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Abstract

Offshore support and naval vessels operate in complex and hazardous environments facing the risk
of impact from falling objects, collisions and projectiles. Accurate impact localization is essential to
guarantee safety of the individuals, the environment and the asset.

This thesis explores the feasibility of impact localization on steel plates and stiffened panels by utilizing
the information carried by the stress waves generated during impacts. These waves propagate along the
surface of the structure as Guided Ultrasonic Waves (GUW). The inherent time reversibility and spatial
reciprocity properties of the wave equations allow the use of Time Reversal (TR) process of the recorded
wave signals to localize impacts.

The study combines experimental testing with an analytical framework. Small scale controlled impact
experiments were performed in the Structures Laboratory at TU Delft while large scale tests were
conducted onboard a Shoalbuster at DAMEN Shipyards in Gorinchem, allowing the assessment of the
scalability and robustness of the method. Acoustic Emissions (AE) were generated through Pencil Lead
Breaks (PLBs) and instrumented hammer impacts. TR was implemented virtually in the frequency
domain using an analytical propagation formulation that models dispersion and wave amplitude decay
due to geometric spreading. The novelty of the present research lies in extending the analytical TR
framework from plates to stiffened panels by removing the effect of stiffeners in back-propagation. This
is achieved by introducing a scalar transmission coefficient T; into the analytical model.

In the small scale experiments two configurations were tested, a plate and a stiffened plate with a
stiffener located at the midspan, both measuring 400 x 400 mm?. The average localization error for the
plate ranged from 11 to 15 mm, while stiffened panel tests showed slightly higher errors in the order
of 12 to 23 mm, depending on the impact type. Higher errors were observed for the instrumented
hammer impacts. In the large scale tests a 7500 x 2000 mm 2 area was monitored. Localization accuracy
decreased due to increased structural complexity, including variable plate thickness, multiple stiffeners,
and high acoustic noise from parallel steel work activity. A mean localization error of 662 mm was
achieved, demonstrating the method’s scalability and potential for real world application.

These results confirm that TR of GUW is a feasible method for impact localization across different scales.
The methodology shows potential for extension to composite materials and towards a complete impact
identification framework that includes impact severity estimation, contributing to the development of
integrated Structural Health Monitoring (SHM) systems capable of detecting, localizing, and quantifying
structural impacts.
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Introduction

1.1. Background and Motivation

Managing impacts on maritime structures is a major concern in ship design and operation. Vessels
operating in complex and hazardous environments, such as offshore support ships or naval vessels
face the risk of impacts caused by unpredictable factors such as collisions with other marine structures,
falling objects, or projectiles. The energy delivered during the impact is dissipated through several
mechanisms including conversion to heat, plastic deformation, sound generation, structural vibration
and the propagation of elastic waves. Impacts usually lead to severe structural, environmental and
operational consequences. Therefore, accurate impact identification, is critical to ensure the safety of the
individuals, the asset and the environment and also to decide whether the operation should continue or
not. Impact identification consists of both determining the event’s location and estimating its magnitude.
This work focuses specifically on impact localization.

Traditional inspection methods, such as Non-Destructive Testing (NDT) and visual inspections, often
fall short in the complex scenarios where these vessels operate due to limited accessibility to structural
components or the urgency of operational schedules. This has led to increased interest in Structural
Health Monitoring (SHM), which employs sensor networks to monitor structural responses in real-time
and assess structural integrity without invasive tests [1].

Among the techniques utilized in SHM, Acoustic Emission (AE) is of high value for detecting sudden
stress releases, such as those caused by crack initiation or growth and impacts. These stress waves
propagate through thin-walled structures as Guided Ultrasonic Waves (GUW). GUW have already
proven their effectiveness in monitoring large-scale structures such as bridges [2, 3, 4], offshore platforms
[5, 6, 3], and pipelines [7]. However, their application to ship structures is limited. These elastic
waves are confined within the geometric boundaries of thin-walled structures and can travel over
large distances while carrying valuable information on the AE source characteristics. Ship hulls are
mainly composed of steel plates with stiffeners, the existence of the latter introduces complexity such as,
wave reflection, scattering and mode conversion, and therefore the applicability of traditional impact
localization techniques is further limited.

1.2. Thesis Layout

This report explores the potential of using GUW for impact localization on steel stiffened panels such as
those found in ship hulls.

Chapter 1 outlines the motivation of the work, introduces the basic theory of guided waves and explains
the fundamentals of SHM using GUW. The state-of-the-art localization methods are also reviewed and
their efficiency and applicability in ship structures is evaluated. Last but not least, the knowledge gaps
are identified and the research questions are formulated.

Chapter 2 describes the approach followed in this study. The methodology consists of two parts. First
impact experiments while monitoring AE are carried out and then an analytical model the recorded is

1



1.3. Background 2

used to process the recorded signals localize impact.

Chapter 3 presents the experimental work carried out in the Structures Laboratory of the Mechanical
Engineering faculty at TU Delft and the the large scale experiments carried out at DAMEN Shipyards in
Gorinchem.

Chapter 4 details the virtual TR implementation performed in MATLAB for source localization.
Chapter 5 presents the impact localization results and their interpretation.

Chapter 6 concludes the findings of the present research and discusses the recommendations for future
work and how the current methodology can be extended for complete impact identification.

1.3. Background
1.3.1. Wave Propagation in Elastic Media

The theory of elastic wave propagation has been well documented in Doyle [8] and Giurgiutiu [9]. For
completeness, the fundamentals of elastic wave propagation are briefly outlined here.

The equation of motion of an elastic medium, also known as Navier equation is given in Eq. 1.1.

2u

Poz (1.1)

Viu+(A+wVV-u=
where, A = W’i_b) 2(1 T are the Lame constants, p is the material density, E is the Young’s

modulus, v is Poisson ratio and u is the particle displacement vector. Equation 1.1, is in compact form
and can be expanded at its three spatial components in Eq. 1.2.
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The governing wave equation can be decomposed into two uncoupled equations, using the displacement
potentials method based on Helmholtz decomposition.The displacement field u is then expressed as the
sum of the gradient of a scalar potential V® and a vector potential H representing the compressional
and the rotational component of the displacement field respectively, as shown in Eq.1.3.

u=V0+VxH (1.3)

The decoupled governing equations are given in the following equations.

ach Pd 1.

il 14
Ix? 8}/ s a4

*H PH _ 1,

W + 3_]/2 = Cé (15)

where, ¢ = (A + u)/p and c2 = u/p are the longitudinal and shear wave speed respectively.

Assuming harmonic wave propagation in the x-direction and choosing the H potential in quadrature
with the @ potential through the factor i, the general solution to Eq. 1.4 and Eq. 1.5 is found in Eq. 1.6.

D= f(y)e' @) H =ih(y)e' ¥ (1.6)
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1.3.2. Elastic waves in plates

Elastic waves in plates propagate as Guided Ultrasonic Waves. These waves are confined between the
upper and lower boundary of thin-walled structures and propagate along its free surfaces, allowing
for long-range propagation. This confinement is why they are referred to as "Guided". The term
"Ultrasonic" refers to the high frequency of the waves, which exceeds 20 kHz. GUW propagate in
different wave modes depending on the variation between the wave frequency, the material properties,
and the geometry of the structure (e.g., thickness of the plate). This leads to distinct patterns of particle
motion and stress distribution, each satisfying the boundary conditions and wave equations uniquely.
In thin plates they fall into two categories:

¢ Shear Horizontal (SH) waves

e Lamb waves

Shear Horizontal (SH) waves

The particle motion of SH waves is horizontally polarized, parallel to the plate surface and perpendicular
to the direction of the wave propagation as illustrated in Figure 1.1. SH waves do not involve volumetric
changes, therefore the term V - 1 in Eq. 1.1 drops, and the equation is simplified as shown in Eq. 1.7.

1.7)

2|

Figure 1.1: Schematic of shear horizontal (SH) wave propagation [10]

A solution to this equation of motion is given in Eq. 1.8. The first term represents a standing wave in the
y-direction while the second part represents a wave propagating in the x-direction.

u(x, y,t) = h(y)e &= (1.8)

The characteristic equation given in Eq.1.10 is then obtained by imposing traction free boundary
conditions as in shown in Eq. 1.9.

oyz(x, ¥, ) y=—a =0 (1.9)

sin(nd)cos(nd) =0 (1.10)

SH waves can be symmetric or anti-symmetric. The values of sin(nd) = 0 lead to the symmetric modes
(S-modes) while the solutions of cos(nd) = 0 to the anti-symmetric ones (A-modes).

Lamb Waves
Lamb waves are vertically polarized, and they are categorized as symmetric or longitudinal (S0, S1,
S2,...) and antisymmetric or flexural waves (A0, A1, A2,...).

The first anti-symmetric wave mode A can be considered similar to a bending or flexural wave, with
large out-of-plane displacement and smaller, anti-symmetric in-plane motion. The first symmetric
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Lamb mode Sy resembles a longitudinal wave with large, symmetric in-plane displacement. The first
longitudinal (symmetric) and flexural (antisymmetric) wave mode are shown in Figure 1.2, it is also
worth mentioning that in isotropic materials Lamb wave fronts propagate in circular pattern as opposed
to anisotropic ones (e.g. composites).

™™g Cw M ™
RN |y g,

=/ @&

Radial in-plane motion Out-of-plane motion

Figure 1.2: Symmetric (left) and antisymmetric (right) Lamb wave modes [11]

Harmonic solutions of the following form satisfy Eq. 1.4 and Eq. 1.5

f(y) = Ay sin(npy) + Az cos(npy) (1.11)
h(y) = By sin(nsy) + Bz cos(nsy) (1.12)

The coefficients A1, A2, B1, By are found by the boundary conditions in Eq. 1.13.

Oyy|y:¢d =0, Oxy y=td 0 (1.13)

where, 11p = ,/“C’—zz —&%and g = 1/{:_22 - &2
P S

First 0, and 0., are expressed in terms of the potentials ® and H and then in terms of functions f(y)
and h(y). Finally, the boundary conditions are imposed. A system of four homogeneous algebraic
equations is then derived, however this system can be reduced to a couple of 2 x 2 systems one for
symmetric and one for antisymmetric motion.

The solution of the said systems is obtained if the determinant is zero. Thus the following equations are
derived for symmetric modes Eq. 1.14 and antisymmetric ones Eq. 1.15. These equations are referred in
the literature as Rayleigh-Lamb equations. The steps for their derivation can be found in Giurgiutiu [9].

2_ 2\’
tannpd (‘5 _775)
tannsd  4E2npns

(1.14)

t d 482
Ml _AeTens (1.15)

tannsd (52 ~ n§)2

Solution of Eq. 1.14 yields the symmetric eigenvalues 53 &S, 5; , ... which are also the wave numbers
of the symmetric Lamb waves. The relation ¢ = w/& leads to the dispersive wave speed, which is a
function of the thickness frequency product fd. The same holds for the solution of Eq. 1.15. Note, that
although the roots of these equations can be complex, attention is given to real and imaginary roots that
correspond to propagating waves and evanescent waves respectively.
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Dispersion curves
A dispersive medium causes different frequency components of a wave packet to travel at different
velocities, altering the shape of the wave over time and distance.

Phase velocity c, is the speed with which each phase propagates in space while group speed c; is the
speed at which the wave packet travels. Group speed is also used to determine how fast the energy
propagates in the structure.

Phase speed and group speed are related according to Eq. 1.16.

(1.16)

Regarding GUW in plates, all the modes except for the fundamental shear horizontal (SHO) are dispersive,
meaning that the initial shape of the wave signal changes with time and distance.

Figure 1.3 displays the phase and group velocity dispersion curves of Lamb waves in an aluminum
plate. By observing these curves one can notice that at low frequency thickness product only the two
fundamental modes propagate. For increasing thickness-frequency product multiple wave modes can
propagate, above the cut-off frequencies of the higher wave modes. At the cut-off frequencies the group
velocity of the specific wave mode tends towards zero, while its phase velocity tends towards infinity.

‘@ @
£ £
E E
2 2
S 3
2 2
[0] A, Q.
g 2t d 3
T 5

1

0 1 1 1 I 1 1 L 1

0 2 4 6 8 10 0 2 4 6 8 10
Frequency Thickness [MHz mm] Frequency Thickness [MHz mm]

Figure 1.3: Dispersion curves for aluminum plate; (a) Phase velocity and (b) group velocity [7]

1.4. Ultrasonic waves in NDT and SHM

1.4.1. From Bulk waves to Guided Waves

Traditional ultrasonic NDT techniques rely on bulk waves, which are ultrasonic waves with wavelengths
shorter than the thickness of the specimen under inspection. These waves propagate in the through
thickness direction.

On the other hand, GUW have wavelengths larger than the thickness of the material and travel along
the specimen. Figure 1.4 illustrates how bulk and ultrasonic waves propagate in a thin-walled structure
with a defect, in the context of active ultrasonic testing.

