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Abstract.

The contact acoustic emission (AE) monitoring system is time-consuming and costly for monitoring concrete

structures in large scope, in addition, the great difference in acoustic impedance between air and concrete makes the detection
process inconvenient. In this work, we broaden the conventional AE source localization method for concrete to the non-contact
(air-coupled) micro-electromechanical system (MEMS) microphones array, which collects the energy-rich leaky Rayleigh
waves, instead of the relatively weak P-wave. Finite element method was used for the numerical simulations, it is shown that the
propagation velocity of leaky Rayleigh waves traveling along the air-concrete interface agrees with the corresponding theoretical
properties of Lamb wave modes in an infinite concrete slab. This structures the basis for implementing a non-contact AE source
location approach. Based on the experience gained from numerical studies, experimental studies on the proposed air-coupled AE
source location in concrete slabs are carried out. Finally, it is shown that the locating map of AE source can be determined using
the proposed system, and the accuracy is sufficient for most field monitoring applications on large plate-like concrete structures,

such as tunnel lining and bridge deck.
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1. Introduction

When the civil engineering structures crack under stress,
strain energy is released in the form of transient stress
waves. By analyzing these stress wave signals, various
information of damage source can be obtained, including
damage location, damage type, material characteristics and
so on, which is called acoustic emission technique (AET). It
is a sensitive passive monitoring technique that has been
widely used in defect location research in the field of civil
engineering health monitoring (Li et al. 2017, Banjara et al.
2019, Du et al. 2021). From the energy point of view
(Carpinteri et al. 2016), AE is the emission of a surplus of
elastic energy under loading, which is not dissipated by the
material damage (such as the opening and closing of micro-
cracks), and is detected by the AE sensors. Therefore, the
remarkable feature of AE technique is that it only detects
active cracks, and it cannot detect inactive cracks or
damages that do not emit energy outward. There are many
kinds of damages in materials, for the damages that do not
emit energy, the energy balance may be reached itself,
which does not affect the stability of the whole structure.

AE source is the location of damage, the positioning of
the AE sources is an important aspect of structural health
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monitoring research (Kuang et al. 2016). At present, the
piezoelectric sensor is mainly used for acoustic emission
monitoring, these sensors need to be strongly bonded on the
surface of the detected structure during the whole
monitoring process. Another problem with current sensor
monitoring is the need for wired data acquisition
equipment, it is time-consuming and laborious to place a
large number of sensors to monitor larger range. For
conventional AE systems, they are capable of recording AE
signals in the MHz range that are ideal for monitoring
microcrack evolution in the laboratory (Shahidan et al.
2013). The cost of the complete set of equipment is about
USD $40,000-60,000, which is costly and bulky to be used
for monitoring a large structure. Therefore, they are not
suitable for field monitoring of large civil engineering
structures.

In recent years, the non-contact (air-coupled) NDT
(non-destructive testing) methods have attracted widespread
attention in the field of structural health monitoring (Chen
et al. 2019). Non-contact wireless sensors and Internet of
Things technology make it possible to monitor large-scale
concrete structural. However, there are two challenges to
study the non-contact (air coupled) AE location of concrete
structures (Ferguson ef al. 2002, Qiu and Lau 2021). One is
the attenuation of high frequency stress wave signals by
concrete, only AE signals at low frequencies (below 25
kHz) can propagate farther. Another is the huge difference
in acoustic impedance between air and concrete, where only
a small amount of energy leaks into the air near the
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interface (Ongpeng et al. 2018).

