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Abstract. The hammer method is still used for the non-destructive test of the concrete 
structures. However, this method has a major difficulty in inspect at high-places, such 
as a tunnel ceiling or a bridge girder. Moreover, its detection accuracy is dependent on 
a tester’s experience.  
 Therefore, the long distance non-contact acoustic inspection method using a 
long range acoustic device (LRAD) and a laser Doppler vibrometer (LDV) has been 
examined. In this method, the concrete surface is excited by air-borne sound wave 
emitted from a LRAD, and the vibration velocity on the concrete surface is measured 
by a LDV. A defect part is detected by the same flexural resonance as the hammer 
method. Although the directivity of the LRAD itself are excellent in 1 kHz with ±15 
degree, there are problems, such as angular dependence to the measurement object 
and environmental noise to the circumference at the time of considering practical use. 
 Then, the combination of a strong ultrasonic sound source (= ultrasonic 
nonlinear acoustic speaker; UNAS) and a LDV as the 2nd construction of the 
non-contact acoustic inspection method is proposed. By using an UNAS, since the 
width of a sound wave beam becomes thin, while angular dependence nature 
improves, an environmental noise decreases. Moreover, by constituting so that laser 
light can be passed from the central part of a sound source, position adjustment of a 
sound source and laser becomes unnecessary, and improvement in the speed of 
measurement time can be expected. Furthermore, since the influence by the direct 
wave and the reflective wave are reduced by arranging a single point LDV behind a 
sound source, highly precise measurement become possible. 
 We confirmed that the UNAS can generate sufficient sound pressure for 
non-destructive investigation of concrete even with a 5m distance. As compared with 
the LRAD, angular dependence is improved by UNAS. Furthermore, since the 
directivity of the UNAS is very sharp, the noise area also becomes very narrow. 
Therefore, from now on, it is expected that UNAS occupies the very important 
position as a sound source of this method. In the future, a practical investigation 
system that will replace the hammer method will be developed. 

1. Introduction  

The hammer method is mainly used as a defective inspection method near the surface of a 
concrete structure even now. Although various techniques using an ultrasonic wave, 
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electromagnetic waves, etc. as a quantitative technique are developed, they need to approach 
the object surface. Therefore, there method have the problem of needing a scaffold or a high 
elevation work vehicle. On the other hand, as a non-destructive testing method actually 
measurable in distance of 5 m or more, the infrared method and the laser remote sensing 
method [1] are known. However, it is pointed out that the former is dependent on an 
environmental condition and that, as for the latter, there is a problem in safety since the 
necessity of high power laser. Although the method was examined by using the shock wave 
and a laser Doppler vibrometer (LDV), stable measurement from the long distance was not 
able to be realized [2]. 
Therefore, our laboratory has examined the non-contact acoustic inspection method using a 

long-range acoustic device (LRAD) and a scanning laser Doppler vibrometer (SLDV). As an 
experimental result using a concrete test object and a real concrete structure, even if it was 
distance of 5 m or more, it became clear that the proposal technique has the almost same 
detection accuracy as the hammer method [3-7]. And the defective detection algorithm using 
a vibrational energy ratio and spectrum entropy was devised, and discernment of the healthy 
part and defective part and the abnormal measurement point was attained [8].  
However, since the noise area also spread as distance becomes far although LRAD has high 

directivity (it is ±15 degree at 1 kHz), it had the problem of being hard to use this method near 
the private house. Moreover, although flexural resonance can be generated on a defective 
part very efficiently from the front of a subject the case where the plane wave by LRAD is 
used, it has also become clear that efficiency falls that the degree of incidence angle becomes 
large. 
However, if a strong ultrasonic sound source (= ultrasonic nonlinear acoustic speaker; 

UNAS) is used, reduction of the environmental noise and the improvement of the angular 
dependence nature can expect simultaneously. Therefore, an UNAS was actually 
manufactured and the environmental noise and angular dependence were examined using a 
concrete test object. 

