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Abstract: The present paper focuses on experiments and numerical simulation of the acoustic emission
(AE) signals due to fiber break in a model composite. AE signals are related to wave effects due to the
source, the propagation medium and the sensor. For quantitative AE analysis, it is very important
to understand the effect of the piezoelectric sensors and propagation on the “primitive” AE signals.
In this study, we investigate the influence of sensors, thickness, and position of the fiber by finite
element simulations. This parametric study can allow an enlargement of the library for supervised
classification of AE signals.
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1. Introduction

In addition to allowing fault detection, the acoustic emission (AE) technique has garnered growing
interest as a method for improving our understanding of the fracture processes of composite materials.
There is a strong interest in AE for real-time diagnostics and prognostics [1-4]. Damage processes in
composites materials, such as fiber breakage, induce local changes in the stress states and radiate elastic
waves. If the amplitude of the elastic waves is large enough to be detected by sensors applied directly on
the surface of the samples, AE can give an indication of the damage mechanisms. Due to inhomogeneity
of the composites, the elastic waves are considerably affected. However, we can consider that the
AE signal contains some features characteristic of the source. Indeed, the opportunity to identify AE
signatures of several damage mechanisms is an established field [5-11]. In the phenomenological
approach, it is assumed that signals are affected by propagation and acquisition but that they remain
images of sources. In this context, the different types of failures such as fiber breaks, fiber/matrix
debonding, several kinds of matrix cracking and delamination are identified thanks to their AE
signature, described by descriptors or features such as amplitude, energy, peak frequency, frequency
centroid, etc. In most of the studies dealing with failures in polymer matrix composites, higher
frequency and higher amplitude are assigned to fiber breaks and lower frequency and amplitude are
attributed to matrix cracking.

Certainly, the possibility to separate matrix cracking from fiber failure and fiber/matrix debonding
depends on different visco-elastic relaxation processes [12-14]. Intrinsic frequencies f; and velocities ¢;
of relaxation processes are different in fiber and matrix due to the relationship between the relaxation
times T, elastic moduli E; and densities, according p; to the following equation:
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Figure 1 represents the whole AE process. The AE signal is the convolution of the AE source
mechanism and the different transfer functions of the propagation medium, of the sample geometry, of
the sensor and of the acquisition system. The propagation of acoustic signals is subject to boundary
effects; in addition, the propagation of the elastic waves is subject to attenuation that modifies the waves.
In fact, besides the type of failures, the AE signals depend on other parameters such as type of sensor, the
sample geometry and propagation distance. All these parameters influence the AE signal [15-22]. In AE
analysis, it is important to distinguish the effect of the AE source from the influence of the propagation
medium and the recording system. The quantitative AE method requires understanding and modelling
of all the components in Figure 1. The influence of the propagation medium and its geometry cannot be
separated. Nevertheless, the estimation of the transfer function of the sensor and the amplifier can be
established with experimental methods. Based on experimental tests, it is not possible to comprehend
the impact of the different parameters. Nevertheless, modelling of AE using analytical or numerical
methods allows us to go further and establish a quantitative relationship between the AE source and the
signal. Various authors have applied analytical or numerical methods to the simulation of AE formation
and AE propagation [23-38]. Following the works of Ono and Ohtsu [28], who proposed a generalized
theory of AE by using the integral formulation of elastodynamics, AE sources can be modelled using
buried dipoles sources. The AE source was classically modelled as point force couple utilizing a
multi-scale approach. In addition, various source-time function are employed which model kinematics.
Moreover, signal propagation suffers drastically from boundary reflections, which complicates the
identification of the modes. Suzuki et al. [38] extended the analyses to a dissipative medium including
a relaxation function. In the case of viscoelastic plates, Giordano et al. [14] developed a model for AE
wave propagation and predicted the displacement based on the ray theory. Dietzhausen et al. [23]
investigated the dynamic behaviour due to a single fiber break using finite element methods and
carried out parametric studies with different laws for the matrix effect (elastic, a non-linear elastic and
an elastic-plastic model) and different fiber positions. A dynamic finite element method (DFEM) has
been developed for prediction AE waveforms in the far field plates [24,26]. Sause et al. [31] modelled,
by a finite element method, AE sources in a composite material for different damage mechanisms, in
addition to the signal propagation and the different elements of the acquisition chain. They compared
the experimental values of the descriptors with the theoretical values generated by the damage
mechanism in order to validate the labelling of the signals. Wilcox et al. [33] have implemented a
deterministic modular AE model using analytical formulation for AE sources, finite element methods
for the wave propagation and reception by finite sized transducers. For the signal detection, some
analytical approaches considered the sensors transfer function explicitly. Some authors [39-43] have
proposed a finite element approach to include the piezoelectric sensor in a modelling environment in
order to take into account the interface between the sensor and the material.

