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Guided wave analysis of air-coupled impact-echo in concrete slab
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Abstract.  This study aims to develop a signal processing scheme to accurately predict the thickness of concrete slab using air-
coupled impact-echo. Air-coupled impact-echo has been applied to concrete non-destructive tests (NDT); however, it is often
difficult to obtain thickness mode frequency due to noise components. Furthermore, apparent velocity in concrete is a usually
unknown parameter in the field and the thickness of the concrete slab often cannot be accurately measured. This study proposes
a signal processing scheme using guided wave analysis, wherein dispersion curves are drawn in both frequency-wave number (f-
k) and phase velocity-frequency (V,-f) domains. The theoretical and experimental results demonstrate that thickness mode

frequency and apparent velocity in concrete are clearly obtained from the f-k and V ,,-f domains, respectively. The proposed
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method has great potential with regard to the application of air-coupled impact-echo in the field.
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1. Introduction

In non-destructive tests (NDTs) in civil engineering,
computations such as signal processing are necessary to
improve the quality of measurements or to analyze raw data
(Wright 2010, Munoz-Abella et al. 2012, Sadeghi and
Rezvani 2013, Gholizadeh et al. 2015, Ji et al. 2015, Chatzi
et al. 2015). Mechanical wave methods in concrete NDTs
provide a direct relation to the elastic properties of
inspected concrete; however, the measurements are
sometimes limited due to the heterogeneity of the concrete
to high damping ratio (Alexandridis et al. 2015, Kibar and
0 ztiirk 2015, Hung et al. 2017). Furthermore, the obtained
waveforms are usually affected by noise components from
the environment or the data acquisition system. To
overcome the limitations and to improve the low signal to
noise ratio, signal processing has been investigated as an
important procedure in concrete NDTs (Sheena et al. 2013,
Ongpeng et al. 2017, Kim et al. 2017).

In concrete NDTs, impact-echo has been applied to
concrete slab or pavement to estimate their thickness
(Carino et al. 1986). Using a simple test set-up including
one impactor and one sensor, propagating waves are
recorded and analyzed in the frequency domain. However,
contact-based sensing technology is significantly limited
with regard to measurement because of the rough surface of
concrete and the high acoustic impedance mismatch a
between Piezo-electrical type sensor and concrete. Air-
coupled sensing possibly overcomes the practical problem
related to measurement. Without a physical coupling
process, air-coupled sensing measures a leaky portion of
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waves, which have the same characteristics as the
propagating waves in concrete.

Although air-coupled impact-echo has been introduced
in the civil engineering domain (Zhu and Popovics 2007),
no practical application of it to thickness measurements has
been reported. This is mainly because of the weak energy
portion of the leaky waves in the air. Many researchers have
investigated the secondary efforts on thickness mode
frequency detection using air-coupled impact-echo; Zhu and
Popovics (2007) suggest acoustic isolation around the
microphone and Dai et al. (2011) apply parabolic reflectors
to amplify signals. Furthermore, Bjurstrom and Ryden
(2016) propose the concept of backward wave propagation
using dispersion relations. In terms of hardware
improvement, microelectromechanical systems (MEMS)
have recently been introduced and applied to air-coupled
sensing technology and concrete NDTs (Groschup and
Grosse 2015, Choi et al. 2016). The small size and high
sensitivity have great potential to develop air-coupled
sensing systems. Therefore, an effective post-processing
algorithm using the measurements from air-coupled sensing
has been required.

