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Material stiffness and plate thickness are the two key parameters when performing quality assurance/
quality control on pavement structures. In order to estimate the plate thickness non-destructively, the
Impact Echo (IE) method can be utilized to extract the thickness resonance frequency. An alternative
to IE for estimating the thickness resonance frequency of a concrete plate, and to subsequently enable
thickness determination, is presented in this paper. The thickness resonance is often revealed as a
sharp peak in the frequency spectrum when contact receivers are used in seismic testing. Due to a low
signal-to-noise ratio, IE is not ideal when using non-contact microphone receivers. In studying the
complex Lamb wave dispersion curves at a frequency infinitesimally higher than the thickness frequency, it is seen that two counter-directed waves occur at the same frequency but with phase velocities in opposite directions. Results show that it is possible to detect the wave traveling with a
negative phase velocity using both accelerometers and air-coupled microphones as receivers. This
alternative technique can possibly be used in non-contact scanning measurements based on airC 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4941250]
coupled microphones. V
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I. INTRODUCTION

Accurate and efficient characterization of mechanical properties and thickness of pavement layers is important for pavement quality control and maintenance. Acoustic nondestructive
techniques based on guided waves and non-contact receivers
holds great potential for rapid scanning of both the stiffness and
thickness of pavement layers (Ryden and Lowe, 2004).
The large stiffness contrast between layers in pavement
constructions allows the target top layer to be approximated
as a free plate (Lamb waves) (Ryden and Park, 2004). The
stiffness of the plate can then be deduced directly from the
Rayleigh wave velocity even while rolling over a concrete
surface with an array of microphones (Zhu and Popovics,
2001; Ryden et al., 2007; Bjurstr€om et al., 2016). Once the
Rayleigh wave velocity is known, the thickness can be estimated from the first symmetric zero group velocity Lamb
mode (S1-ZGV) (Tolstoy and Usdin, 1957; Meitzler, 1965;
Gibson and Popovics, 2005; Ryden and Park, 2006), the socalled Impact Echo (IE) frequency in civil engineering applications. However, this resonance frequency has proved more
difficult to measure using traditional amplitude spectrum
from one microphone (Zhu and Popovics, 2007; Dai et al.,
2011).
In this study, we explore an alternative approach based
on backward wave propagation (Tolstoy and Usdin, 1957;
Mindlin, 1960; Meitzler, 1965) along an array of microphones. Since an array of microphones is anyhow necessary
to estimate the unknown velocity in the top pavement layer,
this approach can be an attractive alternative in rapid
non-contact scanning of pavement layer properties. Backward
a)
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wave propagation is here defined as guided wave propagation
with opposite phase and group velocities. Although this phenomenon was discovered a long time ago (Tolstoy and Usdin,
1957), practical applications utilizing the backward wave
propagation have only been explored recently (Germano
et al., 2012; Cui et al., 2014; Phillippe et al., 2015).
In civil engineering applications, IE is a well-known
and established method for estimating the thickness of a
plate-like structure or to detect delaminations in materials
(Sansalone and Carino, 1986; Sansalone, 1997; Carino,
2001). In the traditional equation the plate thickness d is calculated by
fr ¼

bIE VP
;
2d

(1)

when the longitudinal wave velocity VP and resonance frequency fr are known. bIE is a correction factor dependent on
the Poisson’s ratio (Gibson and Popovics, 2005). In order to
illustrate the difficulties associated with air-coupled IE measurements, an example is given below. Figure 1(a) shows the
three types of receivers that are tested and compared. The first
tested receiver is an accelerometer (PCB model 353B33, PCB
Piezotronics, Depew, NY), with a diameter of 19.1 mm and a
sensitivity of 10.19 mV/(m/s2), measuring the out of plane
acceleration. This instrument has a frequency range of
1–12 000 Hz and a resonance frequency >22 kHz. The second
receiver is a non-directional microphone (ADK SC-1, ADK
Microphones, Portland, OR) with a diameter of 22 mm and
frequency range of 20–20 000 Hz. The last tested receiver is a
directional microphone (SHURE 89, Shure Incorporated,
Niles, IL) with a diameter of 21 mm, a frequency range of
40–20 000 Hz, and an acceptance angle of 30 (centered
around its longitudinal axis). Both microphones are orientated
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FIG. 1. (Color online) (a) Three different tested receivers and (b) their corresponding frequency spectrum.

