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SUMMARY

Thresholds of hearing were determined in pressure field at frequencies from 4 Hz to
125 Hz. At the frequencies 4-25 Hz hearing thresholds were found that are in the lower
middle of the range already reported by other investigators.

At frequencies from 25 Hz to 1 kHz thresholds have already been determined in
free field by the same method and using the same subjects. The two investigations
overlap at frequencies from 25 Hz to 125 Hz, and in this range the results were almost
identical. The differences were below 1 dB, except at 63 Hz where the difference was 2.5
dB. None of the differences was significant in a t-test.

1. Introduction

Thresholds of hearing at frequencies below 100 Hz and down to frequencies as low as
2 Hz have been measured by various investigators. Pressure stimuli were used rather
than free field. The sound was either transmitted to the ear by means of a headphone
[1,2,3.5] or the whole body was exposed in a pressure chamber [3.4,5,6]. The results
show considerable variation between studies, and additional data are required.

For the frequency range down to 20 Hz, free field data also exist, i.e. from ISQ/
R226[9] and from a recent investigation by ourselves [8]. Free field data differ from
pressure data in the sense that the values reported are sound pressure levels in a plane
wave, measured without the listener present. Due to diffraction around the body and
head, this is not the exact pressure delivered to the ear when the subject enters the
sound field. Pressure field data are actual pressures presented to the ear.

In general the pressure field threshold that are reported at 20-100 Hz are higher
than the free field thresholds of ISO/R226 (9] and those reported by ourselves [8].
However, at these frequencies little diffraction is caused by the listener’s head and
body, and it is doubtful whether the difference in sound field can explain the
difference.

The present investigation was carried out in order 1o obtain new threshold data in
the very low frequency region and to clarify whether the above mentioned discrepan-
cies are real differences in thresholds caused by different sound fields, or artifacts
caused by differences in method, criteria, subjects or other factors.

The investigation consisted of a duplication of our previous threshold deter-
minations [8], using the same subjects and repeating everything as closely as possible,
except for the sound field which was replaced by a pressure field. Thanks to the pre-
ssure field lower frequencies - down to 4 Hz - could be included.

2. Pressure Exposure Chamber
2.1 Description of the chamber

The infrasound test chamber at the Institute of Electronic Systems of Aalborg Univer-
sity was used for the measurement. The chamber was built for the infrasonic exposure
of humans. It was designed for a previous study [7] but reconstructed in 1987 because
of the removal of the Institute to a new campus. The size of the new chamber is almost
the same as the previous one, but the number of loudspeakers has been increased.

Fig. | shows a ground plan and an elevation of the chamber. The volume is 16.2m3,
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To further check the air tightness, sound pressure levels were measured in the cen-
tre of the chamber with sinusoidal excitation at frequencies down to 0.05 Hz. Fig. 2
shows the sound pressure level in the chamber as a function of frequency for a cons-
tant output level from the power amplifier.

A lower 3 dB frequency at 0.2 Hz was confirmed by this method. Accordingly
sound can be generated effectively for frequencies above approximately 0.2 Hz. If the
air inlets and outlets of the ventilating system are blocked, the lower limiting fre-
quency becomes even lower.

2.4 Background noise

The background noise in the infrasound test chamber is very low, even when the ven-
tilating system is working. However, the loudspeakers generate some hum noise, when
the power amplifier is connected and switched on. The total gackground noise is
shown in Fig. 3 together with the minimum audible field from ISO/R226.

The levels at 50 Hz, 160 Hz and 315 Hz are much higher than the levels of adjacent
bands. This is due to hum from the power amplifier. However, levels are still below the
thresholds of ISO/R226 except at 315 Hz, where it is 3 dB higher. The noise is audible
but very soft. The present investigation deals only with frequencies up to 125 Hz, and
the human ear can easily distinguish these low frequencies from frequencies around
300 Hz. As downward masking is also not excepted, the subjects would not be dis-
turbed by the 300 Hz noise, and the background noise is considered low enough for
determinations of the hearing threshold.
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Fig 1. Ground plane and side view of infrasound test chamber.
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Frequency response of the infrasound test chamber for a fixed output
voltage from the power amplifier. The measurement point was in the
middle of the chamber.
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Total background noise in the infrasound test chamber. Measured
with Bruel and Kjaer equipment (microphone 4179, preamplifier 2660,
analyzer 2131). The line is the minimum audible field of ISO/R226.
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Frequency response and harmonic distortion from the loudspeakers
for a fixed output voltage from the power amplifier. The measurement
point was in the centre of the room. () fundamental, (J) second har-
monic, (A) third harmonic.
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The walls are double and made of concrete, and the double door is made of steel. The
sound insulation is fairly good. Sound absorbing material is attached to the surface of
the walls, so that sound reflection is small at high frequencies. A ventilating system is
installed and was working while the experiments were carried out.

