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ABSTRACT:

Detection and localization of unbounded contacts in industrial structures are crucial for user safety. However, most
structural health monitoring techniques are either invasive, power-consuming, or rely on time-varying baseline
comparison. A passive acoustic method is proposed to localize unbounded contacts in plate-like structures, using
the acoustic emissions by the contacts when they are excited by ambient noise. The technique consists of comput-
ing the correlation matrix of the signals measured by a set of receivers and applying to this matrix a beamforming
algorithm accounting for flexural wave dispersion. To validate the technique, an experimental setup is developed
in which three idealized unbounded contacts are created on a thin plate excited by a shaker. How the quality of the
defect localization depends on the defect type, receiver number, and the characteristics of the noise is investigated.
Finally, it is shown that the localization of unbounded contacts is possible using either an acoustic ambient noise

source or a more realistic jet engine noise. © 2020 Acoustical Society of America.
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I. INTRODUCTION

Rapidly detecting and localizing damages such as
cracks, delamination, or debonding on solid structures is
crucial in industry for user safety and machine performance.
Usual verification of structure integrity is performed by
visual inspection such as dye penetrant testing (Boller et al.,
2009; Diamanti and Soutis, 2010; Katunin et al., 2015). In
complement, changes in elastic properties can be monitored
with active acoustic methods that use receivers to send
acoustic signals in the inspected structure. Linear
approaches compare wave transmission through the struc-
ture with a reference measurement on the intact structure to
highlight the effect of the damage on the wave propagation
(pitch-catch or pulse-echo) (Amerini and Meo, 2011; Thn
and Chang, 2008). Nonlinear elastic wave spectroscopy
(NEWS) approaches take advantage of the nonlinear
behavior of damaged materials (Van Den Abeele et al.,
2000; Van Den Abeele et al., 2001). Indeed, it is observed
that eigenmode frequencies of damaged structures shift with
increasing vibration level (Cawley and Adams, 1979;
Riviere et al., 2010; Salawu, 1997). It is the principle of the
commonly used “coin-tap” technique (Cawley and Adams,
1988). Furthermore, when a damaged structure is simulta-
neously excited with a low frequency f; and a high fre-
quency f>, harmonics (e.g., 2f}) and mixing (e.g., fi = f>) of
these frequencies appear. Therefore, the amplitude at these
added frequencies is a global index of damage apparition
and evolution (Amerini and Meo, 2011; Buck et al., 1978;
Van Den Abeele ef al., 2001; Yang et al., 2018; Young
et al., 2019). Recent active techniques use time reversal
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(TR) to generate ultrasonic pulses at different positions on
the structure and either compare the pulses with a reference
pulse measured at an undamaged position (Le Bas er al.,
2015) or focus a pulse and its inverse and sum them (Bou
Matar et al., 2009; Ulrich et al., 2007), to locally highlight
the nonlinear response of the structure and therefore image
millimeter-size defects [see Anderson et al. (2019) for a
review of TR-NEWS studies]. However, these active techni-
ques require power sources and full scans of the inspected
object to localize the defect. They are therefore difficult to
apply for a continuous monitoring.

Passive approaches take advantage of ambient noise to
localize defects using a network of receivers. A few years
ago, a noise correlation technique (Chehami et al., 2014)
was proposed to localize linear defects on thin plates. The
localization is obtained by computing the difference of the
correlation matrix between the receivers obtained with a
defect and the one obtained in the reference healthy struc-
ture. However, a baseline comparison is problematic
because elastic properties vary with time, temperature, or
stress conditions.

To overcome this limitation, we propose a solution in
the case of a defect with unbounded contact embedded in a
plate-like structure supporting sufficiently high amplitude
vibration noise. Such a defect produces clapping and rub-
bing surfaces that generate wide frequency band elastic
waves (Asamene and Sundaresan, 2012; Hase et al., 2012;
Joseph et al., 2019). We show that if the defect is excited by
low-frequency (LF) ambient noise, it can be localized using
a passive acoustic technique based on the cross-correlation
of the emitted acoustic signals recorded on a network of
receivers. The signal processing procedure implemented to
localize the defect is presented in Sec. II. In Sec. III, we
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describe an experimental setup to test the localization tech-
nique. Different idealized unbounded contact situations are
considered on a thin plate excited by a shaker which mimics
an ambient noise source. In Sec. IV, the quality of the locali-
zation is investigated as a function of the defect type and the
excitation amplitude and frequency. The applicability of the
technique to detect several unbounded contacts or in an
industrial context is discussed in Sec. V.