perpendicular to the plate surface and their sensitivities are
10.0 and 21.1 mV/Pa, respectively. An impact is applied vertically by hand 0.06 m from each receiver using a small hammer (PCB 086C05, PCB Piezotronics, Depew, NY) equipped
with a load sensor to trigger the system. Data are acquired
from a solid 0.3 m thick concrete plate on all three receivers
simultaneously (from the same impact), and they are transformed to the frequency domain with the resolution of 1 Hz in
Fig. 1(b). The expected resonance frequency is 6000 Hz
(from the assumed VP and known plate thickness). Figure 1(b)
shows a distinct peak close to the expected resonance frequency in the frequency spectrum when using a contact receiver (accelerometer). However, due to the relatively weak
acoustic signal radiating into the air, the corresponding spectra
from the two microphones are noisier with no distinct resonance at the expected frequency (6000 Hz). For this reason,
Zhu and Popovics (2007) used acoustic insulation around the
microphone in order to accentuate the IE resonance frequency
from a concrete slab. Dai et al. (2011) used a parabolic reflector, and Groschup and Grosse (2015) an array of microphones,
to amplify in-air signals generated during IE testing. All of
these improvements have proved successful under low noise
and stationary measurement conditions. However, they are all
based on the traditional identification of a resonance peak in
the amplitude spectrum. In the pursuit of high speed noncontact scanning of pavements, where both stiffness and
thickness of the target top layer can be determined, a robust
vehicle-based measuring system is required.
The current study presents an alternative multichannel
approach, based on the unique properties of the backward propagating Lamb waves at frequencies close to the S1-ZGV mode.
Non-contact measurements are performed so that both the wave
velocity (stiffness) and resonance frequency (plate thickness)
can be evaluated from the same collected data set. However, the
aim in this study is primarily to evaluate the IE resonance frequency using an alternative method based on both amplitude
and phase information along an array of microphones.
II. LAMB WAVE THEORY

Waves propagating in a free plate in a direction parallel
to the surfaces are called Lamb waves. Their propagation is
650
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only possible for certain combinations of frequencies (f) and
wave numbers (k) that are found by solving the RayleighLamb equations (Lamb, 1917)
 
h
"
#61
tan b
4abk2
2
 þ
¼ 0;
(2)
h
k 2  b2
tan a
2
where
a2 ¼

x2
 k2 ;
VP2

(3)

b2 ¼

x2
 k2 :
VS2

(4)

The bulk velocities VP and VS are interconnected with
Poisson’s ratio () according to Eq. (5),
¼

0:5ðVP =VS Þ2  1
ðVP =VS Þ2  1

:

(5)

If Eq. (5) is inserted into Eq. (3), the Rayleigh-Lamb
equations are only dependent on Poisson’s ratio and one
bulk velocity. x is the angular frequency (x ¼ 2pf), k is the
in-plane wave number along the plate (k ¼ x/c, where c represents phase velocity), and VS is the shear wave velocity. A
positive exponent in Eq. (2) represents the symmetric wave
shape (S-modes) relative to the mid-plane of the plate, while
a negative exponent represents the antisymmetric wave
shape (A-modes).
Since there is no analytical solution to the RayleighLamb equations, they must be solved numerically. The equations have an infinite number of solutions for a fixed value of
Poisson’s ratio. An attractive way of performing the iteration
is to set the frequency to one fixed value at a time, vary the
wave number over a chosen range to find the roots of the
equations, and then build the dispersion curves (Achenbach,
1973). The lowest value of k meeting a solution corresponds
to the fundamental mode (A0 respective S0) and then the
higher order modes follow in sequence by increasing the
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wave number. The group velocity, Vg, is defined as the slope
of the dispersion curve in the angular frequency and wave
number domain, given by
Vg ¼

dx
:
dk

(6)