With the rapid development of electronic science and
technology, air-coupled sensors are able to detect leaky
surface waves and leaky Lamb waves (Qiu and Lau 2021).
Therefore, considering the AE source can be located by
monitoring the leaky surface wave on the concrete surface
rather than direct acoustic waves in the air, it can make full
use of the advantage of AE technique to detect active
defects, and be conveniently applied to the damage
monitoring of practical large-scale civil structures. The
MEMS (micro-electromechanical system) microphones
sensor (around USD $0.314) is far less expensive than a
contact piezoelectric sensor, the small size and low unit cost
enables deployment of many sensors in an array and
monitoring system of large civil structure based on wireless
connection. The multi-channel sensor array data will be
processed using beamforming technique (Xiao et al. 2014).
Beamforming is a signal processing technique, which is
widely used in multi-channel signal processing (Mclaskey
et al. 2010, Wang et al. 2020).

This paper focuses on two aspects: one is the
characteristics of AE signals that leak from the concrete
surface to the air, and the other is the response
characteristics of non-contact (air-coupled) sensors to AE
signals. An AE source location method is proposed by
theoretical analysis and numerical calculation. Based on the
above theoretical research results, a non-contact monitoring
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system based on the wireless connection of Raspberry Pi
(single-board computer) is made to locate the AE source,
and the effect of the location is verified experimentally.
This research aims to develop an inexpensive non-contact
technique to acquire accurate location of AE source on large
plate-like concrete structures and prepare for the monitoring
of large civil structures based on wireless Internet of
Things.

2. Waveguide modes in an air/concrete plate

For a fluid-solid half space system, as depicted in Fig. 1,
the fluid (z < 0) is above the solid. Material parameters of
fluid are given by the Lame’s constant A and pf, and
those of the solid by the Lame’s constant Ag, p and
density p;. The governing equations of fluid-solid half
space are derived from the displacement potential function
¢ 1in the fluid and solid, which are given in Eq. (1)
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Where subscripted variable i includes F, P, and S, for
the fluid ¢ = As/py is the acoustic velocity, for the solids
¢t = (As +21)/ps.c2 = u/ps are P-wave velocity and S-
wave velocity respectively. The double dots represent a
double differentiation of time. In general, a free surface
solid model (vacuum-solid half space) can correctly
calculate the propagation of elastic waves in the solid
interface because air has little effect on solids (Redwood
1967).

When stress waves from AE activity propagate in plate-
like concrete structure, Rayleigh waves propagate at the
solid interface. If the thickness of the plate is smaller than
the wavelength of the guided wave, the Rayleigh waves will
degenerate into Lamb waves (Aggelis and Matikas 2012),
therefore, Rayleigh wave is a special type of guided wave,
which propagates along the surface of a semi-infinite solid
medium.

Fig. 2 presents the dispersion curve of a free surface
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Fig. 2 Dispersion curves of a free surface concrete slab (the thickness is 200 mm, density is 2400 kg/m?, Young’s

modulus is 25.63 GPa and Poisson’s ratio is 0.2)
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concrete slab. At the lower frequency (< 7 kHz), only the
modes AO and SO exist. At higher frequency, A0 and SO
modes will approach the Rayleigh wave velocity of the
plate. Commonly, in this case, Rayleigh wave motion
develops at a range of 12 to 14 kHz; this is where A0 and
S0 modes combine together at the Rayleigh wave velocity.
Rayleigh wave velocity, as determined for free solids (as
shown in Fig. 2(a)), is a very good approximation of the
surface wave phase velocity on air-concrete interfaces, this
is because the density of solids is significantly greater than
that of liquids (e.g., air density is 1.21 kg/m? and concrete
density is 2400 kg/m?) (Plona et al. 1975). The energy of
the wave propagates in group velocity, which is equal to the
phase velocity divided by the number of waves. The
dispersion group velocity curve can be obtained as shown in
Fig. 2(b).

In plate-like structures (e.g., tunnel lining and bridge
deck), the AE signal stress wave propagates on the plate
surface can be considered as plane wave, the small aperture
arrays are more sensitive to changes in azimuth than
changes in slowness (slowness of plane wave is
approximately equal to 1/c, ¢ is the propagation velocity),
more details can be found in Mclaskey et al. (2010). Thus,
for the AE source location of plate-like structure, it is
equivalent to finding the arrival direction of AE wave in a
two-dimensional plane.

