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When noise is assessed for its hazard-
ous and/or annoying effects attention is
normally limited to frequencies within the
range of audibility. However, there are
situations that arise in which acoustical
energy outside the nominal audible
range may become important. If at those
times the use of hearing protection de-
vices (HPDs) is required, hearing con-
servationists are at a disadvantage since
HPD attenuation measurements con-
ducted in accordance with standardized
methods1, 2 are normally limited to the fre-
quency range of 125 Hz - 8 kHz. This
EARLog, #143, addresses the problem
by not only providing extended fre-
quency attenuation data for a represen-
tative sample of devices, but by also
briefly discussing suggested limits for
exposure to very low and very high fre-
quency acoustical energy.

Definitions
Although the range of audible frequen-
cies is classically defined as extending
from 20 Hz to 20 kHz, sounds of suffi-
cient intensity can be aurally detected at
both lower and higher frequencies.
Acoustical energy falling outside the "au-
dible" range is designated as either in-
frasonic (below approximately 20 Hz) or
ultrasonic (above approximately 16 - 20
kHz).

Infrasound can be generated by both
natural and man-made events. Ex-
amples of the former are thunder, volca-
nic activity, winds, large waterfalls and
the impact of ocean waves, whereas
examples of the latter are high-powered
aircraft and rocket propulsion systems,
explosions, sonic booms, bridge vibra-
tion, ships, and air heating and cooling
equipment4. Airborne ultrasound can be
generated by a wide variety of industrial
processes, including cleaning, drilling,
welding plastics, mixing, and emulsifi-
cation. Infra- and ultrasonic acoustical
energy do not usually occur in the ab-
sence of sounds within the nominal au-
dible range due to the nature of the pro-
cesses by which such sounds are gen-
erated.
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Exposure Limits
Currently, there are no U.S. or interna-
tional standards defining permissible
exposure limits to infrasound. However,
von Gierke and Nixon present an excel-
lent review of the topic area4. Since they
found that "infrasound, which is not sub-
jectively perceived in some way, has no
effect on performance, comfort, or gen-
eral well-being," they developed pro-
posed limits with respect to the safety
and preservation of the auditory system.
Their 8-hr. exposure limits range from
136 dB at a low frequency of 1 Hz to 123
dB at the upper end of the infrasonic
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*From Nixon, et al.8 The discontinuity at 25 Hz may
be traced to separate experiments, in different
facilities, for the two frequency ranges.

range (20 Hz). The limits may be approxi-
mately adjusted for shorter or longer
duration exposures using a 3-dB ex-
change rate, i.e. if the duration is halved,
the level may be increased by 3 dB, and
vice versa.

Exposure limits to airborne ultrasound
have been recommended by a number
of national and international organiza-
tions5. The available data and the expo-
sure criteria have been reviewed and
summarized by Acton5 6. The criteria are
similar, typically limiting exposures to 110
dB SPL for the frequencies at and above
20 kHzs 5,7, which has been translated to
a 1/3 octave band criterion of 110 dB
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SPL for the bands at and above 25 kHz,
and 75 dB SPL for the 20-kHz 1/3 oc-
tave band8.

The criteria for the high audio frequen-
cies (up to approximately 18 kHz) are
based upon subjective and psychologi-
cal rather than auditory effects - an un-
pleasant sensation of fullness or pres-
sure in the ears, headaches, in-head
localization9, and possibly nausea and
fatigue - since they are the more sensi-
tive indicators of potential harm in that
range. Above 18 kHz the limits are in-
tended to avoid potential hearing loss in
the audio frequency region that could
result from the generation of lower fre-
quency aural distortion due to high level
ultrasonic noise. The severity of the sub-
jective effects is mainly dependent upon
sound level rather than exposure dura-
tion, and the aural distortion phenom-
ena result from nonlinear processes.
Thus it is questionable whether ultrasonic
exposure criteria are amenable to ad-
justment via an exchange relationship
such as the 3-dB rule5, although some
groups have made such proposals7.
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HPD Attenuation At Low Audio and
Infrasonic Frequencies
In the frequency range below 50 Hz
available attenuation data appear to be
limited to only one study10. The authors
utilized both subjective (real-ear attenu-
ation at threshold, 35 - 500 Hz) and physi-
cal (microphone in earmuff, 1 - 500 Hz)
measurement methods. Representative
data are shown in Figure 1. They indi-
cate generally constant attenuation from
30 Hz to 100 Hz, with very limited pro-
tection or even amplification for the in-
frasonic frequencies. The data confirmed
subjective impressions also reported by
the authors.

