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ABSTRACT

Delamination is a primary failure mode in laminated composite structures, leading
to decreased stiffness and strength while also impacting their vibration behaviour.
The detection of such occurrences is thus, considered necessary. This paper deals
with detection of macro-level damage in E-Glass fibre/epoxy resin laminated com-
posite beam using vibration-based detection method. In particular, this paper deals
with the modal curvature based techniques for damage detection in composite beam.
Firstly, the effect of delamination in dynamic characteristics of the beam is studied
using FEM and verified through experimental measure. Then the experimental pro-
cedure is used to detect delamination and other forms of damages in the composite
beam. Different modal curvature based techniques are discussed and finally com-
pared to detect other form of damages such as hole and impact damage. It is found
that of the techniques used, although external damage was detected with sufficient

accuracy, the techniques detected internal delamination with poor accuracy.

Keywords: Modal curvature, Laminated composite, Damage detection, Vibration

based damage detection
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CHAPTER ONE: INTRODUCTION

1.1 Background

Composites are the combination of two or more type of materials that produce a
property in the result product not possessed by the constituent materials (Aske-
land et al., 2013). They offer a better alternative to traditional materials due to
the unique set of properties such as light weight, increased directional strength,
high specific strength, corrosion resistance and the ability to tune the mechanical

properties as per need (Mukhopadhyay et al., 2021).

Among the different types of composites, fibre-reinforced composites (FRCs) are
being increasingly used in a wide range of applications. A typical FMC consists of
a matrix and reinforcements. A matrix is a homogenous base material that forms
the bulk of the FRCs. The reinforcements are bonded or embedded fibres that are
usually responsible for the anisotropy of the composite. According to (Fu & Yao,
2022), FRCs can be classified as:

o Composite laminates,

Braided composites,

Woven composites,

Nanocomposites,

Sandwich composite, and

Structural composite.

FRC laminates are the structures built up from multiple layers, called lamina, with
same or different orientations. The lamina is a composite material in the form of a
sheet, referred to as a layer or a ply. A stack of lamina bonded together in arbitrary
directions, by a process of composite lay-up, is a laminate. FRC laminates have some
outstanding properties such as low density, high strength, fatigue resistance, high
damping properties, fabrication diversity, etc., that has increased their adoption in

a wide range of areas.



With the unique set of properties that they exhibit, they are, unfortunately, suscep-
tible to some unique types of defects. Even so, the damages are less well understood
in composites as compared to conventional materials (Ghobadi, 2017). These defects
adversely affect the integrity and the performance of the composite structures and
may even lead to catastrophic failures. The defects in composites could be onset

either during the manufacturing process or during the service life.

Manufacturing is crucial in the creation of faults in composite materials, which has a
substantial impact on the final product’s performance and durability. Manufacturing

defects include:
o Inevitable natural defects,
o Formation of voids,
e Presence of contaminants, etc.

One of the most noticeable defects is porosity, which is the production of micro-
scopic spaces or holes in the resin matrix. These gaps might appear as isolated
pockets or as interconnected networks, reducing the material’s density and mechan-
ical strength. Porosity is frequently the result of suboptimal curing circumstances,
such as poor temperature control, pressure disparities during consolidation, or an
uneven and quick curing cycle that prevents the resin from entirely flowing into and
filling every small crevice. Furthermore, chemical processes during curing might
produce gas; if these gases are not properly evacuated before the resin sets, they
become trapped and contribute to the formation of voids. Porosity diminishes the
composite material’s load-bearing capacity and fatigue resistance, making it more
prone to environmental degradation because voids allow moisture, chemicals, or

other hazardous agents to enter.

Another prevalent flaw in composite materials is the presence of foreign compounds
in the matrix. This contamination can arise at several phases of the production
process. If the manufacturing environment is not tightly regulated, particles like
as dust or fibers from backing sheets may be inadvertently incorporated during the
pre-curing stage. These inclusions can also form during the curing process if surfaces
are not thoroughly cleaned, leaving residues such as oil fingerprints or other defects.
Even after curing, during finishing processes such as trimming or sanding, additional
impurities may harm the composite’s surface. Such foreign inclusions might break

the resin matrix’s continuity, potentially lowering bonding strength between layers



and acting as stress concentration spots, resulting in early failure or cracking under
load.

Service life flaws relate to the issues that might occur in fiber reinforced resin matrix
composites during their operational lifetime, ultimately compromising their perfor-

mance and durability. Service life defects include:

Impact loadings (primary cause of defects in composite),

Delamination effects,

Matrix cracking,

Fibre breakage and pull-out.

Resin-rich defects may substantially impact the functionality of composite materi-
als. Micro-sized resin-rich flaws often have modest effects on shear strength and
toughness, allowing the composite to retain the majority of its mechanical integrity.
However, as the faults reach macro-sized, they can cause stress concentrations that
act as focus points for damage, potentially leading to premature material failure.
The existence of these larger faults is especially damaging since they diminish the
onset strain at which composite failure occurs, undermining the material’s overall
structural integrity (Fu & Yao, 2022).

Matrix cracking is an important limitation in resin matrix fiber-reinforced compos-
ites since it negatively influences their overall performance as well as their mechanical
properties by decreasing interlaminar shear strength and compression durability, be-
sides inducing other modes of failure such as delamination. The phenomenon also
results mainly from the residual strain in the composite, which is caused by factors
such as the thermal expansion difference between the fibers and resin, curing chemi-
cal contraction, or processing constraints. Additionally, anisotropic nature of fibers,
in conjunction with interactions among constituents of the composite, can lead to
large distortions caused by curing, hence paving way to matrix cracking (Fu & Yao,
2022).

Machining defects are an important class of flaws that occur in composite products.
Because of their unique composition, composites are prone to machining flaws de-
fined by delamination, tearing, and burr formation. Machining faults in composites

are brought about by their innate heterogeneity as well as anisotropic nature, which



leads to random responses toward mechanical loads in different orientations to ulti-
mately generate unreliable performance. Machining processes involve localized em-
ployment of large forces in association with high-speed motions of machining cutters,
which can cause separation of composite blocks in addition to sudden occurrence of
sub-surface delaminations, under cycling load or during secondary machining pro-
cesses. Such instances not only trigger premature delamination but also induce
accelerated deterioration of composite structures with adverse implications to their
lifespan. The anisotropic nature of composites makes machining processes partic-
ularly demanding. Compared to isotropic products with homogeneous mechanical
properties throughout their entirety, composites are such that consideration of var-
ious layer or fiber orientations leads to different responses to cutting forces. Such
differences can lead to asymmetric formation of the product’s surfaces, tearing, or
burr formation, with negative consequences to their adhesive bonds between layers,

ultimately increasing failure probability in the composite system.

Fiber breakage, which can happen through manufacturing processes or by way of
mechanical stresses, severely undermines the load carrying properties of composite
materials. Such fiber breakage can happen through overloading, mishandling, or
even inherent flaws in fibers; these discontinuities generally induce early failure
under load conditions. Fiber rupture results in reductions in overall strength and
stiffness of the composite, which in turn causes drastic reductions in performance in

addition to reliability.

Fiber pullout is a mechanism where, during mechanical loading, fibers get pulled
out from the resin matrix, which is indicative of matrix-fiber interface failure. Such
occurrence is often due to poor adhesion of the resin with the fibers, which is more
likely to occur due to poor impregnation of the resin during production or poor
adhesion in the interface. The presence of such interfacial flaws prevents load transfer
from matrix to fibers, causing damage to the structure. In addition, fiber pullout is
also considered to be an indicator of failure at an interface with a high tendency to
reduce significantly the mechanical properties of the composite structures such as

strength, stiffness, and toughness.

Delamination, a type of interfacial defect, is the prominent defect type in composite
laminates. Even advanced composite laminates are highly prone to it due to their
low inter-ply shear and tensile strengths. (Fu & Yao, 2022) further add that de-

lamination defects are more common in FRC laminates during the manufacturing



process as well. As such, it is very imminent to detect such damages at their earliest

to address them and prevent any failure.

There have been many efforts to detect the damage in composite structures with
greater precision. Damage detection methods for composite structures can be clas-
sified as either global type or local type. Local type damage detection techniques
are those that can detect and locate damage in a small area. Conventional non-
destructive testing (NDT) techniques such as ultrasonic scanning, X-ray, eddy cur-
rent, thermography, shearography, etc., are grouped into local type. They have been
extensively used for detection of defects in composite laminates in local scale. But if
the structure is big and there are multiple possible locations of damage or the defect
location is not known, they may not be the ideal choice. That is where global type
of damage detection methods such as VBMs come in. They are generally accepted
in SHM applications due to their capability to detect and/or locate the defect in
large structures (Chaupal & Rajendran, 2023).