This paper describes the procedure of developing a
signal processing scheme based on guided wave analysis in
order to improve the measurement of the thickness of
concrete slab using air-coupled sensing technology. Two
different approaches using the same signal data are applied;
frequency-wave number domain analysis using two-
dimensional Fourier transform, and phase velocity-
frequency domain analysis using selective offset scheme.
Each method generates experimental dispersion relations
and provides the thickness mode frequency and surface
wave velocity, respectively. The main contribution of this
paper is the suggestion of a signal processing scheme to
improve the procedure used to estimate thickness using air-
coupled impact-echo. Notably, the proposed method could
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Fig. 1 Theoretical dispersion curves of a 190.5-mm concrete
plate with a Poisson’s ratio of 0.2

possibly enable the detection of impact-echo frequency
among noise components and the experimental
measurement of surface wave velocity, which cannot be
obtained using a conventional impact-echo analysis. The
theoretical dispersion curves and experimental examples
demonstrate the effectiveness of the proposed signal
processing scheme with regard to the application of air-
coupled impact-echo.

2. Guided wave analysis

In this study, a signal processing scheme using a guided
wave analysis is proposed to detect impact-echo frequency
and to identify apparent velocity in concrete with regard to
the application of the air-coupled sensing technology. The
impact-echo method has been used to estimate the thickness
(D) of concrete slab or delamination using the following
formula

_F%
2

where Vj, is the P-wave velocity of the concrete, fi5 is the
thickness mode frequency measured using a test, and g is
the correction factor (0.96) for apparent velocity (V) in
concrete (ASTM 2015). Because it is difficult to accurately
measure apparent velocity in concrete using the test,
thickness estimates obtained using Eq. (1) are usually
erroneous. Although the ASTM standard suggests
measuring P-wave velocity using two sensors in a row, the

D 1)

measurement is limited due to the significantly small
amplitude of P-waves.

Air-coupled sensing technology has been applied to
concrete NDTs; however, data acquisition is affected by
environmental noise and important information is
sometimes mislead. In the case of an impact-echo test, the
thickness mode frequency is significantly affected by direct
acoustic noise from the impactor, unlike the flexural mode
(Zhu and Popovics 2007, Oh et al. 2013, Kee and Gucunski
2016). Therefore, it is difficult to obtain the thickness mode
using a conventional impact-echo analysis such as one-
dimensional Fourier transform. The proposed guided wave
analysis enables the detection of the thickness mode
frequency among the noise and different wave components
as described in the following sections.

2.1 Dispersion relation

After the impact source is applied to the surface of
concrete, waves start to propagate and are guided by the
geometrical boundary condition of the structure. In the case
of plate-like structures such as slab and pavement, the plate
exhibits two different vibration behaviors; symmetric (S)
and anti-symmetric (A) modes. The symmetric mode of the
vibration behaviors is defined by a Lamb-Rayleigh
frequency equation

tanqh 4k?pq )
tanph (g2 — k?)?
with p ad g given as
w? w?
= - — k2 = ]2 3
P= a2 k% q 22 k ®)

where h is the thickness of the plate, k is the wave
number,  is the angular frequency, and ¢, and c, are
the P- and S-wave velocity, respectively. In dispersive
media, each frequency component of waves has a different
phase velocity and wave number. In the plate-like
structures, the dispersion relation is defined as dispersion
curves, which are obtained using a numerical solution, Eq.
(2). As shown in Fig. 1, theoretical dispersion curve is
drawn in frequency-wave number (f-k) domain and phase
velocity-frequency ( V, -f) domain, respectively. The
material properties used in the dispersion curves are
presented in Table 1. The first two modes from each S and
A vibration are plotted.

The thickness mode frequency in impact-echo test has
been discovered that the frequency is same as the frequency
at zero-group velocity motion of the first symmetric mode
(S1-ZzGV) from the guided waves in plate (Gibson and
Popovics 2005). Because the S1-ZGV has zero velocity, the
waves are not propagating in the plate, and the plate
vibrates at resonance frequency. This specific motion has
been investigated and demonstrated in the field of non-
destructive evaluation and material characterization
(Clorennec et al. 2007, Prada and Clorennec 2009, Gomez
et al. 2017). From the example of the concrete slab case
shown in Fig. 1(a), the S1-ZGV is formed at a frequency of
around 10 kHz and a wave number of around 10 rad/m. The
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Table 1 Summary of material properties in theoretical
dispersion curves

Thickness Young’s modulus Poisson’s ratio Density P-wave velocity ~ S-wave velocity
(mm) (MPa) Sson's ratio (kg/m 3) (mis) (m/s)

190.5 35 0.2 2400 4025 2465
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Fig. 2 The proposed signal processing scheme

vibration motion of the S1-ZGV consists of P- and S- wave
velocity as shown in Eg. (3) so that a correction factor is
needed in Eq. (1) where only P-wave velocity is considered.