The group velocity is often considered to be the velocity
at which a wave package or energy is propagating. The S1
mode has shown some fascinating behavior and its properties
are often discussed in the literature. Tolstoy and Usdin
(1957) noted that the group velocity for the first higher symmetrical Lamb mode vanishes for a certain non-zero wave
number, as the energy will be trapped and not propagate.
They associated this phenomenon with some kind of resonance or ringing effect. Mindlin (1960) further explained
that the apparent S1 mode at wave numbers lower than the
ZGV point is actually a branch of the S2 mode called S2b,
where the index b indicates a “backward wave.” The term
backward wave refers to a wave motion in which the phase
velocity and group velocity have opposite signs. Holland
and Chimenti (2003) showed that the air-coupled energy
transmission through plates is dominated by a resonance at
ZGV and the minimum S1 frequency. Simonetti and Lowe
(2005) demonstrated that the group velocity and energy flux
are equal in a plate with zero attenuation, whereas they differ
in a system that accounts for material absorption. Although
no attenuation has been accounted for in this study, the
energy transport is entitled energy flux instead of group
velocity.
To gain an understanding of dispersion curves and their
behavior it is essential to study the imaginary and complex
parts of the dispersion curves along with their real-valued
parts (Mindlin, 1960). Solving the Rayleigh-Lamb equations
for complex wave numbers, in a similar manner as for the
real-valued wave numbers, results in complex dispersion
curves. The wave number k in Eq. (2) is then composed of
k ¼ kr þ i  ki ;

(7)

where kr and ki are the real and imaginary parts of the wave
number, respectively. These real and imaginary parts now
must be varied individually to search for the roots of Eq. (2).
The complex dispersion curves for the reference plate used
later in this study are plotted in the three-dimensional (3D)
image in Fig. 2(c), and their projections onto the planes
kr ¼ 0, ki ¼ 0, and f ¼ 0 are illustrated in Figs. 2(a), 2(b), and
2(d), respectively. Similar plots where the axes are normalized with respect to the plate parameters have been presented
before by Mindlin (1960) and Simonetti and Lowe (2005).
To fully understand the dispersion curves in Fig. 2, it is
important to first define a valid coordinate system. A twodimensional (2D) example of a non-contact measurement
setup is depicted in Fig. 3. An impact applied to the surface
of a plate will cause wave propagation from the source, both
toward and away from the receiver according to Fig. 3. This
implies the usage of negative Lamb mode indices. In this
study, wave propagation from the source toward the receiver
(x > 0) is defined to represent positive energy flux, while the
waves propagating from the source and away from the receiver represents negative energy flux. The positive and negative propagation directions are given by the indices of the
modes. The S1 and S–1 (respective S2 and S2) modes are
thus the same mode, but the energy propagates in opposite
directions from the source. The energy flux can never change
direction in a homogeneous, flawless plate with infinite lateral dimensions. It is therefore only the Lamb modes with
positive indices (S1 and S2 discussed in this study) that can
be measured by the receiver at x > 0 in Fig. 3. The sign of
the phase velocity is meanwhile given by the wave number,
so that positive wave numbers indicate that the phase velocities are positive and vice versa.
The dispersion curves in Fig. 2(b) indicate that the
branch connected to the S1 mode at point A (S1-ZGV), for positive wave numbers lower than the ZGV point, is really a
part of the S–2 mode and can therefore not be detected at
x > 0 (Fig. 3). The S–2 wave mode is propagating in the negative direction but with positive phase velocity. However,

