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Abstract. In recent years, the concrete structures which have constructed in a high 
economic growth period in Japan have deteriorated and the drop of concrete pieces 
from bridges or tunnels have become serious social problems. The importance of 
inspection, repair, and updating is recognized in measures against degradation. We 
have so far studied the noncontact (5-10 m far from measurement surface) non-
destructive acoustic inspection method using airborne sound and the laser Doppler 
vibrometer. The two-dimensional measured vibration velocity amplitude data are 
processed numerically, and the image of defect is reconstructed by vibrational energy 
ratio. However, depending on the surface state (reflectance, dirt, etc.) of concretes, 
there is problem to decrease the quantity of the light of the returning laser and there 
arise optical noise resulting from the leakage of light reception. Some influencing 
factors are the stability of the output of the laser Doppler vibrometer, the low reflective 
characteristic of the measurement surface, the diffused reflection characteristic, 
measurement distance, and laser irradiation angle. If defect detection depends only on 
the vibration energy ratio, the detection of optical noise resulting from the leakage of 
light reception may indicate a defective part. Then, we propose an algorithm that 
enables more vivid detection of a defective part. The combination of the vibrational 
energy ratio and spectrum entropy is used to judge whether a measured point is 
healthy or defective or an abnormal measurement point. When our technique was 
applied in an experiment with real concrete structures, the defective part could be 
extracted more vividly and the validity of our proposed algorithm was confirmed. 
Furthermore, the healthy part of concrete structure was evaluated statistically using 
our acoustical measurement data.  

1.Introduction  

In Japan, many concrete structures built in the period of high economic growth greet service 
life, and the deterioration becomes the social problem. Recently, the detachment of concrete 
parts from bridges or tunnels sometimes occurred. Social needs of maintenance, inspection 
and update of concrete structures such as a tunnel or a bridge increase. In order to detect 
defects inside concrete structures, inspection by the hammering test is mainly used. But aging 
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of hammering test person and lack of the talented person by the declining birthrate will 
become the problem in the near future. In addition, the demand for inspection by a 
quantitative measuring system increases, not by inspection of hammering test person’s ear 
depended on experiences and intuition. We have suggested non-contact acoustic inspection 
method to measure defects such as a crack or the detachment inside concrete structures and 
reported the effectiveness [1-2]. To distinguish a defective part, a healthy part and an 
abnormal measurement point, we have proposed a defect detection algorithm [3] that put the 
vibrational energy ratio and spectrum entropy together. The quantitative evaluation of a 
healthy part is necessary to distinguish a defective part from a healthy part of concrete. If we 
can evaluate physical quantities at a measured point of a healthy part quantitatively, the 
identification with a defective part will become easy and it will be with one step to automation 
of the identification with a defective part.  

2. principle  

In this method, depending on the surface state (reflectance, dirt, etc.), the quantity of light of 
the returning laser decreases and optical noise resulting from the leakage of light reception 
arises [4]. Optical noise occurred from euphotic leakage is detected as the high amplitude of 
vibration velocity waveform almost as same as that of external noise. This optical noise 
shows a frequency characteristic similar to that of white noise. Then, the spectrum entropy 
H is introduced [3]. H is the amount of features showing the white nature of a signal, it is 
considered that the spectrum of a signal is a probability distribution calculated from 
information entropy and is defined by the following formula: 
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 Here, Sf is the amplitude spectrum of the vibration velocity at a measured point. The 
spectrum entropy H shows a high value by a white signal with a uniform spectrum. 
At the first of our experiment, it was a purpose to distinguished an abnormal measurement 
point and remove it when a defective part was visualized. I just noticed another useful use of 
spectrum entropy. The spectrum entropy H takes a small value for waves which change 
uniformly such as the white noise. On the other hand, H takes a big value as if  several peaks 
of the resonance frequency were detected when defect parts vibrate by resonance. 

