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Abstract

In wind turbine blade design, carbon fibre composites are increasingly
employed in larger, more modern blades for their superior strength and
stiffness; however, their inherent anisotropic nature under dynamic loads
leads to complex and poorly understood damping mechanisms. Despite the
advantages of these materials, current experimental approaches have failed
to capture the directional variations in damping behaviour. This has led to an
identifiable knowledge gap, which has resulted in non-optimised damping
performance for wind turbine blades. This thesis addresses these shortfalls
by developing two complementary experimental methodologies, which enable
a more detailed damping characterisation. The first was an integrated
approach that used a new FEA-assisted DMA framework, combining Dynamic
Mechanical Analysis (DMA) with Finite Element Analysis (FEA) in order to
quantify strain energy distributions. The second employed Experimental
Modal Analysis (EMA) and a developed experimental test rig to characterise

the damping properties of carbon fibre composite samples.

This research initially employed a FEA-assisted DMA methodology,
integrating FEA with DMA by incorporating experimental DMA data and FEA
strain results of the composite specimens into a new model. Traditional DMA
methods historically have only provided an overall damping measure and did

not quantify the anisotropic contributions inherent in carbon fibre composites,



necessitating the hybrid FEA approach. This integration enabled strain energy
results to be extracted using an ANSYS model that replicated the
experimental setup, thereby allowing the decomposition of bulk damping
properties into directional components. The directional damping quantities
obtained from the model then enabled the complex material behaviour to be
predicted using existing models. Extensive DMA testing of unidirectional
(fibre-aligned) and transverse samples, of 60 mm length (50 mm span) across
varying thicknesses, validated the expected damping mechanisms associated
with material anisotropy. The findings demonstrated that damping behaviours
in the fibre-aligned direction differed significantly from those in the transverse
direction, with shear contributions playing a vital role in energy dissipation.
Additionally, the damping component measured in the fibre direction was
observed to be approximately 10% lower than that of the thinnest samples (2
mm), with similar trends evident in the transverse results, further corroborating
the influence of shear effects. Although this thesis primarily focused on
damping in the fibre direction, which was the principal loading direction for the
carbon fibre in the spar caps of turbine blades, the analysis also highlighted
the importance of considering damping in other orientations, which enabled a

more complete understanding of the composite’s dynamic response.

In parallel, EMA was undertaken as a complementary technique to DMA, as
the two methods captured different aspects of damping: DMA provided a
stress—strain based measure of damping properties, in the form of tan(d),
whereas EMA delivered a vibrational-based, bulk damping ratio {.In contrast
to DMA, which provides damping at the material level using shorter
specimens, where contributions from non-fibre directions are much more
pronounced, EMA testing involved geometries with a much larger aspect ratio.
This structural-level configuration made off-axis damping contributions

negligible, thereby simplifying the isolation of fibre-directional behaviour. DMA



offered detailed insights into local damping properties and strain energy
distribution, whereas EMA provided a complementary structural perspective
by capturing the modal responses of the specimens. EMA testing was
performed on larger samples (up to 2 m in length) using a custom-designed
rig that incorporated a vacuum chamber with automated sample excitation
and nodal suspension with limited environmental control. The setup included
an automated pneumatic impact hammer, accelerometers, strain guages and
a calibrated National Instruments data acquisition system, which provided
both strain and acceleration data. This was then processed to yield mode
shapes, modal frequencies, and damping ratio values. The rig was
specifically designed to minimise external energy losses, seen in conventional
EMA applications, that could be inadvertently recorded as damping in

traditional EMA methodologies.

Following the experimental investigations, the DMA and EMA results were
compared using an analytical model designed to convert one form of damping
measurement into the other. However, the implementation of this model
revealed that the correlation between the two sets of results was weaker than
had been anticipated. This discrepancy was mainly attributed to differences in
environmental conditions and the fact that DMA testing was not performed at
the specimens’ first natural frequency due to the limitations of the equipment
used. Consequently, while confidence was maintained in the reliability of both
methodologies, it was concluded that a direct conversion between these two
distinct damping quantities was not feasible using standard analytical

conversion methodologies.

By integrating computational modelling with experimental testing, this
research characterised the directional damping mechanisms in carbon fibre

composites used in wind turbine blades. The novel FEA-assisted DMA



approach quantified strain energy distributions and directional damping
responses, clearly demonstrating anisotropy and the critical role of shear
effects. EMA complemented these findings by providing structural-level
damping measurements. Together, these methodologies provide actionable
pathways by enabling targeted design and material selection specifically to
enhance damping performance. Improved damping reduces vibrational
amplitudes, leading to lower structural fatigue and thus extending blade
lifespan.  Additionally, the detailed directional damping characterisation
informs more accurate numerical models, increasing the reliability of
simulations used in blade design processes. Ultimately, this supports the
development of optimised blades that are not only lighter, thereby reducing
material usage and costs, but also more resilient, leading to improved
structural performance, increased energy output efficiency, reduced
maintenance frequency, and greater overall sustainability in wind turbine

technology.
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Chapter 1

Introduction

The global transition towards renewable energy has driven remarkable growth
in the wind energy sector, with wind turbines playing a pivotal role in this shift.
Wind energy has emerged as one of the most promising technologies for
reducing carbon emissions, and its expansion is expected to accelerate
signi cantly [1, 2]. Between 2000 and 2023, global wind turbine capacity grew
at an annual rate of nearly 20%, climbing to 1,021 GW by 2023, representing
a roughly 50% increase over 2019 levels [3]. Current forecasts project that
this capacity will exceed 1,200 GW sometime in 2025 [4,5]. Global efforts to
meet emission reduction targets further highlight the need to optimise wind

turbine technology, particularly under the Paris Agreement [6].

The blades are central to wind turbines' ef ciency and longevity. They are
exposed to extreme environmental conditions, including wind loads, cyclic
stresses, and temperature uctuations [7, 8]. These factors contribute to
structural fatigue, making the design and reliability of wind turbine blades
critical to overall turbine performance [1,9]. One of the major challenges in

blade design is managing the dynamic responses of these large, exible



Chapter 1. Introduction

structures since operational loads can trigger wind-induced vibrations [10, 11].

Damping, an intrinsic property of mechanical systems, plays an important role
in dissipating vibrational energy and reducing the amplitude of oscillatory
motions over time [12]. This dissipation is essential for mitigating resonant
vibrations, enhancing structural stability, and extending the service life of wind
turbine blades [7]. In wind turbines, damping mechanisms must be well
understood to reduce the dynamic responses and peak displacements
caused by wind-induced and operational loads [13]. Structural damping is a
singular term that represents the overall ability of a complex structure to
dissipate vibrational energy through internal friction and material hysteresis. It
is often quantied by the damping ratio, a dimensionless parameter that
compares the system's actual damping to the critical damping, the minimum
damping needed to eliminate oscillations without overshoot. This parameter is
required for evaluating and optimising the performance of wind turbine blades
and towers. Increasing the structural damping can reduce vibrational stresses
in sections of the blades and tower, optimising energy output and prolonging

the turbine's operational lifespan [14].

1.1 Structural Damping in Wind Turbine Blades

Wind turbine blades can experience vibrations due to their size, exibility, and
exposure to turbulent wind conditions. Flapwise, torsional and edgewise
modes dominate the blade dynamic design [15] and can be seen on a blade
in Figure 1.1, modi ed from [16]. Among these, edgewise vibration presents
an important challenge, mainly because aerodynamic damping is limited in
this direction [17]. This is because edgewise motions cause only minimal
changes in the blade's angle of attack relative to the wind, resulting in

insuf cient aerodynamic forces to dissipate vibrational energy effectively in
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that direction. Structural damping, therefore, becomes the primary means of
mitigating these vibrations. Without suf cient damping, turbine blades can be
susceptible to resonance and ampli ed oscillations, which can compromise

the blade's structural integrity and lead to premature failure [18, 19].

Figure 1.1: Coordinates of wind turbine blade (modi ed from [16]).

Recent advancements in blade materials, particularly the introduction of
carbon bre composites (CFRP) in spar caps of offshore wind turbine blades,
have added complexity to damping characterisation. Traditionally,
glass-reinforced plastic (GFRP) composites have been used exclusively in
wind turbines due to their favourable properties and well-established dynamic
behaviour [20]. However, carbon bre composites, offering superior strength,
stiffness and fatigue resistance, are increasingly employed in offshore wind
turbine applications, which demand reliable operation in extreme and remote
environments [21]. Despite their mechanical advantages, particularly in terms
of strength-to-weight ratio, the damping characteristics of carbon bre

composites remain insuf ciently understood, and accurate representation of
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their behaviour presents an ongoing challenge [22].

In particular, the spar caps of wind turbine blades, which carry the majority of
the apwise bending loads, have undergone a material transition from
unidirectional glass bre (UD-GF) to unidirectional carbon bre (UD-CF)
composites. The superior longitudinal stiffness and tensile strength of carbon
bres primarily drive this shift. An example of such materials used in wind
turbine applications is provided by the AVATAR reference blade design
project [23], whose material properties are summarised in Table 1.1.
According to this data, UD-CF exhibits a longitudinal modulus E;; of 115 GPa,
nearly three times higher than the 41.63 GPa of UD-GF, while also being
signi cantly lighter (1578 compared with 1915 kg/m 2) and stronger in tension
Jen = 1317:6 MPa compared with 876.1 MPa). These advantages enable the
design of longer, stiffer and lighter blades, improving aerodynamic ef ciency
and reducing gravitational loading. However, carbon composites are generally
more anisotropic and exhibit lower inherent damping than glass bre, making
accurate damping characterisation increasingly important in modern blade

designs.
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Table 1.1: Mechanical properties of UD carbon and glass bre composites
used in AVATAR blade design [23].