FIG. 2. (Color online) Complex dispersion curves calculated for the reference plate used in this study.
Projection of dispersion curves on the
planes (a) kr ¼ 0, (b) ki ¼ 0, and (d)
f ¼ 0. (c) 3D view of the dispersion
curves. (Figure after Mindlin, 1960
and Simonetti and Lowe, 2005.)
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FIG. 3. A schematic of the measurement setup, indicating the positive and
negative directions.

the branch CD in Fig. 2(b) belongs to the S2 mode (propagating in the positive direction) and is measurable at the receiver (x > 0). Mindlin (1960) explained that, since the wave
number in the Rayleigh-Lamb equation [Eq. (2)] only
appears in the second power, the positive and negative roots
must be equally correct. Therefore, dispersion curves are
mirrored around the planes kr ¼ 0 and ki ¼ 0, see Fig. 2. A
wave propagating in the positive direction (toward the receiver in Fig. 3) can thus have either a positive or negative
phase velocity.
Assuming a periodic wave along the surface of the plate,
the wave form on the surface at the ZGV frequency can be
described by

FIG. 4. (Color online) Comparison of dispersion curves (S1 and S2) for an
attenuated plate (faded curves) and a plate with zero attenuation, showing
small differences between the plates at frequencies close to S1-ZGV. Only the
modes detectable on the positive side of the impact (positive wave number
indices) are plotted.

TABLE I. Phase and propagation directions of the discussed Lamb modes.

Lamb modes (S1 and S2) are connected to each other. Their
phase and propagation directions are summarized in Table I.
At a frequency infinitesimally higher than the ZGV frequency, two different waves will occur at the microphone at
almost the same absolute phase velocity (the positive and
negative phase velocities are the AB branch and CD branch
in Fig. 2, respectively). Following these two different
branches to the ZGV frequency (points A and D for the respective branches), these two waves would theoretically
have the same frequency and absolute phase velocity but opposite directions, causing a standing wave or resonance. The
present study suggests that the negative phase velocity
should be measurable in a narrow frequency range on the
positive side of the source (S2 mode between points C and D
in Fig. 2) due to its unique properties. This negative phase
velocity should also be very high considering that the wave
number tends toward zero and the frequency remains almost
constant when moving from point D to C along the S2 mode
in Fig. 2.
It should be emphasized that the complex dispersion
curves in Fig. 2 are calculated from a plate with zero material attenuation. Simonetti and Lowe (2005) showed complex dispersion curves for an attenuated steel plate. The
curves for the attenuated plate and the zero attenuation plate
are similar except in some areas with large imaginary components. Figure 4 shows the predicted dispersion curves in
the frequency and phase velocity domains for both cases that
are calculated using the material parameters in Table II (the
same material parameters used for the reference plate later in
this study).
Similar to Lowe (1992), attenuation is introduced by
adding bulk attenuations nL,S, in Nepers per wavelength, to
the bulk velocities VP,S. This makes the velocities complex.

Branch

TABLE II. Material parameters used when calculating dispersion curves.

uðx; tÞ ¼ AeiðkxxtÞ ;

(8)

where A is the wave amplitude and x is the distance along
the surface. The phase velocity direction is then given by the
phase term kx. This term will either increase (S1 mode) or
decrease (S2 mode) with distance x, and it is a result of the
collected projection of bulk waves inside the plate.
Experimental results for the backward propagating wave
were shown by Wolf et al. (1988) on a thin brass plate
immersed in water. Prada et al. (2005) and Clorennec et al.
(2007) later produced extensive work measuring ZGV
resonances using a laser source and optical interferometer on
thin Duralumin plates in the ultrasonic range. The existence
of ZGV modes was shown to be dependent on the Poisson’s
ratio by Prada et al. (2008).
It should be emphasized that the group velocity never
becomes negative for the S1 mode. It is only when solving
the Rayleigh-Lamb equation for real-valued wave numbers
exclusively that the S1 mode appears to exist for wave numbers lower than the ZGV point (point A in Fig. 2); however,
this branch belongs to the S–2 mode. The S2 mode (positive
energy flux) will hence similarly meet solutions where the
phase velocity is negative (negative wave number).
The 3D image of the complex dispersion curves plotted
in Fig. 2(c) illustrates how the first two higher symmetric