While the frequency-wave number domain clearly
shows the S1-ZGV as the zero-slope of the S1 curve, the
phase velocity-frequency domain is limited to representing
the S1-ZGV. The phase velocity-frequency domain better
represents surface waves in the high frequency region
(above 20 kHz in this example). The A0 and SO modes are
combined in high frequency and the velocity of the waves
becomes identical to the surface wave velocity. The phase
velocity-frequency domain analysis has been used in the
form of a multichannel analysis of surface waves (MASW)
(Park 2011, Bjurstrom and Ryden 2016). In MASW, the
impact source moves with regular spacing while one sensor
is fixed. Although the measurement procedure in MASW is
reciprocal of the applied hardware presented in this study
(multiple sensing and a fixed source), the analysis scheme is
equivalent. Using the dispersion characteristics of the waves
in concrete slab, the thickness mode frequency and surface
wave velocity can be experimentally measured, and the
obtained values can be plugged into Eq. (1) for thickness
estimation.

2.2 Signal processing

The procedure of the proposed analysis scheme is
illustrated in Fig. 2. After measuring the waveforms using
an air-coupled MEMS array, experimental dispersion
relations are generated using two-dimensional Fourier
transform for the frequency-wave number domain and the
selective offset scheme for the phase velocity-frequency
domain (Song and Popovics 2017, Choi et al. 2017, Park
2011). Both signal processing methods represent the energy
portion of the wave modes; however, the represented energy
has different physical meaning; the f-k domain shows the
magnitude of the Fourier transform product while the V_cp-
f domain represents the amplitude of the phase velocity per
digitized frequency. Using guided wave analysis in each
domain, thickness mode frequency and apparent velocity in
concrete can be obtained, respectively.

In the phase velocity-frequency domain, surface wave
velocity (V) can be used to estimate P-wave velocity (V)

Air-coupled

MEMS array Impact
4cm - source

534 3 2 1

Concrete slab

Fig. 3 Schematic illustration of air-coupled impact-echo and
MEMS array

using the following equation

1+v 2(1-v)
v, = , v, (4)
P 087+ 112v, 1-2v R

where v is Poisson’s ratio (Popovics et al. 1998). With the
assumption of concrete Poisson’s ratio (0.2 in general concrete),
P-wave velocity is also estimated. The correction factor is also a
function of Poisson’s ratio (Gibson and Popovics 2005)

B = —0.645v2 + 0.135v + 0.952 (5)

Using Eg. (5), the correction factor in concrete varies
from 0.945 to 0.957 in concrete. With the correction factor
and P-wave velocity, the apparent velocity in concrete can
be obtained.

In the frequency-wave number domain, the thickness
mode frequency is easily obtained at the frequency of S1-
ZGV mode, where the S1 curve has zero slope. Because the
phase velocity of the mode is much faster than the direct
acoustic noise (the velocity in air), the S1-ZGV mode is
clearly detected in frequency-wave number domain.

Using the obtained thickness mode frequency from S1-
ZGV and apparent velocity from surface wave velocity, the
thickness of inspected concrete slab can be estimated based
on Eqg. (1) with minimal error. Note that all computations in
the signal processing procedure are performed using Matlab
platform. Because all computations are performed using
built-in functions such as fast Fourier transform, the total
processing duration is less than 3 seconds using a personal
computer.