No measurements were conducted on
insert-type protectors, but subjective re-
ports that were cited10 suggested that a
tightly sealed earplug could provide ap-
preciable attenuation, as would also
have been predicted based upon early
theoretical studies11.

Although most test standards do not re-
quire testing below 125 Hz, many au-
thors have reported data in the 50 - 125
Hz range. Data from our laboratory12 are
depicted in Figures 2, 3, and 4 for insert
semi-aural, and circumaural HPDs. The
results, extending down to the 80-Hz 1/3
octave band may be compared to the
standard test frequency results which are
also shown. All of these data, measured
in conformance with ASA STD 1, indi-
cate that the 80- and 125-Hz values are
substantially similar.

HPD Attenuation At High Audio and
Ultrasonic Frequencies
At the upper end of the audio range hear-
ing sensitivity decreases at the rate of
approximately 100 dB/octave, compared
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to 10 - 20 dB/octave (as frequency de-
creases) for low audio and infrasonic fre-
quencies. This fact, combined with the
relatively good inherent  attenuation of
HPDs at high frequencies, makes gen-
eration of ultrasonic acoustical stimuli at
levels sufficient to be detected by hear-
ing protected test subjects very difficult.
As of this writing there do not appear to
be any studies reporting HPD perfor-
mance at ultrasonic frequencies and only
two that even discuss the range above 8
kHz12 13.

Representative published data12 com-
bined with recent results from our labo-
ratory are plotted in Figures 2 - 4. HPDs
were fitted by the subjects under experi-
menter supervision. The fitting of the vi-
nyl foam earplug was an exception in
that it was tested with two distinctly dif-
ferent experimenter insertions: partial
(about 15 - 20% in the ear canal) and
standard (typical laboratory fit with 50 -
60% in the canal).

The data extend up to the 16-kHz 1/3
octave band, which includes energy to
17.8 kHz. The bold line at the bottom of
the graphs represents an estimate of the
bone conduction (BC) limits to HPD at-
tenuation12.

Except for the 3-flange earplug, stan-
dard-insertion foam plug, and semi-au-
ral data, the 8-kHz attenuation approxi-
mates that at 12.5 and 16 kHz. For the
two earplugs mentioned, the highest fre-
quency test data are 8 - 9 dB less than at
8-kHz. This is probably attributable to the
nearness with which the attenuation of
those plugs approaches the BC limits
which exhibit the same apparent behav-
ior in that test range.

Berger12 also evaluated an earplug plus
earmuff combination and found that in
the frequency range from 2 - 16 kHz the
measured performance was essentially
equal to the BC limits.

Conclusions
HPD attenuation at low audio frequen-
cies (down to 50 Hz) can be estimated to
an accuracy of approximately 5 dB by
assuming it is equal to 125-Hz data. At
high audio frequencies (up to 17.8 kHz)
all HPDs tested were very effective, pro-
viding at least 32 dB noise reduction.
Thus, at those frequencies, exact esti-
mation of attenuation becomes some-
what academic.

At infrasonic frequencies earmuffs pro-
vide little or no protection and may even
amplify sound, whereas properly fitted
imperforate earplugs should provide ap-
preciable protection. No ultrasonic HPD
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*Internal earmuff cup volume

NRR
muff #1 (liquid cushion, 190 cm3*) 19
muff #2 (liquid cushion, 107 cm3) 20
muff #3 (foam cushion, 336 cm3) 25
muff #4 (foam cushion, 194 cm3) 26

attenuation data are available, but it
would be reasonable to assume that the
general behavior observed in the high
audio range should prevail at frequen-
cies up through 32 kHz.
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