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Abstract: The utility of micro-electro-mechanical sensors (MEMS) for application in
air-coupled (contactless or noncontact) sensing to concrete nondestructive testing (NDT) is
studied in this paper. The fundamental operation and characteristics of MEMS are first
described. Then application of MEMS sensors toward established concrete test methods,
including vibration resonance, impact-echo, ultrasonic surface wave, and multi-channel
analysis of surface waves (MASW), is demonstrated. In each test application, the performance
of MEMS is compared with conventional contactless and contact sensing technology.
Favorable performance of the MEMS sensors demonstrates the potential of the technology
for applied contactless NDT efforts. Objective: To illustrate the utility of air-coupled
MEMS sensors for concrete NDT, as compared with conventional sensor technology.
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1. Introduction

High speed structural damage detection and/or monitoring of existing concrete infrastructure
elements is becoming important for quality assurance and their management [1-3]. Mechanical wave
methods, such as ultrasonic wave pulse propagation, impact-echo, and seismic multi-channel analysis
of surface waves (MASW), do show sensitivity to internal damage and can be applied to concrete
structures in the field. However, as normally applied, these nondestructive testing (NDT) methods
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utilize point-test configurations that require physical contact with the concrete structure [4].
Consequently, the coupling process is both time and labor intensive, and thus may result in undesirably
slow inspection and give rise to other problems [5]. When the concrete surface is rough, surface
preparation (e.g., grinding) is needed prior to testing, and in extreme cases tests simply cannot be applied.
Furthermore, the sensor coupling conditions may affect received signals and disrupt measurements.

Recently, contactless mechanical wave sensors are finding increased application in NDT. The
motion of a solid surface that results from mechanical wave propagation or vibration generates
acoustic waves that leak into the surrounding air. Contactless sensors detect the leaked acoustic waves,
from which the surface motion of the solid that results from wave propagation is inferred. Recent
developments with specially modified microphones show promise for enhanced sensitivity to specific
phenomena, for example microphone inside of parabolic reflectors show enhanced sensitivity to
vibrations associated with the impact echo test [6]. However, conventional microphones and other
existing contactless sensors may show limitations across the broad range of sonic and ultrasonic test
configurations, for example poor sensitivity in terms of acoustic pressure amplitude (low
signal-to-noise ratio), or frequency response (limited frequency bandwidth), large size, and external
power requirements [7]. Micro-electro-mechanical sensor (MEMS) microphones represent new acoustic
technology that overcome some of the existing sensor limitations, and have gained wide acceptance in
many applications [8].

Figure 1a shows the basic construction of a MEMS device. MEMS sensors vary in package type,
output format and sensitivity, where the sensitivity is principally controlled by the elastic and
geometric properties of the active elements [9]. For the MEMS acoustic sensors used in this work, the
active elements are composed of a fixed perforated backplate, support-body (substrate), and a thin
pressure sensitive diaphragm, as shown in Figure 1b. These elements are composed principally of
monocrystalline silicon and produced using micro machining thin-film technology. The operation of
capacitive MEMS requires an external DC bias voltage applied between the diaphragm and back plate.
This typical type of sensor is called a capacitive complementary metal-oxide-semiconductor (CMOS)
MEMS. The CMOS unit provides the low bias voltage to the diaphragm. The applied bias causes the
diaphragm to move towards and to come in contact with the extended edges of the back plate by
electrostatic attraction. Once the diaphragm contacts the extended edges of the back plate, the
boundary conditions of the diaphragm are well approximated by a simply supported plate [10]. This
configuration provides an air gap between the diaphragm and back plate, and ensures an effective
acoustic seal across the diaphragm. Air pressure variations, for example those caused by propagating
acoustic waves in the air that impinge on the diaphragm, cause forced mechanical vibration of the
stretched diaphragm. The CMOS unit converts the mechanical vibration to an electrical voltage output
signal that is proportional to a specific sound field quantity, e.g., air pressure variation. The sensitivity
and frequency bandwidth of the response are controlled by shape, thickness, and boundary conditions
of the diaphragm. Figure 1c shows the frequency response of the capacitive MEMS sensors used in
this work. The frequency response is fairly flat between 10 and 30 kHz, with increased sensitivity
between 30 and 55 kHz. The sensitivity decreases significantly above 100 kHz (response not shown).
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Figure 1. Basic construction (a), construction of active elements (b) (Reproduced with
permission from [10]) and frequency response (c) (Reproduced with permission from [11]),
of the type of micro-electro-mechanical sensors (MEMS) sensor used in this work:
nominal sensitivity = 7.9 mV/Pa.