Symbol Units UD CF UD GF

En GPa 115.00 41.63
E. GPa 7.56 14.93

12 - 0.300 0.241
G GPa 3.96 5.05

kg/m® 1578 1915
Ten MPa 1317.6 876.1
comp MPa  620.1 625.8
Ten MPa 21.88 74.03
Somp MPa 76.25 189.4

12 MPa 4553 56.58

1.2 Research Motivation

The need to characterise structural damping in carbon bre composites has
increased with the growing use of these materials in modern wind turbine
blades [24]. Signi cant discrepancies have been observed between predicted
and actual damping performance, particularly in the case of carbon bre
composites [22]. Leading companies such as Siemens Gamesa Renewable
Energy (SGRE) have initiated efforts to improve damping simulations and
sponsor this work. However, although internal friction is recognised as the
primary mechanism by which carbon bre composites dissipate energy,

accurately quantifying this damping under dynamic loading conditions
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remains challenging.

This research aims to bridge the knowledge gap by developing novel
experimental and computational methods to assess and optimise the
damping properties of carbon bre laminates and their directional
contributions in wind turbine blades. A primary challenge addressed in this
thesis is the precise characterisation of damping in these composites,
especially under operational conditions where cyclic loading induces fatigue
mechanisms that compromise performance and durability [8, 25]. Moreover,

the continual variation in wind loading can increase the risk of fatigue failure.

By incorporating damping design constraints into the blade design process,
fatigue loads in sections of the blades can be reduced, thereby improving the
overall durability and ef ciency of wind turbines [26]. This is particularly
important for offshore applications, where the structural integrity of the blades
must be maintained over extended periods [27]. Continuing to integrate
carbon bre composites into modern blade designs requires a more
comprehensive understanding of their damping behaviour to ensure wind

turbines' long-term performance and safety.

Research Statement:. How can the damping of anisotropic composites be
accurately characterised through experimental methods, taking into account
their directional property dependence, and therefore be effectively represented

in numerical models to enhance wind turbine blade design?

1.3 Obijectives and Scope

The primary objective of this thesis is to provide a comprehensive
investigation into the damping mechanisms present in wind turbine blade

materials, with a particular emphasis on carbon bre composites. This
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research aims to bridge the gap between experimental and computational
approaches to understand how these materials dissipate energy when
subjected to dynamic loading conditions. By doing so, it seeks to contribute
valuable insights into optimising material performance in wind turbine

applications.

Central to this investigation is DMA, an industry-standard technique for
exploring the viscoelastic properties of materials across a range of
frequencies and temperatures, providing a detailed understanding of energy
dissipation and material response. For the experimental component, a DMA
Q800 instrument is employed to conduct a frequency sweep of the sample
using a three-point bending test, with the force applicator positioned on the
middle arm. The standard DMA methodology is explored with a focus on the
shortcomings associated with this methodology, and methods to overcome

these are presented.

Building on conventional DMA techniques, this thesis introduces a novel
FEA-assisted DMA method, incorporating strain energy considerations into
the analysis. This hybrid approach is designed to enhance the reliability of
predictions regarding the material's damping behaviour under real-world
operational conditions, speci cally focusing on the rst exural mode of wind

turbine blades. By integrating FEA into the DMA process, this thesis aims to
offer a more comprehensive view of how strain energy and anisotropic
materials inuence damping. The newly developed FEA-assisted DMA
method has provided insight into carbon composites’' dynamic behaviour and
energy dissipation. (Refer to Chapter 3: Dynamic Mechanical Analysis for

Damping Estimation).

As a complementary approach to small-scale DMA testing, medium-scale

EMA is used to examine the damping properties of a laminated panel. EMA is
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a widely recognised method for estimating the dynamic characteristics of
structures, including natural frequencies, mode shapes, and damping ratios,
through direct physical testing. The process involves exciting the structure
using techniques like impact hammers or shakers and recording the structural
responses via sensors such as accelerometers or strain gauges. The modal
parameters derived from these responses are important for understanding the
structure's dynamic behaviour under operational conditions. In this study,
EMA provides insights into the material's dynamic response, complementing
the DMA ndings. (Refer to Chapter 4. Experimental Modal Analysis for

Damping Estimation).

Together, these methods provide a robust framework for evaluating the
vibrational characteristics of wind turbine blades and their interaction with
material-damping properties. Investigating EMA and FEA-assisted DMA is
particularly valuable for analysing materials used in structures like wind
turbines, where the interplay between material properties and structural
dynamics is complex and signi cantly affects overall performance. DMA is
especially valuable because it can precisely measure the viscoelastic
properties of materials in a controlled lab environment across a range of
frequencies and temperatures, thereby capturing the dynamic response under
realistic loading conditions. This dual-method approach considers damping
from both a stress—strain and a vibrational dissipation perspective, offering a
comprehensive understanding of system behaviour. Using both testing
methodologies, distinct damping metrics are captured that can be applied as

necessary to address speci ¢ analysis requirements.

This thesis's scope extends beyond characterising composite materials'
damping properties through experimental testing and computational

modelling. By investigating the dynamic behaviour of carbon bre composites
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used in wind turbine blades, this research provides valuable insights into how
these materials dissipate energy under operational conditions, thereby
contributing to the optimisation of structural damping for renewable energy
applications. The results include both loss factors and damping ratios for the
composite under investigation, which can be integrated into larger-scale blade
models. These outputs offer designers quantitative metrics that enable
targeted material selection or development, such as incorporating
higher-damping materials where necessary to mitigate vibrations. They also
open up the potential for optimised, lighter blades without compromising
structural integrity. As a result, there is potential to reduce maintenance costs,
prolong turbine lifespans, and improve energy output ef ciency by mitigating
harmful vibrations through a more considered design. Ultimately, this work
supports efforts to boost the reliability of wind turbine technology in the global
transition towards renewable energy, thereby contributing to an emissions

reduction.

1.4 Thesis Structure

This thesis comprises ve chapters, each addressing specic research
components related to damping mechanisms in wind turbine blade materials.
A conventional literature review chapter is not present within this thesis.
However, Chapters 2 to 4 provide a review of the relevant literature speci c to

that topic.
The chapters are organised as follows:

» Chapter 1: Introduction - Outlines the research motivation, objectives,
and scope, emphasising the signi cance of investigating damping

mechanisms in wind turbine blades, particularly carbon bre
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composites. It sets the scene for the subsequent experimental and

computational analyses.

e Chapter 2: Damping Fundamentals - Provides a comprehensive
overview of the fundamental damping concepts, including various
damping mechanisms (structural, material, and aerodynamic). It also
covers the theoretical background of damping in composite materials

and its role in energy dissipation.

» Chapter 3: Dynamic Mechanical Analysis - Outlines the experimental
setup and procedures for conducting DMA tests, and discusses the
resulting data, which examines the viscoelastic properties and energy
dissipation of carbon bre composites across different frequencies and
temperatures. It also introduces a novel FEA-assisted DMA method that
incorporates strain energy distribution to enhance the quanti cation of

damping characteristics.

» Chapter 4: Experimental Modal Analysis - Uses EMA to estimate the
dynamic characteristics of wind turbine blade materials, including
natural frequencies, mode shapes, and damping ratios. The results of
the EMA experiments are presented and compared with the DMA
ndings to provide a comprehensive understanding of the material's
dynamic behaviour under operational conditions. Additionally, EMA and

DMA results were compared using an analytical conversion approach

» Chapter 5: Discussion, Conclusions, and Future Work - Synthesises
the ndings from the DMA and EMA experiments, discussing the
implications of the results for the design and optimisation of wind turbine
blades. It also outlines potential areas for future research, particularly in
developing more advanced damping models and improved material

characterisation techniques.
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1.5 Scienti ¢ Contributions

» Conducted a study and reviewed a range of experimental approaches
for characterising damping in carbon bre composites. EMA and DMA
were identied as the most appropriate techniques for further
investigation based on their suitability for the material system and target

application. See Chapter 2 for more details.

» Developed a new FEA-assisted DMA methodology for determining
damping within anisotropic materials when comparing testing using
standard DMA machines (in an adapted but conventional approach) to
overcome shear inuence contributions. This was done through
implementing strain energy results from an FEA model replicating the
experimental setup to determine the proportion of energy dissipated in

each direction. See Chapter 3 for more details.

* Investigated the role of strain energy in the damping characteristics of
carbon bre composites, offering insights into directional energy
dissipation mechanisms and demonstrating how bre-speci ¢ damping
can be accurately simulated/modelled using the novel FEA-assisted

DMA model. See Chapter 3 for more details.

» Developed an improved experimental EMA test rig to limit external
energy loss mechanisms and better characterise damping behaviour.
This involved the design, construction, and validation of a custom rig
incorporating a vacuum chamber and nodal suspension system. The
setup enabled the isolation and estimation of structural damping by
removing aerodynamic effects, allowing for the characterisation of
damping within complex composite structures. See Chapter 4 for more

details.

11
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» Provided recommendations for how best to experimentally quantify
damping in anisotropic composite materials within the limits discussed in
Chapter 3 & 4. This data will be used for the future optimisation of wind
turbine blades using advanced material characterisation techniques,

including FEA-assisted DMA and EMA.

1.6 List of Outputs

The outputs generated during this research, including peer-reviewed

publications and conference presentations, are listed here.

1.6.1 Publications

The following is a list of publications related to the research presented in this
thesis. These publications highlight the development of experimental and
computational methods for assessing the damping characteristics of
composite materials used in wind turbine blades, focusing on both DMA and
EMA.

