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Chapter 1

Introduction and theoretical
aspects

Structural Health Monitoring (SHM) is a growing ensemble of techniques devoted to col-
lect and analyse data from structures in order to detect early damage, thus allowing
to continuously evaluate their integrity and performance. The use of Structural Health
Monitoring (SHM) is particularly challenging for composite materials due to their het-
erogeneous nature. The anisotropic behaviour, complex damage mechanisms, and poor
visual detectability of internal defects make traditional inspection methods less effective.
Among others, Distributed Fibre Optic Sensors (DFOS) represent a promising technique,
ensuring full-field strain measurements with high resolution and real-time monitoring ca-
pability.

In this context, the present work investigates an innovative hybrid optical fibre designed
to optimize both sensing accuracy and installation robustness. The hybrid configura-
tion consists of alternating sections of fibres with acrylate and polyimide coatings. The
central polyimide segment, which is responsible for high strain-transfer accuracy, is em-
bedded within the composite laminate, while the acrylate-coated portions are welded to
the polyimide-coated ones and positioned at the composite exit region, thereby improving
handling and reducing the risk of unexpected breakage thanks to the greater flexibility of
the acrylate.

To experimentally validate this design, carbon/epoxy composite specimens were manu-
factured using twill woven pre-pregs, with the hybrid optical fibre embedded along the
longitudinal axis. Tensile tests were performed to evaluate the ability of the embedded
polyimide section to accurately record mechanical strain through DFOS based on the
Rayleigh backscattering principle, using the Luna ODiSI 6100 system as an interroga-
tor. The results confirmed that the polyimide-coated region effectively captured the local
strain field, enabling the determination of the elastic modulus in agreement with values
previously reported for specimens instrumented with fully polyimide-coated fibres.
Subsequently, a fatigue testing campaign (tension-tension mode) was carried out to fur-
ther assess the measurement capability of the DFOS under cyclic loading. The fatigue
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Introduction and theoretical aspects

behaviour of specimens with embedded DFOS and specimens without sensors was com-
pared to evaluate the influence of the embedded DFOS in carbon composite laminates.
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Chapter 2

Composite Materials

Composite materials are combinations of two or more distinct phases: a continuous ma-
trix that binds and protects a dispersed reinforcement, which carries the majority of the
applied load. Their combined properties exceed those of the individual constituents: the
matrix provides cohesion, transfers stresses, and maintains the shape and environment of
the reinforcement, while the latter, typically fibre or particulate, improves the mechanical
stiffness, strength and performance of the composite. A crucial role is played by the inter-
face region between the fibre and the matrix, as it governs the efficiency of stress transfer
between them, and its stiffness and strength control the onset of damage mechanisms
1, 2].

2.1 Matrix and Reinforcements Types

The matrix may be polymeric, metallic, ceramic or even carbon/carbon. In particular,
metallic matrix composites usually employ aluminium, magnesium or titanium alloys as
matrix, reinforced with ceramic or metallic fibres/particles to enhance high-temperature
or wear properties. Ceramic matrix composites are designed for extreme temperature or
corrosive environments. Carbon—carbon composites are a special case where both matrix
and reinforcement are carbon, used in very high temperature or aerospace applications
[2].

Among these materials, polymeric matrix composites (PMCs) are widely used due to

their low density and manufacturability [3]. They typically employ either thermosetting
or thermoplastic matrices, each exhibiting distinct characteristics. The selection between
these matrix families significantly influences the composite’s performance and long-term
durability.
Thermosetting matrices, such as epoxy, polyester and vinyl ester resins, undergo an ir-
reversible curing reaction during processing. As noted in the manufacturing overview by
Wu et al. [4], thermosets polymerise through crosslinking, forming a three-dimensional
network that, once cured, cannot be remelted. This permanent molecular structure pro-
vides high dimensional stability, good thermal and chemical resistance, excellent adhesion
to fibres, and stiffness.

13



Composite Materials

Thermoplastic matrices (e.g., polypropylene, nylon, PEEK), on the other hand, do not
undergo crosslinking. Instead, they consist of linear or branched polymer chains which
soften upon heating and solidify upon cooling without significant chemical change. Their
processability is therefore reversible, allowing remelting and reshaping, granting an advan-
tage for repair, recycling and automated processing [5]. They offer enhanced toughness,
impact resistance and fatigue tolerance. Moreover, their ability to deform plastically
without catastrophic cracking makes thermoplastic composites attractive for applications
requiring damage tolerance and repeated loading. As highlighted in advanced composite
reviews [6], the ductility of thermoplastics contributes to improved interlaminar toughness
compared to more brittle thermoset matrices.

Regarding the reinforcement, synthetic fibres such as carbon and glass remain dominant
in high-performance composites [6]. Other fibre materials include basalt or natural fibres
(such as flax, hemp, bamboo) that are growing interest due to sustainability and lighter
weight, and hybrid reinforcements (mixtures of fibre types or sizes) used to tailor multi-
directional reinforcement or to reduce cost/weight while retaining performance [7].

2.2 Reinforcement Layout

The architecture of the reinforcement phase in fibre- or particulate-reinforced composites
is a key design variable influencing the mechanical performance. The “architecture” refers
to the spatial arrangement, orientation, length, continuity, and stacking sequence (for
laminate structures) of the reinforcement relative to the matrix [8].

In the case of fibre-reinforced polymer matrix composites, typical layouts include:

 Unidirectional (UD): all fibres aligned in a single direction. This maximises stiffness
and strength in the fibre direction, at the expense of transverse properties [8].

o Cross-ply or angle-ply laminates: plies with fibres at different orientations (e.g., 0°,
90°, +45°) are stacked to tailor more isotropic or multi-directional behaviour. It
has been observed that fibre orientation strongly influences tensile and compressive
performance [9].

« Woven or fabric reinforcements: fibres are woven in two (or more) directions (warp/weft)
to provide in-plane strength in more than one direction and better damage tolerance
[10].

» Three-dimensional (3D) architectures: the reinforcement may include through-thickness
reinforcements (e.g., Z-pins, stitched fibres) or functionally graded fibre orientations
(e.g., helicoidal laminates) to improve out-of-plane strength and delamination resis-
tance [9].

 Short/discontinuous fibre mats or random fibre mats: the reinforcement is not con-
tinuous, and orientation may be random or semi-aligned; this arrangement produces
more nearly isotropic mechanical behaviour but at lower level of performance com-
pared to continuous aligned fibres [8].

14



2.2 — Reinforcement Layout

The stacking sequence and fibre architecture influence not only in-plane modulus
and strength, but also failure mechanisms (fibre breakage, matrix cracking, fibre-matrix
debonding, delamination). For instance, woven fabrics provide improved delamination
resistance compared to UD plies [10]. The design of fibre architecture is therefore also a
mean to tailor damage tolerance.

Moreover, the fibre volume fraction and packing arrangement (e.g., square vs hexagonal,
fibre spacing) are also part of architecture considerations, as they influence the effective
properties and load transfer.

2.2.1 Woven Reinforcement

Among the various reinforcement architectures used in composite materials, woven fab-
rics represent a particularly important class and are also the configuration adopted in the
present work. In this layout, fibres are interlaced along two orthogonal directions, warp
and weft, forming a balanced system capable of carrying in-plane loads along both axes
[10].
The woven interlacing inevitably introduces fibre crimp, which leads to a modest reduc-
tion in tensile stiffness with respect to UD laminates. This drawback is compensated,
however, by gains in shear performance, impact and delamination resistance. Moreover,
the woven architecture promotes frictional interactions between yarns, thereby enabling
energy-dissipating failure processes. Chowdhury et al. [10] highlight that this combina-
tion makes woven composites particularly suitable for panels, shells, and other components
subjected to complex, multi-directional service loads.
Furthermore, woven fabrics allow improved handling during lay-up, reducing fibre mis-
alignment and simplifying the stacking of large plies. Indeed, woven reinforcements help
maintain consistent fibre angles during manufacturing, enhancing laminate uniformity and
reducing process-induced defects [10].

Woven reinforcements can be produced using various weave patterns that govern the
interlacing sequence between warp and weft yarns [10]:

e Plain Weave: the simplest and most tightly interlaced pattern, each warp yarn
alternates over and under each weft yarn in a 1x1 sequence. The structure provides
high stability and low fabric distortion, excellent resistance to delamination, but also
relatively high fibre crimp, which slightly reduces tensile stiffness.

o Twill Weave: it follows a repeating pattern such as 2x2 (i.e., the warp passes over
two fibres and under two). This creates the characteristic diagonal “twill line”.
They exhibit lower crimp and higher drapability compared to plain weave, an im-
proved conformability to complex geometries and higher in-plane strength due to
more aligned fibres. Twill fabrics often provide a balance between mechanical per-
formance and ease of lay-up, making them attractive in aerospace and automotive
laminates.

o Satin Weave: they have long floats where warp or weft yarns pass over several
yarns before interlacing again. This creates very low fibre crimp, high smoothness

15



Composite Materials

and excellent drapability, and higher tensile stiffness than plain and twill due to
straighter fibres.

o Basket and Other Variants: basket weaves are a variation of plain weave where yarns
are grouped which increase flexibility and reduce crimp while preserving stability.

2l

L
{a) Plainweave (b) 2x2 Twill weave (c) 3x1 Twill weave (d) 4 harness satin weave

Figure 2.1: Different Woven Weaves [11].

2.3 Production Technologies for Polymer Matrix Com-
posites

The manufacturing processes for polymer matrix composites (PMCs) play a decisive role
in influencing defect formation, residual stresses and long-term durability; indeed, the
process must ensure adequate wetting of the reinforcement, appropriate consolidation
pressure, and controlled resin flow to avoid defects such as porosity, delamination and
resin-rich areas [5]. Production technologies for PMCs can generally be categorised into
open-mould, closed-mould, continuous, and advanced automated processes, each suited
to specific fibre architectures and levels of performance.

2.3.1 Open-Mould Processes
Hand Lay-Up and Spray Lay-Up

Hand lay-up remains one of the most common and accessible technologies for fabricat-
ing large but relatively low-performance components. Dry reinforcement fabrics (woven
cloths, mats, or UD layers) are manually placed in an open mould and impregnated with a
liquid thermosetting resin using roller or brushes to promote impregnation. Air is removed
mechanically and by gentle pressure. Subsequently, additional layers may be stacked until
the target laminate thickness is achieved. The laminate is then covered with a release
film and breather material before curing at room temperature or in an oven. Once cured,
the part is demoulded and trimmed for finishing. This method, while simple and cost-
effective, often results in higher void content, less uniform fibre distribution, and lower
reproducibility because it suffers from operator-dependent quality, limited control over
resin content [5, 12].

16



2.3 — Production Technologies for Polymer Matrix Composites

Spray lay-up is a variation where chopped fibres and resin are sprayed simultaneously
onto the mould. While suitable for non-structural components, this approach further
limits control over fibre orientation and resin content [13].

Resin material

Reinforcement material

\

Optional gel coat

\

Hand roller

Mould tool

Figure 2.2: Hand lay-up process [14].

Vacuum Bagging

Vacuum bagging is an improvement of hand lay-up in which the impregnated reinforce-
ment is sealed under a vacuum bag. Pulling vacuum extracts air and excess resin, com-
presses the stack and improves consolidation. The reduced pressure also helps drive the
resin into the fabric, lowering void content relative to hand lay-up, although the repro-
ducibility still depends on the operator’s skill [12].

2.3.2 Closed-Mould Processes

Closed-mould processes improve dimensional accuracy, reduce emissions, and provide bet-
ter consolidation than open moulding.

Resin Transfer Moulding (RTM)

RTM is a closed-mould process in which a dry fibre preform is placed inside a rigid
mould, which is then sealed. A thermosetting resin is injected under controlled pressure
to impregnate the reinforcement, after which the part is cured inside the mould. RTM
is a scalable process suitable for medium—high production volumes, offering much better
control over fibre volume fraction, surface quality, and dimensional stability compared to
hand lay-up [5]. However, complete impregnation of dense or complex reinforcements can
still be challenging. Preform architecture and permeability strongly influence resin flow,
making process modelling essential for high-quality components.

17
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. Mixing head
Resin

1 Resin injector

- ("atalyst
% Vent

*T 5 Upper mold i .

Reinforcement
D . Heating
Lower mold

Resin and catalyst containers arrangement

Through pump

Figure 2.3: Resin Transfer Moulding (RTM) [15].

Vacuum-Assisted Resin Transfer Moulding (VARTM)

VARTM is a lower-pressure variation that uses vacuum to draw resin through the dry
preform instead of injection pressure. The fibre stack is positioned on an open mould and
sealed with a vacuum bag. Resin is introduced from one side and is pulled across the
preform by the vacuum gradient. This method is widely used for large structures (e.g.,
marine hulls, wind turbine blades) due to its lower tooling costs and ability to produce
large monolithic parts. Although VARTM can reduce void content relative to hand lay-
up, control over local fibre wet-out and resin distribution remains a challenge, especially
for thick laminates [5].

Compression Moulding

Compression moulding employs pre-mixed charges of fibre-filled thermosetting material,
such as Sheet Moulding Compound (SMC) or Bulk Moulding Compound (BMC). The
mould is preheated, and the charge is placed inside; the mould then closes under high
pressure, forcing the material to flow and conform to the cavity. This method is ideal for
high-volume automotive applications due to its short cycle times and good dimensional
consistency, though performance is lower than continuous-fibre laminates [13].

2.3.3 Prepreg Processing

Pre-impregnated reinforcements represent one of the most advanced technologies for poly-
mer composites. Fibres are pre-impregnated with a B-stage thermosetting resin, meaning
that the matrix is partially cured to a tacky, semi-solid state that ensures easy handling,
controlled resin content, and proper consolidation during the final curing cycle. These
prepreg plies are laid up in the desired stacking sequence within a mould, vacuum-bagged
or sealed, and then cured [5].

Prepregs ensure precise control over resin content, fibre alignment, and laminate qual-

ity.
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2.3 — Production Technologies for Polymer Matrix Composites

Autoclave Curing

The prepreg lay-up is placed under vacuum and cured in an autoclave under elevated
pressure and temperature. Autoclave curing ensures exceptional consolidation, minimal
voids, and high structural integrity, making it the preferred process in aerospace and
high-performance automotive components [5].

Out-of-Autoclave (OoA) Systems

Recent developments include out-of-autoclave prepregs, which cure under vacuum only,
eliminating the need for costly autoclaves while still achieving relatively low void content.
These systems broaden the industrial applicability of prepregs without compromising con-
sistency.

Vacuum

High-Temperature
Fitting o P

Sealant Tape

Release Flim

Tool Surlaco

Mold Release Film

Breather Fabric

Figure 2.4: Prepreg Lay-up [16].

2.3.4 Continuous Processing Technologies
Pultrusion

Pultrusion is a continuous process in which reinforcing fibres are aligned and pulled from
creel bobbins through a resin impregnation bath or injection system. The resin-soaked
reinforcements then pass through shaping guides (pre-forming) and enter a heated die
where the thermoset resin cures, resulting in constant cross-section profiles. After exiting
the die, the continuous profile is cut to length. This method offers high throughput,
excellent fibre alignment, and low production cost per unit, making it ideal for constant-
section profiles such as rods and beams [13]. Its limitation lies in its restriction to prismatic
geometries.