2. The two composition of the non-contact acoustic inspection method  

Figure 1 (a) shows the fundamental concept of the non-contact acoustic inspection method. 
If a defect such as a crack or void exists in a shallow part under the concrete surface, the 
defective part becomes like a vibrating plate. Therefore, the defective part has a resonance 
frequency of flexural vibration. The flexural vibration is excited by an airborne sound wave, 
which contains the resonance frequency component. The vibration velocity of the concrete 
surface is optically detected by LDV. After frequency analysis, this vibration velocity signal 
from the defective part shows characteristics due to the natural resonance of the defect 
structure. The defective part can be detected by the spatial distribution of the vibration 
velocity signal, because the abnormal vibration signal is observed only on the damaged part 
and the healthy part hardly vibrates by an airborne sound wave. 

Although the non-contact acoustic inspection method was conventionally realized in 
the combination of LRAD and SLDV (the 1st composition method using a plane sound wave 
using LRAD), there was a problem of angular dependence and environmental noise. In fact, 
these two problems are based on LRAD which is a plane wave sound source. Therefore, this 
problem will be improved if a focusing type sound source is realized as a sound source. Then, 
the 2nd construction method using an UNAS which can make an audible sound spread far 
away with sharp directivity is proposed by using nonlinearity when a strong ultrasonic wave 
is emitted into the air. 
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2.2 Two composition method  

2.2.1 The 1st composition method using a plane sound wave using LRAD 
 
The conventional technique using a SLDV and a LRAD is shown in Fig.1 (a). This 
composition is suitable for detecting a comparatively large defect taking advantage of the 
two-dimensional scanning performance of SLDV and the performance which can generate 
the plane wave of LRAD. On the other hand, since LRAD is used as a sound source, the 
problem of angular dependence and an environmental noise occurs. Furthermore, it is 
necessary to take into consideration the resonance frequency of the laser head by a reflected 
wave. 
 
2.2.2 The 2nd composition method using a focused sound wave using UNAS 
 
As the 2nd composition of the non-contact acoustic inspection method, the combination of a 
single point LDV and an UNAS can be considered (as shown in Fig.1 (b)). This composition 
is suitable for detecting a comparatively small defect of the size below a focal area. 
In this case, since a focal area can be made small, it is expected that the problem of angular 
dependence and an environmental noise improves. Moreover, a mechanical scan becomes 
easy by coinciding the optic axis of a single point LDV, and sound beam axis of a sound 
source. Furthermore, since noise area is small, all frequency bands are measurable by the 
influence by resonance of the laser head decreasing. SLDV is also possible to use instead of a 
single point LDV. 

 
 

Fig. 1. The two composition method of the non-contact acoustic inspection method.  
(a) LRAD and SLDV, (b) UNAS and single point LDV.  

3. Acoustic radiation force and angular dependence by an ultrasonic sound source  

3.1 Acoustic radiation force 

The relation between ultrasonic sound pressure pH [Pa] and the acoustic radiation pressure pL 

[Pa] formed in a focal region will be expressed as a following formula,  
 

pL＝α pH
2 / (ρc2)                            (1). 

 
Here, ρ [kg/m3] and c [m/s] are the density and sound velocity of air, respectively. The factor 
α is between 1(total absorption) and 2(total reflection) [9]. In the case of the concrete 
structure, we assumed α=2 (total reflection), because it can be mostly regarded as a rigid 
body. Therefore, if ultrasonic sound pressure pH becomes small, the formed acoustic 
radiation pressure pL will be decreased quickly. In order to generate about 2 Pa (SPL100 dB 
re 20 たPa) of acoustic radiation force needed for concrete investigation [5], 373 Pa ultrasonic 
sound pressure is required (ρ=1.2 kg/m3, c=340 m/s). Therefore, it is necessary to make high 
ultrasonic sound pressure in a focal region by using a focused ultrasonic sound source. 
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3.2 Angular dependence of the sound source 

In order to generate the flexural vibration at the defective part, it is efficient to emit the sound 
wave containing the resonance frequency. Therefore, although the sine wave is used as 
driving force, the denial effect by phase difference occurs, and restriction strong against an 
incidence angle is added. Here, since numerical computation is easy, the circular defect 
model is used. In the case of a circular defect, the mode of vibration also becomes with 
central axis symmetry fundamentally. Furthermore, when only basic bending resonance is 
considered, there is no directivity in vibration velocity distribution, and a two-dimensional 
model can explain the physical phenomenon. The sectional view of a concrete structure when 
an UNAS and LRAD are used is shown in Figs.2-3. The white part in these figures shows the 
defective part (cavity or crack). If the uniform mode is assumed, the excitation effect of an 
incidence sound wave is proportional to the surface integral of the incidence sound pressure 
about an object side. Here, if the incidence angle whose driving force is lost, the critical angle 
of an UNAS and a LRAD, the diameter of a defect, a wave length, and ultrasonic beam width 
are set to θH, θL, A, そ, and D respectively. In the case of an ultrasonic beam (as shown in 
Fig.2), it is expressed as  

 
D tan θH=そ                               (2). 