VBMs detect the damage based on changes in the dynamic characteristics of the
structure such as eigen frequencies (wy, ), mode shapes and damping ratio. Delamina-
tion in composite laminates reduces the structural stiffness and thus causes changes
in the vibration responses of the laminates (Zhou & Peng, 2022). According to
(Chaupal & Rajendran, 2023), VBMs require a lower number of sensors, do not
require the prior knowledge of the location of damage, and are easier to perform.
They are generally coupled with advanced techniques to get a clearer understanding
of the state of the structure and predict and prevent the onset of damage in SHM
applications. VBMs generally detect the presence, location and severity of damage

using:
e Modal parameters,
e Finite element methods,
o Optimization techniques,
e Signal processing techniques, or
o Machine learning techniques.

A quick review of recent works in this area indicates that VBMs are increasingly

being used for damage detection in SHMs. VBMs generally use modal parameters



such as eigen frequencies (wy, ), mode shapes and damping ratio for damage detection.
Many past works have taken these parameters to compare the damaged and pristine
state of a structure and to detect any possible damage it has. Others have taken it
a step further by deriving parameters from these fundamental ones to get a better

understanding of the presence, location and extent of damage.

1.2 Problem Statement

With the increasing range of applications of FRC laminates, the detection of any
form of damage in them during manufacturing or during service life is very crucial.
The defects should be identified in advance to prevent any catastrophic event in the
foreseeable future. As such, VBMs can be a better alternative. But VBMs are also
affected by the quality of data they receive from the sensors. The number of sensors
needed for the task affects the precision of the method. The sensors’ accuracy can
also introduce bias in the data acquired. To reduce such biases, the number of
sensors used might need adjustments. Also, according to (Chaupal & Rajendran,
2023) and (Fu & Yao, 2022), since there is no single consensus in single type of
damage detection technique or index, a robust framework that incorporates more
than one technique for detecting and evaluating the damage with higher detection

efficiency is required, reducing the occurrence of false alarms to a minimum.

1.3 Main Objective

To use vibration-based methods employing modal curvature-based techniques for

damage detection of fibreglass reinforced composite beams.

1.4 Specific Objectives

o To fabricate fibreglass reinforced composite laminates and obtain the mechan-

ical properties of the fabricated beams.

« To optimize sensor spacing using a Monte Carlo-based error minimization

framework.

e To detect different types of damage using modal curvature-based techniques

in a two-stage approach to improve damage localization accuracy.



1.5 Limitations

e The study only considers the first mode of transverse vibration for modal

analysis and does not ponder into the effect of higher modes of vibration.

e The effect of material parameters are not studied.



CHAPTER TWO: LITERATURE REVIEW

2.1 Damage in Composites

Common types of damage encountered in composite structures are matrix crack,
fibre breakage, fibre-matrix debonding, fibre pull-out, delamination, impact dam-
age, fatigue damage, thermal damage, void formation and buckling or wrinkling
(Ghobadi, 2017). On laboratory experiments, these damages can be artificially gen-
erated. For example, fibre breakage can be made from fibre cutting before the
manufacturing step, delamination can be introduced by inserting Teflon or foreign
film between two plies, etc. (Dolbachian et al., 2024). Delamination is the most
common type of structural damage in composite structures. It is the separation or
splitting between layers of composite material. It is one of the most severe damage
types in composite materials. As a result, most researchers have focused on detec-
tion of delamination in composite materials (Dolbachian et al., 2024). Main causes
of delamination are impact, bending, thermal cycling and manufacturing defects.
This leads to a severe reduction in effective transfer of stress between the matrix
and fibres, reducing the strength of the composite. Teflon tapes are widely employed

to create artificial delamination in composite structures.

2.2 Vibration Based Methods

Conventional techniques such as DIC and Shearography are limited to detecting
defects on the surface of the structure and are not ideal for detecting subsurface
defects (Ahmed et al.,; 2021). Among the different VBMs mentioned by (Chaupal
& Rajendran, 2023), each have their own shortcomings. Finite element method-
based techniques suffer with output variability and can be resource intensive. Also,
it requires the development of the model of the actual structure, which might not
be always practical (Dolinski & Krawczuk, 2020). Optimization techniques have
been garnering popularity in recent years. But these can be complex and difficult to
implement efficiently and are often susceptible to numerical noise. Artificial neural
network (ANN) and convolution neural network (CNN) based techniques are also
increasingly used but they often suffer from requiring substantial amount of training
data.

(Chaupal & Rajendran, 2023) further add that signal processing techniques such
as Short-Time Fourier Transform (STFT) and Wavelet Transform (WT) also have

their own shortcomings which make them unable to be used by themselves to be



used for damage detection. STFT gives constant frequency resolution across the
windows because it analyses the complete signal with the same window. Thus, this
method is only suitable for quasi-static signals. WT functions well for linear signals
and only fails when there is line singularity present or when the signal becomes
non-linear. Among modal parameter-based techniques, the techniques that utilize
eigen frequencies are limited by low sensitivity and can only detect large damages.
Damping ratio based techniques are trickier than eigen frequencies to deal with,
making them less reliable for a robust damage detection framework (Jamadar &
Kivade, 2017).

2.3 Damage Indices

There are many damage indices (DIs) developed for detecting defect from the change
in curvature mode shape. These damage indices can be categorised based on the

baseline dependence of the indices as
o Baseline dependent DI
» Baseline free DI.

Damage indices that require a baseline to compare the damaged state to are grouped
under baseline dependent DI. Those that do not require a baseline to compare to
and can determine the damage from the information of damaged structure only
are baseline free DI. They are particularly used for structures with homogenous

composition or uniform surface structure. Damage indices can also be classified as:
e Non-normalized DI

e Normalized DI

Non-normalized DI is a direct, physics-based, measure of damage severity used to
estimate the damage extent. Such DI is generally directly obtained from, and is

related, to stiffness loss or modal parameter changes of the structure due to damage.

Normalized DI is a statistically normalized version of the non-normalized index used
to enable damage localization by highlighting outliers in the distribution of damage
indices. The statistical normalization is generally performed via Z-score or range

normalization. While compiling the values of different damage indices, they are
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Figure 2.1: A model cantilever beam with delamination

normalized to avoid the over-influence of a single damage index in the compiled

macro index.

The use of curvature mode shape for damage detection was introduced by (Pandey
et al., 1991). The curvature of a structure was calculated from the mode shape

information using central difference as :

_ Git1 —20i + 9i
Ry = l2
e

(2.1)

Over the years, many new damage indices have been defined, each with their unique
applications. Due to the scope of the thesis, only baseline dependent methods will
be studied. Some prominent ones, as mentioned by (Dessi et al., 2024), are those
proposed by (Choi et al., 2005), (Cornwell et al., 1999), (Kim & Stubbs, 2002) and
(Stubbs et al., 1995).

It is well known that a mode of vibration possesses some strain energy. The damage
in the structure changes the stiffness, and thus the corresponding natural frequency
and displacement mode shape that are associated with modal strain energy are also

changed.

For a beam with one end fixed, as shown in Figure 2.1, let E7 represent an element
of the beam with a delamination of length L;. The strain energy of this element for

ith mode is given by:

10



vl = ; [ p@) [(qﬁ(i)(x))q o=+ [ R @) e @)

where,
k(z,t) =w'(z,t) = yM W(i)(t).n(i)(x)
k0 () = (gb(i)(x))” is the i*" modal curvature

For each element, there exists D;, such that,

@) _ Di ("1 @) (2 d = Do
U; —2]/%_ [/{()(x)} dr = Dj; (2.3)

(4)

As such, damage in a composite structure changes both D; and ’yji of the element.
It is also a common knowledge that damage index and the geometry, or rather the

curvature, are interrelated as:

Dj x [Fc(i) (;E)} (2.4)

U® = Dy (2.5)

The Cornwell Index (Cornwell et al., 1999) quantifies damage by comparing the ratio
of local strain energy to global strain energy between damaged and undamaged state.

For jt element, it is given by:

BCO’J ( Lintact rdamaged ( )

The Stubbs index introduced by (Stubbs et al., 1995) is a modification of Cornwell

index and is expressed as:

(’Vj + rintact) . I1damaged
7; + 1—‘damagecl) rintact

Bst,j = ( (2.7)

11



The index tries to mitigate false positives by balancing local and global energy con-
tributions. (Stubbs et al., 1995) assumed that the local strain energies are negligible

as compared to global strain energies.

Cornwell and Stubbs indices are usually expressed as a summation of values over all

the modes. The expressions above are for single mode only.

