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ABSTRACT 

We developed a method of determining the effect of heat on mortar samples by analyzing the vibrations of mortar 

samples that were exposed to high temperatures of about 500°C to 1,000°C and excited in a non-contact manner by 

using a high-intensity aerial ultrasonic wave with finite amplitude (at a fundamental frequency of 20 kHz). If a high-

intensity aerial ultrasonic wave is emitted onto the surface of an acryl resin or metallic plate, the plate may be excited 

by the ultrasonic wave in a non-contact manner and vibrate at the same frequency as the emitted ultrasonic wave. If 

the ultrasonic wave has finite amplitude, it contains harmonic components specific to the ultrasonic wave. If the plate 

is irradiated with the ultrasonic wave, therefore, it may produce vibrations at frequencies corresponding to the fre-

quency components of the ultrasonic wave. By using such a high-intensity aerial ultrasonic wave with finite ampli-

tude (at a fundamental frequency of 20 kHz, and a sound pressure of 6 to 10 kPa), we attempted to determine the var-

iation in the properties of an object that was exposed to and affected by the high heat of a fire for example. The target 

object used for this paper was an object made of mortar, which is a material typically used in construction. Mortar 

samples irradiated with an ultrasonic wave were vibrated at frequencies corresponding to the fundamental frequency 

(20 kHz) and plural harmonic components (40 kHz to 100 kHz) of the ultrasonic wave. It was found that the mortar 

samples influenced by the heat had clearly different vibration velocity rates respectively produced by the ultrasonic 

emission at each frequency. Thus, we could determine the effects that heat had on the mortar samples exposed to it. 

1. INTRODUCTION 

If liquid droplets and solid particles on the surface of an ob-

ject are irradiated with a high-intensity aerial ultrasonic wave, 

they will be excited by the ultrasonic wave in a non-contact 

manner, and be instantaneously detached and removed from 

the surface of the object. In this case, it can be considered 

that the ultrasonic wave excites not only the liquid droplets 

and solid particles, but also the object itself. The ultrasonic 

waves directed onto the surface of the object converge to a 

point at a frequency of about 20 kHz. These ultrasonic waves 

have finite amplitudes and contain harmonic components at 

frequencies that are integral times higher than the fundamen-

tal frequency. By using such a high-intensity aerial ultrasonic 

wave with finite amplitude (at a fundamental frequency of 20 

kHz), we attempted to determine the variation in the proper-

ties of an object, which was exposed to and affected by the 

high heat of a fire for example. The target object used for this 

study was an object made of mortar, which is a material typi-

cally used in construction. The method, which determines the 

properties or internal defects of mortar and concrete materials 

by contacting an ultrasonic transducer with the surfaces of 

the materials, has already been used. However, this method 

has to meet the requirements that the surface of any target 

object must be sufficiently smooth to be measured, and that a 

medium for improving acoustic coupling must be inserted 

between the measured surface of the target object and the 

ultrasonic transducer. However, the method using an aerial 

ultrasonic wave does not need to meet such requirements and 

it is expected that the method may be used to make a wide 

range of measurements in a relatively easy way. Moreover, in 

our research, we used ultrasonic waves focused onto a point, 

which may be used to determine a narrow range of variations 

in the properties of the object.  

 

 

 

 

 

 

Figure 1. Ultrasonic source for producing aerial convergentul 

trasonic wave with finite amplitudeand schematic view of 

system used for experiment 
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2. EXPERIMENTAL DEVICE 

Figure 1 shows a schematic view of the experimental device 

that we used. A point-converging acoustic source of the 

stripe-mode vibration plate type (at a frequency of 20 kHz) 

was used to generate high-intensity aerial ultrasonic waves. 