Filament Winding

Filament winding involves winding resin-impregnated fibre tows around a rotating man-
drel. This process is widely used to produce pressure vessels, pipes and cylindrical struc-
tures. The winding angle can be precisely controlled, allowing excellent tailoring of hoop
and axial stiffness. It enables high-fibre-volume components with good surface quality [5].
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2.3.5 Advanced Automated Manufacturing
Automated Fibre Placement (AFP) and Automated Tape Laying (ATL)

AFP and ATL systems automate the placement of prepreg tows or tapes, enabling precise
fibre orientation, reduced labour, and increased repeatability. AFP is especially advanta-
geous for producing curved or variable-thickness laminates with complex fibre trajectories,
reducing defects such as gaps and overlaps [19]. Automated methods also increase through-
put and suitability for large aerospace components or high-rate production environments.

Additive Manufacturing of Composites

Although still emerging, additive manufacturing techniques for continuous- and short-
fibre composites offer potential advantages in design freedom. Additive processes are an
evolving field that can integrate complex fibre pathways and multifunctional features [5].

2.4 Key Properties of Composite Materials

Composite materials combine mechanical and functional properties that can be adjusted
through the choice of fibre type, matrix system and reinforcement architecture. This
tunability gives rise to a set of performance advantages that frequently make composites
preferable to conventional engineering materials, such as metals [1].
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A primary mechanical benefit of fibre-reinforced composites lies in their high specific
stiffness and specific strength. Carbon- and glass-fibre laminates can reach elastic moduli
and tensile strengths comparable to, or even greater than, those of aluminium alloys and
certain steels, while maintaining substantially lower density. Recent studies on lightweight
composite structures emphasise that this balance between low mass and elevated load-
carrying capability is one of the main reasons behind the gradual displacement of metallic
components in aerospace and transport systems [1]. In this regard, Bukvié¢ et al. [5] note
that the increasing demand for weight reduction in engineered systems has accelerated
the adoption of polymer-matrix composites in areas traditionally dominated by metals.

Another important distinction between composites and metals is the ability to tailor
their anisotropy. Whereas metallic materials generally exhibit isotropic elastic behaviour,
fibre-reinforced laminates can be designed to display anisotropic or orthotropic responses.
By aligning unidirectional plies or fabric layers along principal stress paths, designers
can enhance stiffness and strength where required while reducing material in directions
subjected to lower loads [9]. This level of directional optimisation is not feasible with
isotropic metallic alloys and is one of the reasons for the increasing interest in composite
lay-up strategies for weight-critical structures.

The fatigue behaviour of composites also differs markedly from that of metals: compos-
ite laminates tend to accumulate damage through a combination of matrix micro-cracking,
fibre-matrix debonding, fibre fracture and interlaminar delamination [2], whereas metals
typically fail under cyclic loading through the initiation and propagation of a dominant
crack. Hamzat et al. [2] report that the stiffness loss in fibre-dominated laminates is often
gradual, allowing the structure to retain a significant portion of its load-bearing capacity
for much of its fatigue life, particularly under tension—tension or bending conditions. This
behaviour underpins the widespread use of composites in applications such as wind turbine
blades and aircraft primary structures, where long-term fatigue resistance is essential.

Beyond mechanical performance, polymer-matrix composites offer resistance to corro-
sion and chemical degradation, an important advantage in marine, offshore and chemically
aggressive environments [8]. Their low density, especially in the case of carbon or aramid
reinforcement, further contributes to significant mass savings when compared with alu-
minium and steel. These reductions translate into improved fuel efficiency and lower
emissions in automotive and aerospace sectors [5].

In addition, composites can also be engineered to achieve specific thermal and elec-
trical properties by combining appropriate fibres, matrices and fillers. Many polymer
matrices also exhibit intrinsic damping capacity due to their viscoelastic nature, enabling
composite structures to attenuate vibrations more effectively than metallic components.
This characteristic can be further adjusted through the selection of matrix formulation
and reinforcement architecture [5].

Lastly, modern composite manufacturing processes allow the production of complex
geometries and integrated components that are difficult to realise through conventional
metal production methods [5].

Taken together, the mechanical and functional attributes outlined above explain why
fibre-reinforced composites are increasingly selected over metallic alternatives in advanced
engineering applications. It remains important, however, to acknowledge their limitations,
such as sensitivity to manufacturing defects, challenges in inspection and repair, and
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recyclability issues associated with thermosetting systems [5].
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Chapter 3

Structural Health Monitoring

3.1 General aspects

Structural Health Monitoring (SHM) may be defined as the continuous or periodic obser-
vation of a structure through sensor measurements, with the aim of detecting, localizing,
and assessing damage in real or near-real time [20].

Any SHM system relies on an appropriate data-collection strategy, in which different
types of sensors are selected according to the quantities to be monitored and the nature of
the expected damage. Before defining the sensing layout, several practical aspects should
be considered [20]: the type and cost of the sensors, the number of sensing points required,
the data-acquisition architecture and storage strategy, and the sensitivity of the sensors
to long-term environmental effects such as temperature and humidity.

Functionally, SHM can be regarded as an evolution of classical nondestructive testing
(NDT) towards an in-situ, real-time monitoring framework. Whereas NDT methods such
as ultrasonics, thermography, or radiography are usually applied offline by trained per-
sonnel, SHM systems rely on embedded or permanently attached sensors that monitor the
structural response during normal operation. Data-acquisition and signal-processing units
then extract relevant features and apply pattern-recognition and statistical techniques to
translate raw measurements into quantitative information on the structural state [20].

3.2 SHM in Composite Materials

The rapid expansion of composite materials in structural engineering has substantially
altered how design, inspection, and integrity assessment are conceived. Despite their
considerable advantages, composite materials exhibit complex, multi-scale damage mech-
anisms, including:

e Delamination between layers, typically caused by impact or out-of-plane stresses;
o Fibre breakage and fibre-matrix debonding, which reduce the load-carrying capacity;

o Matrix microcracking, which can propagate under fatigue loading;
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« Barely Visible Impact Damage (BVID), which can significantly compromise the
structural integrity despite minimal surface evidence [21].

These damage mechanisms are not easily detected or quantified using conventional
nondestructive evaluation (NDE) techniques [22]. Indeed, unlike metallic alloys, composite
structures may accumulate internal damage that propagates under cyclic loading while
the external surface remains apparently undamaged. As a result, traditional inspection
regimes based on scheduled maintenance and local manual inspections are increasingly
inadequate for ensuring structural safety, especially in safety-critical components such as
aircraft fuselages, rotor blades, and pressurized vessels [21]. In this context, SHM has
emerged as a key technology for maintaining the reliability of composite structures over
their entire service life.

A central driver for SHM in composites is the shift towards Condition-Based Main-
tenance (CBM), in which maintenance actions are triggered by the actual condition of
the structure rather than by fixed time or usage intervals. This paradigm has the po-
tential to reduce maintenance costs and downtime while improving safety, particularly
for high-value assets such as aircraft and wind turbines, where maintenance constitutes a
substantial portion of the life-cycle cost [22].

For composite materials, SHM typically involves the integration of sensing and pro-
cessing capabilities within or on the structure, resulting in “smart” composites capable of
self-diagnosis.

Implementing SHM in composite structures nevertheless remains technically challeng-
ing. The anisotropic elastic properties of laminated composites make guided-wave propa-
gation strongly direction-dependent, complicating signal interpretation and damage lo-
calization. Environmental and operational variations (EOVs), including temperature,
humidity, and variable loading, can mask or imitate damage signatures if not properly
compensated. Moreover, embedding sensors within the laminate may influence mechani-
cal performance or require adaptations of the manufacturing process [23].

Recent research aims to overcome these limitations by means of: hybrid sensing con-
cepts that combine fiber-optic sensors, piezoelectric transducers, and self-sensing materi-
als; advanced signal-processing schemes; and with the use of machine-learning algorithms
for automated damage classification and prognosis. The convergence of these technologies
is gradually transforming SHM from a purely diagnostic tool into a predictive framework
for the next generation of smart, self-aware composite structures [24].

3.3 Main SHM Techniques for Composite Materials

Several sensing approaches are employed for SHM in composite structures, each exploit-
ing different physical phenomena and offering complementary capabilities. Guided-wave
(Lamb-wave) techniques use ultrasonic waves propagating in thin plates or laminates;
structural discontinuities such as delaminations or cracks alter wave amplitude, phase
and arrival time, so these methods can interrogate large areas while remaining highly
sensitive to small defects [25].

Acoustic emission (AE) methods, by contrast, are passive: they record transient elastic
waves released by damage events such as matrix cracking or fibre breakage and can often
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distinguish different damage mechanisms from their frequency content [20].

Global, vibration-based approaches monitor changes in modal properties (natural fre-
quencies, damping, mode shapes) to identify stiffness loss at the structural level, although
in composites their sensitivity to very localised defects is limited and environmental vari-
ability can obscure damage signatures.

To improve early-damage detectability, nonlinear techniques such as vibro-acoustic
modulation (VAM) exploit frequency-mixing effects that arise in the presence of micro-
cracks or interfacial degradation, and are therefore promising for capturing the onset of
subtle damage [20].

Finally, recent advances in smart materials enable self-sensing concepts, in which sen-
sors are embedded within the laminate so that the composite itself becomes a sensor
network, providing distributed strain and damage information directly from the material
[24]. In particular, optical fibre sensors (OFS) have emerged as a versatile and high-
performance class of sensors for SHM of civil, aerospace and marine structures. Their
deployment for long-term monitoring of strain and temperature is due to the many ad-
vantages they present: lightweight, small size, high sensitivity, fully distributed mea-
surement capability (i.e. a longer gauge length delivers more accurate measurements),
anti-electromagnetic interference [8], long-term stability and durability and so on, making
them especially adapt to the SHM requirements, hence their use has increased over the
years [26].
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Chapter 4

Optical Fibres

4.1 Optical Fibres Functioning

Optical fibres are thin strands of glass or plastic, consisting of a core, a cladding, and a
protective coating, as shown in Figure 4.1. They transmit light by exploiting the principle
of total internal reflection: light propagates along the core and, when it reaches the
core—cladding interface at an angle larger than the critical angle 6., it is reflected back
into the core because the cladding has a slightly lower refractive index than the core. In
this way, light is confined within the core and can be guided over long distances with
limited attenuation [27, 28].

Core

Cladding
Coating

Figure 4.1: Scheme of Optical Fibre.

The refractive index n of a material is defined as

n=— (4.1)

where ¢q is the speed of light in vacuum and v is the phase velocity of light in the
material. A higher refractive index therefore corresponds to a lower light velocity in the
medium. In the case of an optical fibre, the core is typically made of silica glass, whose
refractive index is significantly higher than that of air. This means that light travels more
slowly in the glass core than in air, and, combined with a slightly lower refractive index
in the cladding, this contrast allows the fibre to guide light efficiently by total internal
reflection over long distances [29].
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A standard step-index fibre can be modelled by assuming that the refractive index
is constant in the core and in the cladding. If we denote the core radius by a, the core
refractive index by nq, and the cladding refractive index by mno, with nq; > ng, then the
refractive index profile is:

ng, T >a

n(r) = {nl, r<a

The critical angle 6. at the core-cladding interface follows from Snell’s law and is given
by:
0. = arcsin(m) (4.2)
ni
The light, in order to be admitted by the fibre and to be guided along it, has to enter
within a specific range of input angles. This defines the acceptance cone of the fibre,
depending on the difference between the refractive indexes of the core and cladding. The
numerical aperture (NA) quantifies the range of angles over which the fibre can accept
incoming light: it follows that a higher NA corresponds to a wider acceptance cone, allow-
ing the fibre to capture light from a broader range of directions [27, 29]. For a step-index
fibre, the numerical aperture NA is expressed as:

NA = \/n? —n3 (4.3)

Acceptance
Cone

Coating
Lost by
Refraction

Figure 4.2: Acceptance cone and scheme of optical fibre [28].

Optical fibres can be treated as cylindrical dielectric waveguides. Hence, in order to
obtain a rigorous description of light propagation, electromagnetic wave theory has to
be taken into account, based on the Maxwell’s equations. In the absence of free charges
and currents, and for a linear, isotropic, dielectric medium, the time-harmonic Maxwell
equations can be written as:

V xE=—jwuH (4.4)
V x H = jweE (4.5)
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Where E and H are the electric and magnetic field vectors respectively, w is the angular
frequency, p is the magnetic permeability, and € = n?ey is the permittivity of the medium,
with n being the refractive index.

Combining these curl equations leads to the vector Helmholtz equations:

V?E + k*n’E = 0 (4.6)
VZH + E*n’H =0

7r
where k = — is the free-space wavenumber and A is the wavelength in vacuum [30].

Using cylindrical coordinates (r, ¢, z), the electric field can be expressed as a mode
function: ‘
E(r, ¢, z) = E(r, ¢) e %~

where [ is the propagation constant, which determines the phase evolution of the guided
mode along the fibre axis [30].
Substituting this form into the Helmholtz equation and making the scalar approxima-
tion leads to the scalar wave equation in cylindrical coordinates:
10 ( 0FE 1 0°E
il et - En2_-pB2\E=0 4.8
r@r(rar)+r28¢2+< " 5) (48)
This equation describes how each mode is distributed in the transverse plane and how
it propagates along the fibre.

4.2 Modes of Optical Fibres

Depending on the number of guided modes they support, optical fibres are classified as
single-mode or multimode. Single-mode fibres support only the fundamental mode, usu-
ally denoted L Py, for each polarization direction at a given wavelength [27]. Multimode
fibres, in contrast, guide several transverse modes simultaneously.

This difference is reflected in both core size and typical applications:

o Single-mode fibres have a small core diameter, typically around 9 pum, and are used
for long-distance communication because they minimise modal dispersion.

e Multimode fibres have larger cores, typically 50-62.5 nm, and are suitable for short
distance applications such as local area networks (LANs) [27].

A key dimensionless parameter in fibre optics is the normalized frequency, or V-number
[31]

2ma 2ma

The number of guided modes M in a step-index fibre can be approximated as:

2
M%V—
2
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Figure 4.3: Refractive index profile in: (a) multimode step-index fibre; (b) single-mode
step-index fibre [27].

(b)

For single-mode operation, only the fundamental mode LPy; is supported, which oc-
curs when:

V < 2.405

4.3 Types of Optical Fibres

In the context of optical-fibre sensing, an important distinction concerns the spatial dis-
tribution of the sensing capability along the fibre. Optical fibre sensors are commonly
categorised as [32]:

o Point Sensors
¢ Quasi-distributed Sensors

« Distributed Sensors (DFOS)

4.3.1 Point Sensors

Point sensors represent the most basic configuration: one, or a small number, of discrete
sensing elements is interrogated to provide measurements at specific locations. A typical
example is a single fibre Bragg grating (FBG) sensor. Point sensors offer high sensitivity
and rely on well-established interrogation technologies. However, their spatial coverage
is inherently limited, which means that damage occurring away from the sensor locations
may go undetected.
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4.3.2 Quasi-distributed Sensors

In this case, coverage is more extensive than a few discrete points, but still not truly
continuous. They expand on the point model by multiplexing several discrete sensors
along one fibre. Typically, a single fibre hosts a number of FBGs or sensing nodes spaced
apart [32].

