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Abstract

Structural health monitoring (SHM) is used in aerospace, civil, naval, and
automotive industries to monitor structures for damage, stress/strain, and vi-
brations. The aim is to ensure reliability through continuous/active/online
monitoring that is as reliable as proven non-destructive techniques (NDT).
Ultrasonic-guided waves (GW) are a promising technique for SHM, but dis-
persion effects, electromagnetic noises, and environmental factors can affect

the accuracy of the data collected.

The research aims to develop an effective multistep damage identification pro-
cess (detection, localization and quantification) using the proposed SHM-GW
method. The proposed multi-step method was tested on many isotropic and
anisotropic structures with different kinds of damage and also using various
types of sensing units. In this research work, an improved GW damage local-
ization technique with sector-based elliptical (SEC) methodology is developed
to localize damages in various structures. The research also showcases quick
damage detection and damage quantification methods. The SEC effectively
identified damage at multiple locations, sizes, and types. The technique origi-
nally developed for piezoelectric sensors and laser Doppler vibrometry (LDV)-
based scanning points were later applied to the GW sensing study using fiber
optic Bragg grating (FBG) sensors.

The implementation of hybrid FBG-PZT sensors in damage identification is
also carried out in this research using the proposed method. The use of re-
mote FBG bonding and direct bonding strategies for GW sensing is also stud-
ied along with the application of the varying bond (adhesive) line length as a
parametric factor. The proposed damage identification multi-step methodol-
ogy was also tested on numerical finite element models (FEM) to validate the
experimental FBG-PZT studies.
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Chapter 1

Introduction to GW-based SHM systems

1.1 Overview

A key factor in the certi cation of structures is structural integrity and reliabil-

ity. The condition of the structures' structural reliability is a crucial component

of their economic viability and safety. By using structural health monitoring
(SHM) to check structures constantly, reliability is guaranteed [1]. The re-
liability of parts is an important aspect of the discussion in the aerospace,
automotive, civil and other major engineering industries. The tragic bridge
collapse of Mianus River Bridge, USA in 1983 could have been avoided if the
bridges had been equipped with present-day online monitoring sensors. Simi-
larly, the present automotive industries use a variety of sensors in continuous
monitoring of the engine and other rotary parts to know about wear and tear.
Due to various ight hours and heavy payloads, parts such as skin, sti eners,
beams, etc. are prone to structural damage in aeroplanes. Air crash investi-
gations reveal that the skin part is subject to heavy loads from atmospheric
pressure conditions [2]. Thus, the online monitoring of these structural compo-
nents in various functional engineering elds is much needed in saving precious
lives and valuable cargo.

In aerospace, automotive, and other high-tech industries, safety, reliability and
continuous maintenance are critical factors [3]. The amount of research and
development in these industries is growing rapidly with sophisticated instru-
ments and ideas/techniques. Engineering structures sustain fatigue damage
[4], barely visible impact damage (BVID) [5], and other types of damage after
routine/continuous workload [1]. Damage may also occur during the manufac-
turing or in the maintenance stage. As a result, identifying any form of struc-
tural damage is crucial before any fatal incident occurs. Recent technological
advances help in structural analysis and damage assessment. A regular inspec-
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tion reduces the possibility of overlooking critical damage. SHM techniques are
advanced nondestructive testing (NDT) techniques involving online and con-
tinuous monitoring of engineering structures. To improve structural reliability
and life cycle management, such online monitoring is necessary to get more in-
formation about the varying structural changes [1]. The SHM process includes
continuous acquisition, validation, and analysis of data collected by sensors
installed permanently in the structure [3]. Identi cation of the features from
the obtained monitoring data (i.e., responses based on any damage-sensitive
feature like for example vibration-based amplitude or frequency) is necessary
to classify the healthy and damaged state of the part/structure. Reliability
and reduced costs make the SHM a common solution in structural analysis.