This ultrasonic source comprised an ultrasonic transducer, a 

stripe-mode vibration plate, and an emission direction con-

verter. The ultrasonic waves emitted by the vibration plate 

were focused on a point by the emission direction converter 

that comprised insulation plates and parabolic reflecting 

plates. The ultrasonic waves radiated by this acoustic source 

were converged on a circular section 10 mm in diameter 

which was placed 140 mm from the opening of the acoustic 

source, and the source thus provided intensive ultrasonic 

waves of about 4000 Pa at the supplied power of 50 W. In the 

experiment, the center of each sample was made to coincide 

with the convergence point O of the radiated ultrasonic 

waves, as shown in Figure 1. The sample was continuously 

irradiated with ultrasonic waves, and vibration displacements 

on the sample face irradiated with the ultrasonic waves were 

measured by using a laser Doppler displacement meter. Be-

cause direct incidence of laser light on the surface of a sam-

ple was difficult to achieve due to the construction of the 

acoustic source, a 90º-deflectable optical probe was used to 

measure the laser light, as shown in the figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Sound pressure waveforms of  focused ultrasonic 

waves with finite amplitude 

3. CHARACTERISTICS OF CONVERGED 
ULTRASONIC WAVES FOR IRRADIATION 

Figure 2 shows a waveform example of the high-intensity 

aerial ultrasonic wave radiated onto the surface of a sample 

for different electric powers of the sound source (the electric 

powers supplied to the sound source are 0.5, 20, and 50 W).  

In the case of the ultrasonic wave with finite amplitude, the 

ultrasonic wave propagation velocity is high if the sound 

pressure is plus and low if the sound pressure is minus. 

Therefore, as shown Fig. 2, on the time axis, the maximum 

amplitude of a wave moves to the left according to propaga-

tion, and the minimum amplitude moves to the right. More-

over, the waveform is distorted, as the amplitude grows with 

an increase in the supplied electrical power. In the frequency 

domain, the transformation of the shape of the wave due to 

distortion is observed as generation of a higher harmonic 

wave. Therefore, these ultrasonic waves consisted of the 

component at the fundamental frequency (20 kHz) as well as 

the harmonic components at frequencies that are integral 

times higher than the fundamental frequency.  

Figure 3 shows the relationship between the sound pressure 

and the power supplied to the sound source, measured on the 

face of the sample (at Point O) when the sample plate was 

placed at the convergence point O of ultrasonic waves, as 

shown in Fig. 1. 

 

 

 

 

 

 

 

 

Figure 3. Relationship between electric power supplied to 

sound source and sound pressure atfundamental frequency of 

soundwaves and harmonic component 
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Figure 4.  Sound pressure distribution on samples 
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In the figures, the vertical axis represents the sound pressure 

of the emitted ultrasonic wave, while the horizontal axis 

represents the electric power supplied to the ultrasonic source. 

The sound pressure was measured by a 1/8 condenser micro-

phone (Model 4138 by B&K). The frequency of the meas-

ured sound pressure was analyzed by a fast Fourier transform 

spectrum analyzer. The figure shows that the sound pressure 

at the fundamental frequency (20 kHz) increases at a rate of 

about 1/2 power depending on the supplied power, while that 

for harmonics increases at the rate of a higher power depend-

ing on the supplied power as the frequency is higher. 

Figure 4 shows the sound pressure distribution of ultrasonic 

waves radiated (at the supplied power of 30 W) on the plane 

x-z around the convergence point O. The ultrasonic waves 

are converged to a small and circular range around the point 

O. 

4. NON-CONTACT EXCITATION OF OBJECT 

First, we carried out basic experiments to determine the pos-

sibility of exciting an object in a non-contact manner by us-

ing the converged high-intensity aerial ultrasonic wave. Acryl 

and duralumin samples were used in these experiments. Ta-

ble I gives detailed data of these samples. A paint for reflect-

ing the laser light was applied to the surfaces of the acryl 

samples. As described above, vibration velocity was meas-

ured by radiating ultrasonic waves on the surface of a sample 

plate in such a manner that the center of the plate coincided 

with the convergence point O.  

