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Abstract

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 SN curve for all fatigue regions in composites. This new methotploys
regression techniques; specifically, utilises an exponential model for the laycle fatigue

region and a powdaw model for the higttycle fatigue region for parameter estimation.
Comparisons between thamutput parametersof the original Sendeckyj model and the novel
estimationmethodthat shapgthe SN 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 usingfheuBre. Validation
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with multiple datasets confirms the effectiveness of this stratdgiably, for weltscattered
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 stoasgthmethod for
estimating the fatigue life of a 48etre wind turbine blade constructed of glass fileiaforced

powder epoxy. This algorithraccommodates load sequences, strength conveftogion
compression interplayffects, 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 Minerods rul e
earlierin the life of the bladéy incorporating material degradation behaviour and other factors,

while requiring computational and experi menta

However, the strengthased method exhibits limitations in accounting for interactions among
different stress factors. To rectify this, it is amalgamated with a +axiki stressased
approach, known as the FTHRFailure Tensor Polynomial in Fatigu&ethod. This novel
approach is applied to anrBetre 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 @tutuidal speeds significantly contribute to
fatigue damage. However, an increase in rittational speef 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
occurrencegor operating conditions where tidal speeds exceed the rated speed and in transient
conditions at the cubut tidal speedTherefore, transierdtartup 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 cubut 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 realvorld examples, namely a 4fieter wind turbine blade and ann&ter tidal

turbine blade.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Chapter Summary

This chapter serves as an introduction to the ceairalof the thesis, which is to enhance
methodologies for estimating the fatigue life of wind and tidal turbine blades constructed from
composite materialsSection1.2 delves into wind and tidal turbines by offering an overview of

the current statef-the-art within the wind and tidal energy secto8ection 1.3 discusses the

loads which blades are subjectad during operation. Owing to the impact of these loads,
Section 1.4 sheds light on the structural components of the blades. Subseq&emttiypn 1.5
explores the materials and composites employed in blade construction, with particular attention
given to their properties and appropriateness for use in turbine b&et#gn1.6 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 tuSseton 1.7
outlines the motivation and objectives behind the thesis. L&sktion 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
horizontalaxis wind turbines (HAWS). These turbines have blades that rotate around a
horizontal axis parallel to the wind direction. The majority of HAWypically 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 cofits
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The design of wind turbine blades is a cruci
continuously being improved to increameraestructuralefficiency and reduce cost8s 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 lengtmetswept areaAccording to the

Global Wind Energy Council (GWEQP], in 2020, the average size of wind turbines installed
worldwide was around 3.2 megawatts (MW), with a rotor diameter ofliPOmetersEarlier

this year, the Vestas V236.0MW prototype wind turbine, which has a rotor diameter of 236 m,
successfully produced its first power at the @sterild Test Center in DefiBpankhile the China

State Shipbuilding Corporation (CSSC) announced that it is building an 18 megawatts (MW)
wind turbine with a 260 meter (888 diameter on its threbladed rotof4]. This is a significant
increasecompared to the preceding years whienaverage 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, thaerodynamidoads on the blades also increaSeecifically, 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 futbi® means that tidanergy
systemoperators whether tidal turbines or tidal barragesn plan for and optire¢ energy
generation based on the predicted tidal patterns, leading to more consistent and reliable energy
generationcompared to other renewable sourcesch aswind and solarenery [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 watfs

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

damagg8] and reduce the efficiency of the turbii®é.
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 componenfdatia” and "out
of-plane”relative tothe plane of rotationThis is similar for the hydrodynamic loads in tidal
turbine blades. hplane 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 tpf- Out
plane or flapwise loading is normal to the plane of rotation with the same distribution as in
plane, but with higher magnitudda.addition to these categsations, torsional loading refers to

the twisting force that acts on the blades altimgjr length. This loading arises due to nion
uniform aerodynamic or hydrodynamic conditions across the rotor or tufbgee 1-1 shows

the aerodynamic load on a wind turbine blade.
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% Out-of-Plane

\\ ¥ Torsional

In-Plane

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

Centrifugal loads refer to the forces generated by spinning the turbine flagieBhese forces
are caused by the mass of the blades being pulled away from the centre of rotation, and they can
be significantatthe 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 verticalip the rotor plane. These loads are reversed twice per blade rotation
and can cause fatigue damage on larger blgdgsBuoyancy 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 constaftagbetween 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 turbine@pectrum loading)Spectral loadingefers to the varying

load patterns that the materials undergo during their operational lifefihee.International
Electrotechnical Commission (IEC) 6140 standard [13] for wind turbines and the
Germanischer Lloyd (GL) regulatiof$4] 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, normashutdown and parked (standing still or idling)ust be taken into account
during blade desigi5].

For this work, the loading on the wind and tidal turbine bla@¥sapters 5and7) has been
determinedthrough computer simulation using the FAST (Fatigue, Aerodynamics, Structures,
and Turbulence) cod¢l16][17] developed bythe National Renewable Energy Laboratory
(NREL), based on the IEC and GL rules. This procedudessribedn Sub-section2.2.10f 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 descril@sttion 1.3, Figure 1-2

identifies the main structurabmponents of the blade, which are defined as follows
1. Loadcarrying components

Thesepart are the internal structural configuration of the blade, which typically has a box
shaped crossection. 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/hydrodynamiskins

Theseskins 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.

-5-
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Outer skin layers carry the torsional and shear loads caused byplaménloads 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 bl adeds root is the part of the structure
to withstand high centrifugal loads, gravity loads, shear loads and bending moments. The
common blade root connection is adlt or "IKEA" bolt connection or embedded "stud",

"carrot", or "bushing19].

Sandwich panel ‘ Outer skin layer [—

Aerodynamic-hydrodynamic shells |

‘ Blade root connection ‘

Load carrying components

Shear web H Spar cap

Figure 1-2: Blade structural componentsnageadapted from Gurif20].
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The wind turbine blade described@hapter 5 is manufactured using a "ois@ot" process that
eliminates the need for bondlines, while the tidal turbine blade descril@dthpters 6and7 is

made up of a loadarrying 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 bl adeobs
withstand the loads experienced during operation. Most blades are manufactured from Fibre
Reinforced Polymer (FRP) composites, which consist of stiff fibores 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 structur¢®2]. The matrix has four important functions. One, it fixesfthees 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 4aindictional ply. By stacking the
plies, the stiffness of the entire composite
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
repeatedUnidirectional, biaxial and triaxial plies are mostly used in blades, which are labelled

UD, Biax and Triax in this work, respectively. UD pliesith a high flexural modulus in the

-7-
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axial direction, are suitable for axial loading; however, thbgve lower modulin other
directions, making themvealer. On the other handt45° Biax plies displaying a balanced
flexural modulus diagonallyare ideal for shear loading. According to tbad distributionon
each part of the blade fBection 1.4, the following shows the most common structural plies of
the blades.

1. Loadcarrying components

1 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 nsoi@pat cap
material is typically a combination of glass and polyester or epoxy. Recently, carbon
fibre or glasscarbon hybrids have been used and investigated, which also shows the

advantages of carbon materif8].

1 Shear webs consist of flat sandwich panels with +45° layers and cores made from
balsa woodor polyvinyl chloride. Other materials used as core materials are
honeycomb structures or foams, such as polyethylene terepht{rREgl¢ styrene
acrylonitrile (SAN), Polyrethane (PU), polystyrenéPS) polyetherimide(PEI),
polymethacrylimidgPMI) and polypropylenéPP)

2. Aerodynami¢hydrodynamicskins

1 The outermost skin layas made of Gelcoat to protect from external influences.
However, underneath the Gelcoat, the outermost composite laydypiasly made
up of +45° layersvith respect to the spanwise direction of the hlade

1 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

1 Bondlinesare typicallychopped strand or milled fib glassfilled epoxyto ensure

durability, strength, and appropriate application consistency
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The wind and tidal blades Bhapters 5, 6and7 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 identifi@thpter 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°/x45°] layup orientation. The skins on the trailing and leading edges of
the wind blade are embedded with a PU core and Gelcbapters 6 and7 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 | ower than [R4.e material 6s ul't

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. Bé@lbgrconducted 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 modedlsssS and lower
modulus Eglass 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 researctatogani
[26][27]. They concluded that losmodulus 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 resirkigure1-3 shows typical plots of peak tensile str€Syversus log cycles

to failure (N), the traditional SN presentation of data, for twidbfe renforced composites. The

SN curve of glassilbre renforced 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.

-9-
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It has been shown by Hofer et f19][30] that the fatigue performance of glass fibre composites

is improved through hybridation with carbon fibres.

2.0

1.8 |

1.6 | Low-cycle fatigue
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Peak stress, MPa
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Log cycles to failure

Figurel-3: Typical SN 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 inibfe renforced 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 degradafij.

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 withglss 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 meachatwsen
thermoplastic and thermoset resins. Gamstedt and TEB®&jjaxamined 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 toughnef3}][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 anébgtest composites. Their

higher toughness can potentially impede stress redistribution, which contributes to their worse
fatigue behaviour. Recently, Murray et §#88] have provided a structural analysis of am3
thermoplastic composite wind turbine blade in comparison to a thermoset epoxy blade with the

s ame geometry. The compari sonods f © sfatiguen g s de
performance was similar. As a result, based on disparate findings, more research needs to be
done to determine how the type of matrix affects fatigdmvever, 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 wersally applicable models for fatigue prediction.
Moreover, the existence of many migrechanical damage mechanisms, such as matrix

cracking, fibrematrix 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 Minero6s rul e, a |line
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 streased 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 conditjé@s However, one significant
drawback of multiaxial stress methods is that theynabaccount 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 maté@talsstrength
conversion effectdescribes howthe damage caused by tension can impact the remaining
compression strength and, similarly, how compression damage can affect the remaining tension

strengthint he structureds fatigue 1ife.

To incorporate these effects, strengtised methods (as well as stiffrbéssed methods) have

been developed. Strengblased fatigue theories such as tka and Davidson modéd1][42]

and the Sendeckyj modg13][44]f act or i n material strength deg
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 tiroensuming.

Within the context of strengthased methods, the strendjfetime (SN) relationship can be
formulated through a deterministic equaticapturing the average or expected behaviased
on material strength. Notably, the phenomenological model of tNec8rve 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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Addi tional di scussion of the strengths and w
Schaff and Davidson Model, and the Sendeckyj method can be fo@ihpter 2.

1.6.4 Couponand Structural Testing

Composite coupons and structures are typically used in materials research to evaluate the
properties and behaviour of composite materials under various loading condiatigsetests

involve subjecting the materials to repeated cycles of stress to simulate the effect-t#riong
operational conditionsvhether accelerated or at reate which can take weeks or even months.
Additionally, various environmental factors and manufactunngthod variations such as

manual or automated processeged to be taken into account, adding to the complexity,
duration, and cost of these tedtgit not necessarily the number of te$ththin this context,
manufacturing defects such as debonding, porosity and misalignment of fibres can occur.
Methods such as ultrasonic testing andaX radiography are commonly employed to detect and
guantify these defects in both the preliminary and subsequent testing phases, guaranteeing that

the material 6s properties are accurately gaug

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

| aboratory setting. These t es(geomepymadependeérg dat a
stiffness(geometrydependeni fatigue, and other properties. Composite structures arscaile
representations of the final product, such as a prototype or produesidy wind or tidal turbine

blade. These structures are typically tested undigresentativdoading conditions and in a
controlled environmentt is important to note that coupon and fsdlale structure tests represent

distinct levels of testing in terms of scaparticulaly in turbine bladesBetween these extremes,

there are intermediate levels of testing typically involving -soimponents or subcale
structures. This type of testing aims to inve
are more representative of the actual applicatrametheron a smaller scale than full structure

testsor as asubcomponent in its true siz€éigure 1-4 outlines the progressive stages of testing
composite materials, ranging from coupon testing at the base, througbrapbnent testing in

the middle, to fullscale structure testing at the apex.
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Full-scale testing
(10-100m)

Sub-component testing
(0.5-5m)

Coupon testing
(0.1-0.5m)

Figure 1-4: Composite material testing pyramid concptg].