1.2 Basics of SHM systems

To detect the presence or growth of damage, SHM techniques involve extract-
ing damage-sensitive parameters, implementing a processing strategy, observ-
ing/visualizing the results, and then coming to a decision. The SHM's primary
goal is to provide the structure operator with a continuous real-time assessment
of the structure's condition and to ensure a high level of safety and structural
integrity [6]. The development of a reliable SHM system helps facilitate the
diagnosis and analysis of the prognosis of structures.

SHM is a process of monitoring structures for diagnostic and prognostic analy-
sis [3]. The process involves the observation of various parameters (i.e temper-
ature, strain, amplitude, charges, etc) obtained continuously to monitor the
changes in the geometric and material properties of the structure. SHM sys-
tems require the use of sensors and actuators to validate structural integrity.
Apart from that, the process involves the selection of the sensor types, sensor
localization optimization, frequency and excitation mode selection, data acqui-
sition and receiver (DAQR) equipment selection etc. The systems also require
data processing and transmission devices, higher computational power and
reliable electrical and mechanical connections for monitoring [6]. The SHM
systems are usually compared with the human nervous systems which sense
the pain and report it to the brain [4]. Similarly, SHM systems are capable
of sensing damage from any part of the structure and reports the data to the
data storage device.

SHM helps to reduce the cost and time with continuous monitoring using
sensors. SHM has the following advantages: it doesn't require access to the
inspection area as it can be monitored online [7], provides safe inspection
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of structures, can be automated with no human interference, helps to quickly
repair larger structures e ectively and can interrogate many locations/regions.
There are various examples, from bridge monitoring [8] to aerospace structures
[9] inspections performed using SHM systems. SHM systems are classi ed
into active and passive based on their usage and measurement types. Passive
SHM does not interact with the structures; it merely "listens” to them. Active
SHM can be used whenever necessary, in which case structures are rst excited
using actuators in predetermined ways and then questioned by examining the
structural reactions. An exemplary active SHM system is shown in Figure 1.1.

Figure 1.1: SHM systems overview: exemplary aeronautical application.

SHM methods are classi ed mainly based on the monitored quantity such as
vibration, strain, guided waves (GW), acoustic emission, electromechanical
impedance, etc. The research in this thesis focuses on the active GW-based
SHM system and various types of damage that the system can detect e ec-
tively. GW in this system are excited using a piezoelectric transducer (PZT)
and is detected with PZT, laser Doppler vibrometer (LDV), and ber Bragg
grating (FBG) sensors. The following are the most crucial reasons to use GW-
SHM: high sensitivity to low-level damage [1], the possibility of non-contact,
active sensing, and the potential to localize damage are very likely.
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1.2.1 PZT and FBG sensors

PZTs as shown in Figure 1.2 are low-cost, lightweight, thin and can easily be
integrated into any structure. PZTs can excite GW when voltage is applied
[10], thereby generating continuous mechanical energy waves (due to strain)
that propagate on the structures [3] in which they are attached. PZTs can also
sense the GW in a reverse way from mechanical energy to voltage. A good
signal interpretation method is required to process the data obtained from
these PZT sensors [5]. PZTs can be arranged in a variety of arrangements or
optimally placed, forming PZT networks or sensor networks for SHM systems
to function.

Figure 1.2: PZT used in the GW measurements.

FBG sensors are increasingly used in SHM studies of aerospace, automotive,
and civil structures nowadays. The ability to easily embed, higher sensitivity,
low electromagnetic noise, lightweight nature, and generation of a higher sig-
nal sampling ratio (when coupled with a photodetector) in GW detection are
signi cant advantages of FBG over other sensors [11]. The FBG is a narrow
band wavelength Iter embedded/written in an optical ber (shown in Figure
1.3) that transmits the other wavelengths while re ecting a specic narrow
bandwidth [12] of light out of the total light input to the ber, as shown in
Figure 1.4. The re ection spectrum is usually centred along with a wavelength
termed the Bragg wavelength (g). The refractive index of the FBG core is
perturbed by the grating of the ber which results in light re ections. The g
depends on the grating period and e ective refractive index [12].

