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Abstract 

 

Wind and tidal turbines have garnered significant interest due to their capability to exploit wind 

and water currents as sources of renewable energy. These turbines are constituted of various 

components, amongst which the blades are a crucial element. Blades are instrumental in 

capturing energy from wind or tidal currents and transforming it into rotational motion for 

electricity generation. Nonetheless, the constant exposure of turbine blades to harsh 

environmental conditions presents a substantial challenge regarding durability and performance. 

Fatigue, resulting from cyclic loading and fluctuations in stress, is a frequent occurrence that 

compromises the structural integrity of turbine blades over time. Failures due to fatigue can 

result in operational interruptions, costly repairs, and diminished efficiency in energy production. 

The overarching objective of this thesis is to formulate enhanced methodologies for estimating 

the fatigue life of composite structures, paying special attention to wind and tidal turbine blades, 

whilst minimising dependence on exhaustive experimental testing. Initially, a novel estimation 

method is presented for fitting fatigue data using the Sendeckyj model, thereby contributing to a 

more robust S-N curve for all fatigue regions in composites. This new method employs 

regression techniques; specifically, it utilises an exponential model for the low-cycle fatigue 

region and a power-law model for the high-cycle fatigue region for parameter estimation. 

Comparisons between the output parameters of the original Sendeckyj model and the novel 

estimation method that shapes the S-N curve, utilising various glass fibre laminates and polymer 

resins, indicate that the novel method furnishes more accurate predictions of composite fatigue 

behaviour. 

Subsequently, the refined Sendeckyj model is employed as a foundation for the development of a 

new strategy, which estimates the residual strength parameter in the Schaff and Davidson model 

through a mathematical algorithm. This obviates the need for residual strength tests and 

facilitates the direct computation of composite residual strength using the S-N curve. Validation 
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with multiple datasets confirms the effectiveness of this strategy. Notably, for well-scattered 

fatigue life data, the estimation aligns almost within one standard deviation from the mean of the 

measured data. 

The new strategy is incorporated into an algorithm representing a new strength-based method for 

estimating the fatigue life of a 13-metre wind turbine blade constructed of glass fibre-reinforced 

powder epoxy. This algorithm accommodates load sequences, strength conversion (tension-

compression interplay) effects, and employs Rainflow counting, the improved Sendeckyj model, 

and a piecewise constant life diagram. Upon validation of the finite element (FE) representation 

of the blade, a comparison with Minerôs rule illustrates that this new method predicts fatigue life 

earlier in the life of the blade by incorporating material degradation behaviour and other factors, 

while requiring computational and experimental resources comparable to Minerôs rule. 

However, the strength-based method exhibits limitations in accounting for interactions among 

different stress factors. To rectify this, it is amalgamated with a multi-axial stress-based 

approach, known as the FTPF (Failure Tensor Polynomial in Fatigue) method. This novel 

approach is applied to an 8-metre tidal turbine blade constructed of similar material and 

demonstrates the potential of reliably assessing fatigue life under multiple loading phases. 

Lastly, in tandem with the fatigue analysis, a cavitation analysis is undertaken to evaluate the 

impact of DNVGL-ST-0164 design load cases on both fatigue and cavitation of the 

aforementioned tidal turbine blade, without directly coupling their effects. The fatigue analysis 

concentrates on the unidirectional composite layers located 3 meters from the root, which are 

identified as an area of considerable fatigue risk through the novel approach. The results suggest 

that transient startup and shut down processes at cut-out tidal speeds significantly contribute to 

fatigue damage. However, an increase in the rotational speed of the actual pitch mechanism 

seems to mitigate this damage. In contrast, the cavitation analysis, executed using AeroDyn 

software, encompasses the entirety of the blade. This analysis identifies tip cavitation 

occurrences for operating conditions where tidal speeds exceed the rated speed and in transient 

conditions at the cut-out tidal speed. Therefore, transient startup and shutdown procedures at cut-

out tidal speeds are the primary contributors to fatigue and cavitation damage. Consequently, 

novel design recommendations are suggested to alleviate these damages, inclusive of the 

elimination of the cut-out tidal speed. 
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In summary, this thesis developed improved methods for estimating the fatigue life of composite 

structures, specifically focusing on wind and tidal turbine blades, with the goal of reducing 

experimental test data while reliably predicting the fatigue state of materials. The improved 

methods proposed in this study are validated using multiple fatigue databases and subsequently 

applied to real-world examples, namely a 13-meter wind turbine blade and an 8-meter tidal 

turbine blade. 
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1.1 Chapter Summary 

This chapter serves as an introduction to the central aim of the thesis, which is to enhance 

methodologies for estimating the fatigue life of wind and tidal turbine blades constructed from 

composite materials. Section 1.2 delves into wind and tidal turbines by offering an overview of 

the current state-of-the-art within the wind and tidal energy sectors. Section 1.3 discusses the 

loads which blades are subjected to during operation. Owing to the impact of these loads, 

Section 1.4 sheds light on the structural components of the blades. Subsequently, Section 1.5 

explores the materials and composites employed in blade construction, with particular attention 

given to their properties and appropriateness for use in turbine blades. Section 1.6 centres on the 

fatigue of composites, an essential factor in blade design, and underscores the importance of 

understanding this element to ensure the longevity and reliability of the turbine. Section 1.7 

outlines the motivation and objectives behind the thesis. Lastly, Section 1.8 offers an overview 

of how the thesis is structured, weaving together the various sections. 

1.2 Wind and Tidal Turbines 

1.2.1 Wind Turbines 

Wind energy is a rapidly growing industry that harnesses the power of the wind to generate 

electricity. One of the most common methods of capturing wind energy is through the use of 

horizontal-axis wind turbines (HAWTs). These turbines have blades that rotate around a 

horizontal axis parallel to the wind direction. The majority of HAWTs typically have three 

blades. This turbine layout is designed to strike a balance between load distribution, stability, and 

economic efficiency. These turbines are known for their high efficiency in relation to low 

installation and maintenance costs [1]. 
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The design of wind turbine blades is a crucial aspect of the turbineôs performance, and it is 

continuously being improved to increase aero-structural efficiency and reduce costs. As the size 

of the turbine increases, the swept area of the increasingly long blades captures more wind 

energy. Specifically, if the blade length is doubled, the potential power capture increases by a 

factor of four due to the squared relationship of blade length to the swept area. According to the 

Global Wind Energy Council (GWEC) [2], in 2020, the average size of wind turbines installed 

worldwide was around 3.2 megawatts (MW), with a rotor diameter of 120-140 meters. Earlier 

this year, the Vestas V236-15.0MW prototype wind turbine, which has a rotor diameter of 236 m, 

successfully produced its first power at the Østerild Test Center in Denmark [3], while the China 

State Shipbuilding Corporation (CSSC) announced that it is building an 18 megawatts (MW) 

wind turbine with a 260 meter (853-ft) diameter on its three-bladed rotor [4]. This is a significant 

increase compared to the preceding years when the average turbine size was around 2.5 MW and 

rotor diameter around 100 meters. This increase in blade size leads to operational cost savings as 

fewer turbines are needed to generate the same amount of electricity and greater efficiency as 

more energy is generated per turbine. However, it is important to note that as the turbine size 

increases, the aerodynamic loads on the blades also increase. Specifically, doubling the blade 

length can result in a fourfold increase in these aerodynamic loads, reflecting the squared 

relationship between blade length and its swept area.  

1.2.2 Tidal Turbines 

Tidal currents are influenced by the gravitational pull of the moon and the sun, and their patterns 

can be predicted with high accuracy for many years into the future. This means that tidal energy 

system operators, whether tidal turbines or tidal barrages, can plan for and optimise energy 

generation based on the predicted tidal patterns, leading to more consistent and reliable energy 

generation compared to other renewable sources, such as wind and solar energy [5]. Tidal 

turbines are similar to wind turbines in that they both use rotors with blades to harness kinetic 

energy, but there are some key differences between the two types of systems. 

The main difference between a tidal turbine and a wind turbine is the source of energy that is 

used to turn the blades. A wind turbine uses the kinetic energy of wind to turn the blades, while a 

tidal turbine uses the kinetic energy of moving water. Tidal turbines are typically located in areas 
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with strong tidal currents, such as estuaries, bays, and straits, while wind turbines are typically 

located on land or offshore in shallow waters [6]. 

In terms of construction, tidal turbine blades are generally shorter and stronger compared to wind 

turbine blades for a similar capacity turbine. This is attributed to the fact that water has a higher 

density than air. Additionally, tidal turbine blades are susceptible to cavitation, a phenomenon 

that occurs when the pressure around a turbine blade drops below the vapour pressure of the 

water [7]. When this happens, bubbles of vapour form around the blades and can cause surface 

damage [8] and reduce the efficiency of the turbine [9].  

1.3 Blade Loads 

Horizontal axis wind turbine blades are subjected to various loads, including aerodynamic loads 

from the wind, centrifugal loads from rotating, and gravity from their weight. Horizontal axis 

tidal turbine blades are also subjected to similar loads, albeit hydrodynamic loading from the 

water instead of aerodynamic loading from wind. 

Aero-dynamic loads on wind turbines are categorised into two components: "in-plane" and "out-

of-plane" relative to the plane of rotation. This is similar for the hydrodynamic loads in tidal 

turbine blades. In-plane or edgewise load is tangential to the plane of rotation and has a roughly 

triangular distribution along the blade span with maximum section loads near the tip. Out-of-

plane or flapwise loading is normal to the plane of rotation with the same distribution as in-

plane, but with higher magnitudes. In addition to these categorisations, torsional loading refers to 

the twisting force that acts on the blades along their length. This loading arises due to non-

uniform aerodynamic or hydrodynamic conditions across the rotor or turbine. Figure 1-1 shows 

the aerodynamic load on a wind turbine blade. 
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Figure 1-1: Aerodynamic loads on a wind turbine blade. 

Centrifugal loads refer to the forces generated by spinning the turbine blades [10]. These forces 

are caused by the mass of the blades being pulled away from the centre of rotation, and they can 

be significant at the tips of the blades. The centrifugal loads are tangential to the plane of rotation 

and increase as the blade moves further from the centre of rotation. 

Gravity loads refer to the forces generated by the weight of the blades. These forces are caused 

by the blades being pulled downward by the force of gravity. Gravity loads are relatively 

constant and act vertically in the rotor plane. These loads are reversed twice per blade rotation 

and can cause fatigue damage on larger blades [11]. Buoyancy loads, which are interconnected 

with gravity loads, present unique challenges for tidal turbine blades. These buoyancy loads are 

forces that counteract the downward pull of gravity on the blades due to the buoyant force 

exerted by the surrounding water. While gravity works to pull the blades downward, buoyancy 

opposes this, pushing the blades upward, thus creating a constant tug-of-war between these two 

forces [12]. The typical ratio of buoyancy to gravity loads for a tidal turbine blade is 

fundamentally governed by the densities involved: the density of seawater compared to the 

density of the blade material. 
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To design an optimal blade, it is necessary to determine the loads based on the actual working 

conditions of wind or tidal turbines (spectrum loading). Spectral loading refers to the varying 

load patterns that the materials undergo during their operational lifetime. The International 

Electrotechnical Commission (IEC) 61400-1 standard [13] for wind turbines and the 

Germanischer Lloyd (GL) regulations [14] for tidal turbines have provided clear insight into the 

classification of various loading conditions. According to these standards and rules, a 

combination of design situations such as power production, power production plus occurrence of 

fault, startup, normal shutdown, and parked (standing still or idling) must be taken into account 

during blade design [15]. 

For this work, the loading on the wind and tidal turbine blades (Chapters 5 and 7) has been 

determined through computer simulation using the FAST (Fatigue, Aerodynamics, Structures, 

and Turbulence) code [16][17] developed by the National Renewable Energy Laboratory 

(NREL), based on the IEC and GL rules. This procedure is described in Sub-section 2.2.1 of this 

work. 

1.4 Blade Structural Components 

Different structural components of the blade work together to provide the blade with the strength 

and stiffness needed to withstand the various load types described in Section 1.3. Figure 1-2 

identifies the main structural components of the blade, which are defined as follows: 

1. Load-carrying components 

These parts are the internal structural configuration of the blade, which typically has a box-

shaped cross-section. The box spar runs along the length of the blade and is constructed from two 

horizontal spar caps and one or two vertical shear webs. 

Spar caps provide most of the bending stiffness to the blade. Shear webs provide the required 

shear stiffness. 

2. Aerodynamic/hydrodynamic skins 

These skins are fixed to the spar caps and consist of two outer skin layers and sandwich panels 

on the pressure and suction sides of the blade. 



Chapter 1. Introduction 

- 6 - 

 

Outer skin layers carry the torsional and shear loads caused by the in-plane loads and are coated 

with materials to protect the blade from external influences such as UV degradation, moisture 

and erosion. Sandwich panels are used to increase buckling resistance and to help maintain 

aerodynamic characteristics.  

3. Bondlines 

Bondlines are located between the spar caps and the shear webs and between the 

aerodynamic/hydrodynamic pressure and suction skins at leading and trailing edges. Some 

manufacturers have successfully adopted the idea of "one shot" resin injection leading to no 

bondlines [18]. Bondlines also transfer shear loads from the web to the spar caps or between 

skins. This is combined with significant axial strains since the blade deforms in flapwise and 

edgewise directions. 

4. Blade root connection 

The bladeôs root is the part of the structure that attaches the blade to the rotor hub. It is designed 

to withstand high centrifugal loads, gravity loads, shear loads and bending moments. The 

common blade root connection is a T-bolt or "IKEA" bolt connection or embedded "stud", 

"carrot", or "bushing" [19]. 

 

Figure 1-2: Blade structural components, image adapted from Gurit [20]. 
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The wind turbine blade described in Chapter 5 is manufactured using a "one-shot" process that 

eliminates the need for bondlines, while the tidal turbine blade described in Chapters 6 and 7 is 

made up of a load-carrying component, a separate trailing edge fairing, a separate tip, and a root 

connection. The trailing edge fairings and tip are constructed separately and then adhesively 

bonded to the finished structure. 

1.5 Blade Materials and Composites 

Selecting suitable materials for the bladeôs structural components is crucial in ensuring it can 

withstand the loads experienced during operation. Most blades are manufactured from Fibre 

Reinforced Polymer (FRP) composites, which consist of stiff fibres embedded in a polymer 

matrix. The role of fibres is to increase the stiffness and strength of the polymer matrix. There 

are different types of fibres, such as glass, carbon, basalt or aramid, and natural fibres, such as 

hemp, flax, wood or bamboo. However, glass fibres and carbon fibres are mostly used in turbine 

blades [21]. Polymer resins are classified into two groups: thermoplastic and thermoset. 

Thermoplastic resins become moldable when heated above their glass transition temperature, 

while thermosets permanently set after the polymerisation process (curing) and cannot be re-

formed by heating. Thermosetting resins including epoxy, polyester, and vinyl ester are mostly 

used in blade structures [22]. The matrix has four important functions. One, it fixes the fibres in 

the desired geometric arrangement. Two, it transfers the forces to and between fibres. Three, it 

prevents fibre buckling; otherwise, the fibres can only withstand tensile loads. And four, the resin 

around the fibres protects them from environmental influences. 

A composite laminate is formed from a number of plies stacked on top of one another. The fibres 

in each single ply, or lamina, are orientated in either one direction (a unidirectional or UD ply) or 

in several directions in the case of a woven or stitched multi-directional ply. By stacking the 

plies, the stiffness of the entire composite laminate can be adjusted to meet the applicationôs 

requirements. In composite lamination notation, the stacking sequence of the laminate is 

represented within square brackets, with each number denoting the orientation of the fibres in the 

ply relative to a reference axis. The subscript indicates the number of times this sequence is 

repeated. Unidirectional, biaxial and triaxial plies are mostly used in blades, which are labelled 

UD, Biax and Triax in this work, respectively. UD plies, with a high flexural modulus in the 
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axial direction, are suitable for axial loading; however, they have lower moduli in other 

directions, making them weaker. On the other hand, ±45° Biax plies, displaying a balanced 

flexural modulus diagonally, are ideal for shear loading. According to the load distribution on 

each part of the blade in Section 1.4, the following shows the most common structural plies of 

the blades. 

1. Load-carrying components 

¶ Spar caps consist of a large portion of UD material in the spanwise direction. They 

are thickest near the root due to greater aerodynamic bending moments. Spar cap 

material is typically a combination of glass and polyester or epoxy. Recently, carbon 

fibre or glass-carbon hybrids have been used and investigated, which also shows the 

advantages of carbon materials [23]. 

¶ Shear webs consist of flat sandwich panels with ±45° layers and cores made from 

balsa wood or polyvinyl chloride. Other materials used as core materials are 

honeycomb structures or foams, such as polyethylene terephthalate (PET), styrene 

acrylonitrile (SAN), Polyurethane (PU), polystyrene (PS), polyetherimide (PEI), 

polymethacrylimide (PMI) and polypropylene (PP). 

2. Aerodynamic/hydrodynamic skins 

¶ The outermost skin layer is made of Gelcoat to protect from external influences. 

However, underneath the Gelcoat, the outermost composite layers are typically made 

up of ±45° layers with respect to the spanwise direction of the blade. 

¶ Sandwich panels consist of curved sandwich materials with composite skin layers 

made up of ±45° layers or 0/±45° layups separated with cores. The material used in 

the core is the same as the shear web. 

3. Bondlines  

¶ Bondlines are typically chopped strand or milled fibre glass-filled epoxy to ensure 

durability, strength, and appropriate application consistency. 
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The wind and tidal blades in Chapters 5, 6 and 7 were constructed from glass fibre reinforced 

composite materials with a powder epoxy matrix. In each chapter, the relevant blade material is 

introduced, and its material properties are identified. Chapter 5 covers the materials used for the 

entire wind turbine blade, which features UD plies oriented along the length of the blade, as well 

as Triax layers with a [0°/±45°] layup orientation. The skins on the trailing and leading edges of 

the wind blade are embedded with a PU core and Gelcoat. Chapters 6 and 7 focus on the UD 

materials used in the tidal blade, to investigate their susceptibility to fatigue damage under the 

harsh conditions experienced by these blades. 

1.6 Fatigue of Composites 

Fatigue is a major concern for composite materials in wind and tidal turbine blades, as it can lead 

to the gradual degradation of the material over time, potentially resulting in structural failure.  

"Fatigue" refers to the phenomena that cause fracture under repetitive or fluctuating stresses with 

a maximum value lower than the materialôs ultimate static strength [24]. 

1.6.1 Fatigue in Fibres 

Since fibres carry the majority of the load in composites, the type of fibres employed will have 

an impact on how the composites behave under fatigue. Boller [25] conducted the earliest 

research on the impact of fibre characteristics on the fatigue behaviour of composites in 1969. He 

compared the fatigue performances of composites with higher modulus S-glass and lower 

modulus E-glass for the identical matrices and discovered that the higher modulus composites 

had a better fatigue performance. The impact of carbon fibre type (with respect to modulus) on 

the fatigue properties of composites was then studied by a number of research organisations 

[26][27]. They concluded that low-modulus carbon fibre performs worse under fatigue than high-

modulus carbon fibre, similar to glass fibres. 

Curtis [28] studied the comparative fatigue behaviour of unidirectional carbon and glass fibre 

reinforced epoxy resin. Figure 1-3 shows typical plots of peak tensile stress (S) versus log cycles 

to failure (N), the traditional S-N presentation of data, for two fibre reinforced composites. The 

S-N curve of glass fibre reinforced epoxy resin shows a more drastic drop in its fatigue strength 

than that of carbon fibre. The use of very stiff carbon fibre reduces the strain in the composite 

and prevents significant matrix deformation, which can trigger the early onset of damage. 
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It has been shown by Hofer et al. [29][30] that the fatigue performance of glass fibre composites 

is improved through hybridisation with carbon fibres. 

 

Figure 1-3: Typical S-N fatigue data for unidirectional carbon and glass fibre reinforced epoxy 

resin [28]. 

1.6.2 Fatigue in Resins 

Resin is another important constituent in composites. There was wide agreement that the fatigue 

damage propagation in fibre reinforced composites is controlled by the matrix and that 

degradation of the composite under fatigue loading first occurs in the matrix, while damage in 

the fibres is the result of the matrix degradation [31]. 

