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ABSTRACT 
This paper presents experimental studies of a fully air-coupled impact-echo test setup by using an in-air acoustic 
source.  The source consists of a spark generator and an ellipsoidal reflector.  Electric discharge (spark) between two 
electrodes generates a short-duration, high-amplitude acoustic wave, which is further focused by an ellipsoidal 
reflector from the inner focus of the reflector to the far focus. The focused spark source is demonstrated to excite 
measurable wave motions in concrete and steel specimens. A microphone is used as an air-coupled sensor to receive 
the airborne waves radiated from the concrete surface. Therefore, a fully non-contact air-coupled system is realized 
for concrete NDT using the impact-echo and through transmission test setups. 
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1. Introduction 
 
Stress wave based non-destructive testing (NDT) methods are commonly used for evaluation of 
concrete structures. The stress waves are usually induced in test specimens by using an impact 
source (e.g. hammer or dropping steel balls) or ultrasonic transducers, and measured by contact 
type sensors (e.g. accelerometers, geophone etc.).  To obtain reliable measurements, these 
sensors and sources should be physically coupled with the testing surface by dry contact or liquid 
gel. In either case, the contact requirement significantly limits the test speed.  Recent 
development in air-coupled sensing [1], [2] provides a potential solution to rapid NDT scanning 
of concrete structures, by eliminating the contact requirement between sensors and concrete 
surface.  However, in those studies, stress wave excitation was still achieved by impacting 
methods concrete surface using a steel ball or hammer, which requires contact to the test surface.  
NDT for concrete structures require high amplitude, broadband inputs at relatively low frequency 
(< 100 kHz) to reduce attenuation caused by scattering.  Although some air-coupled ultrasonic 
transducers are commercially available on market, most of them can only work on several pre-set 
resonance frequencies, and do not provide enough energy to excite measurable vibrations in 
concrete.  
 
In this paper, the authors propose a high amplitude, spark generated acoustic source for non-
contact stress wave excitation in solids.  An electric spark has often been used as a calibration 
source in architecture acoustic study. As a non-contact acoustic excitation source, the spark 
source is able to generate higher amplitude acoustic waves than piezoelectric transducers by 
avoiding energy loss due to impedance mismatch between vibrating elements in transducers and 
air.  The spark source has been used in electrohydraulic type lithotripters, where an ellipsoidal 
reflector is adopted to focus the spherical pressure wave generated by the spark from the near 
focus to the far focus [3]. The N shape pressure wave [4] is generated by discharging an electric 
spark at the inner focal point of the reflector, and then reflected by the inner surface of reflector 
and converged to the outer focus. The spark source contains energy in broad frequency range.  
 
This paper presents experimental studies of using the focused spark source in air for fully air-
coupled NDT on concrete specimens.  Two types of stress wave testing methods, surface wave 
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measurement and the impact echo (IE) method, are selected to investigate the feasibility of spark 
source excitation. The IE method is based on measurement of a resonant vibration mode in  a 
plate corresponding to the zero-group-velocity S1 (S1ZGV) Lamb wave mode [5], [6]. The IE 
resonant frequency f can be determined by the P-wave velocity VP and the plated thickness H by 

/ 2Pf V Hβ= , in which β  is parameter related to the Poisson’s ratio of material.  For concrete, 

β  varies between 0.94 to 0.96. The developed spark source was tested on two concrete plates 
with thickness of 190mm and 255 mm, respectively. 
 
2. Focusing mechanisms using an ellipsoidal reflector  
 
For acoustic waves focused by an ellipsoidal reflector, the analytical solution to the focused wave 
pressure has been derived by Hamilton based on linear acoustic diffraction theory [7]. The 
focused pressure depends on geometry of the reflector (Figure 1), including semi-major axis a, 
eccentricity e, depth of reflector d, material property, the sound wave velocity of the medium, 
and the time function, f(t), of spark-generated acoustic wave. The solution gives the focused 
pressure response p at the far focal point, shown as [7] 
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where F is the focusing factor  
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and 0p  is the pressure amplitude measured at a distance 0r  from the near focal point. The 

reference distance 0r  is arbitrarily chosen, since 00rp  is a constant for a point source. Eq. (2) 

indicates that the focusing factor F is a function of eccentricity e and the normalized depth d/a of 
the reflector. Based on the analytical solution, for reflectors with a constant normalized depth 
d/a, the focusing factor increases with decreasing eccentricity; while for reflectors with the same 
eccentricity, F increases with increasing depth d/a. With geometrical acoustic wave assumptions 
and in the absence of losses, the absolute value of reflector size does not affect the focusing 
factor. This assumption is valid when the wavelength is much smaller than the characteristic 
dimension of reflector.  
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Figure 1 Geometry of an ellipsoidal reflector with depth d.   
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3. Experimental program 
 