Table IIII Details of samples  

Material Dimension [mm] Thickness [mm] 

Acryl 1 150×100 2.0 

Acryl 2 150×100 5.0 

Acryl 3 150×100 10.0 

Duralumin 150×100 5.0 

Figures 5 (a) to (d) show the results. As shown in these fig-

ures, in the case of 10-mm-thick acryl samples, the profiles 

showing the relationships between sound pressure and vibra-

tion velocity at the fundamental (first) to fifth frequencies are 

almost on the same line. This means that the relationships 

between the sound pressure of the radiated ultrasonic waves 

and the vibration velocity of a sample at different frequencies 

were almost the same. In the case of 5-mm-thick acryl sam-

ples, the profiles showing the relationships between sound 

pressure and vibration velocity at the second to fifth frequen-

cies are almost on the same line, though the profile for the 

ultrasonic wave at the fundamental (first) frequency is devi-

ated from this line. In the case of 2-mm-thick samples, the 

profiles for the ultrasonic wave at the first and second fre-

quencies are largely deviated from those for the ultrasonic 

waves at the higher frequencies. This means that a sample is 

more liable to vibrate if the wavelength of the ultrasonic 

waves is greater than the thickness of the sample. The 5-mm-

thick duralumin samples showed almost the same tendency as 

the 5-mm-thick acryl samples. 

5. EXPERIMENTS ON HEATED MORTAR 
SAMPLES 

After obtaining the above results, we carried out experiments 

on heated mortar samples. Table Ⅱ gives detailed data of 

these samples. We used a mortar sample (MS20) that was not 

subjected to any heat (ambient temperature) and mortar sam-

ples that were exposed to atmospheres at temperatures of  

about 500℃ (MS500) and 1000℃ (MS1000), respectively, f- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Relationship between sound pressure and vibration 

velocity atconvergence point of samplesshown in Table I 
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-or 30 minutes.  

 

Table ⅡⅡⅡⅡDetails of samples 

Mortar 
Normal 

(MSA20) 
500℃ 

(MSA500) 

1000℃ 

(MSA1000) 

Diameter [mm] 49.96 50.46 50.50 

Thickness [mm] 21.42 19.84 19.52 

Weight [g] 91.08 76.88 71.48 

Volume [m3] 
4.197× 

10-5 

3.966× 

10-5 

3.908× 

10-5 

Density [kg/m3] 2170 1939 1829 

 

Figures 6, 7 and 8 show the vibration profiles of the mortar 

samples MS20, MS500 and MS1000 respectively. In the 

figures, the vertical axis represents the vibration velocity, 

while the horizontal axis represents the sound pressure of the 

emitted ultrasonic waves, and the striated dotted lines are the 

gradient of vibration velocity at the (second to fifth) har-

monic frequencies. The figures show that the 3 samples pro-

duced vibrations at frequencies corresponding to the funda-

mental and harmonic frequencies of the emitted ultrasonic 

wave with finite amplitude (Fig. 3). They also show that the 

vibration velocities increased as the sound pressure of the 

emitted ultrasonic wave increased. For the sample MS1000 

as shown in Fig. 8, the vibration profiles at the fundamental 

frequency and each harmonic frequency almost fit the 

straight dotted lines as shown in the figure. For the sample 

MS20 (Fig. 6), however, the vibration profile for the funda-

mental frequency is largely shifted up from that for the har-

monic frequencies. This means that the ratios of the vibration 

velocities at the harmonic frequencies to the sound pressure 

of the emitted ultrasonic wave were lower than the ratio of 

the vibration velocity at the fundamental frequency to the 

sound pressure.  

Figure 9 shows the ratio (in percent) of the total vibration 

velocity at the (second to fifth) harmonic frequencies to the 

vibration velocity at the fundamental frequency, calculated 

from the results shown in Figs. 6 to 8. In the figure, the verti-

cal axis represents the ratio (in percent) of total vibration 

velocity at the (second to fifth) harmonic frequencies to the 

vibration velocity at the fundamental frequency, while the 

horizontal axis represents the electric power supplied to the 

ultrasonic source.  