The vibrational energy ratio indicates that the sum of the power spectrum of the vibration 
velocity in a certain frequency band is a value corresponding to vibrational energy, and the 
lowest energy value in a measuring point is calculated as a standard of a healthy part. The 
vibrational energy ratio [2] is expressed as  
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where PSDdefect and PSDhealthy are the power spectrum densities of the defective part and the 
healthy part, and f1 and f2 are the start and end frequencies, respectively. The vibrational 
energy ratios of a defective part and an abnormal measurement point clearly show a high 
value compared with that of a healthy part. These features are combined in the defect-
detection algorithm of our noncontact acoustic inspection method [3]. If a threshold value is 
chosen appropriately, it will be possible to discriminate between a defective part, a healthy 
part, and an abnormal measurement point. 
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3. Experimental setup and Numerical analysis 

3.1 Experimental setup 

The non-contact acoustic inspection method that we have proposed consists of experimental 
setup of Fig. 1. The plane sound waves emitted from long-distance acoustic radiation 
equipment (LRAD : long range acoustic device LRAD300X) make concrete surface vibrate. 
When there is a defect (e.g., cavity, peeling, etc.) inside concrete near surface, flexural 
vibrations occur and wake up a resonance phenomenon. The object surface vibrates by 
several resonant frequencies. The vibration velocity was measured two-dimensionally using 
a scanning vibrometer (SLDV: scanning laser Doppler vibrometer, Polytec PSV-400-H4).  

 
Fig. 1. Experimental setup of non-contact acoustic inspection method. 

In the experiment, we exited concrete surface using a 500-7100 Hz tone burst wave (pulse 
length 3ms, Frequency transition interval 200Hz, pulse interval 100ms, whole duration time 
1.7s). We measured 9×9 = 81 points on a measurement surface at measurement interval 
approximately 4.2mm.  

3.2 concrete test specimen 

Figure 2 shows a concrete test specimen. Several cylinder hollow defects were buried in 
a concrete wall (2.0×1.5×0.3 m3).  

 
Fig. 2. A concrete test specimen of cylindrical hollow defect. 

 

 
Fig. 3. Shape of cylindrical hollow defect (φ200×80). 

In Fig. 2(a), We measured two hollow defects surrounded with a red square on a concrete 
wall. A diameter and depth of a buried cylinder hollow defect are written on it respectively. 
Fig. 2(b) is a photograph of appearance of the concrete wall. To manufacture an internal 
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defect, I put styrofoam in a hollow part and buried the upper part with concrete. Fig. 3 shows 
an implantation state of a cylinder hollow defect of 200mm in diameter 80mm in depth. 

3.3 Numerical Analysis 

To reduce noise of the laser head vibrated by direct waves from a sound source and to reduce 
reflected waves from the side of an object, “Time gate processing” is applied to extract the 
desired signal. To reduce reverberation noise from a surrounding structure, “Frequency Gate 
processing” is also applied. Then, for each measurement point, two physical quantities, 
vibrational energy ratio and spectrum entropy were calculated. 

4. Results 

4.1 Experiment I  

First, an experimental result is described about cylindrical hollow defect (φ200×80). In Fig. 
4, “Spectrum entropy” is taken on a vertical axis and “Vibrational Energy ratio” is taken on 
a horizontal axis. A numerical character in the figure shows a measured point number.  

 
Fig. 4. Vibrational Energy ratio vs Spectrum Entropy. 

The numerical number is common with Fig. 5. A healthy part of concrete exists in the upper 
left of the figure. A defective part is in the lower right of the figure. In the case of this 
experiment, there is an abnormal measurement point in the top right of the figure at measured 
point 15. A measured point on the cylindrical hollow defect (See Fig. 5(a)) becomes a red 
dot in Fig. 4. A point outside a circular edge of the hollow defect is considered as a healthy 
part and becomes a blue dot. Almost all the points on a cylindrical hollow defect exist in a 
defective part of the figure. A green triangle mark (▲) in the figure shows a measurement 
point on or near the edge of the cylindrical hollow. 

