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a b s t r a c t
Acoustic emission (AE) is an inspection technique for monitoring of metals. AE parameters depend on the
source mechanism and proper study enlightens the material’s condition. Classiﬁcation criteria based on
AE parameters are established concerning the material’s status. However, the shape of the AE waves
depends on the propagation path. Thin plates exhibit strong dispersion that inﬂuences waveform parameters. This paper numerically studies wave propagation through a homogeneous plate. The study does not
concern classical parameters like velocity and attenuation, but AE waveform parameters. It is shown that
any classiﬁcation, should incorporate the source location in order to exclude the effect of dispersion.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
After the celebrated work of Kaiser [1], acoustic emission has
been used for inspection of metals concerning mainly damage
evaluation, or microstructural formation. Acoustic emission results
from irreversible processes within the material either due to crack
nucleation and propagation or changes in the microstructure. The
elastic energy released on each event travels in the form of elastic
waves and is captured by suitable piezoelectric sensors on the surface [2]. The number of recorded signals is correlated to the number of source incidences, while the location of the source can be
estimated based on the time delay between the acquisition of each
signal by different sensors [3–5]. Apart from the number of the acquired signals, qualitative parameters of the recorded waveforms
shed light to the damage accumulation and mode [6–9]. Fig. 1a
shows a typical AE waveform with its basic features. Indicatively,
the most important parameters are the maximum amplitude (A),
the duration (Dur), the number of threshold crossings (counts).
Equally important features are the rise time (RT) which is the delay
between the onset and the time of peak amplitude and the RA
which is the ratio of RT/A, measured in ls/V. Energy is the area under the rectiﬁed signal envelope. Representative frequency parameters result after fast Fourier transformation, like the peak
frequency, PF and the central frequency, CF. PF is the frequency
of the maximum magnitude of the spectrum (see Fig. 1b), but it
does not necessarily coincide with CF which is the calculated centroid of the spectrum:
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where f is frequency and M(f) is the fast Fourier transform (FFT) of
the waveform. Another simple frequency indicator is the number of
counts of the time domain waveform over its duration (average frequency, AF).
In studies related to metals, AE has been monitored during electrochemical corrosion to enhance the understanding of the phenomena occurring at aluminum or steel in electrolyte solutions
[10,11]. Several of the above mentioned AE features, like peak frequency, central frequency, rise time, amplitude and energy have
been correlated with irreversible processes in the material, like
oxide formation or hydrogen evolution. In other cases, AE signals
have been used in single ﬁbre fragmentation tests to obtain the
number of breaks and their location [12] as well as to characterize
the moment of crack propagation in indentation experiments [13].
AE amplitude has been correlated to stress, in four-point bending
of composite metal foam specimens [14], while the counts indicated the beginning of plastic deformation due to twinning followed by breakage of particles and decohesion between particles
and the matrix in SiC reinforced alloys [15]. AE Energy and duration have been related to the failure of aluminum plates connected
by a central bolt [16]. Even though the trends are not absolutely
clear, the different stages of the fracture experiment, i.e. elastic
deformation of the materials, slippage between the bolted plates,
plasticization around the boring of the plates, and crack propagation are monitored by the change of the above mentioned AE
parameters. The central frequency after wavelet transformation
has been used to discern between plastic deformation and crack
propagation in stainless steel coupons with notch, tested in tension
[17]. Acoustic emission events and count rates have been related to
crack propagation rates in steel and welded steel compact tension
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Fig. 1. (a) Typical waveform, (b) typical FFT spectrum of an AE signal.

