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Abstract: Human health monitoring (HHM) is essential for continued daily task execution, as is
structural health monitoring (SHM) for structures to ensure the continual performance of their
designed tasks with optimal efficiency. The existence of damage in a structure affects its optimal use
through stiffness deterioration. Damage of different forms could occur in a structure but have the
singular objective of material degradation, leading to its underuse for a task. Guided wave ultrasonics
has shown strength in detecting sundry damage in structures, but most of the damage monitored and
detected is unfilled with substances. However, some damage could trap and accumulate substances
that could hasten material degradation through corrosion activities under favorable conditions,
especially in the oil and gas industry. This study used the ultrasonic-guided waves’ pitch–catch
inspection technique to identify damage filled with different materials. The assessment was based on
the RMSD of the dominant Lamb wave mode’s average maximum amplitude and the response signals’
transmission coefficient (TC). A five-cycle tone burst of excitation signals of different frequencies was
created to generate propagating Lamb waves in the structure. The fundamental antisymmetric mode
was found to be more sensitive than the fundamental symmetric mode when detecting damage filled
with various substances. At 80 kHz, the deviation of the current response signals from the baseline
response signals due to different filled substances in the damage was distinct and decreased with
increased fluid viscosity. Given that structures in the oil and gas sector are particularly susceptible to
substance-induced damage, the outcomes of this study are paramount.

Keywords: debris-filled damage; ultrasonics; damage; structural health monitoring (SHM); RMSD;
transmission coefficient (TC)

1. Introduction

Engineering structures are often constructed using materials that ensure a long service
life for an intended task. The metal plate is the base of most civil engineering structures.
Some essential economic structures are formed and constructed using thin or thick plates.
One of the ways to classify a plate as thin or thick is through the ratio of its thickness to
other geometric dimensions [1]. If the plate’s thickness is greater than one-tenth of its other
geometric dimensions, it is called a thin plate; otherwise, it is a thick plate as defined in the
piecewise function of Equation (1).

f (D) =

{
thinplate, i f D = T

W/L << 0.1
thickplate, i f D = T

W/L > 0.1
(1)

where D is the ratio between the plate thickness (T) and either the width (W) or length (L) of
the plate. The thickness of a structure is essential to supporting and carrying loads designed
for it. Variation in the thickness of a structure leads to a hotspot for material degradation
and a high chance for catastrophic failure. Structural damage that causes thickness variation
has been associated with corrosion activities [2]. The initiation of corrosion activities in
different ways is revealed in [3]. Early damage detection is necessitated due to the severe
implications of damage to structures, especially during service time. Undetected damage

Symmetry 2023, 15, 1989. https://doi.org/10.3390/sym15111989 https://www.mdpi.com/journal/symmetry

https://doi.org/10.3390/sym15111989
https://doi.org/10.3390/sym15111989
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-1970-0870
https://orcid.org/0000-0001-9028-1288
https://orcid.org/0000-0001-9046-560X
https://doi.org/10.3390/sym15111989
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym15111989?type=check_update&version=2


Symmetry 2023, 15, 1989 2 of 23

could lead to a failure of the structure, which may cost lives and high-valued economic
assets used in the aviation sector and the oil and gas industry.