“Vibrational Energy ratio” is calculated on the basis of the minimum vibrational energy. 
In this experiment, a measured point 60 is on or near the edge of the defect, then next the 
minimum energy point 69 is selected on the basis of “Vibrational Energy ratio”. A point of 
healthy part is considered to have a value of “Vibrational Energy ratio” between 0 － 3.6dB. 
Threshold of vibrational energy ratio is known as about 3.6dB for a healthy part of concrete 
from past measured data [2]. Threshold of spectrum entropy is chosen as μ − 3σ. Here, μ is 
the average and σ is the standard deviation of the distribution of spectrum entropy for a 
healthy part. The 99.7% existence probability of the distribution is μ − 3σ. 
Fig. 5(a) is an image photographed at the time of the measurement with the CCD camera 
which is attached to SLDV. The numbers in Fig. 5(a) are measured point numbers, and left 
upper + of the number is a measured point. Fig. 5(b) is an image which visualized a 
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cylindrical hollow defect and a measured point is displayed by “Vibrational Energy ratio”. A 
white circle shows a cylindrical outline. A number in Fig. 5(b) shows a measured point 
number, and a black dot in the left side of the number shows a measurement point. Detection 
of void in concrete went very well. A concrete surface of upper part of circular hollow 
vibrated well by air-borne sound, and high vibrational energy was detected in a white circle. 
Defect image was able to be visualized very well. 

(a)                                                                   (b) 

 
Fig. 5. An imaging of cylindrical hollow defect (φ200-80) 

(a) Photograph of CCD camera,  (b) an image of defective part. 
The distributions of physical quantity of vibrational energy and spectrum entropy were 

statistically analyzed for every point in a healthy part of Fig. 4. The distribution of vibrational 
energy ratio for healthy part is shown in Fig. 6(a). Total points are 59. The distribution looks 
like a normal distribution. To check it, the normality test of the distribution was carried out 
using statistical analysis software R. Fig. 6(a) shows a histogram of vibrational energy ratio 
for healthy part. A red approximating curve of normal distribution is fitted in the histogram. 
Fig. 6(b) shows a Normal Q-Q plot applied to the same data of vibrational energy ratio. 
Generally, it is far from normal distribution so as to be separated from a diagonal. Plots of 
vibrational energy ratio are fitting on a diagonal well. Then, it is assumed that the distribution 
of vibrational energy ratio is a normal distribution. Further, we performed Shapiro-Wilk 
normality test to check its normality. When a chosen significance level is 0.05, a null 
hypothesis that data obey normal distribution is dismissed if  a p-value is less than 0.05. The 
results are as follows: W = 0.985, p-value = 0.700. We find out that its distribution is based 
on a normal distribution. As for the distribution of vibrational energy ratio of the healthy part, 
the mean=1.46 and standard deviation = 0.66. 

 
Fig. 6. Statistical analysis results of cylindrical hollow defect (φ200-80) 

(a) Histogram of vibrational energy ratio for healthy part, (b) Normal Q-Q plot of (a). 
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Similarly, I examined the distribution of spectrum entropy for a healthy part as shown in Fig. 
7(a). Total points are 59. It was expected that the distribution obeyed normal distribution. 
Fig. 7(a) shows a histogram of spectrum entropy for the healthy part. A red approximating 
curve of normal distribution is fitted in a histogram. Fig. 7(b) shows a Normal Q-Q plot 
applied to the same data of spectrum entropy.  

 
Fig. 7. Statistical analysis results of cylindrical cavity defect (φ200-80) 

(a) Histogram of Spectrum Entropy for healthy part, (b) Normal Q-Q plot of (a). 
Plots of spectrum entropy are fitting on a diagonal well. Then, it is assumed that the 
distribution of spectrum entropy is a normal distribution. Shapiro-Wilk normality test’s 
results are as follows: W = 0.963, p-value = 0.073. We find out that its distribution is based 
on a normal distribution. As for the distribution of vibrational energy ratio for the healthy 
part, the mean=12.39 and standard deviation = 0.12. By two physical quantities of vibrational 
energy ratio and spectrum entropy, it was possible to evaluate the statistic for a healthy part 
of concrete. 

4.2 Experiment II  

Second, an experimental result is described about cylindrical hollow defect (φ200×40). In 
Fig. 8, “Spectrum entropy” is taken on a vertical axis and “Vibrational Energy ratio” is taken 
on a horizontal axis.  

 
Fig. 8. Vibrational Energy ratio vs Spectrum Entropy. 