In this work, we focus on identifying AE features due to fiber break using the Finite Element
Method. We perform experiments and simulations on a model composite consisting of an epoxy
matrix with a single carbon fiber. In the experimental part, we use different types of sensors both in
the experiments and in the simulations in order to understand and to quantify the sensor effect on
the signal waveform. Indeed, the problem that has received the least attention is that of the sensor
effects. Moreover, this model is used to analyse and decompose simulated AE “primitive “signals
without a sensor near the source. We underline the interest in using the results obtained with the
modelling work, in order to increase the robustness of the supervised classification of AE signals.
Indeed, a supervised classification is based on the creation of a library of labelled data. This approach
is based on the assumption that the feature measurements and the identified classes for the library are
error-free. However, one cannot exclude that the library may contain uncertainty. The performance of
the classifier depends on both the number of the available training signals as well as the specific values
of the signals. In this context, merging the simulated and the experimental data enables to enlarge
the library.
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Figure 1. Principles of acoustic emission measurement and the different transfer functions.

The present paper is organized as follows: The experimental procedure and the acoustic emission
analysis are first detailed in Section 2. The model is described in Section 3. The validation of the
numerical method is presented in Section 4. With the validated FEM, the out-of-plane and the in-plane
velocities corresponding to fiber breaks are calculated. At first, our approach is to study the numerical
AE signals without any sensor effect (with a virtual perfect contact point sensor), then adding the
sensor effect and compare the results. In the parameter study, the effects of the sensor, the thickness of
the specimen, the position of the fiber are investigated in order to generate artificial data that can be
merged with experimental data in a training set. The results of the parametric study are discussed in
Section 5. As an additional point, we have performed 2D Fourier Transform-based time/frequency
analyses in order to improve our understanding of the frequency content of AE signals and the effects
of both sensor and propagation on it. Conclusions are provided in Section 6.

2. Experimental Procedure and Acoustic Emission Signal Analysis

2.1. Single Fiber Fragmentation Tests (SFFT) and Acoustic Emission Monitoring

The specimen consists of a single long T700 carbon fiber (diameter 6 pm) inserted in an epoxy/amine
matrix (3DCM). The sizes of the specimen are summarized in Figure 2 and Table 1 gathers the mechanical
properties of the fiber and the matrix.
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Figure 2. Dimension of specimen, sensors placement (C1 and C2) and positions of the simulated fiber
breaks Pi (P1 is located 6 mm from the sensor C1 and P5 is located 34 mm from the sensor C1).

Table 1. Mechanical properties of the matrix and the fiber.

Young Modulus (GPa) Poisson Ratio Density (kg/m®)

Carbon fiber 187 0.22 1800
DGEBD-3DCM 1.41 0.38 1034
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The thickness of the experimental specimens is 2.8 mm or 1.7 mm, respectively. In both cases,
the fiber is not positioned in the middle of the sample along the z-axis but rather 0.5 mm from the
surface. The position of the fiber is a little asymmetric with respect to the mid-plane of the specimen to
excite symmetric and antisymmetric modes. The SFFT is carried out at room temperature and with
a deformation rate of 0.5 mm/min ensured by the tensile test machine (type: MTS, capacity 5 kN).
The AE monitoring is conducted by means of multiple sensors using a PCI-2 data acquisition system
(Mistras Group, Sucy en Brie, France). In order to study the sensors’ effects, tensile tests are conducted
with two types of sensors (nano30 and picoHF sensors) placed at the same position on each face of the
specimen 40 mm apart (Figure 2). These two sensors show a good sensitivity in the frequency range of
200 to 400 kHz for nano30 sensor and 500-1850 kHz for picoHF sensor (Mistras Group data). Thus,
by using both of them for tensile testing it is interesting to investigate, from an experimental point of
view, the effect of the sensor on AE descriptors. In all tests, the coupling agent is medium viscosity
vacuum grease.

Each sensor is linked to a preamplifier (gain 40 dB, type 20 H). Each waveform is digitized and
recorded. We set the sampling rate to 2 MSPS or 5 MSPS in order to make a compromise between
the respective peak frequencies of the sensors, the digitization capabilities of our system and the
volume of data to be stored. The value of the acquisition threshold is equal to 32 dB, depending on
the background noise and the acquisition parameters are set to 25 pus, 50 pus and 1000 ps for the peak
definition time (PDT), the hit definition time (HDT) and the hit lockout time (HLT). All signals are
filtered in the bandwidth 20-1200 kHz. Since two sensors are used, only the located signals along the
gauge length are used. The AE wave velocities are measured with pencil lead breaks. The velocity is
equal to 1750 m/s with nano30 sensors and to 1500 m/s with the picoHF sensors.

2.2. Signal Analysis

In conventional acoustic emission, different features or descriptors are extracted from the
signals [44,45]. For each signal, prior to the extraction of descriptors, the waveform pre-processing
consists in the three following steps [44]: pre-trigger removing, tail cutting, and Shape Preserving
Interpolation (SPI) resampling.