2.2 Loudspeakers

48 loudspeakers are installed on two walls and the ceiling. Each of these surfaces has
16 loudspeakers, mounted in four rows of four. The diameter of each loudspeaker s 13
inches. Acoustically transparent screens are putin front of the loudspeakers to protect
and to conceal them.

2.3 Lower limiting frequency

The rigidity of the walls and the airtightness of the chamber are so good that the cham-
ber serves as a pressure chamber in the low and infrasonic frequency range. To check
the air tightness the time constant was measured. A rectangular signal was applied to
the loudspeakers and the sound pressure in the centre of the chamber was measured.
A time constant t = 0.75 s was found and a lower limiting frequency can be estimated
as 1/(2nt) = 0.2 Hz.

2.5 Harmonic distortion

Fig. 4 shows the frequency response and the second and third order harmonic distor-
tion, of the loudspeakers in the chamber. It was measured in the centre of the room
and for a constant output voltage from the power amplifier. The sound pressure level
of the fundamental is about 120 dB and the frequency response almost flat up to
30 Hz.

The harmonic distorition is fairly low. The second harmonic is more than 45 dB
below the fundamental, except at 63 and 100 Hz where it is 40 dB below. The third har-
monic is also more than 45 dB down, except at the frequencies 50-100 Hz where values
around 40 dB were found.

Harmonic distortion disturbs the measurement of hearing thresholds, since the
higher harmonics appear at frequencies where the ear is more sensitive, due to the
negative slope of the threshold curve versus frequency. Determination of the
threshold at 20 Hz is considered the situation that tolerates the smallest content of
higher harmonics. Second harmonic distortion below —36 dB relative to the fun-
damental and a third order <istortion below —47 dB are necessary to ensure that the
harmonics are at least 10 dB below threshold (using the slopes of ISO/R226).

The minimum audible field of ISO/R226 is approximately 75 dB at 20 Hz. The har-
monic distortion decreases dramatically when the level decreases below the 110-120
dB of Fig. 4, and the harmonic distortion of the loudspeakers is considered sufficienty
low for the measurements.

2.6 Sound distribution

Sound distribution in the infrasound test chamber is illustrated in the following
figures. The coordinate axes used are shown in Fig. 5.

Considering sound levels along the horizontal line (y=1.3 m, z=1.2 m). shown in Fig.
6, it is seen that the sound distribution is almost even at the lowest {requencies. With
increasing frequency a standing wave pattern becomes more prominent. The pattern
is almost symmetrical as could be expected from the symmetry of the room and
the loudspeakers.

Even at the higher frequencies variations are very small in the middle of the room,
where the subject’s head is positioned.

The distribution along a vertical line (x=1.2 m, y=1.3 m) is shown in Fig. 7. A less
favourable picture is seen. As could be expected since there are only loudpseakers in
the ceiling and not the floor, the standing wave patterns are not symmetrical.

Relatively flat curves are seen around the head position in the middle of the room,
except for the frequencies 63 Hz and 80 Hz.

In addition to the curves shown, the sound level was measured at positions ¢ 0.15
c¢m up/down, left/right and forward/backward from the reference point(head position
of the subject during the experiment, x=1.2 m, y=1.3 m, z= 1.2 m). Deviations were
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below 1 dB except for the up/down direction at 63 and 80 Hz, where values around 4
dB were found at 63 Hz and around 2 dB at 80 Hz. .

In order to demonstrate how much the uneven pressure distribution would affect
the pressure actually presented to the ear of a subject, measurements were carried out
with a head and torso simulator (Bruel and Kjaer Type 4]28).

The difference between the sound pressure level measured at the pinna of the
simulator and the level measured at the head position without the simulator present is
given in Fig. 8. For frequencies below 315 Hz, the differences are below 1 dB, which
shows that the presence of a subject does not disturb the sound field. On this basis it
was concluded that the exposure chamber is adequate for pressure field
experiments.

Curves similar to Fig. 8 but for the free field situation were given in our previous
paper [8]. For the frequencies involved in the present study - that is. at or below 125 Hz
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Fig 5. Coordinate axis to express positions inside the chamber
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Fig 6. Sound distribution in the chamber. The measurement points are along

a horizontal line (y=1.3 m, z=1.2 m). Distance is the x axis.
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- the differences between the pressure field and the free field are very small and never
exceed 1 dB. Thus, the actual pressure presented to the ear of a subject is the same in
the pressure chamber exposure as in the free field situation. From this it is suggested
that the hearing threshold will be the same for the two situations.