4.3.3 Distributed Sensors

They represent the highest level of spatial coverage: essentially every point (or a very
fine grid of points) along the fibre is a sensing location. This is achieved by exploiting
scattering phenomena in optical fibres and by interrogating the time, phase, wavelength
or amplitude of the back-scattered light as a function of distance, it is possible to measure
local physical quantities, such as temperature and strain, continuously along the fibre; this
capability makes DOFS particularly attractive for structural health monitoring of large
or complex structures, including composite materials [33]. The three main mechanisms of
scattering in optical fibres used for DFOS are Rayleigh, Brillouin and Raman.

4.4 Fiber Bragg grating (FBG) sensors

Fiber Bragg grating (FBG) sensors are optical fibre sensors in which the sensing element is
built directly inside the core of a standard single-mode fibre. An FBG is a short section of
fibre where the core refractive index is made to vary periodically along the fibre axis. This
periodic pattern acts as a narrowband mirror (a Bragg reflector): it strongly reflects a
specific wavelength, called the Bragg wavelength, while allowing all the other wavelengths
to pass through [34].

The behaviour of an FBG is described by the Bragg condition. For a uniform grating
with period A written in a fibre with effective refractive index n.g, the Bragg wavelength
Ap is given by:

)\B = QneffA

This means that only light with wavelength A\p is efficiently reflected by the grating;
light at other wavelengths is mostly transmitted. Both neg and A change when the fibre
is stretched or when its temperature changes: as a result, A\p shifts if the fibre is under
strain or subjected to a temperature variation. In many practical cases, this shift can be
written in a simple linear form:

A)\B :k55+kTAT

where ¢ is the axial strain, AT is the temperature change, and k. and kr are calibration
constants determined experimentally for that particular sensor [34].

FBGs are usually written in photosensitive silica single-mode fibres by exposing the
core to an ultraviolet interference pattern. This process creates a permanent and well-
controlled index modulation. The resulting gratings are compatible with standard telecom-
munication fibres and hardware, so they can be spliced and routed using conventional
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fibre-optic technology [27]. By choosing different grating periods (and therefore different
Bragg wavelengths), many FBGs can be inscribed along the same fibre. Each grating
reflects a different wavelength, so a single interrogation unit can read multiple sensing
points along one fibre, forming a quasi-distributed sensor array [34, 35].
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Figure 4.4: Schematic diagram of an FBG functioning [36]

Because they are small, lightweight and multiplexable, FBG sensors are widely used for
SHM of composite structures. They can be bonded on the surface or embedded between
plies during manufacturing to measure local strain, follow global deformation and detect
damage such as delamination or impact-induced defects [20, 35].

FBG technology offers several important advantages. The quantity to be measured is
converted into a wavelength shift rather than a change in optical power, thus the mea-
surement is less sensitive to fluctuations of the light source and to losses along the fibre.
The fibre and the grating are entirely dielectric, which makes the sensor immune to elec-
tromagnetic interference and suitable for harsh or high-voltage environments. Moreover,
the very small diameter of the fibre also allows the sensors to be embedded with minimal
impact on the host structure [27, 35]. On the other hand, FBGs require interrogation
units capable of resolving wavelength, which are more complex and expensive than simple
intensity-based systems, especially when many sensors or high sampling rates are needed.
In addition, both strain and temperature shift the Bragg wavelength, so compensation
techniques are needed to separate these effects. Lastly, when FBGs are embedded in
composites, further uncertainties may arise from how well strain is transferred from the
material to the fibre and from residual stresses after curing [20, 35].

4.5 DFOS - Scattering Methods

4.5.1 Brillouin Scattering

Brillouin scattering is an inelastic interaction between the incident light wave and the ther-
mally generated acoustic waves (acoustic phonons) in the fibre core. In this light—sound
interaction, part of the optical energy is transferred to the acoustic wave, giving rise to
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a backscattered Stokes component (and sometimes an anti-Stokes component) whose fre-
quency is shifted by about 10-11 GHz for light at around 1,530-1,550 nm in standard
silica fibre. This Brillouin frequency shift (BFS) depends on both strain and temperature,
because changes in these quantities modify the acoustic velocity and the refractive index
of the fibre. As a result, Brillouin-based distributed sensors can be used to obtain fully
distributed measurements of strain and temperature along the fibre. Thanks to its capa-
bility of performing measurements over a very extended range (up to several kilometres),
it is particularly well suited for applications in the civil engineering sector [33].

4.5.2 Raman Scattering

Raman scattering is also an inelastic process, but it involves the interaction between
photons and molecular vibrations (optical phonons) in the glass. The scattered light
exhibits a relatively large frequency shift, of the order of 13 THz at 1,550 nm, between the
pump and the Stokes/anti-Stokes components. In Raman-based distributed sensing, the
intensity of the anti-Stokes component is strongly temperature-dependent and only weakly
affected by strain, which makes Raman scattering particularly suitable for distributed
temperature measurements over long distances [33].

4.5.3 Rayleigh Scattering

Rayleigh scattering, by contrast, is an elastic process. A coherent optical field launched
into a single-mode fibre is scattered by microscopic fluctuations of the refractive index (for
example, density fluctuations or material inhomogeneities), but the scattered light retains
essentially the same optical frequency as the incident light. The fibre can therefore be
regarded as a continuum of randomly distributed scattering centres that reflect a small
fraction of the guided light back towards the source [33, 37].

In Rayleigh-based distributed optical fibre sensing, this backscattered signal is inter-
rogated using techniques such as optical time-domain reflectometry (OTDR) and optical
frequency-domain reflectometry (OFDR). In OTDR, short optical pulses are injected into
the fibre and the intensity of the backscattered light is recorded as a function of time; the
time of flight is then converted into distance using the known group velocity, providing
a spatially resolved trace along the fibre. Phase-sensitive OTDR (¢-OTDR) extends this
concept by using coherent detection, so that changes in the optical phase of the backscat-
tered signal can be monitored, enabling dynamic and vibration sensing with metre-scale
spatial resolution [33, 37].

OFDR adopts a different approach. Instead of time-of-flight measurements, a narrow-
linewidth laser is swept in frequency and the interference between the backscattered
light and a reference arm is analysed in the frequency domain. A Fourier transform
then maps the frequency content into position, yielding a high-resolution profile of the
backscatter along the fibre. Coherent OFDR, can achieve spatial resolutions in the mil-
limetre—centimetre range over lengths of up to several tens of metres, at the expense of a
more limited sensing range and stricter requirements on laser stability and environmental
control. Commercial instruments based on this principle are often referred to as optical
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backscatter reflectometers (OBR) and are widely used in laboratory [33, 37], including in
the experimental campaign carried out in this work.

In all the aforementioned techniques, the sensing mechanism does not rely on the
Rayleigh cross-section being directly sensitive to strain or temperature. Instead, local
perturbations (strain, temperature variations, vibration) modify the propagation condi-
tions of the guided light, leading to changes in phase, attenuation, polarization state
or interference of the backscattered field [33, 37]. Therefore, a reference, or “baseline”,
backscatter profile is first acquired under known conditions. Subsequent measurements are
compared to this reference; local changes in signal content indicate a change in the local
optical path length, which can be related to variations in strain or temperature. Because
each small fibre segment contributes a distinct backscattering signature, Rayleigh-based
systems can provide a continuous or quasi-continuous profile of the measurand along the
fibre [33, 37].

Scattering Medium

t

Incident Beam e g,
> €y di e N
A Frequency ‘J é \‘

Scattering Light

Stokes Rayleigh Anti-Stokes

Brillouin
Rayleigh Wing Raman

Brillouin

Scattering Intensity

Frequency

Figure 4.5: A typical light scattering spectrum with different scattering mechanisms [33].

Rayleigh DFOS present many advantages:

o High spatial resolution for localised damage detection: depending on the interroga-
tion scheme, spatial resolutions in the millimetre—centimetre range can be achieved;
this makes embedded or surface-bonded Rayleigh-based sensors well suited to detect-
ing highly localised damage, such as crack initiation, delamination or fibre-matrix
debonding in structural materials [33, 37].

o Capability for dynamic and vibration sensing: the relatively strong Rayleigh backscat-
tered signal allows for high measurement rates, therefore systems based on phase-
sensitive Rayleigh OTDR (¢-OTDR) or coherent OFDR can measure vibration or
acoustic events, making them suitable for impact/damage-detection scenarios in
composites [33, 37].

o Good signal-to-noise ratio and mature instrumentation: compared with inelastic
Brillouin- and Raman-based methods, elastic Rayleigh scattering generally yields a
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stronger backscattered signal, enabling shorter integration times or fewer averages.
This facilitates real-time or frequent monitoring in practical applications, supported
by a growing range of commercial interrogators [33, 37].

A comparative summary of the different scattering type mechanisms is shown in Table

4.1.

Table 4.1: Comparison of Rayleigh, Brillouin, and Raman scattering mechanisms in dis-

tributed optical fiber sensing.

Rayleigh

Brillouin

Raman

s Strain, temperature
Sensitive to ’ P ’

vibration
Spatlal. mm to cm
resolution
High resolution, good
Main strength SNR, suitable for

dynamic/vibration

Full absolute
measurement often
requires calibration;

shorter range;
embedding/strain-

transfer issues

Main limitation

Strain, temperature

metre-scale

Long length coverage,
absolute measurand

Lower resolution, slower
response,
cross-sensitivity

Temperature only
0.5 m to metres

Temperature mapping
over long distances

No strain sensing;
coarse resolution
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4.6 Challenges of Using Rayleigh-Based DFOS in Com-
posite Materials

When Rayleigh-based distributed fibre-optic sensing is incorporated into composite struc-
tures, several technical considerations must be addressed to ensure that the measured
strain fields accurately reflect the mechanical response of the host laminate throughout
its service life.

4.6.1 Strain Transfer

A fundamental requirement for the reliability of Rayleigh DFOS is the ability to transfer
strain efficiently from the composite substrate to the fibre core. However, many aspects
lead to potential difficulties.

For surface-bonded configurations, any degree of slip or partial debonding at the in-
terfaces between the laminate surface, the adhesive layer and the fibre coating can distort
the strain distribution reconstructed from the Rayleigh backscatter signal. Furthermore,
experimental studies on bonded distributed sensors have demonstrated that adhesive stiff-
ness and thickness, and the quality of the bonding process significantly influence strain-
transfer efficiency and may introduce systematic measurement offsets if not properly con-
trolled [38].

On the other hand, embedding fibres directly within the laminate avoids some of the
limitations of surface bonding but introduces additional complexity. When a fibre is placed
between plies or in resin-rich regions, its geometric presence, together with its coating,
locally perturbs the stiffness field of the laminate. This disturbance may promote the
formation of resin pockets, i.e., localised resin-rich zones generated around the fibre during
lay-up and consolidation. These resin pockets may act as preferential sites for micro-void
formation, fibre-matrix debonding and even delamination onset during curing or under
cyclic loading conditions. As highlighted by Drissi-Habti and Raman [39], these resin-
rich pockets can progressively evolve under fatigue through matrix cracking, interfacial
degradation or local stiffness reductions, ultimately modifying the mechanical interaction
between the host laminate and the embedded optical fibre.

Such degradation mechanisms influence the optical response in two ways. First, if
the fibre becomes partially debonded or mechanically shielded by surrounding resin pock-
ets, the strain transferred to the core may no longer represent the laminate deformation
faithfully. Second, as cyclic loading accumulates, the surrounding composite may un-
dergo progressive non-linear changes, such as micro-damage, residual-stress redistribution
and local compliance variations, which can induce long-term drift or fluctuations in the
Rayleigh spectral signature [39].

Maintaining accurate strain transfer throughout the structure’s operational life there-
fore requires that the adhesive or embedding matrix remain mechanically stable under
thermal excursions, moisture ingress and long-term fatigue loading. Phenomena, such as
creep in the adhesive, environmental degradation of the coating, or post-cure relaxation
of the composite, can gradually compromise strain-transfer integrity, resulting in mea-
surements dominated by the behaviour of the bonding material or the optical fibre itself
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Figure 4.6: Resin-eye rich concentration around FOS [39].

rather than the true mechanical state of the laminate. For these reasons, an accurate
selection of adhesive systems, embedding methodologies, laminate lay-up strategies and
quality-assurance procedures remain essential when integrating Rayleigh-based DFOS into
composite structures.

4.6.2 Embedment of Optical Fibres

The incorporation of optical fibres within laminated composite structures exposes the
sensing element to several mechanical and thermal hazards throughout the manufacturing
cycle. These challenges are particularly pronounced during resin infusion, consolidation
under vacuum, and thermal cure, when the laminate undergoes large pressure gradients,
resin flow forces and thermally driven dimensional changes.

First of all, during infusion-based processes, the advancing resin can impose local drag
forces on the optical fibre. If the fibre is not properly stabilised within the preform, these
forces may cause unintended displacement, excessive local bending or even fibre breakage
[40].

Additional risks arise during consolidation and thermal cure. In fact, during autoclave
cure or vacuum bagging, compaction forces may pinch or crush fibres at ply interfaces.
Gabardi et al. [41] experimentally observed that breakage is especially likely in curved
components, especially when the optical cable was poorly supported and subjected to
bending during consolidation.

The most critical failure zones, however, are the entry/exit regions where the fibre
transitions from inside the laminate to the outside environment. In fact, these locations
act as geometric stress concentrators and are frequently exposed to handling, accidental
bending and trimming forces after cure [42]. A detailed study by Quest Global Services
[42] found that the fibre segment exiting the laminate was structurally very weak and
highly susceptible to fracture due to:

« local stress concentrations at the laminate edge
o resin flashing surrounding the fibre: during infusion (or also prepreg curing), excess
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resin can flow out of the laminate edges and solidify (i.e. taking the name of flash
or flashing). If the optical fibre runs through the laminate and exits at the edge,
this excess resin can solidify around the fibre, essentially clamping it tightly. When
removing the cured composite part from the mould, if the fibre has been trapped
inside this hardened resin flash, the cutting or peeling action pulls on the fibre, often
leading to fibre breakage at or near the exit point, debonding or strain-relief failure,
damage to the coating, or loss of optical continuity

« tensile/bending loads during trimming or clean-up

« insufficient mechanical protection around the exit region

A range of engineering solutions has been proposed to protect optical fibres during
manufacture and ensure reliable embedding in both prepreg and infusion-based processes.

To mitigate these issues, Quest Global Services [42] employed a protection strategy
centred on locally reinforcing the fibre near the exit zone. The optical fibre was encap-
sulated in polyolefin heat-shrink tubing to increase its bending stiffness and to shield it
from mechanical abrasion during processing. Colour-coding was applied to the tubes to
simplify sensor identification during lay-up and inspection. In addition to the primary
heat-shrink layer, supplementary protective tubes were installed around the egress region
to further isolate the fibre from tooling interactions and cutting operations. These tubes
were sealed to prevent resin ingress, which could otherwise lock the fibre into the curing
matrix and increase the likelihood of breakage. In some cases, the protected fibre seg-
ment was placed inside a small plastic containment bag during cure, ensuring that the
egress assembly remained separated from resin flow, compaction forces and local thermal
gradients. According to the authors, this combination of mechanical shielding and isola-
tion substantially reduced fibre failures and improved overall reliability of the embedded
sensing system [42].

