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A B S T R A C T 

New advanced composite blades design methodologies can significantly impact the 

performance and reliability of wind turbine technologies. Current approaches employed 

in designing composite turbine blades, resort to sophisticated multiphysics codes taking 

into account fluid-structure interaction. When it comes to structural health monitoring and 

damage progression, the practitioner needs to evaluate the integrity of the composite 

structure by using in-situ real-time techniques, often neglecting the effect of the 

degradation of structure properties, particularly when addressing complex aeroelastic 

simulations. This work contributes to the state-of-the-art of damage progression in 

composite blade under dynamic operating conditions. Due to computational inefficiencies 

and the high demands of computational resources, dynamic aeroelastic simulations and 

performed using reduced order models. Wind turbine rotor blades are efficiently modeled 

using a thin-walled beam (TWB) approach, a ID FE model capable of capturing most 

essential characteristics of slender structures. The TWB was chosen because enables to 

recover the strains and stresses for all layers at any position of the blade, therefore 

enablesthe integration of failure models capable of predicting the propagation of damage 

in the structure. Due to its computational efficiency it is possible to integrate the TWB in 

a dynamic aeroelastic environment capable of describing the fluid-structure interaction 

occurring during operational conditions. The proposed architecture enables the evaluation 

of the blade structural integrity at every time-step. Failure criteria are checked at every 

time-step and when met, the mechanical properties of the damaged area are degraded and 

the stiffness matrix of the structure is updated. This approach fully couples the 

aerodynamics loads, structural and inertial loads, along with the effect of the damage 

caused by the applied loads. The ultimate goal is to provide the practitioner tools for the 

evaluation of blade integrity during operational condition, to assess their behavior during 

aeroelastic simulations and to provide insight into damage progression and reliability of 

composite turbine blades. 
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Chapter 1. 
Introduction 

Chapter Summary 
Wind energy in the fastest growing energy source in the world. This chapter introduces 

the increasingly importance of improving the design of wind turbine rotor, particularly in 

multiphysical scenarios which requires sophisticate computational tools. After some 

introductory remarks the blades damage assessment is explained and research 

opportunities are discussed. Finally, the objectives of the thesis are defined along with the 

current accomplishments. 

1.1. Background 
Concerns are rising as the price of fossil fuel is escalating and emissions from non

renewable energy sources are significantly polluting the environment. There is evidence 

suggesting that grave anthropomorphic climate changes could take place, a motivating 

factor as our society is starting to replace traditional energy production processes with 

others capable of reducing greenhouse gas (GHG) emissions, responsible of the global 

warming. Moreover, the scarcity of fossil fuels [ 1,2] and their unstable price is negatively 

impacting society, leading to destabilize national economies. 

This situation has stimulated the growth of the use of renewable energy resources to 

replace and complement non-renewable sources, and wind energy is a fast growing 

alternative for a sustainable future. In 2010, installed wind power capacity reached 197 

gigawatts, satisfying about 2.5% of the world's energy demand [3], and expected to rise to 

9.1% by 2020 [4]. Figure 1.1 illustrates the exponential growth trend of recent years. 
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Figure 1.1: Global annual installed wind capacity 1996-2010 [3] 

This fast growth is achieved by both expansion in space occupied by wind turbines 

(including offshore wind farms), and, as technology gradually improves, an increase in 

rotor size, which allows higher energy capture for a given generator size and reduces 

overall energy production cost [5]. Figure 1.2 summarizes the growth of commercial wind 

turbine size and speculates about trends for the near future. 

Figure 1.2: Rotor size evolution of wind turbines [6] 
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1.2. Wind Turbine Damage Assessment 
Among others, offshore installations location and larger blade size impose severe 

operational conditions to wind turbine rotors due to high static and dynamic wind loads. 

The design of large, flexible and slender blades require abandoning traditional tools (static 

analysis, uniform inflow, etc.) in favour of advanced dynamic simulations coupling 

unsteady aerodynamic loads with structural elements to predict realistic wind turbine 

response [7]. Recent investigations [7-15] describe the current state-of-the-art in 

aeroelastic analyses in some detail, the success of which highly depends on the structural 

model's ability of reproducing static and dynamic behaviour under complex aerodynamic 

flow conditions. To this end, finite element (FE) and modal models are two main 

approaches. Due to the very extensive computational resources required in aeroelastic 

simulations, finite element representations are limited in practice to ID classical beam 

models, which have the potential to reduce the size of the analyzed system down to a few 

dozens of degrees-of-freedom (DOF) albeit at the expense of accuracy and loss of detail 

due to the simplification of geometry and material layup [16]. On the other hand, modal 

approaches rely on linear mode superposition for representing overall structural 

behaviour, and their accuracy depends on generating sufficiently refined mode shapes for 

different rotor speeds [17]. 

It is important to couple the structural dynamic model of the blade with reliable 

damage models to determine when and how the material degrades and fails. In addition to 

improved design, for structural health monitoring purpose the availability of advanced 

computational models that accounts for damage progression would allow going from 

scheduled based maintenance to conditional based maintenance, clearly reducing the 

significant inspection costs [18,25,26]. Currently, the structural integrity of the blade is 

assessed based on results provided by aeroelastic simulations in tandem with 

experimentally-obtained or theoretically-derived damage/failure models [8,19-22]. 

However, computational demands of the interaction between damage progression and 

aeroelastic response easily exceeds available computing power in design labs. 

Current approaches for modelling composite blade's dynamic behaviour in aeroelastic 

codes (via classical ID FE-beam and modal models) use condensed mechanical and 
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geometrical properties, therefore it is very difficult if not impossible to track damage 

progression on a layer-by-layer basis. A further difficulty is that the blade's rigidity must 

be updated at individual layers whenever a damage event takes place, which in turn affects 

wind aerodynamic loads. Thus, detailed 2D or 3D FE models, easily involving several 

thousands of DOFs [23-24], are impractical in real-life's aeroelastic Progressive Failure 

Analysis (PFA). For this reason, practical ID FE models must have the ability of 

recovering shell's strain and stress three-dimensional fields in order to evaluate damage 

progression in the whole structure. Thin-walled beam (TWB) models provide an effective 

one-dimensional representation of the dynamics of a composite structure, while allowing 

recovering the layer-resolved strain and stress fields to evaluate structural damage 

progression. 

There is little work documented in literature on the combination of beam FE models, 

recovery of shell strains/stresses and damage tracking. L i [8] in her doctoral thesis uses 

the V A B S methodology [16] in combination with a damage model to optimize the 

structural properties of a helicopter rotor blade. She first calculates the strain/stress 

distributions in the blade for a typical helicopter maneuver and then performs an offline 

fatigue damage analysis for the complete aeroelastic time series generated from a multi-

body dynamic software package. In case non-acceptable damage occurs the design is 

revised and newly subjected to a failure analysis; otherwise the design is deemed to be 

appropriate. While this approach allows for blade optimization in complex aeroelastic 

situations it does not provide a platform for integrated damage progression analysis, where 

the structural properties of the blade are continuously updated while damage progresses. 

Pawar and Ganguli [25] described an integrated damage model obtained by combining 

a matrix-cracking damage model developed by Gudmundson et al [27-28], ply de-

bonding/de-lamination and fibre-breakage models developed by Shahid and Chang [29], 

and a TWB model developed by Chandra and Chopra [30]. In their work the authors 

obtained relationships between the blade response and damage densities. A static load is 

applied to the rotor blade and the structural response of the blade as a function of the 

damage level is calculated. In a follow-up paper [26] Pawar and Ganguli studied the effect 

of the damage level on the natural frequencies of a rotating thin-walled beam. In both 

papers the stated objective of the authors lies with structural health monitoring, requiring a 
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relationship between the global damage level and the static and dynamic response of a 

blade. The authors do not provide, however, a model capable of predicting damage 

progression as a function of applied load or spatial distributions of the damage in response 

to a given load. Although these results could be valuable for ground-based health 

monitoring equipment, applicability for design purposes and life assessment is rather 

limited. 

1.3. Scope and Approach 
Based on the aforementioned exposition, the purpose of this work is to implement a 

Progressive Failure Analysis (PFA) into a computationally-attractive composite Thin-

Wall Beam (TWB) Finite Element (FE) model subject to operational (gravitational, 

centrifugal and aerodynamic) loads during an aeroelastic simulation. The aerodynamic 

loads are obtained via Blade Element Momentum (BEM) theory [31]. 

The selected TWB model was originally developed by Librescu and co-workers [32-

35], subsequently discretized via FE by Vo and Lee [36-38], and later specialized for the 

case of a generic turbine blade by Cardenas et al.[39]. This TWB model allows inclusion 

of material anisotropy, arbitrary laminate lay-ups, and shear deformability, thus being able 

to represent fundamental structural behaviour of complex 3D shell or solid FE models 

with reasonable accuracy [39]. Stress/strain fields for individual layers can be recovered 

based solely on nodal FE displacement solutions, thus allowing PFA at any layer and 

position of the structure. 

A further advantage is the availability of analytical expressions for arbitrary cross-

section's stiffness, making damage tracking a more straightforward task during a 

displacement-based FE analyses. 

To perform the PFA the failure criteria implemented are the one by GENOA, 

commercial software specialized in composite failure analysis [40], which main features 

are described in Chapter 2. 
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1.4. Organization of Contents 
• Chapter 2 presents a literature review of the models used to predict and progress 

damage in composite material. Special attention is paid in describing Genoa, the 

computational platform using shell finite elements that used to compare the 

proposed TWB based progressive damage predictions. 

• Chapter 3 describes the theory of the TWB and explains the model shells 

capabilities. 

• Chapter 4 presents a numerical validation of a thin-wall beam (TWB) finite 

element (FE) model of a realistic wind turbine rotor blade. Static and dynamic 

results predicted by the TWB are compared against a model created using an 

higher order shell model. 

• Chapter 5 describes the implementation of the progressive failure analysis into the 

TWB modeling framework. The damage predicted by the TWB model due to 

static loads are compared those calculated using a higher order shell element 

model. 

• Chapter 6 illustrates the platform created for the modeling of dynamic damage 

propagation in complex composite structures and provides selected examplary 

cases simulating the rotor in parked and rotating conditions. 

• Chapter 7 provides concluding remarks and recommendations and a future 

outlook. 
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Chapter 2. 
Damage in Composite Materials 

Chapter Summary 
A literature review of the type of models used to predict damage in composite is presented 

in this chapter. The ranking of their ability to describe the response and failure behavior 

of various laminates under a broad of loading conditions is based on the Worldwide 

Failure Exercise. Finally, an pertinent details related to Genoa and its failure criteria are 

provided. 

2.1. Failure criteria review 
Typically, wind turbine blades are constructed from fibre reinforced polymers, due to their 

high stiffness-to-density and strength-to-density ratios and good fracture toughness [1]. 

Continuous glass-fibre composites are preferred due to lower cost, although designers are 

moving towards stiffer carbon fibres as they are slowly becoming affordable for the wind 

industry [2]. As the materials used are significantly cheaper than aerospace materials, 

their defects which might lead to structural damage are a critical concern. There is a 

strong need for composite failure criteria and degradation models which are simple 

enough for application in common engineering problems while still being in good 

agreement with physical evidence. In contrast with isotropic metallic materials, failure 

criteria for composites must account for inherent anisotropy and many other particularities 

in order to achieve an accurate prediction. Most of available failure criteria create a 

geometric envelope within a tensor space (stress, strain), where the region inside the 

envelope represents a damage-free zone 
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Chapter 2-2 

In his PhD thesis [3], Arellano-Escarpita presents a literature review of failure criteria 

for composite materials based on [4-5]. They are classified them as: parametric, 

phenomenological, micromechanics, and probabilistic. Figure 2.1 shows the rate of use 

among the design engineers for different failure models. The phenomenological and 

parametric failure models are the most popular due its simplicity and relative good 

accuracy. 

Figure 2.1: Rate of use among composite designer for different failure criteria [4] 

2.1.1. Parametric failure criteria 

Parametric criteria are based on empirical data and they are described in [3] as a 

mathematical expression to fit a failure envelope generated by experiment results. Tsai-

Hil l and Tsai-Wu are the most known criteria in this category and its popularity is due to 

their success predicting certain failure conditions and relative simplicity of 

implementation (see Figure 2.1). The shortcoming of the parametric criteria, which limit 

their extrapolation, is the fact that they do not distinguish among failure modes and they 

do not offer a physical explanation for damage's nucleation and progression [3]. The 

failure envelope given by Tsai-Wu [4-5] for plane-stress orthotropic materials is: 
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2.1.2. Phenomenological failure criteria 

Phenomenological criteria are based on the understanding of the material's failure modes 

at the macroscopic level and they address each mode separately. Examples of this 

category are [3]: 

a. Maximum Stress and Maximum Strain Criteria [3]. They can be considered the 

most used criteria due their simplicity (see Figure 2.1). Those criteria predict failure when 

some of the stress or strain components in a given direction reach a threshold value 

determined by uni-axial experiments. The following equations defines when the failure 

occurs: 
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S represent the material's strength limit while the upper indices t, c, s indicate tension, 

compression, and shear, respectively; sub-indexes 11, 22 and 12 correspond to directions 

parallel, transversal and in-plane to the fibre. The bilinear interaction parameter (Fj^) 

ranges between 1 and -1, the specific value being determined by the properties of each 

laminate; usually a value of-0.5 is used in absences of data reported by literature [3]. 

A modification of the Tsai-Wu criterion is the Tsai-Hill [4-5] and the difference is the 

definition of a piece-wise failure envelope for each quadrant: 

Tsai-Hill defines a specific set of parameters which depends on the nature of the load 

(tensile or compressive). 
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The composite material fails when f>l. The main shortcoming of this kind of criteria is 

the non interaction among multi-axial stresses. 

b. Hashin-Rotem criterion [3]. This criterion can distinguish among failure modes 

associated to matrix or fibres separately and the failure occurs according with the 

following equation: 

Eg. 2.6 

c. LaRC04. In [3] this approach is considered one of the best criteria due to its 

capability for predicting relatively accurate failure envelopes for a wide array of 

load conditions, specifically compression and shear. LaRC04 criteria consist on a set 

of six independent equations, each corresponding to a specific failure mode. The 

full sets of equations and their description, which conforms LaRC04 can be found in 

[6]: 

2.1.3. Micromechanics strength prediction 

According to [3], the micromechanical approaches model separately the fibres and matrix 

of the composite to predict overall mechanical properties (elastic modulus and strength) as 

well as failure onset. The simplest models consider isotropic, linear elastic and perfect 

aligned fibres in the matrix with no discontinuities at interfaces. However, they have some 

limitations calculating transverse modulus due to the stress concentration around the 

fibres. A More advanced model [7] solves this limitation and it is based on analytical 

solutions of stress/strain fields coupling the deformation of an ellipsoid (fibre) surrounded 
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by a matrix. In the case of textile composite, [3] recommends the use of a 3D F E M 

approach due to their entangled geometry [8-10]. One of the most successful methods 

based on micromechanical-FE approach is the Multi-Continuum Theory (MCT), capable 

of describing the multiple phases which co-exist in a single material point [9-10]. 