Likewise, (Choi et al., 2005) proposed the Choi Index which employs absolute cur-

vature integrals to detect compliance changes. It is given by:
Tj+1

1+ ‘ijj k(x) dx’

1+ ’fff“ k*(x) daz‘

Bcn,; = (2.8)

The Choi index evaluates the local curvature of each element. It is suitable for both
one dimensional and two dimensional structure and was developed with the aid of

concept of compliance.

Cornwell ,Stubbs and Choi indices are non-normalized indices and needs to be nor-
malized before formulating a macro index. The normalization done is generally

Z-score based normalization and is given as :

Bid:mj _ ﬁidm(;];g_ ﬁid;r (29)
idx

After normalization, they can be assembled into a macro index. A macro index
(Dessi et al., 2024) combines DIs into a unified metric by using a Z-score normal-

ization:
. Bidw.j — 11Bia
¢macro7j = Z( : $7]7A Hidz (2.10)
Uﬁidaj

A particular value is flagged as damaged if szacro,j > 0, where 6 is the threshold
optimised via ROC analysis.

2.4 Uncertainties

Experimental techniques, such as the ones employed for vibration based damage
detection (VBDD), are bound to have some level of uncertainties (Moffat, 1988).

12



Many studies in the field of VBMs that have previously been conducted have gen-
erally glossed over the uncertainties that might arise from conducting the tests in a
real-life scenario. The analysis conducted assume that the ability of the algorithm

used to avoid false alarm proves the goodness of the method (Dessi et al., 2024).

According to (Yalan et al., 2015), there are generally two sources of uncertainties
in measuring modal parameters of a structure. The first one is due to the inherent
variability or randomness of the physical and material properties, geometric param-
eters of the system. Such uncertainties cannot be reduced or eliminated. The second
source of uncertainties refer to those arising from measurement noise and the tech-
nique used. Such uncertainties can be reduced by precise measurement instruments
and improvement in the measuring technique used. For composite structures, there
exist much noise due to first source of uncertainties. So, a robust measurement
technique is required. Probabilistic approaches are frequently used for handling the
uncertainties by treating uncertainties as random variables (Peeters & De Roeck,
2001).

2.5 Monte Carlo Simulation

Statistical techniques based on Monte Carlo Simulation can be employed to estab-
lish a confidence limit that takes into account the uncertainties while performing
VBDD (Dessi et al., 2024), (Farrar & Jauregui, 1998). Monte Carlo simulation is
a computational method that uses repeated random sampling to estimate intricate
mathematical quantities or quantify uncertainty in stochastic systems. The method

approximates the expected value of a random variable X, defined as

1 N
E[X] ~ Nz,: (2.11)

This approach uses the law of large numbers to ensure the convergence to the true
value as N — oo, with standard error scaling as o/+v/N, with o as the standard
deviation of X. Although initially devised to compute neutron diffusion problems,
Monte Carlo techniques are currently being applied across a variety of disciplines
including engineering, finance, and physics to model probabilistic events, calculate
integrals in high-dimensional cases, and quantify risks in inherently random systems
(Rubinstein & Kroese, 2017).
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In addition to the MC method, a macro-index based approach that takes into ac-
count different DIs that are based on the same technique can form a robust frame-

work for damage detection to reduce false alarms to a minimum (Dessi et al., 2024).

2.6 Singular Value Decomposition

The Singular Value Decomposition (SVD) is a widely used mathematical tool in
the field of structural health monitoring (SHM), specifically in modal analysis for
precise mode shape extraction from measured vibrations. Experimental observa-
tion data are characterized by redundancy, which is unravelled in terms of singular
values and singular vectors using SVD, thus allowing the extraction of meaning-
ful modal features while eliminating correlated measurement noises. This inbuilt
characteristic makes SVD highly fit for use in operational environments where data
usually contain noises and environmental interference (Tian et al., 2023). The ef-
ficacy of SVD in retaining structural data while filtering unessential components
ensures the resulting mode shapes are reliable inputs in curvature-based approaches
used in the detection of damage. Several studies have proved the efficacy of Singular
Value Decomposition (SVD) in solving structural damage identification problems.
(Liu, 2014) used SVD in diagnosing damage through ultrasonic guided wave signals,
highlighting how it can separate damage-induced features from unwanted noises in
measurements. This basic principle of distinguishing signal from surrounding noises
is specifically applicable when using vibrations in detecting damages in beams, in
whose modal curvatures the accurate mode shapes are required. (Tian et al., 2023)
further used a modified strategy in identifying internal flaws by complementing Lo-
cal Mean Decomposition with SVD in a more recent study, thereby highlighting
the adaptability of the SVD-based technique in numerous structural arrangements.
However, using SVD in retrieving damage-induced signals remains a tremendous
concern in composite beam structures, though in their study, they worked with
concrete blocks. The use of SVD by modal analysis is a major step in enhancing
the accuracy and dependability of mode shape estimations, a vital prerequisite in

efficient feature-based damage detection in composite beams.

2.7 Fast Fourier Transform

The FFT is an algorithm that converts time-domain signal to frequency domain
thus enabling precise identification of the frequencies that make of the time domain
signal. The FFT computes Discrete Fourier Transform (DFT) in an efficient manner

by reducing the computation complexity from O(N?) to O(N.log(N)) ,where N
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represents the number of samples as represented in (Cooley & Tukey, 1965):

X(f) =y " (2.12)

n=0

This allows for spectral analysis in a higher resolution, with frequency resolution
Af = f—]\s, with fs representing the sampling rate in Hz. In damage detection scenario,
FFT is used to obtain spectral peaks that represent modal frequencies. (Brincker
et al., 2001) demonstrated that modal parameters of beam-type structures can be
successfully extracted from FFT analysis of ambient vibrations, even in the existence
of noise, by utilizing several spectral averages and applying a windowing function,
e.g., the Hanning window, to minimize spectral leakage. These methods are used in
detecting damage through modal curvature, since accurate modal frequency values

are required in estimating curvature profiles from mode shapes (Pandey et al., 1991).
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CHAPTER THREE: METHODOLOGY

3.1 Conceptual Framework

Literature Review
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Figure 3.1: Methodology Flowchart
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3.2 Fabrication of FGRP beams

Specimens were fabricated using fibreglass (E-glass type) in the form of CSM and
as well as plain woven fabric in two different batches. Laminated composite beams
were prepared through hand-layup method using three layers of fiberglass CSM of
450 gsm in epoxy resin matrix. The width to thickness ratio was maintained above
10 to minimize shear effects. Specimens were prepared in a single batch to maintain

material uniformity and were cured using UV curing.

For the first batch prepared to investigate the effect of location of delamination, the
delaminated length was 15 mm and span through the width of the beam. Delami-
nation was introduced at one-third, one-half and two-third of the beam length. The
total thickness of the specimens was 3 mm and had a length of 170 mm. Delamina-
tion was introduced using Teflon tape was later pried out using GI sheet to prevent

any added mass effect it could induce.

For the second batch prepared for investigating the effects of delamination length,
the delaminated length was 15 mm and 25 mm and span through the width of the
beam. The delamination was introduced at the free end of the one beam and at the
centre for another beam. Total thickness each of the specimens was 2 mm and had
a length of 120 mm. As in the previous case, the delamination was created using

Teflon tape and was removed afterwards.

The mechanical properties were measured according to ISO 527 (Zara et al., 2022)

for specimens of each batch (Selver et al., 2018).

3.3 Experimental setup

The test was carried out using microEpsilon scanCONTROL LLT3000-100 laser
scanner. It operates based on the principle of optical triangulation, projecting a
laser line onto a target surface and using a sensor array to calculate the distance (Z-
axis) and position (X-axis) of multiple measuring points. It is used for measuring
profiles, lengths, monitoring quality, and checking dimensions. The LLT3000-100
has a specific measuring range with a start of measuring range at 200 mm, a mid
of measuring range at 270 mm, and an end of measuring range at 340 mm, with a
height of measuring range of 140 mm. The sensor offers high measurement speed and
accuracy capable of achieving a profile frequency of up to 10,000 Hz and a resolution

of 2,048 points per profile. The data acquired by the sensor can be visualized and
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analyzed using software such as scanCONTROL 3D-View, which provides a three-
dimensional visualization of the point data. The sensor is also compatible with the
LabVIEW instrument driver for scanCONTROL, allowing integration into custom

applications. The specifications of the laser scanner are included in appendix A.