In addition, leaky Rayleigh waves also show dispersion
phenomenon during propagation. However, this dispersion
differs from the Rayleigh waves in solids, which cause the
variation of phase velocity with frequency. The velocity of
Leaky Rayleigh waves propagation at the fluid/solid
interface is constant (Kaczmarek et al. 2017), which
provides convenience for beamforming localization of AE
sources.

3. Data processing method
3.1 MASW analysis

The dispersion curve of plate structure can be obtained
by MASW (multichannel analysis of surface waves)
technique (Park et al. 1998), which is based on non-contact
acoustic signal has great potential for characterizing the
properties of plate-like concrete structure. In this paper,
MASW technique is used to obtain the dispersion curve of
concrete slab to be monitored, so as to obtain the
parameters such as the velocity of leaky surface wave, and
this result is compared with the theoretical dispersion curve
based on Lamb wave theory.

Multiple leaky surface wave signals from AE sources
are received through a linear array, the array data collected
at different offsets u(x,f) is automatically transformed to the

frequency-phase-velocity ~ domain, the  plane-wave
transformation is given by
—i(i)x
M(w,cg) = J- e R U(x,w)dx 2)

where U(x,o) is obtained from the Fourier transformation of
u(x,f), o is the angular frequency, cris the measured phase

velocity, and M(w,cr) is the stack amplitude for each ® and
cr, M is calculated in the frequency and phase-velocity
range of interest to generate the frequency-phase-velocity
spectrum, and this spectrum shows how the total AE energy
in concrete is distributed between different frequencies and
phase velocities. In dispersion images, red represents high
energy and blue represents low energy. As the frequency
increases (between 12 kHz and 14 kHz), it can be seen that
the energy of A0 and SO modes combine at one velocity
(the red is more and more concentrated), which is the
velocity of leaky surface wave czz. Therefore, we first
obtain dispersion images based on the multi-channel
waveform signals obtained by monitoring, and then obtain
the velocity of leaky surface wave c;z based on the energy
distribution (red area) on the figure.

3.2 Beamforming-based positioning method

The delay and sum beamforming method is used to
process signals received by each single square array and
form a beam. The basis of time delay beamforming is to
calculate the relative delays from all locations on the
surface of an AE source to each microphone in the array.
The reconstruction function for the locations in the image
plane is obtained by Xiao et al. (2014)

N
1
BG,0 = ) Ba(t=4y) G)
n=1

where 7 is the vector position of the point in the
reconstruction plane, B, is the recorded time signal of the
n'" microphone, and 4,, is the relative delay. The relative
delays are calculated from the absolute delays (7, )
according to 4, =1, —min(t,). The absolute delays
have the form t, =d,/c,g, where cir is the leaky
Rayleigh wave velocity, d, is the vector distance between
each microphone in the array and the points in the image
plane, the leaky Rayleigh wave velocity c;r is determined
by the MASW analysis described in Section 3.1 above.

The leaky Rayleigh waves used for positioning in this
paper are monitored on the surface close to the concrete, so
the positioning of the AE source can be simplified to a two-
dimensional planar positioning problem. The coordinate
corresponding to the maximum amplitude in the
intersection area is taken as the location of the AE source,
this positioning process can be programmed automatically,
and the detailed analysis process is shown in Fig. 3 below.
In the numerical and experimental studies below, the AE
sources are located at the intersection of two beams formed
by a pair of square arrays, similar to human “ears”.

4. Numerical study

In this section, the numerical simulation data will be
used to establish the air-coupled AE source location
method, including air-coupled MASW and air-coupled
beamforming. A two-dimensional (2D) axisymmetric finite
element model and a three-dimensional (3D) finite element
model are established respectively, the 2D simulations are
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conducted to generate Leaky Rayleigh wave data from
concrete surface with artificial AE source. the velocity of
the leaky Rayleigh wave is obtained by MASW processing,
then the Rayleigh waveforms are used to form the beam,
and finally the location of the AE source is determined in a
3D finite element model.