When any form of stress/strain is applied to the FBG (in this research work
strain due to the GW excitation), g shifts as shown in Figure 1.5. Based on
the shift in the wavelength, the guided wave is sensed (healthy and damaged
states get identi ed). Thus, FBG is capable of sensing the GW via changes in
the re ected light spectrum caused due to the varying strain (GW sensed as
strain). To distinguish optical return signals from a grating array, the optical

4
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ber system employs a wavelength-division multiplex (WDM) interrogation
approach. The WDM was used to nd the wavelength shift caused by strain
in the Bragg-grating re ection spectra. There is evidence that this detection
method can pick up very small dynamic stresses [3]. In recent times, the
edge re ection-based technique [13] has been used to capture GW using the
FBG. More details about the technique are mentioned in subsection 2.3.3. The
bonding of the FBG to the structure is termed direct bonding [13] and is a
tried and tested technique. The other technique is remote bonding, in which
the FBG is kept free and only the optical ber is bonded to the structure.
More details on FBG GW sensing, direct and remote bonding con guration
can be found in sections 6.3, 6.4 and chapter 7 respectively.

Figure 1.3: Schematic representation: optical ber and FBG.

1.3 Elastic wave propagation in plates

Following the research of eminent scientists in the areas of waves in solid media
over the course of a century, the elastic wave propagation in solid plates has
evolved into a completely new shape. Many scientists like Rayleigh, Lamb,
and Love did profound work in the areas of wave motions, and Rayleigh waves,
Lamb waves (LW) and Love waves were named after their works. The following
are the major wave motions that are studied in detail.

1.3.1 Elastic wave motion: Rayleigh waves

Rayleigh's waves [14] are one type of surface wave that travels along the free
surface of the solid medium (considered to be semi-in nite as shown in Figure
1.6). These waves are sensitive to smaller surface defects, such as cracks [15],
as they could penetrate solid media [3]. In this case, the wave particle's mag-
nitude reduces exponentially with respect to its surface movement (change in
distance). The movement of the particles in these waves is con ned within the
vertical surface, and their motion path resembles an elliptical rotation [16].

5
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Figure 1.4: FBG used in the GW measurements.

Figure 1.5: Exemplary FBG's response as a function of strain.

1.3.2 Elastic wave motion: Love waves

Love waves are also surface waves and were rst studied by Augustus Love
[17]. The movement of the Love wave patrticles is in a direction parallel to the
medium's surface as shown in Figure 1.7. The particle motion in Love waves is
perpendicular to the direction of wave propagation and parallel to the surface
of the medium. Their wave amplitude decreases quickly with depth, just like
Rayleigh waves do [16].
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Figure 1.6: Rayleigh waves on a semi-in nite medium.

Figure 1.7: Love waves in a solid medium.

1.3.3 Elastic wave motion: Lamb waves

The theory of LW was studied in detail by Horace Lamb [18]. They are also
termed GWs as they travel freely guided along the upper and lower layers
of the medium with the same magnitude. The movement of the LW can
be in longitudinal and transverse directions on plates. They vary depending
on the media in which they propagate. LW propagation modes are mostly

antisymmetric (A) and symmetrical (S) in plate-like structures, as shown in
Figure 1.8.
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Figure 1.8: Fundamental LW modes in a thin plate.

The Anti-symmetric wave modes have opposite displacements on either side of
the centerline (refer Figure 1.8), while symmetric LW has identical displace-
ments on both sides of the centerline. These surface waves are highly dispersive
in nature and depend on the thickness of the structure in which they move, the
type of structure (material), the excitation frequency and the angle of propa-
gation (in the case of multi-layered composites). LW has a long propagation
distance and a low attenuation (loss of amplitude over distance), making it
the primary choice of SHM engineers who deal with ultrasonic investigations
to monitor huge and complicated structures.