3. Experiment

Pure sinusoidal tones were used as sound stimuli. They had a duration of 1 s, alternat-
ing with 1 s pauses. The tones were turned on and off gradually over approximately
0.25 s. The frequencies were 4 Hz and all 1/3 octave frequencies in the interval 8-125
Hz - fourteen points. '

The psychometric method was the method of limits. The procedure method was
the method of limits. The procedure was similar to that which was used for the pre-
vious measurements of hearing thresholds in the free field. Fig. 9 shows the schematic
diagram of the experiment.

The subjects used in the experiment were exactly the same as those used in the
experiment for the hearing threshold in free field.

4. Results

Hearing thresholds in the pressure field are given in Table L. For one subject a value at
4 Hz was not obtainable, because the loudspeaker system could not produce a suf-
ficiently high sound pressure. The results are shown graphically in Fig. 10, where also
the free field data of our previous study are given.

5. Discussion
5.1 Comparison of hearing thresholds in the free field and in the pressure field.

In the frequency region where pressure chamber data as well as free field data are
available, the results are very similar. The differences are below 1 dB, except at one fre-
quency, where the difference is 2.5 dB. Even in that case, a t-test shows no significance
(t=1.6). Consequently, hearing thresholds in the free field and in the pressure field are
the same for frequencies below 125 Hz.
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Fig 7. Sound distribution in the chamber. The measurement points are ajong

a vertical line (x=1.2 m, y=1.2 m). Distance is the z axis.
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Fig 8. Difference in sound level between the pinna of the head and torso
simulator and the head position without the simulator.
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Fig9. Schematic diagram of the experimental set-up.
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The dashed line in Fig. 10 is the threshold curve of ISO/R226. The pressure cham-
ber data of the present study support the observation from our earlier study that the
curve of the standard does not correspond to the threshold for a group like ours.

5.2 Comparison of hearing thresholds from the present study and from others

Hearing thresholds at low frequencies have been determined by various investigaors.
Some of the data are shown in Fig. 11 together with our results (since we have shown
above that there is no difference between our pressure field and free field data, our
results are presented as the average of the two).

Our results are not far from most of the results given by other authors. The curve of
Tokita et al. [5] is parallel to ours, but 3-5 dB lower at all frequencies. Their experiment
was carried out in an infrasound test chamber whose size was almost the same as ours,
and the background noise was as low.
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The results of Yamada et al. [6] are almost equal to ours at frequencies below 31.5
Hz. but increasing differences appear at higher frequencies. The chamber used in
their experiment was small and located inside a normal room. There might have been
audible background noise at the highest frequencies. Their article does not give infor-
mation on this matter.

The pressure chamber results of Yeowart et al. [3] and the data of Whittle et al. [4]
show curves that are almost parallel to ours, but values are a few dB higher. At4 Hz,
though, the difference becomes larger.

The monoaural earphone data of Yeowartet al. [2] are in general much higher than
ours, although they show the same shape of the curve,

Some uncertainty is related to our point at 4 Hz, which may explain the large dif-
ference at this point between our point and the data given by Yeowart et al. (pressure
chamber data) and by Whittle et al.

The sinusoidal tone is switched on and off by gating with a time window of 1 s and
rise and decay times of approximately 0.25 s. In the frequency domain this signal turns
out somewhat broader than a pure sinusoidal tone. Thus the exposure extends from 4
Hz towards higher (and lower) frequencies, and because of the slope of the threshold
curve, the measured threshold will be too low. This effect exists theoretically at all fre-
quencies, but is only considered as a source of error at 4 Hz, since here especially the
time window is short compared to the time period of the sinusoidal tone. Most other
investigators do not indicate how they have switched the tones on and off, and they
may have made a similar error.

6. Conclusion

The hearing thresholds were determined in the pressure field at frequencies from 4 Hz
to 125 Hz. Below 25 Hz values were found that are in the lower middle of the range
reported by others.

The hearing thresholds in the free field were already reported at frequencies from
25 Hz 10 1 kHz. Almost identical values were found at the overlapping frequencies
from 25-125 Hz. Accordingly, it was concluded that there is no difference between the
hearing thresholds in the free field and in the pressure field, and the values found can
be regarded as very reliable.

TABLE I
Hearing Thresholds in Pressure Field

Frequency Mean value Standard deviation Number of

(Hz) (dB) (dB) subjects
4 107.1 24 10
8 99.8 50 12
10 97.2 6.3 12
12.5 919 6.4 12
16 87.5 59 12
20 78.7 5] 12
25 69.5 6.1 12
31.5 61.1 6.3 12
40 517 4.0 12
50 459 44 12
63 359 2 12
80 333 49 12
100 274 4.1 12
125 248 4.0 12
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