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Abstract 
Combining the impact-echo (IE) method with air-coupled sensors has high potential to implement an efficient 
non-destructive testing system for concrete structures. By using microphones as sensors air-coupled IE offers 
significant advantages in terms of equipment costs and acquisition speed since no direct coupling of delicate and 
expensive contact-transducers is necessary. However, problems related to direct impact noise and ambient noise 
can hamper signal processing and final data interpretation. These problems are addressed in this study by 
introducing a modified air-coupled sensing concept. Instead of using a single microphone we use a disc shaped 
array of MEMS microphones to sense the acoustic waves above a concrete structure during IE testing. 
The concept of using the summed signal of distributed microphones arranged in an array takes advantage of the 
spatial extent where the wave field excited by a mechanical impact is causing a coherent surface displacement. 
We investigate on the spatial coherence of the dominant waveform through numerical simulations. Results from 
the simulations lead to the design of an appropriate microphone array for IE measurements on plate like 
engineering structures. 
The microphone array is tested on real world structures and the signals are compared to conventional contact 
sensing techniques and single microphone measurements. With the microphone array the frequency of the zero-
group-velocity S1 Lamb wave – which is usually interpreted in IE measurements – is more evident in the 
recorded spectra than with single microphones. Furthermore, we combine microphone array measurements with 
solenoid driven automatic impactors. In this way measurements in continuous movement and areal scans become 
feasible. This is an essential prerequisite for developing efficient field applicable testing devices. 

Keywords: Non-destructive evaluation of concrete (NDE), impact-echo (IE), air-coupled sensing, MEMS 
microphone array 

1. Introduction
With the upcoming of dry point contact transducers for ultrasonic testing and advances in 
other technologies like high resolution GPR (ground penetrating radar) the impact-echo (IE) 
method [1-3] has been overtaken to some extent as the method of choice for NDE of concrete 
structures [4]. In recent years more profound physical understanding of the observed 
phenomena in IE [5] and advances in data processing and sensing technologies has helped to 
make the IE method more attractive. Moreover, it has been shown that IE has distinct 
advantages for certain measurement tasks where other methods come to their limits. These 
tasks range from backfill detection of tunnel linings [6] to the detection of delaminations in 
concrete [7-10]. IE also has attracted more and more attention due to the operational 
advantage that the signals to be measured can be sensed with standard acoustic microphones, 
thus allowing air-coupled measurements [11-13]. Besides cost savings due to lower priced 
sensors (compared to conventional ultrasonic equipment) operational benefits like fast sensor 
placement can be achieved. However these gains in convenience can be diminished by other 
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problems, above all degradation of signal-to-noise ratio. We tried to address this issue with 
the development of a new air-coupled sensor especially tailored towards IE testing [14]. 

After a general description of the IE method, airwave phenomena associated with stress wave 
propagation in concrete are visualized and discussed using data from numerical simulations. 
Based on the findings from the simulation a prototype sensor device that consists of an array 
arrangement of MEMS (micro-electro-mechanical-system) microphones is developed and 
produced. The prototype is tested in a typical IE measurement setup on a concrete wall and 
used in conjunction with a solenoid driven automatic impactor in a scanning manner on a test 
slab with artificial defects.  

2. The Impact-Echo Method 
During an IE test stress waves are induced by a mechanical impact (e.g., impact hammer or 
steel ball drop) on the surface of the tested specimen. The excited stress waves are normally 
measured at a single sensor location in the vicinity of the impact point. In the usual IE 
processing scheme the sensor recordings are transformed from time domain to frequency 
domain. In plate like structures the resulting spectra show a frequency peak that can be related 
to the plate thickness via the relation:  