SHM with GUW is based on the recording and post-processing of the transient stress waves emitted
from the sudden release of energy due to impacts or damage initiation and growth in the material. The
technique has already proven to be a valuable option for the integrity assessment of various structures
such as steel bridges [2, 12, 4], large offshore structures [5, 3, 6] and pipelines [7, 13].
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Figure 1.4: Schematic of (a) bulk and (b) guided ultrasonic wave testing [7]

1.4.2. Fundamentals of GUW based SHM

GUW based SHM systems can be divided in two categories active and passive, as shown in Figure 1.5.
An active SHM system consists of actuators and sensors. More specifically, an actuator generates a
source wave in the structure. GUW propagate in the material and interact with the boundaries and
defects. The response at various locations is then recorded and processed to identify the damage.

On the other hand, a passive SHM system continuously obtains measurements from suitable sensors
installed on the structure. AE are generated by damage or external impacts. The response is first
recorded at different locations, then is post-processed to identify possible damage or the impact’s
location and severity.

’ | | T s

I
- [
|
I— -| i
| st . i Copait e e J
Typical impact guded
wave signal
(a)
r" _______ Path o |
Actuating + L____ Pam2

| Pathl |

Typacal Hanmng-window
modulated smusoidal toncburst
guded wave signal

(b)

Figure 1.5: (a) Passive and (b) Active guided ultrasonic wave SHM [14]

During impacts, a part of the energy travels the structure as guided waves. As a result, GUW are
suitable for SHM in this kind of applications. In the following section the existing literature on impact
identification is be discussed.

1.5. Literature review on impact localization

Impact source localization is typically considered an inverse problem. GUW emitted during an impact
are captured by the sensors and then, they are processed to identify the source location.

This chapter reviews guided wave based methods for impact source localization focusing on their
application in thin-walled structures such as plates and stiffened panels which are representative of
ship structures.

First, the state-of-the-art on impact localization in plates and stiffened panels is presented. Subsequently,
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although not directly connected to impact localization, research findings on the transmission coefficient
of GUW through stiffeners are outlined. These structural discontinuities affect wave propagation and
attenuate wave the signals, potentially reducing detectability by the sensors. The transmission coefficient
quantifies the fraction of wave energy that successfully passes through the stiffener, providing insight
into how structural discontinuities affect wave propagation.

1.5.1. State-of-the-art for impact identification
Relevant impact localization methods include:

¢ Time Difference Method

¢ Impulse Response Function (IRF) Database Method
¢ Virtual Time Reversal (TR)

® Machine Learning Methods

Time difference method

One popular impact localization strategy is based on the time of flight (ToF) of transducers. To pinpoint
the emission source, usually an array of sensors is used. By calculating the time of arrival differences for
each pair of sensors, two hyperbolae are formed. The intersection of these hyperbolae provides the
location of the emission source [15]. Ciampa and Meo [16] employed Continuous Wavelet Transform
(CWT) to determine the time of flight (ToF) of each sensor to locate the impact location by solving a
non-linear equation of wave velocity and impact coordinates. Migot and Giurgiutiu [17] developed a
source localization methodology employing triangulation technique, which is illustrated in Fig. 1.6,
which does not require the wave velocity for the calculation of ToF. The ToF is calculated through the
CWT. The number of required sensors was investigated by conducting experiments where a small steel
ball impacted an aluminum plate. They concluded that the accuracy increases with increased number
of transducers. AE source localization methods based on the Time Distance Domain Transform (TDDT)
[18] have been proposed in the literature [19, 20]. The unknown time delay between the AE event
and the recording is determined by finding the most compressed distance transformed signal after
dispersion compensation. This enables the estimation of source to sensor distances for the individual
transducers which can be then combined for source localization through triangulation.

Although the principle of Time Difference Method is straightforward its accuracy depends on the
measured ToF which is vulnerable to the environmental conditions such as noise and thickness changes.
Furthermore, stiffeners, rivets and other geometrical irregularities hinder its precise identification
making the method unsuitable for structures such as stiffened panels [21, 22].

R -

Figure 1.6: Triangulation of four transducers for impact localization [17]

Impulse Response Function (IRF) Database Method

Ing et al. [23] proposed another impact localization algorithm for the detection of a finger knock on a
glass plate. This method involves collecting an IRF data set by mechanically impacting multiple points
within a target structure and measuring the corresponding IRFs at a surface-mounted sensors. The
actual impact source is located by identifying which IRF in the data set gives the maximum correlation
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with the IRF generated by the actual impact. The correlation operation is mathematically equivalent
of the convolution between the one IRF and the time reversed version of the other [24]. According
to the Time Reversal (TR) focusing property the correlation is maximized when the training point
and the actual impact point match. This method is very powerful because it does not require the
knowledge of the wave velocity or the structural geometry [24]. Therefore, it effectively addresses
challenges associated with GUW propagation in complex structures such as dispersion, scattering,
and mode conversion. Regarding impact localization in plates, Ciampa and Meo [25] presented a
method for real-time localization of impact sources in complex composite structures. The said IRFs
were obtained experimentally by systematically exciting the structure at predefined observation points
and recording the resulting waveforms utilizing a single passive sensor. Experimental validation on
a stiffened composite panel demonstrated high localization accuracy, with a maximum error of less
than 3%. Park et al. [24] automated and expedited the database creation process by using a Scanning
Laser Doppler Vibrometer (SLDV). The effectiveness and robustness of this approach were proven by
experiments on a composite aircraft wing and an aluminum fuselage section, despite the complexity of
the structures. Concerning the applicability and practicality of this method in real world applications,
the challenge to overcome is the long lasting repeated process of impacts to obtain the IRF database.
Miniaci et al. [22] showed that the impact location can be identified by using only one piezoelectric
transducer, their approach is based on the methodology proposed by Park et al. [24]. They performed
numerical FE simulations and experimental measurements on an eccentrically stiffened aluminum
panel to prove the suggested procedure.

Virtual TR

Another method for impact source localization is based on virtual TR. This approach involves two key
steps. First, the response of an impact is recorded by an array of transducers placed on the structure. In
the second step, the recorded signals are time-reversed and re-emitted by each transducer. The second
step is performed in a virtual environment hence the term "virtual". Taking advantage of the spatial
and temporal focusing properties of time reversed guided waves, the emitted waves converge at the
original impact location, enabling source localization. Pahlavan [26] validated the concept of passive TR
in laboratory experiments, by exciting waves on graphite-epoxy plate with an actuator. The practical
feasibility of virtual TR for SHM applicationswas proven since the AE source was localized with an error
of 6.7%. The backward propagation of the recorded waves was performed with a 2D wavelet-based
spectral finite element method. The only work focusing on impact localization in stiffened panels using a
time reversal concept is published by Yu et al. [27]. Numerical and experimental studies were carried out
on an aluminum stiffened panel, the acoustic emission source was created by Pencil Lead Break (PLB)
tests. In their work a novel numerical simulation technique is proposed to deal with the possible defocus
of the re-emitted signal due to signal reflection and scattering from the stiffeners. Time domain spectral
finite element method is utilized to simulate the back propagating wave field. Following this research
Yu et al. [21] published a paper on impact localization and impact force reconstruction on composite
plates. They used the spatial and temporal focusing properties of time reversal to locate the impact
source and restore the impact force. The proposed methodology was also validated experimentally, the
impacts involved a metallic ball falling freely on the monitored plate.

Machine Learning Methods

Machine learning (ML) has been also implemented in impact localization, offering adaptability and
scalability. Among the ML techniques, the most prominent are Artificial Neural Networks (ANNs) and
Support Vector Machines (SVMs). Ghajari, Khodaei, and Aliabadi [28] applied ANNs trained with FE
data for impact localization in stiffened panels. The study notes the high cost of experimental data
acquisition. Hossain et al. [29] improved localization precision by fusing accelerometers and radial
basis function networks (RBFN). Yang et al. [14] in their review paper noted that ANN performance
rely heavily on large training data sets which in most cases are very difficult to collect. Support
Vector Machines were therefore proposed as an alternative since they require less data and are hence
more economical for SHM. Yang and Xu [30] proposed a deep learning approach by utilizing Stacked
Denoising Autoencoders (SDAE) and reported a higher localization accuracy than the traditional
techniques. The environmental variables such as temperature and vibrations, are still a challenge to
these techniques.
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Summary

Impact localization methodologies have evolved significantly. Straightforward techniques that measure
the signals’ Time of Flight (ToF) and employ a geometrical approach to identify the location such as
triangulation offer simplicity but face limitations in complex structures. TR approaches have emerged
as a promising solution, leveraging guided waves spatial reciprocity and time reversibility to overcome
challenges such as dispersion and scattering. Ciampa and Meo [16], Pahlavan [26], and Yu et al. [27,
21], have experimentally demonstrated the practical feasibility and accuracy of TR based methods in
complex structures like composite plates and stiffened panels. Machine learning algorithms provide
adaptability and scalability, though challenges related to large training datasets and environmental
factors persist.

1.5.2. Propagation of guided waves in stiffened panels

Several studies have been published concerning the propagation characteristics of GUW in stiffened
panels, focusing on phenomena such as reflection, transmission and mode conversion of waves due the
presence of structural discontinuities such as stiffeners [31, 32]. The methodology presented in Chapter
2, makes use of the Transmission Coefficient (T;) therefore only literature relevant to this is presented.
The TC is used to quantify the wave energy that propagates through the stiffener. According to Han
et al. [31], it is the ratio of signal amplitudes at a predefined location, with the numerator being the
signal amplitude when a stiffener is present and the denominator the amplitude when it is not. Saccone
and Pahlavan [33] define it as the ratio of signal amplitude before and after the stiffener. Given the
minimal energy loss of guided waves in a plate, these expressions can be considered equivalent.

Han et al. [31] calculated the T, both numerically and experimentally for various frequencies and stiffener
heights in an aluminum plate. The results show good agreement. Their experimental set-up involved
an aluminum plate and an aluminum stiffened panel, the plates had the same dimensions (300x600
mm?) and 5 mm thickness and the stiffener height was 7 mm. The results show that the transmission
coefficient for mode A0 ranges between 0.50 and 0.72, showing an initial increase, reaching a peak and
then decreasing with a constant slope for increasing central excitation frequency ranging from 100 to 170
kHz. Saccone and Pahlavan [33] studied the transmission of GUW and their dependence on the angle of
incidence on a stiffener. The estimation of the T; was carried out by combining experimental results
and numerical simulations. The AE signals were generated by PLBs. The transmission coefficient was
calculated for a steel stiffened panel ranging between 0.65 and 0.55 for different angles of incidence. The
sensors used in the experiments have the capability to capture signals between 100 and 200 kHz. Wang
etal. [34] developed a 2D Fast Fourier Transform (FFT) method to analyze the transmission characteristics
in aluminum stiffened panels with I-type and L-type stiffeners. The results showed that the for the same
size stiffener the transmission coefficient for Lamb waves varied for wave frequencies, ranging from 50
to 500 kHz. The transmission coefficient was validated both through numerical simulations carried out
in ABAQUS and with experimental measurements. The transmission coefficient was extremely small in
a certain frequency range and showed no constant behavior, but considerable fluctuations ranging from
0.15 to 0.90.

Based on the Figures 1.7 and 1.8 presented below, the TC fluctuates with frequency. The present study
focuses on waves with frequencies between 20 and 100 kHz, therefore following the results of Han et al.
[31] and Saccone and Pahlavan [33] a T, equal to 0.65 is assumed.
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Figure 1.7: Transmission coefficient in aluminum stiffened panels with various stiffener heights [34]
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1.6. Objective
1.6.1. Knowledge gap

The literature review suggests that impact localization in stiffened panels has not been fully explored.

The straightforward and intuitive impact source localization methods are based on the signals” ToF.
However, accurate determination of the ToF is difficult due to the existence of noise in the recorded
signals [35]. Identifying the ToF in noisy environments and complex structures with features like
stiffeners which introduce wave reflections, scattering and mode conversions and associating it with the
correct propagating mode is even more complicated.

Data driven methods, such as the IRF database techniques, have proven to be effective and powerful, also
for complex composite structures [24]. The main advantage is that there is no knowledge requirement for
the wave velocity and the structure’s properties. However, these methods require structure specific IRF
databases. The latter are acquired through numerous impact tests, a process not feasible for large-scale
structures such as ships. Similarly, ML techniques, while adaptable, are computationally expensive due
to the need for large datasets and are sensitive to environmental parameters such as vibrations.

Impact localization is an inverse problem, and involves determining the impact location (input) based
on measured sensor data (response). Inverse problems are usually ill-posed, by either lacking unique
solutions or by being unstable [36, 35]. The former issue arises because the sensors cannot capture all
the information released during the impact and the latter because small sensor perturbations result in
large deviations when determining the impact source.