Il. HOW TO LOCALIZE UNBOUNDED CONTACTS
FROM ACOUSTIC EMISSIONS

Our aim is to localize an unbounded contact on a plate
from its high-frequency (HF) (> 1kHz) acoustic emissions
when it is excited with a lower frequency noise (< 1kHz).
To do so, we have to overcome two major difficulties. First,
the wave front emitted by the defect has a long duration and
is reflected multiple times off the plate boundaries. Second,
the waves propagating in the thin plate are highly dispersive
because most of the energy is carried by the bending mode
Ay in the investigated frequency range (1 Hz-50kHz)
(Royer and Dieulesaint, 2000). For example, in the fre-
quency range from 1 to 20kHz, the group speed increases
by a factor of 20. Consequently, the emitted signals signifi-
cantly spread in time and we cannot distinguish the direct
wave front from the reflected ones off the plate boundaries.
In reverberating media, if all the Green’s functions
(responses) between each position on the surface under
study and the receiver positions are known, acoustic sources
can be localized with only a few receivers by taking advan-
tage of the reverberations (Ing et al., 2005). However, learn-
ing the Green’s functions requires either a model (analytical
or numerical) or an estimation of them during a calibration
process, which can be very costly for complex structures.
Alternatively, one can detect a source only using the direct
path. In such a case, the reflections off the boundaries act as
incoherent contributions to the measured signals. Therefore,
standard beamforming techniques based on time delay and
picking the arrival time of a wave front at several receivers
do not apply. We present a method that uses a dense set of
receivers to get rid of the reflective part of the recorded sig-
nals in order to locate the noise source (unbounded contact).
Let s;(7) be the acoustic signals measured by receivers i
(i=1,...,N) when the unbounded contact is excited. It is
helpful to write these signals in terms of the Green’s func-
tions (G(ry,r;, 1)) between the defect position (ry) and the
receiver positions (r;). Introducing the equivalent source
function of the defect f{(7),

5i(t) = G(ra, i t) xf(1), (1)

where the asterisk is the time convolution product. Note that
the source function f{(¢) is a continuous random signal. In
order to tackle the problem of the unknown excitation
source function f{(f), we cross-correlate the measured signals
between receivers, i.e., we compute, in Fourier’s domain,
the correlation matrix C whose elements are
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Cij(w) = §i(@).5;(@)7)., )

where o is the pulsation and §;(w), is the Fourier transform of
a section of duration 7 of the total recorded signal s;(r). The
operator (---)_ represents the stacking (or averaging) of the
products §;(w) §;(w); over a sliding window for the total dura-
tion of the recorded signals. The stack should tend towards

Cij(w) = G(rq, 1/, 0)G(rg, v, ) F (o), 3)
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FIG. 1. (Color online) (a) Schematic of the experiment. A thin aluminum
plate is attached to a shaker inducing a low-frequency (LF) vibration. A
non-linear defect generates a high-frequency (HF) acoustic signal when
excited. The acoustic signals are recorded with a network of piezoelectric
receivers. (b) The three types of contacts investigated (indicated with a red
arrow): a bead (punctual contact), a couple of resonators (frictional contact),
and an unbolted screw (threaded interface). An accelerometer measures the
plate vibration close to the defect. (c¢) Amplitude spectrum showing the
eigenmodes of the aluminum plate for frequencies below 1kHz. (d)
Localization map of an unbolted screw on the plate (yellow spot). The pie-
zoelectric receivers are indicated by black crosses and the shaker connec-
tion with a red dot.
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FIG. 2. (Color online) Contrast of the defect spot intensity over the maxi-
mum of the secondary lobes intensity for an unbolted screw excited by a
random noise of frequency range [200, 300] Hz, when the generated HF sig-
nal used for the localization is filtered around different mean frequency
fmean With a bandwidth Af = 2 kHz or around frequency f,,.., = 10 kHz for
different bandwidths Af.
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where F(w) is the Fourier transform of the autocorrelation
of the random source f{(¢), thus enhancing the Green’s func-
tions G(ry,rj,) of the wave coming from the defect.
Practically, in the following, we record signals of 10s
duration and we stack sections of duration t = 0.3 s. The
sampling frequency is 96 kHz, which leads to a 3.3 Hz fre-
quency resolution of the correlation matrix C. To evaluate
the defect position, we only need the first arrivals of the
wave front coming from the defect in the correlation matrix.
Therefore, we select only a time window in Cj(r) of dura-
tion 2ms before and after r=0. It roughly corresponds to
the maximum propagation time between the source and the
receivers at the lowest considered frequency in the process-
ing (i.e., 1kHz). This operation significantly decreases the
subsequent computation time of the defect localization map.
Now that the direct wave contributions are embedded in the
correlation matrix, the defect is localized by applying a
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FIG. 3. (Color online) (a) Several periods of the plate vibration measured by an accelerometer when the LF excitation is a continuous sine wave, in the pres-
ence (red) and absence (black) of a 4-mm steel bead, a resonator and an unbolted screw. (b) Spectrograms of the red signals. (c) Associated amplitude spec-
tra. The amplitude spectrum of an impact predicted by Hertz’s model is shown for the bead and the screw. (d) Map of the localization of the defect,