Adjustable Holder
for Laser Scanner

, Laser Scanner

4

4
—__

=
lmspact Hammer

Figure 3.2: New setup layout for data acquisition

For the analysis, the initial idea was to obtain data of each node separately. The
setup for that case is as shown in Figure 3.3. Consistency of each such iteration was
maintained by giving same initial vertical displacement at the end of the beam. On
adopting this method, and the analysis was done by dividing the beam into 4 nodes
and 16 nodes separately. However, in each iteration, the nodal data did not show

consistency. As a result, the setup shown in Figure 3.2 was used.

As shown in Figure 3.2, the new setup comprises of a composite specimen with its
one end fixed, such that it can vibrate in a cantilever configuration. A support arm
is used for holding the laser scanner such that it projects a line that extends along
the length of the beam and can be used to acquire the displacement information of

the beam.
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Figure 3.3: Old setup layout for the experiment

The FFT analysis was performed in MATLAB and SVD method was used to extract
mode shapes from the displacement data. Each specimen was tested three times,

and the average natural frequencies were reported.

A finite element analysis was performed for each damage case to estimate the ap-
proximate range of the first modal frequency. A commercial finite element software
ANSYS MAPDL was used for FE analysis. The simulations were carried out by
employing a higher order 3-D structural solid element (SOLID186) which has 20
nodes and 3 degrees of freedom per node. SOLID186 exhibits quadratic displace-
ment behaviour and is well suited to model object with mesh irregularities. The
modal analysis was performed using Block Lanczos algorithm. In MAPDL, the
methods available for mode-extraction are Block-Lanczos (LANB), PCG Lanczos
(LANPCG), Supernode modal solver (SNODE), Subspace algorithm (SUBSP), Un-
symmetric matrix (UNSYM), Damped system (DAMP), Damped system using QR
algorithm (QRDAMP) and Variational Technology (VT). For global modal charac-
teristics of a well-conditioned, symmetric system, LANB is more than sufficient. A

sample of the code used to perform the analysis is included in Appendix C.

3.4 Sensor layout

For the spacing of sensors, the method outlined by (Dessi et al., 2024) was used.

The method outlined in their work related the number of sensors to balancing out
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truncation error and bias error. Truncation errors arise form finite difference approx-
imations of the modal curvature. The finite difference is generally central difference,
determined from the mode shape values at each node. Smaller element sizes reduce
the truncation error but increase experimental complexity. Such errors scale with

O(h3). For first mode, truncation errors are minimal.

Bias errors arise from sensor miscalibration or inaccuracies in its positional location.

Larger element sizes reduce bias errors. Bias scales with O(l/ h) .

For sensor placement, the optimal sensor count is given by:

1 1/4
Nopt = B; 3.1
opt 62 (27]max> ( )
For 1st mode of a cantilever beam (; = iﬁ. For the case of the laser scanner,

maximum deviation of single point was 0.06% and linearity error of 9 pm. The max
deviation represents the random error (95% confidence interval). To estimate the
bias contribution:

TNdev = 0026% = 0.03% = 0.0003 (3.2)

Linearity error is a systematic error and to normalize it, it need to be divided by
the maximum expected displacement (¢p,qz) of the experiment:

9, um
Minear — a (33)
¢max

Total bias error is the sum of random and systematic contributions:

Nmax = Ndev T Minear (34)

3.5 Threshold determination and macro index

The Monte Carlo (MC) simulation technique employed here is aimed at statistically
accounting for uncertainties due to measurement noise and discretization errors in
damage detection. The procedure starts with experimental noise characterization
through repeated measurement of the displacement mode shapes of the healthy
beam, from which the noise variance a;i) is estimated. Synthetic data sets are then
created by perturbing analytical mode shapes (found using Euler-Bernoulli beam

theory) with Gaussian noise of the same variance determined. For each of Ny
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trials, damage indices (Cornwell, Stubbs, and Choi) are calculated for undamaged
and synthetically damaged states, where damage is simulated as a local reduction in
stiffness. These indices are Z-score normalized to regularize their distributions, then
undergo a two-stage process: (1) an agreement condition limits items where all of the
normalized indices positively suggest damage, and (2) a macro-index averages these
normalized values to yield a composite measure of damage. Statistical analysis
of MC results provides confidence intervals for damage severity predictions and
position uncertainty. In addition, Receiver Operating Characteristic (ROC) curves
are plotted to find the best threshold f,p¢ that trades off true positive rates (TPR)
and false positive rates (FPR).

This framework systematically deals with experimental variability, offering robust
thresholds and sensor configurations along with limitations like idealized noise as-
sumptions and homogeneous damage modelling. The result, along with uncertainty
bounds and validated thresholds, improves the reliability of curvature-based Struc-

tural Health Monitoring (SHM) systems under realistic conditions.

The macro index suggested here is to improve the accuracy of damage detection by
combining the information from various damage indices into one value. This im-
proves on the shortcomings of the individual indices, like sensitivity to noise or lack
of uniformity between various damage scenarios. An agreement condition filters
the elements by demanding that all the normalized indices affirmatively indicate
damage and thus removes the false positives by demanding an agreement among
indicators. Normalization is achieved by Z-score transformation to provide compa-
rability among indices of varying scales. the threshold of agreement is the threshold
that is determined from 6 , obtained by ROC analysis of Monte Carlo simulations.
These simulations generate synthetic data with controlled damage (e.g., stiffness re-
ductions) and Gaussian noise, enabling systematic evaluation of true positive (TPR)
and false positive (FPR) rates at different thresholds. The optimal threshold bal-
ances detection accuracy and robustness, selected on the basis of measures such as

the Youden Index J = TPR — FPR.

Only those points where all the indices are above the threshold are flagged as dam-
aged. A limitation of the agreement condition is the strict demand for uniform
positivity across indices, which will fail to detect actual damage in the case of par-

tial agreement.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Mechanical Properties and Sample Dimensions

The density and tensile strength of the specimens were tested. The tensile test was
performed as per ISO 527 for samples from each batch. The results are presented
in Table 4.1 and Table 4.2. Also, Figure 4.1a and Figure 4.1b represent the samples
of batch 1 and batch 2 respectively.

(a) A sample from batch 1 (b) A sample from batch 2

Figure 4.1: Samples from each of the batches prepared

Table 4.1: Material properties of Batch 1 specimen

BATCH 1
Fabric type used Bidirectional plain woven
Fabric areal density 600 gsm (0.2 mm thickness)
Fibre volume fraction 0.5
Number of ply layers 2
Density of final specimen | 1107.1 kg/m?
Young’s Modulus 5.2 GPa

Table 4.2: Material properties of Batch 2 specimen

BATCH 2
Fabric type used Fibreglass chopped strand mat (CSM)
Fabric areal density 450 gsm (0.5 mm thickness)
Fibre volume fraction 0.5
Number of ply layers 3
Density of final specimen | 1406.2 kg/m?
Young’s Modulus 3.6 GPa (average of two directions)

For tensile test, sample along only one direction was taken for samples in batch
1 whereas, samples along both directions had to be taken for samples of batch 2.
The values obtained for sample 2 were 3516.853333 MPa and 3737.653333 MPa. An
average value of 3.6 GPa was taken. For the sample in batch 2, the Young’s modulus
was 5.2 GPa.

From the samples fabricated, three case setups were prepared:
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Case I : 120 mm FRC beam from Batch 1 with edge delamination (eDelam)
varied to 15 mm, 25 mm and 35 mm.

Case I 120 mm FRC beam from Batch 1 with central delamination (cDelam)
varied to 15 mm, 25 mm and 35 mm.

Case III : 170 mm FRC beam from Batch 2 with 15 mm delamination,
whose position is varied from the free end by L/3, L/2 and 2L/3,
where L is the beam length.

The dimensions of the samples used and the location of delamination are included
in Table 4.3.

Table 4.3: Geometric details of beams considered for analysis

Case L 0 X b t
I 120 mm | 15 mm, 25 mm, 35 mm Free end 40 mm | 2 mm
I 120 mm | 15 mm, 25 mm, 35 mm Free end 40 mm | 2 mm
111 170 mm 15 mm 55 mm, 85 mm, 115 mm | 40 mm | 3 mm

4.2 Data Acquisition

The displacement data was obtained for free vibration of a cantilever configuration
of the beam. The scanCONTROL 3D-View 3.8 software was used to obtain the
profiles for each case, with the settings as listed in Table 4.4.