The re ections of the LW along its propagation path assist in identifying
the irregularity (damage) in the structure [19]. LW are e ective at detect-
ing damage through thickness and are capable of detecting multiple damages
in larger structures [20]. Equation 1.1 provides a general description of LW in
the homogeneous mediums, as mentioned in [1]. Equation 1.1 can be simpli-
ed into Equation 1.2 Si (i=0,1,2...) symmetric mode and Equation 1.3Ai
(i=0,1,2...) anti-symmetric mode, based on the symmetric and antisymmetric
properties of LW over a medium.

tan(gh) _ 4k2qp
tan(ph) (k2+ p2+2p2) (k2 @)
1 2
q2 - k2
3 (1.1)
2 I 2 k2
p°= =
¢
| =2 f
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tan(qh) _ 4k%qp
tan(ph) (k2 @) o2
tan(gh) _ (k2 )’ (1.3)

tan(ph) 4k2qp

Where: h is homogeneous media (e.g., solid plate) half thickne&sis wavenum-
ber;, and are the elastic constants of the material! is the angular fre-
guency; Ct shear bulk wave velocity;C_ longitudinal bulk wave velocity; f is
the frequency.

1.3.4 Elastic wave motion: SH waves

The propagation of shear horizontal (SH) waves is transverse (Figure 1.9)
in nature and the shear wave particles move in a direction of in-plane w.r.t
interface of the medium in which it propagates. SH waves are similar to LW and
are also one type of GW, as they possess A and S modes [21] and the relative
magnitude of such waves does not change on both sides of the structure [22].

Figure 1.9: SH waves on a solid media.

1.4 Analysis of structures using GW

GW are elastic perturbations that propagate along the free boundaries of a
solid structure, adversely a ecting the modes of propagation of GW [5]. GW

has the ability to travel a greater distance through surfaces with little attenua-

tion and aids in identifying damage through the phenomena of wave interaction
and re ection [23]. Most GWs are dispersive in nature (Rayleigh waves and
SH waves are exclusive) due to the varying velocities and other characteris-
tics such as the geometrical and material properties of the medium in which
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they propagate [3]. A change from one mode of propagation (e.g S) to an-
other (e.g A) is referred to as a mode conversion in guided wave studies. This
may happen if the waveguide's boundary conditions change. The particular
mode conversion that takes place is determined by the wave's wavelength or
geometry of the structure. Thus, they are characterized predominantly on the
basis of the frequency, period, wavelength, wavenumber, and speed and am-
plitude/ displacement of the particles [4]. Methods such as pitch-catch and
pulse-echo (refer to Figure 1.10) are frequently used in GW-NDT and SHM
elds to examine and assess materials and structures for aws or damage.

(a) (b)
Figure 1.10: GW measuring systems: (a) Pitch catch, (b) Pulse echo.

In the pitch-catch method (Figure 1.10a), the GW signals are excited by the
actuator (PZT in this research) and sensed by the sensor (PZT or LDV or FBG)

on the other side. However, in the pulse-echo method, the actuator/sensor is
mostly the same (or present on the same side) as shown in Figure 1.10b. The
research thesis employs both pitch-catch and pulse-echo systems for damage
identi cation and speci cally examines the LW-type GW in detail, which will

be referred to as GW in subsequent chapters.
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Chapter 2

State of the art in GW studies

This chapter provides a brief survey of the literature on GW inspection studies,
SHM techniques, NDT-based approaches, and SHM systems. A few examples
created using SHM GW approaches are also included in this chapter as a part
of understanding more of the literature works with an experimental approach
point of view.

2.1 SHM and NDE methods

The NDT or NDE (nondestructive evaluation) based applications use some
similar approaches to SHM-based techniques. Methods like analysis, identi -
cation of the damage and discussions fall into a similar category of interests
(Figure 2.1) with both the techniques [24]. But, NDT techniques are mostly
o ine-based and need trained technicians to perform the inspection. SHM sys-
tems, on the other hand, are mostly online-based inspections. SHM is mostly a
global area inspection and monitoring method, which analyses the entire area
of the structure e ectively. Whereas, on the other hand, NDE techniques are
mostly local area inspection methods that check region-by-region of the large
structure [25]. As said earlier, there is a correlation between the NDE and
SHM methods but not all the NDE methods can be used or compared on par
with SHM methods [26]. Additional details about the notable NDE methods
are provided in the list that follows, along with a determination of whether
they could be applied to SHM techniques.

