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Summary

Putting an ear close to a wibrabing stucture like a wall or a floor, we are able to hear
structure-borne sounds clearly, but the loudness of such sounds has never been studied
guantitatvely. [n this study, subjective experiments were carried out in order to obtan
the relatonship between loudness and the wibration amplitude of the ear's contact
surface at low audible frequencies. The man result of this study is that the loudness of
a structure-horne sound 15 almost equal to that of an ar-borne sound with a sound
pressure level 20 dB higher than the wibration welocity level (ref=5x10% mfs) of the
surface. According to this result, the loudness of the structure-horne sound heard
directl¥ can be evaluated as a sound pressure level derived from the measured wibration
atnplitude ofthe structure.

Introduction

We usually hear a structure-borne sound or transmitted sound through a wall after it has
radiated from wibrating structures into rooms or outdoor And we know by experience that a
structure-borne sound can be heard more cleatly by someone who puts histher ear close to the
vibrating structure. Thiz 15 done, for example, when one tries to judge if the outer walls of a
building emit any noise, or to find out what the strange sound coming from the next room
through the wall really 15, In these cases, we make use of the phenomenon that the loudness of
a structure-borne sound becomes stronger when we put cur ear on the vibrating surface.

On the other hand, this phenomenon can have negative effects. In an actual case, a complaint
against a diesel plant had been made from aneighbour complaining that the diesel's noise was
heard from the floor of the apartment house when he was lying down on 1t As a result of
researches, it came out that the ground wvibration travelled from the plant to the apartment
house and that the resident heard structural wibration in the audio frequency range as a
structure-borne sound directly from the floorboard. In this case, such a diesel's noise from the
floorboard could not be evaluated numerically because the loudness of such structure-borne
sounds had never been quantitativel v studied before.

The purpose of this study 15 to obtain the relationship between loudness and the vibration
amplitude of ear's contact surface at low audible frequencies by carryving out subjective
experiments.



Method
For these experiments, we used the method of adjustment. The subjects hear the structure-
borne sound and the air-borne sound alternatively and adjust the volume of the air-borne
sound to the same magnitude as that of the structure-bome sound. The sound pressure level of
the air-borne sound hawing been adjusted 15 defined for convenience as an "equivalent
structure-borne sound pressure level (ESBEPL)Y". The measured ESBESPL 15 compared with
the vibration vel ocity level (ref=5><1|:l'E mfs) of the ear's contact surface.

In order to examine the damping effect of bedding, additional tests were also petformed in
which a pillow was inserted between the vibrating surface and the subjects' ear.

Subjects. Both ears of 5 subjects (1.e. 10 ears) were tested, the subjects of both sexes having
nortmal hearing and an age ranging from 27 to 52

Signals. Test signals are pure tones at center frequencies of the third octave bands of 50 He to
160 Hz inclusive.

Generators. The stucture-borme sound generator was prepared especially for these
experiments. Ttincludes a piece of a board called the “wvibrant-board”, which 15 in contact with
the subject’s ear. The wibrant-board is fized on a covering board of the specific loudspeaker as
shown in Fig. 1. WVibratonal energy of the covering board caused by sound pressure generated
by the loudspeaker propagates to the vibrant-board and subjects can hear it as a structure-
borne sound The vibration amplitude of the vibrant-board 15 measured by an accelerometer
attached to its back surface Undesirable sound radiati on from the covenng board 1z dumped
by glass wool and rubber sheets placed on it

Another loudspeaker was installed in the examinati on room to generate the air-borne sound
used for the compatison with the structure-borne sound
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Figure 3. Ficiures af the experirments. A subject is hearing the struchire-barne sound

with ifs lef sar through the pillow fa) and adiusting the air-borke sound from the
loudspealker (b,

Procedure. Test signals were sent to the subjects alternativel ¥ from the structure-borne sound
generator and from the loudspeaker (air-borne sound generator) with a time interval as shown
in Fig. 2. In the experiment, a series of repeating sounds 13 sent in which sach subject hears
the structure-borne sound while putting one of histher ears on the vikrant-beoard, and then
hears the air-bormne sound while taking that ear off the board. Pictures of the experiments are
shown in Fig. 2 The non-tested ear of the subject 13 cccluded with an earplug. During a test,
the input voltage to the loudspealker is adjustable while that of the structure-bome scund
generator 15 fized. Each subject must adjust the sound volume of the loudspeaker until hefshe
udges that the tone heard from the loudspeaker has the same magnitude as that of the tone
heard from the wibrant-board. Once the adustment 15 done, the sound pressure level of the
loudspeaker's tone at the point where the subject’s ear 15 located and the wibration velocity
lewel of the wibrant-board are measured.