4.1 Establishment of the finite element model

In order to observe the results of theoretical analysis, the
numerical analysis for air-solid half space system was
achieved using COMSOL, a software that implements the
elastodynamic finite element method, which is based on the
MATLAB environment.

As shown in Fig. 4(a), a simulated AE signal was loaded
at the air-solid interface to simulate leaky Rayleigh wave
propagation characteristics. The highly heterogeneous
composition of concrete is a challenge for AE analysis, and
in this study, the properties of each concrete are assumed to
be homogeneous and linear-elastic. As the leaky surface
waves at relatively low frequencies (10 kHz~22 kHz and
wavelengths around 8~19 cm) are notably longer than the
largest coarse aggregate. Since the Rayleigh wave on the

concrete surface and the leaky Rayleigh wave in the air can
be used for positioning (the specific reasons are analyzed in
section 4.2.3 below), in order to save the cost of calculation,
the 3D solid model without air domain, as shown in Fig.
4(b), is used to numerically calculated the beamforming
positioning.

The material parameters used for numerical calculation
are consistent with those of theoretical analysis, for air,
density pyis 1.21 kg/m?, sound velocity cr is 343 m/s; for
concrete, density ps is 2400 kg/m?, P-wave velocity cp =
3444 m/s, and Poisson’s ratio v is 0.2. The vertical transient
point load is f{t) = sin*(wt/T), the pulse width T is 100 us,
and the time step is 1us. The size of the model is 4000 mm
in horizontal x-axis and 1200 mm in the vertical z-axis, the
model is large enough to avoid unnecessary boundary
reflection.

For a maximum frequency fmax= 20 kHz, considering a
S-wave velocity ¢; = 2109 m/s, the speed of sound in air cr=
343 m/s, in present study the minimum wavelength is given
by Amin = ¢i/ fmax (i=S, F), for the 2D axisymmetric air-
concrete model, the value of Amin is assigned as 10 cm in
solid and 2 cm in air. For the 3D concrete slab model, the
value of Amin is assigned as 10 cm.
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To avoid numerical instability, the integration time step
and the element size are dependent on the maximum
frequency fmax. There is a super rule that a minimum of 20
points per cycle at the highest frequency, that is Az =1 /
(20fmax). For a good spatial resolution, 20 nodes per
wavelength are normally required at least. Therefore, the
element size is /e =Amin/ 20 =5 mm in solid and 1 mm in air.
Both 2D and 3D models are solved with an integration time
step At =1 ps.

The corresponding sound pressure responses were
collected by 4 sensing points with a spacing of 50 mm and
20 mm height from the concrete surface.

4.2 Numerical simulation of fluid-solid half space
based on axisymmetric 2D model

4.2.1 Wave propagation at the air-concrete

interface

According to the theoretical analysis, the vertical point
load at the air-solid interface will excite many modes of
guided waves in the solid, including P-wave, S-wave,
Rayleigh wave, air acoustic wave and Scholte waves.
Because Rayleigh waves have larger out-of-plane motion
and attenuate slower with distance than body waves (i.e., P-
wave and S-wave), leaky Rayleigh waves are more easily
detected by air-coupled sensors.

Fig. 5 shows snapshot plots of wave field in air-concrete
half spaces. It is evident that the artificial AE source excited
Rayleigh waves on the concrete surface, and as the wave
propagates, the motion of surface points constantly perturbs
the air at the interface, leaking vibration into the air. In
addition to leaky Rayleigh waves, the direct acoustic waves
propagating in the air are also observed, the acoustic
velocity of air is 342 m/s calculated from the waveforms
received by sensing point.