The interest in the use of this specific resampling technique is that, after tail cutting, each waveform
has a different number of points, thus it is not possible to numerically store them all in a matrix for
further processing. With the SPI resampling, the original sampling frequency can be recovered and the
full pre-processed waveforms can be stored. The beginning of the signal is determined when a fixed
threshold is exceeded (32 dB). For the tail cutting, to determine the end of the signal, we employ a
floating threshold (10 % of the peak amplitude). We calculated more than 15 parameters on each AE
signal (Table 2).

Temporal features, such as amplitude, rise time, duration, can be extracted from the temporal
evolution of the signal. In this work, the main features investigated are amplitude, energy, frequency
centroid (FC) and peak frequency (PF). The opening frequency (fop) or the roll-on frequency is such
that the interval [0; fop] contains 5% of the energy of the complete spectrum. Thus, it gives information
on the presence of components at low frequencies. The cut-off frequency (fcut) or the roll-off frequency
is such that the interval [0; fcut] contains 95% of the energy of the complete spectrum. Additionally,
the spectral contents of the waveforms are analysed in frequency domain by a Fast Fourier transform
(FFT) and with the Smoothed Pseudo Wigner-Ville Distribution (SPWVD).
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Table 2. AE-signal features calculated from the numerical signals or the experimental signals.

Descriptor Unit
Amplitude dB
Duration us
Calculated descriptors Energy J
in the time domain Zero crossings rate %o
Rise time ps
Time centroid us

Temporal decay -

Frequency centroid kHz
Peak frequency kHz
Spectral spread kHz

Spectral skewness -

Spectral kurtosis -

Spectral slope kHz!

Calculated descriptors Roll-off frequency
in the frequency domain Cut-off frequency kHz
(95 %)
Spectral spread to
peak

kHz

Spectral skewness
to peak

Spectral kurtosis to
peak

Roll-on frequency
Opening frequency kHz
(5%)

3. Finite Element Simulation of Acoustic Emission (AE) Signal

3.1. Fiber Break Model

In this study, we perform all FEM simulations using the ABAQUS software (Dassault Systemes
Simulia Corp., Providence, RI, USA) with dynamic calculations. We model the full geometry of the
sample. Figure 3 shows the boundary conditions. Clamping jaws are taken into account as boundary
conditions. The geometry is meshed using tetrahedral elements (C3D4), the element size varies
between 0.01 mm and 0.2 mm and the calculation step time is 0.1 pus. The resolution of the finite
mesh is gradually refined from 0.2 mm down to 0.01 mm close to the model source. The element
size determines the frequency range that can be modelled: smaller elements are required to capture
higher frequencies. A total duration of 170 us was calculated. Sensitivity studies are conducted on
mesh refinement and for the size of the time step. The selected step size and mesh element size
are appropriate to obtain convergent results in the frequency range between 10 kHz and 1500 kHz.
Simulation results are filtered with Butterworth passband filter [20 kHz, 1.2 MHz]. Table 1 shows the
main properties of the material. Epoxy is modelled by elastoplastic material with damping properties.
The viscoelasticity of the matrix is taken into account by the Rayleigh parameters (ag = 50,000 57! et
Br = 1078 s). Fiber direction is oriented along the x—axis. We place the origin of the coordinate system
at the centre of the specimen. The fiber breakage is mimicked by an instantaneous separation of nodes,
which forms fracture faces and generates elastic waves. During the modelling of AE signals, the failure
process is supposed to occur without change in its rate. Hamstad et al. initially [46] showed that
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the depth of an acoustic emission event significantly affects the wave modes excited and the spectral
content of the signal. For this reason, two depths of fiber position are considered (0.5 mm from the
surface, and in the middle of the specimen). Three thicknesses of the sample are also investigated
(1 mm, 1.7 mm and 2.8 mm). The in-plane direction is the direction perpendicular to the fiber (Y axis in
Figure 3) and the out-of-plane direction is normal to the specimen’s surface (Z axis in Figure 3). For the
fiber failure, the major displacement is along the fiber axis, while the dominant source emissions are in
the xy plane (in-plane). The AE numerical signals from a single node provide the out-of-plane top
surface velocity (v,) corresponding to a virtual perfect point-contact sensor located on the surface of
the specimen. The AE numerical signals from a single node on the lateral surface provide the in-plane
lateral surface velocity (vy) corresponding to a virtual perfect point-contact sensor located on the lateral
surface. For the extraction of the descriptors on numerical models, an amplification of the modelled
signals by 115 dBag allows a direct comparison of the AE signal amplitudes.

F/

Uz=0
Rx=0

\ Ry=0

F[2
2

" Rz=0
Ux=0
Uy=0
Uz=0
Rx=0
Ry=0

, Rz=0

Figure 3. Scheme of the numerical specimen with the boundary conditions.