Pahlavan [26] proposed a source localization using the virtual TR of ultrasonic wave fields, transforming
the ill-conditioned inverse problem into a forward problem. This approach exploits the inherent
properties of time reversibility and spatial reciprocity of elastic wavefields which allow to pinpoint the
excitation source in various media. The practicality and the effectiveness of this approach has been
demonstrated in composite plates [26, 21] and small aluminum stiffened panels [27], as discussed in
Chapter 1.5. The capability to overcome the aforementioned traditional method limitations establishes
virtual TR as a promising technique for impact localization, however its application on representative
ship structures and impacts remains limited.

1.6.2. Research Objective and Research Questions

The objective of this project is to evaluate and demonstrate the feasibility of impact localization on steel
stiffened panels, representative of ship hulls structures, by monitoring AE generated by impact events
and applying virtual time reversal techniques at both small and large scale.

Based on this objective and the findings of this thesis, the following main research question is formulated:

Can virtual TR of GUW be effectively used to localize impact sources in steel stiffened panels, both
at laboratory and full scale?

To address the main research question, several key sub-questions are formulated to tackle different
aspects of the problem.
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* RQ1: Which guided wave modes are expected to dominate the recorded signals in steel plates
and stiffened panels under impact testing?

— Hypothesis: The fundamental symmetric (SO) and antisymmetric (A0) wave modes are
expected to propagate given the thickness of the specimens and the frequency content excited
by the impact. The use of surface-mounted piezoelectric sensors with magnetic holders
makes them primarily sensitive to out-of-plane deflection, therefore A0 wave mode is likely
to dominate the recorded signals.

* RQ2: How can structural features such as stiffeners be approximated within the virtual time
reversal framework to maintain localization accuracy?

— Hypothesis: The presence of stiffeners can be reasonably modeled using a scalar transmission
coefficient T, applied as an attenuation factor.

* RQ3: How does localization performance change when transitioning from small-scale laboratory
setups to full-scale ship structures, and what factors contribute most to this degradation?

— Hypothesis: While full-scale application introduces additional propagation paths accept-
able localization accuracy can still be achieved with appropriate sensor type and array
configuration.

1.6.3. Novelty

The present research builds upon the concept of virtual TR for AE source localization, as discussed in
Pahlavan [26]. An analytical formulation, suitable for practical applications, that describes the wave
propagation in the monitored area is utilized. The key novelty lies in extending the TR framework from
plates to stiffened plates and panels by incorporating the effect of stiffeners during back propagation.
This is achieved by considering the research findings of Saccone and Pahlavan [33], who quantified the
transmission characteristics of GUW across stiffeners, and introducing a transmission coefficient T in
the analytical model.

This adjustment enables the use of virtual TR for source localization in complex structures such as
stiffened panels which are representative of large structures such as ships and bridges. Additionally,
unlike existing research which often relies on actuators to generate GUW signals, the present work
deals with the complexities of realistic impact events by employing PLBs and instrumented hammer
hits as AE sources. The proposed methodology for source localization is validated on both laboratory
specimens and a full scale ship structure, demonstrating its applicability across different scales.



Methodology

2.1. Overview

This chapter discusses the impact identification methodology developed to address the main research
question of the previous chapter. The methodology consists of two main components, an experimental
and an analytical. In the experimental stage, controlled impacts are performed on test structures
and the AE generated during the impact are recorded using piezoelectric (PZT) sensors. In the
subsequent analytical stage, the collected data is processed and the wavefield at the time of the impact
is reconstructed in a virtual environment using TR. The methodology framework is shown in Figure 2.1.
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Figure 2.1: Impact localization approach.

2.2. Experimental Framework

The experiments are carried out in two phases. Small scale laboratory experiments are performed in the
Structures Laboratory of TU Delft, and large scale experiments are performed onboard a Shoalbuster
under construction at Damen Shipyards in Gorinchem.

The lab tests serve as a feasibility study, validating the proposed monitoring and localization methodology
under controlled conditions. The full-scale experiments are an attempt to extend the approach to more
realistic and complex geometries, allowing the evaluation and the scalability and the robustness of the
method.

In both campaigns, controlled impacts were performed at known locations, and the resulting guided

12
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wave signals were recorded using surface-mounted piezoelectric sensors. These signals serve as the
input to the localization algorithm described in the following sections.

Two types of AE sources were used, Pencil Lead Breaks (PLBs) and an instrumented hammer. The
PLBs produce short pulses, with the frequency content spread among a wide frequency range while
the instrumented hammer generates longer-duration signals that last several milliseconds, and most of
their energy is concentrated in lower frequencies.

Further details on the experimental setups and instrumentation are provided in Chapters 3.1 and 3.2.

The signals recorded during the experiments are prepared for analysis through pre-processing, which
involves synchronizing signal arrival times, isolating the dominant propagating mode and removing
noise. These steps are detailed in Chapter 4.

2.3. Analytical Framework

The analytical framework consists of back-propagating the recorded signals in time in order to focus on
the emission location according to the TR properties. First, the theoretical foundation of the TR property
is briefly presented before discussing its implementation.

2.3.1. TR - Theoretical Background

TR was introduced by Fink [37] in the framework of acoustic wave propagation in inhomogeneous
media, within the range of sonic and ultrasonic frequencies assuming that the process is adiabatic. Time
reversal relies on two key principles of wave equations time reversibility and spatial reciprocity, which
allow recorded signals to be reversed in time and back-propagated, focusing on their origin

The wave equation of an acoustic pressure field p(r, t) is given below, where, p(r) is the density that
varies with space and ¢ the local sound velocity.

Vp 1 p
V.(?)_Eﬁzo @.1)

According to time reversibility if p(x, t) is a solution, then p(x, —f) is also a solution. This enables
the waveforms to be reversed in time and re-propagated back to the source. Spatial reciprocity is the
property according to which only the relative positions of the source and the receiver matter. Thus,
their interchange is enabled which ensures that time reversed waves retrace their original paths.

The TR process for source localization as described by Fink [37] is shown in Fig 2.2 and involves two steps.
In the first step, an emission from a point source propagates through an inhomogeneous medium which
contains a cavity, and is recorded by an array of receivers. In the second step, each transducer emits
the time reversed recorded signal. Thanks to the time reversibility and spatial reciprocity properties,
discussed above, the time-reversed waves converge at the original source location achieving spatial and
temporal focusing. This focusing allows the localization of the emission source.
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Figure 2.2: Time reversal procedure using a Time Reversal mirror [38]
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The key takeaway of TR is that for a point-like source, it allows spatial focusing back to the original
source regardless of the medium complexity [38]. This is achieved by using TR mirrors, a practical
implementation of Phase Conjugate Mirrors (PCM) [39]. A PCM unlike an ordinary mirror, which does
not change the time ordering of events, flips the chronological order of events as shown in Figure 2.3.

A TR Mirror extends this idea by using an array of transducers that record the incoming wave signals,
reverse them in time, and finally re-emit them. This process reproduces the phase conjugation effect of
PCM but in a system with multiple sensors.

Equation 2.2 denotes the Fourier transform of the recorded pressure signal p(x, t).

px, w) = ‘/_oop(x,t)ei“’tdt (2.2)

Then, the time reversed signal, p(x, —t) is transformed in the frequency domain according to Equation
2.3.

p(x,—w) = ‘[00 p(x, e itdr = pi(x, w) (2.3)

The equality p(x, —w) = p*(x, w) follows from the Hermitian symmetry of real valued signals. Thus in
the frequency domain time reversal reduces to taking the complex conjugate of the recorded spectrum.

regular mirror phase conjugate mirror

N\

Figure 2.3: Regular mirror vs Phase Conjugate Mirror (PCM) [26]

2.3.2. Propagation of Guided Ultrasonic Waves

In thin-walled structures such as plates and stiffened panels AE signals propagate as GUW. In this
work, wave propagation is modeled in the frequency domain to simplify the treatment of dispersion,
attenuation, and time reversal operations. The modeling approach begins with plates and is then
extended to stiffened panels.

The recorded time-domain signals are transformed into the frequency domain using the Fourier
transform:

P(w) = [ N P(t) e~ dt (2.4)

(o]

where, P(t) denotes the time domain signal recorded at a given sensor, and P(w) its frequency domain
representation.

Wave propagation in plates

Consider an impact at an arbitrary point on a steel plate, as shown in Figure 2.4. The impact location is
denoted by the star, the half sinusoidal signal is representative of an impact pulse and the recorded
signal at the sensor is the result of the convolution terms described in Equation 2.5.
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Figure 2.4: Elastic wave propagation in a steel plate

Equation 2.5, describes the multi-modal propagation of guided waves in the frequency domain as the
superposition of the i propagating modes. The source signal S(x;, @), is convolved with the sensor’s
electromechanical transfer function D;(xg, @) and with the medium transfer function W;(xg, xs, ). The
notation and the properties of the operators are detailed in Berkhout [40].

P(xg, Xs, @) = ) Dilxg, @)Wi(xg, Xs, ©)S(xs, @) + Pn(xg, @) (25)
i=1

with,

P(xg, xs, w) the response recorded by the receiver,

S(x;, w) the AE source signal,

Di(xr, w) the transfer function of the receiver for the mode i,

Wi(xg, Xs, @) the medium transfer function for mode i between the source and the receiver,
Pn(xr, w) the measurement noise,

Xs the location of the source,

xR the location of the receiver,

i being the guided wave modes 50,51,52,...,A0,A1,A2,

w being the angular frequency.

In this study only the fundamental anti-symmetric mode A0 is used for source localization. This choice
is supported by preliminary tests which confirmed that the PZT sensors utilized are more sensitive to
the out-of-plane motion, as shown in Appendix B. Assuming single mode mode transmission and that
the noise is adequately filtered out, Equation 2.5 is reduced to the following form.

P(xr,xs, w) = D(xg, w)W(xg, xs, @)S(xs, w) (2.6)

Furthermore if the coupling variation between each sensor and the structure is small and the sensor
response is flat across the frequency range of interest, the electromechanical transfer function of the
sensors D(xg, w) is approximated by unity across the entire frequency range and can be also dropped
from the equation [41], resulting in Equation 2.7.

P(xg,xs, w) = W(xg,xs, 0)S(xs, w) (2.7)

Medium Transfer function

The medium transfer function W;(xg, xs, w) describes how the signal propagates from the source to the
receiver through the structure. It includes dispersion by using frequency dependent phase velocity and
amplitude decay due to geometric spreading. The medium transfer function is decomposed into two
parts:
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* A phase term, capturing the dispersive propagation of guided waves

¢ An amplitude scaling term representing amplitude decay with distance

Phase term

The phase delay for a wave traveling distance d = |xg — xs| is modeled by a frequency-dependent
exponential term [42, 18]. This term ensures that each frequency component experiences the appropriate
phase shift during wave propagation. The general expression is shown in Equation 2.8. The steps to
obtain the phase term are presented in Appendix A.

—iwd ) 2.8)

Wi(xr, Xs, @) = exp(i—
()

where, c;f)(a)) is the frequency dependent phase velocity of the propagating mode

This formulation can be extended to plates with non uniform thickness. Consider a plate of two

segments with thicknesses f1 and t; corresponding to phase velocities CLl)(a)) and C;,z)(a)) respectively.
If di and d, are the distances traveled by the wave in each segment of the plate the total phase delay
becomes the product of the individual phase delays as shown in Equation 2.9.

—iwd —iwd
Wi(xR,xs,a))zexp( (1)a) 1)exp( (2)@ 2) (2.9)
¢, (w) ¢, (w)

Amplitude Scaling term
Signal amplitude decay is the result of material damping and geometric spreading. In this work material
damping is considered negligible.

To account for geometric spreading, the amplitude decay is modeled by assuming cylindrical wave
expansion. As the wavefront expands, the wave’s amplitude should decreases to keep constant energy
at each radius and not violate energy conservation. The expression for the scaling factor a(xg, xs, @) is

shown in Equation 2.10.
L
a(xr,xg) = _ref (2.10)
IXr = Xs|

where, Ly.f is a reference length, here taken as the radius of the piezoelectric sensor.

Complete Expression
Combining the two terms described above, the complete expression of the medium transfer function for
a single wave mode propagating across distance d = [xg — xg| is obtained according to Equation 2.11.

—ia)d) Lref (2 11)

W(xgr,xs, w) = exp(cp(w) 7

This function models how the wave propagates and how its amplitude decays over distance.

2.3.3. Propagation in Stiffened Panels
Ship hull structures are composed of stiffened panels, thus the presence of the stiffeners should be
considered in the propagation model.