Table 4.4: Data acquisition parameters

Exposure time 0.1 ms
Buffered Profiles 150 profiles
Sampling rate 400 Hz
Number of data points | 2048

In the current study, the profile frequency of 400 Hz was used, as the scanner showed
error while operating above that range. The resolution of 2048 points per profile
was utilized. Use of LabVIEW was tried for simultaneously recording the data of
impact hammer and laser scanner. Although impact hammer data was recorded in
LabVIEW using charge amplifier, issues were encountered with the integration of
laser scanner in the LabVIEW. So, this approach was abandoned, and output-only
method was used with the help of the scanCONTROL 3D-View 3.8 software. The
3D data was exported in a CSV format and the file consisted of 3 matrices one for
X-direction, one for number of buffer profiles, and one for Z-direction. The response
along the Z-direction was of concern in this study. The profiles obtained for this

particular case are listed in Appendix B.
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The data was acquired for each specimen with the parameters of the LLT scanner
remaining consistent. For eliminating the effect of surface roughness, the data was
acquired for stationary cases and was subtracted from the data at dynamic case.

The data thus obtained was again mean normalised.

Initially, different filters such as Butterworth filter, Savitzky-Golay Filter and Gaus-
sian Filter were employed to smooth out the irregularities obtained in the displace-
ment plot in time domain. After thorough consideration, it was found that the
surface irregularities were not completely neutralized by the subtracting of station-
ary data. So, the samples were re-fabricated to obtain a smooth surface using peal
ply. The results obtained by smoothing out the surface along which the reading was

to be taken were satisfactory and use of any additional filters was avoided.

After obtaining the required time domain data, it was converted to frequency do-
main by doing FFT analysis in MATLAB. The constituent frequency signals were
identified from the FFT plots. Since only first mode vibration was initiated, only

one peak frequency peak was obtained.

The first mode frequency for different beams obtained by from experimental and

numerical methods are listed in Table 4.5.

Table 4.5: Comparison of natural frequencies obtained from FEM and ex-

periment
Case FEM  Experiment Error (%)
[ - eDelam 34.003 Hz 33.33 Hz 2.02 %
IT — cDelam 35.961 Hz 36.11 Hz 0.41 %
III — L3delam  31.254 Hz 34.67 Hz 9.85 %
ITI — L2delam  30.962 Hz 29.33 Hz 5.56 %
III - 2L3delam 31.166 Hz 32 Hz 2.61 %

The first-mode natural frequencies from FEM simulations and experiments showed
strong agreement for edge-delaminated beams (Table 4.5). For instance, the eDe-
lam15 case exhibited a 1.97% error (34.00 Hz FEM vs. 33.33 Hz experiment), vali-
dating the FEM model’s accuracy. However, discrepancies arose in L3delam (31.25
Hz FEM vs. 34.67 Hz experiment, 10% error), likely due to imperfect boundary
conditions in experiments (e.g., partial clamping slippage) and material inhomo-
geneity unaccounted for in the homogeneous FEM model. This highlights the need
for stochastic material modeling in future simulations to better capture real-world

variability.
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The range of the laser scanner was sufficient for capturing the entire length of the
beam samples from batch 1. For beam samples from batch 2 however, the range of
the scanner was not enough. So, only a 120 mm length of the beam was studied

from the rigid support, and measurements were taken form the rigid support.

4.3 Sensor Placement

For the 1st mode, the truncation error is always negligible. So, the error is introduced

by bias of the sensor used.

For our case, the number of nodes required was obtained as 62. Such a number is
primarily due to the smaller length of the specimen fabricated. With the increase
in length of the specimen [3; decreases and thus number of nodes required become

less.

4.4 Casel
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Figure 4.2: Results for eDelam15 beam

Here, a 15 mm delamination was introduced to the end of the beam. The corre-
sponding FFt plot and mode shapes are included here. A sharp transition is seen
at the end of the mode shape curves, even for the undamaged mode. This might be
due to the inclusion of the free end in the data acquisition, inducing an unwanted

noise.

4.4.2 eDelam 25

Here, a 25 mm delamination was introduced to the end of the beam. The cor-

responding frequency did not change by a significant amount as compared to the
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Figure 4.3: Results for eDelam15 beam
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Figure 4.4: Results for eDelam25 beam

eDelam15 case. On the left-hand side graph in Figure 4.4 are plotted the indices
of Cornwell, Stubbs, and Choi, showing generally stable readings, although there
is one spike in the vicinity of the damage. On the opposite side of the graph, the
Macro Index is plotted, which combines these single indices and plots them relative
to a threshold value; any readings that fall above this value are classed as indicative

of damage, hence the presence of the edge delamination.

4.4.3 eDelam 35

Here, a 35 mm delamination was introduced to the end of the beam (Figure 4.5 ).
In subsection (a), the indices by Cornwell, Stubbs, and Choi are plotted along the
length of the beam, from the fixed end, exhibiting localized oscillations with signif-
icant changes near the 120 mm mark, which might reflect potential damage. Even
if the Cornwell index gets closer to the zero threshold value, both Stubbs and Choi
indices show greater decreases towards the free end of the beam, which may reflect
the presence of delamination. In subsection (b), the Macro Index is plotted together

with a red dashed threshold value; any value exceeding this threshold indicates the
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Figure 4.5: Results for eDelam35 beam

presence of damage. An evident peak in the Macro Index is also evident near the
120 mm location, which is also reflected by a red flag in the corresponding lower
plot, thus verifying the detection of damage. Overall, all these indices and plots

validate the presence of damage near the free end of the beam.

4.5 Case I1

4.5.1 cDelam 15
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Figure 4.6: Results for eDelam15 beam

Figure 4.7 shows the results for the cDelam15 beam, which is defined by a delam-
ination of 15 mm in length located near the midpoint of the beam. In subsection
(a), the Cornwell, Stubbs, and Choi-developed indices are plotted along the length
of the beam, each of which features significant peaks that correlate to the locus
of introduced damage. These significant peaks in index value reflect high levels of
sensitivity of the indices to structural changes caused by delamination. Subsection

(b) plots the Macro Index against a red dashed threshold curve, together with the
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associated damage indicators. An interesting spike in the Macro Index is visible
near the 60 mm location—also near the beam’s midpoint—far beyond the threshold

and leading to a single red flag in the lower plot.
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Figure 4.7: Results for cDelam15 beam

4.5.2 cDelam 25

Figure 4.8 shows three individual indices—Cornwell, Stubbs, and Choi—used for lo-
cating a 25 mm delamination near the center of the beam. Each index is plotted in
terms of the length of the beam relative to the fixed end, making the identification of
damage easy. To the left, the corresponding indexes show relatively low magnitudes
across the beam, having a localized peak near the location of the delamination. To
the right, the Macro Index—a combination of these three indexes—is plotted to-
gether with a threshold curve; magnitudes above this curve are emphasized, roughly

outlining the damaged area.
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Figure 4.8: Results for cDelam25 beam

28



Macro Index

------------ PR By (-

r ® S 1
\ 05
" o - 3 0 ’ : ]mmmmmm Hm
1 T
0 Ll L
e A X fe —© Stubbs 0 20 40 60
0.5 H Distance from fixed end (mm)
Damage Flags

o LA T LLLEELEH U 1F ' r 28 =

T

0 20 40 60 80 100 120
Distance from fixed end (mm)

Index Value

0 20 40 60 80 100 120
Distance from fixed end (mm)

(a) Cornwell, Stubbs and Choi Indices (b) Macro index, threshold and flags

Figure 4.9: Results for cDelam35 beam

4.5.3 cDelam 35

Here, a 35 mm delamination was introduced to the center of the beam (4.9). In
subsection (a), the metrics proposed by Cornwell, Stubbs, and Choi all exhibit
multiple peaks along the length of the beam, notably at the mid-span and in the
vicinity of the free end, denoting locations at which a noticeable change in structural
response is observed due to damage. In contrast to isolated spikes, the presence of
multiple major disturbances across all three indices suggests a more complex or
distributed damage pattern. This claim is additionally supported in subsection (b)
by the Macro Index, which is seen to have the threshold line exceeded at multiple
points—most notably at the 40 mm, 60 mm, and 80 mm intervals. The damage flags
shown in the lower plot register precisely with these peaks, suggesting the presence
of three possible damage zones. Only the middle spike represents the actual location

of the damage.

4.6 Case III

In the third case, the location of the delamination was varied along the length of
the beam. The experimental frequency ranges obtained for first mode vibration for

different cases are given in Figure 4.10.

4.6.1 L3delam

Here, a 15 mm delamination was introduced at a 55 mm distance from the fixed end
of the beam. Despite the noises present, the framework was able predict the exact

delamination location of the beam.