Structural health monitoring (SHM) was devised for the continuous monitoring of
structures using different techniques to detect and estimate characteristics of damage in
the structure [4–7]. Different authors have used vibrational responses to detect damage in
structures, but this technique is suitable primarily for dynamic structures and propagating
cracks [8–11]. In the past decade, interest in using guided wave ultrasonic technique
(GWUT) to monitor thin structures has increased tremendously due to its cost-effectiveness,
long-distance inspection capability, nonintrusive nature and light weight [12]. Using the
GWUT configuration, Lamb waves can be generated to travel through the thickness of
structures. These waves gather data from specific areas of the structure by interacting
with them and are recorded as response signals of the structures by a sensor. Pulse–echo
(P–E) and pitch–catch (P–C) configurations are primarily used for this purpose, with
emphasis on the nature and size of the damage. P–E is principally used to monitor large
damage in structures that could reflect most incident waves when encountered. However,
P–C is ideal for small damage sizes, such as corrosion damage, because it allows for the
through-transmission of the incident wave with little reflection [12]. Unlike P–E, P–C
detects damage in the area between the exciter and the sensor. Damage in structures can be
empty or filled with substances, given that nature abhors a vacuum. Damage filled with
substances could be dominantly found in static structures. Substances in this study are
referred to as debris or fluid [3]. Empty damage is formed when a crack, dent or notch
is devoid of filled substances, while filled damage is formed when the damage traps and
accumulates debris or fluid that could close it. The filled damage has the potential for
pitting corrosion formation over time [3]. Pitting corrosion is a localized damage with
various depths and irregular geometry. It has been attributed to catastrophic structural
failure, especially in the oil and gas industry [13]. Many studies have been performed in
detecting unfilled damage, with limited studies on detecting filled damage using GWUT.
In [14], the authors studied the relationship between the scattering of damage signals and
different severities of damage using the S0 Lamb wave mode of the pitch–catch method.
The severities considered were notch length, orientation and notion depth with respect to
the plate thickness. In [15], the authors developed a novel method to detect and estimate
crack sizes in metallic plates using guided wave propagation. It was found that wave
amplitude, influenced by damage interactions, varied notably based on crack location.
In [16], crack severity due to damage depth variation by uniform incremental percentage
was studied using guided wave ultrasonics and different damage indices. In [17], the
authors explored structural health monitoring using ultrasonic-guided waves in complex
structures, specifically plates with stiffeners. The research inferred crack size and shape
from the wave patterns by comparing them with a crack-free benchmark. The RMSD was
noted to be more reliable than other DI metrics. Delamination, corrosion and debonding
have also been studied using ultrasonic-guided waves [12]. Nevertheless, there are limited
studies on the detection of filled damage, especially when the damage was filled with either
dry debris or fluids. In this research, the detection of filled damage was experimentally
investigated using GWUT through the pitch–catch technique with three sensors and an
exciter. Varying substances were used to fill the damage; each is called a state of the
damage. The deviation of each damage state response from the healthy state at every
excitation frequency was computed using root mean square deviation (RMSD). Similarly,
the transmission coefficient (TC) of the response signals due to varying damage states was
also examined. Through the dispersion curve, relatively stable excitation frequencies were
selected to ensure the generation of only fundamental modes. This study was performed
on a plate of a 3.00 mm thickness with a seeded damage of a 2.50 mm depth. Three case
scenarios were studied: (a) a base case using a healthy plate; (b) an unhealthy plate using
empty damage; and (c) filled-in damage with different substances. The respective influence
of each substance on the guided wave on predicting damage was observed and compared
with the healthy state.



Symmetry 2023, 15, 1989 3 of 23

2. Theory of Lamb Wave Generation and Propagation in Thin Structures
2.1. Nondestructive Evaluation Technique

Elastic waves are vital for damage detection and severity evaluation in structural
health monitoring (SHM). Such waves occur through restoration forces between particles
of the host structure temporarily displaced from their mean positions. The excitation of the
elastic waves in structures causes changes in the material properties and thereby influences
the characteristics of the propagating wave, such as the wavelength, time of wave arrival
(ToA), time of flight (ToF) and amplitude. Elastic waves can be bulk waves or guided
waves [18]. The two forms of elastic waves differ in some respects, although they obey
the same governing equations, especially in their mode formation and interactions with
the boundaries of the structure [19]. The bulk waves generate finite wave modes while
propagating within the material but away from its boundaries. The boundaries of the
structure guide the guided wave, in contrast to the bulk wave. Due to the dispersive nature
of the guided wave through wave velocity dependence on frequency, multiple modes
are generated, leading to complexity in wave interpretation. Prominent forms of guided
waves are Lamb waves and Rayleigh waves [20]. The Lamb wave can be generated from
the coupling between longitudinal and vertical shear waves reflected at the free surfaces
of a structure, especially the plate, while Rayleigh waves are free waves on the surface
of a semi-infinite solid. In this form of the guided wave, the traction forces vanish on
the structure’s surface, and the wave amplitude decays into the depth of the structure.
However, the Lamb wave’s traction forces vanish on the guided wave’s upper and lower
surfaces as it propagates through the structure’s thickness.

Rayleigh waves are useful in detecting damage in thick structures, while Lamb waves
are useful in detecting damage in thin structures [21]. Structures can be monitored in
two ways: actively or passively [20]. In the active monitoring technique, a transducer
is used as an exciter to cause the propagation of an elastic wave in the structure. At the
same time, the structural response is captured by another transducer functioning as a
sensor. Unlike the active monitoring technique, the passive monitoring technique offers
only listening to emitted response signals generated by the damage [22]. This approach is
mainly used to infer the state of the structure because the damage can emit elastic waves in
the frequency range of an ultrasound [12]. Hence, as the damage of interest could hardly
generate stress waves for its detection, an active monitoring approach was suitable for this
study and thereby adopted.

2.2. Directivity and Attenuation of the Lamb Wave

Lamb waves that are excited within structures show changes in some characteristic
parameters after encountering damage compared to before. Propagating Lamb waves are
captured as a response signal of the structure to the exerted stress wave by the exciter. In
the healthy state of a structure and devoid of environmental effects, the intensity of the
response signal would be approximately consistent in magnitude. Still, it would vary with
the wave propagation path and location of the sensor [23]. Without damage, a sensor in a
direct path with an exciter would receive much of the propagated signals, especially when
the distance apart was small compared to sensors installed in other paths of the structure,
but at the expense of the crosstalk effect. However, structures in service are highly prone
to sustaining damage of varying types and degrees of severity. Figure 1 represents the
fundamental Lamb wave modes propagating under a structure’s healthy and damaged
conditions. It shows that S0 propagates faster than A0 but A0 is the dominant mode.
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Figure 1. Fundamental Lamb wave modes propagating in (a) a healthy plate and (b) a damaged plate.

