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(ABSTRACT)

Certain U. S. and international consensus standards
governing hearing protection device (HPD) attenuation
testing specify the use of a diffuse sound field to ensure
the sound field remains uniform and random-incidence in an
envelope about the subject’s head (ANSI, 1974; ANSI, 1984;
British BSI 5108:1983; Canadian CSA 294.2-M1984; ISO 4869-
1:1990; Swedish SS 882151). However, there are very few
experimental data to support these restrictive requirements.
The research presented herein investigated this issue by
applying three different environments in tests of the
attenuation of four different hearing protectors (three
earmuffs and one earplug) at each of nine 1/3 octave band
frequencies centered at 125, 250, 500, 1000, 2000, 3150,
4000, 6300, and 8000 Hz. One testing environment comprised
a reverberant room with three loudspeakers, one firing in

each room plane, that met all the specifications for testing



under ANSI S3.19-1974 (ANSI, 1974). The other two
environments progressively degraded the diffusivity of the
sound field through the use of a single loudspeaker and room
surface treatment with absorptive panels. A psychophysical
real-ear-attenuation-at-threshold procedure was used to
obtain attenuation data. The results showed small, but
statistically significant, differences in attenuation among
the three environments for specific test frequencies. Due
to their statistical significance, these differences
preclude direct comparison of attenuation data obtained in
these different environments, especially when the data are
used for purposes such as technical design research, product
comparison and/or labeling, and testing standards
development. However, being of small magnitude, these
differences are not great enough to prevent obtaining an
estimation of the attenuation that an individual is
achieving with a particular device under these alternative
environments. With this in mind, the use of an industrial
audiometric test booth may be beneficial for determining an
individual worker’s protection levels actually achieved on
the job. 1In sum, the interpretation of the results differs

depending upon the intended purpose of the testing.
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INTRODUCTION

Background

The ability of people to hear sounds greatly enhances
the quality of life. Most people depend on this ability for
communication with others and the outside world. However,
many occupational and leisure activities threaten to impair
this gift. The Environmental Protection Agency (EPA)
estimates that over nine million American workers are
exposed to potentially damaging noise levels (EPA, 1981).
In addition, many leisure activities, such as rock music
concerts, target shooting, and vehicle racing, have been
shown to produce levels of noise that can be damaging
(Casali, 1990; Dresser, 1975; Johnson, 1987). The most
common means of combating such noise is the use of hearing
protection devices (HPDs). HPDs are worn on the head or in
the ear canals of the individual and are designed to reduce
the amount of airborne noise reaching the sensitive hearing

mechanisms of the ear via the ear canal.



Relevant Terms

Concepts in HPD testing. Hearing protectors vary in
shape, size, appearance, placement on the head, comfort, and
protective effectiveness. When determining which protector
to select, all of these attributes must be taken into
consideration. One of the most important of these
attributes is protective effectiveness, and the most common
measure of a hearing protector’s effectiveness is the noise
attenuation that can be achieved with the device.
Attenuation, however, does not have a precise acoustical
definition, although it is widely used. Usually, when
referring to HPDs, attenuation is implied to be synonymous
with insertion loss. The insertion loss or noise reduction
of an HPD are the terms generally used when it is necessary
to be more precise. Insertion loss (IL) is the difference
in the level of noise reaching the eardrum with and without
the HPD donned. Thus, it requires two measurements at one
position at two points in time. The noise reduction (NR) is
the difference in the level of noise incident upon (outside)
and transmitted through (inside) the HPD (Berger, 1986a).

It requires simultaneous measurements with two microphones,

one under and one outside the protector. (Formal
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definitions for each of the terms in this section appear in
the Glossary.)

The most frequently used method of establishing
attenuation is the real-ear attenuation at threshold (REAT).
This method incorporates a psychophysical procedure aimed at
determining a person’s hearing threshold with and without
the HPD donned, thus obtaining an occluded threshold and an
unoccluded threshold, respectively. The unoccluded
threshold is then subtracted from the occluded threshold to
determine the attenuation of the HPD. This procedure is
repeated for different frequencies to determine the HPD’s
effectiveness across a spectrum of one-third octave bands
centered at 125 to 8000 Hz (hereafter termed frequency).