In general, there are three types of tests that are commonly used to eadluiee bladé s

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

T Dynamic tests evaluate the turbine bl ade
loads. These tests include modal analysis, which measures the natural frequencies and
modes of vibration of the blades.

1 Static tests evaluate the turbine bi@dability 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 expéailede load.

1 Fatigue tests evaluate the turbine béadmbility to withstand repeated loads over
time. Fatigue testing involves applying a specific load pattern to the biadese

continuous seriegver a large number of cycles.

These tests are discusdatherin Chapter 2, Section2.5.

-14-



Chapter 1. Introduction

Building on this, itis crucial to highlight the significance of standaation in turbine bladéull -
scaletesting.The IEC TS 840023 [46] test standard is commonly used as a guide for designing
the test setup for wind turbine blades. In the case of tidal turbine bladesarttewe specific
international test standardurrently in use: IEC TS 62608 [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 volinisesignificant effectis
guantified by Weibull modulia statistical measure of material variabilitythe range of 1329

for the materials considered arsdstrongest for matriklominated failureThese values, being
relatively high, indicate that there less variability in strength; the higher the modulus, the less
variability. While this studydoes noexplicitly mentionthe rate at whiclthe size effectdecrease

with increasing scaleit is important to take this effect into account when designing large

structures using data obtained from small coupons.

Size effectwas also highlighted in studies by Van Leeuwen ef{48] and Och[50], who
compared the fatigue strength of wind turbine blades and helicopter blades, respectively,
obtained from fulscale tests to that predicted from coup@sed experiments. The results
showed a discrepan@f about 10%jyvith the fullscale structural test strengths being lower than
the couporbased predictionsThe fitting of the blade and coupon test data to a Goodman
relation gave slopes close to 10. Thighlightedthe importance of considering the potential size
effects and the specific loading conditions of the-$gtle 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 wind turbine blade subtructure. They found that there were no major
contradictionsbetween the coupon database andntivelel substructure in terms of predicted
strength, stiffness, failure mode, and lifetime. However, they also ersptidlse significance of

design details in ensuring accurate predictions of performance and behaviour.

In this work, the novegstimationmethoddor fatigue model parameterstroduced inChapters

3 and4 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, 6and 7, structual tests(dynamic and stati¢ are
conducted on the turbine blades/tdidatethefinite elementlademodels.Within the modding
processthe material propertiesf the composite used in the blades were dirdottprporated

from experimental tests. Additionally, instead of a homagpehiepresentation, each layer of the
composite laminate was defined in the model with its unique propériether information
regarding these tests and finite element modelling are availaBlection2.5 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 prediogir 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 appliedwmrishéxamples, 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 chaptars:

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

SendeckyS-N model from lowcycle to highcycle fatigue for composite materials.

02.To develop and validate a new strategy for estimating the parameter in a shaseh

fatigue model without requiring any residual strength tests.

03.To develop a new phenomenological strergdled 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 tthat used in implementindi ner 6s r ul e.

0O4.To present an integrated approach for predicting the fatigue life of a tidal turbine blade

by combining the strengthased methodology with a muékial stresdased 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 representedrigure 1-5, which illustrates the main objectives

with the corresponding numbef each research objective listed ahove

Composite Material

Analysis )
__350 Exponential model ! Power-law model
o 1
S 300 Omax =A+Blog(N) | Omax = A'N®'
K 1 . Oultimate v>1
3250 ©
) £ V=1
g 200 E’ <1
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g = Omax : .
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T so : 8
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Number of cycles, N
01. Enhance the accuracy of the S-N curve — 02. Residual strength parameter estimation
Blade Fatigue
Analysis
Validate by

experimental testing &
compare to Miner's rule

¥ v
03. Phenomenological strength-based Multiaxial stress-based ~_ ~ 04. Multiaxial stress-strength
method method method
v
05. Effect of DLCs on 5 05. Effect of DLCs on
cavitation along the blade fatigue risk area

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, empdiagiboth their strengths and limitations.

Chapter 3 presents the Sendecky] model as a widely used empirical model for predicting the
fatigue strength of materials, usilig the SN curve. The chapter introduces a new constraint for
the Sendecky] mo d el p ar a medtfaigue curdeeandimathednatitat o m
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 loycle fatigue region and a powlew 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 discusSkdpiter 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 strengbiased method for predicting the fatigue life of composite
materials in a specific realorld 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 @hapter 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 spacéind 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

Mi ner 6s rul e.

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 -b@eadth

method developed i€hapter 5 with a multtaxial stressased 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 |l ong tidal turbine bl ade
the original FTPF method.

Chapter 7 adds the study of cavitatidio the thesi& overall body of worland evaluates the
impact of DNVGL-ST-0164 design load cases on the fatigue and cavitation characteristics of the
tidal turbine blade introduced itChapter 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 describ&hapter 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 strdyagibd method code

and (iii) the optimisation code to convert static design loads to static test loads.
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Chapter 2. Literature Review

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 hinddools, 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 simulationSub-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 environmen8ub-section 2.2.2 explores Finite Element
Modelling, a technique extensively employed in blade structural analysis to simulateahysk

the behaviar of structures and materials under various loads.

Section 2.3 discusses the methodologies used to estimate the fatigue life of compdsites.
section 2.3.1 describes fatigue damage models used for predicting-tEmny material
degradationSub-section 2.3.2 examines SN diagrams that represent the fatigue properties of
materials andsub-section 2.3.3 explores constant life diagramSub-section 2.3.4 introduces

cycle counting methods, which are essential to fatigue analysis.

Section 2.4emphasies the importance of having comprehensive data repositSrdssection
2.4.1discusses static and constant amplitude fatigue data, wieunbasection 2.4.2 explores

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

Lastly, Section2.5 describes various forms of experimental validation for blade structués
section2.5.1covers dynamic testing to understand the blade's dynamic bah&id-sectiors
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2.5.2and 2.5.3focus on static and fatigue testing, respectively, which are vital for validating

models and comprehending re@brld blade performance.

2.2 Turbine Blade Modelling Tools

2.2.1 BladeDesign LoadModelling

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

FAST (Fatigue, Aerodynamics, Structures, and Turbuleid@)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 optirsation of wind turbines. FAST is an opsource software package that is

also used tanalysethe loads on the turbine blades and tower. It takes into account the effects of
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wind gust s, turbul ence, and other environment
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, Aero[§3] wasalso 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 bladeg54]. In the BEM method used in AeroDythreedimensional corrections are
applied to the model. These include PrandtHdgs, Prandtl huloss, and Pitt and Peters
skewedwake. Prandtl tip and hubloss 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 skeweedvake correction, when enabled, is applied following the BEM iteration
Additionally, the BEM iteration for the studied model includé® calculation of tangential
induction @ measure of the changeangular momentumthe use of drag in the axislduction

(a measure of the change in linear momentcatulation, and the use of drag in the tangential

induction calculation.

AeroDyn uses the airfoil data files generated by Javgbbil 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 coefficielaide element
properties, such as the angle of attaakd environmental conditions, such #se inflow wind
velocity. The output of AeroDyincludes the aerodynamic forces acting on the turbine blades

and the turbineds p[d6ker and thrust coefficien

A notable feature of AeroDyn is its cavitation model, designed to predict the onset and
development of cavitatiorDepending on the blade geometry, hydrodynamic conditions, and
fluid properties, several forms of cavitation can occurtidal turbine blades, including tip
vortex, sheet, bubble, and cloud cavitatjéi]. Tip vortex cavitation originates from pressure
differences at the blade tips, which creates a vortex filled withuragavities. 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 wapgmessureBubble cavitation happens when losadl
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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 bubllesdverse
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 likeeflavation, where the fluid

flow detaches from the surface, potentially resulting in reduced performance or even damage to
turbine bladeq58]. 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 extenatdrial erosion

on the blade, the frequency and intensity of vibration, and the decrease in turbine effg®ncy

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 ca\iafion

The AeroDyn cavitation model employs the Cavitation Inception Model (CIMe CIM is
based on a critical parameter known as the critical cavitationber(, ), whichis defined by

Equation 2.1.

0 B O I (2.1)

wherePam is the atmospheric pressure above the free surfaggis the vapour pressure of the
fluid, §, g andh are the water density, acceleration due to gravity, and submerged depth (distance

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

In AeroDyn, cavitation occurs when the local cavitation nungper) 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 coefficier@d{min) of the blade section, which is a measure of the pressure

difference between thgressureandsuction sideof the blade.

0 O I (2.2)

The local pressureP., 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 nalimensional minimum surface pressure coeffici@atin, 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 D¢6R&jn)
PreComp (Prgprocessor for computing Composite blade structural propef@gk)and BModes

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

of creating a thredimensional 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 NREPreComp is used to calculate the structural properties of
compositeturbine blades based on the information provided by NuUMAD. In PreComp, flapwise,
edgewise and torsional stiffnesses are defined about the principal elastic axes okadtrags

as described by Equations 23%.

"0a G G BID'0E QD W QOQG (2.3)
0'Q"QQ i "B "Wt QDix b QHQAG (24)
2.5)
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whereExy) and G,y are the modulus of elasticity and modulus of rigidity, respectively,xand
andy are the flapwise and edgewise distances from the blade section elastic centre to the

differential area element over the cr@gstional 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 opesource 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 regimed 3], the usesspecified wind regimes, and the turbulence wind regimes.
The wind velocity time series data generated by TURBSIM is used as input for FAST.
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 Wagardally-mixed
condition indicates that tidal currents played a significant role in the mixing of water layers in
this ared66].

Fatigue life prediction of composite turbine blades is performed by simulation of various fatigue
design load cases defined in Electrotechnical Commission (IEC) @ll4tdhdard13] for wind

turbine blades and the Germanisehkryd (GL) regulationd60] for tidal turbine bladesGiven

the sensitivity of blade fatigue life to maximum blade stress and strain level, as shown by
Kennedy et al[67], it is crucial to carefullyanalyseeach fatigue design load case defined in the
respective standards to ensure accurate life predictisieanedy [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 wasnot 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. Simil&@haprter 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 standardChapter 7, an

investigation of cavitation on the tidal blade has been conducted.