 
As for θH, the diameter A of a defect will become unrelated. On the other hand, in the case 
using a LRAD (as shown in Fig.3), it is expressed as 
  

A sin θL=そ                                (3).  
 

In this case, θL becomes a function of the diameter A of a defect. This relation shows that θL 
will become small if the diameter A of a defect becomes large, and restriction of an incidence 
angle becomes very severe to a degree especially in a high frequency drive. 
 

 
 
Fig. 2. Narrow sound beam incidence and driving force.  Fig. 3. Plane sound beam incidence and driving force 

 
The above relations are shown in Fig.4. Here, a solid line is a permission incidence 

angle of the UNAS with beam width D=0.1 m, and a dashed line is a permission incidence 
angle by the conventional LRAD sound source corresponding to each diameter A of a defect. 
A hatching zone is an area where the effect of ultrasonic beam irradiation does not exist. 
From this figure, in the region where exciting frequency is higher, it turns out that the critical 
incidence angle will improve greatly by the UNAS. 
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Fig. 4. The critical incidence angle vs. excitation frequency.  
D：ultrasonic beam width (0.1 m), A：defect diameter (m), そ: wave length. 

4. Defect detection ability using a strong ultrasonic sound source (UNAS)  

4.1 About a strong ultrasonic sound source (UNAS) 

The strong ultrasonic sound source (UNAS) with the inspection performance in a practical 
distance was made as shown in Fig.5 (diameter 600mm, focal distance 5m). This sound 
source is constituted by 3200 ultrasonic elements with a resonance frequency of 40.35 kHz. 
In order to set the same axis as a sound wave and laser light, a hole 40 mm in diameter was 
opened in the center of the sound source. A single point LDV (Polytec Corp. OFV-505) is 
arranged in the back of the sound source. The audible sound wave is easily realizable by 
adding amplitude modulation to the ultrasonic wave which is a subcarrier [10]. 

 
Fig. 5. Strong ultrasonic sound source (UNAS).             Fig. 6. Sound pressure distribution.  

    (a)Front view, (b) Side view.                                           (audible sound, SPL re 20 たPa) 
                                                                                               Blue diamond : 1 kHz, Red square : 2 kHz. 



6 

4.2 Sound pressure distribution in a focal plane 

The sound pressure distribution characteristic of the auditory area in a strong ultrasonic wave 
sound source was measured using the measurement microphone (Ono Sokki Corp., 
MI-1432) which has sensitivity below in 10 kHz. The sound pressure distribution in a focal 
plane (5m) when generating the sound wave (1 kHz and 2 kHz) by an UNAS is shown in 
Fig.6. The change of frequency itself is easily realizable by adjusting the cycle of amplitude 
modulation. This figure shows that the beam width of a focal region is about 16 cm (The 
beam width is larger than 10 cm on the problem of the processing accuracy of a concave part). 
From this measurement result, the drive sound pressure of the maximum of about 120 dB was 
formed, and the characteristic independent of frequency which is the feature of an acoustic 
radiation force was also confirmed. 

4.3 Experiment using a concrete test piece 

The inspection experiment was carried out using a 500 to 7100 Hz tone burst wave [6] ( pulse 
length:3 ms, pulse interval:100 ms, Frequency transition interval: 200 Hz ) to the circular 
defective part (dia. 300 mm, depth 80 mm) and the healthy part (measurement distance was 5 
m). The vibration velocity spectrum on a defective part and a healthy part by using a LRAD 
and a SLDV is shown in Fig.7. From this figure, the influence of the resonance of the laser 
head of SLDV is confirmed in under 1 kHz at both a defective part and a healthy part. For 
comparison, the example of an experimental result when an UNAS and a single point LDV 
are used is shown in Fig.8. From these figures, a clear resonance peak around 3 kHz can be 
observed, and also it turns out that the influence of the resonance of the laser head of SLDV 
disappears and the low frequency region (under 1 kHz) is also measurable by using an UNAS 
and a single point LDV. 
(a)                                                                       (b) 

 
 
 
 
 
 
 
 
 
 

Fig. 7. Examples of detected vibration velocity spectrum using a LRAD and a SLDV (Target defect :φ300 mm, 
depth 80 mm). (a) Defective part, (b) healthy part. 