29



Single-Sided Amplitude Spectrum of Signal 04 Single-Sided Amplitude Spectrum of Signal s Single-Sided Amplitude Spectrum of Signal

2\ A A
Ned SN o ot pecd\ A0 /)
w e 8 100 120 10 160 180 200

8 100 120
Frequency (Hz) Frequency (Hz)

8 100 120
Frequency (Hz)

(a) FFt plot for 2L3delam (b) FFt plot for L2delam (c) FFt plot for L3delam
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Figure 4.11: Results for L3delam beam

4.6.2 L2delam

Here, a 15 mm delamination was introduced at a 85 mm distance from the fixed
end of the beam.In part (a), the Cornwell, Stubbs, and Choi indices show visible
responses, specifically around the region 85 mm. The Stubbs and Choi indices show
gradual builds and big peaks in the region, while the Cornwell index shows a drastic
spike, which is in concordance with a sensitive indication of the localized damage.
Part (b) also bears witness to this observation from the Macro Index plot, where
multiple values cross the red threshold line—particularly around 85 mm—indicating
areas of interest. The lower damage flag plot bears witness to this with open red
markers, like one at around 85 mm, confirming successful detection and localization
of the delamination. The presence of additional flags suggests some sensitivity to

nearby structural variations, but the primary damage site is properly located.

4.6.3 2L3delam

Here, a 15 mm delamination was introduced at a 115 mm distance from the fixed end
of the beam. Part (a) illustrates through the Cornwell, Stubbs, and Choi indices
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Figure 4.12: Results for L2delam beam

a clear spike near the free end of the beam at around location 115 mm, to be
expected from the damage introduced. While all three indices offer oscillations
along the beam, the largest disturbances occur around the damaged area, especially
in the instance of the Cornwell index, which offers a clear peak. In part (b), the
Macro Index plot indicates that the damage is correctly detected by crossing the
red threshold line at the correct position. The corresponding damage flag plot also

confirms this with one red flag around 115 mm, which is correct localization of the

delamination.
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Figure 4.13: Results for 2L.3delam beam
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

Techniques involving the use of curvature for damage detection in composite beams
show potential as a result of their greater sensitivity to localized stiffness reduc-
tions caused by damage. These methods, however, may not always provide reliable
estimates of damage in all cases. Measurement errors, boundary condition varia-
tions, and mode shape quality can affect unfavorably the reliability of curvature

measurements.

Integrating the methods based on curvature with other damage-sensitive indicators,
like strain energy-based indicators, modal flexibility-based indicators, or frequency
variations, in the form of a composite or macro damage index, enhances the relia-
bility and accuracy of damage detection. It also allows cross-validation of diverse
indicators and decreases the possibility of spurious identification of damage, while

improving spatial resolution in the identification of damage.

In addition, damage detection system efficacy can be improved by determining sta-
tistically significant damage thresholds. Here, Monte Carlo simulations come in as
a pivotal tool, enabling the creation of many scenarios that reflect uncertainties in
system parameters as well as measurement noise. These simulations support the
creation of reliable cutoff thresholds in damage detection, thus improving the level

of confidence in detection results under various conditions.

In summary, while curvature-based analysis methods have specific shortcomings
when used in standalone form, their performance can be greatly enhanced by the
combination of various indexes in conjunction with the application of probabilistic
thresholding methods based on Monte Carlo simulation. Overall, this integrated
approach provides a strong, reliable tool for damage detection and location in com-

posite beam structures.

5.2 Recommendations

1. Utilization of High-Order Vibrational Modes
Exclusive use of the first bending mode can lead to overlooking damage features
that manifest themselves predominantly at higher frequencies or that have tor-

sional nature. Incorporation of second and third bending modes, as well as
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torsional or coupled bending—torsion modes, greatly improves the spatial reso-
lution and noise immunity of the damage indicator. A multi-modal curvature
index—developed through systematic weighting of curvature changes across a
number of modes—promises to detect a wider range of damage patterns and to
reduce the possibility of false negatives, especially in cases where an individual

mode can be insensitive to the location or size of a particular defect.

. Expansion to Intricate Geometries

The modal curvature-based framework, originally developed for prismatic com-
posite beams, can be duly extended to include members having curved or non-
uniform cross-sectional geometries. The complex geometric features of pipes,
pressure vessels, and doubly curved panels can be dealt with by extending
the curvature extraction method to curvilinear coordinate systems. Numer-
ical verification by simulations based on finite element models of cylindrical
shells and free-form structures has to be carried out before implementation to
ensure that localization accuracy and damage sensitivity are still preserved at
high levels, even when the geometric features deviate considerably from those

of straight beams.

. Application to Various Damage Mechanisms

Though this study focuses mainly on transverse fractures and delaminations,
composite materials are susceptible to a wide range of damage types, such
as fiber breakage, matrix microcracking, barely visible impact damage, and
environmental degradation. Extension of the macro index approach to address
these mechanisms requires re-examination of threshold criteria and perhaps the
introduction of other dynamic quantities—e.g., changes in damping ratios or
natural frequency shifts—to discern among different damage modes. These
refinements will broaden the usefulness of the method across components in

the aerospace, automotive, and civil infrastructure industries.

. Integration of Material Inhomogeneity

The use of the assumption of uniform laminate material properties in analyt-
ical tools is convenient, yet it ignores the inherent variability in fiber volume
fraction, ply orientation, and behavior of the interface. Later studies need to
use stochastic distributions of materials in both finite element analyses and
Monte Carlo-based thresholding methods. Through the simulation of true
heterogeneity at the ply level and incorporation of measurement noise, it is

possible to compare their effects on curvature sensitivities and false alarm rates
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and thus optimize damage thresholds and enhance the reliability of composite

material detection systems in real applications.
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APPENDIX A: LASER SCANNER SPECIFICATIONS
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Figure A.1: microEpsilon scanCONTROL LLT3000-100 laser scanner

Table A.1: Measurement range details

Measuring range Absolute distance (z) Width (x)

Beginning 200 mm 79.6 mm
Midrange 270 mm 104.8 mm
End 340 mm 130.2 mm

Distance z [mm]

Figure A.2: Laser scanner measuring range
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APPENDIX B: SAMPLE MATLAB CODE

DelaminationDetection.m

A% Preamble
close all;
clear;

clc;

/% Define parameters and file names

folder = 200000000000000000000000000000000 04-03\cDelamlb5Def

) .
b

% folder = ’03-28\2L3°;

trial = 2147,

delam = ’cDelaml15Def’;

nNodes = 62; % Number of mnodes to take
Fs = 400; % Sampling Frequency (Hz)

% Construct file mnames using fullfile for platform

independence

stFile = fullfile(folder, [trial, delam, ’St’, ’.csv’]);

oscFile = fullfile(folder, [trial, delam, ’0Osc’, ’.csv’]);

opFile = fullfile(folder, [trial, delam, num2str (nNodes), ’.
xlsx’]);

A% Data Picker - nNodes points

funDataPicker (stFile, oscFile, opFile, nNodes);

A% Cleaning the Data
data = xlsread(opFile);

df = data - mean(data);
df = df / max(df(:));
df = df - df(:,1);

filteredName = fullfile(folder, [trial, delam, num2str (nNodes
), ’filtered.xlsx’]);

A% FFT Plot

bufferProfiles = size(df, 1);
t = (0:(bufferProfiles - 1)) / Fs;
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63

64

65

66

67

68

69

70

FFTnatFreq = FFTplotter (df, Fs);

4 filteredData = butterFilter (df,Fs,FFTnatFreq,.5,4);
4 figure

/4 FFTplotter(filteredData, Fs);

filteredData = zeros(size(df));

Z

for i=1:nNodes
filteredData(:,i) = sgolayfilt(df(:,i), 3, 11); % 3rd-

order, 11-point window

end

figure

FFTplotter(filteredData, Fs);

4 filteredData = df;

4% PSD

4 figure

% for i=1:nlNodes

VA periodogram(filteredData (:,t),rectwin (bufferProfiles),
bufferProfiles,Fs, ’psd’);

VA hold on;

Z  end

4 grid on; legend show; hold off;

A% Plotting Response of Each Node

peakingTime = funPlotter(filteredData, Fs);

A% Mode Shapes SVD
MS = abs(modeShapeSVDmodif (filteredData));

A% Curvature Calculation and Gapped Smoothing
dx = 120 / (nNodes - 1);

curvature = computeCurvature (MS, dx);

4 Appllication of Gapped Smoothing Method (GSM)
gap = 3; /7 Define gap stize

smoothed_curvature = GSM(curvature, gap);

% Use of absolute mode shapes for further analysis

MS = abs(MS);
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% Plot of original and smoothed curvature
figure;
/4 stem(1:nNodes, curvature, ’LimeWidth’, 1.5, ’Color’, ’k’);
hold on;
stem (1:nNodes, smoothed_curvature, ’LineWidth’, 1.5, ’Color’
S SO N
title(’Modal Curvature’);
xlabel (’Node’);
x1im ([1 nNodes]);

4 legend(’0Original Curvature’, ’Smoothed Curvature’);