Boller [32] repeated his earlier research on the impact of matrix characteristics on the fatigue 

behaviour of composites. He studied the comparative fatigue behaviour of laminates of polyester, 

epoxy, phenolic, and silicone reinforced with E-glass fabric and found that epoxy matrix 

composites have better fatigue behaviour. 
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Several studies have been conducted to compare the fatigue damage mechanisms between 

thermoplastic and thermoset resins. Gamstedt and Talreja [33] examined the fatigue properties of 

unidirectional carbon fibre reinforced with two different types of resin: polyetheretherketone 

(thermoplastic matrix) and epoxy (thermoset matrix). They noted that the thermoset composite 

was more fatigue resistant than the thermoplastic composite, as only a few microcracks were 

observed, and the crack propagation towards the interface was gradual. The thermoplastic 

composite, on the other hand, exhibited widespread bonding, crack propagation and matrix 

failure. In order to better understand why there are obvious variations between thermoset and 

thermoplastic matrices in fatigue, some researchers concentrated on how these various matrices 

affect crack initiation and development (fracture toughness) [34][35][36][37]. They 

demonstrated that in terms of toughness and ductility, thermoplastic polymers outperform 

thermosetting resins. 

Overall, the above materials research suggests that thermoplastics have been shown to have 

worse fatigue behaviour than thermoset resins in both carbon and glass-based composites. Their 

higher toughness can potentially impede stress redistribution, which contributes to their worse 

fatigue behaviour. Recently, Murray et al. [38] have provided a structural analysis of a 13-m 

thermoplastic composite wind turbine blade in comparison to a thermoset epoxy blade with the 

same geometry. The comparisonôs findings demonstrated that the two bladeôs fatigue 

performance was similar. As a result, based on disparate findings, more research needs to be 

done to determine how the type of matrix affects fatigue. However, this discussion is beyond the 

scope of our current topic. 

1.6.3 Current Methods for Fatigue Prediction 

Accurately predicting the fatigue behaviour of composites is a complex task for a variety of 

reasons. The unique properties of composites, where different materials are combined to form a 

single structure, lead to complex interactions between the constituent materials under stress 

conditions. Unlike homogeneous materials like metals, the properties of composites can vary 

widely depending on the direction of the applied stress due to their anisotropic nature. This 

anisotropy makes it difficult to develop universally applicable models for fatigue prediction. 

Moreover, the existence of many micro-mechanical damage mechanisms, such as matrix 

cracking, fibre-matrix debonding, and fibre breakage, further complicate the prediction of 
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composite fatigue behaviour. These mechanisms can interact with each other in complex ways 

and may not manifest immediately under stress conditions, making it difficult to predict when or 

where failure might occur. 

 To address these challenges, several approaches have been developed. One of the most 

commonly used methods is Minerôs rule, a linear damage accumulation model that estimates the 

total fatigue damage as the summation of the fractional damages caused by individual stress 

cycles [39]. However, a significant drawback for composite design is its dependence on uniaxial 

stress analysis, which oversimplifies the stress state. 

An answer to this issue is found in multiaxial stress-based models such as the Failure Tensor 

Polynomial in Fatigue (FTPF) model. These models take into account the complex stress state 

that emerges in a material under realistic loading conditions [40]. However, one significant 

drawback of multiaxial stress methods is that they do not account for the effects of spectrum 

loading, including load sequence and strength conversion effects. Load sequence effects refer to 

the impact of the order of load cycles on damage accumulation in materials. The strength 

conversion effect describes how the damage caused by tension can impact the remaining 

compression strength and, similarly, how compression damage can affect the remaining tension 

strength in the structureôs fatigue life. 

To incorporate these effects, strength-based methods (as well as stiffness-based methods) have 

been developed. Strength-based fatigue theories such as the Schaff and Davidson model [41][42] 

and the Sendeckyj model [43][44] factor in material strength degradation, but similar to Minerôs 

rule, they fall short in capturing the complex stress state in composites. Moreover, identifying the 

parameters for these empirical models requires considerable experimental work, which can be 

both resource intensive and time-consuming. 

Within the context of strength-based methods, the strength-lifetime (S-N) relationship can be 

formulated through a deterministic equation, capturing the average or expected behaviour based 

on material strength. Notably, the phenomenological model of the S-N curve developed by 

Sendeckyj [43][44] exhibits strong alignment with experimental fatigue data, making it a 

potentially effective tool in fatigue prediction. 
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Additional discussion of the strengths and weaknesses of Minerôs rule, the FTPF method, the 

Schaff and Davidson Model, and the Sendeckyj method can be found in Chapter 2. 

1.6.4 Coupon and Structural Testing 

Composite coupons and structures are typically used in materials research to evaluate the 

properties and behaviour of composite materials under various loading conditions. Fatigue tests 

involve subjecting the materials to repeated cycles of stress to simulate the effect of long-term 

operational conditions, whether accelerated or at real-rate, which can take weeks or even months. 

Additionally, various environmental factors and manufacturing method variations, such as 

manual or automated processes, need to be taken into account, adding to the complexity, 

duration, and cost of these tests, but not necessarily the number of tests. Within this context, 

manufacturing defects such as debonding, porosity and misalignment of fibres can occur. 

Methods such as ultrasonic testing and X-ray radiography are commonly employed to detect and 

quantify these defects in both the preliminary and subsequent testing phases, guaranteeing that 

the materialôs properties are accurately gauged. 

Coupons are small, standardised samples of a composite material used to perform a wide variety 

of material characterisation tests, including tensile, compression, and bending tests in a 

laboratory setting. These tests provide data on the materialôs strength (geometry-independent), 

stiffness (geometry-dependent), fatigue, and other properties. Composite structures are full-scale 

representations of the final product, such as a prototype or production-ready wind or tidal turbine 

blade. These structures are typically tested under representative loading conditions and in a 

controlled environment. It is important to note that coupon and full-scale structure tests represent 

distinct levels of testing in terms of scale, particularly in turbine blades. Between these extremes, 

there are intermediate levels of testing typically involving sub-components or sub-scale 

structures. This type of testing aims to investigate the materialôs behaviour under conditions that 

are more representative of the actual application, whether on a smaller scale than full structure 

tests or as a subcomponent in its true size. Figure 1-4 outlines the progressive stages of testing 

composite materials, ranging from coupon testing at the base, through sub-component testing in 

the middle, to full-scale structure testing at the apex. 
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Figure 1-4: Composite material testing pyramid concept [45] . 

In general, there are three types of tests that are commonly used to evaluate a turbine bladeôs 

mechanical characteristics and performance: dynamic tests, static tests, and fatigue tests.  

¶ Dynamic tests evaluate the turbine bladeôs response to vibrations and other dynamic 

loads. These tests include modal analysis, which measures the natural frequencies and 

modes of vibration of the blades. 

¶ Static tests evaluate the turbine bladeôs ability to withstand static loads, such as those 

that occur during operation at a constant speed. These tests include ultimate strength 

testing, which applies a load equal to the maximum expected failure load. 

¶ Fatigue tests evaluate the turbine bladeôs ability to withstand repeated loads over 

time. Fatigue testing involves applying a specific load pattern to the blades in one 

continuous series over a large number of cycles. 

These tests are discussed further in Chapter 2, Section 2.5. 
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Building on this, it is crucial to highlight the significance of standardisation in turbine blade full -

scale testing. The IEC TS 61400-23 [46] test standard is commonly used as a guide for designing 

the test setup for wind turbine blades. In the case of tidal turbine blades, there are two specific 

international test standards currently in use: IEC TS 62600ï3 [47] and DNVGL-ST-0164 [14]. 

When tests are not conducted at full scale, considering the size effect becomes imperative. 

Wisnom [48] concludes from a review of various composite static strength studies on carbon and 

glass fibre/epoxy that there is a significant size effect on the strength of composite materials, 

where the strength decreases with an increase in coupon volume. This significant effect is 

quantified by Weibull moduli, a statistical measure of material variability, in the range of 13ï29 

for the materials considered and is strongest for matrix-dominated failure. These values, being 

relatively high, indicate that there is less variability in strength; the higher the modulus, the less 

variability. While this study does not explicitly mention the rate at which the size effect decreases 

with increasing scale, it is important to take this effect into account when designing large 

structures using data obtained from small coupons. 

Size effect was also highlighted in studies by Van Leeuwen et al. [49] and Och [50], who 

compared the fatigue strength of wind turbine blades and helicopter blades, respectively, 

obtained from full-scale tests to that predicted from coupon-based experiments. The results 

showed a discrepancy of about 10%, with the full-scale structural test strengths being lower than 

the coupon-based predictions. The fitting of the blade and coupon test data to a Goodman 

relation gave slopes close to 10. This highlighted the importance of considering the potential size 

effects and the specific loading conditions of the full-scale blades when using coupon test results 

to predict their behaviour. 

Mandell et al. [51] conducted a study on the fatigue of composite material beam elements 

representative of a wind turbine blade sub-structure. They found that there were no major 

contradictions between the coupon database and the model sub-structure in terms of predicted 

strength, stiffness, failure mode, and lifetime. However, they also emphasised the significance of 

design details in ensuring accurate predictions of performance and behaviour. 

In this work, the novel estimation methods for fatigue model parameters introduced in Chapters 

3 and 4 are validated by their application to several fatigue databases obtained from DOE/MSU 
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[52] and experimental data sets in other literature. Details of these databases are provided in 

Section 2.4. Additionally, in Chapters 5, 6 and 7, structural tests (dynamic and static) are 

conducted on the turbine blades to validate the finite element blade models. Within the modelling 

process, the material properties of the composite used in the blades were directly incorporated 

from experimental tests. Additionally, instead of a homogenised representation, each layer of the 

composite laminate was defined in the model with its unique properties. Further information 

regarding these tests and finite element modelling are available in Section 2.5 and Sub-section 

2.2.2, respectively. 

1.7 Motivation and Aims 

Composite materials have unique properties that make them suitable for use in wind and tidal 

turbine blades, but also make it difficult to predict their fatigue behaviour. This thesis aims to 

develop improved methods for estimating the fatigue life of composite structures, specifically 

focusing on wind and tidal turbine blades, with the goal of reducing experimental test data, while 

reliably predicting the fatigue damage state of materials. The methods proposed in this study are 

validated using multiple fatigue databases and subsequently applied to real-world examples, a 13 

m long wind turbine blade and an 8 m long tidal turbine blade. The main aims of the thesis, 

based on the progression of chapters, are: 

O1.  To present and validate a novel estimation method to enhance the accuracy of the 

Sendeckyj S-N model from low-cycle to high-cycle fatigue for composite materials. 

O2.  To develop and validate a new strategy for estimating the parameter in a strength-based 

fatigue model without requiring any residual strength tests. 

O3.  To develop a new phenomenological strength-based analysis methodology for predicting 

the fatigue life of a wind turbine blade under spectrum loading by considering the load 

sequence effect and strength conversion effect, with similar computational and 

experimental effort to that used in implementing Minerôs rule. 

O4.  To present an integrated approach for predicting the fatigue life of a tidal turbine blade 

by combining the strength-based methodology with a multi-axial stress-based method. 
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O5.  To study the effect of different design load cases (DLCs) on fatigue and cavitation of the 

blades for a 1 MW power generating tidal turbine. 

These objectives are visually represented in Figure 1-5, which illustrates the main objectives 

with the corresponding number of each research objective listed above. 

 

Figure 1-5: Flowchart highlighting the main objectives with their corresponding numbers in the 

research. 
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1.8 Thesis Overview 

Chapter 1 of the thesis presents an introduction to the project, providing an overview of the 

background related to the key aspects of the research and elucidating the overall motivations and 

aims. Chapter 2 delves deeper into the literature to provide a comprehensive understanding of 

the various factors crucial for predicting fatigue life in composite structures. It conducts a 

thorough analysis of existing methods, emphasising both their strengths and limitations. 

Chapter 3 presents the Sendeckyj model as a widely used empirical model for predicting the 

fatigue strength of materials, utilising the S-N curve. The chapter introduces a new constraint for 

the Sendeckyj model parameter, derived from the materialôs S-N fatigue curve and mathematical 

curve fitting. This constraint serves as the basis for a novel estimation method, aimed at 

enhancing the accuracy of the Sendeckyj model across all fatigue regions. The novel method 

employs an exponential model for the low-cycle fatigue region and a power-law model for the 

high-cycle fatigue region, thereby refining the Sendeckyj model. Finally, the novel model is 

compared against the original Sendeckyj model using glass fibre laminates with various polymer 

resins. 

Chapter 4 introduces a new strategy for directly predicting the residual strength parameter in the 

Schaff and Davidson model from the enhanced Sendeckyj model discussed in Chapter 3. This 

strategy eliminates the need for conducting residual strength tests and takes into consideration 

both the stress level and the number of loading cycles endured at that stress level. Furthermore, 

the effectiveness of this strategy is validated through the analysis of five datasets obtained from 

various literature sources. 

Chapter 5 develops a new strength-based method for predicting the fatigue life of composite 

materials in a specific real-world example, which is a 13 m wind turbine blade. The new method 

is based on two models: the Schaff and Davidson model, which calculates residual strength, and 

the strategy presented in Chapter 4, which estimates the Schaff and Davidson model parameter. 

When utilising the Schaff and Davidson model, the effects of the load sequence and strength 

conversion resulting from the loading spectra and the combination of tension and compression 

load cycles, respectively, are also taken into account. The chapter determines the load on the 

blade by employing modelling tools developed by the National Renewable Energy Laboratory 
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(NREL). The results obtained from this approach are then compared to those obtained using 

Minerôs rule. 

Chapter 6 introduces a novel approach to predict the fatigue life of composite materials in large-

scale applications, such as tidal turbine blades. This approach combines the strength-based 

method developed in Chapter 5 with a multi-axial stress-based approach known as the FTPF 

method. The central concept of this approach is the effective number of cycles, which takes into 

account both the load sequencing effect and the strength degradation effect by considering the 

reduction in residual strength that occurs during loading. To validate this combined approach, it 

is applied to an 8 m long tidal turbine blade, and the results are compared with Minerôs rule and 

the original FTPF method. 

Chapter 7 adds the study of cavitation to the thesisôs overall body of work and evaluates the 

impact of DNVGL-ST-0164 design load cases on the fatigue and cavitation characteristics of the 

tidal turbine blade introduced in Chapter 6. The fatigue analysis concentrates on the 

unidirectional composite layers located 3 meters from the root, which are identified as an area of 

considerable fatigue risk through the novel approach described in Chapter 6. The cavitation 

analysis, performed using AeroDyn software, considers the entire blade. This chapter also 

suggests new design requirements aimed at reducing fatigue and cavitation damage. 

Chapter 8 provides a discussion of the main results of the thesis and conclusions on the 

advances in the field of fatigue life estimation of composite structures made in this work. Three 

appendices are included, which provide greater detail on several aspects of the project. These 

include (i) the code for the novel estimation method, (ii) the new strength-based method code 

and (iii) the optimisation code to convert static design loads to static test loads. 
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2.1 Chapter Summary 

Developing dependable techniques to estimate the fatigue life of composite structures in wind 

and tidal turbine blades is crucial for guaranteeing their longevity and performance. This chapter 

is a comprehensive literature review of the foundational principles underlying these topics. It 

further explores the multifaceted aspects of blade modelling tools, the estimation of fatigue life, 

data repositories, and experimental validation. 

Section 2.2 lays the foundation for understanding the key computational tools used in turbine 

blade simulation. Sub-section 2.2.1 sets the scene by reviewing the existing tools and their 

capacities to simulate design loading conditions. It also delves into the phenomenon of 

cavitation, which is crucial in tidal environments. Sub-section 2.2.2 explores Finite Element 

Modelling, a technique extensively employed in blade structural analysis to simulate and analyse 

the behaviour of structures and materials under various loads. 

Section 2.3 discusses the methodologies used to estimate the fatigue life of composites. Sub-

section 2.3.1 describes fatigue damage models used for predicting long-term material 

degradation. Sub-section 2.3.2 examines S-N diagrams that represent the fatigue properties of 

materials and Sub-section 2.3.3 explores constant life diagrams. Sub-section 2.3.4 introduces 

cycle counting methods, which are essential to fatigue analysis. 

Section 2.4 emphasises the importance of having comprehensive data repositories. Sub-section 

2.4.1 discusses static and constant amplitude fatigue data, whereas Sub-section 2.4.2 explores 

residual strength data, vital for understanding a material's strength after fatigue cycles. 

Lastly, Section 2.5 describes various forms of experimental validation for blade structures. Sub-

section 2.5.1 covers dynamic testing to understand the blade's dynamic behaviour. Sub-sections 
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2.5.2 and 2.5.3 focus on static and fatigue testing, respectively, which are vital for validating 

models and comprehending real-world blade performance. 

2.2 Turbine Blade Modelling Tools 

2.2.1 Blade Design Load Modelling 

Sandia National Laboratories (SNL) and the National Renewable Energy Laboratory (NREL) 

have sponsored the development, verification, and validation of various computer codes for the 

analysis of wind and tidal turbines. These codes, such as FAST and AeroDyn, were developed 

specifically for wind turbine simulation, but they have the potential to be adapted and used for 

the simulation and analysis of tidal blades with necessary modifications to account for the 

specific characteristics of tidal systems. 

 

Figure 2-1: Computer codes used in the simulation of wind and tidal turbines. 

FAST (Fatigue, Aerodynamics, Structures, and Turbulence) [17][16] is a comprehensive tool that 

is used to simulate the entire wind turbine system, including the rotor, nacelle, tower, and control 

systems. It is developed by NREL and is widely used in the wind energy industry for the design, 

analysis, and optimisation of wind turbines. FAST is an open-source software package that is 

also used to analyse the loads on the turbine blades and tower. It takes into account the effects of 
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wind gusts, turbulence, and other environmental factors on the turbineôs performance. With its 

ability to model both the aerodynamics and structural dynamics of wind turbines, it is used to 

evaluate the performance of a wind turbine under a wide range of operating conditions and 

design scenarios. 

As a part of the FAST software package, AeroDyn [53] was also developed by NREL. AeroDyn 

is a software package that is integrated within FAST to model the aerodynamics of wind turbine 

blades. It uses the Blade Element Momentum (BEM) theory to calculate the aerodynamic loads 

on the blades [54]. In the BEM method used in AeroDyn, three-dimensional corrections are 

applied to the model. These include Prandtl tip-loss, Prandtl hub-loss, and Pitt and Peters 

skewed-wake. Prandtl tip and hub-loss correction factors are used to account for losses in 

efficiency and power production due to spanwise flow and vortex shedding at the blade tip and 

hub. The skewed-wake correction, when enabled, is applied following the BEM iteration. 

Additionally, the BEM iteration for the studied model includes the calculation of tangential 

induction (a measure of the change in angular momentum), the use of drag in the axial-induction 

(a measure of the change in linear momentum) calculation, and the use of drag in the tangential 

induction calculation. 

AeroDyn uses the airfoil data files generated by JavaFoil [55] to simulate the lift, drag, and 

moment characteristics of the turbine blades. The input data for AeroDyn includes the 

aerodynamic properties of the blades, such as the lift and drag coefficients,  blade element 

properties, such as the angle of attack, and environmental conditions, such as the inflow wind 

velocity. The output of AeroDyn includes the aerodynamic forces acting on the turbine blades 

and the turbineôs power and thrust coefficients [56]. 

A notable feature of AeroDyn is its cavitation model, designed to predict the onset and 

development of cavitation. Depending on the blade geometry, hydrodynamic conditions, and 

fluid properties, several forms of cavitation can occur on tidal turbine blades, including tip 

vortex, sheet, bubble, and cloud cavitation [57]. Tip vortex cavitation originates from pressure 

differences at the blade tips, which creates a vortex filled with vapour cavities. Sheet cavitation 

refers to the formation of a thin sheet of cavitation bubbles along the blade due to a pressure 

drop, predominantly observed on the suction side of the blade where the fluid velocities are 

higher and pressures drop below the vapour pressure. Bubble cavitation happens when localised 
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low pressure leads to the formation of individual bubbles. Cloud cavitation results from a 

significant adverse pressure gradient, leading to a "cloud" of cavitation bubbles. An adverse 

pressure gradient occurs when pressure increases in the flow direction, often caused by shape 

changes or obstructions on a surface. This can lead to issues like flow separation, where the fluid 

flow detaches from the surface, potentially resulting in reduced performance or even damage to 

turbine blades [58]. Comparing cavitation types on the turbine blades proved that the most 

damaging form of cavitation is cloud cavitation, which can be developed from sheet and bubble 

cavitation. This conclusion is based on several criteria, including the extent of material erosion 

on the blade, the frequency and intensity of vibration, and the decrease in turbine efficiency [59]. 

While the experiments are useful for classifying the type of cavitation and observing its onset, 

tidal turbines should be designed to generally prevent the onset of cavitation [60]. 

