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Abstract— In the field of Structural Health Monitoring (SHM),
corrosion is one of the main reasons for pipeline damage, which
emphasizes the need for monitoring techniques capable of
detecting wall thickness loss over long distances. This study
examines the use of Macro Fiber Composite (MFC) transducers
in generating and receiving Ultrasonic Guided Waves (UGW) in
a pitch-catch orientation for corrosion monitoring. Unlike
conventional tone-burst methods that rely on time-of-flight
analysis, this study employs Continuous Wave (CW) steady-
state excitation to exploit phase detuning and scattering
sensitivity as corrosion damage indicators. The experiment was
conducted on a 2.7m carbon steel pipe, with 2 axially bonded
MFCs separated by 2.2m. Real accelerated and incremental
corrosion was induced on the pipe using a 3wt.% NaCl solution
with a constant current of 0.25 A which caused a total wall
thinning of 2.118 mm. Continuous single-frequency sine waves
at 20 kHz and 70 kHz at 1V peak to peak (1Vpp) were used to
create a steady state guided wave field. Results show a consistent
decrease in steady-state amplitude and signal integrity with
respect to increasing corrosion. Analysis of cross-correlation
metrics revealed that the 20 kHz signal decay is driven by phase
detuning, whereas the 70 kHz signal degradation is driven by
progressive scattering-related distortion and attenuation. These
findings support that MFCs using continuous guided waves can
detect corrosion-induced incremental thickness loss based on
distinct, frequency-dependent guided wave phenomena.
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I. INTRODUCTION

Steel pipelines are a fundamental constituent for global
energy and water distribution systems, yet they are highly
prone to corrosion and degradation throughout their
operational life. Corrosion is a leading cause of structural
decline and failure, resulting in significant maintenance costs
and safety risks worldwide [1]. Regular nondestructive
techniques (NDTs) such as ultrasonic testing, magnetic flux
leakage, and radiography provide accurate localized
inspection, but require direct access to the pipe wall and point
by point inspection, which makes them unsuitable for
continuous, long-range structural health monitoring (SHM)

[2].

Ultrasonic guided waves (UGWs) offer a suitable long-
range option because they can cover long distances (tens of
meters) while still being sensitive to wall thickness loss and
corrosion-related defects. Their application in pipeline
inspection is supported by extensive studies demonstrating
sensitivity to material loss and geometric irregularities [3], [4],
[5]. Despite this progress, many commercial systems rely on
rigid and bulky piezoelectric collars or Electromagnetic
Acoustic Transducer (EMATS), which can be difficult to use
for permanent monitoring, especially in pipelines [6].

In terms of SHM in pipelines, Macro Fiber Composite
(MFC) transducers can provide a suitable alternative. MFCs
can bend and conform to curved surfaces due to their thin and
flexible structure, and they can generate and sense guided
waves precisely and efficiently due to their interdigitated
electrode pattern within their structure [7]. Previous studies
have shown the feasibility of using MFCs in pipelines [8].
However, most of the existing research is focused on artificial
defects (e.g., machined slots) or qualitative observations
rather than quantitative tracking of real and progressive
corrosion [9]. Furthermore, prior MFC-based guided wave
studies have mainly relied on tone-burst pulse excitation,
leaving the steady-state continuous wave response largely
unexplored as a monitoring option [8], [9]. Recent reviews
emphasize the necessity for studies involving realistic
corrosion to validate SHM durability and sensitivity [10].

To address these existing gaps in the literature, this study
experimentally investigates the ability of MFC transducers to
detect and monitor multi-stage progressive corrosion in a 2.7
m steel pipe. To achieve this, wall thinning across three
severity stages was induced by localized electrochemically
accelerated corrosion. Guided waves at 20 kHz and 70 kHz
were chosen as the signals, and unlike pulse-echo methods
that rely on time of flight [8], this study utilizes Continuous
Wave (CW) excitations to examine the steady-state structural
response. This approach enables the study to utilize the
sensitivity of the steady-state guided-wave field which is
sensitive to phase shifts and impedance mismatches, as well
as the attenuation due to energy loss caused by localized
thinning [11]. To systematically characterize signal
deterioration, a Signal Similarity index is introduced which
captures the combined effects of amplitude loss and phase
detuning. In addition to that, a normalized Signal Distortion
metric is also added which isolates pure waveform shape
degradation independent of amplitude change.