4.2.2 Measurement of the R-Wave Velocity by air-
coupled MASW
Four-channel signals collected above the surface along a
linear array of sensing points at equal intervals from the AE
source, as shown in Fig. 4(a), are converted from offset
time domain to frequency-phase-velocity domain using
plane wave transformation technique, the results shown in

Phase velocity (m/s)

Frequency(kHz)

Fig. 6 Air-coupled MASW images with Lamb wave
dispersion curves

Fig. 6 below are obtained.

Fig. 6 shows the dispersion images obtained by the air-
coupled MASW. It can be seen that the dispersion curve can
be extracted from the obtained MASW image. A0 and SO
modes mainly exist in the concrete slab in the low
frequency region (< 10 kHz). When the frequency is greater
than 12 kHz, these two modes merged together and
propagated at the velocity of Rayleigh wave. The obtained
leaky Rayleigh wave velocity is very consistent with that of
theoretical Rayleigh wave (1923 m/s). The results
demonstrate that the leaky Rayleigh wave velocity can be
obtained using the air-couped MASW technique, which
uses only four signals, but the image has enough resolution
to determine the modal velocity clearly, and the velocity
will be used for air-coupled beamforming.

4.2.3 Time-frequency analysis of leaky Rayleigh
wave and Rayleigh wave

Below the corresponding position to the sensing point in
air, the AE waveforms are detected at the sensing point
(shown in Fig. 4(a)) on the surface of the concrete plate.

Fig. 7(a) illustrates a time domain signal obtained from
one air-coupled receiver. The wave packets of leaky
Rayleigh wave and direct acoustic wave can be clearly
separated from each other, leaky surface wave propagates
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Fig. 7 Typical time domain AE signals. (a) a signal obtained in air (2 cm above concrete); (b) frequency spectrum of (a);
(c) the signal at the same position as (a) is obtained on concrete surfaces; (d) frequency spectrum of (¢)

faster than direct acoustic wave and has a larger amplitude.
Fourier transform was performed on the first wave packet,
as depicted in Fig. 7(b), the amplitude spectrum has a wide
frequency range (5-20 kHz), it is consistent with the
frequency range of the excitation signal, which is exactly
the low frequency range we're interested in. Moreover,
direct acoustic waves in this frequency range (0~20 kHz)
are easily disturbed by environmental noise, so the test
setup would be designed to shield the direct acoustic waves
in practical application. In this study, we are only interested
in leaky Rayleigh waves propagating at the air/concrete
interface, and this signal is used to locate the AE source in
the experiment. Fig. 7(c) is a time domain signal of
Rayleigh wave received in concrete, so there are no direct
acoustic waves, and the arrival time in the time domain is
the same as that in Fig. 7(a), because the distance from the
AE source is almost the same (the air-coupled receiver is 2
cm away from the surface). At the same time, they have the
same frequency range in frequency domain. In order to save
calculation time, the numerical calculations in the next
section, the Rayleigh wave are used to replace the leaky
Rayleigh wave in air to simulate the positioning of AE in
the next section of numerical calculations.

Vertical impact

-

(a) Time t1

4.3 Numerical simulation of AE source location
based on a 3D solid model

A vertical impact load at the concrete surface will excite
many modes of guided waves in the solid, because Rayleigh
waves have larger out-of-plane motion and attenuate slower
with distance than body waves (i.e., P-wave and S-wave),
Rayleigh waves can travel longer distances. Fig. 8 presents
the sound field screenshot of the Rayleigh wave at two
different time steps. It can be observed that surface
disturbances emerging from the AE source diverges in all
directions. In the process of Rayleigh wave propagation,
there is a large amplitude in the direction perpendicular to
the plane, which disturbs the air at the interface. These
disturbances are easy to be monitored by air-coupled
sensors in air.