(CT) specimens under fatigue [18]. Parameters like rise time, duration and RA have shown strong sensitivity to the crack propagation
rate and were used to characterize the transition from tension to
shear failure again in CT specimens under fatigue [19]. Additionally, the number of waveform counts after controlled drop of metal
powder on a metal plate has been shown indicative to particle
diameter [20].
It is therefore realized that the qualitative parameters of the received AE waveforms are useful for characterization of different
material properties. As an arithmetic example from the above
mentioned literature [10], oxide formation during corrosion in aluminum plates is related to high peak frequency of 477 kHz, while
hydrogen evolution results in approximately 250 kHz and grain
detachment in 110 kHz. On the other hand, grain detachment
exhibits the highest absolute energy in the associated AE signals,
more than 20 times higher than corresponding signals of oxide formation. The duration of the signals is also inﬂuenced from the
source with grain detachment events resulting in the longest duration (122 ls), while oxide formation in just 11 ls. The rise time behaves in a similar way with values around 30% of the duration. As
another example, shear crack propagation in thin aluminum plates
under fatigue is escorted by RA values of 200 ms/V much higher
than initial tensile cracking with 20 ms/V, while the RT undergoes
an increase from less than 1 ms to more than 10 ms for the same
shift in damage mechanism [19]. From these indicative examples,
it is obvious that characterization schemes for metal materials
and processes are based on AE shape parameters.
However, the speciﬁc values of the parameters derived in each
case are very sensitive to the speciﬁc experimental set up and the
general conditions like geometry. Therefore, comparisons should
be very careful and only for exactly the same experimental conditions. This renders the results case-speciﬁc and not transferable to
general models [21]. This is the reason that strict standardization
has been applied to certain testing procedures [e.g. ASTM E56907 for pressure vessels], while it is currently undertaken in other
ﬁelds, like concrete [22], in order to limit the variability produced
at least by different experimental conditions, like frequency sensitivity of the sensors.
Concerning all of the above studies and many more occupying
with metals, the geometries of the specimens used for AE monitoring are mainly thin plates. It should be kept in mind that AE signals
are elastic waves and therefore are subjected to attenuation as well
as dispersion. In thin plates, propagation is by deﬁnition dispersive
[23,24], due to the fact that different frequencies propagate on different phase velocities. This results in changes of the waveform
shape as the pulse is propagating away from the source, meaning
that if the source (crack) opens away from the receiver it will be
recorded with a considerably different waveform than if it opens
near the sensor. Therefore, the measured waveform parameters
carry already the effect of dispersion corresponding to the actual
propagation path. This effect can be quite strong as the distance

between the source and the sensor increases, which is directly related to the sensor separation distance, especially for large structures like tanks or vessels [25,26]. It is understood that the
location of the sensors relatively to the source is of primary importance. This is because, as shown by the examples above, criteria for
crack classiﬁcation or process characterization refer to the speciﬁc
experimental conditions (including sensor separation distance).
Thus, general application would not a priori lead to reliable results.
The present paper describes a numerical study simulating the
propagation of an elastic wave through a homogeneous metal
plate. The study does not focus on classic wave propagation features, like velocity and attenuation but mostly on the change of
the AE waveform parameters, like duration, rise time, RA, central
and peak frequency. The inﬂuence of propagation distance on these
parameters is discussed, showing that the location of the events
should be deﬁnitely taken into account for correct classiﬁcation
since some additional cm may well change the shape of the acquired waveform and consequently mislead the characterization
of the material. The excited frequency is varied in order to examine
different wavelengths as well as to resemble different resonance
behavior of AE sensors from 100 kHz up to 2 MHz. This study aims
to highlight the crucial inﬂuence of propagation distance on the AE
wave, in order to increase the reliability of the characterization
based on AE parameters. By knowing the dependence of speciﬁc
waveform parameters on propagation distance through a certain
material, it is possible to inversely calculate the original value of
the parameter at the source and therefore, exclude the inﬂuence
of dispersion which certainly masks some of the original
information.
2. Numerical simulation
The fundamental equation governing the two-dimensional
propagation of stress waves in an elastic medium, with viscous
losses is as follows:
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where u = u(x, y, t) is the time-varying displacement vector, q is the
mass density, k and l are the ﬁrst and second Lame constants, g and
n are the ﬁrst and second viscosities respectively, and t is time. The
simulations were conducted using commercially available software
[27,28]. It operates by solving Eq. (1) based on the method of ﬁnite
differences with respect to the boundary conditions of the model,
which include the input source that has pre-deﬁned time-dependent displacement at a given location and a set of initial conditions.
The metal material was considered elastic without viscosity
components. The numerical model consists of a homogeneous
plate with properties of steel and speciﬁcally elasticity modulus,
E of 210 GPa, Poisson’s ratio 0.29 and density 7800 kg/m3. These
values lead to longitudinal and shear wave velocities of 5940 and
3230 m/s respectively. The thickness of the plate is 10 mm, its total
length 500 mm, and twelve receivers were placed on the top surface with a separation distance of 40 mm. The receivers record
the average of the vertical displacement of the nodes in their whole
length. The excitation of 1 mm length was conducted at the bottom
of the plate exactly below the ﬁrst receiver, see Fig. 2. The excitation was one cycle while three different frequencies were applied,
i.e. 100 kHz, 500 kHz and 2 MHz. This aimed at a variety of excited
wavelengths and therefore, wave modes. Speciﬁcally for the
2 MHz, the wavelength is approximately 3 mm, which is shorter
than the thickness of the plate. This may allow propagation of pure
Rayleigh waves among the other wave modes. However, for the
lowest frequency of 100 kHz, the wavelength is 60 mm, meaning
that plate modes dominate, while Rayleigh cannot be formed. For
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Fig. 2. A part of the geometrical model and consecutive displacement snapshots after excitation of one cycle of 2 MHz.