1. Brough, E., Nash, D. H., Kazemi-Amiri, A. M., Couturier, P., & Reis,
V. L. (2023). Development of a Test Rig for Improved Estimation of
Structural Damping of Wind Turbine Composite Materials. In
Proceedings of ASME 2023 Aerospace Structures, Structural Dynamics,
and Materials Conference, SSDM 2023, Article VO01T01A026. ASME.
https://doi.org/10.1115/SSDM2023-108462

2. Brough, E., Kazemi-Amiri, A. M., & Nash, D. H. (under review). On
the Damping Characterisation of Composite Material Systems in Wind
Turbine Blades: A Novel Approach Using FEA-Assisted DMA. Submitted

to Composites Structures.
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3. Brough, E., Kazemi-Amiri, A. M., & Nash, D. H. (to be submitted).
On the Damping Characterisation of Composite Material Systems in
Wind Turbine Blades: A Novel EMA and Rig Framework to Resolve

Experimental Limitations.

1.6.2 Presentations

The following presentations were delivered as part of this research,
disseminating key ndings and contributions to the eld of composite material

damping for wind turbine applications:

« SSDM 2023: Development of a Test Rig for Improved Estimation of
Structural Damping of Wind Turbine Composite Materials. Presented at
the ASME Aerospace Structures, Structural Dynamics, and Materials

Conference, San Diego, CA, June 2023.

» FutureWind 2023: Structural Damping Characterisation of Materials
Used within Wind Turbine Blades. Presented at the Future Wind
Conference, University of Edinburgh, UK, March 2023.

« WESC 2023: Development of Test Rig for Accurate Estimation of
Structural Damping of Wind Turbine Blade Composites Through
Experimental Modal Analysis. Presented at the Wind Energy Science

Conference, Glasgow, UK, May 2023.

* ISSI 2024: An Integrated DMA and EMA Approach for Damping
Characterisation of Composite Materials. Presented at the International

Symposium on Structural Integrity, Dongguan, China, November 2024.
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Chapter 2

Fundamentals of Damping

2.1 Introduction & Literature Review

Damping, a key property of mechanical systems, dissipates vibrational
energy, reducing the amplitude of oscillatory motions over time [28]. Effective
dissipation of vibrational energy is essential across a wide range of
applications, particularly for mitigating resonant vibrations, enhancing
structural stability, and extending the lifespan of mechanical systems [13, 29].
In the speci ¢ context of wind turbine blades, damping is an important factor,
especially in modern, larger offshore turbines, where the scale of the blades
ampli es dynamic loads and increases the potential for structural fatigue. As
turbine blades grow larger, the introduction of advanced composite materials,
such as carbon bre composites, plays a crucial role in managing these
dynamic challenges [30, 31]. Speci cally, unidirectional (UD) carbon bre

reinforcements, which provide high stiffness and strength along the bre
direction, are strategically placed in critical sections, mainly the spar caps, of
the blades to enhance their structural strength [30-32]. A cross-sectional view

of carbon UD placement in a wind turbine blade, taken from [21], can be seen
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in Figure 2.1.

Figure 2.1: Cross-sectional view of a wind turbine blade. Carbon UD
reinforcements may be in spar caps (image taken from [21]).

These advanced materials contribute to the structural strength and in uence
the turbine blades' overall behaviour [30, 33]. In bre-reinforced composites,
structural damping primarily arises from several interacting mechanisms,
including matrix viscoelasticity, interfacial friction between bres and the
surrounding resin, microcracking, and bre-matrix debonding under cyclic
loading [34, 35]. Unlike metals, where damping is often associated with
dislocation movement [36], composite materials exhibit more complex,
anisotropic damping behaviour. This complexity stems from the combined

inuence of bre orientation, bre volume fraction, matrix properties,
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interfacial bonding quality, and manufacturing techniques such as curing
conditions and bre sizing [33, 35, 37, 38]. For example, damping in the bre

direction tends to be lower due to the high stiffness of carbon bres, while
transverse and shear directions, where the matrix plays a more dominant role,
typically show higher damping levels. These direction-dependent interactions
necessitate careful characterisation and modelling, as the energy dissipation
mechanisms vary not only with material composition but also with the
direction of applied loading. Accurately predicting damping behaviour in
composite structures, therefore, requires methods that account for their

anisotropic and microstructural nature.

The effectiveness of a material's damping capacity depends on its intrinsic
properties, geometric con guration, environment and the frequency of
excitations [39,40]. Materials with high damping capacity, such as viscoelastic
materials, are favoured in applications susceptible to vibrational issues [41].
These materials exhibit a phase lag between stress and strain during cyclic
loading, enabling ef cient energy dissipation and improving the overall
damping performance of structures, including wind turbine blades [40, 42].
While both GFRP and carbon bre composites exhibit anisotropic behaviour,
carbon bre composites possess a less extensively characterised damping
response with lower damping, necessitating the use of more advanced
modelling and experimental techniques to predict their behaviour

accurately [43].

Effective damping characterisation is required for controlling the dynamic
responses of wind turbines to various forces, including wind-induced and
gravitational loads. A signi cant design challenge is managing edgewise
vibrations, oscillations occurring perpendicular to the primary blade span [44].

Unlike in-plane (apwise) vibrations, which are partially damped by
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aerodynamic effects, edgewise vibrations receive minimal aerodynamic
damping, leaving them more prone to resonant oscillations [17]. These
vibrations can increase material stress and fatigue risks that may compromise
structural integrity. By ne-tuning damping properties through advanced
material selection and design strategies, these critical vibrations can be
mitigated, decreasing fatigue risk and ultimately extending the operational

lifespan of turbine components [45, 46].

The use of advanced materials like carbon bre composites has introduced
additional complexities due to their less established history in understanding
and optimising the damping behaviour of wind turbine blades. While
composites offer signi cant strength-to-weight advantages, their anisotropic
nature presents unique damping challenges that necessitate sophisticated
modelling and experimental techniques [34]. Future advancements in
damping technology will likely centre on optimising material compositions and
structural con gurations to ne-tune damping responses across diverse
operational scenarios, ensuring reliable performance under varying

environmental conditions [43,47].

To effectively manage vibrations, understanding how energy is dissipated in
materials like composites used in turbine blades is essential at both the
microscopic (material structure) and macroscopic (structural assembly)
levels [48]. This comprehensive knowledge is vital to optimising key
components, enabling them to withstand complex dynamic loads during
operation [49]. This chapter introduces these fundamental damping concepts,
setting the stage for a detailed discussion of experimental methodologies in
subsequent chapters, with a focus on the role of composite materials in

modern wind turbine blade design.
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2.2 Damping in Isotropic and Anisotropic
Materials

The study of damping in materials requires an in-depth understanding of their
structural makeup, particularly distinguishing between isotropic and
anisotropic materials [50]. Isotropic materials are characterised by uniform
properties in all directions, meaning their mechanical behaviour, including
damping, is constant regardless of the applied stress or strain direction.
Common examples include metals, such as aluminium and steel, and certain
polymers with uniform molecular structure [51]. These materials are typically
easier to model and predict because their behaviour does not change with
loading direction, simplifying the application of classical damping models,

covered in Section 2.6.

Anisotropic materials, also known as anisotropic materials, exhibit properties
that vary depending on the direction of the applied force [52]. This category
includes composites like carbon bre and glass bre materials, which are
widely used in advanced engineering applications due to their directional
strength and stiffness characteristics [53]. The mechanical performance of
these materials is tailored by adjusting the orientation of bres or layers,
making them highly ef cient in handling loads in speci c directions but, in
turn, adding complexity to their damping behaviour.  The directional
dependence of stiffness and strength in anisotropic materials, such as CFRP,
introduces signicant challenges in predicting accurate damping
behaviour [54]. Traditional damping models, typically developed for isotropic
materials, often fall short when applied to these composites as they do not
consider anisotropy [55]. This is due to many of the models treating

composites as a 2D material and not fully considering their anisotropy. As a
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result, there is a requirement for models accounting for the variability in
damping capacity across different bre orientations and structural
layers [43,56].

In isotropic materials, energy dissipation due to damping is relatively
predictable because of the uniformity of their structure [57]. Classical
damping models, such as viscous or hysteretic damping, can be reliably
applied to calculate energy dissipation based on established mechanical
principles [58]. The homogeneity of these materials means that damping
characterisation is simpler with more predictable results, making them
suitable for applications where uniform performance is important, such as in

metallic structural components.

Anisotropic materials, on the other hand, present more complex challenges in
damping characterisation [59]. The anisotropic nature means that the
damping capacity can vary signi cantly depending on the direction of load
application, bre orientation in composites, and the interaction between
different material components [54, 60]. For instance, in a carbon bre
composite, damping behaviour can differ drastically along the bres compared
to across them. Carbon bres' orientation and interlaminar regions' behaviour
are crucial in determining the blade's overall damping characteristics [55, 60].
These interlaminar interactions can alter the vibrational response of the blade,

making it essential to account for such complexities in damping models [56].

A comprehensive review of damping in both isotropic and anisotropic
materials enhances the understanding of material behaviour under dynamic
loading. It informs the selection and design of materials for specic
applications. This is particularly important in elds where material ef ciency
and durability are paramount, such as renewable energy, aerospace, and civil

engineering, where optimising damping characteristics can signi cantly
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extend the operational lifespan of critical components. The insights gained
from studying the damping behaviour of both isotropic and anisotropic
materials are essential for improving the performance of complex engineering
systems, such as wind turbine blades, which will be explored in greater detail

in subsequent sections.

2.3 Composite Materials and Their Role in
Damping for Offshore Wind Turbine Blades

Composite materials, created by combining two or more constituent materials
with distinct physical or chemical properties, are highly valued in engineering
applications for their ability to deliver tailored properties that meet specic
performance requirements [61, 62]. Combining the advantages of each
component, composite materials often exhibit increased strength, stiffness,
and durability while maintaining a reduced weight. These features are
particularly desirable for applications in offshore wind turbines, where high
strength-to-weight and stiffness-to-weight ratios are critical for optimal

performance [21,63, 64].