In Figure 1, the wave’s interaction with the damage led to distinct effects observed
in the two wave modes. Among the observed effects were reflected waves, labelled as
R waves, waves scattered or deflected by the damage tips, indicated as Des waves, and
attenuated through-transmitted waves, represented by a Tt wave. In the pulse–echo inspec-
tion configuration, the reflected wave created a new packet. However, in the pitch–catch
inspection configuration, the wave’s attenuation effect was more evident [24]. Although
the edge of the structure could cause similar reflections, its arrival time would be different
from the new packet wave created by the reflection from the damage and the same with the
intensity of both effects. In the study, a wave absorber was placed at the edges of the plate
to reduce the edge reflection wave. The intensity of the new packets due to wave–damage
interaction in P–E suggests the severity of the damage encountered. Based on the damage’s
size, some incident waves will pass through, while the damage will reflect others. The
edge of the damage also plays a role in the signal’s edge scattering. This study assessed the
influence of debris-filled damage and damage filled with different fluids. Three sensors
were set up to detect both through-transmitted and edge-reflected waves. The recorded
responses underwent processing and analysis to predict the structure’s damage condition.

2.3. Modelling Damage Detection Evaluation

Consider an active pitch–catch inspection method in Figure 2. Figure 2a is the healthy
case, while Figure 2b is the unhealthy case. The model consists of an exciter, a thin plate
and a sensor. The exciter and sensor are of the same type and size. They are coupled to the
thin plate using a thin-layer adhesive bond and separated by a distance x. The thickness
of the adhesive layer is smaller than the thickness of the transducers but strong enough
to keep bonding the transducers to the thin plate. When a sinusoidal electrical signal is
applied to the exciter, it creates a surface shear stress around the exciter, resulting in Lamb
wave propagation through the thin plate’s thickness. The propagating waves interact with
the thin plate and become captured by the sensor at x. Consider such bonding between
the transducers and the structure to be ideal. Also, reflection from boundary edges is
considered negligible within the duration of Lamb wave propagation and wave capturing
at the sensor position, x
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Figure 2. An active pitch–catch model for (a) a healthy plate and (b) an unhealthy thin plate.



Symmetry 2023, 15, 1989 5 of 23

Let the electrical signal applied to the exciter be as in Equation (2):

Ve(t) = V0eiωt (2)

Taking the FFT of Equation (2) would result in Equation (3):

V́e(ω) =
∫ t2

t1
f (Ve)e−xdt (3)

Under the healthy conditions of the plate and propagation of only fundamental Lamb
wave modes, the final received response signal at the sensor position in the frequency
domain is as given in Equation (4):

Vr(x, ω) = S0(ω)V́e(ω)e−ikS0 x + A0(ω)V́e(ω)e−ikA0 x (4)

Similarly, under unhealthy conditions, as in Figure 2b, the captured response signal in
the frequency domain is as given in Equation (5):

V́rx((x− xd), ω) = S0(ω)V́e(ω)e−ikS0 (x−xd) + A0(ω)V́e(ω)e−ikA0 (x−xd) (5)

where S0(ω) and A0(ω) serve as modal participation functions, dictating the amplitude of
the captured fundamental symmetric and antisymmetric wave modes [25].

By applying FFT to Equations (4) and (5), the time–domain response of the captured
response signals is as expressed in Equations (6) and (7), respectively.

Vr(x, t) = IFFT{Vr(x, ω)} (6)

Vrx((x− xd), t) = IFFT
{

V́rx((x− xd), ω)
}

(7)

The health condition of the thin plate can be ascertained by comparing Equation (6)
and Equation (7) and assessing either mode through its prevalent sensitive signature or
maximum peak energy. Thus, the change in the structural response signals resulting
from different damage states is calculated using the statistical root mean square difference
(RMSD) as described in Equation (8):

RMSD =

√√√√∑n
i=1 (AVAiD − AVAiP)

2

∑n
i=1 (AVAiP)

2 (8)

in which AVAiD represents the average maximum amplitude of either the fundamental
symmetric or antisymmetric mode from the response signal of a damaged plate and AVAi p
denotes the average maximum amplitude from the response signals of a pristine plate. The
average maximum peak of any of the modes can be deduced using Equation (9):

AVAziz0 =
1
N ∑ f j

max_peakziz0
(9)

max_peakziz0
= max(

t1≤T≤t2

u(t)) (10)

where N is the number of sensors, f j denotes a given frequency of the excitation signal
and ziz0 denotes the fundamental symmetric or antisymmetric mode of any of the sensors
where i = 1, 2 or 3 is the sensor number.