4.4 Parameter study: positioning results at different
array spacing

In practice, a large number of sensors need to be
arranged to monitor large civil structures, this requires each
monitoring array to locate AE sources with as few sensors
as possible, so as to speed up signal processing and reduce

Rayleigh wave
R,

(b) Time t2

Fig. 8 Rayleigh wave propagation at two different time steps
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Fig. 10 Location results of different AE sources

the cost of a single monitoring system. According to Xiao et
al. (2014), the positioning accuracy of circular array and
cross array is higher, the four-sensor square array is the
simplest circular array. Therefore, four sensors are selected
to form a square array in this study, the AE signals used for
locating is at frequencies no greater than about 22 kHz, the
array is designed to contain wavelengths down to 87 mm, a
4-sensor square planar array with a length of 60 mm was
selected.

With the midpoint between two arrays as the origin, we
divided the monitoring area in four quadrants. Due to the
symmetry, we only study the location of acoustic emission
sources in the first and second quadrants. Because the wave
beam has a certain width, the cross-focusing of two wave
beams are an area with large amplitude, and the coordinates
corresponding to the maximum amplitude are determined as
the position of the AE source. When the distance between
the two arrays changes, the positioning accuracy will be
affected.

If the distance is too close, the overlapping area of two
wave beams becomes larger; if the distance is too large,
which is not convenient for layout in practice. Therefore,
optimal values for the distance between two arrays have to
be studied so that the employment becomes convenient
without compromising the quality of location. For this
reason, a parametric study is carried out.

For distances between the two arrays, the different
intervals of 200 mm, 400 mm, 600 mm, 800 mm and 1000
mm are taken for parameter research. Due to space

limitations, only partial results are presented, as shown in
Fig. 9. For the same AE source, as the spacing increases, the
intersection region of the two beams will become smaller.
For distant AE sources (e.g., 1000 mm from AE source), an
interval greater than 800 mm is sufficient for accurate
positioning, and an interval of 1000 mm can be used for
more accurate results. For more distant AE sources from
different azimuth angles, the array spacing needs to be
analyzed specifically. For example, for AE sources close to
the y-axis, only a relatively small spacing is required, and
for AE sources close to the x-axis, a relatively large array
spacing is required.

4.5 Location results of different AE source

The monitoring plane centered on the array, where AE
sources are located at three different locations, the array
spacing is 1000 mm, the results are shown in Fig. 10 below.

Fig. 10 shows that the actual locations of the three AE
sources can be accurately located at a distance of about
1,000 mm. When the AE source is between the arrays (2#
AE source), the area of beam intersection is small, so the
result of positioning is most accurate among the three
positions. When the AE source is in quadrant 1 (1# AE
source) and quadrant 3 (3# AE source), the area of beam
intersection overlaps increases, so the positioning accuracy
is reduced, of course, if the AE source is on the same
straight line (x-axis) as the array pair, it cannot be located
(two beams are collinear). The error analysis of positioning
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Table 1 Localization results of the AE source using a pair
of air-coupled arrays

Actual AE Estimated
coordinates coordinates % of Error*
(mm) (mm)
AE source (1#)  (-1000, 1000) (-1126, 1026) 9.1%
AE source (2#) (0, 1000) (-1, 961) 3.9%
AE source (3#) (1000, 1000) (-1140, 1054) 10.6%

*Error: based on the actual AE coordinates

results is shown in Table 1, the overall position error is
within 10.6 %, which can meet the monitoring requirements
of large plate-like concrete structures.

From the above numerical analysis, we can draw the
following conclusions:

e Loading a pulsed signal perpendicular to the plane
on the surface of the concrete slab can excite a leaky
Rayleigh wave at the air-concrete interface.

e The MASW data processing of four-way leaky
Rayleigh wave signals can obtain dispersion images
containing properties of concrete materials, such as
the velocity of leaky Rayleigh wave.

e To improve the accuracy of beamforming
localization, one is to reduce the beam width of a
single array, and the other is to choose an appropriate
distance between two arrays.

e The position of the array shall not be too close to the
concrete boundary to reduce the interference from
edge reflections.