�� = β ��2�  

with fr: maximum frequency in recorded signal; vp: P-wave velocity; d: plate thickness;  
and β: dimensionless correction factor, typical value for concrete 0.96. fr is often referred to as 
thickness resonance (or IE resonance) and can be theoretically explained as the frequency of 
the S1 Lamb mode with zero group velocity (ZGV) [5]. With the correct adjustment of the 
contact time and contact area of the impact device, this wave type has a high excitability in 
plate like structures. The stress waves on the surface of a concrete specimen also induce 
acoustic waves in the surrounding air. The pressure changes in the air are proportional to the 
out-of-plane velocity of the concrete surface [11, 12]. This enables the use of air coupled 
receivers such as conventional microphones as sensors for air-coupled IE measurements. Air-
coupling allows for fast measurement speeds in a scanning measurement mode since no direct 
coupling of a sensing element and the tested surface is necessary [13].  

An inherent problem to the IE method is the correct extraction of the ZGV-S1 Lamb wave. In 
real world structures, the IE resonance frequency cannot always be clearly identified due to 
the superposition of other wave types such as boundary reflections of surface waves or higher 
modes of body vibrations [4, 15]. In the special case of air-coupled measurements direct 
impact noise or reverberations of the impact device can dominate recordings and thus need to 
be addressed with proper sensing and processing strategies. Several methods have been 
proposed to enhance the signal of the IE resonance to facilitate further signal interpretation, 
ranging from improved processing schemes [16, 17] to the usage of multiple hammer impacts 
in the surrounding of a single sensing location [6]. 

Taking into account the spatial extent of wave phenomena carrying pertinent information for 
the IE method, sensing does not necessarily have to be performed on a single location. 
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Combining the simultaneous output of several receivers can yield an increased sensitivity to 
the desired IE resonance signal. Our concept of a microphone array sensor [14] combines the 
operational advantages of air-coupled sensors with further benefits like less sensitivity to the 
acoustic noise of the direct impact or ambient acoustic noise. 

3. Numerical Simulation of IE Test and Air Wave Radiation  
Specific aspects of air-coupled IE signals and implications of using a distributed sensor can be 
analyzed with the help of numerical simulations. To visualize sound waves emanating from a 
concrete surface during an IE test a 2D finite element simulation was performed (Figure 1, 
[18]). 

 

Figure 1. Snapshot of a simulation of stress wave propagation after an impact on the concrete surface and 
radiated acoustic waves [18] 

The sound field in the air is dominated by three characteristic wave types: (1) Inclined plane 
wave fronts radiated from Rayleigh waves (leaky Rayleigh wave), (2) spherical wave fronts 
caused by the impact, and (3) plane wave fronts emerging from the ZGV-S1 mode. The first 
two wave types have to be considered as noise for IE testing. Multiple microphones placed in 
a region around the impact location at the same height above the tested surface would sense 
the arrival of the ZGV-S1 wave fronts at the same time. Whereas other wave types will show a 
moveout - i.e. different arrival times - across all sensors (Figure 2). Summing up the signals 
from these sensors would lead to constructive interference of the plane wave fronts of ZGV-
S1 energy and to destructive interference of inclined wave fronts. 

With the scope of designing a physical sensor device containing multiple microphones as 
sensors it is necessary to know the lateral extent where the plane wave fronts are radiated with 
constant phases. This radiation zone corresponds to the region where the vertical movement 
of ZGV-S1 waves is causing a coherent surface displacement (i.e. particle displacement in the 
same direction).  
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Figure 2. Simulated recordings of pressure changes 3 cm above the surface in a simulated impact-echo test on a 
25 cm thick concrete plate. For better visualization each trace is scaled to its maximum value [14] 

This question was numerically addressed by driving axial symmetric models of concrete slabs 
with the frequency of ZGV-S1 mode. Figure 3 displays the vertical particle displacement field 
in an axial symmetric plate excited at the center with a point source. 

 

Figure 3. Vertical displacement field in an axial symmetric concrete plate driven at the center with the frequency 
of ZGV-S1 mode 

It can be observed, that the displacement shows the same direction (i.e. the same phase 
behavior) up to a distance of more than one time the plate’s thickness from the impact 
location. 