2.4. Transmission Coefficient (TC)

When propagating guided waves encounter damage in a structure, they will scatter,
resulting in certain phenomenal effects. Among these effects are wave mode conversion,
loss of energy, attenuation and reflection as discussed in Section 2.2. Depending on the
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nature and geometrical variation in the damage, any of the effects could be well pronounced.
Also, wave scattering depends on the characteristics of the propagating guided wave as
shown in the discussed formed wave equations above. The chances of detecting damage in
a structure rely on the characteristics of the propagating wave and damage geometrical
parameters, which could be size of the damage, orientation of the damage or nature of the
damage. The nature of damage implies filled and unfilled damage. The nature of damage,
especially filled damage, contributes more to the phenomena of wave attenuation or energy
loss or variation in transmitted signal power distribution after wave–damage interaction.
The transmission coefficient (TC) is a parameter that describes how much of a wave signal
propagates through a structure [26]. Estimating the variation in TC values before and
after wave–damage interactions may be suitable for damage detection and classification of
damage nature. The TC can be estimated using Equation (11):

TC =
Pr(x, t)

Pt
(11)

where Pr is the received power of the signal at the sensing point x at time t and Pt is the
power of the transmitted signal. From the response signals of any states of the plate, the
power of the signals at the central frequency is determined using Equation (12):

SdB( f ) = 10log10(
∫ ∞

−∞
R(τ)e−j2π f τdτ) (12)

R(τ) = lim
T→∞

1
T

∫ T

0
Vj(x, t)Vj

∗(x, (t− τ))dt (13)

T = N × dt (14)

where R(τ) is the autocorrelation of Vj(x, t). The Vj(x, t) is either the excitation signal or
the captured response signal. T is the total time duration for N captured signals. The actual
power in watts of the signals is determined using Equation (15):

Pj = Pref × 10(SdB( f )/10) (15)

where Pref is considered to be 1. This results in a power spectrum where each point
represents the logarithm of the power density at that frequency, making it easier to compare
the strengths of different frequency components.

2.5. Excitation Signal Generation

As shown in the experimental setup, the circular PZT transducers are configured in
pitch–catch mode, in which one of the PZTs acts as the exciter and the remaining PZTs
act as the sensors. Since creating a desired tone burst signal of modulated amplitudes in
the arbitrary function generator is difficult, the signal was created first in MATLAB using
Equation (16) and later transferred into the arbitrary function generator.

q(t) = f (t)× g(t)× h(a) (16)

From Equation (16), three signals are needed to create a tone burst signal. One of the
signals is a continuous signal of high frequency, f (t), created using the probing frequency
and expressed in Equation (17):

f (t) = A sin(2π f t) (17)

The second signal is the modulating signal created using the same probing frequency
but with a duration bound by the N number of cycles, as expressed in Equation (18):

g(t) = (1− cos(2π f t/N)) (18)
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The products of Equations (17) and (18) generate a signal of multiple bursts. Due to
the formation of multiple bursts, a third signal function h(a) was introduced to extract
just a burst. The signal function is as defined in Equation (19). The third signal is a step
function with two possible outputs: a zero or a positive one. In this study, h(a) multiplied
the two products of the first two signals, resulting in two possible outputs. Through
the procedure shown in Figure 3, the tone burst excitation signal depicted in Figure 4
was achieved.

h(a) =
{

1 if a ≤ t′

0 if a > t′
(19)
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Different excitation signals were created by varying their central frequencies, as shown
in Figure 5. The amplitudes of the signals were normalized, and about 1.00 ms of duration
was allowed before a repeat of another burst. At a relative constant velocity of the wave,
the wavelength and frequency of a signal are proportionally related, as in Equation (20).

λ ∝
1
f

(20)

Also, from the plotted excitation signals, the signal packet duration decreases as the
central excitation frequency increases. This implies a decrease in the signal’s wavelength
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as the frequency increases. The decrease in wavelength increases the sensitivity of the
signal to detect small defects. The wavelength of the excitation signal is vital for damage
detection, and the probability of detecting small-sized damage increases as inspection
frequency increases. Damage stands a reasonable chance of being detected when its size is
larger than one-half the wavelength of the probing wave [27]. About 5 cycles were used
to create the excitation signal, allowing for high signal resolution in the time domain. As
shown in the frequency domain of Figure 6, the tone burst signal possessed a wide range
of low and high frequencies with low harmonic content. This allowed for the detection of
damage with minimal noise interference.
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Hence, a tone burst of a few cycles offers a mix of a wide frequency range, short dura-
tion and minimal interference. Figure 6 depicts the frequency spectrum of the excitation
signals. The result implies that low-frequency excitation signals possess more power for
propagation and penetration through structures than high-frequency excitation signals [28].
This suggests a compromise on propagation distance and sensitivity to small damage as
guides to selecting a suitable excitation frequency. Hence, from Figure 6, the strength of
the excitation signal was modelled and expressed in Equation (16). As earlier emphasized,
the actuation strength of the excitation signal decreases exponentially with increasing
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frequency. This suggests that high power is required to propagate high-frequency Lamb
waves. The consequences would be limitations to the propagation distance and penetration
extent that could have been achieved because the signal would attenuate faster than the
low-frequency signal. Hence, this would necessitate preamplification of the excitation
signal before use on the exciter in some studies, but this was not applicable in this study
because we could capture a useful strength of the response signal at the sensing positions.