In a simplified representation, it is assumed that the wave traveling directly from the source (xs) to
the receiver (xg) encounters a stiffener, resulting in partial reflection and transmission of wave energy.
In the present thesis reflections are not modeled, and the attenuation is described by introducing the
stiffener transmission coefficient T, (xs;, w).
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Figure 2.5: Elastic wave propagation in a steel stiffened panel

Following Saccone and Pahlavan [33], the transmission coefficient T; across a stiffener can be approxi-
mated as T; =~ 0.65 for angles of incidence between 90° and 150°, although a slight reduction is seen at
larger angles. Assuming angle and frequency independence in the range or interest T.(xs, w) can be
simplified and be treated as a scalar T; [41].

Therefore, GUW propagation in a stiffened plate is described by Equation 2.12

P(xgr, xs, w) = T.W(xr, x5, @)S(xs, @) (2.12)

In actual ship structures the waves interact with multiple stiffeners. Assuming that each stiffener
contributes independently and that the same transmission coefficient applies to each interaction, the
cumulative effect of N stiffeners is condensed into a single scalar attenuation factor raised to the power
of the number of stiffeners intersected, as shown in Equation 2.13.

P(xg, xs, w) = TNW(xg, xs, ©)S(xs, @) (2.13)

2.3.4. Time Reversal - Source localization
In this chapter the general case of a stiffened plate is considered; in the case of a plate, no stiffener
attenuation occurs and the scalar T; is replaced by unity.

To reconstruct the wavefield at distance d from the recording location, the recorded signal is time-
reversed and emitted from the receiver locations. Because the process takes place in the frequency
domain signal time reversal is equivalent to the complex conjugation of the signal’s spectrum, as
previously discussed. Additionally, signal convolution in the time domain, becomes multiplication in
the frequency domain which enables the removal of the effect of the transfer function of the sensor and
the attenuation of the stiffener by multiplying with 1/D and 1/T;, respectively.

In the forward model, the amplitude decay due to geometric spreading is introduced in medium
by multiplying with the function a(xg,xs). To correctly reconstruct the original wavefield during
backpropagation, this amplitude decay must be compensated and the medium transfer function
Whack(Xs, Xr, @) is introduced. This medium transfer function has the same phase delay term as the one
that describes the forward propagation because of spatial reciprocity but the inverse of amplitude decay
term a(xg, Xs) is used to compensate for the amplitude decrease, as shown in Equation 2.14.

-1
—iwd Lref
Whack(Xr, Xs, @) = exp(cp(w))( 7 ) (2.14)

Therefore, the backpropagation of a signal recorded at location xx to the source is described by Equation
2.15.
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. 1 1
Srec(Xs, w) = P*(xr, Xs, @) Whack(Xs, Xr, @) (Fm) (2.15)

The process of backpropagation in the frequency domain is illustrated schematically in Figure 2.6, where
the input signal, the time reversed recorded signal, and the reconstructed source are shown. Note, that
the reconstructed signal is flipped to allow visual comparison with the input signal.

Srec(xs, 0) = |A|25*(x5' w)

4t U“\"

_ xR

VA

S

Figure 2.6: Schematic of the TR process in a stiffened plate.

where, S,..(xs, w) the reconstructed source

P*(xgr, Xs, w) the time reversed recording at the receiver location
Whack(Xs, Xg, @) transfer function of the medium

D(xg, w) transfer function of the receiver

T, the transmission coefficient

By substituting P* in Equation 2.15 with the complex conjugate expression of Equation 2.12 while
considering the assumption that D(xg, @) is unity, taking into account that spatial reciprocity holds
meaning that W(xg, xs, w) = W(xs, X, w), Equation 2.16 is derived.

Srec(xS/ Cl)) = S*(XS! C‘)) : W};gck(xR/XS/ C()) : W(XSIXRI a)) =

) . [exp (_i“’d)]* = |A]2S* (xs, @) (2.16)

Cp (w)

—iwd
=5"(xs, w) - exp (

Cp (w)
Equation 2.16 shows that, when the signal is backpropagated to its original source location, the result
is the complex conjugate of the original source signal, scaled by the product of the forward and
backward medium transfer function, since the geometric spreading and sensor transfer functions terms
intentionally cancel out.

Localization Procedure with Multiple Sensors
The predicted impact location is defined as the point xs on the monitored structure where the absolute
maximum amplitude of the reconstructed field occurs over time.

Xsource = argmax {mtax | Srec(Xs, t)|> (217)

Xs

This criterion is based on the hypothesis that the back-propagated signals from multiple sensors will
constructively interfere at the true source location, resulting in the largest amplitude, and destructively
interfere elsewhere due to phase mismatches.

In complex structures reflected waves due to the presence of stiffeners, welds and other discontinuities
are recorded by the sensors and when propagated backwards they produce multiple focal points. To
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address this, the maximum amplitude of the reconstructed wavefield is used as a localization criterion.
The rationale is that the point of impact generates the strongest direct wave, while reflections from
the boundaries or other structural features lead to weaker, delayed arrivals. Therefore, the predicted
impact location is taken as the grid point with the maximum absolute amplitude over time according to
Equation 2.17

This criterion is supported by the physical relationship between amplitude of the recorded fundamental
antisymmetric mode A0 and the out-of-plane displacement of the plate, through the transfer function of
the sensor. Assuming linear response of the sensor the recorded amplitude is proportional to the local
displacement.

Yu et al. [27], adopted the same criterion for their impact localization, but the wave back-propagation
was performed in the time domain. Pahlavan [26] identified the AE source location by finding the
location where the wavefronts of the back-propagated signals first intersected.

Equation 2.17 is evaluated through a brute force searching process that involves reconstructing the
wavefield at every point of a spatial grid covering the monitored area. For each candidate source point
Xs, the signals from all receivers are individually back-propagated using Equation 2.15, and then linearly
superposed.

The reconstructed wavefield at each grid point is transformed in the time domain via the inverse Fourier
transform, shown in Equation 2.18.

P(t) = 1 /_ wﬁ(a))ei“’tda) (2.18)

21 J_

This results in S,..(xs, t) for all grid points, from which the criterion given in Equation 2.17 is applied to
obtain xg

An alternative approach which treats the localization process as an optimization problem is discussed
in Section 6 as a potential future improvement.

2.3.5. Limitations of the Methodology

Impact localization in steel plates and stiffened panels using virtual TR is a straightforward and general
approach. However, its performance depends on several practical factors which are pointed and
discussed below.

The accuracy of GUW focusing is influenced by the spatial coverage of the sensors. Inadequate sensor
coverage leads to false focusing and increased localization error. Additionally, accurate knowledge
of the dispersion characteristics and structural geometry are necessary for the reconstruction of the
wavefield. Simplifications in the modeled geometry and assumptions on the material properties may
hinder the focusing process.

The methodology is also sensitive to noise and overlapping wavemodes. In the performed experiments,
signal acquisition was set to Normal Trigger mode, where the sensors record signals when a predefined
voltage threshold is exceeded. False triggers caused by noise corrupt the time synchronization between
channels and make wavefield reconstruction impossible. Moreover, if a propagating wavemode is not
accounted for in the phase delay term, its contribution distorts the focal point after the backpropagation
of the recorded signals.

Finally, the localization accuracy is constrained by the grid resolution of the discretized wavefield
reconstruction domain. While a finer grid improves localization precision as shown in Chapter 4, it also
increases computational cost and dense grids become prohibitive for large scale structures.

2.3.6. Summary
This chapter presented the methodology developed for impact source localization in plates and stiffened
panels using the TR property of GUW. The approach consists of an experimental and an analytical part.

During the experimental part, guided waves generated by artificial AE sources such as PLBs and
instrumented hammer impacts, are recorded using PZT sensors. Single mode propagation is used
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throughout the methodology for source localization and in the pre-processing step, the relevant A0
wave mode is isolated.

The analytical framework relies on a frequency domain formulation of GUW propagation, incorporating
both dispersion and geometric spreading. In the case of stiffened plates, additional attenuation from
structural features is modeled using a scalar transmission coefficient T.

Finally, source localization is achieved by virtually back-propagating the recorded signals from all
sensors across a grid of potential source locations. The point of maximum reconstructed amplitude is
selected as the estimated source, based on the assumption that constructive interference occurs only at
the true source location. This approach is expected to work also in case of multiple focal points due to
reflections from defects or boundaries, since the strongest focusing event, meaning the one that released
the most energy, is selected as the source.

The key simplifications performed are single mode propagation, isotropy, negligible material damping,
and flat sensor response across the frequency range of interest. The simplified modeling process is
sufficient for the present work. Nevertheless, the methodology is not limited by these assumptions and
simplifications, and can be extended to incorporate frequency dependent sensor transfer functions,
frequency and orientation dependent T, through the stiffeners, and multiple mode propagation.



Experiments

3.1. Small Scale Laboratory Experiments

The aim of the small scale experiments was to evaluate signal acquisition and the time reversal
localization accuracy in a simplified geometry, and assess how different impact sources, namely Pencil
Lead Breaks (PLBs) and an instrumented hammer affect signal quality and interpretation.

An overview of the experimental set-up is given in Figure 3.1. The test structure is depicted in 3.1a, it is
a high tensile steel (5355) stiffened plate. The base plate measures 1700x1200x10 mm?. The transverse
stiffener is a 7 mm thick bulb profile and intersects with a longitudinal flange of 8 mm. Figure 3.1b
depicts the acquisition set-up, each component has been given a number according to the path the
signal follows.

(b)

Figure 3.1: (a) Steel stiffened plate. (b) Overview of the equipment used; (1) piezoelectric sensors, (2) pre-amplifiers, (3) Data
Acquisition System, (4) Laptop with acquisition software

First the signal generated by the impact, propagates in the plate and reaches the piezoelectric (PZT)
transducers. The signal is then amplified and recorded. The last step is signal processing, detailed
in Chapter 4. In these experiments, commercial surface mounted r6a piezoelectric sensors, having
60kHz resonant frequency, manufactured by Physical Acoustics were used. The recorded signal is
amplified using Vallen Systeme AEPHS5 pre-amplifiers set to 40dB gain, before reaching the AMSY-6
Data Acquisition System (DAS) manufactured by Vallen Systeme.

21
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3.1.1. Experimental procedure

Four surface mounted r6a piezoelectric sensors were placed in a square array enclosing a 400x400 mm?
area on the back side of the plate allowing for convenient sensor placement and impact testing. Their
positions, with respect to the origin as depicted in Figure 3.2 are listed in Table 3.1. Magnetic holders
were used to secure the sensors in place and silicon grease was applied on the interface between the
sensor and the plate to ensure proper coupling. Since, there is limited information in the literature
regarding the frequency content of the stress waves emitted during medium scale impacts, it was
assumed that the AE lie in the mid-frequency range, between 20 and 100 kHz. Therefore, the use of r6a
sensors was considered a reasonable choice.

STIFFENER LN

(a) Plate configuration (b) Stiffened plate configuration with transverse bulb profile
stiffener

Figure 3.2: Experimental set-ups for small-scale impact tests.

Table 3.1: Small scale experiments sensors position.

Sensor ID  sensor type x[mm] y[mm]

P1 réa 0.00 400.00
P2 ré6a 0.00 0.00
P3 ré6a 400.00  400.00
P4 réa 400.00 0.00

To investigate the effect of the stiffener on impact localization accuracy, two configurations were tested:
a plate and a plate with a transverse stiffener introduced in the monitored area, as depicted in Figure 3.2.
The plate configuration provides a baseline for TR localization in a homogeneous geometry, while the
stiffened plate introduces geometric discontinuities that reflect and attenuate the propagating waves,
potentially affecting localization accuracy. Notice, that the same set of sensors was used in all the
experiments to avoid introducing further uncertainty from their different response.

AE signals were generated at predefined locations with PLBs and an instrumented hammer. These
locations are listed in Table 3.2 and for clarity, they are also marked in Figure 3.3. The impact locations
were chosen to evaluate localization accuracy at various distances from the sensors.
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Figure 3.3: Impact test locations for small scale experiments. Left is the plate configuration and right is the stiffened plate
configuration, the dashed line represents the stiffener.

Table 3.2: Small scale impact test locations

Location x (mm) y (mm)

1 300 25
2 125 75
3 25 150
4 175 125
5 275 150
6 325 175
7 175 175
8 225 175
9 275 225
10 225 225
11 175 225
12 125 275
13 75 325
14 150 375
15 250 325
16 375 300
17 200 200

Regarding the data acquisition (DAQ) Vallen Systeme’s multi channel AMSY-6 and its corresponding
software were used. The system was set to Normal Trigger mode, meaning that each sensor records a
signal only when a user defined threshold is exceeded. The threshold is set based on the background
noise, the energy of the impact and the size of the monitored area to avoid false triggers. To ensure that
no information is lost, a pre-trigger time, namely how many samples prior to the trigger point will be
stored, is set. The settings used on these experiments are listed in Table 3.5.

Table 3.3: Data Acquisition System settings.