Carbon bre composites, particularly those made with a vinyl ester matrix,
have garnered signicant interest due to their exceptional mechanical
properties. Carbon bres contribute high strength and stiffness, while the vinyl
ester matrix enhances chemical resistance, durability, and efcient load
transfer between bres [21, 65]. This combination makes these composites
highly suitable for the challenging conditions faced by wind turbine blades,
which must endure dynamic loading, fatigue, and environmental factors such
as moisture, UV exposure, and temperature uctuations [63,65]. Their use is

now common in large offshore wind turbine blades in their spar caps, where
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their strength and stiffness are critical to withstanding the high loads
experienced during operation. Figure 2.2 illustrates a cross-section of a wind

turbine blade, highlighting the location and role of the spar caps.

Figure 2.2: Cross-section of a wind turbine blade (ANSYS APDL Model). The
purple section represents the spar caps where the Carbon UD material is used

The material of interest within this study is a unidirectional carbon bre vinyl
ester composite enhanced with nitrile sizing. The components of this

composite are:

» Carbon Fibre : The high-strength, high-stiffness bres are oriented in a
single direction, optimising reinforcement where the load is most
signi cant. This unidirectional con guration allows the material to exhibit

high performance in speci c directions [66].

* Vinyl Ester Matrix : The matrix is a durable resin with excellent
mechanical properties and chemical resistance. It plays a crucial role in
transferring loads between the bres and maintaining the structural

integrity of the composite [66].

 Nitrile Sizing : A treatment applied to the carbon bres to enhance
adhesion to the vinyl ester matrix, nitrile sizing also serves to reduce

moisture ingress, thus improving the long-term durability of the
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composite in harsh environments [66, 67].

The unidirectional carbon bre vinyl ester composite used in this study was
manufactured using pultrusion. In this continuous process, bres are pulled
through a resin bath and then a heated die to impregnate and cure them into
a constant cross-sectional shape [68]. Different infusion methods can lead to
vastly different material quality upon setting [69, 70]. It is also important to
note that the method of manufacture may in uence the composite's damping
characteristics, as increased defects or inconsistencies introduced during
processing can result in higher damping levels. This process ensures precise
bre alignment, which enhances the mechanical properties, such as strength
and stiffness, along the bre direction [71]. Pultrusion offers advantages like
high bre volume fraction, resulting in superior load-bearing capabilities,
consistent quality due to the uniform nature of the process, and cost-ef ciency
in producing large quantities of composite materials [72]. These
characteristics make pultruded composites particularly suitable for wind
turbine blades, where strength, durability, and ef cient load transfer are
crucial. A diagram of a pultrusion process, taken from [68], is shown in Figure
2.3.
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Figure 2.3: Diagram of a pultrusion manufacturing process. Continuous bres
are impregnated with resin and pulled through a heated die to form a cured
composite with a constant cross-section (taken from [68]).

The unidirectional nature of carbon bres, which aligns the bres in the
load-bearing direction, enhances both stiffness and damping. By controlling
the directionality of the bres, the composite can be optimised for specic
load-bearing scenarios in offshore wind turbine blades. This increases the
blade's strength and reduces its deformation under operational loading
conditions [64]. Additionally, nitrile sizing improves the interface between the
carbon bres and the matrix, enhancing load transfer and minimising the
ingress of moisture, which can degrade material properties over time. This
treatment is particularly bene cial in the harsh environments offshore turbines
are subjected to, where saltwater, UV radiation, and uctuating temperatures

present signi cant challenges for material durability [65].

The anisotropic nature of carbon bre composites, where properties vary with
the direction of applied force, presents both opportunities and modelling
challenges. Damping in CFRP arises primarily from internal friction within the

matrix and at bre—matrix interfaces. Earlier studies, such as Hashin [73] and
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Saravanos [74], established a foundational understanding of how bre
alignment leads to high stiffness but low damping along the 11-direction, with

greater dissipation seen in matrix-dominated directions.

This foundational understanding was further supported by key review works.
Treviso et al. highlighted how early analytical models often treated composite
materials as quasi-isotropic, neglecting the in uence of bre orientation and

matrix viscoelasticity.  Their review established that accurate damping
prediction requires models that incorporate directional stiffness and energy
dissipation [75]. Qiu et al. experimentally validated that damping increases
with bre misalignment from the loading direction, supporting the classical

view that transverse and shear directions exhibit higher damping [76]

Recent studies have re ned this perspective using advanced experimental
and modelling techniques. Qiu et al. [76] demonstrated that processing
defects and air damping can signi cantly distort damping measurements if not
controlled, recommending vacuum-based testing as a reliable approach.
Rouhi Moghanlou et al. [77] quantitatively con rmed the trade-off between
bre alignment and damping—higher angles relative to the load increase

damping but reduce structural stiffness.

More recent investigations have expanded this understanding signi cantly.
Mohanty et al. [78] demonstrated a multiscale framework in which
micromechanical models and experimental data are jointly used to predict
direction-dependent damping, validating how matrix— bre bonding and bre
orientation affect modal loss. Li et al. [79] further showed that even small
deviations in bre orientation or interfacial quality can have measurable
effects on damping behaviour, especially in repair contexts. These studies
con rm that damping anisotropy is not just inherent to composite architecture

but is also in uenced by processing and operational conditions.

24



Chapter 2. Fundamentals of Damping

Moreover, Chamoli et al. [17] demonstrated how directionally dependent
damping characteristics directly impact the effectiveness of active vibration
suppression in wind turbine blades. Their work, which integrates pitch control
strategies and interval observers, highlights the importance of understanding
edgewise damping behaviour for system-level dynamic stability and load

mitigation in large offshore turbines.

Together, these developments highlight a shift from empirical observations
toward predictive modelling and system-level damping control, which is
especially critical in offshore wind turbine blades. A thorough understanding
of directionally dependent damping allows for ner tailoring of structural
responses to site-speci ¢ load conditions, enabling safer and more ef cient

turbine blade designs.

2.3.1 Interfacial Damping and the Role of Fibre-Matrix

Interface Quality

Interfacial damping mechanisms signicantly inuence the damping
characteristics of bre-reinforced composite materials, crucially determining
their dynamic behaviour, fatigue resistance, and vibration attenuation
capabilities. Unlike metals, where damping is typically driven by dislocation
mechanisms [36], composites exhibit energy dissipation primarily at the

bre-matrix interfaces through complex microstructural interactions [35, 80].

In polymer-matrix composites, such as carbon bre-vinyl ester composites
used in large wind turbine blades, damping arises from a combination of
viscoelastic matrix behaviour, bre-matrix friction, adhesion hysteresis, and
microstructural degradation mechanisms such as microcracking and
debonding under cyclic loading [81]. Of these, interfacial phenomena,

particularly adhesion hysteresis and friction, are especially critical, as the
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quality of the bre-matrix interface directly in uences them.

Adhesion hysteresis involves the cyclic formation and breaking of interfacial
bonds under dynamic loading, which dissipates energy. Strong interfacial
adhesion, supported by chemical compatibility, enhances damping by
increasing the energy required to reform these bonds. For example, hydrogen
bonding in nanocrystalline cellulose (CNC)-reinforced polyamide (PA610)
composites has been shown to signi cantly enhance damping via this

mechanism [82].

Interfacial friction, meanwhile, results from relative motion between bres and
matrix, especially near microcracks or regions of partial debonding. This
frictional mechanism dissipates energy and is in uenced by bre-matrix bond
strength, radial stresses, and the extent of debonding. While moderate
debonding may initially enhance damping through increased friction,

extensive interface degradation can compromise structural integrity [83].

In the present study's composite system, a unidirectional carbon bre
reinforced vinyl ester matrix, nitrile sizing is used to enhance interfacial
bonding. This sizing improves chemical compatibility with the matrix and
reduces moisture ingress. From a micromechanical perspective, these effects
strengthen interfacial adhesion and increase friction resistance, thereby
enhancing energy dissipation under cyclic loading. Such interface
improvements are especially valuable in bre-dominated directions where the

matrix contributes less to damping.

At the nanoscale, models and experiments converge on the importance of
increased interfacial area and enhanced bonding. Reinforcement with
nanoscale llers, such as CNC, ampli es adhesion hysteresis and interfacial

elasticity, yielding improved damping without sacri cing stiffness [82].
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Multiple factors in uence interfacial damping effectiveness:

 Fibre Volume Fraction: Higher bre contents reduce matrix-dominated

damping pathways, especially in transverse and shear directions.

» Fibre Orientation and Interface Anisotropy: Anisotropic bre
arrangements lead to directional variations in interface quality and

associated damping [83].

* Environmental Effects: Moisture and temperature changes alter

interface chemistry, impacting adhesion and friction [35].

Experimental ndings consistently reinforce the importance of high-quality
interfaces. Enhanced interfacial bonding has been shown to increase
damping performance, particularly through increased hydrogen bonding and
effective stress transfer. Conversely, environmental degradation of interfaces
reduces damping ef cacy, underscoring the need for robust interface design

throughout a composite's service life [82].

Interface engineering strategies such as surface treatments, coupling agents,
and sizing technologies offer pathways to improve damping without
compromising structural integrity. These approaches must be balanced
against long-term durability requirements, particularly in demanding
environments such as offshore wind energy. Through targeted improvements
in interfacial adhesion and frictional mechanisms, composite structures can
achieve superior damping performance. This is of critical importance for
components like wind turbine blades, where vibration control, fatigue

resistance, and environmental resilience are essential for reliable operation.
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2.4 Damping Mechanisms and Models in Wind
Turbine Blades

Understanding and accurately representing damping is pivotal in predicting the
dynamic behaviour of mechanical systems, particularly in the context of wind
turbine blade design, where the implications on performance and longevity are
signi cant. Damping mechanisms in materials and systems are critical as they
contribute uniquely to energy dissipation, which is crucial for the stability and

ef ciency of wind turbines.