From the fitted plot of Figure 7, the magnitude of the excitation signal decreased
exponentially as the frequency increased. This behavior is empirically expressed in
Equation (21):

g( f ) = a× exp(b∗ f ) (21)

where a and b are constants with the values 0.5377 and −0.01698, respectively, and f is the
frequency of the actuating signal.
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3. Materials and Methods

Two mild carbon steel plates of the same dimensions 500 mm× 300 mm× 3.00 mm
were used in the study. One plate was considered a reference structure and used as the
pristine plate for baseline signal acquisition, while the second plate was used to create the
different damage case scenarios, as shown in Figure 8. The properties of the plate are listed
in Table 1. Damage of 40.00 mm× 5.00 mm× 2.50 mm was seeded at the mid-distance
between the exciter and the middle sensor. The distance between the exciter and middle
sensor was 300.00 mm and allowed for proper separation of the wave modes. Prior to the
installation of the transducers, acetone was used to clean the surface of the plates, which
took about 5–10 min to dry [29]. The cleaning ensured the removal of unnecessary particles
and oils that could hinder a proper transfer of signals between the transducers and the
plate. All the ceramic transducers (PZT : 7.00 mm× 0.195 mm) were of a circular type with
the omnidirectional capability of radiating and receiving signals [30], unlike the rectangular
counterpart that is orientation-dependent [31]. The properties of the transducers are in
Table 2. The transducers were bonded on the plate’s top plane using two epoxy adhesive
components [32]. The adhesive eliminated air gaps between the plate and the transducers
that would ordinarily cause high impedance and limit energy transfer significantly [33].
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Table 1. Mechanical properties of mild carbon steel.

Material
Young
Modulus, E
(N/m2)

Poisson’s
Ratio, v

Density, ρ
(kg/m3)

Length, L
(mm)

Width, W
(mm)

Thickness,
Th (mm)

Carbon steel 2 × 1011 0.289 7800 500 300 3

Table 2. The properties of PZT used in the study as PZT-5A.

Parameter Unit Min. Value Typical Value Max. Value

Diameter of ceramics mm 6.80 7.00 7.20

Thickness of ceramics µm 175 195 215

Curie temperature Tc − 340 −
Piezoelectric constant pC/N − 420 −

Elastic compliance m2/N − 19.6× 10−12 −

Serial resonance frequency (fs) kHz −5% 285 +5%

Additionally, the applied adhesive thickness was ensured to be less than the thickness
of the transducers since its thickness contributed to energy signal transfer limitations [33,34].
An arbitrary function generator, AGF (Tektronix AFG1062 function generator), was used
to generate the tone burst signal excitation signals. The function generator produced ex-
citation signals with a varying central frequency of 10 V peak–peak voltage. An Agilent
Technologies oscilloscope (MSO-x 3024A, 200 MHz, 4 GSa/s) simultaneously captured the
excitation and response signals. Using the 32-averaging acquisition mode, we minimized
the random noise effects on the signals. Edge reflection waves are notable for causing
complexity in a response signal [35]. Therefore, minimizing it was necessary, and DAS mod-
elling air dry clays were installed around the edges of the plate to account for this effect [36].
We performed the experiments at laboratory temperature, which was relatively stable. All
the captured response signals were recorded using the oscilloscope and transferred to
the PC for preprocessing and postprocessing using MATLAB version 2022a. Two distinct
scenarios, outlined below, were investigated using different sets of central frequencies: Set1
ranging from 60 kHz to 180 Hz, and Set2 spanning from 40 kHz to 110 kHz. The response
signals from Set1 were used to estimate the influence of varying damage states on the
response while those from Set2 were used for deducing the influence on the TCs of the
response signals.

Case A: The base scenario.

In this instance, we acquired the baseline signals. We used the healthy plate and
injected four excitation frequency signals to interact with it. The sensors recorded the re-
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sponses, and the oscilloscope registered them. We conducted this at a controlled laboratory
temperature of below 26 ◦C

Case B: The current scenario.

In this case, damage of the dimension 40.00 mm× 5.00 mm× 2.50 mm was seeded
on the second plate to become an unhealthy plate. Afterwards, the damage was filled
in with debris and different fluids, as given below. The response signals were captured
and analyzed:

a. Empty damage
b. Debris-filled damage
c. Water-filled damage
d. Oil-filled damage
e. Grease-filled damage

4. Results and Discussion Using the Set1 Range of Frequency

The plate responses to each excitation frequency were captured using 32 mean averag-
ing and further smoothed. The preprocessing was applied to minimize random error effects
and increase the response signal-to-noise ratio (SNR) of the response signal, thereby enhanc-
ing the signal quality. Also, most of the captured signals were either shifted above or below
the time axis. The origin point was verified and accurately repositioned using the correction
function outlined in Algorithm 1 to adjust for the shift in the recorded response signals.
This was meant to enhance the reliable comparison of any two states of the plate scenarios.