indicated by a yellow spot.
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beamforming approach taking dispersion into account. To
do so, since the Green’s function G(r,, rj, ) appears twice
in the correlation matrix, we multiply each side C~‘,;/ by the
weight functions ¢;(r, ®), given by the phase term of the
flexural Ag mode

i(r, ) = e~ MIrnl @)

where |[r —r;|| is the distance between the receiver i and a
point on the plate and k() is the dispersion relation of A,
mode. Practically, we compute at position r the ambiguity
function (Heitmeyer et al., 1984), given by

Ar,0) =3 ,(r.) Cyl)y(r, o). (5)

It can be shown that the ambiguity function is maximum
when r =r,, i.e., at the defect position. We found that a
robust approach is to retain only the phase information in
the correlation matrix C;;(m) by dividing it by its amplitude
|Cjj(@)|. The ambiguity is thus insensitive to discrepancies
between receiver’s sensitivities.

Once the ambiguity function estimated over a frequency
band which contains most of the HF energy generated by
the defect, excluding the frequency range of the excitation
noise, we compute the inverse Fourier transform a(r,?) of
A(r, ). At the defect position (r = r,), the direct path con-
tributions coming from the defect interfere constructively in
a(r,t) around time t=0 over a time interval of duration
L/Af, where Af is the bandwidth of the HF signal used for
the localization of the unbounded contact. Finally, the inte-
grated ambiguity surface at position r (i.e., our defect locali-
zation map) is given by

1/24f
I(r) = j
—1/24f

la(r, 7)[*dr. (6)

lll. EXPERIMENTAL SETUP AND A FIRST
EXPERIMENT

Our experimental setup is composed of a 2-mm thick,
80 x 80cm? thin aluminum plate with an idealized
unbounded contact [Fig. 1(a)]. According to Royer and
Dieulesaint (2000), the approximate relation of dispersion of
the Ay mode in this plate is k(®) ~ 0.57+/w, using the elas-
tic properties of aluminum. In order to excite the unbounded
contact, a shaker (4810, Bruel & Kjaer) is connected to the
plate with a piano string and generate a LF (< 1 kHz) excita-
tion vibration. The piano string connection is used to mostly
transmit the normal motion of the shaker while diminishing
non-linearities. Additionally, both the plate and the shaker
are suspended by elastic stretchers to attenuate parasite
external vibrations as much as possible. Appendix A shows
that the pattern and frequency of measured eigenmodes of
the plate compare well with numerical simulations using
free boundary conditions. One can therefore assume that our
setup exerts only a few constraints on the plate. The LF
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excitation is of high amplitude (plate vibration acceleration
~0.5 —5 g) in order to trigger acoustic emissions by the
defect. With this setup, the amplitude at the intended fre-
quency of excitation is about two orders of magnitude
higher than the amplitude of its harmonics. We investigate
three types of idealized unbounded contacts [Fig. 1(b)].

(1) A bead: a punctual contact created by a steel ball placed
on the plate. When the plate vibrates, the bead takes off
and impacts the plate multiple times, generating signals
of wide frequency bandwidth.

(2) A resonator: a frictional contact is obtained by fixing to
the plate a resonator consisting of a cube mounted on a
spring which is rubbing against a thin aluminum strip
when the plate is excited.

(3) A screw: a threaded interface consisting in a M8 4-cm
long unbolted screw impacting and turning on its thread.