This figure shows that the ratio (in percent) of harmonic 

components in the ultrasonic wave increased for each sample 

as the sound pressure of the ultrasonic waves emitted to the 

sample increased, and as heat had a larger effect on the sam-

ple exposed to it. If the same power was supplied to the ultra-

sonic source, that is, if ultrasonic waves of the same intensity 

were emitted onto mortar samples, the ratio (in percent) of of 

harmonic components in the ultrasonic wave was higher as 

heat had a stronger effect on the sample exposed to it. This 

means that the profiles of samples were clearly different, and 

that it is possible to determine the presence of heat in each 

sample as well as the effect of heat on each sample exposed 

to it, if a variable power in the range of 10 W to 50 W is sup-

plied to the ultrasonic source. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10
0

10
2

10
410

–6

10
–4

10
–2

Sound pressure [Pa]

V
ib

ra
ti
o
n

v
el
o
ci
ty
 [
m
/s
]

:4th

:2nd

:5th

:1st

:3rd

10
0

10
2

10
410

–6

10
–4

10
–2

Sound pressure [Pa]

V
ib

ra
ti
o
n

v
el
o
ci
ty
 [
m
/s
]

:4th

:2nd

:5th

:1st

:3rd

:4th

:2nd

:5th

:1st

:3rd

 

10
0

10
2

10
410

–6

10
–4

10
–2

Sound pressure [Pa]

V
ib
ra

ti
o
n

v
el
o
ci
ty
 [
m
/s
]

10
0

10
2

10
410

–6

10
–4

10
–2

Sound pressure [Pa]

V
ib
ra

ti
o
n

v
el
o
ci
ty
 [
m
/s
]

:4th

:2nd

:5th

:1st

:3rd

:4th

:2nd

:5th

:1st

:3rd

 

10
0

10
2

10
410

–6

10
–4

10
–2

Sound pressure [Pa]

V
ib

ra
ti
o
n

v
el
o
ci
ty
 [
m
/s
]

10
0

10
2

10
410

–6

10
–4

10
–2

Sound pressure [Pa]

V
ib

ra
ti
o
n

v
el
o
ci
ty
 [
m
/s
]

:4th

:2nd

:5th

:1st

:3rd

:4th

:2nd

:5th

:1st

:3rd

 

Figure 6. Relationship between sound pressure and vibra-

tion velocity at convergence point of mortar sample MS20 

 

Figure 7. Relationship between sound pressure and vibra-

tion velocity at convergence point of mortar sample 

MS500 

Figure 8. Relationship between sound pressure and 

vibration velocity at convergence point of mortar sam-

ple MS1000 

Figure 9. Ratio (in percent) of total vibration velocity at 

(second to fifth) harmonic frequencies to vibration ve-

locity at fundamental frequency 
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6. CONCLUSIONS 

The mortar samples exposed to high temperatures of about 

500°C to 1000°C were excited in a non-contact way by using 

a high-intensity aerial convergent ultrasonic wave (at a fun-

damental frequency of 20 kHz) with finite amplitude. As a 

result, it was found that the mortar samples vibrated at fre-

quencies corresponding to the fundamental frequency and the 

second to fifth harmonic frequencies (40 kHz to 100 kHz). It 

was also found that the vibration velocity of each sample 

depended on the intensity of the emitted ultrasonic wave, and 

that the vibration characteristic of each sample depended on 

the effect that heat had on the sample exposed to it. This 

means that it is possible to determine the heat received by a 

sample by measuring the ratio of the vibration velocity at a 

harmonic frequency to that at the fundamental frequency. To 

measure the ratio of vibration velocity, it was found that the 

appropriate range of intensities was 2000 to 4000 Pa for the 

emitted ultrasonic wave. 
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