This capacitive active element design provides high sensitivity to acoustic pressure changes at high
signal to noise ratio but with relatively low power consumption and small size and mass [12]. Also, the
sensors are produced at lower cost than their bulk device counterparts. All of these features enable
increased system design flexibility, and allow multiple MEMS components to be deployed in serial or
parallel arrays to increase functionality, device capability, and reliability. These benefits offer potential
for MEMS to be used to improve current NDT capability for the concrete infrastructure.

This paper introduces MEMS sensors through application to a range of existing NDT techniques:
resonance vibration, impact echo, seismic MASW and ultrasonic surface wave analysis. The utility of
MEMS in these applications is demonstrated by direct comparison to existing sensing technology. As
far as the authors are aware, the effective application of air-coupled sensors, and in particular MEMS
sensors, across the breadth of concrete non-destructive testing methods has not been reported before.

2. Background
2.1. Air-Coupled Acoustic Sensors

In this paper, the performance of contactless MEMS sensors are evaluated with respect to those
from two different contactless sensors and a contact sensor in terms of application to conventional
concrete NDT methods. We present the results from an accelerometer to show relative performance of
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contactless sensors to established surface contact sensing technology. The two other contactless
sensors are conventional microphones having distinct underlying technological bases: an electret
condenser microphone (ECM) and a dynamic membrane microphone (DMM). An accelerometer is
used as a contact sensor and in some cases also as reference. All sensors employed are shown in
Figure 2. Conventional microphones typically exhibit reasonably high detection sensitivity, about
1.8 mV/Pa and 4 mV/Pa at 1 kHz for DMM and ECE microphones, respectively [13]. However, the
working frequency range depends on the type of microphone used; conventional DMM are limited to
frequencies well below 20 kHz, while ECM can sense, in some cases, up to 80 kHz [13]. MEMS
sensors show typical sensitivity of 7.9 mV/Pa at 1 kHz [11] and frequency range of 1 to 90 kHz (see
typical range of frequency response in Figure 1). MEMS, ECM and accelerometers require external
power and pre-amplification or circuitry, while the DMM do not. Table 1 compares the performance
metrics of the four different sensors employed in this work. The signal to noise ratio (SNR) is
calculated as the ratio of variance of total signal to variance of noise in the signal in dB; the reported
SNR values are computed from experimental data for impact-echo tests, which will be discussed
subsequently. Among the air-coupled sensors, MEMS demonstrate the highest sensitivity and SNR.
Furthermore MEMS sensors compare favorably to the contact accelerometer; the SNR for MEMS is
about half of that for conventional contact accelerometers for the tests reported here.

Figure 2. Set of tested sensors (left) and individual MEMS sensor unit (right).

Table 1. Performance metrics of four sensors employed in this work.

Sensitivity (mV/Pa) at 1 kHz Frequency Range (kHz) SNR (dB)

Accelerometer (contact) 1.02 mV/(m/s?) 11to 50 kHz 25.12
MEMS 7.9 (mV/Pa) 1 to 90 kHz 14.7
ECM 4 (mV/Pa) 4 10 80 kHz 7.04
DMM 1.85 (mV/Pa) below 20 kHz 5.02
2.2. Vibration

Vibration resonance tests are employed to monitor elastic constitutive properties and accrued
damage in concrete samples, following a standardized test procedure [14]. In the procedure, the
vibration of fundamental resonance modes is monitored, and the associated frequency of vibration
measured with contact and contactless sensors. Dynamic elastic constants of the bulk samples are
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calculated from the frequency values. The specific mode of vibration, among the longitudinal, flexural
and torsional families of modes, is set up by the physical testing configuration, and the frequency
values of the fundamental modes are normally extracted from frequency domain signals.

2.3. Impact Echo

The impact-echo test is an applied vibration method. A light mechanical impact event is applied to
the surface of the test object, which sets up local mechanical vibration resonances in the region nearby
the impact point, and resulting frequencies of vibration are monitored. The frequencies of vibration are
interpreted to infer object thickness, material properties, or presence of internal defects [15]. The
method is usually applied to plate-like structures because straight-forward interpretation of results is
possible for that geometry. In particular, a solid (defect free) plate exhibits a single relatively high
resonant frequency, while a plate that contains near-surface delamination defects exhibits multiple
lower frequency resonant modes [16].