2.1.4. Probabilistic criteria 

The last failure criteria category described in [3] are probabilistic type. This approach 

generates failure envelopes using statistical methods based on experimental tests. The 

criteria generated by this method don't consider any interaction among individual 

constituents. However, it is possible to generate a complex failure envelope to fit precisely 

experimental data. The disadvantage of this approach, similarly to the parametric method, 

is the inability to extrapolate to different load cases. The failure criteria of Kriging [4] are 

an example of a statistical approach. 

2.2. Failure criteria evaluation 
A comprehensive comparison of laminate failure models was established to assess the 

state-of-the-art in laminate modeling technologies (known as the Worldwide Failure 

Exercise) [11]. In mentioned study, Hinton, Kaddour and Soden compare 19 models to 

predict laminate response and failure behavior of various laminates under a broad range of 

loading conditions. 

2.2.1. Characteristic of the theories 

The authors [11] describe the principal key features of the evaluated theories as: 

• Method of analysis: Theories are divided between those which use FE together 

with Classical Laminate Theory as the main approach and the rest which use only 

(CLT). 

• Type of analysis: This feature refers to whether the author of the theory 

considers linear or nonlinear material properties. 
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• Modes of failure: In this category, the authors grouped to the level of ability of the 

theories to identify specific modes of failure during the loading event. At least 

almost all theories are able to identify between two or more mode of failure: a) 

fibre failure (tension, compression or shear), b) matrix failure (transverse tension, 

transverse compression, shear or a combination of them). The modes of failure 

are predicted using the lamina properties with exception of Mayes, Huang and 

Chamis which use the constituent fibre and matrix properties. 

• Micromechanics: This feature describes whether the theory is based on a 

micromechanical approach. About half of the theories employ micro mechanics in 

their formulation 

• Post-initial failure degradation models: Some of the theories specify a 

degradation model to account for post initial failure behavior. Once the first ply 

failure or initial failure has occurred, the multidirectional laminates are still 

capable to carry load. Modelling the post failure behavior of a laminates requires 

certain assumptions to degrade the properties of the failed lamina. For further 

details of the post failure models it is necessary referring to [11]. Hinton and 

colleagues classified into the three main groups the post failure methods: 

a) Models employing no post failure analysis. 

b) Models employing sudden reduction in the properties of the failed lamina. 

c) Models employing a gradual drop in the properties of the failed lamina. 

2.2.2. Ranking of theories 

In order to assess the predictive capabilities of the theories, Hinton and colleagues 

complete a systematic comparison of the predicted results against experimental evidences. 

The authors selected 125 cases which covered five ranking categories [11]: 

1. Biaxial strength of unidirectional lamina. 

2. 'Initial' biaxial strengths of multi-directional laminates. 

3. 'Final' strengths of multi-directional laminates. 

4. Deformation (stress-strain curves) of multi-directional laminates. 

5. Ability to predict the general trends observed in the test data. 
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and described the scoring system rules applied to these cases, as follows: 

• Grade A (i.e. the prediction lies within ± 10% of the experimental value). 

• Grade B (i.e. the prediction lies between ± 10% and ± 50% of the experimental 

value). 

• Grade C (i.e. the prediction lies below 50% or above 150% of the 

experimental value). 

• Grade N A (i.e. no solution offered). 

Table 2.1 Summary of the grades obtained by each theory evaluated in the WWF exercise. 
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In Table 2.1 are summarized the grades scored by the theories evaluated in the WWF 

exercise. The maximum grade to score is 125. The authors claim that the result of this 

comparison highly depends on the accuracy of the experimental predictions. Additionally 

they accept that even when they applied relatively strict rules to rank the theories, it is 

possible that some of the strengths and weaknesses of each of the theories could be not 

noticed unintentionally. 

2.3. GENOA (Chamis model) 

2.3.1. Software description 

Among all damage theories found in literature, only that of Chamis and Mayes (MCT) are 

already incorporated into commercial FE codes to predict the failure behaviour of 

complex composite structures [11]. Chamis and Minnetyan implemented this model in 

CODSTRAN [12], which later evolved into GENOA [13], which is Progressive Failure 

Analysis (PFA) software by AlphaStar Corporation. For this reason, same criteria were 

chosen for the progressive failure analysis based on the TWB model developed in this 

thesis. This enabled a side-by-side comparison with a 3D Shell FE GENOA model, at 

least for the static loading cases. 

Figure 2.2: CODSTRAN simulation cycle [12] 
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Composite Durability Structural Analysis (CODSTRAN), which is the previous 

version of GENOA, is a computer code consisting of three modules: composite 

mechanics, FE analysis, and damage progression modelling. Figure 2.2 shows a 

schematic of the computational simulation cycle in CODSTRAN. The Integrated 

composites analyzer (ICAN) module [14] is recalled before and after each FE analysis. 

First, the I C A N module computes the composite properties from the fibre and matrix 

constituent characteristics and the composite layup. Then, the FE module accepts the 

composite properties at each node and performs the analysis at each load increment, 

computing nodal forces and deformations of the F E M model. This information is supplied 

to the I C A N module which evaluates the amount and nature of local damage, i f any, in all 

plies of the composite laminate. Individual ply failure modes are assessed by I C A N using 

failure criteria associated with the negative and positive limits of the six ply-stress 

components in the material directions, as follows: 
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•!>!! represents the ply longitudinal tensile strength failure mechanism, which is 

dominated by fibre's strength, represents the corresponding compression value, where 

matrix is more involved. 5 | 2 and S | 3 represent the failure mechanism for transverse 

tension dominated by matrix tensile strength. This is also known as matrix splitting, 

micro-cracking or interfacial bond failure. S%2 and 5 | 3 represent the failure mechanism 

for transverse compression dominated by matrix compressive strength. S[2, S23 and S(3 

represent shear ply failure mechanisms dominated by matrix shear strength and interfacial 

conditions. 
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Strengths can be calculated by ICAN based on constituent fibre and matrix strengths 

and micromechanics equations [14]. In addition to failure criteria based on the above 

stress limits, the Modified Distortion Energy (MDE) failure criterion is also considered, 

which takes into account combined stresses [15]. The M D E failure criterion is expressed 

as: 

Within this approach failure takes place when f <= 0 and failure modes can be either 

fibre- or matrix-related, depending on dominance of the magnitudes of the squared terms 

in Eq. 2.8. Given a fibre-driven failure event, both fibre (£///) and matrix (Em) longitudinal 

moduli are replaced by negligible (instead of zero, to avoid numerical errors) values so 

that the ply effectively stops carrying load. For a matrix failure, its modulus is replaced 

with a negligible value (E m «0). Micromechanics relations [14] are used to compute 

revised properties (longitudinal modulus En, transverse modulus E22, shear modulus Gl2, 

and Poisson's ratios vL12, vL13 and vL23) of the failed lamina. The revised properties are 

then used to carry out Progressive Failure Analysis. The procedure is repeated until all 

plies have failed and the laminate cannot carry any more load (see Figure 2.2). 

2.3.2. W W F evaluation of Chamis theory 

In [11] it is possible to assess the performance of the Chamis theory from the WWF 

exercise. The comments provided by Hinton and colleagues reflect the result obtained in 

Table 2.1: 

• Chamis theory gives a good description of measured unidirectional lamina failure 

envelopes. 

• The maximum shear stresses observed in experimented combined direct and shear 

loading are not well predicted for unidirectional lamina. 
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• The predicted initial failure stresses for multi-directional laminates were lower 

than the data from experiments and lower compared with the predictions of many 

other theories. 

• The main weakness of the theory is the prediction of laminate behavior where the 

initial failure occurred at a low stress level but final failure occurred at much 

larger stress. 

• This theory cannot predict non-linear stress-strain curves. 

• The overall performance was not quite as good as some other theories. 

Although this evaluation provides a good to fair to Chamis theory, with several 

advantages and drawbacks, the author has implemented this model in the work presented 

in the following chapters as it provides a mean of comparison with a state-of-the-art finite 

element code based on this theory. 
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Chapter 3. 
Thin-Walled Beam Model 

Chapter Summary 
The TWB theory is introduced in this Chapter. The basic assumptions of the model are 

described and the equations needed to recover strains and stresses of any laminate ply at 

any blade position are presented. The shell capabilities of the TWB model allow a further 

implementation of failure criteria in order to perform a progressive failure analysis. 

Rotor blades, such as the one used on rotorcrafts and wind turbines, are among the most 

critical structural components of rotor systems, thus advanced tools must be employed at 

the design and performance analysis stages [1]. The optimization of such components 

using recursive fluid-structure dynamic simulations of detailed 2D or 3D finite element 

(FE) models, can easily involve several thousands of degrees-of-freedom (DOF) [2-3]. As 

it was indicated in earlier chapters, to perform advanced composite blades complex 

numerical simulations, such as the one involving flow-structure interaction, it is practical 

to use ID Beam FE models. Models with the ability of recovering the shell's three-

dimensional strain and stress fields are needed to evaluate damage progression in the 

whole structure during the aeroelastic vibrations. One of the most advanced analysis tools, 

which is suitable for rotor blade applications, is the Variational Asymptotic Beam Section 

Analysis (VABS) reported in [4-6J.VABS mathematical basis is the variational-

asymptotic method developed in [7] which transforms a general 3D nonlinear elasticity 

problem of a beam-like structure into a 2D linear cross-sectional analysis and then into a 

ID nonlinear beam problem (see Figure 3.1). V A B S is capable of capturing the trapeze 

and Vlasov effects and calculate the ID sectional properties including transverse shear 

C3-1 This Chapter constitutes an amended version of the journal paper D. Cardenas, H. Elizalde, P. 
Marzocca, O. Probst. Numerical validation of a finite element thin-walled beam model of a composite wind 
turbine blade Article first published online: 18MAR2011 DOI: 10.1002/we.462 Wind Energy 2011 
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refinement. Validations against 3D FE models resulted in a reduced computational effort 

of three orders of magnitude, with very good agreement for stress/strain results [8]. 

Figure 3.1: Decomposition of a 3D blade problem into a ID Beam [9] 

Despite its advantages, V A B S methodology cannot be integrated into an aeroelastic 

damage progression platform in a straightforward way. V A B S required a 2D mesh (see 

Figure 3.2) of the different cross sectional areas of the structure in order to perform a FE 

analysis and obtain the sectional stiffness [9]. Once the stiffness parameters of the 
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transverse areas have been obtained it is possible to reduce the problem to an equivalent 

ID beam. Executing a FE analysis whenever a layer is damaged to update the stiffness 

properties of a transversal area would represent a high recursive computational effort. 

Figure 3.2: Geometry layout and mesh of a cross sectional area used in the V A B S approach [9]. 

In the present work, an alternative approach is pursued, based on the TWB theory 

developed by Librescu and co- workers [10-12] and subsequently discretized via FE by 

Vo and Lee [13-16]. This choice is motivated by the fact that Librescu's formulation 

provides analytical expressions for the stiffness matrixes of the transverse sections which 

are useful for damage progression analyses during an aeroelastic simulation, although 

possibly at the expense of a lesser accuracy compared to other formulations, including 

V A B S [4]. 

The Librescu's theory allows constructing an accurate yet computationally efficient ID 

FE beam model capable of retaining most essential features found in generic rotor blades: 

thin-walled hollow section with variable thickness along the section's contour, inner 

reinforcements, anisotropic laminates with arbitrary material layup and fiber orientation, 

transversal shear, etc. Other features, such as tapered section and geometric/material non-

linearities can be incorporated in a straightforward fashion [10-17]. The latter would 

require only slight modifications to the proposed displacement field, avoiding the small-

angle assumption by retaining the full trigonometric expressions, thus yielding a few non

zero Lagrange-type strain terms generate a non-linear stiffness matrix, which must be 

solved iteratively. Having said this, the present application is, for the time being, restricted 

to linearity. 
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The cross-section stiffness is calculated by a double integration of main properties 

through the thickness and along the shell's contour, so the formulation is able to 

distinguish properties arising from different regions of the shell (region with damage 

included). This allows, in principle, full deformation and stress fields to be recovered for 

post-processing analyses such as advanced composite failure criteria. Moreover, since the 

cross-section's stiffness is calculated "off-line" once for each, the geometrical and 

material complexities of the cross-section do not exert influence on element size, as it 

does on FE models based on shell and solid elements, one of the limitation of the use of 

V A B S approach like to this problem. This is a main feature which impacts directly on 

computational economy, and make obvious the advantage of using the proposed approach 

for the problem at hand. Therefore the TWB model was chosen mainly for simplicity, 

reasonably good accuracy, and its availability in analytical form, which makes this 

approach physical based. 

3.1. Kinematics 
Figure 3.3 shows a generic element of a typical wind turbine blade, illustrating main 

features required for the analysis [10-14]. Each section can be reinforced by one or more 

shear webs, where the area enclosed by a given closed contour defines a cell. The origin 

of the main coordinate system (CS) x,y,z is placed at the pole p, defined at the intersection 

of the beam's cross-section with an arbitrary line running along the radial direction of the 

beam (parallel to z axis). Displacement of the pole p along the x,y,z coordinates are 

denoted by U, V, ̂ respectively. \px, i/jj,,(p and represents the angular displacement of 

the cross-section with respect to the x, y, z and warping directions, respectively. A 

secondary CS s,n,z measures tangential (u ), normal (v ) and axial (w ) displacements of 

an arbitrary point located on the shell's mid-surface, defined equidistant from the upper 

and bottom surfaces of the beam's shell (see Figure 3.3). Both CS are related via angle 6 

and vectors r and q, which are parallel to the n and s axes, respectively. The wall thickness 

can have an arbitrary circumferential variation (along the contour), as long as it remains 

thin; this variation is assumed uniform throughout the element's length. It is 

recommended in [10] the use of the TWB model to structures where the total length is at 

least 10 times larger than any characteristic dimension of the cross-sectional area. 
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Figure 3.3: A) generic beam element of a wind turbine blade. B) Mid-surface and Coordinate 

Systems (CS) [29] 

The TWB model is based on the following assumptions [14]: 

1) Small strains. 

2) The beam's cross-sections do not deform in their own plane. 

3) Uniformity of the transverse shear strains Yxz, Y°yz

 a n d warping shear y"^ over the 

cross-section is assumed. According to [30] the shear effect depends on the boundary 

conditions and aspect ratio (length of the blade divided by the cross-sectional 

dimension). The effects become important for aspect ratios smaller than 5. 

4) The Kirchhoff-Love assumption in classical plate theory remains valid for 

laminated composites (mid-surface plane is used to represent a 3D plate). 
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The Based on these assumptions mentioned above, the mid-surface displacement field 

can be expressed as: 

where 6>i(s) is the primary warping function, ujx(z),vjjy(z) and ih<o(z) represent the 

rotations of the beam's cross section (see Figure 3.4) with respect to the x, y and z axis 

The prime (') indicates differentiation with respect to the axial coordinate z. A n Euler-

Bernoulli beam model (non-shear deformation) is obtained ignoring the transverse shear 

effect. Eq. 3.2 is then reduced to: 

Eg. 3.1 

given by: 

Eg. 3.2 

Eg. 3.3 
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Figure 3.4: Angular displacements of TWB in the yz plane (A) and xz plane (B) 

The full displacement field of an arbitrary point of the beam's shell (w,V,w)is related 

to the mid-surface's (u, v, w) by: 

The term F(n,s) is the complete warping function which is defined in the following 

section. 