The objective of this study is to demonstrate that surface-
bonded MFC transducers, arranged in a pitch-catch
configuration, can reliably detect and track corrosion
progression over practical distances using CW steady-state
excitation. The results provide new insights into the frequency
dependent behavior of steady state guided waves in the
presence of real corrosion, supporting the efficacy of MFC-
based systems for pipeline SHM.

II. TECHNICAL BACKGROUND

UGWs in cylindrical structures propagate as a group of
dispersive modes whose characteristics depend on geometry,
material properties, and the excitation frequency. For pipeline
inspection, the axisymmetric longitudinal modes L(0,1) and
L(0,2) are widely used because they can cover long distances
while remaining sensitive to cross-sectional changes and



corrosion-related material loss [4]. Their sensitivity to
thinning and geometric irregularities has been widely
documented through analytical studies and controlled
experiments [3]. Foundational work by Rose established the
dispersion behavior, defect interaction mechanisms, and
wavelength based scattering characteristics that drive guided
wave responses in pipes [4], [12],[13].

When guided waves travel through corrosion-induced
thickness loss, several methods of interaction contribute to
measurable signal changes. These include energy loss due to
scattering, mode conversion, and phase delay due to local
velocity changes [14],[15]. Under CW excitation, the phase-
related effects additionally appear as detuning of the steady-
state guided-wave field which is a mechanism that is absent in
conventional tone-burst approaches and represents a distinct
sensitivity pathway exploited in this study. Here, detuning
refers to a corrosion-induced phase shifting of the guided-
wave interference field. As the wall thins, the local impedance
change shifts the signal pattern relative to the fixed receiver,
resulting in a measurable drop in the steady-state amplitude
(Vp-p) that correlates with defect severity [10],[16]. At lower
frequencies (e.g., 20 kHz) detuning/impedance changes
usually dominate, whereas at higher frequencies (e.g., 70 kHz)
scattering-related attenuation becomes much more significant

[3LI4LI5]

Raghavan and Cesnik further emphasized that damage
induced effects to guided-wave signals manifest both as
amplitude changes and as subtle waveform distortions,
supporting the use of correlation based analyses in SHM [17].
These principles justify examining both amplitude and
waveform centric indicators in corrosion monitoring.

Because the MFCs are bonded to one side of the pipe, the
excitation produces a multimodal guided-wave field
containing longitudinal and flexural components, consistent
with the behavior described by Giurgiutiu for surface-bonded
piezoelectric actuators [18]. The received steady-state
waveform therefore represents a combined modal response
that remains sensitive to structural changes caused by
corrosion.

MFCs are well suited for guided-wave generation in
pipelines due to their interdigitated electrode structure, high
in-plane actuation efficiency, and flexibility for bonding to
curved surfaces. Their capability has been demonstrated in
pipeline and plate studies showing effective excitation in the
low and mid-frequency signals [8],[9],[10]. Notably, Thien et
al. demonstrated the use of MFCs near 70 kHz for pipeline
inspection, where short wavelengths produced strong
interaction with localized defects [8]. Lower-frequency
operation around 20 kHz is widely used for long-range
screening because the dominant guided modes exhibit lower
dispersion and often lower modal attenuation than higher-
frequency modes [3],[4],[5].

Frequency selection plays an important role in
determining which interaction mechanisms dominate the
guided-wave response, and therefore evaluating which
indicators are most effective at detecting and characterizing
damage [19]. As guided waves in pipes are dispersive, the
effective wavelength depends on both frequency and
geometry. At 20 kHz, the effective guided-wave wavelength
in steel pipes of similar geometry is approximately 250-270
mm, as reported by published disperse software-based
dispersion analyses [20]. This wavelength is much larger than

the 55 mm axial length of the corrosion patch, placing the
interaction in a long wavelength and limited diffraction range
where the initial thickness loss strongly affects the response,
but sensitivity to further incremental corrosion gradually
saturates. At 70 kHz, the effective wavelength is reduced to
approximately 7590 mm for the dominant longitudinal mode
response [20], which is much closer to the defect dimensions
and leads to an interaction driven by scattering and energy loss
resulting in increased amplitude reduction and waveform
distortion. These wavelength to defect relationships provide
the physical basis for comparing corrosion sensitivity at 20
kHz and 70 kHz in this study.