Figure 1(c) shows an amplitude spectrum of the alumi-
num plate vibration below 1kHz, with spikes corresponding
to the frequencies of the plate eigenmodes. When we create
an unbounded contact on the plate, we first emit a frequency-
modulated signal (chirp) of frequency varying from 100 to
1000 Hz to verify which of these eigenmodes excite the con-
tact. Then, we investigate the response of the unbounded
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FIG. 4. (Color online) The thin plate is excited with an 860 Hz sine wave.
(a) Maximum vibration speed measured with a vibrometer at different posi-
tions on the plate. (b) Maximum of the HF acoustic signal (> 1kHz) gener-
ated by a 4-mm bead and measured with an accelerometer, as function of
the bead positions. (c) Maximum amplitude of the HF acceleration as a
function of the maximum vibration speed for each position of the bead. The
threshold vibration speed after which the bead generates HF signal is indi-
cated by a dashed line.
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contact to an excitation noise consisting of a random noise
filtered around a frequency that excites the contact.

The acoustic emissions by the excited contacts are
recorded with a network of 30 piezoelectric receivers (2-cm
wide piezoceramic disks). A piezoelectric accelerometer
(8309, Briel & Kjaer) measures the plate vibration close to
the defect [Figs. 1(a), 1(b)]. The signals played by the
shaker and recorded by the receivers are handled by a 32-
channel Analog/Digital audio card (Orion 32, Antelope), at a
sample rate of 96 to 192 kS/s.

An example of localization of an unbolted screw is
shown in Fig. 1(d). To estimate the quality of detection, we
introduce the contrast which is the ratio of the intensity at
the defect position over the maximum intensity of the sec-
ondary lobes. This parameter depends on the frequency
range of the HF acoustic signal used for the localization. In
Fig. 2, the contrast is plotted with respect to the mean fre-
quency for a fixed bandwidth (and vice versa). We observe
that the contrast is maximum around a mean frequency
finean == 10 kHz and increases as the bandwidth Af increases,
up to about 10kHz, after which it stabilizes. The fact that
the contrast of the screw localization decreases after f;q, =~
10 kHz is discussed in Sec. IV. In the following, in order to
maximize the spot contrast, the measured acoustic signals
are always filtered between 1 and 20kHz and the defect is
placed inside the receiver network, unless otherwise speci-
fied. In Appendix B, based on a diffuse model, two expres-
sions of the contrast due to the reflections off the boundary
and corresponding to two asymptotic regimes are provided.

In Appendix C, the effect of the sensor array geometry on
the secondary lobes is studied.

IV. ANALYSIS OF THE DEFECT LOCALIZATION

In this section, the localization contrast is investigated
for different defects as a function of the excitation noise
characteristics.

A. Comparison for three defect types

We now inspect the acoustic response of the investi-
gated defects. The defects are excited with a random noise
filtered around an eigenmode (around 260 Hz for the bead
and the resonator and around 588 Hz for the screw). All three
defects generate very different HF signals [Figs. 3(a)-3(c)].

In the signals generated by the bead and the screw, we
observe periodic impulsive signals caused by the successive
impacts of the object on the plate [Figs. 3(a), 3(b)]. These
impact signals have a wide frequency spectrum [Figs. 3(b),
3(c)]. It is also clearly visible on the amplitude spectra that
the 4-mm bead generates higher frequencies at impact than
the unbolted screw. Note that the fact that the localization
contrast decreases after 10kHz for the screw in Fig. 2 can
be explained by the decreases after 10kHz of the signal-to-
noise ratio of the HF noise generated by the screw
[Fig. 3(c)]. The difference of generated frequency range for
the bead and the screw can be justified with Hertz’s theory
of elastic impact between spheres (Hertz, 1882) [also see
Johnson (1985)], which shows that the maximum frequency
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FIG. 5. (Color online) [(a), (d), (g)] Unfiltered and [(b), (), (h)] filtered signals measured by an accelerometer in the presence (color) and absence (black) of
[(a)—(c)] a 4-mm steel bead, [(d)—(f)] a resonator, and [(g)—(i)] an unbolted screw on the plate, for three different amplitudes of an excitation random noise
filtered between 200 and 300 Hz (except for one case for the bead where the excitation is an 860 Hz sine wave). [(c), (), (i)] Amplitude spectra of the accel-

eration signals shown in (a), (d), and (g).
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generated by an impact increases as the size of the impactor
decreases. We computed the amplitude spectrum of the
force generated by the impact of a single sphere, following
Hertz’s theory of impact [see Farin et al. (2015) for details].
The 4-mm bead generates impacts of duration ~40 pus,
which results in frequencies up to 60 kHz while a sphere of
the same mass and elastic properties as the screw but with a
contact radius equal to the screw thread generates impacts
of duration ~100 wus, which result in frequencies up to
30 kHz. The frequency range of the computed spectra match

well with the measured impact spectra [Fig. 3(c)]. In con-
trast, the spectrum of the resonator is quite different, with
distinguishable spikes in the amplitude spectrum. These
spikes correspond to the resonances of the thin aluminum
strip on which the resonator is rubbing.