2.4. Ultrasonic Surface Wave

Ultrasonic surface waves, also known as Rayleigh waves in the case of very large solids, can be
used to characterize near-surface properties of solid materials. The group velocity and attenuation
properties of these waves reveal elastic properties and damage content of the solid material on which
they propagate [17]. However, surface waves show limited penetration depth below the surface; the
waves have meaningful interaction with the solid material only to about a depth of one wavelength, A.
Wavelength is related to the wave frequency by

%= Cylf (1)

where Cy is the phase velocity of the Rayleigh wave and f is the frequency. These waves are suitable
for surface region characterization of materials, for example to monitor the mechanical stiffness of the
surface layers for example to indicate regions of damage.

2.5. MASW

A deeper analysis of material properties and geometrical conditions is enabled by multiple surface
wave measurements collected several spatially distinct surface sensing locations. The spectral analysis
of surface waves (SASW) method is based on two surface wave measurements, and can provide
estimates of Young’s Modulus (E) and thickness of near-surface layers in an inhomogeneous layered
system [18]. More recently, the multichannel analysis of surface waves (MASW) method was
introduced to improve the capabilities offered by SASW. MASW employs numerous surface receivers
or senders along an evenly spaced linear array. Dynamic response signals obtained from surface
sensors at different offsets u(x, t) are transformed to the frequency—phase-velocity domain [19] using

S(w, Cr) = f e \C* U (x, w) dx @)

where U(x, w) is the normalized complex spectrum obtained from the Fourier transform of u (x, t) , ®
is the angular frequency, C; is the testing-phase velocity, and S (w, Cy) is the slant-stack amplitude for
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each o and C;. Calculating S (w, Cr) over the frequency and phase-velocity range of interest generates
a phase-velocity spectrum that is analyzed to provide estimates of elastic constants and thickness of
layers in an inhomogeneous layered system [18,19].

3. Experimental Details
3.1. MEMS Modification

The MEMS used in this work are a commercial product. Each individual sensor unit, shown in
Figure 2, requires external electrical power (1.5 to 3 direct current (DC) volts) and additional circuitry
to operate; it is possible to purchase self-contained units where the sensor and required circuitry are
already placed within a case. In the work reported here, however, basic MEMS sensor units were
purchased, powered and wired by the authors in order to provide design flexibility needed to create
multi-sensor arrays. For each MEMS sensor unit, two 0.1-uF coupling capacitors were placed at the
output to form a high pass filter with input resistance, and all grounds connected to the data acquisition
system (DAQ) ground. The first coupling capacitor is connected between the positive (+) and the
negative (-) signal out of the MEMS sensor unit. The second capacitor is placed between the positive
side DAQ and the positive side of signal out. All sensors and circuitry are electrically connected and
fixed by manual soldering using a micro tip, and later encased with an epoxy coating to protect the
connections from physical and mechanical events. Multiple MEMS units may be incorporated into a
single array set, as shown in Figure 3. Each sensor unit requires modest power, less than 250 pA of
current at potentials betweenl.5 to 3.6 V. In the work reported here, a single 1.5 V dry-cell battery
(AAA or AA type) is used to provide the power for all the sensors in an array. The MEMS sensors
provided consistent performance and sensitivity with the described power configuration.

Figure 3. Detail of 7-element MEMS sensor array with 2-mm spacing: each MEMS unit
was soldered and then coated with epoxy.

3.2. Vibration Tests

Standard resonance vibration tests were carried out on a 150 x 150 x 510-mm mature concrete
prism concrete sample with a water to cement ratio of 0.38 and a maximum aggregate size of 2 cm.
Figure 4 shows the resonance testing configuration on the simply supported sample. The resonance
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vibrations were set up by an impact event of an 11-mm diameter steel-ball, and the resulting vibration
motion was detected by both a contact accelerometer and a single MEMS sensor. We present the
results of the MEMS sensor to show relative performance to a standard, contact-sensing method with
respect to the completely contactless MEMS sensor. One contact accelerometer was attached near the
end of the simply supported beam and used to collect vibration data to compare with that collected by
the nearby MEMS sensor. A second accelerometer was attached at the center of the beam to provide a
timing trigger for the data collection process. The height (air gap) of the MEMS sensor above the
sample was also varied to study the effects of sensor placement. The contact accelerometer was
connected to a power source and preamplifier, and the signal was transferred to DAQ. The data were
sampled using 16-bit resolution at a sampling frequency of 1 MHz. Each time signal had a duration of
2 ms, which provides frequency domain resolution of 500 Hz. The contactless MEMS sensor was
directly connected to the same DAQ. The signal acquisition process was carried using the LabVIEW
Signal Express program. The digitized time data were then processed using a Fast Fourier Transform
algorithm to convert power/frequency response using MATLAB.