A% Intact beam Data

% Loading intact beam data

IntactFolder = 200000000000000000000000000000000 04-037;
4 IntactFolder = ’03-28\ud’;
Itrial = ’7;

% Construction of file mnames wusing fullfile for platform

independence

IstFile = fullfile(IntactFolder, [Itrial, ’udDef’, ’St’, ’.
csv’]);

4 IstFile = fullfile(IntactFolder, [Itrial, ’ud’, °’St’, .
csv’]);

IoscFile = fullfile(IntactFolder, [Itrial, ’udDef’, ’0Osc’, ’.
csv’]);

IopFile = fullfile(IntactFolder, [Itrial, ’udDef’, num2str(

nNodes), ’.xlsx’]);

funDataPicker (IstFile, IoscFile, IopFile, nNodes);

intactFile = fullfile(IntactFolder ,[Itrial, ’udDef’, num2str(
nNodes), ’.xlsx’]);
data_intact = xlsread(intactFile); / Intact mode shapes

intactDataFiltered

data_intact - mean(data_intact);

intactDataFiltered

intactDataFiltered / max(
intactDataFiltered (:));

intactDataFiltered = intactDataFiltered - intactDataFiltered
(:,1);

MS_intact = modeShapeSVDmodif (intactDataFiltered) ;
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A% Threshold Determination

/% Determination of optimal threshold
theta_opt = determine_threshold(MS_intact’, dx, ’N_mc’, 1000,

>confidence’, 0.85);

A% Curvature Difference Calculation
4 MS_ud = modeShapeCantilever (nNodes) ’;
curvature_ud = computeCurvature(MS_intact, dx);

curvatureDiff = curvature - curvature_ud;

4 Normalization of curvature difference

NcurvatureDiff = (curvatureDiff - min(curvatureDiff)) / (max(
curvatureDiff) - min(curvatureDiff));
figure;
stem (1:nNodes, curvatureDiff, ’LineWidth’, 1.5, ’Color’, ’b’)
hold on;
stem (1:nNodes, abs(curvatureDiff), ’LineWidth’, 1.5, ’Color’,
7r7);

%% Damage Indices Plot

Conwell = compute_cornwell_index(MS_intact, MS, dx)’;
Stubbs = compute_stubbs_index(MS_intact, MS, dx)’;
Choi = compute_choi_index (MS_intact, MS, dx)’;

SN

subplot (3,1,1)
stem(linspace (0,120, nNodes-1), Conwell, ’DisplayName’, ~’

SN

Cornwell ?);

subplot (3,1,2)

stem(linspace (0,120,nNodes-1), Stubbs, ’DisplayName’, ’
Stubbs ’) ;

subplot (3,1,3)

stem(linspace (0,120,nNodes-1), Choi, ’DisplayName’, ’Chot’)

BN

BN

s

SN

legend;

zlabel (’Distance from fizxed end (mm)’);

SN
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A% Macro Index Calculation

/ normalized indices

[norm_Cornwell, norm_Stubbs, norm_Choi] = deal(...
(Conwell -mean (Conwell))/std(Conwell),
(Stubbs -mean (Stubbs))/std (Stubbs),
(Choi-mean(Choi))/std(Choi));

norm_Cornwell = (norm_Cornwell - min(norm_Cornwell))/(max(
norm_Cornwell)-min(norm_Cornwell));
norm_Stubbs = (norm_Stubbs - min(norm_Stubbs))/(max(

norm_Stubbs)-min(norm_Stubbs)) ;

norm_Choi = (norm_Choi - min(norm Choi))/(max(norm_Choi)-min(

norm_Choi));

subplot (3,1,1)

stem(linspace (0,120 ,nNodes-1), norm_Cornwell, ’DisplayName’
’Cornwell’) ;legend;

subplot (3,1,2)

stem(linspace (0,120,nNodes-1), norm_Stubbs, ’DisplayName’,
Stubbs’);legend;

subplot (3,1,3)

stem(linspace (0,120,nNodes~-1), norm_Choi, ’DisplayName’, ~’
Choi’);

legend;

xlabel (’Distance from fixed end (mm)’);

theta_opt = 0.65;

/4 macro index and damage flags
[macro_idx, damage_flags] = compute_macro_index_weighed(

norm_Cornwell, norm_Stubbs, norm_Choi, theta_opt);

A% Plotting DI results

figure;

subplot(2,1,1);

stem(linspace(0,120,nNodes~-1), macro_idx, ’b’, ’LineWidth’,
1.5);

hold on;
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188

189

190

191

192

193

194

195

plot ([0,120], [theta_opt, theta_optl], ’--r’, ’LineWidth’,
1.5);

title(’Macro Index’); xlabel(’Distance from fixed end (mm)’);
ylabel (’Index Value’);

legend (’Macro Index’, ’Threshold’, ’Location’, ’best’);

subplot(2,1,2);

stem(linspace (0,120,nNodes-1) ,damage_flags, ’filled’, ’Color’
S DN

title(’Damage Flags’); xlabel(’Distance from fixed end (mm)’)
; ylim([-0.1 1.11);

A% Curvature Data to Ezcel

Nfolder = 200000000000000000000000000000000 04-03";

op = fullfile(Nfolder, [num2str (nNodes), ’Curvature.
xlsx’]);

sheetName = [trial, delam];

4 zlswrite(op, curvature, sheetName);

A% Function Definitions

function curvature = computeCurvature (MS, dx)
/s Compute curvature using finite difference
approzimations.
n = length(MS);

curvature = zeros(n, 1);

/s Central difference for tinterior points

curvature (2:end-1) = diff(MS, 2) / dx~2;

/4 Forward difference for first point
curvature (1) = (2*xMS(1) - 5xMS(2) + 4xMS(3) - MS(4)) / dx
~9:

/% Backward difference for last point
curvature (end) = (2xMS(end) - 5*MS(end-1) + 4*xMS(end-2) -
MS(end-3)) / dx~2;

end
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function smoothed = GSM(data, gap)
/4 Gapped Smoothing Method: average mneighboring values
excluding the current point.

n = length(data);

smoothed = zeros(size(data));
for i = 1:n
lower = max (1, i - gap);
upper = min(n, i + gap);
indices = setdiff (lower:upper, 1i);
smoothed (i) = mean(data(indices));
end
end
function DI = compute_cornwell_index(phi_intact, phi_damaged,
h)

/4 Compute the Cornwell index for each element of the beam

nNodes = length(phi_intact);
kappa_intact = zeros(l, nNodes);

kappa_damaged = zeros(l, nNodes);

4 Central difference for interior nodes
for j = 2:nNodes-1
kappa_intact(j) = (phi_intact(j-1) - 2xphi_intact(j)
+ phi_intact(j+1)) / h~2;
kappa_damaged(j) = (phi_damaged(j-1) - 2*phi_damaged(
j) + phi_damaged(j+1)) / h~2;

end

4 Forward/backward difference for boundary nodes

kappa_intact (1) (phi_intact (1) - 2*phi_intact(2) +
phi_intact(3)) / h72;

kappa_intact (end) = (phi_intact(end-2) - 2*phi_intact (end
-1) + phi_intact(end)) / h~™2;
kappa_damaged (1) = (phi_damaged (1) - 2*xphi_damaged (2) +

phi_damaged(3)) / h72;
kappa_damaged (end)= (phi_damaged(end-2) - 2*phi_damaged (
end-1) + phi_damaged(end)) / h~2;
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end

4 Compute strain energy density for each element (
trapezoidal rule)
r_intact = zeros (1, nNodes-1);
r_damaged = zeros(l, nNodes-1);
for j = 1:nNodes-1
r_intact(j) = (h/2) * (kappa_intact(j)~2 +
kappa_intact (j+1) ~2);
r_damaged(j) = (h/2) * (kappa_damaged(j)~2 +
kappa_damaged (j+1) "2);

end

4 Total strain energy for normalization

r total _intact = sum(r_intact);
r_total_damaged = sum(r_damaged) ;
DI = (r_intact / r_total_intact) ./ (r_damaged /

r_total_damaged);
DI(1) = 0; DI(end) = O0;

function DI = compute_stubbs_index(phi_intact, phi_damaged, h

)

/4 Compute the Stubbs index for each beam element.
nNodes = length(phi_intact);
kappa_intact = zeros(l, nNodes);

kappa_damaged = zeros(l, nNodes);

/s Central difference for tinterior nodes
for j = 2:nNodes-1
kappa_intact(j) = (phi_intact(j-1) - 2*phi_intact(j)
+ phi_intact(j+1)) / h~2;
kappa_damaged(j) = (phi_damaged(j-1) - 2*phi_damaged(
j) + phi_damaged(j+1)) / h~2;

end

4 Forward/backward difference for boundary mnodes

kappa_intact (1) = (phi_intact (1) - 2*phi_intact (2) +
phi_intact (3)) / h~2;