We use the two-dimensional Fourier Transform (2DFT) [30,47] to analyse the modal content of
the propagating waves. The 2DFT allows visualizing 2D matrix signals in the frequency domain.
One dimension of the matrix is time and the other dimension is the distance to the source. The 2DFT
displays the evolution of the wave number as a function of the temporal frequency. For a discrete
signal matrix s(n,m) of size N x M, the 2DFT is given by:

N-1 M-1 )
S(u/ V) = Z Z s(n,m)eﬂz”(uﬁ“’ﬁ) )
n=0m=20

The 2DFT are computed using the particle velocity (v) or (vy) of every node of the finite element
mesh along the median line of the upper face of each sample or of the lateral face, from the epicentre
source to a distance of 34 mm or 18 mm. The use of 2D Fourier Transform allows visualizing the modal
content of propagating waves in each cases. Due to the large number of signals required to calculate
the 2DFT only numerical models allow us to extract simultaneously several signals out of one unique
simulation. Those signals have been filtered between 20 kHz and 1.2 MHz by a Butterworth bandpass
filter. In order to compare the values of the features with the experimental values, we set the threshold
values for the extraction of descriptors with respect to the experimental signals.

3.2. Sensor Effect

The sensors are assumed to be solely sensitive to displacement normal to the surface of the
sample. The quantitative analysis of the AE data involves understanding of the sensors response in
reception [48-52]. The reciprocity method is used for sensor’s calibration [50-52]. The determination of
the sensitivity needs three transducers alternatively working as transmitters and receivers. The reception
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wave sensitivity is measured on a steel block [51,52] for Rayleigh waves. Figure 4a shows the Rayleigh
wave reception sensitivity of a u80 sensor, nano30, R15 and picoHF sensor obtained with the reciprocity
method. For the WD sensor, Sause et al. [39] obtained the calibration curve used in this study on
a composite material by a modelling approach. WD is wideband transducers with a bandwidth of
100-1000 kHz and a resonant frequency at 650 kHz. R15 is a general-purpose 150 kHz resonant sensor,
nano30 with nominal operating frequency of 200 kHz-400 kHz.

60

nano30
— picoHF

— Micro80
R15

0 500 1000 1500
Frequency (kHz)

(a)

picoHF
surface contact

nano30
surface contact

(b)

Figure 4. Response in reception (a) on steel block for the sensor nano30, PicoHF, R15 alpha and
micro80 sensors obtained with the reciprocity method; (b) visualisation of the surface of the nano30

and picoHF sensors.

In order to simulate sensors, axial wave velocities at nodal locations v, are calculated on the
sensor surface (Figure 4b). The normal vibration velocity at each point of its surface is not uniform.
An average Vz axial wave velocity is numerically calculated by Equation (3):

_ 1
ASensor

Va(t) [ ko2 (x, y, t)dxdy ®)

Asensor represents the area of the sensor. The radius for the sensors are equal to Rpano30 = 3.2 mm,
Rpiconr = 2.3 mm and Rgy5 = 7.5 mm. In order to take into account the aperture effect, we introduce
the k parameter, which is a real number between 0 and 1. It represents the sensitivity of a point at the
distance r from the centre of the sensor surface. Figure 5 represents the evolution of the parameter k.
This evolution is deduced from the work of Boulay [42]. The aperture function depends not only on
the geometry of the sensor and the spatial evolutions of the sensitivity of sensor surface but also on the
frequency. In this study, we do not take into account the effect of the frequency.
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Figure 5. Aperture function for the sensors: evolution of the k factor versus the distance from the
centre of the sensor surface.

For the WD sensors, we use the calculation proposed by Sause et al. [39], following Equation (4).
The signal is obtained from the average at the surface of the disc and ring sensor elements:

1

1
V.(t) = e jfvz(x,y,t)dxdy+
1SC

Aring

fj vz(x, y, t)dxdy (4)

where Ap;s is the area of the disc and A, is the area of the second element in the sensor, the ring
(Rpisc = 4.1 mm and the thickness of the ring is equal to 1.6 mm).
This transfer function is added in the post-processing phase in the Fourier domain, following
Equation (5):
Vsurfuce(w) X Ssensor(w) = Vsensor (CU) ®)

where Viensor is the velocity calculated with considering sensor, Ve (w) represents the mean of out of
plane velocity on the surface and Seensor (w) the sensitivity function. In this study, the coupling medium
is not taken into account. All numerical velocity signals are filtered with a Butterworth 20 kHz to
1200 kHz band pass filter. As it has been pointed out in literature [39,52,53], the propagation medium
used for calibration will not only disturb the signals due to modifications in the waves velocity but will
also modify the sensor response due to change in acoustic impedance. In this study, we do not take
into account such change of the sensor response. As reported by [42,53,54], the couplings show slight
influence of the sensors reception sensitivity, but this is negligible compared to the other contributions.
Since no measurements were possible for frequencies below 100 kHz for Micro80 and R15 sensors, we
assigned the missing values to the value of the sensitivity obtained for 100 kHz. Similarly, we extended
the missing range for nano30 and R15 sensors, above 1 MHz, by the constant value obtained for the
calibration at 1 MHz.