Visual inspection requires higher operator skills and is not time e ective. The

technique is the most common form of testing the structures and is used as
a standard practice in the inspection process [1]. This technique requires in-
spection of the structure with the operator's naked eyes (Figure 2.2) and then
using other techniques like microscopes, magni cation lenses, etc. This tech-

11
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Figure 2.1: Comparison of SHM and NDT techniques.

nigue cannot be incorporated into SHM methods as it is a laborious periodic
inspection process.

Figure 2.2: Visual inspection done at IMP PAN.

Ultrasound inspection techniques (UT) help to investigate the thickness of the
specimen or to characterize the structure internally. The frequency range that
the UT technique uses ranges between 500 kHz to 30 MHz respectively. This
works on similar techniques of pulse-echo as shown in Figure 1.10b and is e ec-
tive in scanning the structures w.r.t thickness. They can be used on plastics,
metals, polymers, additively manufactured specimens, etc. The disadvantage
is again this method is a local area inspection technique that requires trained
technicians, di cult to inspect complex geometries, calibration of the equip-
ment w.r.t material being inspected, and has a higher purchase cost.

Infrared thermography (IRT) based inspection techniques are quite popular
and require less processing time to inspect the specimens [27]. The IRT cap-
tures the radiation emitted by the object/ specimen and produces the images
as thermograms [4] as shown in Figure 2.3. Similar to the UT process, it's
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also a local area NDE method and requires trained technicians and periodical
inspection.

Figure 2.3: Infrared thermography experimental setup at IMP PAN.

The electromechanical impedance approach is based on electrical parameter
measurements of a PZT connected to the structure under investigation [28].
Mechanical resonances of the host structure can be seen in the electrical proper-
ties of the piezoelectric transducer as a result of the electromechanical connec-
tion between the two components. This method allows for the recording and
analysis of electrical properties such as impedance, admittance, their actual
components (resistance and conductance), and their imaginary components
(reactance and susceptance). According to the literature, imaginary electri-
cal characteristics are used to diagnose the transducer itself or to monitor the
bonding layer between it and the structure [29], whereas real electrical param-
eters are used to monitor the structure. Reactance, for instance, was used
in [30] as a measure to detect transducer debonding, whereas resistance was
used to evaluate the structure. Resistance and susceptance, however, were
employed in [31] to identify sensor aws.

Acoustic emission-based inspection technique comes under passive monitoring
of the structure [32]. In this type of passive monitoring the testing works when
there occurs sudden changes in the material properties due to stress/strain [33].
The method is highly sensitive, with real-time monitoring, and rapid detection

of damage. But the major drawback of the method is that it requires the stress
signals to be obtained from the material itself as shown in Figure 2.4 and thus
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a constant or at least a periodic change in the material properties are required
for the inspection process to function. This thesis work focuses on the online
and active monitoring of the structures and thus inspection of the structures
using acoustic emission is not considered.

Figure 2.4: An exemplary acoustic emission-based monitoring.

SHM using GW techniques are online-based monitoring techniques. It employs
waves from the excitation source (example: PZT-based actuators) that can
propagate across the structure and can obtain the re ected signals from the
damages via the sensor (example: PZT, LDV and FBG) to determine the state
of the structure. The GW technique uses structure as a waveguide and thus
can help in long-range inspection and this helps to identify damage located at a
far location too. This proves to be a major advantage against the conventional
NDE or UT techniques which require close-range inspection. An example of
one such SHM GW monitoring method using DAQR in a CRFP specimen is
shown in Figure 2.5. SHM techniques to continuously monitor strain (e.g., via
FBG), monitor temperature, and vibration (e.g., via PZT) are also used in the
industries. In this thesis, GW analysis measurements with LDV (vibration-
based), PZT (vibration-based), and FBG (strain-based) sensors are used to
monitor, detect and localize various kinds of damage in a variety of structures.