AB
AC
CD
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The complex velocities aP,S that are used when calculating
the dispersion curves for the attenuated plate in Fig. 4 are
given by Eq. (9),
aP;S ¼

VP;S
nP;S :
1þi
2p

(9)

The faded lines in Fig. 4 show the normalized dispersion
curves for the attenuated plate (nL,S ¼ 0.1, see Table II). The
amplitude loss is defined using the imaginary part of the wave
number according to Eq. (10). The white parts of the normalized curves represent a high amplitude loss per unit length
along the plate, while the black parts indicate low amplitude
loss. In practice, only dark parts of the curves with low amplitude loss are expected to be measurable. The dispersion
curves in the figure are limited to the Lamb modes detectable
in the positive direction, i.e., a positive energy flux
Loss of amplitude per wavelength ¼ 1  ekimag :

(10)

For the S2 mode, it is clear from Fig. 4 that the differences are small in the parts with low attenuation (measurable
parts). This finding is important since although complex
Lamb wave dispersion curves from a plate with and without
material attenuation are strictly different, the difference is
not very large in areas with low imaginary wave numbers
(measurable parts of the dispersion curves). It can be concluded from Fig. 4 that negative phase velocities belonging
to the S2 mode should theoretically be measurable at frequencies slightly higher than the exact ZGV point (point D
in Fig. 4) at x > 0. Figure 4 does not include the nonpropagating parts (purely imaginary wave number) of the
predicted dispersion curves with zero attenuation (Fig. 2).
III. SYNTHETIC DATA EXAMPLE

A reference model is created using a commercial finite
element (FE) program. In this model, a 2D axial symmetric
plate is simulated using an isotropic material with a density
of 2400 kg/m3. To match the experimentally tested plate as
closely as possible, the Young’s modulus E is set to
31.546 GPa, the Poisson’s ratio  is set to 0.18, and the plate
thickness is set to 0.3 m. Also, setting the longitudinal
dimension to 12 m ensures negligible errors from the boundaries. A schematic of the setup is shown in Fig. 5. The
mesh is a second-order triangular type with a maximum element size of 0.02 m. A transient time domain simulation

FIG. 5. Schematic of the axial symmetric FE model setup. Data are
extracted from a number of locations along the surface. Note that the dimensions are not in scale.
J. Acoust. Soc. Am. 139 (2), February 2016

with an axial symmetric load impulse is applied with a radius of 0.10 m. The synthetic load impulse F is based on a
squared half sine wave with a contact time of 1/6000 s in
order to create high amplitude waves close to the predicted
thickness resonance frequency (6014 Hz). The impulse function is expressed in Eq. (11),
8