SV SRES FEPRDC R S I (5, SR
k contact
accelerometer

contactless

)
v MEMS

Figure 4. Vibration test configuration showing contactless MEMS sensor and contact
accelerometer. Sample is 150 %150 %510 mm concrete prism.

3.3. Impact Echo

Impact echo tests were carried out on a mature steel-reinforced concrete slab cast from a single
batch of concrete with a maximum aggregate size of 2 cm. The 28-day compressive strength of the
concrete is 42.3 MPa. The slab is nominally 250-mm thick with 1500 by 2000-mm lateral dimensions,
and contains a simulated 400 < 600-mm shallow delamination defect placed at a depth, 60 mm below
the surface. The defect is simulated with a double layer of thin polymer sheeting placed before the
concrete was cast. The P-wave velocity of the mature concrete, determined by ultrasonic pulse velocity
measurement, was 4100 to 4200 m/s. Figure 5 shows the testing configuration with three different
types of contactless (air-coupled) sensors and a contact accelerometer on top of the concrete slab. The
transient point loading is applied through an impact event from an 11-mm steel ball applied on the
surface of the concrete. The distances between the impactor and each receiving sensor are identical,
and a 2-cm air gap above the concrete surface was maintained for all contactless sensors. An additional
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contact accelerometer was attached near the impact site in order to provide a timing trigger for the data
collection process. The data were acquired using 16-bit resolution at a sampling frequency of 1 MHz.
Each time signal had a duration of 2 ms, which provides frequency domain resolution of 500 Hz.
Impact echo data were obtained from two different regions: at a defect-free (solid) area and above a
shallow delamination.

@ Dynamic
Mic.

Condenser §%

Contact R 4

, MEMS
” Mic.

Impactor

Figure 5. Impact echo test configuration showing three air-coupled sensors and contact
sensor above the delamination region.

3.4. Ultrasonic Surface Wave

Airborne (fully contactless) ultrasonic surface wave tests were carried out on samples of
homogeneous polymer, Poly-methyl methacrylate (PMMA), and concrete. Figure 6 shows the testing
configuration on. An electrostatic-type transducer launches 50 kHz 16-cycle tone burst ultrasonic
pulses in to the air toward the solid surface at an incident angle equal to the third critical angle
(approximately 80°in PMMA and concrete) in order to maximize the amount of acoustic wave energy
in the air transferred to propagating surface wave energy in the solid. A 7-element MEMS transducer
array is used to detect the propagating surface wave signals, which leak acoustic waves in to air as they
propagate. The height (air gap) of the sending transducer was 52 mm above the surface and that of the
MEMS array was 5 mm. The data from the array were acquired using a 16-bit resolution at a sampling
frequency of 2 MHz. Each time signal had a duration of 0.2 ms, which provides frequency domain
resolution of 500 Hz.

Two different tests were carried out. The first test set evaluates the consistency and accuracy of the
contactless test set up through tests carried out ona 1 <1 x0.15-m PMMA slab sample. The PMMA
sample was used for these tests because of its uniform and well established wave propagation
properties. Different tests were carried out such that the axis of the 7-sensor MEMS-array was
configured to be perpendicular (2-mm spacing) and parallel (10-mm spacing) to the direction of the
propagating surface waves. The emitting transducer and MEMS array were separated by 180 mm in
the first test as shown in Figure 6.
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Figure 6. Ultrasonic surface wave testing configuration on the Poly-methyl methacrylate
(PMMA) sample; 7-sensor MEMS array used to receive waves.

The second test evaluates the effectiveness of the contactless test set up for concrete evaluation
through tests carried out on a 300 %300 > 600-mm mature concrete beam sample. A 7-sensor MEMS
array with 10 mm spacing between sensor units was used to detect the signals. The axis of the array
was configured to be parallel to the direction of surface wave propagation. After collecting a set of
signal at one position, the array was moved 70 mm along a line away from the first position and
another set of data was collected. Therefore, 14 spatially distinct signals were collected. Data were also
collected using a contact accelerometer at the same 14 sensed locations, where the accelerometer was
placed at points every 10 mm from 80 to 210 mm along a line away from the fixed sending position.
The pulse arrival time was automatically determined for each signal using a statistics-based criterion,
which calculated a reasonable threshold value based on the character of the noise region before the
surface wave arrival within each time signal [20].