The AeroDyn cavitation model employs the Cavitation Inception Model (CIM). The CIM is 

based on a critical parameter known as the critical cavitation number („ ), which is defined by 

Equation 2.1. 
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where Patm is the atmospheric pressure above the free surface, Pvap is the vapour pressure of the 

fluid, ɟ, g and h are the water density, acceleration due to gravity, and submerged depth (distance 

to the free surface), respectively. Vrel is the local relative velocity of the blade section. 

In AeroDyn, cavitation occurs when the local cavitation number („ ) given by Equation 2.2 is 

greater than or equal to the critical cavitation number. The local cavitation number is based on 

the minimum pressure coefficient (CPmin) of the blade section, which is a measure of the pressure 

difference between the pressure and suction side of the blade. 
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The local pressure, PL, at a given point on the airfoil surface where the pressure is being 

considered, is not often known in practice due to difficulties measuring blade pressures 
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experimentally; hence the non-dimensional minimum surface pressure coefficient, CPmin, is used 

[61]. CPmin varies as a function of the angle of attack for a particular airfoil section, similarly to 

the lift and drag coefficients. All of the coefficients required for AeroDyn are calculated by 

JavaFoil over the entire range of ±180° angle of attack for each hydrofoil shape.  

To analyse the structure of turbine rotors, NuMAD (Numerical Manufacturing And Design) [62], 

PreComp (Pre-processor for computing Composite blade structural properties) [63], and BModes 

[64] are also used in conjunction with FAST. NuMAD, developed by SNL, simplifies the process 

of creating a three-dimensional finite element model of a turbine blade by managing all blade 

information such as databases of airfoils, materials, and material placement. PreComp and 

BModes are developed by NREL; PreComp is used to calculate the structural properties of 

composite turbine blades based on the information provided by NuMAD. In PreComp, flapwise, 

edgewise and torsional stiffnesses are defined about the principal elastic axes of a cross-section, 

as described by Equations 2.3-2.5. 

ὊὰὥὴύὭίὩ ίὸὭὪὪὲὩίίὉ ȟὼὨὼὨώ 
(2.3) 
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(2.4) 

ὝέὶίὭέὲὥὰ ίὸὭὪὪὲὩίίὋ ȟ ὼ ώ ὨὼὨώ 
(2.5) 

where E(x,y) and G(x,y) are the modulus of elasticity and modulus of rigidity, respectively, and x 

and y are the flapwise and edgewise distances from the blade section elastic centre to the 

differential area element over the cross-sectional area of a section, respectively. 

BModes is then used to create the mode shapes, which are mathematical representations of the 

different structural modes of a wind turbine blade. Incorporating this detailed structural 

information into FAST simulations helps improve the accuracy of turbine blade load predictions. 

TURBSIM [65] is another open-source software package developed by NREL. It is used to 

simulate the wind field at the turbine site by generating random wind velocity time series data 
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that represents the wind conditions at the site. It simulates different wind regimes such as the IEC 

standard wind regimes [13], the user-specified wind regimes, and the turbulence wind regimes. 

The wind velocity time series data generated by TURBSIM is used as input for FAST. In 

addition, Turbsim uses a tidal model for water turbulence based on measurements taken near 

Marrow Stone Island in Puget Sound, Washington. These measurements were taken in a tidally 

mixed tidal boundary layer 4.6 meters above the bottom in 18 meters of water. This tidally-mixed 

condition indicates that tidal currents played a significant role in the mixing of water layers in 

this area [66]. 

Fatigue life prediction of composite turbine blades is performed by simulation of various fatigue 

design load cases defined in Electrotechnical Commission (IEC) 61400-1 standard [13] for wind 

turbine blades and the Germanischer-Lloyd (GL) regulations [60] for tidal turbine blades. Given 

the sensitivity of blade fatigue life to maximum blade stress and strain level, as shown by 

Kennedy et al. [67], it is crucial to carefully analyse each fatigue design load case defined in the 

respective standards to ensure accurate life predictions. Kennedy [68] also expanded the 

procedure and predicted fatigue in blades with different control systems. In this paper, fatigue 

life prediction of pitch regulated and stall regulated tidal turbine devices are compared. However, 

cavitation wasnôt considered.  

In this work, Chapter 5 focuses on the calculation of loads along the 13 m wind blade using 

FAST and other computer codes in accordance with the IEC standard. Similarly, in Chapter 7, 

these software tools have been used for the 8 m tidal blade to calculate the loading during 

different modes of turbine operation according to the DNV standard. In Chapter 7, an 

investigation of cavitation on the tidal blade has been conducted. 

2.2.2 Finite Element Blade Modelling 

Finite Element Modelling (FEM), when calibrated and validated correctly, is a powerful 

numerical tool used to simulate and analyse the behaviour of structures and materials under 

various loading conditions. It is commonly used in the field of composite materials, particularly 

for wind and tidal turbine blades. 

One of the most commonly used FEM software that has been used in this work is Abaqus 

Standard, developed by SIMULIA, a brand of Dassault Systemes [69]. Abaqus is a general-
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purpose finite element software that is used to analyse various engineering problems, including 

linear and non-linear stress analysis, thermal analysis, and dynamic analysis. The capability to 

simulate the behaviour of composite materials under different loading conditions has made 

Abaqus a popular choice for designing wind and tidal turbine blades both in academia and 

industry. Several studies, such as those conducted by Tarfaoui et al. [70] and Nachtane et al. [71], 

have utilised Abaqus for modelling the complex behaviours of composite wind and tidal turbine 

blades under various loading conditions. In both, numerical results gave a good correlation when 

compared to the experiment response, as evident from the figures provided. Although specific 

numerical values or percentages were not explicitly mentioned in their results, estimations 

suggest that the numerical models overestimated the displacement by approximately 25%. 

Additionally, industrial reports, such as those by ÉireComposites [72] and Orbital Marine Power 

(OMP) [73], have acknowledged the use of Abaqus for this purpose. Finite element modelling 

can greatly reduce development costs by minimising the number of blades that need to be 

constructed and tested during the design phase of a project.  

In Abaqus, composite materials are typically modelled using shell elements, as they are well 

suited to handle the large length-to-thickness ratios that are common in composite laminates. The 

use of shell elements allows for the accurate representation of the in-plane behaviour of 

composite laminates, which is important for predicting the fatigue behaviour of these materials. 

While there are other feasible options such as solid elements, they might not be as efficient for 

composites due to increased computational demand and potential difficulty in capturing thin-

layer behaviours. Additionally, Abaqus offers a variety of options for modelling the material 

behaviour of composite laminates, such as the use of orthotropic and anisotropic material 

properties, which accurately represents the behaviour of specific composite materials [74]. 

Chapter 5 focuses on conducting structural analysis of the wind blade using Abaqus, while 

Chapters 6 and 7 shift the focus to the structural analysis of the tidal turbine blade, also utilising 

Abaqus. 
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2.3 Composite Fatigue Life Estimation 

2.3.1 Fatigue Damage Models 

The primary methods for predicting the fatigue life of materials are roughly divided into three 

categories: (i) cumulative or progressive damage prediction, (ii) phenomenological or empirical 

methods, and (iii) micromechanics or mechanics-based models [75][76]. Micromechanics-based 

failure theories calculate the damage progression of composites by considering significant details 

in the construction of materials (material properties, fibre and matrix orientations, fibre-matrix 

interface, loading conditions) and relatively complex computational implementations (finite 

element analysis or micromechanical models). While this approach can be challenging due to the 

difficulty of obtaining the necessary material parameters, advancements in computational 

methods may improve its practical application in structural engineering [77]. Alternatively, 

cumulative damage and phenomenological models often find more immediate applications due 

to their ease of implementation and lesser dependence on detailed material properties. 

Cumulative damage models, such as Minerôs rule [39] and Failure Tensor Polynomial in Fatigue 

(FTPF) model [40], are predicated on the idea that damage within a material progressively 

accumulates with cyclic loading, resulting in failure when this cumulative damage reaches a 

critical threshold. Therefore, while all failures arise from accumulated damage, not all damages 

inevitably lead to failure. The principal advantage of these models is their simplicity in use, 

along with the fact that the data required for their implementation is relatively easy to acquire. 

However, they have a significant limitation: damage is not a quantifiable physical parameter, like 

strength or stiffness. Furthermore, these models typically depict damage in a binary fashion, 

classifying a structure as either failed or not failed. 

On the other hand, phenomenological models, such as Schaff and Davidson [41][42], are built 

upon observed phenomena and experimental data. They strive to track a physically quantifiable 

parameter, usually strength or stiffness, during fatigue loading. These models offer a more 

realistic portrayal of material behaviour, particularly under complex or variable loading 

conditions. Their primary strength lies in their capacity to encapsulate real-world behaviour 

using relatively straightforward functional relationships. However, they also have a significant 



Chapter 2. Literature Review 

- 28 - 

 

limitation: they rely heavily on extensive empirical data and may lack generalisability across 

diverse materials and loading conditions. 

Early investigations of phenomenological stiffness-based models were conducted by Schulte [78] 

and Highsmith and Reifsnider [79]. However, the primary drawback of this approach is the 

development of a "general" failure criterion (not a "natural" failure criterion that is specific to a 

given situation) that is successfully applied to different types of laminates or randomly ordered 

load spectra [80]. Hence, in stiffness degradation theories, failure can be determined in a number 

of ways. For example, when the stiffness has reached an arbitrary design margin on degradation 

(predetermined critical stiffness degradation level), when it is reduced to the minimum stiffness 

determined by the design process in order to meet operational requirements for deformation [81], 

or when the cyclic strain reaches the maximum static strain [82]. In contrast to stiffness-based 

models, strength-based models have an inherent "general" failure criterion: failure occurs when 

the applied stress equals the residual strength.  

In the following section, three models are described that are central to this work: Minerôs rule, a 

cumulative damage model; the Failure Tensor Polynomial in Fatigue (FTPF) model, also a 

cumulative damage model; and the Schaff and Davidson model, a phenomenological strength-

based model. 

2.3.1.1 Minerôs Rule 

One of the most renowned cumulative damage models is the Palmgren-Miner linear damage 

hypothesis, commonly known as Minerôs rule. In 1934, Palmgren proposed his linear damage 

accumulation hypothesis to predict fatigue life under variable amplitude loading, which was 

tested by Miner in 1945 with data from fatigue experiments [39]. Minerôs tests demonstrated that 

the hypothesis closely aligned with the experimental data, indicating its practical utility. Minerôs 

rule, shown in Equation 2.6, assumes that the ratio between the number of applied stress cycles 

with a given mean stress and stress range, n, and the number of cycles with the same mean stress 

and stress range which would lead to failure, N, constitutes the expended part of the useful 

fatigue life. The sum of these ratios is thus the damage (D). Thus, the criteria for not failing is 

that D is less than 1. 
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The design guidelines for small wind turbine blades prescribe the use of Minerôs rule to predict 

the lifetime of structures under spectral loading [83]. Nevertheless, despite its simplicity and 

widespread usage, Miner's rule has notable limitations. A significant drawback for composite 

design is its dependence on uniaxial stress analysis, which oversimplifies the stress state. In 

reality, particularly with composite materials, the stress state can be intricate and multiaxial. 

Loads may be applied in various directions, causing different layers or fibres within a composite 

to respond differently. This may result in complex stress states and failure modes that Minerôs 

rule doesn't capture. Consequently, Minerôs rule has been found to yield inaccurate and non-

conservative predictions for lifespan under spectrum loading conditions [84]. Van Delft [85] 

discovered that utilising Minerôs rule, fatigue life estimations were up to 100 times higher than 

experiments under complex spectrum loading scenarios, especially in multiaxial stress conditions 

or with variable amplitude loadings. However, further studies by Schutz and Gerharz [86], and 

Schoen and Nyman [87] revealed that Minerôs rule overestimates fatigue life only by a factor of 

2-3. 

One of the answers to this issue, especially in the context of multiaxial stress states, is found in 

models such as the FTPF model and Tsai-Hahn [88]. These models take into account the 

complex stress state that emerges in a material under loading conditions, offering a more 

accurate estimation of fatigue life, particularly for composite materials. 

2.3.1.2 Failure Tensor Polynomial in Fatigue (FTPF) Model 

In 1973, Hashin and Rotem developed predictive formulations for fatigue life in composite 

materials, specifically addressing the issue of stress multiaxiality [89]. Their formulations 

focused on a fatigue strength criterion for fibre reinforced materials by examining distinct failure 

modes, such as fibre and matrix failure modes, identified through observation. However, their 

criterion assumed that fibre and matrix failure were independent events, which may not always 

be accurate. Recognising this limitation, researchers like Tsai and Hahn developed failure criteria 

considering the interaction between fibre and matrix failure [88]. The Tsai-Hahn criterion has 

demonstrated improved predictions of failure behaviour in composite materials, particularly 
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when fibre-matrix interactions play a significant role. Building on this work, an extension of the 

quadratic version of the failure tensor polynomial, as interpreted by Tsai and Hahn, was 

introduced to predict fatigue strength under complex stress states. This new criterion, known as 

the FTPF (Failure Tensor Polynomial in Fatigue), has been shown to provide satisfactory 

predictions of remaining life or fatigue strength for a wide range of composite materials 

subjected to multiaxial loading [40].  

The FTPF method, proposed by Philippidis and Vassilopoulos [40], is a stress-based approach 

employing stress invariants, scalar quantities derived from the stress tensor that remain 

unchanged under coordinate transformations, for predicting the fatigue life of composite 

materials under complex stress states. This model agreed well with experimental data from Part I 

of their research [90]. The fatigue failure criterion in the FTPF method can be expressed as 

Equation 2.7. 
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(2.7) 

In this equation, D is the damage parameter, which is assumed to reach one at failure. „, „ and 

„ represent the longitudinal, transverse, and in-plane shear stresses, respectively. Similarly, 

X(N), Y(N), and S(N) denote the longitudinal, transverse, and shear strengths, respectively. 

The FTPF model holds several advantages over traditional models like Minerôs rule. It provides 

a more realistic depiction of the stresses encountered in service, especially for components 

subjected to complex loading situations, and yields a more accurate prediction of fatigue life 

when multiaxial stresses are present. However, one significant drawback of multiaxial stress 

methods, such as the FTPF, is that they don't account for the effects of load sequence and 

strength conversion. These effects relate to the impact of the order of load cycles and the 

transition between residual tension and compression strengths on the structureôs fatigue life, 

which is discussed further in Sub-section 2.3.1.3. This oversight can lead to an underestimation 

of fatigue life in real-world situations with variable loading patterns. [91].  
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2.3.1.3 Schaff and Davidson Model 

Broutman and Sahu [92] were the first to propose a linear phenomenological strength-based 

model in a lifetime prediction method. They showed that the model could predict their two-block 

experiments accurately. Strength-based or wearout models generally state that stronger 

specimens are likely to have longer fatigue lives. This assumption has been experimentally 

proven by Hahn and Kim [93], and was later called the Strength-Life-Equal-Rank-Assumption 

(SLERA) by Chou and Croman [94][95] using the existing experimental results from Ryder and 

Walker [96]. In most strength-based models, three basic assumptions or common conventions are 

expressed [97]: 

1. The S-N behaviour of the materials can be described by a deterministic equation based on 

a physical phenomenon that considers damage accumulation with the application of 

cyclic loads. 

2. Fatigue failure occurs when the residual strength decreases to the maximum applied 

cyclic stress.  

3. The static strength of the composite materials is assumed to be represented by a two or 

three-parameter Weibull distribution.  

To demonstrate the second assumption, extensive experimental and theoretical research has been 

conducted by various researchers. The form of the strength-based model developed by Sendeckyj 

is based on Equation 2.8. 

„ „ „Ⱦ„ ὲ ρὅ  
(2.8) 

where „, „ , „, and n are the equivalent static strength, maximum applied cyclic stress, 

residual strength, and the number of cycles, respectively. The parameter S is the absolute value of 

the asymptotic slope at long life on a log-log plot of the S-N curve and the parameter C is a 

measure of the extent of the flat region on the S-N curve at high applied cyclic stress levels. 

While the Sendeckyj model fits well with experimental fatigue data, it requires different model 

parameters for each loading condition. This restricts the Sendeckyj model to describing the shape 

of the S-N curve at one stress ratio only, and prevents any predictive capability of the model in 
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estimating residual strength when different loading scenarios are applied [98]. Hence, new 

residual strength approaches were proposed and experimentally tested, such as Yand et al. 

[99][100][101] and Schaff and Davidson [41][42]. 

At the same time, Yang and colleagues [99][100][101] published several papers on residual 

strength prediction at different stress levels after constant and variable amplitude loading. In their 

first paper [99], they introduced a fatigue strength-based model, which they validated using 

graphite/epoxy laminates subjected to constant amplitude fatigue. In their follow-up paper [100], 

the team refined the model to address tension-compression fatigue loading, again validating it 

with the same material. In the third paper [101], the researchers explored the influence of loading 

sequence on the statistical distributions of fatigue life and residual strength under multiple stress 

levels of cyclic loading. They carried out experimental tests with the consistent use of 

graphite/epoxy material to support their approach. Ultimately, they presented a model that 

showed a reasonable correlation with a limited amount of fatigue test results [102]. However, 

this modelôs development did not continue due to the large amount of experimental input 

necessary to characterise the model for complex loading spectra. 

Based on the Yang model, Schaff and Davidson [41][42] proposed a method to reduce the 

number of tests required to determine the parameters of the strength-based model at different 

load levels of the loading spectrum. In this model, when the structure undergoes loading, the 

residual strength is first equal to the static strength and then by a monotonically decreasing 

function related to the number of loading cycles. The form of the model is written as Equation 

2.9. 

„ „ „ „
ὲ

ὔ
 (2.9) 

All the variables are the same as the Sendeckyj model variables except „ , the ultimate 

strength and ɡ, the strength degradation parameter. The strength degradation parameter is 

determined by fitting the curve to residual strength experimental data, which will be described in 

Sub-section 2.4.2. Figure 2-2 illustrates the possible residual strength curves as a function of the 

fatigue loading cycles described by Equation 2.9. Each strength curve starts at static strength and 

ends at the location determined by the failure criterion (ůmax=ůr and N=n). The path of each 
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curve between these two locations depends on the value of the strength degradation parameter. 

Linear strength degradation corresponds to ɡ=1; secondary rapid loss (ñsudden deathò 

behaviour) [94][95] is obtained for ɡ>1, and the initial rapid loss in strength (ñearly deathò 

behaviour) is obtained for ɡ<1. 

 

Figure 2-2: Possible relationships between residual strength (ůr) and number of loading cycles 

(n). 

The Schaff and Davidson model also introduced two significant effects for randomly ordered 

loading spectra: the load sequence effect and the strength conversion effect. 

The load sequence effect means that the order of the load cycles has an influence on the amount 

of life that is expended in the structure. The loading sequence is such that all loads of a given 

stress amplitude are applied as a single block. To elucidate this effect, consider two separate 

constant amplitude loading segments applied in sequence. As illustrated in Figure 2-3, curve AB 

illustrates the strength degradation for a composite structure subjected to constant amplitude 

loading at stress level S1, and curve ACD illustrates the strength degradation for a composite 

structure subjected to constant amplitude loading at stress level S2 (for this example S1>S2). Both 

curves indicate that the specimens initiate at the static strength at point A; that is, the initial 

loading for both loading curves S1 and S2 is the static strength of the specimen. Point B 

represents the strength after n1 cycles at stress level S1. Point C represents a location of 

equivalent strength as that of point B on the constant amplitude loading curve corresponding to 
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stress level S2. The Schaff and Davidson model presumes that a composite structure that reaches 

point B via path AB has the same remaining strength as a composite structure that reaches point 

C via path AC. In the context of the two stress level sequences, the second segment starts at point 

C, and its strength degradation follows path CD. To bridge the transition from point B (after 

being loaded at S1) to point C (after being loaded at S2), the Schaff and Davidson model 

incorporates an effective number of cycles, referred to as neff. neff is defined as the equivalent 

number of loading cycles necessary to produce the same strength loss within the next segment as 

that predicted to occur within the current segment. The value of neff is used as a starting point for 

the calculation of strength degradation due to the new cycle. 

 

Figure 2-3: Demonstration of the neff [41][42]. 

The strength conversion effect is another important consideration for structures, such as 

composite wind and tidal turbine blades, that experience both tension and compression load 

cycles. To properly assess the strength of such structures, it is necessary to develop a procedure 

for converting between the residual tension and compression strengths. The fundamental issue is 

the effect of tension-induced damage on compression strength and vice versa. Cycling under a 

mean stress of a given sign degrades the residual static strength for loading under the opposite 

sign [103]. Schaff and Davidson addressed the issue phenomenologically, with the goal of 

developing a relation between the strength loss in compression versus that in tension that 
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reasonably reflects observances. Their framework was specifically designed to mirror 

observations seen under the SGF (Schutz and Gerharz Fighter) spectrum [86]. Schaff and 

Davidsonôs one-parameter mathematical model (Equation 2.9) correlated well with the 

experimental data used for validation. However, even in this reduced form the model requires a 

minimum of 75 tests for an arbitrary loading spectrum containing tension and compression 

cycles. 