Even though the HF signals generated by the three types
of defect are quite different, all defects can be localized with
the technique described in Sec. II [Fig. 3(d)]. Note that the
bead is the most clearly visible defect. The resonator is an
extended source, which results in a slightly wider spot than
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for the two other defects. The detection contrast depends on
the amplitude and frequency of the excitation noise as will
be discussed in the following.

B. Influence of plate vibration amplitude

We conduct a simple experiment in order to observe
how the acoustic response of an unbounded contact depends
on the amplitude of the plate vibration at the defect position.
First, a steel bead is moved on a virtual grid by a magnet
placed below the plate. For each position of the bead, the
plate is excited with an 860 Hz sine wave and the maximum
amplitude of the bead HF (> 1kHz) acoustic response is
recorded by an accelerometer. Then, we remove the bead
and we record the vibration speed of the plate at each former
bead’s position using a laser vibrometer (Polytec OFU-505).
A good correlation is observed between the vibration ampli-
tude of the plate (i.e., the pattern of the excited eigenmode
at frequency 860 Hz) and the amplitude of the HF signal
generated by the vibrating bead [Figs. 4(a), 4(b)]. Even
though it is trivial that the bead is not excited if it is located
on a plate node, it is interesting that the bead remains in con-
tact with the plate for vibration amplitude below a threshold
of ~ 4 mm s~ ' [Fig. 4(c)]. This threshold corresponds to the
instant when the plate acceleration is higher than the gravi-
tational acceleration plus the attractive magnet force
(divided by bead mass). Above the threshold, the amplitude
of the generated HF signal increases linearly with the plate
excitation amplitude [Fig. 4(c)].

When we increase the vibration amplitude of the plate,
we note an evolving acoustic response of the defects (Fig. 5).
When the excitation amplitude is just above the bouncing
threshold of the bead and the screw, they jump at every max-
imum of the LF signal [for the bead, see Figs. 5(a), 5(b) for
amplitude 23.7m s~ 2 and for the screw, see Figs. 5(g), 5(h)
for 16m s 2]. The amplitude spectrum of this periodic HF
response is a comb with the excitation frequency and its har-
monics [Figs. 5(c), 5()]. As the excitation amplitude
increases, the bead and the screw jump higher and the period
of the HF response becomes twice a period of the LF excita-
tion. Consequently, half the excitation frequency and its har-
monics appear in the amplitude spectrum, in addition to the
harmonics of the excitation frequencies (not shown). By fur-
ther increasing the amplitude (or by shifting to a different
excitation mode when at the threshold), quarters, eighths and
so on of the excitation frequency appear in the spectrum until
impacts become unsynchronized with the excitation vibra-
tion and the spectrum becomes much richer in frequencies
[for the bead, Figs. 5(a), 5(b) for accelerations 23.6 and
39.1'm s~ 2 and for the screw, see Figs. 5(g), 5(h) for acceler-
ations 19.2 and 31.2m sfz]. For example, this transition
towards chaos was described by Tufillaro and Albano
(1986). In contrast, such behavior was not observed for the
resonator which process of generating HF signals is not
caused by impacts but by rubbing of a thin strip against a sur-
face. In this last case, the frequency content of the generated
HF noise seems to be the same regardless of the excitation
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amplitude (after the threshold) and its amplitude seems to
increase linearly as the excitation amplitude increases [Figs.
5(d), 5(H].

We now inspect how the localization contrast is
improved when the LF excitation amplitude increases [Fig.
6(a)]. At a given threshold of excitation amplitude, below
which the defect remains quiet, the contrast rapidly
increases and then saturates. Both the detection threshold
and the maximum contrast depend on the type of defect. If
we use beads of different diameters, we note that the excita-
tion amplitude threshold decreases as the diameter of the
bead increases, but the maximum contrast is unchanged
[Fig. 6(c)]. The maximum contrast seems to be controlled
by the signal-to-noise ratio (SNR) of the HF signal gener-
ated by the defect. The parameter that seems to control the
detection threshold (when the contrast exceeds 1), is the per-
centage of HF in the signal used to locate the defect. This
percentage is defined as the percentage of time, over the
total signal duration, during which the amplitude of the HF
in the signal is higher than the noise level recorded without
defects [Figs. 6(b), 6(d), and 6(e)]. The transition between a
contrast below 1 and the maximum contrast is controlled by
an increasing percentage of HF in the signal. This is particu-
larly clear for the beads of different diameters as all curves
collapse when represented as a function of the HF percent-
age [Fig. 6(d)].