Damping mechanisms vary based on the material and system, each
contributing uniquely to energy dissipation. Understanding these mechanisms
is essential for predicting and optimising the damping behaviour of materials
and structures, particularly in engineering applications involving dynamic

loading and vibrations.

2.4.1 Appropriate Damping Models

* Viscous Damping and Rayleigh Damping : Viscous damping describes
a resistive force proportional to the velocity of a vibrating system and is
commonly used to model energy dissipation in mechanical and structural

systems. It is mathematically expressed as [84, 85]:
Fo=cC X (2.1)

where F4 is the damping force, cis the viscous damping coef cient, and x
is the velocity. The damping ratio , de ned as the ratio of actual damping

to critical damping, characterises the system response:

— < 1. Underdamped — oscillatory decay
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- = 1: Critically damped - fastest non-oscillatory return to

equilibrium
— > 1. Overdamped — slow non-oscillatory return

While viscous damping is straightforward and effective in modelling
systems with uid interactions (e.g., hydraulic dampers or shock
absorbers), real-world structural systems, such as wind turbine blades,
often require a more generalised approach to account for damping
across a range of vibration modes. For this purpose, Rayleigh damping

is frequently employed.

Rayleigh damping models the damping matrix C as a linear combination

of the mass and stiffness matrices:
C=M + K (2.2)

where M is the mass matrix, K is the stiffness matrix, and , are
mass- and stiffness-proportional damping coef cients, respectively. This
formulation preserves the symmetry of system matrices and is

particularly suitable for implementation in nite element analyses.

The damping ratio for a vibration mode i with natural frequency ! ; is given

by:
= ;(:! i+ ) (2.3)

This expression leads to a frequency-dependent damping behaviour:
mass-proportional damping ( ) dominates at low frequencies (e.g., rigid
body motion), while stiffness-proportional damping ( ) becomes more
in uential at higher frequencies. The result is a U-shaped damping

curve with a minimum at an intermediate frequency.
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Various strategies exist for selecting and , including:

— Two-frequency matching : Ensures the desired damping ratio at

two selected frequencies.

— Critical mode focus : Targets the dominant mode at the expense of

others.

— Stiffness-only damping ( = 0): Often used when low-frequency

damping is less critical.

Despite its limitations, particularly its unphysical frequency dependence,
Rayleigh damping remains widely used due to its simplicity, numerical
ef ciency, and ease of implementation in time-domain simulations. It is
especially valuable in large-scale structural dynamics applications such
as wind turbine blade design, seismic response analysis, and aerospace
vibration control, where approximated but stable damping representation

across multiple modes is necessary [86, 87].

» Hysteretic (Structural) Damping : This model accounts for energy
dissipation due to internal friction within the material, characterised by a
phase lag between stress and strain. The relationship is often

represented using a complex modulus:

E with E = E(L+i ) (2.4)

where is the stress, E denotes complex modulus, is the strain, E
is the elastic modulus, is the loss factor, and i is the imaginary unit.
Hysteretic damping results in a hysteresis loop in the stress-strain curve,
indicating energy dissipation as heat [88]. The energy dissipated per
cycle is given by [84]:

E = khX ? (2.5)
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where E is the energy dissipated per cycle, k is the stiffness, h is the
hysteretic damping coef cient, and X is the amplitude of motion. This
energy dissipation is independent of the loading frequency and
proportional to the square of the amplitude [84]. This model is
particularly relevant for materials like metals and composites, where
energy dissipation occurs due to micro-structural movements. Designing
the structure of wind turbine blades to operate within the linear
stress-strain range is a common practice to ensure safe and predictable
performance. However, real-world conditions such as stress
concentrations, material and manufacturing imperfections, damage and
cracks in the blade material and adhesive behaviour can lead to
elastoplastic behaviour [89]. A hysteretic damping loop can be seen in

Figure 2.4.
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Figure 2.4: Hysteresis Loop

e Coulomb (Dry Friction) Damping : This model accounts for energy
dissipation due to dry friction when two surfaces slide against one
another. Coulomb damping is characterised by a friction force
proportional to the normal force between the surfaces N and opposes
the direction of motion. The differential equation governing the free
vibration of an SDOF (Single Degree-Of-Freedom) slider with Coulomb
damping is [84, 86]:

mx + kx = N sgn(x) (2.6)

where m is the mass, k is the stiffness, is the coef cient of friction, and
sgn(x) is the sign function of the velocity. Unlike viscous damping,

Coulomb damping results in a linear amplitude decay and does not
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affect the system's natural frequency. The Coulomb damping model is
particularly relevant for systems involving dry sliding friction, such as

joints and blade root connections.

» Aerodynamic Damping : This damping mechanism results from air or
uid ow interaction with structures. In wind turbines, it plays a signi cant
role due to the constant air ow impacting the turbine blades, enhancing
stability and reducing vibrations [90]. The uctuating aerodynamic force

per unit length is given by:

Fg= ; (U x)%Cqyc(r) ; U2Cyc(r) (2.7)

where is the air density, U is the mean wind speed, x is the blade
apwise velocity, Cq is the drag coef cient, and c(r) is the local blade
chord length. When x (the blade apwise velocity) is small compared to
U (the mean wind speed), the term (U x)? can be approximated by
neglecting the second-order small term x2. This expression then
simpli es to:

Fq UXCqc(r) (2.8)

indicating that the damping force is proportional to the uid density,
velocity, drag coef cient, and chord length. This form of damping is
crucial for reducing resonant oscillations that occur due to wind
uctuations at frequencies close to the blade's natural frequency. When
the blade is at an angle that maximises lift, aerodynamic damping can
be effectively zero, relying solely on structural damping to limit
de ections [91]. Aerodynamic and hydrodynamic damping are critical in
maintaining the wind turbines' dynamic stability and structural integrity

by mitigating oscillations and associated loads. [90]
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* Viscoelastic Damping (VED) : Viscoelastic damping is important in
materials that exhibit both viscous and elastic characteristics, such as
blade bre-reinforced composites. Among the proposed models to
describe the viscoelastic behaviour [92], the two key models are the

Kelvin-Voigt (KV) model and the Maxwell model.

Kelvin-Voigt (KV) Model : This model combines a spring and a dashpot

in parallel to represent the viscoelastic behaviour as seen in Figure 2.5.

Figure 2.5: KV Model Schematic - showing spring and dashpot

The constitutive equations for the Kelvin-Voigt model are [93, 94]:

= 1+ 5 (2.9)

where is the total stress, ; is the stress in the spring,  is the stress
in the dashpot, E is the elastic modulus, cis the viscosity coef cient, is
the strain and _is the strain rate. By eliminating ; and ,, the following

constitutive law is obtained:

=E +cC_ (2.10)
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This model effectively describes materials where the damping is

proportional to the strain rate.

Maxwell Model : This model consists of a spring and dashpot in series,
representing the viscoelastic behaviour of materials that exhibit both
elastic and viscous properties. The constitutive equations for the

Maxwell model are [93]:

1= E; 2= ; = 1+ 2 (2.11)

+ % - (2.12)

where is the total strain, ; is the strain in the spring,  is the strain
rate in the dashpot, is the stress, E is the elastic modulus, and c is
the viscosity coef cient. This model is bene cial for describing stress

relaxation in materials where an initial elastic deformation is followed by

a slow, time-dependent viscous ow.

These models provide the foundation for modelling and estimating the
damping behaviour of structures and materials. They are critical for designing
and optimising engineering systems, particularly in applications involving
blades' dynamic loading and vibrations. While this contribution primarily
focuses on the material damping, in reality, for a turbine blade, the total
damping can be a combination of the structural damping of the blade
materials, friction damping of the joints and connections, as well as
aerodynamic damping depending on the vibration mode and the relative

position of the blade to the air ow [91].
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2.4.2 Critical Evaluation of Damping Models for Composite

Wind Turbine Blades

While the previous section outlined a range of damping models used in
structural dynamics, their application to composite wind turbine blades
requires more nuanced consideration. Each model offers differing degrees of
physical realism, computational simplicity, and relevance to the underlying

energy dissipation mechanisms in composite materials.

Viscous and Rayleigh Damping: Although viscous damping is
mathematically convenient and widely adopted in dynamic simulations, its
assumption of a linear velocity-dependent force does not physically represent
the microstructural damping mechanisms present in bre-reinforced
composites, such as interfacial friction and matrix viscoelasticity [95]. To
overcome some of these limitations, Rayleigh damping is often used in nite
element analyses due to its computational simplicity. It is formulated as a
linear combination of the mass and stiffness matrices. However, Rayleigh
damping introduces an arti cial frequency dependence that does not align
with experimentally observed material damping behaviour, potentially causing
signi cant over- or underestimation of damping outside the calibration
frequency range. As a result, it is often inadequate for accurately modelling
the broadband dynamic response of composite wind turbine blades unless

carefully calibrated for the speci ¢ frequency range of interest [96].

Hysteretic Damping:  Hysteretic (or structural) damping captures energy
dissipation through internal friction and micro-slip at bre—matrix interfaces,
which is a dominant mechanism in laminated composites where interlaminar
shear and ply debonding occur [81]. This mechanism is often modelled using

a complex modulus or loss factor, which avoids velocity-dependent
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assumptions and effectively describes phase lag under cyclic loading [74].
However, hysteretic models do not account for the frequency-dependent
damping observed in viscoelastic resin systems, where polymer chain
dynamics can signi cantly in uence the damping behaviour. Additionally,
such models tend to underestimate nonlinear dissipation at high strain levels

due to matrix cracking and other damage mechanisms [97].