In the review of strength-based modelling conducted by Philippidis and Passipoularidis [104], 

the authors suggest that the use of simple models, such as the Miner's rule, that require limited 

experimental effort should be preferred to complex phenomenological models that require a large 

set of experimental data to implement. They argue that these complicated models donôt always 

yield accurate predictions, as they may overlook certain variables, fail to account for specific 

scenarios, or might overcomplicate simple phenomena, leading to predictive inaccuracies 

[105][97]. However, Wahl [106] provided evidence for the effects of spectral loading on lifetime 

and residual strength of composite materials in wind turbine blades. This underscores the need 

for a balance between simplicity and accuracy in modelling. 

Strength-based fatigue theories, such as the Schaff and Davidson model, provide valuable 

insights into the fatigue life of composite materials by considering the effects of load spectrum 

and material degradation. However, they struggle to capture the interaction between different 

damage mechanisms. This is in addition to the significant amount of experimental work required 

to identify model parameters. Therefore, in Chapter 4, a new strategy is proposed that aims to 

present a strength-based model for predicting fatigue life by considering the minimum 

experimental effort to determine the model parameters for each load level, all within a targeted 

standard deviation. This strategy is based on the Schaff and Davidson model, which has been 

shown to be particularly effective in correlating with experimental data in previous studies. The 

novelty of this strategy lies in the fact that it requires the same number of tests as are needed to 

determine the S-N curves, bypassing the residual strength data required compared to traditional 

strength-based methods. This translates to a reduction from 75 tests to just 30 for a typical 

loading spectrum with both tension and compression cycles. 
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In Chapter 5, the new strategy, in conjunction with the Schaff and Davidson model, is applied to 

a 13 m wind blade to predict its fatigue life, taking into account both the load sequence effect and 

the strength conversion effect. 

Subsequently, Chapter 6 introduces an integrated approach applied to an 8 m tidal blade. This 

approach, based on the Schaff and Davidson model and the FTPF method, takes into 

consideration the interaction between different stresses and the load sequence effect. 

2.3.2 S-N Diagrams 

Fatigue data are typically plotted on a strength-life or S-N diagram for a constant R-value (ratio 

of minimum to maximum stress or strain). Fatigue life prediction methodologies rely on S-N 

curves as a fundamental tool. By choosing the most suitable S-N formulation (closely matches 

experimental fatigue results), a more accurate representation of a materialôs response under 

various loading conditions can be achieved, leading to more reliable fatigue life predictions in 

composite materials [107]. In 1858, a German railway engineer named Wöhler concluded that 

fatigue damage depends on cyclic stress. In 1870, based on extensive cyclic loading tests 

conducted on metal specimens, he formulated the first S-N diagram (Wöhler curve or 

exponential model), where the logarithm of the constant amplitude fatigue life (N) is assumed to 

be linearly dependent on the governing stress, „  (see Table 2.1). 

Table 2.1: Summary of the common S-N curve models. A, B and D are the regression parameters 

to obtain a linear relationship between the dependent variable, logN, and the independent 

variable, „ . The fatigue strength limit, „ , and static strength, „ , are known 

properties of the materials. 

Year S-N curve models Formulation 

1870 Wöhler ὰέὫὔὃ ὄ„  

1910 Basquin ὰέὫὔὃ ὄὰέὫ„  

1914 Stromeyer ὰέὫὔὃ ὄὰέὫ„ „  

1924 Palmgren ÌÏÇὔ Ὀ ὃ ὄὰέὫ„ „  

1952 Weibull ὰέὫὔ Ὀ ὃ ὄὰέὫ
„ „

„ „
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In 1910, the American researcher Basquin stated that material resistance to fatigue follows a 

power-law, presenting the results on a double logarithmic axis [108]. These two models are 

commonly used because they are simple and easily applied, even on limited databases. However, 

they are not suitable for fitting material behaviour in all fatigue regions, i.e., low-cycle fatigue 

and high-cycle fatigue regions. According to Mandell et al. [109], it can often be challenging to 

determine which of the two formulations is the most representative one, discovering that 

unidirectional composites with fibres parallel to the load direction have a stronger tendency to 

follow the power-law model. Bach [110] also pointed out that the best fit for the 0/45° glass-fibre 

reinforced data is the exponential model. 

Generally, the performance of the exponential model is superior to the power-law model in the 

low-cycle fatigue region, while the power-law model is more accurate in the high-cycle fatigue 

region [111][112]. The accuracy of the exponential model in the high-cycle fatigue region and 

the power-law model in the low-cycle fatigue region is improved by considering two parameters, 

the fatigue limit (in high-cycle fatigue region) and the static strength (in low-cycle fatigue 

region).  

In the case of the existence of a fatigue limit, the Basquin equation was modified by Stromeyer 

by inserting a fatigue strength limit into it [113]. Swedish researcher Palmgren added another 

parameter (D) for the constant amplitude fatigue life [114] and then Weibull developed it by 

incorporating the static strength [115]. However, since the S-N curve for fibre reinforced 

composite materials is characterised by the absence of a fatigue limit and no cyclic load 

amplitude has been found below which fatigue life is infinite, modelling the S-N curve is not 

possible using equations that have fatigue limit parameters. As a result, research began to find a 

damage metric to predict the lifetime of composites. 

The formula of an S-N curve model has an important influence on fatigue life prediction and 

ultimately blade design. Nijssen [107] noted a design mass difference of 30% when a log-log 

instead of a lin-log is utilised to describe the design S-N curve while keeping all other variables 

constant. Although linear regression is used to find the constants of the equations in Table 2.1, 

Sendeckyj [43][44] described an iterative method to determine the best fit of his model to a 

dataset containing fatigue data, static data, and residual strength data. This approach uniquely 

relies on the Strength-Life-Equal-Rank-Assumption (SLERA), a principle asserting that fatigue 
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life solely depends on initial static strength and residual strength. Therefore, the Sendeckyj 

model of modelling S-N data differs fundamentally from the conventional linear regression. 

2.3.2.1 The Sendeckyj Model 

The Sendeckyj model [43][44] is a direct application of metal crack growth concepts to 

composite materials. In its formulation, a dominant crack is assumed to be present. As cyclic 

loading is applied, the crack grows until the specimen can no longer withstand the applied cyclic 

load, resulting in a fatigue failure. The form of the deterministic equation depends on the 

particular form of crack growth law assumed and is represented by Equation 2.10. 

„ „ „Ⱦ„ ὲ ρὅ  
(2.10) 

The formulation of the Sendeckyj model is completed by assuming that the equivalent static 

strength follows a two-parameter Weibull distribution (Equation 2.11). 

ὖ„ Ὡὼὴ „Ⱦ‍  (2.11) 

where Ŭ and ɓ are the Weibull shape and scale parameters, respectively. To model S-N curves 

using the Sendeckyj model, deterministic equation parameters (C and S) must be fit 

simultaneously with the Weibull distribution parameters (Ŭ and ɓ). Fatigue data are transformed 

into equivalent static stress, and Weibull distribution parameters are calculated for equivalent 

static stress data using the maximum likelihood method (a method for estimating the probability 

distribution parameters by maximising a likelihood function [116]). Optimisation of the S-N 

curve parameter occurs until the maximum Weibull shape parameter is reached. Figure 2-4 

shows the process of finding parameters in this model. 
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Figure 2-4: Sendeckyj estimation method for parameters C and S. 

For fibre reinforced polymer composites in construction and building, Noel found that the 

approach developed by Sendeckyj achieves the requisite versatility and can be calibrated to 

describe the probabilistic nature of both static and fatigue failure [117]. In this regard, some 

papers have examined the ability of Sendeckyj model curve fittings with respect to important 

criteria such as compatibility with different stress ratios, as well as adaptability in all fatigue 

regions. For the whole range of stress ratios, Burhan and Kim showed that the Sendeckyj model 

has the highest fitting capability for experimental fatigue data when compared with eight other 

models [118]. Also, in all fatigue regions, from low-cycle fatigue to high-cycle fatigue, Barbosa 

indicated that the Sendeckyj model presented a more suitable fit when compared with 

experimental data [119]. These examples illustrate the suitability of the Sendeckyj model in 

terms of fitting accuracy. However, Sarfaraz showed that the Sendeckyj model is only suitable 

when data are available in all fatigue regions (from low-cycle fatigue to high-cycle fatigue), and 

when no static strength data is used, the model is unable to extrapolate any lifetime predictions in 

the low-cycle fatigue region. He also noted that this model, in addition to the complexity of the 

parameter estimation method, is sensitive to the selection of fatigue data and the existence of 

data points that do not follow the same trend as the fatigue data [120]. 

As described, the Sendeckyj model is used to describe the S-N behaviour of composite materials 

in the field of fatigue analysis due to its ability to fit well with experimental fatigue data. 
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However, the model has some limitations, particularly in accurately estimating its parameters, C 

and S. In order to overcome this, a novel estimation method is introduced in Chapter 3, which 

aims to improve the accuracy of the Sendeckyj model parameters. This new method is then 

implemented in Chapter 4 to develop a new strategy for fatigue life predictions of composite 

materials. Chapters 5, 6, and 7 employ the novel estimation method to construct S-N curves for 

composite materials. 

2.3.3 Constant Life Diagram (CLD) 

The accuracy of a fatigue life prediction methodology depends heavily on the choice of the 

constant life diagram (CLD) formulation [121]. A CLD, which is formed from a set of S-N 

curves with various stress ratios (R), contains constant-life lines. These lines connect points of 

identical estimated lifespan, plotted in relation to the mean stress (represented on the x-axis) and 

stress amplitude (depicted on the y-axis), as shown in Figure 2-5. As a result, they provide a 

prediction tool for estimating the materialôs fatigue life under loading patterns for which there are 

no experimental data. A typical CLD is divided into three sections: Tension-Tension (T-T), 

Tension-Compression (T-C), and Compression-Compression (C-C). The T-T section is bounded 

by radial lines representing the S-N curves at R=1 and R=0, the former corresponding to static 

loading and the latter to tensile cycling with ůmin=0. In this sector, S-N curves have positive R-

values less than one. 

 

Figure 2-5. Typical CLD annotation [121]. 
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The classical linear Goodman diagram is the most widely used CLD due to its simplicity [122], 

though other models like Gerber and Soderberg also find relevance in certain contexts [123]. The 

Goodman model is based on a single S-N curve that must be derived experimentally. Ansell 

[124] noted that most of the fatigue data for composites made of polymer matrix and wood are 

adjusted to the tensile side of CLD. This adjustment signifies that when examining the fatigue 

behaviour of these composites, the data or results tend to gravitate more towards conditions of 

tensile loading, rather than compressive. As a result, the linear Goodman diagram was replaced 

by a "shifted" version for composite materials with a shift to the right-hand side. While keeping 

the simplicity of the Linear Goodman diagram, the shifted linear Goodman diagram aims to 

capture the asymmetry in the CLD that is apparent from experiments. Sutherland [125] observed 

that CLDs for metals are symmetric because the static strength in tension and compression and 

the fatigue mechanisms in the tensile and compressive R-value regions are identical. But this is 

not true for composites. In composites, the static strength is not equal in tension and 

compression, and there are different damage and failure mechanisms in tension and compression. 

Composite failure mechanisms are dominated by the fibres when under tension. However, in 

compression, the matrix and matrix-fibre interface largely control the compositeôs properties. 

Thus, the shifted linear Goodman diagram is not suitable for composite materials. Moreover, 

both the linear Goodman diagram and the shifted linear Goodman diagram are based only on 

experimental S-N data with R=-1. If more S-N curves are available, they should be included in 

the CLD. 

Philippidis et al. [126] introduced the piecewise linear CLD. This model is interpolated between 

R-values using straight lines that connect equal lives. This CLD model requires the ultimate 

tensile and compressive stresses of the materials and a limited number of experimentally 

determined SïN curves representing the entire range of possible loading, normally at R=0.1 for 

T-T loading, R=-1 for T-C loading and R=10 for C-C loading patterns. Analytical expressions 

were developed to describe each region of the piecewise linear CLD as follows: 

¶ If Rô is in the TïT sector of the CLD, between R=1 and the first known R-ratio in the 

tension region (R1TT): 
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(2.12) 

¶ If Rô is in the TïC sector of the CLD, between any of two known R-ratios, Ri and Ri+1: 
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(2.13) 

¶ If Rô is in the CïC sector of the CLD, between R=1 and the first known R-ratio in the 

compression region (R1CC): 
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(2.14) 

in which ůômax, ůmax1TT and ůmax1CC are the stress amplitude corresponding to Rô, R1TT and 

R1CC respectively and rô=(1+Rô)/(1-Rô), and r i=(1+Ri)/(1-Ri). UTS and UCS refer to the 

ultimate tensile stress and ultimate compressive stress of the materials, respectively. 

Another proposed model is a semi-empirical formula presented in a series of papers by the Harris 

group due to fatigue test data obtained from a range of carbon and glass fibre composites 

[127][128][129]. This method was based on fitting the whole set of experimental data with a 

non-linear equation to create a continuous bell-shaped line connecting the ultimate compressive 

stress and tensile stress of the tested material. The disadvantage of this approach was the 

requirement to modify a number of parameters based on experience and accessible fatigue data. 

Kawaiôs group [130][131] presented the so-called isomorphic CLD, which can only be achieved 

by utilising a "critical" S-N curve with R-ratio of the ultimate compressive stress to the ultimate 

tensile stress of the investigated material. The formulation is predicated based on three main 

assumptions. First, for a given constant value of fatigue life N, the stress amplitude is greatest at 

the critical stress ratio. Second, the shape of the CLD curves gradually changes from a straight 

line to a parabola with increasing fatigue life, and third, the diagram is bounded by the static 

failure envelope, or two straight lines that connect the ultimate tensile and ultimate compressive 
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stresses with the maximum stress amplitude on the critical S-N curve. This modelôs obvious flaw 

is the requirement for experimental data for this specific S-N curve, hence it potentially cannot 

be used with the existing fatigue databases. 

Kassapoglou [132] proposed a model based on the assumption that the probability of failure 

during any fatigue cycle is constant and equal to the probability of failure under static loading. 

This assumption allows S-N curves at any loading pattern to be calculated using only tensile and 

compressive static strength data. But the limited use of static data ignores the various damage 

mechanisms that appear during fatigue loading and thus leads to incorrect conclusions. 

Vassilopoulos et al. [121] evaluated the influence of the most commonly used CLD formulation 

on the fatigue life prediction of three different glass/polyester composite materials. The findings 

showed that, provided a sufficient number of S-N curves (>3) is available, the piecewise linear 

formulation is the most accurate of the CLD methods with R2 values often exceeding 0.84, 

indicating a high degree of alignment with experimental observations. It is produced by linear 

interpolation across the available fatigue data and is not based on any assumptions, therefore it 

accurately represents fatigue behaviour. The other three diagrams, Harris, Kawai, and 

Kassapoglou, were very sensitive to the choice of input data and the estimation of model 

parameters. 

The literature review in this section has shown that, when a sufficient number of S-N curves 

(more than 3) are available, the piecewise linear formulation is the most accurate of the CLD. 

Therefore, in Chapters 5 and 7, the piecewise linear formulation has been used for the fatigue 

analysis of the composite material used in wind and tidal blades. This will ensure that the fatigue 

life predictions are as accurate as possible. 

2.3.4 Cycle Counting Methods 

Cycle counting is used to summarise irregular load versus time histories by providing the number 

of occurrences of cycles of various sizes. Several procedures exist to perform cycle counting, 

such as level-crossing counting, peak counting, simple-range counting, range-pair counting, and 

Rainflow counting, which are covered by ASTM standard E1049ī85 [133]. In this standard, the 

definition of the cycle in fatigue loading is the change of load from valley to peak and then to 
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valley. The range is the difference between the peak and valley of the loads and by averaging 

them, the mean load is obtained. Figure 2-6 includes all essential parameters for fatigue loading. 

 

Figure 2-6: Basic fatigue loading parameters. 

Cycle counting strategies, such as level-crossing counting or peak counting techniques, are 

referred to as one-parameter techniques since they ignore the important lifetime effects of mean 

stress. They are therefore not suitable for composite material fatigue analysis [107]. 

In simple range counting, the load spectrum is divided into segments. Each segment is 

characterised by a peak and its adjacent valley as half-cycle boundaries, as well as a range value. 

When the mean value of each range is also counted, the method is called simple range-mean 

counting. The problem with these results is that they do not take into account the stress-strain 

history to which the material is subjected. For hysteretic materials, such as metals in plastic 

deformation, stress and strain cannot be directly related at a certain moment in a given load 

history, but they depend on the previous development of stresses and strains [107]. Consequently, 

a method is needed that was capable of extracting hysteresis loops from a load history, rather 

than basic range-mean type information. Rainflow counting [134][135] and related methods 

(range-pair counting) [136] were introduced to address this problem. 
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Following a discussion of numerous popular counting techniques, Dowling [137], Krause [138] 

and Passipoularidis and Philippidis [139] came to the conclusion that only the Rainflow 

counting-type methods are suitable for an accurate estimation of the fatigue load for composites. 

The Rainflow counting algorithm, known for its robustness in fatigue analysis, has been defined 

by Endo [140], de Jonge [141], and Downing and Socie [142] in computer-ready language for 

use in real-world field data collection and processing. The European Recommended Practices 

[143] also suggest using the Rainflow counting algorithm for testing and evaluating wind 

turbines. 

In this work, in both Chapters 5 and 7, the Rainflow counting method is implemented as the 

first step for fatigue life prediction. The wind and tidal blades under investigation are subject to 

spectrum loading, which makes the counting of cycles more complex.  

2.4 Composite Fatigue Databases 

Several test databases are used for model validation in this work. Static tests are used to evaluate 

various materialôs behaviour under a constant load, while constant amplitude fatigue tests are 

used to evaluate the materialôs behaviour under a cyclic load. Residual strength tests are used to 

evaluate the materialôs strength after it has been subjected to fatigue loading. These tests measure 

the "remaining" strength of the material under monotonic conditions after fatiguing the sample 

for a given number of cycles at a given stress and stress ratio [144]. The failure in these tests is 

defined as the inability of the specimen to bear the applied load, which is often indicated by 

severe damage to the coupon or separation of the coupon between the machine grips. 

The datasets for each test used in this work are presented in the corresponding chapters, 

providing detailed information about the composite materials. Static and constant amplitude 

fatigue tests are used to validate the novel estimation method in Chapter 3, while residual 

strength tests are employed to validate the new strategy in Chapter 4. 

2.4.1 Static and Constant Amplitude Fatigue Data 

In Chapter 3, the validation of the novel estimation method is performed by its application to a 

collection of static and fatigue data collected from two separate sources. The first set of results is 

obtained from Sendeckyj [43][44], which includes data for UD S2/5208 glass epoxy laminate 
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coupons with various layups and stress ratios. The second source is the database from the 

composites laboratory of Montana State University (DOE/MSU) [52]. This database primarily 

contains fatigue data of small coupons under diverse conditions, including over 10,000 test 

results on 150 different materials. This study focuses on glass polyesters and vinyl esters 

laminates tested at R = 0.1. 

Since all the information related to this test data has been thoroughly investigated to evaluate the 

novel estimation method, the relevant details pertaining to this data are provided in the 

corresponding chapter within Sub-section 3.3.1 and 3.3.2. 

2.4.2 Residual Strength Data 

In Chapter 4, the new strategy is validated by its application to five experimental data sets. A 

more limited number of papers report data for residual strength testing, which limits the scope of 

comparison. However, the datasets were deliberately selected to cover a range of composite 

materials and loading conditions commonly encountered in the industry, providing a robust 

validation of the proposed strategy. 

The first dataset includes experiments performed by Ryder et al. [96] on T300/934 

graphite/epoxy specimens with [0/45/90/-452/90/45/0]2 layup. The frequency of constant 

amplitude fatigue tests was 10 Hz. The stress ratio of the cyclic loading was set to zero, which 

means the test was performed in the Tensile-Tensile (T-T) fatigue domain with a minimum load 

of zero. 

The second dataset is from Yang et al. [145]. The graphite/epoxy composite material used in this 

case is the Rigidite 5208-Thornel 300 system, and the layup of the laminate is a [90/45/-45/0]2. 

As before, testing frequency is kept constant at 10 Hz while the stress ratio is in the T-T domain 

equal to R=1/36.  

