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Occupational exposureto noise
evaluation, prevention and control

ABSTRACT

Thisbook with CD-ROM isintended for occupational hygienists and other occupational health
and safety personnel as an introduction to the subject and as a handbook aswell. It provides an
overview of the evaluation, prevention and control of exposure to noise at the workplace, with
aview to preventing noise-induced hearing loss. It starts with the fundamentals of acoustics,
including the quantities to be measured and their relation to the psychol ogy of hearing. Further
detailsare given in the following chapters on the physiology and pathophysiology of the ear and
hearing. The discussion of the occupationa causes of hearing loss and the impossibility to
recover from severe damages of the inner ear leads to the important issue of exposure criteria.
Sincethereis agreement that noise reduction at sourceisthefirst choicefor preventing hearing
loss, basic information on noise sourcesis given in the next chapter. The next two chapters deal
with the evaluation of exposure to noise, covering strategy for noise surveys and details on the
required instruments, including their use and calibration. In spite of all efforts to reduce noise
at the workplace, it isnecessary to monitor the indidua‘s hearing by repeated audiometry; this
Is covered in an extensive chapter, which also deals with the training of audiometric testing
personnel and the preparation of the workers to be tested. Legal provisions in many countries
require the hazard prevention by control programmes. Principles and measuresfor engineering
noise control, as well as hearing conservation programmes and their management, are
presented, always placing control of noise at the source in the center of any preventive strategy.
However, the importance of personal measures should not be overlooked and thisis covered in
a chapter which includes an introduction to the different hearing protectors aswell asworkers
education and training. Sources of information are given in the last chapter emphasizing the
importance of standards for noise control at the design stage and leads to collections of relevant
case studies.

Key words:

audiometry, collections of case studies, control programmes, engineering noise control,
evaluation, exposure criteria, fundamentals of acoustics, hazard prevention, hearing |0ss,
hearing protectors, industrial hygienists, measurements, measuring instruments, noise control at
source, personal measures, physiology of the ear and hearing, programme management,
occupational health and safety personnel, standards, strategy for noise surveys, training
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L 'exposition au bruit en milieu professionne
Evaluation, prévention et réduction

RESUME

Celivre, accompagné d un CD-ROM, est destiné aux hygiénistes industriels, aux médecins du
travail et aux animateurs en hygiene et sécurité pour lesquels il doit servir aussi bien
d'introduction au theme que de manuel de référence. 1l offre un apercu sur I'évaluation de
I’ exposition au bruit en milieu professionnel, sur les mesures de prévention et de réduction du
bruit et a pour but principal de lutter contre les surdités induites par le bruit sur les lieux de
travail. Les notions fondamentales de I'acoustique et les grandeurs a mesurer sont présentées
ainsi que leur relation avec la sensibilité auditive. Les informations sur la physiologie de
I’ oreille et les mal adies de |’ audition conduisent & une discussion sur les causes professionnelles
delaperte del'audition et sur le caractere irrémédiable des troubles cochléaires. Elle souléve la
question des limites d'exposition. Partant de la conviction que la réduction du bruit &la source
est primordiale pour la prévention de la perte de l'audition, les notions fondamentales
concernant les sources de bruit sont présentées.L 'évaluation de |'exposition au bruit est abordée
et une démarche a suivre pour son mesurage est proposée. Elle est complétée par des
informations détaillées concernant les appareils de mesure a utiliser et leur étalonnage. Malgré
tous les efforts entrepris pour réduire le bruit sur les lieux de travail, il est nécessaire de
surveiller I'ouie de chague individu par audiométrie réguliere. Cette question est traitée en
détail dans un chapitre qui couvre également la formation des techniciens en audiométrie et la
préparation des employés a examiner. Dans un grand nombre de pays, des prescriptions |égales
imposent la prévention des risques par la mise en oauvre de programmes de prévention. Un
chapitre présente les principes et moyens techniques de réduction du bruit, de méme que les
programmes de surveillance médicale et leur organisation, la réduction du bruit a la source
restant le centre d'intérét de toute stratégie préventive. L'importance des mesures de protection
des personnes exposées ne devant toutefois pas étre oubliée, un chapitre présente les divers
protecteurs individuels ainsi que la formation et la sensibilisation des employés. Enfin, le
dernier chapitre présente les sources d'information, relatives aux normes sur la réduction du
bruit, au stade de la conception et de la construction des machines et équipements et renvoie a
diverses études de cas.

Motsclés

animateurs en hygiéne et sécurité, audiométrie, appareils de mesure, exemples de réalisations,
déficit auditif, évaluation, de formation, hygiénistes industriels, limites d'exposition, médicins
du travail, normes, notions fondamentales de |'acoustique, perte d’ audition, physiologie de
I'oreille, audition, programmes de réduction, programmes de surveillance médical e, protecteurs
individuels, réduction des bruits a la source, études de cas, sources de bruit, conception et
construction des machines et égquipements
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Berufliche L armbelastung
Bewertung, Verhitung und Minderung

KURZREFERAT

Dieses Buch mit CD-ROM st fur Arbeitsschutzexperten, Arbeitsmediziner und Fachkréfte fir
Arbeitssicherheit bestimmt als Einfuhrung in das Themawie auch als Handbuch. Es bietet eine
Ubersicht (iber Bewertung, Verhiitung und Minderung der Larmbelastung am Arbeitsplatz mit
dem Ziel, la&rmbedingten Hoérverlust zu vermeiden. Es beginnt mit den Grundlagen der
Akustik einschliefdlich der zu messenden Grof3en und ihrer Beziehung zum Horempfinden.
Weitere Details werden in den folgenden Kapiteln zur Physiologie und zu den Erkrankungen
von Ohr und Gehor dargestellt. Die Diskussion der beruflichen Ursachen von Horverlust und
die Unmoglichkeit der Erholung von schweren Innenohrschéden fhrt zu der wichtigen Frage
der Belastungsgrenzen. Aufgrund der Uberzeugung, daR die Larmminderung an der Quelle
vorrangig fur die Verhitung von Horverlust ist, wird im néchsten Kapitel grundlegend Uber
Gerduschquellen informiert.Die folgenden zwei Kapitel behandeln die Bewertung der Larm-
exposition, wobel sie das Vorgehen bei der Gerduscherfassung und Einzelheiten zu den
erforderlichen Mef3geréten, ihren Gebrauch und die Kalibrierung einschlief3en. Trotz aller
Anstrengungen, den La&rm am Arbeitsplatz zu mindern, ist es notwendig, das Gehor des
Einzelnen durch wiederholte Audiometrie zu tGberwachen; dies wird in einem ausfihrlichen
Kapitel dargestellt, das auch die Ausbildung von Audiometristen behandelt sowie die Vor-
bereitung der zu untersuchenden Beschéftigten. Gesetzliche Vorschriften vieler Lander
fordern die Gefahrenverhiitung durch Minderungsprogramme. Prinzipien und Mittel der
technischen Larmminderung wie auch Gehorvorsorgeprogramme und ihre Organisation
werden dargestellt, wobei die Larmminderung an der Quelle stets in den Mittelpunkt
jeglicher vorbeugenden Strategie gertickt wird. Die Bedeutung personenbezogener Mal3nahmen
darf jedoch nicht tbersehen werden und so folgt ein Kapitel, das eine Einfiihrung zu den
verschiedenen Gehorschitzern wie auch Schulung und Training der Mitarbeiter umfaldt. Im
letzten Kapitel werden Informationsquellen genannt, dabel die Bedeutung der Normen fir das
larmarme Konstruieren hervorgehoben und Sammlungen von diesbezliglichen Fallbeispielen
mitgeteilt.

Schlagworter:

Arbeitsmediziner, Audiometrie, Belastungsgrenzen, Bewertung, Fachkréfte fir Arbeitssicher-
heit, Gefahrenverhitung, Gehorschiitzer, Gehorvorsorgeprogramm, Gerauschquelle, Grundlagen
der Akustik, Horverlust, larmarmes Konstruieren, Larmminderung an der Quelle, Mef3gerét,
Minderungsprogramm, Normen, personenbezogene Mal3nahmen, Physiologie von Ohr und
Gehor, Sammlungen von Fallbeispielen, Schulung, technische Larmminderung, Training,
Vorgehen bei der Gerauscherfassung
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BACKGROUND

An international meeting of experts in the field of acoustics was organized by the Office of
Occupational Health, World Health Organization, Geneva, 25 -27 September 1995, with the
objective of producing adocument on the occupational aspects of noiseincluding its effects on
humans, particularly hearing loss, its measurement and exposure assessment, and its prevention
and control. The meeting was attended by 19 specialists from 16 countries (see list of
participants), many of whom contributed new materials for the proposed document.

Work began on this document several yearsearlier. Ms. Berenice Goelzer from WHO prepared
a first draft with contributions from a number of experts in the field of occupationa noise,
including Professor D. Pupo Noguiera (Brazil), Professor J. Malchaire (Belgium) and Professor
Darabont (Romania). In view of other priorities, the project was suspended until 1995, when
funds provided under the National Institute for Occupational Safety and Health (NIOSH)
Cooperative Agreement for 1994 - 1995 led to the organization of ameeting for the completion,
revision and finalization of this document.

The World Health Organization Headquarters and the editors gratefully acknowledge the
NIOSH grant and the help and patience of all contributors who attended the meeting in 1995,
prepared chapters or clauses, or collaborated by correspondence.

List of Participants
Consultation on Evaluation and Control of Noise Exposure in the Work Environment WHO,
Geneva, 25-27 September 1995

Professor P.W. Alberti, Professor em. of Otolaryngology, University of Toronto, Toronto,
CANADA; now: Visiting Professor, University of Singapore, Department of Otolaryngology,
5 Lower Kent Ridge Rd, Singapore 119074, REPUBLIC OF SINGAPORE,
pal berti @attgl obal .net

Mr. H.-S. Arbey, Responsible of Valorization, Head of the Valorization Information
Communication Departement, INRS Research Centre, Avenue de Bourgogne, BP No 27,
F-54501 Vandoeuvre Cedex, FRANCE, henri.arbey@inrs.fr

Mr. N. Bryson, Director, Health and Environment, GMB Genera, Municipa and Boilermakers
(General Union), 22 /24 Worple Road, London SW19 4DD, UK, nigel.bryson@gmb.org.uk

Dr. John R. Franks{chairperson}, Chief, Hearing Loss Prevention Section, Engineering and
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Occupational Safety and Health, Robert A. Taft Laboratories, 4676 Columbia Parkway,
Cincinnati, Ohio 45226-1998, USA, jrf3@cdc.gov
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FOREWORD

Rock, reggae, Rachmaninov —isit sound or noise? The answer depends on your perspective. A
natural gas compressor station makes noise from the neighbor’ s outlook; from the owner’ s point
of view, it makes money. Whatever your perspective, it is undeniably true that we are
increasingly surrounded by noise. According to NIOSH, "Noise is one of the most pervasive
occupational health problems in America today; approximately thirty million workers are
exposed on their jobs to noise levels that are potentially hazardous to their hearing”. In
developing countries, the situation is usually worse since less effort is expended on noise
control.

Elevated noise levels may lead to a number of adverse effects, including elevated blood
pressure and sleep interference, and may also interfere with communications in the workplace,
thus contributing to the occurrence of accidents. However, the most serious effect isirreversible
hearing impairment, resulting from damage to the delicate hearing mechanism of the inner ear.
There is no cure for hearing impairment--the only solution is prevention. Fortunately, most
occupational noise exposure can be minimized by the use of engineering controls to reduce the
generation of noise at its source. This approach, which usually does not require the active
participation of workers, is recommended by health and safety professionals around the world.
Administrative controls and hearing protective devices can further reduce noise exposure.

The physics of noise, the physiology of hearing, and the evaluation, prevention, and control of
noise exposure are complex subjects which deserve thorough treatment.

Occupational Exposure to Noise: Evaluation, Prevention and Control was written and
edited by renowned expertsin thefield. It can be used as atextbook by senior and graduate-level
studentsin occupational health and engineering courses and as areference book by occupational
hygienists, safety specialists, noise engineers, health and safety officials, manufacturers,
consultants, audiologists, and plant managers. Although the book is directed towards control of
occupational noise, much of it is also applicable to environmental noise. Thus, environmental
engineers will also find specific answersto their questions in individual chapters.

Detailed introductions to noise and the physiology of the ear are presented in Chapters
1, 2, and 3. The in-depth discussion of these subjects is applicable both to occupationa and
environmental noise exposures (as are Chapters 6 and 8). Chapter 4 provides a background on
occupational noise exposure limits from the European, American, and international perspectives.
A catalogue of industrial noise sources and emission levelsis presented in Chapter 5. Chapter 6
will be valuable to occupational and environmental specialists alike, as it describes the
components and operation of various sound measuring instruments. Thorough guidance for
conducting an industrial noise survey is contained in Chapter 7. The fundamentals of hearing
measurement, including equipment and procedures, are presented in Chapter 8. Chapter 9
provides a background to management of noise hazards through prevention and control
programmes. Chapter 10 is brimming with practical suggestions for engineering control of
industrial noise sources. For situations in which engineering controls are infeasible or
inadequate for complete hearing protection, Chapter 11 describes administrative controls and
personal protective equipment. And finally, Chapter 12 presents an extensive list of references.
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We are convinced that this treatise on evaluation, prevention and control of noise will
prove valuable to anyone who is charged with reducing occupational noise exposures and
protecting workers' hearing.

Deborah Imel Nelson, Ph.D., CIH
Dieter Schwela, Ph.D.

World Health Organization
Occupational and Environmental Health
Avenue Appia 20

CH-1211 Geneva 27 Switzerland
Phone: +41-(0)22-791-3483

Fax: +41-(0)22-791-4123
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HSE
IEC
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ILO
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American Academy of Ophthalmology and Otolaryngology

American Conference of Governmental Industrial Hygienists

American Industrial Hygiene Association

Aerospace Medical Research Laboratory (USA)

American National Standards Institute

Assumed Protection Vaue

Australian Standard

American Speech-Language-Hearing Association

American Society of Heating, Refrigerating and Air-Conditioning Engineers
American Society of Mechanical Engineering

Bundesministerium fur Arbeit und Sozialordnung (Federal Ministry for Labour
and Social Affairs, Germany)

Council for Accreditation in Occupational Hearing Conservation (USA)
Canadian Center for Occupational Health and Safety

Comité Européen de Normalisation (European Committee for Standar dization)
Comité Européen de Normalisation Electrotechnique (European Committee for
Electrotechnical Standar dization)

Committee on Hearing and Bioacoustics (USA)

digital Fourier transform

US Department of Health, Education and Welfare

directivity index

European Economic Community

European Standard

Environmental Protection Agency (USA)

fast Fourier transform

Finnish Institute for Occupational Health

Bundesanstalt fur Arbeitsschutz und Arbeitsmedizin (Federal Institute for
Occupational Safety and Health, Germany)

frequency modulation

hearing conservation program

homogeneous exposure group

hearing loss

hearing loss index

high-middle-low rating

hearing threshold level

Health and Safety Executive, UK

International Electrotechnical Commission

insertion loss

International Labour Office/ - Organization
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INRETS

INRS

1SO
ISVR
LCL
MAF
MIL-STD
MSHA
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NIHL
NIOSH
NIPTS
NR
NRB
NRC
NRR
OEL
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OME
OSHA
PEL
PIMEX
PTS
PWL
REAT
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RPM
SIL
SLM
SNR
SPL
STS
TC

TL
TLV
TR
TTS
TTS2
TWAS8
UCL
VDI

Institute of Noise Control Engineering (USA)

International Institute of Noise Control Engineering

Institut National de Recherche sur les Transports et leur Sécurité (The French
National Institute for Transport and Safety Research)

Institut National de Recherche et de Sécurité (National Research and Safety
Institute for the prevention of occupational accidents and diseases, France)
International Organization for Standardization

Institute for Sound and Vibration Research, Southampton, UK
lower confidence limit

minimum audible field

Military Standard (USA)

Mine Safety and Health Administration (USA)

noise criterion

balanced noise criterion

National Hearing Conservation Association (USA)

noise induced hearing loss

National Institute for Occupationa Safety and Health (USA)
noise-induced permanent threshold shift

noise rating

octave band noise rating

noise reduction coefficient

noise reduction rating

occupationa exposure limits

outer hair cells

otitis mediawith effusion

Occupational Safety and Health Administration (USA)
permissible exposure level

picture mix exposure

permanent threshold shift

sound power level

real -ear-attenuation-at-threshold

root mean square

rotations per minute

speech interference level

sound level meter

single-number rating

sound pressure level

standard threshold shift

Technical Committee

transmission loss

threshold limit value

Technical Report

temporary threshold shift

TTS measured 2 minutes after exposure

time-weighted average for eight hours

upper confidence limit

Verein Deutscher Ingenieure (VDI-Guidelines) (German Engineering Assoc.)
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FUNDAMENTALS OF ACOUSTICS

Professor Colin H Hansen

Department of Mechanical Engineering
University of Adelaide

South Australia 5005

AUSTRALIA
chansen@mecheng.adelaide.edu.au

Fundamental aspects of acoustics are presented, as they relate to the understanding and
application of amethodology for the recognition, evaluation and prevention or control of noise
as an occupational hazard. Further information can be found in the specialised literature listed
at the end of the chapter.

1.1. PHYSICS OF SOUND

To provide the necessary background for the understanding of the topics covered in this
document, basic definitions and other aspects related to the physics of sound and noise are
presented. Most definitions have been internationally standardised and are listed in standards
publications such as |EC 60050-801(1994).

Noise can be defined as "disagreeable or undesired sound" or other disturbance. From the
acoustics point of view, sound and noise congtitute the same phenomenon of atmospheric
pressure fluctuations about the mean atmospheric pressure; the differentiation is greatly
subjective. What is sound to one person can very well be noise to somebody else. The
recognition of noise as a serious health hazard is a development of modern times. With modern
industry the multitude of sources has accelerated noise-induced hearing loss, amplified music
also takesitstoll. While amplified music may be considered as sound (not noise) and to give
pleasure to many, the excessive noise of much of modern industry probably gives pleasure to
very few, or none at all.

Sound (or noise) is the result of pressure variations, or oscillations, in an elastic medium
(e.g., air, water, solids), generated by a vibrating surface, or turbulent fluid flow. Sound
propagates in the form of longitudinal (as opposed to transverse) waves, involving a succession
of compressions and rarefactions in the elastic medium, as illustrated by Figure 1.1(a). When
a sound wave propagates in air (which is the medium considered in this document), the
oscillations in pressure are above and below the ambient atmospheric pressure.

1.1.1. Amplitude, Frequency, Wavelength And Velocity
Sound waves which consist of a pure tone only are characterised by:
e the amplitude of pressure changes, which can be described by the maximum pressure

amplitude, p,,, or the root-mean-square (RMS) amplitude, p,,, and is expressed in Pascal
(Pa). Root-mean-square meansthat theinstantaneous sound pressures (which can be positive
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or negative) are squared, averaged and the square root of the averageistaken. The quantity,
prn‘s = 0707 pM1
e thewavelength (1), which is the distance travelled by the pressure wave during one cycle;
e thefrequency (f), which isthe number of pressure variation cycles in the medium per unit
time, or simply, the number of cycles per second, and is expressed in Hertz (Hz). Noiseis
usually composed of many frequencies combined together. The relation between
wavelength and frequency can be seenin Figure 1.2.
® the period (T), which is the time taken for one cycle of awave to pass afixed point. Itis
related to frequency by: T=1Ut

|

wavelength
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pressure
ANVAN S
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Figure 1.1. Representation of a sound wave.
@ compressions and rar efactions caused in air by the sound wave.
(b)  graphicrepresentation of pressure variations above and below
atmospheric pressure.

v AVAVAY VAN

wavelength (m)

20 10 5 2 1 0.5 0.2 0.1 0.05
| \ [ \ I \ [ \
\ T T TTTT] T T TTTITT I T T 1117

10 20 50 100 200 500 1000 2000 500010000
frequency (Hz)

Figure 1.2. Wavelength in air versus frequency under normal conditions (after Harris
1991).

The speed of sound propagation, c, the frequency, f, and the wavelength, A, are related by the
following equation:
c=14

® the speed of propagation, ¢, of sound in air is343 m/s, at 20°C and 1 atmosphere pressure.
At other temperatures (not too different from 20°C), it may be calculated using:

c=332+06T,
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where T, isthetemperaturein °C . Alternatively the following expression may be used for
any temperature and any gas. Alternatively, making use of the equation of statefor gases, the
speed of sound may be written as.

c = /YRT,/M (ms™? (1)

where T, isthe temperaturein °K, Risthe universal gas constant which hasthe value 8.314
J per mole°K, and M is the molecular weight, which for air is 0.029 kg/mole. For air, the
ratio of specific heats, vy, is 1.402.

All of the propertiesjust discussed (except the speed of sound) apply only to apuretone (single
frequency) sound which is described by the oscillations in pressure shown in Figure 1.1.
However, sounds usually encountered are not pure tones. In general, sounds are complex
mixtures of pressure variations that vary with respect to phase, frequency, and amplitude. For
such complex sounds, there is no simple mathematical relation between the different
characteristics. However, any signal may be considered as a combination of a certain number
(possibly infinite) of sinusoidal waves, each of which may be described asoutlined above. These
sinusoidal components constitute the frequency spectrum of the signal.

Toillustrate longitudinal wave generation, as well as to provide amodel for the discussion
of sound spectra, the example of a vibrating piston at the end of avery long tube filled with air
will be used, asillustrated in Figure 1.3

\ Y
-

@ = b)Y N_

A p

(c) S h (d) A
/

Y

(e)r— ' OL AN\ N\
(54 N \Van v

N

Figure1.3. Sound generation illustrated. (a) The piston movesright, compressing air as
in (b). (c) The piston stops and rever sesdirection, moving left and decompressing air in
front of the piston, asin (d). (€) The piston moves cyclically back and forth, producing
alternating compressionsand rar efactions, asin (f). In all casesdisturbancesmovetothe
right with the speed of sound.

Let the pistonin Figure 1.3 moveforward. Sincetheair hasinertia, only theair immediately
next to the face of the piston moves at first; the pressure in the e ement of air next to the piston
increases. The element of air under compression next to the piston will expand forward,
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displacing the next layer of air and compressing the next elemental volume. A pressurepulseis
formed which travels down the tube with the speed of sound, c. Let the piston stop and
subsequently move backward; a rarefaction is formed next to the surface of the piston which
follows the previously formed compression down the tube. If the piston again moves forward,
the process is repeated with the net result being a "wave" of positive and negative pressure
transmitted along the tube.

2
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t Frequency bands

Figure 1.4. Spectral analysisillustrated. (a) Disturbance p varies sinusoidally with timet
at a single frequency f,, as in (b). (c) Disturbance p varies cyclically with timet as a
combination of three sinusoidal disturbances of fixed relative amplitudes and phases; the
associated spectrum has three single-frequency components f,, f, and f;, as in (d).
(e) Disturbance p varieserratically with timet, with a frequency band spectrum asin (f).

If the piston moves with simple harmonic motion, a sine wave is produced; that is, at any
instant the pressure distribution aong the tube will have the form of asine wave, or at any fixed
point in the tube the pressure disturbance, displayed as afunction of time, will have asinewave
appearance. Such a disturbance is characterised by a single frequency. The motion and
corresponding spectrum areillustrated in Figure 1.4aand b.

If the piston movesirregularly but cyclically, for example, so that it produces the waveform
shown in Figure 1.4c, the resulting sound field will consist of a combination of sinusoids of
several frequencies. Thespectral (or frequency) distribution of theenergy inthisparticular sound
wave is represented by the frequency spectrum of Figure 1.4d. As the motion is cyclic, the
spectrum consists of a set of discrete frequencies.

Although some sound sources have single-frequency components, most sound sources
produce avery disordered and random waveform of pressureversustime, asillustrated in Figure
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1.4e. Such awave has no periodic component, but by Fourier analysisit may be shown that the
resulting waveform may be represented as a coll ection of wavesof all frequencies. For arandom
type of wave the sound pressure squared in a band of frequencies is plotted as shown; for
example, in the frequency spectrum of Figure 1.4f.

Itiscustomary to refer to spectral density level when the measurement band isone Hz wide,
to one third octave or octave band level when the measurement band is one third octave or one
octave wide and to spectrum level for measurement bands of other widths.

Two specia kinds of spectra are commonly referred to as white random noise and pink
random noise. White random noise contains equal energy per hertz and thus has a constant
spectral density level. Pink random noise contains equal energy per measurement band and thus
has an octave or one-third octave band level which is constant with frequency.

1.1.2. Sound Field Definitions (see 1 SO 12001)

1.1.2.1. Freefied
Thefreefield isaregion in space where sound may propagate free from any form of obstruction.

1.1.2.2. Near field

The near field of a source isthe region close to a source where the sound pressure and acoustic
particle velocity are not in phase. In thisregion the sound field does not decrease by 6 dB each
timethedistancefrom the sourceisincreased (asit doesinthefar field). Thenear fieldislimited
to a distance from the source equal to about a wavelength of sound or equal to three times the
largest dimension of the sound source (whichever isthe larger).

1.1.2.3. Far field

The far field of a source begins where the near field ends and extends to infinity. Note that the
transition from near to far field isgradual inthetransition region. Inthefar field, thedirect field
radiated by most machinery sourceswill decay at therate of 6 dB each timethe distancefromthe
source isdoubled. For line sources such as traffic noise, the decay rate varies between 3 and 4
dB.

1.1.2.4. Direct field
Thedirect field of asound sourceisdefined asthat part of the sound field which has not suffered
any reflection from any room surfaces or obstacles.

1.1.2.5. Reverberant field

The reverberant field of a source is defined as that part of the sound field radiated by a source
which has experienced at least one reflection from a boundary of the room or enclosure
containing the source.

1.1.3. Frequency Analysis

Frequency analysis may be thought of as a process by which atime varying signal in the time
domain istransformed to its frequency components in the frequency domain. It can be used for
guantification of anoiseproblem, asboth criteriaand proposed control sarefrequency dependent.
In particular, tonal components which are identified by the analysis may be treated somewhat
differently than broadband noise. Sometimes frequency analysis is used for noise source
identification and in all casesfrequency analysiswill allow determination of the effectiveness of
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controls.

There are a number of instruments available for carrying out a frequency analysis of
arbitrarily time-varying signals as described in Chapter 6 . To facilitate comparison of
measurements between instruments, frequency analysis bands have been standardised. Thusthe
International Standards Organisation has agreed upon "preferred” frequency bands for sound
measurement and analysis.

The widest band used for frequency analysisisthe octave band; that is, the upper frequency
limit of the band is approximately twice the lower limit. Each octave band is described by its
"centre frequency”, which is the geometric mean of the upper and lower frequency limits. The
preferred octave bands are shown in Table 1.1, in terms of their centre frequencies.

Occasiondly, a little more information about the detailed structure of the noise may be
required than the octave band will provide. This can be obtained by selecting narrower bands;
for example, one-third octave bands. As the name suggests, these are bands of frequency
approximately one-third of the width of an octave band. Preferred one-third octave bands of
frequency have been agreed upon and are also shown in Table 1.1.

Instruments are available for other forms of band analysis (see Chapter 6). However, they
do not enjoy the advantage of standardisation so that the inter-comparison of readings taken on
suchinstruments may bedifficult. Oneway to amelioratethe problemisto present such readings
asmean levels per unit frequency. Data presented in thisway are referred to as spectral density
levels as opposed to band levels. In this case the measured level is reduced by ten times the
logarithm to the base ten of the bandwidth. For example, referring to Table 1.1, if the 500 Hz
octave band which has a bandwidth of 354 Hz were presented in this way, the measured octave
band level would be reduced by 10 log,, (354) = 25.5 dB to give an estimate of the spectral
density level at 500 Hz.

The problem is not entirely alleviated, as the effective bandwidth will depend upon the
sharpness of thefilter cut-off, which isalso not standardised. Generaly, the bandwidth istaken
as lying between the frequencies, on either side of the pass band, at which the signal is down 3
dB from the signal at the centre of the band.

There are two ways of transforming asignal from the time domain to the frequency domain.
The first involves the use of band limited digital or analog filters. The second involvesthe use
of Fourier analysis where the time domain signal is transformed using a Fourier series. Thisis
implemented in practicedigitally (referred to asthe DFT - digital Fourier Transform) usingavery
efficient algorithm known asthe FFT (fast Fourier Transform). Thisisdiscussed further in the
literature referenced at the end of the chapter.

1.1.3.1. A convenient property of the one-third octave band centre frequencies

The one-third octave band centre frequency numbers have been chosen so that their logarithms
areone-tenth decade numbers. The corresponding frequency passbandsareacompromise; rather
than follow astrictly octave sequence which would not repest, they are adjusted slightly so that
they repeat on a logarithmic scale. For example, the sequence 31.5, 40, 50 and 63 has the
logarithms 1.5, 1.6, 1.7 and 1.8. The corresponding frequency bands are sometimes referred to
asthe 15th, 16th, etc., frequency bands.
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Table1.1. Preferred octave and one-third octave frequency bands.

Band Octave band One-third octaveband Band limits
number center frequency center frequency L ower Upper
14 25 22 28
15 315 315 28 35
16 40 35 44
17 50 44 57
18 63 63 57 71
19 80 71 88
20 100 88 113
21 125 125 113 141
22 160 141 176
23 200 176 225
24 250 250 225 283
25 315 283 353
26 400 353 440
27 500 500 440 565
28 630 565 707
29 800 707 880
30 1000 1000 880 1130
31 1250 1130 1414
32 1600 1414 1760
33 2000 2000 1760 2250
34 2500 2250 2825
35 3150 2825 3530
36 4000 4000 3530 4400
37 5000 4400 5650
38 6300 5650 7070
39 8000 8000 7070 8800
40 10000 8800 11300
41 12500 11300 14140
42 16000 16000 14140 17600
43 20000 17600 22500

NOTE: Requirements for filters see IEC 61260; there index numbers are used instead of band
numbers. The index numbers are not identical, starting with No.” 0" at 1 kHz.
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When logarithmic scales are used in plots, aswill frequently be done in this book, it will be
well to remember the one-third octave band centre frequencies. For example, the centre
frequencies given above will lie respectively at 0.5, 0.6, 0.7 and 0.8 of the distance on the scale
between 10 and 100. The latter two numbers in turn will lie at 1.0 and 2.0 on the same
logarithmic scale.

1.2. QUANTIFICATION OF SOUND
1.2.1. Sound Power (W) and Intensity (1) (see SO 3744, 1 SO 9614)

Sound intensity is a vector quantity determined as the product of sound pressure and the
component of particle velocity in the direction of the intensity vector. It isameasure of therate
at which work is done on a conducting medium by an advancing sound wave and thus the rate
of power transmission through a surface normal to the intensity vector. It isexpressed as watts
per square metre (W/md).

In afree-field environment, i.e., no reflected sound waves and well away from any sound
sources, the sound intensity is related to the root mean square acoustic pressure as follows

2
prms

oC 2

where p is the density of air (kg/m®), and c is the speed of sound (m/sec). The quantity, pcis
called the"acousticimpedance” andisequal to 414 Ns/m? at 20° C and one atmosphere. At higher
altitudesiit is considerably smaller.

The total sound energy emitted by a source per unit time is the sound power, W, which is
measured in watts. It isdefined asthe total sound energy radiated by the source in the specified
frequency band over acertain timeinterval divided by theinterval. It isobtained by integrating
the sound intensity over an imaginary surface surrounding asource. Thus, in general the power,
W, radiated by any acoustic sourceis,

W=£I-ndA 3

where the dot multiplication of | with the unit vector, n, indicates that it is the intensity
component normal to the enclosing surface which isused. Most often, a convenient surfaceis

an encompassing sphere or spherical section, but sometimes other surfaces are chosen, as
dictated by the circumstances of the particular case considered. For a sound source producing
uniformly spherical waves (or radiating equally in al directions), a spherical surface is most
convenient, and in this case the above equation leads to the following expression:

W = 4nr?| (4)

where the magnitude of the acoustic intensity, |, is measured at a distance r from the source. In
this case the source has been treated as though it radiates uniformly in all directions.

1.2.2. Sound Pressure Leve

The range of sound pressures that can be heard by the human ear is very large. The minimum
acoustic pressure audible to the young human ear judged to be in good health, and unsullied by



Fundamentals of acoustics 31

too much exposure to excessively loud music, is approximately 20 x 10° Pa, or 2 x 10
atmospheres (since 1 atmosphere equals 101.3 x 10° Pa). The minimum audible level occurs at
about 4,000 Hz and is a physical limit imposed by molecular motion. Lower sound pressure
levels would be swamped by thermal noise due to molecular motionin air.

For the normal human ear, pain is experienced at sound pressures of the order of 60 Paor 6
x 10 atmospheres. Evidently, acoustic pressures ordinarily are quite small fluctuations about
the mean.

A linear scale based on the square of the sound pressure would require 10™ unit divisionsto
cover the range of human experience; however, the human brain is not organised to encompass
such arange. The remarkable dynamic range of the ear suggests that some kind of compressed
scale should be used. A scale suitable for expressing the square of the sound pressure in units
best matched to subjective response is logarithmic rather than linear. Thus the Bel was
introduced which is the logarithm of the ratio of two quantities, one of which is a reference
quantity.

To avoid ascale which istoo compressed over the sensitivity range of the ear, afactor of 10
is introduced, giving rise to the decibel. The level of sound pressure p is then said to be L,
decibels (dB) greater or less than a reference sound pressure p,4 according to the following
equation:

2
Prms _ 20log, Prms

pref ref

L, = 10log,, = 20109,,P,s — 20100,y P,  (dB) (5)

For the purpose of absolute level determination, the sound pressure is expressed in terms of a
datum pressure corresponding to the lowest sound pressure which the young normal ear can
detect. Theresult iscalled the sound pressurelevel, L, (or SPL), which hasthe units of decibels
(dB). Thisisthe quantity which is measured with a sound level meter.

The sound pressure is a measured root mean square (r.m.s.) value and the internationally
agreed reference pressure p,¢ = 2 X 10° N m? or 20 pPa . When this value for the reference
pressure is substituted into the previous equation, the following convenient alternative formis
obtained:

L, = 20log,;p,,c + 94  (dB) (6)
where the pressure p is measured in pascals. Some feeling for the relation between subjective

loudness and sound pressure level may be gained by reference to Figure 1.5, which illustrates
sound pressure levels produced by some noise sources.

1.2.3. Sound Intensity L evel

A sound intensity level, L,, may be defined as follows:
(sound intensity) (dB) .
(ref. sound intensity) "

An internationally agreed referenceintensity is 10 W m, in which case the previous equation
takes the following form:

L, = 10log,,

L, = 10log, | + 120  (dB) (8)

Use of the relationship between acoustic intensity and pressure in the far field of a source gives
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the following useful result:
L=L,+ 10l 400 (8a)
=Lyt 00w — 2
b % o

L, =L, + 26 - 10log,,(pc)  (dB) 9)
At sealevel and 20°C the characteristic impedance, poc, is 414 kg m? s?, so that for both plane
and spherical waves,

L =L -02 (dB) (10)

I p

1.2.4. Sound Power Leve

The sound power level, L, (or PWL), may be defined as follows:

(sound power)

L = 10lo
w Y0 (reference power)

(dB) (11)

Theinternationally agreed reference power is 10 W. Again, the following convenient formis
obtained when the reference sound power is introduced into the above equation:

L, = 10log,,W + 120  (dB) (12)
where the power, W, is measured in watts.

For comparison of sound power levels measured at different altitudes anormalization according
to equation (8a) should be applied, see 1SO 3745.

1.2.5. Combining Sound Pressures
1.2.5.1. Addition of coherent sound pressures

Often, combinations of sounds from many sources contribute to the observed total sound. In
general, the phases between sources of sound will be random and such sources are said to be
incoherent. However, when sounds of the samefrequency areto be combined, the phase between
the sounds must be included in the calculation.

For two sounds of the same frequency, characterised by mean square sound pressures pfrms
and p22rrns and phase difference B, - B,, the total mean square sound pressure is given by the

following expression (Bies and Hansen, Ch. 1, 1996).

PC =P+ P+ 200, C0S(B; - By) (13)

rms rms r
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A-weighted sound pressure

Sound pressure
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level in dB re 20 uPa in Pa
large military weapons 180 20000
10000
170 —E 5000
160 2000 firearms
1000
150 500 boom boxes inside cars
140 200
100
130 50
pneumatic chipper at 1.5m 120 20
upper limit for unprotected 10
ear for impulses™ 419 5 teenage rock and roll band
textile loom
100 2
newspaper press 1 power lawnmower at operator's ear
90 walkman (personal stereo)
0.5
milling machine at 1.2m
80 0.2 garbage disposal at 1m
diesel truck, 70 kmvhr at 15m 0.1
70 vacuum cleaner
0.05
passenger car, 80km/hr at 15m
conversation at im 60 0.02 air conditioning window unit at 1m
0.01
50
whispered speech 0.005
quiet room 40 0.002
0.001
30 “E 0.0005
snowy, rural area - no wind
_ . 20 0.0002 no insects
audiometric test room 0.0001
. . 10 =E 6.00005
median hearing threshold
(1000Hz) 0.00002
0.00001
threshold for those with very -10
good hearing 0.000005 * see chapter 4

Figure 1.5. Sound levels produced by typical noise sour ces
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When two sounds of dlightly different frequencies are added an expression similar to that
given by the above equation isobtai ned but with the phase difference replaced with the frequency
difference, A, multiplied by time, t. In this case the total mean sgquare sound pressure rises and
falls cyclically with time and the phenomenon known as beating is observed, as illustrated in
Figure 1.6.

Lo\ s |
\/\z\/\/ \/\/\/\/ t

Figure 1.6. lllustration of beating.

1.2.5.2. Addition of incoherent sound pressures (logarithmic addition)

When bands of noise are added and the phases are random, the limiting form of the previous
equation reduces to the case of addition of incoherent sounds; that is (Bies and Hansen, Ch. 1,

1996),

e =pi_ +ps (14)

rms rms rms

Incoherent sounds add together on a linear energy (pressure squared) basis. A simple
procedure which may easily be performed on a standard calculator will be described. The
procedure accounts for the addition of sounds on alinear energy basis and their representation
on a logarithmic basis. Note that the division by 10 in the exponent is because the process
involves the addition of squared pressures.

It should be noted that the addition of two or more levels of sound pressure has a physical
significance only if the levels to be added were obtained in the same measuring point.

EXAMPLE

Assume that three sounds of different frequencies (or three incoherent noise sources) are to be
combined to obtain atotal sound pressure level. Let thethree sound pressure levelsbe (a) 90 dB,
(b) 88 dB and (c) 85 dB. The solution is obtained by use of the previous equation.

Solution:
For source (a):

P~ px 10970 ~ p x10x 107

For source (b):
s P’ % 6.31% 10°

Zrms
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For source (c):
ps P % 3.16 x 10°

rms
The total mean square sound pressure s,
P, =P, tPs *P
Thetotal sound pressure level is,
Ly = 10|oglo[pfm/pr§f] = 10log,,[19.47 x 10°] = 92.9dB

2 _
3 rms

P’ X 19.47 x 108

Alternatively, in short form,
L, = 10109, 10°%° + 10%1° + 10%%) - 92.9dB

Table 1.2 can be used as an aternative for adding combinations of decibel values. As an
example, if two independent noises with levels of 83 and 87 dB are produced at the same time
at agiven point, the total noise level will be 87 + 1.5 = 88.5 dB, since the amount to be added to
the higher level, for adifference of 4 dB between the two levels, is 1.5 dB.

Table1.2. Tablefor combining decibel levels.