Coulomb Damping: Coulomb (dry friction) damping is primarily associated
with energy dissipation at mechanical interfaces—such as blade root joints
and other contact regions—rather than within the bulk of composite
materials [98, 99]. In wind turbine and aerospace blades, friction at these
interfaces can signi cantly in uence overall system damping, as small relative

motions at contact surfaces induce nonlinear, amplitude-dependent energy
losses [98]. Studies have shown that neglecting such interface damping can
result in substantial underestimation of energy dissipation, leading to
non-conservative predictions of vibration response and fatigue life in critical
regions such as blade roots [99]. Although advanced nite element models
can simulate the complex stick—slip transitions and evolving contact areas at
these joints, practical implementation in large composite structures remains
challenging due to the inherently nonlinear and variable nature of frictional
behaviour [98].

Aerodynamic Damping: Aerodynamic damping is highly relevant for
operational wind turbine blades. It is inherently mode-dependent and relies on
the interaction between structural velocity and air ow. Its magnitude and sign
can vary with wind speed, blade pitch, and mode shape, occasionally
providing negative damping. While it is critical for full-system models,
aerodynamic damping is not material-speci ¢ and is generally not captured in

laboratory-scale material characterisation efforts like DMA.
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Viscoelastic Damping Models (KV and Maxwell): These models provide a
more realistic representation of time-dependent, frequency-dependent
material behaviour, particularly for the resin matrix in bre-reinforced
composites. The KV model effectively captures immediate elastic and delayed
viscous response, suitable for simulating in-phase and out-of-phase stresses
in DMA experiments. The Maxwell model, on the other hand, is better suited
for capturing stress relaxation and long-term creep but may not re ect the
typical cyclic loading behaviour of blades. More advanced generalised
viscoelastic models or Prony series expansions may be required for

high- delity representation over broad frequency ranges.

Summary: In practice, wind turbine blade models often combine multiple
damping representations to approximate real-world behaviour. Rayleigh
damping may be used for numerical stability, while hysteretic or viscoelastic
models better capture laminate-speci ¢ energy dissipation. Aerodynamic and

Coulomb damping account for additional system-level effects.

2.5 Current Experimental Approaches used for
Damping Evaluation in Composite Materials

In this section, the experimental techniques currently used to evaluate
damping in composite materials are reviewed. These approaches treat
systems as either single-degree-of-freedom (SDOF) or
multi-degree-of-freedom (MDOF) systems, providing insights into both the
energy dissipation mechanisms and dynamic behaviour of the materials. By
employing a range of experimental methods from controlled laboratory tests
like DMA to medium-scale EMA, these techniques establish critical

benchmarks that not only capture the intricacies of material damping but also
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support the validation and re nement of computational models for enhanced

design optimisation.

2.5.1 Dynamic Mechanical Analysis (DMA)

DMA is a widely employed technique for characterising the viscoelastic
properties of polymeric and composite materials under oscillatory
loading [100]. It provides a frequency- and temperature-dependent
understanding of material behaviour by applying a sinusoidal force and
measuring the resultant displacement. This allows for evaluation of key
mechanical parameters, including the storage modulus (E9, which represents
the elastic response; the loss modulus (E®, which quanties energy
dissipation; and the complex modulus (E ), which combines both

components:

E = E%IE® (2.13)

The damping capacity of the material is often expressed as the loss factor:

tan = — (2.14)

These parameters offer critical insight into the stiffness, damping, and energy
dissipation mechanisms within a material across a range of frequencies and
temperatures. DMA is particularly useful in the study of bre-reinforced
polymers, where damping behaviour is affected by matrix viscoelasticity,

bre—matrix interaction, and bre orientation.

A variety of test modes can be used depending on the geometry and

application context of the material, including single and dual cantilever,
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three-point bending, tension, compression, and shear. Each mode provides
different strain distributions and is chosen based on the dominant deformation
mechanisms of interest. For instance, three-point bending is commonly
employed for assessing exural damping, especially in laminated or beam-like

structures.

The technique is typically carried out using dedicated DMA equipment that
records high-resolution force and displacement data, often using optical
encoders or capacitance-based sensors to capture small oscillatory
de ections. The resulting phase lag between the applied force and material
response allows for the precise calculation of damping behaviour. DMA is
especially advantageous due to its high sensitivity, ability to simulate

in-service dynamic loading, and suitability for small, controlled samples.

Figure 2.6 shows a typical DMA system, adapted from [101].
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Figure 2.6: TA Instruments DMA Q800 (adapted from [101]).

he displacement data, combined with the known applied force, enables precise
calculation of stress and strain. The phase lag between applied force and
resultant displacement reveals the material’s viscoelastic nature. The in-phase
component of the response determines the storage modulus (E9, while the
out-of-phase component de nes the loss modulus ( E®. The complex modulus
(E ) combines these two elements to describe the material's total resistance
to deformation, and the ratio E°:E°gives the damping loss factor (tan ), a key

metric for quantifying energy dissipation.

DMA is therefore considered one of the most suitable methods for quantifying
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material damping, particularly in bre-reinforced composites.

2.5.2 Logarithmic Decrement

Logarithmic decrement is a classical time-domain technique used to estimate
the damping ratio of a system that can be approximated as a SDOF oscillator.
It evaluates how the amplitude of free vibrations decays over time following an
initial displacement or impulse. This decay occurs due to internal and external

energy dissipation mechanisms.

The method involves measuring the amplitude of two successive peaks, X,
and X,+1, in the displacement-time response of the system. The logarithmic
decrement, , is then calculated using the natural logarithm of their ratio [41]:

!
Xn

2.15
X1 (2.15)

Once is known, the damping ratio, , can be approximated for lightly damped

systems using the following expression:

This approach is particularly suited for systems with low damping (i.e.,
underdamped responses), where oscillations persist over several cycles,
allowing multiple peak comparisons to improve accuracy. It is relatively simple
to implement and requires only displacement measurements, making it
appealing for eld testing or systems without access to advanced

instrumentation.

However, the accuracy of the method deteriorates in highly damped systems,

where oscillations decay too rapidly to yield suf cient data, or in noisy
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environments where peak detection becomes unreliable. Furthermore, it
assumes linear behaviour and that the system conforms well to an SDOF
approximation, conditions not always met in composite structures with

complex damping characteristics.

Due to the inuence of boundary conditions and external losses in
experimental setups, particularly when dealing with composite specimens,

this method was not adopted for further evaluation within this thesis.

2.5.3 Half-Power Bandwidth Method

The half-power bandwidth method is a frequency-domain approach used to
estimate the damping ratio of a system by analysing its Frequency Response
Function (FRF) in the vicinity of a resonance peak [102]. It is grounded in the
observation that damping affects the sharpness—or bandwidth—of the
resonance peak: greater damping results in a broader peak, while lower

damping produces a sharper response.

The method determines the damping ratio, , by identifying the frequencies
f1 and f, at which the system's response amplitude falls to p% (approximately
70.7%) of the peak amplitude, corresponding to a reduction of 3 dB in power.
These points de ne the so-called “half-power” frequencies around the resonant

frequency f,,. The damping ratio is then approximated by:

(2.17)

-t
2f,  2f,
This method is particularly suitable for lightly damped systems with
well-separated modal peaks, where resonance curves are clearly de ned and

not in uenced by modal overlap. It is widely used in experimental modal

testing due to its simplicity and minimal computational requirements.
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To implement the method, a harmonic excitation is applied while sweeping
across a frequency range encompassing f,, and the FRF is measured. A high
frequency resolution is essential to precisely identify f,, f,, and f,,, especially

in systems with narrow bandwidths or closely spaced modes.

Despite its utility, the half-power bandwidth method has several limitations. It
assumes linear system Dbehaviour and distinct, non-overlapping
modes—conditions that may not hold in composite structures with distributed
damping, geometric complexity, or non-linear responses. Moreover, if the
frequency resolution is insuf cient, the half-power points may be misidenti ed,

leading to inaccurate damping estimates.

Due to the potential sensitivity of this method to external factors such as
boundary condition effects and noise, which can distort the measured FRF,
this approach was not selected for further analysis within this thesis.
Nonetheless, it remains a foundational tool in dynamic testing for preliminary
modal characterisation. An illustration of the method is provided in Figure 2.7,
which shows how the damping ratio is inferred from the width of the

resonance peak.
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Figure 2.7: Half-power bandwidth approach, illustrating damping estimation
from resonance peak width (adapted from [103]).

The previously discussed models offer practical methods for quantifying the
damping of an SDOF system, thereby aiding in the design and analysis of

structures. The following models described may be used for MDOF systems.

2.5.4 Operational Modal Analysis (OMA)

OMA is a non-intrusive technique used to identify the modal properties, natural
frequencies, damping ratios, and mode shapes of structures under their actual
operating conditions. Unlike EMA, which will be discussed next, OMA relies
exclusively on the structure's response to ambient or operational excitations,
which are unmeasured and assumed to be broadband and stochastic in nature
[104].

OMA is particularly useful for systems that are dif cult or impractical to excite
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arti cially, such as wind turbine blades in situ, large civil structures, or
machinery in continuous operation [105]. The method assumes that the
excitation (e.g., wind, wave loading, or ground motion) excites a suf ciently
wide frequency range and that the structure behaves as a linear,

time-invariant system during the measurement period [106].

Only the output responses are recorded, typically using accelerometers or
laser vibrometers, and modal parameters are extracted using advanced

stochastic signal processing techniques. Common methods include:

» Stochastic Subspace Identi cation (SSI) : A time-domain algorithm
that estimates system matrices from output-only measurements,
particularly effective in noisy environments or when modes are closely

spaced [107].