Figure 4.7: Optical Fibre Preparation and Positioning [42].

Moreover, several studies report the use of strain-relief loops (i.e. gentle fibre coils
that prevent sharp bending at ingress/egress), and customized connectors embedded at
the laminate boundary to avoid direct stress on the bare fibre [41]. These measures reduce
tension and bending during manufacturing and service.

Reliable embedding also depends heavily on appropriate fibre routing. Nosseir et
al. [43] recommend avoiding tight radii (<20-30 mm), positioning fibres along neutral-
strain paths when possible, and ensuring stable fixation inside the preform to prevent

38



4.6 — Challenges of Using Rayleigh-Based DFOS in Composite Materials

Figure 4.8: Material with Optical Fibres ready for infusion [42].

displacement by resin drag.

Zainal Abidin [40] emphasises that poor routing can introduce micro-defects and local
stress concentrations even before cure begins.

Likewise, another technique is the free-spacing coupling, that places the sensing fibre
not directly bonded to the composite but placed inside a protective capillary or loose
sleeve. This configuration shields the fibre from mechanical loads during infusion and
cure, while still allowing strain transfer through frictional or partial contact. Although
widely used in concrete SHM systems, it is increasingly explored for composite structures
as a strategy to reduce cure-induced fibre damage [33].

Latterly, a solution can be that of adopting prepreg materials: compared with liquid-
infusion processes, embedding fibres in prepreg laminates is significantly more controlled
because the tacky resin holds the fibre in place, preventing displacement, the consolidation
is more predictable, and finally no resin-flow forces act on the fibre, reducing the likelihood
of buckling or breakage [41]. Prepreg also allows controlled ply-by-ply placement, enabling
precise fibre routing and the creation of designed channels or protective layers around the
optical fibre.

Although such manual integration remains the standard, efforts toward automation
are beginning to emerge, even if these approaches are still in early development. In
particular experimental systems have demonstrated the feasibility of embedding sensing
fibres using robotic fibre-optic placement heads mounted on Automated Fibre Placement
(AFP) robots, as well as the automated deposition of micro-tubing during AFP that can
later serve as conduits for optical fibres [44].

4.6.3 Temperature-Strain Coupling

Composite structures operating in real service environments are subjected to continuous
fluctuations in temperature, humidity and mechanical loads. These environmental vari-
ations directly influence the behaviour of Rayleigh-based distributed fibre-optic sensors
because the Rayleigh backscatter signature inherently couples strain and temperature.
Specifically, both mechanical deformation of the glass core and temperature induced
changes in refractive index or fibre length produce nearly indistinguishable spectral shifts.
As a result, temperature variations can mask, distort, or even simulate true structural
strain unless effective discrimination strategies are implemented. This dual sensitivity
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represents one of the primary challenges in interpreting DFOS data from composite struc-
tures [33].

Several approaches have been proposed to decouple strain and temperature contri-
butions. One class of techniques relies on multi-region or multi-parameter calibration,
where the spectral response is characterised under independent strain and temperature
fields to derive correction functions. Another approach, particularly relevant for composite
structures, involves using reference fibres that experience similar temperature fields but
negligible mechanical strain; by subtracting the reference response, it is possible to isolate
the true mechanical strain component. More advanced strategies exploit the wavelength-
dependence of Rayleigh spectral shifts, or combine Rayleigh DFOS with Bragg-grating
sensors or embedded thermocouples to provide complementary measurements, thereby
enabling more robust separation of thermal and mechanical effects [33]. Each method
must be adapted carefully to account for local composite anisotropy and heterogeneous
thermal gradients.

In addition to spectral coupling, there is a thermal expansion mismatch between the
silica fibre, its polymeric coating, the adhesive layer and the surrounding composite lam-
inate that introduces further complexity. In fact, differences in coefficients of thermal
expansion (CTE) cause differential strains during temperature changes; therefore, even
a perfectly bonded fibre may experience an apparent strain that does not correspond to
the laminate’s mechanical state. Reviews on distributed fibre-optic sensing emphasise
that viscoelastic relaxation in polymer matrices, adhesive creep and coating ageing can
progressively alter the strain-transfer function, especially under cyclic or long-term tem-
perature exposure [33]. These effects accumulate over the service life, meaning that the
calibration obtained during installation may not remain valid indefinitely.

The problem becomes even more prominent when fibres are embedded within compos-
ite laminates, where temperature-dependent resin shrinkage, micro-cracking, or stiffness
degradation, due to fatigue around the fibre, can alter the optical response over time.
Such interactions highlight the need for periodic reassessment of baselines or the adoption
of compensation algorithms capable of adapting to evolving material states.

Ultimately, achieving reliable Rayleigh-based distributed sensing in composite struc-
tures exposed to environmental and operational variability, requires a combination of ro-
bust temperature—strain discrimination techniques, careful sensor placement, stable bond-
ing or embedding procedures, and long-term calibration strategies that take into account
the evolving mechanical and thermal behaviour of the laminate.

4.6.4 Durability and Reliability

Applications in offshore, aerospace and wind-energy environments demand sensing systems
capable of reliable operation over decades; however, Rayleigh-based DFOS are particularly
sensitive to long-term degradation phenomena such as coating ageing, micro-bending and
fibre breakage. The stability of the reference spectral fingerprint is crucial: even small
micro-movements or ageing processes within the laminate can produce gradual baseline
drift, complicating the interpretation of strain maps. Reviews and targeted studies under-
score that damage mechanisms such as delamination, impact events or fibre breakage can
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affect the mechanical interaction between the sensing fibre and the host laminate, alter-
ing the strain—optical transfer relationship and making long-term calibration an ongoing
requirement [33, 39, 45].

Understanding how the sensing fibre interacts with the evolving damage state of com-
posite laminates is therefore essential for correct interpretation of distributed strain fields,
particularly during progressive fatigue or post-impact scenarios.

4.6.5 Data Interpretation

Rayleigh DFOS offer exceptionally high-resolution spatial strain mapping, enabling the
detection of minute structural changes long before they become apparent through con-
ventional sensing methods. This capability is particularly valuable for composite struc-
tures, where damage often initiates at the microscale and progresses in complex, spatially
distributed patterns. However, the same high resolution that makes Rayleigh DFOS at-
tractive also introduces substantial challenges in data handling and interpretation. The
technique produces very large datasets, often comprising millions of measurement points
per scan, each sensitive to environmental variability and operational noise.

Interpreting such dense information requires advanced processing strategies capable of
isolating physically meaningful features from background fluctuations. Robust filtering
algorithms are essential to suppress spectral noise and temperature-induced variations,
while pattern-recognition and anomaly-detection methods must be employed to identify
the early signatures of delamination, matrix cracking, fibre breakage or local stiffness
degradation. These early-stage indicators are often subtle (e.g. appearing as localised
strain concentrations, shifts in deformation patterns, or changes in strain-gradient conti-
nuity) and are easily obscured without sophisticated analytical tools.

Industrial assessments further highlight that cost—benefit considerations remain a ma-
jor barrier to widespread adoption of Rayleigh-based DFOS outside many sectors. Al-
though high resolution distributed sensing offers rich data, the infrastructure cost, sensor
installation, interrogator expense and data analytics must be justified in lifecycle terms,
especially in composite components outside aerospace [45].

4.7 Fibre Coatings

The mechanical coupling between the host structure and the fibre is strongly influenced
by the fibre construction and, in particular by the coating applied to the glass core. Dif-
ferent coatings trade off mechanical protection, maximum operating temperature, strain-
transfer fidelity, robustness during manufacturing/handling and longevity when embed-
ded in composites. The most commonly used types in Rayleigh DFOS deployments are
acrylate-coated fibres, polyimide-coated fibres, bare or tight-buffered fibres, and metal-
coated/specialty fibres [46]. The present work focuses on the first two types.
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4.7.1 Acrylate Coating

Acrylate coatings (single or dual layer) are the standard protection applied to telecom
single-mode fibres: a relatively soft polymer layer (typical outer diameter ~ 250 ym with
primary coating ~125-245 pm) that protects the glass from handling damage and micro-
bending [46].

They present different advantages: excellent flexibility and ease of handling, low cost
and wide availability; they offer compatibility with commercial OFDR interrogators for
standard single-mode fibre [46-48], and a good strain transfer when the surface is bonded
with proper adhesive and sufficient bonded length [49].

However, this type of fibre presents also several drawbacks, such as low maximum tem-
perature: acrylate softens or degrades above =~ 80-150 °C (dependent on formulation),
making acrylate fibres poorly suited for high-temperature cure cycles or high-temperature
service without special precautions [46]. This limits their use for some composite manufac-
turing processes (e.g. high-temperature cure) [46, 48]. Moreover, the relatively compliant
coating and any adhesive layer introduce viscoelastic creep, which reduce strain-transfer
fidelity over short gauge lengths and long durations; in practice the measured strain on
acrylate fibres can be lower and slower to follow the host strain under dynamic loading
compared to stiffer coatings [49]. Lastly, regarding their durability when embedded: softer
coatings can be damaged during composite consolidation or become a preferential path
for micro-voids if not carefully routed and protected [48].

These characteristics make acrylate-coated fibres appropriate for surface bonding,
short-term tests, laboratory demonstrators, or composite parts cured at low tempera-
tures. They are economical for quasi-permanent installations where high-temperature
exposure is not expected [46, 48].

4.7.2 Polyimide Coating

Polyimide is a thin, high-temperature polymer coating applied directly to the glass (typical
coated diameter ~ 155-190 ym). Among the many advantages, it can be included:

« High temperature capability: polyimide retains mechanical integrity at elevated cure
and service temperatures, enabling embedding in high-temperature cured composites
or use in hot environments [46, 47];

o Thin, stiffer coating: the thin polyimide layer provides closer mechanical coupling
to the glass and generally improves strain-transfer fidelity (less shear-lag than thick
acrylate), which is beneficial for accurate localized strain mapping using Rayleigh

OFDR [47, 49];

o Smaller overall diameter: it eases embedding between plies without creating thick
inclusions and reduces any risk of local ply distortion [47].

Nevertheless, it is difficult to overlook several drawbacks:

o Brittleness and handling fragility: polyimide coatings are thinner, therefore the fi-
bre can be more easily scratched during handling and must be treated carefully in
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manufacturing operations. This increases the risk of breakage at routing bends or
pinch points [48];

o Adhesion issues on some surfaces and processing constraints: some polyimide formu-
lations can adhere strongly to metal tooling or mandrels during high-temperature
exposure, so special process controls are sometimes required [46];

o Higher cost: polyimide-coated sensing fibres (especially low-bend loss fibres for
Rayleigh systems) are more expensive than standard acrylate telecom fibre [47].

For these reasons, polyimide-coated fibre is the preferred option for embedded Rayleigh
DFOS in load-bearing composite laminates that undergo elevated-temperature cure or op-
erate in harsh thermal environments, or where high strain-transfer fidelity is required (e.g.,
mm-scale localization) [46, 47].

From a design point of view, the choice of fibre coating type therefore represents a
practical trade-off among different requirements:

o If high spatial resolution and embedded sensing during high-temperature cure are
required, polyimide-coated single-mode fibre is preferred as it offers the best strain
fidelity and thermal tolerance, provided that careful handling and validated embed-
ding procedures are used [46, 47].

o If low cost and surface-bonded experiments are the main objectives, acrylate-coated
fibre is generally sufficient (cheap and flexible), but elevated cure or service temper-
atures should be avoided [46].

4.7.3 Hybrid Fibre

Experimental investigations have compared the fibres in acrylate coating and polyimide
coating in both embedded and surface-bonded configurations, highlighting how the coating
properties influence strain-transfer efficiency and the spatial uniformity of the measured
signal [50, 51].

In particular, it has been demonstrated that polyimide-coated optical fibres provide
superior strain-transfer performance when embedded in composite materials, indepen-
dently of the fibre length employed. The thin and stiff polyimide layer enables efficient
mechanical coupling between the glass core and the surrounding matrix, thus ensuring
that the measured strain closely reflects the actual deformation of the host composite
[50, 51]. Conversely, acrylate-coated fibres, which feature a thicker and more compliant
coating, tend to absorb part of the imposed deformation. As a result, only longer bonded
or embedded lengths of acrylate fibre can reproduce the effective mechanical strain with
acceptable accuracy [37, 50].

These measurements have been validated against conventional strain-measurement
techniques such as strain gauges and digital image correlation (DIC), confirming the re-
liability of Rayleigh-based distributed sensing in reproducing the global and local strain
fields of composite laminates [50]. Such results demonstrate that the accuracy of Rayleigh
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DFOS is primarily governed by the coating—matrix interaction, the bonding method, and
the fibre installation process.

Particular attention has been devoted to the evaluation of the elastic modulus under
semi-static tensile loading. Unlike metallic materials, composites typically exhibit a pro-
gressive reduction of the elastic modulus already in the early stages of damage initiation,
due to matrix cracking, fibre-matrix debonding, or interlaminar delamination, well before
catastrophic failure occurs [21]. For this reason, Rayleigh-based DFOS systems, which
provide high spatial resolution (on the order of millimetres), are especially suitable for de-
tecting stiffness degradation and for quantifying the onset and evolution of micro-damage
in real time [37, 50, 51]. These studies confirm that polyimide-coated fibres outperform
acrylate-coated ones in capturing the local strain distribution and the effective elastic
modulus of composite coupons, thus providing a more faithful assessment of structural
integrity.

Based on these findings, a hybrid optical fibre design has been proposed to exploit the

advantages of both coatings. The configuration consists of sequential segments arranged
as: acrylate-coated section — polyimide-coated section — acrylate-coated section, as shown
in Figure 4.9. The central polyimide-coated region and its junctions with the acrylate
sections are intended to be embedded within the composite laminate, whereas the outer
acrylate-coated parts remain external to the material to improve handling robustness and
installation flexibility. This hybrid layout preserves the high strain-sensing accuracy of the
polyimide section, while maintaining the mechanical resilience and ease of manipulation
of the acrylate-coated segments [51].
In summary, the combined results from these studies highlight that, for Rayleigh-based
DFOS applied to composites, the coating selection represents a critical design parameter
affecting strain-transfer fidelity, measurement repeatability, and long-term reliability. The
hybrid-fibre concept provides a promising solution that balances measurement precision,
manufacturability, and robustness for next-generation composite SHM systems.

( | ( ‘ ( | (——

Polyimide Acrylate Polyimide

Figure 4.9: Hybrid Fibre Scheme.
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Chapter 5

Specimen Preparation and
Experimental Setup

5.1 Preparation of fibres

5.1.1 Types of fibres

In the context of the present work, the following fibres have been employed both individ-
ually and in combination for the development of the hybrid configuration:

1. Single-mode G.657.A1 fibre of Optokon with a dual acrylate UV-cured coating
2. SM1550P fibre of Thorlabs with a polyimide coating

The characteristics of the two fibres are shown in Table 5.1.

Table 5.1: Optical Fibres General Specifications.