Concluding on the simulations IE measurements can be effectively performed by placing a 
multitude of receivers in a region around the impact location that stretches approximately up 
to the plate thickness (the first nodal point of the ZGV-S1 Lamb mode). All of these sensors 
would receive the same waveform information and therefore the summed output of these 
receivers would be more sensitive to the displacements of the plate surface due to the 
thickness resonance than the output of a single receiver alone. For air-coupled receivers such 
as microphones another advantage arises from an array arrangement: The summed output of 

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



all microphones is less sensitive to sound waves hitting the array from the sides. Such sound 
waves would show inclined wavefronts. This is the case for leaky Rayleigh waves, impact 
noise and ambient noise. Due to the long wavelengths with respect to the geometric 
dimensions (plate thickness) using a distributed sensor element will not decrease the spatial 
resolution of the final result for typical IE applications. 

4. Design and Laboratory Test of IE Array Sensor 
Based on the considerations motivated by the simulations an array of MEMS microphones 
was designed and constructed [14]. Ham and Popovics showed the suitability of this sensor 
type for NDT of concrete [19]. A further advantage of MEMS type sensors is the high 
consistency of characteristics of individual sensors. This is especially important when 
combining single microphones in an array. The prototype sensor board contains 35 individual 
MEMS microphones placed in a disk shape with an outer diameter of 20 cm (Figure 4). With 
this dimensions the sensor board would be suited for typical concrete plate structures. The 
special arrangement was chosen to minimize side lobes in the directional response [14, 20, 
21]. 

 

Figure 4. Left: Photograph of printed circuit board with 35 MEMS microphones [14]. Right: Setup for the test 
measurement 

The sensor board was placed inside an enclosure (Figure 4, right) to avoid sound from the 
back of the array and to dampen unwanted reflections. Inside the enclosure a standard 
measurement microphone was placed to allow comparison measurements. A first test was 
conducted on a concrete building wall with an approximate thickness of 20 cm. With typical 
P-wave velocities for structural concrete a ZGV-S1 frequency of around 10 kHz was expected 
for the IE test. An accelerometer was fixed to the wall with glue and served as a reference 
sensor. The wall was manually hit with a 9 mm sized steel ball on a rod. The array board was 
mounted at a height of 3 cm above the surface. Figure 5 shows time signals and 
corresponding Fourier spectra. Time data for all sensors was windowed to decrase the energy 
of early arrivals that are dominated by Rayleigh wave energy. 
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Figure 5. Time recordings of a single impact and Fourier spectra of multiple impacts and the corresponding 
average spectrum (time axis showing relative times). Arrows indicate the frequency of ZGV-S1 mode [14] 

In the output of the MEMS array board and the accelerometer a single clear peak can be 
observed that corresponds to the IE resonance (ZGV-S1 mode frequency). The spectra of the 
measurement microphone show several other peaks. A clear identification of the ZGV-S1 
mode is not possible for this sensor. The multitude of spectral peaks is produced by 
reverberations of the impact device and direct impact noise. Whereas the MEMS array has a 
selective sensitivity to the plane wave fronts of the ZGV-S1 mode the measurement 
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microphone records all sound waves with the same sensitivity. This is considered as the main 
reason why the ZGV-S1 peak cannot be clearly identified. 

A further aspect to note in the design of the array sensor is the possible occurrence of sound 
wave reflections between the printed circuit board carrying the MEMS microphones and the 
tested surface. Without any measures to prohibit such reflections, the amplitude of the 
recorded ZGV-S1 peak shows increased values when the separation between the board and the 
surface is an integer multiple of half of the wavelength in air that fits into the space between 
the sensor board and the concrete surface (standing wave condition). This behaviour can be 
avoided by constructing an appropriate sound inlet in front of the array board (Figure 4). In 
our prototype setup we used an open-pored foam with cylindrical inlets to the individual 
microphones. With this measure the frequency response could be efficiently flattened (Figure 
6). To provide constant amplitude impacts a solenoid driven impactor was used. 