2.2 GW-based SHM methods

A detailed literature survey was conducted to get to know the state-of-the-

art damage imaging algorithms and their pros and cons. Ultrasonic GW

propagation-based SHM has demonstrated its ability to detect and localize
structural defects [34]. GW has been widely used in detecting impact cracks
[25], debonding analysis [35], delamination detection [20] etc.
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Figure 2.5: GW-based SHM monitoring using DAQR setup at IMP PAN.

2.2.1 Damage detection using GW methods

Researchers [36] examined the SHM GW-based amplitude value changes at
the impact regions in carbon ber reinforced polymer (CFRP) structures for
damage identi cation. Boettcher et al. [37] used GW to assess the e ect of en-
ergy dissipation in structures. Holst et al. [38] used changes in wavelet energy
[39] and velocity variations to analyze CFRP structures (CFRPS) subjected
to impact damage. Te on inserts in plates were studied by [40] using GW zero
group velocity di erences. Lugovtsova et al. [41] investigated delamination in
an aluminium-carbon ber structure using GW-based wavenumber mapping.
Munian et al. investigated GW scattering and re ection in CFRPS with im-
pact delamination [42]. The GW-based time of ight (TOF) method was used
to compare numerical to experimental damage results [43].

The duration it takes for a GW to move from its source (actuator) to its receiver
(sensor) is known as the TOF. Numerous elements, including the structure's
geometry, material properties, and the existence of damage, can in uence the
TOF [44]. TOF is widely used in many NDT applications such as ultrasound
(i.e ultrasonic), LDV, and phased array. GW can travel over larger distances
on the structure and helps in damage identi cation studies [4]. The change
in the TOF of the waves aids in determining the damage by comparing it to
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the reference signals (healthy signals) as shown in Figure 2.6. More details
about the TOF method are shown in section 4.1, Equation 4.1 and Figure 4.3
in chapter 4.

Figure 2.6: Exemplary TOF of GW modes.

By subjecting CFRPS to impact damage, Lambinet [45], Burkov [46], and
Hameed et al. [47] investigated GW-based signal velocity and energy (am-
plitude), amplitude di erences, and continuous wavelet transforms. In order
to detect the impacts, the GW re ection coe cient, amplitude changes, and
velocity di erences were recorded in CFRP plates [48] as a damage index cri-
terion. Lugovtsova et al. investigated the use of local and instantaneous wave
numbers in distinguishing damage in CFRPS [41]. Sikdar et al. [49] combined
the GW method and IRT-NDT methods in debond localization in bonded
CFRPS.

2.2.2 Damage localization using GW methods

Mustapha et al. [50] used the time-reversal method to investigate similar -
nite element method (FEM) and experimental combinations in sandwich hon-
eycomb composite structure (SCS) panels. Eckstein et al. [51] investigated
multiple debonding delaminations caused by impact damage in a CFRP door
panel using a tomography-based reconstruction algorithm for the probabilistic
inspection of damage (RAPID) technique. Yue et al. [52] used tomography-
based damage index calculations to analyze CFRP plates with circular sensor
arrays and plot the localization. Zima [53] investigated structural cracks using
a damage index (DI) based on wave re ections.

Segers et al. [54] used a GW-based nonlinear ltering method to localize dam-
age in CFRPS, Sha et al. [55] used wavelet analysis to assess the damage, and
Hervin et al. [56] looked into GW scattering and entrapment in the impact
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damage crack zone of CFRPS. Dafydd et al. [48] found that the amplitude
of the GW was directly proportional to the severity of the damage. Multiple
damages were localized in a composite structure using an elliptical-based code
[57]. Ziaja et.al. [58] used an Arti cial Neural Network-based amplitude di er-
ence formulation to show the change in the DI by comparing the healthy and
damaged states of GW signals of steel structures. In the damage localization
of CFRP structures, Azura et al. [59] used the RAPID. Damaged CFRP struc-
tures were studied and localized using delay sum, signal di erences, RAPID,
and Voronoi-based algorithms [60]. Impact damage on GFRP was analyzed
using wavelet packet transform [61]. Alnuaimi et al. [62] performed impact
damage sensing on glass ber reinforced polymer (GFRP) plates using fast
Fourier transform peak analysis, nonlinear sideband peak variations, and TOF
analysis. The impact e ects in the CFRPS were investigated using GW ampli-
tude variation due to defect size, ber breakage and a linear PZT network by
Heesch et al. [19]. Zhang et al. [63] examined the GFRP structure (GFRPS)
at various stages of impact using di erences in mode conversion behaviour.
The signal-to-noise ratio DI method and the probabilistic damage detection
algorithm RAPID was used to compare BVID identi cation [64].