[II. METHODOLOGY

The experiment was conducted on a straight carbon steel
pipeline instrumented with Macro-Fiber Composite (MFC)
transducers. The methodology was designed to evaluate signal
sensitivity low and mid-range frequencies during real
electrochemical corrosion, measuring the degradation of the
steady-state guided wave field as corrosion damage
progressed.

A. Experimental Configuration

A 2.7 m long ASTM A106 Grade B steel pipe with an
outer diameter of 114.3 mm and a thickness of 6.02 mm served
as the test specimen. Two M2814-P2 MFC transducers were
bonded axially to the external surface of the pipe with a
separation distance of 2.2 m, forming a pitch-catch
configuration (one MFC actuates the signal, the other MFC
receives it). A localized corrosion region was created at the
midpoint between the two MFCs.

As the MFCs were surface-bonded to only one side of the
pipe, the excitation produced a multimodal guided-wave field
consisting of longitudinal and flexural components. The
MFCs were axially coincident which ensured that the
propagating waves interacted with the central corrosion region
before reaching the receiver. The overall schematic of the test
section is illustrated in Fig. 1.
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Fig. 1: Schematic overview of the pipe section

Prior to installation, bonding surfaces were polished,
cleaned with acetone, and bonded using high-strength epoxy.
Each MFC was celectrically validated by capacitance
measurement (approximately 43 nF) to confirm bond
integrity.

B. Accelerated Corrosion Process

Realistic corrosion was induced electrochemically at the
midpoint between the two MFCs. A localized external region
(55 mm x 45 mm), amounting to an active area of
approximately 25 cm? was enclosed within a sealed 3D



printed cell made of Polylactic Acid (PLA), and filled with a
3 wt.% NaCl solution as the electrolyte. Silicone was used as
the sealant to ensure zero leakage.

The pipe wall served as the anode and a graphite rod as the
cathode, with a constant DC current of 0.25 A applied as
shown in Fig. 2. Three sequential 72-hour corrosion cycles
were conducted, each defining a corrosion stage (Stage 1-3),
with Stage 0 as the undamaged baseline. After each cycle,
deposits were removed and thickness loss was recorded using
a precision micrometer at three circumferential locations,
yielding average losses of 0.728 mm, 1.551 mm, and 2.118
mm at Stages 1, 2, and 3 respectively.
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Fig.2: Corrosion Setup

C. Signal Generation and Acquisition

The complete experimental setup, from generation to
acquisition, is shown in Fig. 3. The guided-wave signal was
generated using a Tektronix AFG3021B arbitrary function
generator. This low voltage signal was amplified by a
PiezoDrive PX200 voltage amplifier and applied to the
actuator MFC. The actuated signal then passed through the
pipe and the corroded region and was received by the receiver
MFC. The receiver MFC signal was then re-amplified and
finally captured using a Rigol DHO914 digital oscilloscope at
a sampling rate of 1.25 GSa/s. During signal acquisition, the
room temperature was kept at a steady 25 °C for all stages.
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Fig.3: Complete experimental setup

Continuous single frequency excitation was selected to
interrogate the steady-state structural response. Unlike
transient tone-burst methods that isolate individual wave
packets, this approach establishes a steady state sinusoidal
wave field across the pipe length. This method was chosen to
maximize the signal-to-noise ratio (SNR) and to utilize the
high sensitivity of the steady-state sinusoidal wave pattern to
phase shifts caused by localized impedance changes.
Frequencies of 20 kHz and 70 kHz (1 Vpp) were selected to
represent contrasting regimes: 20 kHz provides low-
dispersion screening, while 70 kHz offers enhanced scattering
sensitivity. For SNR computation, the noise floor voltage
(VPPnoise) Was determined by recording the receiver MFC

output with the excitation signal disabled, under otherwise
identical acquisition conditions.