4. Results and Discussion

4.1. Experimental Results

During SFFT, we have used a classical 1D linear localization process to determine the positions
of AE signal sources. Moreover, the number of localized AE source and the number of fiber breaks
observed by means of transmission optical microscope (Figure 6 and Table 3) are in good agreement.
The observations demonstrate several fragmentations in the fiber without any significant other processes
(Figure 6a). We have established a one-to-one correlation between the numbers of AE located signals
and the observed fiber breaks. Therefore, in the tests, every located source originates from a fiber break.
Optical observations confirmed the absence of fiber/matrix debonding. In Figure 6, one can observe
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that the two types of sensors used in experimental tests localized exactly the same cumulative number
of signals from the same sources. Therefore, they are both suitable for this test.

Fiber breaks

| 100 pm |

(a)
40 e
— Stress/Strain o XX K=
x nano30 - sources F x 1 60_3
=30r % (S
© g =
o x 8
= !I {408
2 20 s
2 g
| 1205
10 g
©
S
0 1 1 A 1 1 1 0 E
o 1 2 3 4 5 6 1 3
Strain (%)
(b)
8
e — Stress/Strain curve : I %
* picoHF - sources g {1605
30+ x £ N
= F g
s ‘,1 {408
o 20 ks
7] 4
) g
= -
P 10} 1200
®
o |
0 1 1 A 1 1 1 0 g
0 1 2 3 4 5 6 7 ©

Strain (%)

(c)

Figure 6. (a) Fiber breaks as observed by optical microscopy. Cumulative localized signal and applied
stress versus strain during SFFT detected by (b) nano30 and by (c) picoHF (e = 2.8 mm and z = 0.9 mm,

Test 04).
Table 3. Comparison between the number of AE-located sources and the number of observed
fiber breaks.
Nb. of Localized AE Sources Microscopic Observation
Nano30 PicoHF
=28 Test 01 56 56 58
e=somm Test 02 45 45 46
e =17mm Test 03 26 26 27
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Figures 7 and 8 show the time-frequency maps obtained with Smoothed Pseudo Wigner-Ville
Distribution (SPWVD) for signals assigned to fiber breaks for two positions of the source: near the
sensor (position P1, at 6 mm from the sensor centre) and far from the sensor position (position P5, at
34 mm from the sensor centre). Figure 7a,b show the dispersion of the wave modes. For the shortest
propagation distance, the main energy in the signal is concentrated around 10 ps and in the range of
200-400 kHz. When the propagation distance increases, the lower frequencies tend to arrive later in the
signal. We can observe a significant decrease in the frequency content certainly due to the propagation
effect. Their signatures vary due to differences in the propagation distance. For the same signals
recorded by the picoHF sensors, the SPWVD (Figure 8) reveals a higher frequency content, especially
at the P1 position. In this case, the main energy on the signal is concentrated around 10 ps and in the
range of 400-700 kHz. At the position P5, the main energy is in the range below 300 kHz. The acoustic
signature of the fiber break varies due to the choice of the sensor.
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N =
£ = a
& 1S
% 08 5 0 5 o015
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(@
403
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Figure 7. Experimental signals recorded by the sensor nano30 with the associated FFT and SPWVD
results (a) near the source P1 position and (b) far from the source P5 position (e = 2.8 mm and
z = 0.9 mm).

Pico HF P5

7"
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2;0.4 g
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& 0.2
0.2 — =
o = . o P
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50 100 150 - - =
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(a) (b)

Figure 8. SPWVD of experimental signals recorded by the sensor picoHF (a) near the source (P1
position) and (b) far from the source (P5 position). e = 2.8 mm and z = 0.9 mm.
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Figure 9 enables us to compare, in the frequency domain, signals detected by nano30 and picoHF
sensors, respectively, when they stem from the same source and whether it is close or far from the
sensors. Cross-correlation analysis performed between the signals recorded by these two sensors
exhibits the maximum values of cross-correlation around 87% far from the source and only 25% near
it. Such a low correlation coefficient in the frequency domain clearly indicates that these two kinds
of sensors do not record the same information. Near the source, the nano30 is very sensitive around
300 kHz and does not detect high frequency above 500 kHz. However, the picoHF is very responsive
around 600 kHz and detects high frequencies. Far from the source, the sensors detect an equivalent
information lower than 400 kHz. Figure 10 shows the evolution of several descriptors extracted
from the signals recorded by the two type of sensors during the same mechanical test. These results
show a strong difference on the waveforms, frequency spectra and descriptors with different sensors.
The waveform and frequency spectra signatures have different shapes and magnitudes. This means
that in this case, with this kind of sensors, there is practically no chance of source identification from
frequency spectra or amplitude values of AE signals after long wave travel.

