires a modeling approach that calculates the microcrack 

accumulation during each loading cycle.  

For the case of a fiber-reinforced polymer (FRP) composite material, the fatigue failure mechanism can be modeled 

with the kinetic theory of fracture (KTF).15-19 Since the stresses in the polymer matrix of FRP composites are not the 

same as the stresses in the composite itself, a methodology for determining matrix stresses from the composite level 

stresses is required in order to apply KTF to the polymer. The fatigue model used here utilizes the multicontinuum 

theory (MCT) to extract these polymer matrix stresses from composite stresses.  

 

1. Multiscale approach for linking composite stress with matrix stress 

Multicontinuum theory (MCT) provides an efficient approach to extract constituent stress/strain state from the 

composite stress/strain state. MCT is described amply in the open literature.20, 21 Since MCT is computationally 

efficient, very little additional computational time is added to the finite element analysis of the composite structure to 

extract the constituent stresses. The exact value of volume-average stress in the matrix σm can be computed from the 

composite stress state σc as: 

        m m c m
T  σ Q σ ψ                                                                         (1) 

where,                                   

                      1 m m c m f   Q C C I A  

    1
1[( ) ]m m m ff cfc f m m    


    C C a Iηψ C A A ηI  

          
1

m

c f c m

f







   A C C C C                                   (2)                                                 

 

              ( )c c f f f m m m   a C η C η C η  

 

 In Eqn. (2), Cf, Cm and Cc are the reduced stiffness matrices and ηf, ηm and ηc are the thermal expansion coefficients 

for the fiber, matrix and composite, respectively. ϕf and ϕm represent the matrix and fiber volume fraction, respectively.  

 

2. Kinetic Theory of Fracture (KTF) 

The kinetic theory of fracture (KTF), which describes bond breaking as a thermally activated process, captures the 

relevant physics of polymer matrix fatigue.15-18, 22 KTF was developed more than fifty years ago independently by 

Zhurkov19 and Coleman.15 The basic form of KTF is given by: 

 

exp
kT U

h kT
K

  
  

 
                                                                           (3) 

 

where, U is the energy barrier, k is the Boltzmann’s constant, T is the absolute temperature and h is the Planck’s 

constant.  

The basic equation of KTF can be modified to give the bond breaking rate of the thermally activated process as: 
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( )
expb

kT U t

h k
K

T

 
  

 
                                                                     (4) 

 

Equation (4) is the basic equation for modeling composite fatigue, as it gives the rate of bond 

breaking/microcracking under the effect of constant stress and temperature. 

Hansen and Baker-Jarvis23 used KTF to investigate the relationship between the microcrack accumulation in the 

matrix and the macroscopic failure of the composite material, thus linking the microscopic physics with the 

macroscopic behavior. They introduced a damage parameter, n, to link the microcrack accumulation with macroscopic 

damage. The damage parameter n represents the fraction of microcrack density accumulated with the microcrack 

density at failure; therefore the damage variable is zero initially and unity at failure. Here we follow the work of Fertig 

and Kenik6, 7 to write the differential equation describing the evolution of the damage parameter. 

 

0( )

(0) 0

b

dn
n n K

t

n

d






                                                                         (5)                       

 

Here λ is a damage accumulation exponent, Kb is calculated from eq. (4) and n0 is an equilibrium parameter that is 

determined by enforcing the following condition: 

 

1

0
0

1
( )

dn

n n 


                                                                           (6)   

 

  Assuming a constant nominal temperature, Eqs. (5) and (4) can be combined to yield the starting equation for 

determining the fatigue life of a polymer. 

 

0

( )
( ) exp

dn kT U t
n n

dt h kT

  
   

 
                                                            (7) 

 

Integrating Eq. (7) we can compute the evolution of the damage parameter with time. 