Difference between the two db levelsto be added dB
0 1 2 3 4 5 6 7 8 9 10
3.0 25 2.1 1.8 15 1.2 1.0 0.8 0.6 05 0.4

Amount to be added to the higher level in order to get the total level dB

Ascan be seenintheseexamples, it isonly when two noi se sources have similar acoustic powers,
and aretherefore generating similar levels, that their combination |eadsto an appreciableincrease
in noise levels above the level of the noisier source. The maximum increase over the level
radiated by the noisier source, by the combination of two random noise sources occurs when the
sound pressures radiated by each of the two sourcesareidentical, resulting in anincrease of 3dB
over the sound pressure level generated by one source. If thereisany difference in the original
independent levels, the combined level will exceed the higher of thetwo levelsby lessthan 3 dB.
When the difference between the two original levels exceeds 10 dB, the contribution of the less
noisy source to the combined noise level isnegligible; the sound source with the lower level is
practically not heard.

1.2.5.3. Subtraction of sound pressurelevels

Sometimes it is necessary to subtract one noise from another; for example, when background
noise must be subtracted from total noise to obtain the sound produced by amachine alone. The
method used is similar to that described in the addition of levels and will be illustrated with an
example.

EXAMPLE
The noise level measured at a particular location in a factory with a noisy machine operating
nearby is 92 dB(A). When the machine is turned off, the noise level measured at the same
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location is 88 dB(A). What isthe level due to the machine alone?

Solution
L, = 10 l0g,,(10%%° - 10%¥1°) - 89.8 dB(A)

For noise-testing purposes, this procedure should be used only when the total noise exceedsthe
background noise by 3dB or more. If thedifferenceislessthan 3 dB avalid sound test probably
cannot be made. Note that here subtraction is between squared pressures.

1.2.5.4. Combining level reductions

Sometimesit is necessary to determine the effect of the placement or removal of constructions
such asbarriersand reflectors on the sound pressure level at an observation point. Thedifference
between levels before and after an alteration (placement or removal of a construction) is called
the insertion loss, IL. If the level decreases after the alteration, the IL is positive; if the level
increases, the IL is negative. The problem of assessing the effect of an alteration is complex
because the number of possible paths along which sound may travel from the source to the
observer may increase or decrease.

In ng the overal effect of any ateration, the combined effect of all possible
propagation paths must be considered. Initially, it is supposed that areference level L, may be
defined at the point of observation as a level which would or does exist due to straight-line
propagation from sourceto receiver. Insertionlossdueto propagation over any other path isthen
assessed intermsof thisreferencelevel. Calculatedinsertion losseswould include spreading due
to travel over alonger path, losses due to barriers, reflection losses at reflectors and losses due
to source directivity effects (see Section 1.3).

For octave band analysis, it will be assumed that the noise arriving at the point of observation
by different pathscombinesincoherently. Thusthetotal observed sound|evel may bedetermined
by adding together logarithmically the contributing levels due to each propagation path.

The problem which will now be addressed is how to combine insertion losses to obtain an
overall insertion loss due to an ateration. Either before alteration or after ateration, the sound
pressure level at the point of observation due to the ith path may be written in terms of the ith
path insertion loss, IL,;, as (Bies and Hansen, Ch. 1, 1996)

Ly = Lg - IL, (15)

In either case, the observed overall noise level due to contributions over n pathsis

n
~(IL;/10)
Ly=Lg+ 1OIogloz; 10 (16)
1=

The effect of an alteration will now be considered, where note is taken that, after ateration,
the propagation paths, associated insertion losses and number of paths may differ from those
before ateration. Introducing subscripts to indicate cases A (before ateration) and B (after
alteration) theoverall insertionloss(IL = L, - L) dueto the alteration is (Biesand Hansen, Ch.
1, 1996),

/10) /10)

Ny Ng
IL = 10log,, Y 10 "~ _ 10l0g,, Y 10 "e (17)
i=1 i=1
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EXAMPLE

Initially, the sound pressure level at an observation point is due to straight-line propagation and
reflection in the ground plane between the source and receiver. The arrangement is altered by
introducing abarrier which preventsbothinitial propagation paths but introducesfour new paths.
Computetheinsertionlossdueto theintroduction of thebarrier. Insituation A, beforeateration,
the sound pressure level at the observation point is L, and propagation loss over the path
reflected in the ground planeis5 dB. Insituation B, after alteration, the losses over the four new
paths are respectively 4, 6, 7 and 10 dB.

Solution:
Using the preceding equation gives the following result.

IL = 10I0g10[10’0’1° + 1075/10] _ 10|Oglo[1074/10 + 107610 . 10770 | 10710/10]

=12+02=14dB

1.3. PROPAGATION OF NOISE

1.3.1. Freefied

A freefield isahomogeneous medium, freefrom boundariesor reflecting surfaces. Considering
the simplest form of a sound source, which would radiate sound equally in all directionsfrom a
apparent point, the energy emitted at a given time will diffusein all directions and, one second

later, will be distributed over the surface of a sphere of 340 mradius. Thistype of propagation
Is said to be spherical and isillustrated in Figure 1.7.

source

longitudinal
wave front

Figure 1.7. A representation of the radiation of sound from a simple sourcein freefield.
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In afreefield, theintensity and sound pressure at a given point, at adistance r (in meters) from
the source, is expressed by the following equation:

B . pcW
p? = pcl = 18
4mir 2 (18)
where p and c are the air density and speed of sound respectively.
In terms of sound pressure the preceding equation can be written as:
L, = Ly,+ 10Iog10( 4%00) - 10log, (4nr 2) (19)

which is often approximated as:
L, =L, - 10log, ,(47r %) (20)

Measurements of source sound power, L,, can be complicated in practice (see Bies and
Hansen, 1996, Ch. 6). However, if the sound pressure level, L,,, is measured at some reference
distance, r,,, from the noise source (usually greater than 1 metreto avoid source near field effects
which complicate the sound field close to a source), then the sound pressure level at some other
distance, r, may be estimated using:

r

L, = L~ 20Ioglo[ - (21)

m

From the preceding expression it can be seen that in free field conditions, the noise level
decreases by 6 dB each timethe distance between the source and the observer doubles. However,
true free-field conditions are rarely encountered in practice, so in general the equation relating
sound pressure level and sound power level must be modified to account for the presence of
reflecting surfaces. Thisis done by introducing a directivity factor, Q which may also be used
to characterise the directional sound radiation properties of a source.

1.3.2. Directivity

Provided that measurements are made at a sufficient distance from a source to avoid near field
effects (usually greater than 1 meter), the sound pressure will decrease with spreading at therate
of 6 dB per doubling of distance and a directivity factor, Q, may be defined which describes the
field in aunique way as afunction solely of direction.

A simple point source radiatesuniformly in al directions. Ingeneral, however, theradiation
of sound from atypical sourceisdirectional, being greater in somedirectionsthaninothers. The
directional properties of a sound source may be quantified by the introduction of a directivity
factor describing the angular dependence of the sound intensity. For example, if the sound
intensity | is dependent upon direction, then the mean intensity, 1,, averaged over an
encompassing spherical surfaceisintroduced and,

W
4rr?

Thedirectivity factor, Q, isdefined in termsof theintensity I, in direction (6, %) and the mean
intensity (Bies and Hansen, Ch. 5, 1996):

av

(22)
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I
Q= (23)

The directivity index is defined as (Bies and Hansen, Ch. 5, 1996),
DI = 10log,,Q, (24)

1.3.2.1. Reflection effects

The presence of a reflecting surface near to a source will affect the sound radiated and the
apparent directional properties of the source. Similarly, the presence of areflecting surface near
to areceiver will affect the sound received by the receiver. In general, areflecting surface will
affect not only the directional properties of a source but also the total power radiated by the
source(Bies, 1961). Asthe problem can be quite complicated the simplifyingassumptionisoften
made and will be made here, that the source is of constant power output which means that its
output sound power is not affected by reflecting surfaces (see Bies and Hansen, 1996 for amore
detailed discussion).
For asimple source near to areflecting surface outdoors (Bies and Hansen, Ch. 5, 1996),

4mr? 2 4mr?
W = | = _—
9 Prims 500 (25a,b)
which may be written in terms of levels as
L, = L, + 10log,| —2| = L, + 10l0g,| ——| + DI (26a.b)
4ir ? 4mir 2

For auniformly radiating source, theintensity | isindependent of angleintherestricted region
of propagation, and the directivity factor Q takesthe valuelisted in Table 1.3. For example, the
value of Q for the case of asimple source next to areflecting wall is 2, showing that al of the
sound power is radiated into the half-space defined by the wall.

Table 1.3. Directivity factorsfor a ssimple source near reflecting surfaces.

Situation Directivity factor, Q | Directivity Index,
DI (dB)

free space 1 0

centred in alarge flat surface 2 3

centred at the edge formed by the junction of 4 6

two large flat surfaces

at the corner formed by the junction of three 8 9
large flat surfaces
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1.3.3. Reverberant fields

Whenever sound waves encounter an obstacle, such as when a noise source is placed within
boundaries, part of the acoustic energy isreflected, part is absorbed and part istransmitted. The
relative amounts of acoustic energy reflected, absorbed and transmitted greatly depend on the
nature of the obstacle. Different surfaces have different ways of reflecting, absorbing and
transmitting an incident sound wave. A hard, compact, smooth surface will reflect much more,
and absorb much less, acoustic energy than a porous, soft surface.

If the boundary surfaces of aroom consist of amaterial which reflectstheincident sound, the
sound produced by a source inside the room - the direct sound - rebounds from one boundary to
another, giving origin to the reflected sound. The higher the proportion of the incident sound
reflected, the higher the contribution of the reflected sound to the total sound in the closed space.
This "built-up” noise will continue even after the noise source has been turned off. This
phenomenon is called reverberation and the space whereit happensis called areverberant sound
field, wherethe noise level is dependent not only on the acoustic power radiated, but also on the
size of the room and the acoustic absorption properties of the boundaries.

As the surfaces become less reflective, and more absorbing of noise, the reflected noise
becomes less and the situation tendsto a"freefield" condition where the only significant sound
isthe direct sound. By covering the boundaries of alimited space with materials which have a
very high absorption coefficient, it is possible to arrive at characteristics of sound propagation
similar to free field conditions. Such a spaceis called an anechoic chamber, and such chambers
are used for acoustical research and sound power measurements.

In practice, thereisaways some absorption at eachreflection and thereforemost work spaces
may be considered as semi-reverberant.

The phenomenon of reverberation haslittle effect in the area very close to the source, where
the direct sound dominates. However, far from the source, and unless the walls are very
absorbing, the noise level will be greatly influenced by the reflected, or indirect, sound. The
sound pressure level in aroom may be considered as a combination of the direct field (sound
radiated directly from the source before undergoing areflection) and thereverberant field (sound
which has been reflected from a surface at |east once) and for aroom for which one dimension
is not more than about five times the other two, the sound pressure level generated at distancer
from a source producing a sound power level of L, may be calculated using (Bies and Hansen,
Ch. 7, 1996),

4ir 2 So

where o isthe average absorption coefficient of all surfacesin the room.
These principles are of great importance for noise control and will be further discussed in
more detail in Chapter 5 and 10.

L, =L, 10|og10[ Q. 4(11&)] (27)

1.4. PSYCHO-ACOUSTICS

For the study of occupational exposureto noiseand for the establishment of noisecriteria, not
only the physical characteristics of noise should be considered, but also the way the human ear
responds to it.

The response of the human ear to sound or noise depends both on the sound frequency and
the sound pressurelevel. Given sufficient sound pressurelevel, ahealthy, young, normal human
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ear is able to detect sounds with frequencies from 20 Hz to 20,000 Hz. Sound characterised by
frequencies between 1 and 20 Hz is called infrasound and is not considered damaging at levels
below 120 dB. Sound characterised by frequencies in excess of 20,000 Hz is called ultrasound
and is not considered damaging at levels below 105 dB. Sound which is most damaging to the
range of hearing necessary to understand speech is between 500 Hz and 2000 Hz.

1.4.1. Threshold of hearing

Thethreshold of hearing is defined as the level of a sound at which, under specified conditions,
aperson gives 50% correct detection responses on repeated trials, and isindicated by the bottom
linein Figure 1.8.

1.4.2. Loudness

At thethreshold of hearing, anoiseisjust "loud" enough to be detected by the human ear. Above
that threshold, the degree of loudness is a subjective interpretation of sound pressure level or
intensity of the sound.

Theconcept of loudnessisvery important for the eval uation of exposureto noise. The human
ear hasdifferent sensitivitiesto different frequencies, being least sensitive to extremely high and
extremely low frequencies. For example, a pure-tone of 1000 Hz with intensity level of 40 dB
would impress the human ear as being louder than a pure-tone of 80 Hz with 50 dB, and a 1000
Hz tone at 70 dB would give the same subjective impression of loudness as a 50 Hz tone at 85
dB.

In the mid-frequency range at sound pressures greater than about 2 x 107 Pa(40dB re20 uPa
SPL), Table 1.4 summarises the subjective perception of noise level changes and shows that a
reduction in sound energy (pressure squared) of 50% results in areduction of 3 dB and is just
perceptible to the normal ear.

Table 1.4. Subjective effect of changesin sound pressurelevel.

Changein sound level Change in power Change in apparent
(dB) Decrease Increase loudness
3 1/2 2 just perceptible
5 1/3 3 clearly noticeable
10 /10 10 half or twice as loud
20 1/100 100 much quieter or louder

The loudness level of a sound is determined by adjusting the sound pressure level of a
comparison pure tone of specified frequency until it isjudged by normal hearing observersto be
equal inloudness. Loudnesslevel isexpressed in phons, which have the same numerical value
as the sound pressure level at 1000 Hz. Attempts have been made to introduce the sone as the
unit of loudness designed to give scale numbers approximately proportional to the loudness, but
it has not been used in the practice of noise evaluation and control.

Toratetheloudnessof sounds, "equal-loudness contours" have been determined. Sincethese
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contoursinvolve subjectivereactions, the curves have been determined through psycho-acoustical
experiments. One example of such curvesis presented in Figure 1.8. It shows that the curves
tend to become more flattened with an increase in the loudness level.

The units used to |abel the equal-loudness contoursin the figure are called phons. Thelines
in figure 1.8 are constructed so that all tones of the same number of phons sound equally loud.
The phon scaleis chosen so that, at 1 kHz, the number of phons equals the sound pressure level.
For example, according to thefigurea31.5 Hz tone of 50 phons sounds equally asloud asa 1000
Hz tone of 50 phons, even though the sound pressure level of the lower-frequency sound is 30
dB higher. Humansare quite"deaf" at low frequencies. Thebottomlinein Figure 1.8 represents
the average threshold of hearing, or minimum audible field (MAF).

1.4.3. Pitch

Pitch is the subjective response to frequency. Low frequencies are identified as "low-pitched”,
while high frequencies are identified as "high-pitched". Asfew sounds of ordinary experience
are of a single frequency (for example, the quality of the sound of a musical instrument is
determined by the presence of many frequencies other than the fundamental frequency), it is of
interest to consider what determines the pitch of acomplex note. If asound is characterised by
aseries of integrally related frequencies (for example, the second lowest is twice the frequency
of the lowest, the third lowest is three times the lowest, etc.), then the lowest frequency
determines the pitch.
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Figurel.8. Loudnesslevel (equal-loudness) contours, inter nationally standar dised for pure
tonesheard under standar d conditions (I SO 226) . Equal loudnesscontour saredeter mined
relativeto thereference level at 1000 Hz. All levels are determined in the absence of the
subject, after subject level adjustment. MAF means minimum audiblefield.

Furthermore, even if the lowest frequency isremoved, say by filtering, the pitch remains the
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same; the ear suppliesthe missing fundamental frequency. However, if not only the fundamental
isremoved, but al so the odd multiples of the fundamental aswell, say by filtering, then the sense
of pitch will jump an octave. The pitch will now be determined by the lowest frequency, which
was formerly the second lowest. Clearly, the presence or absence of the higher frequenciesis
important in determining the subjective sense of pitch.

Sense of pitchisaso related to level. For example, if the apparent pitch of sounds at 60 dB
re 20 pPaistaken as areference, then sounds of alevel well above 60 dB and frequency below
500 Hz tend to be judged flat, while sounds above 500 Hz tend to be judged sharp.

1.4.4. Masking

Masking is the phenomenon of one sound interfering with the perception of another sound. For
example, theinterference of traffic noisewith the use of apublic telephone on abusy street corner
is probably well known to everyone.

Masking is a very important phenomenon and it has two important implications:

® speech interference, by which communications can be impaired because of high levels of
ambient noise;

e utilisation of masking as a control of annoying low level noise, which can be "covered" by
music for example.

In general, it has been shown that low frequency sounds can effectively "mask™ high frequency
soundsevenif they are of adightly lower level. Thishasimplicationsfor warning soundswhich
should be pitched at lower frequenci esthan the dominant background noise, but not at such alow
frequency that the frequency response of the ear causes audibility problems. Generaly
frequencies between about 200 and 500 Hz are heard most easily in the presence of typical
industrial background noise, but in some situations even lower frequencies are needed. If the
warning sounds are modulated in both frequency and level, they are even easier to detect.

Other definitions of masking are used in audiometry and these are discussed in Chapter 8 of
this document.

1.4.5. Frequency Weighting

Asmentioned in the previous section, the human ear isnot equally sensitive to sound at different
frequencies. To adequately eval uate human exposureto noise, the sound measuring system must
account for this difference in sensitivities over the audible range. For this purpose, frequency
weighting networks, which are really "frequency weighting filters' have been developed.

These networks "weight" the contributions of the different frequenciesto the over-all sound
level, so that sound pressure levels are reduced or increased as a function of frequency before
being combined together to give an overal level. Thus, whenever the weighting networks are
used in asound measuring system, the various frequencies which constitute the sound contribute
differently to the evaluated over-all sound level, in accordance with the given frequency's
contribution to the subjective loudness of sound, or noise.

Thetwo internationally standardised weighting networksin commonusearethe"A" and"C",
which have been built to correl ate to the frequency response of the human ear for different sound
levels. Their characteristics are specified in IEC 60651.
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Figure 1.9 and Table 1.5 describe the attenuation provided by the A, and C networks (IEC
60651).

The"A" network modifiesthefrequency responsetofollow approximately theequal loudness
curve of 40 phons, whilethe"C" network approximately followsthe equal loudness curve of 100
phons, respectively. A "B" network is also mentioned in some texts but it is no longer used in
noise evaluations.

The popularity of the A network has grown in the course of time. It isauseful ssmple means
of describing interior noise environments from the point of view of habitability, community
disturbance, and also hearing damage, even though the C network better describestheloudness
of industrial noise which contributes significantly to hearing damage. Itsgreat attraction liesin
its direct use in measures of total noise exposur e (Burns and Robinson, 1970).

When frequency weighting networks are used, the measured noise levels are designated
specifically, for example, by dB(A) or dB(C). Alternatively, the terminology A-weighted sound
level in dB or C-weighted sound level in dB are often preferred. If the noise level is measured
without a"frequency-weighting" network, then the sound levels corresponding to all frequencies
contribute to the total as they actually occur. This physical measurement without modification
isnot particularly useful for exposure evaluation and is referred to as the linear (or unweighted)
sound pressure level.
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Figure 1.9. Frequency weighting characteristicsfor A and C networks.

1.5. NOISE EVALUATION INDICESAND BASISFOR CRITERIA

To properly evaluate noise exposure, both the type and level of the noise must be characterised.
The type of noise is characterised by its frequency spectrum and its variation as a function of
time. Thelevel ischaracterised by a particular type of measurement which is dependent on the
purpose
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of the measurement (either to evaluate exposure or to determine the optimum approach for noise
control).

Table 1.5. Frequency weighting characteristicsfor A and C networks (*).

Frequency Weighting, dB

Hz A c
315 -39 -3
63 - 26 -1
125 - 16 0
250 -9 0
500 -3 0
1,000 0 0
2,000 1 0
4,000 1 -1
8,000 -1 -3

*Thisisasimplified table, for illustration purposes. Thefull characteristicsfor the A, B and
C weighting networks of the sound level meter have been specified by the IEC (IEC 60651).

1.5.1. Typesof Noise (seelSO 12001)

Noise may be classified as steady, non-steady or impulsive, depending upon the temporal
variations in sound pressure level. The various types of noise and instrumentation required for
their measurement areillustrated in Table 1.6.

Steady noiseisanoise with negligibly small fluctuations of sound pressure level within the
period of observation. If aslightly more precise single-number descriptionisneeded, assessment
by NR (Noise Rating) curves may be used.

A noiseis called non-steady when its sound pressure levels shift significantly during the
period of observation. Thistype of noise can be divided into intermittent noise and fluctuating
noise.

Fluctuating noise is anoise for which the level changes continuously and to a great extent
during the period of observation.

Tonal noise may beeither continuous or fluctuating and is characterised by oneor two single
frequencies. Thistype of noise is much more annoying than broadband noise characterised by
energy at many different frequencies and of the same sound pressure level as the tonal noise.
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Table 1.6. Noisetypesand their measurement.

Characteristics

Type of Source

1 | ] ] |
I 1 1 ] ]

0 5 101520 S
small variation

10dB]  Ayannhrerrmriun

Constant continuous sound

Pumps, electric motors,
gearboxes, conveyers

intermittent noise

10dB
10dB

background noise

Constant but intermittent
sound

Air compressor, automatic
machineryduring a work
cycle

large fluctuations

] AVAVAVAVA

Periodically fluctuating
sound

Mass production, surface
grinding

large irregular

Fluctuating non-periodic
sound

Manual work, grinding,
welding, component

fluctuations assembly

10d8]

Automatic press, pneumatic
drill, riveting

o Repeated impulses
similar impulses

10dB
10dB
isolated impulse
10dB
10dB

Noise characteristicsclassified according to theway they vary with time. Constant noiseremains
within 5 dB for a long time. Constant noise which starts and stops is called intermittent.
Fluctuating noisevaries significantly but hasaconstant longtermaverage (L g, 1) Impulsenoise
lasts for less than one second.

Hammer blow, material
handling, punch press,
gunshot, artillery fire

Single impulse
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Type of Measurement

Type of Instrument

Remarks

Direct reading of A-weighted
value

Sound level meter

Octave or 1/3 octave analysis
if noiseisexcessive

dB value and exposure time
O Lpgg

Sound level meter,
Integrating sound level meter

Octave or 1/3 octave analysis
if noiseisexcessive

dB value, L, Or noise
exposure

Sound level meter
Integrating sound level meter

Octave or 1/3 octave analysis
if noiseisexcessive

L peq OF NOiSE EXpOSUre
Statistical analysis

Noise exposure meter,
Integrating sound level meter

Long term measurement
usually required

L peq OF NOiSE EXpOSUre &
Check "Peak" value

Integrating sound level meter
with "Peak" hold and "C-
weighting"

Difficult to assess. More
harmful to hearing than it
sounds

L peq @Nd "Peak” value

Integrating sound level meter
with "Peak" hold and "C-
weighting"

Difficult to assess. Very
harmful to hearing especialy
close
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I ntermittent noise is noise for which the level drops to the level of the background noise
several times during the period of observation. The time during which the level remains at a
constant value different from that of the ambient background noise must be one second or more.
This type of noise can be described by

e the ambient noise level

e thelevel of the intermittent noise

e the average duration of the on and off period.

In general, however, both level sare varying more or lesswith time and the intermittencerate
is changing, so that this type of noiseis usually assimilated to a fluctuating noise as described
below, and the same indices are used.

I mpulsive noise consists of one or more bursts of sound energy, each of aduration lessthan
about 1s. Impulses are usually classified as type A and type B as described in Figure 1.10,
according to the time history of instantaneous sound pressure (ISO 10843) . Type A
characterises typically gun shot types of impulses, while type B is the one most often found in
industry (e.g., punch pressimpulses). Thecharacteristicsof theseimpul sesarethe peak pressure
value, the rise time and the duration (as defined in Figure 1.10) of the peak.

(a g

Figure1.10. Idealised wavefor msof impulse noises. Peak level = pressuredifference AB;
rise time = time difference AB; A duration = time difference AC; B duration = time
difference AD ( + EF when areflection is present).

(a) explosive generated noise.

(b) impact generated noise.

152. A-weighted Level

The noise level in dB, measured using the filter specified as the A network (see figure 1.9) is
referred to as the "A-weighted level" and expressed as dB(A). This measure has been widely
used to eval uate occupational exposure because of itsgood correl ation with hearing damage even
though the "C" weighting better describes the loudness of industrial noise.
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1.5.3. Equivalent Continuous Sound Level (see1SO 1999)

Very oftenindustrial noisefluctuates. Thiscanbeeasily observed astheoscillationsinthevisual
display of a sound level meter in a noisy environment. The equivalent continuous sound level
(Ls,) isthe steady sound pressure level which, over a given period of time, has the same total
energy as the actual fluctuating noise. The A-weighted equivalent continuous sound level is
denoted L, If thelevel is normalised to an 8-hour workday, it is denoted L g, I itisover
atime period of T hours, then it is denoted L, 1, and is defined as follows:

T 1)) 2
Loagr = 10Ioglo[ % f[ pg()] "
0 0

(28)

where p,(t) is the time varying A-weighted sound pressure and p, is the reference pressure
(20uPa). A similar expression can beused to defineL ., 1, the equivalent continuous C-weighted
level.

The preferred method of measurement isto use an integrating sound level meter averaging
over the entire time interval, but sometimes it is convenient to split the time interval into a
number (M) of sub-intervals, T;, for which values of L, ; are measured. Inthiscase, Ly, is
determined using,

M
LAeq,T = 1O|Og10[ %Zl Ti X 1O(LAeq,Ti)/10] 4B (29)
i=

1.5.4. A-weighted Sound Exposure

Sound exposure may be quantified using the A-weighted sound exposure, E, ;, defined as the
time integral of the sguared, instantaneous A-weighted sound pressure, pﬁ(t) (pad) over a

particular time period, T = t, - t; (hours). The units are pascal-squared-hours (Pa?.h) and the
defining equation is,

t2
Exr = [Pal) (30)
tl

The relationship between the A-weighted sound exposure and the A-weighted equivalent
continuous sound level, L, 1, IS

E,; - 4Tx 10 beqr ~ 100)/10

(3D)

A noise exposure level normalised to anominal 8-hour working day may be cal culated from
Engn USING

E
L - 10log, | — 280 _ 32
Aeq,8h 10( 32x10° (32)

1.5.5. Noise Rating Systems

These are curves which were often used in the past to assess steady industrial or community
noise. They are currently used in some cases by machinery manufacturersto specify machinery
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noise levels.

The Noise Rating (NR) of any noise characterised in octave band levels may also be
calculated algebraically. More often the family of curvesis used rather than the direct algebraic
calculation. Inthiscase, the octave band spectrum of the noiseis plotted on the family of curves
giveninFigure1.11. TheNR index isthevalue of that curve which liesjust above the spectrum
of the measured noise. For normal levels of background noise, the NR index isequal to thevalue
of the A-weighted sound pressure level in decibels minus 5. This relationship should be used
asaguide only and not as a general rule.

The NR approach actually tries to take into account the difference in frequency weighting
made by the ear, at different intensity levels. NR values are especially useful when specifying
noise in agiven environment for control purposes.

NR curves are similar to the NC (Noise criterion) curves proposed by Beranek (Beranek,
1957). However, theselatter curves are intended primarily for rating air conditioning noise and
have been largely superseded by Balanced Noise Criterion (NCB) curves, Fig. 1.12.

Balanced Noise Criterion Curves are used to specify acceptable noise levels in occupied
spaces. More detailed information on NCB curves may be found in the standard ANSI S12.2-
1995 andintheproposalsfor itsrevision by Schomer (1999). The designation number of an NCB
curveisequal to the Speech Interference Level (SIL) of a noisewith the same octave band levels
asthe NCB curve. The SIL of anoiseisthe arithmetic average of the 500 Hz, 1 kHz, 2 kHz and
4 kHz octave band levels.
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2.1. INTRODUCTION

Hearing is one of the major senses and like vision is important for distant warning and
communication. It can be used to aert, to communicate pleasure and fear. It is a conscious
appreciation of vibration perceived as sound. In order to do this, the appropriate signal must
reach the higher parts of the brain. The function of the ear isto convert physical vibration into
an encoded nervous impulse. It can be thought of as a biological microphone. Like a
microphonethe ear is stimulated by vibration: in the microphonethe vibration istransduced into
an electrical signal, in the ear into a nervous impulse which in turn is then processed by the
central auditory pathways of the brain. The mechanism to achievethisiscomplex. Thischapter
will deal mainly withtheear, first itsstructure and then itsfunction, for it isthe ear that ismainly
at risk from hazardous sounds.

The ears are paired organs, one on each side of the head with the sense organ itself, which
istechnically known as the cochlea, deeply buried within the temporal bones. Part of theear is
concerned with conducting sound to the cochlea, the cochlea is concerned with transducing
vibration. Thetransduction is performed by delicate hair cellswhich, when stimulated, initiate
anervousimpulse. Becausethey areliving, they are bathed in body fluid which provides them
with energy, nutrients and oxygen. Most sound is transmitted by a vibration of air. Vibration
is poorly transmitted at the interface between two media which differ greatly in characteristic
impedance (product of density of the medium and speed of sound within it, pc), asfor example
air and water. The ear has evolved a complex mechanism to overcome this impedance
mis-match, known as the sound conducting mechanism. The sound conducting mechanism is
divided into two parts, an outer and the middle ear, an outer part which catches sound and the
middle ear which is an impedance matching device. Let uslook at these parts in detail (see
Figure2.1).

2.2. SOUND CONDUCTING MECHANISMS
2.2.1. TheOuter Ear

The outer ear transmits sound to the tympanic membrane. The pinna, that part which protrudes
from the side of the skull, made of cartilage covered by skin, collects sound and channelsit into
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the ear canal. The pinnaisangled so that it catches sounds that come from in front more than
those from behind and so is already helpful inlocalizing sound. Because of the relative size of
the head and the wavelength of audible sound, this effect only applies at higher frequencies. In
the middle frequencies the head itself casts a sound shadow and in the lower frequencies phase
of arrival of a sound between the ears helps localize a sound. The ear cana is about 4
centimetres long and consists of an outer and inner part. The outer portion is lined with hairy
skin containing sweat glands and oily sebaceous glands which together form ear wax. Hairs
grow in the outer part of the ear canal and they and the wax serve as a protective barrier and a
disinfectant. Very quickly however, the skin of the ear canal becomes thin and ssimple and is
attached firmly to the bone of the deeper ear canal, a hard cavity which absorbs little sound but
directsit to the drum head (eardrum or tympanic membrane) at its base. The outer layer of the
drumhead itself isformed of skin in continuity with that of the ear canal.
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Figure2.1. Thepinnaand external auditory canal form theouter ear, which isseparated
from themiddleear by thetympanic membrane. Themiddleear housesthreeossicles, the
malleus, incusand stapesand isconnected to theback of the nose by the Eustachian tube.
Together they form the sound conducting mechanism. The inner ear consists of the
cochlea which transduces vibration to a nervous impulse and the vestibular labyrinth
which houses the organ of balance. (from Hallowell and Silver man, 1970)

In life, skin sheds and is continuously renewing. Ear cana skin grows like a fingernail
fromthe depths to the exterior so that the skin is shed into the waxy secretions in the outer part
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and falls out. Thisis the reason for not using cotton buds to clean the ear canal because very
frequently they merely push the shed skin and wax deep into the canal, impacting it and
obstructing hearing. The ear canal has a slight bend where the outer cartilaginous part joinsthe
bony thin skinned inner portion, so that the outer part runs somewhat backwards and the inner
part somewhat forwards. This bend is yet another part of the protective mechanism of the ear,
stopping foreign objects from reaching the tympanic membrane. However it means that to
Inspect the tympanic membrane from the outside, one must pull the ear upwards and backwards.
The tympanic membrane separates the ear canal from the middle ear and is the first part of the
sound transducing mechanism. Shaped somewhat like a loudspeaker cone (which is an ideal
shape for transmitting sound between solidsand air), it isasimple membrane covered by avery
thin layer of skin onthe outside, athin lining membrane of the respiratory epithelium tract onthe
inner surface and with a stiffening fibrous middle layer. The whole membrane is less than a
1/10th of millimetre thick. It covers around opening about 1 centimetre in diameter into the
middleear cavity. Although thetympanic membraneisoften called the ear drum, technically the
whole middle ear space is the ear drum and the tympanic membrane the drum skin.

2.2.2. TheMiddleEar

Themiddleear isan air filled space connected to the back of the nose by along, thin tube called
the Eustachian tube. The middle ear space houses three little bones, the hammer, anvil and
stirrup (malleus, incus and stapes) which conduct sound from the tympanic membrane to the
inner ear. The outer wall of the middle ear is the tympanic membrane, the inner wall is the
cochlea. The upper limit of the middle ear forms the bone beneath the middle [obe of the brain
and the floor of the middle ear coversthe beginning of the great vein that drains blood from the
head, the jugular bulb. At thefront end of the middle ear liesthe opening of the Eustachian tube
and at its posterior end is a passageway to a group of air cells within the temporal bone known
asthemastoid air cells. One can think of the middle ear space shaped rather like afrying pan on
its side with ahandle pointing downwards and forwards (the Eustachian tube) but withaholein
the back wall leading to a piece of spongy bone with many air cells, the mastoid air cells. The
middle ear is an extension of the respiratory air spaces of the nose and the sinuses and is lined
with respiratory membrane, thick near the Eustachian tube and thin asit passesinto the mastoid.
It hasthe ability to secret mucus. The Eustachian tubeisbony asit leavesthe ear but asit nears
the back end of the nose, in the nasopharynx, consists of cartilage and muscle. Contracture of
muscle actively opens the tube and allows the air pressure in the middle ear and the nose to
equalize.

Sound isconducted from thetympanic membraneto theinner ear by threebones, themalleus,
incus and stapes. The malleus is shaped like a club; its handle is embedded in the tympanic
membrane, running from its centre upwards. The head of the club liesin acavity of themiddle
ear above the tympanic membrane (the attic) where it is suspended by aligament from the bone
that forms the covering of the brain. Here the head articulates with the incus which is cone
shaped, with the base of the cone articulating with the head of the malleus, asointheattic. The
incusruns backwards from the malleus and has sticking down from it avery little thin projection
known asits long process which hangs freely in the middle ear. It hasaright angle bend at its
tip which is attached to the stapes(stirrup), the third bone shaped with an arch and afoot plate.
Thefoot plate coversthe oval window, an opening into the vestibule of theinner ear or cochlea,
with which it articulates by the stapedio-vestibular joint.
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2.3. THE SOUND TRANSDUCING MECHANISM

2.3.1. Thelnner Ear

2.3.1.1. Structure

Thebony cochleais so called becauseit is shaped like asnail shell It hastwo and ahalf turnsand
houses the organ of hearing known as the membranous labyrinth surrounded by fluid called the
perilymph. The cochlea has avolume of about 0.2 of amillilitre. In this spacelie up to 30,000
hair cells which transduce vibration into nervous impul ses and about 19,000 nerve fibres which
transmit the signalsto and from the brain. It iseasiest to think of the membranous labyrinth by
imagining the cochlea to be straightened out as a bony tube closed at the apex and open at the
base with the round and oval windows and a connection to the vestibular labyrinth (see Figure
2.2). Itisin continuity with the vestibular labyrinth or organ of balance which intechnical terms
acts as both alinear and angular accelerometer, thus enabling the brain to know the position of
the head in relationship to gravity and its surroundings. The organ of balance will not be dealt
with any further.
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Figure 2.2. The cochlea is a bony tube, filled with perilymph in which floats the
endolymph filled membranouslabyrinth. Thisseparatesthescalavestibuli fromthescala
media. (from Hallowell and Silverman, 1970)

Vibration of thefoot plate of the stapesvibratesthe perilymphinthebony cochlea. Thisfluid
Is essentially incompressible. Therefore, there has to be a counter opening in the labyrinth to
allow fluid space to expand when the stapes foot plate moves inwards and in turn to move
inwards when the stapes foot plate moves outwards. The counter opening is provided by the
round window membranewhich liesbeneath the oval window intheinner wall of themiddieear.
It is covered by afibrous membrane which moves synchronously but in opposite phase with the
foot plate in the oval window.

Themembranouslabyrinthisseparated into three sections, by amembranous sac of triangul ar
cross section which run the length of the cochlea. The two outer sections are the scala vestibuli
which is connected to the oval window, and the scala tympani which is connected to the round
window. The sections are filled with perilymph; they connect at the apex by a small opening
known as the helicotremawhich serves as a pressure equalizing mechanism at frequencies well
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below the audible range. They also connect at the vestibular end with the fluid surrounding the
brain, through asmall channel known asthe perilymphatic agueduct. The membranouslabyrinth,
also known as the cochlear duct, isfilled with different fluid called endolymph. On one side it
Is separated from the scala vestibuli by Reissner's membrane, and on the opposite side from the
scalatympani by the basilar membrane (see Figure 2.3). The basilar membrane is composed of
agreat number of taut, radially parallel fibres sealed between a gelatinous materia of very weak
shear strength. These fibres are resonant at progressively lower frequencies as one progresses
from the basal to the apical ends of the cochlea. Four rows of hair cellslie on top of the basilar
membrane, together with supporting cells. A singleinner row is medial, closest to the central
core of the cochlea. It has an abundant nerve supply carrying messages to the brain. The three
outer rows, which receive mainly an afferent nerve supply, are separated from the inner row by
tunnel cellsforming astiff structure of triangular cross section known asthe tunnel of Corti (see
Figure2.3). Any natural displacement of the cochlear partition resultsin arocking motion of the
tunnel of Corti and consequently alateral displacement of the inner hair cells.
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Figure2.3. A crosssection of oneturn of the cochlea showing details of the membranous
labyrinth. (from Hallowell and Silverman, 1970)

The hair cells derive their name from the presence at their free ends of stereociliawhich are
tiny little stiff hair like structures of the order of a few micrometers long (Figure 2.4). The
stereocilia of the hair cells are arranged in rows in a very narrow cleft called the subtectorial
space formed by the presence above the hair cells of the radially stiff tectorial membrane. The
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ciliaof the outer hair cells are firmly attached to the tectorial membrane while the cilia of the
inner hair cells are either free standing are loosely attached to the tectorial membrane.

In summary then, anatomically, the ear consists of a sound conducting mechanism and a
sound transducing mechanism. The sound conducting mechanism has two parts, the outer ear
consisting of the pinnaand ear canal, and the middle ear consisting of the tympanic membrane.
The middle ear air space is connected to the nose by the Eustachian tube and to the mastoid air
cells housing the ossicular chain, the malleus, stapes and incus. The inner ear, or cochlea,
transduces vibration transmitted to the perilymph viathe ossicular chain into anervous impulse
which is then taken to the brain where it is perceived as sound.

Figure2.4. A surfaceview looking down on the top of the hair cells; note the threerows
of outer hair cellsand theonerow of inner cells.

2.3.1.2. Function

Transduction of vibration intheaudiblerangeto anervousimpul seisperformed by theinner hair
cells; when the basilar membraneis rocked by atravelling wave, the cilia of the inner hair cells
are bent in relation to the body of the cell, ion passages are opened or closed in the body of the
cell and the afferent nerve ending which is attached to the hair cell base is stimulated.

Asmentioned earlier, the basilar membrane responds resonantly to highest frequenciesat the
basal end nearest the oval window and to progressively lower frequencies as one progresses
toward the apical end. At the apical end the basilar membrane responds resonantly to the lowest
frequencies of sound. A disturbance introduced at the oval window is transmitted as a wave
which travels along the basilar membrane with the remarkable property that as each frequency
component of the travelling wave reaches its place of resonance it stops and travels no further.
The cochleais thus aremarkably efficient frequency analyser.