3.1.1. Warping theory 

A n description of warping theory is offered in the master thesis of Aguirre [31], where 

warping is referred to the out of plane displacement of a cross-section undergoing torsion, 

which is precluded for certain geometries such as circular cross sections [10]. When the 
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warping displacements are constrained appears a warping torsional moment which is 

dived in two [31]: 

1. Warping shear stresses (Figure 3.5), acting tangential to the cross-section, 

constant across the thickness and varying along the contour. 

2. Warping normal stresses (Figure 3.6). They arise as a result of constraining 

compression/tension axial displacements due to torsion of the element. They vary 

along the contour of the cross-section. 

These types of stresses have to be added to the bending and shear stresses already 

present in the cross-section. The warping stresses are neglected for closed section. 

However they can be significant in open cross-sections [31]. 

Figure 3.5: Warping shear stresses in some open cross-sections [19]. 

Figure 3.6: Warping Normal Stresses in some open cross-sections [19]. 
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Warping displacements can be split into primary and secondary warping (see Figure 

3.7). The former is associated with the (average) mid-surface's motion, while the latter 

represents the contribution of points off the mid-surface [10,18-21]. 

Figure 3.7: Warping displacement behaviour [28]. 

Librescu formulation for composite thin-walled beams [10], assumes the warping 

displacement in pure torsion as: 

Eg. 3.7 
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Eg. 3.5 

where F(n,s) is a total warping function specifically derived for open and closed 

cross-sections, and (p'(z) is the rate of twist of the beam element with respect to the axial 

beam coordinate. The warping function can be divided into primary ((Dxts)) and 

secondary (o>2 (n, s)): 

Eq. 3.6 

where oi 2(n,s) is subsequent divided into (o 2 A(n,s) and (o 2 B(n,s). The primary 

warping depends only on the geometrical and material properties of the contour while the 

secondary warping is also function of the variable n (position in the wall thickness). 

Finally the complete warping function is expressed for open and closed cross-sections as 

follows [31]: 
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where t(s) is the thickness and Gsz{s) is the tangential shear stiffness which depends of 

the contour position s. L is defined as: 

and Qsets) is the plane-stress shear stiffness of a composite ply, in the global beam 

coordinate system [22-23]. Aguirre mention that for closed sections usually only co^s) 

and o)2A(n,s) are considered, as co2B(n,s) vanishes when both, the thickness and the 

tangential shear stiffness are constant along the contour. It is convenient to choose a 

contour origin and pole position which allow satisfying the condition: 

Chapter 3-10 

For a multilayer composite laminate the tangential shear stiffness G S z( s ) is taken as: 

where A66(s) is obtained once the ABD matrix is calculated [22-23] and represents the 

composite shear stiffness: 

Eg. 3.12 

Eq. 3.12 implies that the warping displacement w(n ,s ,z ) w is continuous along the cros 

section perimeter. To complete the warping function a constant C must be subtracted an< 

it is defined as: 

Eg. 3.13 
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3.1.2. Strain in T W B 

Based on assumption 1, the full strain field is defined by: 

Using Eq. 3.14 the full shell strain field is: 

The term F(n, s) is the complete warping function as defined in the previous section 

Eq. 3.8. For convenience, the following terms are defined as they appear naturally on the 

mathematical formulation [31]: 

Eq. 3.16 

3.2. Constitutive equations 
Wind turbine blades are typically manufactured using multi-layer laminated composites, 

each lamina having arbitrary thickness, material properties and fibre-orientation. The 

overall behaviour of a composite thin shell can be approximated by a plane-stress 

orthogonal constitutive law. Incorporating assumption 2 (non-deformability of the cross-

Chapter 3-11 



Chapter 3: Thin-Walled Beam Model 

section) the constitutive law for the k-th lamina, expressed in the curvilinear CS (n,s,z), 

can be expressed as in [16]: 

Eq. 3.17 

It should be noticed that, due to a fully populated constitutive matrix, the material will 

exhibit some degree of extensional-bending-torsional coupling, and this behaviour is often 

induced for alleviating stresses due to excessive bending loads [24-26]. Thus, the 

developed model can also be used for optimizing the laminates' layup. The internal forces 

and moments acting on the blade are obtained by integrating these stresses over the 

contour of the airfoil's shell, as follows: 

Eq. 3.18 
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representing internal axial (N z), bending (M y , M x ) , warping moment in the axial direction 

(M f f l , see Figure 3.6), shear (V x , V y ) , St Venant torsion (M,) measured with respect to the 

pole axis and warping torsion acting tangential to the cross-section (T: see Figure 3.5). 

These loads are related to beam strains via (Eq. 3.15, Eq. 3.18) as follows: 

Eq. 3.19 

Eq. 3.20 

The matrix [Ey] represents the stiffness of a given cross-section. This matrix is the 

TWB counterpart of the well-known ABD matrix [22-23] representing the extensional (A), 

flexural (B) and coupled extensional-flexural (D) stiffness of a material cross-section. For 

more detailed description on [Ey] determination refer to Appendix A. Since coefficients 

[Ejj] contain detailed information of the stiffness of any material point in the shell 

(including angular and thickness location), full deformation and stress fields could be 

recovered for post-processing, as required by advanced failure criteria for composites. 

3.3. Finite element model 
The strain energy in the beam is equal to: 

Eq. 3.21 

Substituting Eq. 3.15 into Eq. 3.21 the strain energy yield: 
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Eq. 3.22 

The loads defined in Eq. 3.18 appear in Eq. 3.22 and can be reduced to: 

Eq. 3.23 

Substituting the loads from Eq. 3.19 in Eq. 3.23 , the strain energy is now expressed as a 

function of the displacements and matrix [E]. Using the principle that the variation of the 

potential energy is zero (the sum of the strain energy and the work done by an external 

loads) in [15,14,27] the weak form of the equations are obtained and are solved assuming 

one dimensional displacement-based finite element method formulation. The generalized 

displacements are expressed as a linear combination of the ID Lagrange interpolation 

function Y; associated with nodal j and the nodal values: 

Eq. 3.24 

Eq. 3.25 
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Where z e is equal to 0 in node number 1 and equal to le (element length) in node number 

2. The discrete equations of motion for a generic beam element can be expressed as 

follows: 

[M]{u} + [C]{u] + [K]{u] = {f} Eq.3.26 

where [M], [K\ and are the element's mass and linear stiffness matrices as defined in 

[15,14,27], [C] is a hysteretic damping matrix, {/} is a vector of nodal forces, and 

{w},{u},{u} are nodal displacement, velocities and accelerations, respectively. These 

matrices and vectors have the following structure: 

Eg. 3.27 

[C] is the damping matrix, usually determined experimentally for a given damping 

model. In this work, Raleigh proportional damping was applied in the form of [C] = a[K], 

where a=0.008 is a hysteretic damping factor recommended for glass fibre [28]. The 

vector {/} comprises all external loads applied on the blade: FEDGE-MSE and FFLAP-MSE are caused 

by the aerodynamic forces on the blade, F^I is due to gravity and centrifugal forces, and 

FTORSIONAL, MY, MX and MA arise from the pressure distribution on the blade. 

Figure 3.8 shows a generic TWB element, illustrating the 7 degrees of freedom (DOF) 

per node (W, U, V , q>, ip y , i j / x , tb^); since each element is composed of two nodes, the 

element matrices will have a size of 14 x 14. The 7th DOF and its definition in the 

boundary conditions denote two models of twist deformation: free warping (M^ = 0) and 

warping restrained (ih^ = 0). 
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Figure 3.8: Generic 2-node TWB element with 14 DOF 
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Chapter 4. 
Static and dynamic TWB validation 

Chapter Summary 
This chapter presents an extensive and realistic numerical simulation of the TWB model 

described previously using a generic wind turbine rotor blade. A 9.2m rotor blade, 

previously reported in specialized literature, was chosen to validate the static and dynamic 

behaviour predicted by a TWB model against an industry-standard 3D shell model. It is 

concluded that, despite its simplicity, a TWB FE model is sufficiently accurate to serve as 

a design tool for the recursive analyses required during design and optimization stages of 

wind turbines using only readily available computational tools. 

This chapter presents a numerical validation of a thin-wall beam (TWB) finite element 

(FE) model of a realistic wind turbine rotor blade. While the Librescu's theory has been 

successfully applied to a host of problems [1-7], to our knowledge it has not yet been used 

in a complex application like twist-tapered composite wind turbine blade. A 

representative 9.2m rotor blade by TPI Composites Inc., typically used in wind turbines 

rated at about lOOkW, was chosen for the purpose of numerical validation. It was 

designed around a number of airfoils of variable chord, with a material layup conformed 

of glass fibre composites, balsa wood and gel coating. The thin shell is reinforced with an 

inner central web and a pre-twist function is applied along the blade's span. Although this 

blade was discussed comprehensively in [8], there was some missing information 

regarding geometrical and material data of the blade's root-end (playing a significant role 

in the blade's overall stiffness), which were here assumed for the purpose of constructing 

dedicated FE models. For this reason, numerical results obtained in this research were not 

C4-1 This Chapter constitutes an amended version of the journal paper D. Cirdenas, H. Elizalde, P. 
Marzocca, O. Probst. Numerical validation of a finite element thin-walled beam model of a composite wind 
turbine blade Article first published online: 18MAR2011 DOI: 10.1002/we.462 Wind Energy 2011. 
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directly compared to those reported in [8], but rather between the models generated during 

the course of this investigation using the TWB and FE. 

Two FE models of the sample rotor blade were built: the first was based on ANSYS® 

3D-shell99 elements conformed by 55,356 DOF. Because of its large size, this model was 

able to reproduce the blade's geometry and laminate layup very accurately. The second 

model was a MATLAB® implementation of the TWB element here presented, conformed 

by 217 DOF. Both models shared the same input database for geometry, airfoil type, 

material properties and layup, etc., with some assumptions respect to the data provided in 

[8]. In order to compare their dynamic behaviour, those were numerically solved (in their 

respective software tool) for the first few natural frequencies and mode shapes, tip 

deflections for four linear static load cases and frequency response functions (FRFs) for 

the tip flap-wise and edge-wise DOF. Some results were also compared with those 

published in [8] for the same blade, which were obtained via an ANSYS® model similar to 

the one generated here. In addition, in the following a brief discussion is provided 

regarding the gain in accuracy yielded by the choice of warping-restrained (WR) or free-

warping (FW) boundary conditions applied to the TWB FE model. 

4.1. Definition of the geometry 
The wind turbine blade used here for numerical validation is based on the prototype 

NPS-100 from Sandia National Laboratories (SNL), as published in [8]. According to this 

report, the NPS-100 is a derivative of the ERS-100, a 9.2 meter all-fibreglass blade 

originally developed by Sandia National Laboratory (SNL) and TPI Composites Inc., 

intended for the 100 kW retrofit market in California. Although the SNL report is 

comprehensive in describing most features of the NPS-100, there is some missing 

information regarding geometry and material layup (mostly pertaining to the blade's root) 

which had to be assumed to construct numerical models. Given that the blade's root-end 

has a significant impact on its overall stiffness, clearly these uncertainties will have some 

effect on the static and dynamic response of the blade. For this reason, error measures 

were not calculated here with respect to published results in [8], but rather between the 

numerical models generated during the course of this research. 
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4.1.1. External geometry 

For geometric modeling purposes, the external geometry of the blade was divided in 

spanwise direction into three clearly defined regions, as shown in Figure 4.1: 

1) the root, a cylindrical-shaped portion located between x=0m (the root end) and 

x=0.6m with a constant external diameter (or chord) given by CR o o t=0.325m 

2) the transitional region, starting with a cylinder at x=0.6m and morphing via a non

linear chord variation (given by polynomial C T r a n s , see also Appendix B) up to airfoil 

S821 (Figure 4.2) at x=1.8m, and 

3) the main body, which uses the same airfoil S821 and linear chord variation 

(polynomial C B o d y ) through the span. The external chord (C) and twist ((3) distributions 

along the blade are defined in Figure 4.1 and Figure 4.3, respectively. In order to 

define different laminates over the blade's top and bottom surfaces, each airfoil was 

divided chordwise into five segments, numbered I to V in Figure 4.2, which divisions 

were placed at chord positions of 0%, 5%, 30%,40%, 60% and 100%. An important 

remark is that this and other divisions of the blade's geometry (regions, sections, 

segments, etc.) are meant only for organizing geometric and material information 

purpose, and are unrelated to finite elements' size. 

Figure 4.1: External chord (C) variation along blade's length [8]. See Appendix B for detailed 
information of cross-sections belonging to the transitional region. 
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Radius {mj 

Figure 4.3: Twist angle (P) distribution along blade's length [8]. 

The blade cross-sections were arranged via a reference line intersecting them, as shown 

in Figure 4.4: the circular sections corresponding to region 1 (the root) are intersected at 

their centers, while the airfoils of region 3 (the main body) are intersected at 35% of their 

correspondent chords. The transitional airfoils of region 2, which individual geometries 

are detailed in Appendix B, are intersected at a chord position corresponding to the 

midpoint of segment III (as defined in Figure 4.2). Finally, the twist distribution is 

imposed by rotating the airfoils around the reference line according to Figure 4.3. 
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Figure 4.4: Airfoil alignment over the reference line. 

4.1.2. Internal geometry 

Internal to the blade, a shear web (also called "main spar") runs along most of the 

blade's length, joined to the internal surfaces of the top and bottom shells via adhesive, 

and whose main purpose is to provide bending stiffness. As illustrated in Figure 4.1, the 

shear web starts at a radius position of R=lm, running along the reference line shown in 

Figure 4.4 up to R=8.2m. Its evolving cross-section can be defined via planes given by the 

airfoils themselves, for which a local Cartesian CS is defined with origin at its intersection 

with the reference line, that is, at the mid-point of segment III of each airfoil. The 

horizontal axis of this CS is given by the chord, while the vertical axis is perpendicular to 

it. For each airfoil, a shear web's cross-section is defined as a rectangle centred at the 

origin, with height bounded by the internal surfaces of the top and bottom shells and width 

of 10.64mm, the latter as specified by Layup Code 16 in Appendix C. Figure 4.5 shows a 

cut view of the blade at a radius position of R=3.2m, illustrating the airfoil's cross-section 

and the internal shear web. Colours identify different material layups (here called Layup 

Code), to be described in the next section. 
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Figure 4.5: Cut view of the blade at a radius position of R=3.2m, showing the airfoil's cross-section 

and internal shear web. Colours identify the Layup Code. 

4.2. Materials Layup 
The TWB formulation here presented allows material layup to be specified quite 

arbitrarily along the blade's radius as well as top/bottom skins (balanced/unbalanced and 

symmetric/anti-symmetric laminates), only requiring splitting the cross-section's contour 

in pre-defined segments of uniform layup (as shown in Figure 4.2), which are assumed to 

remain uniform throughout a beam element. Therefore, the so-called circumferentially 

asymmetric stiffness (CAS or symmetric) and circumferentially uniform stiffness (CUS or 

anti-symmetric) [9-10] configurations can be incorporated in the model, allowing a full 

range of coupled extensional, bending and/or shear structural behaviour. 