C. Influence of the frequency of the excitation noise

The localization contrast of a defect depends on the fre-
quency range of the excitation noise. The defect can be
detected only when the excitation noise includes plate
eigenmodes that excites the defect. In theory, increasing the
bandwidth of the excitation noise includes more eigenmodes

(a) [— with screw  — without screw|

o 200 .

860 Hz

431 Hz 500 Hz

Acceleration (m s
o

-200 : : : : ; ;
0 200 400 600 800 1000 1200 1400
Frequency (Hz)
(b)
% 260 Hz
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S -+ 500 Hz
O -+ 860 Hz
I | |

Il
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FIG. 7. (Color online) (a) Acceleration signals measured without and with
the presence of a screw on the plate when a frequency-modulated signal of
frequency varying from O to 1400 Hz is emitted. (b) Localization contrast
for an unbolted screw excited by a random noise of different central fre-
quencies, as a function of the noise bandwidth Af-F.
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of the plate and the defect should be more efficiently
detected. However, this is not trivial in a structure that
includes only a few eigenmodes. For example, in Fig. 7(a),
only a few modes exciting an unbolted screw below 800 Hz
are identified (when the amplitude of the noise generated by
the defect is higher than the plate vibration amplitude). In
this frequency range, when we emit a random noise centered
on an eigenfrequency that excites the defect (e.g., at fre-
quencies 260 or 431 Hz) and we increase the noise band-
width, there are fewer occasions that the frequency of the
noise passes by the exciting eigenfrequency, and the contrast
diminishes [Fig. 7(b)]. On the contrary, if the random noise
is initially centered around a frequency that does not excite
the defect [e.g., S00Hz in Fig. 7(b)], the defect is not
detected if the noise has a narrow bandwidth but it is eventu-
ally detected as the bandwidth of the noise increases, as
eigenfrequencies exciting the defect become included. In
contrast, in a frequency range where the density of

eigenfrequencies exciting the defect is high (e.g., above
800 Hz in our plate), increasing the bandwidth of the ran-
dom noise does not strongly affect the contrast because the
probability that the frequency passes by that of an eigen-
mode that excites the defect remains high [see the curve for
860 Hz in Fig. 7(b)].

V. TOWARDS MORE REALISTIC CONDITIONS
A. Case of several defects

We inspect a case with several defects on the plate. We
saw in Sec. IVB that one can only detect defects at the
antinodes of the excitation modes. When five unbolted
screws are simultaneously placed at different positions on a
thin plate, when we play a frequency modulated signal of
frequency increasing with time from 450 to 650Hz, the
localization map successively highlights the different screw
positions (Fig. 8). Most of the time, one can detect the defect
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c
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o
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O
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S |4
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Frequency (Hz)
(b) f =500 Hz f =520 Hz FIG. 8. (Color online) (a) Normalized
0 acceleration signal measured on the
plate when the shaker emits a modu-
10 lated signal of frequency varying from
-1 450 to 650 Hz, with (red) and without
(black) the unbolted screw. Each line
0 > m corresponds to different screw posi-
- T tions. (b) Localization maps obtained
using measured signal of bandwidth
3 indicated by the blue line on (a), with
-10 five unbolted screws installed simulta-
neously at the positions indicated by
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FIG. 9. (a) Contrast of the localization spot as a function of the plate maxi-
mum acceleration for an unbolted screw excited by a random noise of fre-
quency range [200,300] Hz played by the shaker (empty triangles) and by
four loudspeakers placed in front of the plate (full triangles).

that generate the highest acoustic amplitude at a given exci-
tation mode [for example, modes f= 500, 520, and 620 Hz,
Fig. 8(b)]. For some modes, one can detect several defects,
although with a less good contrast than when only one
defect is detected (for example, mode f=560Hz).
Therefore, the best way to detect the different defects is to
successively excite different eigenmodes of the plate.
However, practically the ambient noise has a large band-
width and the detected defects will be the ones that generate
the highest amplitude HF acoustic signals.