The cochlea has an abundant nerve supply both of fibres taking impul ses from the cochlea
to the brain (afferent pathways) and fibres bringing impulses from the brain to the cochlea
(efferent fibres). When stimulated the inner hair cells trigger afferent nervous impulses to the
brain. Likevirtually al neural-mechanismsthereisan active feedback loop. The copiousnerve
supply totheouter hair cellsisoverwhelmingly efferent, although thefull function of the efferent
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pathways is not yet fully understood. It has been suggested that the purpose of the active
feedback system which has been described is to maintain the lateral displacement of the
stereociliain the sub tectorial space within some acceptable limits.

24. THEPHYSIOLOGY OF HEARING (How doesthis all work?)
2.4.1. TheOuter and Middle Ears

Let us deal first with the sound conducting mechanism. The range of audible sound is
approximately 10 octaves from somewhere between 16 and 32 Hz (cycles per second) to
somewhere between 16,000 and 20,000 Hz. The sensitivity islow at the extremes but becomes
much more sensitive above 128 Hz up to about 4,000 Hz when it again becomes rapidly less
sensitive. The range of maximum sensitivity and audibility diminishes with age.

The head itself acts as anatural barrier between the two ears and thus a sound source at one
sidewill produce amoreintense stimulus of the ear nearest to it and incidentally the sound will
also arrive there sooner, thus helping to provide a mechanism for sound localization based on
intensity and timeof arrival differencesof sound. High frequency hearingis morenecessary than
low frequency hearing for this purpose and thisexplainswhy sound | ocalization becomesdifficult
with ahigh frequency hearing loss. The head in humansislargein comparison to the size of the
pinna so the role of the pinnais less than in some other mammals. Nonetheless, its crinkled
shape catches higher frequency sounds and funnels them into the ear canal. It aso blocks some
higher frequency sound from behind, helping to identify whether the sound comesfrom thefront
or the back.

The ear canal acts as a resonating tube and actually amplifies sounds at between 3000 and
4,000 Hz adding to the sensitivity (and susceptibility to damage) of the ear at these frequencies.

The ear is very sensitive and responds to sounds of very low intensity, to vibrations which
are hardly greater than the natural random movement of molecules of air. To do this the air
pressure on both sides of the tympanic membrane must be equal. Anyone who has their ear
blocked even by the small pressure change of arapid elevator ride knows the truth of this. The
Eustachian tube providesthe meansof the pressure equalization. It doesthisby opening for short
periods, with every 3rd or 4th swallow; if it were open al the time one would hear one's own
every breath.

Becausethelining membrane of the middle ear isarespiratory membrane, it can absorb some
gases, soif the Eustachian tubeis closed for too long it absorbs carbon dioxide and oxygen from
the air in the middle ear, thus producing a negative pressure. This may produce pain (as
experienced if the Eustachian tubeisnot unblocked during descent of an aeroplane). Themiddle
ear cavity itself is quite small and the mastoid air cells act as an air reservoir cushioning the
effectsof pressure change. If negative pressurelaststoo long, fluidis secreted by the middle ear,
producing a conductive hearing loss.

The outer and middle ears serveto amplify thesound signal. The pinnapresentsafairly large
surface area and funnels sound to the smaller tympanic membrane; in turn the surface of the
tympanic membraneisitself much larger than that of the stapesfoot plate, so thereisahydraulic
amplification: asmall movement over alarge areaisconverted to alarger movement of asmaller
area. Inaddition, the ossicular chainisasystem of leverswhich serveto amplify thesound. The
outer and middle ears amplify sound on its passage from the exterior to the inner ear by about
30 dB.



60 Anatomy and physiology of the ear and hearing
24.2. Thelnner Ear

The function of the inner ear is to transduce vibration into nervous impulses. While doing so,
it also produces a frequency (or pitch) and intensity (or loudness) analysis of the sound. Nerve
fibrescan fireat arate of just under 200 times per second. Sound level information is conveyed
to the brain by the rate of nerve firing, for example, by a group of nerves each firing at arate at
less than 200 pulses per second. They can also fire in locked phase with acoustic signals up to
about 5 kHz. At frequencies below 5 kHz, groups of nerve fibres firing in lock phase with an
acoustic signal convey information about frequency to the brain. Above about 5 kHz frequency
information conveyed to the brain is based upon the place of stimulation on the basilar
membrane. As an aside, music translated up into the frequency range above 5 kHz does not
sound musical.

As mentioned above each place along the length of the basilar membrane has its own
characteristic frequency, with the highest frequency response at the basal end and lowest
frequency response at the apical end. Also any sound introduced at the oval window by motion
of the stapes is transmitted along the basilar membrane as a travelling wave until al of its
frequency components reach their respective places of resonance where they stop and travel no
further. For example, a 1 kHz tone induces resonance at about the middle of the basilar
membrane. Any frequency components|lower than 1 kHz must travel more than half the length
of thebasilar membrane, whereashigh frequency components, greater than 1 kHz must travel less
than half the length of the basilar membrane. Evidently the brain must suppress high frequency
information in favour of low frequency information as the travelling wave on the basilar
membrane passes through places of high frequency resonant response. An explanation is thus
provided for the observation that low frequency sounds, for example traffic noise, are very
effective in masking high frequency sounds, for example the fricatives of speech, making
telephones near busy streets difficult to use.

How does the brain cope with intensity? The physiological range of intensity of the normal
ear ishuge. Asamatter of interest it is the same as that of the eye when the responses of the
cones and rods are considered together; thus the visual analogue is appropriate. Itisaswide as
seeing acandleflicker on adark night at a hundred metersto looking indirectly into abright sun.
Therangeis so gresat that only the logarithmic response characteristic of variable rate processes
and thus favoured by anatomical systems, is capable of encompassing it. The normal range of
human hearing is from 0 to 100 dB(A), before sound becomes uncomfortably loud.

Mounted on the basilar membrane close to the end nearest the central core of the cochleaare
asingle row of inner hair cells followed by three rows of outer hair cells which are separated
fromthesinglerow of inner hair cellsby astiff structure of triangular cross section known asthe
tunnel of Corti. Any natural displacement of the cochlear partition results in arocking motion
of the tunnel of Corti and consequently a lateral displacement of theinner hair cells.

The ear has evolved a very intriguing mechanism to cope with the large range in sound
intensity encountered in the environment. Only the inner hair cells initiate nervous impul ses
which are heard as sound. They are not particularly sensitive but they are rugged and they are
placed at theinner edge of the basilar membranewhichisrelatively immobile. The point where
the basilar membrane vibrates most is about its middle so that the inner hair cells are spared the
most violent vibration of very intense sound. The question then arises, how do the inner hair
cellsrespond to slight or moderate amounts of stimulation? Herethe outer hair cellsplay amajor
role. When they are stimulated by the travelling wave they respond actively and physically
contract. They havemuscle proteinsintheir wall and literally shorten. Becausethey are attached
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both to the Reissner's membrane and the basilar membrane, this produces an additiona shear
movement of the membranous labyrinth, which amplifies the travelling wave at the point of
maximal stimulation. Thisamplified movement istransmitted to theinner hair cellswhich then
respond. If the amount of movement of the basilar membraneis slight, the amount of outer hair
cell contracture adds significantly to the basilar cell movement; if the amount of movement is
largethe contracture adds nothing to the already great displacement of the membranous|abyrinth.

If the outer hair cells are damaged they no longer contract in response to slight sounds and
the inner hair cells are not stimulated. This produces ahearing loss for low intensity sound. If
the sound is moreintense, the inner hair cells are stimulated directly and they respond normally
so that the ability to hear louder sounds remain unimpaired. Thisis a common phenomenon
known asloudnessrecruitment. Theinner hair cellsare much "tougher" than outer hair cellsand
much less likely to be damaged by ageing, noise or most ototoxic drugs, so ageing, noise and
ototoxic drugs usually only produce hearing loss but not deafness. It was noted earlier that the
ear ismost sensitive to sounds between approximately 3000 and 4000 Hz, in part because of the
amplifying mechanism of the ear canal. Thus, the most intense stimulus is produced at these
frequencies and the outer hair cells which respond to these frequencies are most at risk from
damage. Prolonged exposure to loud sounds damages these hair cells and thus explains the
hearing loss from noise which occursfirst at 3 to 4 kHz.

2.5. CENTRAL AUDITORY PROCESSING

The nervous impulses are carried along the 8th (statico-acoustic nerve) from the cochleato the
brain stem. Here the nerve fibres reach nuclei where they relay with other nerve fibres. The
fibresfrom each auditory nerve split, some passing to one side of the brain, others remaining on
thesameside. Thus, asauditory stimuli pass up each side of the brain from both ears, unilateral
hearing loss cannot be caused by abrainlesion. Thefibrespassup thehind braintothemid brain
and the cerebral cortex. There are many central functions, some of which will be examined but
most of which lie outside the scope of this chapter.

2.5.1. TheAbility to Block Out Unwanted Sounds.

In acrowded noisy room ayoung person with normal hearing can tune in and out conversations
at will. Thisis known technically as the cocktail party effect. The brain quite automatically
adjuststime of arrival and intensity differences of sound from different signal sources so that the
one which is wanted passes to the cortex and al others which do not meet these criteria are
suppressed by feedback loops. This requires both good high frequency peripheral hearing, two
ears and an additional central mechanism. Even in the presence of normal bilateral peripheral
hearing, the elderly lose part of the central mechanism and find it difficult to listen in crowded
rooms. Thisiscompounded if there is some hearing loss.

2.5.2. Spatial Localization.

A normal human can localize quite accurately the source of the sound. One knows from what
direction the sound is coming; one knows where to turn one's head to look for a speaker; as one
knowswhereto look for an aeroplaneor abird. Thereare specific neuroneswhich deal with this
in the mid brain.
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2.5.3. On and Off Sounds

Hearing has an alerting function especially to warning signals of al kinds. Therearebrain cells
which respond only to the onset of a sound and others which respond only to the switching off
of the sound, i.e. achange. Think only of being in an air conditioned room when the air
conditioner turns on, one noticesit. After awhileit blendsinto the background and isignored.
When it switches off, again one notices it for a short time and then too the absence of sound
blendsinto the background. These cellsallow the ear to respond to acoustic change - one adjusts
to constant sound - change is immediately noticeable. This is true too with machinery and a
trained ear notices change.

2.5.4. Interaction of Sound Stimuli with Other Parts of the Brain

Sound stimuli produceinteraction with other parts of the brain to provide appropriate responses.

Thus, a warning signal will produce an immediate genera reaction leading to escape, a
quickening of the heart rate, atensing of the muscle and areadinessto move. A baby's cry will
alert the mother in away it does not alert others. The sound of martial music may lead to bracing
movement of those to whom it is being played and induce fear and cowering in the hearts and
minds of those at whom it isbeing played. Certain soundscan evoke anger, otherspleasure. The
point is that the sensations produced by hearing are blended into the body mechanism in the
central nervous system to make them part of the whole milieu in which we live.
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Things can go wrong with al parts of the ear, the outer, the middle and the inner. In the
following sections, the various parts of the ear will be dealt with systematically.

3.1. THE PINNA OR AURICLE

The pinna can be traumatized, either from direct blows or by extremes of temperature. A hard
blow on the ear may produce a haemorrhage between the cartilage and its overlying membrane
producing what isknown asacauliflower ear. Immediatetreatment by drainage of theblood clot
produces good cosmetic results. The pinna too may be the subject of frosthite, a particular
problem for workers in extreme climates as for example in the natural resource industries or
mining in the Arctic or sub-Arctic in winter. The ears should be kept covered in cold weather.
The management of frostbite is beyond thistext but awarning sign, numbness of the ear, should
alert one to warm and cover the ear.

3.2. THE EXTERNAL CANAL
3.2.1. External Otitis

The ear canal is subject to all afflictions of skin, one of the most common of which isinfection.
The skin is delicate, readily abraded and thus easily inflamed. This may happen when in hot
humid conditions, particularly when swimming in infected water producing what is known as
swimmer's ear. The infection can be bacterial or fungal, a particular risk in warm, damp
conditions.

The use of ear muffs particularly in hot weather may produce hot, very humid conditionsin
the ear canal leaving it susceptible to infection, and similarly insertion and removal of ear plugs
may produceinflammation. Althoughthisissurprisingly rare; it doesoccur particularly inthose
working with toxic chemicals. These people should take care to wash their hands before
inserting or removing ear plugs or preferably use ear muffs. The soft seal of a muff should be
kept clean and if reusable plugs are used, they should aso be regularly washed. Inflamed or
infected ear canals should be treated by a physician.
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3.2.2. Obstructing Wax.

One of the more common conditions found is obstruction of the ear canal by a mass of wax.
Wax is amixture of dead skin, oily secretions and sweat and it has varying consistencies from
soft to almost rock hard. It normally is extruded on its own but if it is not, it needs careful
removal. Contrary to popular belief, wax is not soluble in oil but does disintegrate in water.
Gently flushing the ear with water, asfor examplein ashower, goesalong way towards clearing
the ear of wax, or softening it for a physician or nurse to remove. Methods for removal of wax
are beyond the scope of this document.

3.2.3. Exostosis

Sometimesthere are bony narrowings of the ear canal known as exostoses which are often found
in peoplewho have swum agreat deal in cold water. They sometimes|ook like white pearlsand
are frequently mistaken for cysts. Their only importance is that they may obstruct the view of
the tympanic membrane and may be mistaken for pathology. For fuller details of diseases of the
pinna and external auditory canal, the reader should consult standard texts or atlases such as
Hawke et a (1990).

3.3. THETYMPANIC MEMBRANE

Perforations of the tympanic membrane may occur asaresult of disease or trauma. They usually
occur inthe parstensa and may be central or marginal. A central perforation is one which does
not reach the edge (annulus) and is usually harmless; a marginal perforation on the other hand
which reaches the edge of the membrane and is congruent with the ear canal. This allows the
skin of the ear canal to grow into the middle ear space where it desquamates without the debris
being able to fall out and may lead to severe disease. Attic perforations are considered as
dangerousasmarginal perforations. These matterswill be dealt with further under the pathol ogy
of the tympanic membrane and middle ear.

Traumatic perforations of the tympanic membrane are not infrequent and may occur as a
result of aforeign body being pushed through the membrane, as for example a pencil, hair clip
or cotton applicator. Industrially, sparksfromwelding or brazing may fall into the ear canal and
burn a hole in the membrane and finally, intense explosion, such as nearby shells or bombs,
particularly in a confined space or accidental exposure to mining and quarrying blasts may
perforate the membrane. If the explosion is severe enough , there may be disruption of the
ossicular chain, and even asensory neural hearinglossaswell (seefor example, Cudennec, 1986;
Borchgrevink, 1991). Traumatic perforation of al typesusually heal ontheir own; if they do not,
surgical grafting may be necessary.

Wormald and Browning (1996), give an excellent, smple, logical, well illustrated guide to
diseases of the tympanic membrane and middle ear.

3.4. THE MIDDLE EAR
3.4.1. AcuteOtitisMedia

The most common causes of disease of the middle ear are respiratory infections producing acute
or chronic otitis media. The middle ear, being part of the respiratory tract, is subjected to the
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same infections as the nose and sinuses and is frequently involved when they become inflamed.
Themost common is acute otitis media, inflammation of thelining membrane of the middle ear,
including thetympanic membrane. If theinfectionissevere, themiddleear lining, including the
tympanic membrane, swells. Thisproducesintense pain and if the swelling istoo great then the
blood vessels in the ear drum are compressed, local tissue necrosis and the ear drum bursts,
letting out pus and relieving the pain. Usually the hole is small and heals quite quickly. Itis
customary to prescribe an antibiotic although it should be said that about 80%of all acute otitis
media resolve spontaneously without treatment.

3.4.2. Chronic Serous OtitisMedia

Otitis media with effusion, OME, is probably the most common form of sub-acute ear disease
found inthe developed world. It occursfollowing otitismedia, whenthefluid inthe ear, formed
by the infection, does not drain spontaneously. Thetympanic membraneisintact but the middle
ear isfluid filled. Thisputsit at risk for further infection and certainly worsens hearing by about
30dB. Thisismost frequently found in children and can interfere with language acquisition and
learning.

3.4.3. Chronic OtitisMedia

Sometimes the infection does not settle down and a chronic perforation occurs. This may
produce a conductive hearing loss because there is not enough area of the tympanic membrane
to catch sound. Thistype of perforation is usually central, and the middle ear lining becomes
thickened and chronically inflamed. The ear is at risk for further acute infections, particularly
if dirty water entersthe ear. The hearing is also reduced, with a conductive loss of about 20 to
50dB. The perforation usually happensin childhood and is often associated with amalfunction
of the Eustachian tube.

3.4.4. Chronic Otitis Mediawith Cholesteatoma

In the presence of marginal perforations skin from the ear canal can migrate into the middle ear
and space and into the attic surrounding the ossicles and into the mastoid. This skin shedsits
surface cellswhich remaininthemiddle ear space, looking likewhitepearly material. If thisgets
wet or infected it swells and can produce a great deal of damage in the ear and surrounding
structures such asthe brain and the facial nerve, the nerve that supplies the muscles of the face,
because it runs through the ear. Its diagnosis and management are outside the scope of this
document.

3.5. INDUSTRIALLY RELATED PROBLEMS OF THE EXTERNAL AND MIDDLE
EAR

3.5.1. Trauma
3.5.1.1. Direct blows

Blows to the pinna may produce haematoma described previously. Wearing of dirty ear plugs
may produce external otitis. Insertion and removal of ear plugs with dirty hands may produce
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contact dermatitis of the ear canals. Hard blowsto the side of the head may produce perforation
of the tympanic membrane, which usually heals spontaneously. All have been described above.

Severe blows to the head may fracture the temporal bone and dislocate and fracture the
ossicular chain. This may produce a significant amount of conductive hearing loss although it
is usually accompanied also by a sensori-neural 10ss.

3.5.1.2. Foreign bodies

These may fall into the ear as for example sparks when welding and hot objects may hit the
tympanic membrane burning holesinit. These are difficult to close permanently by operation.
The writer has seen unfortunate individuals who have fallen into vats containing chemicals,
producing chemical external otitisor in whom hot liquids which they had been carrying on their
shoulder have spilled into the ear, burning the ear (Frenkiel and Alberti, 1977). The tympanic
membrane may also be directly perforated by sharp object stabsin the ear, or by explosions as
already described.

3.5.1.3. Barotrauma

Diversare subject to middle ear haemorrhage and blockage if they cannot clear their earswhen
descending or ascending. If thisoccurs, aphysicians opinion should be sought. Care should be
taken not to dive with a cold, for this reduces Eustachian tube function and thereby the ability
to equalize middle ear pressure.

3.6. THE INNER EAR

At birththeinner ear isfully developed. The cochleaisadult sized and hasitstotal complement
of hair cells, supporting cells and nerve fibres. The tissues respond like those elsewherein the
body to trauma and infection by producing an inflammatory response. However, unlike most
other tissuein the body, if the damageis severe enough to destroy amammalian hair cell or nerve
fibre, it does not regenerate. Oneisbornwith thefull complement of hair cellsand nervefibres.
Through life they are gradually diminished as a result of a variety of processes including
infection, trauma and ageing. By contrast, avian auditory hair cells retain the capacity to
regenerate if destroyed by, for example, acoustic trauma; there is much research worldwide to
elucidate the mechanism in the hope that it may be applied to the mammalian ear.

3.6.1. Infection

Certain vira infections have a predilection for the ear and wreak havoc with its structure.
Pregnant women may contract Rubella (German Measles) and the virus may destroy the
developing cochlealeading to a child born deaf, as part of the rubella syndrome. In post-natal
life both measles and particularly mumps may infect the inner ear destroying the cochlea,
producing total deafnessin that ear. This is usually unilateral and aimost always happens in
childhood. It can be completely prevented by appropriate vaccination. It may occur in as many
asonein ahundred children who develop mumps, leaving them with a unilateral hearing loss.
If this occurs early it may produce noticeable symptoms, often only being discovered in later in
life when the telephone isfirst used and held to the deaf ear.
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3.6.2. Bacterial Infections

Meningitis commonly affects the inner ear because the perilymph, the fluid surrounding the
membranous|abyrinthisin direct continuity with the cerebral spinal fluid. Meningitis produces
an acute inflammatory response of the meninges (the membrane surrounding the brain)and may
also produce a similar response in the cochlea destroying it completely. Of those who survive
meningitis up to five percent may be deaf (Fortnum and Davis, 1993). Thistoo can usualy be
prevented by a vaccination. It has become a magjor problem in the central African and West
Asian countries which form part of the meningitis belt (Moore and Broome, 1994).

3.6.3. Immunological Diseases

The inner ear is subject to certain diseases, one of the most common of which is Meniere's
disease or syndrome. The disease is characterized by episodes of loss of hearing, a sense of
fullnessin the ear, ringing, nauseaand vomiting. To beginwith, the hearing lossistransient but
ultimately it becomes permanent. The dizziness lasts for two or three hours at atime and the
whol e epi sode with repeated attacks may last for amonth or six weeksonly to recur again severa
months later. The pathophysiology is almost certainly an immune reaction. This givesrise to
an inflammatory response producing too much fluid within the membranous labyrinth which
distendsand ultimately may rupture. When thereisinter-mingling of endolymph and perilymph,
hearing loss occurs. If the ruptured membrane heals, the hearing may recover. In time fifteen
percent of patients develop the disease in both ears. After many years it ultimately burns out.
It rarely leaves the person deaf but it does produce a severe hearing loss. For further details see
standard texts or monographs such as Nadol (1989) or Oosterveld (1983).

3.6.4. Sudden Hearing L oss

A sudden inner ear hearing loss, defined as aloss which developsin amatter of secondsto two
or threedays, isquite common. The person will often notice an increased buzzing in the ear and
alossof hearing and associated with adistortion of sounds. Treatment varieswidely throughout
the world, ranging from nil to aggressivein hospital management with avariety of medications.
The results seem to be similar: more than one-third recover completely, one-third recover
somewhat and one-third do not recover. It may be associated with an episode of acute vertigo.
The cause of this type of loss is unknown although it is sometimes attributed to excessive
pressure change as for example hard nose blowing which may rupture Reissner's membrane or
the round window membrane. Thisis probably conjecture.

For more information about diseases of the inner ear, the reader should consult the standard
textbook of Otology in usein their country.

3.6.5. Tinnitus

Ringing in the earsis an extremely common phenomenon found at some time or another in up
to one-third of the adult population; twelve percent haveit sufficiently severely for them to seek
amedical opinion about it. The noisesin the ear are of many types, ranging from hearing one's
own pulse to buzzes, clanging, clicking, whistling, humming and ringing of which the most
common typesare buzzing and ringing. Usually tinnitus cannot be heard by the outside observer
and isknown as subjectivetinnitus. Itisirritating but usually harmless. Peoplewithtinnitusare
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oftenworried that it isaprecursor of some serious disorder such as stroke, hypertension or brain
tumour. The prevalence of tinnitusin these conditionsis no greater than the population at large,
so they can be reassured. It is more common in the presence of hearing loss and may be
precipitated by an acute traumatic episode such as an explosion or a head injury. Transient
tinnitusis afairly common finding in response to loud sound, often occurring in those who go
toanoisy disco. Itisalsoacommon finding in occupational hearing loss, found somewhat more
frequently in those exposed to impact than to steady state noise. It should be considered as a
warning of excessive sound exposure and appropriate precautions taken.

Occasionally the noises may be heard by another person in which case they are known as
objectivetinnitus. Thisis caused either by avascular malformation in which case the sound is
apulsatile one which may be heard by an outside observer through a stethoscope applied to the
head or it is due to muscleclonus, usually of the palatein which casethereisan audible clicking
sound. For further reading about tinnitus in general, the reader is referred to conference
proceedings edited by Feldmann (1987) and by Aran and Dauman(1991).

3.7. OCCUPATIONAL CAUSESOF INNER EAR HEARING LOSS
3.7.1. Noise

Excessive exposure to noiseis probably the most common cause of preventable hearing losson

a global basis. In general terms, prolonged exposure to sound in excess of 85 dB(A) is
potentially hazardous although the important factor is the total amount of sound exposurei.e.,
both the level and length of exposure are important and the two interrelate (see for example
Robinson, 1987, Dobie, 1993). Chapter 4 in this document deals with safe levels of sound
exposure both in terms of loudness and duration. Here we will deal with the damage that
excessive sound may cause to the inner ear. After exposure to atypical hazardous industrial
sound, perhapsinthe low nineties (dB(A)) for an 8-hour work day, the ear fatigues and devel ops
a temporary threshold shift (TTS). The hair cells become exhausted from the excessive
metabolic stress placed upon them and hearing becomeslessacute. Thisisusually transient and
after appropriaterest, recovery ensues. Workersnoticethiswiththeir car radios. whenthey leave
work they turn the volume up and by the next morning theradioistoo loud; those going to discos
cannot hear while they are in the disco and cannot hear when they come out but by the next
morning their ears too have recovered.

The pathophysiology of noise damage to the ear has been extensively studied in man and
animals and much isnow known of the mechanism whereby excessive sound exposure damages
the ear. Low levels of damaging sound exposure produces TTS, as described in the preceding
paragraph. If TTS occurs day after day, the recovery becomes less complete and a permanent
threshold shift (PTS) occurs because with persistent exposure to such sounds some hair cellsdo
not recover. First to fail permanently are the outer hair cells (OHCs) in the basilar part of the
cochlea, in the area which responds to 4 kHz and the adjacent areas of 3 and 6 kHz. Thisis
wherethe ear ismost sensitive, in part because of the harmonic amplification of the ear canal and
in part because of an absolute sensitivity. Once hair cells degenerate they do not recover and a
permanent hearing loss develops. Classically therefore, following noise exposure, hearing loss
is shown as an audiometric notch, usually maximal at 4 kHz but may also be based anywhere
between 3 and 6 kHz. With higher noise exposure for longer periods, the loss extends into
adjacent frequencies. If the sound is sufficiently intense, it produces a much more severe TTS
which may go onto amorerapidly produced PTS. Thereisacritical point where moderate TTS



Pathophysiology of the ear 69

changes to longer term TTS which correlates well with anatomical damage to the OHCs, a
process of damage and scarring or repair. Thethreshold for TTSis somewhere between 78 and
85 dB and the point whereit changesfrom mid-term to long-termisabout 140 dB. The spectrum
of the sound and the length of exposure are critical.

Cilia of the OHCs are attached to each other near their tip by linking filaments and each
cilium has alittle rootlet which passes through the ciliary plate (see Figure 3.1).

If the mechanical disturbance produced by sound is sufficient to fracture the rootlet, or to

Figure3.1. (@) Surfaceof the normal organ of Corti, guinea-pig, X 1100.
(b) Close up view of the stereocilia of OHC, X 11000 (from Gao et al, with
permission).

disturb the linkages, which frequently are concurrent, theresult isafloppy cilium. These either
partially recover or are totally destroyed and replaced by phalangeal scarring. By contrast,
moderate sound excursion produces much less (and temporary) distortion of the ciliaand they
recover (see Figure 3.2).

Noise characteristically damages the OHCs of the basilar turn. If sound isintense enough,
thereisphysical disruption of the cochleaand other structures may al so be damaged, such asthe
stria vascularis and the supporting cells. Some time after hair cell death there is also neural
degeneration of thefirst order neurones. Very intense sound has been shown to produce damage
to the vestibular epithelium of guinea-pigs but has not been convincingly demonstrated in man.
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Figure 3.2(a). Changesin
stereocilia, guinea pig, (X 1700) 1
after 30 minutes exposure at 110 '
dB. Notedlight bending and
separation at thetips of the
stereocilia. Theear had a25-30

dBTTS.

Figure 3.2(c). Changesin
stereocilia, guinea pig, (X 1700)
of the 110 dB group eighty days
after exposure. Thehearingwas
normal and so wasthe

appear ance of the stereocilia
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Figure 3.2(b). Changesin
stereocilia, guinea pig, (X 1700)
after 30 minutes exposure at 120
dB. Note complete collapse at
the bases of stereocilia. The ear
showed a45t050dB TTS.

Figure 3.2(d). Changesin
stereocilia (X 1700) in the apical
surface of the organ of Corti,
guinea pig, of the 120 dB group
eighty days after exposure. The
surface isdevoid of both
stereocilia and hair cells. (from
Gao et al, with permission).
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3.7.1.1. Tuning curves

Each auditory nervefibreismost responsiveto aspecific frequency, but astheintensity of sound
increases it becomes progressively sensitive to adjacent frequencies. With OHC loss (as occurs
in NIHL), the most sensitive fine tuned part of the response disappears and the nerve fibres
respond at an elevated threshold to a broader band of frequencies. It is generally assumed that
the sharp tuning of these curves at low intensity is due to active mechanisms in the OHCs and
associated efferent nerve pathways. Their lossmay be correl ated with theclinical finding of poor
sound discrimination, acommon complaint in NIHL.

3.7.1.2. Toughening

There is some evidence that prior exposure to none damaging levels of low frequency noise
protects the cochlea from damage by subsequent high intensity sound. The mechanism and
importance of this phenomenon are not clear (Henderson et al, 1993; Henselman et al, 1994).

Permanent hearing loss from exposure to hazardous noise may happen quite early and an
audiometric notch may be noticeable within six months or ayear of starting ajob in ahazardous
level of sound. The international table of risk (1ISO 1999E) gives these predictions. Thereisa
great variation in the susceptibility of the ear to the effect of sound al so evident inwell controlled
animal experiments - some people have tough ears and some have tender ears

There are military small arms instructors who over a lifetime have fired hundreds of
thousands of rounds and who have little or no hearing loss at the end of it; there arerecruitswho
after one day on the range develop a permanent notch. The international table takes this into
account. Itis, therefore, very difficult to state with certainty what a safe level of sound may be;
alevel whichis safe for 85% of the population may leave 15% at risk and alevel whichis safe
for the total population is so low that it is impractical to implement. In any event, with
continuing hazardous sound exposure, the hearing continuesto worsen although the greatest |oss
occursin thefirst ten years and thereafter the rate slows.

How to determine susceptibility to noise exposure before the event is elusive. Attemptsto
correlate TTS after one day's exposure to long term loss have repeatedly failed. TTSat theend
of awork shift doesmark the upper bound of the PTS produced by the same sound exposure after
ten years. However the PTS may be much less. A promising (and fashionable) test is based on
changes in oto-acoustic emissions; some investigators have suggested that there is a reduction
in these emissions before achangeis evident in the pure tone threshold, giving an early warning
of incipient damage.

3.7.2. Asymmetric Hearing L 0ss

Usually if both ears are exposed to the same level of sound, the hearing lossissymmetrical. The
left ear may be a little worse because, in general terms, the hearing in the left ear of malesis
dlightly worse than the right by about 4 dB at 4 kHz (Pirilaet al, 1991). However, causes for
greater asymmetry should be sought. These may be industrial and non-industrial.

Not all industrial noise exposure is equal in both ears. Usually sound level measurements
in industry are made at the work site, they are not taken at the worker's head.
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There are many processes where the sound is more intense at one side of the head than the
other and indeed the head may produce a sound shadow. A classic exampleisriflefiring where
the left ear which is nearest the muzzle in aright-handed person, is exposed to more sound than
the right ear, which is protected by the head shadow and the result is a notched hearing lossin
the left ear. Use of hard rock drills in mining produces a similar affect and so may the use of
heavy electric drillsinto concrete where there can be up to 8 dB difference in the sound pressure
level between the ears which may trandate into different hearing losses of thetwo ears. Thisis
also acommon finding in agricultural workers, particularly tractor drivers (especially if thereis
no cab), who sit with their head turned watching what they are pulling with the leading ear
exposed to the exhaust at the front of the equipment. Much further study isrequired of the noise
exposure at the ear as opposed to sound pressure levels at the work site.

3.7.3. Social Noise Exposure

Socia noise exposure is aso a significant source of acoustic trauma, both from recreational
pursuits (Clark, 1991) and from the noise envel oping the cities of the developing world. There
aregood studies of city sound levelsin Asian cities showing sound level s sustained at hazardous
levelsfor many hours of the day(e.g., Bosan, 1995; Chakrabarty, 1997). Exposureto city sound
levels may interact with industrial noise exposure and it may be difficult to decide how much of
ahearing loss is due to workplace hazards and how much due to recreational or environmental
sounds. The factorswhich areimportant vary by community. Further discussion is beyond the
scope of this chapter.

3.7.4. Progression of Hearing L oss

It has already been mentioned that with prolonged exposure to the same noise, hearing loss
continues to worsen. The international standard, 1SO 1999, allows one to predict how much
hearing |oss may be expected for agiven noise exposurefor varying periods of time. For agiven
hazardous sound level, the maximal effect is in the first few years, athough there is a slow,
continuing progression of hearing loss thereafter as long as the noise exposure continues.
However, at the same time, al people are subject to the hearing loss of ageing, known as
presbyacusis, in which thereisagradual loss of hearing in later years caused in part by hair cell
degeneration. Individual variation is great: some people maintain good hearing into old age,
others do not (Corso, 1980; Macrea, 1991; Robinson, 1991; Rosenhall, 1990). Tablesexist to
predict the amount and range of presbyacusis, and they are also incorporated into the noise
standard, 1S01999.

The interaction between noise exposure and presbyacusis as causes of hearing loss are
important and complex. Arethetwo additive, or isan ageing ear more or less susceptibleto the
affects of hazardous noise? It seemsthat in the earlier years they are additive, but thereafter as
the exposure continues and the subject ages, the hearing loss is less than would be expected by
simply adding the predicted loss from noise in dB to that predicted from ageing in dB. Many
formul ae have been devised to attempt to separate the aff ects of noisefrom ageing (Dobie, 1992;
Robinson, 1987, Bies and Hansen, 1990).

The question is often asked whether hearing loss from noise continues after removal from
the noise source. It is overwhelmingly accepted, although not universally, that this does not
occur and that any worsening that happens in the months and years after quitting working in a
noisy place is due to other causes, almost always presbyacusis.
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3.7.5. Trauma

The inner ear can be damaged by direct head injury or by blasts such as explosions, or pressure
changes.

3.75.1. Head injuries

Head injuries, even those that do not produce unconsciousness, can produce disruption of the
cochleawith asensory-neural hearingloss. Thisisnot necessarily notched aswith noise but may
be flat. More severe head injury can produce a fracture of the temporal bone leading to
disruption of the middle ear, as well as well as to traumato or a fracture through the cochlea
itself, and thusaconductive lossaswell asasensory neural |oss; thelatter destroying the hearing
totally.

3.7.5.2. Explosions

Blast injuries, i.e. ones where the sound levels exceed those normally found in industry, can
produce physical disruption to the cochlea. Any sound loud enough to produce more than a 40
dB temporary threshold shift islikely to produce permanent traumato the cochlea. The cochlea,
likeall other tissue in the body, respondsto traumawith an inflammatory reaction and cells may
be repaired, in which case some recovery of hearing takes place or the cells may be so badly
damaged that they degenerate and are absorbed, producing hearing loss. In general terms, if the
trauma is loud enough to snap the cilia, the cells will not recover (see above). This type of
damage occurs with blasting accidents in mining, gas explosions and in the military
(Borchgrevink, 1991; Cudennec et al., 1986; Phillips & Zajtchuk, 1989; Roberto et al., 1989).

3.7.5.3. Baro-trauma

Extreme pressure changes can cause temporary and permanent damage to the ear. The changes
associated with flying are the best known, such as pain on ascent and particularly on descent,
caused by inadequate function of the Eustachian tube, the small passage which connects the
middle ear to the nose. Most readers will be familiar with a stuffy sensation in the ears when
riding a high speed elevator in atall building. Similar problems occur with industrial elevators
in mines, where workers may descend several hundreds of metres at high speed to reach the
active mining site. Ear pressure equalization problems are a common complaint amongst
workers in the deeper gold and nickel mines.

The greatest hazard to the ear related to pressure comes from working in higher than normal
atmospheric pressure such as in some tunnelling operations and in diving. When a person is
exposed to higher than normal pressures the blood gasses equilibrate with the surrounding gas
and greater amounts are absorbed into the body. If the ambient pressure suddenly returns to
normal, the gas dissolved in the body tissues comes out of solution, and particularly nitrogen,
formsbubblesin body tissues. Theseare painful and may produce damage by preventing oxygen
reaching the tissues. The condition isknown as“The Bends’ and can affect the ear, producing
permanent damage to the cochlea, and with it, varying degrees of hearing loss (Al-Masri et d,
1993; Molvaer et a, 1990; Talmi et al, 1991).

It isalso suggested that exposure to high noise levelswhile exposed to high pressure may be
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more hazardous to the hearing than the same noise at ambient pressure.
3.7.6. Complex Interactions

It is becoming clear that noise is not the only industrial hazard to hearing; exposure to certain
chemicals such as toluene and trichlorethylene can produce hearing loss (Boettcher et al, 1992;
Frankset al, 1996); ascaninteraction with certain medicines (Aran et al, 1992). Moreimportant,
the interaction between noise and the chemicals may produce more hearing loss than expected;
i.e., they act synergistically (Johnson et al, 1995; Morataet a, 1995). The sameistrue of those
subject to vibration induced white hand, asmay occur intheforestry industry; they develop more
hearing loss from the same exposure than fellow workers whose hands do not turn white (Iki
1996).
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4.1. GENERAL CONSIDERATIONS

Airborne sound can be described as propagating fluctuationsin atmospheric pressure capabl e of
causing the sensation of hearing. In occupational health, the term "noise" is used to denote both
unwanted sound and wanted sound asthey can both damage hearing. Noise-induced hearingloss
has been recognized and reported for several hundred years. However, prior to about 1950,
reliable dose-effect data were not available. Before World War 11, due to lack of uniformity in
instrumentation and rel ated unitsand scal es, studiesfrom variouspartsof theworld often yielded
significantly different results.

Present day American, European, and International standards (ANSI S3.6-1989, ANSI S1.4-
1983, ANSI S1.25-1991 and | EC 60804-1985) relating to the instrumentati on and methodol ogy
of both noise and hearing acuity measurements are now in reasonable accord. Recently, this
accord resulted in an International Standard, SO 1999-1990. Thisstandard, although generally
well accepted internationally, isnot universally accepted (Bies & Hansen 1990, Bies 1990, Clark
and Popeika 1989, Kraak et al. 1977 and Kraak 1981). It has been available for more than 12
yearsfor review. Itisthestandard that isthe basis of the occupational noise exposurelimits, the
time-intensity trading relation, and the method for combining continuous noise with impulse
noise.

The exposure criteria for the following sections 4.2 and 4.3 are an adaptation of the
background documentation supporting the American Conference of Governmental Industrial
Hygienists (ACGIH) Occupational ExposureLevels(OEL). However, thesamecriteriacan also
be used to support different OEL.
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4.2. CRITERIA FOR CONTINUOUSAND INTERMITTENT NOISE

4.2.1. Introduction

The statement in the occupational exposure limit that the proposed OEL (85 dB(A)) will protect
the median of the popul ation agai nst a noi se-induced permanent threshold shift (NIPTS) after 40
years of occupational exposure exceeding 2 dB for the average of 0.5, 1, 2, and 3 kHz comes
from 1S0O-1999-1990. Specifically, Table 4.1 provides median NIPTS values for a 40-year
exposureto 85dB(A). Thesevaluesare0, 0,2, and 5 dB for the audiometric frequencies of 0.5,
1, 2, and 3 kHz, respectively. Table 4.2 provides the same data for a 40-year exposure to 90
dB(A). Thesevaluesare0, 0, 6, and 12 dB for 0.5, 1, 2, and 3 kHz, respectively. The average
value for the audiometric frequencies of 0.5, 1, 2, and 3 kHz is 4.5 dB. The corresponding

average value for a40-year daily exposure of 95 dB(A) is more than 10 dB.

Table4.1: NIPTSvalues(dB) for a 40 year exposureto 85 dB(A).