The materials employed for manufacturing the blade under study are listed in Table 4.1 

and classified according to a Material Code (labeled " A " to "E"), also showing main 

elastic properties of each. For material modeling purposes, the blade geometry was 

divided spanwise into 13 sections, each of variable length (as represented in Figure 4.6); 

chordwise, as mentioned above, each airfoil was divided into 5 segments (I to V , 

illustrated in Figure 4.2). Based on these divisions, Table 4.2 assigns a numerical Layup 

Code to different sections and segments of the blade, while the same information is 

projected, via colours, onto the blade's geometry in Figure 4.6. The Layup Code, fully 

Chapter 4-6 



Chapter 4: Static and dynamic TWB validation 

described in Appendix C, represents a specific laminated composite which contains, for 

each individual lamina, a Material Code, fiber direction and thickness. 

Table 4.1: Material Code and in-plane elastic properties [8] 

Table 4.2: Layup Code mapping (detailed in Appendix C). Layup Code 16, not included in this 

table, represents the internal shear-web's layup. 

Figure 4.6: The blade section numbering and positions. Colours represent the Layup Code, fully 

detailed in Appendix C. Layup Code 16, not included in this Figure, represents the internal shear-

web's layup. 
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The material layup for the blade's internal shear web is different from those 

represented in Table 4.2 and Figure 4.6. The shear web is mainly constructed from Balsa 

Wood (Material Code " E " in Table 4.1), and glass fiber (Material Codes " B " and "C") 

joined to the internal surfaces of the top and bottom shells via adhesive. The specific 

layup corresponding to the width of the shear web is specified by the Layup Code 16, 

which is fully described in Appendix C. 

4.3. Results 
The aforementioned geometric and material database was used to construct two 

separate FE models with the purpose of evaluating the static and dynamic performance of 

the introduced TWB formulation against proved methodologies. 

Model 1 was based on ANSYS® 3D-Shell99 quadratic 8-node elements, widely used in 

the industry for design purposes [11-12] thus taken here as benchmark. This type of 

element allows defining an arbitrary number of layers in a single unit, each layer having 

specific material properties, fibre orientation, and thickness. Such properties are defined in 

a local (i.e. element based) coordinate system, therefore great care must be exercised to 

ensure that all elements belonging to the same laminate (i.e. Layup Code) share the same 

orientation, making the modeling process a time-consuming and error-prone task. A 

further difficulty is that complex geometric features or/and laminate composition often 

dictate a relatively small element size, since compatibility conditions require that an 

element must have a unique material composition, and this issue makes a convergence 

analysis a very cumbersome task. Model 1, shown in 

Figure 4.7, was discretized in 3352 elements and 9,926 nodes, equivalent to 55,356 

DOF, with all translational and rotational DOF at the root-end completely fixed. The pre

processing tasks for setting-up this model (CAD, meshing, input data, analysis set-up, 

etc.) took about 80 man-hours, carried out by skilled personnel, and then solved in 

ANSYS®. 
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Figure 4.7: Model 1 built in A N S Y S ® 

Model 2 was based on a M A T L A B implementation of the TWB theory presented 

above. A significant advantage of this formulation is that, as opposed to Model 1, 

geometric and material complexities of a given cross-section do not exert influence on 

element size, which impacts directly on computational economy. This happens because 

those features are tackled "off-line" during the computation of matrix \E] (see Appendix 

A) , which is calculated once for each cross-section of the structure and then stored for 

future analyses of smaller/larger models. A convergence analysis was performed to obtain 

the minimum number of TWB elements for an accurate representation of the low-

frequency behaviour of the blade. Figure 4.8 a shows the variation of the first six natural 

frequencies of Model 2 (with its root-end node fully fixed) for increasing number of 

elements, observing an asymptotic behaviour at about 30 elements, equivalent to 31 nodes 

and 217 DOF. These 30 elements were distributed along the blade's radius as follows: 3 

for the Root region, 6 for the Transitional region and 21 for the Body region (see Figure 

4.1). Due to material anisotropy and complex layup, significant extensional-bending-

torsional coupling was expected even for simple load cases, thus some higher-modes 

(mainly torsional) could impact low frequency behaviour. To this end, a further 

convergence analysis for Load Case 1, later described in detail, was conducted on Model 

2 (see Figure 4.8b), exhibiting the need of up to 150 elements to achieve an error lower 

than 2%. Also, it is observed that the choice of FW (Free Warping) or WR (Warping 

Restrained) has some influence on the accuracy, also discussed later. The pre-processing 

tasks for setting up Model 2 took about 10 man-hours, carried out by the same personnel 

who built Model 1, and then solved by standard M A T L A B routines. 

Chapter 4-9 



Chapter 4: Static and dynamic TWB validation 

For the sake of completeness, some results were also compared with those reported in 

literature [8] for an FE model of the same blade, labelled here as "Model 3". This model 

shares close similarities with Model 1 in terms of size (3,770 elements), DOF (66,936) 

and element topology (ANSYS® 3D-Shell99). In fact, the major differences between 

Models 1 and 3 are due to some omissions in [8] regarding the geometry and material 

layup of the blade's root-end, which had to be assumed for constructing Models 1 and 2. 

(a) Convergence analysis of Model 2 (TWB) for the first six modes 
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(b) Convergence analysis of Model 2 (TWB) for Load Case 1 

Figure 4.8 

Table 4.3 summarizes the both the static and the dynamic results of all three models, 

where error measures are given for comparisons between Models 1 and 2 only, and results 

not available for comparison are marked as The first 6 natural frequencies of Models 

1 and 2 exhibit minimum and maximum deviations of 0.73% and 20.05% for the third and 

sixth mode, respectively, while the departure in the fundamental frequency is 1.98%. Due 

to the extensional-bending-torsional coupling, none of the correspondent mode shapes are 

fully flap-, edge- or twist-wise, rather exhibiting a mixed behaviour. This effect is 

quantified for each mode, where maximum displacements are normalized to unity. For 

example, Model 2's first mode (4.81 Hz) is seen to be flap-wise dominant (1), with 

significant edge-wise coupling (0.205) and negligible coupling in twist (~0). As seen in 

Table 3, the coupling exhibited by Model 1 is reasonably reproduced by Model 2 for all 

modes. Although this coupling is not reported for Model 3, it can be verified that the first 

five frequencies of the latter are comparable to those of Models 1 and 2. 

A n interesting observation during the analyses was that edgewise-dominant mode 

shapes (i.e. Modes 2 and 4) exhibited consistently higher frequencies in Model 2 as 

compared to Model 1. This is possibly due to the Euler-Bernoulli assumption in Model 2, 
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which neglects shear energy and therefore behaves rather rigidly for relatively thick 

beams. As seen in Figure 4.1, the blade has a máximum edgewise thickness of about lm at 

the end of its transitional región, which in view of its 9.2m total length, slightly violates 

the minimum length/width ratio recommended for an Euler-Bernoulli model, typically 

taken as 10 [1]. This can be easily corrected by implementing a C° (i.e. Timoshenko) 

formulation in the TWB element, thus allowing shear energy to occur. 

Table 4.3: Results for Modal and Linear Static analyses. Error measures relate Models 1 and 2 

only. 

Based on load cases suggested in [8], three linear static load cases were analysed for 

Models 1 and 2, using the following load conditions: 1) 2,230N fiapwise tip load, 2) 
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2,230N edgewise tip load, and 3) l,000Nm torque applied at the tip. As expected, each of 

these loads produced coupled displacements in the three directions, with a dominant 

response according to the direction of the applied load. Tip displacements for these load 

cases are also summarized in Table 4.3, where the error is measured by the deviation 

between dominant displacements for each load case, and comparative displacement curves 

are plotted in Figure 4.9 and Figure 4.10. A fourth load case, analysed comprehensively in 

8] for Model 3, was also performed in Models 1 and 2, corresponding to four point loads 

of 0.25 kpi, each applied flapwise at 3, 4.5, 6.5 and 8 meters along the blade's radius. 

Flapwise tip displacements for this load case are included in Table 4.3 (labeled "Load 

Case 4"), while Figure 4.11 plots comparative displacement curves. 

The good match exhibited by load cases 1, 2 and 4 (3.96%, 9.12% and 0.94% error, 

respectively) is encouraging, since they are representative of main wind load on turbine 

blades. This can be confirmed with a glance to Figure 4.9 and Figure 4.11, where it can be 

seen that results are accurate not only for tip displacements, but for the whole blade's 

length. The higher deviation observed for Model 3 in Figure 4.11 was expected, in view of 

the modeling uncertainties already mentioned. On the other hand, the large error reported 

for load case 3 (27.21%) should be of no concern, since it refers to the angular 

displacement of the tip element, which has a negligible contribution to the total 

aerodynamic load. In fact, Figure 4.10 shows that Model 2, when subject to the warping 

restrained (WR) boundary condition, yields a deflection curve which is very close to that 

of Model 1 all along the blade's body, yielding a least-squares error of 6.35%. 

Finally, frequency response functions (FRF) of Models 1 and 2 were obtained for a 

frequency range around the first 5 modes and using a hysteretic damping of 0.008 [13]. 

Figure 4.12 and Figure 4.13 show FRFs' magnitudes corresponding to the flapwise and 

edgewise tip-DOF, respectively, both for a flapwise tip-DOF excitation. Consistent with 

observations made for modal data and static load cases, it is seen that the first mode is 

predicted with a somewhat higher accuracy under the WR boundary condition, while a 

better prediction is obtained for the higher modes using free warping (FW). Aside from 

some differences regarding the exact locations of the resonance frequencies, a striking 

feature in both plots is the very good agreement of the damping behaviour for all visible 

modes, as noticed by the similar width of correspondent resonances and anti-resonances. 
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Regarding peak magnitudes, modes 2 and 3 are really in good agreement, as the apparent 

large discrepancies in the edgewise FRF are due to the logarithmic scale used, and the true 

differences in peak magnitudes are only 0.0029 and 0.004dB, respectively. 

When assessing the aforementioned results, especially error measures, it must be kept 

in mind that a huge difference exists in the number of equations solved for Model 1 

(55,356) and Model 2 (217). Given that each model was solved in its native software 

(ANSYS® and MATLAB®, respectively), comparisons of computation time have to be 

done with care. However, for practical purposes, the computational economy represented 

by Model 2 is substantial. Additional benefits in computational economy arise for the 

TWB model i f geometric/material nonlinearities are included, which can be done 

straightforwardly in this model. 

Figure 4.9: Displacement curves for Load Cases 1 and 2 
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Figure 4.10: Angular displacement curves for Load Case 3 

Figure 4.11: Flapwise displacement curves for Load Case 4 
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Figure 4.12: Point-FRF for flapwise tip DOF 

Figure 4.13: FRF for edgewise tip DOF (excitation at flapwise tip DOF) 
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4.4. Conclusion 
In this chapter a numerical validation has been conducted of a TWB (Thin-Wall Beam) 

ID finite element (FE) model of a realistic wind turbine blade against an industry-standard 

FE 3D-shell model built in commercial software (the benchmark, here referred to as 

Model 1). Based on the theory developed by Librescu and others [1-7], a MATLAB® 

implementation of a TWB model (here called Model 2) was customized to represent the 

complex geometry and material layup of a 9.2m composite blade previously reported in 

literature [8]. This report used a 3D shell FE model built in ANSYS® (here labeled Model 

3) to simulate the blade's static and dynamic behaviour, via the study of several load 

cases. However, due to some missing data regarding geometry and material layup of the 

blade's root-end, which plays a significant role in the blade's overall stiffness, it was 

decided to generate a similar ANSYS® model (Model 1) assuming such data. The 

resulting DOF-size of Models 1,2 and 3 was, respectively, 55,356, 217 and 66,936. 

Model 1 and 2 were solved each in its native software, computing the first six natural 

frequencies, displacements for four linear static load cases, and flapwise and edgewise 

frequency response functions (FRF). Overall, it was demonstrated that, in spite of large 

differences in models' features and sizes, a fair prediction of static and dynamic behaviour 

was achieved by the TWB model (Model 2). Some specific findings are: 

• The first five natural frequencies of Models 1 and 2 exhibited a good match, with 

deviations ranging from 0.73% (mode 3) to 11.30% (mode 2). The mode shapes, 

as quantified by their extensional-bending-torsional couplings, exhibited a very 

good agreement for all cases. As expected for FE solutions, higher modes showed 

increasing disagreement, with a deviation of 20.05% for the natural frequency of 

mode 6. Regarding Model 3, and in spite of the aforementioned uncertainties, the 

reported natural frequencies were comparable to those of Models 1 and 2. Thus, it 

can be concluded that information yielded by the first five modes of the TWB 

model (Model 2) can be trusted for applications dealing with system 

identification, damage propagation and alike. 

• Results for the linear static load cases 1 to 4 demonstrate that this TWB model is 

suitable for general aerodynamic analyses. This can be seen in Figure 4.9 to 

Figure 4.11, where Models 1 and 2 can be seen to exhibit very close deflection 
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curves along most of the blade's radius. The reported large error in Table 4.3 for 

load case 3 (27.21% at the tip) is not critical, as the tip element has a negligible 

contribution to the total aerodynamic load. 

• With respect to the plots of the Frequency Response Functions (FRF) for flap- and 

edgewise excitation, it was found that both peak amplitudes for all modes, as well 

as the width of all resonances and anti-resonances (indicating a similar damping 

behaviour), are reproduced very well by the TWB model. The warping boundary 

condition was found to have some impact on the accuracy of the location of the 

natural frequencies, with Free Warping (FW) showing a somewhat better 

accuracy than Warping Restrained (WR) for all modes but the lowest. Given the 

complexity of the blade structure and the realistic details included in the modeling 

process the overall accuracy is considered to be good. It should be pointed out that 

all conclusions are for this particular (realistic) test case, and that no claim is 

made that the model used will be performing equally well for arbitrary 

geometries, materials layups, and load conditions. 

Based on the experiences of the test case studied it can be concluded that the 

computationally inexpensive TWB model studied here is suitable for a quick and efficient 

recursive analysis at the blade design stage. It should be recalled that the TWB 

formulation cannot, due to inherent limitations, capture the whole dynamics of either a 

real blade or a comprehensive numerical counterpart. However, it was found that such a 

model is indeed capable of approximating the quasi-static and low-frequency behavior 

with a reasonable overall accuracy. It is worth noting that aeroelastic codes, such as FAST 

developed at the National Renewable Energy Laboratory (NREL), uses only two mode 

shape in flapwise direction and just one in edgewise in order to reproduce the complete 

dynamic response of the blade. TWB formulation allows advanced features, such as 

transversal shear, geometric nonlinearities and tapered section, to be incorporated in a 

straightforward fashion (although the present application was, for the time being, 

restricted to linearity). Based on these results, it is suggested that the developed model 

could be used for more advanced dynamic simulations involving realistic wind loads and 

damage progression. In particular, future work will tackle the development of Progressive 
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Failure Analysis (PFA) based on the introduced blade model running in aeroelastic 

simulation. 
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Chapter 5. 
Progressive Failure Analysis of Thin-
Walled Composites Structures 

Chapter Summary 
A reduced-order finite-element model suitable for Progressive Failure Analysis (PFA) of 

composite structures under dynamic aeroelastic conditions based on a Thin-Walled Beam 

(TWB) formulation is presented in this chapter. Validation of the PFA-TWB against an 

integrated PFA model based on a shell formulation and implemented in the commercial 

software tool GENOA is conducted for static load conditions. 