B. Realistic ambient noise

We have seen that one can detect an unbounded contact
using random low frequency vibration. However, these
proofs of concept are still far from an aeronautic application.
We now inspect more realistic sources of ambient noise.
First, we replace the shaker by four loudspeakers installed in
front of the plate. We use an unbolted screw as the

(a)

— without screw
— with screw

Amplitude (dB)

0 10 30

20
Frequency (kHz)

(b)

unbounded contact for this experiment because it is excited
at lower excitation amplitudes than the two other defects
[Fig. 6(a)]. The loudspeakers emit a random noise filtered
between 200 and 300 Hz to excite the screw. It results that
we can also localize the defect with this contactless noise
source (Fig. 9). Besides, the localization contrast is similar
to when we use a shaker emitting the same noise. However,
these loudspeakers are not powerful enough to generate as
high a plate vibration amplitude as the shaker. The unbolted
screw was localized when the acoustic power emitted by the
loudspeakers was higher than 94.3 dB, which is much less
than the acoustic power emitted by a jet engine (~120 dB),
for example.

In a second experiment, in order to mimic a more realis-
tic ambient noise than a random generated noise, we emitted
with the shaker the noise recorded by a microphone in front
of a jet engine. The amplitude spectrum of the engine noise
shows than vibration energy is mostly in a frequency range
below 5kHz, with frequencies up to 10kHz [Fig. 10(a)].
When this excitation noise is played in our setup, an
unbolted screw generates an acoustic signal with frequen-
cies up to 20kHz, and can therefore be localized
[Fig. 10(b)]. For a given vibration amplitude of the plate,
the screw localization contrast is even higher with the
engine noise than with a random noise in the same fre-
quency range (100 Hz to 10 kHz).

Therefore, these two experiments show that the pre-
sented localization technique can be used with more realistic
excitation sources and noises than the ones (shaker and ran-
dom noise) we used in the previous validating experiments.
Other unbounded contact situations (delamination, cracks)
need, however, to be investigated in future research.

VI. CONCLUSIONS

A passive acoustic technique has been presented to
localize unbounded contacts on a plate-like structure from
the acoustic emissions of the defects excited by ambient

2.5 T | T | T
- X Random noise
[+ Engine noise

2.0

1.5

Contrast

1.0

0 20 40 60
Maximum acceleration (m s'2)

FIG. 10. (Color online) (a) Amplitude spectrum of the signal recorded by an accelerometer when an engine noise is played by the shaker with and without
an unbolted screw on the plate. (b) Contrast of the localization spot as a function of the plate maximum acceleration for an unbolted screw excited by a ran-
dom noise of frequency range [0.1, 10] kHz (green x) and by the engine noise (black +).
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noise. In order to test the technique, we have investigated
three idealized unbounded contact situations on a thin plate
excited by a shaker emitting a random noise. We studied how
the contrast of the defect localization depends on the type of
contact, the amplitude and frequency range of the excitation
noise, and the receiver network arrangement. We showed
that such defects can be successfully localized when the
shaker is replaced by a contactless excitation source and
when the excitation noise is a realistic jet engine noise. More
work is required to test the presented technique with realist
defects encountered in the industry such as cracks or delami-
nation. In our setup, we focused on the bending Ay modes in
thin plates to localize the defects, but symmetrical S, Lamb
modes may be more sensitive to such types of defects (Ihn
and Chang, 2003). Although industrial structures often have a
complex shape and are composed of composite materials,
which are more heterogeneous than an aluminum plate, we
expect the presented technique to be more efficient because
these structures have a high eigenmodes density. The condi-
tion for defect detection is that the excitation noise amplitude
is sufficiently high so that the amplitude of the bending wave
generated by the defect can be detected.
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APPENDIX A: SOME EIGENMODES OF THE PLATE

In this appendix, we compare five eigenmodes of
the investigated aluminum plate measured with a laser
vibrometer with that simulated with cOMSOL MULTIPHYSICS
(see Fig. 11). In the simulations, we set free boundary
conditions. The measured and simulated frequencies and
patterns of the eigenmodes compare well. Therefore, one
can assume that our setup exerts few constrains on the
plate.