Sample Rate [MHz] Samples per set [-] Threshold [dB] Pre-trigger [us]
10 16384 50 400

3.1.2. Acoustic Emission Sources

AE are triggered by sudden changes in the structures stress distribution. In isotropic materials such
changes typically occur by impacts and crack growth. Two different AE sources were chosen to create
stress waves, PLBs and instrumented hammer hits.
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PLBs are widely employed to simulate AE signals generated by damage mechanisms such as crack
initiation and growth. They produce short pulses, with the frequency content spread among a wide
frequency range while the instrumented hammer generates longer-duration signals that last several ms,
with most of their energy is concentrated in lower frequencies.

Pencil Lead Break (Hsu Nielsen Source)

A widely used substitute for AE events in laboratory experiments that offers both repeatability and
practicality is the PLB, also known as the Hsu-Nielsen source, proposed by Arved Nielsen [43]. This
method is standardized in ASTM E976 - 10. The required equipment consists of a mechanical pencil
fitted with 0.35 or 0.5 mm diameter graphite leads of 2H hardness and a guide ring to maintain a
constant contact angle against the structure under consideration, a schematic of this method is shown in
Figure 3.4.

The mechanical pencil and its guide enable accurate placement and consistent break angles. In addition,
keeping constant lead protrusion, usually 3 mm, ensures that duration and the force of the break and
therefore the generated elastic waves remain consistent. Given the repeatability and simplicity PLB is a
convenient tool for feasibility studies on source localization.

lead holder of &
mecahnical pencil

guide ring of Teflon

pencil-lead of (1.5 mm
diameter and of 3 mun
length

T

o

////////////:////////// s

Figure 3.4: Schematic of Pencil Lead Break [44].

Instrumented Hammer

Instrumented hammers are commonly used for natural frequency identification and modal analysis.
However, in the present study, they are chosen to serve as a more realistic impact source compared
to the PLBs. The hammer consists of a piezoelectric IEPE force sensor which outputs a voltage signal,
which is then converted to force using a transfer function provided by the manufacturer. It should be
noted that IEPE sensors require current to operate, therefore, the hammer was connected to a Sirius 16
HD DAQ manufactured by Dewesoft, which offers this capability.

The hammer used in the current tests is shown in Figure 3.5, it is an IH-02 IEPE Instrumented Impact
Hammer by DJB Instruments and has 2000N measuring range. Different impact tips can be attached
to the impact hammer to adjust the impact impulse width and frequency response, therefore a set of
rubber, nylon, aluminum and steel tips was available for this sensor. Given that the PZT sensors used to
record the impact have a resonant frequency of 60kHz, the steel tip was used to maximize the energy
content at higher frequencies. Steel on steel contact produces short duration impact signals, leading
in broadband excitation in the frequency domain. Impacts performed with the impact hammer are
less consistent and repeatable since they heavily rely on the user’s technique to control the hit angle,
duration and force. On the other hand, PLBs follow a standardized procedure and they are more
repeatable, making them a common baseline for simulating AE events.
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(a) DJB IH-02 Instrumented hammer (b) Close-up of hammer tips; nylon (left) and steel (right)

Figure 3.5: Experimental set-ups for small-scale impact tests.

To ensure comparability between the two AE sources, the impact experiments were performed at the
same locations in both configurations. Seventeen (17) and and sixteen (16) impact locations for the plate
and the stiffened plate respectively, were distributed across the monitored area to assess the localization
accuracy at various distances from the sensors.

3.1.3. Recorded Signals

In this section, representative signals recorded during PLB and impact hammer experiments are
presented. For clear presentation the signals are plotted in the order of ascending time delay relative
to the first trigger. All signals are aligned in time accordingly. Sensor i corresponds to Channel i
(i=1...4).

PLB impacts (Location 4).

Figure 3.6 shows raw time domain signals for the two configurations tested, for an impact at location 4.
Arrival order follows source-sensor distance, as expected for an isotropic plate. Sensor 2 being the closest
triggers first while sensor 3 being the furthest triggers last. Despite proximity, Channel 1 continuously
exhibits the largest amplitude in the plate tests, most likely due to sensor-specific electromechanical
sensitivity.
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Figure 3.6: Flat plate: Raw sensor signals for PLB at Location 4.
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Figure 3.7: Stiffened plate: Raw sensor signals for PLB at Location 4.

Figure 3.7, shows the signals obtained in the stiffened plate configuration. Introducing the stiffener
reduces the amplitude in Channel 1, whereas the amplitude of Channel 3 remains fairly unchanged.
In the stiffened plate, multiple secondary packets, mainly noticed in Channels 2 and 4, indicate wave
reflections and scattering at the stiffener.

Figure 3.8 shows the normalized spectra of these signals. The signals are denoised by a bandpass filter
between 30 and 100 kHz. Adding the stiffener produces a clear shift of the dominant peak frequency
and lowers frequency content in the range above 80 kHz in all channels. Channels 2 and 3 shift from
~47 to ~57 kHz, while Channel 4 shifts from ~57 to ~46 kHz. Part of the spectral change is also due to
altered boundary conditions, in the stiffened setup, Sensors 2 and 4 the bottom boundary of the plate
which is held by the steel frame as shown in Figure 3.1a.
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Figure 3.8: Normalized spectra for PLB at location 4: (a) Channel 1, (b) Channel 2, (c) Channel 3, (d) Channel 4. A bandpass filter
between 30 and 100 kHz has been applied for visual ease.

Hammer impacts (Location 4).
Figures 3.9 and 3.10 show the signals obtained during the instrumented hammer experiments. Higher
amplitude and more complex signals due to greater energy input are observed. Because plate and
stiffened plate data come from different hits, absolute amplitudes are not compared. Later arrivals
carry more energy than in the PLB case, suggesting that the increased input energy leads to sustained

propagation and multiple reflections.
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Figure 3.9: Flat plate: Raw sensor signals for instrumented hammer impact at Location 4.
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Figure 3.10: Stiffened plate: Raw sensor signals for instrumented hammer impact at Location 4.

The spectra illustrated in Fig. 3.11 exhibit much smaller peak shifts than PLB tests, and energy above 80
kHz is strongly attenuated in both configurations. For consistency, the same bandpass filter between 30
and 100 kHz is applied.
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Figure 3.11: Normalized spectra for hammer impact at location 4: (a) Channel 1, (b) Channel 2, (c) Channel 3, (d) Channel 4. A
bandpass filter between 30 and 100 kHz has been applied for visual ease.
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3.2. Large Scale Experiments

The objective of the large scale experiment is to evaluate the applicability of the virtual TR based impact
localization methodology discussed in Chapter 2 on an actual ship structure and assess the performance
of commercial piezoelectric sensors for a realistic monitored area.

3.2.1. Test Structure Description

The experiments were conducted onboard a Shoalbuster vessel under construction at DAMEN Shipyards
in Gorinchem, shown in Figure 3.12. The Shoalbuster is a multipurpose tug being approximately 35m
in length with a draft of about 4m. The monitored structure is shown in Figure 3.13, and is the port
sideshell plating inside the engine room of the ship. Multiple vertical stiffeners and web frames are
included, forming a stiffened panel with non-uniform plate thickness and geometric irregularities. The
monitored area spans 7500 mm in length and 2000 mm in height.

Figure 3.13: Monitored structure onboard Shoalbuster. The rectangle depicts the monitored area, the blue filled rectangles
represent the 60 kHz sensors and the red the 30 kHz sensors.

A drawing was developed based on measurements taken on board, frame numbering and the reference
coordinate system are chosen arbitrarily, and do not correspond to the actual ship reference system. The
drawing is added below in Figure 3.14 and is used as reference.



3.2. Large Scale Experiments 31

AFT FORE
BHD FR1 FR2 FR3 FR4 FRS5 FR6 FR7 FR8 FR9 FR10 FR.11 FR12 FR.13 FR.14 FR.15 FR.16 FR.17 FR.18 FR.19 FR.20 FR.21 FR.22 BHD
| | | | | | |

Deck — | | | | | | | | | | | | | | | |

430
A7 p1 20 P3 PS
e 2 P S

P9

®
1140

2000

-+
IMPACT

@
y IMPACT 8
A8 =
@

(2]
IMPACT

IMPACT @
IMPACT 4|

IMPACT 3|

D
IMPACT 2| P6 P

o
Bs 860

‘ =)

T

4630 3100

Figure 3.14: Structural Drawing of monitored area. The impact and sensor locations are marked with red.

3.2.2. Instrumentation and Sensor Layout

A total of ten (10) surface mounted PZT sensors were used over the monitored area. The sensor array
consists of six (6) r6a with 60kHz central frequency corresponding to sensors P1 to P6, and 4 r3a sensors
with 30 kHz central frequency corresponding to sensors P7 to P10 as shown in 3.14, all manufactured
by Physical Acoustics. These two types of sensors were deployed to evaluate their performance and
determine which is more appropriate for impact localization in large structures.

The placement strategy of the sensors was designed to ensure adequate coverage of the monitored
area. The higher resonant frequency r6a sensors were placed on the corners of the monitored area
and toward the center, while the lower resonant frequency r3a sensors were positioned only on the
corners of the monitored area. This is based on the understanding that lower frequency components are
less prone to attenuation over long distances, thus lower frequency sensors can cover larger areas. The
position of each sensor according to the origin of Figure 3.14 is listed in Table 3.4.

Table 3.4: Large scale experiments sensors position.

Sensor ID sensor type x[mm] y[mm]

P1 réa 0 2000
P2 réa 0 0
P3 réa 4065 2000
P4 réa 4065 0
P5 réa 7500 2000
Pé6 réa 7500 0
pP7 r3a -150 2000
P8 r3a -150 2000
P9 r3a 7650 2000
P10 r3a 7650 0

Each sensor was mounted on the structure using magnetic holders manufactured by Mistras, and was
coupled with silicon grease, to ensure proper detection of the ultrasonic waves. The sensors were
connected with SMA cables to AEP5H pre-amplifiers by Vallen Systeme set to 40 dB gain, which were
either placed on flat surfaces or clamped on the vertical stiffeners using F-clamps. To protect the
pre-amplifiers from mechanical damage during the installation process thin rubber layers were placed
between the F-clamp and the device. Indicative pictures of the placed sensors and the securing of the
preamplifiers are shown in Figure 3.15.
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(@ (b)

Figure 3.15: Sensor and pre-amplifier placement. (1) PZT sensor, (2) SMA cable, (3) AEPSH preamplifier, (4) co-axial BNC cable to
DAQ, (5) routed co-axial BNC cables from other sensors to DAQ.

3.2.3. Data Acquisition Configuration

The amplified signals were sent to the AMSY-6 DAQ by Vallen Systeme via coaxial BNC cables. The
DAQ, shown in Figure 3.16 supports simultaneous multi channel acquisition for up to 20 channels,
making it suitable for this large scale set-up. The routing of the BNC cables was decided on site, and
was such as to not obstruct the steel works that took place parallel to the experiment.

Figure 3.16: Data Acquisition System. (1) AMSY-6 DAQ, (2) Sirius 16 HD DAQ, (3) PCB Piezotronics impact hammer, (4) Laptops
with the DAQ software.
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To ensure compatibility with the expected signal durations and to minimize file size, a sampling rate of 5
MHz was chosen. The signal length was configured to 32,768 samples, corresponding to a total duration
of 6,553.6 us. This extended signal length was selected to make sure that the concurrent propagation of
fast SO and slower A0 wave modes, if present, would be captured, especially at large distances where
wave mode separation becomes more pronounced.

Triggering was set to Normal Trigger mode, meaning each sensor only recorded signals when the
amplitude exceeded a user defined threshold. A trigger threshold of 50 dB was selected based on the
background noise and the required sensor sensitivity. This value was chosen also on prior findings by
Saccone and Pahlavan [33] which suggests that stiffeners can attenuate signal amplitudes up to 5 dB per
crossing. A pre-trigger of 500 us was set to ensure the initial parts of the signal were not missed.

The rearm time, which corresponds to the minimum period between two distinct events on the same
channel, was set to 250 us. Although this value was effective for the small scale experiments it might
not have been the optimal ideal in large scale structures where tests where wave packets arriving later
due to reflections and longer travel paths could be misinterpreted as new events.

Table 3.5: Large Scale Experiments - Data Acquisition System settings.

Sample Rate [MHz] Samples per set [-[] Threshold [dB] Pre-trigger [us]
5 16384 50 400

3.2.4. Test procedure and Execution

Two different impact hammers were used to perform controlled impacts on the structure, a DYTRAN
Instruments 5803A hammer and a PCB Piezotronics 086D05 hammer, shown in Figure 3.17, both fitted
with hard tips to produce high-frequency content. The DYTRAN hammer, being larger and heavier,
generated higher-energy impacts with long durations, approximately 10 ms. Its higher mass also made
it more prone to generating double hits, because the structure’s elastic deformation caused the hammer
to strike twice, complicating signal interpretation and leading to the generation of multiple AE events for
the same impact. The PCB hammer, being lighter, produced shorter-duration impacts of approximately
3 ms, a duration similar to what was observed in lab.