 

3. Determining the effective stress in the matrix 

 Using eq. (1) we can compute the volume-average matrix stress tensor. However, a scalar measure of the matrix 

stress state is required for use in KTF. It has been shown in the literature that fatigue stress normalized by the static 

failure strength is an appropriate measure for predicting the fatigue life.24, 25 Therefore, to determine the effective 

stress in the matrix, we utilize the functional form of the static failure criteria.     

 The off-axis failure mode is our first mode of interest. For this particular failure mode, it has been observed in the 

literature that fatigue failure in unidirectional composite occurs frequently due to cracking parallel to fibers26, 27. 

Consequently, it is expected that a substantial role in fatigue is played by tensile forces perpendicular to the fiber 

direction as well as the shear stresses on these planes. Taking the axial direction of the fiber as the 1-direction, Fertig 

proposed an in situ matrix failure criterion5 in the form of transversely isotropic invariants of the matrix stress tensor 

that takes the following form: 

2
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The {} denote the Macaulay brackets such that the enclosed term would take the value zero if the encompassed 

quantity is negative, the σij
m values correspond to the matrix stress tensor components. We can determine the value of 

Bi from three lamina level static failure tests: transverse tension, transverse compression, and in-plane shear, all of 

which involve failure of the matrix constituent. We can obtain an off-axis effective stress by dividing eq. (9) by Bs1 

and arrive at:    

                                                                           

2 2 2 2 2

, ,12 ,13 ,22 ,33 ,23

1
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where the coefficients At and As can be readily obtained from the static failure coefficients as: 
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D. Integration with Finite Element Analysis 

 The process described in sections II.A-II.C has been implemented in the commercially distributed composite 

analysis software Helius PFA28 which works as an add-on for commercial finite element codes such as Abaqus.13 

Helius PFA implements the fatigue failure methodology described in this paper using the User Defined Material 

(UMAT) feature of Abaqus. The workflow for implementation of the fatigue methodology in Abaqus using Helius 

PFA is as follows. First, a composite material is calibrated for use with the physics-based methodology described 

above. This involves calculating the in-situ properties of the composite and also the parameters required for KTF 

calculations – U and γ. The calibration of these parameters requires the knowledge of the material elastic properties, 

static strengths and two lamina-level fatigue characterization curves (S-N curves, one on-axis and one off-axis). After 

the materials are characterized, a finite element model is created for the problem with a reference load, Pref, which is 

typically the largest load in the load history. The input file for the analysis is then created with the required changes 

made to incorporate the usage of Helius PFA. As the input file for the problem is executed, the composite stresses 

calculated by the finite element code are sent as an input to Helius PFA where the fatigue model is implemented. The 

damage state of the matrix, the number of cycles to failure and other necessary information are written in the output 

file.   

III. Simulation and Results 

In this section we present the analysis results for our test blade. All the analyses have been performed in the 

commercial finite element code Abaqus, using the software Helius PFA as an UMAT that implements the physics-

based fatigue life model. As a test case, the wind turbine blade was taken to be operating at 43 rpm and with inflow 

velocity of wind at 12 m/s – condition for maximum torque generation of the blade.8 The finite element model of the 

wind turbine blade was created with reduced integration shell elements (S4R and S3R in Abaqus) with 0.05m element 

size. All six degrees of freedom at the root end of the 

blade were constrained.  

A. Static Analysis of the Wind Turbine Blade 

1. Mass and Modal Frequency comparison  

  The results of mass and modal frequency 

comparison between the SWiFT wind turbine model 

created at the University of Wyoming and the one 

created by the Sandia National Labs have been 

presented in Table 2. Since the blade composite layup 

data was not available with all the details, it was not 

possible to accurately match the wind turbine model 

with the SNL model. Table 2 shows that the mass 

 

Table 2. Mass and Free-Free Modal Frequency 

comparison between University of Wyoming (UW) model 

and Sandia National Labs (SNL) model.  
 