2.2.2 Finite Element Blade Modelling

Finite ElementModelling (FEM), when calibrated and validated correctly, is a powerful
numerical tool used to simulate aadalysethe 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 Systd684sAbaqus is a general
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purpose finite element software that is usedralysevarious engineering problems, including
linear and nosinear 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 blbd#s in academia and
industry Several studies, such as those conducted by Tarfaou[#&l]and Nachtane et dlr1],

have utilsed Abaqus for modelling the complex behaviours of composite wind and tidal turbine
blades under various loading conditions. In both, numerical resultsaggaa correlation when
compared to the experiment respgrae evident from the figures providelthough specific
numerical values or percentages were not explicity mentioned in their results, estimations
suggest that the numerical models overestimated the displacemeayipbyximately25%.
Additionally, industrial reports, such as those by EireCompofi#gjsand Orbital Marine Power
(OMP) [73], have acknowledged the use of Abaqus for this purgéisée element modelling

can greatly reduce development costs by misingi 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 lengtithickness ratios that are common in composite laminates. The
use of shell elements allows for the accurate representation of 4blanm 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 behavioursAdditionally, 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 mgé}ials

Chapter 5 focuses on conducting structural analysis of the wind blade using Abaqus, while
Chapters 6and7 shift the focus to the structural analysis of the tidal turbine blade, alsingtili

Abaqus.
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2.3 Composite Fatigue Life Estimaton

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 predicti@ii,phenomenological or empirical
methods, andiii) micromechanics or mechanibased modelf75][76]. Micromechanicsased

failure theoriesalculate the damage progression of composites by considering significant details
in the construction of materials (material properties, fibre and matrix orientafiloresmatrix
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 engineg¢riny 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 s uc h a s [3Wand EailutesTensouHolgnomial 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 failureThe principal advantage of these models is their simplicityse

along with the fact that the data required for their implementation is relatively easy to acquire.
However, they have a significant limitation: damage is riantifiablephysical parameter, like
strength or stiffness. Furthermore, these models typically depict damage in a binary fashion,

classifying a structure as eithferled or not failed.

On the other hand, phenomenological modsleh asSchaff and Davidsofd1][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 behawp particularly under complex or variable loading
conditions. Their primary strength lies in their capacity to encapsulatevoela behaviar

using relatively straightforward functional relationships. However, they also have a significant
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limitation: they rely heavily on extensive empirical data and may lack gesadmidity across

diverse materials and loading conditions.

Early investigations fophenomenologicadtiffnessbased models were conducted by Schulg

and Highsmitrand Reifsnider{79]. However, the primary drawback of this approach is the
development of a "general” failure criterion (not a "natural” failure critehanhis specific to a
given situatiof that is successfully applied to different types of laminates or randomly ordered
load spectr@80]. Hence, in stiffness degradation theories, failure can be determined in a number
of ways For examplewhen the stiffness has reachedaabitrary design margin on degradation
(predetermined critical stiffness degradation Igwehen it is reduced to the minimum stiffness
determined by the design process in order to meet operational requirements for defg8tjtion

or when the cyclic strain reaches the maximum static gi8&ih In contrast to stiffneskased
models, strengthased models have an inheregeérierdl failure criterion: failure occurs when

the applied stress equals the residual strength.

In the following section, three modedse describethat are central to thisork: Minerd sule, a
cumulative damage model; the Failure Tensor Polynomial in Fatigue (FTPF) model, also a
cumulative damage model; and the Sclzaffl Davidsormodel, a phenomenologicatrength
basedmodel.

2.3.1.1Miner6 Rule

One of the most renowned cumulative damage models is the PalMgrenlinear damage

hypothesis, commonly known a8i n e r 0ls 1984y Pabngren 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 experimg@@s Mi ner 6 s t est s demon
the hypothesis closely aligned with the experimental data, indicating its practical Mtilith e r 6 s

rule, shown in Equation 8, assumes that the ratio between the number of applied stress cycles

with a given mean stress and stress rangand the number of cycledgth the same mean stress

and stress rang@hich would lead to failureN, constitutes the expended part of the useful

fatigue life The sum of these ratios is thus the damagg Thus, the criteria for not failing is

that D is less than.1
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0 3 (2.6)
0
The design guidelines for smal/| wind turbine

the lifetime of structures under spectral load[8§]. 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 layersres filithin a composite

to respond differently. This may result i n c
rul e doesn't captur e. Consequentl vy, Mi Rer 6s
conservative predictions for lifespan under spectrum loading condii8ais Van Delft [85]
discovered that utdéing Mi n e r (fatigue lifd estimations were up to 100 times highen tha
experimentainder complex spectrum loading scenarios, especially in multiaxial stress conditions
or with variable amplitude loadingslowever, further studies by Schutz and Gerljaé}, and

Schoen and Nymaj87] revealed thaMi n e r @weerestimdtes fatigue life only by a factor of

2-3.

Oneof the answegto this issugespeciallyin the context of multiaxial stress statesfound in
models such as the FTPF modeid TsaiHahn [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.
2.3.1.2Failure Tensor Polynomial in Fatigue (FTPF) Model

In 1973, Hashinand Rotem developed predictive formulations for fatigue life in composite
materials, specifically addressing the issue of stress multiaxi@y. 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. Recogmg this limitation, researchers like Tsai and Hahn developed failure criteria
considering the interaction between fibre and matrix fail88}. The TsaiHahn criterion has

demonstrated improved predictions of failure behaviour in composite materials, particularly
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when fibrematrix interactions play a significant role. Building on this work, an extension of the
guadratic 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 Fatigyehas been shown to provide satisfactory
predictions of remaining life or fatigue strength for a wide range of composite materials

subjected to multiaxial loading0].

The FTPF method, proposed by Philippidis and Vassilopddlok is a stresdased approach
employing stress invariantsscalar quantities derived from the stress tensor that remain
unchanged under coordinate transformatiofws, predicting the fatigue life of composite
materials under complex stress states. This model agreed well with experimental data from Part |
of their researcij90]. The fatigue failure criterion in the FTPF method can be expressed as

Equation 27.

o (2.7)

w0 w0 ®wu w0 YO

In this equationD is the damage parameter, which is assumed to reach one at faijyreand
, represent the longitudinal, transverse, angblane shearstresses, respectively. Similarly,

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

The FTPFMo d e | hol ds sever al advantages over tradi
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 skuetiigee life,

which is discussed further fBub-section2.3.1.3 This oversight can lead to an underestimation

of fatigue life in realworld situations with variable loading patterftl].
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2.3.1.3Schaffand Davidson Model

Broutman and Sah{92] were the first to propose a linephenomenological strengthased
modelin a lifetime prediction method. They showed that the model could predictwimeblock
experiments accuratelyStrengthbased or wearout models generally state that stronger
specimens are likely to have longer fatigue lives. This assumption has been experimentally
proven by Hahn and KinB3], and was later called the Strengiife-EquatRankAssumption
(SLERA) by Chou and Cromd@4][95] using the existing experimental results from Ryder and
Walker[96]. In moststrengthbasednodels, three basic assumptions or common conventions are

expressed7]:

1. The SN 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

threeparameter Weibull distribution.

To demonstrat¢he second assumption, extensive experimental and theoretical research has been
conducted byarious researchers. The form of the stretigtbed model developed by Sendeckyj

is based on Equation&.

y A S (28)

where,, , , , » , andn are the equivalent static strength, maximum applied cyclic stress,
residual strength, and the number of cycles, respectively. The par&isetee absolute value of
the asymptotic slope at long life on a g plot of the SN curve and the paramet€ris a

measure of the extent of the flat region on tHe &urve at high applied cyclic stress levels.

While the Sendeckyj modéits well with experimental fatigue datd,requires different model
parameters for each loading condition. This restricts the Sendeckyj model to describing the shape

of the SN 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 app8gdHence, new
residual strength approaches were proposed and experimentally tested, such as Yand et al.
[99][100][101] and Schaff and Davidsda1][42].

At the same time, Yang and colleagy89][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 fatigustrengthbased modelwhich they validated using
graphite/epoxyaminates subjected to constant amplitude fatigue. In their falloywapef100],

the team refined the model to address tensmmpression fatigue loading, again validating it

with the same material. In the third papEd1], 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 rg€l#{s However,
this model 6s devel opment did not continue du

necessary to charactaxithe model for complex loading spectra.

Based on the Yang model, Schaff and Davidgttl[42] proposed a methotb reduce the
number of tests required to determine the parameters of the sthesgith model at different

load levels of the loading spectrumn. 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
29.

£ (29)

U

All the variables are the same as the Sendeckyj model variables gxcept , the ultimate
strength andg, the strength degradation parametere Birength degradatioparameter is
determined by fitting the curve to residual strength experimentalwhteh will be described in
Sub-section2.4.2 Figure2-2 illustrates the possible residual strength curves as a function of the
fatigue loading cycles described by Equatidh Each strength curve starts at static strength and
ends at the location determined by the failure criteripi.€ @ 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 gio=;1secondary rapid losgfisudden death

behaviouy [94][95] is obtained forg >,land theinitial rapid loss in strengtl fear |y deat
behaviour)s obtained fog <.1

o Oultimate v>1

o

£ V=1
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Figure 2-2: Possible relationships between residual strengthgnd number of loading cycles
(n).
The Schaff and Davidson modelso introduced two significant effects for randomly ordered

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

Theload 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 sirgtek. To elucidate this effect, consider two separate
constant amplitude loading segments applied in sequésdBustrated inFigure 2-3, curve AB
illustrates the strength degradation for a composite structure subjected to constant amplitude
loading at stress leveliSand curve ACD illustrates the strength degradation for a composite
structure subjected to constant amplitude loading at stress leffet $his example $S,). Both

curves indicate that the specimens initiate at the static strength at point A; that is, the initial
loading for both loading curves: &nd S is the static strength of the specimétoint B
represents the strength after eycles at stress levelp.SPoint 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 £ The Schaff and Davidson mod@resumeshata compositestructure that reaches

point B via path AB has the same remaining strength as a composite structure that reaches point
C via path ACIn the context of the twstress level sequers;ehe second segment starts at point

C, and its strength degradation follows path.JD bridge thetransitionfrom point B (after

being loaded at i to point C (after being loaded at.f the Schaff and Davidson model
incorporates an effective number of cycles, referred toe@der 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 valug:&f used as a starting point for

the calculation of strength degradation due to the new cycle.

A K==
J S, residual strength curve
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g ~.C
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] i :
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.g n, :
3 |- b; ;
ﬁ z ? °
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Fatigue Cycles

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

The strength conversion effect is ofimer important consideration for structures, such as
composite windand tidalturbine 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 tensioimduced 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 observancebBheir framework was specifically designed to mirror
observations seen under the SGF (Schutz and Gerharz Fighter) spg&&jurBchaff and
Dav i ds o-pabametero mathematical mod¢Equation 29) 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 strengtbased modelling conducted by Philippidis and Passipoulddi0i],

the authorsuggest that the use of simple mogdslsch as the Miner's rulthat require limited
experimental effort should be preferred to complex phenomenological models that require a large

set of experimental data to implemeith ey argue that these complic
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, Wah[106] provided evidence fotthe effects of spectral loading on lifetime

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

for a balance between simplicity and accuracy in riode

Strengthbased fatigue theoriesuch asthe Schaff and Davidson modeprovide valuable
insights into the fatigue life of composite materials by considering the effects of load spectrum
and material degradatioilowever,they struggle to capture the interaction between different
damage mechanism$his is in addition to the significant amount of experimental work required
to identify model parameter$herefore, m Chapter 4, a new strategy is proposed that aims to
present a strengthased model for predicting fatigue life by considering the minimum
experimental effort to determine the model parameters for each loagddéweithin atargeted
standard deviatianThis strategy is based on the Schaff and Davidson model, which has been
shown to be patrticularly 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 ®I curves,bypassing theesidual strengtldlata required compared to traditional
strengthbasedmethods.This translates to a reduction from 75 tests to 8&sfor 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 botlo#tsequence effect and

the strength conversion effect.