3.5. Seismic MASW

Seismic MASW tests were carried out on a mature concrete floor slab. The thickness of the floor
slab is 200 mm. The data were collected from a contact accelerometer and a 4-element MEMS sensor
array that has 2.5-cm spacing between sensors. The test configuration is shown in Figure 7. The
seismic waves were generated by an impact event from a 10-mm diameter steel-ball applied at one
surface point with the sensors at a fixed position. The sensors were then moved along a line away from
the impact point by a fixed amount, and another impact event applied and seismic data set collected.
This procedure was repeated to give a total of 16 signals across a test line 40 cm in length. The
four-element MEMS sensor array set was moved a total of four times, while the single contact sensor
was moved a total of sixteen times at a spacing of 2.5 cm. The data were acquired using 16-bit
resolution at a sampling frequency of 1 MHz. Each time signal had a duration of 2 ms. The time signal
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data were used to generate phase velocity dispersion curves following the MASW algorithm [21]
described in Section 2.5.
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Figure 7. Seismic MASW test configuration showing air coupled sensors. Sensed
positions indicated by blue circles.

4. Results and Discussion
4.1. Vibration Tests

Figure 8 shows the response of the concrete beam to the transverse mode resonance vibration tests,
where data from a contact accelerometer (left) and MEMS (right) are shown. The expected frequencies
of the first three flexural modes, as determined by a Finite element (FE) Eigenmode analysis carried
out by the authors, are 1960, 4080, and 6502 Hz, respectively. As expected, the MEMS sensor shows
lower overall signal amplitude and poorer signal to noise ratio compared the contact sensor. However,
both spectra clearly indicate a fundamental response at 1950 Hz and another higher response at
6505 Hz. These responses match very well with the expected first and third vibrational modes. Neither
sensor detects the second mode well, likely because of the sample support, sensor position, and
excitation configuration used. The MEMS sensor provides the same results as the contact
accelerometer up to the first three modes. Higher frequency responses are seen in the accelerometer
response, however, which the MEMS do not show as clearly.
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Figure 8. Time (top set) and normalized frequency power (bottom set) signals obtained
from vibration tests on concrete prism. Signals for a MEMS sensor (right set) compared to
those from a contact accelerometer (left set). Expected vibrational mode frequencies
indicated by dashed lines (1.96, 4.08 and 6.5 kHz).

Now, the effect of MEMS sensor height (air gap distance) is considered. Figure 9 shows the spectra
from 19 vibration tests with varying MEMS height from 2 to 150 mm above the concrete surface.
Conventional spectra are shown in the top left and right of the figure, while a stacked b-scan
presentation of the same data is shown at the bottom. The results demonstrate that the MEMS sensor
provides consistent and clear results at all sensed heights, and that the frequency values are not
affected by height. However, the signal amplitude (power) decreases with sensor height, and it appears
that beyond 150 mm, the signal data are more difficult to discern, especially for the higher order mode.

The authors also carried out vibrational tests on 100 > 200-mm concrete cylinders (results not
shown here) and good performance of MEMS sensors was confirmed.

4.2. Impact Echo

Impact echo results collected using several different sensors, are shown in Figures 10-12. Figure 10
shows time signals from the contact accelerometer, and contactless MEMS, ECM, and dynamic
membrane microphone (DMM) sensors. As seen in Figure 10, the time signals show a broad range of
amplitude and phase. As expected the contact accelerometer exhibits the highest signal amplitude.
Among the contactless sensors, MEMS exhibits the highest amplitude and SNR, as shown in Table 1.
The maximum amplitude in the accelerometer, MEMS, ECM, and DMM time signals are 0.23, 0.115,
0.026, and 0.014 V, respectively. The conventional air-coupled sensors show much lower responses
than the MEMS do in these tests. These findings are also seen in the associated frequency spectra
shown in Figure 11. Multiple frequency resonance modes are expected at 1375, 2250, and 2950 Hz in
this case; the frequencies of the first three expected modes are indicated, using a procedure described
in [16], in the figure. The second mode is not seen in the impact echo responses, likely because of
relative sensor and excitation point positions over the delamination defect. All sensors clearly indicate
the first expected resonant mode at 1.33 kHz regardless of spectral amplitude, as seen in the
normalized spectral plots in Figure 11 (right). However, only the accelerometer and the MEMS clearly
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indicate the third mode, likely because of limited frequency bandwidth response and low sensitivity of
the DMM and ECM sensors.
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Data from impact-echo tests carried out over a solid region of the slab (no underlying defects) are
shown in Figure 12. The expected impact-echo mode is 7.8 kHz for this 250 mm thick slab. The
spectral amplitudes of signals from the solid slab are lower than those collected over the delamination.
But again, the accelerometer and MEMS responses show significantly higher amplitude than the ECM
and DMM sensors. All four sensors do indicate the expected mode at the correct frequency, although
the responses from the ECM and DMM sensors are obscured by poor signal to noise ratio.