< 2 pt
for 0  t  1=6000 s
sin
(11)
FðtÞ ¼
0:5  T
:
0 for t > 1=6000 s;
where T is the full wave period 1/3000 s.
Data are extracted for 5 ms from multiple locations
along the surface. The locations span the range 0.05 to 2.0 m
from the source, with a constant increment of 0.05 m. All the
extracted signals are plotted in the time domain in Fig. 6(a).
In this (perfect) simulated example, the resonance, caused by
the two opposing modes S1 and S2, can already be seen in
the time domain in the form of high amplitude signals at certain offsets from the source, marked with dashed lines in
Fig. 6(a). This standing wave is characterized by high ringing amplitudes after the directly propagating surface wave.
At distances equal to 0.5, 1.0, and 1.5 m nodal points with
low amplitude can be observed at times greater than 2 ms.
As expected, the distance between two adjacent nodes is
about half a wavelength of the S1 and S2 modes at ZGV
(0.5 c/f ¼ 0.50 m).
Using the multichannel analysis of surface waves
(MASW) method (Park et al., 1999), the multimodal dispersion curves are calculated and plotted in Fig. 6(b). Using a
wavelength filter (within the MASW algorithm), wavelengths shorter than half the distance between two signals
(0.025 m) or longer than twice the array length
(2  1.95 ¼ 3.90 m) are identified and their amplitude set to
zero to avoid artifacts. In this case artifacts represent spatial
aliasing at too short wavelengths and low spectral resolution
at too long wavelengths. The analytically predicted dispersion curves, carrying energy in the positive direction, are
plotted on top of the calculated dispersion curves from the
simulated data. It can be noticed that the S1 mode is only
plotted for positive energy flux until the ZGV frequency
(point A in Figs. 2 and 4). A good fit along the A0 and S0 dispersion curves can be observed, validating the accuracy of
the simulation. The negative phase velocity spectrum is considered in Fig. 6(c). This figure shows the calculated dispersion curves for the simulated data plotted for this wider
phase velocity range. The analytically predicted dispersion
curves for modes with positive energy flux are again plotted
for comparison. Note that the parts of the dispersion curves
with non-real wave numbers (AE in Fig. 2) do not carry
energy; these are known as non-propagating modes
(Simonetti and Lowe, 2005), and are not plotted in Fig. 6. As
expected from Fig. 4, Fig. 6 shows modeled negative phase
velocities in a narrow frequency range close to the predicted
S1-ZGV resonance frequency (6014 Hz). Furthermore, the
amplitudes are stronger [darker parts in Fig. 6(c)] close to
the ZGV point and then fade out at higher negative phase
velocities along the predicted S2 dispersion curve. Other
than the phase velocity range, the only difference between
€ m and Nils Ryden
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FIG. 6. (Color online) Data from a
simulated reference plate calculated in
a FE program. (a) The extracted data
are plotted in the time domain. A resonance phenomenon can be seen as the
high amplitudes marked with dashed
lines. (b) Data transformed into frequency domain together with theoretical dispersion curves for the used
parameters (VS ¼ 2360 m/s, d ¼ 0.3 m,
and  ¼ 0.18) are shown for positive
phase velocities and (c) for a wider
range of phase velocities, including
negative phase velocities. (d) Summed
amplitudes over the negative phase velocity range.

Figs. 6(b) and 6(c) is a normalization performed in Fig. 6(b).
The amplitudes are normalized for each frequency individually in Fig. 6(b) while the absolute amplitudes are plotted in
Fig. 6(c).
It should be noted that this measurable dispersion curve
at negative phase velocities represents a unique signature of
the presence of the ZGV mode. Negative phase velocities
are not expected at any other frequency except for the next
ZGV mode (A2-ZGV) at much higher frequencies. This isolated and unique feature at negative phase velocities is the
main idea behind the proposed alternative identification of
the ZGV frequency. In this approach both amplitude and
phase information along an array of sensors is utilized
instead of the absolute amplitude at a fixed location. For a
simple identification of the resonance frequency using the
proposed method, the amplitudes are summed for each frequency individually over a phase velocity range of 20 to
5 km/s. This exact phase velocity range is not very important and is chosen in order to avoid too short or too long
wavelengths compared to the increment between two signals
and total array length, respectively (just like the wavelength
filter described above). The summed amplitudes are then
normalized and plotted in Fig. 6(d). A distinct peak at
6020 Hz is revealed, close to the predicted resonance frequency of 6014 Hz (the minimum frequency of the S1 Lamb
mode).
It should be emphasized that it is not the exact ZGV frequency that is estimated but rather a frequency on the S2
Lamb mode close to the ZGV point. However, looking at
Figs. 4 and 6(c), the energy seems to be concentrated
(focused) at the frequencies closest to the ZGV point rather
than at the higher frequencies at higher (absolute) phase
velocities. The thickness resonance frequency (6020 Hz),
654
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determined by the presented method using negative velocities in the FE model, also almost exactly coincides with the
theoretically predicted frequency (6014 Hz).
IV. EXPERIMENTAL DATA
A. General setup