SubsequentlyChapter 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 SN Diagrams

Fatigue data are typically plotted on a streddtghor SN diagram for a constant-Ralue (ratio

of minimum to maximum stress or straifatigue life prediction methodologies rely oANS

curves as dundamental tool. By choosing the most suitabld ®rmulation(closely matches
experimental fatigue resulis) a mor e accurate representation
various loading conditions can be achieved, leading to more reliable fatigue life predictions in
composite materialgl07]. In 1858, a German railway engineer named Wohler concluded that
fatigue damage depends on cyclic stress. In 1888ed on extensive cyclic loading tests
conducted on metal specimenige formulated the first -8I diagram (Wohler curve or
exponential model), where the logarithm of the constant amplitude fatigudl)ife éssumed to

be linearly dependent on the governing stress, (seeTable2.1).

Table2.1: Summary of the commorNScurve modelsA, BandD are the regression parameters
to obtain a linear relationship between the dependent variable, logN, and the independent
variable,, . The fatigue strength limif, , and static strength, , are known

properties of the materials.

Year SN curve models Formulation
1870 Wohler a € Qo o,
1910 Basquin O€&€ QU0 6agQ
1914 Stromeyer a€&"Qlo O aE,Q ;
1924 Palmgren 1T6C O & 6a¢,Q
1952 Weibull

el O 0 6aé¢-Q
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In 1910, the American researcher Basquin stated that material resistance to fatigue follows a
powerlaw, presenting the results on a double logarithmic fM¥8]. 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-cyole fatigue

and highcycle fatigue regions. According to Mandell et[dD9], 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 powedaw model. Baclj110] also pointed out that the best fit for the 0/45° glds®

reinforced data is the exponential model.

Generally, the performance of the exponential model is superior to the-faawerodel in the
low-cycle fatigue region, while the powkw model is more accurate in the higycle fatigue
region[111][112]. The accuracy of the exponential model in the ogtie fatigue region and
the powerlaw model in the lowcycle fatigue region is improved by considering two parameters,
the fatigue limit (in higkcycle fatigue region) and the static strength (in-bywle 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[it13]. Swedish researcher Palmgren added another
parameter @) for the constant amplitude fatigue lif#14] and then Weibull developed it by
incorporating the static strengfil5]. However, since the -8 curve for fibre reinforced
composite materials is characted by the absence of a fatigue limit and no cyclic load
amplitude has been found below which fatigue life is infinite, modelling thecBrve 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 8\ curve modelhas an important influence on fatigue life prediction and
ultimately blade design. Nijssdti07] noted a design mass difference of 30% when ddgg

instead of a liFlog is utilised to describe the desigaNscurve while keeping all other variables
constant. Although linear regression is used to find the constants of the equafiabtei?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 Strengthife-EqualRankAssumption (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 SN data differs fundamentally from the conventional linear regression.
2.3.2.1The Sendeckyj Model

The Sendeckyj mode}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 Equdtion 2.

T & 08 (2.10)

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

strength follows a twparameter Weibull distribution (Equatiorl2).

0, Qon , 7 (2.11)

whereU and b are the Weibull shape and scale parameters, respectively. To mbdeuiSes

using the Sendeckyj model, deterministic equation parametérand S) must be fit
simultaneously with the Weibudlistribution parameterd)@andb). 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 maxismg a likelihood function[116]). Optimisation of the SN

curve parameter occurs until the maximum Weibull shape parameter is re&aduee. 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 fatfgiere [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 ddian compared with eight other
models[118]. Also, in all fatigue regions, from lowycle fatigue to higktycle fatigue, Barbosa
indicated that the Sendeckyj model presented a more suitable fit when compared with
experimental dat§l19]. 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-tywle fatigue to higfcycle fatigue), and

when no static strength data is used, the model is unable to extrapolate any lifetime predictions in
the lowcycle 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 fatigu¢1®ath

As described, the Sendeckyj model is used to describethbehaviour 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 para@eters,
andS. In order to overcome this, a novel estimation method is introduc€tapter 3, which

aims to improve the accuracy of the Sendeckyj model parameters. This new method is then
implemented inChapter 4 to develop a new strategy for fatigue life predictions of composite
materials.Chapters 5 6, and7 employ the novel estimation method to construtt 8urves 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) formulatiofi21]. A CLD, which is formed from a set of-IS

curves with various stress ratios (R), contains condifaniines. These lines connect points of
identical estimated lifespan, plotted in relation to the mean stress (represented-axif)eard

stress amplitude (depicted on theaxis), as shown inFigure 2-5. As a result, they provide a
prediction tool for estimating the material 0s
no experimental data. A typical CLD is divided into three sections: Teiigonsion (¥T),
TensionCompression (-C), and Compressie@ompression (€). The FT section is bounded

by radial lines representing theNscurves at R=1 and R=he former corresponding to static

loading and the latter to tensile cycling within=0. In this sector, $I curves have positive-R

values less than one.

R=-1 a(t)
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R=+es >\< C-dominated T-dominated 4
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Figure 2-5. Typical CLD annotatiofil21].
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The classical linear Goodman diagram is the most widely used CLD due to its sinjpR&ty

though other models like Gerber and Soderberg also find relevance in certain da2t&jxiEhe
Goodmanmodel is based on a singleNscurve 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 CLDhis adjustment signifies that when examining the fatigue
behaviar of these composites, the data or results tend to gravitate more towards conditions of
tensile loading, rather than compressiés.a result, the linear Goodman diagram was replaced

by a "shifted" version for composite materials with a shift to the #hginid 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. Sutfj@é@&hdbserved

that CLDs for metals are symmetric because the static strength in tension and compression and
the fatigue mechanisms in the tensile and compressivaug 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 matfixi br e i nterface | argely <contr
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 SN data with R=1. If more SN 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 BN 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 loading patterns. Analytical expressions
were developed to describe each region of the piecewise linear CLD as follows:

T I f R 6 13 sectar of thé ELD,Thetween R=1 and the first knowrafid in the
tension region (IR):
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Y'Y (2.12)

T I f RO iiGsedtonof thenChD, hetween any of two knowanaos, Rand R:1:

[ (213

T I f R6 i1€ sector oftthe €ELDCbetween R=1 and the first knd®vratio in the
compression region (kc):

Yo Y (2.14)

in which 0 i Omaxatrand lmaxaccare the stress amplitude corresponding @Rt and
Ricc respectively and 6 = ( 1 +RR®Oandri€(1+Ri)/(1-R). UTSandUCSrefer to the

ultimate tensile stress and ultimate compressive stress of the materials, respectively.

Another proposed model is a seempirical 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
nortlinear equation to create a continuous-sbkped 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.

Kawai 0 4130§131 prgsented the scalledisomorphicCLD, which can only be achieved

by utilising a "critical" SN curve with Rratio 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 diagramousded 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 onthecritibhl S ur ve. Thi s model 0s
is the requirement for experimental data for this specHi¢ &irve, hence it potentially cannot

be used with the existing fatigue databases.

Kassapogloy132] 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-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 a[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 el ®urves (>3) is available, the piecewise linear
formulation is the most accurate of the CLD methedth R? values often exceeding 82,
indicating a high degree of alignment with experimental observatlbis 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 numbeN afug/es

(more than 3) are available, the piecewise linear formulation is the most accurate of the CLD.
Therefore, inChapters 5and7, 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 sumnsarirregular load versus time histories by providing the number

of occurrences of cycles of various sizes. Several procedures exist to perform cycle counting,
such as levetrossing counting, peak counting, simpd@ge counting, rangeair counting, and
Rainflow counting, whi ch ar e [183p W this gtathdartdl the AS T M

definition of the cycle in fatigue loading is the change of load from valley to peak and then to

-43-



Chapter 2Literature Review

valley. The range is the difference between the peak and valley of the loads and by averaging

them, the mean load is obtain&igure2-6 includes all essential parameters for fatigue loading.

Load

Mean

Figure 2-6: Basic fatigue loading parameters.

Cycle counting strategies, such kevelcrossing counting or peak counting techniques, are
referred to as onparameter techniques since they ignore the important lifetime effects of mean

stress. They are therefore not suitable for composite material fatigue aftysis

In simple range counting, the load spectrum is divided into segments. Each segment is
charactesed by a peak and its adjacent valley as-bptle boundaries, as well as a range value.
When the mean value of each range is also counted, the method is called simplaaamge
counting. The problem with these results is that they do not take into account thetstiass
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 ands0AlnSonsequently,

a method is needed that was capable of extracting hysteresis loops from a load history, rather
than basic rangmean type information. Rainflow countir{@34][135] and related methods
(rangepair counting)136] were introduced to address this problem.
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Following a discussion of numerous popular counting techniques, Doj&ld7 Krause[138]

and Passipoularidis and Philippidj$39] came to the conclusion that only the Rainflow
countingtype methods are suitable for an accurate estimation of the fatigue load for composites.
The Rainflow counting algorithyrknown for its robustness in fatigue analybias been defined

by Endo[140], de Jongd141], and Downing and Socid42] in computeready language for

use in reaworld 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 bothChapters 5and7, 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 Database

Several test databases are used for model validation in this work. Static tests are used to evaluate
various material 6s behaviour wunder a constant
used to evaluate the material és behaviour und
evaluate the material 6s str engt.hhesetestemeasure has
the "remaining” strength of the material under monotonic conditions after fatiguing the sample

for a given number of cycles at a given stress and stres§X&4ip The failure in these tests is

defined as the inability of the specimen to bear the applied \@aidh 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 meth@hapter 3, while residual

strength tests are employed to validate the new strate@fyapter 4.

2.4.1 Staticand 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 Sendecky#3][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/Mf&2). This database primarily
contains fatigue data of small coupons under diverse conditiocisiding over 1Q000 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 withBub-section3.3.1and3.3.2

2.4.2 Residual Strength Data

In Chapter 4, the new strategy is validated by its application to five experimental datasets.
morelimited number of papers report data for residual strength testing, which limits the scope of
comparison. However, thdatasetsvere deliberately selected ttover 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 ef{96]. on T300/934
graphite/epoxy specimens with [0/45/91%,/90/45/0p layup. The frequency of constant
amplitude fatigue tests was 10 Hz. The stress ratio of the cyclic loading was set, Wwtieino
means the test was performed in the TerEdlasile (FT) fatigue domain with a minimum load

of zero.

The second dataset is from Yang e{B45]. The graphite/epoxy composite material used in this
case is the Rigidite 520Bnhornel 300 system, and the layup of the laminate is a [9@&/Bhb.

As before, testing frequency is kept constant at 10 Hz while the stress ratio is i th@mkain
equal to R=1/36.

The third dataset comes from the data of Andersons €tl4b]. 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}]s. The loading frequency was 17 Hz, and the stress ratio R=0.1.

-46-



Chapter 2Literature Review

The fourth dataset was produced by Post efldl/] on Eglass/vinylester composite laminate
with [0/+45/90/45/0 layup. The loading frequency of the fatigue test was maintained at 10 Hz.