The third dataset comes from the data of Andersons et al. [146]. The material used is a 

glass/polyester composite of a layup typical of the spar region of wind turbine rotor blades. The 

material was produced by hand layup and comprised chopped strand mat (CSM), 

unidirectionally reinforced (UD), and fabric layers in the following sequence: 

[CSM/fabric/(CSM/UD)2]S. The loading frequency was 17 Hz, and the stress ratio R=0.1.  
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The fourth dataset was produced by Post et al. [147] on E-glass/vinylester composite laminate 

with [0/+45/90/45/0]s layup. The loading frequency of the fatigue test was maintained at 10 Hz. 

The fatigue test was performed in a T-T domain with a stress ratio of R=0.1.  

Finally, the last dataset is reported by Passipoularidis [105]. The material tested is a glass/epoxy 

used to manufacture a wind turbine rotor blade. The laminate used consists of four unidirectional 

plies at a layup of [±45]S. all tests were performed at R=0.1. 

2.5 Experimental Blade Testing 

To ensure the reliability of rotor blades, extensive testing is conducted during product 

development, encompassing dynamic, static, and fatigue evaluations in both the flapwise and 

edgewise directions. These comprehensive tests are essential for assessing the structural integrity 

and long-term durability of the blades, considering the diverse operational conditions they will 

encounter. The IEC 61400-23 [46] test standard is typically used as a guide for wind turbine 

blade testing, while for tidal turbine blades, there are two specific international test standards: 

IEC TS 62600ï3 [47] and DNVGL-ST-0164 [14]. 

For a comprehensive overview of the state of the art in full-scale structural testing of wind 

turbine blades, the review by Zhou et al. [148] is recommended. The authors discuss the various 

types of tests used to evaluate wind turbine blades and the factors that affect the performance and 

reliability of wind turbine blades, such as material properties, design features, and environmental 

conditions. They also discuss the challenges and limitations of full-scale structural testing, such 

as the high cost and logistical complexity of conducting these tests. 

2.5.1 Dynamic Testing 

Dynamic testing is an experimental technique used to determine the dynamic properties of a 

structure, including the natural frequencies, modes of vibration, and damping ratios of a 

structure, which can then be used to understand its behaviour under different loads and 

conditions. The dynamic testing consists of two phases, the testing phase and analysis phase. In 

the testing phase, the structure is vibrated, and its acceleration responses are recorded. In the 

analysis phase, the Fast Fourier Transform (FFT) algorithm is employed for analysing the 

structural responses under different frequencies. The structureôs natural frequencies, damping 
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ratios and mode shapes can be identified from the FFT spectrum [149]. The objective of dynamic 

testing is to determine the dynamic characteristics of the structure in order to validate theoretical 

models or to support design and optimisation efforts. 

In the context of wind and tidal turbine blades, the characterisation of the bladeôs dynamic 

behaviour against vibrations is typically performed using the two first frequencies in the flapwise 

and edgewise directions. The reason for focusing on the first or lower frequencies is that they 

have more energy compared to higher frequencies. This means that the lower frequencies have a 

greater impact on the bladeôs dynamic behaviour and are therefore more important to analyse. 

Additionally, in a Campbellôs resonant diagram, which shows the relationship between frequency 

and damping in a system, the high frequency resonances are not as relevant and are typically not 

analysed [150]. 

In Chapter 5, the predicted natural frequencies from BModes, specifically the two primary 

frequencies in flapwise direction and the two primary frequencies in edgewise direction, are 

compared with the results obtained from dynamic testing. This comparison aims to verify the 

accuracy of the input data used for the FAST simulation. 

2.5.2 Static Testing 

Static testing is a procedure that involves the application of a constant load with a specified 

magnitude and direction to evaluate the strength and stiffness of blades and to ensure their 

capacity to endure the ultimate loads anticipated during their service life. The IEC standard 

mandates static testing in both edgewise and flapwise directions, employing mechanical loads at 

various locations along the blade length. Typically, the loads are applied through clamps or 

pressure pads attached to the blade surface using an electric winch system or hydraulic actuators 

[151]. The loading is more representative of the bending moment distribution on an actual blade 

when more load points are employed. 

The static structural testing of wind turbine blades has been thoroughly documented, with several 

notable studies reviewed below, providing a detailed description of the final failure of the blade 

structures. Overgaard et al. [152] conducted a full-scale static flapwise bending test on a 25 m 

wind turbine blade in order to analyse its structural behaviour and failure mechanisms. The 

loading was increased gradually until the blade failed. The blade was equipped with various 
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instruments, including unidirectional strain gauges, (LVDTs), and an acoustic emission system 

(AES), to capture the non-linear behaviour of the structure at extreme loads. The study revealed 

that the failure of the blade was initiated by local buckling and delamination of the uppermost 

layers on the pressure side, and then propagated through the thickness of the blade, ultimately 

leading to a catastrophic failure. 

An in-depth investigation into the performance of wind turbine blades was conducted by Yang et 

al. [153] in China, which represents one of the most comprehensive full-scale testing efforts in 

this area. The study involved subjecting a 40 m blade composed of E-glass/epoxy composite to 

full -scale static testing, with loading applied gradually in the flapwise direction on the suction 

side via three cranes until failure occurred. Results revealed that the initial failure of the blade 

was due to the Brazier effect, which is characterised by an ovalisation of the bladeôs cross-

section due to substantial bending stresses. However, further analysis qualitatively indicated that 

the primary cause of failure was the debonding of the aerodynamic skins from the adhesive 

joints, followed by a gradual degradation of the bladeôs structural integrity until collapse. 

Ultimately, the combined effects of debonding, local buckling, and delamination reached a 

critical point, resulting in the sudden collapse of the blade. 

Chen and colleagues conducted two separate studies on the failure modes of large wind turbine 

blades. In the first study [154], they subjected a 52.3 m long glass fibre reinforced epoxy blade to 

static testing until failure occurred. Delamination of unidirectional laminates in the spar cap was 

found to be the likely cause of the catastrophic failure. Through-thickness stresses in the 

composite laminates and sandwich panels were also identified as a contributing factor to some of 

the failure modes observed. In the second study [155], Chen examined the structural collapse 

behaviour of a 47 m composite wind turbine blade when subjected to combined bending and 

torsion in a full-scale static load test. The authors used strain gauges, displacement transducers, 

and digital image correlation (DIC) techniques to measure the structural response of the blade 

during the experiments. The authors found that the root cause of the blade collapse was 

longitudinal compressive crushing failure, followed by delamination of the spar cap on the 

suction side of the blade. The failure mode was initiated by local buckling in the spar cap, which 

was caused by the constraint of the load saddle on the blade surface. Although torsion loads had 
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no significant effect on the blade strength, they were found to affect the post-collapse 

characteristics of the blade. 

While the structural testing reported thus far is solely focused on wind turbine blades, the vast 

majority of studies on the structural testing of tidal turbine blades have implemented testing 

protocols to ensure that these blades can endure expected loads throughout their projected 

operational lifespan of 20 years. These testing programs involve incrementally increasing the 

loads on the blades until the maximum load capacity is reached, without exceeding the design 

capacity or causing the blade to fail. However, the RealTide project partners conducted full-scale 

static testing on a 5 m tidal turbine blade in 2022. The tested blade was a specific prototype 

developed within the project, and it was designed to fail to examine manufacturing parameters, 

model reliability, and monitoring options [156]. 

The University of Galway has utilised its large structural testing facility to conduct several 

structural testing programs for full-scale tidal turbine blades. To illustrate, Finnegan et al. [157] 

conducted structural testing on a full-scale 8 m tidal turbine blade and successfully validated its 

design and performance without any instances of blade failure during testing. The load of 1,008 

kN applied to the blade during static testing was the highest load ever reported on a tidal turbine 

blade. The University of Galway also undertook static testing for two small-scale tidal turbine 

blades, the 2 m long D40 blade and the 3 m long D63, in collaboration with SCHOTTEL 

HYDRO [158]. Furthermore, Newcastle University [159] and Dalhousie University [160] have 

also conducted static testing on small-scale tidal turbine blades, with lengths of 1 m and 0.36 m, 

respectively. 

In Chapter 5, in addition to the dynamic testing, static testing was also conducted in the large 

structural testing laboratory at the University of Galway, in accordance with IEC 61400-23 

standards [46]. The purpose of the testing was to analyse the structural performance of the 13 m 

wind turbine blade and validate its FEM predictions. 

2.5.3 Fatigue Testing 

Fatigue testing is a process wherein a fluctuating load, which may remain constant or vary in 

intensity, is applied to verify whether the blade possesses the load-bearing capability to endure 

repeated loading that it may encounter during its operational lifetime. In general, the flapwise 
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direction necessitates the highest number of load cycles to failure due to the predominant fatigue 

bending forces acting in this plane, whereas the edgewise direction requires relatively fewer 

cycles. However, applying a combination of flapwise and edgewise loading can potentially 

decrease the overall number of load cycles required for testing due to interaction effects [161]. 

Static tests and dynamic tests are performed before, during, and after fatigue testing to detect 

variations in stiffness and residual strength of a blade. To intensify the damage caused to the 

blade and speed up the testing process, the loads applied during fatigue testing are typically 

amplified. Therefore, it is essential to conduct initial static testing as the peak fatigue loads can 

be similar to static loads in magnitude. 

Larwood and Musial [162] conducted a series of tests on two 12 m long wind blades to 

determine their mechanical behaviour under different loading conditions. In order to identify any 

non-linear behaviour (such as buckling) that may occur at the initial stages of loading, they 

performed static tests on the blades before subjecting them to fatigue tests. Then, fatigue tests 

were conducted using actuators utilising two distinct loading techniques. The first blade 

underwent a single-axis test, where edgewise and flapwise loads were combined into a resultant 

load by pitching the blade on its axis. However, there is a potential risk in this approach as 

combining these loads might not reveal certain vulnerabilities that could be evident if tested 

individually. The second blade was tested in a dual-axis test, in which edgewise and flapwise 

loads were applied separately at a phase angle of 90°. They found that both blades had the same 

distribution of damage, with the onset of damage occurring earlier in the single actuator test due 

to higher strains noted at some of the strain gauge locations. They concluded that while the single 

actuator test was easier to manage, the dual-axis test was more representative of the theoretical 

damage. 

Jensen et al. [163] conducted a study in which they evaluated the performance of a 34 m wind 

blade under flapwise loading until failure, following successful completion of both static and 

fatigue testing (correspond to 20 years lifetime). During the static test, a series of static loads 

were applied to the blade while the corresponding deflections and strains were measured. The 

fatigue test involved subjecting the blade to cyclic loading for a predetermined number of cycles 

while monitoring the bladeôs response. Based on their measurements, it was determined that 

delamination of the outer skin was the primary mode of failure, resulting in a significant 
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reduction in the bladeôs buckling capacity and eventual structural collapse. The blade exhibited 

non-linear structural behaviour (Brazier effect and ovalisation) in response to extreme loads well 

before catastrophic failure. 

Lee and Park [164] investigated the behaviour of a full scale 48.3 m long wind blade under static 

loading after undergoing fatigue testing. Fatigue testing was conducted in a single-axis 

configuration, with one million testing cycles for the flapwise fatigue test and two million for the 

edgewise fatigue test. After examining the fatigue damage on the blade, further static tests in 

three different directions of positive flapwise, positive edgewise, and negative flapwise were 

conducted until the blade failed completely. The study revealed that the blade exhibited matrix 

cracking during edgewise fatigue testing, which increased under large edgewise static loads. 

Ultimately, the failure was attributed to delamination of the 0° layers at the trailing edge. 

Through their analysis, the researchers recommended changes to the blade layups to prevent this 

type of crack formation in the future. They utilised a comprehensive approach, including 

extensive inspection of the failed blade and finite element shell models, to determine the root 

cause of the failure modes. 

The structural testing reported thus far is solely focused on wind turbine blades. However, to the 

best of the authorôs knowledge, there have been limited publications on the fatigue testing of 

full -scale tidal turbine blades. Two notable studies were conducted at the University of Galway. 

In Sub-section 2.5.2, Finnegan et al. [157] conducted structural testing on a full-scale 8 m tidal 

turbine blade. This testing program included fatigue testing of the blade at full-scale, simulating 

its 20 year design life, in line with the DNVGL-ST-0164 standard [14] and the IEC TS 62600ï3 

testing specifications [47]. The successful completion of fatigue testing validated the bladeôs 

design life, marking a significant milestone towards full commercialisation of tidal turbines. The 

University of Galway, in collaboration with SCHOTTEL HYDRO, conducted fatigue testing on 

the 2 m length D40 tidal blade and the 3 m length D63 [158]. The static response of the D40 

blade was compared before and after the lifetime-equivalent fatigue testing program with 

152,500 cycles. The testing showed no significant change in blade strength, which validated the 

bladeôs design models. 

In another critical study at FastBlade, the worldôs first full-scale regenerative tidal blade fatigue 

test facility, research focused on the optimisation of load introduction points in full-scale 



Chapter 2. Literature Review 

- 53 - 

 

composite tidal turbine blade tests. In this research, experiments conducted on a 5.25 m 

composite tidal blade highlighted the significant strain values caused by the clamping procedure, 

suggesting modifications to the load introduction during tests to avoid potential failures [165]. A 

subsequent study at FastBlade employed a regenerative digital displacement hydraulic pump 

system, which showcased significant energy savings compared to conventional systems. Notably, 

the same blade withstood 20 years equivalent fatigue loading without catastrophic failure, and no 

specific failures were observed, indicating potential overdesign on the blade [166].Chapter 6 

employed fatigue load cases derived from tidal blade testing conducted at the University of 

Galway, adhering to the DNVGL-ST-0164 code and IEC 61400-23 standards. These load cases 

were utilised to assess the fatigue damage of the tidal turbine blade. Before subjecting the blade 

to fatigue testing, the accuracy of the finite element model was verified through static testing. 

2.6 Conclusions 

The existing literature review reveals a significant gap: the necessity for holistic methodologies 

that effectively integrate multiaxial stress analyses with degradation theories. This combination 

is crucial for accurately accounting for key factors impacting fatigue damage assessment, 

particularly under variable amplitude spectrum loading. This thesis work aims to bridge this gap, 

and as a result, several groundbreaking methodologies have been developed. 

Several key methodologies and techniques are employed in this thesis: (i) a novel estimation 

method for the Sendeckyj model parameters, providing a reliable S-N curve; (ii) the development 

of a strategy for the direct estimation of residual strength model parameters from S-N curves, 

facilitating the residual strength estimation of composite blades; and (iii) the application of an 

integrated approach for assessing fatigue damage that combines multiaxial stress analysis with 

degradation theories. 

Covering a wide array of topics such as computational modelling, materials testing databases, 

and structural testing, this literature review attempts to illuminate the intricate task of fatigue life 

prediction faced by engineers working with wind and tidal turbine blades. The methodologies 

developed in this thesis fill the gap in the existing literature, offering advanced capabilities for 

comprehensive assessment of fatigue damage behaviour and life expectancy in composite blades. 
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Chapter 3. A Novel Estimation Method for Fitting 

Fatigue Data in the Composite Wearout Model 

 

3.1 Introduction  

S-N curves are essential in designing composite structures by enabling the estimation of the 

material fatigue behaviour. This chapter focuses on the Sendeckyj fatigue failure formula 

(introduced in Sub-section 2.3.2.1) to characterise the S-N behaviour of the composite material, 

taking into account two model parameters, C and S. However, the Sendeckyj model exhibits 

certain limitations in estimating parameters C and S, necessitating the introduction of a novel 

estimation method.  

The original modelôs limitations include complexity in the non-linear optimisation process, an 

inability to predict life in the low-cycle fatigue range, and a sensitivity to the selection of fatigue 

data. To address the first limitation, this chapter proposes a constraint for the parameter S (Sub-

section 3.2.1), which is derived from the fatigue behaviour of the composite material. For 

mitigating the second and third limitations, a novel estimation method (Sub-section 3.2.2) is 

introduced that integrates two commonly-used fatigue models ï the exponential model and the 

power-law model. Given that the exponential model is well-suited for the low-cycle fatigue 

range, and the power-law model is suited to the high-cycle fatigue range, the former is utilised to 

ascertain parameter C and the latter for parameter S. The novel estimation method code in 

MATLAB is provided in Appendix A.  

To evaluate the efficacy of this novel method (Sub-section 3.2.3), its outcomes are juxtaposed 

with the results of the original Sendeckyj model and the DOE/MSU composite material fatigue 

database, specifically for glass fibre laminates with various types of resins. The findings reveal 

that the novel estimation method simplifies the optimisation process, provides more accurate 
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parameters and S-N curves, particularly in low-cycle fatigue, and demonstrates reduced 

sensitivity to the available fatigue data. This work, a collaborative effort with co-supervisors Dr 

Edward Fagan and Prof Jamie Goggins, has been published in the journal Composite Structures 

(2022)[167]. 

3.2 Methodology 

In the Sendeckyj model, parameters C and S describe the shape of the S-N curve as positive 

numbers. Sendeckyj plotted the S-N curve as a function of parameter C according to the fatigue 

failure formula (introduced in Sub-section 2.3.2.1) to find a suitable constraint for this 

parameter. He showed that for C=1, the equation is reduced to the classical power-law fatigue 

failure criterion. For C>1, the equation gives an S-N curve that steepens at low cycles on a log-

log plot, and for C<1, the equation gives an S-N curve that flattens out at low cycles on a log-log 

plot. As C tends to zero, the size of the flattened region increases. The behaviour of C<1 is 

common for composite materials, while the behaviour of C>1 has not been observed to occur for 

composite materials [43]. This relationship is illustrated in Figure 3-1. 

In the Sendeckyj model, the parameter C is constrained (C<1). However, no restrictions are set 

for the parameter S. This is one of the reasons that complicates the solution of the equation. 

Thus, in the present chapter, a constraint is first introduced for the parameter S based on the 

fatigue behaviour of composite materials. Then, based on this constraint, as well as the parameter 

C constraint, a novel estimation method is developed to find the exact parameters of the model. 

3.2.1 Novel Constraint for Parameter S 

Since the parameter S has an asymptotic slope at high cycle fatigue (high value N) and the 

parameter C is a positive value less than one (low value C), the Sendeckyj equation is reduced to 

the classical power-law fatigue failure criterion for S=1. However, the power is equal to 1 (ñρ

ὅ ὅ ὔzò for high values of N and for a low value of C (not zero) is approximately equal to 

ñὅ ὔzò). Therefore, similar to the proof for parameter C, for S>1, the equation gives an S-N 

curve that steepens at high cycles on a log-log plot, and for S<1, the equation gives an S-N curve 

that flattens out at high cycles on a log-log plot. As S tends to zero, the size of the flattened 

region increases. Thus, the S-N curve as a function of parameters C and S can be plotted as 

shown in Figure 3-1. 
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Figure 3-1: The shape of the S-N curve as a function of parameters C and S in the Sendeckyj 

model. 

On the other hand, a more flat S-N curve at high cycle numbers (S<1) is often considered to 

show superior fatigue characteristics over the sloping S-N curve (S>1) [107]. Therefore, due to 

the good fatigue behaviour of many composite materials, this slope in the composite materials is 

typically very low and a positive value of less than one should be considered. 

Proof of parameter S, which is less than one, was performed based on the experimental S-N 

curve using regression analysis. But mathematically, according to the Sendeckyj model for 

fatigue failure, the parameter S is equal to Equation 3.1. 

Ὓ ὰέὫ
„

„
ȾὰέὫρ ὅ ὅὔ 

(3.1) 

It is clear that for a long life, the value of ὅ ὔz is much higher than , hence, ὰέὫὅz ὔ ) is 

also larger than ὰέὫ . As a result, the parameter S is less than one. 

Now, given the introduced constraints that both parameters are smaller than one, estimating them 

is not as complex as in the past, even with the Sendeckyj estimation method, due to faster 

convergence. But using Sendeckyj model, the S-N model is not able to estimate lifetime 

predictions in low-cycle fatigue regions, especially when static strength data is not used. 
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Therefore, in the following section, we will introduce a novel estimation method that can 

accurately estimate the model parameters. 

3.2.2 Novel Estimation Method 

The Sendeckyj model can cover all areas of fatigue (from low-cycle fatigue to high-cycle 

fatigue) with just two parameters if these parameters are well estimated. Therefore, the 

Sendeckyj formula for fatigue failure, „ „  and ὲ ὔ, is retained in Equation 3.2 to 

describe the S-N behaviour of the composite materials. 

„ „ ρ ὅ ὅὔ  (3.2) 

However, the static strength of the material („ ) replaces the equivalent static strength. 