(phi_intact(end-2) - 2xphi_intact (end

kappa_intact (end)
-1) + phi_intact(end)) / h~2;
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end

kappa_damaged (1) = (phi_damaged (1) - 2*xphi_damaged(2) +
phi_damaged (3)) / h~2;

kappa_damaged (end)= (phi_damaged(end-2) - 2*phi_damaged (
end-1) + phi_damaged(end)) / h~2;

4 Strain energy density (squared curvatures)

r_intact = (h/2) * (kappa_intact(l:end-1).72 +
kappa_intact (2:end) ."2);

r_damaged = (h/2) * (kappa_damaged(l:end-1).72 +
kappa_damaged (2:end) ."2);

r total _intact = sum(r_intact);

r_total_damaged = sum(r_damaged) ;

DI = ((r_tntact + R_<intact) ./ (r_damaged + R_damaged))
* (R_damaged / R_intact);
DI = (1+(r_intact / r_total_intact)) ./ (1 + (r_damaged /
r_total_damaged));

function DI = compute_choi_index(phi_intact, phi_damaged, h)

/4 Compute the Choi index for each beam element.
nNodes = length(phi_intact);
kappa_intact = zeros(l, nNodes);

kappa_damaged = zeros(l, nNodes);

/4 Central difference for interior nodes
for j = 2:nNodes-1
kappa_intact(j) = (phi_intact(j-1) - 2*phi_intact (j)
+ phi_intact(j+1)) / h~2;
kappa_damaged(j) = (phi_damaged(j-1) - 2*phi_damaged(
j) + phi_damaged(j+1)) / h~2;

end

4 Forward/backward difference for boundary mnodes

kappa_intact (1) = (phi_intact (1) - 2*phi_intact (2) +
phi_intact (3)) / h~2;

(phi_intact(end-2) - 2*phi_intact (end

kappa_intact (end)
-1) + phi_intact(end)) / h~™2;
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290 kappa_damaged (1) = (phi_damaged (1) - 2*xphi_damaged(2) +
phi_damaged (3)) / h~2;

291 kappa_damaged (end)= (phi_damaged(end-2) - 2*phi_damaged (
end-1) + phi_damaged(end)) / h~2;

292

203 4 Use squared curvature instead of absolute wvalues
204 integral_intact = (h/2) * (kappa_intact(l:end-1).72 +

kappa_intact (2:end) ."2);
295 integral_damaged = (h/2) * (kappa_damaged(l:end-1).72 +
kappa_damaged (2:end) ."2);

296

207 DI = (1 + integral_intact) ./ (1 + integral_damaged);
298| end

299

so0| function [macro_idx, damage_flags] = compute_macro_index(

Cornwell, Stubbs, Choi, theta)

301 /4 Compute macro-index and damage flags

302 4 Inputs:

303 VA Cornwall, Stubbs, Choi: Damage indices (lxz(nNodes-1))
304 A theta: Detection threshold (optional)

305 4 Outputs:

306 VA macro_idx: Combined damage index (lz(nNodes-1))

307 VA damage_flags: Binary damage tindicators (lz(nNodes-1))

308
s09] /4 Normalize indices per element (mot global Z-score)
310 norm_Cornwell = (Cornwell - mean(Cornwell)) / std(

Cornwell) ;

311 norm_Stubbs = (Stubbs - mean(Stubbs)) / std(Stubbs);

312 norm_Choi = (Choi - mean(Choi)) / std(Choi) ;

313

314 /4 Two-stage approach

315 agreement_mask = (norm_Cornwell > 0) & (norm_Stubbs > 0)
& (norm_Choi > 0);

316 macro_idx = mean([norm_Cornwell; norm_Stubbs; norm_Choil,

1);
317 macro_idx (~agreement_mask) = 0; / Disregard non-agreeing

elements

318

319 4 Apply threshold <if provided
320 if nargin > 3
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354

damage_flags = macro_idx >= theta;

else

damage_flags [1;
end

end

function [macro_idx, damage_flags] =
compute_macro_index_weighed (norm_Cornwell, norm_Stubbs,
norm_Choi, theta)
/s Compute macro-indexr with weighted emphastis on Cornwell
% Weights: Cornwell (70%), Stubbs (15/), Choi (15})

/% Normalize indices using Z-score

4 Apply weights: Cornwell dominates

weights = [0.1, 0.45, 0.45]; J [Cornwell, Stubbs, Choi]

weighted_indices = weights(1)*norm_Cornwell +
weights (2) *norm_Stubbs +

weights (3) *norm_Choi;

4 Two-stage approach

agreement_mask = (norm_Cornwell > 0) & (norm_Stubbs > 0)
& (norm_Choi > 0);

macro_idx = weighted_indices;

macro_idx (~agreement_mask) = 0; / Disregard non-agreeing

elements

% Apply threshold 4if provided

if nargin > 3

damage_flags = macro_idx >= theta;

else

damage_flags [1;
end

end

function theta_opt = determine_threshold(phi_intact, h,
varargin)
/4 Determine optimal damage detection threshold using
Monte Carlo simulations

4 Inputs:
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T

phi_intact: Mode shape matriz of intact beam [nModes
nlNodes]
h: Sensor spacing

varargin: {N_mc (trials), confidence_level}

4 Output:

theta_opt: Optimal threshold for macro-index

4 Parse inputs

p = inputParser;

addOptional(p, ’N_mc’, 1000, @isnumeric);

addOptional (p, ’confidence’, 0.95, @isnumeric);

parse(p, varargin{:});

N_mc = p.Results.N_mc;

conf = p.Results.confidence;

4 1. Estimate noise from intact data

noise_std = std(phi_intact, 0, 1); / Std. dev across
modes

/2. Monte Carlo simulation

macro_indices = [];

for k = 1:N_mc

/% Generate synthetic intact/damaged data

phi_synth = phi_intact + noise_std .* randn(size(
phi_intact));

phi_damaged = phi_synth;

4 Simulate random damage (5-15) stiffness reduction
in 1-2 elements)

damage_elements = randperm(size(phi_intact,2)-1,
randi (2));

phi_damaged (:,damage_elements) = phi_damaged(:,
damage_elements) .* (0.85 + O.1xrand());

/4 Compute all indices
[Cornwell, Stubbs, Choil] = compute_all_indices(
phi_intact, phi_damaged, h);

%4 Compute macro-indezx
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end

macro_idx = compute_macro_index(Cornwell, Stubbs,

Choi) ;
macro_indices = [macro_indices; macro_idx];

end

4 3. Determine threshold vtia percentile

theta_opt = prctile(macro_indices(:), 100*(1-conf));

function [Cornwell, Stubbs, Choil] = compute_all_indices(

end

phi_intact, phi_damaged, h)

4 Wrapper for index calculations

Cornwell = compute_cornwell_index(phi_intact, phi_damaged

, h);

Stubbs = compute_stubbs_index (phi_intact, phi_damaged,

b

Choi = compute_choi_index(phi_intact, phi_damaged,

h);

h)
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APPENDIX C: SAMPLE MAPDL CODE

/PREP7

! Element type (3D 20-node solid)
ET,1,S0LID186

! Material Properties

MP ,EX,1,3000.8e6 ! Young’s modulus of fiberglass
composite beam in Pa

MP,PRXY,1,0.33 ! Poisson’s ratio

MP ,DENS ,1,1200 ! Density in kg/m~3

! -——- Geometry Creation ---

! Geometric properties

L = 0.120 ! Length of beam in m
W = 0.025 I Width of beam in m
T = 0.002 ! Thickness of beam in m

BLOCK, O, L, O, T, O, W

! meshing
ESIZE, 0.5/1000 ! Element size in m
VMESH, ALL ! Meshing the entire volume

! Boundary Condition (Cantilever Constraint) ---

! Fixing the face at X=0 (all DOFs) for a cantilever beam
NSEL, S, LOC, X, O

D, ALL, ALL

ALLSEL

FINISH

/SOLU

! -——- Modal Analysis Setup ---

ANTYPE, MODAL

MODOPT, LANB, 10 ! Block Lanczos algorithm for 10 modes
MXPAND, 10 ! Expanding 10 mode shapes for

postprocessing
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44

SOLVE

FINISH

/P0OST1

! -——- Postprocessing ---

SET,1,1 ! Selecting the first mode result for
display

PLDISP,2 ! Plotting the deformed mode shape (

scale factor 2)
FINISH

Listing 1: ANSYS APDL Code for Modal Analysis
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