the intermediate case of 500 kHz, the wavelength is similar to the
thickness.
In order for the simulation to produce reliable results, it is
essential that certain guidelines are followed concerning mainly
the spacing and time resolution of the wave equation solution.
Convergence was checked in terms of spacing and time step resolution. In the present case the time step resolution for the calculations was 0.02108 ls. Considering the range of frequencies excited
(from 100 kHz to 2 MHz) the basic period of the waves ranges between 0.5 to 10 ls. Even for the shortest period, each cycle is represented by approximately 23 points which is adequate for similar
numerical studies [29]. The spacing resolution was set to 0.15 mm
which is one twentieth of the wave length corresponding to the
highest frequency of 2 MHz. Apart from the general rule of twenty
points per wavelength [29], convergence was examined until the
spacing resolution of 0.07 mm. With this ﬁne resolution the transit
time from the source to the last receiver was 74.56965 ls but the
simulation time was quite long. The spacing resolution of 0.15 mm,
which was selected, resulted in transit time of 74.5008 ls, being
only 0.09% away but more than four times faster in calculation
time. At the right and left ends of the beam, inﬁnite boundary conditions were applied in order to avoid reﬂections. Fig. 2 shows consecutive snapshots of the displacement ﬁeld for the case of 2 MHz.
The wave propagates to the right reaching the successive transducers, while multiple reﬂections are noted moving between the top
and bottom surface. As implied by a simple visual examination of
the displacement ﬁelds, it would be very complicated to distinguish between different modes, except possibly the longitudinal
wave which moves faster. The rest of the energy is divided to different modes and reﬂections making speciﬁc mode characterization troublesome. However, the wave parameters as measured
from the AE point of view can be calculated, since the whole waveform is recorded. In practical AE measurements, the calculated signal duration is deﬁned by certain settings applied by the user like
the hit deﬁnition time (HDT), as well as the threshold and maximum duration. It is a certain fact that these settings inﬂuence
the measured parameters, but the real time monitoring character
of AE necessitates their use. These settings are selected based on
experience according to the material and the expected values of
the parameters. In the speciﬁc case, due to absence of noise, the
onset of the waveform was deﬁned by the ﬁrst non zero point

(zero-crossing), while the full duration of the simulated waveforms
was 700 ls. At that point the signal has been attenuated to near
zero level. The ﬁgures in the manuscript focus on the ﬁrst part in
order to show the meaningful part of the waveform, while calculations of AE parameters are made for the whole waveform.

3. Results
Fig. 3 shows the waveforms as captured by several receivers at
different propagation distances. It is evident that the shape
changes gradually; the receiver on top of the excitation exhibits
its maximum voltage quite early, leading to very short RT and
low RA. As the wave propagates, the waveform looses the initial
strong peak, and the maximum peak is translated to later times,
considerably increasing the RT and therefore, RA value.
Calculating the speciﬁc AE parameters of the waveforms recorded at the different sensors reveals that distance is a key factor
for the AE measurements in plates. Fig. 4 shows the rise time vs.
distance. RT starts at a very low value for the near-by sensor
(approximately 10 ls), but almost monotonically increases as the
wave propagates away and reaches the level of 70–100 ls for the
furthest receiver at 440 mm, being increased by almost 10 times.
The trend is similar for all frequencies, with the 2 MHz exhibiting
slightly higher RT for long propagation.
Fig. 4b shows the dependence of peak amplitude, A on the traveling distance, normalized to the value of the ﬁrst receiver for each
frequency. The changes are also strong, following a certain decreasing trend. The peak amplitude ﬁnally decreases to 50% or less of the
corresponding value measured by the ﬁrst receiver. Again the
strongest change (decrease) is exhibited by the highest frequency.
Since RT increases and A decreases, it is expected that the RA
will exhibit an even stronger trend. This is shown in Fig. 5, where
a strong increasing trend for any frequency is obvious. It is characteristic that for the excitation of 2 MHz, the original RA is 30 ls/V,
while after 440 mm of propagation the RA of the same pulse is
1233 ls/V. These changes are crucial and certainly alter the original AE characteristics, as will also be discussed later.
Concerning frequency features, the central frequency (center of
gravity of the FFT, as calculated by Eq. (1)) does not exhibit great
ﬂuctuations with distance. This means that the frequency content
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Fig. 3. Waveforms of different receivers after excitation of 1 cycle of 2 MHz in the geometric model of Fig. 2. In parentheses the horizontal distances of the receivers from the
source.