 

Figure 6. Frequency displays of multiple measurements on the 20 cm thick concrete wall with varying distance 
between the array board and the concrete surface. A: without sound inlet construction, B: with sound inlet 

construction (see Figure 4). Grey curves show frequencies of sound waves with multiples of half wavelengths 
matching the distance between sensor board and concrete surface 

5. Field Scale Test 
The main advantage of air-coupled sensing lies in the possibility to move the sensor over a 
surface to perform scanning measurements in continuous motion. To test the performance of 
the developed sensor in this respect a scanning device was constructed. The array sensor 
inside the same enclosure as used in the laboratory test was mounted together with a solenoid 
driven impact device on a rolling trolley. The measurement microphone was kept in the 
enclosure. The separation between impactor and the outer rim of the microphone enclosure 
was 3.5 cm. A rotary encoder was used for activating the impactor in equidistant positions 
and to stamp the sensor recordings with position information.  
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Figure 7. Position of artificial defects in a 5 m x 2.5 m x 0.3 m concrete test slab. Description of elements is 
given in Table 1. The red-dashed line represents a partial single scan line presented in Figure 8 (Note: only 

constructive elements relevant to the presented work are shown) 

 

 

Table 1. Details of concrete slab used for test measurements. 

Dimensions of test slab: 5 m x 2.5 x 0.3 m 
 20 cm x 20 cm rebar mesh, at top and bottom, with 30 mm concrete covering 
P-Wave velocity: 4800 +- 100 m/s (US-pulse transmission test on cast sample) 

Object (see 
Figure 7) 

Type Construction Method 

A Varying depths foam inlay 

B Delamination, depth 30 mm PTFE sheet at top rebar level 

C Delamination, depth 270 mm PTFE sheet at bottom rebar level 

D Velocity variation Embedding of tuff stone dice 

E Delamination, depth 30 mm PTFE sheet at top rebar level 

F Delamination, depth 270 mm PTFE sheet at bottom rebar level 

G Delamination, depth 270 mm PTFE sheet at bottom rebar level 

H Delamination, depth 130 mm PTFE sheet between rebar levels 

I Delamination, depth 130 mm PTFE sheet  between rebar levels 

J Delamination, depth 30 mm PTFE sheet at top rebar level 

K Honeycombing Insertion of loose gravel inside 
plastic net before pouring of fresh 
concrete 
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The scanning device was tested on a reinforced concrete slab with artificial defects (Figure 7). 
Details of the concrete slab are given in Table 1. In total 34 line scans were performed in the 
central part of the test slab along the x-direction with a line spacing of 5 cm. The impactor 
was activated every 2 cm. Each line was scanned two times. Between lines the orientation of 
the trolley was switched. Moving the trolley over the slab was performed manually at slow 
walking speed. Total measuring time for this test was about 15 minutes. 

Results are presented at first in the form of frequency displays along a particular section of the 
test slab. Figure 8 shows representations of measured data of the MEMS board sensor and the 
single microphone on a section containing a delamination between rebar levels (object “I”) 
and a delamination at the top rebar level (object “J”, Figure 7). 

 

Figure 8. Frequency domain representation of scanning IE measurements (“B-Scan”) at Position y=50 cm 
(normalized amplitudes, color scale valid for both plots), A: MEMS array board measurements, B: single 

microphone measurements 

The raw time domain sensor recordings were windowed, bandpass filtered between 1 kHz and 
9 kHz and transformed to the frequency domain by FFT (Fast Fourier Transform). Resulting 
spectra were spatially averaged within 4 cm bins along the scan line and normalized to the 
maximum value. Normalization was done to equalize amplitude variations due to different 
coupling conditions of the impact device. These variations arose from rough surface texture of 
the concrete. Comparing the output of the array sensor and the single microphone the 
following observations can be made (Figure 8): 

 The frequency of the ZGV-S1 mode is much clearer in the MEMS array recordings 
than in the single microphone data (labeled “undisturbed backwall signal” in Figure 
8). With a directly measured P-Wave velocity of 4800 +- 100 m/s a ZGV-S1 frequency 
of around 7.7 kHz is expected. Readings of the MEMS array show a sharp signal with 
this frequency at profile coordinates without artificial defects (3.5 - 4.5 m). The 
frequency display of the single microphone appears blurry in this region. 