The fatigue test was performed in-& Tomain with a stress ratio B=0.1.

Finally, the last dataset is reported by Passipouldd@s]. 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] 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 directiong.hese comprehensive tests are essential for assessing the structural integrity
and longterm durability of the blades, considering the diverse operational conditions they will
encounterThe IEC 614023 [46] test standard is typically used as a guide for wind turbine
blade testing, while for tidal turbine blades, thare twospecific international test standard

IEC TS 626003 [47] and DNVGL-ST-0164[14].

For a comprehensive overview of the state of the art inst@ale structural testing of wind
turbine blades, the review by Zhou et[a¥8] is recommended. The authors discuss the various
types of tests used to evaluate wind turbine bladeshe 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 eddaik structural testing, such

as the high cost and logistical complexity of conducting these tests.

2.5.1 DynamicTesting

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 (F&@prithm is employed for analysing the

structur al responses under different frequen
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ratios and mode shapes can be identified from the FFT speldid®in 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 opsation efforts.

In the context of wind and tidal turbine blades, the charaatérii on o f the Dbl ade
behaviour against vibrations is typically performed using the two first frequencies in the flapwise

and edgewise directisnThe 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 i mpact on the bladebds dynamiamalysee havi c
Addi tionally, in a Campbell 6s resonant diagr a
and damping in a system, the high frequency resonances are not as relevant and are typically not
analysed150].

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 §l52] conducted a fulkcale static flapwise bending test on a 25 m
wind turbine blade in order tanalyseits structural behaviour and failure mechargsihe
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 ndimear 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
layerson the pressure sidand 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 comprehensivechillk testing efforts in

this area. The study involved subjecting a 40 m blade composedlat&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 charastekiby an ovatat i on of t he bl ad
section due to substantial bending stresses. However, further aaigbiativelyindicated that

the primary cause of failure was the debonding of the aerodyrskime from the adhesive

j oints, foll owed by a gradual degradation of
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 studyL54], 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. Thrahighness 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 s{a8%], Chen examined the structural collapse
behaviour of a 47 m composite wind turbine blade when subjected to combined bending and
torsion in a fullscale 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 sile 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 thecqilagise

characteristics of the blade.

While the structural testing reported thus far is solely focused on wind turbine ,bila€esst
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 conduesedléull

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 optio$56].

The University of Galway has uskd its large structural testing facility to conduct several
structural testing programs for fitdtale tidal turbine blades. To illustrate, Finnegan €tL&l7]
conducted structural testing on a fatlale 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 swall tidal turbine
blades, the 2 mohg D40 blade and the 3 noihg D63, in collaboration with SCHOTTEL
HYDRO [158]. Furthermore, Newcastle University59] and Dalhousie Universitj160] have

also conducted static testing on snsalale tidal turbine blades, with lengths of 1 m and 0.36 m,

respectively.

In Chapter 5, in addition to the dynamic testingtatic testing s also conducted in the large
structural testing laboratory at the University of Galway, in accordance with IEC -@B400
standard$46]. The purpose of the testing wasatoalysethe structural performance of the 13 m

wind turbine blade and validate F&EM predictions

2.5.3 Fatigue Testing

Fatigue testing is a process whereiflugtuatingload, which may remain constant or vary in
intensity, is applied to verify whether the blade possesses thddéaaohg 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 cielsluredue to the predominant fatigue
bending forces acting in this planehereas 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 tehimgpinteraction effect§161].

Static tests andynamictests 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
nortlinear 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 aiilg two distinct loading techniques. The first blade
underwent a singtaxis test, where edgewise and flapwise loads were combined into a resultant
load by pitching the blade on its axidowever, therds 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 guasd test, in which edgewise and flapwise
loads were applied separately at a prasgle of 90°. They founthat 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-axialtest was more representative of the theoretical
damage.

Jensen et a[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
whil e monitoring the birmedsarémrsents, i was datesnmened tHata s e d

delamination of the outer skin was the primary mode of failure, resulting in a significant
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reduction in the bladebds buckling capacity an
nortlinear structural behavioBrazier effect and ovaation)in response to extreme loagsl!

before catastrophi@ilure.

Lee and Parkl64] 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-astiggle
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 statit tests
three different direction®sf positive flapwise, positive edgewise, and negative flapwises
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 ww#d 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 authoroés knowl edge, there have b
full-scale tidal turbine blades. Two notable studies were conducted at the University of Galway.

In Subsection2.5.2 Finnegan et al[157] conducted structural testing on a fstlale 8 m tidal

turbine blade. This testing program included fatigue testing of the blade-atdidl, simulating

its 20 year design lifan line with the DNVGL-ST-0164 standarfil4] and thelEC TS 626003

testing specification$47]. The successful compl etion of fat
design life, marking a significant milestone towards full commesaitidin 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 [IGB]. The static response of the D40

blade was compared before and after the lifetameivalent fatigue testing program with

152,500 cycles. The testing showed no significant change in blade strength, which validated the

bl adebés design model s.

Il n another critical s t u d-gcalearégenEratisettital biadedatigug h e W

test facility, research focused on the opsamtion of load introduction points in fudcale
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composite tidal turbine blade test® this research, xperiments conducted on a 5.26
compositetidal bladehighlighted the significant strain values caused by the clamping procedure,
suggesting modifications to the load introduction during tests to avoid potential ffilGEsA
subsequent study at FastBlade employed a regenerative digital displacement hydraulic pump
system, which showcased significant energy sawogipared to conventional systems. Notably,
thesameblade withstood 20 years equivaléatigue loading without catastrophic failure, and no
specific failures were observed, indicating potential overdesign on the Bl&é¢Chapter 6
employed fatigue load cases derived from tidal blade testing conducted at the University of
Galway, adhering to the DNVGET-0164 code and IEC 614&XB 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 Conclusiors

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 reliallel8ve; (ii) the development

of a strategy for the direct estimation of residual strength model parameters-floourSes,
facilitating the residual strength estimation of composite blades; and (iii) the application of an
integrated approach for assessing fatigue damagedhatines multiaxial stress analysis with

degradation theories.

Covering a wide array dbpics such as computational mtohg, 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 belhawid life expectancy in composite blades.
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Chapter3. A Nov el Esti mati on Met

Fatigue Data in the Composite Wearout Model

3.1 Introduction

SN 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 inSub-section2.3.2.] to charactese the SN behaviour of the composite material,
taking into account two model paramete@sand S However, the Sendeckyj model exhibits
certain limitations in estimating paramet&sand S, necessitating the introduction of a novel

estimation method.

The original model 6s | i mi t-linear optingsatidn prodess,cae  Cc 0 Mg
inability to predict life in the lowcycle fatigue range, and a sensitivity to the selection of fatigue

data. To address the first limitation, this chapter proposes a constraint for the pat{8ater

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 metBabt-gection 3.2.2 is

introduced that integrates two commoilsed fatigue models the exponential model and the
powerlaw model. Given that the exponential model is vselted for the lowcycle fatigue

range, and the powdsiw model is suited to the higtycle fatigue range, the former is wgdd to

ascertain parametef and the latter for paramet& The novel estimation method code in

MATLAB is provided inAppendix A.

To evaluate the efficacy of this novel meth@uilg-section 3.2.3, its outcomes are juxtaposed
with the results of the original Sendeckyj model &melDOE/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 opaton process, provides more accurate
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parameters and -8 curves, particularly in loveycle fatigue, and demonstrates reduced
sensitivity to the available fatigue data. This walkcollaborative effort with cgupervisors Dr
Edward Fagan and Prof Jamie Goggimss been published in the jour@@dmposite Structures
(2022[167].

3.2 Methodology

In the Sendeckymodel, parameter€ and S describe the shape of theNScurve as positive
numbers. Sendeckyj plotted theNScurve as a function of parametéraccording to the fatigue
failure formula (introduced in Sub-section 2.3.2.) to find a suitable constraint for this
parameter. He showed that 161, the equation is reduced to the classical pdewsrfatigue
failure criterion. FoiC>1, the equation gives anl$ curve that steepens at low cycles on a log
log plot, and foiC<1, the equation gives anl$ curve that flattens out at low cycles on a-log
plot. As C tends to zero, the size of the flattened region increases. The behaviCdd a$
common for composite materials, while the behaviout®»1 has not been observed to occur for
composite materialg!3]. This relationship is illustrated iRigure3-1.

In the Sendeckyj model, the parameteis constrainedC<1). However, no restrictions are set

for the parametet 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 paré&@vmsed 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

Sincethe parameterS hasan asymptotic slope at high cycle fatigue (high va\)eand the

parametec is a positive value less than one (low vali)ethe Sendeckyj equation is reduced to

the classical powdaw fatigue failure criteriorior S=1 However, the power i s
0 0200 for high value of N andfor alow value ofC (not zero) is approximately equal to

A0z00) . T h @milar toohe prooffor parametelC, for S>1, the equation gives anl$

curve that steepens at high cycles on aléggplot, and foiS<1, the equation gives anri$ curve

that flattens out at high cycles on adog plot. AsS tends to zero, the size of the flattened

region increases. Thus, theNScurve as a function of parametéfsand S can be plotted as

shown inFigure3-1.
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Log Gmax

Log N

Figure 3-1: The shape of the-S curve as a function of parameters C and S in the Sendeckyj
model.
On the other hand, moreflat SN curveat high cycle numberéS<1) is often considered to
show superior fatigue characteristics over the slopiiy &irve §>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 parametef which is less than one, was performed based on the experimedtal S
curve using regression analysiBut mathematically, according to the Sendeckyj model for

fatigue failure, the paramet8iis equal tdEquation 3.1.

Y oatE—TaER S 60 (3.1)

It is clear that for a long life, the value ®f 0 is much higher than—, henceg ¢ @ 0 ) is

also larger thaix € "Q— . 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 wite Sendeckyj estimation methodue to faster
convergace But using Sendeckyj model, theNs model is not able to estimate lifetime

predictions in lowcycle fatigue regions, especially when static strength data is not used.
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Therefore, in the followingsection we will introduce a novel estimation method that can

accurately estimate the model parameters.

3.2.2 Novel Estimation Method

The Sendeckyjmodel can cover all areas of fatigue (from {oycle fatigue to higktycle
fatigue) with just two parameters if these parameters are well estimated. Therefore, the
Sendeckyj formula for fatigue failurg, and¢ 0, is retained in Equation 3.2 to

describe the $I behaviour of the composite materials.

p 8 80 (3.2)

However, the static strength of the material ( ) replaces the equivalent static strength.
This substitution is made since in this equation, fatigue failuré atp occurs when,

” . Thus, the SN curve model is equal to Equation 3.3:

- (3.3)

p 6 060
To estimate the paramete@and S the commonly used exponential and polaer fatigue
models presented in Equations 3.4 and 3.5 are used, respectively. This estimation method has
been chosen instead of using the Weibull distributiothéSendeckyj model to overcome the

model defect.

0 60a¢él (3.4)

" oa (3.5)

O Maand Gaare 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 lowycle fatigue region and the powlew model in the higitycle

fatigue region are more accurate. This is the reason for using the exponential model to estimate

parameteC and the powelaw model for parameter S. Usingese equations, the parameitérs
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and S are accurately estimated across the entire lifetime, from theyddsvfatigue to the high

cycle fatigue range (séggure3-2).