* Frequency Domain Decomposition (FDD) : A frequency-domain
technique that uses singular value decomposition of the output spectral

density matrix to isolate modal contributions [108].

» Natural Excitation Technique (NEXT) : Utilises the cross-correlation of
ambient responses to reconstruct the system's impulse response,

enabling further modal identi cation [109].

The extracted modal shapes are typically unscaled due to the unknown
excitation, meaning modal masses cannot be directly calculated [110].
However, the method provides high-quality estimates of frequency and
damping, especially when excitation is broad and the signal-to-noise ratio is
suf cient [111].

OMA offers several advantages:

» Non-intrusive and cost-effective, requiring no arti cial excitation [112].
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» Capable of capturing the true dynamic behaviour of a structure under

realistic loading [113].

 Particularly suitable for continuous structural health monitoring of

infrastructure and rotating machinery [114].

However, it also presents limitations. The reliance on unknown excitation
introduces uncertainty, particularly in damping estimation. Modal properties
may vary with excitation amplitude, and insuf cient excitation bandwidth may
result in undetected modes [110]. Therefore, careful sensor placement, noise
Itering, and advanced algorithmic post-processing are essential for reliable
results [111].

For wind turbine applications, OMA is often employed for in- eld monitoring or
in conjunction with EMA to validate dynamic models under operational
conditions. Its ambient, output-only nature makes it a valuable tool in
scenarios where replicating operational loads in a laboratory setting would be
impractical or unrepresentative [113]. However, given that controlled input
excitation is available in the present study, EMA is adopted instead. EMA
enables more accurate and scalable characterisation of modal parameters,
including mode shapes and damping ratios, by leveraging known input—output
relationships. The following section details the EMA methodology used within

this thesis.

2.5.5 Experimental Modal Analysis

EMA is a comprehensive approach for characterising the dynamic behaviour
of systems with multiple degrees of freedom (MDOF) [115]. It involves
decomposing the overall structural response into individual natural modes of
vibration, with each mode de ned by a natural frequency, damping ratio, and

mode shape, the spatial pattern of vibration corresponding to that
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frequency [56]. This modal decomposition is key for identifying potential
resonant frequencies and understanding how different parts of a structure
contribute to its overall dynamic behaviour. Such insights enable the design of

structures that avoid critical operating conditions and enhance performance.

In practice, EMA requires controlled excitation of the structure using known
input forces, such as those from impact hammers, electrodynamic shakers,
or other actuators. The resulting vibrational response is measured using an
array of sensors, such as accelerometers, strain gauges, or laser vibrometers,
placed strategically across the structure. These measurements are then used
to construct the Frequency Response Function (FRF), which expresses the
relationship between the applied input force and the measured response (e.g.,

displacement or acceleration) across a frequency range [116].

The identi cation of modal parameters from the FRF is typically performed

using frequency-domain techniques, including:

» PolyMAX (or pLSCF): A robust and widely used method for modal
parameter extraction that ts polynomial models to the FRF data to
isolate modes, even in the presence of closely spaced
frequencies [117,118].

» Circle Fit and Peak-Picking: Simpler frequency-domain methods
suitable for well-separated, lightly damped modes, though less effective

for complex systems [116].

While EMA is a powerful and well-established method, it requires careful
calibration, sensor placement, and high-quality excitation signals. It may be
limited by environmental noise, nonlinear behaviour, or dif culty exciting all
relevant modes [119]. However, when executed correctly, EMA offers detailed

and repeatable insight into structural dynamics, making it invaluable for
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structural design and validation in elds such as aerospace, civil engineering,

and renewable energy.

In the context of this thesis, EMA was selected over OMA due to the
availability of controlled excitation and the need for precise, scalable damping
characterisation across a range of loading conditions. A summary

comparison between EMA and OMA is presented in Table 2.1, highlighting

the key differences in methodology, applicability, and limitations [110].

Table 2.1: Comparison of EMA and OMA

Feature EMA OMA

Excitation Known, controlled (e.g., Unknown, ambient (e.g.,
hammer, shaker) wind, vibration, traf c)

Measurements Input and output Output only

Conditions Laboratory or controlled In-service or eld
environment conditions

Mode Shape Fully scaled; modal mass Unscaled; modal mass not

Scaling identi able identi able

Applications Design validation, Structural health
structural tuning, monitoring, large
benchmarking infrastructure

Advantages High precision and full Non-intrusive, realistic
modal parameter recovery loading, eld-compatible

Limitations May not re ect real-world Requires broadband

conditions; setup-intensive

excitation and advanced
processing

Note: EMA is preferred when controlled input is available, whereas OMA is ideal
when testing must be performed under operational conditions.
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2.5.6 Critical Comparison of Experimental Damping

Evaluation Methods

The reviewed techniques span from material-level characterisation to full
structural dynamic analysis, each offering distinct strengths and limitations in
the context of damping evaluation for bre-reinforced composites. A summary
of these methods is provided in Table 2.2, highlighting their relative
applicability to composite material research and wind turbine blade
dynamics [100,102,104,116, 120].
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Table 2.2: Comparison of Experimental Methods for Damping Evaluation

Method Strengths Limitations

DMA High-resolution viscoelastic Limited to small specimens;
property measurement; xed boundary conditions;
frequency and temperature excludes global structural
control; ideal for assessing effects.
bre-matrix interactions.

Logarithmic  Simple and low-cost for lightly Assumes linearity; inaccurate

Decrement damped SDOF systems; for complex or highly damped
suitable for quick eld tests. systems; not  suitable

for distributed composite
damping.

Half-Power Enables damping estimation Requires clearly de ned

Bandwidth directly from FRFs; requires resonance peaks; unreliable
minimal post-processing. for overlapping modes or

non-linear behaviour.

OMA Captures in-service dynamic Unscaled modal shapes;
behaviour; scalable to large depends on excitation quality;
structures; non-intrusive. limited accuracy in damping

ratio estimation.

EMA Enables full modal parameter Laboratory-based; requires
recovery using controlled careful setup and
excitation; scalable  to instrumentation; may not
complex structures; supports replicate operational loading.
validation of numerical
models.

Note: Methods are evaluated with respect to their applicability to composite

damping characterisation and relevance to wind turbine blade materials.

Selection Rationale for DMA and EMA:

DMA was selected for its unparalleled ability to isolate and quantify

material-level damping mechanisms, such as matrix viscoelasticity and

bre—matrix interfacial slip, under controlled frequency and temperature
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conditions [100]. This aligns with the thesis's emphasis on intrinsic damping
phenomena in composite materials. While DMA is limited in representing
structural boundary effects, these shortcomings are addressed through its

combination with system-scale methods.

EMA was preferred over OMA and simpler SDOF approaches due to its ability
to yield fully scaled modal parameters and detailed mode shapes via known
input—output relationships. This precision is essential for validating nite
element models and understanding the dynamic performance of composite
blade sections. Although laboratory-bound, EMA's controlled excitation
minimises uncertainties arising from ambient disturbances, providing more

repeatable and generalisable insights.

Logarithmic decrement and half-power bandwidth methods were excluded
from further use due to their limited resolution and inability to account for the
multi-scale, frequency-dependent nature of damping in bre-reinforced
composites [102]. These methods overly simplify the complex interplay of

dissipation mechanisms in laminated structures.

In summary, the complementary use of DMA and EMA bridges the
micro-scale damping behaviour of composites with their macro-scale
structural response. These two methods were therefore selected for further
evaluation within Chapters 3 and 4, where they are examined in greater detail.
This integrated methodology supports both the optimisation of composite
materials and the development of reliable predictive models for wind turbine

blade dynamics.
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2.6 Expected Bene ts from Improving Structural
Damping Characterisation

A key focus of this thesis has been the characterisation of the damping
behaviour of unidirectional (UD) carbon bre composites used in SGRE's
offshore wind turbine blades. While the primary emphasis is on these speci c
materials, the experimental methodologies developed are broadly applicable

to other composite systems.

This section shifts the focus from direct material characterisation to how the
experimentally derived damping data, obtained using techniques such as
DMA and EMA, can be integrated into established theoretical models. These
models, including those by Ni-Adams, Adams—Mabheri, and Tsai—Chang, use
directional damping inputs to predict the behaviour of multi-orientation

laminate systems under dynamic loading conditions.

The distinct nature of each experimental method in uences how damping is
captured. EMA, as applied in this thesis, primarily measured damping in the
bre direction due to the exceptionally high aspect ratio of the specimens—up
to 400 for the 2m long samples described in Chapter 4. This geometric
con guration concentrates strain energy almost exclusively along the bre

axis, resulting in negligible contributions from transverse and
through-thickness directions. By contrast, the DMA tests presented in
Chapter 3 used much smaller specimens, with aspect ratios as low as 12.5 for
2mm thick and 50 mm long samples. This allowed for a more distributed
strain energy pro le, capturing signi cant damping contributions from off-axis

and matrix-dominated directions. Together, these methods provide
complementary insight into the directional dependency of damping behaviour

within the composite.
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By incorporating these experimental ndings into established numerical
frameworks, the models can more accurately predict energy dissipation in
layered laminates, leading to improved design and optimisation of composite
layups for enhanced performance and fatigue resistance in wind turbine

blades.

The models referenced in this section are presented below, with full derivations

provided in Appendix A.