x1073

1t —nano30
—— picoHF

correlation = 25.4%

0 200 400 600 800 1000 1200
Frequency (kHz)

(a)
8 x1074
nano30
— picoHF
6
4
correlation = 87.5%
2
0

0 200 400 600 800 1000 1200
Frequency (kHz)

(b)

Figure 9. FFT of the experimental signals recorded by the sensor nano30 and picoHF for the same fiber
break (a) near the source and (b) far from the source (e = 2.8 mm and z = 0.9 mm).
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Figure 10. Descriptors of the experimental signals recorded by the nano30 and picoHF sensors for the
same test (e = 2.8 mm and z = 0.9 mm or e = 1.7 mm and z = 0.25 mm): (a) Amplitude (b) Frequency
centroid and (c) Cut-off frequency.

4.2. Validation of The Model: Comparison Between Experimental Results and Finite Element Simulation

Results

In this section, in order to validate the model before expanding this numerical study to different
sensors and specimens, we compare the experimental signals with the simulated signals, which are
derived from calculated surface signals using sensor effect according to Equation (5). This comparison
is carried out for fiber breaks signals at different positions, recorded at sensor C1 position for the two

types of sensors (nano30 and picoHF). Figures 11 and 12 show the experimental and the numerical
results with the two sensors excited by a fiber break at positions P1 and P5 for the specimen with

thickness e = 2.8 mm and e = 1.7 mm, respectively. Figure 13 shows the comparison in the time domain
for waveform due to fiber breaks and obtained with the sensor nano30 at two positions of the sensor:
near the source (position P1) and far from it (position P5) while Figure 14 shows the Smoothed Pseudo
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Wigner-Ville Distribution of the simulated signals. There are some minor differences in the time and
frequency domain responses. Nevertheless, in general the numerical and experimental results agree
with each other. The correlation coefficients of experimental and simulated waveforms are calculated
to determine the similarity in time. In addition, visual comparison is made in frequency domain.
The correlation coefficient shows that the measured and the computed waveforms have high similarity,
around 0.70. The simulated and experimental results agree well in spite of minor differences, attributed
to the influence of coupling effects [53,54] we neglected in the calculation. The results show that
the higher frequencies attenuate considerably with propagation. Moreover, it is demonstrated that
the features values calculated from the simulated signals match well with those obtained with the
experimental results (Figure 15). Figure 15 shows the evolution of several descriptors extracted from
the simulated waveforms recorded by sensors nano30 and picoHF for the same fiber breaks (at position
P2). For the simulated data, the fiber break is located at position P2 and the sensor moves along
the gauge length, from the epicentre of the source to the end of the gauge length. For experimental
data, the sensor is located at position C1 and the fiber breaks are distributed over the gauge length.
Although the data are not equivalent, we can compare trends in evolutions. We can notice that the
simulated data show the same evolution as the experimental data. Overall, a good agreement is
observed between the experimental results and the numerical simulations, allowing us to validate
the FEM model. Accordingly, we can conclude that the numerical approach is able to describe AE
signal propagation and detection due to fiber break. Nevertheless, the amplitude shown in Figure 15
does not follow the 1/ vr curve, where r stands for the distance to the source. For a specimen of such
a small size, the signal weakening due plate wave dispersion and geometrical spreading is partially
overcome by the signal amplification that can come from the superposition of edges reflections onto
the direct signal.
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Figure 11. Comparison between the FFT of simulated waveforms and experimental waveforms for
two positions P1 and P5 of the fiber break (a,b) nano30 and (c,d) picoHF (e = 2.8 mm and z = 0.9 mm).
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Figure 12. Comparison between the FFT of simulated waveforms and experimental waveforms for
two positions denoted P1 (near the source) (a) and P5 (far from the source) (b) for nano30 sensors
(e = 1.7 mm and z = 0.35 mm).
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Figure 13. Comparison between the simulated waveforms and experimental waveforms recorded
with the nano30 sensors for a fiber break at (a) P1 (near the source) and (b) P5 (far from the source).
(e = 1.7 mm and z = 0.35 mm).
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Figure 14. SPWVD of simulated signals recorded by nano30sensors (a) near the source P1 position and
(b) far from the source P5 position (e = 2.8 mm and z = 0.9 mm).
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Figure 15. Descriptors vs. source/sensor distance for experimental signals and numerical signals
detected by nano30 and PicoHF sensors: (a) amplitude in dB, (b) frequency centroid in kHz, e 2.8 mm
and z = 0.9 mm.