In the present chapter a Progressive Failure Analysis (PFA) Thin-Wall Beam (TWB) 

Finite Element (FE) model designed to predict the progression of damage in slender 

complex structures like rotor blades is described. As opposed to the work reviewed 

previously, this model is capable of continuously updating the structural properties of the 

blade as damage progresses, thereby providing an integrated description of failure 

propagation. The selected TWB model was originally developed by Librescu and co

workers [1-4] and subsequently discretized via FE by Vo and Lee [5-7]; an application of 

the Librescu-Vo-Lee model to a realistic turbine blade was described in [8]. The TWB 

model allows including material anisotropy, arbitrary laminate layups and shear 

deformability and has shown to reproduce the fundamental structural behaviour of 3D 

shell models with reasonable accuracy [8]. Stress/strain fields for individual layers can be 

recovered based solely on the knowledge of the nodal displacements obtained from the 

effective ID finite-element model, thereby allowing for Progressive Failure Analysis 

(PFA) at any layer and position of the structure. A further advantage is the availability of 

C5-1 Chapter 5 constitutes an amended version of the journal article submitted to Journal of Composite 
Structures D Cardenas, H Elizalde, P Marzocca, F Abdi, L Minnetyan, O Probst. Progressive Failure 
Analysis of Thin-Walled Composite Structures. Journal of Composite Structures (In Review). 



Chapter 5: Progressive Failure Analysis of Thin-Walled Composite Structures 

analytical expressions for the stiffness of arbitrary cross-sections, making damage tracking 

a more straightforward task during a displacement-based FE analysis. For purposes of 

validation of the PFA-TWB model described here, the failure criteria proposed by Chamis 

and Minnetyan [9] were used, since these criteria are implemented in the G E N O A 

package, a commercial software tool designed for composite failure analysis in complex 

structures [10]. As a case study the methodology presented was applied to the helicopter 

blade described by Pawar and Ganguli [11,12] for the case of static loads. Application of 

the model to damage progression under dynamic aeroelastic conditions will be reported in 

the next chapter. 

5.1. Methodology 
The integrated TWB-PFA model described in the preceding paragraph was developed and 

implemented for the purposes of real-time dynamic failure analysis under realistic load 

conditions; however, the objective of the present paper is to present a validation of the 

model against a static model implemented in the GENOA package. 

5.1.1. Integrated Thin-Walled Beam Progressive Failure Analysis model 

The Thin-Walled Beam (TWB) model used in the present work is based on the 

formulations given in references [1-7]; an application of the TWB formulation to a 

realistic wind turbine blade was has been described in [8]. The main aspects of the TWB 

model will be briefly reviewed below. 

The TWB model is an effective one-dimensional representation of beam-type 

structures such as helicopter or wind turbine blades, capable of recovering full 3D strain 

and stress information based on the knowledge of the nodal displacements of the ID 

model alone. Evidently, a certain set of conditions has to be obeyed in order to allow such 

a reconstruction of information. These conditions are the following [6]: (1) The structure 

is restricted to small strain values, (2) the beam cross sections remain undeformed in their 

own plane for all load conditions applied, (3) both the transverse shear strains Y°xz> Y ° v z 
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and warping shear Y 0 ^ are uniform over the cross section, (4) the Kirchhoff-Love 

assumption in classical plate theory remains valid for laminated composites. 

Based on these assumptions, a double integration of geometric and materials properties 

of the cross-section (through the wall and along the contour) can be conducted, yielding 

semi-analytical expressions for the stiffness tensor (Eg) of arbitrary cross-sections. Since 

the coefficients Ey contain detailed information about the stiffness of any material point in 

the shell (as specified by its angular and thickness location), the full deformation and 

stress fields can be recovered for post-processing purposes, such as for the application of 

failure criteria for composites. If a failure criterion is met at a given location in the 

structure, the corresponding elastic moduli at this location may be degraded according to 

the failure model chosen. The stiffness tensor can then be updated and a new set of nodal 

displacements may be calculated. 

The traditional approach is to conduct the elastic calculations and the failure analysis 

separately; then a progressive failure analysis often becomes a tedious process, even in the 

case of static loads. PFA for dynamic loads, on the other hand, is practically impossible 

with this approach. The use of reduced-order model such as TWB, on the other hand, 

allows implementing a coupled procedure potentially capable of analyzing the progression 

of damage under dynamic load conditions in real-time. 

Reduced-order models necessarily come at the expense of accuracy, so it is important 

to evaluate the validity of the assumption of the model (1-4) under the load conditions 

studied and identify a range of applicability of the model. One of the key assumptions 

which may be violated under severe load conditions is the hypothesis that the contours of 

the beam sections remain constant (assumption 2 of the TWB); this validity of this 

assumption will be further examinated in the results section. 

A Timoshenko formulation is used with seven independent variables given by the node 

translations U(z), V(z), W(z) where z is longitudinal or beam axis, the angular 

displacement cp (z) of the cross sections around the z axis, and the angular displacements 

y/n(z), y/y(z), i//m(z) around the x, y , and warping directions, respectively. 

Once the FE displacement field (axial direction and shear) has been calculated, the 

deformation field is recovered as follows: 
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Eq. 5.1 

The stress field can be calculated for arbitrary materials layups, where each lamina k 

with the composite material obeys a constitutive law given by: 

Eq. 5.2 

where the coefficients Qy are obtained from the lamina's stiffness coefficients, as 

defined in a local reference frame given by the materials principal axes, in the following 

manner: First the 3D orthotropic law is reduced to plane stress/strain conditions [13], and 

subsequently a transformation from the local to the global coordinates is performed. Once 

the finite-element stress field has been calculated, it must be transformed back to the local 

(material) coordinates in order to evaluate the chosen failure criteria at each layer: 

where the subscripts 1 and 2 identify the directions along and transverse to the fibre, 

respectively, and [7] collects the director cosines between the global and local coordinate 

systems. The local stress values calculated in this manner can then be compared with the 

selected failure criteria. In the present case, the failure criteria proposed by Chamis and 

Minnetyan [9] have been chosen. No failure occurs while the local stresses at each lamina 

remain within the limits shown below: 
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where 5 ^ and are the strength values for the compressive and tensile stress, 

respectively, for the along-fibre direction. Similarly, S22 and ^22 a r e m e in-plane 

compressive/tensile strength values for the direction perpendicular to the fibres; S(2(-) and 

• î2(+)> finally, are the in-plane shear strength values. The reason for choosing the Chamis-

Minnetyan criteria over other, often more elaborate, failure criteria lies with the fact that 

these criteria have been implemented in the GENOA package [11] designed for 

progressive failure in a shell-based environment, thereby providing a useful reference tool 

against which the reduced-order model presented here can be compared (see section 2.2 

for a brief introduction into GENOA). For the current analysis modified distortion energy 

(MDE) failure criterion of GENOA was not enabled to facilitate comparison with the 

TWB-PFA model. 

5.1.2. Implementation of the integrated TWB-PFA model 

As stated above, for the purposes of the present work only static load vectors are 

considered. 

Figure 5.1 shows the flowchart of this implementation, as described in the following. 

The general procedure consists in an iterative process where the materials properties 

are progressively degraded as the load is gradually increased. The initial step of each loop 

of a static TWB-PFA simulation consists in the definition of a nodal load vector; {/} = 

{f0} at the first iteration. Then, the TWB finite element model is solved for nodal 

displacements, where the current materials properties of the blade are used; the nodal 

displacements are stored in the vector{u}. Subsequently, the strain and stress field tensors 

expressed in the («, s, z) coordinate system used by the TWB formulation are obtained for 

all layers and all azimuthal and spanwise locations. The stress tensor is then transformed 

at each layer into the corresponding materials coordinate system by means of a passive 

rotation (see Eq. 5. 3); this coordinate system is understood as the one defined by the 

principal axes of the corresponding material at this layer. Once the stresses in a given 

layer are known, the failure criteria given by Eq. 5. 4 can be evaluated. If no increase in 

damage is found, the nodal load vector {/} is increased by a small step A / i , and the 

analysis is repeated. If, on the other hand, the increase in damaged volume is higher than a 
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percentage pre-defined by the user, the load is reduced by A72 (|A/^|<|A/j|), i.e. to an 

intermediate value between the last two. The objective of this procedure is to avoid too 

large increases in damage in one simulation step, which would lead to a loss of resolution. 

If a non-zero permissible damage level is observed in this step, then the load is maintained 

at a constant level for several simulation steps until the damage stabilizes. Only after 

stabilization the load is increased again. Progressive failure analysis (PFA) takes place 

whenever an acceptable (e.g. sufficiently small) increase in damage volume occurs. In 

such a case, materials properties are updated according to the type of damage yielded by 

the evaluation of the failure criteria, which in turns requires updating the TWB model, 

leading to updated nodal displacements, strain/stress fields and new damage assessment, 

all for the same amount of load {/}. This PFA cycle is iterated until damage stabilizes for 

a given load level {/}. Simulation ends when the percentage of damaged volume, as pre

defined by the user, is reached in one or more TWB elements. 

Figure 5.1 : PFA simulation cycle 
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5.1.3. Description of case study 

Both the reduced-order TWB-PFA model presented in this work and the GENOA 

package were used to conduct a comparative study for the damage prediction in a 

structural model of a helicopter blade as described by Pawar and Ganguli [11,12]. The 

blade's external geometry is based on the N A C A 0012 airfoil with a constant 305 mm 

chord and a two-cell cross sectional area, as shown in 

Figure 5.2; the total blade length is 5080 mm. The D-spar and skin sections are divided 

at 35% of the chord. The blade reported in [11,12] does not specify the use of a web; 

however, in this work both webless and webbed cases were simulated in order to facilitate 

extending results to wind turbine blades. For the latter case, the web consisted of a 2mm 

width solid cross-section the centreline of which is located at 35% of the chord, running 

throughout the entire length of the blade. Table 5.1 lists the elastic and strength materials 

properties for Carbon Fibre Reinforced Polymer (CFRP, used for the D-spar and Skin 

sections) and Balsa (used for the web) used in the blade. Table 5.2 details the material 

layup for the D-spar and Skin sections, specifying the thickness of each layer from the 

outmost to the innermost. 

Based on the databases corresponding to Table 5.land Table 5.2, two FE models were 

generated: Model 1 consists of 13,600 4-node shell elements, 13,467 nodes and 80,802 

Degrees of Freedom (DOFs) and was subjected to Progressive Failure Analysis using 

GENOA. Model 2 consists of 100 TWB elements, 101 nodes and 707 DOFs. Both models 

were subject to equivalent boundary conditions (fixed at the root end) and loading (tip 

force applied in the out-of-plane direction). The loads in the shell model are distributed in 

all the nodes located at the blade tip, producing no torque around the blade axial axis. To 

assess the extent of cross-section deformation in the Shell model and therefore the range 

of applicability of the TWB-PFA model, two versions of model 1 (webless and webbed) 

were constructed. 
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Figure 5.2: Cross sectional area of the blade 

Table 5.1: Material elastic and strength properties 
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Table 5.2: Material layup for the airfoil profde, listed from the outmost to the innermost layer. 

5.2. Results and discussion 
Figure 5.3 illustrates the overall blade tip response during PFA. It can be observed that the 

three models (shell webless, webbed and TWB) have identical flexural stiffness for small 

loading, the region where no or only negligible damage would be expected. It should be 

noted that the reduced-order (TWB) model provides an excellent reproduction of the 

predictions of the far more detailed shell model. For higher loadings, the webless shell 

model exhibits a rapid decrease in flexural stiffness, explained by the collapse of the 

blade's cross section, with a deviation from the other models of about 10% at a tip load of 

1000N and a rapidly growing discrepancy for higher loads. This reduction in flexural 

stiffness can be traced back to a collapse of the cross-sectional area of the webless blade, 

as illustrated in Figure 5.4. In this figure the cross section measured at 450mm from the 

root end has been plotted for different values of the tip load. Interestingly, a reduction in 

cross-sectional area can be observed for load values well before a difference in flexural 

response becomes conspicuous, with the onset of the cross-sectional collapse occurring 

for load values as low as 200N. The webbed shell model, on the other hand, maintains its 

cross-sectional area up to load values well into the region where structural damage occurs, 
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as shown below. For a load value of 1000N the reduction of the cross section is barely 

5%, and still for 1500N the decrease is limited to about 10%. It is evident from these 

findings that the load carrying capabilities of the blade are widely extended by the use of 

the web, in accordance with good engineering practices in other fields, such as wind 

turbine blade engineering [14]. Apart from providing higher load carrying capacity, the 

use of the web ensures the approximate constancy of the cross-sectional area and justifies 

the use of the TWB model used in this work. After these introductory findings, the core of 

the result section will concentrate on the comparison of the TWB and the webbed shell 

model. 

Figure 5.3: Out-of-plane blade tip displacement versus applied load 
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Figure 5.4: Evolution of the blade cross-section at 450 mm from the root end as a function of the 
applied load 

In a first level of analysis the total damage volume of both the TWB and the shell 

models was calculated and plotted against the load value (Figure 5.5). Total damage 

volume is understood as the sum of damaged TWB or shell elements, respectively, 

resolved both by layer and span/contour-wise location. It is conspicuous that the 

prediction of the onset of damage is very similar in the TWB and webbed shell model, 

with an initial damage occurring at a load of about 1250N in the case of the TWB model 

and 1300N for the shell model. This corresponds to an error of about 3.8% in the 

prediction of the load where initial damage occurs, a fairly reasonable agreement. It 

should be noted that the TWB errs on the safe (conservative) side. Consistent with the 

slightly earlier onset of damage in the TWB model is the larger rate of increase with load 

which amounts to about 1.5% per 1000N of load for the TWB in the linear region of 

Figure 5.5 versus 1.2% per 1000N of load for the (webbed) shell model. While this 

difference in slope is far more substantial (25%) than the difference in the damage onset 

values, the subsequent layer-resolved damage analysis (below) will demonstrate that this 

discrepancy is actually much smaller i f more appropriate error metrics are used. For the 

moment it can be stated that the general trend predicted by the TWB and the webbed shell 
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model beyond initial failure is very similar, including the change of slope occurring at 

about 2000N. Not unexpectedly, the webless model shows an onset of damage at about 

1050N, well before the TWB and the webbed shell model. At this load value the cross-

section at 450mm from the root end (Figure 5.4) can be seen to be partially collapsed (at 

about 75% of its original area), leading to significant loss of the section's structural 

properties. In the following, the comparative study will not further consider the webless 

model. 

Figure 5.5: Percentage of damage volume vs. load for the three blade models 

As stated earlier, the main motivation for using the TWB-PFA model described in this 

work is its capability of providing detailed damage maps for different load values, thereby 

allowing to use the model as a structural design tool, identifying and modifying critical 

areas in a sequence of rapid design cycles. In the following only the webbed shell and the 

TWB will be compared in detail. Only layers 4 and 7 of the thin-walled structure present 

damage at any of the load values studied. This finding is consistently predicted by both 

the TWB and the shell model. In order to compare the predictions of both models in a 

detailed manner, a damage map for layer 4 has been plotted for four different load values 

for both the TWB and the shell model; the results are shown in Figure 5.6. Damaged cells 

are shown in red (dark) on top of the backdrop of a three-dimensional visualization of the 

Chapter 5-12 



Chapter 5: Progressive Failure Analysis of Thin-Walled Composite Structures 

blade, where undamaged cells are displayed in light blue. Please note that due to the 

different visualization tools used the scales of the blade displacements are different in the 

TWB and the shell part, respectively. Please refer to Figure 5.3 for a demonstration of the 

fact that the blade displacements of both models are essentially identical for identical 

loads. It should also be noted that due to the algorithmic nature of the load variation in 

both PFA tools the load value sequences corresponding the two models in Figure 5.6 are 

not identical, although reasonably similar. 