Algorithm 1 Check and Shift

1: function G = CheckandShift(x)
2: if x(i) < 0 % Condition 1: check if the first sample point is shifted below origin 0.
3: G = x + abs(x(i)); % If True, reposition the signal to the origin point.
4: elsif x(i) > 0% Condition 2: check if the first sample point is shifted above the origin 0.
5: G = x − abs(x(i)); % If True, reposition the signal to the origin point.
6: elsif x(i) == 0; % the default
7: G = x8: end

Figure 9 is a response signal captured by the sensor, S1, but it is shifted at the marked
origin.
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Figure 9. The raw captured response signal.

Hence, the correction function was applied to the response signals and repositioned
as shown at the marked origin of Figure 10.

Figures 11–14 are the time–domain plots of the response signals captured by the
three sensors at various excitation frequencies of Set1. From the figures, the fundamental
modes S0 and A0 were observed in the first two main packets of the response signals.
The resolution of the captured response signals decreased as the frequency of excitation
increased, making it challenging to separate the two fundamental modes with ease. The
response signal captured by each sensor differed but contained the fundamental modes,
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which were the dominant modes. It was also noted that the electromagnetic interference
(EMI) effect began to manifest with increased excitation, becoming notably evident at
120 kHz and 180 kHz. The EMI effect manifested as the initial wave packet in the response
signal, albeit with diminished amplitude. This EMI may result from instrument noise or
RFI devices within the laboratory. However, it does not change the signal modes of interest
in the captured response signals and needs not be misinterpreted as a structural response
signal. It can be removed using a filter but this was not applicable here because it did not
compromise the required modes of the response signals.
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In the time domain of the response signals, the fundamental modes prevail. Figure 15
illustrates this, showcasing the healthy plate response signal captured by S2 upon injecting
an 80 kHz excitation signal into the plate. The fundamental symmetric mode S0 was
registered before the fundamental antisymmetric mode A0, suggesting it to be the fastest
mode, although the antisymmetric mode was the dominant mode. The maximum peak
of the modes was extracted from the response signals for every applied excitation signal
of specific frequency using Equation (10). An effective response signal amplitude was
determined by averaging the amplitude of the fundamental modes captured by all the
sensors at a given excitation frequency using Equation (9).

Figure 16 shows that the average intensity of the response signal decreased as the
frequency increased. The increase in attenuation as frequency increased could be attributed
to more interactions between the wave signals and the structure since the wavelength was
becoming sizeable to the molecular constituent of the plate, resulting in energy loss due to
more scattering. Also, higher-frequency ultrasonic waves tend to be more strongly absorbed
by the material through which they propagate. The absorption of ultrasonic energy by
a medium is frequency-dependent, and certain materials exhibit increased absorption
at higher frequencies. This absorption decreases the intensity of the ultrasonic-guided
waves as they propagate through the material. However, the intensity of the antisymmetric
fundamental mode is greater than that of the fundamental symmetric modes by an average
of about 10%, making it a dominant mode. On the consideration of dominance, the
fundamental antisymmetric mode A0 was selected and used to assess the health state of the
plate. Also, in both the fundamental symmetric and fundamental antisymmetric modes,
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it was observed that the signal amplitude started decreasing after 80 kHz. This suggests
that 80 kHz was the optimum frequency for this study as it possessed the highest response
energy, although crack detection was better with a higher frequency but at the expense of
additional power requirements.
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Figure 16. The average amplitude of fundamental modes from all the sensors vs. frequency.

(a) Comparing empty damage and the pristine condition

The pristine condition of the plate was compared with the open damage condition of
the plate. An RMSD of the conditions was computed using Equation (8) for every given
frequency. Figure 17 shows the RMSD deviation between the pristine condition and empty
damage using the average amplitude of the fundamental antisymmetric mode. It has
been observed that deviation increases linearly with frequency. The increase in the RMSD
value suggests better damage detection at higher frequencies because damage detection is
wavelength-dependent. It is worthy of note that damage has a higher chance of detection if
its size is larger than the probing wavelength [14]. From the linear fitting of the observation
data, an empirical regression model with an R2 of about 0.97 was deduced and expressed
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in Equation (22). The model is good since it could account for about 97% of the variation in
the structural response at a given excitation frequency.

yED(ω) = 0.0036ω− 0.1386 (22)
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Figure 17. RMSD vs. frequency between pristine conditions and empty damage.