4.3. Ultrasonic Surface Wave

Figures 13 and 14 show the ultrasonic surface wave results collected with MEMS from the PMMA
sample. Preliminary tests were carried out to verify contactless sensor consistency in terms of
amplitude and time of flight, where the seven-sensor MEMS array is oriented perpendicular to the
direction of surface wave propagation. The sensor array has 2 mm spacing between the sensor
elements, and the center sensor element, indicated by 0 mm offset in Figure 13, was aligned with the
approximate center of the propagating wave beam field. Although there are slight offset distances
between the sensor elements, the distances between the ultrasonic sending transducer and all seven
receiving sensors are approximately 180 mm. Thus similar time signals, in terms of amplitude and
phase, are expected from all sensors. The results in Figure 13 confirm that the contactless MEMS
sensors provide very consistent performance across the sensor array, showing the clear arrival of the
surface wave pulse slightly after the expected S-wave arrival time for PMMA. These results also
indicate the potential of contactless MEMS sensors for reliable wave amplitude (attenuation)
measurements that are free from sensor coupling and surface condition variations that are expected
with contact sensors.
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Figure 13. Time signals obtained from MEMS array perpendicular to surface wave
propagation on PMMA; seven sensors are spaced 2 mm apart in the array.

Ultrasonic surface wave velocity can be measured when the axis of the MEMS array is oriented to
be parallel to the direction of wave propagation. In this case, we expect the arrival time of each
seven sensors to consistently increase with increasing sensor offset distance. The results are shown in
Figure 14 (left). Clear pulse arrivals with increasing delay time are seen. The pulse arrival times are
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plotted against sensor offset distance in Figure 14 (right), showing a strong linear relation between the
two. The slope of a line fit to the data indicates a pulse group velocity of 1233 m/s, which agrees very
well with the expected surface wave speed for PMMA. The results demonstrate that the air-coupled
test configuration reliably and consistently monitors propagating surface wave characteristics from a

known solid sample.
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Figure 14. Ultrasonic surface wave signals collected with sensor array along wave path on
PMMA; time signals (left) and presentation surface wave arrival time (right).
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Figure 15. Ultrasonic surface wave time signals collected with sensor aligned along wave
path on concrete; contact accelerometer (left) and with noncontact MEMS (right).

Figure 15 shows results from the ultrasonic surface wave test configuration applied to concrete
using the MEMS sensor array and a contact accelerometer. Figure 15 (left) shows time domain signals
from the contact sensors and (right) from contactless MEMS. Both sets of signals show similar shape,
although the amplitudes from the contact sensors are much larger, as expected. Figure 16 plots the
determined pulse arrival time against the sensor offset distance using the data shown Figure 15. Again,
the arrival time and sensor offset show a strong linear relation, although the data sets show a consistent
lateral offset, owing to the air gap of the contactless MEMS sensors above concrete surface.
Regardless of the offset, the slopes of the fit lines should indicate surface wave group velocity. The
dataset for the contact sensors, indicated by blue points, shows a surface wave velocity of
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approximately 2350 m/s, while that from the MEMS sensors shows approximately 2380 m/s. Although
the data show more variation than that obtained from PMMA, the slope values show good agreement
with each other and are reasonable values for mature concrete. The results suggest that reliable and
accurate surface wave velocity data are obtained using the fully contactless ultrasonic configuration.