2.6.1 Historical Model Development for Multi-Orientation

Composite Laminates

Ni-Adams Model: The Ni-Adams model was one of the early attempts to
capture the damping behaviour of multi-layer composite laminates developed
in 1984 [121]. This model extends basic damping approaches by
incorporating not only in-plane properties but also exural and interlaminar
effects. In the Ni-Adams formulation, the overall damping in the bre,
transverse, and shear directions (denoted as , y, and ,,, respectively) is
expressed as a summation over half the number of layers. Each term in these
summations combines the transformed reduced stiffness components
(represented by Q) with cosine and sine functions (denoted by ¢ and s) that
account for the bre orientation. Scaling factors suchas [, 1,and .t are
introduced to represent the specic damping capacities derived from
unidirectional experimental data. This model provides a systematic framework
for converting directional stiffness and damping measurements into predictive
damping values, thereby accounting for the layered structure of composite

laminates. The key equations describing energy dissipation are given by:
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g Xz

= g [C(QUCH+ QCrr+ QfCig)]  [PCyy + csCeWic (2.18)
1 k=1
g8 + X?

v= ens, S (QNCu+ QiCiot QicCiell  [S°Cuy esCelWie (2:19)
k=1

8 . X?
xy Cllli\-lr?’ [CS(Qlilcll + QI:I(_ZC]_Z + QE6C16)] [ZCS(:.I.l ((_‘,2 sz)Cle]Wk
k=1

(2.20)

where:

* &, y,and ,, are the predicted total damping values in the longitudinal
(bre), transverse, and in-plane shear directions of the laminate,

respectively;

* L, T1,and .t are the specic damping capacities measured from

unidirectional (UD) composite tests in the corresponding directions;

}j are the transformed reduced stiffness components of the kth ply in

the laminate, accounting for bre orientation;

 C; are the effective stiffness terms of the overall laminate, determined

from the stiffness matrix of the full layup;

N is the total number of plies in the laminate;

* W, is a weighting factor for the kth ply, typically associated with its

thickness or distance from the laminate mid-plane;
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e c=cCo0Ss ¢ and s=sin , where ( isthe bre orientation angle of the kth

ply; the term cs denotes the product cos x sin g

» The notation cs denotes the product cos x sin

Adams-Maheri Model:  The Adams-Maheri model builds on the Ni-Adams
approach by further re ning the representation of damping in composite
laminates [122] developed in 1994. In this model, additional terms are
incorporated to account for the effects of boundary conditions and specic
experimental setups. While retaining the fundamental idea of summing
contributions from the transformed stiffness components, the Adams-Maheri
formulation also integrates the original (untransformed) stiffness components,
denoted as Q, into the energy dissipation equations. This modi cation
enhances the model's ability to accurately represent the interactions between
composite layers under realistic testing conditions. As a result, the equations
for x, y, and ,, derived in the Adams-Maheri model offer improved
predictive capabilities by more closely aligning with empirical observations of
damping in anisotropic composite materials. The energy dissipation

equations for the Adams-Maheri model are as follows:

g, X?
< = Tltﬁ [P(PCyy + S°Cpp + €SC)]  (QX,Cyp + QY,Cop + QXsCre) Wi
k=1
(2.21)
g X?
R ONE [$%(s’Cy, + PCy,  €SC)]l  (Q%.Cyp + Q%,Chp + QKCoe) Wik
k=1
(2.22)
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8 X2
xy = cllLr\IS [cs(2csC;;  26sC, (2 s9)Cue)l  (QX,Cpy + Q%,Cpp+ QXClre) Wi
=1

(2.23)

k

where the same terms apply as in the Ni-Adams model.

Tsai-Chang Model:  The Tsai-Chang model, developed in 2009, represents
a further advancement in the damping characterisation of composite
laminates by addressing the complexities of multi-layer, multi-orientation
systems [123]. The Tsai-Chang model includes comprehensive terms to
account for in-plane stresses across different bre orientations. This is
achieved by extending the summations over the transformed stiffness
components and introducing additional terms that capture both longitudinal
and transverse effects. The resulting formulation provides a more holistic view
of energy dissipation in layered composites, thereby enabling more accurate
simulations of material behaviour under cyclic loading. This enhanced model
is particularly valuable for predicting the dynamic response of complex
composite systems, ultimately guiding the optimisation of composite layups in

applications such as wind turbine blades. The model equations are:

g . X?
= C7|t13 [PCy + S°Cpp+ €SCg]  [A(QY,Cyy + QK,Cp, + QXCip)
1% k=1
+5%(Qf,Cy1 + Q5,Cpp + Q56Cre) +2¢5(Q6Cyy + Q56Ciy + QCas)] Wi
(2.24)
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8 ¢ X?
y = C11|Il3 [s2C,, + PCp, €SCl  [SA(Q%,Cpy + Q%Cpy + QXCro)
k=1
+(Q,Chy + Q5,C1, + QBeCre) +2¢5(Q16Cyy + Q36C1n + QgeCi6)IWi
(2.25)
8 i1 X7

[2csC;; 2csC, (¢ S)Cyl  [eS(QX,Cyy + Q,C15 + Qf6Cie)
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(2.26)

where the same terms apply as previous models.

2.6.2 Bene ts for Wind Turbine Blade Design

Leveraging the detailed insights provided by the experimental damping
characterisation developed in this thesis and incorporating them into existing
models enables the optimisation of wind turbine blade designs. By accurately
predicting how damping behaviour varies across individual composite layers,
speci cally for the unidirectional (UD) carbon bre composites used in

SGRE's offshore wind turbine blades, it is possible to tailor composite layups
to address speci ¢ dynamic challenges. This approach allows for the strategic
adjustment of bre orientation, resin selection, and layer stacking sequences
to effectively control vibrations, reduce fatigue loads, and redistribute stresses

within critical regions of the blade.

Moreover, the damping results obtained in this research, as well as the

existing 2D models, form the foundation for the development of
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comprehensive three-dimensional numerical models. These existing models,
which incorporate the directional damping characteristics measured via DMA
and EMA, can be integrated into nite element analysis tools to simulate the
complex behaviour of multi-layer, multi-orientation composites under realistic
cyclic loading conditions. Such predictive capabilities are essential for guiding
design modications that enhance blade performance and durability,

particularly in the demanding offshore environment.

Furthermore, these advanced models facilitate the investigation of trade-offs
between material performance and manufacturing constraints, ensuring that
improvements in dynamic behaviour are achieved without compromising
cost-effectiveness or manufacturability. Overall, the models and experimental
ndings presented support the development of more ef cient, reliable, and

optimised wind turbine blades, ultimately contributing to longer service lives,

reduced maintenance requirements, and improved energy production.

2.7 Chapter Summary

This chapter has established a comprehensive framework for understanding
damping in wind turbine blade materials by integrating theoretical principles,
advanced materials, and experimental approaches. Key points covered

include:

« Fundamental Concepts: An overview of damping as a key property for
dissipating vibrational energy, enhancing structural stability, and
extending the operational lifespan of mechanical systems, with a

particular focus on wind turbine blades.

* Material Transitions: A discussion on the evolution from traditional

materials, such as glass bre-reinforced polymers, to advanced
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composites like carbon bre composites, highlighting the challenges

posed by their anisotropic behaviour.

« Damping Mechanisms: An examination of various damping models,
including viscous, hysteretic, Coulomb, aerodynamic, and viscoelastic
damping, that describe energy dissipation at both the microscopic and

macroscopic levels.

» Experimental Techniques: A review of methods (DMA, logarithmic
decrement, half-power bandwidth, and EMA) employed to evaluate
damping properties, including their key parameters, advantages, and
limitations. Both DMA and EMA were the selected techniques for further

investigation within this thesis.

* Advanced Damping Models: A detailed presentation of existing
models such as the Ni-Adams, Adams—Maheri, and Tsai—Chang
models, which facilitate the prediction of the dynamic behaviour of

multi-orientation composite laminates.

* Integration with Computational Models and Future Research: An
outline of how the damping results from this thesis will contribute to the
development of three-dimensional computational models, thereby

guiding future design improvements and research directions.

» Application to Wind Turbine Blade Design: Insights on how the
advanced damping models and experimental ndings can be utilised to
predict damping properties, optimise composite layups, enhance
vibration control, reduce fatigue loads, and ultimately extend the lifespan

of wind turbine blades.

Overall, this chapter has provided the essential theoretical and experimental

foundation required for the subsequent analysis and optimisation of damping
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in wind turbine blades, setting the stage for further investigations into
enhanced material performance and structural reliability in demanding

offshore environments.
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Dynamic Mechanical Analysis for

Damping Estimation

3.1 DMA Introduction

DMA is a widely adopted experimental technique used to characterise the
viscoelastic behaviour of materials [100, 124]. Developed in the 1960s in
response to the emerging need for dynamic testing of polymers and other
viscoelastic materials, DMA was developed to overcome the limitations of
static testing methods and to capture material responses over a range of
frequencies and temperatures. Today, DMA is extensively employed in
sectors such as renewable energy, aerospace, and civil engineering, where
both mechanical stability and efcient energy dissipation are critical for
long-term durability, to evaluate the performance of materials like polymers,
metals, and composites under dynamic loading conditions. By observing the
phase lag between applied stress and resultant strain, DMA helps engineers
predict how materials will behave when exposed to forces over time, making it

invaluable for structures subjected to repetitive loading [125-128].
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In operation, DMA works by applying a controlled oscillatory force to a
material sample and measuring the resulting deformation. The force is
applied in a sinusoidal manner, and the corresponding displacement is
recorded with an optical displacement sensor, as shown in Figure 3.1, taken
from [101]. By analysing the phase difference between the applied force and
the measured deformation, the instrument separates the response into two
components: the in-phase component, which is used to calculate the storage
modulus (E9 representing the elastic (recoverable) deformation, and the
out-of-phase component, which is used to determine the loss modulus (E%
re ecting the energy dissipated as heat during cyclic loading [101, 129, 130].
The ratio of these two moduli, known as the loss factor ( ), provides a direct
measure of a material's damping capability, which is particularly important in
applications where controlling vibration and energy dissipation is of high
importance [131]. Figure 3.2 shows the relationship between these

parameters.
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