(b) Damage filled with dry debris and a plate of pristine condition

Figure 18 shows the variation between the pristine condition and damage filled with
the debris condition of the plate. It was observed that there was a linear relationship be-
tween the health state variation in the plate and the frequency of inspection. The variation
between the two conditions increased as frequency increased due to a decrease in the sig-
nal’s wavelength, which would enhance more wave–damage interactions. Particularly, the
wave-scattering effect would increase as corrosion debris filled the damage and introduced
rough surfaces and edges to the damage. The increase in wave–damage interaction resulted
in wave-scattering energy loss and manifested as a reduction in the signal amplitude. An
empirical model for the filled-in damage response is as in Equation (23), with an R2 value
of about 0.73 and RMSE of about 0.15. The predictive model is good and could account for
about 73% variation in the response signals due to frequency changes.

yDFD(ω) = 0.0038 ∗ω− 0.1101 (23)
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Figure 18. RMSD vs. frequency between pristine conditions and damage filled with debris.

(c) Damage filled with different fluids and the pristine condition of the plate

Figure 19 shows the deviation between the pristine condition of the plate and damage
filled with different fluids in the plate. The three fluids (water, oil and grease) that filled the
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damage have different viscosities. The viscosity is the resistance of fluid to deformation.
Hence, water is less viscous than oil and grease, while oil is less viscous than grease. The
Lamb waves propagated through the damage and interacted with the fluid. During the
interaction, partial reflection, attenuation and transmission of the wave at the boundaries of
the damage occurred. It was observed that there was variation in the response signal when
compared across the filled fluid. The interaction resulted in signal amplitude variations
as the frequency of the inspecting wave increased. Also, it was observed that deviation
changes with viscosity, which was more distinct at 80 kHz. The relationship between the
frequency and the damage index was linear until after 120 kHz. The predictive model
based on the region of linearity is expressed in Equation (24) through Equation (26) and
plotted in Figure 20.

For damage filled with water:

yWFD(ω) = 0.004693ω− 0.2367 (24)

For damage filled with oil:

yOFD(ω) = 0.004737ω− 0.2402 (25)

For damage filled with grease:

yGFD(ω) = 0.005129ω− 0.3017 (26)

(d) Comparing empty damage, damage filled with different fluids, damage filled with
dry debris and a plate of pristine condition

Figure 21 shows the deviation of damage filled with different fluids from the pristine
condition of a plate as the excitation frequency increased.
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Figure 19. RMSD vs. frequency between a plate of pristine condition and a damaged plate filled with
different fluids.

At an excitation frequency of 80 kHz, the responses were separated from various filled
damage scenarios, unlike any other frequency, as shown in Figure 21. The high deviation
with empty damage was due to the combinatory effect of wave scattering from the tip
edges of the damage and attenuation of the transmitted wave signals. From Figure 22,
the deviation of damage filled with debris from an empty damage was much greater than
deviations obtained when different fluids filled in the damage. Also, the deviation of the
damage filled with different fluids decreased as the fluids varied based on their viscosity.
This suggests that fluid inhibits the edges of the damage from scattering the incident wave
and that increases as the fluid becomes more viscous and allows much wave propagation,
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unlike damage filled with dry debris with unsmooth damaged edges which would enhance
wave scattering.
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Figure 21. RMSD vs. frequency of different states of a damaged plate.
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5. Results and Discussion Using a Set2 Range of Frequency

In Set2 of the frequency range, the exciter’s position was adjusted, resulting in a
distance of 210.00 mm between it and the sensor for both healthy and unhealthy cases. In
the damage case, the exciter was 60.00 mm from the damage, and the sensor was 150 mm
from the damage. All the conditions of the Set1 range of frequencies were maintained. A
frequency from 40 kHz to 110 kHz at an increasing interval of 10 kHz was used to repeat
Case A and Case B of the Set1 frequency range experiments. Within the Set2 frequency
range, the EMI that started from 120 kHz was highly minimized. The capability of the TC
to act as an indicator of damage and to classify the type of damage was examined using
only the signals collected by Sensor2, the sensor positioned in the middle.

(a) Preprocessing of the Response Signals

Figure 23 depicts captured response signals before and after preprocessing. The
captured response signals were shifted from the center with noise. Hence, each captured re-
sponse signal was detrended of linear and polynomial trends, which returned the response
signal to the origin axis. Noise in the signals was eliminated using moving averaging
techniques, and then the signals were smoothed, as illustrated in Figure 23.
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Figure 23. The unprocessed and processed response signals of 40 kHz.

(b) The Transmission Coefficient (TC) Deduction

The transmission coefficient (TC) was obtained as a function of signal frequency.
Figure 24 depicts the baseline response signal via the power spectrum due to a 40 kHz

excitation signal using Equation (12). The deduced signal power in dB was converted into
real signal power in watts using Equation (15), while Equation (11) was used to calculate
the transmission coefficient.

Figure 25 depicts the baseline TCs from the healthy plate. It was found that the TC
monotonically increased with the propagating frequency of the signal. However, the rate of
increase was not constant, but the increase suggests that higher frequencies were generally
more sensitive to detecting changes in the structure. Hence, TC, as a function of the central
frequency of the propagating wave, fitted well into a polynomial equation model (27). The
R2 of the model was about 95.26% with an RMSE of 1.029× 10−5 when the model result
was compared with the measured result. This suggests that the model is good and could
account for about 95.26% variation in the response signals:

TC( f )Ve
= a f 2 + b f + c (27)
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where f is normalized by the mean 7.5× 104 and standard deviation of 2.449× 104 with a
constant of c = 1.574× 10−5.
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Figure 24. The power spectrum of the 40 kHz response signal.