(a)                                                                       (b)  
 
 
 
 
 
 
 
 
 
 

Fig. 8. Examples of detected vibration velocity spectrum using an UNAS and a single point LDV (Target 
defect :φ300 mm, depth 80 mm). (a) Defective part, (b) healthy part. 
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5. Experimental result of angular dependence and environmental noise  

5.1 Angular dependence of the sound source 

In order to examine the angular dependence of the sound source, the experiment which used 
the concrete test object (2×1.5×0.3 m3) was carried out. The distance between the sound 
source and the concrete test object was 5 m, the incidence angle was changed by rotating the 
concrete test object as shown in Fig.9. The defective part was a circular defect (styrene foam 
of 25 mm thickness) of 300 mm in diameter, depth 60 mm and the resonance frequency was 
about 2.1 kHz.  

As a transmitted sound wave, the tone burst wave (pulse length:3 ms, pulse 
interval:100 ms, Frequency transition interval: 200 Hz) of 500 to 7100 Hz was used. The 
vibration velocity in resonance frequency at the time of the incidence angle change was 
measured. An experimental result is shown in Fig.10. A vertical axis is the vibration velocity 
at the central part of a defect part standardized by the maximum value of each sound source. 
From this figure, when an incidence angle is as shallow as about 15 degrees, there is no great 
difference in a LRAD sound source and an UNAS. In the case of LRAD, if an incidence 
angle becomes near 40 degrees, a resonance peak is buried in the noise level, however in the 
case of the UNAS, also in 60 degrees, detection of a resonance peak is possible. This result 
shows the almost same tendency as the theoretical value of the critical incidence angle shown 
in Fig.4 (for example, θH and θL become 58.3° and 32.7° using eq.2 and eq.3, when D=0.1 m, 
A=0.3 m, そ=0.16 m and c=340 m/s are used.). 

 
(a) 

 
 
 
 
 

(b) 
 

 
 
 
 
 
 

Fig. 9. Experimental setup of angular dependence.     Fig. 10. Experimental result of the angular dependence. 
(a)LRAD and SLDV, (b) UNAS and single point LDV.           Blue triangle : LRAD, Red circle : UNAS. 

5.2 Environmental noise distribution 

The environmental noise distribution was measured using the precision noise level meter 
(RION NL-52) when the concrete test object (2x1.5x0.3 m3) was arranged in 5 m distance 
from the sound source (the maximum sound pressure value for 10 seconds was recorded). As 
an emitted sound wave, the sine burst wave of 9 cycle and 1 kHz wave (duration time is 9 ms, 
interval time is 100 ms) was used. Sound pressure was adjusted so that it might be set to 
about 100 dB on the concrete surface. The measurement result of the environmental noise 
distribution is shown in Fig.11. From this figure, although sound pressure of about 80 dB was 
observed even if 3 m away from the side of the central axis of a sound wave in the case of a 
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LRAD, under 70 dB was observed if 1.5 m away in the case of an UNAS. Moreover, the 
difference of the directivity of the sound wave can also be clearly seen from this figure. 

 

Fig. 11. The measurement result of environmental noise distribution at 1 kHz. (a) LRAD, (b) UNAS.  

5. Conclusion 

We confirmed that the strong ultrasonic sound source (UNAS) can generate sufficient sound 
pressure for non-destructive investigation of concrete even with a 5m distance. As compared 
with the LRAD, angular dependence is improved by the UNAS, and also the resonance of the 
laser head of SLDV disappears, the low frequency region which was difficult for 
measurement becomes measurable. Furthermore, since the directivity of the UNAS very 
sharp, the noise area also becomes very narrow. 

Therefore, from now on, it is expected that UNAS occupies the very important 
position as a sound source of this method. In the future, a practical investigation system that 
will replace the hammer method will be developed.  
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