Both pipe ends were closed using foams of 25 mm
thickness. This was done to reduce broadband reverberation,
in the CW system, it stabilizes the boundary conditions to
ensure a consistent steady-state field for comparative analysis.

D. Signal Processing

Signal processing was performed in Octave software. For
each received signal, a time window was applied to isolate a
suitable number of cycles of the steady-state sinusoidal region,
ensuring the analysis focused on the CW field rather than
transient wave packets. The peak-to-peak amplitude was
computed to quantify attenuation. The SNR (signal to noise
ratio) was also computed using the peak-peak voltage using
the formula shown below to verify the quality of the signal.

(M

To systematically evaluate signal degradation, two distinct
correlation-based metrics were calculated relative to the Stage
0 baseline. First, a Signal Similarity (SS) index was defined to
capture the combined effects of amplitude attenuation and
phase shifting:

SNRyz = 20logy, (M)

VPPnoise

max(xox])

llxoll?

S5 = 2

Here, x, denotes the baseline signal and x; the signal at
corrosion stage i shifted by a time lag t. The numerator
represents the maximum inner product between the baseline
signal and the time-shifted response at stage i, while the
denominator corresponds to the energy of the baseline signal.
As this metric is normalized only by the baseline energy, it
remains sensitive to the significant voltage drops fundamental
to the detuning phenomenon.

Secondly, to isolate waveform shape distortion
independent of amplitude loss, a percentage Signal Distortion
(SD) was computed based on the standard Normalized Cross-
Correlation (NCC):

_ ({xox])
NCCoi(™) = i (3)
%SD, = [1 — max,{NCCy;(t)}] X 100% 4)

Here, NCCy;(t) denotes the normalized cross-correlation
between the baseline signal and the time-shifted response at
stage i. A % SD value of zero indicates a perfect waveform
shape match, while increasing SD values quantify the loss of
similarity due to scattering or other waveform distortions.
Correlation-based metrics are widely used in guided-wave
SHM because they are sensitive to phase shifts and subtle
waveform deviation caused by structural damage. Waveform
overlays were also examined to qualitatively visualize signal
changes across corrosion stages. To ensure repeatability, each
measurement was performed three times and the averaged
values were used in the analysis.

IV. RESULTS

The performance of the MFC-based guided-wave system
was evaluated across three stages of progressive corrosion
relative to the baseline condition. The results are presented in
terms of measured thickness loss, steady-state signal
amplitude (Vp-p), cross-correlation (CC), and waveform
morphology. Collectively, these metrics demonstrate the



capability of the experimental pitch-catch configuration to
track structural degradation and impedance changes over a 2.2
m travel path on a 2.7 m pipe.

A. Quantification of Corrosion Severity

The accelerated corrosion process produced consistent and
measurable wall thinning. As shown in Fig. 4, the first 72-hour
cycle resulted in an average thickness loss of 0.728 mm.
Following cycles increased the total loss to 1.551 mm (Stage
2) and 2.118 mm (Stage 3). These values represent early to
moderate wall thinning and provide a consistent progression
for evaluating sensor sensitivity.

Thickness Loss vs. Corrosion Stage
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Fig.4: Thickness loss due to corrosion

B. Amplitude Response (Vp-p)

Guided-wave signals at both frequencies displayed
significant amplitude reductions, though the trends differed
due to wavelength dependent interaction mechanisms.

1) Low-Frequency Response (20 kHz):

For the 20 kHz excitation, the SNR was calculated to be
22.17 dB. The average baseline peak-to-peak amplitude was
1593 mV. Following Stage 1, the amplitude decreased sharply
to 893 mV which is a 44% reduction. However, between Stage
1 and Stage 2, the amplitude plateaued, showing negligible
change, before dropping to 675 mV at Stage 3. This is shown
in Fig. 5.

Peak-to-Peak Amplitude vs. Corrosion Stage at 20 kHz
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Fig.5: Amplitude vs Corrosion 20 kHz

This saturation behavior is characteristic of long-
wavelength interactions in a steady-state field. The initial
stage of corrosion significantly impacted the global
impedance, shifting the guided wave pattern and reducing the
amplitude at the receiver. However, because the 55 mm defect
size is small relative to the estimated wavelength of 260 mm,
further thinning produced diminishing changes in the wave
field which led to the observed plateau. This suggests that at
20 kHz, detuning and impedance related effects dominate the
amplitude trend, while attenuation contributes only weakly.
Across all stages, the three repeated measurements showed

standard deviations below 35 mV, confirming the stability and
repeatability of the observed trends.