(a)

(b)

Fig. 4. (a) Rise time and (b) peak amplitude vs. distance for different excited
frequency.

pulse retains the original frequency content. However, the peak
frequency, which depends only on the maximum magnitude of
the spectrum exhibits intense ﬂuctuations, especially at distances
longer than 100 mm. It is indicative that in most cases of far away
receivers, PF is of the order of 300 kHz, several times lower than
the excited pulse. The PF seems indicative of the actual content
of the pulse only for the three nearest receivers which are within
80 mm from the source. It is understandable that when monitoring
AE with long separation between the sensors, it is mandatory to
take into account the distance between the AE source and the receiver. If it is not taken into account, severe changes of up to 85%
due to the distance would certainly mask the original PF (see again
Fig. 6). On the other hand CF attains the original level for much
longer propagation distance.
4. Discussion

Fig. 5. RA value vs. distance for different frequency excitation.

Fig. 6. Normalized central and peak frequency vs. distance for excitation of 2 MHz.

of the pulse changes only slightly (by about 15%), as indicatively
seen in Fig. 6 for the excitation of 2 MHz. This is reasonable since
no damping or scattering is present as an attenuation mechanism
and although the wave energy is divided to several modes, the total

As seen above, several AE parameters exhibit certain and mostly
monotonic trends with distance. In general, the ‘‘dispersive’’ trends
are similar for any excitation, but it should be pointed out that, as
the original excitation frequency increases, the shift of AE parameters is stronger for the same distance. This could be connected
to the transmitted modes, because as the frequency becomes higher, the short wavelength compared to the thickness allows for Rayleigh waves to be formed instead of plate waves. These changes in
AE parameters owing to propagation may well mask possible
changes due to the shift of fracture mode or change in the microstructural formation stage. From one of the experimental examples
mentioned above, the transition between tension and shear as
monitored during fatigue in aluminum plates is escorted by an
RA increase of about 15 times (from approximately 10–20 ms/V
at early fraction of fatigue life to almost 200 ms/V just before ﬁnal
failure, [19]). This was measured for rectangular plates of 60 mm,
meaning that practically the distance between the crack tip and
the sensors was limited to less than 40 mm. In case the distance
is longer, that could be the case for a large tank bottom, the RA value may well suffer a change of more than 10 or even 40 times
depending on the frequency of the event, as suggested in Fig. 5
for less than half a meter of propagation. Therefore, even if the
AE signal belongs to a tensile event, it would certainly be misclassiﬁed to shear mode.
Concerning material corrosive processes, as monitored in [10],
the oxide formation is related to the PF of 477 kHz, while hydrogen
evolution exhibits 50% of this value and grain detachment PF decreased by 80%. However, the PF of a signal will suffer an extensive
drop by more than 80% for propagation of 160 mm away from the
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source, as suggested by the simulations and displayed in Fig. 6.
Therefore, a signal from oxide formation after long propagation
would be more likely misclassiﬁed as grain detachment using peak
frequency criteria obtained from experiments on small laboratory
specimens.
It is therefore, stressed out that any criteria concerning AEbased characterization should be escorted by a procedure that accounts for the propagating distance and clears the signal from the
effect of dispersion. This will enable the correct classiﬁcation of the
AE signals as-emitted by the source (cracking or other process) and
not the as-received by the sensor which already carries the distortion due to dispersive propagation. The ﬁrst step of the correction
is the numerical simulation to create the curves of the AE parameter of interest (e.g. RA) vs. the propagating distance for the corresponding thickness of the actual structure and different
frequencies (or equivalently different values of wavelength/thickness, k/h), see Fig. 7. The data of this ﬁgure come from Fig. 5 and
are indicatively ﬁtted by 2nd order polynomials, which yield high
correlation coefﬁcients, while exponential growth function would
also be adequate. Consequently, for any received AE signal to be
analyzed, based on its central frequency, the appropriate curve of
(k/h) is selected. The distance between the sensor and the AE
source, which is automatically calculated by the location algorithm
in all pieces of contemporary AE equipment, will directly indicate
how much the RA has been shifted upwards and will provide a
way to estimate the original value, near the source.
As a numerical example, consider an AE signal with RA = 500 ls/
V and CF = 350 kHz, which is recorded 300 mm away from the
source on a aluminum plate of h = 3 mm thickness. Using typical
wave velocity of the material (6300 m/s), the wavelength k is
approximately 18 mm and therefore, k/h = 6, see bottom solid line
curve of Fig. 7. For the propagation distance of 300 mm, the RA is
6.1 times higher than the original as would be measured directly
at the source. Therefore, the original RA equals 500/6.14 =
81.4 ls/V. This value, freed at least to a large extend from the effect
of propagation distance through a thin plate, should be used for
material characterization and not the one of the waveform captured at the sensor. If no correction is attempted, characterization
should be limited to small size specimens or would lead to erroneous results and misclassiﬁcation of the damage sources.
In the above discussion, the inﬂuence of propagation distance is
studied for a 1 mm crack, breaking the bottom surface of the plate
(the sensors being at the top surface). The depth to the crack has
been shown to substantially inﬂuence the magnitude proportions
of the symmetric and antisymmetric modes in aluminum plates
[26]. In order to check the effect of the depth of the crack on
conventional AE parameters, simulations were repeated for two
additional depths to crack and the frequency of 500 kHz. Speciﬁcally, the crack was located at the middle of the plate (crack from
4.5–5.5 mm) in one case and at the top (0–1 mm) in the other.

