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ABSTRACT 

Corrosion is a leading damage mechanisms in the degradation of marine assets. 
Acoustic emission (AE) monitoring has gained increasing interest as a technique for 
continuous monitoring of corrosion damage. This study numerically and experimentally 
investigates the feasibility of wall thickness loss estimation from the AE signals due to 
localized corrosion. The interaction of the elastic waves emitted due to the evolution 
of corrosion damage are influenced by the local thickness and material properties of the 
structure. A steel plate of (500 mm x 500 mm x 10 mm) with a localized wall thickness 
loss between 0 and 80% in the center of the plate was considered. The numerical investi- 
gation was conducted using a higher-order finite element model. Laboratory experiments 
were performed on a carbon steel specimen instrumented with 7 AE transducers ( 40 - 
250 kHz). Corrosion damage was artificially introduced in the steel plate by progres- 
sively milling a pit in the center. At different stages of wall thickness loss, simulated 
AE sources were generated. The response of the structure was evaluated based on signal 
characteristics such as amplitude, rise-time, frequency content, and waveform. A corre- 
lation between the signal amplitudes and the wall thickness loss was observed in both 
experimental and numerical results. This perspective is promising for the feasibility of 
corrosion-induced wall thickness loss estimation based on AE measurements. 

 
INTRODUCTION 

Corrosion is one of the main driving mechanisms that lead to failure in marine and 
offshore assets [1–3]. Traditional non-destructive testing methods used for inspections 
are very localized and therefore, labor-intensive at the scale of full-sized structures such 
as ship hulls. Lengthy inspection campaigns are, in addition to being inherently expen- 
sive, keeping assets out of service for extended periods of time. The maritime industry 
has, for these reasons, a growing interest in structural health monitoring and predictive 
maintenance. In light of these developments, classification societies have started to in- 
corporate hull monitoring systems in their guidelines [4–6]. 
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Acoustic emission (AE) monitoring is a structural health monitoring technique that
offers the possibility of detecting a multitude of different damage mechanisms such as
fatigue, creep, and corrosion [7–11]. AE monitoring consists in measuring elastic stress
waves caused by a rapid release of energy when irreversible changes occur in a material
[12]. In thin-walled structures, these stress waves propagate as guided waves and can
be detected and measured by a distributed network of piezoelectric sensors. AE signals
can originate from corrosion-related effects such as hydrogen bubble activity, passive
film rupture, and pit growth [9, 13–15]. Acoustic emission techniques allow for the
detection and localization of the onset and progression of damage in many types of
marine and offshore structures such as ship hulls, mooring chains, and offshore jackets
[16–19]. The estimation of the remaining wall thickness is a critical step in the context of
predictive maintenance. Active methods for wall thickness measurements techniques are
well established [20–24]. More recent research by Reed and Corconan [25] investigates
passive wall thickness monitoring through resonant ultrasound spectroscopy and time of
flight measurements. These methods, however, only allow for localized measurement
at the location of the ultrasonic transducer. The utilization of inverse FEM has been
studied by Silionis and Anyfantis [26] based on local strain measurements. The strain
measurements could be used to reconstruct the entire stress field and infer a generalized
wall thickness loss in plates of a ship hull due to uniform corrosion. There is a need
for further development of techniques that allow for passive corrosion-induced thickness
loss estimation beyond the location of SHM sensors.

This paper investigates the feasibility of the estimation of local wall thickness loss
in steel plates based on acoustic emission signal characteristics. Numerical modeling
of elastic wave propagation has been used to simulate and study the response to high
frequency AE in a steel plate under different stages of progressing corrosion damage.
Experiments have also been executed by subjecting a carbon steel plate to simulated AE
excitation by means of a Hsu-Nielsen source. Controlled wall thickness loss has been
introduced by milling a hole in the center of the steel sample. AE excitations have been
applied at each stage of increased damage. The results from both the experimental results
and the numerical model indicate a correlation between the depth of the damage and the
amplitude of the signals. This is promising for the estimation of corrosion-induced wall
thickness loss based on AE monitoring.