----- Exponential Model

~~~~~~~~~ Power-law Model

Novel Model

Static
Strength

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Number of Cycles

Figure 3-2: Novel model in comparison with exponential and pelaer models.

Equation 3.3 is based on the assumptia@t the static strength is described by a-pseameter
Weibull distributionand the static strength is equal to the Weibull scale paramidterever,

when there is no static strength data, parameter A in Equation 3.4 can be replaced. Since
Equation 3.4s used for the loveycle fatigue region and whén p, the static strength is equal

to the parameteA. Therefore, when there is no static strength data, Equation 3.3 changes to

Equation 3.6.

0 (3.6)

To find the model parameters with novel estimation method, the maximum applied cyclic stress
(, ) and the number of cycle®NY data in the desired stress ratio are imported. Next, the
exponential and powdaw models are matched with fatigue data in-loyele fatigue andhigh-

cycle fatigue regions, respectively, to find their model parametaandB, as well asA @ndB H

In the following, to estimate paramete@sand S, if static strength data is available, both

exponential and powdaw models are fitted with Equatich3, respectively, otherwise, Equation
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3.6 is used. Notethat since the experimental results show a significant changeNncBrves
around 16-1C° cycles, 10 cycles is selected as the transition number of cycles froncyae

fatigue to highkcycle fatigug112]. Figure3-3 can make the process easier to understand.

Second input
Fyitimate
Static strength

If static strength data is available

fitted with Equation 3.3: . _ _ ultimate

I M (1- €+ CN)S

First input / \
O ax (MPa) N (Cycles)
- - N <1074 Find A and B in Equation 3.4:

Omax = A+ Blog(N)
Find parameters C and S

N>=10"4 Find A’ and B’ in Equation 3.5:

ane wes — A'nB
\ / Tmax = A'NF

N )

| A
Tmax = 4 NS

If static strength data is not available
fitted with Equation 3.6:

Figure 3-3: Heuristic-based method to estimate the Sendeckyj parameters.

3.2.3 Novel Estimation Method/alidation

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 databas|l68]. 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 referendd8][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.

-59-

F



Chapter3. A Nov el Esti mation Method for Fitting
Model

To evaluate the performance of thdNSurves in both methods, in addition to the graphiehl S

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 followlguations3.7 and 3.8respectively.

(3.7)

™| O

o oeun o~ P o (3.8)
0 “YO 'Og a £0Q a £0Q

where, and, are the estimated and experimental cyclic stresses corresponding to the same
number of cyclesp) and0  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
normalsed by dividing by the maximum value obtained from the two methods considering
separately the loweycle fatigue regionsN<10% and highcycle fatigue regiond\N>10%, as well

as complete fatigue regions.

3.3 Results and Discussion

In this section, the novel method is used witN 8Sata obtained from the Sendec43][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 stres§4aj}jd4]. The
comparison of methods with respect to both model param&eand S is presented iTable

3.1. These comparisons clearly show that although the difference in par&bhetareen the two
methods isoften small (typically under 15%)the difference in paramet€ris large(frequently
exceedingd5%.). The estimation of paramet8in both methods is based on a-log plot of the

SN curve, but the estimation of paramegis different in each method. Parame@in novel
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method is determined based on the skmidiagram, which is more compatible with fatigue
data in the lowcycle fatigue region. This conclusion leads to the resolving of the second
weakness ofhe Sendecky] model, which is the inability to predict life in the Hoyele fatigue
region. In the following sections, graphicaNscurves and normaed MSE and MSLE for two

fitting methods for each material are presented.

Table3.1: Comparing novel method parameters with Sendeckyj model parameters.

Case Material Stress Method C S C S
Ratio Difference Difference
1 UD (0) 0.1 Sendeckyj model 0.0485 0.1570 44.32% 3.63%
[43]

S2/5208 Glasgpoxy

Novel method 0.0871 0.1513

2 UD (£45)s 0.1 Sendeckyj model 0.4894 0.0605 47.83% 0.17%
44
S2/5208 Glasgpoxy [44]

Novel method 0.9380 0.0604

3 UD (x45)s 0.25 Sendeckyj model 0.1443 0.0599 72.20% 15.03%
[44]
S2/5208 Glasgpoxy

Novel method 0.5190 0.0509

4 UD (+45)s 0.4  Sendeckymodel 0.2984 0.0501 12.53% 1.40%
[44]
S2/5208 Glasgpoxy

Novel method 0.2610 0.0494

5 UD (£45)s 0.8  Sendeckyj model 0.1716 0.0243 94.76% 32.50%
[44]
S2/5208 Glasgpoxy

Novel method 0.0090 0.0360

3.3.1.1Case 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 botkcimle fatigue and higlycle
fatigue regions. Due tthe application of atatic strength Weibull distribution, static strength is
considered equal to 297 MPa. In this case, paramatecalculated to be 297 MPa, which is no
different from the static strength of 297 MPa. Thal Surves inFigure 3-4 show that although
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the exponential model is compatible with the fatigue data in theyale fatigue region, it is not
consistent in the highycle fatigue region. On the other hand, the pelaer model is suitable

for the highcycle fatigue regionput for the lowcycle fatigue region, the pow&aw 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 par@nreter

both models represents a large difference in the calculated MSE in tloydtafatigue region

for these models, as shownkigure3-5. Normalsed MSE and MSLE values also indicate that

novel method provides a more accurat®l $urve inthe separated three regions.

-------------------- Exponential model
boiopiininiopoppinloopoiriE i | mem=- Power-law model
500 —‘\\ Novel method 7
. ® Testdata
M X Static strength

400 | \\\ Sendeckyj model |
©
o
=3
< 300&:
®
e
o]
w 200
)
o
n

100

0
-100 T R S R T B S T TR S AT ] R A A T T S A R T L
10° 102 10* 10° 108

Number of cycles, N

Figure 3-4: SN curves for Case 1.
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Figure 3-5: Normalised MSE and MSLE values for Case 1.

3.3.1.2Case 2

There are 30 fatigue data points for Case 2, of which 60% are distributed in tbgcleviatigue

region and the remainder in the higycle fatigue region. None of the data points describe the
static strength. Therefore, in this case, paramfetarthe exponential model of 137 MPa (19.85

ksi) is considered as the static strength of the materidfigare 3-6, the exponential model
results in a linear 8l curve on the semogarithmic plane, which is very conservative in the
high-cycle fatigue regime. On the other hand, the pdeswrmodel underestimates the fatigue
strength in the lowcycle 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 irFigure 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: SN curves for Case 2.
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Figure 3-7: Normalised MSE and MSLEalues for Case 2.
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3.3.1.3Case 3

Case 3 has the lowest number of fatigue data points, at 17, of which 65% are related te the low
cycle fatigue region. As in Case 2, there is no data for static strength. Therefore, patameter
equal to 134 Mpa (19.46 ksi) as the static strength. In this casethieatbvel method anthe
Sendecky] model curves follow the trend of the experimental data in thecyutgh fatigue

region. However, novel method also adapts well to the static strengthFigiae(3-8). As

shown inFigure 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 Sendecky] model. This is because the Sendeckyj
model focuses more on the higicle fatigue region. But, in the novel method, the focus is on
both lowcycle fatigue and highkycle fatigue regions, and the parameter estimation considers the
balance of the two regions, as showrFigure 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: SN curves for Case 3.
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Figure 3-9: Normalised MSE and MSLE values for Case 3.
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3.3.1.4Case 4

Case 4 has 30 fatigue data points, 40% of which are related tayutghfatigue and 60% to
low-cycle fatigue. However, there is no data on static strength and, as in cases 2 and 3, parameter
Ais considered as the static strength (132 Mpa or 19.13 ksi). e @ves according to the

four models are obtained with respect to the fatigue test d&igure3-10. Although both novel

and Sendeckyj models are close to each other in theckigjé fatigue region, they are spaced

apart in the lowcycle fatigue region. The reason for this gap is that the novel model offers better
results in the lowcycle fatigue region due to more data in this region. However, in the Sendeckyj
model, the focus is more on the higycle fatigue region and more data on the-toywle fatigue

region does not make much difference in the results. The calculated MSE and MSLE values

shown inFigure3-11 confirm that novel method provides a more accuraté &irve.
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Figure 3-10: SN curves for Case 4.
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Figure 3-11: Normalised MSE and MSLE values for Case 4.

3.3.1.5Case 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, parameieicalculated 121 Mpa, which is slightly
different from the Weibull distribution of static strength. It can be seen Figore3-12 that the

novel method SN curve is more accurate, since kigure 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 tugtie 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. figure3-13, the fact that the MSLE value for the novel method

is very small also indicates that the novel metbogberforms the Sendeckyj model.
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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-tywle fatigue to higitycle fatigue
regions. Using the novel method, the MSE is only larger in thedygle 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 togdegh
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 regionscyote fatigue and higlycle

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 lowycle region is important. But the novel method overcomes this
weakness due to the fit of the exponential model with theclle fatigue data and the
convergence of the model to the static strength of the material. This conclusion leads to the
resolving of the second weaknesglaf 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 parasnesdres can vary significantly
However, in the novel method, the parameters do not change much, and they are estimated close
to each otherregardless of changes in the amount of fatigue. ddt&s is becausethe 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 thdl Surves 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.

Figure3-14 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 presentedTable3.2. 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 iRigure 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 Sendecky] model decreases unpredictably and leads to better results. This is
because data that was further away from thé¢ &irve trend were accidentally deleted. This
deletion allows the remaining data to stay in th Surve 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 elapower

curves fits used in each region.
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Table3.2: 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%
Sendeckyj Novel
1.00 model N method ~
0.80
&
S 0.60 . .
E W Low-cycle fatigue region
'r_é m High-cycle fatigue region
g 0.40 m Complete fatigue region
0.20
0.00

Original Data Reduced Dy@ginal Data Reduced Dy

Figure 3-15. Normalised MSE values for separated three regions for Case 4.

3.3.2 DOE/MSU CompositeMaterial Fatigue Database

Two datasets were also selected from the DOE/MSU composite material fatigue dptéBhse
of glass polyesters and vinyl esters. In both cases, data is available to determine the static
strength due to its Weibull distributiofable 3.3 compares both models and shows the

differences in theC and S parameters. Again, the difference in paraméleis greater than
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parametelS. In the following sections, the effects of these differences on-the@ve and the

normalsed MSE and MSLE values are discussed.

Table3.3: Comparing novel method parameters with Sendeckyj model parameters.

Case Material Stress Method C S C S

Ratio Difference Difference

6 Glass vinylester 0.1 Sendeckyj model 0.1897 0.1393 56.88% 17.13%
laminate [168]

Novel method 0.0818 0.1681

7 Glass polyester 0.1 Sendeckyj model 0.0490 0.1530 34.23% 2.00%

_ [168]
laminate

Novel method 0.0745 0.1500

3.3.2.1Case 6

The first case includes the results of constant amplitude fatigue loading of multidirectional

glassvinylester laminates with a stacking sequence of [O/it4&jcoded 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 ‘aigtie fatigue region (9 data points), as can be
seen inFigure 3-16. The static strength is calculated as 520 MPa. Paraeasedetermined as
518 MPa, which is close to the static strengthFigure 3-17, the normabed MSE and MSLE
values shows that the novel method produces more accubaferulation than the Sendecky;j
model, with smaller MSE and MSLE values.
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3.3.2.2Case 7

The second case selected from the DOE/MSU database is for [Ogtd&gd/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 paramesedetermined as 472 MPa.
Figure 3-18 demonstrates that, unlike previous casles,Sendeckyj model is more fitted with