Exposure Time, Yr
10 20 40
Frequency, Hz Fractiles
09 105|011 |09(05|01]|09]|05]01

5000 0 0 0 0 0 0 0 0 0

1000 0 0 0 0 0 0 0 0 0

2000 0 1 1 1 1 2 1 2 2

3000 2 3 5 3 4 6 3 5 7

4000 3 5 7 4 6 8 5 7 9

6000 1 3 4 2 3 5 2 4 6

Table4.2. NIPTSvalues (dB) for a 40 year exposureto 90 dB(A).

Exposure Time, Yr
10 20 40
Frequency, Hz Fractiles
0.9 0.5 0.1 0.9 0.5 0.1 09 05 |01

5000 0 0 0 0 0 0 0 0 0
1000 0 0 0 0 0 0 0 0 0
2000 0 2 6 2 4 8 4 6 1
3000 4 8 13 7 10 16 9 12 1
4000 7 11 15 9 13 18 11 15 2
6000 3 7 12 4 8 14 6 10 1
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ThelSO 1999-1990 standard providesacomplete description of NIPTSfor various exposure
levelsand exposuretimes. From thesetables, it can be seen that thereisclearly no fully obvious
level at which to set the OEL. The 85 dB(A) limit for 8 hoursis recommended by the ACGIH
and has found acceptance in most countries. Because some countries still use 90 dB(A) or both
for different steps of action and indeed the early OEL was at 90 dB(A), a short review of the
ACGIH recommending an A-weighted 8-hour equivalent level of 85 dB(A) isin order.

4.2.2. Octave Band vs. A-Weighting

Before 1950, overall sound pressure levels, in decibels, were used to define the noise aspect of
damage-risk criteria (Olishijski and Hartford 1975). Following recognition that the overall
intensity of anoise by itself was not sufficient to describe the potential for damage, and that the
frequency characteristic must also be considered, criteriaincorporating spectral levels, usually
octave-band levels, were devel oped.

Since 1954 different national and internationl committees discussed this issue.

In 1961, the ISO/TC 43 discussed a series of noise rating curves and proposed that the noise
rating curve, NR-85, be used as the limit for habitual workday exposure to broadband noise.

An octave-band analysis is a relatively lengthy procedure requiring expensive
instrumentation. There was some concern that the layman had difficulty in interpreting the
results. Recognizing the desirability of asingle reading and the fact that most industrial dataon
NIPTS were available for single-weighted noise levels, the Intersociety Committee, in 1967,
proposed the use of A-weighted sound levelsin the development of criteria (Ad Hoc Intersoci ety
Guidelines 1967). The A-weighted characteristic of a sound level meter is designed to
approximate the frequency selective response of the human ear at low sound pressurelevels. In
one report, Botsford demonstrated that A-weighted levels are as reliable as octave-band levels
inthe prediction of effects on hearing in 80% of the occupational noises considered and slightly
more conservative (more protective) in 16% of the cases (Botsford 1967). Passchier-Vermeer
(1968) and Cohen et a. (1972) similarly demonstrated that A-weighted levels provide a
reasonable estimate of the hazard to hearing in most industrial environments. The abbreviation
dB(A) is used to denote decibels A-weighted and can be described as a unit of measurement of
sound level corrected to the A-weighted scaleasdefined in IEC 60651. Today, A-weighted sound
levels arein general use in hearing damage risk criteria.

4.2.3. 85dB(A) vs. 90 dB(A)

Permanent noise-induced hearing loss is related to the sound pressure level and frequency
distribution of the noise, thetime pattern and duration of exposure, and individual susceptibility.
The ability to hear and understand everyday speech under normal conditionsis regarded as the
most important function of the hearing mechanism. Thus, most present-day studiesfocus on the
resultant or predicted hearing loss in the speech frequency range.

The zero settings on the audiometer are based on response level s derived from the testing of
large groups of young people. There is genera agreement that progression in hearing loss at
frequencies of 500, 1000, 2000, and 3000 Hz eventually will result in impaired hearing, i.e.,
inability to hear and understand speech..

Among several other studiesastudy by Burns and Robinson (1978) included such factors as
the use of A-weighted decibels (dB(A)), (which was supported), variability in audiometric
measurement, relationship of temporary threshold shift to permanent loss, and use of the equal-
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energy approach. Theresultsfrom the study are discussed inthe 1972 NIOSH criteriadocument
and summarised in the following paragraph.

The NIOSH, in 1972, published “Criteria for a Recommended Standard—Occupational
Exposureto Noise” (National Institute of Occupational Safety and Health 1972). Audiometric
and noise exposure data were obtained from 792 noise-exposed workersfrom various industries
and 380 non-noise exposed workers from the sameindustries. An analysisof the dataindicated
approximately 19% risk of impairment (HLI[O.5,1,2] >25 dB(A)) for workers exposed for more
than 30 years to 85 dB(A). The NIOSH document contained a comprehensive review of
published data from other studies.

In 1974, the U.S. Environmental Protection Agency (EPA 1974) published the "levels'
document. Inthisdocument, an 8-hour level of 75 dB(A) was established asthelevel that would
protect "public health and welfare with an adequate margin of safety.” Much of thisresult was
based on the work of Johnson (1973). He combined the works of Passchier-Vermeer (1968),
Baughn (1973), and Burnsand Robinson (1978). Thesewerethe same dataavailabletothe TLV
Committee. A magjor difference, however, wasthe use of 4000 Hz asthe most sensitiveindicator
of hearingloss. Johnson (1973) observed that the difference between protecting 4000 Hz and the
average of 0.5, 1, and 2 kHz from the same amount of noise-induced permanent threshold shift,
isthat protecting 4000 Hz requires 10-15 dB(A) lower exposure levels.

In 1978, there was general agreement that the hearing level at 3000 Hz is related to the
hearing and understanding of speech, particularly in the presence of noise. In 1978, in the
summary of an investigation by Suter it was reported that: "Correlation tests revealed that
frequency combinations that included frequencies above 2000 Hz were significantly better
predictors of speech discrimination scores than the combination of 500, 1000, and 2000 Hz"
(Suter 1985).

In 1979, the AAOO included 3000 Hz in their hearing impairment formula (American
Academy of Ophthalmology and Otolaryngology 1970). For thisreason, the TLV isbased ona
formulathat includes 3000 Hz. Using 1SO-1999, the median amount of NIPTS after 40 years of
exposure to 90 dB(A) is 2 dB for the average of 500, 1000, and 2000 Hz. The same 40-year
exposure at 85 dB(A) for the average of 500, 1000, 2000, and 3000 also is 2 dB. Thus,
everything else being equal, inclusion of 3000 Hz will drop the 8-hour criterion level from 90
dB(A) to 85 dB(A).

4.2.4. 3dB(A) vs. 5dB(A)

If hearing damage is proportional to the acoustic energy received by the ear, then an exposure to
aparticular noiselevel for one hour will result in the same damage as an exposure for two hours
to a noise level which is 3 dB lower than the original level. Thisis referred to the 3 dB(A)
trading ruleand isgenerally accepted in many partsof theworld. However, 4dB(A) and 5dB(A)
rules exist in the USA and the purpose of this section is to discuss the relative merits of the
various trading rulesin current use.

After experimenting with and proposing the equal energy or 3dB(A) ruleand after extensive
study by the National Academy of SciencessCHABA, the U.S. Air Force introduced the equal
energy rulein its regulation on Hazardous Noise Exposure in 1956 (Eldred et al. 1955 and Air
Force Medical Services 1956).

Whilenot all researchers have supported the 3dB(A) rule, (Bies& Hansen 1990, Bies 1990,
Clark and Popeika1989, Kraak et al. 1977 and Kraak 1981). an overwhel ming general consensus
favoured its use at a special meeting of the TLV Committee at Aberdeen, MD, in 1992 (Sliney
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1993).

There was also a specia meeting in 1982 at Southampton, England. Many leading
investigators of noise-induced hearing loss reviewed the avail able literature with respect to the
use of equal energy (von Gierke et al. 1981). The group endorsed the use of equal energy asthe
most practical and reasonable method of measuring both intermittent and impact/impul se noise
between 80 dB(A) and 140 dB(A). Thismeeting produced theinternational consensusthat isthe
basis of 1ISO-R-1999.

Suter (1992) also concluded that the 3 dB(A) exchange rate was the method most firmly
supported by the scientific evidence now available. Some key arguments summarized were:
“1. TTS2 (TTS measured 2 minutes after exposure) is not aconsistent measure of the effects of

asingleday's exposureto noise, and the NIPT S after many years may be quite different from

the TTS2 produced at the end of an 8-hour day. Research has failed to show a significant

correlation between TTS and PTS, and the relationships between TTS, PTS, and cochlear

damage are equally unpredictable.
2. Data from animal experiments support the use of the 3 dB(A) exchange rate for single
exposures of various levels within an 8-hour day. But there is increasing evidence that
intermittentcy can be beneficial, especialy in the laboratory. However, these benefits are
likely to be smaller or even nonexistent in the industrial environment where sound levels
during intermittent periods are considerably higher and where interruptions are not evenly
Spaced.
Data from a number of field studies correspond well to the equal-energy rule.
CHABA's assumption of the equal temporary effect theory isaso questionable in that some
of the CHABA -permitted intermittent exposures can produce del ayed recovery patternseven
though the magnitude of the TTS was within "acceptable” limits, and chronic, incomplete
recovery will hasten the advent PTS. The CHABA criteria also assume regularly spaced
noise bursts, interspersed with periods that are sufficiently quiet to permit the necessary
amount of recovery from TTS. Both of theseassumptionsfail to characterize noiseexposures
in the manufacturing industries, although they may have some validity for outdoor
occupations, such as forestry and mining."
In addition to Suter's (1992) conclusions, there are several other reasons to change to the
equal energy rule. Thesereasonsshould benefitindustry aswell asincrease assessment accuracy.
One of the foremost reasonsis the elimination of the all-or-nothing limit of 115 dB(A). A short
burst of noise, such as an aircraft flyover or a siren, might exceed this limit. Yet, a burst of
broadband noise aslong as 10 msec at 130 dB has been shown to cause almost no TTS (Kryter
et a. 1965, Schori 1976, Johnson and Schori 1977). On the other hand, research has shown that
broadband noise of 115 dB for 15 minutesislikely to cause excessive TTS (Schori 1976). Use
of equal energy eliminates this arbitrary 115 dB limit.

Second, use of equal energy better predictsthe hazard of noisefor exposure durations greater
than 8 hours. For an 8-hour criterionlevel of 85dB(A), the5dB(A) rulewould dictate a 16-hour
exposure at 80 dB(A) and a 24-hour exposure at 77 dB(A). The equal energy rule will allow 82
dB(A) for 16 hoursand 80 dB(A) for 24 hours. Thethreshold of any TTSto broadband noisefor
periods as long as 24 hours has been shown to be between 78 and 80 dB(A) (Stephenson et al.
1980). On the other hand, 85 dB(A) for 8 hours will cause some TTS. It is certainly more
reasonabl e to anchor the 24-hour point to 80 dB(A). The only time that a lower limit than 80
dB(A) would be appropriate is the very unusua circumstance when the exposure consists of a
steady pure tone.

A third reason is the inclusion of 3000 Hz. What is often forgotten is that the benefit of

~w
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intermittency, as shown in the CHABA WGA46 curves (1956), did vary with the audiometric
frequency considered. Higher audiometricfrequenciesrequired smaller trading relationsthan the
lower audiometric frequenciesto produce equal TTS. Therefore, even if the equal TTS2 model
was correct, inclusion of 3000 Hz would dictate reducing the 5 dB(A) trading relation to alower
number. In some cases, this number might even be dightly lower than 3 dB(A).

In summary, the equal energy rule (3 dB(A) rule) appears to be a better predictor of noise
hazard for most practical conditions and is strongly recommended by the TLV Committee.

Note: Reference is madeto the following formulafor determining hearing impairment. The
main point at issue istheinclusion of the hearing threshold level at 3000 Hz in such aformula

In 1970 the American Academy of Opthalmology and Otolaryngology (AOO) developed a
new formulafor determining hearing impairment. Theformulaincludesthe 3000 Hz frequency,
and isasfollows:

“1. The average of the hearing threshold levels at 500, 1000, 2000, and 3000 Hz should be
calculated for each ear.

2. Thepercentageof impairment for each ear should be cal culated by multiplying by 1.5 percent
the amount by which the average hearing threshold level exceeds25dB(A). Theimpairment
should be calculated up to 100 percent reached at 92 dB(A).

3. Theimpairment then should be cal culated by multiplying the percentage of the better ear by
five, adding this figure to the percentage from the poorer ear, and dividing the total by six.”

4.3. CRITERIA FOR IMPULSE NOISE

The previous approach for assessing impul se/impact noise wasto allow 100 impul ses or impacts
per day at 140 dB(A), or 1000 per day at 130 dB(A), or 10,000 per day at 120 dB(A). Impacts
or impulsesreferred to discrete noise of short duration, lessthan 500 ms, wherethe SPL risesand
decays very rapidly. One of the problems with this approach is that it is difficult, if not
Impossible, to properly measure impact duration. A manufactured instrument is available that
can sum the number of measured impulses at each 1 dB(A) increment and divide by the number
of allowableimpulses. From thissum, adose can be calculated. However, the cal culation of this
dose requires several assumptions that were not explicit in the previous TLV. While these
assumptions could be clarified here, there exists a more accurate approach for addressing
impul se/impact noise.

Besides the complexity of using the previous TLV for impulse noise, there were several
fundamental problems with the old TLV limit. The first problem is that the duration of the
impulse or impact was not considered. A short 1-ms pulse was considered as harmful asalong
200-ms pulse. Thisis not consistent with the CHABA guidelines on impulse noise (National
Research Council 1968, Kryter et a. 1965) or any known research. Second, impulse or impact
noise wastreated separately from non-impact noise. Thisseparate treatment isinconsistent with
the research of Hamernik et a. that has shown that at exposures that cause moderate or high
levels of TTS, combined impact and continuous noise can cause a synergistic effect, that is, the
resultant effect is greater than just the addition of the results from the impact exposures and the
results from the continuous noise exposures (Hamernik et al. 1974). Fortunately, these same
researchers have shown that at exposure levels that will cause only asmall amount of TTS, as
much as the proposed 8-hour 85 dB(A) threshold, this synergistic effect disappears (Hamernik
et al. 1980).

The proposed method of assessingimpul se or impact noise resol ves both these problems. By
combining all sound energy between 80 dB(A) and 140dB(A), impact/impul senoiseiscombined
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with continuous and intermittent noise. Longer impulses are considered more dangerous than
short impulses. Finally, the measurement of noise becomes greatly simplified.

It should be noted that the previous TLV limit on impul se noise was already based on equal
energy so the major change is the combining of all noisein one measure.

Support of this procedure comes from numerous documents and standards. The current ISO
standard, 1SO 1999-1990, uses this approach. The published draft standard, ANSI S3.28- 1986
also has adopted this measurement approach.

There have been several European field studies that also support the combining of impact
noise with continuous noise. At the Southampton meeting on this subject (von Gierke et al.
1982), Passchier-Vermeer (1968) presented datathat indicated the possibility that equal energy
may slightly underestimate the combined effect, especialy for 8-hour criteria levels above 90
dB(A). Themajority of theresearchersdid not seethe need for adjusting for the combined effect;
however, the current ISO-1999-1990 states in note three: "The prediction method presented is
based primarily on data collected with essentially broad-band steady non-tonal noise. The
application of the data base to tonal or impulsive/impact noise represents the best available
extrapolation. Some users may, however, want to consider tonal noise and/or impulsive/impact
noise about as harmful asasteady non-tonal noisethat isapproximately 5dB(A) higherinlevel.”

Becausethe TLV isan 8-hour criterion level of 85 dB(A), such acorrection was not used nor
Is such a correction recommended.

The selection of 140 dB(A) for unprotected ears remains areasonable level. Thislevel was
reviewed by theworking group that prepared ANSI S3-28. After thisreview, theworking group
recommended the continuation of thislimit. Thekey research on which that limit was based was
that of Ward (1961) and of Price (1981). A recent CHABA report (1992) also suggested this
level asthe break point above which the CHABA criteria of 1969 should be used.

The use of a C-weighted peak resolves along standing problem with measurement of the
peak. The term "unweighted peak” is undefined. Without specifying the low end cutoff
frequency of the measurement devices, measurements with different devices could vary greatly.
For example, an innocuous car door slam might cause aunweighted peak greater than 140 dB on
some instruments but not on others. Use of C-weighting defines the frequency response of the
instrument and eliminates very low frequency impulses and sounds. The C-weighting discounts
such sounds. Thus, the harmless effect from alow-frequency impulse that comes from closing
acar door or other such innocuous very low-frequency impul ses can be more properly assessed.
Infrasound exposures (exposures below 20 Hz) will also be better assessed.

TheTLV limitsdo not addressthe case in which the impul se exposure exceeds a C-weighted
peak of 140dB. Itisexpectedthat the TLV for noisefor 1995 will add the recommendation that,
in such cases, the military standard (MIL-STD-1474C) should be used. The MIL-STD
recommends that hearing protection be worn whenever exposures exceed a peak level of 140
dB(C). Inaddition, guidanceis provided for those situationsin which double hearing protection
(both muffsand plugs) should beworn. However, thismilitary standard istoo conservative and
various governments are researching the actual protection that is available from hearing
protective devices. In general, hearing protection protects better for impulse noise than for
continuous noise. The problem isto ensure that protection isworn.

Many of these exposure conditions are summarized in the U.S. National Institute of
Occupational Safety and Health (NIOSH) Noise Criteria Document (NIOSH, 1998).
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44, EXAMPLESOF OCCUPATIONAL EXPOSURE LIMITSTO NOISE

4.4.1. Control of noise exposure in workplaces. (Policy and guidance documents of the
International Labour Organization (1L O))

Convention No. 148, concerning the Protection of Workers against Occupational Hazardsin the
Working Environment Due to Air Pollution, Noise and Vibration, adopted by the General
Conference of the International Labour Organization in 1977, provides that, as far as possible,
the working environment shall be kept free from any hazard due to air pollution, noise or
vibration. Tothisend, national laws or regulations shall prescribe that measures be taken for the
prevention and control of, and protection against, occupational hazards in the working
environment due to air pollution, noise and vibration. Provisions concerning the practical
implementation of the measures so prescribed may be adopted through technical standards, codes
of practice, and other appropriate procedures. Technical measures shall be applied to new plants
or processesin design or installation, or added to existing plants or processes. Wherethisis not
possible, supplementary organisational measures shall be taken instead.

The provisions of the Convention also specify that the national competent authority shall
establish criteriafor determining the hazards of exposureto air pollution, noise and vibration in
the working environment and, where appropriate, shall specify exposure limits on the basis of
these criteria. The criteria and exposure limits shall be established, supplemented and revised
regularlyinthelight of current national and international knowledge and data, taking into account
asfar aspossible any increase in occupational hazards resulting from simultaneous exposure to
several harmful factors at the workplace.

Employers are responsible for compliance with the prescribed measures. Workers shall be
required to comply with safety procedures. Supervision shall be ensured by inspection services.
The Convention enumerates various measures for prevention, co-operation at al levels, the
information of all concerned, the notification of authorities, and the supervision of the health of
workers.

Neither Convention No. 148 nor the accompanying Recommendation No. 156 concerning
the Protection of Workersagainst Occupational Hazardsin the Working Environment Dueto Air
Pollution, Noise and Vibration, also adopted in 1977, specify exposure limits for noise at the
workplace.

As of June, 1997, 39 countries have ratified the Convention No. 148 of which 36 have
accepted its obligation in respect of noise. The ratification of a Convention by an ILO member
State involves the obligation to apply, in law and in practice, its provisions.

The Code of practice on the protection of workers against noise and vibration in the working
environment was adopted by a meeting of experts in 1974 and published by the International
Labour Office in 1977. Its third impression (with modifications) dates from 1984. The Code
provides guidancefor governments, employersand workers. It setsout the principlesthat should
befollowed for the control of workplace noiseand vibration (organising principles, measurement
and assessment, identification of risk areas, protection equipment and reduction of exposuretime,
health supervision and monitoring). International standards and other international provisions
existing before 1984 are appended to the code. In the light of knowledge at the time of
publication, a warning limit value of 85 dB(A) and a danger limit value of 90 dB(A) are
recommended.

In responseto technol ogical developments, the codesof practice on the protection of workers
against noise and vibrations in the working environment and on occupational exposure to
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airborne substances harmful to health (adopted in 1980) were updated in the 1996-97 biennium
intheform of asingle draft code covering all types of air pollutants and other ambient factorsin
the working environment, such as noise and vibration, temperature and humidity, illumination
and radiation. The draft was submitted to a tripartite meeting of experts for fina revision and
approval in 1999 and is expected to be published in the 2000-01 biennium . It will provide
guidance on the implementation of the ILO Convention, 1977 (No. 148) and the ILO
Recommendation, 1977 (No. 156), both cited above.

4.4.2. Occupational Exposure Levelsreported and recommended by I-INCE

In 1997 thefinal report on “ Technical Assessment of Upper Limits on Noisein the Workplace*
had been approved and published by the International Institute of Noise Control Engineering (I-
INCE). It comprisestheresults of aWorking Party started in 1992 to “review current knowledge
and practice” in this field. The executive summary says:“ The setting of specific limits on
exposureto noiseisapolitical decision, with resultsthat vary between jurisdiction depending on
economic and sociological factors. It is however also important that regulations be harmonized
internationally. Thereport therefore makes specific recommendations...” I1tselementsare shown
in the following :

1. Limit of 85 dB(A) for 8 hour workshift for jurisdiction desirable as soon as possible.

2. Maximum sound pressure level as limit of 140 dB for C-weighted peak..

3. Exchange rate of 3 dB per doubling or halving of exposure time.

4. Efforts to reduce levels to the lowest economically and technologically reasonable values.
5. In the design stage consideration to sound and vibration isol ation between noisier and quieter
areas, significant amount of acoustical absorption in rooms occupied by people.

6. Purchase specifications for machinery should contain clauses specifying the maximum
emission values.

7. A long-term noise control program at each workplacewheredaily exposure exceeds85 dB(A).
8. Use of personal hearing protection should be encouraged when engineering noise control
measures are insufficient to reduce daily exposure to 85 dB(A), should be mandatory when
exposure level isover 90 dB(A).

9. Employers should conduct audiometric testing of workers exposed to more than 85 dB(A) at
least every three years, test results should be preserved in the employee'sfile.

Thel-INCE report includes also atable of examples of the legislation in various countries, see
table 4.3.
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Table4.3 Somefeaturesof legislation in various countries (I-INCE, 1997)

Country 8-hour average |Exchange |8h-average A- 8h-average [Upper limit for
(Jurisdiction) A-weighted rate (dB) |wtd limit for A-wtd limit |peak sound
sound pressure engineering or for monitor- |pressure level
level (dB) administrative ing hearing |(dB)
controls (dB) (dB)
Argentina 90 110 A Slow
Australia 85 85 85 140 unwgted peak
(varies by state)
Austria (a),(c) 85 90
Brazil 85 5 90, no exposure > |85 130 unwgted peak
115if no protec- or 115 A Slow
tion, no time
limit
Canada (Federal) |87 3 87 84
(ON, PQ, NB) 90 5 90 85 (b) 140 C peak
(Alta, NS, NF) 85 5 85
(BC) 90 3 90
Chile 85 5 140 unwgted peak
or 115 A Slow
China 70-90 3 115 A slow
Finland (c) 85 3 20
France (c) 85 3 90 85 135 C peak
Germany (c),(d) |85 3 90 85 140 C peak
Hungary 85 3 90 140 C peak or 125
A Slow
India 20 140 A peak
Israel 85 5 140 C peak or
115 A Slow
Italy (c) 85 3 90 85 140 C peak
Japan 90 85 85
hearing
protection
mandatory at 90
Netherlands(c) |85 3 20 80 140 C peak
New Zedand 85 3 85 85 140 unwgted peak
Norway 85 3 80 110 A slow
Poland 85 3 135 C peak or
115 A Slow
Spain (c) 85 3 90 80 140 C peak
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Sweden (c) 85 3 90 80 140 C peak or
115 A Fast
Switzerland 85 or 87 3 85 85 140 C peak or
125 ASEL
United Kingdom |85 3 20 85 140 C peak
USA (e 90 (TWA) 5 90 85 140 C peak or
115 A Slow
USA (Army and |85 3 85 140 C peak
Air Force)
Uruguay 90 3 110 A Slow
This Report 85 for 8-hour 3 85. Seedsotext [on hiring, 140 C peak
recommends normalized under recommen- (and at
exposure level dend engineering |intervals
limit controls thereafter,
see text
under
audiometric
programs
See the notes to the table

@

(b)
(©

(d)
(€)

Information for Austria, Japan, Poland, and Switzerland was provided directly by these
Member Societies of I-INCE. For other countries not represented by Member Societies
participating in the Working Party the information is taken with permission from Ref. 15
Austria also proposes 85 dB (AU-weighted according to IEC 1012) as a limit for high
frequency noise, and a separate limit for low frequency noise varying inversely as the
logarithm of frequency.

A more complex situation is simplified to fit this tabulation.

All countries of the European Union require the declaration of emission sound power levels
of machinery, the use of the quietest machinery where reasonably possible, and reduced
reflection of noiseinthebuilding, regardlessof sound pressure or exposurelevels. Incolumn
4, the limit for other engineering or administrative controlsis 90 dB or 140 dB C-weighted
peak. In column 6, the upper limit for sound pressure level is 140dB C-weighted peak (or
lower) or 130 dB A-weighted impulse.

Theratinglevel consistsof time-average, A-weighted sound pressurelevel plusadjustments
for tonal character and impulsiveness.

TWA is Time Weighted Average. The regulations in the USA are unusally complicated.
Only A-weighted sound pressure levels of 80 dB or greater are included in the computation
of TWA to determine whether or not audiometric testing and noise exposure monitoring are
required. A-weighted sound pressure levels less than 90 dB are not included in the
computation of TWA when determining the need for engineering controls.
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44.3. Occupational Exposure L evelsrecommended by NIOSH

In 1972, NIOSH published Criteriafor a Recommended Standard: Occupational Exposure
to Noise, which provided the basis for arecommended standard to reduce therisk of developing
permanent hearing loss as a result of occupational noise exposure (NIOSH 1972).

The NIOSH document contained a comprehensive review of published data from other
studies. The NIOSH percent risk values for long-term exposures to various noise levels were
compared with those derived from three other studies:

1) the Intersociety Study, (Ad hoc Intersociety Guidelines 1967).
2) the earlier 1ISO Standard 1999-1990 and
3) the Burns and Robinson Study (1978).

NIOSH has now evaluated the latest scientific information and is revising some of its
previous recommendations (NIOSH 1998),as it is summarized in the foreword of the new
document.

TheNIOSH recommended exposurelimit (REL) of 85dBA for occupational noiseexposure
was reevaluated using contemporary risk assessment techniques andincorporating the 4000-Hz
audiometricfrequency inthedefinition of hearingimpairment. Thenew risk assessment reaffirms
support for the 85-dBA REL. The excessrisk of devel oping occupational noise-induced hearing
loss (NIHL) for a 40-year lifetime exposure at the 85 dBA REL is 8%, which is considerably
lower than the 25% excessrisk at the 90 dBA permissible exposure limit currently enforced by
the Occupational Safety and Health Administration (OSHA) and the
Mine Safety and Health Administration (MSHA).

NIOSH previously recommended an exchange rate of 5dB for the calculation of
time-weighted average exposures to noise, but it is now recommending a 3-dBexchange rate,
which is more firmly supported by scientific evidence. The 5-dB exchange rate is still used by
OSHA and MSHA, but the 3-dB exchange rate has been increasingly supported by national and
international consensus.

NIOSH recommends an improved criterion for significant threshold shift, which is an
increase of 15 dB in hearing threshold at 500, 1000, 2000, 3000,4000, or 6000 Hz that isrepeated
for the same ear and frequency in back-to-back audiometric tests. The new criterion has the
advantages of ahigh identification rate and alow fal se-positiverate. In comparison, the criterion
recommended in the 1972 criteria document has a high false-positive rate, and the OSHA
criterion, called the Standard Threshold Shift, has arelatively low identification rate.

Differing from the 1972 criteria document, NIOSH no longer recommends age correction
onindividual audiograms. Thispracticeisnot scientifically valid, and would delay inter-vention
to prevent further hearing lossesin those workers whose hearing threshold level s have increased
due to occupational noise exposure. OSHA currently allows age correction only as an option.

The Noise Reduction Rating (NRR) is asingle-number, laboratory-derived rating required
by the Environmental Protection Agency to be shown on the label of each hearing protector sold
inthe U.S. In calculating the noise exposure to the wearer of ahearing protector at work, OSHA
hasimplemented the practice of derating the NRR by one-half for all types of hearing protectors.
In 1972, NIOSH recommended the use of the full NRR value, but now it recommends derating
the NRR by 25%, 50% and 70% for earmuffs, formable earplugs and all other earplugs,
respectively. This variable derating scheme, as opposed to OSHA's straight derating scheme,
takes into consideration the performances of different types of hearing protectors.

Thisdocument al so providesrecommendationsfor the management of hearing loss prevention
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programs for workers whose noise exposures equal or exceed 85 dBA . The recommendations
include programme evaluation, which was not articulated in the 1972 criteria document and is
not included in the OSHA and MSHA standards.

Adherence to the revised recommended standard will minimize the risk of developing
occupational NIHL.

4.4.4. Occupational Exposure Levelsin the European Union

The European Union has already established acommon policy aimed at controlling therisks due

to the exposure of workers to noise and harmonising the relevant legal requirements existing at

national level. Its principa instrument is the Council Directive 86/188/EEC on the protection
of workers from the risks related to exposure to noise at work (Official Journal No L 137/ 24 -

5 - 1986 p.28).

Council Directives arelegal instrumentsbinding on the Member States asto theresult to be
achieved, but leaveto the national authoritiesthe choice of formsand methods. They aredecided
on by the Council of Ministers following a proposal made by the Economic and Social
Committee. During this procedure extensive consultation of workers and employers
organisations take place. Council Directives concerning safety and health at work set out
minimum requirements and Member States have power to introduce more stringent measures of
protection.

The EU hedth and safety legislation concerning noise addressed the risk of hearing
Impai rment caused by occupational noise, because there was sufficient scientific documentation
of the exposure - effect relationship. Asregardsthe non - auditory effects of noise (which range
from physiological disorderstointerferencewith the proper execution of tasksrequiring attention
and concentration) scientific knowledge was not sufficiently advanced to justify a quantitative
limitation of exposure. In this context decisions were taken on some fundamental issues:

1. The mandatory values will apply only to the noise reaching the ear, so if noise emission
cannot be prevented or reduced at source, other measures should be taken to regul ate noise
energy emission; furthermore the situation in the member States did not makeit possibleto
fix anoise - exposure value below which there is no longer any risk to workers hearing.

2. If aworker is exposed to noise bursts, the peak sound pressure must be limited and the
acoustic energy must be included in the allowable daily exposure; in order that this
requirement is fulfilled, an instrument capable of measuring directly the maximum (peak)
value of the unweighted instantaneous sound pressure is needed (an instrument having an
onset time constant not exceeding 100us is suitable for industrial situations). See Section
4.3 for more detailed guidance and a discussion on the unsuitability of “unweighted”
measurements.

3. A 3dB rate was chosen as the most appropriate rule for managing intensity and exposure
duration, because it is consistent with international standardisation and is simple to usein
industrial situations, when a given level of workers' protection has to be guaranteed.

For the purposes of the Directive on “noise”, the following terms have the meaning hereby
assigned to them:
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1. Daily personal noise exposure of aworker Lgp g
The daily personal noise exposure of aworker is expressed in dB(A) using the formula:

T

L L + 10Iog10?

EPd ~ “AeqT

where;

T = daily duration of aworker’s exposure to noise (hours),

To= 8 hours

Po = 20 pPa,

Pp = A-weighted instantaneous sound pressure in pascals to which is exposed, in air at
atmosphere pressure, a person who might or might not move from one place to another
whileat work; it isdetermined from measurements made at the position occupied by the
person’ s ears during work, preferably in the person’ s absence, using atechnique which
minimises the effect on the sound field.

If the microphone hasto belocated very closeto the person’ sbody, appropriate adjustments
should be made to determine an equivalent undisturbed field pressure. The daily personal noise
exposure does not take account of the effect of any personal ear protector used.

(Theterm “Daily personal noise exposure of aworker Lg,,“ isthesameastheterm® noise
exposure level normalised to a normal 8hr working day, Lg, g, “, adopted later on by the ISO
1999 standard and used in Chapter 7 - ed).

2. Weekly average of the daily valuesLgp,,
The weekly average of the daily valuesis found using the following formula:

m
LEP,W = 10'0910{% é 100'1(LEP,d)k}

where ( Lgpy ), are the values of Ly, 4 for each of the m working days in the week being
considered. (ThetermLg;, isthe same asthe quantity Lgy,, used in Chapter 7 - ed)
TheDirective specifiestheemployersobligationsin reducing therisksarising from exposure
to occupational noise to the lowest level reasonably practicable, taking account of technical
progress and the availability of measures to control the noise, in particular at source. In this
context different values are used, which trigger the specific actions. These values are:
1. 200 Paaspeak (140 dB inrelationto 20 pPa). If the maximum value of the*A’ - weighted
sound pressure level, measured with a sound - level meter using the time characteristic | (
according to IEC 60651 ) does not exceed 130 dB(Al), the maximum vaue of the
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unweighted instantaneous sound pressure can be assumed not to exceed 200 uPa)
85 Lepg
N0 Lgpy.

AEN

When the daily personal noise exposure of a worker is likely to exceed 85 dB(A) or the
maximum value of the unweighted instantaneous sound pressure is likely to be greater than
200Pa, workersand / or their representatives must beinformed and trained on the potential risks
to their hearing, the specific locations of the risk, the preventative measures taken, the wearing
of personal protective equipment’s and the role of hearing checks, the results of noise
assessments and measurements as well as their significance, - personal ear protectors must be
made available to workers.

When the daily personal noise exposure of a worker is likely to exceed 85 dB(A), workers
shall be ableto have hearing examinationsin order to diagnose any hearing impai rment by noise.

When the daily personal noise exposure of a worker is likely to exceed 85 dB (A) or the
maximum value of the unweighted instantaneous sound pressure is likely to be greater than
200Pa, theareasin question must be appropriately signed, be delimited and accessto them must
be restricted. The employer has to identify the reasons for the excess levels, to draw up and
implement a programme of measures of technical nature (engineering control) with a view to
reducing the noise exposure as far as reasonably practicable. Personal ear protectors must be
worn, which have to be adapted to the individual worker and to his/ her working condition,
taking account of his/ her safety and health.

Finally, whenever work equipment, intended for use at work, emits a noisethat islikely to
cause, for aworker who uses it properly for a conventional eight-hour period, adaily personal
noise exposure greater than 85 dB(A) or the maximum value of an unweighted instantaneous
sound pressureis equal to or greater than 200Pa, the employer must be informed of that risk in
order to take necessary measures to meet his/ her obligations.

4.4.4.1. Checking workershearing under the EU directive on noise

Council Directive86/188/EEC hasparticul ar provisionsconcerning the hearing check of workers
as part of an overal preventative policy aiming at reducing the risks to hearing.

The purpose of the check isthe early diagnosis of any hearing impairment by noise, so that
further deterioration can be prevented by various means.

Thereisaspecific Annex with instructions for checking workers' hearing, which includes
an audiometric test which should comply with the specifications of standard 1SO 6189, but also
covers the frequency of 8000 Hz; the ambient sound level must be sufficiently low to enable a
hearing threshold level equal to 0 dB in relation to 1SO 389 to be measured.

4.4.5. ACGIH Occupational Exposure Limitsto Noise

The American Conference of Government Industrial Hygienists (ACGIH) has recommended
threshold limit values (TLV) for occupational noise. The Occupational Exposure Limits (OEL)
presented herein are an adaptation of the ACGIH's TLV limits. It should be noted that
membership on the committee includes members from both Europe and Asia.
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445.1. Foreword

The OEL 'srefer to sound pressure levels and exposure durations that represent conditions under
whichitisbelieved that nearly all workers may be repeatedly exposed without adverse effect on
their ability to hear and understand normal speech. Prior to 1979, the medical profession had
defined hearing impairment as an average hearing threshold level in excess of 25 dB(A) (1SO-
7029-DIS) at 500, 1000, and 2000 Hz. The limits that are given here have been established to
prevent a hearing loss at 3000 and 4000 Hz. The values should be used as guidelines in the
control of noise exposure and, due to individual susceptibility, should not be regarded as fine
lines between safe and dangerous levels. The proposed limits should protect the median of the
popul ation agai nst anoise-induced hearing lossexceeding 2 dB(A) after 40 years of occupational
exposure for the average of 0.5, 1, 2, and 3Hz.

It should be recognized that the application of the OEL for noisewill not protect all workers
from the adverse effects of noise exposure. A hearing conservation program with all of its
elements including audiometric testing is necessary when workers are exposed to noise at or
above the OEL.

4.45.2. Continuousor Intermittent Noise

The sound pressure level should be determined by a sound level meter, integrating sound level
meter or dosimeter conforming, asaminimum, to the requirementsof the | EC 60804.-1985. The
measurement device should be set to use the A-weighted network. The duration of exposure
should not exceed that shown in Table 4.4.

These values apply to total duration of exposure per working day regardless of whether
thisis one continuous exposure or a number of short-term exposures.

When the daily noise exposure is composed of two or more periods of noise exposure of
different levels, their combined effect should be considered rather than the individual effect of
each. If the sum of the following fractions:

exceeds unity, then the combined exposure should be considered to exceed the TLV. C,
indicates the total duration of exposure at a specific noise level and T; indicates the total
duration of exposure permitted at that level. All on-the-job noise exposures of 80 dB(A) or
greater should be used in the above calculations. With sound level meters, this formula
should be used for sounds with steady levels of at least 3 seconds. For sounds in which this
condition is not met, a dosimeter or an integrating sound level meter must be used. The limit
is exceeded when the dose is more than 100% as indicated on a dosimeter set with a3 dB(A)
exchange rate and a criterion level of 85 dB(A).

The OEL is exceeded on an integrating sound level meter when the average sound level
exceeds the values given in Table 4.4.
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Table 4.4 Allowable exposure durations® (per |EC 60804).

Duration per Day Sound Level, dB(A)®
Hours
24 80
16 82
8 85
4 88
2 91
1 94
Minutes
30 97
15 100
7.50* 103
3.75* 106
1.88* 109
0.94* 112
Seconds*
28.12 115
14.06 118
7.03 121
3.52 124
1.76 127
0.88 130
0.44 133
0.22 136
0.11 139

A No exposure to continuous, intermittent, or impact noise in excess of a peak
C-weighted level of 140 dB.

B  Sound levelsin decibels are measured on a sound level meter, conforming as a
minimum to the requirements of the American National Standard Specification
for Sound Level Meters, S1.4 (1983) Type S2A, and set to use the A-weighted
network with a slow meter response.

*  Limited by the noise source, not by administrative control. Itis
also recommended that a dosimeter or integrated sound level meter be used for
sounds above 120 dB.

Editors' note : Although formally correct the table looks as a 24 h exposure with 80 db(A) is
permitted but the presumptions of the OEL should be observed, see section 4.5.
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4.4.5.3. Impulsive or Impact Noise

By using the instrumentation specified by the IEC 60804-1985, impulse or impact noise is
automatically included in the noi se measurement. The only requirement isameasurement range
between 80 and 140 dB(A) and the pul se range response as defined in IEC 60804-1985 must be
at least 63 dB. The frequency response must be equivalent to or better than atype 2 instrument.
No exposures of an unprotected ear in excess of a C-weighted peak sound pressure level of 140
dB should be permitted. If instrumentation is not available to measure a C-weighted peak, an
unweighted peak measurement below 140 dB may be used to imply that the C-weighted peak is
below 140 dB.