METHODOLOGY

The energy liberated by the development of a given damage mechanism will be, in
part, converted in elastic waves that can propagate through the material of the struc-
ture. This propagation can be either in the form of bulk waves, surface waves, or guided
waves, depending on the geometry of the medium and the frequency of the waves [27].
Damage-induced AE signals propagate as guided waves in thin-walled structures such
as ship hulls. A given measured signal P can be modeled as the result of the convolution
of the source signal S with the transfer function of the wave propagation through the
structure W and the transfer function of the measurement system ( i.e. sensor, preampli-
fier, and data acquisition system), denoted D. This convolution is summed over all wave
modes i. A certain amount of noise N is expected from external sources as shown in
equation 1.



thickness length,width density elastic modulus Poisson’s ratio

10 mm 500 mm 7800 kg/m3 207 GPa 0.33

TABLE I. material properties applied in the finite element model

(a) Input force signal (b) Schematic cross section view of the numer-
ical model

Figure 1. Finite element analysis mode

P =
n∑

i=1

DiWiSi +N (1)

As damage develops in the structure, it can be expected that the local source-related
term S may change. Assuming that the other terms in the equation remain constant, this
study investigates how the remaining wall thickness of a localized corrosion site might
affect the measured signals P.
Numerical model

The second-order spectral element method (SEM) has been used to study the behav-
ior of AE signals under varying damage conditions [28–32]. The model uses second-
order 2D elements for improved accuracy in high-frequency stress wave modeling. A
150 kHz force excitation was applied to the center of the plate as shown in figure 1.
A steel plate with dimensions of 500 mm x 500 mm x 10 mm was chosen based on
preliminary calculations, primarily to leave space between input signals and boundary
reflections. An element size of 1 mm was chosen to model the plate, resulting in 5000
solid elements. The material properties applied to the model are listed in table I. A time
step of 0.1 µs has been selected to take the high-frequency displacements into account.
The transient response was obtained using an explicit Newmark integration method. Cor-
rosion damage was simulated by introducing a cavity in the surface of the plate with a
diameter of 15 mm. The AE behavior was simulated for an intact plate and increased
depths of local damage of 2, 4 mm up to 6 mm. An excitation is applied to the struc-
ture in the form of a 150 kHz force pulse signal (3-cycle Hanning-windowed sinusoidal
signal) with an amplitude of 1 N in the center (see figure 1). The surface elevation was
evaluated at different locations along the opposite side of the excitation force.
Experiments



model Sensor type Operating range fpeak Pass-band

R6α Narrow band 35-100 kHz 55 kHz 40-100 kHz
R15α Narrow band 50-400 kHz 75 kHz 95-180 kHz

TABLE II. Sensor specifications and band-pass filter pass-band frequencies

2mm

2mm

2mm

AE sensor

Source

10 mm

(a) Cross section of the sample

Source

R15α R6α

25 mm

500 mm

500 m
m

(b) sensor layout (bottom view)

Figure 2. Experimental set-up

An experimental set-up was designed to validate the findings from the numerical
study. Figure 2 shows a schematic representation of the configuration of the transducers
on the 500 mm x 500 mm x 10mm s420 steel specimen. The acoustic response of the
specimen was measured with three R6α 60 kHz resonant sensors and four R15α 150
kHz resonant sensors manufactured by Physical Acoustics. These sensors were chosen
for their sensitivity in their respective operating ranges so as to maintain high sensitivity
over the entire frequency range of interest. The sensors were arranged in linear arrays
with a spacing of 25 mm on the underside of the specimen. The characteristics of sensors
and applied filters are listed in table II. A silicon-based couplant was used to ensure
signal transmission to the sensors held in place by magnetic fasteners. Each sensor was
connected to a dedicated AEP5 preamplifier (Vallen Systeme) set to a gain of +40 dB.
In this configuration, the 3 dB bandwidth of the preamplifier stretches from 2.5 kHz
to 2.4 MHz. The measurements were recorded using an AMSY-6 digital multi-channel
measurement system (Vallen Systeme).The laboratory setup with the aforementioned
equipment is shown in figure 3. Damage-related signals were simulated by means of a
Hsu-Nielsen source (pencil-lead breaks) in accordance with ASTM E2374-16 guidelines
[33].