APPENDIX B: QUALITATIVE DISCUSSION ON THE
LOCALIZATION CONTRAST

In this appendix, we evaluate how the contrast of the
defect localization depends on the characteristic attenuation
time in the plate and on the eigenmode density. Let G4 and
Gp be the Green’s functions (GF) between the source and
sensors A and B, respectively. The GF can be decomposed
into two contributions,

G =G’ + G, (B1)

where G? is the direct wave front (free space) and 5G? is the
reflected wave field. At the source position and at time ¢ =0,
the ambiguity function is

f=460 Hz

f=460.4 Hz
T

f=716 Hz

FIG. 11. (Color online) Comparison of the pattern and frequency of five eigenmodes of the aluminum plate, (a) partially measured using a laser vibrometer

and (b) simulated with comsoL MULTIPHYSICS using free boundary conditions.
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a(0) = JGS( (GY + 0G4)(GY + 6Gp)*GYdw, (B2)

J GYGYGYGY dow + JGX*GX 0GGhdw

ay as
- JGQ*&GAGg*ngw, (B3)
as
+ J GY0GA6G3GYdw . (B4)

ay

The frequency dependence of the Green’s function is not
written for simplicity. The amplitude on the localization
map at the source position is related to the term a;. Its
amplitude is given by

a = JGg*GgGgGg*dw ~ Ao|GSP|GY, (BS)
with Aw is the bandwidth of the recorded signal and |GY|
and |Gg , the modulus of the free space GF. The contrast is
defined as the ratio of the energy of this contribution to the
ones due to the reflections. These contributions that degrade
the source localization are given by (|as|*) and (|as|?),
where (---) stands for the averaging over the diffuse field
statistics. Indeed, the mean values of a,, as, a, are equal to
zero and because we assume that the reflection amplitude is
weaker than the direct path, (|as|*) is negligeable. As a con-
sequence, the contrast is given by

2
C——___ 4 (B6)

{laa]?) + (las|”)

The value (Jaz|*) is worked out from

oz = [ [ 6310168 ()63 )68 (0)GA(w)

X Gy’ () (0Gp(0')0Gy(w))dwde',  (BT)

~ Awdo|GS[*1GY 2 (|6Gs ), (B8)
where dw is the frequency correlation length of the reverber-
ated field. Note that because we assume that the distance
between the source and the positions A and B are of the
same order, |G4| ~ |Gp|. Let us introduce R as the typical
distance between the source and positions A (and B). Due to
energy conservation,

PoZ
|GA\2:L

R’
where P, the power radiated by the source and Z the intrin-
sic impedance. We now determine the amplitude of \(3GB|2.
The mean diffuse energy density in a cavity is given by

(19Gs/*)

Zc

(B9)

(B10)
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where c is the wave speed. The total energy E for a plate of
surface S is simply given by

E ~

2
M. (B11)

Zc

The link between the power of the source and the energy is

dE E
Po— — o = B12
0 dt T ) ( )
where t is the characteristic decay time of the cavity.

Finally,

Z 3
1G> ~ %Po. (B13)
Because (|a|*) = (|as|*), the contrast is
| WAYO RN
Cr~—-—— . B14
2 dw mRtc (B14)

In the case where the attenuation is strong, i.e., when 7 < n
(n is the modal density), the modes are not “resolved,” and
the frequency correlation length dw is given by 1/z,
therefore

1SAw
Cr~———. B15
2 wRc ( )

It does not depend on the characteristic decay time t. On the
contrary, when the attenuation is low (t > n), dw =~ 1/n,
and the contrast is

C ~ lSAa)n.
2 nRtc

(B16)

In this case, the larger the decay time and the worst the con-
trast. In the case of an array of N receivers, it is straightfor-
ward to show that the previous expression becomes

C 1 NSAwn
~2 nRtc

(B17)

Note that this derivation does not take into account second-
ary lobes due to the sensor array geometry.

APPENDIX C: RECEIVER NETWORK

In this appendix, we investigate the influence of the
receiver network arrangement on the localization contrast.
When the receivers are arranged uniformly around the
defect, we observe that the defect is detected using only four
receivers [Fig. 12(a)]. Then, the contrast linearly increases
as the number of receivers increases and reaches a maxi-
mum for 20 receivers. Using more receivers does not
improve the contrast in our configuration. In our experi-
ments, the defect was placed inside the receiver network to
have an optimal opening of the network. Practically, more
realistic receiver network geometries are along a line or a
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FIG. 12. (Color online) (a) Localization contrast of the localization spot for
a 10-mm bead as a function of the number of receivers arranged uniformly
around the defect. (b) Localization maps obtained using a line or corner
arrangement of an eight-receiver network.

corner. We also tested these two simpler geometries using
only eight receivers and we still efficiently detect the defect
[Fig. 12(b)].
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