 SNL Model UW model % of Error 

Mass (Kg) 596.9 542.71 - 9.0786% 

1st Flap (Hz) 4.816 6.3955 32.7969% 

1st Edge (Hz)      10.09 10.721 6.2537% 

2nd Flap (Hz) 12.56 15.311 21.9029% 
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properties do not match for the blades, which eventually creates the mismatch between the modal frequencies. 

However, for the purpose of this paper it was deemed that the model very closely replicated a realistic wind turbine 

blade and should provide valuable insight about its fatigue failure process.  

2. Loads on the wind turbine blade 

 Three major sources of loading experienced by a 

wind turbine rotor during operation are: 1) 

gravitational loading, 2) inertial loading, and 3) 

aerodynamic loading.  

 The gravitational loading causes a sinusoidal 

varying loading pattern on the rotating blade. The 

typical lifetime for a wind turbine blade is considered 

to be 20 years, and during this lifetime, it goes through 

108 – 109 cycles. Therefore, gravitational loading 

plays a major role to create the cyclic loading on a 

wind turbine blade.  

 The aerodynamic forces are caused by the wind 

flow past the structure. In literature, the wind pressure 

and the wind flow-turbine interaction is simulated 

with various simplifying assumptions. In our analysis, 

time dependent wind load was generated on the wind 

turbine rotor using the CFD code NSU3D via an in 

house fluid-structure interface module described in 

details in part II.  

 The inertial loading is caused by the centrifugal 

forces acting on the blade during rotation.  

 A combination of all the above mentioned forces - 

aerodynamic, centrifugal and gravitational loading have been applied on the test blade to simulate the typical working 

condition of a wind turbine rotor. The resultant stress-time series is presented in Fig. 3. The cyclic nature of the load 

is evident from the figure.  

B.   Fatigue Simulation of the wind turbine blade using Helius PFA 

A wind turbine blade works under multi-axial loading, which causes non-linear damage accumulation in the blade. 

However, the common fatigue analysis procedures of wind turbine blade assume linear damage accumulation rules29, 

30. In a recent publication, Hu et al.31 used Miner’s sum (a linear damage model) to calculate damage accumulation in 

a wind turbine blade. The fatigue damage methodology used in this paper does not use such linear approximations 

(section II.B) and is capable of working with a multi-axial complex stress-state which is typical of a wind turbine 

blade. Moreover, Fertig et al. 6 has shown that this methodology can be used to predict the fatigue behavior of angle-

ply laminate based on lamina level characterization.   

  The fatigue methodology requires in-situ properties of the constituents, static strength of the laminae and two 

fatigue characterization curves. Even though the report by SNL provides a great deal of information about the SWiFT 

wind turbine blade, unfortunately it does not provide any lamina strength or fatigue S-N data that is required by our 

methodology to fully characterize the laminate. Hence we adopted the strength properties of material 

S2_Glass_Epoxy2 from the material library of Helius PFA, along with the in-situ properties of the glass fiber and 

 

Table 3. In-situ properties and lamina strength properties used in the fatigue model collected from Helius PFA 

material manager.  

 

 E11 E22 G12 ν12 ν23 +S11 -S22 S12 

Fiber (glass) 8.000E+10 8.000E+10 3.333E+10 0.200 0.20    

Matrix 

(thermoset 

epoxy) 

3.500E+09 3.500E+09 1.296E+09 0.350 0.35    

composite      1.70E+09 -1.80E+08 7.20E+07 

 

 
Figure 3. Time variation of stress components of a 

section point. 
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thermosetting polymer matrix. These properties have been presented in Table 3. As noted earlier, two fatigue curves 

are required to characterize the fatigue behavior of a lamina in Helius – one longitudinal fatigue curve and another 

off-axis fatigue curve. The S-N data to characterize the laminas of the SWiFT blade were taken from the work by 

Hashin and Rotem3 for a E-glass/epoxy composite. Table 4 reports the data.       