0.20 —~» —

WE |- y = 2.3495x- 0.4107

016

Distance (m}
o
e
-

"y =2.3808x-0.4448

©
=
N

010

0.08 & &
0210 0220 0230 0240 0250 0260 0270 0.280

Arriaval time (msec)

Figure 16. Presentation of surface wave arrival times derived from data shown Figure 15;
contact accelerometers shown with blue and with contactless MEMS with red. The slope of
the fit lines indicates surface wave group velocity.

4.4. MASW

Seismic time signal data collected from a 15-sensor set are shown in Figure 17, for both contact
accelerometers and contactless MEMS. Both the contact (left) and contactless (right) sensor data
indicate the clear arrival of a surface guided wave, as indicated by the solid line. The approximate
group velocity of that pulse is 2300 m/s for both data sets. The MEMS data set, seen in Figure 17
(right), also shows the arrival of the direct acoustic wave, indicated with the dashed line have having a
group velocity of 343 m/s. Although the arrival of the acoustic wave disrupts the surface wave signal
of interest, meaningful information about the surface wave is provided in the signal before the acoustic
wave arrival.

Figure 18 shows the MASW dispersion curve data field calculated from the time data in Figure 17.
The analytically computed Lamb wave curves are overlaid on the MASW dispersion curve field,
where green lines indicate anti-systematic Lamb modes and red lines indicates symmetric Lamb
modes. The Lamb wave curves are computed assuming a plate thickness of 200 mm and bulk wave
velocities of the material of 4058 m/s (P-wave) and 2485 m/s (S-wave). The MASW dispersion curve
fields for contact (left) and contactless (right) sensors show reasonable agreement with each other at
lower values of frequency and phase velocity, although distinct difference are also seen elsewhere. In
particular, the results from the MEMS show excellent agreement with the fundamental anti-symmetric
(A0) mode at all displayed frequencies, while the data from the accelerometer show agreement only up
to 15 kHz. The A0 mode converges to the Rayleigh surface wave at increasing frequency. The
response from the MEMS sensors show a strong vertical response at approximately 9 kHz, while the
response from the accelerometer does not. This response frequency coincides with the minimum
frequency of the first symmetric (S1) mode, which is known to be associated with the impact-echo
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mode of the plate [22]. The results indicate that contactless sensor can be used to obtain meaningful
MASW data, and in fact may provide more information than that provided by contact sensors.
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Figure 17. Seismic MASW time signals from sensor array collected from 200 mm thick
concrete slab; data from contact accelerometers (left) and MEMS (right). Blue solid lines
indicate expected surface wave arrival and dashed line indicates expected acoustic
wave arrival.
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Figure 18. MASW dispersion curves computed from seismic time signals from 200 mm
thick concrete slab; data from contact accelerometer (left) and MEMS sensors (right). Red
and green lines indicate expected asymmetric and symmetric, respectively, Lamb
wave modes.

5. Conclusions/Outlook

The following conclusions are drawn based on the results presented in this paper:

e MEMS sensors offer significant advantages, such as low cost, small size (good spatial
resolution), broad frequency bandwidth, high SNR, and relatively easy implementation in
multi-sensor arrays without excessive cost or knowhow. Multi-sensor arrays offer testing
and data collection advantages that empower surface wave and MASW tests.
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e Contactless MEMS sensors work well for standard vibrational resonance tests on concrete
samples. The fundamental flexural mode is accurately indicated across a broad range of
sensor heights.

e Impact echo flexural (delamination defect) and full thickness (solid slab) mode responses
are detected by all contactless sensors and the indicated frequency values agree with those
from contact accelerometers, matching expected values. MEMS show the highest sensed
amplitude among contactless (air-coupled) sensors.

e MEMS sensors show very consistent ultrasonic surface wave detection in terms of time
signal amplitude and phase.

e Seismic data from both contact accelerometers and contactless MEMS agree with the
expected MASW analytical solution for a 200 mm plate. MEMS arrays offer accurate and
reliable MASW data in a convenient testing configuration.

Acknowledgments

The work reported in this paper was carried out under support from the National Science
Foundation, through grant CMS1300546.

Author Contributions

Suyun Ham carried out all experiments and all associated hardware and software work needed to
support those experiments. He also contributed to the conceptual basis, writing, and data analysis of
the work. John S. Popovics contributed to the conceptual basis, writing, and data analysis of the work
and also secured funding that enabled the work.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Gucunski, N.; Slabaugh, G.; Wang, Z.; Fang, T.; Maher, A. Impact Echo Data from Bridge Deck
Testing: Visualization and Interpretation. Transp. Res. Rec. J. Transp. Res. Board 2008, 2050,
111-121.