(b)

Figure 3.17: (a) PCB Piezotronics 086D05 and (b) DYTRAN 5803A instrumented hammers.

Before performing test impacts, the setup was validated using PLBs near each sensor. These checks
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confirmed that all sensors could register signals in the vicinity of 90 dB, indicating good coupling and
system readiness.

Seven impact locations were selected across the monitored area. They were marked on the exterior of
the hull using reference points such as Frame 9, where a bollard sits, and the known thickness change
seam. For redundancy, the same set of impacts was repeated inside the hull. Due to spatial constraints
such as valves, pipes and cables, only the smaller hammer could be used in the interior of the ship. The
impact locations and sensor layout were documented using photos, videos and schematic diagrams to
support reproducibility. Table 3.6 lists the impact locations.

Table 3.6: Large scale impact test locations

Location x (mm) y (mm)

1 4495 860
2 5995 240
3 6495 580
4 6995 785
5 1995 925
6 1495 410
7 995 980

During the impact tests, shipyard activities such as welding, grinding, and cutting, taking place
concurrently, resulted in elevated background noise levels. As a consequence, numerous AE events
unrelated to the controlled impacts were recorded. In several cases, AE hits were triggered but did not
receive a Transient Recorder Index (TRAI), indicating that while the system detected the events, no
associated waveform data was stored. As a result, only a subset of events discussed in Chapter 5 is
analyzed in this work.

3.2.5. Recorded Signals

In this section a few raw recorded signals are presented, the signals are plotted in the order of ascending
time delay relative to the first trigger. Figure 3.18 shows the signals recorded form the r6a sensors and
Figure 3.19 shows the signals recorded from the r3a sensors, for an impact performed with the PCB
Piezotronics hammer at location 1.
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Figure 3.18: Raw signals recorded from r6a sensors for an impact at location 1.
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Figure 3.19: Raw signals recorded from r3a sensors for an impact at location 1.

The arrival order reflects the source-sensor distances. Sensors 3 and 4, are the closest and trigger first
and sensors 1 and 2 which are the furthest trigger last. Regarding the r3a array, sensor 9 appears to be
triggered prematurely by noise and recorded only 1 ms of data, aligning the other r3a sensors with
respect to the early trigger, results in a delay of 4.5 ms in the valid waveforms.



Virtual TR Implementation

4.1. Overview

This chapter details the MATLAB implementation of the virtual TR process theoretically described in the
Methodology in Chapter 2. Figure 4.1 summarizes the numerical workflow, from signal pre-processing
to source localization.

Signal Wave Impact Source
pre-processing back-propagation Localization

Figure 4.1: Workflow for numerical implementation of TR based source localization.

4.2. Small-scale Processing & Simulation

4.2.1. Signal pre-processing

Prior to TR, recorded signals are pre-processed to synchronize the individual sensor recordings, isolate
the fundamental antisymmetric wave mode (A0) which dominates the recorded signals and suppress
unwanted signal components.

Time Alignment

As described in Chapter 3 each channel is triggered independently, hence absolute recording start times
differ. The earliest trigger time is selected as temporal reference. Every other recorded signal P;(t) is
phase-shifted in the frequency domain according to Equation 4.1, to achieve signal synchronization.

Pi(w) — Pi(w) - e~ @At 4.1)

where, Pi(w) is the Fourier transform of the recorded signal and At; is the difference in trigger time
between the reference channel and the current channel i.

Window Function
To suppress reflections and unwanted propagating modes a time window is applied around the A0
wave mode arrival. A flat top window with cosine shaped flanks is used. The length of these smooth
transition flanks is one tenth of the total window length on either side. A fixed length window of 100 us
was chosen for all the numerical simulations on the small scale set-up. This window adequately isolates
the A0 wave mode.

Figure 4.2, shows the pre-processed signals with respect to the distance from the AE source. For
visualization clarity, the distances shown on the vertical axis are not to scale. A dashed line is overlaid
to represent a linear fit through the zero crossing points immediately preceding the peak amplitude of

36
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the direct arrival at each channel. This fit and known distance between each sensor and the impact
provides an estimate of the group velocity. The calculated velocities are listed in Table 4.1. The estimated
velocities adequately agree with the theoretical group velocity of 3076.20ms~! shown in Figure 4.3.

Distance from source

Distance from source

Table 4.1: Estimated group velocities from zero—crossing fits (Location 4).

Source type Configuration v¢ (m/s)
PLB Flat plate 3025.1
PLB Stiffened plate  2833.8
Hammer Flat plate 2830.8
Hammer Stiffened plate  2922.8
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Figure 4.2: Indicative estimated group velocity in the small scale configuration. (a) PLB flat plate, (b) PLB stiffened plate, (c)
Hammer impact flat plate, (d) Hammer impact stiffened plate.
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Figure 4.3: Theoretical A0 wave mode group velocity

Band-pass Filtering

A trapezoidal band-pass filter with sloped transitions is used to retain the frequencies where the PZT
sensors exhibit uniform sensitivity while rejecting low and high frequency components associated with
structural vibrations and noise respectively. The filter used in these simulations is presented in Table
4.2, and is centered around 60 kHz, which is the central frequency of the sensors.

Table 4.2: Bandpass filter

Lower stop Lower pass Upper pass Upper stop
40 kHz 45 kHz 75 kHz 80 kHz

4.2.2. Grid Convergence Study

The monitored surface is discretized on a uniform Ax x Ay grid (Figure 4.4a), according to literature
Ax < Amin/2. In the small scale experiment set-up, Amin = 23.2, mm for a 10, mm steel plate (Figure 4.4b).
Nevertheless, a grid-convergence is performed to choose the optimal grid resolution.
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Figure 4.4: Indicative 2D grid on rectangular plate and A0 wavelength for a 10 mm steel plate

The grid convergence study was performed using the Pencil Lead Break (PLB) at Location 4 on the flat
plate configuration. The virtual TR process was executed with decreasing grid sizes, and the relative
distance between successive predicted source locations was monitored. The simulation is considered
converged when the relative difference between two consecutive predictions is less than 5 %.
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The outcomes are summarized in Table 4.3 and the relative difference and localization error are plotted
in Figure 4.5. It is observed that for a grid spacing of Ax = 4 mm the change compared to the previous (5
mm) case is approximately 1.55 %, satisfying the convergence criterion. In addition to mesh convergence,
the absolute localization error, defined as the Euclidean distance between the predicted and actual
impact locations, was also evaluated. The 4 mm mesh meets the convergence criterion and results
in a localization error of 8.7 mm, whereas the 5 mm and the 3.2 mm mesh sizes predict the impact
location with an error of 11.92 mm and 10.76 mm respectively. Therefore, 4 mm resolution is chosen as
it balances numerical stability and localization accuracy.

Table 4.3: Convergence Study Summary

Ax [mm)] Xpred Ypred  Relative Difference [%] Localization Error [mm]

10.00 174.30 133.30 - 8.33
8.00 179.59 114.29 8.99 11.65
5.00 17722 136.71 10.59 11.92
4.00 177.78 133.33 1.53 8.78

3.2 17742 135.48 0.98 10.76
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Figure 4.5: Grid convergence study.

4.2.3. Wavefield Reconstruction
The wavefield is reconstructed by virtually propagating the recorded signals to each grid point. Wave
propagation is modeled through the analytical approximation discussed in Chapter 2.
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Figure 4.6: Pre-processed signals. (a) Recorded signal; (b) Time Reversed signal.
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Figure 4.6 plots the pre-processed signals recorded during the PLB experiment at Location 1 on the
plate configuration before and after time reversal. Notice, that the signal which recorded last is now
emitted first, which is explained by the fact that this wave is required to cover longer distance to trace
back to the impact location.

By linearly superimposing the the wavefield created by each sensor yields the reconstructed wavefield
snapshots shown in Figure 4.8. The wavefield develops according to the emission sequence of the time
reversed signals.

At the first timestamp, the back propagated energy radiates only from Sensor 1 Figure 4.8a. By the
second time stamp the dominant contribution comes from Sensor 1 but the wave propagating from
Sensor 3 is visible, followed sequentially by Sensors 2 and 4, Figures 4.8c and 4.8d, progressively
reconstructing the wavefield.
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Figure 4.7: Simulated wave propagation at selected timestamps.

4.2 4. Impact Source Localization
The described reconstruction process results in a time trace on every grid point. The impact location is
then predicted by finding the coordinates where E, being the amplitude of the reconstructed signal,
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obtains its maximum value over time as shown in Equation 4.2.

E(x,y) = mtax|u(x, v, t)| (4.2)

The Figures below, depict the reconstructed wavefield for both configurations at the time where the
maximum amplitude occurs. The predicted and actual impact locations are overlaid, the stiffener is
plotted as dashed line.
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Figure 4.8: Simulated wave propagation at selected timestamps.

4.2.5. Alternative Localization Approach

Beyond the exhaustive grid search described above, an alternative approach would be to treat source
localization as an optimization problem since the wave propagation function is well defined across
the plate. Specifically, the aim would be to search for the source point xg that maximizes the TR cost
function given in Equation 4.3.

N * 2
S0 (@)W (xs, X, @)
T

F(xs) = Z

@

4.3)

i=1 ¢
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where, i is the number of sensors used to reconstruct the wavefield.

This procedure can be implemented with numerical optimization algorithms that search for the
maximum iteratively in without evaluating the function on every grid point. Such methods significantly
reduce computational time, since exhaustive calculations are avoided and accuracy is increased since it
is not limited by the grid size. On the other hand, such approaches sensitive to the initial guess required
in the optimization problem and prone to the misinterpretation of local maxima as the impact source,
especially in complex structures where multiple focal points are expected.

In contrast, evaluating the function on every grid point and exhaustively searching for the maximum
guarantees that the global maximum is found, which agrees with the description of TR theory. Finally,
it produces heatmaps that help in the interpretation of the reconstructed wavefield.

4.3. Large Scale Simulations

4.3.1. Signal pre-processing

The data collected during the large-scale experiments were subjected the same pre-processing routine
described in Section 4.2.1, however bandpass filtering and signal windowing were adapted to account
for the differences in sensor types and signal length and quality.

Window Function

The flat-top window with cosine flanks described in Section 4.2.1 was employed to isolate the portion
of the signals for time reversal. Due to the complexity and long duration of the recorded waveforms,
as well as the elevated noise levels during testing, the direct arrivals associated with the impact are
ambiguous. Additionally, channels were likely triggered by unrelated acoustic events, making the
first threshold crossing unreliable as a windowing reference. Consequently, the time window was not
defined relative to the trigger time, as done in the small-scale experiments.

Instead, a fixed 1 ms segment was extracted from the beginning of each signal. This duration was
selected because it is likely to include the wave packets related to the impact. This approach introduces
later reflections and unrelated AE events in the TR process, however it serves as a practical solution for
the given experimental conditions.

Band-pass Filtering

The trapezoidal band-pass filter with sloped transitions described in Section 4.2.1 is used to isolate the
frequencies where the PZT sensors exhibit uniform sensitivity while rejecting low and high frequency
components associated with structural vibrations and noise respectively. As described in Chapter 3,
two types of sensors with central frequencies of 30 and 60 kHz were used. The applied bandpass filters
are presented in Table 4.4 and 4.5.

Table 4.4: Bandpass filter for r6a sensors

Lower stop Lower pass Upper pass Upper stop
40 kHz 45 kHz 75 kHz 80 kHz

Table 4.5: Bandpass filter for 13a sensors

Lower stop Lower pass Upper pass Upper stop
20 kHz 25 kHz 55 kHz 60 kHz

4.3.2. Wavefield Reconstruction

The process for wavefield reconstruction discussed in the previous section is applied again here. The TR
procedure inherently compensates for dispersion because each frequency component is back-propagated
with its own cp(w). However, the analytical model used to simulate guided wave propagation needs
to be adapted to account for the non-uniform plate thickness. More specifically, the distance between
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a sensor and a grid point must be decomposed into segments corresponding to regions of different
thickness, and the appropriate dispersion curves must be used for each segment, as described in
Equation 2.9.

No grid convergence study was performed for this set-up. The localization process takes place in two
steps. The location is first estimated using a 20 x 20 mm? coarse grid. Then, the region where the
location was predicted is discretized with a denser 10 x 10 mm? grid, satisfying the criterion suggesting
that Ax < A/2, leading to a more accurate prediction. Figure 4.9, shows the minimum wavelength for a
A0 waves propagating in plates with 8 and 20 mm thickness.
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Figure 4.9: A0 mode wavelength for plates of different thickness.

The Figures below, depict the reconstructed wavefield at the time of the impact using different sensor
combinations for an impact performed at location 1.