2) Mid-Frequency Response (70 kHz):

The SNR for the 70 kHz signal was calculated to be 26.64
dB. Amplitude measurements at 70 kHz (A = 75 mm) showed
substantially higher sensitivity to incremental thinning. The
baseline amplitude of 2302 mV dropped to 1729 mV at Stage
1, then decreased sharply to 1230 mV at Stage 2 and 894 mV
at Stage 3. This can be observed below in Fig. 6.
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Fig.6: Amplitude vs Corrosion 70 kHz

At this frequency, the wavelength is comparable to the
defect dimensions. This places the interaction in a system
heavily influenced by scattering . Every millimeter of
additional depth increased the local scattering, mode
conversion and energy loss, resulting in a progressive
amplitude reduction. This indicates that, in addition to
impedance-related phase shifts, scattering-related attenuation
plays a major role at 70 kHz. Repeated measurements yielded
standard deviations below 50 mV across all stages, supporting
the reliability of the observed progressive amplitude decline.

C. Signal Similarity and Waveform Distortion Analysis

While amplitude metrics quantify signal magnitude, two
complementary cross-correlation indicators were evaluated to
separate  phase/impedance  effects from waveform
deterioration: the Signal Similarity index (SS), capturing
combined attenuation and phase shift, and the percentage
Signal Distortion (SD), isolating pure waveform shape
distortion.

1) Signal Similarity (SS) Trends: As shown in Fig. 7, the SS
index degraded significantly for both frequencies, mirroring
the amplitude response.

e At20kHz: The index decreased from 1.000 to 0.585
at Stage 1, 0.529 at Stage 2, and 0.413 at Stage 3.
Crucially, the SS metric continued to decrease
between Stages 1 and 2 even when the amplitude
plateaued. This indicates that while the signal
magnitude stalled, the phase continued to shift due to
the changing wall thickness..

e At 70 kHz: The SS index exhibited more consistent
decline, dropping from 1.000 to 0.712 at Stage 1,
then 0.480 at Stage 2, and finally 0.378 at Stage 3.
This greater decline reflects the combined impact of
attenuation and scattering at higher frequencies.
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Fig.7: Signal Similarity Index vs Corrosion

2) Signal Distortion (SD): To identify the impacting damage
mechanism, normalized cross-correlation based percentage
SD was analyzed which is displayed in Fig. 8.

e At 20 kHz (Detuning): The % SD remained below
1% throughout all stages. Notably, the distortion
actually decreased at Stage 3 to 0.43%, supporting
that the wave retained its high sinusoidal
correspondence with the baseline signal. This
suggests that the massive drop in the SS metric is
mostly driven by the spatial shifting caused by
detuning of the steady state sinusoidal wave
signals.

e At 70 kHz (Scattering): In contrast, the SD
exhibited a consistent rise, increasing from near-
zero to 1.59 % at Stage 3. This distinct upward
trend confirms the onset of defect related
scattering, where damage-induced mode
conversion introduces noise that progressively
distorts the waveform shape.

Signal Distortion % vs Corrosion Stage
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Fig.8: Signal Distortion vs Corrosion

3) Waveform Morphology: Waveform overlays further
display the nature of these findings in a qualitative manner.
The 70 kHz signal overlay throughout all the damage stages
are displayed in Fig. 9. The Stage 0 waveform showed a clean
sinusoidal shape with a high SNR, confirming the stability of
the experimental setup. As corrosion progressed, the
waveforms displayed clear amplitude reduction, slight phase
offsets, and rounding of the peaks. Additionally, packets of
high-frequency noise can also be observed in the signal. These
distortions are consistent with the detuning and scattering
phenomenon of a multimodal steady-state field caused by

evolving boundary conditions at the corrosion site and the
progressive thickness loss.