The wave ltering approach [65], DI-based on signal di erence correlation co-
e cient [66], and probabilistic reconstruction approaches [67] were used for
debond localization. The wave ltering approach, which requires more com-
putation time, identi ed the debond based on the damage input from the full
wave eld (FWF) GW studies (where the GW from propagation till re ection
could be seen in animation 3D view rather than 1D GW signal view). De Luca
et al. [68] investigated FWF-based debond analysis on a composite winglet.
Sikdar et al. localized debonding in sandwich structures using signal di erence
based on the modal amplitude area method [69]. A similar localization scheme
is used in [70] to locate the debond using linearly placed sensor networks. The
debond analysis using the signal di erence-based coe cient and probabilistic
methods can identify damage only within the sensor network as their path
coverage is signi cantly less.

2.2.3 Sensor optimization in GW studies

Another important aspect of SHM using GW is sensor optimization (i.e., place-
ments of the sensors) for sensing the GW in structures. Previous research in
GW analysis used an analytical approach to determine sensor placement [53].
Philibert et al. [71] investigated GFRP I-joint sti ener assembly using PZT ar-
ranged linearly. Fendzi et al. [72] investigated a genetic algorithm that was not
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dependent on damage localization. The sensors were arranged in a 3-row
column matrix with equal intervals. A method known as the Multiple Signal
Classi cation (MUSIC) algorithm was studied in detail by Zuo et al. [73] with

a phase array sensor network. Soman et al. used a genetic algorithm for PZT
optimization in structures [74] and was then tested to study aluminium Nomex
composite structure (ACS) in [75]. NomeX is a heat-resistant ber material
and is largely used by re ghters. The signal di erence coe cient method

is further improved to study breathing debonds in CFRP sti ener plates [76]
with a linear array of equally spaced sensors. Memmolo et al. [77] used the
probabilistic image reconstruction localization algorithm in studying sti ener-
attached composite structures. Zima et al. [78] proposed an elliptical-based
algorithm for crack size estimation from closely arranged transducer arrange-
ments. Thus, sensor optimization is a key to localizing the damages [6]. The
sensor paths should cover most of the specimen regions to continuously monitor
for any kind of damage.

2.2.4 Reasons for GW signals variation

The changes in the GW signals, amplitude variation, velocity changes etc are
caused by the presence of any kind of damage (i.e., delamination, debond,
impact damage, etc). The other reason for the changes could be varying en-
vironmental conditions which include a change in temperature, more loads on
top of the specimen, vibrational e ects, water impregnation, etc to name a
few [24]. Temperature e ects (be it hot or cold) is one main reason for such
changes in the GW signals. This is because GW signals are extremely sensitive
to temperature e ects and structures that are in constant exposure to varying
temperature conditions can be monitored using SHM-GW systems for lifetime
predictability assessments [79]. Better signal processing methods are needed
to address these issues.

2.2.5 Temperature e ects studied using GW

Nan Yue et al. analyzed CFRPS with impact damage from coupon to sub-
component level [80] at varying temperatures and localized the damage using
the GW imaging-based delay sum TOF method. Michaels et al. analyzed alu-
minium and composite samples with a sparse array network of PZT arrange-
ment at varying temperature conditions using delay and sum and minimum
variance imaging schemes to localize the damages [79]. Sikdar et al. studied
debonding in an SCS at ambient temperature conditions using a baseline-
induced mapping algorithm [66]. Li et al. [81] also analyzed temperature-
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