A set of experiments were carried out in order to investigate if the proposed alternative procedure of finding the IE
resonance frequency can also work in practice. Tests that
detect waves traveling with a negative phase velocity were
performed on a 0.3 m thick concrete floor with large lateral
dimensions (free plate). The floor is a solid concrete plate
between the basement and the first floor in a university building at Lund University, Sweden.
The multichannel data acquisition system was replaced
by an equivalent, where a single receiver collected data from
multiple impacts (Ryden et al., 2004). All impacts were
applied at various offsets from the stationary receiver with
an equal increment dx between them. The MASW calculation routine is performed using frequency and phase velocity
resolutions of 2 Hz and 5 m/s, respectively.
B. Results and discussion

The measurements were performed in three sets with
each set evaluating one receiver type. All three sets were
measured in the same location using the same impact source
(information about the impact source and the receivers is
given in Sec. I). The same data processing as for the synthetic
reference plate (analyzed above) is used to analyze the results.
The first data set is collected using an accelerometer (PCB
353B33) as a receiver in order to have a contact measurement
€ m and Nils Ryden
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FIG. 7. (a) Schematic of the accelerometer measurement setup. (b)
Experimental dispersion curves for
negative phase velocities and (c) corresponding summed amplitudes.

reference test. A schematic of the setup is shown in Fig. 7(a).
The signals are collected from 40 different offsets with 0.05 m
increments over a total distance of 2.0 m between source and
receiver. The calculated amplitudes over the negative phase
velocity range from 20 to 5 km/s are plotted in Fig. 7(b).
These amplitudes are summed over the plotted phase velocity
span for each frequency individually, and they are then normalized and plotted over a narrower frequency range in Fig.
7(c). A distinct peak marks the maximum backward wave amplitude at 6014 Hz. As expected for this reference test, using a
contact receiver (accelerometer), the noise is very low in Fig.
7. It should be noted that the negative phase velocity dispersion curve [Fig. 7(b)] and corresponding summed amplitude
spectrum [Fig. 7(c)] appears clearly and totally isolated,
almost as clear as from the simulated data in Sec. III (Fig. 6).
The receiver for the second data set is a non-directional,
air-coupled microphone (ADK SC-1), as shown in Fig. 8(a).
The increments between the impact points are reduced to half
compared to the accelerometer test case (i.e., 0.025 m) in
order to minimize spatial aliasing of the direct acoustic wave
in air. In this second set, the signals are collected from 80 different offsets over a distance of 2.0 m from the receiver. The

backward wave is less visible when using a microphone as receiver, as depicted in Fig. 8(b), but the highest amplitude for
the backward wave is still close to the predicted resonance
frequency, at 6056 Hz, as seen in Fig. 8(c).
Other disturbing peaks in Fig. 8(c) could possibly originate from spatially aliased and/or reflected acoustic waves in
the air. Spatial aliasing can be expected at acoustic wavelengths shorter than twice the distance between impact
points, i.e., 2  0.025 m (Nyquist-Shannon sampling theorem). Since the acoustic velocity in air is 343 m/s at 20  C,
spatial aliasing can be expected at about 6860 Hz (343/0.05)
and higher frequencies. All reflections entering the array
from the opposite direction, and in an angle not parallel with
the array will also show up as negative phase velocities with
an apparent speed higher than 343 m/s (depending on the azimuth incident angle compared to the array axis).
In an attempt to suppress the possible negative influence
from spatial aliasing and/or reflected acoustic waves, a third
experimental data set was also recorded. The third data set
uses the same air-coupled microphone as a receiver as the
previous set; however, in this final set, a small piece of soft
foam (square with sides 0.4 m and thickness 0.1 m) acting as

FIG. 8. (a) Microphone setup. (b)
Calculated experimental dispersion
curves for negative phase velocities.
(c) Corresponding amplitudes summed
for the narrower frequency range.