These findings lead us toward the AE source
localization experiments to verify this new designed system,
the leaky Rayleigh wave propagating at air-concrete
interface can be employed for this purpose and has unique
advantages, since the Rayleigh waves have larger out-of-
plane motion and attenuate slower with distance than other
body wave. Also, the propagation velocity basically does
not change with the increases in the propagation distance,
which provides a convenient calculation condition for
beamforming. Based on these investigations, the leaky
Rayleigh wave will be used to carry out experimental
research on location of artificial AE source.

External battery pack

(a) Time t1

5. Experimental verification

In this section, a comprehensive demonstration of AE
source location based on leaky Rayleigh waves is carried
out using an actual concrete slab. The following steps are
described:

(a). Establishment of test system,

(b). MASW analysis and beamforming of leaky
Rayleigh wave, and

(c). Localization of AE sources at the surface.

5.1 Experimental setup and procedure

Among all types of microphone sensors, MEMS sensors
demonstrate the highest the signal to noise ratio (SNR) and
sensitivity. In this study, the author purchased MEMS
sensors and built the multi-sensor array monitoring system.
A four-element square array and linear array (the array is a
quad-microphone array expansion board for Raspberry Pi
designed for Al and voice applications, Seeed company in
Shenzhen, China) were selected for the test, an installation
system was mounted on a straight line that allows the sensor
to be placed accurately based on sensor spacing and height
to the test surface. Linear array is used to conduct a MASW
analysis to determine the leaky Rayleigh wave velocity, and
the square array was used for beamforming.

In our study, the sensor spacing of linear array and
square array is 50 mm and 60 mm respectively, and both are
20 mm height from the surface, the distance between the
AE source and the first sensor is 1000 mm. A photograph of
the experimental setup is illustrated in Figs. 11(a)-(b).

An artificial acoustic emission was achieved by
breaking a pencil on the surface of the concrete slab (Hsu
1977). This artificial source is often used to study the
characteristics of AE signal and AE source location (Sedlak
et al. 2013). A concrete slab tested is 3000 mm long by
2000 mm wide, and has a thickness of 200 mm (P-wave
velocity measured in experiments is 3444 m/s, S-wave
velocity is 2109 m/s). A photograph of the experimental
setup with sensor array is shown in Fig. 11. No additional
treatment or preparation was performed on the concrete
surface, and the tests were carried out in ambient acoustic
noise conditions.

The leaky Rayleigh waves from AE source are detected
by the microphones and sent to the memory card in

(b) Time t2

Fig. 11 The air-coupled experimental setup
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Fig. 12 Air-coupled MASW images with Lamb wave
dispersion curves. Experimentally obtained
dispersion images of concrete slab (Theoretical
dispersion curve was calculated using the
measured parameters)

Table 2 Localization results of the AE source on the plate-
like concrete using air-coupled arrays

Actual location  Estimated location

AE source (cm) (cm) % of Error*
1# (-50, 100) (-39,90) 13.3%
2# (0, 100) (9,104) 9.8%
3# (50, 100) (50,80) 17.8%

*Error: based on the actual AE coordinates

Raspberry Pi. Each continuous-time signal was to be
sampled and stored for duration of 10 ms at a frequency
resolution of about 50 Hz and a sampling frequency of 96
kHz. The test data are transferred to a personal laptop using
Raspberry Pi to transmit data wirelessly for storage and
further analysis.

5.2 MASW analyses

Fig. 12 shows the dispersion images obtained by the
linear MEMS array which is parallel to the direction of
wave propagation from a concrete slab. Like the dispersion
image obtained by numerical analysis, it is also obtained by
MASW processing of four signals, but the dispersion image
here is not so pure (this is due to concrete’s effect on the
frequency content of AE signals.), but it is sufficient to
detect that the Rayleigh wave has a pulse group velocity of
1922 m/s, which agrees very well with the theoretical
analysis (the same concrete material parameters are used for
theoretical analysis and numerical study, the predicted
dispersion image is shown in Fig. 6). The leaky Rayleigh
wave velocity extracted from the dispersion image will be
used for beamforming data processing.