Before discussing the measurement of HPD attenuation in
a sound field, several terms applied to sound field
characteristics need explanation. Two major types of sound
environments are addressed in this document: reverberant
fields and free fields. The primary difference between them
is the reverberation time, T, in the field. Reverberant
fields have a reverberation time which is greater than zero,
due to reflections from the walls, ceiling, and floor of the
chamber. These cause the SPL to be more resistant to
changes over distances from the sound source. True free

fields, on the other hand, have a reverberation time which
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is zero or very nearly zero. The walls, ceiling, and floor,
if present, absorb the sound energy incident upon them
instead of reflecting it. (In fact, measurement of T, in a
free field is really only a "quasi-measurement" because
there is theoretically no echo return of the sound past the
measurement microphone.)

One use of reverberant and free fields is the
production of diffuse (random-incidence) and directional
fields. (For all practical purposes, a "random-incidence
sound field" is synonymous with "diffuse sound field.") A
diffuse field can be produced in either a reverberant or a
free field, although it is much more difficult to create in
a free field. On the other hand, directional fields, fields
in which the majority of the sound energy at a point in
space is from one direction, are more difficult to generate
in reverberant fields. Highly directional fields, those in
which the only sounds heard or measured are emanating
directly from the source, can only be produced in a free
field.

In addition to the two major types of sound fields,
there are two major types of test chambers in which these
sound fields are established: anechoic and reverberant
chambers. Anechoic chambers simulate free fields through

lining of the walls, ceiling, and floor surfaces with foam
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wedges designed to absorb the sound energy and reflect less
than one percent of the sound energy incident on them. They
are advantageous when measuring the sound power output of a
device because the only sound measured in such an
environment is the sound emanating directly from the source.
In addition, their ability to generate highly directional
sound fields is necessary when researching the effect that
different angles of incident sound waves have on variables
of interest. Furthermore, there is no lingering of sound
waves when the source is turned off. Because there is no
echo, as soon as the source is removed, so is the sound
energy in the field.

Reverberant chambers are designed to simulate
environments in which there are echoes, as with most real
indoor and some outdoor environments. In such chambers, the
sound at a point in space consists of the sound emanating
from the source; the sound reflected from the walls,
ceiling, and floor; and the sound reflected from other
equipment in the room (Ostergaard, 1986). For testing HPDs
to be used in industrial buildings that have reflective wall
surfaces, as most typically do, reverberant rooms offer some
face validity. Also, reverberant rooms are more common and

generally less expensive than anechoic chambers.
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HPD testing standards. Three standards have been
adopted by the American National Standards Institute (ANSI)
and the Acoustical Society of America (ASA) to establish a
definitive procedure under which REAT values can be
obtained. The first standard, ANSI Z24.22-1957, presenting
pure tones through a single loudspeaker located directly in
front of a subject seated in an anechoic chamber. This
arrangement results in a highly directional sound field
because signals emanate from a single source in a free field
(ANSI, 1957).

The second standard, ANSI S3.19-1974, specifies
presenting one-third octave band noises through three
loudspeakers in a reverberant room, resulting in a diffuse
sound field (ANSI, 1974). The Canadian CSA Z94.2-M1984
specifies very similar sound field requirements. The third
standard, ANSI S12.6-1984, also specifies one-third octave
band noises and a diffuse sound field, but does not require
a certain number of loudspeakers nor does it specify the use
of an anechoic or a reverberant chamber (ANSI, 1984). Thus,
the emphasis of the ANSI S12.6-1984 standard is on the need
for a diffuse sound field, which is generally established
through the use of multiple loudspeakers, and allows the
type of chamber in which that field is established to vary.