70 kHz Guided Waveform Overlay Across Corrosion Stages
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Fig.9: Waveform overlay 70 kHz

V. DISCUSSION

The results support the conclusion that MFC transducers
in a pitch-catch configuration can reliably detect progressive
corrosion using CW steady-state signals. Signal reliability was
verified by SNR values above 20 dB throughout all stages. At
70 kHz, amplitude dropped by over 60% across corrosion
stages, demonstrating a strong correlation between wall-
thickness loss and signal magnitude that validates the
method's efficacy.

The characteristics of CW signals allow for the results
observed in this study based on two co-existing phenomena.
While the basics of guided-wave theory attribute amplitude
reduction primarily to scattering and mode conversion at
defect boundaries [3], using steady state signals introduces
another sensitive mechanism. As the wall loses thickness,
phase lag is induced by localized impedance changes, which
spatially shifts the interference pattern relative to the fixed
receiver location [18]. Thus, the measured amplitude loss is a
combination of energy attenuation (scattering) and the spatial
shifting of the wave field.

Actuation frequency was found to be the main factor
determining which mechanism dominates, consistent with
wavelength-defect interaction limits [4],[20]. At 20 kHz, the
wavelength (~260 mm) greatly exceeds the 55 mm defect,
causing the wave to skip through the corrosion patch once
initial impedance contrast is established, producing the
observed saturation plateau. At 70 kHz, the shorter
wavelength (~75 mm) kept the interaction in the scattering
regime, yielding a consistent progressive amplitude decline.
This suggests lower frequencies are better suited for long-
range screening, while 70 kHz is the more promising
candidate for quantitative damage tracking in SHM.

Most importantly, the breakdown of the SS index and %
SD helps clarify the distinction between these detection
methods. At 20 kHz, the combination between the large drop
in the SS index and the negligible rise in % SD indicates that
the primary mechanism is detuning. On the other hand, at 70
kHz, the consistent rise in % SD is consistent with the strong
effect of scattering. In this case, scattering is induced by the
defects, introducing noise that progressively disturbs the
waveform shape which was shown in Fig. 9. This multi-
parameter analysis supports that combining amplitude with
distortion metrics provides a reliable assessment of structural
health, distinguishing between detuning and structural
scattering.



Several limitations of this study should be acknowledged.
The experiments were conducted in a controlled laboratory
setting and on a single pipe specimen with a single corrosion
location, which limits direct statistical generalization. While
measurements were repeated three times at each stage to
confirm repeatability, a broader multi-specimen validation
would further strengthen confidence in the observed trends.
The physical interpretation of detuning and scattering
dominance, though consistent with established guided wave
theory, was not supplemented by modal analysis or dispersion
curve computation for the specific pipe geometry tested.

VI. CONCLUSION

The capability of MFC transducers to detect and monitor
progressive and real corrosion in steel pipelines has been
experimentally explored in this study. The system
successfully tracked wall thickness loss from an early stage
(0.7 mm) up until 2.1 mm by analyzing the steady-state
structural response over a 2.2 m propagation distance.

The results support the conclusion that frequency selection
is the main variable in assessing the monitoring performance,
driven by two distinct physical mechanisms. A consistent and
linear correlation was observed between the signal
degradation and the corrosion depth for the 70 kHz signal. The
% Signal Distortion (SD) strongly suggests that this response
is driven by scattering, where mode conversions and energy
loss progressively reduce waveform fidelity. This suggests 70
kHz as the most promising frequency for quantitative damage
progression.

On the other hand, the 20 kHz mode displayed saturation
effects consistent with diffraction limits. The analysis
revealed that while amplitude dropped significantly, the
waveform retained high sinusoidal fidelity and maintained a
low % SD. This confirms that the low frequency response is
mostly driven by the detuning of the steady-state signal rather
than local scattering. Consequently, 20 kHz is best suited for
qualitative long-range screening rather than damage
quantification.

Future work will focus on validating this methodology
with more frequencies, different waveforms and under
complex operational conditions. Specifically, experiments
will be conducted on pressurized pipes to evaluate how hoop
stress affects the steady-state guided wave field and to
simulate realistic in-service environments. Additionally,
frequency-sweeping techniques will be explored to identify
resonance shifts that could serve as supplementary damage
indicators, further enhancing the robustness of the monitoring
system.
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