Figures 4.10a and 4.10b, show the reconstructed wavefield using the r6a sensors 1, 2, 5 and 6 for a grid
size of 20 x 20 and 10 x 10 mm? respectively. The horizontal axis limits in Figure 4.10b extend from 4.065
m to 7.5 m. The different propagation characteristics due to different plate thickness are clearly visible
in Figure 4.10b, where the waves in the top strip (above Y ~1750 mm are traveling with higher velocity.
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Figure 4.10: Impact localization using sensors 1,2,5 and 6 for (a) 20x20 mm? and (b) 10x10 mm? grid.

Figure 4.11a shows the reconstructed wavefield using the r6a sensors 3, 4, 5 and 6 for a grid size of 10 x
10 mm?2. Figure 4.11b shows the reconstructed wavefield using the r3a sensors 7, 8, 9 and 10 for a grid
size of 20 x 20 mm?, a simulation with a denser grid was not performed for this case as focal point .
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4.4. Limitations

The implementation of virtual TR presented in this chapter is subject to the limitations arising from the
assumptions made in modeling.

First, single mode propagation using only the fundamental antisymmetric mode (A0) excludes the
contribution of the fundamental symmetric mode (S0) which cannot always be fully excluded during
windowing, especially in short propagation distances. The residual SO content is therefore back-
propagated using the A0 dispersion curves, resulting in incorrect phase delay terms potentially leading
to localization errors. Similarly, the assumption of flat, frequency independent and identical sensor
transfer functions neglects the variations between sensors which in practice result in amplitude and
phase inconsistencies.

The effect of the stiffeners is incorporated through a scalar transmission coefficient T, = 0.65. This value
is selected based on the experimental results published by Saccone and Pahlavan [33] presented in
Chapter 1.5. This value is representative for a broad range of angles of incidence, however a decrease
in the transmission coefficient was observed for incidence angles exceeding 140 °. A full sensitivity
analysis was not performed in this work but exploratory tests, in the small scale setup with T in
this order of magnitude had little influence on the predicted location. In large models with multiple
stiffeners however, the compound stiffener effect might significantly influence the localization accuracy.
Nevertheless, future work should investigate an angle dependent transmission model to more accurately
capture the stiffeners effects.

Finally, the current implementation requires prior knowledge of the impact location for the manual
application of the transmission coefficient T along the correct propagation paths. Specifically, the prop-
agation paths between the impact point and the sensors are known in advance, and the corresponding
signal amplitudes are selectively scaled when a stiffener is crossed for each simulation. While this
approach is acceptable at this stage for developing the methodology, it limits the model’s applicability in
real world scenarios. In a true impact experiment, the location of the impact is unknown and the effect
of structural components should be incorporated in the model without relying on manual adjustments.



Results and Discussion

5.1. Overview
In this chapter the source localization results are reported and discussed. The data was collected during
the experimental campaigns summarized below.
* Small scale Experiments plate and stiffened panels configurations measuring (0.4 mx0.4 m) tested
with PLBs and instrumented hammer.
* Large scale Experiments stiffened panel measuring (7.5 mx2.0 m) with multiple stiffeners and
realistic boundary conditions.

In each case the localization error is calculated as the Euclidean distance between the true impact point
(Xtrue, Ytrue) and the predicted impact point (xpseq, Ypreda), as shown in the equation below.

A= \/(xpred — Xtrue)? + (ypred - ytrue)2 (6.1)

5.2. Source Localization Results - Small Scale Experiments

During the small scale experiments two configurations were tested. The first consisted of impacts on a
plate and the second consisted of impacts on a stiffened plate. Two different AE sources were used,
PLBs and an instrumented hammer to perform more realistic impacts. The data collected during the
experimental stage was pre-processed and back propagated virtually to reconstruct the wavefield at the
time of the impact, as described in the Chapter 4.

A total of 102 impacts were performed on the plate configuration, 51 per source type and 96 on the
stiffened plate, 48 per source type. Figures 5.1a-5.2b show the localization error for each impact location
and configuration. Three impacts per location were performed. Individual errors are plotted as light
blue dots, the mean error as a red diamond, and the dashed line at 40 mm marks the 10% error threshold
relative to sensor spacing.
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Figure 5.1: PLBs - localization error

For the PLB experiments on the plate the mean error at 14 out of 17 locations lies below 20 mm which
corresponds to 5% of sensor spacing. The mean error in this configuration, excluding the experiments
at locations 13 and 14 is 11.71 mm with a standard deviation of 6.72mm. On the stiffened plate, the
mean error is slightly higher 12.45 mm with a standard deviation of 10.28 mm, but still well below the
10% threshold. It is also noticeable that the large error noticed at locations 13 and 14 for the plate
configuration is eliminated. Nevertheless, location 13 is still predicted with larger error compared to the
other experiments.
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Figure 5.2: Instrumented hammer impacts - localization error

As far as the instrumented hammer impacts are concerned, it is observable that the errors are generally
higher and more variable. Plate configuration shows a mean error of 15.08 mm with a standard deviation
of 18.24 mm, while the localization error in the stiffened plate configuration increases to 23.54 mm with a
standard deviation of 19.15 mm. It should be noticed however, that individual errors sometimes exceed
80mm. The larger standard deviation values compared to the ones calculated for the PLB experiments,
reflect the inherent variability of the hammer impacts due to differences in impact energy, duration, and
angle.

5.3. Source Localization Results - Large Scale Experiments

Localization performance in large scale was evaluated across five impacts performed on three distinct
locations. At least three impact tests were performed at each location listed in Chapter 3 Table 3.6, but
many signals were lost. In the context of this work, the impact tests to be analyzed are two (2) impacts at
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location 1, one (1) impact at location 5 and two (2) impacts at location 7, all performed with the PCB
Piezotronics instrumented hammer. The coordinates of these positions with respect to the origin which
coincides with the coordinates of P2 as shown in Figure 5.3 are listed for completeness in Table 5.1.

Table 5.1: Analyzed impact test locations for large scale experiments

Location x (mm) y (mm)

1 4495 860
5 1995 925
7 995 980

The localization accuracy is examined across four different sensor arrays, each one representing a
different combination of sensors, in an effort to assess the appropriateness of each sensor type and array
configuration.

Group 1 consists of four r6a sensors placed at the corners of the monitored area. Specifically, Sensors
1,2, 5, and 6. Group 2 also uses four r6a sensors, but includes combinations of corner and midpoint
sensors. Two configurations fall under this group: the first consists of Sensors 1, 2, 3, 4 while the second
group has Sensors 3, 4, 5, and 6, selected depending on which subset encloses the impact location.
Group 3 is composed of four r3a sensors placed at the corners of the monitored area, namely sensors 7,
8,9, and 10. Group 4 employs all six r6a sensors (Sensors 1 through 6), combining both corner and
midpoint placements. Figure 5.3, illustrates the location of the sensors on the monitored area.

» I L il

2000 mm
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Figure 5.3: Monitored area and sensor positions. Blue rectangles correspond to ré6a and red ones to r3a sensors.

An array with both r6a and r3a sensors was not tested, because from an engineering point of view
in real world structures sensor uniformity is usually preferable . Additionally, different sensor types
also have different transfer functions and that would require further calibration to ensure compatibility
within the proposed methodology.

As discussed earlier, the localization error is defined as the Euclidean distance between the estimated
and actual impact coordinates.

Table 5.2 summarizes the results of the impact localization for the experiments performed onboard the
Shoalbuster, for the different sensor arrays.
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Table 5.2: Large Scale Experiments localization results for different sensor arrays

Location TestID Sensor Group True X TrueY Estimated X EstimatedY Error

[mm)] [mm] [mm)] [mm)] [mm]
1 Group 1 4495 860 4582.37 1246.23  395.99
1 Group 2 4495 860 4336.40 1788.90 942.34
1 Group 3 4495 860 6497.33 1676.70  510.00
1 1 Group 4 4495 860 6697.79 1717.00 2363.62
2 Group 1 4495 860 7058.80 1717.00 2703.24
2 Group 2 4495 860 4138.48 22220  730.68
2 Group 3 4495 860 5855.61 1616.10 1556.58
2 Group 4 4495 860 6697.86 1717.17 2363.75
1 Group 1 1995 925 922.46 686.87 1098.66
5 1 Group 2 1995 925 2097.71 727.27  222.81
1 Group 3 1995 925 962.57 1737.30 1313.68
1 Group 4 1995 925 942.51 626.26  1094.06
1 Group 1 995 980 260.70 1939.39 1208.15
1 Group 2 995 980 173.90 969.70  821.16
1 Group 3 995 980 180.48 1717.17 1098.57
7 1 Group 4 995 980 0.00 2000.00 1424.93
2 Group 1 995 980 813.00 1171.72  264.35
2 Group 2 995 980 1249.93 44440 593.18
2 Group 3 995 980 1455.64 1676.77  835.27
2 Group 4 995 980 822.19 171717  757.15

Figure 5.4 shows the localization error for the large scale experiments for the four sensor array groups.
Each colored marker corresponds to an individual test at a given location, while the red diamonds
denote the mean error per group. The dashed black line at 1000 mm indicates the 10% threshold which
is here chosen arbitrarily.
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Figure 5.4: Localization Error for different sensor array configurations.

Group 2 shows the best performance, with mean localization error of 662 mm and relatively tight
clustering of the individual results, indicating more consistent localization. Group 1 achieved low
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individual errors in some cases, approximately lower than 400 mm, but also output the largest outlier
exceeding 2700 mm, leading to a mean localization error of 1134 mm. Group 4, has lower accuracy
compared to the other configurations consisting of 60 kHz sensors and predicts the impact locations
with a mean error of 1230 mm. Finally, Group 3, consisting of the 30 kHz sensors achieves the lowest
accuracy overall, with a mean localization error of 1393 mm. Impact localization with sensor groups 1, 3
and 4 also shows wide scatter, with individual and mean localization errors generally exceeding the
threshold.

These findings indicate that the sensor array configuration has a strong influence on localization accuracy.
Specifically, the denser configurations which in this case included midpoint sensors, and therefore split
the monitored area in half, outperform the arrays with sparsely placed sensors Additionally, Group
2 not only predicts the impact location with the lowest mean error but also demonstrates the most
consistent performance, with reduced error variability across all tests. This is visually confirmed in
Figure 5.4, which presents individual localization errors and group mean errors for the different sensor
configurations.

The mean localization error observed in the large scale experiments using a dense sensor array (Group
2) is comparable to that reported by Grabowski et al. [19], where AE localization was performed on a
large gas tank. In their work, sensors were placed approximately 5 m apart, and the structure included
a thickness transition from 8 mm to 10 mm along the height. Their analysis localized the source using a
dispersion compensation approach assuming uniform plate thickness of 9 mm. The reported localization
error was approximately 700 mm which is of the same order as the mean errors observed in the large
scale experiments. They observed that the horizontal accuracy was in the order of a few mm and the
major discrepancy was found in the vertical direction due to the thickness change, the results of the
present research however do not agree with this observation.

5.4. Discussion

The results presented in this chapter suggest that virtual TR of GUW for impact localization method
performs very accurately in controlled small scale tests but the accuracy is reduced in the large-scale
experiments.

5.4.1. Interpretation of Results for the Small-Scale Experiments
Regarding the PLB experiments, the impact was localized consistently with low error and the low
standard deviation in the predictions demonstrates the method’s robustness under controlled excitation.

The focal points for impacts performed at locations 13 and 14 for the plate configuration were found
significantly offset from true. In both cases Sensor 1 registered disproportionally higher amplitudes
compared to the rest of the sensors in these experiments. As a consequence, during the back propagation,
where the signal is further amplified by the division with the geometric spreading term, the wavefield
recreated by sensor 1, dominated the wavefield reconstruction and led the waves to focus at the edges of
the plate, furthest from this sensor, as shown in Figure 5.5a. To support this, the wavefield reconstruction
was performed while neglecting the contribution of sensor 1 and the localization accuracy was improved
significantly as shown in Figure 5.5b.
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Figure 5.5: PLB localization at location 13. (a) Localization defocus, (b) improved localization removing the contribution of sensor

Instrumented hammer impacts were predicted with higher mean localization error and standard
deviation compared to the PLB experiments. This reflects the variability of the impacts in impact energy
and contact angle and duration.

The presence of the stiffener also introduced additional complexity, as seen by the higher standard
deviation in both PLB and hammer tests, highlighting the influence of structural discontinuities on the
reconstruction of the wavefield. Nevertheless, the localization accuracy in all small scale experiments
remained well within the 10% threshold with respect to sensor spacing, demonstrating that the method
is robust under different test conditions and structures.

5.4.2. Interpretation of Results for the Large-Scale Experiments

In the large-scale experiments a reduction in the localization accuracy was observed. Dense sensor
configuration (Group 2) achieved the lowest mean localization error of = 662 mm. This error is
comparable to literature values for experiments performed in a large tank of 10 m radius [19]. Other
sensor configurations showed significantly larger individual as well as mean localization errors, which
in some cases exceeded 2000 mm.