2. lyer, S.; Sinha, S.K.; Pedrick, M.K.; Tittmann, B.R. Evaluation of ultrasonic inspection and
imaging systems for concrete pipes. Autom. Constr. 2012, 2, 149-164.

3. Wilson, W.T.; Christopher, V. Aurora automated railroad tie condition assessment system: The
quest for accuracy. In Proceedings of the AREMA 2009 Annual Conference & Exposition,
Chicago, IL, USA, 20-23 September 2009.

4.  American Concrete Institute (ACI) Committee 228. Nondestructive Test Methods for Evaluation
of Concrete in Structures; Rep. No.ACI 228.2R-98; American Concrete Institute: Farmington
Hills, MI, USA, 1998.

5. Buyukozturk, O. Imaging of concrete structures. NDT E Int. 1998, 31, 233-243.



Sensors 2015, 15 9096

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Dai, X.; Zhu, J.; Tsai, Y.-T.; Haberman, M.R. Use of parabolic reflector to amplify in-air signals
generated during impact-echo testing. J. Acoust. Soc. Am. 2011, 130, doi:10.1121/1.3632106.
Hall, K.S. Air-coupled ultrasonic tomographic imaging of concrete elements. Ph.D. Thesis, The
University of Illinois at Urbana-Champaign, Urbana, IL, USA, 2011.

Walraven, J.A. Introduction to applications and industries for microelectromechanical systems
(MEMS). In Proceedings of the ITC 2003, International Test Conference 2003, Charlotte, NC,
USA, 30 September—2 October 2003; VVolume 1.

Ganji, B.A. Design and Fabrication of a Novel MEMS Silicon Microphone; InTech Press: Rijeka,
Croatia, 2011.

Pedersen, M.; McClelland, J. Optimized Capacitive MEMS Microphone for Photoacoustic
Spectroscopy (PAS) Applications. Proc. SPIE 2005, 5732, 108-121.

Knowles. Datasheet: Mini SiSonic Ultrasonic Acoustic Sensor. Knowles Acoust. 2009. Available
online: http://media.digikey.com/pdf/Data Sheets/Knowles Acoustics PDFs/SPM0404UD5.pdf
(accessed on 20 March 2015).

Ganji, B.A.; Majlis, B.Y. Design and fabrication of a new MEMS capacitive microphone using a
perforated aluminum diaphragm. Sens. Actuators A Phys. 2009, 149, 29-37.

Oh, T.; Kee, S.; Arndt, R.W.; Popovics, J.S.; Zhu, J. Comparison of NDT Methods for
Assessment of a Concrete Bridge Deck. J. Eng. Mech. 2013, 139, 305-314.

ASTM. Standard Test Method for Fundamental Transverse, Longitudinal, and Torsional
Resonant Frequencies of Concrete Specimens C 215-08; ASTM: West Conshohocken, PA, USA,
2008.

Sansalone, M.J.; Streett, W.B. Impact-Echo: Nondestructive Evaluation of Concrete and Masonry;
Bullbrier Press: Jersey Shore, PA, USA, 1997.

Oh, T.; Popovics, J.S.; Sim, S.-H. Analysis of vibration for regions above rectangular
delamination defects in solids. J. Sound Vib. 2013, 332, 1766-1776.

Rose, J.L. Ultrasonic Waves in Solid Media; Cambridge University Press: New York, NY, USA,
2013; p. 454.

Roesset, J.M.; Chang, D.-W.; Stokoe, K.H., Il; Aouad, M. Modulus and thickness of the pavement
surface layer from SASW tests. Transp. Res. Rec. 1990, 1260, 53-63.

Park, C.B.; Miller, R.D.; Xia, J. Imaging dispersion curves of surface waves on multi-channel
record. SEG Expand. Abstr. 1998, 17, 1377-1380.

King, D. Collapse Dynamics of Ultrasound Contrast Agent Microbubbles. Ph.D. Thesis,
University of Illinois at Urbana-Champaign, Urbana, IL,USA, 2012.

Ryden, N.; Park, C.B. Surface waves in inversely dispersive media. Near Surf. Geophys. 2004, 2,
187-197.

Bjurstrom, H.; Rydén, N. Air-coupled detection of the S1-ZGV lamb mode in a concrete plate
based on backward wave propagation. In Proceedings of the AIP Conference, Denver, CO, USA,
15-20 July 2013; pp. 1294-1300.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