5.3 Experimental results of AE source localization

As observed in Fig. 13, the AE source 1# located about
110 cm away from the arrays was located by the

beamforming array. For all three artificial AE source, the
location results are summarized in Table 2.

Based on the analysis of the positioning results, the
conclusion is dawn that the location of the AE source can be
achieved by an air-coupled monitoring system. AE source
1# and AE source 3# are in the first and second quadrants of
the monitoring plane respectively, and AE source 2# is on a
straight line perpendicular to the array connecting line, For
the monitoring plane determined by the square array pair,
these three positions represent all possible incoming wave
directions (except the AE source on the line (x-axis) where
the array pair is located). Unlike the traditional located
sound source, which needs to be surrounded by sensors, the
monitoring system in this study monitors a circular planar
area determined by the monitoring unit. For single-array
pair positioning, the error between estimated and true
location is less than 17.8% in the range of approximately
110 cm, the error is within the theoretical prediction range.
If multiple array pairs are used together, a larger area can be
monitored, this accuracy is sufficient for most field
monitoring  applications. For multiple AE source
localization over longer distances, a larger concrete slab
will be produced for testing in the future.

6. Discussions

For thick, plate-like concrete structures, when structural
damage occurs, Rayleigh waves propagate at the solid
interface and have larger out-of-plane motion and attenuate
slower with distance than body waves. The MEMS air-
coupled sensor can make full use of the advantage of AE
technique which can detect active defects, and it is
convenient to be applied to the damage monitoring of
practical large-scale civil structures.

The test results of concrete slab show that the location
of the AE source can be achieved by an air-coupled MEMS
array pair, The deviation mainly comes from the inaccuracy
of the position of the artificial AE source, and the AE signal
with low frequency is used in this study, and its wavelength
is long (about 12 cm), which determines the positioning
accuracy of this method.

There are also some limitations for beamforming arrays
pairs. First, the cross-beam imaging location based on array
pairs is not accurate for locating the AE source near the x-
axis. In addition, since beamforming depends on the
comparison of signal waveforms, it is very important that
all sensors in the array have the same amplitude and phase
response, this requires a high consistency of the four
MEMS sensors in an array. Another aspect not considered
in the study is the effect of ambient noise on beamforming
localization. In the next step, the artificial AE source will be
replaced by the actual concrete fracture test, the single array
positioning method based on polar coordinates will be
studied, which can locate the AE source in a 2D plane with
a 360-degree sweep.

7. Conclusions

This article presents a non-contact (air-coupled) AE
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localization method for plate-like concrete structures.
Considering the challenges and problems faced by air-
coupled sensors in monitoring concrete structures, this
preliminary study is of great significance for the
development of new health monitoring system for large
civil structures. Numerical simulations and experiments
were conducted to evaluate the performance of the proposed
method. Based on the above results, the following
conclusions were drawn:

e A wireless air-coupled monitoring system for the
localization of AE sources was developed, based on
air-coupled MASW and beamforming, the locations
of artificial AE sources are detected in air over a
long distance (more than 1m) from the concrete slab
surface in the low frequency range of 0-22 kHz. The
error between estimated and true location is less than
17.8% in the range of approximately 110 cm, the
error is within the theoretical prediction range.

e In the simulation, the propagation characteristics of
leaky Rayleigh wave were carried out by employing
a time-domain based finite element method model.
The findings showed that the dispersion properties of
leaky Rayleigh wave agreed well with Lamb wave
dispersion curves.

e In the experiment, the microphone sensors are
installed on the Raspberry Pi to form a wireless
connected monitoring unit, which was able to
monitor and analyze data to obtain the position of
AE source independently, when the more units are
combined, the more accurate AE source can be
located.

e AE source in thick plate-like concrete structures can
be located by the proposed system with an
acceptable accuracy, and each array has only four
microphones, considering the low cost of each
microphone and convenient installation, the non-
contact array provides a potential monitoring method
for the health of the entire large civil engineering
structure.
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