Figure 5.6 shows the extracted signal portions for an impact performed at location 7, aligned vertically
based on the known impact location, note that the distances are not to scale. It can be observed that
channels 5 and 6, which correspond to the sensors located furthest from the impact, are not correctly
aligned in time with the rest of the channels. This is likely due to false triggering by background noise,
which registered up to 80 dB during the shipyard experiments, especially from the sensors placed at the
fore end of the monitored area. Channels 1 and 3 show earlier arrivals compared to channels 2 and 4,
despite being at almost equal distances from the source. This is due to the higher wave velocity in the
thicker plate sections, confirming the influence of non-uniform plate thickness on propagation.

Local velocity variation is compensated in the propagation model but erroneous signal synchronization
limits the performance of virtual TR. A recommendation for future works would be to either try aligning
the signals by cross correlation instead of threshold crossing timestamps or to change the trigger mode
in the acquisition settings, such that when one channel is triggered then all channels start recording.
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Figure 5.6: Processed signals recorded from impacts performed at location 7.

In addition, the scalar transmission coefficient T. was kept equal in both the small and large scale
experiments. While the stiffeners had similar geometric properties (HP 80x7 in small scale and HP
120x7 in large scale), a more detailed analysis should be performed to capture the angle dependence

and the effect of the different boundary conditions in large structures.

Beyond the primary stiffeners, additional structural features, which were not modeled, such as brackets,
holes, and pipe supports welded to the sideshell also introduced multiple scattering and reflections.
These features increased the complexity of the wavefield and contributed to the observed reduction in

localization accuracy.

Finally, as described in Chapter 4, the signal window used had a fixed duration of 1 ms. Reflections
and noise were inevitably included in the virtual TR process and possibly distorted the wavefield
reconstruction and reduced localization accuracy.



Conclusions and Future work

6.1. Conclusions

This thesis explored impact localization on plates and stiffened panels using TR of GUW signals. The
approach combined experimental testing and numerical simulations. Experiments were performed at
small and large scale, the former were carried out in the Structures lab of the Mechanical Engineering
faculty at TU Delft, and the latter onboard a Shoalbuster under construction at DAMEN Shipyards in
Gorinchem.

In the small scale experiments on plates the predicted impact locations exhibited small localization
errors. More specifically the location of the Pencil Lead Breaks was predicted with a mean error of
approximately 11.71 mm with a standard deviation of 6.72 mm excluding two cases where the waves
focused close to the boundaries of the monitored area. For instrumented hammer impacts the mean
localization error was 15.08 mm with a standard deviation of 18.24mm. The larger variability is
attributed to the less repeatable nature of hammer impacts and their dependence on force magnitude,
contact duration and impact angle.

Regarding the stiffened plate experiments carried out in the laboratory, the results for PLB are similar to
the plate configuration. Mean localization error of 12.45 mm and standard deviation of 10.28 mm were
observed. Hammer impacts yielded higher errors averaging at 23.54 mm and standard deviation of
19.15 mm.

By normalizing the mean error with sensor placement distance one can observe that the error stays below
10 % suggesting that the presence of stiffeners can be reasonably approximated within the proposed
model with a scalar transmission coefficient T, = 0.65, applied as a frequency and path independent
attenuation factor.

When the methodology was scaled from laboratory conditions to an actual ship structure localization
accuracy decreased due to the increased structural complexity. The presence of multiple vertical
stiffeners, web frames and secondary structural components such as brackets and cutouts created
multiple reflections and reducing localization accuracy. Furthermore, concurrent steel works such as
welding, grinding and cutting introduced significant acoustic noise and created false triggers, hindering
the identification of the direct arrival of the wave emitted during the impact. Non uniform plate
thickness further complicated signal interpretation and required adjustments on the propagation model.

Despite these challenges, the proposed approach achieved acceptable localization accuracy. Localization
errors vary with sensor type and array configuration, ranging from approximately 220 mm to over
2700 mm. In general the arrays consisting of r6« sensors outperformed these of r3a sensors. In particular,
arrays of r6a sensors placed roughly 4000 mm apart in the length direction and 2000 mm apart in the
height direction achieved a mean localization error of 662 mm with individual errors tightly clustered
compared to arrays with sparsely placed r6a and r3a sensors. Arrays with mixed sensors types were
not tested considering that sensor uniformity is a practical requirement, in real world scenarios.
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These findings demonstrate that the method can be extended to full scale applications where thickness
variations and multiple stiffening components are present. Some degradation in performance is expected
and can be mitigated through sensor placement and acquisition settings optimization. It should be noted
that in absence of specific data, all vertical stiffeners were modeled using the scalar factor calculated for
the laboratory setup in previous works [33]. A more detailed incorporating the transmission coefficient
tailored to the actual structural components would likely improve accuracy further.

In summary, this work demonstrates that TR of a single GUW, in particular A0, is a feasible technique
for impact localization in steel thin walled structures, from plates to complex ship hulls. The accuracy
depends sensitive on the sensor array configuration and signal processing. Nevertheless, its core
principles can be transferred from small to large scale. These findings open the way for further
development for structural health monitoring systems based on the TR of AE signals, particularly in the
maritime and offshore sectors.

6.2. Recommendations for Future Work

This work has demonstrated the feasibility of using tTR of GUW for impact localization in steel plates
and stiffened panels that representative of ship structures. Building on these findings, several promising
directions can be pursued to further develop the methodology and expand the areas of applicability.

6.2.1. Extension to Composite Materials

A natural extension of this work is the application of TR based localization to composite materials,
which are increasingly gaining ground in the marine and offshore sectors due to their high strength to
weight ratio and corrosion resistance. Impacts are of particular interest in composite structures since
even Barely Visible Impact Damage (BVID), meaning dents that cannot be identified by eye, lead to
significant strength degradation making their early detection crucial [21]. Additionally, AE are not only
emitted by impacts but also from other damage events such as delamination, fiber breakage and matrix
cracking and with the appropriate sensors the localization of these defects is possible.

To adapt the current methodology to composite structures it must be modified to reflect the material
specific guided wave behavior. In isotropic materials, localization using a single guided wave mode,
such as A0, is found to be sufficient. However, in composite structures, due to anisotropy and more
complex dispersion characteristics may require the use of multi mode localization approaches.

The propagation model used in this research can be extended and implemented in such structures by
experimentally estimating material damping and by employing directional wave number k(6, w) to
reflect the anisotropic properties of the material

6.2.2. Impact Severity Assessment and Force Reconstruction

While this work focused on localization, the complete impact identification framework should also
be able to assess the severity of impacts. This can be achieved by utilizing the known instrumented
hammer force time signals and corresponding sensor responses measured by the PZT sensors during
the controlled impact experiments.

The instrumented hammer and the PZT sensors have their own transfer functions and sensitivity. By
analyzing the system as a whole, it is possible to determine a transfer function that relates the known
impact force to the recorded sensor response.

Utilizing deconvolution, the influence of the impact location and wave propagation path can be decoupled,
allowing the construction of a model that maps sensor readings to impact force characteristics. This
model, once trained on known impact events, could be then extended to estimate the severity of
unknown impacts in similar structural configurations.
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Medium Transfer Function

The methodology for the calculation of the medium transfer function W(x, w) is presented. This transfer
function describes how an input (impact excitation) propagates through the medium accounting both
for dispersion. In this sense W(x, w) acts as a Green’s function in the frequency domain, describing the
system response for a given impact excitation.

The part of the equation that accounts for the propagation of dispersive signals is found according
to Doyle [8]. The wave equation in 1D is given by Eq. A.1, however, the same concept holds for the
equation of motion of an elastic medium.

Pu(x,t)

ET? c2V2u(x, t) (A1)

where, ¢ is the wave speed.

Using the separation of variables, the general solution of the wave propagation problem is obtained.

u(x, t) = u(x)e'! (A.2)

Substituting into Eq. A.1 results in the following:

2
% +Ku=0 (A.3)

where, k = w/cp.
Then, the solution for the forward propagating wave is given by Eq. A.4.

u(x, w) = Ae 'k (A4)
Therefore, at any point x in the domain, the displacement field is described according to Eq. A.5

wx

u(x, @) = A(w)e "% (A.5)

The term e ', is in the frequency domain and describes how the dispersive signal propagates in the
structure.

The impact spectrum contains various frequencies, therefore, Eq. A.5 should be modified as Eq. A.6
which describes the propagation of each frequency component.
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wnXx

ulx, w) = Z Anefi v (A.6)

where, A, is the amplitude spectrum and is calculated using a forward Fast Fourier Transformation
(FFT) on the impact signal.



Propagation Model Validation

The experiment was designed as shown in Figure B.1. Two Physical Acoustics réa piezoelectric sensors
with 60kHz resonant frequency were used to record the acoustic emissions (AE) emitted by Pencil Lead
Breaks (PLB) on the surface of the plate. The signals where recorded by a Vallen Systeme AMSY-6 Data
Acquisition System (DAS). The DAS operated in Normal trigger mode, meaning that the recording starts
one the signals exceed a predefined threshold, which is based on the background noise level and was
set at 30 dB. The pre-trigger was set to 400 us and the sampling rate was set at 10 MHz. The total length
of the signals is set to 1.6384 ms which corresponds to 16384 samples given the selected sampling rate.

(b)

Figure B.1: Experimental setup used the validation of the propagation model.

Wave mode Identification

The first step before validating the propagation model is to identify the dominant propagating mode. In
thin-walled structures, multiple wave modes can propagate simultaneously. In the frequency range
of interest of this work, the possible propagating modes are the fundamental symmetric (50) and
antisymmetric (A0) modes. The sensitivity of the sensors to detect each of these modes is critical for
accurate modeling.

In this experiment A0 and SO waves were expected to propagate simultaneously. These modes have
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different group speed, but since the distance between the two sensors is short, full separation of the
modes is not expected. Figure B.2a, illustrates the first 600 us of the raw signals recorded by sensor P1
and P2, after alignment in time. One may notice that in Channel 3 two components are visible. Figure
B.2b depicts the signals after windowing and filtering.
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Figure B.2: Experimental setup used the validation of the propagation model.

The mode identification approach is based on the calculation of the group speed of the dominant
propagating wave packet. With known distance between the sensors the group velocity is calculated as
the division between the distance and the time of arrival difference of the signal to the sensors.

To compute the relative time difference the timestamps of the zero crossing immediately before the peak
are used. Figure B.3a shows the processed signals at the position of the sensors. By calculating the
slope of the line connecting the zero crossings preceding the maximum amplitude one can identify the
group velocity. The group velocity for the frequency range of interest is found as in Equation B.1.

cg = % =3076.2 [m/s] (B.1)
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Figure B.3: (a) Pre-processed signals at sensor positions with line connecting the zero crossings. (b) theoretical A0 group velocity

In Figure B.3b the calculated velocity is plotted along the theoretical A0 group speed. It is obvious that
the calculated group velocity agrees with the theoretical in the frequency range of interest. Therefore,
the assumption that the sensors are more sensitive to A0 wave mode can be made.



61

Validation of Analytical Wave Propagation model

In this section the validation of the proposed propagation model is described and discussed. The
validation is performed using the same experimental set-up as shown in Figure B.1 and can be
summarized as follows.

An acoustic emission signal is generated through 0.35 mm PLBs positioned 25mm away from the
sensor P1. The signals recorded at sensors P1 and P2 are aligned in time, windowed and filtered, as
described in the pre-processing step. The sensors used have 60 kHz resonant frequency, and the applied
bandpass filter was centered around that frequency with 40 and 80 kHz being the lower and upper
cutoff frequencies respectively, and the filter being flat between 45 and 75 kHz. The signal measured at
P1, is considered as the source and was propagated to P2 according to Equation 2.7, when no stiffener is
present and according to Equation 2.12 if the wave crosses the stiffener.

The results are shown in Figure B.4.
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Figure B.4: Analytical and recorded wave propagation for: (a) flat plate, (b) stiffened plate, and (c) stiffened plate shifted r rad.

In the case of the flat plate, it is observed that there is a phase offset between the analytical and the
recorded signal. This discrepancy may arise from small errors in sensor placement such as misalignment
or deviation from the 400 mm spacing, and from the assumption that all the used sensors have identical
transfer functions, whereas in practice, each sensor has its own frequency dependent response which
may introduce phase variations.

On the stiffened plate, the amplitude attenuation is effectively captured using a scalar transmission
coefficient T.. However, a consistent phase difference of approximately 7t radians is observed between
the analytical and the recorded signals. Figure B.4c depicts the two signals, where the simulated
waveform has been shifted by 7 to align with the measurement. This phase shift, while repeatable in
this configuration, cannot be generalized without further investigation. It may depend on several factors
such as the relative stiffness of the stiffener to the plate, the incident angle and the wave length of the
propagating mode.
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