Note: ForimpulsesaboveaC-weighted peak of 140 dB, adequate hearing protection should
be worn. The military of some governments have standards that provide guidance for those
situationsinwhich single protection (plugsor muffs) or double protection (both muffsand plugs)
should beworn (e.g., U. S. Army's MIL-STD-1474C).

45. OTHER CRITERIA

The exposure criteria discussed above are based on a statistical average of population with
normal health and should not be used to predict the generation of hearing loss of an individual
person. In so far the exposure criteria constitute a minimum standard for prevention and
conservation. Therefore one should have in mind that not only individuals but also groups of
them with properties differing from average may follow more stringent criteria, e.g. young
persons, pregnant women (e.g. ACGIH 1999a) ,or handicapped individuals especialy with
hearing disabilities. Another issueisthe combined exposure, e.g. noise-vibration, noise-solvents
or noise-metal dust, whichisdiscussed in chapters 3 and 8 and in Carter and Job (1998), ACGIH
(1999) .

It should be considered also that these exposure criteria are based on the presumption of an
16 hour hearing recovery time under anoise level of lessthan 75 dB(A).Therefore in spaces for
workersto relax or sleep and which are related to workplaces as on shipsor on drilling platforms
the background noise level should be below 70 dB(A) or below, see e.g. ACGIH (1999b).

Another issueisthe effect of noise containing sound of frequencies outside the usual auditory
capabilities from 20 Hz up till 20 kHz, i.e. infrasound beneath 20 Hz and ultrasound above 20
kHz with its extraaural effects and also effects on hearing in case of higher levels.

Noise of high levels can affect the general safety of workers when the recognition of danger
signalsis disturbed or destroyed.

Noise of every kind and also low level noise can disturb or damage badly the speech
intelligibility which might be an important prerequisite for communication in dangerous
situations.

Noise of levels beneath 80 dB(A) can be such an annoyance that the efficiency to achieve a
certain goal or quality in the progress of work is diminishing.

45.1. Exposuretoinfrasound and ultrasound

Beforethe ninetiesit was said infrasound exposures are rare and, even if they could occur, are
not likely to be dangerous, at levelsfound inindustry directly, to aperson'shearing or health (von
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Gierke and Parker 1976, Johnson 1975, 1982). Complaints of persons working with ultrasound
equipment were more frequent, but very often it shows that the reason for complaining was
audible sound generated as subharmonics of the original sound source which caused e.g.
workpiecesto vibrate. So one started to ask if the frequency range of audible sound was real or
only theresult of inappropiate technical means to shape audiometric tests for frequencies called
infra- and ultrasound. It seems now that there is a hearing threshold level outside both ends of
the range 20 Hz to 20 kHz investigated by Ising (1980) and Herbertz (1984). Unfortunately the
existence of these thresholds is not sufficient to define OELS, because in practice one cannot
suppresseither the extraaural effects of infrasound to cause body vibrationsor the general impact
of ultrasound on the compl ete hearing organ which generatesavague sensation. But thedicussion
of the last years resulted in some standards to define boundaries between the different kinds of
sound as 1SO 7196 or IEC 1012 for measurement purposes, and in some recommendations
containing OELSs for ultrasound, e.g. IRPA (1984), ACGIH (1999a) . Internationally agreed
recommendations on infrasound are missing. There isthe tendency to usethe hearing thresholds
in frequency bands as limits for the exposure in this frequency region considering aural aswell
as extraaura effects (Moeller 1985,V ercammen 1989, ACGIH 1999a).

45.2. Recognition of danger signals

If there isthe risk of an unpredictable event like fire or the outflow of dangerous materialsin a
working area one of necessary precautions will be the installation of devices generating an
appropiate auditory danger signal. Naturally thisinstallation needs a check of recognition at the
most critical working positions taking into account the worst case of ambient noise and the use
of hearing protectorsand personal electroacoustical systems. Because of certain propertiesof the
hearing it isrequired to determine the ambient noise, theinsertion loss of protectors and headsets
and the danger signal itself in octave band levels. Then the standards 1SO 7731 and 8201 give
sufficient advice. The situation can a so be roughly assessed with hel p of the A-weighted signal-
to-noiseratio, that should be 10 till 15 dB at the listener* s position according to the standards as
discussed by Lazarus (1993). If octave band levels are known the signal-to-noise ratio should be
more than 10 dB in more than one octave band.

453. Speech inteligibility

In many situations at normal production lines as well as on construction sites and during
maintenance of large installations but even in control rooms a sufficient communication by
talking or shouting is a prerequisite for safety at the workplace and good working results. It can
be a more important prerequisite for difficult tasks like medical treatment. The International
Standard 1SO 9921 isdealing with “ergonomic assessment of speech communication* and gives
inpart 1“speechinterferencelevel and communication distancesfor personswith normal hearing
capacity in direct communication...* with respect to these parameters: ambient noise at the
speaker' s and the listener* s position and the vocal effort.

There are several assumptions concerning physical and personal conditions. Most important
seemsto be areverberation timelessthan 2 sat 500 Hz , normal hearing capacity of the persons
communicating and hearing protectors worn by the speaker . 1ISO 9921-1 gives then first a
relation between the seven steps of vocal effort from relaxed to shouting and the ambient noise
level at the speaker‘s position and secondly for the same seven steps defined by the speech
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interference level for satisfactory speech communication the relation to the maximum distance
between the speaker and listener. The communication can be assessed with the A-weighted
signal-to-noiseratio at thelistener* sposition alsoin seven stepsfrom excellent to insuffcient. The
standard says:“ In order to decidewhat quality level of speech communicationisuseful for agiven
communication situation, the frequency, the necessity of speech communication and size of
vocabulary (group of specific words, e.g. commands or warning shouts) shall be taken into
consideration. For examples in homes and conference rooms, the quality “very good “ or
“excellent” should be achieved, for department stores and training workshopsthe quality “good*
should be adopted and for workshop the quality “satisfactory” or at least “sufficient” is
recommended “. “Good" refers to a signal-to-noise ratio of 6 till 12 dB and the vocal effort
assumed as lower than “raised”, i.e. the average speaker‘slevel in 1m distance is lower than
66 dB(A), (1ISO 9921-1, Lazarus 1993).

45.4. Annoyance and efficiency

Whereas hearing damage is the main concern of safety regulations the other physical and
psychological effects should not be neglected. There are provable psychological reactions, e.g.
anger, strain or nervousness, and physical reactions, e.g. increase of blood pressure or increased
excretion of magnesium, which may give rise to long-term disorders of regul ation mechanisms
also at A-weighted sound pressure levels below 85 dB. The efficiency can be affected too, the
more likely, the more complex the task to be performed. The complexity is given by task
characteristics, to be described objectively, and by theindividual judgement of aperson‘sability
to perform the task. So the same task can be more complex for untrained personnel. Generally
ajob is more complex e.g. the more information must be kept in mind, the more intellectual
operations have to be performed, the higher the requirements for precise fine motor activity or
the more responsible the worker is for consequences of mistakes. The more complex atask, the
more sensitive a person will react to disturbances like noise, in the end with an increase of the
number of mistakes and a slowdown of completion of thetask , i.e. adecrease of the efficiency.
SO 11690-1 gives maximum values for the A-weighted equivalent sound pressure level for the
8 hour workshift at industrial workplacesin the range 75 to 85 dB, for routine office work in the
range 45 to 55 dB and for meeting rooms or tasks involving concentration in the range 35 to 45
dB.

A further detailed description of the mechanisms that lead to a decrease of efficiency and an
allocation of tasks of different complexity to proposed rating levels down to 40 dB(A) is given
in the bilingual German standard VDI 2058 part 3 (1999).
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5.1. INTRODUCTION

Industrial machinery and processes are composed of various noise sources such asrotors, stators,
gears, fans, vibrating panels, turbulent fluid flow, impact processes, electrica machines, interna
combustion engines etc. The mechanisms of noise generation depend on the particularly noisy
operations and equipment including crushing, riveting, blasting (quarries and mines), shake-out
(foundries), punch presses, drop forges, drilling, lathes, pneumatic equipment (e.g. jack hammers,
chipping hammers, etc.), tumbling barrels, plasma jets, cutting torches, sandblasting, electric
furnaces, boiler making, machine toolsfor forming, dividing and metal cutting, such as punching,
pressing and shearing, lathes, milling machines and grinders, aswell astextile machines, beverage
filling machines and print machines, pumps and compressors, drive units, hand-guided machines,
self-propelled working machines, in-plant conveying systems and transport vehicles. Ontop of this
there are the information technology devices which are being encountered more and more in all
aress.

Noiseistherefore acommon occupational hazard in alarge number of workplaces such asthe
iron and steel industry, foundries, saw mills, textile mills, airports and aircraft maintenance shops,
crushing mills, among many others. In many countries, noise-induced hearing loss is one of the
most prevalent occupational diseases. According to a Environmental Protection Agency
(EPA)/USA report in 1981, there are more than nine million Americans exposed to adaily average
occupational noise level above 85 dB(A); this number has increased to about 30 million in 1990.
Most of these workers are in the production and manufacturing industries (see Table 5.1).

Studiesin Germany and other industrialized countries have shown that the proportion of those
exposed to daily average noise levels above 85 dB(A) can generally be taken as 12 % to 15% of all
employed persons; that is4 to 5 million personsin Germany (Pfeiffer 1992). After many years of
exposure to noise, there are numerous cases of occupationally related hearing damage recognized

* Present address. Gustav A. Sehrndt, Noise Control Consultant
Niesertstr. 42
48145 Muenster, Germany
gustavse@muenster.de
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Table5.1. Workersexposed to daily L ., exceeding 85 dB(A).

(EPA, 1981)

Agriculture 323000
Mining 400000
Construction 513000
Manufacturing and 5124000
Utilities

Transportation 1934000
Military 976000
Total 9270000

as the occupational disease "noise-related hearing impairment™" according to the Occupational
Diseases Ordinance. An acquired noise-related hearing impairment which leads to a reduction
in earning ability of 20 % and more is compensated for in Germany in the form of a pension.
Table 5.2 shows the high percentages of those with impaired hearing due to noise in relation to
other selected occupational diseases.

Table5.2. Number and percentages for some selected occupational diseases/disordersin
1998 (total in Germany, from BMA, 1999).

cases registered cases recognized cases registered
for first time for first time & indemnified
without indemnity for first time

(reduction of earning
ability > 20%)

dis(;g;:;/)?itiis%rrlglers number % number % number %
meniscus 2398 2.8 418 2.0 275 4.5
damage from vibrations 1797 21 234 11 154 25
impaired hearing 12400 145 7439 36.5 1012 16.4
silicosis 2813 33 2100 10.3 391 6.4

skin disorders 23349 27.3 1855 9.1 582 9.5
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A cross-section analysisin Germany of working equipment and processesin operational noise
areas with a hearing impairment hazard has shown that 80 % of the - several million - sound
sources can be attributed to machine operations, conveying systems, control and regulation
devices and turbo machines, while 20 % are accounted for by manual working and conveying
operations. About three quarters of the machine operations can be attributed to machine tools
(Damberg, Foss 1982). The main concern of noise control is therefore the development,
production and preferred use of low-noise working equipment and processes.

The avoidance or minimization of health hazards in the working process by the appropriate
design of working equipment and processes, in other words by prevention, hasalso been elevated
to aprinciple on an European level. With the establishment of regulations concerning the nature
of machines, devices and installationsin EU Directives and more specific European standards,
it can be assumed that thereisahigh level of safety, health and consumer protection. Thisnoise
control principle is manifested in the definition and declaration of noise characteristics for
products or machines and the description of achievable values by the standards.

5.2. INDUSTRIAL NOISE SOURCES

In this section, the fundamental mechanisms of noise sources are discussed, as well as some
examples of themost common machinesused inthework environment. The sound pressurelevel
generated depends on the type of the noise source, distance from the source to the receiver and
the nature of the working environment. For a given machine, the sound pressure levels depend
on the part of the total mechanical or electrical energy that istransformed into acoustical energy.

Sound fieldsin the workplace are usually complex, due to the participation of many sources:
propagation through air (air-borne noise), propagation through solids (structure-borne noise),
diffraction at the machinery boundaries, reflection from the floor, wall, ceiling and machinery
surface, absorption on the surfaces, etc. Therefore any noise control measure should be carried
out after a source ranking study, using identification and quantification techniques. The basic
mechanism of noise generation can be due to mechanica noise, fluid noise and/or
electromagnetic noise (Allen, 1970 and ISO/TR 11688).

The driving force for economic development is mainly the endeavour to produce consumer
goods ever more cost-effectively. From the point of view of the machine manufacturer, this
generally means offering products with a low space, material, energy and production time
requirement (smaller, lighter, more economical and more productive). At the sametime account
isbeingtakenincreasingly of resource conservation and environmental friendliness, although the
rise in noise levels which frequently goes along with increased output and productivity is often
overlooked. Personnel arethen exposed to higher noiselevel sthan before, despitenoise-reducing
measures taken in the machine's design. This is because the noise emission rises non-linearly
because of higher rotary and travelling speeds in machine parts.

For example, for every doubling of the rotary speed the noise emission for rotating print
machines rises by about 7 dB, for warp knitting looms 12 dB, for diesel engines 9 dB, for petrol
engines 15 dB and for fansis between 18 to 24 dB. For the purpose of comparison: the doubling
of sound power produces an increase in emission of 3 dB only.

But even previously quiet procedures are often replaced by loud onesfor reasons of cost, e.g.
stress-free vibration instead of annealing for welded parts. 1n some cases new technologies also
result in higher emissions; for example, with the use of phase-sequence-controlled electrical
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drives, the excitation spectrum shiftsfurther to high frequencies, which resultsin agreater sound
radiation from large machine surfaces. This means that some new noise problems are closely
related to the use of modern technologies.

5.2.1. Mechanical Noise

A solid vibrating surface, driven or in contact with a prime mover or linkage, radiates sound
power (Win Watts) proportional to the vibrating area S and the mean square vibrating vel ocity
<v?2>, given by;

W = pcS(v?)o

rad

where
pistheair density (kg/m?),
c isthe speed of sound (m/s) and
0.4 IStheradiation efficiency (see Gerges 1992).

Therefore caremust betaken to reducethe vibrating areaand/or reducethe vibration vel ocity.
Reducing the vibrating area can be carried out by separating alarge areainto small areas, using
aflexiblejoint. Reduction of thevibration velocity can be carried out by using damping materials
at resonance frequencies and/or blocking the induced forced vibration. A reduction of the
excitation forces and consequently of the vibration velocity response by a factor of two can
provide a possible sound power reduction of up to 6 dB assuming that the other parameters are
kept constant. Typical examples of solid vibration sources are: eccentric loaded rotating
machines, panel and machine cover vibration which can radiate sound like a loudspeaker, and
impact induced resonant free vibration of a surface.

5.2.2. Fluid Noise

Air turbulence and vortices generate noise, especialy at high air flow velocities. Turbulence can
be generated by a moving or rotating solid object, such as the blade tip of a ventilator fan, by
changing high pressure discharge fluid to low (or atmospheric) pressure, such as a cleaning air
jet or by introducing an obstacle into a high speed fluid flow.

The aerodynamic sound power generated by turbulent flow is proportional to the 6" to 8"
power of the flow velocity (W OU®*®), which means that a doubling of the flow velocity (U)
increases the sound power (W) by afactor of 64 to 254 or 18 to 24 dB respectively. Table 5.3
shows the effects of doubling of the typical velocity together with other primary mechanisms.
Therefore care must be taken to reduce flow velocity, reduce turbulence flow by using diffusers
and either remove obstacles or streamline them. The next few examples show the applications
of these fundamental concepts to machinery noise reductions.
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5.3. EXAMPLES OF MACHINERY NOISE SOURCES

In this section, noise sources are presented for the most common machines used in industrial
installations. For each case, the mechanism of noise generation is discussed.

5.3.1. Industrial Gas Jets

Industrial jet noise probably ranks third as amajor cause of hearing damage after that of impact
and material handling noise. Air jets are used extensively for cleaning, for drying and gecting
parts, for power tools, for blowing off compressed air, for steam valves, pneumatic discharge
vents, gas and oil burners, etc. Typical sound pressure levelsat 1 m from a blow-off nozzle can
reach 105 dB(A).

Table5.3. Increaseof noisegiven by thesound power level difference AL, dueto doubling
of typical velocity (e.g. average flow velocity of gasjets, rotational speed of fans). [After
K dltzsch, 1984]

mechanism example Increase in sound power dug
to doubling typical velocity

pulsation reciprocating compressor, 12 dB
turbulence exhaust fan 18 dB
jet compressed air expansion 24 dB

Reservoir compressed air pressure is usually in the range of 45 to 105 psi (300 to 700kPa).
Theair acceleration varies from near zero velocity in the reservoir to peak velocity at the exit of
the nozzle. The flow velocity through the nozzle can become sonic, i.e. reaches the speed of
sound. This results in a high generation of broad-band noise with the highest values at a
frequency band between 2 to 4 kHz.

Shearing ragicn Turbulent ragicn
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Figure5.1. Noise sourcesin gasjet
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The mechanisms of generation of the noise from gas jets results from the creation of
fluctuating pressures due to turbulence and shearing stresses as the high velocity gas interacts
with the surrounding medium (see Figure 5.1). High and low frequency bands of noise are
formed, due to the complex radiation sources; high frequency noise is generated near the exit
nozzle in the mixing region and the low frequency noise is generated downstream at the large
scale turbulence. Therefore, the spectral character of gas-jet noise is generally broadband.

5.3.2. Ventilator and Exhaust Fans

It israre not to find one or more ventilators or exhaust fans in each department of an industrial
or manufacturing complex (see Figures5.2t0 5.3). Fan and blower noiseisthe easiest and most
straightforward noise problem to solve, using an absorptive type silencer.

|

Figure5.3. Example of a vaneaxial fan

Fans are used to move alarge volume of air for ventilation, by bringing in fresh air from the
outside, blowing out dust, vapour or oil mist from anindustrial environment, and for adrying or
cooling operation, etc. Industrial fansare usually low-speed, low-static-pressureand havealarge
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volumeflow rate. Ideally, fans should operate at the maximum efficiency point on the pressure-
flow curve characteristic. Therefore, the choice between axial or centrifugal fansis made by the
manufacturer to satisfy maximum efficiency at a certain static pressure/flow rate.

Three basic noise sources are:

1. Broadband aerodynamic noise generated by the turbulent flow.
2. Discrete tones at the blade passing frequency F, (Hz) given by:

F, = (Rotation in RPM x Number of blades/ 60), and the harmonics (2F, 3F,, €tc.).
3. Mechanical noise due to mounting, bearing, balancing, etc.

The sound power level (L) generated by fans (without the drive motor) can be eastty predicted
intheearly project stagesof anindustrial installation using the Graham equation [Graham, 1972]
for each of the octave bands from 63 to 8000 Hz.

L, = K + 10log,,Q + 20log,,P, + C dB

Where Q isthe flow rate (m*/sec), P, is the static pressure (kPa), K is the specific sound power
level for each of the octave bands based on avolume flow rate of 1 m®/sand atotal pressure of
1 kPa and C is a constant to be added only at the octave band containing the blade passing
frequency, see examples for aradial fan similar to figure 5.2 and for a vaneaxial fan similar to
figure5.3intable 5.4.

Based on the sound power predicted by the above equation, the sound pressure levels can
estimated at specified locationsin certaininstallations. Thefinite element, boundary element or
ray acoustics methods are available in commercial software programsfor these estimates (NIT,
1995) or asimplified diffusefield model can be used for sound pressure level estimate (Biesand
Hansen 1996).

Table5.4. Specific octave band sound power levelsK in dB(re 1 pW) of threetypesof fans
with wheel size under 0.75 m based on a volume flow rate of Im3/sand a total pressure of
1 kPa (excer pt modified from Graham‘stable41.1in Harris 1991)

Fan type Octave band center frequency [HZz]
C
63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000

Radial, backward- 90 90 88 84 79 73 69 64 3
curved (figure 5.2)
Radial, straight 113 | 108 | 96 93 91 86 82 79 8
blades (no figure)
Vaneaxial, hub ratio 98 97 96 96 %4 92 88 85 6
0.6-0.8 (figure 5.3)

NOTE: Thetablegivesaverage valueswhich widely scatter dueto the properties of the complete
system with ducts. The column " C" contains minimum values which even in the case of the least
noisy fan with backward-curved blades may be sometimes double as high.
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5.3.3. Compressors

Compressors are usually very noisy machines with high pressure. There are several types of
compressor: rotary positivedisplacement (lobed impellerson dual shafts, asshownin Figure5.4),
gear or screw compressors (Figure 5.5), reciprocating compressors (Figure 5.6) and liquid ring
compressors (Figure 5.7) are the most common.

The basic noise sources are caused by trapping a definite volume of fluid and carrying it
around the case to the outlet with higher pressure. The pressure pulses from compressors are
quite severe, and equivalent sound pressure levels can exceed 105dB(A). The noise generated
from compressors is periodic with discrete tones and harmonics present in the noise spectrum.

Figure5.4. RotaryPositive
Displacement Compr essor

Figure5.6. Reciprocating Compr essor Figure5.7. Liquid Ring Compr essor
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5.34. Electric Motors

Noise from electrical equipment such as motors and generators is generaly a discrete low
frequency, superimposed on a broadband cooling system noise. The electric motor converts
electrical energy to magnetic and then mechanical energy with the output of auseful torqueat the
motor shaft. Part of the energy transformation is converted to heat, causing arisein rotor, stator
and casing temperature; therefore an electric motor must be supplied with a cooling fan system.
The cooling fan can be incorporated inside as in the case of an "OPEN" motor or outside asin
the case of a"Totally Enclosed Fan Cooled (TEFC)" motor. TEFC motorsare more widely used,
dueto their robust construction which can withstand adirty environment. OPEN motorsareless
used due to possible contamination by the environment. An OPEN motor is sometimes (but not
always) less noisy than a TEFC motor since the noisy fans are incorporated inside.

There are three basic sources involved in the noise generated by electric motors:

1. Broad-band aerodynamic noise generated from the end flow at the inlet/outlet of the cooling
fan. The cooling fan is usually the dominant noise source.

2. Discrete frequency components caused by the blade passing frequencies of the fan.

3. Mechanical noise caused by bearing, casing vibration, motor balancing shaft misalignment,
and/or motor mounting. Thus careful attention should be given to the vibration isolation,
mounting and maintenance.

Noise generated by the motor fan is the dominant motor noise source, especially for TEFC
motors. A sharp increase in noise occurs as the shaft rotational speed increases from 1800 to
3600 RPM. For large motorsin the range of 1000 kW, 3600 RPM, a sound pressure level of as
high as 106 dB(A) occurs. Measurements carried out in the laboratory for a range of TEFC
motors from 25 to 2500 HP, no load, with and without the straight blade motor fan, show a
difference of up to 50 dB(A) in the total sound pressurelevel. Thislarge distribution of the fan
noise is due to the fan shape. Motor fan blades are usually straight, so that the motor cooling is
independent of rotation direction. Straight blade fans are very noisy, due to the large
aerodynamic turbulent sound generated. Noise reduction in electric motors can be achieved by
the use of an absorptive silencer (Gerges, 1992) or by redesign of the cooling fan, e.g. with
irregular spacing of straight blades as in chapter10 (see Figure 10.17.).
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5.3.5. Woodworking Machines

The woodworking industry has experienced noise level increases as a result of modern, higher
speed, and more compact machines. The basic noise elements in woodworking machines are
cutter heads and circular saws. Equivalent sound pressure levels (L,,,) in the furniture
manufacturing industry can reach 106 dB(A).

Woodworking machinery uses operations, such as cutting, milling, shaping, etc. Threebasic
noise sources are involved:

1. Structure vibration and noise radiation of the work piece or cutting tool (such asacircular
saw blade) and machine frame, especialy at the mechanical resonance frequencies.

2. Aerodynamic noise caused by turbulence, generated by tool rotation and the workplacein
the air flow field.

3. Fandust and chip removal air carrying systems.

5.3.6. Pneumatic Tools

Compressed air-powered, hand-held tools such as drills, grinders, rivetting guns, chipping
hammers, impact guns, pavement breakers, etc. are widely used within abroad spectrum of
different industries. There are three basic types of sources that dominate the noise generated:
1. Noise produced by contact between the machine and the working surface. The vibration
transmitted from the tool tends to vibrate the working surface and work bench, generating
high radiation noise, especially at mid and high frequencies.
2. Exhaust air noise caused by the turbulent flow generated as the compressed air passes the
motor and by the aerodynamic noise generated in the air exhaust.
3. Sound radiation from tool vibration caused by air flow inside the tool.
The noise level of hand held tools can reach as high as 110 dB(A) at the operator’s ear.
Figure 5.8 shows atypica hand grinder.

Figure5.8. Typical Grinding Air Powered Hand T ool
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54. TYPICAL NOISE LEVELS

As an example, data collected in Singapore in 1993 shows that only 366 factories out of 9051
factories have a hearing conservation program implemented. Table 5.5 showsalist of factories
and number of workerswith and without hearing conservation program implemented. Table 5.6
shows alist of 20 factories with arange of sound pressure levels and an average level for each.
Data collected in Denmark on 55 pneumatic and electric hammers in different industries show
an SPL of between 88 to 103 dB(A) (see Table 5.7).

Planing wood machine operators are exposed to an SPL maximum of 101 dB(A) and an SPL
minimum of 96 dB(A) withan L., =98 dB(A) for 8 hours, whichisfar above the acceptablerisk
values (AIHA-USA).

Datacollected in acigarettefactory in Brazil show an SPL level of acompressed air cleaning
process of up to 103 dB(A), with an L, = 92 dB(A) for 8 hours (Fredel 1990).

Economic cal cul ationshave shown that administrative and technical preventive measures are
profitable. Technica progress during recent years has led to a decrease of the very high noise
exposures, but not much change in moderate and low noise exposures. Measurements taken at
some typical occupations show that the L, levels in the occupations shown by experience to
have the worst noise have been 88-97 dB with highest peak levels of 101-136 dB (Table 5.8).
In the referenced study, there were no findings of peak levels exceeding 140 dB (Pekkarinen,
Starck,-1997). In most of the undevel oped countries, noise levels can exceed Table 5.6 values.
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Table5.5. Number of factorieswith Hearing Conservation Programsimplemented in
Singapor e (Tan Kia Tang (1995)).

Singapore Factories with

Standard | Industry All factories Hearing Conservation

Industry Program(HCP)

Code Number |[Number of Number of Number of

(SSIC) of workers factories workers

factories

38 Fabricated Metd 3698 219,521 199 24,093
Products

3851 Shipbuilding and 116 21654 28 6,065
Repairing

71-72 Transport, Storage | 60 4,320 10 4380
and Supporting
Services

40 Electricity, Gasand |35 2,307 9 1,578
Water

33 Wood and Wood 873 10,399 19 449
Products

39 Other 349 7,523 3 165
Manufacturing
Industries

31 Food, Beverages 794 13,910 23 1,745
and Tabacco

35 Chemicals and 903 28,439 29 2,014
Chemical Products

34 Paper and Paper 927 16,839 17 1,676
Products

32 Textile, Weaving, |867 26,635 6 380
Apparel and
Leather

36 Non - Metallic 186 4,425 4 118
Products

37 Basic-Metal 63 3,016 5 225
Industries

50 Construction 62 750 3 20

93 Socia, Community, | 101 883 10 370
etc.

83 Engineering, 17 246 1 24
Architectural
Technical Services

Total 9051 339,213 366 34237
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(Tan Kia Tang (1995)).
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Industry Number of Range Average
Samples Loa Loa
(dB(A)) | (dB(A))
1 Food manufacture 79 85-111 92
2 Manufacture of textile 28 85-108 93
3 Sawmill and other woodmills 32 85-104 93
4 Manufacture of furniture 54 85-115 93
5 Manufacture of paper and paper 29 85-102 92
products
Printing and publishing 33 85-96 89
Manufacture of chemicals and chemica |26 85-104 92
products
Manufacture of non-metal products 22 85-110 9
Basic metal industry 24 85-100 92
10 | Manufacture of structural metal products | 82 85-108 93
11 | Manufacture of metal cans and 83 85-118 9
containers
12 | Meta forging and stamping 45 85-105 93
13 | Manufacture of fabricated metal 139 85-115 92
products
14 | Manufacture of machinery 96 85-120 93
15 | Manufacture of electrical machinery, 38 85-108 91
apparatus and appliances
16 | Manufacture of electronic productsand |83 85-103 90
components
17 | Building and repairing of ships 42 85-110 95
18 | Manufacture and repair of motor 24 85-105 92
vehicles
19 [ Manufacture of aircraft 43 85-105 92
20 | Other manufactures industries 33 85-105 91
Tota Average 92
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Table5.7. Noise from Pneumatic and Electric Hammers (Vedsmand, 1995)).

Product Model/Type | Mative Power Noise level Vibration
A-weighted dB | Level (HA) dB
re 20pPa re 10° m/s’
AEG PHM EL/220V 101 142
Atlas Copco TEX11S |[Compressedair |95 142
Atlas Copco TEX 22 S Compressed air | 100 147
Atlas Copco TEX23E |[Compressedair |99 136
Atlas Copco TEX 25E Compressed air |97 141
Atlas Copco TEX32S |[Compressedair |98 150
Atlas Copco TEX 33E Compressed air |94 140
Atlas Copco TEX42S |[Compressed air |94 146
Atlas Copco TEX 43E Compressed air |96 142
Berema REBEL 20 |Electricity 92 140
Bosch UHS 10 Electricity 88 142
Bosch UHS 27 - 95 138
Bosch UHS12/50 |- 88 146
Compair Holman | Zitec 9 Compressed air |98 148
Compair Holman | Zitec 12 Compressed air |97 148
Compair Holman | Zitec 14 Compressed air |97 146
Compair Holman | Zitec 20 Compressed air |98 148
Compair Holman | Zitec 27 Compressed air |95 149

The Canadian Center for Occupational Health and Safety (CCOHS) has devel oped a Noise
L evelsdatabaseto bring together noi se exposure dataon awide range of workplaces, operations,
machinery and occupations. The contentsof the data base have been compiled from datareported
in journals, health and safety reports, and surveys by various industries and agencies.
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Table5.8. Averagel ., valuesand L, valuesat different industrial workplaces (n =
number of measurements) (Pekkarinen, Starck 1987).

Industrial Branch n L aeq L cpeak
dB(A) dB(C)
Foundry 24 93 127
Plastic packing 12 83 112
Metal packing 22 92 119
Printing press 24 93 119
Shipyard 28 92 134
Brewery 36 96 117
Porcelain fabric 9 88 128
Glass factory 7 95 113
Glass fibers factory 3 97 101
Confectionery factory 11 86 106
\Weaving factory 13 95 119
Stretch factory 7 88 114
Paper mill 21 92 130
Saw mill 14 9 123
Copper tube factory 5 96 136

55. ROLE OF STANDARDSAND DATA BASES
5.5.1. Introduction

Asillustrated in Figure 5.9, regulations and standards have an important influence on both the
design of quiet equipment as well as the design of a quiet work place.

In the domain of machine safety, the Directive 89/392 ( Annex |, section 1.5.8) of the European
Union requiresthat machines are designed and constructed in such away that hazardsfrom noise
emissions are reduced to the lowest level achievable with due regard to technical progress and
technology available, primarily at the source.

In order to evaluate the noise emitted by machines, declarations of the noise emission based
on the European Directives 86/188 (Art. 8, Par. 1b) and 89/392 (Annex |, Section 1.7.4f) are
demanded. This enables potential buyers to select from comparable makers of machine, that
machine with the highest noise-related quality (stimulation for manufacturers via the market).
At the same time it enables the buyers to meet their statutory obligation for machine operators
to usetheleast hazardous equipment possible (see EC Directive 86/188, § 5 (1)). Although there
are no other statutory regulations, the international standards have asimilar role to foster these
Intentions as shown in the structure of noise reduction of 1SO 11690-1, see Figure 5.9.
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Figure 5.9. Role of regulations and standards
5.5.2. Framework Standardsfor Noise M easurement at Machines

The determination of the sound power is conducted internationally according to the 1SO 3740
series, especialy SO 3744 and 1SO 3746; the | SO standards have been revised since 1989. In
these standards the envel oping measurement surface procedure is used to determine the sound
power level. The subjects of the standards are in particular the selection of the measurement
surface, the arrangement of measuring points, the determination of the environmental and
background noise correction, the principles for the selection of the mounting and operating
conditions and for determining measurement uncertainties.

Theemission sound pressurelevel isdetermined internationally accordingto 1 SO 11201, ISO
11202, 1SO 11203, I1SO 11204. These standards address , as a complement to 1SO 3744,
selection of the measuring point or points for the workplace or workplace area and the
environmental correction for one or more measuring points. Since the emission sound pressure
level istaken asacriterion for the type and scope of the noise declaration in Europe, the precise
determination and reproducibility should be stressed. A method which ensures the most correct
possible environmental correction for a measuring point has now been developed and it is
described in 1SO 11204. 1SO 11203 lays down procedures for calculating the emission sound
pressure level from the sound power level. This procedure could be quite effective for smaller
machinesfor which no preciseworkplace has been fixed (e.g. household appliances). 1SO 11201
and 1SO 11202 contain simplified procedures which are only applicable to alimited extent.

Thetype of noise declaration and asimplified verification procedure are given in | SO 4871.
The verification procedures for noise emission aready exist as International Standards (1SO
7574)

Most of theframework standardsfor determination,, declaration and verification of the noise
emission have been completed. With the noise emission declaration (see Figure 5.10) for a
machine, whichisin Europe mandatory for the manufacturer or importer, thereisthe possibility
for the first time of evaluating low noise level or noise quality. This creates the conditions for
achieving noise reduction at source.

Noise emission declarations are also absolutely essential for forecasts by calculation
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(ISO/TR 11690-3) of the noise impact (rating level) at workplaces and in the vicinity for the

noise control planning of new workshops.

M achine model number, operating conditions, and other identifying infor mation:

Type 990, Model 11-TC, 50 Hz, 230 V rated |oad.

DECLARED DUAL-NUMBER NOISE EMISSION VALUES

in accordance with 1 SO 4871

Measured A-weight sound power
level, Ly, (ref 1 pW) in decibels

Uncertainty, Ky, in decibels
Measured A-weighted emission
sound pressure level, L, (ref 20
«Pa) at the operator’ sposition, in
decibels

Uncertainty, K, in decibels

Operating mode 1

88

78

Operating mode 2

95

86

standards ISOYYYY and ISO ZZZZ.

measurements.

Values determined according to noise test code given in ISO XXXX, using the basic

NOTE - The sum of a measured noise emission value and its associated uncertainty
represented an upper boundary of the range of values which is likely to occur in

Figure5.10. Example of a noise declaration.

5.5.3. Machine-Specific Safety Standards: the Section " Noise"

In addition to the machine-specific noise measurement standards, noise aso has to be included
in a short section of a machine-specific standard with safety requirements for machines on an
European and international level. Framework standards on the safety of machines lay down
principles as to how the requirements of the EC Machinery Directive can be implemented, i.e.,
how the hazards arising can be recognized and avoided and how the safety of machines can be

increased.

Where noise hazards (see EN 414 & EN 292, part 1) caused by machines, are significant, a
noi se section hasto beformul ated in amachine-specific safety standard. A safety standard should
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therefore include, as a safety requirement for the machine, a "noise reduction” section with the

following sub-sections:

® Measuresfor noise reduction at the machine (ISO/TR 11688-1),

® Noise emission values (measurement, declaration, verification),

e Verification of noise reduction with reference to the achievable noise emission values (1ISO
11689).

® Because there are some examples of international standards concerning safety of machines
(eg. agricultura machinery, gears) it seems sensible to follow these principles for
International and European safety standards.

5.5.4. Framework Standardsfor Noise Reduction at Machines

To reduce noise at machines, standards have been drawn up which deal with the planning and
design of low-noise machines (ISO/TR 11688 Parts 1, 2), the collection and evaluation of
emission data (SO 11689) and noise-rel ated requirementsfor noi se control devicesand materials
(silencers, enclosures, noise absorbers, baffles).

The standard ISO/TR 11688-1 gives an overview of the principles and methods a design
engineer needs to design alow-noise machine or to communicate with an acoustic professional.
The following approach is specified for the design engineer:

1. Specification of the design task (standards, state of the art, requirements for noise)

2. Concept phase (principles for solving the problem, comparison and selection of concepts,
machine acoustics)

3. Detail design (calculations, detail drafts)

4. Investigations on prototype (measurement, evaluation, measures, comparison with
requirements)

The standard 1ISO/TR 11688-2 describes the principles and basics of noise control development

for existing and planned machines. Noise control devices and materials areto be covered as part

of the machine, if they are integrated in it, e.g. enclosures, noise absorbers, partial enclosures,

near-machine baffles. The reduction in emissions is thus expressed to an equal extent in the

emission values.

It was intended, for instance, to supplement ISO/TR 11688 by a collection of examplesin a
form which enablesit to be incorporated in CAD programs or databases. The same appliesfor
the computation methodsin SO 11689 and SO 11690. It isabsolutely necessary to adapt to the
needs of computer-ai ded design because other requirements from the environmental domain are
to be implemented in a similar fashion, e.g. recyclability of products. Longer periods must be
expected when it comesto theinstallation of databases containing characteristic valuesfor noise
reduction materials and components. The measuring standards have to be completed first.

5.5.5. Standardsfor Noise Reduction Devicesand Materials

Sincenoise control devicesand materialscan of course al so be used subsequently and in addition,
standards were drawn up separately with noise-related requirements and measuring procedures
for such devicessmaterials. for noise control enclosures (1SO 11546, ISO 11957), for noise
absorbers (1SO 11654, 1SO 10534), for silencers (1SO 7235, SO 11691, SO 11820, 1SO 14163),
noise baffles (1ISO 11821, 1SO 10053).
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5.6. ACTUAL STATE OF NOISE EMISSIONSFROM MACHINES

The collection, presentation and evaluation of noise emission data are described in ISO 11689.
In order to present the current state of noise emissions, the following must be defined in
particular:

- Machine group (type, arrangement area, power),

- Noise emission value (Ly, , L),

- Machine-specific noise measuring standard

- Representativeness of data,

- Type of presentation.

Within the actual state of noise emissions for a machine group, the machine with the lowest
emission value hasahigher noise control performance than that with ahigher value. To describe
the noise control performance of machines, 1ISO 11689 proposes that the emission data of a
machine group be broken down with the hel p of two or three defined emission values (L,, L,, L)
(seeFigure5.11). Different noise control performances are then obtained according to the level
of the individual emission values of the machinesin one group (see Table 5.9 for examples).

In Germany the actual state of noise emissions was drawn up for a series of machine groups
in VDI-ETS Guidelines, e.g. for wood-working machines (VDI 3740, Table 5.9), metal-cutting
machinetools(V DI 3742), reciprocating internal combustion (RIC) engines(V DI 3753), foundry
machines (VDI 3757), hand-guided tools (VDI 3761) , machines for the forming of concrete
blocks (VDI 3767) etc.

L, (90

/ | L

N

Moise emission quatitity

e

Characteristic machine parmameter

Figure 5.11. Typical noise emission as a function of machine
parameter



122

Table 5.9. Noise emission values (sound power level L) for surface planing machines

Noise sources

(according to VDI 3740, Part 2).