3. Air-coupled sensing technology
3.1 Air-coupled MEMS array

The air-coupled MEMS array was developed for the
application of air-coupled impact-echo in the field. The
array consists of twenty units of MEMS (Knowles
SPU0410LR5H-QB) with a designed amplifying circuit
board. Each MEMS has the following dimensions: a with of
3.76 mm, a length of 3 mm, and a thickness of 1.1 mm.
Nominal sensitivity is 94 dB at 1kHz. The MEMS are
spatially placed onto the board at regular 1-cm spacing.
Note that only five MEMS with 4-cm spacing are used in
this study. The MEMS has great potential for concrete
NDTs due to its small dimension and high sensitivity by 50
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Fig. 4 Test set-up

kHz. The small spacing between sensors is important in the
array system and guided wave analysis as it serves to reduce
spatial aliasing issues in practical measurement. Note that
an acoustic barrier is placed between the air-coupled
MEMS array and the impactor to minimizing spatial
aliasing in this study.

3.2 Test set-up

Air-coupled impact-echo tests were performed with
concrete slab. The experimental set-up is presented in Fig.
4. The size of the concrete slab is 2 m by 2 m while the
thickness is 190.5 mm. Concrete is composed of aggregate
with a maximum size of 20 mm, and the slab does not
contain reinforcement. The signals are digitized at 125 kS/s
using NI PXI 6255. The air-coupled MEMS array is placed
at the center of the slab with a 2-cm air-gap. The air-gap can
be larger than 2 cm in practical terms; however, there is a
greater chance of measuring environmental noise in a larger
air-gap distance. Conventional steel ball impactors are
applied to this test.

4. Experimental results
4.1 Conventional impact-echo analysis

The signal data obtained using the air-coupled MEMS
array is processed based on conventional impact-echo
analysis. The results are plotted in Fig. 5, including the
signals in the time and frequency domains. One-
dimensional time Fourier transform was applied to the
signal data. As shown in Fig. 5(b), four frequency
components are significantly dominant and the thickness
mode frequency is not clearly identified among them. This
is because the air-coupled MEMS array measures all wave
modes including the thickness mode, surface waves and
noise components. The noise is mainly from direct waves
caused by the applied impactor. The frequency component
of direct waves usually disturbs the detection of the
thickness mode in the frequency domain because of similar
frequency profiles. An additional signal processing scheme
is required in air-coupled impact-echo to identify the
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Fig. 5 Conventional
dimensional Fourier transform

thickness mode frequency among the other frequency
components.

4.2 Frequency-wave number domain

In the frequency-wave number domain, the specific
wave number at S1-ZGV can be extracted to detect the
thickness mode frequency (Choi et al. 2017). The two-
dimensional Fourier transform is applied to the signal data
in time and space. Note that the Nyquist wave number is
78.5 rad/m while the spectral line spacing of wave number
is 0.15 rad/m after zero padding. The magnitude of the
transform product is plotted as a jet color scheme, and
theoretical dispersion curves developed from Fig. 1 are
drawn in the same domain. Experimental dispersion
relations present relative energy portions in frequency as
well as in wave number. Unlike the one-dimensional time
Fourier transform shown in Fig. 5(b), the thickness mode
frequency at S1-ZGV is distinguished from the other wave
modes and noise components. Note that direct noise from
the impactor is around 12 kHz and the energy portion is not
placed onto theoretical dispersion curves because the noise
is not guided waves.

4.3 Phase velocity-frequency domain

In the frequency-wave number domain, the specific

impact-echo analysis using one-
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Fig. 6 Frequency-wave number domain analysis

wave number at S1-ZGV can be extracted to detect the
thickness mode frequency (Choi et al. 2017). The two-
dimensional Fourier transform is applied to the signal data
in time and space. Note that the Nyquist wave number is
78.5 rad/m while the spectral line spacing of wave number
is 0.15 rad/m after zero padding. The magnitude of the
transform product is plotted as a jet color scheme, and
theoretical dispersion curves developed from Fig. 1 are
drawn in the same domain. Experimental dispersion
relations present relative energy portions in frequency as
well as in wave number. Unlike the one-dimensional time
Fourier transform shown in Fig. 5(b), the thickness mode
frequency at S1-ZGV is distinguished from the other wave
modes and noise components. Note that direct noise from
the impactor is around 12 kHz and the energy portion is not
placed onto theoretical dispersion curves because the noise
is not guided waves.