A numerical character in the figure shows a measured point number. The numerical number 
is common with Fig. 9. A healthy part of concrete exists in the upper left of the figure. A 
defective part is in the lower right of the figure. A measured point on the cylindrical hollow 
defect (See Fig. 9(a)) becomes a red dot in Fig. 8. A point outside a circular edge of the 
hollow defect is considered as a healthy part and becomes a blue dot. Almost all the points 
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on a cylindrical hollow defect exist in a defective part of the figure. A green triangle mark 
(▲) in the figure shows a measurement point on or near the edge of the cylindrical hollow.  
In the experiment, two measured points 59,60 are on or near the edge of the defect, then next 
the minimum energy point 67 is selected on the basis of “Vibrational Energy ratio”. 
Fig. 9(a) is an image photographed at the time of the measurement with the CCD camera 
which is attached to SLDV. Fig. 9(b) is an image which visualized a cylindrical hollow defect 
and a measured point is displayed by “Vibrational Energy ratio”. A white circle shows a 
cylindrical outline. Detection of void in concrete went very well. A concrete surface of upper 
part of circular hollow vibrated well by air-borne sound, and high vibrational energy was 
detected in a white circle. Defect image was able to be visualized well. 
 (a)                                                                 (b) 

 
Fig. 9. An imaging of cylindrical cavity defect (φ200-40) 

(a) Photograph of CCD camera, (b) an image of defective part. 
The distributions of physical quantity of vibrational energy and spectrum entropy were 
statistically analyzed for every points in a healthy part of Fig. 8.  
The distribution of vibrational energy ratio for a healthy part is shown in Fig. 10(a). Total 
points are 44. The distribution looks like normal distribution. Fig. 10(a) shows a histogram 
of vibrational energy ratio for the healthy part. A red approximating curve of normal 
distribution is fitted in a histogram. Fig. 10(b) shows a Normal Q-Q plot applied to the same 
data of vibrational energy ratio. 

 
Fig. 10. Statistical analysis results of cylindrical cavity defect (φ200-40) 

(a) Histogram of vibrational energy ratio for healthy part, (b) Normal Q-Q plot of (a). 
Plots of vibrational energy ratio are fitting on a diagonal well. Then, it is assumed that the 
distribution of vibrational energy ratio is a normal distribution. Further, we performed 
Shapiro-Wilk normality test to check its normality. The results are as follows: W = 0.978, p-
value = 0.541. We find out that its distribution is based on normal distribution. As for the 
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distribution of the vibrational energy ratio for the healthy part, the mean=1.70 and standard 
deviation = 0.81. 

 
Fig. 11. Statistical analysis results of cylindrical cavity defect (φ200-40) 

(a) Histogram of Spectrum Entropy for healthy part, (b) Normal Q-Q plot of (a). 
Similarly, I examined the distribution of spectrum entropy for a healthy part is shown in Fig. 
11(a). Total points are 44. It was expected that the distribution obeyed normal distribution. 
Fig. 11(a) shows a histogram of spectrum entropy for the healthy part. A red approximating 
curve of normal distribution is fitted in a histogram. Fig. 11(b) shows a Normal Q-Q plot 
applied to the same data of spectrum entropy. Plots of spectrum entropy are fitted on a 
diagonal well. Then, it is assumed that the distribution of spectrum entropy is a normal 
distribution. Shapiro-Wilk normality test’s results are as follows: W = 0.954, p-value = 0.079. 
We find out that its distribution is based on normal distribution. As for the distribution of 
vibrational energy ratio for the healthy part, the mean=12.46 and standard deviation = 0.14. 
By two physical quantities of vibrational energy ratio and spectrum entropy, it was possible 
to evaluate the statistic for a healthy part of concrete. 

5. Conclusions 

Using our non-contact acoustic inspection method, we measured a circular hollow defect 
inside concrete wall from a distance and visualized images of defects. Using our defect 
detection algorithm, it is clear to be identify a defective part and a healthy part and abnormal 
measurement point. The distribution of physical quantities (vibrational energy ratio and 
spectrum entropy) provided by our method can be analyzed statistically. The distributions of 
physical quantities for a healthy part of concrete show a normal distribution. It is useful to 
identify the distribution of healthy part statistically in order to distinguish a defect 
automatically. 
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