fatigue data in the loweycle fatigue region. HoweveFfigure 3-19 presents this compatibility of

only 15%, which is negligible against the 59% difference in the-tygke fatigue region. These
results lead to a 22% difference in the complete fatigue region, which asserts better novel method
performance compared tbe Sendeckyj model. The smaller MSLE value for the novel method,

about 38%, also confirms this result.
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Figure 3-18: SN 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 povesy model, is able to accurately estimate the model
parameters according to its specific regions (low and-tyghe fatigue) and successfully
extrapolate the results with respect to the static strength of the materials. In Case 7, unlike Case
3, wherethe Sendeckyj model performed better result in bigble fatigue regionthe Sendeckyj

model displays a more appropriatdNSurve in lowcycle fatigue region. However, with more
focus on the lowcycle fatigue region, it haseglected th high-cycle fatigue regionNovel

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 showabie 3.4. The percentage

change in the parameters indicates thahovel method is less sensitive to the selected data.
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Table3.4: Estimated parameters by changing the amount of data for Case M.

Parameter C Parameter S
Method Sendeckyj model Novelmethod 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 theNovelMethod forDifferent Failure Modes inComposites

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 gespardi

the validity of the Sendecky] model when competing failure modes are observed during fatigue
life, or between fatigue and static. Other methods studied, such as the exponential model and
powerlaw 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 Conclusiors

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 powdaw 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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. Reducing complexity in the process of nonlinear oatndn in the estimation method, by
introducing new constraints for parameters based on the behaviour of composite materials.

. The inability of the Sendecky] model to accurately predict life in-¢égale fatigue, by
adapting the exponential model to laycle fatigue data and converging the model to the
static strength of the material.

. 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 Materialswithout Using

Residual Strength Tests

4.1 Introduction

Phenomenological strengbiased 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 describeslinsection2.3.1.3

The Schaff and Davidson model, a singlgameter 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 strefedpysdction 4.2.1)
introduced in this chapter surmounts these limitations through the use of an innovative
mathematical algorithmEatigue tests are performed to model the Sendechyjcarve with

novel estimation methgo@nd subsequently, the strength degradation parameter in the Schaff and
Davidson model is estimated directly from theNSurve, 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 theNscurves.
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Five data sets, taken from previously published studies and introducgabigsection 2.4.2

have been utiéed to validate the new strategyub-section4.2.2. 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 datahis workwas conducted in collaboration with-sapervisors Dr Edward

Fagan and Prof Jamie Goggins amas been published in the journ&@@omposite 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 @hapter 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 parameggrfor 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 appr¢42}j41]. A modified master diagram is used to
determine the Schaff and Davidson model paramegtevjth respect to an arbitrary mean stress

and stress amplitude. To create this diagram, first using Equétiorthe values ofz are
determined for each maximum stress and stress ratio in which constant amplitude fatigue tests
and residualtsength tests are performedl the variables are the same as the Sendeckyj model

variables.
(4.1)
5

Then, the resulting values sfare used to develop linear z relationship (Equatiod.2)

for each stress ratio.
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oz " 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 chasetiesing Equatiod.2

are plotted on a modified master diagram with a linear connection of similar values. An example
of a modified master diagram is illustrated Rigure 4-1 in which the data of the constant
amplitude fatigue test and the residual strength test are obtained at stress ratids 0fIRend

10 [42]. Note that Equatiod.2 is used to determine the valueofor any arbitrary maximum

stress at the stress ratio tested. For other stress ratios, the modified master diagram is used to
obtain the value ofz. Utilising this diagram necessitates at least 75 tests for any loading
spectrum that includes both tension and compression cycles

100
90-

804 R.=-10 Rg=-1 Ry=0.1

20+ v=1.5

STRESS AMPLITUDE (MPa)
8

107 v=Y.0

T 1 ¥ T

0 T T v Y
-100 -80 -60 -40 -20 0 20 40 60 80 100
MEAN STRESS (MPa)

Figure 4-1. Modified master diagram with constagtines 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, 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 theNScurve (fatigue testsgpmounting to30 tests for three stress

ratios This eliminates the need fot5 residual strength test®r three stress ratios. In this

method, the data of maximum applied cyclic strgss () 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 parame@iand S are estimated using the novel

estimation method irChapter 3. After modelling the SN curve for each stress ratio, the

Sendeckyj residual strength formula in Equation 4.3 calculates the residual strengtbr (

different stresses according to the number of cycles spent in loajling (

7, ~ & pb (4.3)

Then, substituting the calculated Sendeckyj residual strepgjhn the Schaff and Davidson
formula in Equation 4.1 with the same number of cycles spent in loaginhgnd calculated

fatigue life (N) determines the strength degradation paramegjeio( 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 loadirfgigure4-2 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 Strategyalidation

The new strategy is validated by its application to five experimental data sets avail@bke in
section 2.4.2 The information about the materials of the tested samples and the datasets is
summarised iMable4.1. More detailed information on the test procedure, manufacturing of the

samples and test conditions can be found in the refersectidn

For all cases inmable 4.1, essentially, three sets of tests were performed: (1) static tests, (2)
fatigue tests, and (3) residual strength tests.
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Table4.1: Summary of the published data sets.

Case Reference Material layup Testfrequency Stress ratio
1 Ryder et al[96] Graphite/epoxy 10 Hz 0
[0/45/90+45,/90/45/0}
2 Yang et al[145] Graphite/epoxy 10 Hz 1/36
[90/45£45/0p
3 Andersons et a[146] Glass/polyester 17 Hz 0.1

[CSM/fabric/(CSM/UD}]s

4 Post et al[147] E-glass/vinylester 10 Hz 0.1
[0/+45/90/45/0]
5 Passipoularidi§l05] Glass/epoxy - 0.1
[+45]s

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 4T4is equation is expressed as a relative error in which the

absolute error (numerical value of the difference) is divided by the experimental value.

i i
i Q& GOl o zp T (4.4)
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4.3 Results and Discussion

This section uses the new strategy with datasets obtainedr&oie4.1 references to verify its
performance. Since the number of residual strength test data is large, sevedistuialited
residual strength test data are considered in each case.

4.3.1 Case 1

Case 1, performed by Ryder et [@6] 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 rangef 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 param@tensd S are
estimatedThe tests were carried out over a stress range from 290 to 427NMPa&alculated

51,247 and 3,493,454 for the maximum stress levels of 345 and 290 MPa, respdatuety.

4-3 shows the SN curve model for this case.
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Figure 4-3: SN curve for Case,R = 0.

From the residual strength tests tabulatedale 4.2, individual experimentad) values and an

average value are calculated. Then, the strength degradation parameter estimated by the new
strategy is compared with this averagé t he e x p e r.iAmabsotuta errorgof lesa | u e s
than one for both stress |l evels indicates t|
parameter. However, the relative errors for the 345 and 290 MPa stress levels are 6% and 55%,
respectivel y. |t shoul d be not ed t hat t he €
experi mental g. For the stress | evel of 290 M
an average value of 1.28 and standard deviati
is located witim onestandard deviation of the mean of the measured data. Thus, despite the large

relative error, the estimate of g iIis within a
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Table4.2: Comparing new strategy paramesavith experimentagquivalenfparametesin Case

1.
Experimental Estimation Error of g
Omax (MPa) n &(MPa)| g | Aver a| &(MPa)| g | Absolute| Relative (%)
418 1.67
425 1.93
444 2.89
444 2.89
345 31,400 455 | 3.73 3.86 458 | 4.08| 0.22 5.73
456 3.87
462 4.52
465 5.06
474 8.16
427 0.59
440 0.72
290 364,000 450 0.85 1.28 475 1.98 0.70 54.97
468 1.36
474 1.90
476 2.23
The relationship between residual strength an

31,400 and 364,000 cycles is plotted-igure4-4. This figure shows that the experimergdlas

a direct relationship with the residual stren
increases. However, this relationship is not linear, and as the residual strength approaches the
static tensile strength, the experimental g v
thesecondary rapid lossydden death behaviguoccurs.The good fit between the experimental

and estimated values (indicated by orange solid circles/triangles and blue unfilled

circles/triangles, respectively, iigure 4-4) for the relationship between residual strengti (
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and strength degradation parameter (9) I n Cas

experimental range using the new strategy.

480
470 v.

460 o,
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450 :
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430 -
Estimation of residual strength

and strength degradation parameter
410 using new strategy

420

Residual strength, o, (MPa)

400
0 1 2 3 4 5 6 7 8 9

Strength degradation parameter, u

Figure 4-4: Relationship between residual strengfi) @nd strength degradation parameter )
in Case 1.

4.3.2 Case 2

In Case 2 from Yang et gl145], fifteen specimens were used to determine the static strength.
The mean valueof the ultimate strengttvas599 MPa with a standard deviation of 29 MPa. In
addition, a collection of specimens were fatigue tested uselern differentmaximum cyclic
stresgsfrom 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 méagured-5
illustrates the SendeckyfIS curve for this case. According to this model, the number of cycles

to failure for stress level of 390 MPa is predictil56,199,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: SN curve for Case,R = 1/36.

Due to the measured residual strengthEainle4.3, experimentady is in the range of 1.35 to 2.83

and is calculated with an average of 1.97 and
new strategy i s estimated 2.66, which is <cl os
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 apdtimatedy f or stress | evel of 390
are plotted inFigure 4-6. The good match between the experimental and estimated values
(indicated by orange solid circles and blue unfilled circles, respectiveRigire 4-6) for the
relationship betw@gemnde ssitdwealgt it rdeerggtalda¢ @ on

indicates that the new strategy estimates this parameter well in a reasonable range.
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Table4.3: Comparing new strategy paramesavith experimentagquivalenfparametesin Case

2.
Experimental Estimation Error of g
Omax (MPa) n &(MPa)| g | Aver a| :(MPa)| g | Absolute| Relative (%)

546 1.35
559 1.62

390 56,000 560 1.64 1.97 585 2.66 0.70 35.42
561 1.66
586 2.70
588 2.83

Stress level = 390 MPa and Cycles = 56000

590

585 O
580
575
570

565 :
560 Estimation of residual strength

555 and strength degradation parameter
550 using new strategy

545

540

Experimental data

Residual strength, o, (MPa)

1 2 3

Strength degradation parameter, v

Figure 4-6: Relationship between residual strengii) @nd strength degradation parameter )
in Case 2.

4.3.3 Case 3

In Case 3 from the data of Andersons efld6], the average tensile strengiculated froml3

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 Sendecky}!$ formulation. Using this model, the number of cycles to failure

is calculated for the needed stress lev@lgure4-7 demonstrates these values.
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Figure 4-7: SN curve for Case,R = 0.1.

The residual strength values of the three stress levels are represeméddein.4. This table
shows that thevalues of theestimated residual strengths, as well as strength degradation
parameters, are calculatéal be more than the experimental dakor some data, the absolute
error is greater than onmit. 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 parame@edS are not accurately estimated.

Lack of accurate calculation of paramet€rand 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 g iIis directly related to stress
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.

Table4.4: Comparing new strategy paramesavith experimentagquivalenfparametesin Case

3.
Experimental Estimation Error of g