This substitution is made since in this equation, fatigue failure at ὔ ρ occurs when „

„ . Thus, the S-N curve model is equal to Equation 3.3: 

„
„

ρ ὅ ὅὔ
 (3.3) 

To estimate the parameters C and S, the commonly used exponential and power-law fatigue 

models presented in Equations 3.4 and 3.5 are used, respectively. This estimation method has 

been chosen instead of using the Weibull distribution in the Sendeckyj model to overcome the 

model defect. 

„  ὃ ὄ ὰέὫὔ  (3.4) 

„  ὃᴂὔ  (3.5) 

ὃȟὄȟὃᴂ and ὄᴂ are the fatigue model parameters that can be obtained using linear regression 

analysis after matching the equations with the experimental fatigue data. Both linear regression 

models are unable to extrapolate both low and high cycle fatigue regions. However, the 

exponential model in the low-cycle fatigue region and the power-law model in the high-cycle 

fatigue region are more accurate. This is the reason for using the exponential model to estimate 

parameter C and the power-law model for parameter S. Using these equations, the parameters C 
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and S are accurately estimated across the entire lifetime, from the low-cycle fatigue to the high-

cycle fatigue range (see Figure 3-2). 

 

Figure 3-2: Novel model in comparison with exponential and power-law models. 

Equation 3.3 is based on the assumption that the static strength is described by a two-parameter 

Weibull distribution and the static strength is equal to the Weibull scale parameter. However, 

when there is no static strength data, parameter A in Equation 3.4 can be replaced. Since 

Equation 3.4 is used for the low-cycle fatigue region and when ὔ ρ, the static strength is equal 

to the parameter A. Therefore, when there is no static strength data, Equation 3.3 changes to 

Equation 3.6. 

„
ὃ

ρ ὅ ὅ.
 

(3.6) 

To find the model parameters with novel estimation method, the maximum applied cyclic stress 

(„ ) and the number of cycles (N) data in the desired stress ratio are imported. Next, the 

exponential and power-law models are matched with fatigue data in low-cycle fatigue and high-

cycle fatigue regions, respectively, to find their model parameters (A and B, as well as Aô and Bô). 

In the following, to estimate parameters C and S, if static strength data is available, both 

exponential and power-law models are fitted with Equation 3.3, respectively, otherwise, Equation 
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3.6 is used. Note, that since the experimental results show a significant change in S-N curves 

around 103-105 cycles, 104 cycles is selected as the transition number of cycles from low-cycle 

fatigue to high-cycle fatigue [112]. Figure 3-3 can make the process easier to understand. 

 

Figure 3-3: Heuristic-based method to estimate the Sendeckyj parameters. 

3.2.3 Novel Estimation Method Validation 

Validation of the novel method is performed by its application to a number of fatigue databases 

of different composite materials. The databases of materials studied include glass fibre laminates 

combined with various polymer resins, namely glass epoxy data obtained from Sendeckyj 

[43][44] and glass polyesters and vinyl esters selected from DOE/MSU composite material 

fatigue database [168]. The detailed fatigue data sets and test conditions are given in the related 

references. 

According to the novel method assumption, static strength should be calculated by a two-

parameter Weibull distribution. But, due to the lack of static strength data for some glass epoxy 

cases in Sendeckyj references [43][44], it is considered equal to parameter A in Equation 3.4. 

This consideration also leads to a logical comparison between the two models. However, static 

strength data for glass polyesters and vinyl esters does exist in the DOE/MSU database and it is 

calculated according to its Weibull distribution. 
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To evaluate the performance of the S-N curves in both methods, in addition to the graphical S-N 

curves, the quality of the fitting was quantified using the root mean squared error. In this way, the 

Mean Squared Error (MSE) between the predicted cyclic stress and the experimental cyclic 

stress and the Mean Squared Logarithmic Error (MSLE) between the predicted life and the 

experimental life are estimated by the following Equations 3.7 and 3.8, respectively. 

ὓὛὉ 
ρ

ὲ
„  „   

(3.7) 

ὓὛὒὉ 
ρ

ὲ
ὰέὫὔ  ὰέὫὔ   

(3.8) 

where „  and „  are the estimated and experimental cyclic stresses corresponding to the same 

number of cycles, ὔ  and ὔ  are the estimated and experimental life corresponding to the 

same cyclic stress, and n is the number of experimental data points. The MSE values are 

normalised by dividing by the maximum value obtained from the two methods considering 

separately the low-cycle fatigue regions (N<104) and high-cycle fatigue regions (N>104), as well 

as complete fatigue regions. 

3.3 Results and Discussion 

In this section, the novel method is used with S-N data obtained from the Sendeckyj [43][44] and 

DOE/MSU [168] databases to test its performance. 

3.3.1 Sendeckyj Database Comparison 

The first examined databases contain data from constant amplitude fatigue loading applied to 

unidirectional (UD) S2/5208 glass epoxy laminate coupons at different stress ratios [43][44]. The 

comparison of methods with respect to both model parameters, C and S, is presented in Table 

3.1. These comparisons clearly show that although the difference in parameter S between the two 

methods is often small (typically under 15%), the difference in parameter C is large (frequently 

exceeding 45%.). The estimation of parameter S in both methods is based on a log-log plot of the 

S-N curve, but the estimation of parameter C is different in each method. Parameter C in novel 
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method is determined based on the semi-log diagram, which is more compatible with fatigue 

data in the low-cycle fatigue region. This conclusion leads to the resolving of the second 

weakness of the Sendeckyj model, which is the inability to predict life in the low-cycle fatigue 

region. In the following sections, graphical S-N curves and normalised MSE and MSLE for two 

fitting methods for each material are presented. 

Table 3.1: Comparing novel method parameters with Sendeckyj model parameters. 

Case Material Stress 

Ratio 

Method C S C 

Difference 

S 

Difference 

1 UD (0)8 

S2/5208 Glass-epoxy 

0.1 Sendeckyj model 

[43] 

0.0485 0.1570 44.32% 3.63% 

Novel method 0.0871 0.1513 

2 UD (±45)2s 

S2/5208 Glass-epoxy 

0.1 Sendeckyj model  

[44] 

0.4894 0.0605 47.83% 0.17% 

Novel method 0.9380 0.0604 

3 UD (±45)2s 

S2/5208 Glass-epoxy 

0.25 

 

Sendeckyj model  

[44] 

0.1443 0.0599 72.20% 15.03% 

Novel method 0.5190 0.0509 

4 UD (±45)2s 

S2/5208 Glass-epoxy 

0.4 Sendeckyj model  

[44] 

0.2984 0.0501 12.53% 1.40% 

Novel method 0.2610 0.0494 

5 UD (±45)2s 

S2/5208 Glass-epoxy 

0.8 Sendeckyj model  

[44] 

0.1716 0.0243 94.76% 32.50% 

Novel method 0.0090 0.0360 

 

3.3.1.1 Case 1 

Case 1 contains 25 fatigue data points, of which 4 are related to specimens that failed after one 

cycle (N=1) and the rest are almost evenly distributed in both low-cycle fatigue and high-cycle 

fatigue regions. Due to the application of a static strength Weibull distribution, static strength is 

considered equal to 297 MPa. In this case, parameter A is calculated to be 297 MPa, which is no 

different from the static strength of 297 MPa. The S-N curves in Figure 3-4 show that although 
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the exponential model is compatible with the fatigue data in the low-cycle fatigue region, it is not 

consistent in the high-cycle fatigue region. On the other hand, the power-law model is suitable 

for the high-cycle fatigue region, but for the low-cycle fatigue region, the power-law model 

significantly overestimates the static strength. The described trend for both models leads to the 

fact that novel estimation method, by combining both models, is highly consistent with the 

fatigue data of the whole region. The large difference in the estimation value of parameter C in 

both models represents a large difference in the calculated MSE in the low-cycle fatigue region 

for these models, as shown in Figure 3-5. Normalised MSE and MSLE values also indicate that 

novel method provides a more accurate SïN curve in the separated three regions. 

 

Figure 3-4: S-N curves for Case 1. 
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Figure 3-5: Normalised MSE and MSLE values for Case 1. 

3.3.1.2 Case 2 

There are 30 fatigue data points for Case 2, of which 60% are distributed in the low-cycle fatigue 

region and the remainder in the high-cycle fatigue region. None of the data points describe the 

static strength. Therefore, in this case, parameter A in the exponential model of 137 MPa (19.85 

ksi) is considered as the static strength of the material. In Figure 3-6, the exponential model 

results in a linear S-N curve on the semi-logarithmic plane, which is very conservative in the 

high-cycle fatigue regime. On the other hand, the power-law model underestimates the fatigue 

strength in the low-cycle fatigue regime. However, the use of these models in novel method 

according to their appropriate regions leads to a suitable curve. Comparison of the calculated 

MSE and MSLE shown in Figure 3-7 indicates that novel method performs better than 

Sendeckyj model, as all values are smaller compared to the Sendeckyj model. 
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Figure 3-6: S-N curves for Case 2. 

 

Figure 3-7: Normalised MSE and MSLE values for Case 2. 
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3.3.1.3 Case 3 

Case 3 has the lowest number of fatigue data points, at 17, of which 65% are related to the low-

cycle fatigue region. As in Case 2, there is no data for static strength. Therefore, parameter A is 

equal to 134 Mpa (19.46 ksi) as the static strength. In this case, both the novel method and the 

Sendeckyj model curves follow the trend of the experimental data in the high-cycle fatigue 

region. However, novel method also adapts well to the static strength data (Figure 3-8). As 

shown in Figure 3-9, using novel method the MSE value is lower in the complete fatigue region, 

which demonstrates better novel method performance. However, this value is higher for the high-

cycle fatigue region compared to using the Sendeckyj model. This is because the Sendeckyj 

model focuses more on the high-cycle fatigue region. But, in the novel method, the focus is on 

both low-cycle fatigue and high-cycle fatigue regions, and the parameter estimation considers the 

balance of the two regions, as shown in Figure 3-9. In addition, the MSLE is higher when the 

novel method is used. In fact, the novel method performs worse than the Sendeckyj model for the 

life prediction, with an approximately 18% increase in MSLE. However, for the stress prediction, 

the novel method performs significantly better than the Sendeckyj model. For this measure, the 

novel method performed 31% better over the complete fatigue region. Barbosa et al. and Sarfaraz 

et al. [119] [120] used a similar approach. For comparing the fatigue models, the MSE value for 

complete fatigue region has been selected as the more appropriate comparison criterion and due 

to the lower value in the MSE for the complete fatigue region, the novel method has been shown 

to perform better of the two approaches. 
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Figure 3-8: S-N curves for Case 3. 

 

Figure 3-9: Normalised MSE and MSLE values for Case 3. 
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3.3.1.4 Case 4 

Case 4 has 30 fatigue data points, 40% of which are related to high-cycle fatigue and 60% to 

low-cycle fatigue. However, there is no data on static strength and, as in cases 2 and 3, parameter 

A is considered as the static strength (132 Mpa or 19.13 ksi). The SïN curves according to the 

four models are obtained with respect to the fatigue test data in Figure 3-10. Although both novel 

and Sendeckyj models are close to each other in the high-cycle fatigue region, they are spaced 

apart in the low-cycle fatigue region. The reason for this gap is that the novel model offers better 

results in the low-cycle fatigue region due to more data in this region. However, in the Sendeckyj 

model, the focus is more on the high-cycle fatigue region and more data on the low-cycle fatigue 

region does not make much difference in the results. The calculated MSE and MSLE values 

shown in Figure 3-11 confirm that novel method provides a more accurate SïN curve. 

 

Figure 3-10: S-N curves for Case 4. 
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Figure 3-11: Normalised MSE and MSLE values for Case 4. 

3.3.1.5 Case 5 

Case 5, with a total of 30 fatigue data, is a good example of fatigue data covering almost all 

regions of fatigue. It also contains 3 data points related to static strength and fatigue data up to 1 

million cycles. According to the Weibull distribution of static data, 122 Mpa (17.71 ksi) is 

selected as the static strength. In addition, parameter A is calculated 121 Mpa, which is slightly 

different from the Weibull distribution of static strength. It can be seen from Figure 3-12 that the 

novel method S-N curve is more accurate, since in Figure 3-13 the MSE values in the two 

separate regions and the whole region are much smaller than for the Sendeckyj model. This case 

indicates the dependence of the novel model on data scatter. Since the novel model estimates the 

model parameters in two different regions (low and high-cycle fatigue region), a good data 

scatter leads to better results. This is the most important reason that has led to a big difference in 

the results of the two models. In Figure 3-13, the fact that the MSLE value for the novel method 

is very small also indicates that the novel method outperforms the Sendeckyj model. 
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Figure 3-12: S-N curves for Case 5. 

 

Figure 3-13: Normalised MSE and MSLE values for Case 5. 
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In all five cases, the novel method demonstrates a lower MSE for the complete fatigue region 

compared to the Sendeckyj model value. This result shows that the novel method adequately 

considers the fatigue behaviour in all regions, from low-cycle fatigue to high-cycle fatigue 

regions. Using the novel method, the MSE is only larger in the high-cycle fatigue region in Case 

3, the case with less static strength data. However, the MSE is still smaller in the complete 

fatigue region. The reason for this is that in the Sendeckyj model, the focus is on the high-cycle 

fatigue region since there is no static data to converge the model towards the static strength of the 

material. But, in the novel method, the focus is on both regions; low-cycle fatigue and high-cycle 

fatigue. In addition, with the novel method, the MSLE is lower in all cases except Case 3, 

compared to the Sendeckyj model. However, in this case, it was shown that for 18% increase in 

MSLE, 31% decrease is for MSE over the complete fatigue region, which is approximately 

double. In the Sendeckyj model, cases with less static strength data cause errors in lifetime 

predictions when the low-cycle region is important. But the novel method overcomes this 

weakness due to the fit of the exponential model with the low-cycle fatigue data and the 

convergence of the model to the static strength of the material. This conclusion leads to the 

resolving of the second weakness of the Sendeckyj model, the inability to predict life in the low-

cycle fatigue region. 

Another weakness of the Sendeckyj model is its high sensitivity to the amount of fatigue data. In 

this method, as the amount of available fatigue data increases and decreases, the Weibull shape 

parameter changes significantly. For this reason, the parameterôs values can vary significantly. 

However, in the novel method, the parameters do not change much, and they are estimated close 

to each other, regardless of changes in the amount of fatigue data. This is because the novel 

method estimates the parameters by fitting the fatigue data with two equations in which changing 

the data does not cause major differences in the results of the equations.  

To test the sensitivity of each model to the amount of input data, fatigue data in Case 4 is 

selected, because in this case the S-N curves derived based on the novel method and the 

Sendeckyj model are almost identical. In addition, Case 4 covers a wide range of fatigue lifetime 

between the two regions. For the test, half of the data in Case 4 is deleted. Data deletion, after 

sorting by fatigue life, is done every other one due to the preservation of a wide range of data. 

Figure 3-14 shows this selection. 
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Figure 3-14: Selected data in Case 4. 

A comparison of the estimated parameters with the original dataset and the reduced dataset for 

both models is presented in Table 3.2. The percentage change in the parameters indicates the low 

sensitivity of the novel method to the size of the dataset used. By halving the amount of fatigue 

data available, the estimated parameters are still close to the estimated parameters with the 

original dataset. As shown in Figure 3-15, the decrease in fatigue data leads to no significant 

changes in the MSE value for the novel method in the complete fatigue region. However, this 

value for the Sendeckyj model decreases unpredictably and leads to better results. This is 

because data that was further away from the S-N curve trend were accidentally deleted. This 

deletion allows the remaining data to stay in the S-N curve trend and lead to better results. In 

addition, a comparison of the results shows that novel method with reduced data is still better 

than Sendeckyj model with original data and reduced data. As discussed, this is because of how 

the parameters are estimated in the novel method, with appropriate exponential or power-law 

curves fits used in each region. 
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Table 3.2: Estimated parameters by changing the amount of data for Case 4. 

 Parameter C  Parameter S 

Method Sendeckyj model Novel method  Sendeckyj model Novel method 

Full Dataset 0.2984 0.2610  0.0501 0.0494 

Reduced Dataset 0.4690 0.2550  0.0515 0.0498 

Change in Parameters 36.38% 2.30%  2.72% 0.80% 

 

Figure 3-15: Normalised MSE values for separated three regions for Case 4. 

3.3.2 DOE/MSU Composite Material Fatigue Database 

Two datasets were also selected from the DOE/MSU composite material fatigue database [168] 

of glass polyesters and vinyl esters. In both cases, data is available to determine the static 

strength due to its Weibull distribution. Table 3.3 compares both models and shows the 

differences in the C and S parameters. Again, the difference in parameter C is greater than 
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parameter S. In the following sections, the effects of these differences on the S-N curve and the 

normalised MSE and MSLE values are discussed. 

Table 3.3: Comparing novel method parameters with Sendeckyj model parameters. 

Case Material Stress 

Ratio 

Method C S C 

Difference 

S 

Difference 

6 Glass vinylester 

laminate 

0.1 Sendeckyj model 

[168] 

0.1897 0.1393 56.88% 17.13% 

Novel method 0.0818 0.1681 

7 Glass polyester 

laminate 

0.1 Sendeckyj model 

[168] 

0.0490 0.1530 34.23% 2.00% 

Novel method 0.0745 0.1500 

 

3.3.2.1 Case 6 

The first case includes the results of constant amplitude fatigue loading of multidirectional 

glass/vinylester laminates with a stacking sequence of [0/±45]4, encoded in DOE/MSU as M 

material. The dataset contains 15 results from experiments performed under R=0.1 loading. In 

this case, the data is mostly distributed in the high-cycle fatigue region (9 data points), as can be 

seen in Figure 3-16. The static strength is calculated as 520 MPa. Parameter A is determined as 

518 MPa, which is close to the static strength. In Figure 3-17, the normalised MSE and MSLE 

values shows that the novel method produces more accurate S-N formulation than the Sendeckyj 

model, with smaller MSE and MSLE values. 
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Figure 3-16: S-N curves for Case 6. 

 

Figure 3-17: Normalised MSE and MSLE values for Case 6. 
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3.3.2.2 Case 7 

The second case selected from the DOE/MSU database is for [0/±45]4 glass/polyester laminates 

tested at R=0.1. Although a limited number of fatigue data points (20) are available, they cover a 

very large range of fatigue lifetimes, between 1 and 8 million cycles. With a Weibull distribution, 

the static strength is calculated to be 472 MPa, and parameter A is determined as 472 MPa. 

Figure 3-18 demonstrates that, unlike previous cases, the Sendeckyj model is more fitted with 

fatigue data in the low-cycle fatigue region. However, Figure 3-19 presents this compatibility of 

only 15%, which is negligible against the 59% difference in the high-cycle fatigue region. These 

results lead to a 22% difference in the complete fatigue region, which asserts better novel method 

performance compared to the Sendeckyj model. The smaller MSLE value for the novel method, 

about 38%, also confirms this result. 

 

Figure 3-18: S-N curves for Case 7. 
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Figure 3-19: Normalised MSE and MSLE values for Case 7. 

In both cases, the novel method performance is graphically and quantitatively (using the MSE 

and MSLE values) compared to the Sendeckyj model. Using the novel method, the MSE value 

for the complete fatigue region as well as MSLE are lower. This result shows that the novel 

method simulates well the fatigue behaviour over the full range of fatigue lifetimes. The novel 

method, using the exponential and power-law model, is able to accurately estimate the model 

parameters according to its specific regions (low and high-cycle fatigue) and successfully 

extrapolate the results with respect to the static strength of the materials. In Case 7, unlike Case 

3, where the Sendeckyj model performed better result in high-cycle fatigue region, the Sendeckyj 

model displays a more appropriate S-N curve in low-cycle fatigue region. However, with more 

focus on the low-cycle fatigue region, it has neglected the high-cycle fatigue region. Novel 

method solves this problem by focusing on two regions. In both cases, decreasing MSE values in 

the complete fatigue region as well as MSLE prove this result. 

As previously mentioned, the novel method is slightly sensitive to the scattering of fatigue data. 

To investigate the sensitivity of both models to the amount of input data, fatigue data in Case 7 is 

selected. Half of the Case 7 data is deleted. The new reduced dataset parameters are compared 

with the original dataset parameters for both methods, as shown in Table 3.4. The percentage 

change in the parameters indicates that the novel method is less sensitive to the selected data. 
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Table 3.4: Estimated parameters by changing the amount of data for Case M. 