4.3. Acoustic Emission Signature Obtained with A Virtual Perfect Point Local Sensor

Figure 16 shows the result obtained with a virtual perfect point-like local sensor situated at the
position of the sensor C1. The velocity Vz calculated at a single node provides the signal recorded by a
virtual perfect local point sensor. Based on these results, most of the energy of the wave is concentrated
in the 400 to 800 kHz frequency band and a peak frequency appears around 700 kHz for fiber break
located at the position P1. Without the sensor effect, the frequency content is higher, especially for fiber
breaks near the sensor.

Simulation also provides waveforms computed along a straight line on the surface in order to
further analyze the characteristics of the wave propagation in the medium. In this case, the fiber break
is located at the position P2 and the waveforms are calculated on a single node from the epicentre of
the source to the boundaries of the gauge length on the top surface (out-of plane velocity Vz) and
on the lateral surface (in plane velocity Vy). In both cases, the waveform amplitude significantly
decreases in comparison to the one extracted at the epicentre of the AE source. These simulations
suggest a shift in the main frequencies as the wave propagates from the source to the boundaries. One
can observe changes in both the out-of-plane and the in-plane velocity amplitude and the frequency
content (Figure 17). Finally, mainly the lower frequency components (around 500 kHz) appear far
from the fiber break position. These are also information of “primitive” AE, which is defined as the
waveform near the source (both in distance and in time). A high frequency content, around 900 kHz
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for the out-of-plane velocity and 700 kHz for the in-plane velocity, typifies the primitive AE signal,
which corresponds to the signal detected at the epicenter of the source. For the in-plane velocity, the
distance between the source and the epicenter point is equal to 2 mm. For the out-of-plane velocity, the
distance is equal to 0.5 mm. Waveform analysis reveals a strong dependence of AE parameters on the
distance between the source crack and the receiver point, stressing out that the influence of distance is
crucial and should be taken into account for a successful identification of AE sources.
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Figure 16. SPWVD results and FFT obtained with a virtual perfect local point sensor for two different
simulated fiber break (a) at position P1 and (b) at position P5 (e = 2.8 mm and z = 0.9 mm).
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Figure 17. Comparison of the descriptors, in the plane Frequency Centroid/Peak Frequency, between
the virtual perfect local point sensor and (a) the nano30, (b) picoHF sensor (e = 2.8 mm, z = 0.9 mm).

The comparison between the data recorded with the two kinds of sensors and the data recorded
with a virtual perfect point-like local sensor shows that the data recorded by the picoHF sensor near
the source are more representative of the frequency content than the data recorded by the nano30.
These results may be very useful in order to choose the more suitable sensor. In this case, the modelling
approach delivers very good information over experimentally inaccessible parameters.

The fiber failure mechanism results in different amplitudes of symmetric and antisymmetric
modes. Figure 18 shows the 2DFFT for the simulated signal recorded on the faces of the specimen.
It displays the dispersion curve of each mode through a colour map of its modulus as a function of
the wave number k and the frequency f. On the lateral edge of the sample, larger amplitudes of the
measurable modes are observed than on the face. Of course, this finding must be qualified by the fact
that the modes excited by a source placed outside the median plane of the sample do not necessarily
have a strong component in the y direction. This is for example the case of the Fj; bending mode,
which can be compared to the well-known A antisymmetric mode for an infinite plate. In fact, the
antisymmetric modes do not have a component in the y direction, when the measurement is made in
the middle of the slice (at z = 0). It is however expected this mode to be excited because of the position
of the source. It is clearly visible in Figure 18b. For a specimen of such thickness, in the frequency
band of 1 MHz or for a frequency-thickness product up to 2.8 MHz.mm, the source excites a significant
amount of modes, the predominant ones being bending modes and to a lesser extent torsion modes.

Many parameters strongly affect the AE signal. With the aim of increasing the reliability of
supervised classifications, a parametric study can be carried out to enrich the library associated with
fiber breakage and to decrease the uncertainty. In the next section, several parameters are investigated
such as the thickness of the sample, the position of the fiber, and the choice of the sensor.



Appl. Sci. 2019, 9, 5124 18 of 24

8000

e=2.8 mm, z=0.9 mm, v(y) M

6000

4000

k (rad/m)

2000

0 500 1000

8000
e=2.8 mm, z=0.9 mm, v(z)

6000

4000

k (rad/m)

2000

0 500 1000
f (kHz)

(b)

Figure 18. Simulated dispersion curves (wavenumber k versus frequency f) via 2DFFT of signals
recorded along a straight line for a fiber break at the position P2 (a) on the lateral side of the specimen
v(y) (b) on the top surface v(z) of computational specimen (e = 2.8 mm and z = 0.9 mm).

5. Parametric Study Based on the Numerical Model

5.1. Effect of the Sensors

Figure 19 shows the evolution of the descriptors extracted from numerical signals with several
sensor effects (picoHF, WD, micro80, nano30, R15). While the medium and the excitation source are
the same, significant differences are observed in the time and frequency domain results.