 High amplitude values at lower frequencies at positions 2.6 - 3 m and 3.4 -3.5 m 
correspond to delamination defects I and J. Although both sensors show distinct 
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variations at these positions, the signals of the MEMS board have a higher signal to 
noise ratio. This can be seen by lower background amplitude levels. 

 The spectral display of the single microphone data shows a high energy band (at 
~2.1 kHz) that cannot be attributed to structural properties. These signals are most 
likely linked to acoustic noise. 

To make full use of the spatial information gained by scanning measurements result data can 
further be displayed in the form of areal representations showing different spectral properties. 
Variations of spectral energy in a frequency band around the expected ZGV-S1 frequencies 
can be used to map anomalies of the slab structure. Figure 9, A shows the spectral energy 
within a band around the ZGV-S1 frequency (7.7 ± 0.5 kHz) and clearly maps most of the 
artificial flaws. Another metric chosen for displaying areal IE results is mapping the 
maximum frequency at each measurement point (Figure 9, B). Delaminations and other 
defects are clearly expressed by different frequency values. Due to the fact that IE signals 
from deep delaminations do not significantly differ from the undisturbed thickness resonance 
these delaminations are not clearly expressed. Combining such frequency displays allows 
localization of defects and can provide further indications to the type of defect. 

 

Figure 9. Areal representations of  IE scanning data acquired with the MEMS array sensor. Overlaid are the 
positions of artificial defects (see Figure 7). A: Energy in a spectral band around ZGV-S1 frequency. B: 

Maximum frequency 
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6. Conclusions and Outlook 
A new MEMS microphone based array sensor for IE was conceptionally developed and 
implemented. As an important design characteristic the size of the lateral extension of the 
array was deduced from numerical simulations. The ZGV-S1 mode is causing a surface 
displacement that is coherent in an area around the impact location. The radius of this area 
complies approximately to the plate's thickness. Therefore a MEMS microphone array with an 
outer diameter of 20 cm was constructed for IE testing of typical civil engineering plate 
structures. 

By using an array of microphones instead of a single microphone in air-coupled IE increased 
and selective sensitivity to the relevant acoustic signals can be achieved. Data interpretation is 
made more conclusive since the array sensor is less sensitive to corrupting influences like 
impact noise. This was demonstrated on a lab scale with a single point measurement, where 
the data quality of the MEMS array sensor was equivalent to an adhesively coupled 
accelerometer. 

The main advantage of air-coupled sensing is the feasibility of fast scanning measurements. 
The developed sensor was integrated into a scanning device and an areal survey of a test 
structure was conducted in a very time efficient manner. Data quality of scanning IE 
measurements with the new developed sensor is superior compared to measurements with a 
single conventional microphone.  

Despite the achieved benefits with the concept of the array sensor, future work towards an 
improved IE system should also address signal source mechanisms. Notably acoustic damping 
of the impact device has to be improved, since noise related to the impact can still be a 
disturbing source. Furthermore effects of modifications and adoptions to the microphone 
array, for example changing the total number of individual microphones should be evaluated 
more closely.  In this study we focused on the quite conventional approach in IE processing of 
Fourier transforms of sensor recordings. More advanced signal processing techniques and 
automated interpretation schemes have to be evaluated in conjunction with scanning air-
coupled measurements. 

The application of microphone arrays in NDT of concrete is not limited to IE. First 
evaluations of this sensing concept in combination with other techniques such as surface wave 
applications are in progress. 
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