3.1 Experimental setup 

 
The spark source includes a spark generator and an ellipsoidal reflector.  A GT-51 spark 
generator made by Grozier Technical Systems Inc. was used to generate the electric spark 
located at the inner focus of the reflector. The ellipsoidal reflector is made from a block of 
aluminum (Figure 2 (b)). Dimensions of the reflector are: major axis 2a=280mm, minor axis 
2b=140mm, eccentricity of e=0.866, and depth d=240mm. The distance between two foci is 
2ae=242mm. The reflector is supported by four legs, with the far focus aligned at the testing 
surface. A 2mm gap is kept between the reflector bottom surface and the concrete surface to 
realize non-contact excitation. The source was tested on a concrete specimen with lateral 
dimension of 1524x1524mm, and thickness of 190mm. The measured P-wave velocity of 
concrete is 4086 m/s, and a Poisson’s ratio of 0.22. 
 

 

 
 

Figure 2 (a) Test setups using the air coupled spark source and (b) the ellipsoidal reflector. 
 
Two test setups were used to investigate waves excited by the focused spark source, as shown in 
Figure 2 (a).  In setup #1, two microphones with 20 cm spacing were aligned with the spark 
source. This setup was used to measure the velocity of surface wave.  The same setup can also be 
used for the IE test by analyzing the signals in frequency domain. In setup #2, the microphone 
was placed on the bottom side of the slab, and the measured signals will be analyzed in 
frequency domain to obtain the peak frequency. The specimen thickness or P wave velocity can 
be inferred from the IE mode resonant frequency in solid sections, and defects will be identified 
as frequency shift from the IE frequency.   In the through transmission setup, the testing 
specimen will block the acoustic noise from the spark source and provide inherit sound insulation 
effect. It should be noted that the sensor and source do not need to be perfectly aligned in this 
setup because the IE resonant modes are measured, and signals are analyzed in frequency 
domain. In comparison, good alignment between sensors is needed in the ultrasonic pulse 
velocity (UPV) test which measures arrival time of P waves. All signals were measured by PCB 
377B01 microphones, and digitized by an NI USB 5133 digital oscilloscope at sampling 
frequency of 1 Ms/s. The microphones were enclosed in a foam cylinder to reduce the acoustic 
noise. 

 
3.2 Characterization of spark source 
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To characterize the acoustic wave generated by the spark source, a hydrophone (Brüel & Kjær 
Type 8103) and a microphone (GRAS 40BE) were used to measure the in-air pressure along the 
axis of the ellipsoidal reflector in an anechoic chamber. A hydrophone was employed in place of 
a microphone at the focal point because the high amplitude of focused pressure will overload 
most measurement microphones. The hydrophone has a nominal sensitivity of 26.3 µV/Pa and 
±1.8 dB accuracy from 0.1 Hz – 100 kHz.  The microphone has a nominal sensitivity of 4mV/Pa 
and ±3 dB accuracy in range of 4Hz – 100 kHz.  Since the hydrophone is designed for 
measurements in water, the actual sensitivity and bandwidth in air may be different from the 
nominal values. Therefore, the in-air sensitivity of the hydrophone was calibrated by comparing 
its response to that of the equidistant microphone when excited by sparks.  
 
Figure 3 (a) show an acoustic signal measured by the hydrophone at a distance of 242mm from 
the spark source (without reflector),  in which the peak pressure reaches about 420Pa.  When the 
reflector is present, the hydrophone located at the focal point (242mm from the spark) measures 
two peaks. The first peak is caused by the direct propagation of acoustic waves from the spark, 
which is observable in Figure 3 (b) as a small peak at 0.37ms. The second peak is caused by the 
focused wave with a peak pressure about 3200Pa (164dB SPL), which is about 8 times higher 
than the pressure amplitude generated by the spark source without using the reflector.   
 