Type of Width of | Formof | Operating Emission value (A-weighted
machine | cuttingtool | tablelip state sound power level L,,, in dB)
inmm
smallest | medium lar gest
Surface <400 toothed no-load | 87183] 8385 | 91|90 [102
planing untoothed 83 91.5 102
machine toothed | machining | 95 | 94 | 97.0 [99.0|101 | 105
untoothed 94 99.0 105
>400 toothed no-load | 82|82 92,0 |193,5/101( 102
untoothed 90 97.0 102
toothed | machining | 92 | 92 | 98.5 [99.5|105| 105
untoothed 99 101.5 104
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6.1. INTRODUCTION

This chapter describes the noise measuring instruments most widely used in the practice of
occupational hygiene. The planning, the strategy and the practical aspects of anoise survey are
discussed in Chapter 7.
Many types of measuring systems can be used for the measurement of sound depending on
the purpose of the study, the characteristics of sound and the extent of information that isdesired
about the sound. The various elements in a measuring system are:
the transducer; that is, the microphone;

a

b
c
d.
e

shown in Figure 6.1.

the data storage facilities;

. thedisplay.

. the electronic amplifier and calibrated attenuator for gain control;
. the frequency weighting or analyzing possibilities;

Not all elements are used in every measuring system. The microphone can, for instance, be
connected to a sound level meter or directly to a magnetic tape recorder for data storage and
future measurement or reference. An example of the components of the sound level meter is

, Weighting ;
(O— a r: rﬁ-fier network Amplifier Rectifier | | A;e;:grl:g Display
P or filters y
AC outlet

The two main characteristics are:

Figure6.1. Sound level meter block diagram

1. The frequency response: that is, the deviation between the measured value and the true
valueasafunction of thefrequency. Astheear iscapable of hearing sounds between 20 Hz and
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20 kHz, the frequency response of the sound level meter should be good, with variations smaller
than 1 dB, over that range.

2. The dynamic range: that is, the range in dB over which the measured value is proportional
to the true value, at a given frequency (usually 1000 Hz). Thisrangeislimited at low levels by
theelectrical background noise of theinstrument and at high levelsby thesignal distortion caused
by overloading the microphone or amplifiers.

6.2. MICROPHONES
6.2.1. TheDifferent Types

Themicrophoneistheinterface between the acoustic field and the measuring system. It responds
to sound pressure and transforms it into an electric signal which can be interpreted by the
measuringinstrument (e.g. the sound level meter). Thebest instrument cannot givearesult better
than the output from the microphone. Therefore, its selection and use must be carefully carried
out to avoid errors. When selecting a microphone, its characteristics must be known so that its
technical performance (e.g. frequency response, dynamic range, directivity, stability), in terms
of accuracy and precision, meets the requirements of the measurement in question, taking into
account the expected conditions of use (e.g. ambient temperature, humidity, wind, pollution).

The microphone can be of thefollowing types: piezoel ectric, condenser, el ectret or dynamic.
In a piezoelectric microphone, the membrane is attached to a piezoelectric crystal which
generates an electric current when submitted to mechanical tension. The vibrationsin the air,
resulting from the sound waves, are picked up by the microphone membrane and the resulting
pressure on the piezoelectric crystal transforms the vibration into an electric signal. These
microphones are stable, mechanically robust and not appreciably influenced by ambient climatic
conditions. They are often used in sound survey meters.

In a condenser microphone, the microphone membraneis built parallel to afixed plate and
formswith it acondenser. A potential differential isapplied between the two platesusing ad.c.
voltage supply (the polarisation voltage). The movements, which the sound waves provokein
the membrane, give origin to variations in the electrical capacitance and therefore in a small
electric current. These microphones are more accurate than the other types and are mostly used
in precision sound level meters. However, they are more prone to being affected by dirt and
moisture.

A variation on the condenser microphone which is currently very popular isthe electret. In
thiscasethe potential differenceisprovided by apermanent el ectrostati c charge on the condenser
plates and no external polarising voltage. This type of microphone is less sensitive to dirt and
moisture than the condenser microphone with a polarisation voltage.

The last type is a microphone where the membrane is connected to a cail, centred in a
magneticfield, and whose movements, triggered by the mechani cal fluctuationsof themembrane,
give origin to a potential differential in the poles of the coil. The dynamic microphoneis more
mechanically resistant but its poor frequency response severely limits its use in the field of
acoustics.

6.2.2. The Sensitivity of a Microphone

The sensitivity of amicrophone is defined as the amplitude (in mV) of the output signal for an



Sound measuring instruments 127

incident sound pressure of amplitude 1 Pa (94 dB) at 1000 Hz. It can aso be expressed in
decibels by the following expression:

\%
Sengitivity = 20Ioglov—po dB re 1V/Pa
oP

Thus, a microphone giving an output signal V of 10 mV for a pressure signal p of 94 dB has a
sensitivity of 10 mV/Paor -40 dB. Herep, = 1Paand V, = 1 volt.

6.2.3. Frequency Response

Good quality piezoelectric or condenser microphones have usually flat frequency response
characteristicsfrom 2 Hz to an upper limit which dependsontheir size. Thislimitisabout 2kHz
for a1" diameter microphone, 4 kHz for a 1/2" and 8 kHz for a /4" microphone. Below this
limit, the frequency responseisindependent of the orientation of the microphone with respect to
the noise source, and therefore the microphone can be held in any orientation. Abovethislimit,
the frequency response will depend upon the direction of the sound wave on the microphone
membrane.

Some microphones have been designed in order for the response characteristics to be flat
when the sound direction of propagation is perpendicular to the membrane. These microphones
are caled free field microphones and should be oriented toward the most significant sound
source. Figure6.2. illustrates the frequency response characteristics of thistype of microphone.
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Figure6.2. Frequency response of afreefield (0°) microphone
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The numbers on the curves represent the angle of incidence (in degrees) of the incoming sound
wave with respect to the normal to the membrane. The quantity, “R”, representsthe response to
adiffuse sound field (sound incident equally from all possible directions).

Other microphones have been designed for the response characteristics to be flat when the
sound comesin al directions at the sametime asin adiffusefield. They are called diffusefield
microphones. Their frequency response characteristic is very near the response characteristic
under an incidence of 70° and these microphones should therefore be oriented at 70° toward the
predominant sound source.

Figure 6.3. illustrates the frequency response characteristics of this type of microphone.
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Figure 6.3. Frequency response of a diffusefield (R) microphone

6.2.4. Dynamic Range

The output of amicrophoneislimited on the one hand by theinternal noise of the transducer and
on the other hand by the distortion resulting from high noise levels. In addition, the instrument
to which the output signal of the microphoneisfed will saturateif the signal istoo high and will
also give afase result (that is, its background noise leve) if the signal istoo low. Therefore,
high sensitivity microphonesare needed to measure very low noiselevels (lower than 30 dB), and
low sensitivity ones have to be used for high noise levels such as for impact noise (above 130
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dB). The dynamic range of typical good quality microphones is thus between 100 and 120 dB.
6.2.5. Selection and Use of a Microphone

The selection of the microphone is based on:

the levels to be measured,

the frequencies to be measured - low or high,

the type of acoustic field - free or diffuse,

the purpose and the type of measurement - overall level or frequency analysis.

Asstated previously, the measurement of low noise level srequires high sensitivity microphones
and for high levels, low sensitivity ones are needed. The problem arises outside the range 50 to
120 dB usually: the characteristics indicated by the manufacturer for both the microphone and
the indicating instrument should be checked.

If the noise is predominantly at frequencies below 1 kHz and overall levels are to be
determined, any type of microphone may be used. On the contrary, if the noise is suspected or
known to include a high frequency content, or that afrequency analysisis going to be made, the
frequency characteristics of the microphone must be checked. As stated earlier, the smaller the
physical dimensions of the microphone, the wider the frequency range and the lesser the effects
of directivity sincethey occur at higher frequencies. Microphones of small diameter would then
bepreferable. However, they aremorefragileand, with the exception of certain special ones, less
sensitive.

The user must then choose between free field or diffuse field microphones. When it is
necessary to measure the ambient noiselevel at agiven point regardless of the localisation of the
sourcesor inpresenceof adiffusefield, adiffusefield microphone must be used: thisisgenerally
the case in occupational hygiene for the evaluation of exposure to noise.

On the contrary, for control purposes, the aim isusually to characterize the noise emitted by
aparticular machine. Themachine shouldideally beplacedinafreefield environment or at least
inavery absorbing room and afree field microphone should be selected. If thisisnot possible,
there exist 1SO standards to assist with making the measurements “on-site” ( ISO 3740,
1SO11200).

Wherepossible, adiffusefield microphone should bedirected at about 70° from thedirection
of the"predominant™ noise source, so that the frequency responsesfor direct and reflected waves
arethesame. It should awaysberemembered that thisconcernsonly high frequencies; therefore
the "predominant” source is, in this regard, the one emitting the most at these frequencies,
regardless of what is emitted at frequencies below 1 kHz.

Similarly, a free field 0° microphone must always be pointed toward the "predominant”
source.

6.3. SOUND LEVEL METERS

6.3.1. Description

Theelectrical signal from the transducer isfed to the pre-amplifier of the sound level meter and,
If needed, aweighted filter over aspecified range of frequencies. Further amplification prepares

the signal either for output to other instruments such as atape recorder or for rectification and
direct reading on the meter.
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The rectifier gives the RMS value of the signal. The RMS signal is then exponentially
averaged using atime constant of 0.1 s ("FAST") or 1 s ("SLOW") and the result is displayed
digitally or on an analog meter.

In some cases, the sound level meter does not include alogarithmic converter. The scaleon
the indicating deviceisthen exponential so that the linear signal may beread in dB. Inthiscase,
the dynamic range of the display is usually restricted to 10 to 16 dB and the precision of the
reading is rather poor. In the case of intermittent noise, the user must constantly adjust the
amplifier to adapt the output signal to the dynamic range of the display.

When alog converter isused, thedisplay scaleislinear in dB and itsdynamic rangeisusually
much greater. Thistype of display hasthe advantage of providing the same precision at any level
and permitting a much better appreciation of the range of fluctuations of the noise to be
measured. In thisregard, digital displays are less useful.

The specifications of sound level meters are given in IEC 60651 for four types 0, 1, 2, 3
differing by the measurement precision. The measurement precision is reduced as the type
number increases, affecting manufacturing costssignificantly. Thel EC 60651 standard specifies
the following characteristics:

e directional characteristics

e frequency weighting characteristics

® time weighting, detector and indicator characteristics
® sengitivity to various environments.

The type 0 sound level meter is intended as a laboratory reference standard. Type 1 is
intended especially for laboratory use, and for field use where the acoustical environment hasto
be closely specified and controlled. The type 2 sound level meter is suitable for general field
applications. Type 3 isintended primarily for field noise survey applications. The frequency
response for all typesis defined from 10 Hz to 20000 Hz with a higher accuracy at frequencies
from 100 Hz to 8000 Hz.

Type 2 and type 3 sound level meters usually include only the A-weighting network and the
FAST and SLOW response. Modelswith AC outlets should be chosen asthey make it possible
to record the noise on a magnetic tape recorder for further analysis. They are usually equipped
with adiffuse field piezoel ectric or electret microphone.

Type 0 and 1 sound level meters are often much more versatile with the possibility of
measuring vibrations or inserting octave or one third octave band filters. They usually make it
possible to measure anon-weighted signal (FLAT response) aswell as an A-weighted and a C-
weighted signal. They comewith achoicefrom avariety of condenser microphones of different
sensitivities and characteristics.

As previously seen, the evaluation of impulses involves the determination of the peak level
and the duration of theimpulse. Some precision sound level meters are equipped with acircuit
that makesit possibleto measure the peak level : thetime constant used in this case is about 50ms
and acircuitisincluded to hold theinstantaneouslevel. After recordingthepeak value, the meter
must be reset in order to read another value.

Some sound level meters offer the possibility to measure the equivalent A-weighted level
L eqr @ccording to the equal energy principle. This can be done in two ways. In the first, the
integrating period is prefixed (in some cases, 60 seconds) and the instrument computesthe L, 1
level progressively: intermediary readings are then irrelevant and the user may only record the
final value. In the second type, the integrating period is not fixed and the instrument actually
givesthe L, level computed during the time elapsed sinceit was started. Thistypeisof more
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use than the first one as the user does not have to define before hand the integrating time to be
used. A different type of integrating sound level meter will be more thoroughly discussed in
section 6.5.

(Editors' note: The International Standards |EC 60651 and 60804 define classes of instruments
instead of types. The ongoing revision of these standardswill result in one single standard which
will define only classes 1 and 2 for normal and integrating sound level meters aswell.)

6.3.2. Useof Sound Level Meters

This section describes how to use physicaly the instrument in order to correctly measure the
noise level existing at the point where the microphone is placed. The following steps must be
taken successively:

1. Batteries must be checked before use (see Section 6.9) and during long measuring sessions.

2. A wind shield must be used if the air velocity is noticeable. 1t should anyway be used all the
time as a dust shield (see Section 6.9).

3. The microphone should be oriented as described previously.

4. All intruding objects such as the body of the sound level meter (SLM) or the operator itself
will degrade the frequency response of the microphone at high frequencies and directivity
effects will appear at much smaller frequencies. Therefore, the SLM should be, whenever
possible, installed on a stable and sturdy tripod equipped with resilient blocks to isolate the
sound level meter from vibration and consequent spuriousreadings. The operator should be
at areasonable distance (2-3 m) behind the sound level metert. Extension cables should be
used if possible when measurements are to be made in a restricted area (see section 6.9).
When theinstrument makesit possible, an extension rod should be used for the microphone.
For walk-through surveys, the SLM should be held well away from the body.

5. The SLM must be calibrated before any measuring session using a calibrator described in
Section 6.8. If the temperature of the instrument is significantly different from the ambient
temperature where it will be used, it should be first warmed up (see Section 6.9) before
caibration and use. The calibration must be checked at the end of the session. If the
instrument is not calibrated anymore, the data might have to be discarded and the reasonsfor
this calibration change should be investigated as this might indicate an important
malfunctioning of the instrument.

6. Nowadays, itismuch moreadvantageousto useanintegrating sound |evel meter to determine
the L+ OVer arepresentative period of time T than to use asimple SLM on fast or slow
giving an instantaneous value.

6.4. FREQUENCY ANALYZERS
6.4.1. Description

The objective of frequency analysisis to determine how the overall level is distributed over a
range of frequencies. The most usual analysisfor occupational hygiene noise studies is octave
band analysis. For more detailed information, narrower bands can be used such as one-third
octave analysis or constant bandwidth analysis.

A number of analyzersare availablefor use with the sound level meter. The simplest models
are sets of passive filters (octave or one third octave) that can be inserted between the two
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amplifiers of the SLM. Other analyzers are specific instruments making it possible to
automatically scanthewhol erange of frequency bands. Theseare sequential instrumentsmaking
measurements in one band at atime. This strongly restricts their use as the noise must be
constant both in amplitude and in frequency during the 5 to 10 minutes of the analysis.

M ore sophisticated analyzershavethe possibility to makethefrequency analysisinall desired
bands at the sametime. Theseare anayzersusing aset of paralld filtersor using thefast fourier
transform of the input signal before recombining the data into the desired bands.

One important aspect to be considered about the filters is their frequency characteristics.
Ideally, the filter should provide an attenuation of infinity outside the band. In practice, thisis
never the case. For most common filters, the attenuation at the cut off frequencies is usually
around 3 dB and is some 24 dB per doubling of frequency outside that range. Figure 6.4. gives
the typical frequency characteristic of an octave band filter. The practical implication of thisis
that asignal of 100 dB at 1000 Hz for instance will give areading of 76 dB in the octave bands
centred at 500 Hz and 2000 Hz, although no energy ispresent at frequencies covered by thesetwo
octave bands.

The user must then be very careful when interpreting the results of the frequency analysis of
anoise that includes a strong pure tone.
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Figure 6.4. Typical 500Hz octave band filter characteristic
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As an example, consider the octave band spectrum of figure 6.5, presenting a predominant
value for the 1000 Hz octave band (106 dB). A pure tone of 106 dB at 1000 Hz would give a
reading of 106 - 24 = 82 dB both for the 500 Hz and the 2000 Hz octave bands. Thelevelsof 90
and 91 dB respectively would not be very much influenced by this and therefore would reflect
the total intensity at frequencies inside these bands.

However the frequency of the pure tone might be 1175 Hz: the attenuation provided by the
2000 Hz octave band filter would then be 15 dB and the level in thisband 91 dB. Similarly for
a860 Hz tone, the attenuation for the 500 Hz octave band would be 16 dB and the level wrongly
estimated at 90 dB.
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Figure 6.5. Example of the octave spectrum of a noiseincluding a puretonein the
octave centred at 1000 Hz

It isclear that, unless more sophisticated frequency analyses are performed, it isimpossible
to know precisely the frequency of the tone and therefore to determine whether the levelsin the
side bands are correct or not. Faced with cases like this, the user must proceed with more
sophisticated analyses.

For more sophisticated instruments and especially for digital equipment, the problem is of
alesser importance asthefilter attenuation with frequency isusually much higher (typically over
90 dB per octave).

6.4.2. Use of Frequency Analyzers

The procedure described here for carrying out afrequency analysis will only be concerned with
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the use of sequential octave or one-third octave filters, aswith more sophisticated paralléel filter

equipment, the procedure might be very instrument specific. Again, only technical aspectswill

be presented here: the problem of deciding what type of analysis needsto be done, when and for
what purpose being discussed elsewhere. Basic elements are:

1. Usualy frequency analyses are performed on unweighed signals. If it is not the case, the
weighting used must be clearly indicated (e.g. “ A-weighted”).

2. Itisobviousthat the noise must be fairly steady both in frequency and in amplitude during
the time of the sequential analysis. If it is not steady, the noise must be recorded on a
magnetic tape and the sample must be successively analyzed with each filter. Clearly this
problem would not exist in equipment with parallel or FFT filters.

3. Asthewidth of octave or one-third octave bandsis smaller for low bands (31.5 and 63 Hz)
than for higher ones, the fluctuations of the noise are usually much greater. Therefore the
sampling timein order to get areliable evaluation of the band level must be higher: actualy,
the sampling time must be inversely proportional to the width of the band (in Hz).

4. The frequency analysis should be carried on only for those bands for which the frequency
characteristic of the microphone and the input amplifier isflat. Corrections may not simply
be added to measured levels.

5. Asshowninfigure6.1, thefiltersareinserted between theinput amplifier which receivesthe
total signal and the output amplifier which must prepare the filtered signal for detection and
display. For anoise such asthe one represented in Figure 6.5, the overall level was 113 dB,
while the 8 kHz octave band level was 70 dB. The difference in this case is 43 dB which
means that the output signal of the filter was 140 times (10 to the power 2.15) lower than the
input signal. In such acase, care must be taken for the input signal not to saturate the input
amplifier and/or the output signal not to be covered by the internal electronic noise of the
output amplifier. The instruction manual of the measuring instrument should be consulted
about the procedure to prevent this. Some sound level meters are provided with overload
indicators for each amplifier to check that thisis not the case.

6. Datafor octave and onethird octave analyses must be reported in abar graph format instead
of by simply joining the different points plotted at centre frequencies (see Figure 6.5).

6.5. NOISE DOSIMETERS
6.5.1. Principles

The need to ascertain the noise exposure of workers during their normal working day, hasled to
the devel opment of the noisedosimeter. Thisisasmall, light and compact instrument to beworn
by the worker. It measures the total A-weighted sound energy received and expresses it as a
proportion of the maximum A-weighted energy that can bereceived per day. Thisinstrument is
particularly useful whenever the exposure varies appreciably during the working day.

The maximum A-weighted energy that is permitted to be received per day is defined in
standards or regulations: it is absolutely necessary that the dosimeter be calibrated on the basis
of the adopted standard (e.g. 85 dB(A) or 90 dB(A) for an 8-hour exposure), including the
accepted trading rule, which is 3 dB(A) in accordance with the 1ISO 1999 - 1990 standard (and
for most European countries) and 5 dB(A) for the OSHA Standard (USA). The 3 dB(A) trading
rule is consistent with the equal energy principle: 96 dB(A) during 2 hr providing the same
energy as 93 dB(A) during 4 hours or 90 dB(A) during 8 hours. The 5 dB halving rate assumes
that 90 dB(A) during 8 hours is equivalent to 95 dB(A) for 4 hours or 100 dB(A) for 2 hours.
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(Editors' note: NIOSH recommended in 1998 a 3-dB exchange rate, see Chapter 4)

Dosimetersare actually sound level meters having aDC output signal converted into aseries
of impulses which are counted to provide the dose. Thetechnical characteristics of dosimeters
must then be the same as for type Il sound level meters.

6.5.2. Use

The noise dosimeter is clipped to the workers' clothes with the microphone close to the ear, and
can be worn without hampering work. The dose provided by the instrument is of course
dependent on the duration during which the instrument is used. Therefore, it should first be
corrected for an 8 hour period and then converted to the daily noise exposure (Lgyg) level
according to the relevant formula (ISO or OSHA).

It is important to know that some old dosimeters do not take into account levels below 89
dB(A) or 80dB(A), asthey assumethat lower levelsdo not lead to hearing impairment. Thelg,g
isthen physically not correct. Thesedosimetersare obsol eteand should bediscarded. On certain
instruments, awarning marker is activated if the peak level ever exceeds 140 dB.

It is worth noting that the characteristics of the dosimeters have never been standardized.
Furthermore, they are extremely limited asthey provide onesinglevalue at theend. Itisstrongly
recommended to abandon this type of instrument and use the personal sound level meters
described in the next section.

6.6. PERSONAL SOUND LEVEL METERS
6.6.1. Principles

Personal sound level meters arein fact integrating sound level meters designed as dosimetersin
order to be worn by the worker during hisregular work. These instruments make it possibleto
record on almost any increment of time the equivalent level, the peak level or any statistical
parameter. Typicaly it will record the L+ (in dB(A)) and L, (in dB) every second. Thisis
extremely interesting asit makesit possible to anal yse the evol ution of the noise exposureduring
the day and to correlate it to the type of work or the location of the worker.

This type of instrument makes use of the equal energy principle and offers generally a much
broader dynamic range than dosimeters discussed in section 6.5. They are definitely expected
to replace dosimetersin the near future and in fact are already referred to as dosimeters by some
manufacturers and users. Personal sound level meters or personal sound exposure meters
conform to the IEC 61252 standard.

6.6.2. Use

Their use isidentical to the one of dosimeters with the microphone located closer to the ear of
the worker.

6.7. RECORDERS
6.7.1. Graphic Level Recorder

If the sound level meter has alogarithmic DC output facility, common graphic recorders can be
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used to obtain apermanent record of the evolution of the sound level, providing that their writing

speed is compatible with the SLOW or FAST characteristics of the SLM.

If there is no DC output or if this output is not proportional to the dB level but only to the
RMS pressure, then a special recorder must be used. Many different types are available and it
is not intended to review them. The essential characteristics for this type of equipment are:

e the RMS detection capabilities;

e the frequency response;

e thewriting speeds, that should at |east correspond to the slow and fast characteristics of the
sound level meter. For reverberation time measurements, however, much faster writing
speeds are needed;

e the dynamic range of the graph (often 25 or 50 dB) and of the instrument.

It isusually not practical to record graphically the instantaneous noise level at a workplace

for extended periods of time: the graph allows only the determination of maximum and

minimum levels and cannot be used to define any average level. The use of this technique
should be restricted to special cases such as:

the characterisation of short events of noise;

the determination of the intermittency of a noise;

the study of the reverberation time;

the recording of frequency analysis.

A graphical record of the history of the L ., noiselevel isusually possible with the exposure

meters described in Section 6.6.

6.7.2. Magnetic Tape Recorders

Magnetic tape recorders are used to make a permanent recording of the noise for future analysis
or reference. Some HIFI audio recorders can be used, providing their frequency response and
dynamic range are suitable. For general surveys, small recorders with afrequency response of
+3dB intherange 30 Hz to 16 kHz and adynamic range of 40 dB may be sufficient. For precise
measurements and frequency analyses, higher quality instrumentation is needed. The real
objectives of theinstrument have to be assessed since therelative price of theseinstruments may
vary in the range of 1 to 20.

Asthedynamic range of an analog recorder isno more than 40to 50 dB, usually it isdifficult
or impossible to record impulse noise as met in industry or as used for measuring the
reverberationtime. Somedigital recorders(referred to asDAC recorders) arenow available: they
have amuch broader dynamic range (around 90 dB) and a good frequency response (20 - 18000
Hz).

Besides analog and digital recorders, there are also frequency modulated (FM) recorders
which are of special interest for measuring vibration as their frequency range extends down to
DC.

6.7.3. Use of a Tape Recorder

The criteriafor the selection of atape recorder are:

e the frequency response at the different speeds. Usually the limits are directly proportional
to the speed;

e therange of speeds;

® the dynamic range;



Sound measuring instruments 137

the cross channel attenuation;

the presence of band pass filters enabling the elimination of low frequency noise;

the quality of the indicating device and of the input potentiometers, preferably graduated in
dB;

the possibility of controlling the output signal;

the protection against dust;

the protection against vibration susceptibility which increases the internal noise level;

The procedure for making a recording is as follows:

1.

6.

7.

Use preferably asthe input signal, the AC output of a sound level meter, making it possible
to control thelevel of thissignal in stepsof 10 dB. Thiswill be assumed to bethe casein the
following steps.

In presence of the noise, adjust the SLM so that the SLM reading is between mid and full
scale. Adjust the input potentiometer of the recorder (on pause) so that the signal does not
saturate the amplifier of the recorder (as indicated by the V.U. meter). The meter needle
should NEVER go into the red part of the scale. The input attenuation should not be too
high, however, or the dynamic range of the recording will be reduced.

Once thisis done, DO NOT modify any more the setting of the recorder. Record by voice
the attenuation used on the SLM (for example 80 dB).

Adjust the noise calibrator (for example, 94 dB, 1000 Hz) so that the correct level isread on
the SLM. Placethe SLM attenuator on the corresponding attenuation (e.g. 90 dB) and record
the calibration signal for 1 or 2 minutes, mentioning clearly by voice, on the tape, what will
be done and what has been done. The output signal of the SLM isin this case proportional
to: attenuation setting (90) + 4 (meter reading) dB. Therefore, the recorded signal will be a
reference of 84 dB, if 80 is the attenuation to be used for the real recording.
Removethecalibrator, replacethe SLM attenuator onits previous setting and after indicating
orally the start of the recording and its probable duration, proceed with it. The duration of
the recording is dictated by the problem to be investigated. It iswell advised to make much
longer recordings than at first appears needed.

At the end of the recording, again indicate orally the stop and give full information on what
was recorded, and on any particular event that might have happened during the recording.
Repeat Step 4 of calibration.

If, for any reason, the settings of the recorder have been modified during therecording, thewhole
procedure must be repeated.

6.8. CALIBRATORS

Microphonesareindividually calibrated at thefactory, and the calibration chart must be delivered
with theinstrument. Inthefield, calibration is performed by applying a known sound pressure
level at afixed frequency to the microphone. Calibrators are small, battery driven and operate
on different principles. One operates at 250 Hz and produces a sound level of 124 dB, accurate
to + 0.2 dB. To obtain the best results, the microphone should be well sealed in the coupler
opening. A changein atmospheric pressure atersthe calibration level dightly, but acorrection
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can be made using the barometer which is provided as a part of the instrument set. Another
example is a pocket unit, which operates at 1000 Hz. The calibration level is 94 dB with an
accuracy of + 0.5 dB.

The use of acalibrator as defined by IEC 60942 isrecommended for checking the accuracy
of hand-held indicating instruments, and must be used when tape recording data, as explained
previously. Accurate calibration of equipment used in the field is essential as it provides for
consistency in measurements, all ows accurate comparison of measurements madeover longtime
intervals, brings to light any slight changes in the accuracy of instrumentation, and allows are-
analysis of data, if thisis required at alater date. This care in the use of calibration for field
measurements should be backed up by regular laboratory calibration using more accurate
techniques, in order to check the frequency response as well as the amplitude response of the
equipment.

6.9. STORAGE, HANDLING AND TRANSPORTATION

It is obvious that great care must be taken of the instruments. They should not be exposed to
extremes of temperature or to direct sunshine. The limits that the instruments can stand are
usually defined by the manufacturer. The operating range of temperature should also be
specified: it is usually narrower.

- Instrumentsshould al so not be exposed to extremes of humidity, and any condensation should
be carefully avoided. This meansin particular that the instrument should not be taken from a
cold environment (acold car in wintertime for instance) directly to ahot and humid place. If the
temperature of the instrument is lower than the dew point of this environment, condensation
might occur, provoking short-circuits or general malfunctioning that might be unnoticed. The
problem is of a greater importance for microphones. Condensation on the membrane might in
the short term induce erroneous measurement; in the long term however, oxidation of the
membrane devel opsand small holes might appear: in thiscase, the microphone must bereplaced.

Before going from a cold to a hot environment, the instrument, in its tight box, should be
progressively brought to atemperature near that of the new environment and certainly well above
its dew point. This means also that the equipment should not be left in the cold overnight or
transported in the trunk of acar.

The equipment should also be stored in a normal temperature (10 to 25°C) and dry (30 to
70% relative humidity) environment. Microphones should betaken care of by surrounding them
with desiccating capsules or even storing them in adry 20° oven when they are not in use.

M easuring instruments should not be exposed to vibration for obviousreasons. Thisimplies
that they should always be stored, handled and transported in their original box with damping
materials such as plastic foam around them. Thisis also a further reason for not transporting
them in the trunk of acar.

M easuring instruments should be protected against dust. Portabl e instruments such as sound
level meters, and dosimeters, when not used, must be stored intheir box. When used, they might
be protected by either removing them from the dusty area and using extension cables, or by
enveloping them in tight plastic bags. Laboratory instruments, standing on tables, should be
covered with aplastic sheet when not used: such acover isusually provided by the manufacturer.
As far as the microphone is concerned, a wind shield should always be used. This shield,
consisting generally of aball of very porous plastic foam, must be cleaned carefully and regularly.
The foam shield must be discarded if it shows any sign of crumbling.

Dust on the microphone membrane is however unavoidable. The user should never try to
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removeit either with hisfinger (asthiswill modify the position of the membrane) or by blowing
air onit (asthiswill induce condensation). If by accident, the membrane has become very dusty,
onemight try toremovethelarger particles carefully with avery soft paint-brush. The membrane
may be cleaned with a cotton wool bud soaked in hexane.

The instruments should also be kept away from polluted areas. Thisis however seldom a
problem if condensation is avoided. The same precautions apply here.

Batteries should be removed from the instrument when it is not used for a prolonged period
of time. Non rechargeabl e batteries should be checked regularly and replaced as soon asthey are
flat, otherwise they might leak which might corrode and completely wreck the instrument.
Rechargeabl e batteries must be kept fully charged as far

aspossible. The batteries of an instrument make a single set which must be charged together.
Individual batteriesshould not beinterchanged between setsand thewhol e set needs repl acement
when worn. The manufacturer should be consulted regarding how to charge the set, with what
adaptor, at what rate, and how many timesthis can be done. For instruments powered by mains,
the voltage must be kept in the range indicated by the manufacturer. A stabilized supply might
be needed if the voltage fluctuates too much.

Great care must be taken of cables, connectorsand switches. These are the main reasonsfor
errorsor problems. Cablesshould bewound very loosely when necessary. Inthelaboratory they
should be kept straight, hung by the middle (not by a connector), loosely bent. They should be
replaced as soon as the insulating plastic becomes damaged. Connectors should be checked
systematically. If by accident, cableshave been sharply cut or bent or exposed to high heat or any
strong pull has happened on a connector, the cable must be carefully checked and ideally
discarded, as short-circuits or open circuits might happen then or later, which could damage the
instrument or lead to erroneous measurements. Theinstrument to which the cablewas connected
should also be checked for loose plugs, open circuiting or short-circuiting.

Switches are very delicate items, especially on recent smaller instruments. They must be
operated softly and without pressure. As soon as they indicate any sign of malfunctioning,
switches must be thoroughly cleaned and, if necessary, replaced. The cleaning can best be done
using cotton tips soaked with alcohol or hexane. Cleaning products that might leave residue or
attack the contacts (sometimes gol d-plated) must be definitely rejected. Care must also betaken
with microphone threads while screwing to sound level meters.

M agnetic recorders need special attention concerning the cleaning of the heads (as described
above) and the choice and handling of thetapes. Tapes should be demagnetized beforerecording
and stored away from iron or steel surfaces (and, of course, magnetic fields). They should be
kept in adry box at al times. When mounted, the recorder cover must be kept closed. Tapes
should be discarded after a few uses as the magnetic noise builds up, restricting the dynamic
range of recording. Heads might need specia carein addition to regular cleaning: the operating
manual should be consulted.

Finally, the manual of each instrument might give specia instructions concerning its
handling, the storage and the maintenance. Needlessto say that this must not be overlooked but
must be practised during the entire life of the instrument.
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INTERNATIONAL STANDARDS

Titles of the following standards referred to in this chapter one will find together with
information on availability in chapter 12:

SO 1999, 1SO 3740, 1SO 11200, IEC 60651, IEC 60804, |IEC 60942, IEC 61252.
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Harris, C. M. (Ed.) (1991) Handbook of acoustical measurements and noise control. 3™
edition,New Y ork, McGraw-Hill, Inc.
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7.1. INTRODUCTION
7.1.1. Definitions

L,.« designates the instantaneous level indicated by a simple sound level meter set on FAST or
SLOW as far as the averaging time is concerned. In recent timesthe L, o parameter has been.
replaced by the A-weighted equivalent level L, Thisisthe continuous level which, over a
given period of time, T, would give the same amount of acoustical energy as the actual noise.
Thisistheso called | SO equal energy principle. Asmentioned in chapter 4, thisisdifferent from
the so called OSHA principle (USA) according to which an exposure of duration AT at a noise
level L dB(A) is equivalent to an exposure of duration 2AT at a noise level (L-5) dB(A)
(according to the 1SO principle, it is equivalent to (L-3) dB(A) during 2AT).

Over a given period of time, persona dosimeters (personal sound exposure meters) offer
usually the possibility of recording all or some of the following parameters:

L., the noiselevel (in dB(A)) exceeded during x% of the time;

Lyax thehighest level (in dB(A)) exceeded during that period of time (in

SLOW and FAST, depending upon the setting of the instrument);

Lo the highest peak level (in dB).
For hearing conservation purposesor to estimatetheindividual risk of hearing lossof an exposed
person, it isnecessary to define an averagelevel characterising the mean exposure of the person.

* deceased. Contact: Keith Broughton, Technology Division 4, Health and Safety Executive
Magdalen House, Stanley Precinct
Bootle, Merseyside L203QZ UK
keith.broughton@hse.gsi.gov.uk
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Two parameters are defined:

® thedaily noiseexposurelevel Leyg, (= Loy an = Lepg) Whichisthecontinuouslevel, indB(A),
whichwould, over astandard daily period of 8 hours, produce the same amount of acoustical
energy asthe actual daily exposure. This concept isused when the worker isexposed daily,
for 5 days per week, to the same level.

e f thisisnot the case - for instance awork cycle of more than one day or lessthan 5 days per
week - the concept of the weekly noise exposure level, Ly, , is used: thisis the continuous
level, in dB(A), which over a standard weekly period of 40 hours, would produce the same
amount of acoustical energy as the actual weekly exposure.

ISO standard 1999 introduces also the quantity, E, ; , which is used to characterise the total
noise exposure in terms of Pa® .h. This quantity is discussed in more detail in chapter 1. Note
that many people use the units Pa? s x10° (see Table 7.1)

The standard 1SO/DIS 9612 (1995) indicates how to estimate the daily noise exposure level
of aworker using asample composed of n measurements having anoiselevel Ly, carried out
with a specified integration time T, , where the total exposuretimeis,

T=ST
1=1
01 & O
L peq s :10|ogmB521o“M”°H (1)
1=1
s 0.026s*
CL=t _,—+ 2
"“Vn n-1 @)
1 2
S_\/n—_l|=1 (LAeq,TI Lm) (3)
LCL = L, s —CL (4)
UCL =L, -CL (5)

I‘EX,Sh = I‘EP,d = I‘Aeq,Sh = I‘Aeq,T +10|0910(T/T0) (6)
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In the equations, L,, designates the arithmetic mean of the noise levels Ly, 7, S is their
standard deviation t, ; the value of Student'svariablefor n-1 degrees of freedom at a probability
threshold of 95%, T isthetotal duration of the daily exposure, and T, isthereference duration
of 1working day (i.e. 8 hours). LCL and UCL are respectively the lower and the upper
confidence limit of the L, -

Theserelations apply the 1SO criterion of equivalence ("Exchange Rate") between the noise
level and the duration, set at +3 dB when the duration is reduced by half. American regulations
from the OSHA usethe 5 dB criterion. With the OSHA criterion, the daily noise exposure level
Is calculated by replacing the "1SO" constant equal to 10 in equation (1) with the "OSHA"
constant, which is equal to 16.61.

(EDITORS NOTE: Thereisa new recommendation by NIOSH(1998) concerning the exchange
rate, see Chapter 4)

Equation (2) is used to estimate the confidence interval of the average value, and was
proposed for the case of anormal distribution of noiselevels expressed in decibelsto account for
the fact that the addition of decibelsis acomplex procedure (Bastide, 1988). If the variance of
the observed distribution is relatively small, the quadratic term in equation (2) has little impact
and the relation becomes a classic estimator of the confidence interval of anormal distribution.
Other methods that -use additive quantities exist, including the expression of the received noise
as a percentage of the permissible daily noise dose (OSHA method), and transformation of
decibels into energy - expressed as (Pascal)? x(seconds) (1SO 1999 method). The calculation
based on the energy method has been standardised (Germany, DIN 45641 , 1990), and includes
an estimate of the confidence interval of the mean sound level.

Examples

A worker is exposed during 4 hours per day, 5 days aweek, to areproducible L, level of 95
dB(A). Since he/she works 5 days aweek, the concept of daily noise exposure level Lgy g, can
be used and it is equal to 95 + 10l0g,,(4/8) = 92 dB(A).

Another worker isexposed for 10 hours per day, 3 days per week to areproducibleL ., rlevel
of 95dB(A). The concept of L, g, isthistime not applicable and the L, , must be used. Being
exposed during 30 hoursto 95 dB(A) isequivalent to being exposed 40 hoursto anoiseintensity
which is 30/40 or 3/4 of the intensity corresponding to 95 dB(A). Since 101og(3/4) = 1.3, L,
iIsequal to 95-1.3=93.7 dB(A).

7.1.2. Objectives of the Survey

Thetype and the strategy of measurement will depend strongly on the objectives of the survey.

Four different objectives can be pursued:

1. the determination of the noise emission of a given machine or ensemble of machines;

2. theidentification, characterisation and ranking of noise sources,

3. theverification that agiven worker isor isnot exposed to anoiselevel abovethelegal limits
(compliance);

4. the prediction of the individual risk of hearing loss.

These four objectives and what they imply will be discussed briefly.
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7.1.2.1. Noise emission evaluation

Standards are avail able for the determination of the noise emission of machinesin general or of
specific items of equipment. Methods are described which deal with sound power, sound
pressure and sound intensity. Theseseriesof I nternational/European standardsincludeprecision,
engineering and survey grade situations. These measurements are usually rather sophisticated
and require great experience. They will not be described here, but are the subject of 1SO
standards.

7.1.2.2. Ranking of noise sources

Control of noise at theworkplace does not necessarily concern the noisiest sources, but those that
makethelargest contributionto thetotal exposure; thistakesinto account not only the noiselevel
but also the duration of exposure and the number of people exposed.

It istherefore important to identify each source, or at least the most significant ones, and to
establish the duration of exposure and the number of workers exposed.

7.1.2.3. Compliance

To check compliance of noisy areaswithregulations, it is necessary to determinethe L, g,0r the
Lexw = Lep,, according to the nature of the exposure. In this approach, the conclusions are as
follows according to whether or not the noise exposure level exceeds or not the occupational
exposure level (OEL = 85 or 90 dB(A) usually):

Lexen < < OEL.: the working conditions are acceptable legally

Lexan > >OEL: the conditions are unacceptable and control measures must be
implemented as soon as possible

Lexsn  OEL: additional measurements are needed to determine whether Lg, g, is lower or
higher than the OEL.