British BSI 5108:1983, ISO (International Organization of
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Standards) 4869-1:1990, and Swedish SS 882151 also allow the

use of either type of chamber.

Issues in the Proposed Study

Presently, an ANSI Working Group, S12/WG1l1, is
reviewing and potentially will update the current U. S.
standard and an international group is reviewing and may
change the current ISO standard. As a result, research
studies are needed to support proposed updates to the
requirements and to suggest improvements in the new
standards. The results of such studies can have a
significant effect on the revision of the standard and the
testing and evaluation of hearing protectors in the future.
This study proposes to explore several possible improvements
that the committee is not currently addressing, but perhaps
should be (J. G. Casali, personal communication, March 1,
1991). In addition, this study proposes to provide
empirical evidence that will aid in the revision and
improvement of the standard.

The main focus of this research is investigating the
need for a diffuse sound field in REAT testing. Perhaps
the diffusivity can be relaxed without significantly

affecting the mean attenuation values obtained or resulting
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in an interaction effect with the type of hearing protector.
If found acceptable for testing, the number of laboratories
able to conduct this REAT testing may increase, due to the
reduction in equipment cost and procedural difficulty of
complying with the standard. For instance, if a uniform
sound field is not required, the cost of specialized
reverberant or anechoic chambers and the length and cost of
test procedures aimed at verifying compliance may be
reduced. Additional laboratories might then be able to
implement the standard. (Currently only three laboratories
in America outside the U. S. Government are known to meet
the standard: Cabot Safety [Indianapolis], Paul Michael and
Associates [State College, PA], and Virginia Polytechnic
Institute and State University [VPI & SU, Blacksburg, VA].
Only VPI & SU has been certified by the National Institute
for Standards and Technology for both ANSI S3.19-1974 and
ANSI S12.6-1984 testing.)

Another possible benefit is that in-plant facilities
would be better able to perform studies on-site for
determining the protection levels that workers are actually
receiving in the industrial environment. Park and Casali
(in press[a]) have shown that the protection realized in the
workplace is far less (many times, half or lower) than the

manufacturer’s rating (the Noise Reduction Rating [NRR]
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value). Thus, hearing conservation programs across the
country could be greatly improved by providing a much more
accurate assessment of workers’ noise exposure while on the
job. Yet, given all these potential benefits, no studies
have been performed to determine if a uniform, diffuse sound
field is necessary. This study proposes to explore this
issue. If no significant difference in attenuation
predicted by the REAT method is shown to exist when the
sound field is changed, the aforementioned benefits may
possibly be realized in the future. If a significant
difference is shown to exist, the current restrictions will
be supported through experimental data. Given the need to
study these variables, a review of the pertinent literature

and previous related studies follows.
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HEARING AND THE EFFECTS OF SOUND AND NOISE

Sound and Noise

The difference between sound and noise is often
confused. For the purpose of this document, sound is
defined as a physical variation in a medium having mass and
elasticity, which is capable of being heard by a human.
Noise, on the other hand, is unwanted sound, or sound of a
random nature. It can be steady, unsteady, or impulsive
(ANSI, 1973). The human ear sensory organ is incapable of
distinguishing sound from noise, but higher-order nerve
centers afford interpretation of the nature of the sound or
noise stimuli. Because either sound or noise has the
ability to damage hearing, no distinction will be made

between the two in this document.

Anatomy of the Ear

The normal, healthy human ear detects pressure
oscillations which, through a complex sequence of events,
stimulate the nerve hair cells that transmit sensory
information to the brain. The ear is divided into three

sections: the outer, middle, and inner ears. The outer ear
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consists mainly of the pinna (Figure 1) and the auditory
canal (ear canal). The role of the pinna is to collect the
sound and funnel it into the ear canal which, in turn,
directs the sound to the tympanic membrane (eardrum). As
they perform these tasks, the pinna and ear canal modify the
acoustic wave, amplifying some frequencies and attenuating
others.