General Specifications G.657.A1 - Optokon SM1550P - Thorlabs
Core Material Germanium doped silica Doped Fused Silica
Cladding Material Silica, step index and matched clad type Fused Silica
Coating Material Dual layers of UV-cured acrylate Polyimide
Core Diameter Not Provided 9.0 £ 0.5 um
Cladding Diameter 125.0 £ 0.7 pm 125 4+ 1/-3 pm
Coating Diameter 242 £ 5 pm 145 £ 5 pm
Mode Field Diameter at 1310 nm 8.9 £ 0.4 um 9.0 pm
Effective group index of refraction at 1550 nm 1.468 Not Provided
Attenuation <0.40 dB/km <0.7 dB/km
Operating Temperature -55 to 85°C -65 to 250°C
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5.1.2 Fusion Splicer

In order to employ the optical fibres for sensing, either individually or in combination
within the hybrid fibre, splicing represents a fundamental step. To this aim, the terminal
portions of the optical fibre was carefully prepared to ensure clean and reliable splicing.
Approximately 2 cm of coating were removed from each fibre end using a precision me-
chanical stripper, exposing the bare glass core. The stripped sections were then cleaned
with isopropyl alcohol and lint-free wipes to remove coating residues and contaminants
that could interfere with the fusion process [52].

The cleaned fibre ends were subsequently cleaved using a Fujikura CT60 high-precision
optical fibre cleaver, which produces a smooth, perpendicular end face essential for low-
loss splicing [53]. Cleaving quality was visually inspected to ensure the absence of cracks
or chips on the fibre surface.

Following the cleaving operation, the fibres were fusion spliced using a Fujikura 905+
automatic splicer, a core-alignment system designed for both standard and specialty fi-
bres. The 90S+ employs high-resolution cameras and active core alignment technology
to achieve optimal axial positioning before the fusion arc is applied. The splicer auto-
matically monitors the joint during fusion and provides real-time splice loss estimation,
expressed in decibels (dB), at the end of the operation [54]. Only splices with insertion
losses below the manufacturer’s acceptable threshold (typically < 0.02 dB for single-mode
fibres) were retained for use.

Representative images of the splicing process and the resulting joint geometry are shown
in Figure 5.1.

Figure 5.1: Shot of the open splicer.

After the fusion splicing of the optical fibres, the joint, being temporarily without its
46



5.2 — Manufacturing of specimens

(b) () —— o e
L J— !
]

a.

-
- - w o
- - g =-
ik [ S ) __0_”'}_'_ 11106 | M 0.1 0.0
i =%

. E T— r-1

Figure 5.2: Splicing Process [51].

protective coating, remains mechanically fragile. For this reason, it is recommended to
reinforce the splice using a splice protection sleeve. These heat-shrink sleeves shield the
splice region and incorporate a stainless-steel inner rod that prevents bending and local
pressure concentrations. As a result, they provide mechanical protection while preserving
the optical transmission properties after splicing, which would otherwise be compromised
by micro-bending or pressure-induced attenuation [55].

Figure 5.3: Splice Protection Sleeves.
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Figure 5.4: Splice Protection Sleeves scheme before shrinking.

5.2 Manufacturing of specimens

The composite specimens were fabricated using carbon/epoxy pre-impregnated fabrics
supplied by Easy Composites Ltd. (model XC110 6k, 2x2 twill weave). This material
features a nominal fibre areal weight of 200 g/m? and is reinforced with 6k T300 carbon
fibres pre-impregnated with an epoxy resin system designed for low-temperature vacuum
curing [56]. The main material characteristics are summarized in Table 5.2.
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Table 5.2: Fabric Specifications.

Consolidate Thickness 0.45 mm
Resin Weight 38%
Min Cure Temperature 85°C
Max Cure Temperature 120°C
Max Service Temperature 115°C
Filament Diameter Tpum
Tensile Strength 521 MPa
Tensile Modulus 55.1 GPa

Each specimen measured 25 mm in width and 200 mm in length, and consisted of four
plies stacked with identical fibre orientation. To ensure accurate cutting after curing, the
prepreg sheets were initially trimmed into strips slightly wider than the target specimen,
approximately 5 mm extra on each side, as the final geometry would later be defined by
waterjet cutting.

Prior to lay-up, the glass substrate used as the mould base was thoroughly cleaned
with acetone to remove contaminants. The working area was then defined using sealant
tape, forming a rectangular boundary to contain the prepregs during lay-up. A thin layer
of Easy Composites Mould Release Wax was uniformly applied within this boundary using
a lint-free cloth, spreading the wax in small circular motions to ensure an even coating.
After allowing the wax to dry for approximately 15 minutes, a layer of PP230 nylon
peel ply (Easy Composites, Nylon 66 release fabric) was carefully laid over the prepared
area [57]. This fabric facilitates demoulding after cure and produces a smooth, resin-rich
surface on the specimen.

Figure 5.6: Prepreg strips laying on the peel-

Figure 5.5: Wax-coated glass plate. ply
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Figure 5.7: Optical fibre fixed on the peel-

ply. Figure 5.8: Breather and valve.

The first two carbon/epoxy layers were then positioned on the peel ply, ensuring cor-
rect alignment of the fibre directions. Next, the optical fibre, previously prepared and
cleaned with isopropyl alcohol, was placed centrally and longitudinally along the speci-
men, leaving both fibre ends extending beyond the shorter sides of the laminate. The
fibre was gently tensioned to keep it straight and lightly pressed into the prepreg surface
to improve adhesion. The remaining two plies were then laid on top, completing the four-
ply stack. Manual compression was applied over the lay-up to promote uniform contact
between layers.

The optical fibre segments protruding from the specimen were kept clear of the uncured
prepreg and any excess resin expelled during curing. They were fixed onto the underlying
peel ply using masking tape to prevent movement and contamination. After removing the
protective blue film from the outermost prepreg layer, an additional sheet of peel ply was
applied, followed by a layer of breather cloth, a nonwoven polyester/polyamide felt fabric
designed to allow air evacuation and absorb excess resin from the material.

A vacuum valve was then positioned over the breather cloth, and the entire assembly
was sealed using vacuum bagging film firmly adhered to the sealant tape [58]. The bag
was cut at the valve position and connected via a rubber hose to a vacuum pump through
a dedicated connector. Once a steady vacuum was achieved, the assembly was transferred
into the oven for the curing cycle, as shown in Figures 5.9 and 5.10.

According to the manufacturer’s datasheet, the minimum cure temperature for the
XC110 prepreg system is 85 °C [56]. The specimens were cured under vacuum at this
temperature for approximately 16 hours, ensuring that vacuum integrity was maintained
throughout the entire cycle. After curing, the composite plate was allowed to cool grad-
ually to ambient temperature before demoulding.

A scheme of the obtained specimen is depicted in Figure 5.11.
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Figure 5.10: Specimens after cure, before

Figure 5.9: Glass plate in oven under vac- demoulding.

uum.

Figure 5.11: Scheme of specimen with the optical fibre embedded between the second and
the third layer.

5.2.1 Waterjet cutting

After curing, the composite laminates were trimmed along their vertical edges to obtain
the nominal specimen width of 25 mm, in order to ensure a uniform cross-sectional area
along the gauge length. This operation was carried out using a WAZER G6 Pro waterjet
cutting system (Figures 5.12 and 5.13), which employs a high-pressure water stream mixed
with fine abrasive sand to perform precise cutting on a wide range of materials [59)].
The system’s computer numerical control (CNC) enables high accuracy, allowing complex
geometries to be produced within a few minutes.

Before the cutting process, the portions of the embedded optical fibres, sticking out
of the material, were carefully folded back and secured onto the specimen surface using
sealant tape, chosen for its water resistance during the operation, as depicted in Figure
5.14. This precaution prevented accidental damage or severing of the fibre ends during
trimming.

It should be noted that only the specimen width was trimmed; the total length was
left unchanged, as the optical fibres extended beyond the shorter edges of the laminate.
Each specimen was firmly fixed to the cutting bed of the machine using stainless-steel
screws to prevent vibration or movement during processing, as shown in Figure 5.15.

After cutting, the specimens were thoroughly cleaned to remove residual abrasive sand.
They were then gently dried with a lint-free cloth. Finally, the sealant tape was carefully
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Figure 5.12: Wazer waterjet.
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Figure 5.14: Figure 5.15: Specimen
Specimen  with after the cutting, still
fibre folded before fixed to the cut bed.

the cutting.

removed from the surface, leaving the optical fibres intact and ready for subsequent testing.
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5.2.2 Application of Tabs

To prevent local damage during mechanical testing, the application of protective tabs
at the gripping regions of composite specimens is essential. Tabs help to distribute the
clamping pressure from the testing machine’s grips and mitigate premature failure caused
by stress concentrations or crushing near the ends of the specimen [60]; it has to be noted
that tabs were employed only for the tensile-to-failure and fatigue test campaigns, since
these tests involved repeated or high-load gripping cycles. The geometry and dimensions
of the tabs were selected according to the recommendations of the ASTM D3039,/D3039M
standard for tensile testing of polymer-matrix composites. Based on this guideline, the
tabs used in the present work had a length of approximately 44 mm, consistent with the
nominal geometry of the composite specimens [60].

The tab material was a carbon-fibre composite laminate of lower stiffness compared
to the main specimens, a choice intended to enhance strain compatibility and reduce the
risk of interfacial debonding during loading.

Fach tab was cut from a composite plate using the WAZER G6 Pro waterjet system.
Following cutting, the tabs were lightly abraded with 400-grit sandpaper to remove the
glossy surface layer and to promote better adhesion. Both the tabs and the specimen
surfaces were subsequently cleaned with acetone to eliminate dust and residues prior to
bonding.

2 DU 5 - § 1 |uivbe

Figure 5.16: Specimens with tabs and weight applied.

For the adhesive bonding, the SikaPower®-880 structural adhesive was used. This is
a two-component, thixotropic, and fast-curing epoxy adhesive specifically designed for
bonding carbon-fibre-reinforced polymer (CFRP) laminates [61]. It cures at room tem-
perature, providing high shear strength, and resistance to fatigue and impacts. The
formulation contains 0.3-mm glass beads, which act as spacers to maintain a uniform
bond-line thickness between the tab and the specimen [61]. The adhesive was dispensed
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from 1:1 dual cartridges, and the two components were mixed until obtaining a homo-
geneous paste. A thin, uniform layer of the adhesive was applied to each tab surface,
which was then positioned on the specimen ends under light compression. Small weights
were applied on top of the assembly to stabilize the bonding area and to prevent slippage
during curing. The adhesive bond was allowed to cure for approximately five hours at
ambient temperature, after which a consistent and durable adhesion was achieved.

5.3 Luna ODiSI 6100

5.3.1 Components and Functioning

To enable strain or temperature measurement through distributed optical fibre sensing, a
dedicated interrogator is required. In this work, all measurements were carried out using a
Luna ODiSI 6100 system. The Luna ODiSI 6100 distributed sensing system is composed
of four principal components: the interrogator unit, the remote measurement module, the
optical connection cables, and the control workstation. Together, these elements form an
integrated measurement chain capable of acquiring, processing, and transmitting high-
resolution strain and temperature data along the optical fibre. The ODiSI platform is
based on Rayleigh backscattering analysis and provides real-time acquisition of strain and
temperature profiles with high spatial resolution [62, 63].

Figure 5.17: Luna ODiSI Components [62].

The interrogator unit represents the core of the system. It contains the swept-wavelength
laser source, the interferometric detection module, and the digital control electronics re-
quired for real-time data processing. The interrogator performs continuous laser wave-
length scans and processes the Rayleigh backscattered signals to obtain distributed strain
or temperature measurements with sub-millimetre spatial resolution [64]. This module
also includes the data acquisition hardware, cooling system, and communication inter-
faces for external control. The ODiSI 6100 can be operated locally or remotely through
the ODiSI Control Software, which allows configuration of test parameters and visualiza-
tion of real-time data [65].

The remote module is designed to extend the sensing capability of the interrogator to en-
vironments where direct instrument installation is not feasible, such as vibration testing
rigs, thermal chambers, or large structural setups. It connects to the main interrogator
via a ruggedized optical cable and provides low-loss optical routing to the sensing fibre.
The module is equipped with internal optical switches and connectors that preserve signal
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integrity while allowing flexible routing between channels. The design ensures that the
laser source remains isolated from external mechanical or thermal disturbances, maintain-
ing measurement stability and accuracy over long distances [66].

The connection cables play a critical role in ensuring system reliability and measurement
fidelity. The ODiSI system employs armoured or reinforced single-mode fibre patch cords
terminated with FC/APC connectors, chosen for their low insertion loss and minimal back
reflection.

Finally, the control workstation, a dedicated PC equipped with the ODiSI Control and
Analysis Software, serves as the user interface and data management hub of the system.
It is used to configure acquisition parameters such as gauge pitch, measurement rate, and
channel assignment, and to visualize strain or temperature maps in real time. The PC
also stores the acquired data and enables post-processing and exporting [62, 65].

The system operates with single-mode fibres and offers dynamic measurement capa-
bility, making it suitable for static and fatigue tests in composite materials [51, 64].

5.3.2 Sensor Connection and Termination

Before connection to the interrogator, the sensing fibre must be prepared properly to
ensure optical continuity and protect the system components. To this end, two auxiliary
elements are attached to the fibre ends: the pigtail and the coreless fibre segment.

The pigtail is a short optical fibre, typically 1-2 metres long, featuring a factory-installed
connector (such as an FC/APC or LC type) on one end and a stripped, bare fibre on the
other. The bare end is fusion-spliced to the sensing fibre, while the connectorized end
enables a secure and low-loss connection to the interrogator input port.

Figure 5.18: Pigtail.

At the opposite end of the sensing line, a coreless fibre is spliced to the terminal
portion of the optical fibre. This segment consists of pure silica glass without a defined
core, surrounded only by a cladding of similar refractive index, and is typically coated
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with a protective acrylate layer [67]. The absence of a core causes the light exiting the
fibre to expand gradually within the coreless section, reducing the optical power density
and minimizing back reflections at the fibre end. This design prevents undesired light
feedback into the interrogator and enhances both optical stability and sensor durability
during testing.

Luna Innovations supplies standard optical fibres, specifically the HD6S polyimide-

coated low bend loss single-mode fibres. These fibres are factory-prepared with an inte-
grated pigtail connector and a coreless termination, both designed to ensure low insertion
loss and stable back-reflection characteristics across the sensing length [62]. Each Luna
sensor is supplied with a unique electronic key (USB drive) containing the Sensor ID and
calibration data, which allows plug-and-play recognition and automatic configuration by
the ODiSI software suite. This system ensures that the interrogator immediately identifies
the connected sensor, loading its reference spectral pattern and calibration coefficients for
strain or temperature measurement [65].
However, due to the high cost of these pre-assembled Luna fibres, in this work, custom
optical sensors were fabricated. The custom sensors were created by splicing together
standard single-mode optical fibres with the appropriate pigtail and coreless sections,
achieving similar performance at a significantly lower cost [51].

5.3.3 Optical Fibre Installation in ODiSI

Once the optical fibre was fully assembled, it was necessary to perform an identification
and mapping procedure, unlike Luna’s factory-calibrated sensors. During this process,
the fibre’s Rayleigh backscatter signature is acquired and stored as a reference “key”. The
backscattered light is interferometrically mixed with a portion of the original reference
beam, producing an interference spectrum, a frequency-domain signal that represents the
optical path differences between the reference and scattered light within the fibre [64].
By applying a Fourier transformation to the interference spectrum, the system converts
the data from the frequency domain into the spatial domain, reconstructing the Rayleigh
amplitude profile versus distance. The resulting profile is known as the Optical Frequency
Domain Reflectometry (OFDR) spectrum, which displays the optical fibre’s length, re-
fractive index, and insertion and return losses at both the connector and terminal ends
(62, 63].