6.1

Fig. 7. Normalized RA value vs. distance for different wavelength to thickness ratios
(k/h).

Fig. 8. Waveforms collected from receiver 12 (440 mm from the source) after
excitation of 1 cycle of 500 kHz for three different depths to crack. In parentheses
the start and end points of the vertical crack in the thickness of 10 mm.

(a)

(b)

Fig. 9. (a) RA and (b) peak amplitude vs. distance for different depths to crack and
frequency of 500 kHz.

Waveforms collected at the last receiver (R12) are shown in
Fig. 8 for the three cases of the depth to crack. Though certain differences are visible in the waveform shape, results concerning conventional AE parameters for the three different depths to crack
exhibit a very similar behavior, as shown in Fig. 9. This ﬁgure indicatively includes RA (Fig. 9a) and peak amplitude (Fig. 9b). It seems
that for a crack of size one tenth of the plate thickness the depth is
not of primary importance as to the conventional AE parameters. It
is therefore implied that the inversion procedure for correction of
the waveform features can be applied regardless of the depth to
crack in thin metal plates since despite differences in waveform
shape, the basic AE parameters behave very similarly.
5. Conclusions
This paper presents a numerical study of wave propagation in a
thin homogeneous plate. The novelty of the study is the focus on
distortion of waveform parameters that are important from the
acoustic emission point of view and not classical wave parameters
like velocity and attenuation. Propagation at different distances
exercises strong inﬂuence on the shape of the pulse, changing
critically waveform parameters, like rise time, amplitude, RA, peak
frequency. The goal of the work is twofold; to highlight the issue of
propagation distance inﬂuence in quantitative AE testing in thin
structures and consequently to propose the way to inversely ‘‘correct’’ the AE values. This can be achieved by combining the knowledge of the location of the AE events, which is a standard feature
available in all contemporary AE pieces of equipment with the
numerically obtained functions between the AE parameters and
distance. The correction should be taken into account for AE-based
classiﬁcation of active sources, since most of the criteria
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established for material characterization so far do not account for
the dispersive effect of plate geometry. The research should proceed in joint numerical and experimental studies, using also
curved geometries, as well as three dimensional simulations which
would better represent the actual geometries and incorporate viscosity components, which although weak in metals, may have an
effect after long propagation.
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