The middle ear converts the modified acoustic wave to
structural vibration of the eardrum, ossicles (three small
bones: the malleus, incus, and stapes), and oval window.
The inner ear converts this structural vibration to fluid
motion in the cochlea (Figure 1). This motion stimulates
neural hair cells that transmit the acoustic information to
the brain through the auditory nerve (Ward, 1986). The
above process is described as the air conduction of sound.
The collection and modification of acoustical waves by the
pinna and auditory canal are of primary concern when
researching the effects of directional versus diffuse sound
fields. Therefore, this process is explained in detail.

Whenever sound waves are collected and funneled into
and along a tube, those sound waves will be modified. Such
is the effect of the pinna and auditory canai. First, the
particular shape and dimensions of the pinna cause certain

frequencies of the incident sound waves to be amplified or
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Figure 1. Basic anatomy of the ear and sound paths (adapted
from Berger, 1980)
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attenuated. Due to individual anatomical differences, the
exact frequencies and level of amplification or attenuation
are different for every pinna. The auditory canal, by
virtue of its own shape and length, modifies the incoming
sound wave even further (Ward, 1986). It has been shown to
amplify sound in the frequency region of 3000 Hz, due to the
wavelengths of these frequencies being approximately four
times the length of the canal (Wiener and Ross, 1946). 1In
general, the net effect of the head, pinna, and auditory
canal is an amplification of 10 to 15 decibels (dB) of the
sound in the frequency region of 2000 to 4000 Hz (Ward,
1986) .

The modification of the sound source by the head and
outer ear depends not only upon frequency, but also on the
direction of the sound source. Shaw (1974) developed a
family of curves (to be discussed later in detail) based on
data from 12 different studies which show the transformation
of sound pressure level from the free field to the eardrum
in the horizontal plane and its dependence on azimuth
(angle) and frequency. These curves show the difference the
direction of the sound source has on the sound pressure
level (SPL) at the eardrum as a function of direction and

frequency, and the difference between the SPL at the eardrum
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and the SPL at the head center position as a function of
direction and frequency.

The head and outer ear are also used to locate sound
sources. It has‘been shown, for example, that simply by
taping the pinna flat against the head, complete loss of
monaural (one ear) localization of sound occurs (Roffler and
Butler, 1968). Also, Fisher and Freedman (1968) found that
binaural localization in the absence of head movement is
better with pinnae and suggest that pinnae are the crucial
factor under such conditions. When head movement is
allowed, interaural difference cues aid in localization
(Wallach, 1940). It has been shown that for low frequencies
(below 1000 Hz), the difference in the phase (arrival time)
of the sound incident upon the eardrum between the two ears
provides localization cues. However, for high frequencies
(above 4000 Hz), the difference in intensity between the two
ears provides localization cues. Between 1000 and 4000 Hz,
the localization ability decreases, suggesting that these

two cues do not overlap well (Rossing, 1990).

Sound Paths

There are two main paths by which sound can travel to

induce the sensation of hearing. The first is called the
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air-conduction path (Figure 1), described above. The second
is the bone-conduction path. In bone conduction, the
incident sound travels through the skull of the individual
and vibrates the eardrum, ossicles, and/or the cochlea
itself. Bone-conducted sound can bypass completely the
pinna and ear canal. The threshold of bone conduction is
approximately 40-50 dB higher than the threshold of air

conduction, depending on frequency (Berger, 1986b).

Auditory Effects of Noise

Conductive and sensory hearing loss. There are two

main ways in which noise can damage the ear and result in a
loss in hearing sensitivity. One, the conductive mechanisms
of the ear (i.e., tympanic membrane, ossicles) can be
injured, thus impairing the structurally borne transmission
of sound to the nerve hair cells. Examples of conductive
damage include rupture or scarring of the eardrum,
dislocation of the ossicular chain, and rupture of the oval
window. Conductive hearing losses are often the result of a
single traumatic experience, such as a loud explosion or a
blow to the head. They can also be occupationally induced,
although such is rare. Conductive losses are sometimes

recoverable through either surgical means or hearing aids.
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