The on-axis peak pressure amplitude of the focused spark source is shown in Figure 3(c). Signals 
were measured by the hydrophone and the microphone for sensor-to-focus distance R from -0.2m 
to 1.5m.  Negative distance indicates the sensor is located inside the reflector. The microphone 
data is only available for distance larger than 30cm, since the pressure exceeds the dynamic 
range of microphone at near distance.  From this figure, it can be seen that the peak pressure 
amplitude decays with distance at a rate of 1/R when R>7cm.  In the near region of focal point, 
the high amplitude wave shows strong nonlinearity [4], and no longer follows the inverse decay 
law with distance.  
 
Measured data shows the pressure measured by the hydrophone is constantly 14 dB lower than 
that measured by the microphone in the frequency range of interest. Therefore, the peak pressure 
at the focal point can be estimated by applying 14 dB correction to the hydrophone measurement. 
It is then estimated that the peak pressure reaches 178 dB at the focal point of the reflector. The 
B&K 8103 hydrophone enabled the measurement of the approximate pressure signal at the focus 
of the transducer which would have been impossible with most standard microphones.  
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Figure 3 Acoustic signals measured by a B&J hydrophone at a distance of 242mm from the spark source, without a 
reflector (a), and with the reflector (b). Plot (c) shows peak sound pressure level measured along the reflector axis by 
the hydrophone and a GRAS microphone. Negative distance indicates the measuring point is located inside the 
reflector. 
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3.3 Surface wave measurement 

 

 
 

Figure 4 Time domain signals from two microphones with 200 mm spacing on the 190mm thick concrete plate, as 
shown in setup #1. The arrival times of the surface wave generated by the direct spark and the focused spark are 

marked on the signal. 
 
A point impact source is effective to excite surface waves, which typically refer to Rayleigh 
wave in a half-space solid, or Lamb waves in a plate. Compared to body waves propagating 
along the surface, the surface wave has higher amplitude and decays much slower, and therefore 
it is easier to measure on the solid surface. In the surface wave measurement, two sensors are 
aligned with the source, and the time domain signals from both sensors are recorded 
simultaneously. The velocity can be either estimated in time domain by calculating the arrival 
time differences or in frequency domain using the spectral analysis of surface waves (SASW) 
method [8]. 
 
Figure 4 shows measured signals from two microphones in setup #1. Each signal shows two 
surface wave pulses, with the arrival times marked.  The first pulse was generated by the direct 
spark excitation, which has a weaker amplitude; while the second pulse was excited by the 
focused spark with much higher amplitude. In each signal, the time delay between the two pulses 
is close to 0.1ms. This time delay corresponds to the travel time difference between the direct 
path from the spark source and the focused path, which is calculated as 2(a-ea)/V0=0.1ms, in 
which V0=343m/s is the sound speed in air.  The surface wave velocity is calculated from the 
time delay 0.095ms between two signals, which gives surface wave velocity of 2105m/s. This 
value agrees with measurements on same specimen using a steel ball (contact source) and 
accelerometers (contact sensors).  

 
3.4 Impact-echo measurement 
 

The setup #1 is also be used to measure the IE frequency in the plate excited by the spark 
source. The signal is transformed into frequency domain to identify the IE peak frequency. The 
amplitude spectrum of the signal measured by a microphone is shown in Figure 5(a). The highest 
peak appears at 9.9 kHz, which corresponds to the concrete plate thickness of 190 mm. This 
frequency agrees with previous test results obtained by using a conventional contact source and a 
contact sensor. The spark source also induces large acoustic noises that leaks from the gap 
between the reflector and the test surface, which may overshadow the IE frequency.  To reduce 
the effect of leaky acoustic noise during the test, the gap is sealed with silicon tape. 
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Figure 5 Spectra of Impact-Echo measurements using the focused spark source on the 190mm thick concrete plate.  

Microphone is located on (a) top side; and (b) bottom side of the plate.  
 