J. Acoust. Soc. Am. 139 (2), February 2016

€ m and Nils Ryden
Henrik Bjurstro

655

Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP: 130.237.60.131 On: Fri, 05 Feb 2016 13:01:04

FIG. 9. (a) Alternative microphone measurement setup, including a piece of soft
foam working as a sound barrier. (b)
Collected data transformed into experimental dispersion curves for negative
phase velocities. (c) Amplitudes summed
over a narrower frequency range.

a sound barrier is placed in front of the microphone to suppress the direct sound wave traveling directly from the hammer to the microphone through the air [Fig. 9(a)]. The same
settings and number of signals as the previous set are used in
this final set. The processed data are shown in Fig. 9(b) and
the summed amplitudes are shown in Fig. 9(c). It is seen that
a clear resonance peak is located at 6080 Hz and that even a
small and simple sound barrier in front of the microphone
significantly improves the signal-to-noise ratio. These results
further indicate that the disturbing peaks in Fig. 8(c) may
originate from spatial aliasing and/or reflections of the
acoustic wave propagating from the hammer to the receiver
in the air.
The theoretical resonance frequency is given by the
minimum frequency for the S1 mode. The material parameters used for the reference plate predict a theoretical S1-ZGV
frequency of 6014 Hz. Together with the input parameters
[VS ¼ 2360 m/s,  ¼ 0.18, and d ¼ 0.3 m, estimated from seismic measurements using an accelerometer (Ryden and Park,
2006)], the plate thickness can be estimated using Eqs. (5)
and (1). The accelerometer measurement results in a plate
thickness of 300 mm, the non-directional microphone

298 mm, and finally 297 mm when the sound barrier is
applied. All three data sets in this work show waves with
negative phase velocities at frequencies close to the predicted resonance frequency. At most, the difference between
the estimated resonance frequency and the theoretical one is
1.1%, which is insignificant in the context of calculating the
plate thickness in civil engineering structures.
Finally, Fig. 10 compares the conventional IE and the
presented method where the thickness resonance frequency
is determined using backward wave propagation. In this
case, the conventional IE technique [Fig. 10(a)] provides a
good result only when an accelerometer is used. Air-coupled
microphones are disturbed by noise, causing a misleading
amplitude spectrum in the frequency domain. The proposed
method using backward wave propagation [Fig. 10(b)] is
able to determine the thickness resonance frequency using
an accelerometer and a microphone.
V. SUMMARY AND CONCLUSIONS

IE is a well-defined and widely used method for estimating the thickness resonance frequency (and ultimately the

FIG. 10. (Color online) Comparison
between the frequency content (a) measured using the conventional IE method
and (b) using the proposed method with
backward wave propagation.
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thickness) and detecting delaminations in plate structures.
However, when air-coupled microphones are used as
receivers, the thickness resonance frequency is generally
more difficult to identify. This work demonstrates a new
alternative method for estimating the resonance frequency.
At the minimum frequency of the S1 Lamb mode, two
counter-directional waves occur at the same time, causing a
resonance. The backward directed wave is shown to be detectable close to the resonance frequency using an array of
sensors. In this approach both amplitude and phase information along an array of sensors is utilized instead of the absolute amplitude at a fixed location. The measurable dispersion
curve at negative phase velocities represents a unique signature of the presence of the ZGV mode. Negative phase
velocities are not expected at any other frequency except for
the next ZGV mode (A2-ZGV) at much higher frequencies. It
is demonstrated that backward wave propagation can be
used to estimate the resonance frequency using both accelerometer and air-coupled microphones with acceptable accuracy. The final result is improved significantly by screening
the direct air wave propagating directly from the hammer to
the microphone through the air. Even a rather small and simple sound barrier is enough to enhance the results. Results
indicate that the sound barrier reduces artifacts from spatial
aliasing and acoustic reflections entering the array from different angles.
The presented method opens up the possibility of rapid
measurements, as both the material stiffness and the plate
thickness could be determined from the same microphone
data using air-coupled receivers.
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