The aperture effect consists of the progressive elimination of higher frequency wavelengths.
The frequency response of the AE sensor strongly influences the characteristics of the output signal.
This result shows a strong influence of the type of sensor, which controls the frequency content such as
frequency centroid or peak frequency (two common features used). In this context, it is difficult to
develop generalized pattern recognition methods using the resonant type AE sensors. It is further
noted that the R15 sensor is active in a smaller frequency range than that of the WD, hence energy
distribution with frequency seems to match with the sensor properties near the source. The peak
amplitude is also strongly affected by the sensor. With the numerical approach, it may be possible to
enlarge the library with the acoustic signature obtained with different sensors.
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Figure 19. Model and experimental: Evolution of the descriptors in the Frequency Centroid/Amplitude
plane detected with five types of sensor. (e = 2.8 mm, z = 0.9 mm).

5.2. Effect of the Thickness of the Sample and the Position of the Fiber

The thickness and the source position along the z-axis are varied. Figure 20a shows the results for
the 2DFFT obtained with a virtual perfect point-like contact sensor for two values of the thickness
(e =2.8 mm and e = 1 mm), when the fiber is located in the mid-plane of the specimen. A comparison can
be made with the Figure 18b. When the source is located in the mid-plane (z = 0), only the longitudinal
(Lop in particular) or symmetrical modes are excited (Figure 20a). Even if the identification of the
excited modes is complicated due to the reflections, we can observe that the excited modes are not the
same. With decreasing the z-position, the spectral contributions above 500 kHz increase significantly.

In Figure 20b, we investigate the effect of the thickness of the sample. It is not surprising to
find the fundamental longitudinal mode Ly; excited mainly around 500 kHz in a Imm-thick sample,
because this corresponds to the situation observed around the frequency 178.6 kHz in the 2.8 mm-thick
sample. Indeed, in terms of guided wave dispersion, the frequency-thickness product is the reference
invariant. The dispersion figure thus logically undergoes a homothety of the frequency axis, that it to
say that the full extent of the frequency range (1000 kHz) of the Figure 20b,c correspond to the dashed
box of Figure 20a. Consequently, less modes are observable and the excitability zone of the Ly; mode is
now centered on the bandwidth accessible to the measurement.

All things equal otherwise, when the source is out of the median plane of the sample (Figure 20c)
the same conclusion could be drawn observing the dispersion of guided waves. As a matter of fact, the
previously described outcomes, that is to say the homothety of frequency axis (here by a 0.6 factor
compared to Figure 18b) resulting in a frequency shift of the excited portion of the dispersion curves
accompanied by a switch of the nature of the excited modes, from longitudinal to flexural, remain valid.

Figure 21 shows the evolution of the descriptors obtained with two kinds of sensors (nano30
and picoHF) for several thicknesses and positions of the fiber. The main differences are observed
in the frequency content. The thickness of the specimens and the position of the fiber are major
factors of influence for the frequency of the AE signals. By inserting modelling results taking into
account these factors we enrich the experimental library of acoustic signatures, what can certainly
improve the robustness of the supervised classification. In practice, it is arduous to obtain a sufficiently
comprehensive library from an experimental point of view.
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Figure 20. Simulated dispersion curves via 2DFFT of signals v(z) recorded on the top surface for a fiber

break located at the position P2, (a) e = 2.8 mm and z = 0 mm, (b) e = 1 mm and z = 0 mm and (c)
e =17 mm and z = 0.35 mm.
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Figure 21. Evolution of the descriptors vs. distance between epicenter of the source (P2 position) and
sensor for the simulated signals detected with nano30 sensors for several thicknesses and positions
of the fiber (a) amplitude in dB, (b) frequency centroid in kHz and (c) roll-on frequency and for the
picoHF (d) and (e).

6. Conclusions

A modelling approach has been developed to predict the characteristics of the AE signal due
to fiber breaks. The effects of the source position, wave propagation and the transducers are treated
numerically and are compared with experiments. The simulated waveforms near the source provide
a valuable understanding of the signature of the AE source. In particular, the study of the 2DFFT
can identify the typical modes excited during the signal propagation, which strongly depend on the
position of the fiber and on the thickness of the sample. Thus, the analysis of the dispersion modes,
which is only accessible by numerical simulations, reveals interesting geometry-dependent features
of the waveforms. The results of this work highlight the main limitations of the conventional source
identification procedures.
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Modelling approaches that simulate “primitive” AE sources can be use in order to: (1) optimize
sensor selection and location, (2) quantify the wave propagation effects and (3) generate training
datasets for machine learning algorithms. In addition, modelling AE signals with our numerical
approach allows us to enlarge the training datasets while avoiding the high costs required by extensive
experimental campaigns.

In spite of its simplicity, the proposed model represents a first step towards a quantitative
understanding of the influence of experimental parameters on AE signals generated by fiber breaks.
Other damage mechanisms, such as matrix cracking and fiber-matrix debonding, will be considered in
a future work.
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