Paradoxically, if the objectiveisonly compliance, more measurements are made if the exposure
is around the OEL than when the exposure level is below or even above the OEL.

7.1.2.4. Risk evaluation

ThelSO 1999 standard describesamodel for the prediction of the distribution of the hearing loss
at agiven frequency, in apopulation of agiven age, after acertain number of years of exposure
toalg,g, level. Fromthisstandard, Figure 7.1 was derived,; it gives, asafunction of L, g, the
percentage of the population aged 60 years, which, after 40 years of exposure, would develop
mean hearing impairments (average 500 Hz, 1 kHz, 2 kHz, 3 kHz) greater than 25 dB.

Thefigure showsthat the risk of hearing impairment increases quadratically asafunction of
Lexgn Therefore, if the risk is to be estimated with a given accuracy (for instance + 2%), the
accuracy required for the evaluation of L, g, increases : for instance 88 + 2 dB(A) but 94 + 1
dB(A).
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7.1.3. Typesof Noise

It isuseful to have available atypology of the exposure fluctuations to simplify the description
and measurement of actual noise exposure. The nature, deterministic or otherwise, of the noise
level variations and the amplitude of these-variations are the two essential points that must be
known to define this typology. The importance of this data is illustrated by the examples
presented below.

Any modification of the production, the aternating of activities such as deliveries, the
maintenance of machinery, or the momentary use of extremely noisy machinery generaly lead
to fluctuations in the noise exposure conditions. Such varying factors are usually not random,
and can be used to divide the exposure time into different intervals that correspond to particular
activities.

Occasionally, relatively rareacoustic eventsoccur, and can producenoiselevel ssignificantly
higher than the average for alimited time during the work-day (e.g. afew minutes at levels of
at least 10dB(A) over theaveragelevel). Such eventsoccur, for example, when an operator uses
acompressed air blower to clean amachine or clothing at the end of a shift; when an individual
isobliged to intervene in close proximity to anoisy installation; when metallic pieces are being
hammered, etc.
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Figure 7.1. Risk of hearing impairment (mean 0.5, 1, 2, 3 kHz, deficit > 25 dB) asa
function of the daily noise exposure level, Ly g, -

The importance of rare acoustic events in the measurement of noise exposure must be
stressed. Even if the overal duration of such events is no longer than a few minutes, their
contribution to the total daily noise exposure can be predominant. An example of thisisgiven
in Table 7.1 where alathe operator in an engineering workshop periodically cleans the machine
with acompressed air blower, thereby producing up to 105 dB(A). The average daily duration
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of these cleaning periodsis estimated to be of the order of 5 minutes.
However, as seein thetable, thistype of cleaning can contribute 61% of the noise exposure,
whereas the lathing, which is the principle activity of this worker, contributes only

Table 7.1. Exampleof arareacoustic event: use of compressed air blower for the
cleaning of a lathe.

Activity. i Daily Relative | Noise | 8 hour Noise Relative
civity, 1 Duration | Duration | Level Noise Exposure | Noise
Exposure | during Exposure
Leve Activityi | of
Activity i
Ti Ti/ Td LAeq,Ti EA,Sh EA,Ti
min (%) dB(A) | P&.s.10° | Pa.s10® | (%)
1- Lathing 360 75% 84 2.89 2.17 35%
2- Cleaning with
compressed air 5 1% 105 364 3.79 61%
blower
3- Verifications | 115 24% 80 1.15 0.28 4%
Entire day 480 100% 87.30 | - 6.24 100%

The total noise exposure at this workplace is the sum of the 3 partial noise exposures. Itis
calculated using the quantities defined in the standard | SO 1999 (1990).

En s Noise exposure for an 8-hour working day, expressed in Pa’.s x10°. The standard
gives the correspondence table of this value with an equivalent noise level L, g, €xpressed
indB(A).

E.n:  Noise exposure of activity i, calculated as E, ;= Eng, X Ti/T,

(where T, = 480 min or 8h)

The average noise exposure over the shift is 87.3 dB(A), which, because of the use of the
compressed air cleaner, is higher than the permissible exposure level of 85 dB(A).

To make it easier to account for factors likely to create significant fluctuations in the noise
levels, Thiery et al. (1994) proposed atypology of exposure situations that defines the 5 types
of exposureillustrated in Figure 7.2, which include:
® exposureto asteady (or quasi-steady) noise,
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® exposureto several steady noises, each having average levels separated by approximately 5
dB(A) and fixed durations,

® exposure to noise fluctuating in arepetitive cycle,

® exposure to a fluctuating noise that includes rare acoustic events that are predictable and
easily identified,

® exposure to noise that fluctuates in arandom, unpredictable manner.

N.B. A "steady" noiserefersto asituation where, when each sampleisintegrated over aduration

of one second (or using the "slow" setting on the sound level meter), the variations in the

amplitude between samples are lessthan 5 dB(A).

7.1.4. TheThree Stepsof a Survey

Asshownin Figure 7.3, the implementation of astrategy for the measurement of noise exposure
that is adapted to different types of noise includes several steps. The first step consists of
carrying out a preliminary study of the work place and the circumstances that govern the
important variationsin thelevel of noise exposure (Section 7.2). The second step dealswith the
definition of a measurement strategy and carrying out the measurements to quantify the noise
exposures experienced by the workers (Section 7.3). The third step treats the interpretation of
the results of the investigation (Section 7.4).

The justification for proceeding in the above manner is that it is impossible to know what
exposure situations require special metrological efforts without apreliminary study. It hasbeen
shown (Damongeot, 1990) that "blind" sampling (i.e. noise measurements without any
preliminary study) can lead to serious underestimation of the daily noise exposure levels (by up
to 35 dB(A)) in the case of arare acoustic event "forgotten” during the sampling). When the
measurementsreveal periodsof over-exposure, itisnecessary to not only eval uate the mean noise
exposure level, but also to identify the causes of the over-exposure through a global anaysis of
the circumstances surrounding the real exposure.

7.2. PRELIMINARY SURVEY

As shown in Figure 7.3, related to the strategy for the evaluation of noise exposure, the
preliminary survey has two particularly important objectives: to describe the circumstances
surrounding the noise exposure; and to identify those factors which can cause systematic
variations. A measurement strategy adapted to each exposure situation can then be developed
based on this information.

The information required at this stage includes the number of exposed workers, the
characteristics of their activities and the identification of any noise sources, theway inwhich the
activities are organised and how they change asafunction of time. Thissurvey thusleadsto the
constitution of homogeneous exposure groups, and to the identification of characteristic time
periods of the different exposure situations or stationary intervals, as proposed by Malchaire
(1994).

Itisalso desirabletoinvolvetheworkersinthe preliminary survey in order to be ableto take
their real work situation into account, thereby rendering the study more complete and then
validating the datacollection scheme. Additionally, by associating theworkerswith the survey,
they will be more aware of the risk of exposure to noise.
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Figure 7.2. Typical noisetypes. (A) quasi-steady noise; (B) noise with various levels; (C)
cyclic noise; (D) fluctuating noise with rare events; (E) randomly fluctuating noise.

If noise measurements made prior to the current survey are available, they can be used to
specify the aspects on which the preliminary survey should focus. Otherwise, a few
measurements can be made at this stage to evaluate the noise variations, or to estimate the
different ambient noise levels of the different workshops. The only real objective of the
measurements made at this stage is to prepare the way for the real exposure measurements that
will be carried out during the second phase of the survey.

7.2.1. Location and I dentification of Noise Sourcesin the Work Environment

Inany workplaceit is essential to tour the premises with the assistance of someonefamiliar with
the premises and the working practices.
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Beforedoing any analysis, itisuseful toidentify thetypeand position of thedifferent sources
of noise that are present in the workshop. Locating any fixed machinery likely to be noisy will
be made easier through the use of the plans of the layout of the workshop. This identification
will also include any mobile machinery or vehicles, manual operations that cause noise, and of
course, any operations, machinery or actions likely to cause rare acoustic events.

The machinery will generally go through several different operating modes during the
working day for the following reasons:
® production can change from one day to the next;
® agiven fabrication process can include many steps,
® machine settings can be altered,
® there can be aternating shut-down and production phases, etc.

Noise level fluctuations can be observed during a single working day, or over the course of
several days. Knowledge of the different operating cycles of machinesis necessary in order to
evaluatetheir probableimpact on the noi se exposure of theworkers, and to define ameasurement
strategy that can account for such non-random variations.
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Figure7.3. Stepsin the measurement of the noise exposure of workers.

HEG: Homogeneous Exposure Group

Lexo=Lexgn: Daily Sound Exposure Level

PEL: Permissible Exposure Level

LCL: Lower Confidence Limit of Daily Exposure Level

UCL: Upper Confidence Limit of Daily Sound Exposure L evel

It isessential to have aworkshop plan during the tour in order that information given can be
transferred to the plan. Thetour will also identify those areas where noise appearsto be high and
where noise appears to be a problem as perceived by the operators; in this instance the various
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operators need to be involved with the discussions. Again this information can be transferred
onto the plan.

In addition, the person carrying out the survey can identify those machines he or she
perceives as giving rise to high noise levels which can be identified and noted on the plan for
inclusion in the noise assessment.

Following completion of the initial tour, it is advisable to obtain agreement with managers
and employees that the conditions encountered are normal/average for a days activity. This
should form the basisfor discussion in establishing the working system seen during the tour and
an analysis of the working patterns; in particular in relation to those operators who have been
previoudly identified asbeing included as subjects of the measurementsfor the noi se assessment.
The information gathered can be used for a variety of purposes such as:
® establishing high noise areas;
identifying individual noise sources and their character;
identifying the areas/machines making contributions to the exposures of persons;
creating a plan in order to decide what to measure and how to measure and for how long;
deciding whether individual operators can be assessed or whether one operator can be
assessed as representative of agroup or whether an area can be assessed and the information
applied as representative of all operators in those areas; and
® choice of the instrumentation to be used

Too much information isnot a problem; any excess can be discarded at thereport stage.
7.2.2. Work Analysis

The objective of the task analysis is to precisely define the characteristics of the different

exposuresand to identify thosefactorsresponsiblefor any variationsin the noise exposure. Four

factors are essential to this:

e thesituation of the operators (fixed post, mobile post inside fixed zone, no fixed post, etc.);

® the nature of the tasks carried out by each worker (or group of workers), and the temporal
breakdown of these tasks;

e theworker'senvironment, which also dependson the activities of neighbouring workers; and

® thetype of noise exposure, including, in particular, the identification of rare acoustic events
likely to cause exposure to intense noises of short duration.

Frequently, a working routine includes habitual, stable activities, as well as non-habitual
activities such asintervention on the machines, tuning or cleaning of machinery, etc. The task
analysismust then include both types of activities since the non-habitual activitiesoftenincrease
the noise to which an individual is exposed.

To make sure that the investigator collectsal of the necessary information, several methods
have been developed (e.g. Royster et a., 1986; Gambaet a., 1992; Malchaire, 1994; Thiery et
al., 1994). Two notices outlining the information judged indispensable at this stage are shown
in Tables 7.2 and 7.3 (from Thiery et a., 1994).

When the individual workers are carrying out clearly distinct tasks, it is necessary to make
alist of these tasks and to specify the nature of each one, the average amount of time spent per
day on it, and the type of noise exposure. If the duration of these tasks varies from one day to
the next, an estimate of the medium-term average duration is needed.
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7.2.3. Noise Characterisation

Twotypesof qualitativeinformation on the noiseexposure are useful to preparethe measurement
strategy, and to choose a measurement method:

® thetype of noise encountered

e thelevel of therisk involved

7.2.3.1. Typeof noise

When conducting noise surveys it is important to establish the character of the noise source,
which will depend on the working environment under consideration. Prior knowledge of the
character of the noise being assessed is critical when selecting the most appropriate measuring
instrumentation. Noise can be characterised by the following terms:

® Steady-Continuous; e.g. cotton/textilemill wherethereislittlevariationin perceived level.
Non steady-fluctuating; e.g. woodworking mill (particle board process) where the level
rises sharply when boards are being cut; concrete block machines.

I mpulsive and impact-drop forge, hammer mill, power press shop.

Broadband-constant energy in all frequencies (e.g. bottling plant).

Narrow band-energy confined to discrete frequency.

Tonal-Discrete low or high frequency.

Sudden bursts-High energy and short duration.

I nfra sound-sound at frequencies below 20 Hz.

Ultra sound-sound at frequencies above 20,000 Hz.

Many work environments represent combinations of the above noise types; for example, a
metal working shop would have impact noise and broadband noise. During the preliminary
survey, the plan of the premises can be used to identify those areas which have different noise
characteristics.

Thecapability of instrumentation variesenormously and it isof extremeimportanceto select
the instrumentation capable of capturing and analysing the noise source under consideration in
order that the total sound energy making up the personal exposure is measured correctly. The
instrument chosen must have the appropriate response capability. Most grade 1 meters have
these capabilities but it may be that the use of tape-recorders will allow measurements to be
carried out for analysis later.
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Table 7.2. Example of a notice summarising all of the information relative to the
population of exposed workers, by type of exposure.

WORK/TASK ANALYSIS
to guide the noise exposure measurements

Notice 1: GROUPS OF EXPOSED WORKERS

This step deals with each of the workshops where noise is a problem. Its purpose is to
identify groups of workers having similar activities, and those having specific activities.

In order to examine the different types of noise exposure, it is necessary to proceed step
by step, taking into consideration 4 activity-related factors: the principle task, the time
frame of the job, the location of the activity, and its nature.

1 - Distribution of the staff asa function of their principle activity:
Production/Handling/Mai ntenance/Other

2 - Digtribution of the staff asa function of the working time:
Day shift/Night shift
Other specific times

3- Location of workstation:
Fixed work places:
position on plan,
personnel concerned.
Surveillance of limited zone:
outline the limits on workshop plan,
personnel concerned.
Work places very mobile:
outline paths, zones of activity,
personnel concerned.
Located in many different sites:
List of different activities,
personnel concerned

4 - Nature of activities carried out at each work place:
Nature of the tasks really performed including the different production steps.
Personnel concerned.

Using thisinformation:

- Regroup the workers (or work places) according to the type of exposure and define
homogeneous exposure groups.

- Makealist of those workers having specific tasks.

- Verify that all exposed workers are accounted for.

- Evaluate each of them using Notice (2) based on the analysis of the circumstances of
the noise exposure.
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Table7.3. Exampleof anoticesummarising theinformation describingthecircumstances
of an exposure situation, used in preparing the measur ement strategy.

WORK/TASK ANALY SIS
to guide the noise exposure measurements

Notice 2: ANALYSISOF THE CIRCUMSTANCES OF THE NOISE EXPOSURE

For thoseworkershaving similar activities, or for those having specific activities, examine
all of their task in order to identify the factors that determine the noise exposure and its
variations as a function of time.

1 - Identify the nature of noisy activities

a) During normal activities:
- Use of machines, tools, vehicles...
- Noisy manual operations.
- Noise caused by activity at neighbouring work station.
- Noise caused by fixed equipment (conveyors, compressors,...).

b) During exceptional activities:
- Tasks carried out at the beginning and end of production (re-supplying, tool
changes, trials, adjustments, product removal, repairs, etc).
- Cleaning.
- Repairs (Unblocking, etc).
- Periods of heavy maintenance.

C) ldentification of any eventual rare acoustic events:
- Useof high flowrate compressed air blowers.
- Presence of compressed air vents (valve outlets, compressor purges, etc).
- Occasional metallic shocks (straightening, hammering etc).

2 - Situation of noisy activitiesduring the work shift

a) During normal activities and exceptional tasks:
- How arethe different activities spread out over the working day?
- What istheir average daily duration?
- When can important changes in noise exposure occur?
- If the shop activity is cyclic, what is the average duration of a cycle?

b)

f activities are not regular:

What activities, machines or operations are supposed to be the noisiest?
When do they occur?

How long do they last?

¢) If rare acoustic events do occur:
When do they occur?
How long do they last and what is the daily frequency of these events?
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7.2.3.2. Leve of risk
Use of athree level risk scale provides guidance for the assessment of the level of risk.

Level 1
Daily noise exposure level definitely below 85 dB(A), the limit value generally recommended
in hearing protection.

Level 2
Intermediate risk, lying between Levels 1 and 3.

Level 3
Daily noise exposure level definitely over 90 dB(A), the valuefor which it isrecommended that
technical measures should be taken to reduce noise exposure.

This scaleisinterpreted as follows:

- Forlevel one, exposure measurement isnot needed if itisessentially certain that thelimit
value will not be exceeded. However, if thereisasdlight doubt, or if impulse noises can
occur, then the situation should automatically be classified as Level 2.

- For Level 2 cases, itislikely that an over-exposure will occur. Exposure measurements
are therefore necessary, and must be sufficiently precise (to within™ 1 dB(A)) so that it
is possible to conclude whether or not the limit exposure value has been exceeded.

- Over-exposuredefinitely occursin Level 3. Exposure measurements must be carried out
asin Level 2. However, in the event that the exposure exceeds the limit value by more
than 5 dB(A), the precision can be relaxed a bit.

7.2.4. Homogeneous Exposure Groups

In many workshops, it is possible to split the population into Homogeneous Exposure Groups
(HEG); i.e. groups of workers exposed to noise in conditions that can be considered similar.
Thismethod (Leidel et al., 1977; Hawkinset al. 1991) istypically used inindustrial hygienein
order to reduce the number, and therefore the cost of exposure measurements. Different authors
have proposed using thistechniquein the eval uation of noise exposure (e.g. Royster eta., 1986;
Gambaet a., 1992; Malchaire, 1994; Thiery et ., 1994).

Thedefinition of homogeneousexposuregroupsisbased on the datacoll ected during thetask
analysisdiscussed above. The objective of this stratification isto divide theworkers up into the
largest groupspossiblein such afashion that there are no systematic exposure variations between
the members of the group. Thislast constraint often leads to HEGs being defined for aspecific
task, andtotheworkersbeing classified into an HEG according to the specific exposuredurations
or to different stationary time intervals.

Certain workers are obviously exposed to variations in the noise level which cannot be
foreseen. These could include setters, adjusters and maintenance staff etc.. These individuals
cannot beput into agroup with the other workersa priori, and individual, repeated measurements
must therefore be made for them.

If theworkshop consistsof avariety of machinesall performing different tasksthen therewill
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be a need to measure at all machinesand all operators. However if there are many operatorsin
an areaand all are affected by noise from one machine or process then it may be possible select
one or two operators who are representative of the group.

In situations where many operators are working in adefined area and their activities require
many movementsit isreasonableto establish exposures on an areabasisand apply the samelevel
of exposureto all.

Agreement needs to reached with all personnel involved, whatever strategy is adopted.

7.2.5. Definition of M easurement Times

There are two specifications concerning the measurement of the daily noise exposure level
contained in the standards SO 1999 (1990) and ISO/DIS 9612 (1995):

- useasareference the duration of one working day, fixed by convention at 8 hours,

- choose the duration and distribution of measurement periods in order to encompass all

of the important variationsin the noise levels at the different work stations.

To apply these specifications, one needs to estimate the importance of any variation in the
noise exposure. Thisisprecisely thegoal of the typology of noise exposure situations presented
above (see Sections 7.1.3 and 7.2.3), and indicates how to account for production cycles, rare
acoustic events, activity changes, etc.

When the exposureis stable from one day to thenext, i.e. no variationsgreater than5dB(A),
the measurements can be spread out over asingle day. However, this generaly is not the case,
and it isthus preferabl e to spread the measurements out over the course of at |east three working
days or three stationary time intervals.

In contrast, whenthe preliminary survey reveal sthat important variations can occur from one
day to the next, it is necessary to spread the measurement intervals out over as many working
days as possible.

If rare acoustic events are detected during the preliminary survey, or if an excessive noise
exposure situation is likely to occur during the course of non-habitua activities (e.g.
adjustments, interventionin case of incident, etc.), aspecific exposure measurement must include
these specific exposure intervals.

The need to establish the type of noise will affect the type and complexity of
instrumentation necessary for exposur e assessments.

All soundsresulting from operation of themachinesor processmust beincluded in the
measur ement irrespective of their character, level and event time

Using the plan of the workplace (which identifies workstations and machines etc.) the positions
to be used for measurements shoul d be agreed upon. M easurements should be obtained at worker
positions preferably without the worker present, but if thisisnot possible then at 0.10m from the
ear of the worker.

There is no need to measure over the full working day but measurements must reflect the
normal operating cycle of the process; i.e. all noises present during normal operation must be
included in the cycle duration chosen.

Thetotal daily exposure, i.e. L, g, ,Can be assessed by obtaining asampleL ., if the operator
spendsall 8 hoursat the samelocation. If operators need to move about then measurements must
be splitinto samples; i.e. al activitieswill have asample L .., and atime period associated with
it. Under these conditionsthe L, value can be cal culated using:
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where: L, = equivalent continuous sound level ,
T, = total working period (usually 8 hours)
T, = exposure period (hours)
pa (t) = time varying instantaneous A-weighted sound pressure (Pa)
P, = 20 pPa
t = time (hours)

Some exampl es of representative exposure periods are as follows:

Operator of a Band resaw

At machines of thistypeit isusual to measure over the period needed to cut say four lengths of
wood of the average processed. If different lengths of wood are processed (this means that the
dominant noiselevel; i.e. that during cutting will exist for longer periodswithlong lengths) then
there is a need to make an assessment of the average cutting times. In addition, if the operator
and his assistant are responsible for moving processed material and replenishing stock to be
processed, then these activities need to be included in the assessment period.

Operator of Power Press
At amachine of thistype the measurement period should be representative such asto include all
activities the operator carries out to process a batch of material; e.g. if the press is oil
/automatically fed then arepresentative cycle can be chosen such asthat required to processacoil
of material or aportion of it.

If the operator is responsible for replenishing material then this activity should be included
in the period of measurement.

Operator at a position on a continuous process line.
At positions such as these the measurement period should cover the time to process a complete
batch of material, particularly if stock needs to be replaced.

Under general conditions a period of 10 minutes would normally suffice unless the
preliminary tour identified circumstances where longer measurements were necessary.

Varying cycles of operation or transient workers

In situations in which cycles of operation are not repeatable and longer measurement times are
necessary, then measurements should be carried out using logging dosimeters, unless the
activities can be split into identifiable samples. In addition, if the operator is continually
changing hisor her movements, then again there may be aneed to uselogging dosimetersfor the
measurements. |f logging dosimeters are used it may be necessary to select more than one
operator (carrying out similar tasks) to support assessment results.

7.3. EXPOSURE EVALUATION

The measurement of the actual noise exposure is the second step in the evaluation procedure
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presented in Figure 7.3. The measurement strategy is designed, and then measurements are
carried out using as a basis the data collected during the preliminary survey.

Depending on the circumstances of the workshop/site to be evaluated; i.e. the size/type, the
machines/processesin use and number of persons employed, the system of measurement and the
gathering of information needs to organised to achieve the desired results. A strategy needsto
be devel oped, which cannot bedone unless, prior to measurements, itisknownwhichworkplaces
are of interest, which machines are in use and which operator positions and activities need to be
included in the assessment. Thiscan only be done after establishing with the workshop manager
and operators/machinists that the activities on the day of the assessment are typical of anormal
day’ swork.

7.3.1. Design of the M easurement Strategy

Occupational noise exposure is generaly characterised by two factors. a large exposed
population, and an exposure duration that can extend over the course of many working days.
Under these conditions, the measurements can only be carried out for awell-defined sample of
workers, during specific exposureintervals (for agiven sample), using appropriate materialsand
techniques. The goal hereisto minimise the number of measurements that have to be made to
guarantee their representativeness, given the changes in activity and exposure identified in the
preliminary survey.

Itisessential to draw aplan of the workplace which identifiesthe machines/processesin use,
the operator positions associated with the machines/processes and any other personsengagedin
work activities. Information, relating to numbers of employees and their respective duties/tasks
should be identified and logged; it is also essential to obtain the hours of exposure of each
employeeto eachtask/duty. It would be beneficial hereto obtain agreement from each employee
and the workshop manager prior to data collection.

Agreement on the information aboveisessentia if theresults of the exposure assessment are
to be considered as representative of anormal day’s activities.

7.3.1.1. Choice of equipment

Having gathered the information detailed above, the appropriate instrumentation needs to be
selected (see Chapter 6).

If the system of work is such that operatorswork at one machine only and do not move about
in general then measurements can be taken alongside each operator. |n some cases simple sound
level meterswill suffice, but if the cycle of operation of amachineis variable then there will be
aneed to use instruments capable of measuring L., (A-weighted equivalent continuous noise
level) or tape recorders which will record the noise during each cycle of operation with the tape
available to be analysed at alater date in the laboratory/office. However if operator activity is
such that they need to move about the workshop continually and these movements bring
operators into contact with many noise sources for varying lengths of time, then the most
convenient instrumentation will be Noise Dosimeters, which will log each person’s noise
exposure on a continual basis and indicate an overall exposure level as a percentage dose.

100% dose equatesto 90 dB(A) in most countries.

Extreme careisrequired to ensurethat the correct exchange rateisbuilt into the meters. The
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current exchange ratein most countriesis 3 dB; however in some countriesa5 dB exchangerate
is used.

With the 3 dB exchangerate a dose of 100% equatesto 90 dB(A) and 200% equatesto 93
dB(A) where aswith the 5 dB exchange rate 200% equatesto 95 dB(A)

Thepersonal dosimeter, (or personal sound exposure meter) worn by the subject, isindispensable
ininstanceswheretheworker'sactivitiesinclude numerous and frequent movements, when work
Is done in confined spaces, or when the characteristics of the exposure are unpredictable. In
other, more regular and more predictable exposure situations, an integrating sound level meter,
operated by atechnician, is sufficient .

Theequipment used must providetwo results: theval ue of thedaily noise exposurelevel, and
the number of times the regulatory sound pressure level was exceeded. They should aso
conform with the technical characteristics specified in standard SO 9612 :

- Personal-dosimeter conforming to the standard IEC 61252, and equipped with an

overload indicator;

- integrating sound level meter, class 2 minimum (IEC 60804).

7.3.1.2. Measurement strategy

Three procedures are available for the use of measuring devices, the characteristics of which are
outlined in Figure 7.4.

a) Continuous measurements
Every exposure interval is continuously measured using a dosimeter worn by the subject.

b) Sampling measurements, directed by an operator.

The operator responsible for the measurements chooses when to begin sampling during the
measurement process, and carries out the measurements using an integrated sound level meter
Each measurement lasts at | east afew minutes, but asufficiently large number of measurements
istaken.

¢) Random sampling

The random selection of measurement times during the observation intervals is one of the
recommended methods of obtaining representative samples. A sufficiently large number of data
points is taken (at least 10), and it must be verified that there are no systematic, non-random
variations among the measured noise levels.

How does one choose the method that is best adapted to the exposure situation at hand?

Continuous measurements using a personal dosimeter can alwaysbeused. Itisalsotheonly
method adapted to situations where the workers are highly mobile, or when they operate in
confined spaces.

Sampling with an integrated sound level meter can be a sufficiently reliable method when
exposure situations vary little asafunction of time. Guided sampling techniques can beused in
situationswhere the noi se exposure has been previously eval uated and where there are some data
availablethat can be used to avoid any biasin the sampling introduced by the operator's selection
of measurement times. Random sampling methods can be used for awide range of applications,
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Operating mode Breakdown of measurements

Continuous measurements

Guided measurements - = —A—F—- - - - ——-— - =

Random sampling - —A—F—- -~ - - == == ————

Length of characteristic exposure period
T (hours)

Measurement time interval 7; of L ,, o T; — T

Figure7.4. Thethreeavailable operating modesfor the measur ement of noise exposure.

but are the most difficult to implement.

Noise measurements/surveys are carried out to establish/identify on a workplace basis the
type, the nature and the extent of the noise problem. The decision on where and what to measure
will be based on the information gathered in relation to Section 7.2.

Some guidelines are outlined in the following paragraphs:

a) Individual operatorswho work at one machine all day:

M easure alongside the operator as near to the ear as possible without impeding his/her task. The
measurement period should be such that any variation in noise level over afull operating cycle
of the machine should be included in the measurement period. It is aways useful to repeat
measurements for confirmation.

b) Operatorsin a group who carry out similar tasks:

Select atypical operator and measure asin a) above. The measurement period should be such
that all activities carried out by the group are included in the period. 1t would be useful hereto
carry out repeat measurements but using a different operator.

¢) Operators who move about the wor kshop/process and as a result are affected by many noise
sources:

It will be necessary here to use noise dosimeters attached to a person who represents a typical
operator inrelation to thetasks being performed. The dosimeter should be attached to the person
with the microphone clipped to the collar or lapel of their overalls/working clothes. Use two
operators as measurement subjects.

7.3.1.3. Samplecharacteristics

The sample of workers included in the measurement campaign should include the following:
e all of theworkers (or work stations) exposed to complex, highly variable, or highly specific
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conditions, and whose cases should be treated individualy;

e asufficiently large number of workers, selected at random from each of the homogeneous
exposure groups defined during the preliminary survey.

Defining the optimal sample sizefor each homogeneous exposuregroup apriori isadelicate
task that depends on several factors: the size of the group itself, the desired precision of the
estimate, the predicted amplitude of the fluctuations in the noise level, and the variable to be
estimated. Anexample of thisisshown in Table 7.4 (from Leidel et a., 1977), which contains
the sample size "n" needed to obtain from an homogeneous exposure group a sample which
includes at least one worker among the 20% of the most exposed.

Table7.4. Samplesize" n" needed toensure(at a95% level of probability) that thesample
will contain at least one worker in thetop 20% of the exposed population constituting an
Homogeneous Exposure Group (HEG) of N workers.

Sizeof HEG | N>7 | 7-8 | 9-11 | 12-14 | 15-18 | 19-26 | 27-43 | 44-50 | N > 50
N

Samplesize [ n=N 6 7 8 9 10 11 12 14
n

The working time sampling is based on the position and duration of the time intervals,
identified asbeing representative of the noiseexposureof thedifferent tasksidentified during the
preliminary survey.

When theintegration time constant of the measurement devicesused isadjustable, it isbetter
to use a smaller value and an increased number of measurements in order to obtain a total
specified measurement time since it is easier to detect high exposure levelsthat last only avery
short time. Animportant point of practical interest to note when carrying out the measurements
is that the integration time constant must remain constant from one sample to the next. If not,
the variances of the measured values cannot be compared.

Thesampling itself isnecessarily associated with amethod for the analysis of theresultsthat
includesthe validation of the sample. Thispoint will be discussedin detail below (Section 7.4),
but the analysis might require an increase of the sample size already analysed, or amodification
of the sampling design.

7.3.2. The Measurement Survey
This section detail sthe measurement procedures necessary to compl ete the exposure evaluation.
7.3.2.1. Preparation

Themeasurement survey should be carried out with the objectivesclearly defined and understood
by all parties and maximum cooperation given to the survey team, the resulting report will be
beneficial to all concerned and the information gathered can be used for a variety of purposes
such as:

® establishing exposures;

® establishing high noise aress;

® ranking of individual noise sources,
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establishing noise contours,

identifying noise control requirements on an area/machine basis;

identifying the areas/machines making contributions to the exposures of persons,
identifying hearing conservation requirements,

creation of records of noise levels, high noise areas and personal exposure patterns,
basisfor later review.

The calibration of the instrument must be verified (ISO/DIS 9612) on-site, before and after
each series of measurements, using an acoustic calibrator that conforms to standardized
specifications (CEIl 942, class 2 minimum).

If a noise dosimeter is being used, the worker who will be wearing the device should be
informed of any precautionsrelated to the use of the device. The microphone attachment should
be placed in a stable, non-hindering manner on the individual's shoulder, or on the edge of a
protective helmet.

Note: It is recommended that prior to starting measurements the following check-list
procedure is followed.

CHECKLIST
® hasasite plan been produced?

e areadl sectionsidentified?

® are all machines/processes correctly identified and located?

e areall personnel identified and allocated in their respective locations?

® haveall areas been classified for type of noise?

® isthe appropriate instrumentation available?

® istheinstrumentation in good working order?

® arethere sufficient batteries?

® isthe calibrator functioning properly?

® isthe microphone un-damaged?

® havetheinstrumentsto be used been checked for calibration /response within the prescribed
period?

® isthere adequate supply of information sheets for the number of personnel and activities?

® arethe conditionsin the workplace representative of normal activity?

e haveall areas with noise levels above recommended limits been identified?

® hasadequate and effective hearing protection been chosen and allocated to personnel onthe

basis of the results of the preliminary survey?
7.3.2.2. Measurements

M easurement requirements should be known to all survey personnel and data sheets indicating
al previously gathered information completed before measurements commence. All data
required to be obtained should be known by all personnel with the ultimate objective to obtain
accurate and justifiable levels of personal noise exposures. Personnel should also be familiar
with national exposurelimits; i.e. daily exposures and peak levels and sufficient measurements
should be made to facilitate comparison. These comparisonswill indicate which personnel are
atrisk; i.e. likely to be affected by Noise Induced Hearing Loss (NIHL).

The position of the measuring microphoneisvery important during the exposure eval uation.
Themicrophonemust follow theworker under evaluationinall areaswherehis/her activitiestake
place. This type of immission measurement is different from area measurements, or from
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emission measurements (ISO 11690-1). The standard states that the microphone of the
measuring device be maintained between 10 and 30 cm from the subject's ear (1SO 9612). If an
integrating sound level meter isbeing used, the operator responsible for the measurements must
make sure that this distance is respected in order to avoid any systematic errors.

It is possible that peak sound pressure levels will saturate (overload) the measuring device.
If this occurs, it is preferable to discard the measurements and begin again with another
instrument, or reset the controls (amplifier gains) of the current devicein order to avoid saturating
it.

Note - Following al measurements there is a need to check the meter response by
re-calibrating the instrument. If thereis any significant change in the calibration level, then all
measurements just completed will need to be repeated and the batteries will need to be replaced.

When using integrating sound level meters the meter should be reset after every
measur ement,

7.3.2.3. Recordings

All measurements taken should be recorded on data sheets together with information relating to
machines, operators, activities, conditions, locations and measurement times. In addition, all
equipment used, together with model and type numbers, calibrators used and dates of last
calibrations should be noted.

When listing data from measurements, any extra relevant information should aso be
recorded. Thisinformation should be part of the final report and should be made availableto all
interested personnel.

The detailed information recorded with each measurement should complete the information
obtained during the preliminary survey, and should include:

- theidentity of the worker and eventually that of his’her homogeneous exposure group,

- the date and time of the measurement, and the measurement time interval,

- thetype of work being done,

- any observations that might help explain eventual variationsin the noise level,

- the characteristics of the measurement device used (identification, frequency and time

weightings),

- theresults obtained (equivalent noiselevel, peak sound pressure level (C-weighted) and

number of times the threshold value was exceeded).

The use of a C-weighted peak resolves a long standing problem with measurement of the
peak. The term "unweighted peak" is undefined. Without specifying the low end cutoff
frequency of the measurement devices, measurements with different devices could vary greatly.
For example, an innocuous car door slam might cause aunweighted peak greater than 140 dB on
some instruments but not on others. Use of C-weighting defines the frequency response of the
instrument and eliminates very low frequency impulses and sounds. The C-weighting discounts
such sounds. Thus, the harmless effect from alow-frequency impulse that comes from closing
acar door or other such innocuous very low-frequency impul ses can be more properly assessed.
Infrasound exposures (exposures below 20 Hz) will also be better assessed. Such exposuresare
rare and, even if they could occur, are not likely to be dangerous, at levels found in industry
directly, to a person’s hearing or health
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7.4. INTERPRETATION AND REPORTING

All information collected, resulting from carrying out the measures outlined in 7.3.1 and 7.3.2
will allow decisionsto be made on the aspects discussed in the following sections. The method
for theinterpretation of the results must validate the measurements carried out; indicate whether
or not the limit value was exceeded; and evaluate the hearing hazard created by the noise
exposure.

7.4.1. Validation of Results

Before drawing a conclusion relative to the exposed population from data collected in asample

it is necessary to ensure that the statistical hypotheses used in the sampling design were not

rejected. To achieve thisgoal the following statistical tests can be used (Malchaire, 1994).

a) acorrelation test to verify the temporal independence of the measured data

b) an analysisof variance, or comparison of the observed distribution to anormal distribution
to validate the homogeneity of the exposure group.

The methods of analysis mentioned here are available in a range of statistical software.
However, to make them somewhat more accessible in the area of industria hygiene, new
software packages are being made available (e.g. the ALTREX software package presented by
Despres et al. 1995).

A dtatistical analysis can lead theinvestigator to one of several choices, shown schematically
in Figure 7.3:
® theresults obtained are conclusive,
® the series of measurements carried out were too scattered to allow a clear conclusion to be

drawn.

If it isnot possible to decide whether or not thereis an over exposure, two solutions can be
envisaged:
® continue the series of measurements, or
® redesign the sampling if anew factor could explain a part of the observed variance.

7.4.2. Compliance

In addition to establishing the exposures of all personnel in the workshop and whether they are
at risk the information allows the company to assess whether they are complying with national
regulations.

Exposure level limits and the actions required to be taken at the various levels differ from
country to country; however, whatever levels are set national legislation requires compliancein
some form. Take the example of the European Directive 86/188/EEC, this Directive which
requires that member countries put in place certain actions if exposure levels are in excess of
certain levels. Theselevelsare: "1st action level 85 dB(A) Lgyg (= Lgp g, daily personal noise
exposure)”; "2nd action level of 90 dB(A) Lg-4" and a "peak action level of 200pascals (140
dB(C))". To comply with this Directive, member countries would, following an assessment of
exposure levels, take certain actions and would need to implement certain procedures and
controls. Where there are no clear regulations in place, 1ISO/DIS 9612-1995 may be used.

The statistical interpretation of whether or not the regulatory threshol ds have been exceeded
can be performed as follows:
® thereisno over-exposure if the upper confidence limit of the daily noise exposure level is
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less than the limit value;
® there is over-exposure if the lower confidence limit of the daily noise exposure level is

greater than the limit value;
® theresultsareinconclusive between thesetwo limits. Inthiscaseitispreferableto continue

with the measurements or modify the sampling design to reduce the width of the confidence
interval and to obtain a more conclusive result.

Although thereis ageneral duty requirement to reduce the risk of hearing damage, thereis
no defined level at which thisisto be carried out, asit is considered to be agenera duty if arisk
Is present. Actions to be taken are then associated with various levels of exposure; i.e. if in
excess of 85 dB(A), then hearing protection would need to be provided for all personnel so
exposed.

Additionally if noise exposure levels were in excess of 90 dB(A) then hearing protection
would need to be provided and measures taken to ensure its proper use. Also at thislevel and
in excess of this level, noise control is required with aview to reducing exposures.

Theoverall aim of legislationisreduce, prevent or control therisk of Noise Induced Hearing
Loss (NIHL) to employed people.

7.4.3. Evaluation of the Risk of Hearing I mpair ment

Again there may be different attitudesto risk of NIHL ; however in the UK, research carried out
to support the legislation (produced to implement the European directive 86/188/EEC) and also
research carried out to assess the effects of the proposed Directive, provided information on
percentages of populations likely to suffer varying degrees of hearing loss depending on noise
exposure level and length of exposure in years; see for example Tables 7.5 and 7.6.

Therisk of hearing lossin a popul ation of workers exposed to a continuous equivalent noise
level (Legsn) Of between 85 and 100 dB(A) is described in the standard 1SO 1999. The
description of the risk is given in statistical terms, and varies as a function of the following
parameters. age, sex, exposure duration and noise level. 1n an homogeneous population, the
evaluation of the risk of hearing loss supposes that these parameters are known.