It is conspicuous from Figure 5.6 that the damage maps for corresponding loads at 

layer 4 are strikingly similar between the two models. Most importantly, both models 

predict the occurrence of damage under tensile stress only. Secondly, in both cases the 

damage zone is a tongue-like structure which propagates from the root zone towards the 

spanwise direction. While the damage region at the lowest load value shown in Figure 5.6 

is a little larger in the TWB model than the corresponding region in the shell model, the 

increase in size is practically identical in both cases. Taking the total length of the damage 

size as one possible metric, a linear increase as a function of load can be observed for load 

values higher than about 1600N (the three highest load cases for both models). This 

increase is 1.84 mm per N of load for both models. If the first load point is included 

(leading to a somewhat less linear relationship), then the incremental length of the damage 

zone is 2.2 mm / N for the shell model and 2.3 mm / N for the TWB model, still only a 

5.5% difference. The striking similarity of the topology of the damage zones for the two 

models is further illustrated by a plane map for the four load cases studied (Figure 5.7). 

The similarities include the contour-wise location of the damage zone which is centered at 

about -60mm for both models. As expected from its more detailed structure, the shell 

model shows more irregular damage patterns, but the overall topology is very similar. 

Damage in layer 4 is caused on the tension side of the blade and occurs because of the 

90° orientation of the fibers with respect to the blade axis, leading to a situation where 

much of the load has to be carried by the matrix. Layer 7, on the other hand, fails on the 

compressed side of the blade, which can be explained by the fact that the stresses are 

highest in this layer because of the 0° fiber orientation and the strength for compression 

loads is relatively low compared to its tensile strength. 
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Shell Webbed TWB 
Layer 4: 90" Layer4:90" 

Figure 5.6: Damage Progression of Layer 4 (90°). (a) Plot showing location of damaged cells in 
layer 4 for different values of the external load as predicted by the G E N O A model, (b) 
Corresponding plot built from the results obtained with the TWB-PFA model. Note that different 
scales have been used for visualization the deflection of the beam in the G E N O A model (a) and the 
TWB-PFA model (b). 
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Figure 5.7: Top view of the Damage Progression of Layer 4 (90° fibre orientation), (a) Damage 
map calculated from GENOA for different values of the tip load, (b) Corresponding damage map 
obtained with the TWB-PFA model. 

Additional insight into the progression of damage at layer 4 can be obtained by 

studying the cumulative damage along the blade, as shown in Figure 5.8. Three curves 

have been plotted in the sequence of four subplots, each corresponding to one load 

situation: The predictions directly obtained from both the TWB and the webbed shell 

model, respectively, and an additional TWB model output curve with adjusted failure 

strength values. The adjustment factor was equal for all strength values at a given load, 

but was allowed to vary among load values. In all load cases a relatively small adjustment 
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of the strength values used in conjunction with Eq. 5. 4 is sufficient to reproduce the 

predictions of the more detailed (shell) model. The criterion use to fit the cumulative 

damage curves was the requirement that the total damage along the blade for a given load 

value should be identical. In the case of the lowest load value this was achieved by 

increasing the strength values used in the TWB-PFA model by 6.5%, whereas in the 

higher load cases the increase was 9.5%, 12%, and 14.5% respectively. A still fairly 

acceptable fit is achieved i f a uniform increase of 10% is used throughout. Even in the 

cases of the best fits for each load case the TWB-PFA can still be seen to slightly 

overpredict the damage at the root section, but the error is typically only of the order of a 

few percent. Moreover, the error is conservative in all cases, i.e. a designer relying on the 

TWB-PFA model will always err on the safe side. 

While the agreement in the detailed predictions of the damage progression between the 

TWB-PFA and the GENOA (shell) model is not perfect, it is still surprisingly good, 

particularly i f the huge reduction in degrees of freedom (DOF) is considered. Whereas the 

shell model needs 80,202 DOFs to accurately represent the geometry and materials layup 

of the blade, the reduced-order model uses only 707 DOFs, a mere 0.88% of the DOFs of 

the shell model. Consequently, the TWB model is generally more rigid and less capable of 

accommodating the externally imposed load by straining its internal DOFs. 

Evidently, the TWB-PFA model cannot account for the interaction between a web and 

the blade shell such as in the case of the webbed shell model used here in conjunction with 

GENOA. As shown in Figure 5.9 and Figure 5.10 for the case of the 1800N load case a 

needle-like longitudinal damage feature can be seen to emerge in the shell model which is 

not predicted by the TWB model. This feature can be attributed to the presence of the web 

in the shell model, leading to a localized concentration of stress in the interface with the 

web. Apart from this feature, the agreement between the damage topologies predicted by 

both models is strikingly similar. Regarding the total damage volume at the two load 

values where damage arises (about 1800 and 2000N), the agreement between the 

predictions between the TWB and GENOA is remarkably good (about 0.025% at 1800N 

and 0.3% at 2000N for both models, Figure 5.11). 

It should be emphasized that layer 7 represents only a small fraction of the total 

damage in the blade (0% at the lowest two load values, about 0.025% of the total volume 
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versus about 1% in layer 4 for the 1800N load case, and about 0.3% versus 1.2% in layer 

4 for the 2000N load case), so discrepancies in this layer are of no practical concern at the 

design stage. Even so, the TWB correctly predicts the onset of damage, the total damage 

volume and (roughly) even the shape of the damage zone, with the exception of the 

needle-like feature caused by the presence of the web. This is quite an achievement for a 

reduced-order model. For forensic analyses, a more detailed model may be indispensible, 

but at the design stage the TWB-PFA model may be good enough. 

A few remarks on computational economy: Setting up the shell model took about 3 

person-hours, while the corresponding task for the TWB model was estimated at 0.5 

person-hours. Execution time was some 4 hours for the shell model, compared to 5 

minutes for the reduced-order model. This difference in set-up and computation time is 

likely to increase for more complex structures than the helicopter blade studied in the 

present work. 

Chapter 5-17 



Chapter 5: Progressive Failure Analysis of Thin-Walled Composite Structures 

Figure 5.8: Cumulative damage volume as a function of the spanwise coordinate for Layer 4 (90° 
fibre orientation) and four load cases. Continuous curves: Predictions of the shell model. Dashed 
curves: Predictions of the unadjusted TWB-PFA model. Fine-dashed curve: Predictions of the 
TWB-PFA model with adjusted strength values 
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Shell Web TWB 
Layer7:0u Layer 7:0" 

Figure 5.9: Damage Progression of Layer 7 (0°) as shown as damage maps for the two load cases 
where damage was observed. Left: Predictions of the shell model. Right: Predictions of the TWB-
PFA model. 
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Figure 5.10: Top view of the Damage Progression of Layer 7 (0° fibre orientation). Upper graph: 
Predictions of the shell model. Lower graph: Predictions of the TWB-PFA model. 
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Figure 5.11: Cumulative damage volume as a function of the spanwise coordinate for Layer 7 (0°). 
Continuous curve: Predictions of the shell model. Dashed curve: Predictions of the TWB-PFA 
model. 

5.3. Summary and conclusions 
In the present chapter, a reduced-order thin-wall beam (TWB) progressive failure analysis 

(PFA) model has been presented and a detailed validation of its predictions for a 

helicopter blade subject to static tip loads against a more elaborate shell model, built in the 

commercial PFA software suite GENOA has been conducted. The TWB-PFA represents 

an equivalent one-dimensional model with a dramatically reduced number of degrees of 

freedom (DOF) compared to the detailed shell model. In spite of being a one-dimensional 

representation of the blade, the TWB-PFA model is capable of generating detailed maps 

of the progressively occurring damage in response to increasing external loads by taking 

advantage of the analytical relationships between the node displacements and the 

longitudinal and shear strains which, together with the constitutive laws for each lamina of 
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the composite material, allowing applying failure criteria to the blade resolved both by 

layer and by contour-/spanwise position. 

Different levels of analysis were carried out in course of the study. At the first level the 

total damage volume as a function of the external load was calculated for both 

approaches; a similar value of the onset of damage was predicted by the shell (GENOA) 

and the TWB-PFA model i f the shell model of the blade was equipped with an internal 

web, thereby avoiding a collapse of the cross sections near the root and ensuring the 

validity of one of the key assumptions of the TWB model used. The damage-onset value 

was predicted with an accuracy of about 5.5%, indicating a promising initial evidence for 

the suitability of the reduced-order model. While the damage after the onset progresses at 

a rate about 25% higher in the TWB-PFA model (1.5% of damage per 1000N of load vs. 

1.2% / 1000N for the shell model), this difference can be substantially reduced by a small 

adjustment of the strength values used with the failure criteria for the TWB-PFA model, 

as discussed below. 

In a second level of analysis the spatial distribution of the damage was studied for 

different load levels. Both in the TWB-PFA and the GENOA model damage is predicted 

in layers 4 and 7 only, and the topology of the damage maps is strikingly similar for both 

models. In the case of layer 4, where most of the damage occurs, the shape and the 

contour-wise location of the damage zone predicted by the reduced-order model is almost 

identical to the predictions of the more complex model, although the total length of the 

failure zone is somewhat larger for all load cases, which can be traced back to an almost 

constant offset between the two predictions, since the rate of growth of the length of the 

failure region is almost identical for both models. In the case of layer 7, where very little 

damage occurs and no damage is observed until fairly high load values (about 1800N of 

tip load for both models) the shape of the damage zone is well predicted by the TWB-PFA 

model except for a needle-like damage feature which can be traced back to the presence of 

the web in the shell model. 

In a third level of analysis the layer-resolved cumulative damage volume as a function 

of the spanwise coordinate has been calculated for both models as a function of the 

applied tip load and the predictions have been compared. Consistently with the findings 

described above, the cumulative damage volume found from the TWB-PFA model is 
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somewhat higher than in the GENOA model. A possible explanation for this behaviour 

lies with the locally suffer structure of the reduced-order model given its much smaller 

number of degrees of freedom (DOFs) and the correspondingly smaller ability of 

distributing the strain energy among the DOFs. Another issue refers to the appropriateness 

of the failure criteria, which may have to be modified for an effective reduced-order 

model. In order to explore this line of thought the strength values used in the TWB-PFA 

model were increased by a constant factor and the simulations were re-run for layer 4 and 

all load cases, matching the total cumulative damage volume. It was possible to quite 

accurately reproduce the cumulative damage curves of the GENOA model by a relatively 

small adjustment in materials strength, with the adjustment factor ranging from 1.065 

(lowest load case) to 1.14 (highest load case); a constant adjustment factor of 1.1 still 

yielded acceptable results. The increase in the value of the adjustment factor from 1.065 to 

1.14 can be explained by the fact that the damage progressively weakens the contour of 

the affected sections, thereby allowing for a progressive reduction of the section stiffness 

due to the decrease in cross-sectional area. As discussed above, this behaviour is correctly 

modelled by the shell but not the TWB model. 

In conclusion, it can be said that the TWB-PFA model presented in this work has 

shown an encouraging capability of correctly predicting both the onset and the 

propagation of damage in the composite blade studied for the case of static loads, 

providing reliable information on the location of the damage zone (resolved both by layer 

and the contour- and spanwise location of the damage). A small overprediction of the 

damage compared to the more detailed shell model can be corrected by a small upward 

adjustment of the (equivalent) strength values to be used in the model. In all cases, the 

reduced-order model proved to be more conservative that the shell model, so it should be 

possible to safely use it for design purposes, especially i f a series of iteration with quick 

turnaround times is desired. While the final design of a rotor blade will still remain 

confined to the domain of higher resolution models such as shell and volume element 

models, the TWB-PFA approach is a promising tool for pre-design and aeroelastic design 

simulation, where the use of high-resolution models would be prohibitive. 
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Chapter 6. 
Dynamic Aeroelastic Progressive 
Failure Analysis of Thin-Walled 
Composite Structures 

Chapter Summary 
A thin-wall beam model capable of predicting failure progression under aeroelastic 

conditions with both stochastic and deterministic loads is presented in this chapter. 

Damage progression is an integral part of the formulation based on TWB. The model is 

coupled with a blade element momentum theory model used to determine the 

aerodynamic load distributions produced by the blades under operational conditions. 

Simulations include three particular cases corresponding to conditions more critical to 

those used to design wind turbine blades. 

The ever increasing size of modern utility-scale wind turbines makes the assessment of 

structural properties at an early design stage an indispensible task [1]. Several authors 

have addressed structural design issues in large wind turbine blades, with a focus on 

damage propagation. Sutherland and Mandell [2] described their LIFE2 code designed to 

predict fatigue failure time based on wind speed distributions at a prospective site, 

material fatigue properties and a joint stress-strain distribution for different operational 

states of the wind turbine. Noda and Flay [3] use a time domain approach in their damage 

estimation code to assess the differences between low- and high-turbulence intensity sites 

and conclude that life time may be reduced by a factor of two. Their code is based on a 

sequential approach where a wind turbine load time series is first generated and damage is 

inferred in a subsequent step. Mouzakis et al. [4] use a multiple-regression approach to 

C6-1 Chapter 6 constitutes an amended version of the journal paper D Cardenas, H Elizalde, P 
Marzocca, O Probst. Dynamic Aeroelastic Progressive Failure Analysis of Thin-Wall Composite 
Structures. Journal of Sound and Vibration, in review. 
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relate the loading magnitudes with wind speed parameters, concluding that turbulence 

intensity is the most important parameter in predicting life time for all major wind turbine 

components. In her doctoral thesis [5], L i uses the V A B S methodology [6] in combination 

with a damage model to optimize the structural properties of a helicopter rotor blade. She 

first calculates the strain/stress distributions in the blade for a typical helicopter 

manoeuvre and then performs an offline fatigue damage analysis for the complete 

aeroelastic time series generated from a multi-body dynamic software package. In case 

non-acceptable damage occurs, the design is revised and again subjected to a failure 

analysis, otherwise the design is deemed to be appropriate. 

A l l works previously mentioned, although differing in scope and approach, are based 

on statistical relationships between load histories and blade damage. Nijssen [7] in his 

doctoral thesis raises the issue of strength-based life time prediction as opposed to 

counting methods such as Miner's rule which do not account for potential effects of load 

ordering. In a large set of experiments he demonstrated the existence of sequence effects 

on material life time but concluded that the increase in predictive accuracy does not justify 

the high computational effort required by the strength-based approach. 

Since high computational requirement is the main impediment to modeling progressive 

damage in blades for dynamic and fatigue loads, the exploration of reduced-order 

approaches capable of modeling damage progression in highly-complex three-dimensional 

(3D) structures (i.e. wind turbine blades) is a logical step forward. As shown in the 

previous chapter for the case of damage progression under static loads, thin-walled beam 

models have great potential for accurately predicting propagation of damage, while 

requiring only a small fraction (-1%) of the Degrees of Freedom (DOF) required by 3D 

finite-element shell models to perform a similar task. 