The OFDR trace displays two main vertical red lines corresponding to the beginning (con-
nector) and end (termination) of the fibre; to the right of the second line, the spectrum
consists only of background noise. For a well-defined sensing signal, a minimum 5 dB
signal-to-noise ratio between the fibre response and the noise level is required [62].

Any mechanical strain or temperature change along the fibre modifies the local refrac-
tive index and physical length, producing a small but measurable shift in the Rayleigh
backscatter pattern. The magnitude of the frequency shift (Av, in GHz) is then converted
into strain (¢) or temperature (AT) using the following relation:

Av =K. e+ Kr- AT (5.1)
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where K. and Kp are calibration constants representing the strain and temperature
sensitivities of the fibre, respectively [63, 64].
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Figure 5.19: OFDR Spectrum.

Once the spectrum is validated, the system proceeds to the sensor calibration stage,
where the operator specifies the intended measurement mode, strain or temperature. For
both modes, calibration coefficients must be defined to translate the optical frequency
shift (in GHz) into mechanical strain (ue) or temperature (°C). For most standard single-
mode fibres, the frequency—strain relationship is nearly linear, described by a single pro-
portionality constant b, whereas the frequency—temperature relationship is linear only
near ambient conditions and may require higher-order polynomial calibration for wider
temperature ranges [63, 64].
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Figure 5.20: Sensor Calibration [51].

After completing the calibration, the fibre is ready for measurement. A critical acqui-
sition parameter is the gauge pitch, defined as the spatial interval between consecutive
sensing points along the fibre. The ODiSI 6100 allows selectable gauge pitches of 2.6 mm,
1.3 mm, or 0.65 mm, corresponding respectively to sampling frequencies of 250 Hz, 125
Hz, and 62.5 Hz [63, 65]. Users can also select between two operational modes:

o Full Optimisation, which halves the acquisition frequency for enhanced signal pro-
cessing and precision;

o Maximum Rate, which prioritises the highest possible temporal resolution for dy-
namic measurements [63].

Prior to initiating a test, the zeroing (or baseline calibration) of the sensor must be
performed to define the initial unstrained condition. The ODiSI software allows real-time
visualisation of the strain distribution along the fibre during measurement, displaying
both temporal evolution and spatial mapping of strain data. In cases where the sensor
has been re-spliced or subjected to high strain, a Rekey operation can be executed to
capture a new Rayleigh backscatter reference. This procedure is also recommended to
re-center the strain range or to remove permanent strain gradients induced during prior
loading [62, 65].

During acquisition, users can define specific gages of interest along the fibre to monitor
local strain averages or to extract mean values over selected sections. Once the test is
completed, the acquired data are automatically saved in a tab-separated values (TSV)
format, where each column corresponds to the strain measured at each gage position, and
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each row represents the corresponding time step during acquisition. This format facili-
tates subsequent post-processing [51, 63].
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Figure 5.21: Optical Fibre Gages.

5.4 Testing Machines

5.4.1 Zwick Roell Z050

The Zwick Roell Z050 is a universal testing machine belonging to the AllroundLine series,
specifically designed for precise mechanical characterisation of materials such as compos-
ites, polymers, and metals. It represents a compact version of conventional tensile testing
machines, capable of applying loads up to 50 kN, which makes it particularly suited for
laboratory-scale experimental investigations and coupon testing of advanced composite
laminates [68].

Structurally, the Z050 consists of a dual-column electromechanical load frame that pro-
vides high stiffness and alignment accuracy during testing. Its design allows for a wide
range of mechanical tests, including tensile, compression, and flexural tests, with dedi-
cated gripping systems supplied for each configuration [68]. The crosshead speed can be
adjusted within a broad range—from very low quasi-static rates to higher testing veloci-
ties—depending on the specimen material and testing standard requirements.

The machine is equipped with Zwick’s testControl II electronics and managed through a
software, which provides real-time closed-loop control of load and displacement.
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In addition to traditional extensometers, the Z050 is equipped with an optical laser ex-
tensometer system, which enables non-contact strain measurement of the central portion
of the specimen. The system tracks the displacement of a series of points marked on the
sample surface using laser light, thereby providing a highly accurate measure of longitu-
dinal strain without physical contact or risk of specimen disturbance. This capability was
particularly advantageous when testing composite coupons with embedded optical fibres,
where maintaining an undisturbed gauge section was essential to ensure correct sensor
readings [51].

Figure 5.22: Zwick Roell Z050.

5.4.2 Instron 8801

The Instron 8801 is a servohydraulic testing system designed for both static and dynamic
mechanical testing of materials and components. It is a compact, floor-standing fatigue
testing machine particularly suited for fatigue, fracture mechanics, and durability investi-
gations of metals, composites, and structural materials. The system provides a maximum
axial load capacity of £100 kN, allowing high-cycle and low-cycle fatigue tests under ten-
sion, compression, or alternating loading conditions [69].

Mechanically, the 8801 features a stiff, high-strength load frame equipped with hydraulic
actuation for rapid and precise load application. The Instron 8801 relies on a servohy-
draulic actuator powered by a high-pressure oil supply, which enables extremely responsive
force and displacement control across a wide dynamic range. This configuration allows
the system to achieve high loading frequencies, typically up to several tens of hertz [69].
The machine is controlled by the Instron 8800MT digital controller, a modular and high-
performance control system capable of closed-loop control for force, displacement, or
strain. The 8800MT integrates seamlessly with Instron’s universal software platforms,
which provide an intuitive interface for test configuration, execution, and analysis and
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supports complex loading histories for fatigue and durability studies.

%

Figure 5.23: Instron 8801.

60



Chapter 6

Tensile Tests

An unidirectional tensile test was performed to evaluate the capability of the hybrid optical
fibre to measure strain with the same accuracy as a fully polyimide-coated fibre. The test
was conducted along the same axis in which the hybrid fibre was embedded within the
composite laminate. For this purpose, the Zwick Roell Z050 universal testing machine
was employed.

The tensile test was carried out in strain-controlled mode at a crosshead speed of
1 mm/min, applying a maximum load of 10 kN. During the test, the optical fibre was
connected to its pigtail and coreless termination and continuously interrogated in real
time using the Luna ODiSI 6100 system [62]. The system was configured with a gage
pitch of 0.65 mm and operated in Full Optimization mode, resulting in an acquisition
frequency of 31.25 Hz; in parallel, the Zwick Roell machine acquired mechanical data at
50 Hz. Given the different acquisition frequencies of the Luna ODiSI system and the
tensile testing machine, a preliminary data resampling was performed to interpolate the
mechanical stress values to match the optical acquisition rate.

The strain distribution along the fibre revealed a clear distinction between the polyimide-
coated and acrylate-coated sections embedded in the composite: the polyimide coating,
due to its higher stiffness, accurately followed the deformation of the host composite; con-
versely, the acrylate coating, characterized by its lower elastic modulus, partially absorbed
local deformation, resulting in slightly underestimated strain readings, as it is shown in
Figures 6.1 and 6.2.

The strain profile also displayed a periodic oscillation pattern, which can be attributed
to the alternating twill weave architecture of the carbon fabric: in fact, the undulating
fibre tows produce local stiffness variations, leading to periodic modulation in the strain
field.
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Figure 6.1: Strain evolution along the hybrid optical fibre, with the acrylate and polyimide
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Figure 6.2: Strain evolution along the polyimide optical fibre [51].

The main objective of the test was to determine the elastic modulus E of the composite
specimen by correlating the optical strain data with the mechanical stress data. Stress
values were obtained from the tensile machine’s load cell, while strain values were recorded
by the distributed optical fibre sensor. Considering the material’s homogeneous behaviour
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along the loading direction, a constant elastic modulus was expected throughout the
entire gauge length. The elastic modulus was computed using the least-squares regression
method:

Z?:l(gi — 5) (Ui — 5) (61)

AR S e

where ¢; and o; are the i-th strain and stress values, € and ¢ represent their respective
mean values, and n is the total number of data points [50].

Only the linear elastic region of the stress—strain curve was considered for the regression
analysis.
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Figure 6.3: Sigma vs Time. Figure 6.4: Sigma vs Epsilon.

The results demonstrated that the elastic modulus obtained from the hybrid optical
fibre was comparable to that measured using a fully polyimide-coated fibre, as reported
in previous experimental campaigns [50, 51]. This confirms that the inclusion of short
acrylate-coated sections within the hybrid configuration does not compromise the fibre’s
ability to accurately track mechanical strain.

From the processed data, the elastic modulus along the polyimide-coated section was
extracted and plotted in Figure 6.5, showing a uniform distribution consistent with the-
oretical expectations. In contrast, the acrylate-coated portions exhibited locally reduced
apparent stiffness. Minor variations in the mean strain and modulus along the fibre length
can be associated with small misalignments or non-uniform embedding of the fibre within
the composite laminate during the curing process.

These findings confirm that the hybrid fibre architecture successfully combines the
measurement fidelity of the polyimide-coated section with the mechanical robustness and
ease of handling offered by the acrylate-coated ends. As such, the hybrid configuration
represents a technically reliable solution for distributed strain monitoring in composite
materials.
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Figure 6.5: Elastic Modulus along the fibre.

6.1 Quasi-static Failure Tests

Before starting the fatigue testing campaign, preliminary tensile failure tests were carried
out to determine the appropriate load levels to be applied to the specimens. For this
purpose, the Instron 8801 universal testing machine was employed, operating under dis-
placement control at a constant crosshead speed of 2 mm/min. Two specimens of identical
geometry were tested, one containing a hybrid optical fibre embedded between the second
and the third layers, and the other without any optical fibre.

The results of these tests indicated that the ultimate tensile strength (UTS) values of
the two specimens were comparable, demonstrating that the presence of the embedded
optical fibre did not significantly influence the overall tensile performance of the material.

Hence, the mean UTS value was considered for the subsequent fatigue testing cam-

paign.
Specimen Layout Width [mm] Thickness [mm] Fpax [N] UTS [MPa] Mean UTS [MPa]
Specimen #1  Without Fibre 24.45 1.81 24955.50 563.91 540.40
Specimen #2 With Fibre 24.45 1.81 22876.25 516.90 ’

Table 6.1: Quasi-static Failure Tests results.
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Chapter 7
Fatigue Tests

The fatigue test campaign was conceived with a twofold aim: to compare the fatigue
response of specimens containing embedded optical fibre sensors with that of reference
specimens manufactured without any sensing element; the second objective was to assess
the capability of the embedded optical fibre, interrogated using a Luna ODiSI system, to
provide accurate strain measurements within the laminate under different load levels and
test frequencies. In both cases, a tension—tension loading configuration was adopted.

Accordingly, this chapter is organised into two sections, each addressing one of these
aims.

7.1 Influence of the embedded optical fibre on fatigue
behaviour

To investigate the effect of embedding an optical fibre (placed between the second and
third ply) on the fatigue response of the material, a fatigue test campaign was carried out
on a total of 24 specimens: 12 with an embedded optical fibre and 12 without any sensor.
Three load levels were considered, 50%, 65%, and 80% of UTS, as summarised in Table
7.1, and a stress ratio R = 0.1. For each load level, three specimens per configuration
were tested.

The test frequency was set to 5 Hz as a practical compromise that allows the fatigue
loading without causing a temperature increase which, in the case of composite materials,
could alter the mechanical properties of the matrix, and thus influence the measured
response.

Load Level (% UTS) Maximum Load Applied [kN] Minimum Load Applied [kN]

50% 11.957 1.1957
65% 15.57 1.557
80% 19.17 1.917

Table 7.1: Fatigue tests load levels.

65



Fatigue Tests

Table 7.2 reports the number of cycles reached in each test, distinguishing between
specimens that achieved the run-out limit (set at one million cycles) and those that failed,;
complete fracture was observed only at 80% UTS. The table also differentiates specimens
with an embedded optical fibre from those without any sensor.

Optical Fibre No Optical Fibre
Specimen %UTS N Cycles Specimen %UTS N Cycles
#16 50% 1000000 #7 50% 1000000
#27 50% 1000000 #14 50% 1000000
#22 50% 1000000 #17 50% 1000000
#9 65% 1000000 #3 65% 1000000
#13 65% 1000000 #23 65% 1000000
#29 65% 1000000 #26 65% 1000000
#8 80% 126000 #1 80% 14000
#12 80% 396000 #4 80% 137000
#20 80% 29000 #6 80% 89000

(a) (b)

Table 7.2: Number of cycles of specimens tested at different load levels: (a) specimens
with embedded optical fibre, and (b) specimens without optical fibre.

To analyse the mechanical response of the specimens, several damage-related parame-
ters were considered.

7.1.1 Elastic Modulus

During the fatigue testing campaign, the specimens were equipped with gripping tabs to
prevent potential damage in the clamping regions of the testing machine, as described in
Chapter 5. However, in order to ensure that the estimated stiffness values, and their sub-
sequent reduction during cycling, were attributable exclusively to the material behaviour
and not influenced by secondary effects such as possible slippage between the specimen
and its gripping tabs, an extensometer was applied to a subset of specimens, at the three
different load levels. The extensometer allowed direct measurement of strain, which, com-
bined with the load data supplied by the testing machine and the cross-sectional area of
the specimen, enabled the evaluation of the elastic modulus throughout the fatigue cycles.

For these specimens, both the stiffness and the elastic modulus were plotted as a
function of the number of fatigue cycles. The trends of the two curves were found to be
consistent with each other, differing only by a scaling factor dependent on the specimen’s
cross-sectional area and effective gauge length, according to the relation:

Lo

E=7

Where:
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e F' is the elastic modulus;

o L is the gauge length of the specimen;

A is the cross-sectional area of the specimen;

K is the stiflness.
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Figure 7.1: 65% UTS — Comparison K-E.
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This comparison confirmed that the observed reduction in stiffness is primarily at-
tributable to degradation of the specimen material itself. Consequently, stiffness, was
adopted as the principal parameter for assessing damage evolution in the fatigue tests.

7.1.2 Stiffness Analysis

The application of a cyclic tension—tension load at different amplitudes induces progres-
sive damage within the material, leading to a reduction in stiffness. In this work, the
force—displacement relationship was used, where the stiffness is represented by the slope

of the curve.

Where:
o F'is the force applied
e ¢ is the displacement
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During the initial loading cycles, regardless of the selected load level, a rapid decrease
in stiffness was observed, followed by a stabilization phase likely due to microstructural
rearrangements within the composite structure. Lastly, during the final cycles prior to
failure, a pronounced and rapid decline in stiffness was recorded, indicating the immi-
nent failure. This behaviour is consistent with recent studies reporting similar stiffness
degradation mechanisms in fibre-reinforced polymer composites under cyclic loading [70].

At 50% of the UTS, all tested specimens successfully reached one million cycles without
exhibiting any signs of failure. Examination of the stiffness evolution revealed that the
stiffness reduction reached the 10% only for two specimens, while it was lower for the rest
of the samples, without any differences between the "smart" specimens and the reference
ones (Figure 7.2).
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Figure 7.2: 50% UTS — Normalized Stiffness vs Cycle Ratio.