A static analysis of the test blade was performed as a prequel to the fatigue simulation to determine the cyclic 

loading on the blade during one complete cycle. The effective stress state of the matrix (called SDV2 in Helius, a 

solution-dependent MCT state variable) has been used to generate the fatigue loading cycle on the blade. The region 

with the maximum value of SDV2 has been chosen to define the cyclic loading on the blade, since high stress 

concentration areas are the likely regions for the initiation of failure. Figure 4 shows the fatigue loading cycle used 

for progressive fatigue analysis of the blade.   

The fatigue simulation of the SWiFT blade was performed with the maximum value of the static load applied on 

the blade, along with the load variation shown in Fig. 4 used to define the fatigue loading cycle. Since Helius can be 

 

 
Figure 4. P/P_max variation during one full 

revolution of the wind turbine blade rotating at 43 

rpm. 

 

Table 4. Fatigue S-N data for the blade materials. 

Properties of E-glass/epoxy composite found in 

literature.  

Stress 

(Pa) 

N 

 

f 

(Hz) 

R 

 

Angle of 

Loading 

9.344E+08 2.08E+04 18.8 0.1 0 

9.045E+08 3.44E+04 18.8 0.1 0 

8.802E+08 4.79E+04 18.8 0.1 0 

8.447E+08 6.40E+04 18.8 0.1 0 

8.148E+08 8.00E+04 18.8 0.1 0 

2.956E+07 6.20E+02 19 0.1 60 

2.805E+07 2.69E+03 19 0.1 60 

2.635E+07 8.99E+03 19 0.1 60 

2.484E+07 6.23E+04 19 0.1 60 

2.352E+07 1.54E+05 19 0.1 60 

 

 
 

Figure 5. Initiation and propagation of matrix failure in the Swift wind turbine blade in as indicated by the 

failure index.  
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applied to unidirectional and woven composites, we have performed our analysis on the plys of the unidirectional 

composite laminates of the SWiFT blade. Therefore, the isotropic materials and the T900 triaxial material of Table 1 

were not included in the fatigue analysis.  

The results from this analysis are presented in Fig. 5. The damage state is represented by SDV1 and the indices 

correspond to: 1 = no failure (blue), 2 = matrix failure (green) and 3 = matrix and fiber failure (red). The maximum 

fatigue damage of section points through the laminate thickness is used to represent the damage for each element. As 

can be seen from the Fig. 5, the initiation of matrix failure occurs near the root region, the high stress concentration 

region of the blade. The matrix failure shown here is the first ply failure and does not indicate that the matrix of the 

whole laminate has failed. This indicates the capability of prediction of fatigue critical areas of the blade. We can also 

identify the specific ply(s) in the composite laminate where matrix damage initiates and subsequently propagates with 

increasing load cycles. The maximum values of matrix damage occurred in ply 26 of the spar cap composite laminates 

containing the UD1200 unidirectional ply.    

IV. Conclusion 

We have outlined a comprehensive methodology for investigating fatigue life of a realistic wind turbine blade 

using a physics-based methodology in conjunction with the realistic aerodynamic loads. A composite wind turbine 

blade was designed in the finite element code Abaqus using data provided by Sandia National Labs. Details on creating 

the blade model and the blade properties have been documented in this paper. High-fidelity aerodynamic loads were 

generated on the blade using the CFD code NSU3D for a test case of 12 m/s wind velocity. Gravity and centrifugal 

forces were also defined on the blade, creating a multi-axial variable amplitude loading condition on the blade. A 

physics-based fatigue methodology was used to evaluate the fatigue life of the wind turbine blade under this complex 

stress-state. The obtained results identified the fatigue-critical areas of the blade, showed the initiation and propagation 

of damage and also quantified the amount of fatigue damage accumulated in the composite laminates. Since this 

fatigue methodology is computationally efficient and requires little material characterization data, it has the potential 

to be a powerful tool for design of fatigue critical composite structures.  
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