In this work a novel integrated platform for the modeling of dynamic damage 

propagation in complex composite structures (with application to wind turbine blades) 

based on the earlier work described in Chapter 5 is presented. The model integrates blade 

dynamics with aeroelasticity and Progressive Failure Analysis (PFA) and is therefore 

capable of tracking damage in blades under arbitrary wind conditions and operational 

states, requiring only modest computational resources and execution times. The usefulness 
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of this model is here demonstrated for a series of critical dynamic wind conditions and 

operational turbine states, and the spatial propagation of damage is discussed. 

6.1. Description of the model 

6.1.1. Thin-wall beam (TWB) model with Progressive Failure Analysis (PFA) 

The wind turbine blade is modeled as Thin Walled Beam (TWB) Finite Element (FE) 

model. This allows inclusion of material anisotropy, arbitrary laminate layups and shear 

deformability, thus able to represent fundamental structural behaviour of more complex 

3D shell or solid FE models with reasonably accuracy [8]. Stress/strain fields for 

individual layers can be recovered based solely on nodal FE displacement solutions, thus 

allowing PFA at any layer and position of the structure [9]. The TWB model requires the 

definition of Global and Local coordinate systems. The first is orthogonal Cartesian (x, y, 

z) with the x axis laying in the rotor plane, y is parallel to the wind direction and the z axis 

is parallel to the longitudinal axis of the blade. The second coordinate system is the local 

shell coordinate (n, s, z) as shown in Figure 6.1, wherein the n axis is normal to the middle 

surface of a plate element, the s axis is tangent to the middle and follow the contour of the 

section. The («, s, z) and (x, y, z) coordinate systems are related through an angle of 

orientation 6 (see Figure 6.1). Point p is called the pole axis, defined at the intersection of 

the beam's cross-section with an arbitrary line running along the radial direction of the 

beam (parallel to the z axis). 
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Figure 6.2 illustrates the resultant single TWB FE element having seven DOFs at each 

node, defined next: \i1 (z), (z) and W x (z) refer to displacements of node 1 in the 

x, y and z (along the beam) directions, respectively, where node 1 is a fixed 

representative point of each cross-section (here called "pole", see Figure 6.1). Further on, 

ih y(z), vhx(z) and ^ ( z ) represent angular displacement of node 1 in the x,yand 

warping directions, respectively, and cp represents elastic angular displacement of the 

cross-section with respect to the pole (or z) axis. Each element cross-section can be 

reinforced by one or more shear webs, where the area enclosed by a given closed contour 

defines a cell (see Figure 6.1). The wall thickness t can have an arbitrary circumferential 

variation (along the contour) as long as it remains thin, but this variation is assumed 

uniform throughout the element's length. 
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Figure 6.2: A generic 2-node TWB element with 7 DOFs per node. 

The Finite Element discretization is obtained via standard displacement-based 

Lagrangian (shearable) or Hermitian (non-shearable) formulation, expressed as: 

[ M ] l 4 x l 4 { w } l 4 * l + [C] 1 4 X 1 4 W l 4 X l + [ ^ ] l 4 A - 1 4 { " ) l 4 X l = { / W l Eq. 6.1 

where [M] and [K] and are the element's mass and linear stiffness matrices, 

respectively [9], {f} is a vector of nodal external forces, and [u], {u}, {u} represent nodal 

(linear and angular) accelerations, velocities and displacements. [C] is an experimentally-

obtained, proportional hysteretic damping matrix, calculated using a damping factor of 

0.08 for a glass fibre/epoxy composite [10]. The vector {f} is conformed of all external 

loads applied on the blade, where the load and displacement vectors have the following 

structure: 
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Eq. 6.2 

Strain and Stress Recovery 

From the displacement field the corresponding deformation field is recovered as follows: 

Eq. 6.4 

where coefficients Q\j are stiffness coefficients initially defined in a material frame, then 

reduced from a 3D orthotropic law to plane stress conditions, and finally transformed to 

global (i.e. analysis) coordinates. Once yielded, the FE stress field must be transformed 

back to material coordinates in order to evaluate failure criteria at each layer: 
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Eq. 6.3 

As an important remark, only the strains mentioned in Eq. 6.3 are formulated in the TWB. 

The cross sectional area remains constant for any TWB element. Stress field can be 

defined based on arbitrary layup, each lamina k obeying a constitutive law as defined next: 

Eq. 6.5 

where the 1, 2 directions correspond to along and transversal to the fibre, respectively, and 

[7] collects the director cosines between the spanwise axis and the fiber of the layer. 
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Damage Evaluation 

Once the stresses are translated to material coordinates it is possible to evaluate layers and 

locations where damage occurs. For this particular case study, individual ply failure 

modes are assessed using failure criteria associated with negative and positive limits of the 

three ply-stress components in the material directions as follows: 
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Eq. 6.6 

where a L and S L are the ply stress and ply strength defined by numerical subscripts 11 

and 22, corresponding to along- and transverse to the fibre direction, respectively, while 

subscripts t (+) and c (-) refer to Tensile and Compressive values, respectively. In this 

way, S[t represents the ply longitudinal tensile strength, S22 the matrix-dominated ply 

transverse tensile strength, also known as matrix splitting, micro-cracking or interfacial 

bond failure, and S(2 represents shear ply failure mechanisms dominated by matrix shear 

strength and interfacial conditions. The correspondent compressive values are denoted by 

the c subscript. 

Material Degradation 

Material degradation obeys to rules described in [11] as follows: for ply's tensile failure, 

the young modulus (£) in the failure direction is replaced by 1% of its original value, 

while for compressive failure the reduction factor is 20%. Same procedure applies for 

shear stresses, where shear modulus (G) is reduced to 10% of its original value. The 

degraded properties are then used to carry out the PFA and to update the stiffness matrix 

KL of that specific layer. 

6.1.2. Aerodynamic loads 

Blade Element Momentum (BEM) [12] method is widely used in wind turbine design 

codes as it offers a fast, simple and accurate approach to calculate aerodynamic forces 

acting on blades. The basic assumption is that the blade can be divided in the spanwise 
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direction into a number of independent elements. Based on a momentum balance for an 

annular control volume of a blade element, the induced velocity is determined. The 

aerodynamic loads on each element are calculated using the lift, drag and moment 

coefficient (C L , C D and C M ) from experimental wind tunnel test data at defined angles of 

attack (a) for the profile. The solution provided by B E M is limited by the quality and 

range of these coefficients (Appendix D). The lift and drag force {L and D) on a blade 

element of length dz are normal and parallel to the direction of the relative speed Vrel 

respectively (see Figure 6.3), therefore: 

Eq. 6.7 

Eq. 6.8 

where c is the chord of the blade element and p is the air density. Finally the 

momentum (M) around the blade axis is: 

Eq. 6.9 

The relationship between velocities and forces are described in Figure 6.3, where a is 

the axial induction factor, p is the pitch angle between the rotor plane and the element 

chord, § is the sum of f3 and a, Q. is the rotational rotor speed, z is the spanwise coordinate 

and UOO is the upcoming wind velocity. 

Figure 6.3: Blade element Forces and Velocities [10] 
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Eq. 6.10 

Eq. 6.11 
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The Drag and Lift forces must be projected to the flap- and edge-wise directions to 

transform aerodynamic forces to blades's global coordinate system: 

A set of non-linear equations is solved numerically for each blade element, as detailed 

in [10]. The aerodynamic forces are calculated at 25% of the chord axis, where the load 

offset introduces a torque which must be accounted for. It is important to mention that the 

aerodynamic center of each B E M element, where the loads are acting, correspond to a 

node of the TWB F E M model. 

6.1.3. Gravitational and centrifugal loads 

Once the mass of each FE element is calculated, it is straightforward to calculate the 

gravitational and centrifugal loads. The direction of the gravitational load depends only 

on the azimuth angle (i9) of the blade. 

where m is the mass of each TWB FE element, g is the gravitational constant and # 

defines the angular position of the blade in the rotor plane. The centrifugal force in the 

axial direction of the blade for a single blade element is expressed as: 

where mA correspond to the mass per unit of length, R0 is the hub radius and zh z 2 are 

the initial and final position of the element in the spanwise direction. Due to the flexural 

deformation of the blade (edge and flap wise) the centrifugal force produces a restoring 

moments in flap and edge wise directions, with a corresponding stiffening effect, which is 

defined as: 
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6.1.4. Wind speed time series generation 

Wind records are usually found in time periods of several minutes. Since minutes 

averages are inappropriate for probing the dynamic response of rotor blades, stochastic 

second-scale time series are here simulated based on a novel algorithm developed in our 

group [13]. This algorithm is based on a combination of stochastic Fourier series 

(allowing control of the frequency spectrum) and a gust-control strategy based on the 

concept of restrained simulation introduced by Bierbooms and Cheng [14]. This 

technique, which is based on the autocorrelation function of the original (Fourier) 

stochastic time series allows to generate a signal with the correct average wind speed and 

standard deviation (hence turbulence intensity) for a given averaging interval, and also 

reproduces the measured gusts and anti-gust values in the interval, while remaining 

stochastic in nature. 

6.2. Program structure 
Main assumptions of the code are listed below: 

1. The blades are modeled as TWB FE linear elements and all the assumptions of 

TWB hold valid. 

2. The aerodynamic forces are calculated based on Blade Element Momentum 

Theory assuming steady state conditions. 

3. Only the rotor blades are simulated, thus any other component of the wind turbine 

is not considered. 

4. The rotor plane is always oriented perpendicular to the wind. 

5. The wind speed is uniform at any point in the rotor plane to comply with the B E M 

assumptions. 
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6. The blade's pitch angle remains constant throughout the analysis. 

The main structure of the algorithm is described in Figure 6.4, basically consisting in 

three modules: static aeroelastic, dynamic aeroelastic and damage. Their interaction and 

description is provided below. 

Figure 6.4: Aeroelastic code with damage progression capabilities (flowchart) 

1. Main variables are initialized and the simulation time set to t=0. 

2. The static aeroelastic module determines an initially deformed blade's position 

w(z,0) for an initial wind velocity Ik, (0) at time t=0. 

3. A predefined time-increment At=Ato is applied so the Time series provides a new 

wind velocity value ^(t+At) to the Aeroelastic Module. 

4. The dynamic aeroelastic module determines the updated blade's position 

w(z,t+Af). 

5. The damage module evaluates whether a damage event did or did not occur at all 

layers. This information is stored in variable D (as for "damage") which records 

localization and time of any damage event. 
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6. At early stages of the simulation, stresses are usually low thus damage is unlikely 

to occur. In such case AD=0 (that is, the increase in variable D is zero). 

7. If AD=0 then the time step is advanced t=t+At and At=Ato. 

8. A l l time variables are updated to reflect changes due to a new time-increment At. 

Specifically, the wind velocity series is scanned to provide a new value ^(t+Af) 

and the simulation restarts at step 3). The sub-cycle 3)-8) is continued until a 

damage event is detected at step 6). 

9. If AD>0 (that is, i f the increase in variable D is larger than zero) then a damage 

event has just taken place. Variable Daiiow defines the allowable amount of 

damage occurring in a single time step, which must be low enough to avoid 

compromising the accuracy of the solution. 

10. If AD> Daiiow then the analysis at the current time-step is deemed invalid and 

calculations are restarted from step 3) with all variables returned to their previous 

values at time t and applying a smaller time-increment ((i.e. At/fr, fr>l). This sub-

cycle 3)-9) is repeated until AD< Daiiow. 

11. If AD< Daiiow then the damage event is deemed valid and the simulation proceeds 

to degrade material properties at each layer where damage has occurred, 

according to failure criteria already described. The stiffness matrix K of the blade 

is updated based on degraded material properties. 

12. The aeroelastic module is recalled to find the new converged position of the blade 

w(z,t+Af) and simulation proceeds from step 3). 

13. Simulation stops whenever D reaches a maximum amount of damage predefined 

by the user. 

Individual modules are described next. 

6.2.1. Static aeroelastic module 

The static aeroelastic module attempts to find the initial statically deformed position of the 

blade w(z,0) due to wind load at time t=0, as described in Figure 6.5. 
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Figure 6.5: Static Aeroelastic Module diagram 

1. The nodal displacement vector u and vector u\.\ are initialized at time t=0 before 

entering the B E M module. Nodal aerodynamic forces are calculated based on the wind 

speed Vm (0) and the initial geometry of the blade «(z,0). 

2. The centrifugal and gravitational nodal loads are added to the aerodynamic nodal 

force vector/ 

3. The stiffness matrix K is built based on TWB theory and FE discretization. 

4. The nodal displacement vector «(z,0) is calculated. 

5. The vector u is compared to u\.\ (the nodal displacement of the geometry at a 

precedent state). If they converge to the same value the cycle ends. Otherwise the vector 

is equal to u. The deformed geometry of the blade, which is defined in vector u is 
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provided to the B E M to calculate the aerodynamic forces and centrifugal loads and the 

cycle starts again. 

6.2.2. Dynamic aeroelastic module 

The task of the dynamic aeroelastic module is similar to the static counterpart explained 

above, that is, finding the converged blade's displacement at time t+At, as shown in 

Figure 6.6. 

Figure 6.6: Aeroelastic Module flowchart 

1. The nodal displacement vectors w(z,t+At) and u\-\ are set equal to «(z,t). The 

aerodynamic nodal forces at time t+At are calculated via B E M based on w(z,t+At) 

and 14, (t+At). 

2. The centrifugal and gravitational nodal loads are added to the aerodynamic nodal 

force vector at time t+At. 
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3. The stiffness, mass and damping matrix K, M and C of the blade are built based 

on TWB theory and FE discretization. 

4. The nodal displacement vector w(z,t+At) is calculated via standard M A T L A B 

ODE (Ordinary Differential Equations) algorithms. 

5. The vector w(z,t+At) is compared to u\.\. If they converge to the same value the 

cycle ends. Otherwise, u\.\ is equated to «(z,t+Af). The deformed blade's 

geometry is provided to the B E M and Centrifugal Loads module and the cycle 

restarts. 

6.2.3. Damage module 

The task of this module is to identify the presence of damage, localize and characterize 

those layers and regions where damage occurs due to load conditions at w(z,t+Af). The 

sub-steps of this module are exemplified in Figure 6.7. 

1. Based on FE nodal displacement results, the TWB shell capabilities make it 

possible to recover the strain field at any layer and position of the blade, which 

can be traduced to global longitudinal and shear stresses (o^, o s z) via the 

constitutive law Eq. 6.4 

2. This stress field must be transformed to material framework in order to assess 

damage in a given layer. Stresses On, 022 and C i 2 represent the stress in the 

direction-of, perpendicular-to, and in-plane of the fibres respectively. 

3. The material stresses are used to evaluate failure criteria to identify type, 

localization and amount of damage in affected areas. This information is stored in 

variable D. 
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Figure 6.7: Damage Module Diagram 

6.3. Description of the case study 
Three different cases are simulated to demonstrate the damage detection and progression 

during the aeroelastic simulation. The cases selected in this study correspond to conditions 

more critical to those used to design wind turbine blades. The purpose of this work is just 

to describe how the damage is progressing during the time of the simulation. 