 Parameter C  Parameter S 

Method Sendeckyj model Novel method  Sendeckyj model Novel method 

Full Dataset 0.1897 0.0818  0.1393 0.1681 

Reduced Dataset 0.2210 0.0900  0.1376 0.1671 

Change in Parameters 14.16% 9.11%  1.22% 0.59% 

 

3.3.3 Characteristic of the Novel Method for Different Failure Modes in Composites 

The Sendeckyj model is based on SLERA, which does not take into account the variation in the 

effects of the fatigue mechanisms between individual specimens. This assumption jeopardises 

the validity of the Sendeckyj model when competing failure modes are observed during fatigue 

life, or between fatigue and static. Other methods studied, such as the exponential model and 

power-law model, are mathematical formulations that are fitted with the experimental data 

without the need to satisfy any assumptions. Using these mathematical formulas without any 

physical meaning to estimate the model parameters leads to the independence of the novel model 

from failure modes. This result was proved by using the novel method in different classes of 

composite materials and structures (different cases in this study). 

3.4 Conclusions 

In this chapter, a novel method for fitting fatigue data for composite materials was presented, 

based on the fatigue failure formula of Sendeckyj. The proposed method is used to estimate the 

parameters of the Sendeckyj fatigue model in the low cycle and high cycle fatigue region, using 

exponential and power-law fatigue models, respectively. Finally, the predictive accuracy of the 

new method was evaluated by comparing it with the original Sendeckyj estimation method. It 

was observed that the novel estimation method is superior in terms of the accuracy of its fit to 

fatigue data and can be used for the entire fatigue lifetime (from low cycle to high cycle) with 

consistent improvement in predictions. The novel estimation method has improved upon the 

Sendeckyj model by presenting solutions to the following problems: 
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1. Reducing complexity in the process of nonlinear optimisation in the estimation method, by 

introducing new constraints for parameters based on the behaviour of composite materials. 

2. The inability of the Sendeckyj model to accurately predict life in low-cycle fatigue, by 

adapting the exponential model to low-cycle fatigue data and converging the model to the 

static strength of the material. 

3. Sensitivity of the Sendeckyj model to the amount of fatigue data, by improving the fit to data 

in each region due to the appropriate equations for that region. 
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Chapter 4. Modelling the Residual Strength 

Degradation in Composite Materials without Using 

Residual Strength Tests 

 

4.1 Introduction  

Phenomenological strength-based models are commonly employed to estimate the fatigue life of 

composite laminates under highly variable loads. These models, however, often necessitate 

substantial experimental effort to accurately determine model parameters. This chapter 

introduces an innovative strategy that predicts the strength degradation model parameter of 

composite materials with less reliance on experimental data. The proposed strategy builds on two 

prevalent wearout models: the Sendeckyj model with the novel estimation method discussed in 

Chapter 3, and the Schaff and Davidson model described in Sub-section 2.3.1.3.  

The Schaff and Davidson model, a single-parameter function, calculates the residual strength 

based on the number of fatigue cycles. Determining the key model parameter for each stress ratio 

in the load spectrum with this existing model requires considerable experimental effort. 

Moreover, the model has a notable limitation that the model parameter relates only to the 

maximum stress, disregarding the number of cycles. The new strategy (Sub-section 4.2.1) 

introduced in this chapter surmounts these limitations through the use of an innovative 

mathematical algorithm. Fatigue tests are performed to model the Sendeckyj S-N curve with 

novel estimation method, and subsequently, the strength degradation parameter in the Schaff and 

Davidson model is estimated directly from the S-N curve, without the need for any residual 

strength tests. The number of tests required in the proposed model is equivalent to the number of 

tests involved in determining the S-N curves.  
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Five data sets, taken from previously published studies and introduced in Sub-section 2.4.2, 

have been utilised to validate the new strategy (Sub-section 4.2.2). When comparing the model 

and test results, it becomes apparent that the estimation of the strength degradation parameter is 

dependent on both the stress level and the number of loading cycles experienced at this stress 

level, both of which are considered in the new strategy. Furthermore, if the fatigue data are well-

distributed, the strength degradation parameter estimated by the new strategy aligns closely with 

the experimental data. This work was conducted in collaboration with co-supervisors Dr Edward 

Fagan and Prof Jamie Goggins and has been published in the journal  Composite Materials 

(2023)[169]. 

4.2 Methodology 

In this chapter, the Schaff and Davidson model is used to calculate the residual strength. 

However, to estimate the exponential model parameter, the Sendeckyj model with novel 

estimation method (described in Chapter 3) is used in place of residual strength experimental 

tests. 

4.2.1 New Strategy 

The critical step in using the Schaff and Davidson model is the considerable experimental efforts 

required to provide the key model parameter, ʑ, for each stress amplitude and stress ratio that 

occurs in the load spectrum. To avoid excessive additional experiments, Schaff and Davidson 

suggested a modified master diagram approach [42][41]. A modified master diagram is used to 

determine the Schaff and Davidson model parameter, ʑ, with respect to an arbitrary mean stress 

and stress amplitude. To create this diagram, first using Equation 4.1, the values of ʑ are 

determined for each maximum stress and stress ratio in which constant amplitude fatigue tests 

and residual strength tests are performed. All the variables are the same as the Sendeckyj model 

variables. 

„ „ „ „
ὲ

ὔ
 (4.1) 

Then, the resulting values of ʑ are used to develop linear „ ʑ relationship (Equation 4.2) 

for each stress ratio. 
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„ ὃʑ " (4.2) 

where A and B are the model parameters. If the behaviour of the structure is characterised under 

a fully reversed load spectrum, there will be three values of A and B. These constants are easily 

obtained by a curve fitting method. Next, the three stress ratios characterised using Equation 4.2 

are plotted on a modified master diagram with a linear connection of similar values. An example 

of a modified master diagram is illustrated in Figure 4-1 in which the data of the constant 

amplitude fatigue test and the residual strength test are obtained at stress ratios of R=-1, 0.1 and -

10 [42]. Note that Equation 4.2 is used to determine the value of ʑ for any arbitrary maximum 

stress at the stress ratio tested. For other stress ratios, the modified master diagram is used to 

obtain the value of ʑ. Utili sing this diagram necessitates at least 75 tests for any loading 

spectrum that includes both tension and compression cycles. 

 

Figure 4-1: Modified master diagram with constant ɡ lines using data for stress ratios of R=0.1, 

-1 and -10  [42]. 

The main drawback of this approach, except for the use of residual strength tests, is that the 

model parameter, ʑ, as shown in Equation 4.2, is only related to the maximum stress and has 

nothing to do with the number of cycles. However, the new strategy presented in this chapter has 
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solved both problems. In the new strategy, the strength degradation parameter is calculated using 

the tests required to model the S-N curve (fatigue tests), amounting to 30 tests for three stress 

ratios. This eliminates the need for 45 residual strength tests for three stress ratios. In this 

method, the data of maximum applied cyclic stress („ ) and the number of cycles to failure 

(N) are imported as fatigue tests in the desired stress ratio. The fatigue tests at each stress ratio 

are fitted with the Sendeckyj formula, and parameters C and S are estimated using the novel 

estimation method in Chapter 3. After modelling the S-N curve for each stress ratio, the 

Sendeckyj residual strength formula in Equation 4.3 calculates the residual strength („) for 

different stresses according to the number of cycles spent in loading (n). 

„ „ „ Ⱦ„ ὲ ρὅ  
(4.3) 

Then, substituting the calculated Sendeckyj residual strength („) in the Schaff and Davidson 

formula in Equation 4.1 with the same number of cycles spent in loading (n) and calculated 

fatigue life (N) determines the strength degradation parameter (ʑ) for different stresses. Finding 

the strength degradation parameter in each stress ratio creates a modified master diagram 

according to the number of cycles passed. Therefore, there is a modified master diagram for each 

number of cycles spent in loading. Figure 4-2 shows the process of creating the modified master 

diagram with respect to the number of elapsed cycles. 
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Figure 4-2: Creating the modified master diagram to estimate strength degradation parameter. 

4.2.2 New Strategy Validation 

The new strategy is validated by its application to five experimental data sets available in Sub-

section 2.4.2. The information about the materials of the tested samples and the datasets is 

summarised in Table 4.1. More detailed information on the test procedure, manufacturing of the 

samples and test conditions can be found in the referenced section. 

For all cases in Table 4.1, essentially, three sets of tests were performed: (1) static tests, (2) 

fatigue tests, and (3) residual strength tests. 
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Table 4.1: Summary of the published data sets. 

Case Reference Material layup  Test frequency Stress ratio 

1 Ryder et al. [96] Graphite/epoxy 

[0/45/90/-452/90/45/0]2 

10 Hz 0 

2 Yang et al. [145] Graphite/epoxy 

[90/45/-45/0]2 

10 Hz 1/36 

3 Andersons et al. [146] Glass/polyester 

[CSM/fabric/(CSM/UD)2]S 

17 Hz 0.1 

4 Post et al. [147] E-glass/vinylester 

[0/+45/90/45/0]s 

10 Hz 0.1 

5 Passipoularidis [105] Glass/epoxy 

[±45]S 

- 0.1 

 

To evaluate the new strategy in each case, the strength degradation parameter obtained from the 

experimental test is required. However, experimental tests do not consist of this parameter and 

only include data on static strength, fatigue life, and residual strength due to maximum stress and 

the number of cycles. Therefore, replacing residual strength test data in the Schaff and Davidson 

formula in Equation 4.1 is used to find the experimental strength degradation parameter. Then 

the experimental strength degradation parameter is compared with the parameter estimated by 

the new strategy using Equation 4.4. This equation is expressed as a relative error in which the 

absolute error (numerical value of the difference) is divided by the experimental value. 

ὶὩὰὥὸὭὺὩ Ὡὶὶέὶ Ϸ   
‡  ‡

‡
ρzππ (4.4) 
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4.3 Results and Discussion 

This section uses the new strategy with datasets obtained from Table 4.1 references to verify its 

performance. Since the number of residual strength test data is large, several well-distributed 

residual strength test data are considered in each case.  

4.3.1 Case 1 

Case 1, performed by Ryder et al. [96] on graphite/epoxy specimens, contains 25 data points of 

static tensile strength with an average of 477 MPa and standard deviation of 24 MPa. Residual 

strength tests were conducted for two maximum cyclic stress levels, 345 and 290 MPa. 

According to the residual strength test, the residual strength at the stress level of 345 MPa after 

31,400 cycles is between 376 to 501 MPa with an average value of 449 MPa and standard 

deviation of 38 MPa, while at the stress level of 290 MPa after 364,000 cycles is 339 to 499 MPa 

with an average value of 430 MPa and standard deviation of 42 MPa. Comparing the two 

residual strength ranges at the stress level of 290 and 345 MPa indicates that the changes at the 

bottom of the range of the residual strength at the stress level of 345 MPa and the stress level of 

290 MPa (10%) are much more than at the top of the range (0.4%). This means that in specimens 

with higher strength, the reduction changes in the strength are less. In this case, to find fatigue 

life (N), all fatigue tests are fitted with the Sendeckyj model and parameters C and S are 

estimated. The tests were carried out over a stress range from 290 to 427 MPa. N is calculated 

51,247 and 3,493,454 for the maximum stress levels of 345 and 290 MPa, respectively. Figure 

4-3 shows the S-N curve model for this case. 
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Figure 4-3: S-N curve for Case 1, R = 0. 

From the residual strength tests tabulated in Table 4.2, individual experimental ɡ values and an 

average value are calculated. Then, the strength degradation parameter estimated by the new 

strategy is compared with this average of the experimental ɡ values. An absolute error of less 

than one for both stress levels indicates that the estimated ɡ is close to the experimental 

parameter. However, the relative errors for the 345 and 290 MPa stress levels are 6% and 55%, 

respectively. It should be noted that the estimated ɡ is compared with the average of 

experimental ɡ. For the stress level of 290 MPa, the experimental ɡ varies from 0.59 to 2.23 with 

an average value of 1.28 and standard deviation of 0.67, in which the estimated value of ɡ (1.98) 

is located within one standard deviation of the mean of the measured data. Thus, despite the large 

relative error, the estimate of ɡ is within a reasonable range. 
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Table 4.2: Comparing new strategy parameters with experimental equivalent parameters in Case 

1. 

Experimental Estimation Error  of ɡ 

ůmax (MPa) n ůr (MPa) ɡ Average ɡ ůr (MPa) ɡ Absolute Relative (%) 

 

 

 

 

345 

 

 

 

 

31,400 

418 1.67  

 

 

 

3.86 

 

 

 

 

458 

 

 

 

 

4.08 

 

 

 

 

0.22 

 

 

 

 

5.73 

425 1.93 

444 2.89 

444 2.89 

455 3.73 

456 3.87 

462 4.52 

465 5.06 

474 8.16 

 

 

290 

 

 

364,000 

427 0.59  

 

1.28 

 

 

475 

 

 

1.98 

 

 

0.70 

 

 

54.97 

440 0.72 

450 0.85 

468 1.36 

474 1.90 

476 2.23 

 

The relationship between residual strength and ɡ for the stress level of 345 and 290 MPa after 

31,400 and 364,000 cycles is plotted in Figure 4-4. This figure shows that the experimental ɡ has 

a direct relationship with the residual strength. As the value of ɡ increases, the residual strength 

increases. However, this relationship is not linear, and as the residual strength approaches the 

static tensile strength, the experimental ɡ values become much larger than 1 (ɡ>>1). This is when 

the secondary rapid loss (sudden death behaviour) occurs. The good fit between the experimental 

and estimated values (indicated by orange solid circles/triangles and blue unfilled 

circles/triangles, respectively, in Figure 4-4) for the relationship between residual strength (ůr) 
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and strength degradation parameter (ɡ) in Case 1 also indicates that ɡ is well estimated in the 

experimental range using the new strategy.  

 

Figure 4-4: Relationship between residual strength (ůr) and strength degradation parameter (ɡ) 

in Case 1. 

4.3.2 Case 2 

In Case 2 from Yang et al. [145], fifteen specimens were used to determine the static strength. 

The mean value of the ultimate strength was 599 MPa with a standard deviation of 29 MPa. In 

addition, a collection of specimens were fatigue tested under seven different maximum cyclic 

stresses from 348 to 494 MPa. Finally, a set of specimens were subjected to a maximum cyclic 

stress of 390 MPa for 56,000 cycles, and then the residual strengths were measured. Figure 4-5 

illustrates the Sendeckyj S-N curve for this case. According to this model, the number of cycles 

to failure for stress level of 390 MPa is predicted as 156,199, which is approximately 100,000 

cycles more than the number of cycles for which the residual strength tests were performed 

(56,000). 
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Figure 4-5: S-N curve for Case 2, R = 1/36. 

Due to the measured residual strengths in Table 4.3, experimental ɡ is in the range of 1.35 to 2.83 

and is calculated with an average of 1.97 and standard deviation of 0.63. The value of ɡ using the 

new strategy is estimated 2.66, which is closer to the upper limit of the experimental ɡ than the 

lower limit, and is located within almost one times standard deviation of the mean of the test 

results. The absolute error is 0.70 and is less than one unit as in Case 1, although the relative 

error is 35%. Both experimental and estimated ɡ for stress level of 390 MPa after 56,000 cycles 

are plotted in Figure 4-6. The good match between the experimental and estimated values 

(indicated by orange solid circles and blue unfilled circles, respectively, in Figure 4-6) for the 

relationship between residual strength (ůr) and strength degradation parameter (ɡ) in Case 2 

indicates that the new strategy estimates this parameter well in a reasonable range. 
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Table 4.3: Comparing new strategy parameters with experimental equivalent parameters in Case 

2. 

Experimental Estimation Error  of ɡ 

ůmax (MPa) n ůr (MPa) ɡ Average ɡ ůr (MPa) ɡ Absolute Relative (%) 

 

 

390 

 

 

56,000 

546 1.35  

 

1.97 

 

 

585 

 

 

2.66 

 

 

0.70 

 

 

35.42 

559 1.62 

560 1.64 

561 1.66 

586 2.70 

588 2.83 

 

 

Figure 4-6: Relationship between residual strength (ůr) and strength degradation parameter (ɡ) 

in Case 2. 

4.3.3 Case 3 

In Case 3 from the data of Andersons et al. [146], the average tensile strength calculated from 13 

data points is equal to 672  MPa with a standard deviation of 21 MPa. The fatigue tests were run 
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between 235 and 304 MPa, covering only the high cycle fatigue region. In contrast to the fatigue 

tests, the residual strength tests were performed at several stress levels. It is one of the few 

existing comprehensive data sets that provide residual strength information for different numbers 

of cycles at each stress level, namely 284, 235 and 221 MPa. Therefore, the fatigue tests are 

modelled with the Sendeckyj S-N formulation. Using this model, the number of cycles to failure 

is calculated for the needed stress levels. Figure 4-7 demonstrates these values. 

 

Figure 4-7: S-N curve for Case 3, R = 0.1. 

The residual strength values of the three stress levels are represented in Table 4.4. This table 

shows that the values of the estimated residual strengths, as well as strength degradation 

parameters, are calculated to be more than the experimental data. For some data, the absolute 

error is greater than one unit. The main reason is that the fatigue data in this case do not cover all 

of the fatigue regions, only the high cycle fatigue regime. As a result, the fatigue tests are not 
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fitted well with the Sendeckyj formula and the parameters C and S are not accurately estimated. 

Lack of accurate calculation of parameters C and S means that the residual strengths, as well as 

the strength degradation parameters, are not well predicted. 

The table also shows that for each stress level, several residual strength and experimental 

strength degradation parameter values were determined for different cycle counts. Thus, 

experimental ɡ is directly related to stress levels. Considering the same number of elapsed cycles 

of 400,000 at both stress levels of 235 MPa and 221 MPa, it is concluded that the strength 

degradation parameter decreases as the stress level decreases. 

Table 4.4: Comparing new strategy parameters with experimental equivalent parameters in Case 

3. 

Experimental Estimation Error  of ɡ 

ůmax (MPa) n ůr (MPa) ɡ Average ɡ ůr (MPa) ɡ Absolute Relative (%) 

 

 

 

 

284 

 

25,000 

614 1.12  

1.34 

 

661 

 

2.11 

 

0.78 

 

58.07 631 1.32 

645 1.57 

50,000 580 1.43 1.66 648 2.77 1.11 67.09 

614 1.88 

100,000 548 3.67 3.82 605 5.64 1.82 47.58 

559 3.97 

124,000 536 10.99 11.24 555 12.56 1.31 11.68 

542 11.50 

 

235 

200,000 600 0.91 1.02 664 2.02 1.01 99.19 

625 1.12 

400,000 550 0.99 1.20 655 2.51 1.30 109.01 

602 1.42 

221 400,000 621 1.04 1.16 665 1.99 0.83 71.84 

641 1.27 

 



Chapter 4. Modelling the Residual Strength Degradation in Composite Materials without Using 

Residual Strength Tests 

- 93 - 

 

In addition, different experimental ɡ values for various fatigue lives of a single stress level 

proves that the strength degradation parameter depends on the number of elapsed cycles. As the 

number of cycles increases, the strength degradation parameter increases. However, this relation 

is nonlinear, as shown in Figure 4-8. This is the first time that the number of cycles is involved in 

estimating the strength degradation parameter. In previous studies [41][42], the value of ɡ was 

estimated only by considering the stress level and cycle numbers were not considered. Therefore, 

for a constant stress level with different cycles, the value of ɡ was constant. 

 

Figure 4-8: Relationship between strength degradation parameter (ɡ) and number of elapsed 

cycles (n) in stress level of 284 MPa in Case 3. 

4.3.4 Case 4 

In this case, produced by Post et al. [147] on E-glass/vinylester composite laminate, the initial 

tensile strength of 20 specimens was reported with a mean of 333 MPa and a median of 334 

MPa. When taking into account a Weibull distribution for strength data, the location parameter 

(ɓ) and the shape parameter (Ŭ) are equal to 339 and 41.9, respectively. A total of 88 constant 

amplitude fatigue tests were performed to find the S-N curve. Stress levels were targeted for 

lifetimes of approximately 1000, 10,000, 50,000, 100,000, 500,000, and 1,500,000 cycles. 185 

residual strength tests were also performed using a similar approach to Case 3. Specimens were 
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tested at 5 cycle counts for each of three stress levels. The stress levels chosen were 174, 147 and 

120 MPa. Cycle counts correspond to 10%, 30%, 50%, 60% and 70% of the target lifetime for 

that stress level. The Sendeckyj model in Figure 4-9 is a curve fit to the entire 88 sample fatigue 

data set. After estimating parameters C and S, the number of cycles to failure is calculated for the 

three stress levels selected for residual strength testing. 

 

Figure 4-9: S-N curve for Case 4, R = 0.1. 

In this case, the average residual strength reported in [147] is used for comparison, due to the 

large number of residual strength tests conducted. The specimens at stress level of 120 MPa 

report large cycle counts (such as 300,000 and 350,000) were excluded from comparison because 

they are larger than the estimated cycles in Figure 4-9 (299,216 cycles). For others, residual 

strengths and strength degradation parameters are measured and tabulated in Table 4.5.  
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Table 4.5: Comparing new strategy parameters with experimental equivalent parameters in Case 

4. 