These results indicate, first, that failure was not expected to occur for many additional
cycles for most specimens, and second, that the presence of the optical fibre does not
meaningfully affect the stiffness of the specimen at a load level of 50% UTS.

When the applied load was increased to 65% of the UTS, the reduction in stiffness be-
comes more evident than at the previous load level, as shown in Figure 7.3. No meaningful
difference was observed between specimens containing embedded optical fibres and those
without; accordingly, neither group exhibited a substantially greater or faster stiffness
degradation.

All specimens reached 1 million cycles without complete failure; however, unlike at
the lower load level, significant delamination and crack formation were observed during
testing. Although these damage mechanisms did not lead to complete material failure,
they contributed to a marked reduction in stiffness, severely compromising the structural
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integrity of the specimens.
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Figure 7.3: 65% UTS — Normalized Stiffness vs Cycle Ratio.

At 80% UTS, all specimens experienced failure, although the number of cycles to failure
varied among them while remaining within the same order of magnitude.
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Figure 7.4: 80% UTS — Normalized Stiffness vs Number of Cycles.
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However, this variability does not appear to be attributable to the presence of the em-
bedded optical fibre, as both fibre-embedded and reference specimens failed at comparable
cycle counts.

Instead, the observed differences are more likely associated with manufacturing-related
imperfections, such as inclusions generated during the lay-up of the composite plies, or
defects exposed at the specimen edges during waterjet cutting.

By normalizing the stiffness with respect to its initial value, it becomes evident that
specimen failure tends to occur once the stiffness has decreased by approximately 20-25%,
as shown in Figure 7.4.

7.1.3 Damage Index

The damage accumulation in the specimens was estimated based on the material’s stiffness,
and calculated using the following equation.
K(N)

Ko

Dstiff(N) =1-
Where:

e Ky is the initial stiffness

o K(N) is the stiffness at cycle N
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Figure 7.5: 50% UTS — Damage Index vs Number of Cycles.

At the beginning of the fatigue test, the damage is essentially zero; however, a rapid
increase is observed within the first cycles, followed by a stabilization phase. In the cycles
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approaching failure, the damage rises once more, marking the final stage of degradation.
The following figures illustrate the evolution of fatigue damage for the three investigated

loading levels.
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7.1.4 Hysteresis Dissipated Energy

The force—displacement hysteresis loop provides a useful indicator of damage evolution
during cyclic loading, as the area enclosed by the loop corresponds to the energy dissipated
within the material.

E, = j{ Fdx
Where:
e F'is the force applied
e dx is the displacement

At the beginning of the fatigue test, the hysteresis loop is narrow and nearly stable, re-
flecting a predominantly elastic response and a minimal internal damage due to molecular
reorientation and minor interfacial activity, as observed by Panin et al.[71]. These initial
loops serve as a baseline, representing the material in an essentially undamaged state.

As the number of cycles increases, the loop area gradually enlarges. This widening is
indicative of progressive microstructural degradation, such as matrix microcracking, inter-
facial debonding, fibre-matrix sliding, and the formation of localized interfacial defects,
all of which contribute to additional energy losses per cycle and thus contribute to the ma-
terial’s reduced capacity to store elastic energy [71]. The increase in dissipated energy can
therefore be used as an indirect measure of the material’s damage state. Several studies
have shown that this trend becomes particularly pronounced at higher stress amplitudes,
where the rate of damage accumulation accelerates and the hysteresis energy grows more
rapidly [71, 72].

As remarked in previous sections, a further effect of fatigue progression is the reduction
in stiffness, which is reflected in a decrease of the slope of the force-displacement loop. As
internal damage accumulates, the material progressively loses its ability to store elastic
energy efficiently and the loops can exhibit increasing residual (permanent) deformation,
visible as a progressive rightward shift of the cycle [71]. The combination of loop-shape
evolution and translation therefore provides a clear representation of the transition from
an initially stable condition to a progressively more damaged state.

Close to failure, the hysteresis-loop typically undergoes a sudden enlargment associated
to the rapid propagation of critical defects, and the response collapses once the specimen
breaks [71]. The sequence consisting of a period of stable dissipation, gradual intensifica-
tion, and a final abrupt increase followed by collapse, constitutes a characteristic signature
of fatigue-induced degradation in composite materials [72].

The representative cycles shown in the following graphs illustrate these observations.
The initial cycles exhibit narrow, steep loops; intermediate cycles show widening and a
moderate loss of stiffness; and the final cycles reveal both significant loop enlargement
and a marked decline in stiffness. Moreover, the difference in loop behaviour across
loading levels underscores the influence of stress amplitude on energy dissipation: higher
stress conditions lead to larger hysteresis areas and thus a more accelerated accumulation
of fatigue damage [71, 72]. In Figures 7.8 7.9 7.10, for easier visualisation, only four
representative cycles have been depicted.
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Figure 7.8: Analysis of the hysteresis dissipated energy of a specimen (#7) with no fibre
tested at 50% UTS.
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Figure 7.9: Analysis of the hysteresis dissipated energy of a specimen (#29) with embed-
ded fibre tested at 65% UTS.
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Figure 7.10: Analysis of the hysteresis dissipated energy of a specimen (#4) with no fibre
tested at 80% UTS.

Rather than analysing each fatigue cycle individually, the overall effect of cyclic loading
can be captured by considering their cumulative contribution, expressed as the energy
accumulated throughout the test. The accumulated energy FEj, cum is therefore defined as
the sum of the energy dissipated over all cycles (equation 7.1), and it provides an integral
measure of progressive material degradation by accounting for the effects of the entire
loading history.

Eh,cum(N) = Z Eh@) (71>

In practical terms, using cumulative energy has two main advantages: it captures
the entire fatigue history into a single parameter that can be directly compared across
specimens and test conditions, and it is typically less affected by cycle-to-cycle fluctuations
than per-cycle indicators, thereby making long-term damage accumulation trends easier
to recognise [71,72]. More generally, since fatigue damage and the associated stiffness
loss evolve progressively with cycling, cumulative dissipated energy provides a physically
meaningful indicator of the evolving damage state [70,72].

Figures 7.11, 7.12, 7.13 show the hysteresis energy per cycle compared to the cumu-
lative energy for each load level. As expected, the higher the load level, the higher the
accumulated energy; in detail, E}, cum reaches around 400 J for the 50% UTS, 600 J for
the 65% UTS, and 800 J for the 80% UTS.
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Figure 7.11: Hysteresis Energy per Cycle and Cumulative Hysteresis Energy for a speci-
men (#7) with no optical fibre subjected to 50%.
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Figure 7.12: Hysteresis Energy per Cycle and Cumulative Hysteresis Energy for a speci-
men (#29) with embedded fibre subjected to 65%.
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Figure 7.13: Hysteresis Energy per Cycle and Cumulative Hysteresis Energy for a speci-
men (#8) with embedded fibre subjected to 80%.

7.1.5 S-N Curves

As highlighted in the previous sections, the reduction in stiffness is a useful indicator of
the material damage state. In particular, the extent of stiffness loss observed prior to
failure depends on the applied load level; at 80% of the UTS, the stiffness decrement at
the onset of fracture typically falls in the 20-25 % range.

This observation suggests the possibility of defining a maximum allowable threshold
beyond which the specimen enters a condition associated with potential failure. Depending
on the intended function of the final component, different threshold values may be selected.
Indeed, even if the reduction in stiffness is not sufficient to cause catastrophic failure, it
nonetheless alters the mechanical response of the component.

Therefore, if the sole requirement is to avoid complete rupture, a threshold greater
than 15% may be adequate; however, if preserving a mechanical performance close to the
original one is of greater importance, a more restrictive threshold must be adopted.

For this reason, when constructing logarithmic stress versus number of cycles (S-N)
curves, specimen “failure” may be defined either as the occurrence of complete fracture
or as the reaching of a prescribed stiffness reduction threshold; the corresponding cycle
count is then taken as the fatigue limit associated with that criterion.

The S-N curves were constructed on a double-logarithmic scale by plotting the alter-
nating stress, o,, against the number of cycles to failure, Ny, and fitting the data using
the Basquin relationship 7.2 [73].

Oy = 0% N}’ (7.2)
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where 0} is the fatigue strength coefficient and b is the fatigue strength exponent.
To identify a} and b, the equation was linearised and a least-squares regression was
performed.

Y =logg(0a), X = IOglo(Nf)v (7.3)
Y = logo(0}) + bX. (7.4)

In addition, for each fitted curve, the corresponding Owen lower bound was computed
as:

YLB(X) = )A/(X) — Kowen S, (75)

where s is the standard error of Y about the regression line, and Kowen, is a factor de-
termined by the selected confidence and reliability levels, as well as by the number of
specimens considered; in particular in this work it was chosen a level of confidence of 90%
and a level of reliability of 95%, leading to a Kowen Of 2.650 for 9 specimens per category.

Figure 7.14 shows S-N Curves where the failure threshold was set at a decrement of
stiffness of 10%.

S-N Curves - K/K0 =90%

[ O No Fibre
250+ x Fibre
Basquin - No Fibre (R? = 0.72)
I —Basquin - Fibre (R% = 0.82)
200 il - - - -Owen Lower Bound - No Fibre
.a. L SRk - = = Owen Lower Bound - Fibre
o e
=
[ —
Am [ =
B 150 ——""==i;
N ~ -~
D I T R
o
-l
100 - TR
| [ | P F 4 FAEa | O I B O RS
3 4 5 6
10 10 10 10
Log(N)

Figure 7.14: S-N Curves for a decrease of stiffness of 10%.

To verify that the presence of the embedded optical fibre did not affect the fatigue life
of the specimens, an ANOVA test was performed on the two groups. To this end, the
stress values from the S-N curves for the 10% of stiffness loss were shifted (normalised)
to a reference life of 10 cycles, and the ANOVA was then applied. The test returned a
p-value of 0.4642, which is greater than the chosen significance level (i.e., 0.05, or 5%).
Therefore, it can be concluded that the two groups are not statistically different, as also
shown in the box-plots in Figure 7.16.
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Figure 7.15: Shifted S-N data for specimens without (a) and with (b) optical fibre.
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Figure 7.16: Boxplot Anova.

7.2 Optical Fibre Strain Measurements

This section investigates whether embedded optical fibres can accurately capture the strain
developing within the laminate during tension—tension fatigue testing, with the load ap-
plied along the optical fibre longitudinal direction. In particular, the fibre response was
examined as a function of both the applied load level and the test frequency. Test fre-
quencies of 0.5, 1, 2, and 5 Hz were considered. At each frequency, the protocol consisted
of 50 cycles at 50% UTS, followed by 50 cycles at 65% UTS and 50 cycles at 80% UTS.

In addition, to highlight potential differences in strain reading performance associated
with the fibre coating, three specimens were considered, each embedding an optical fibre
with a different coating type: a fully polyimide-coated fibre, a fully acrylate-coated fibre,
and a hybrid-coated fibre, as described in Chapter 5.

Lastly, the study aimed to verify whether the optical fibre could continue to provide
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7.2 — Optical Fibre Strain Measurements

reliable strain measurements after being subjected to a large number of fatigue cycles at
relatively high load levels and frequencies.

7.2.1 Frequency and Load influence

All three specimens were tested at the three prescribed load levels; however, their mea-
surement response differed noticeably.

At 0.5 Hz (Figure 7.17), the fibre fully coated with acrylate was able to track the

strain signal at all load levels. Nevertheless, owing to the compliant nature of the acrylate
coating, the laminate deformation is not fully transmitted to the fibre core, since part of
the deformation is effectively absorbed within the coating. As a result, the strain recorded
by the interrogator is systematically lower, which in turn leads to an apparently higher
elastic modulus.
By contrast, both the fully polyimide-coated fibre and the hybrid fibre, featuring a cen-
tral polyimide-coated segment, provided a more faithful strain readout. The measured
strain is therefore higher than that obtained with the fully acrylate-coated fibre, and the
corresponding elastic modulus is lower and thus closer to the expected value, consistently
with the earlier discussion and with findings reported in the literature [50, 51].
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Figure 7.17: Stress and Strain for acrylate, polyimide and hybrid optical fibres, at 0.5 Hz.

Despite the high accuracy achieved with polyimide-based coatings, these fibres are
extremely thin and stiff. Under the highest load level (80% UTS), the associated strain
amplitudes could not be reliably captured by the Luna ODiSI interrogator, resulting in
a sequence of “Not a Number” (NaN) or "Missing Values" entries in the exported TSV

data.
A

high incidence of NaNs was observed primarily for the polyimide-coated and hybrid

fibres at 80% UTS already at 0.5 Hz; conversely, NaNs were also encountered for the
acrylate-coated fibre when tests were performed at higher frequencies, even at lower load
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levels (Figures 7.18,7.19). This indicates that the ability to return valid (non-NaN) strain
data depends on both the applied load level and test frequency, with a markedly stronger
sensitivity for the polyimide-coated fibre compared to the acrylate-coated one.

o and ¢ vs time - 1Hz

T
< RN ol

MO

M s e
0WUVUUMVWWUJwMUMNWWMWVWWWM wwwwwuvawwwuumuuwwmwwwm i

]
|

71‘ g

,“M“j JUJI}H‘H/{( P -
]JIIIHJ),JMJ] M:HHIW uJJJ”JJ i J“//J I/IJ»J/.u;f/JMJHJ‘HuuluuJJJ.‘J}.J‘IHHA acdts ottt il bana]

0 20 40 60 80 100 120 140 160
Time [s]

¢ Hybrid ¢ Polyimide ¢ Acrylate
%1073

x1073

o

Figure 7.18: Stress and Strain for acrylate, polyimide and hybrid optical fibres, at 1 Hz.
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Figure 7.19: Stress and Strain for acrylate, polyimide and hybrid optical fibre, at 2 Hz.

For all three fibre configurations, the elastic modulus derived from the optical measure-
ments decreases progressively with cycle count. This reduction is negligible at 50% UTS,
also because only a limited number of cycles (50 cycles) were recorded at all load levels,
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whereas a more evident decrease is observed at the subsequent load levels, as shown in
Figure 7.23. As outlined in the previous sections, and similarly to the observed stiffness
degradation, this trend is attributed to the accumulation of damage mechanisms within
the laminate. To verify that the observed elastic modulus trend is reliable, the stiffness
evolution was also plotted using data obtained exclusively from the testing machine, and
therefore independent of the optical fibre measurements.
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Figure 7.20: Comparison E-K of acrylate-coated fibre at 0.5Hz.
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Figure 7.21: Comparison E-K of polyimide-coated fibre at 0.5Hz.
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Figure 7.22: Comparison E-K of hybrid fibre at 0.5Hz.

Figures 7.20, 7.21, 7.22 indicate that the polyimide-coated and hybrid fibres measure
strain accurately enough to provide a realistic elastic modulus. However, when the results
are examined across the different load levels, the modulus trend is not reproduced con-
sistently. Moreover, as the applied load increases, missing values become more frequent,
which reduces the reliability of the modulus estimate and leads to a less robust trend.

Conversely, the fully acrylate-coated fibre, although it does not measure the absolute
strain accurately, since part of the laminate deformation is absorbed by the coating rather
than transmitted to the fibre core, does follow the expected modulus trend across the load
levels.