Similar to the frequency-wave number domain, the
dispersion relations are plotted in the phase velocity-
frequency domain as shown in Fig. 7. Although the
experimental dispersion relations are noisy, the amplitude of
the phase velocity represented using a black color in Fig. 7
is clearly converged in high frequency, where SO and AO

6000
5000 \ ‘
2 400050k | || [t ‘ \

3000

Phase velocity (m/s

<
£

2000

1000

Energy of phase velocity

0 10 20 30 40 50
Frequency (kHz)

Fig. 7 Phase velocity-frequency domain analysis (black
color represents the energy of phase velocity)

modes are combined. The selective offset scheme first
allocates the spectral line spacing of frequency and
iteratively calculates the energy of the phase velocity using
the Fourier transform product. Because different wave
modes are simultaneously calculated at each frequency step,
the relative energy (black color) is not focused on one phase
velocity and the black lines are a blur. The corresponding
surface wave velocity is 2244 m/s and the P-wave velocity
is calculated as 4020 m/s using Eq. (4). The Poisson’s ratio
is assumed to be 0.2 and the correction factor (5) and
apparent velocity in concrete are 0.953 and 3831 m/s,
respectively.

With the thickness mode frequency and apparent
velocity in concrete obtained using the guided wave
analysis, the thickness of the concrete slab is estimated
using Eq. (1) as 186.7 mm, where Poisson’s ratio is
assumed as 0.2. The error is less than 4 mm, which is
acceptable in the field of civil engineering. Note that a
Poisson’s ratio of 0.22 gives the best result in this example
with an error of less than 1 mm. The assumed Poisson’s
ratio affects the test result; however, the error is within the
acceptable range in civil engineering, and Poisson’s ratio in
general concrete case has a small range of variation.

Several discussions can be drawn in this study. First, in
terms of the thickness mode frequency detection, the
comparison between Fig. 5(b) and Fig. 6(a) clearly show
the effectiveness of the frequency-wave number domain
analysis over the conventional ways. However, the S1-ZGV
has a non-zero wave number, which is a function of the
thickness of inspected structures and Poisson’s ratio.
Although Poisson’s ratio does not vary significantly in
concrete, the thickness information is needed to estimate the
wave number at S1-ZGV. Second, only five MEMS are
used in this study, which is a limited number of sensors for
a guided wave analysis. It is difficult to generate an
experimental dispersion relation with a smaller number of
sensors. Third, smaller spacing between sensors is critical to
minimize spatial aliasing. Also, an acoustic barrier is
necessary to avoid the interference of direct waves. Because
the direct waves have a velocity of 343 m/s and large wave
numbers, the components can be spatially aliased in the f-k
domain. To avoid this potential problem, we are currently
improving the air-coupled MEMS array using more sensors
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with narrower spacing.

5. Conclusions

This study proposed a signal processing procedure to
predict the thickness of concrete slab using air-coupled
impact-echo. The results from theoretical dispersion curves
and experimental dispersion relations demonstrate that the
guided wave analysis improves accuracy of thickness
estimations of concrete slab made using air-coupled impact-
echo.

* The conventional impact-echo analysis is limited in its
ability to detect the thickness mode frequency because of
noise components measured by air-coupled sensing.

« The thickness mode frequency is accurately obtained
as same as the zero-group velocity of the first symmetric
mode in the frequency-wave number domain.

* The apparent velocity is estimated based on an
assumed Poisson’s ratio and the measurement of surface
wave velocity in the phase velocity-frequency domain.

» Using the proposed signal processing scheme, the
thickness estimation of the concrete slab is 186.7 mm,
which has an error of 3.8 mm.
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