 Experimental Estimation Error  of ɡ 

ůmax 

(MPa) 

n # of 

tests 

Average 

ůr (MPa) 

Standard 

deviation 

ůr (MPa) 

Average 

ɡ 

ůr 

(MPa) 

ɡ Absolute Relative 

(%) 

 

 

174 

1,000 15 307 14 0.81 330 1.56 0.75 92.58 

3,000 10 285 18 0.90 322 1.94 1.04 116.20 

5,000 19 278 12 1.23 313 2.37 1.14 92.20 

6,000 11 271 16 1.41 307 2.65 1.24 88.06 

7,000 15 259 14 1.46 301 2.99 1.53 104.63 

 

 

147 

5,000 15 292 15 0.68 329 1.66 0.97 142.09 

15,000 10 267 18 0.86 320 2.16 1.30 152.02 

25,000 16 251 18 1.17 308 2.80 1.63 139.54 

30,000 18 238 22 1.28 301 3.26 1.97 153.40 

35,000 15 232 27 1.65 292 3.91 2.26 136.59 

 

 

120 

50,000 9 277 17 0.77 326 1.91 1.14 148.34 

150,000 11 267 20 1.75 307 3.06 1.31 74.51 

250,000 5 252 16 5.46 270 6.81 1.35 24.65 

300,000 3 221 40 - - - - - 

350,000 13 230 30 - - - - - 

 

Table 4.5 shows that at each stress level, the absolute error between the experimental and 

estimation strength degradation parameter is related to the number of cycles. As the number of 

cycles increases, the absolute error also increases. To make this conclusion more understandable, 

Figure 4-10 is made to illustrate the connection between the stress level, the number of cycles 

and the strength degradation parameter. In the figure, at a constant stress level, the strength 

degradation parameter increases with the increase in the number of cycles. However, at higher 

cycles, the strength degradation parameter tends to be vertical and changes significantly with a 
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slight difference in cycles. Figure 4-10 indicates that the strength degradation parameter depends 

on the stress level in addition to the number of cycles since residual strength depends on these 

variables. Strength degradation parameters at higher loads are larger than at lower loads with 

similar cycles. This further demonstrates that the stress level and the number of cycles passed 

must be considered to determine the strength degradation parameter. 

 

Figure 4-10: Relationship between the measured strength degradation parameter and number of 

elapsed cycles in different stress levels in Case 4. 

4.3.5 Case 5 

In this case, reported by Passipoularidis [105], a set of 26 coupons were tested under 

displacement control until fracture with an average static strength of 112 MPa and a standard 

deviation of 2 MPa. To determine the material response under cyclic loading, 16 coupons were 

tested under sinusoidal loading. In addition, a total of 84 residual strength tests were performed 

for four stress levels of 49, 56, 64 and 78 MPa. Figure 4-11 shows the S-N curve and estimated 

fatigue lives for these stress levels. 
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Figure 4-11: S-N curve for Case 5, R = 0.1. 

Similar to Case 4, the number of residual strengths is large. Therefore, for each stress level and 

the number of cycles, the lowest and highest range of residual strength as well as the strength 

degradation parameter are tabulated in Table 4.6 and compared in Table 4.7. In Table 4.6, only at 

stress level of 78 MPa with cycles of 2,500 and 4,000, the estimated ɡ is in the experimental 

range. For the rest, the estimation of ɡ is not in the tested range and is larger than the 

experimental ɡ. Thus, for better comparison, absolute and relative error are compared with the 

upper limit of each range, in Table 4.7.  

The results in both tables show that the estimation of the strength degradation parameter in the 

low cycle fatigue region, such as the 78 MPa stress level, is much better than the high cycle 

fatigue region (49 MPa). This means that when modelling the S-N curve using the Sendeckyj 

formula, parameter C, which corresponds to the low cycle fatigue region, is estimated more 

accurately than parameter S, which corresponds to the high cycle fatigue region. However, with 

respect to both parameters C and S, both the residual strength and the strength degradation 



Chapter 4. Modelling the Residual Strength Degradation in Composite Materials without Using 

Residual Strength Tests 

- 98 - 

 

parameter are estimated. In this case, as illustrated in Figure 4-11, the available fatigue tests are 

only at three levels of stress with poor scattering. However, the number of fatigue tests is not less 

for each level of stress. This is the main reason that the estimation of residual strength and 

strength degradation parameter is higher than the experimental result. The maximum relative 

error is 80%, which corresponds to a stress level of 49 MPa with 500,000 cycles. However, in 

this test, the estimated ɡ is less than twice the experimental upper limit. 

Table 4.6: Comparing new strategy parameters with experimental equivalent parameters in Case 

5. 

 Experimental Estimation 

ůmax 

(MPa) 

n # of 

tests 

Range 

ůr 

(MPa) 

Average 

ůr 

(MPa) 

Standard 

deviation 

ůr (MPa) 

Range 

ɡ 

Average 

ɡ 

 

Standard 

deviation 

ɡ 

 

ůr 

(MPa) 

ɡ 

 

49 

200,000 8 95-

109 

104 4 0.79-

1.87 

1.34 0.31 110 2.06 

500,000 9 77-94 88 6 0.86-

1.74 

1.35 0.33 106 3.14 

800,000 8 72-91 82 7 1.83-

4.23 

3.00 0.85 98 5.88 

56 110,000 8 89-

104 

97 4 1.25-

2.74 

1.89 0.42 106 2.99 

 

64 

10,000 9 105-

110 

107 2 1.19-

1.79 

1.46 0.22 110 1.90 

25,000 8 86-

105 

96 7 0.89-

2.68 

1.72 0.69 106 2.80 

40,000 9 84-94 89 5 2.23-

4.16 

3.05 0.90 98 5.00 

 

78 

1,000 8 103-

108 

105 1 0.82-

1.25 

0.99 0.14 110 1.70 

2,500 8 100-

107 

103 2 1.47-

2.68 

1.97 0.42 106 2.36 

4,000 9 85-

103 

94 7 0.99-

5.83 

2.94 1.74 98 3.81 
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Table 4.7: Calculated error between experimental and estimated strength degradation parameter. 

ůmax (MPa) n Upper limit of experimental ɡ Estimated ɡ Absolute error Relative error (%) 

 

49 

200,000 1.87 2.06 0.19 10.16 

500,000 1.74 3.14 1.40 80.46 

800,000 4.23 5.88 1.65 39.01 

56 110,000 2.74 2.99 0.25 9.12 

 

64 

10,000 1.79 1.90 0.11 6.15 

25,000 2.68 2.80 0.12 4.48 

40,000 4.16 5.00 0.84 20.19 

 

78 

1,000 1.25 1.70 0.45 36.00 

2,500 2.68 2.36 - - 

4,000 5.83 3.81 - - 

 

4.3.6 Summary 

In all cases, the experimental strength degradation parameter indicates that this parameter 

depends on two variables, the maximum applied cyclic stress and the number of loading cycles 

experienced at this stress level. According to the inherent natural failure criterion in strength-

based models, failure takes place when the applied stress equals the residual strength. The 

residual strength represents the remaining ability of the material to withstand stress before 

failing. As the applied load increases, the material experiences more significant stress, leading to 

more pronounced damage and a faster decline in its residual strength. Consequently, the strength 

degradation parameters at higher loads are larger than those at lower loads because the material 

is losing its strength more rapidly. Moreover, it is observed that the strength degradation 

parameter increases as the number of loading cycles increases and the fatigue life approaches. 

This is because the accumulation of damage in the material leads to microcracks and other forms 

of damage, which eventually lead to the failure of the material. As the material approaches the 
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end of its fatigue life, the damage accumulation rate increases, leading to a larger strength 

degradation parameter. 

The new strategy estimates this parameter by considering both variables, utilising Excel to 

minimise computational time. This is the first time the number of cycles plays a role in 

predicting the strength degradation parameter. Other studies such as Schaff and Davidson model 

give a single value for a single stress level without considering the number of cycles the 

specimen has been exposed to at that stress level. The only drawback of the method found in this 

study is its sensitivity to the scatter of fatigue test data. In fact, for a stress level with poor fatigue 

life scattering, a wide range of possible values for the parameters C and S occurs.  This extensive 

range leads to inaccurate estimation of parameters C and S. As a result, the residual strength and 

the strength degradation parameter are not well calculated. There are numerous geometric and 

material parameters that can significantly affect composite materials mechanical behaviour and 

fatigue performance. Although the proposed method has advantages over the Schaff and 

Davidson model, it may not account for all of these parameters, which could limit its 

applicability to specific composite material systems or configurations. Further research and 

development of the method is necessary to enhance its capability in handling a broader range of 

parameters and to improve its predictive accuracy across various composite materials and 

loading conditions. However, despite this weakness, the estimates generated by this method 

closely align with the experimental range. This underscores the value of eliminating costly and 

time-consuming residual strength tests, especially considering the reduction from 75 tests to just 

30, representing a significant 60% reduction in the required number of tests. Additionally, the 

computational time needed for these calculations in Excel is minimal in comparison to the time 

and costs associated with conducting an additional 45 tests in a laboratory setting. This not only 

results in time savings but also reduces the overall cost of conducting extensive testing 

procedures. 

4.4 Conclusion 

This chapter introduces a new strategy for estimating the strength degradation parameter for fibre 

reinforced polymer composite materials. The methodology combines the Sendeckyj model, 

which describes the S-N curve, and the Schaff and Davidson model, which calculates the 
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residual strength. The calibration tests required by this new strategy are fatigue tests only to 

determine the parameters of the S-N curve, removing the need for residual strength tests. Then, 

with a mathematical operation, the strength degradation parameter in the Schaff and Davidson 

model is also estimated using the S-N formulation, reducing the testing requirement to just 30 

tests for three stress ratios,  and removing the need for an additional 45 residual strength tests.  

This method was applied to five published data sets. The results indicate that the strength 

degradation parameter depends on the number of elapsed cycles in addition to the stress level. 

The strength degradation parameter at higher loads is greater than at lower loads for similar 

cycles. Furthermore, the strength degradation parameter increases with increasing number of 

elapsed cycles. Therefore, both variables should be used to estimate the strength degradation 

parameter. The new strategy presented in this chapter calculates the strength degradation 

parameter taking into account both variables.  

The results show that the estimation of the strength degradation parameter is sensitive to the 

scattering of fatigue test data. For well-scattered fatigue life data, the estimation is located with 

almost one times standard deviation of the mean of the measured data and can be used in 

strength-based models. For less scattered fatigue life data, at stress levels with high cycles, the 

absolute error is greater than unity, and the estimate is not in the experimental range. However, it 

is not far from the upper limit of the experimental data. This level of accuracy is such that it may 

be worth reducing or even removing costly residual strength tests from a material 

characterisation campaign. 
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Chapter 5. Development of a New Strength-based 

Method for Fatigue Life Prediction in Composite 

Wind Turbine Blades 

 

5.1 Introduction  

In this chapter, the focus is on predicting the fatigue life of a 13 m wind turbine blade made of 

glass fibre reinforced powder epoxy, introduced in Sub-section 5.2.1. Based on the aerodynamic 

wind loading, bending moments are computed in both flapwise and edgewise directions (Sub-

section 5.2.2), using modelling tools developed by NREL (Sub-section 2.2.1). The IEC 61400 

turbine design standard is employed to determine the loading scenarios, which encompass power 

production, startup, shutdown, and parked conditions. Abaqus software is utilised to determine 

transfer functions for calculating longitudinal and transverse stresses throughout the blade (Sub-

section 5.2.3). This chapter draws a comparison between Miner's rule and a novel strength-based 

method (Sub-section 5.2.4.3) that takes into account the load sequence and strength conversion 

effects under variable amplitude loading conditions. The code for the new strength-based method 

is provided in Appendix B. 

The new method in this chapter requires minimal experimental data and builds on the Schaff and 

Davidson model for computing residual strength, integrating the strategy introduced in Chapter 

4 for estimating the parameter of the Schaff and Davidson model. The load data is organised in a 

Markov table employing Rainflow counting. S-N curves and CLDs are generated for UD 

material in both the fibre direction and transverse to the fibre direction, using the Sendeckyj 

model with the novel estimation method detailed in Chapter 3 and the piecewise linear CLD 

described in Sub-section 2.3.3, respectively. The finite element model of the blade undergoes 

validation through a comparison of its natural frequencies and static responses with experimental 
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data (Sub-section 5.2.5). In this regard, calculated design loads were converted to test loads with 

an optimisation program provided in Appendix C.  

A comparative analysis between the new method and Minerôs rule reveals that the former 

predicts fatigue failure earlier, which emphasises the significance of accounting for material 

strength degradation effects in fatigue life prediction. This research underscores the potential of 

the new strength-based method to enhance the prediction of fatigue life in composite wind 

turbine blades while reducing the time and cost associated with experimental and computational 

assessments of material residual strength. This research, conducted by our research team in 

collaboration with Dr Edward Fagan, Dr Yadong Jiang, Dr William Finnegan, and Prof Jamie 

Goggins, is planned for submission to the International Journal of Fatigue. 

5.2 Methodology 

The methodology in this research is outlined in five parts. Firstly, the wind turbine blade and 

materials used in its manufacture are described (Sub-section 5.2.1). Then, the calculation of the 

design loads is presented, followed by a description of the finite element model (Sub-section 

5.2.2) and load transfer function (Sub-section 5.2.3). In Sub-section 5.2.4, the life prediction 

methodologies utilised in this study are outlined. These methodologies are applied to a full-scale 

wind turbine blade, which was physically tested in the large structures test laboratory at 

University of Galway. Sub-section 5.2.5 gives details of those physical tests. 

5.2.1 Blade Description and Materials 

The 13 m wind turbine blade examined in this chapter was fabricated by ÉireComposites Teo. 

using a novel "one-shot" manufacturing process, which cures the different parts of the wind 

turbine blade (including skin sections, spar caps web, and root) in a single process without the 

need for gluing [170]. Figure 5-1 shows a photograph of the blade after manufacturing, which 

had a mass of 674 kg. 
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Figure 5-1: 13 m wind turbine blade after being manufactured and finished [171]. 

The blade is constructed from glass fibre reinforced powder epoxy composite material with 

unidirectional (UD) plies primarily utilised in the spar caps oriented along the length of the 

blade, in contrast to the leading and trailing panels. Triaxial layers make up the skins and shear 

webs; each triaxial layer consists of the layup [0°/±45°] oriented to the length of the blade. In the 

finite element (FE) analysis and the whole process, each triaxial layer consists of three plies of 

UD material. The skins on the trailing and leading panels are embedded with a polyurethane 

(PU) core. Polyurethane increases the buckling resistance of the panel in the aerodynamic skin 

laminates. A gelcoat outer layer is used to protect the surface of the blade from environmental 

damage. In this study, the blade has been divided into four sections for analysis: the pressure 

side, suction side, leading panel, and trailing panel. Both the pressure and suction sides include 

the internal structures, namely the spar caps, and the external structures, which are the skin 

laminates. The leading panel encompasses the leading edge as well as the neighbouring sections 

on both the pressure and suction sides, while the trailing panel incorporates the trailing edge and 

the adjacent sections on both the pressure and suction sides. It is important to note that the shear 

webs are not considered in this study. This is because the study focuses on analysing the fatigue 

life of the blade structure under bending loads, and the contribution of shear webs to shear 

stiffness and torsional resistance falls outside the scope of this investigation [19]. By dividing the 
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blade into these four sections and analysing each section separately, a comprehensive 

understanding of the bladeôs performance is achieved, enabling improvements in blade design 

and performance optimisation. Figure 5-2 provides a visual representation of these four sections, 

aiding readers in understanding the specific regions referred to in the analysis.  

 

Figure 5-2: Visual representation of the four sections of the wind turbine blade analysed in this 

chapter: pressure side, suction side, leading panel, and trailing panel. 

In addition, Table 5.1 indicates the material properties for a unidirectional layer of the glass 

fibre-epoxy material (UD), polyurethane core layer (PU), and the gelcoat. In this table, the 

symbols E1 corresponds to Youngôs modulus in the longitudinal direction, E2 represents Youngôs 

modulus in the transverse direction, G12 stands for the shear modulus, and Nu12 denotes the 

Poissonôs ratio. Further details on the composite layups for the main sections of the blade are 

available in Fagan et al. [172]. 
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Table 5.1: Mechanical properties of the various materials used in the blade models. Values for 

the mechanical properties of the gelcoat was obtained from [12]. 

Name E1 

(MPa) 

E2 

(MPa) 

G12 

(MPa) 

Nu12 Density 

(kg/m3) 

UD 35,000 11,000 4,000 0.2 1,900 

PU 10 10 0.2 0.3 80 

Gelcoat 0.00001 0.00001 0.000001 0.3 1,830 

 

Table 5.2 outlines the blade external geometry constructed with modified NACA 63 series 

airfoils. Out-of-plane offset due to blade curvature and in-plane offset due to forward sweep are 

shown in Figure 5-3. 

Table 5.2: Geometry distributions along the length of the blade. 

Node Airfoil  Root distance 

(m) 

Chord 

(m) 

Twist 

(°) 

Out-of-plane offset 

(m) 

In-plane offset 

(m) 

1 Circular 0.00 0.60 9.30 -0.30 0.00 

2 Circular 0.25 0.60 9.30 -0.30 0.00 

3 NACA 63-240 1.43 1.27 8.55 -0.39 0.00 

4 NACA 63-235 2.00 1.25 8.05 -0.38 0.00 

5 NACA 63-230 3.00 1.18 7.15 -0.35 0.00 

6 NACA 63-230 4.00 1.11 5.99 -0.33 0.00 

7 NACA 63-225 5.00 1.04 4.85 -0.30 0.00 

8 NACA 63-225 5.50 1.00 4.31 -0.28 0.00 

9 NACA 63-225 6.00 0.97 3.78 -0.27 0.00 

10 NACA 63-222 7.00 0.90 2.79 -0.24 0.00 

11 NACA 63-220 8.00 0.83 1.90 -0.21 -0.01 

12 NACA 63-220 9.00 0.76 1.13 -0.18 -0.01 

13 NACA 63-218 10.00 0.69 0.53 -0.15 -0.01 
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Figure 5-3: Blade geometry out-of-plane offset and in-plane offset. 

5.2.2 Design Loads Calculation 

Fatigue damage in wind blades is mainly caused by the repeated cyclic loading during their 

operation. Bending stress in both flapwise and edgewise directions is the primary contributor to 

14 NACA 63-216 11.00 0.61 0.14 -0.12 -0.01 

15 NACA 63-216 11.24 0.60 0.08 -0.11 -0.01 

16 NACA 63-216 11.44 0.58 0.04 -0.11 -0.01 

17 NACA 63-216 11.64 0.57 0.03 -0.10 -0.01 

18 NACA 63-216 12.04 0.54 0.03 -0.09 -0.01 

19 NACA 63-215 12.48 0.50 0.03 -0.07 -0.01 

20 NACA 63-215 12.68 0.49 0.00 -0.06 -0.01 

21 NACA 63-215 12.75 0.48 0.00 -0.06 -0.01 

22 NACA 63-214 12.96 0.45 0.00 -0.06 -0.01 
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this damage [173]. Torsional stress also plays a role in fatigue damage, but it has been ignored in 

this study due to inadequate information on the fatigue shear properties of composite materials. 

Furthermore, the research employs uniaxial stress techniques to predict fatigue life, strength-

based method and Minerôs rule. These methods assess stress components independently, and 

fatigue damage is evaluated based on the most dominant factor, which is the bending stress in 

this case. Therefore, it is crucial to calculate the bending moments of the blade in both flapwise 

and edgewise directions as the first step in this study. 

As mentioned in Section 2.2.1, NREL has sponsored the development, verification, and 

validation of various software for the analysis of wind turbines such as AeroDyn [53] and FAST 

[17]. To calculate the loads, FAST needs input data for the structural properties and aerodynamic 

properties of the blade sections. A combination of NuMAD [62], PreComp [63], BModes [64], 

JavaFoil [55], and AeroDyn [53] have been used to create these input data. Figure 5-4 illustrates 

the process of calculating the loads acting on the blade using FAST, which predicts the bending 

moments for 10-minute intervals at each wind speed based on the IEC 61400 turbine situations 

[13]. 

 

Figure 5-4: Design load calculation process using FAST based on the IEC 61400 turbine 

situations. 

NuMAD is used to simplify the process of creating a three-dimensional finite element model for 

a modern wind turbine blade. It manages all blade information including databases of airfoils, 


























































































































































































































































