Umax (MPa) n ar (MPa) g Aver a| i(MPa) g Absolute | Relative (%)
614 1.12
25,000 631 1.32 1.34 661 2.11 0.78 58.07
645 1.57
50,000 580 1.43 1.66 648 2.77 1.11 67.09
284 614 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
200,000 600 0.91 1.02 664 2.02 1.01 99.19
235 625 1.12
400,000f 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

-92-



Chapter 4Modelling the Residual Strength Degradation in Composite Materials without Using
Residual Strength Tests
Il n addition, di fferent experiment al g values
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 Figure4-8. This is the first time that the number of cycles is involved in
estimating the strength degradation parameter. In previous sfddig&2], t he val ue of
estimated only by considering the stress level and cycle numbers were not considered. Therefore,

for a constant stress |l evel with different cy

15 Experimental data

13 ® Estimated data
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Figure 4-8: Relationship between strength degradation parametgur{d number of elapsed
cycles (n) in stress level 284 MPa in Case 3.

434 Case 4

In this case, produced by Post et[a7] 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
(b) and the shape parameter (U) are equal t o
amplitude fatigue tests were performed to find thN Surve. 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 modeFigure4-9 is a curve fit to the entire 88 sample fatigue

data set. After estimating paramet€randsS, the number of cycles to failure is calculated for the

three stress levels selected for residual strength testing.
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Figure 4-9: SN curve for Case,R = 0.1.

In this case, the average residual strength reportgt4if] 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$-igure 4-9 (299,216 cycles). For others, residual

strengths and strength degradation parameters are measured and tabUidtled! 5.
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Table4.5: Comparing new strategy paramesavith experimentagquivalenfparametesin Case

4.

Experimental Estimation Error of g

Cmax n # of | Average Standard Average| U g | Absolute| Relative
(MPa) tests| U, (MPa) deviation g (MPa) (%)

ar (MPa)

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

174 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

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

147 | 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

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

120 | 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,
Figure4-10 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 cyclessigure4-10 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.

[e)]

Stress level = 174 MPa

w

Stress level = 147 MPa
Stress level = 120 MPa

Strength degradation parameter, v
= N w B

o

100 1000 10000 100000 1000000
Number of elapsed cycles, n

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 Passipoularifi®95], 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 MPigure4-11 shows the SN curve and estimated

fatigue lives for these stress levels.
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Figure4-11: SN curve for Case, ;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 tabulatediable4.6 and compared ifiable4.7. In Table4.6, only at

stress | evel of 78 MPa with cycles of 2,500
range. For the rest, the estimation of g 1is
experi ment al g . Thus, for better compari son,

upper limit of each range, ifable4.7.

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 thecBrve using the Sendecky;j
formula, parameteC, which corresponds to the low cycle fatigue region, is estimated more
accurately than paramet8rwhich corresponds to the high cycle fatigue region. However, with
respect to both paramete@and S both the residual strength and the strength degradation
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parameter are estimated. In this case, as illustrate@yure4-11, 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 fdgiltnaximum relative

error is 80%, which corresponds to a stress level of 49 MPa with 500,000 cycles. However, in

this test, the estimated g is | ess than twice

Table4.6: Comparing new strategy paramesavith experimentagquivalenfparametesin Case

5.
Experimental Estimation
Cmax n # of | Range| Average| Standard | Range| Average| Standard| O g
\ i deviation deviation
(MPa) tests| ur Ur g g (MPa)
ar (MPa) g
(MPa) | (MPa)
200,000 8 95 104 4 0.79 1.34 0.31 110 | 2.06
109 1.87
49
500,000f 9 77-94 88 6 0.86 1.35 0.33 106 | 3.14
1.74
800,000| 8 72-91 82 7 1.83 3.00 0.85 98 | 5.88
4.23
56 110,000, 8 89 97 4 1.25 1.89 0.42 106 | 2.99
104 2.74
10,000 | 9 105 107 2 1.19 1.46 0.22 110 | 1.90
110 1.79
64
25,000| 8 86- 96 7 0.89 1.72 0.69 106 | 2.80
105 2.68
40,000| 9 84-94 89 5 2.23 3.05 0.90 98 | 5.00
4.16
1,000 8 103 105 1 0.82 0.99 0.14 110 | 1.70
108 1.25
78
2,500 8 100 103 2 147 1.97 0.42 106 | 2.36
107 2.68
4,000 9 85 94 7 0.99 2.94 1.74 98 | 3.81
103 5.83
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Table4.7: Calculated error between experimental and estimated strength degradation parameter.

Omax(MPa) n Upper | imit dqEst i mgAbsolute erron Relative error (%)
200,000 1.87 2.06 0.19 10.16
49 500,000 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
10,000 1.79 1.90 0.11 6.15
64 25,000 2.68 2.80 0.12 4.48
40,000 4.16 5.00 0.84 20.19
1,000 1.25 1.70 0.45 36.00
78 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 variatlissyg Excel to
minimise computational timeThis 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 paran@tamdS occurs. This extensive

range leads to inaccurate estimation of paramé&ensdS. 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 weakn#ss, estimates generated by this method
closely align with the experimental rangéis 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 chapterintroduces a new strategy for estimating strength degradation paramefier fibre
reinforced polymer composite materials. The methodology combines the Sendeckyj; model,

which describes the-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 théNSurve, removing the need for residual strength tests. Then,

with a mathematical operation, te&rength degradation parameberthe Schaff and Davidson

model is also estimated using theNSormulation reducing the testing requirement to jG&t

tests for three stress ratiosndremoving the need for additional45 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 dhmapter 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 wsdlattered 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
strengthbased 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 Newstrength-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, introduce®ub-section5.2.1 Based on the aerodynamic

wind loading, bending moments are computed in both flapwise and edgewise direstibns (
section5.2.2), using modelling tools developed by NRERup-section2.2.1). The IEC 61400

turbine design standard is employed to determine the loading scenarios, which encompass power
production, startup, shutdown, and parked conditions. Abaqus software ssdutdi determine
transfer functions for calculating longitudinal and transverse stresses throughout th&blade (
section5.2.3. This chapter draws a comparison between Miner's rule and a novel stsaagth
method(Sub-section5.2.4.3 that takes into account the load sequence and strength conversion
effects under variable amplitude loading conditions. The code for the new stbasgith method

is provided inAppendix 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 introducCedpter

4 for estimating the parameter of the Schaff and Davidson model. The load data iseorgaai
Markov table employing Rainflow counting.-i6 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 detailedCimapter 3 and the piecewise linear CLD
described inSub-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-section5.2.5. In this regard, calculated design loads were converted to test loads with
an optimsation program provided iAppendix C.

A comparative analysis between the new metho
predicts fatigue failureearlier which emphases the significance of accounting for material

strength degradation effects in fatigue life prediction. This research underscores the potential of

the new strengthased 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 strengthis 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 th&ernational 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 descr{i$edb-section5.2.1). Then, the calculation of the
design loads is presented, followed by a description of the finite element (Sadetection

5.2.2 and load transfer functio(Sub-section5.2.3. In Sub-section5.2.4 the life prediction
methodologies utilised in this study are outlined. These methodologies are applied t&caléull
wind turbine blade, which was physically tested in the large structures test laboratory at

University of GalwaySub-section5.2.5gives details of those physical tests.

5.2.1 Blade Description and Materials

The 13m wind turbine blade examined in thitiapterwas fabricated by EireComposites Teo.
using a novel "onshot" 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 gluing170]. Figure 5-1 shows a photograph of the blade afteainufacturing, which

had a mass of 674 kg.
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Figure 5-1: 13 mwind turbine blade after being manufactured and finigi&d .

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 aerodigimamic
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 invest{d&iioRy dividing the
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blade into these four sections and analysing each section separately, a comprehensive

Fall

understanding of the bladebés performance is
and performance optimisatioRigure5-2 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 ofgthes

fibre-epoxy material (UD), polyurethane core layer (PU), and the gelcoat. In this table, the

symbolskEcorresponds to Youngds modugwprlepsr esnentthse Yioa

modulus in the transverse direction;2Gtands for the shear modulus, andiNdenotes the

Poi ssonbds ratio. Further details on the compc

available in Fagan et 4lL72].
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Table5.1: Mechanical properties of the various materials used in the blade models. Values for
the mechanical properties of the gelcoat was obtained [ft@in

Name E: E> G Nui, Density
(MPa) (MPa) (MPa) (kg/m?3)
ubD 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. Outof-plane offset due to blade curvature anglisine offset due to forward sweep are

shown inFigure5-3.

Table5.2: Geometry distributions along the length of the blade.

Node Airfoil Root distance Chord Twist  Out-of-plane offset In-plane offset
(m) (m) ) (m) (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 4.00 111 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 1.00 431 -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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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

Out-Of-Plane Offset In-Plane Offset

i Blade-Pitch Axis ' Blade-Pitch Axis

= Hub Center

Wind I

Side View Front View

Figure 5-3: Blade geometry outf-plane offset and hplane 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 direasidine primary contributor to
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this damag¢l173]. Torsional stress also plays a role in fatigue damage, but it has been ignored in

Composite Wind Turbine Blades

this study due to inadequate information on the fatigue shear properties of composite materials.

Furthermore, the research employs uniaxial stress techniques to predict fatigetelifgth
nd Mine

fatigue damage is evaluated based on the most dominant factor, which is the bending stress in

basedmet hod a

this case. Therefore, it is crucial to calculate the bending moments of the blade in both flapwise

r 6s

rul e. These

and edgewise directions as the first step in this study.

As mentiored in Section 2.2.1, NREL has sponsored the development, verification, and

met hods

validation of various software for the analysis of wind turbines such as Aelf@Bjyand FAST

as

[17]. To calculate the loads, FAST needs input data for the structural properties and aerodynamic
properties of the blade sections. A combination of NuMAR)], PreComd63], BModes[64],
JavaFoil[55], and AeroDyr{53] have been used to create these input dagare5-4 illustrates

the process of calculating the loads acting on the blade using FAST, which predicts the bending

moments for 1dninute intervals at each wind speed based on the IEC 61400 turbine situations

[13].

Inputs
Blade geometry (Table 5.2)
Blade material (Table 5.1) & layups  Inputs

Outputs NuMAD outputs
Blade shape & layers Outputs
as readable files for PreComp Blade inertia & bending stiffness

Inputs

Airfoil geometry
Outputs

Airfoil lift, drag & moment characteristics

Inputs

PreComp outputs

Outputs

Blade mode shapes

Inputs

Blade geometry (Table 5.2)
JavaFoil outputs

Turbine data
Environmental conditions

Turbine
situations

Time, t(s)

Start-up

Power production Normal shut down

Parked (standing still or idling)

Wind speed
v=3.5m/s

Wind speed | ...

v=4.5m/s

Wind speed Wind speed
v=23.5m/s v=24.5m/s

‘Wind speed | ...

v=255m/s

Wind speed
v =29.5 m/s (0.7%v,)

Outputs

0
Blade rotor speed & pitch angle

0.04

600

Bending moments, M (kN.m)

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 thimeensional finite element model for

a modern wind turbine blade. It manages all blade information including databases of airfoils,
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