Figure 25. The TC as a function of the propagating frequency of a signal.

(c) Comparing the TCs of the healthy and empty damage plates

Figure 26 is a comparative plot of healthy plate response TCs and those of empty
damage. The comparative behavior of the two responses suggests that the TC varied
non-monotonically across different frequencies. However, the empty damage surpassed
the healthy plate significantly at 60 kHz and 80 kHz, while at other frequencies, the healthy
plate tended to have a higher TC value with wider deviation. This resonates with the
fact that as wave frequency increases, its scattering tendency increases, thereby creating a
high probability of detecting smaller damage in the structure. The results indicate that TC
values can fluctuate notably with small variations in damage features, highlighting its high
sensitivity in damage detection.
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(d) Comparing the TCs of the healthy plate, empty damage plate and different filled cases
of the damage

Damage can develop in structures and potentially be filled with different impurities,
leading to its closure. It then becomes necessary to investigate the suitability of the TC
in detecting and classifying the different cases. Figure 27 illustrates that across nearly
all frequencies, the healthy plate exhibited the least attenuation of the propagating wave.
On the other hand, the empty damage and different cases of filled damage indicated
high attenuation to TC values, especially at high frequencies. This was due to increased
scattering of the wave signal since the wavelength of the propagating wave decreased to
the damage size as the frequency increased, resulting in more attenuation. Interestingly, at
60 kHz and 80 kHZ, the empty damage showed significantly higher TCs, making it easier
to distinguish from the healthy plate and other damage cases at these frequencies. The TCs
at 80 kHz were more distinctive in classifying different forms of a damage state, making
it an optimal frequency for detecting and classifying damage, as TCs varied significantly
across the cases. This is shown in Figure 28. This result aligns well with that of the RMSD
in Figure 21, where 80 kHz of the edge-scattered signals captured by the three sensors
could classify different cases of damage filled with substances. Hence, this validates an
80 kHz signal as a suitable optimal central frequency for classifying different situations of
the detected damage using a TC or an RMSD as an indicating parameter.

Figure 27. Different case transmission coefficients vs. frequency.
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Figure 28. The TCs of healthy and different states of the damage at 80 kHz.

6. Conclusions

Structures are designed to function optimally, but damage can limit their performance.
It becomes vital to monitor structures for early damage detection and assessment. Unidenti-
fied damage can lead to devastating failures, resulting in the loss of lives and high economic
assets. The nature of most studied or investigated damage using structural health monitor-
ing schemes has been empty damage, while in reality, formed damage can trap substances
and become closed. This damage is mainly found in the valuable assets of the oil and
gas sector, where safety is a top priority. Hence, we investigated the influence of damage
filled in with a substance using the pitch–catch technique of guided wave ultrasonics. A
pitch–catch method of three sensors and an exciter were configured to monitor variations in
the characteristic parameters of the ultrasonic-guided wave response signals due to changes
in the substances that filled the damage using the statistical RMS and RMSD of the captured
signals when Set1 frequency was used. Similarly, a pitch–catch of one exciter and one
sensor was configured for the same study using variation in the transmission coefficients
(TCs) of the captured response signals but with more frequency signals between 40 kHz and
110 kHz. As illustrated in Figures 3 and 4, an amplitude-modulated five-cycle tone burst
excitation signal was systematically created and used to perform the study. The selected
frequencies, especially in the first experiment, were such that only fundamental modes
were prominent and distinct in the response signals. The fundamental antisymmetric mode
A0 was found to be dominant and more sensitive than the fundamental symmetric mode
S0 for variation in substances that filled in the damage. It was found that variations in
the damage states were directly proportional to the increased signal frequency. Although
linearity exists, an increase in frequency entails a decrease in wavelength and an increase in
interactions with more particles, leading to fast energy loss. In the first experiment, a sharp
drop in deviation was observed immediately after 120 kHz across all the media that filled
in the damage. This is attributed to significant energy loss due to the decreased wavelength,
which allowed for more wave–particle interactions. In both experiments, the 80 kHz exci-
tation signal distinctively detected and classified damage filled with different substances
in the same order of empty damage to the grease-filled damage. The two experiments
inevitably suggest that an 80 kHz excitation signal is optimal for detecting and classifying
damage filled with different substances. Also, empirical predictive models were deduced
and would be vital to improving algorithm schemes for structural health monitoring, es-
pecially in the oil and gas sector, where this type of studied damage is inevitable. Further
study is suggested on geometrical variation detection and quantification using the two
approaches. Additionally, the suitability of the methods, especially the TC under varying
environmental conditions, is suggested for further study.
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