A major challenge for the focused spark source is the strong acoustic noise generated by the 
spark. In the IE measurement, the IE frequency can be identified only when the gap between 
reflector and concrete is sealed, or additional sound insulation is adopted. Since the IE resonant 
mode is a symmetrical Lamb wave mode with zero-group-velocity (S1ZGV), it can be measured 
on either side of the plate. In setup #2, the sensor is place on the bottom side of the specimen 
using through transmission setup. In this case, the concrete plate serves as a sound barrier to 
block most of the acoustic noises. 
 
The spectrum of through transmission measurement signal is shown in Figure 5(b). The spectrum 
shows the correct frequency for the expected IE mode. Because the IE mode is a resonance mode 
through the thickness of plate, a small misalignment between the source and receiver does not 
affect the measured frequency.  In addition, the lift-off distance between the test surface and 
source/receiver will not affect the measured frequency. Therefore, such a setup provides the 
possibility of fully none-contact ultrasonic testing for rapid NDT scanning. Compared to 
ultrasonic tests based on time domain signal analysis, this non-contact test method based on 
frequency domain analysis is more robust and fast.  

 
3.5 Defect detection 
 
Artificial defects were embedded in a 255mm thick concrete plate to simulate delaminations and 
voids. Two layers of thin plastic sheets were used to simulate delaminations at different depths. 
The P wav velocity of concrete is 4150 m/s. The IE frequency corresponding to full thickness in 
solid regions is about 7.8 kHz. The defects were tested using the fully air-coupled (spark source 
and microphone receiver) IE test with through transmission setup.  A parabolic reflector was 
used with the microphone to amplify the measurement signal [2].  For comparison, a contact type 
impactor was also used to excite the IE mode by dropping a steel ball (11mm diameter) from 120 
mm height.   
 
Figure 6 shows measured signal spectra over a square defect (300x300 mm) located at 125 mm 
depth.  The spark source and a steel ball were used on the top side of the plate, while the 
microphone was located on the bottom side of plate. Both signals give a dominant peak around 
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5.5 kHz, which is lower than the full thickness IE frequency.  According to previous studies, 
either the IE mode (thickness mode) or flexural vibration mode can be excited in defect regions.  
The relative amplitude of each mode depends on the frequency content of excitation source. 
Generally speaking, the flexural mode is easier to excite in defect regions than the IE mode. The 
resonance frequency of flexural mode is typically lower than the full thickness IE frequency in 
the solid plate [1]. Therefore, frequency shifting to a lower value can be used as an indicator of 
defects. In this case, the expected IE frequency corresponding to the defect depth should be 
around 15.3 kHz, which is barely discerned in Figure 6(a) (spark source), but not identified in 
Figure 6(b) (steel ball impactor). The 5.5 kHz peak corresponds to the flexural vibration mode of 
the defect, which is clearly measured by using the fully air-coupled setup. A further comparison 
of the two spectra in Figure 6 shows that the flexural mode responses caused by the spark source 
and a steel ball impact are on the same order of magnitude (0.003 V vs. 0.009 V). This result 
validates the feasibility of using the spark source for NDT of concrete.  

 
 

 
(a)      (b) 

 
Figure 6 Spectra of fully air-coupled IE tests on a delamination at 125mm depth, using (a) the spark source, and (b) a 
steel ball impactor.  The concrete plate is 255 mm thick, and the size of defect is 300x300 mm.   
 
 

4. Conclusion 
 
In this paper a focused electric spark source is proposed as an air-coupled source for stress 

wave NDT testing of solids. An ellipsoidal reflector focuses the spark source from the near focus 
to far focus. The peak pressure level measured at the focal point by a hydrophone can reach 
175dB. The focused spark source is used for excitation of stress waves in concrete by aligning 
the focal plane with the testing surface. Experimental tests validate the feasibility of using the 
focused spark source for fully air-coupled surface wave and impact-echo tests in concrete. 
Acoustic noise is sufficiently reduced by using the through transmission setup. Correct IE mode 
or flexural mode frequencies are measured using the fully air-coupled setup in solid and defect 
regions. Comparison with a contact type source also shows that the pressure response generated 
by the spark source is on the same magnitude as the contact source.  
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