Results

Experimental results are shown in Fig. 4 1104E
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Fesults of the additional tests using a pillow are shown in Fig. 5 It can be seen that the
average values of ESBEPL measured using a pillow become smaller, and differences among
subjects become larger than those in Fig 4 Damping effects of the pillow in average
ESBSFL are 9 dB to 14 dB as shown in Fig 6, and these effects tend to increase with an
increase in the frequency except at 160 Hz.
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Amplification in the ear cavity

It is known that the sound power level (ref=10'12 T per m? of a wibrating plane surface has
the same value as the vibration velocity level of the surface if the radiation efficiency iz unity,
and that the sound pressure level immediately 1n front of the surface 15 approximately equal to
the wibraticon welocity levwel in a open space. Furthermore, in practice, radiation efficiency
becomes considerably smaller at low frequencies and consecuently the sound pressure level
becomes less than the wibraton welocity level. In contrast, expenimental results show an
ESBSFL 20 dB higher than the wibration wvelocity level "We beliewve that such a large
difference between sound pressure level and ESBSFL may be cauzed by amplification of
sound pressure in the ear owing to ear's ccclusion by the wibrant-board In order to have a
good description of the conditions of amplification in the closed space of the sar cawity, an
analysis of occclusion effects has been performed using the simple model descnbed bel ow.

The analvsis model consists in a vibrating surface, the opening of the ear cavity and a small
gap between the sutface and the ear as shown in Fig. 7. The ear's opening has a circular shape
of 20mm in diameter which 15 equal to a IEC artificial ear [1], and measured acoustic
impedance of human ears Z4 (Tab. 1) are given for the opening. The area of the opening 15 &
and that of the gap 15 given by &5 where &is the ratio of the gap area to that of the opening. &
specific acoustic impedance & 13 given to the boundary of the zap, where 213 density of air
and ¢ 1z the sound speedin air. Considering the balance of wolume vel ocities,

Sv=piE el o (17
where v 1z the vibration velocity of the surface and p 15 the sound pressure of the ear cavity.
The distribution of pressure is neglected because at low frequencies, the ratio of the cawity
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Figure 7. Analvsis madel af the ear
cavity and af the vibrafing surface.

dimmensions to the wavelength 1z small The left side of eq. (1) represents the wvolume velocity
caused by aportion of the wibrating surface adjacent to the ear cavity. The nght side of eq. {1}
15 the sum of the volume wvelocities reaching the ear cawity and the gap. Fearranging terms, the
level difference AL between the sound pressure lewel L, and the wibration velocity level 7, is
given by

AL = L—L, = 20log)n(iypn—20logn{ 1452 o & o) (2
where vy iz the reference vel ocity of 5x10% mis and ppis the reference pressure of 20 pPa

Calculations of frequency characterizstics of AL for different Fare shown in Fig 8. When there
iz no gap (&=0%, AL is very large especially at lower frequencies where it iz larger than 40
dE. When the gap increases, AL begins to fall immediately and the frequency characteristics
become rather flat. AL is about 20 dB for &= 10%0 which is cleose to the experimental result In

this model, an area ratic &of 10% is equivalent to an even gap of 0.6 mm in width. Tt seems
therefore that sound leakage from such gaps naturally formed between subject's ear and the
wibrant-board caused large differences in ESBESFL observed among subjects.
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Practical application

EBaszed on these experimental results, we can evaluate the magnitude of the foregoing diesel's
neoise heard directly from the floorboard of the apartment house. Tabkle 2 shows a procedure to
convert the wibration acceleration lewel (ref=10% m/s®) of the floorboard inte A-weighted
EZBEFPL, which can be evaluated in the same way as A-weighted sound pressure level of
ordinary ar-bome noise. The loudness of the diesel's nodse will be about 47 dB(A)Y if one
hears 1t with the ear put on the floor, and it will decrease to about 37 JB{A) by using a
bedding like a pillow. Ancther option would be to treat it az a structure-borne low frequency
noise and to evaluate its non-weighted ESBSFL in the same way as air-borne low frequency
noise,

Table 2. Comversion fram vibrafion acceleration level to A-weighted ESBSFL.

Frequency [Hz] (S 50 a3 20 100 125 1&0
Wibration A cceleration Lewel TE 58 T2 73 74 &0 18]
Conversion to ¥ elocity Lewvel - 24 | -2 |-28 | -30 | -32 |-34
Vibration ¥ elocity Lewel 50 34 4a 45 44 28 26
Conversion to ESESPL - 12 18 21 12 18 12
ESBSFL (=] 52 B 65 62 47 45
Aoweighting - -30 | -26 |-23% |-19 | -1a |-13
Aoweighted EZBSPL 47 22 iR 43 43 30 31

Conclusions

Eesults of subjective experiments show that the structure-borne sound which one hears with
one’s ear resting on a vibrating surfaceis as loud as an ar-borme sound whose pressure level
15 about 20 dB higher than the velocity level of the surface, and it decreases by about 10 4B
by using a pillew. Based on these results, we are able to evaluate the loudnesz of the
structure-borne sound as what 1s heard from a floor when lying down on 1t
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