An artificial damage with a depth of 2 mm and a diameter of 15 mm was introduced
into the sample using an end mill as shown in figure 3. The depth of the artificial damage
was increased in 2 mm increments before repeating 30 pencil-lead break tests. This
repetition is needed in order to average out the variability in individual pencil-lead breaks
and obtain more representative data.



(a) artificial 4 mm depth defect (top view) (b) Full laboratory set-up

Figure 3. Experimental set-up and artificial damage used during the experiments

(a) AE event captured captured by the sensor array (b) Average normalized signal amplitude for differ-
ent damage depths for numerical and experimental
results

Figure 4. results from the numerical model and experimental campaign

RESULTS

The experimental data show a significant amount of signal related to boundary re-
flections. The signals considered in this research were limited to the first signals arriving
at each individual sensor for every pencil lead break; this is done to avoid taking into
account reflections in the analysis. In order to reduce the effect of the variability of the
pencil-lead breaks and the coupling conditions of the sensors, the average was taken
over all AE events and different sensors. A typical AE signal as it propagates away from
the source is shown in figure 4 a. The onset of the signals is time shifted to show the
difference in arrival time caused by the wave propagation. The results from the numeri-
cal model indicate an increase in signal amplitude measured on the side opposite to the
damage as the depth of the damage increases. The average signal amplitudes, normal-
ized with respect to the average intact amplitude for both the numerical model and the
experimental data are shown in figure 4 b for each increment of wall thickness loss. It
can be seen that the average signal amplitude increases by 185% and 240% at a wall
thickness loss of 6 mm for the experimental data and the numerical model data, respec-
tively. The average amplitude of the signals captured by all of the sensors as the damage
depth increases follows a similar trend to that of the numerical model.



DISCUSSION

Regarding the variability of the method presented above, three main sources of vari-
ability of the measured amplitudes were identified in this investigation. The first source
is the coupling variation of the sensors. As the sensors had to be removed before ma-
chining the artificial damage and placed back on the specimen, it is to be expected that
some variability is introduced. The exact coupling conditions can not be perfectly repro-
duced. The second source of variability is related to the sensor transfer function. Even
though sensors of the same type were used, their manufacture can leave differences in
the frequency response of each sensor. The third source of variability comes from the
repeatability of the artificial AE source. Imperfections in the surface of the specimen and
the material of the pencil lead can lead to variations in the source signal used to evaluate
the response of the specimen.

The variability of the AE source can be dealt with by performing multiple repetitions
of the test and averaging the results. The coupling variability of the sensors and the vari-
ability of their transfer functions can be overcome by averaging the results of different
sensors, thereby reducing bias that may come from individual coupling conditions and
transfer functions for any one sensor. By averaging out some of these variability sources,
as performed in this study, the underlying trends can become more apparent.

CONCLUSIONS AND FUTURE WORK

The acoustic response of a carbon steel plate under different degrees of damage has
been numerically and experimentally investigated. Corrosion-induced progressive wall
thickness loss was artificially introduced in a steel plate equipped with AE sensors. Ar-
tificial AE sources were used to study the response of the specimen. The numerical
study used a finite element model of the same plate with increasing damage at its center
under high-frequency AE excitation. A correlation has been found between the loss in
wall thickness and the average signal amplitude for a source located at the location of
the damage. The behavior observed in the numerical model can also be observed in the
experimental data.

In future work, it would be recommended to involve the correction of the signal
amplitudes with other signal characteristics to develop a robust method to determine
wall thickness loss. In order to deal with the variability, similar experiments with a more
controlled, repeatable source would be recommended. Additionally, correcting for the
transfer function of the sensors would allow for more consistent results. Finally, the
verification of the aforementioned trends under accelerated corrosion conditions would
be a valuable investigation.
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