6.3.1. Case 1: Parked rotor facing a class 5 hurricane 

The first case to simulate assumes a wind turbine located in a coastal area. A hurricane 

category 5 strike the rotor, which is assumed to be parked and directly facing the wind. In 

order to assume a more severe condition the blade is exposing the major part of its area to 

the wind flow. The simulation only covers the 2 most critical minutes of the hurricane 

which has a gust speed of 97 m/s and an average of 74 m/s. 
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6.3.2. Case 2: Wind speed ramp at constant rotor shaft frequency 

The nominal angular speed of the rotor is 55 R P M according with Sandia, the designers of 

the wind turbine [15]. This case supposes that the rotor keep constant its angular velocity 

while a wind gust hits it. As in the previous case, the plane of the rotor is facing the 

upcoming wind. The velocity of the wind is modelled as a ramp with a positive slope of 2 

m/s2. 

6.3.3. Case 3: Constant wind speed and loss of load 

The last case simulates a failure on the protection system of the turbine. The electric 

generator applies any torque and the brake system is not working. The rotor is free to 

accelerate in its angular speed. The angular acceleration of the rotor is proportional to the 

aerodynamic torque and inversely proportional to the inertia moment of the blades. The 

wind excites the wind turbine with a constant velocity, for this case 25 m/s. 

6.3.4. Blade description 

The wind turbine blade used in this work to exemplify the damage progression in a blade 

is based on the prototype NPS-100 from Sandia National Laboratories (SNL) described in 

Chapter 4. According to the Sandia report, the NPS-100 is a derivative of the ERS-100, a 

9.2 meter blade originally developed by SNL and TPI Composites, intended for the 100 

kW retrofit market. It was designed around a number of airfoils of variable chord, with a 

material layup conformed of glass fibre composites, balsa wood and gel coating. In 

Chapter 4, this blade was chosen as a case study to validate the static and dynamic 

behaviour predicted by a TWB model against an industry-standard 3D shell model built in 

a commercial software tool. Figure 6.8 illustrates the external geometry of the blade and 

the layup distribution. The color code represents the areas which share the same material 

layup. Detailed information of the geometry and material layup it is found in Chapter 4. 

Table 6.1 summarizes the material and their properties used to construct the blade. The 

aforementioned blade was used to construct a TWB F E M model using 120 shearable 

elements. 

Chapter 6-17 



Chapter 6: Dynamic Aeroelastic PFA of Thin-Wall Composite Structures 

Figure 6.8: Blade geometry and materials layup 

Table 6.1: Material elastic and strength properties 

It is important to remark that the load cases reproduced in this work are not those 

which Sandia used to design their 9 meter wind turbine blades [15]. The simulations 

presented here assume extremely critical and almost unrealistic conditions. The blade 

used here is already designed by Sandia to satisfy the design requirements described in 

[15]. For these reason extremely conditions are assumed in order to illustrate the damage 

progression in an aeroelastic simulation. 
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6.4. Results and discussion 
The general system Eq. 6.1 can be solved via standard algorithms dealing with Ordinary 

Differential Equations (ODE). In this work, the Matlab ode 15 function, recommended for 

stiff problems, yielded good results. Explicit methods for numerical integration are only 

conditionally stable and they have to use very small time step [16]. According with [16] if 

At exceeds a critical value, computed displacement and velocity errors grow without 

outbound. Based on the FRF of the blade illustrated in Chapter 4, the time step used for 

this work is 0.005 seconds was proven successful. 

6.4.1. Case 1: Parked rotor facing class 5 hurricane 

A hurricane category five with a maximum wind speed of 97 m/s and wind speed average 

of 74 m/s is acting against a wind turbine. The rotor is assumed to be in parked condition 

and the chord of the blade is perpendicular to the wind direction. The drag force is the 

main load acting over the blade. The solid line in Figure 6.9 represents the time series of 

the wind speed. The simulation only covers the most critical 2 minutes of the hurricane 

event. The circles present in the plot indicate the time step where a damage event occurs 

on the blade. The red line means the percentage of volume which is already damaged. 

After the two minutes of the hurricane 0.7 % of the blade volume has reached a failure 

criterion. 

Figure 6.9: Wind speed time series and damage volume 
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The flapwise displacement of the tip blade during the hurricane it is shown in Figure 

6.10. The circles over the graphic represent damages event. According with Figure 6.10 

new damage occurs only when the displacement reach higher or very similar to the 

previous highest value. This damage progression behavior occurs because of the type of 

the damage model used in this work. Damage occurs once the stress reaches a threshold 

value. At that moment the material properties are degraded. The model doesn't 

accumulate the degradation produced by lower loads of the threshold value. 

Figure 6.10: Flapwise displacement 

The damage occurs only in layer number 6 which correspond to the Balsa material. 

Balsa it is the main component in the material layup for the trailing edge of the balsa (See 

appendix C). Figure 6.11 shows the progressive failure analysis for the balsa. The cyan 

color represents the healthy areas of the blade. In the color scale the darker color 

corresponds the areas where the damage occurs first. The damage starts in the trailing 

edge of the blade and progress in the spanwise direction, typical of a structure in flexion. 

The failed area is located on the compressed side of the blade and the failure criteria 

reached is SI 1C. 
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PFA Layer 6 (Balsa) 

Figure 6.11: Progressive Failure Analysis of layer 6 (Balsa) 
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6.4.2. Case2: Wind speed ramp at constant rotor shaft frequency 

In this case the angular speed of the rotor is assumed to remain constant at 55 RPM. The 

wind speed increase constantly 2 m/s each second as Figure 6.12 shows. The damage in 

the blade starts to appear before the wind velocity reaches the 60 m/s. The circles on the 

plot represent the instants when some new areas in the blade are damaged. The 

accumulated percentage of volume damage (dashed line in Figure 6.12) once the wind 

velocity reaches 100 m/s is 0.8%. 

Figure 6.12: Wind speed time series and damage volume 

The tip blade displacement doesn't follow linear increment as the velocity does. In 

Figure 6.13 the slope of the solid line increases over time. It is also possible to identify a 

cycling signal component corresponding to the gravitational loads on the flapwise 

direction. The dashed line represents the cosine of the azimuth angular position of the 

blade. This line helps to identify that the damage occurs when the blade is parallel to the 

ground with the trailing edge pointing down. In this position the gravitational load is 

flexing the blade in the edgewise direction. This effect is summed to the flexion in the 

flapwise direction causing most of the damage. 
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Figure 6.13: Flapwise displacement and azimuth position of the blade 

The failure mechanism is similar to the previous example. The main load acting on the 

blade is the aerodynamic drag in the flapwise direction combined with the gravitational 

load acting in the edgewise direction. The layer where the damage is present is number 6 

and corresponds to the Balsa. Figure 6.14 shows the progressive failure analysis for the 

balsa. The damage starts in the trailing edge zone which corresponds to the compressive 

side for flapwise and edgewise. The color scale has the same meaning as the previous 

figure: The progression of the damage moves in the spanwise direction and the failure 

criteria reached is SI 1C. 
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PFA Layer 6 (Balsa) 

Figure 6.14: Progressive Failure Analysis of layer 6 (Balsa) 
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6.4.3. Case 3: Constant Wind Speed 

In this last case the rotor is free to accelerate in its angular direction. The wind speed (25 

m/s) facing the rotor is constant during all the simulation time. The angular acceleration it 

is produced by the torque generated by the wind. This is the case when the electric 

generator is shut down or has failed. Figure 6.15 shows that the angular speed increases 

linearly over the time. The damage appears suddenly and progress continuously in a 

catastrophic way. The amount of damage is again described by the dashed line. In less 

than a second 0.7 % of the blade is already damaged. 

The restoring moments stiffening the blade and due to the centrifugal loads considered 

in equations Eq. 6.15 and Eq. 6.16 are clearly observed in Figure 6.16. The Flapwise 

(solid line) displacement reaches a maximum value of 330 mm and then a gradual descent 

is observed while the angular rotation increases. In the other hand the spanwise 

displacement (dashed line) presents a parabolic behavior. The damage events are marked 

with circles and they appear grouped at the end of the simulation. 
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The damage occurs again in layer 6 (Balsa) which represents the main volume of the 

trailing edge of the blade. Balsa fails mainly due to the tension (SI IT) created by the 

spanwise displacement and the aerodynamical flexion. A small amount of shear damage 

(S12S) is present on leading edge side of tip blade. Due to the high speed rotation, the 

aerodynamical loads on the tip elements produces some damage which doesn't occurs in 

conditions described before. Damage produced by the shear loads is also evident in the 

proximity of the blade root. Figure 6.17 shows the location of the damage on the blade 

and the type of failure criteria which applies. 
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PFA Layer 6 (Balsa) 

Figure 6.17: Progressive Failure Analysis of layer 6 (Balsa) 

6.5. Conclusion 
In the present chapter an implementation was described of a platform for modeling the 

progression of damage in complex structures made of composite materials during dynamic 

aeroelastic simulations. The structural behavior of the blade was modeled as a thin-walled 

beam (TWB), a ID FE model capable of capturing the most essential characteristics of 

slender structures such as rotor blades. TWB has the potential of recovering the strains 

and stresses for all layers at any position of the blade. In this way it is possible to 

integrate failure models which allow analyzing the propagation of damage in the structure. 
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Due to its computational efficiency it is possible to integrate the TWB in a dynamic 

aeroelastic code describing the fluid-structure interaction. At any time step of the 

simulation, the integrity of the blade layers is evaluated in order to detect the presence of 

damage. Once a layer reaches a failure criterion, the mechanical properties of the 

damaged area are degraded and the stiffness matrix of the structure is updated. In this 

way it is possible to fully couple the interaction between the aerodynamics loads and the 

blade, integrating the effect of the damage caused by them on the structure. This coupling 

potentially allows implementing and testing control strategies during the simulation to 

avoid the occurrence of damage. In order to demonstrate the feasibility of the code 

presented here, three cases assuming severe load conditions were simulated using the 

blade described in Chapter 4. The simulation results illustrate the progression of the 

damage on the blade during the events simulated. It is possible to identify when and 

where the failure criteria are reached and the type of load which creatse the damage. The 

code presented here will reduce the predesign times by integrating the blade geometry and 

lay up definition with the dynamic aeroelastic code and damage tracking capabilities, 

avoiding the designer to work each module separately. 
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Chapter 7. 
Conclusions and further work 

7.1. Conclusions and summary of contributions 
A n integrated computational platform was developed capable of modeling the progression 

of damage on long slender composite structures such as helicopter and wind turbine 

blades by dynamically integrating fluid-structure interaction and damage progression. The 

code has the capability of dynamically updating the structural properties of the blade in 

response to progressively occurring damage which in turn is a function of static and 

dynamic loads caused by fluid-structure interaction. This procedure avoids the limitations 

posed by the conventional approach where structural loads are first calculated based on 

time series or distributions and damage evaluation is conducted as an add-on step based 

on the load histories. 

As shown in Chapter 3 and 4 wind turbine blades can be modeled as thin-walled beams 

(TWB), a class of ID models capturing their main characteristics, albeit at the expense of 

some restricting assumptions and a possible loss of accuracy under certain conditions. For 

practical purposes, however, these restrictions are often not substantial as demonstrated in 

Chapter 4 where a validation of the capabilities of the TWB approach of reproducing the 

static and dynamic behavior of a complex blade against a 3D shell model created in a 

commercial software package was conducted. Besides this ability of TWB, the model 

offers the possibility of recovering the strains and stresses for all the layers at any position 

of the structure. In this way it is possible to implement failure criteria in order to model 

the progression of damage in the blade caused by the loads acting on it. For the purpose of 

validation of the combined Progressive Failure Analysis (PFA)-TWB model, its 

predictions were compared against those obtained with GENOA, a commercial finite 

element based tool designed for the composite failure analysis of complex structures. In 
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Chapter 5 the two models were compared demonstrating that a reduced order model such 

as the TWB can accurately predict the progression of the damage calculated by a higher-

order model such as the shell model used in GENOA. The use of the PFA-TWB is limited 

to slender structures which do not violate the main assumptions of the model, such as the 

non-deformation of the cross-sectional area. Finally, Chapter 6 integrates the PFA-TWB 

model with dynamic aeroelastic simulation capabilities. Three different cases were 

simulated in order to demonstrate the capabilities of this approach. 

The main contribution of the present work to the state-of-the-art of aeroelastic and damage 

progression modelling is the development of a computational platform which allows an 

integration of the different modules used independently in the current design practice of 

rotor blades. In this way, highly significant decreased execution times for the assessment 

of damage are possible, providing the designer with a useful tool at all design stages but 

certainly at pre-design, where a rapid turnover rather than the highest accuracy is required. 

Additionally, the restrictions as to accuracy imposed by the assumptions of the TWB 

model may be partly compensated by an increase in modelling accuracy, since the 

modification of the structural properties is provided as the damage occurs, as opposed to 

off-line assessments where the same structural properties are used for a whole load 

history. 

7.2. Future Outlook 
The proposed methodology open significant opportunities when it comes to perform fully 

coupled fluid-structure interaction simulations for advanced composite flexible blades 

considering the evolution of damage as it propagate throughout the structure. Of course, 

improvements to the methodology are possible in several venues, such as: 

• The validation of the PFA-TWB against experimental results. Static and dynamic 

cases have to be considered. The use of guided waves can help to identify the 

layers and the area where damage occurs during experiments. Although this 

requires a dedicated and accurate experimental campaign, this effort can produce 

validation data that can be used to compare against the predictions of the PFA-

TWB model. 
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• A relatively straightforward extension of the present work would be the 

consideration of failure criteria with combined multi-axial stresses and validate 

their damage progression against higher order models. 

• The TWB-PFA has to be extended to considered (multi-axial) fatigue. The 

mechanical properties of the composites layers have to be updated due to the 

damage caused by cyclic loads. 

• One further line of research would be to release one of the restraining assumptions 

of the TWB approach by allowing the cross-sectional area of the blade to deform 

in its plane in order to calculate the hoop strains and stress which can have some 

effect when combined failure criteria are implemented. Without this assumption it 

is possible to complete the stress tensor of the reduced order model allowing to 

apply the same failure models created for shell elements. The use of modal 

information could be an option to relate the TWB displacement with the 

deformation of the cross-sectional area. 

• Non-linear geometrical effect and un-uniformity of the aerodynamic loads acting 

on the structure can also be taken into account as to improve accuracy of the 

model by taking into account large deformation and blade dynamic stall 

conditions. Within the current approach, which only considers small strains, is 

limited to initial damage stages where large deformations don't occurs. 

• As the current work was limited to (rotating) blades alone, and did not consider 

structural coupling to other elements, such as a drive train and a wind turbine 

tower. These effects could also be included in further models. 

• The current explicit numerical integration scheme used to solve the equation 

motion has many inconvenient. The method is conditionally stable and requires 

very small time steps to avoid errors. Future work will look into substituting it by 

an implicit method which can guarantee the equilibrium of the system after each 

iteration. 

• The effects of material uncertainty can be included in the model. Composite 

materials present a scatter of the measured properties and it is important to 

consider it to predict the reliability of the structure. 
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Appendix B 
External dimensions of transitional airfoils (relative to Figure 4.1 and Figure 4.4) 
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Appendix C 
Layup Code (Relative to Figure 4.1 and Figure 4.6) 
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Appendix D 
Aerodynamic Coefficients 
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