The trends of the elastic moduli derived from the three optical fibre configurations at
0.5 Hz are shown in Figure 7.23 to highlight their differences.

The same analysis of the elastic modulus was also carried out for the tests performed

at the higher frequencies, and the corresponding results are summarised in Figures 7.25
and 7.27. In particular, it can be observed that, as the test frequency increases, the elastic
modulus evaluation becomes progressively less accurate due to the marked rise in missing
values.
To better highlight the trend of the elastic modulus measured by the different optical
fibres, the normalised elastic modulus was also plotted, as shown in Figures 7.24 and
7.26. It can be observed that, although the absolute modulus obtained with the fully
acrylate-coated fibre is overestimated, its percentage decrease is captured correctly. The
opposite behaviour is observed for the fully polyimide-coated and hybrid fibres, for which
the absolute modulus is more representative but the relative reduction is not reproduced
as reliably.
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Figure 7.23: Comparison of the elastic modulus at different loading levels at 0.5 Hz for
the three optical fibres.
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Figure 7.24: Comparison of the normalized elastic modulus at different loading levels at
0.5 Hz for the three optical fibres.
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Figure 7.25: Comparison of the elastic modulus at different loading levels at 1 Hz for the
three optical fibres.
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Figure 7.26: Comparison of the normalized elastic modulus at different loading levels at
1 Hz for the three optical fibres.

84



7.2 — Optical Fibre Strain Measurements

Comparison E 2Hz
70 ‘ ‘

60— R~

40
30+ 1

E [GPa]

20 50% UTS 65% UTS 80% UTS i
10

—Acrylate I
—Polyimide

0 1 | | |
0 20 40 60 80 100

Time [s]

Figure 7.27: Comparison of the elastic modulus at different loading levels at 2 Hz.

7.2.2 Missing Value Count

Throughout this fatigue campaign, the presence of missing values had a strong impact on
the strain measurements and, consequently, on the derived elastic modulus. It is therefore
important to quantify and discuss their occurrence, in particular how the proportion of
missing values increases with both load level and test frequency, and how this effect varies
depending on the optical fibre configuration adopted, as shown in Figures 7.28, 7.29, 7.30.
A clear and consistent trend emerges: the fraction of missing data increases with both
frequency and load level, eventually reaching values that make the strain-based evaluation
of the elastic modulus unreliable.

For the acrylate-coated fibre (Figure 7.28), missing values are essentially negligible at
0.5 Hz, and in particular absent for the 50% UTS (as shown in the results of previous
section), while remaining limited at 1 Hz, with a noticeable increase only at the highest
load level. The situation changes markedly at 2 Hz and 5 Hz, where the percentage
of missing points becomes substantial and grows further as the stress level is increased,
reaching the highest values at 80% UTS.

The polyimide-coated fibre (Figure 7.29) exhibits a systematically higher incidence of
missing values across all conditions. Even at 0.5 Hz, approximately one fifth of the data
is missing, and the percentage rises sharply with frequency. At 5 Hz, the missing fraction
approaches saturation, particularly at 80% UTS, indicating that the acquisition becomes
critically intermittent under the most demanding conditions.

The hybrid fibre (Figure 7.30), evaluated at 0.5 Hz and 1 Hz, shows comparatively
high missing-value levels already at 50% UTS, with a further increase as the stress level
is raised: 1 Hz consistently produces a higher proportion of missing data than 0.5 Hz,

85



Fatigue Tests

confirming the pronounced frequency sensitivity observed for the other coatings.
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Figure 7.28: Acrylate Missing Values at different load levels and frequencies.
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Figure 7.29: Polyimide Missing Values at different load levels and frequencies.
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Figure 7.30: Hybrid Missing Values at different load levels and frequencies.
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Figure 7.31: Comparison between Acrylate and Polyimide Missing Values at different
stress levels and frequencies.
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The direct comparison in Figure 7.31 further highlights that, at equal frequency and
stress level, polyimide is more prone to missing data than acrylate. While both coat-
ings show a strong deterioration as frequency increases, the separation between the two
is most evident at the lower frequencies, where the acrylate-coated fibre still provides
largely continuous datasets whereas the polyimide-coated fibre already suffers from sig-
nificant data loss. Overall, these results indicate that frequency is the dominant driver
for missing values, with load level acting as an additional aggravating factor, and with a
clear dependence on fibre coating.

7.2.3 Reliability of the Optical Fibre with Time

After investigating if the optical fibres can measure strain across different load levels and
test frequencies, the next step was to determine whether this capability deteriorates after
prolonged fatigue cycling.

To this end, all three specimens were first subjected to a given number of tension—tension
fatigue cycles at 80% UTS and 5 Hz. Following this conditioning phase, the fatigue test
was slowed to 0.1 Hz and repeated at 80% UTS, for 5 cycles, while the strain response
was acquired using the Luna ODIiSI system. The choice of the low frequency of 0.1 Hz
was motivated by the need to obtain stable strain measurements and to minimise the
occurrence of NaN values in the exported TSV data, which had been observed at higher
frequencies.

After completing the measurement sequence, the specimens were again cycled at 80%
UTS and 5 Hz for an additional number of cycles, and subsequently re-tested under the
same 0.1 Hz measurement protocol at the three load levels. This procedure was repeated
iteratively until final fracture of the specimens. In this way, the investigation assessed both
the survivability of the optical fibres (i.e., whether they remained intact until laminate
failure) and their ability to continue providing accurate strain measurements throughout
the fatigue life.

Referring to the following figure, the elastic modulus trend obtained from the optical
fibre is compared with the stiffness evolution derived exclusively from the testing machine
data.

The fully acrylate-coated fibre shows a stable measurement behaviour even after re-
peated fatigue intervals at 5 Hz. During the 80% UTS blocks at 5 Hz, the fibre does
not break, yet the interrogation returns predominantly missing values and the modulus
cannot be evaluated reliably. However, as soon as the test frequency is reduced to 0.1
Hz, while maintaining the same load level, the fibre resumes normal operation and pro-
vides continuous strain data, with no NaN values preventing the modulus estimation, as
illustrated in Figure 7.33. The same procedure was applied to both polyimide-coated and
hybrid optical fibres. In particular, the polyimide-coated fibre was able to capture strain
once the test frequency was reduced to 0.1 Hz; however, after 4000 cycles, the specimen
failed prematurely. Conversely, the hybrid optical fibre produced less reliable results at
80% UTS and subsequently suffered damage after only a few cycles at high frequency.

Overall, the acrylate-coated fibre emerges as the most robust option for monitoring
strain under cyclic loading, particularly in terms of continuity of acquisition. Nevertheless,
its intrinsic tendency to underestimate the true laminate strain, due to partial strain
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absorption within the coating, suggests that further work is required to quantify this effect
and develop an appropriate compensation strategy, which is left for future investigations.
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Figure 7.32: Comparison between elastic modulus and stiffness of the acrylate optical
fibre subjected to iterative cycling.
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Figure 7.33: Last check to assess the optical fibre reading capability at 7000 cycles before
the rupture.
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7.3 Fracture surface observations

At the end of the fatigue tests at 80% UTS, which led to final fracture of the specimens,
the broken samples were examined using a digital microscope in order to characterise the
failure regions. The images reported below reveal several damage mechanisms that are
typical of composite laminates subjected to tension—tension fatigue loading.

In particular, delamination is evident in Figure 7.34: rather than a clean, planar cut,
the fracture surface shows a stepped profile, with plies locally separated, opened, and
overlapping. In Figures 7.36, 7.37, and 7.38 a clear fibre pull-out morphology can be
observed, indicative of progressive bundle debonding and failure, with the characteristic
“brooming” appearance of fractured fibres; the presence of tow splitting can also be ob-
served, giving the impression that a fibre tow detaches or separates along its length. In
addition, the presence of dark lines and, especially, small voids along the boundaries of
the fibre bundles suggests interfacial debonding and matrix cracking. Finally, a number of
bright discontinuities are visible; these features are consistent with local resin-rich pockets,
which are often associated with stress concentrations and may promote crack initiation
and subsequent delamination.

In Figures 7.38 and 7.39, it is noteworthy that the optical fibre left a distinct groove
on the two plies between which it had been embedded. This observation reinforces the
idea that, even though the embedded fibre did not substantially alter the fatigue response
in this specific configuration (i.e., tension-tension loading with the load applied along the
fibre longitudinal direction), it still represents a local discontinuity, a flaw [39], within the
laminate. For this reason, its role as a potential defect should be considered.

Figures 7.40 and 7.41 show the opposite fracture surface, where the optical fibre is
still present. The fibre appears to be broken only at the location corresponding to the
specimen fracture. Extensive delamination exposes the fibre, which remains resting along
the surface of one ply. Moreover, a portion of the polyimide coating seems to have been
locally removed, most likely during the laminate cure, without any macroscopic evidence
of damage to the fibre core.

Figure 7.34: Two specimens showing fibre breakage, delamination, and fibre pull-out.
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Figure 7.35: Thickness view of a specimen, fractured at the interface between the second
and third ply, with evidence of the start of delamination also between the first and second
ply, as highlighted by the red circle.

Figure 7.36: Enlargement of the fracture surface with small voids consistent with resin-
rich pockets.
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Figure 7.37: Presence of light-coloured resin pockets as well as fibre breakage, with the
characteristic "brooming" aspect.

Figure 7.38: Specimen affected by extensive delamination and tow splitting, with the
upper ply no longer visible; the optical fibre can be identified, together with the imprint
left by it on the prepreg surface.

92



7.3 — Fracture surface observations

L2

i it 4

“V‘!' m,vag E

Figure 7.40: View of the full specimen width, traversed longitudinally by the embedded
optical fibre.
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Figure 7.41: Enlargement of the previous image, showing that a portion of the polyimide
coating is missing, while the fibre core does not appear to be damaged, at least at the
macroscopic scale.

(a)

Figure 7.42: Specimen showing delamination, still gripped in the machine (a), and its
broken surface in (b).
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Figure 7.42 shows one of the specimens still mounted in the Instron testing machine at
the end of a fatigue test. A pronounced delamination is clearly visible and is the damage
mechanism that ultimately led to the final fracture of the sample. Lastly, Figure 7.43
shows a comparison between the fracture of a specimen after fatigue loading, and that of
two specimens subjected to quasi-static tensile testing.

(a)

Figure 7.43: Comparison between specimen broken after fatigue cycling (a), and after
quasi-static tensile testing (b).
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Chapter 8

Conclusions and Future
Developments

This thesis addressed the integration of Rayleigh-based DFOS into carbon/epoxy com-
posite laminates for SHM applications, with a particular focus on an embedded hybrid
optical fibre configuration combining acrylate and polyimide-coated sections. The hy-
brid concept was conceived to retain the high strain-transfer fidelity typically associated
with polyimide coatings, while improving handling robustness at the laminate entry/exit
regions through the more compliant acrylate-coated portions.

A first validation step was performed under quasi-static tensile loading. Strain profiles
acquired along the embedded fibre confirmed the expected behaviour of the two coat-
ings: the polyimide-coated section reproduced the laminate deformation more faithfully,
whereas the acrylate-coated section tended to underestimate strain due to the partial de-
formation absorption within the coating. Moreover, the elastic modulus derived from the
hybrid fibre was found to be comparable to values reported for specimens instrumented
with fully polyimide-coated fibres, validating its strain-sensing capability.

The experimental campaign was then extended to tension—tension fatigue loading with
a twofold aim: to determine whether embedding an optical fibre affects the laminate fa-
tigue response, and to evaluate whether DFOS can provide reliable strain measurements
under cyclic loading across different stress levels and frequencies. Several damage metrics
were adopted to interpret the fatigue response. A stiffness-based damage index repro-
duced the typical evolution observed in composite laminates under cyclic loading: an
initial rapid increase, a stabilisation phase, and a final acceleration close to failure. In
parallel, hysteresis-loop analysis confirmed the progressive widening of force—displacement
loops with cycling, consistent with increasing dissipation associated with microcracking,
debonding, and interfacial sliding.

The results indicate that embedding the fibre between plies (second/third) does not
lead to a measurable reduction in stiffness evolution or fatigue life in the investigated
configuration. At 50% and 65% UTS, all specimens reached the run-out limit of 10°
cycles; despite the stiffness losses and visible damage (e.g., delamination and cracking),
no meaningful differences emerged between “smart” and reference specimens in terms of
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stiffness degradation rate.

At 80% UTS, all specimens failed, with scatter in cycles to fracture primarily due to
manufacturing-related imperfections, rather than to the presence of the optical fibre itself.
Consistently, specimen failure tended to occur once the normalised stiffness had decreased
by approximately 20-25%, suggesting a practically relevant stiffness-loss threshold for
defining damage states prior to catastrophic fracture.

S—N curves were constructed by adopting a stiffness-reduction criterion to define “fail-
ure”, in addition to complete fracture. In order to statistically assess whether the embed-
ded fibre influenced fatigue life, an ANOVA test was applied, demonstrating that the two
populations (with and without embedded fibre) are not statistically different under the
conditions examined.

Regarding DFOS strain measurements under fatigue, the experimental evidence high-
lights a trade-off between strain-transfer fidelity and data continuity that depends strongly
on the coating type, load level, and test frequency. At low frequency (0.5 Hz), the acrylate-
coated fibre tracked the strain signal at all load levels, but systematically underestimated
strain, leading to an apparently higher elastic modulus. Conversely, the polyimide-coated
and hybrid fibres provided more faithful strain amplitudes (and therefore more realistic
modulus values), in line with the expected strain-transfer behaviour of stiffer coatings.
However, under demanding conditions such as high load and /or high frequency, polyimide-
coated sensors exhibited a pronounced rise in missing values, thus resulting in an unreliable
modulus evaluation.

A systematic comparison of missing-value occurrence confirmed that frequency is the dom-
inant driver, with load level acting as an aggravating factor, and with polyimide showing
higher sensitivity than acrylate at comparable conditions.

Finally, an iterative “conditioning + measurement” routine proved that the sensing
capability of the acrylate-coated optical fibre does not deteriorate after repeated high-
stress cycling. This indicates that the loss of data at high frequency is not necessarily
associated with fibre rupture, but rather with acquisition limitations under high-strain
conditions; nonetheless, the acrylate underestimation of absolute strain motivates further
work aimed at quantifying and compensating the coating-related transfer effect.

Based on these outcomes, future work should primarily focus on improving measure-
ment robustness while preserving the advantages observed for each fibre configuration. In
particular, a calibrated strain-transfer compensation for acrylate-coated fibres would be
valuable to correct the systematic underestimation of absolute strain without sacrificing
their strong acquisition continuity under cyclic loading. In parallel, the high incidence
of missing values observed with polyimide-based solutions requires a dedicated investiga-
tion to clarify its underlying causes, ranging from interrogator settings and strain range
limitations to local debonding or microbending effects, and to identify operating windows
in the frequency—load domain where acquisition remains reliable. Finally, the mechanical
assessment should be extended to different laminate architectures and loading scenarios,
such as transverse loading with respect to the fibre direction, variable-amplitude spec-
tra, or multiaxial conditions, where an embedded fibre could act as a more critical stress
concentrator than in the present longitudinal tension—tension configuration.
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