It is occasionally necessary to reconstitute a medium-term mean noise exposure level by
associating different work stations with specific exposure durations. 1f each work station"i" is
exposed to alevel L., indB(A) for arelative duration D, (in%), the reconstituted noise level
is.

n

D. L. - /10
L = 10lo —L 107"
Aeq,T glO[ 2 100

7.4.4. Evaluation of The Risk of Non-auditory Effects

Exposure to high noise levels may not produce NIHL but high exposure could produce many
other effects. Non-auditory effects of noise may be many but some effects have been the subject
of studies on the health and well-being of workers in relation to performance ,efficiency and
safety.

Noise can contributeto fatigue, lossof concentration and absenteei sm, some aspects of these
effects are asfollows:
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influence on cardiovascular function

increase in response time

decrease in speech recognition

decrease in the quality of work

influencing the ability to hear warning sounds and resulting effects on safety

disturbance of sleep-leading to deterioration in health

Research will continuein thisareaand other non-auditory effectsmay emergefor consideration.

Table 7.5. Hearing loss expected in a typical unselected mixed male/female population
exposed to noise continuously from 20 year s of age. (Based on HSE Contract Resear ch
Report No2/1988, with extrapolations.)

Level Exposure duration - years

(dB(A)) 10 15 20 25 30 35 40
115 36+ 58+ 70+ 82+ 95+ 100+ 100+
105 20+ 35+ 47+ 60+ 70+ 83+ 92+
97 8 16 26 35 46 57 70
92 2+ 7 13 20 28 37 49
87 0+ 1+ 4+ 9 14 21 31
82 0+ 0+ 0+ 1+ 7+ 10+ 19+

no noise ;

exposure 0+ 0+ 0+ 1+ YA 10+ 19+

(take as

75dR(A))

1A : % exceeding 30 dB hearing threshold level

Level Exposure duration - years
(dB(A)) 10 15 20 25 30 35 40

115 11+ 16+ 38+ 46+ 54+ 64+ 73+
105 2+ S+ 11+ 16+ 22+ 29+ 37+
97 0+ 1+ 2+ 5+ 8 11 17
92 0+ 0+ 0+ 1+ 3+ 6 9
87 O+ 0+ 0+ 0+ 0+ 1+ 4+
82 0+ 0+ 0+ 0+ 0+ 0+ 1+

no noise

exposure 0+ 0+ 0+ 0+ 0+ 0+ 0.5+

(take as

75dB(A))

1B : % exceeding SO dB hearing threshold level
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Table7.6. Hearingloss expected in atypical male and female population exposed to
noise without protection, continuously from the age 20. (From HSE Contract Research
Report No. 29/1991)

Males' Females
No noise No noise
exposure’ 85 dB(A) exposure 85dB(A)
% reaching | 40(i.e.20 yrs.
30 dB hearing | exposure) 5% 7% 1%+ 1%+
loss at age:’
60(i.e.40 yrs.
exposure) 28% 35% 10% 15%

% reaching | 40(i.e. 20 yrs.
50 dB hearing | exposure) 1%+ 1%+ 0%+ 0%+
loss at age:’

60(1.e. 40yts.
exposure) 7% 7% 1%+ 3%+

'At all ages males tend to have worse hearing than females. Thereis still scientific debate
about how far thisreflects real differencesin resistance to noise damage and how far it is due
to a tendency for malesto lead lives more prone to accidental hearing damage.

% The contract report does not give estimates for less than 5% of the population because
the author does not consider scientific data allows for reliable figures to be given. Estimates
which might not be to reliable might be made by extrapolation of the figure in the table.

® Thisis the level of hearing loss is recognised as the point at which there is impairment of
hearing. Compensation by the UK government scheme (DSS) is payablefor thisamount of loss.
At alower level of loss a civil claim might be possible.

* + : indicate values extrapolated from the values in the contract report.

> A higher level of compensation under the UK scheme (DSS)

7.4.5. Useof the Information

Information; i.e. noise levels, exposure periods, operator locations machine/process details
should berecorded on the datasheetsattached (Figures 7.5-7.9) to which acopy of theworkplace
plan/layout information relating to the L g, |€vels should be attached.

There are many uses for the information collected as a result of afull assessment and these are
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detailed below:

e informsall workers of their exposure pattern/level

® it servesasarecord for the employer

® identifies those operators whose exposure level is above nationally agreed limits

® indicates areas of high noise exposure

® identifies machines/processes producing high noise levels

® indicates to employers where noise control is necessary

® indicates areas where ear protection is required prior to noise control being implemented
® indicates those areas where ear protection will still be required after noise control as been

applied
allowsidentification of the most appropriate |ocation for new machines /processes.

These records should be kept by the employer until a re-assessment is carried out;
re-assessments should be carried out when activities change, processes are changed/renewed or
when methods of production are changed

7.4.6. Transfer of information

Information gathered as a result of an assessment should be discussed by all parties; i.e.
management, employees, unions and any medical personnel. The reasons for this are that all
personnel will then be aware of the noise exposure situation; agreements on where to apply
control measures can then be madethat satisfy al concerned. Prioritiesand action can be agreed
upon and supported by all concerned. Areaswhere ear protection isrequired can also be agreed
upon and hearing conservation plans can be drawn up with the full cooperation of everyone
concerned. An agreed hearing conservation and noise control plan will be more effectiveif al
persons concerned in the operations of the workshop are committed to dealing with the problem.

Training inthe use of ear protection can be given by medical staff; if there are no staff onthe
premises, arrangements can be made for employeesto be provided with the training by outside
agencies, and appropriate time off arrangements can be agreed upon. Periodic medical checks
can aso be agreed upon between all parties. Medical records can be established and updated
whenever reviews take place.

Workshop plans can also be updated whenever changes to operations, work practices,
personnel or machines take place.

After collecting al the information; i.e. noise levels, operator locations, machine/process
detailsand identifying all thison the plan of the workplace and on the various sheetsforming the
report, a list of operators and their activities should be compiled and the levels of exposure
(L peqen) @llocated accordingly.

Areas identified as having noise exposure levels in excess of 90 dB(A) L, g
designated noise hazard areas and clearly marked with signs indicating the hazard.
Entry into these areas should be restricted unless personnel are equipped with adequate and
effective hearing protection.

The areas so identified may need to be the subject of further measurement to establish the
frequency spectra of the noise; in these cases instruments capable of measuring noise in
OCTAVE BANDSwill be necessary. After obtaining frequency data, the selection of hearing
protection will need to be based on this information in accordance with Chapter 11. This
information is also crucial when considering noise control systems.

should be
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7.4.7. Report Format

The report should be compiled and completed by the person in charge of the assessment. Care
should be taken to include all information gathered during the exercise and the sheets attached
fully completed (see Figures 7.5-7.9). It should be possible from studying the report to obtain
information in relation to the following:

® name location and business of the company,

number of personnel employed names and titles/job descriptions,

type of work being done,

any observations that might help explain eventual variations in the noise level,
characteristics of the measurement device (identification, frequency and time weighting),
the results obtained (equivalent noise level, peak sound pressure level (dB(C)) and number
of times the threshold value was exceeded).

7.5. EXAMPLES OF SURVEYS

Surveys/assessmentswill vary depending on the circumstances of theworkplace; i.e. therewill
be avariation in size, number and layout of machines/processes, operator positions, number of
operators and systems of working.

Two example surveys are outlined below and in each case the method of measurement and
assessment is explained.

7.5.1. Survey Example One

A small woodworking premises containing 3 machines, has a layout as shown in Figure 7.10.
All information in relation to the REPORT sheet is to be compl eted.
The situation is as follows:
Machine- A isaBand Resaw
B isaMulti-cutter Moulder
CisaThicknesser
All machines have a dedicated operator and each machine is used for 4 hours each day.

7.5.1.1. Gatheringtheinformation

M easurements are taken using an integrating sound level meter set to fast response dB(A) and
L. » @nd calibrated before measurements begin. In this case, because all the machines can be
in operation at the same time or working alone, it is essential to establish noise exposure levels
of operators under all working situations which will indicate if a particular machine makes a
contribution to the exposure level of operators at the other machines.

Toestablishthisitisnecessary to measureat the operator location of say machine A with that
machine in operation only and then to repeat the measurements at machine A with machine B
operating, then with machine C operating and with both machine B and machine C operating at
the sametime. Thiswill then provide four sets of results which will need analysing to establish
the exposure levels of each operator under each of the conditions of machine operation, where
to concentrate noise control solutions and whether noise control carried out at one machine
affects only that operator or whether it also reduces the exposure level of operators at other
machines.
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REPORT (Figure7.s)

169

COMPANY DETAILS
NAME

ADDRESS

ACTIVITY /
BUSINESS

NUMBER OF
EMPLOYEES

COMPANY
CONTACT

UNION/EMPLOY EE
CONTACT

AREA TOBE
ASSESSED

NUMBER OF
EMPLOYEES

NUMBER OF
MACHINES

INSTRUMENT
DETAILS

METER
CALIBRATOR
RECORDERS

ANALYSERS

DATE OF
ASSESSMENT

SIGNATURE
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ASSESSM ENT DETAILS (Figure7.)

AREA DETAIL

MACHINE

PROCESSACTIVITY

MEASUREMENT
POSITION

LEVELS (dB(A))

OPERATOR

OTHER

SPL

PEAK
dB(C)

SAMPLE
L

Acg
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FREQUENCY ANAL Y Sl Srigure7.7)

FREQUENCY (Hz) | 63 | 125 | 250 | 500 | 1000 [ 2000 | 4000 | 8000

OCTAVE BAND
SPL

FREQUENCY (Hz) | 63 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000

OCTAVE BAND
SPL

FREQUENCY (Hz) | 63 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000

OCTAVE BAND
SPL

FREQUENCY (Hz) | 63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000

OCTAVE BAND
SPL
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EXPOSURE ASSESSM ENT (Figure7.8)

NOISE TIME
LOCATION | EMPLOYEE [ JOBTITLE SOURCE | EXPOSED L neqsn

6

v

COMMENTS

EMPLOYEE EXPOSED ABOVE THE ACTION/LIMIT LEVELSOF L, 4,

NAME ACTIVITY TITLE LEVEL
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CONCLUSIONS AND ACTIONS (Figure7.9)

RECOMMENDATIONS AND CONCLUSIONS

ACTIONS REQUIRED
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TOOLS

A -BAND RESAW MACHINE
B-MULTI-CUTTER MOULDER MACHINE

C-THICKNESSING MACHINE

|:| OPERATOR POSITIONS

Figure 7.10. Woodwor king machine shop - example 1.
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STAGE ONE

Machine A- Operating Alone

Before measurement it is advisable to watch and listen to the variation in sound over a

representative cycle; i.e. assessthetime for the measurement period such that all variations are

included in the measurement. Probably the cutting of 3to 4 lengths of wood would be sufficient.
The resulting level shown by the meter as L., would be sample L, in dB(A) (see Figure

7.6). Inthiscasethelevel is96 dB(A).

Thisinformation isto be noted on the measur ement sheet.

Machine B-Operating Alone

RESET METER

Measure as for machine A, note and record the level. In this case thelevel is93 dB(A)
Machine C-Operating Alone

RESET METER

Measure as for machine A, note and record the level. Inthiscasethelevel 99 dB(A).

RESET METER

STAGE TWO

Machine A-with Machine B Operating At the Same Time

Measure asfor machine A, note and record thelevel. Inthiscasethelevel is96 dB(A) (i.e. no
changeinlevel). Thisindicatesthat the exposurelevel of operator A isnot influenced by noise
from machine B. Note that noise at operator A due to machine B is determined by the level of
noise produced by machine B, the separation distance from machine A to machine B and the
acoustical characteristics of the building.

RESET METER

Machine A-with Machine C Operating At The Same Time

Measure as before, note and record the level. In this case the level remains at 96 dB(A). This
indicates that the operator at machine A is not influenced by noise from either machine B or
machine C.

RESET METER

Machine B-with Machine A Operating At The Same Time

Measure as before, note and record the level. In this case the level at machine B is 94 dB(A);
i.e. anincrease of 1 dB(A); thisisthe contribution of noise from machine A on the operator of
machine B. This also indicates that if machine B were not operating but machine A was, the
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noise at the operator position of machine B due to machine A would be 87 dB(A) which is
calculated using { 10l0g,,[ 10°1°-10%9]} .

RESET METER

Machine B-with Machine C Operating At The Same Time

Measure as before note and record the level In this casethe level at machine B is96 dB(A); i.e.
an increase of 3 dB(A). Thisis the contribution of noise from machine C on the operator of
machine B. This also indicates that if machine B were not operating but machine C was, the
noise at the operator position of machine B due to machine C would be 93 dB(A) which is
calculated using { 10l0g,,[10%1°-10%9} .

RESET METER

Machine C-with Machine A Operating At The Same Time

Measure as before note and record thelevel. Inthiscasethelevel at machineCis99 dB(A); i.e.
no measurable change; therefore no significant contribution is made by machine A to the noise
level at the operator of machine C.

RESET METER

Machine C-with Machine B Operating At The Same Time

In this case the level is 99 dB(A); i.e. no measurable change, this indicates that machine B
makes no significant contribution to the noise level at the operator of machine C.

RESET METER

STAGE THREE (note:- after each measurement reset meter)

Machine A-with Both MachinesB And C Operating

Measure at machine A with machines B and C operating at the sametime. Inthiscasethelevel
iIs96 dB(A); i.e. ho measurable change. thisindicatesthat machine C and machine B make no
significant contribution to the level of exposure at the operator of machine A.

Machine B-with Machines A and C Operating

Measure at machine B with both B and C operating at the sametime. Inthiscasethelevel is
97 dB(A) which indicatesthat both machines A and C make a contribution to the noise exposure
level of operator B.

Machine C-with Both Machines A and B Operating

Measure at machine C with both machines A and B operating at the sametime. In thiscasethe
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level is99 dB(A); i.e. no measurable change. Thisindicatesthat the noise from both machines
A and B make no significant contribution to the exposure of operator C.

Assessment of L . q, levels. (Lgp 4, Daily personal noise exposure)

L peqen @Nd €xposure levels can be obtained as follows.

OPERATOR- A
The measurementsindicated that the noiselevel intermsof sampleL ., was 96 dB(A) during the
representative cycle but information indicates that the machine is in use for 4 hours per day.
Therefore using the formula:

T
8
Lepg = 10log,f + 90 = 92.99 = 93dB(A) = L

- 90)/10

f = — 10 n - 1.99

Aeq,8h

OPERATOR-B

The measurements indicated that the noise level in terms of sample L,,, a machine B from
machine B was 93 dB(A) but that the noise at this position due to machine A was 87 dB(A) and
the noise from machine C was 93 dB(A). To obtain thetotal noiselevel for operator B we need
to add all three contributions,

Lpeg = 1010g,,[105710 + 10%%10 -+ 10%¥10] ~ 97dB(A)

Again the exposure period is 4hours per day; therefore from the above formula, Lyeg, = 94
dB(A).

OPERATOR-C
This measurement indicated that the sample L, level was 99 dB(A) and again the period of
exposure was 4 hours per day. Therefore, using the previous formulae, L, g, = 96 dB(A)

In relation to noise control which is to be applied over a period of time it is advisable to
analyse the above information to target control in the areawhich will give the optimum benefit
and in this case the machine to deal with first is machine C. The reason is that operator C
receives 96 dB(A) from machine C and machine C makes a contribution to the exposure of
operator B. So reducing the noise from machine C would benefit both operators of machinesC
and B.

Asan example, assume noise from machine C isreduced by 10 dB(A) by providing anoise
enclosure. Then the exposure of operator C would be reduced to 86 dB(A) and the exposure of
operator B would be as follows:
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Previoudy the exposure was made up of contributionsfrom all machinesasfollows87 + 93
+ 93 =97 dB(A) and because use of the machine was 4 hours the exposure was 94 dB(A).
Now because of reducing the effect of C down to 83 dB(A), the new L, level for operator
Bis

Lpeg = 1010g;,[10°720 + 10%¥10 + 10%10] — 94dB(A)

Asbefore, useis 4 hours; therefore for operator B, the new Lgp 4 =L peqg,= 91 dB(A), areduction
of3dB(A).

7.5.2. Survey Example Two

In thisexample, the premisesinvolved is an Auto-L athe workshop, which houses 20 |athes, the
operation of whichis carried out by four setter/operators. The preliminary discussions and tour
of the workshop indicated that each setter/operator carries out similar duties. This needsto be
confirmed by all involved, and if this is agreed we need only establish the exposure of one
setter/operator as an example and we can then assume that the other three will have similar
exposure levels.

Again al detailsof the report sheets should be completed and below is an explanation of the
system to use to establish Lep g = Logygn -

Obtain a copy or draw a plan of the workshop and identify the areas of work of one of the
setter-operators. The plan of the workshop is shown in Figure 7.11.

Preliminary observationsindicate that the size of the workshop isalso important in this case
(thisis generally the case with Autolathe workshops ) because the workshop is small, compact
and all surfacesarehard reflecting surfaces; i.e. concretefloor, concretewallsor corrugated steel
sheet walls, windows and corrugated steel sheet ceilings. Therefore other information to be
collected during the survey should include the following:
® ameasurement of the reverberation time (to establish the acoustic nature of the room),
® an octave band frequency analysisto assist selection of hearing protection.

7.5.2.1. Gatheringtheinformation

Discusswith all operatorstheir normal activitieson atypical day, identify on the plan the areas
where noise level measurements are required. Following discussions, the operator chosen
indicated he would carry out the following activities:-

A- setting machines- 2 hours-stationed at the machine head.

B-replenishing stock bars-2 hours-stationed at the stock feed of machines

C-selecting tools and sharpening-2 hours-stationed at the work-bench area

D-organising removal of finished goods-2 hours-stationed at the exit of the workshop.

Thisinformation should be confirmed by all operators
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Figure 7.11. Autolathe workshop
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Following a measurement survey using the integrating sound level meter and using the
knowledge gained from observing the operator and discussions with the operator; i.e. the
information above, the following levels were established:

A- At atypica machine head the noise level was 97 dB(A)
B- At atypica stock feed the noise level was 96 dB(A).

C- At the work-bench the noise level was 94 dB(A)

D- At the exit to the workshop the noise level was 93 dB(A).

Example 2.

Information should also be obtained regarding the nature and type of work being carried
out by each machine; i.e. the material being used: steel, brass aluminium or copper ? and the
type of material; e.g. round bar, square bar or hexagon bar ?. Previous experience indicates that
square and hexagon steel bar produce the highest noise levelsin the stock tubes and the cutting
heads. Using the previous formulag, the exposuresfor activitiesA, B, C and D are asfollows:-

A-fractional exposureis1.3 f=1.252
B-fractional exposureis 1.0 f=0.995
C-fractional exposureis0.7 f=0.63
D-fractional exposureis0.50 f=05

Total = 3.5

To obtain the total exposure and L, for 8 hours we use the 3.50 figure above for f and
use our previous formula to calculate Lgpy and L, = 95.5 dB(A) which is rounded to 96
dB(A). It can be said that under typical working conditions all four setter/operators have an
exposure level of 96 dB(A)

An alternative system would be to use a noise dosimeter. After caibrating the
instrument, it is attached to a setter-operator, the microphone being clipped to the lapel of the
overalls. The dosimeter isthen set to run and the operator carries out his’her normal tasks. At
the end of the 8 hour period the instrument is then interrogated to establish the dose level- a
dose of 100% equatesto an level of 90 dB(A) averaged over 8 hours. With an exchange rate of
a 3 dB increase being equivalent to a doubling of exposure time, a noise exposure level of 96
dB(A) would read as 400% noise dose.

For the example considered, the major activities making up the exposure levels were at
locations A and B. The exposure levels at both places are due to the noise from the lathes at
both the machining heads and the tail stocks. Thus, any noise control should be directed at the
lathes. However the noise at both the other two positions, C and D, is also mainly due to the
noise from the autolathes and the reflected sound from the floor, ceiling and walls.

7.5.2.2. Noise control options

Because there are 20 | athes, noise control has to be considered carefully. If all machines were
to produce similar noise levels then applying noise control to 10 machines would only reduce
the noise in the workshop by 3 dB(A). In addition the noise at the locations C and D would
only be marginally affected.

Using the information gathered during the frequency analysis select the most appropriate
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form of ear protection to be used.

Identification of those machines used predominantly for machining steel square or
hexagon bar should be carried out first and alist made. These machines should be fitted with
linersin the stock tubes, which will restrict noise from the action of the stock bar on the casing
of the tubes. If all machines can be considered for this treatment, then the degree of noise
reduction will depend on the performance of the liners in reducing impact noise.

Investigate the possibility of fixing acoustic absorption material to the ceiling of the
workshop to reduce reflected noise; this will have most effect at locations C and D.
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8.1. INTRODUCTION (RATIONALE FOR AUDIOMETRY)

The audiogram is a picture of how a person hears at a given place and time under given
conditions. The audiogram may be used to describe the hearing of a person for the various
frequencies tested. 1t may be used to calculate the amount of hearing handicap a person has.
And, it may be used asatool to determinethe cause of aperson’shearingloss. Audiogramsmay
be obtained in many ways; e.g., by using pure tones viaair conduction or bone conduction for
behavioral testing or by using tone pips to generate auditory brainstem responses.

The audiogram is a most unusual biometric test. It is often incorrectly compared to a
visiontest. Inthe audiogram, the goa isto determine the lowest signal level aperson can hear.
In the case of avision test, the person reads the smallest size of print that he or she can see, the
auditory equivalent of identifying the least perceptible difference between two sounds. In most
occupational and medical settings, this requires the listener to respond to very low levels of
sounds that he or she does not hear in normal day-to-day life. A vision test analogous to an
audiogram would require a person to sit in atotally darkened room and be tested for the lowest
luminosity light of various colors, red to blue, that can be seen.

The most basic audiogram is a screening test such asis used in the schools. A series of
tones at fixed levels are present and the listener indicates which he or she can hear. Thelevels
are set so that those who hear them should have hearing within normal limits and those who
don’'tarereferred for athreshold audiogram. Thethreshold audiogram producesapicture of how
aperson hears air-conducted signals, such as pure tones. A person sitsin aquiet environment,
listens for pure-tone pulses (beeps), signaling when they are heard. The test consists of
presenting these beeps as varying intensities for different test frequencies, recording at each
frequency the lowest intensity at which there are responses from the listener. At no other time
during day-to-day life are people presented with perceptual tasks of similar demand.

8.1.1. Audiometry for Monitoring/Compliance

The same type of threshold audiometry is used to monitor the individual worker’s response to
noise exposure. A baseline audiogram is obtained before the worker is exposed to potentially
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hazardous noise, periodically during the exposure times, and at the end of the worker's
exposures. Permissible exposure levels, the amount of time aworker may be exposed to noise
without the necessity of engineering controls to reduce the noise, removing of the worker from
the noise, or requiring that the worker use hearing protection, are founded on the maximum
acceptable excessrisk level of developing hearing impairment. These risk estimates are based
on pure-tone air-conduction audiograms. As an example, based on available data, the National
Institute for Occupational Safety and Health (NIOSH 1996) calculates that 15% of workers
exposed to noise levels of 85 dB(A) L, g, Will develop hearing impairment over their lives.

Table 8.1. Comparable American National Standards Institutes and International
Standar ds audiometric standards.

Topic Area

ANSI Standard

SO Standard

Audiometer Calibration

S3.6-1996 Specifications for
Audiometers

SO 8253 Audiometric Test Methods
- Part 1 (1989): Basic Pure Tone and
Bone Conduction Audiometry; Part 2
(1991): Sound Field Audiometry; Part
3 (199x): Speech Audiometry

I SO 389-1985: Acoustics - Standard
reference zero for the calibration of
pure tone air conduction audiometers
and Addendums 1, 2, and 3

|EC 60645-Part 1 (1987) Pure Tone
Audiometers: Part 2 (199x)
Equipment for speech audiometry,
Part 3 (199x) Specifications of
reference audiometric test signals of
short duration, Part 4 (199x)
Equipment for extended high
frequency audiometry

Test Room Noise Levels

S3.1-1991 Maximum Permissible
Ambient Noise Levels for
Audiometric Test Rooms

SO 8253(1) 1989 Audiometric Test
Methods - Part 1: Basic Pure Tone
Air and Bone Conduction Audiometry
ISO 6189-1983 Acoustics-Pure Tone
Air Conduction Threshold
Audiometry for Hearing Conservation
Purposes

Sound Level Meters

S1.4-1983 (1990) American
National Standard Specification
for Sound Level Meters; S1.4A-
1985 Amendment to ANSI S1.4-
1983; S1.25 American National
Standard for Personal Noise
Dosimeters; S1.43-1997
American National Standard
Specification for Integrating-
Averaging Sound Level Meters

|EC 60651 (1979)
|EC 60804 (1985)

Estimation of Noise-Induced
Hearing Loss

S3.44-1997

1SO-1999 (1992)
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(Laeqen ISthe equivalent noise level for an 8-hour exposure when the exchange rate is 3 dB. 88
dB(A) for four hours equals 85 dB(A) Laeg, While 91 dB(A) for two hours is the same as 85
dB(A) Laeen-) NIOSH defines hearing impairment as a pure-tone average in either ear for the
audiometric test frequencies of 1000, 2000, 3000, and 4000 Hz that exceed 25dB HTL (Hearing
Threshold Level or Hearing Loss) re ANSI S3.6-1996, Specificationsfor Audiometers. SeeTable
8.1 for alisting of ANSI standards and comparable 1SO and |EC standards.

In the United States, the Hearing Conservation Amendment of the Noise Standard of the
Occupationa Safety and Health Administration (OSHA 1983) requires employers to obtain
baseline audiograms for all workers exposed to noise levels at or above the time-weighted
averagefor eight hours (TWA) of 85dB(A). (OSHA’sTWA, isbased on a5 dB exchangerate
with 90 dB(A) for four hours equal to a TWA, of 90 dB(A) and with 100 dB(A) for two hours
equal to a TWA, of 90 dB(A). OSHA further requires that al exposed workers receive
audiometry once per year for the duration of their work lifein noise of 85 dB(A) TWA,. Each
worker’s annual audiogram is compared to his or her baseline audiogram to check for changes
in hearing that might have been related to the noise exposure. OSHA sets no time limit from
administering the annua hearing test to comparing the results to the baseline audiogram
(allowing up to ayear in cases where mobile hearing services are used). OSHA requiresthat if
achange of hearing of sufficient magnitude has occurred, the employer must take certain actions
to avoid further worsening of hearing for theworker. Thistype of hearing testing program; i.e.,
regimental application of baseline and annual hearing tests according to the requirements of the
OSHA, isreferred to as monitoring audiometry for the purposes of compliance.

8.1.2. Audiometry for Intervention/Prevention

NIOSH recommends amore assertive use audiometry; e.g., onethat isdriven less by monitoring
for hearing loss and driven more by hearing loss prevention. NIOSH recommends that all
workersexposed to noiselevelsat or above 85 dB(A) L a, ¢, receive audiometry. (NIOSH 1996).
In addition to the baseline audiogram, which is preceded by a 12-hour period of no exposure to
loud occupational or other noise, NIOSH recommendsan annual test for workerswhose exposure
levels are less than 100 dB(A) L, and testing every six months for those workers who
exposure levels are equal to or greater than 100 dB(A) L g gn

While OSHA requiresthat the baseline audi ogram be administered following aquiet period,
there is no regulatory guidance about quiet periods preceding annual audiograms. NIOSH
recommends that annual audiograms be obtained during the work shift, preferably at the end of
the work shift, to observe any temporary threshold shift the worker may have. NIOSH
recommends immediate retesting of employees who do show a shift in order to validate the
audiogram. If the change in threshold remains on the retest audiogram, NIOSH recommends
providing aconfirmation test whichis preceded by quiet. For workerswhosethreshold shift was
determined to betemporary by the confirmati on audiogram, NIOSH encouragesinterventionsthat
reconsider the exposure conditions, the adequacy of the hearing protection, and the worker’s
training. For workers whose threshold shift was determined to be permanent, NIOSH
recommends ruling out etiologies other than noise and if the threshold shift is noise related,
removing theworker to aquieter work environment or, at aminimum, one-on-onetraininginthe
fitting and use of hearing protectors.

Because the frequency of periodic audiogramsis dependent upon the noise exposure level,
and the testing paradigms are designed to identify and respond to temporary threshold shift, this
type of audiometry is referred to as prevention driven. In an effective program, each worker at
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risk of developing permanent threshold shift would be identified early by responding to the
situation that produced a temporary threshold shift with the goal being to prevent any future
temporary threshold shift. Elimination of temporary threshold shifts prevents permanent
threshold shift, and thus prevents hearing |oss due to noise exposure.

Therest of thisdiscussion of hearing measurement will be based upon a prevention, rather
than compliance, model.

8.2. ELEMENTSOF AUDIOMETRY
8.2.1. TheTest Environment

Because audiometry requires determination of the lowest signal level that a person can hear, the
audiometric test environment isvery important. The audiometric test environment includes the
spaceinwhichthetestisadministered, theinstrumentsused to administer thetest, and conditions
under which the test is administered.

8.2.1.1. Noiselevels

In a perfect hearing test, the lowest signal level to which a person responds will reflect only the
limitations of his or her own auditory system. In many cases, however, auditory thresholds
actually reflect the lowest signal that the person can hear against the background noise that is
present in the test environment.

Every audiometer calibration standard either includes or references a corresponding
standard for maximum permissible ambient noise levels for testing to audiometric zero. Inthe
United States, the standard for audiometric zero is ANSI S3.6-1996 and the standard for
maximum permissibleambient noiselevel iSANSI S3.1-1991. Audiometerscalibrated according
the ANSI standards or the corresponding 1SO standardswill makeit possibletotestto0dB HTL
for persons whose hearing isthat sensitive. The maximum permissible ambient noiselevelsfor
ANSI S3.1-1991 are displayed in Table 8.2.

Table 8.2. Maximum permissible background noise level during audiometric testing:
Accordance with ANSI S3.1-1991, OSHA table D-2 (1981), and OSHA table D-1 (1983).
L evels shown are octave-band sound pressurelevels (dB re 20 pPa) for earscovered with
standard M X41/AR cushions.

Octave-Band Center Frequency | 500 Hz | 1000Hz | 2000 Hz | 4000 Hz | 8000 Hz
ANS| S3.1-1991 (Rounded to 22 30 34 42 45
the nearest whole decibel)

OSHA Table D-2 27 30 32 42 45
OSHA Table D-1 40 40 47 57 62

It isimportant to note that the levelsin Table 8.2 represent conditions when the earphone
cushions that are specified by the standards are used. Also displayed in Table 8.2 are the
maxi mum permissibleambient |evel sspecified by the OSHA Hearing Conservation Amendment
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(OSHA 1983). The OSHA levels are much higher, being based on audiometers calibrated to
much older American Standards Association (American National Standard Specification for
Audiometers for General Diagnostic Purposes, Z24.5-1951). OSHA had initially proposed that
these higher levels from Table D-1 of the Hearing Conservation Amendment be used for two
yearsuntil industry cameinto compliancewith the Hearing Conservation Amendment, afterwards
switching to the levelsfrom ANSI S3.1-1991 with a5 dB adjustment at 500 Hz (OSHA 1981).
After successive stays and issuances of the regulation, only the levels in Table 8.2 remain.
Audiometry that relies upon OSHA'’ s specifications will be unableto test to levelsbelow 15 dB
HTL (Franks, Engel, and Themann 1992)

8.2.1.2. Controlling the test environment

There are many waysto control thetest environment. The optimal test environment isquiet and
free of distractions. There should be no activity outside the test room that the listener can see or
hear. A person with normal hearing may be able to follow a conversation outside the test room
even if the ambient noise levels meet the level specified by ANSI S3.1-1991. While audible
speech would not mask the test tones, it would distract the listener, making a difficult test more
difficult yet. Thereisno such thing asa“soundproof” test room; i.e., aroom which no outside
sound can penetrate. It isimportant that rooms are designed to attenuate nominal outside noise
to the point where it won't mask the test signals, and it is just as important to not have
unnecessary noise generating activities in the area of the test room.

8.2.1.2.1. Single-person test rooms. In most audiometric testing situations, the listener will be
seated in a small sound-treated room just large enough to accommodate him or her. The room
will have a door, awindow through which the listener may be observed, aswell aslighting and
ventilation systems. These rooms are often prefabricated and either are delivered assembled to
atest site or are assembled at the test site. Figure 8.1 displays a single-person test room along
with the typical floor plans..

The standard “mini” booth usually arrives preassembled and has wheels so that it may be
moved within a test site. The “mini” booth usually has a folding shelf attached under the
observation window on which the audiometer and other items may be placed. The booth is
referred to as “mini” because of its small interior: 0.72 m x 0.66 m x 1.50 m. It is fabricated
from 5 cm- thick panels. Thetypical attenuation provided by a“mini” boothis shownin Table
8.3.

There is also atransportable “mini” booth which can be set up at one test site and, after
testing is compl eted, taken down and moved to anew test site set up. Thisroom also uses5 cm-
thick panelsand has awindow and ashelf aswell aslighting and ventilation. It even comeswith
a carrying case that can be placed in the back of a station wagon or small truck. However,
because of its set-up/take-down features, its attenuation is less than that of the standard “mini”
booth. This booth was designed at the request of the airlines so that the hearing conservationist
could fly to one airport, set up the booth, test airline personnel, take down the booth, and load it
back on an airplane for transport to the next airport where testing was to be done.

Another type of single-station test room is the standard stationary booth that is assembled
from 7.5 cm or 10 cm-thick panels. Aswith the mini booth, there is an observation window as
well as ventilation and lighting. The interior islarger than the mini booth, 0.80 m x 1.0 m x
1.7m. Becauseit isbuilt of thicker and heavier panels, the attenuation is greater, asis shown
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Figure8.1. A typical “mini” sound booth.

in Table 8.3. In the stationary single booth, the ambient noise levels should be low enough to
allow bone conduction testing with unoccluded ears as is specified in ANSI S3.1-1991.
Stationary booths are quite rugged and have a use life of more than 30 years so long as the door
gaskets and ventilation fans are replaced every four to fiveyears. If thereissignificant vibration
from the floor, the vibration isolators should also be replaced every four to five years.

Table8.3. Representative noisereduction data of variousthickness panel construction for
audiometry testing rooms (dB).

1/1 octave-band center frequency

Panel thickness 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
10 cm panel 28| 36| 48 57 61 61 57
7.5 cm panel 24 31| 71 46 55 55 52
5 cm panel 15| 31| 34 42 49 50 51
Transportable 121 26| 27 27 30 35 35
Double walled 471 62| 83 91 99 97 | >91




Hearing measurement 189

8.2.1.2.2. Multiple-person test rooms. It issometimes necessary to test more than one person
at time. In some settings this may be accomplished by installing more than one test booth. In
others, one larger booth may be set up capable of supporting multiple testing stations. Such
booths may belarge enough to accommodate testing as many astwelve personsat atime. Most,
however, are built to accommodate six to eight persons simultaneously. These booths are most
often constructed of 10 cm-thick panels. In the United States the most common users of
multi ple-station test booths are the military and mobile hearing conservation test providers. The
multiple-station test booths are often built into trailers or trucks.

Thedrawback to multiple-stationtest boothsisthe potential distraction of listenersby those
around them and the increased ambient noise level s created by having several personsin asmall
enclosure. Sometimes, personswith normal hearing can hear the highintensity test signalsbeing
presented to those with substantive hearing loss, making it difficult to determine to which tone
they should respond. It isalso difficult for the audiometrist to detect testing problemswhen they
occur and it isdifficult to intervene for one listener having trouble while others are completing
their hearing test. Also, the time it takes to complete a hearing test when microprocessor
audiometry isused will be different for each person, so it is necessary to have people who have
completed the test remain seated and quiet while others are finishing.

Theaddition of curtainsor panelsto separatelistenersin amultipl e-persontest booth would
appear to be beneficial by reducing distractions. However, it al so makes the space seem smaller
and blocks the audiometrist’s view of the listeners. When self-recording audiometry has been
used in multiple-person test rooms, there have been cases when a person with a hearing loss
enlisted the support of a“buddy” with good hearing to sit at an adjacent station. The “buddy”
would press his own response switch and that of the person next to him, pressing both buttons
when he heard the signals. Asaresult, his neighbor’ s audiogram showed good hearing when in
fact that person had a severe high-frequency hearing loss. An open booth with good lighting set
up so that the audiometrist and listeners have good two-way visual contact can inhibit such
behaviors when multiple-person test booths are used.

8.2.1.2.3. Selectingthetest areaand thetest booth. Whilean areawith littletraffic may seem
to be the obviouslocation for atest booth, it is necessary to measure the ambient sound levelsin
the space before sel ecting abooth configuration. 1t will be necessary to choose atest booth with
adequate noise reduction to ensure that the ambient noise levels are below those specified in
ANSI S3.1-1991, asshown in Table 8.2. The best way to determine the booth specificationsis
to subtract the values for each panel thickness in Table 8.3 from the ambient noise levels
measured where the booth will be used. The ambient noise levelsin the areas intended for the
booth should be measured when there is normal traffic and building activity. If the calculated
valuesarebelow thosein ANSI S3.1-1991, the booth should be adequate. If the calculated levels
are higher than those in ANSI S3.1-1991, the booth will not be adequate and a thicker-walled
structure will be needed.

In some unusual settings a double-walled booth may be needed. Thisisa*booth within a
booth” with both booths constructed from 10 cm-thick panels. Becausethese structuresarevery
heavy, the floor of the building where they will be assembled must be rated for loads of 45
kilograms or higher. Typical noise reductions for a double-walled room is shown in Table 8.3.

8.2.1.3. Noise-reducing ear phone enclosures

The standard earphone assembly in the United States uses an MX41/AR supra-aural earphone
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cushion. “Supra-aural” means that the cushion sits on the pinna. Compared to a circum-aural
cushion, the MX41/AR cushion has many leaks and is not agood attenuator of external sounds.
Nevertheless, the maximum permissible noise levels of ANSI S3.1-1991 and the calibration
values of ANSI S3.6-1996 are based on the use of the MX41/AR cushion. Changing to a
different cushion or placing ashell around cushion changes both the attenuation and calibration
of the earphone assembly. Therefore, NIOSH recommends that noise-reducing earphone
enclosuresnot beused. OSHA will issue ademinimuscitation when they are used in atest booth
with ambient noise levels that meet the OSHA maximum allowable ambient noise levels or a
serious citation when they are used in place of atest booth that meets OSHA’ s ambient noise
limits.

In spite of all the reasons against using noise-reducing earphone enclosures, they arefairly
common. Therearethreeenclosuresin useat present. They arethe Aural Dome, the Amplivox
Audiocup, and the Madsen/Peltor Audiomate. All three accommodate the Telephonics TDH
series earphones and MX41/AR cushion. They replace the earphone assembly headband and
provide an outer earcup with a circumaural cushion that seals around the ear much as a noise
reducing circumaural earmuff provides a seal around the ear. Since these devices essentially
place the standard earphone/cushion inside an earmuff, it would seem that they ought to reduce
ambient noise levels, making a quieter situation for testing at low hearing levels while not
changing calibrations. Unfortunately, they don't effectively reduce ambient noise and they do
affect calibration.

Studies by Franks, Merry and Engel (1989) found that Audiocups have insufficient
attenuation in the low frequencies where test booth noise levels are usually the highest. Frank
and Williams (1993a) found that if oneisusing the OSHA maximum permissible ambient noise
levels, thereal-ear attenuation at threshold of the Audiocup isinsufficient to enable testing down
to 0 dB HL. Other studies have found that while the earphone may be calibrated while in the
enclosure, use of the enclosure has an effect on hearing thresholds at 3000 and 6000 Hz (Frank
and Williams, 1993b). Flottorp (1995) studied placement of the earphone cushion, finding large
changes in hearing thresholds at 3000 and 6000 Hz for placements common in occupational
hearing conservation test settings. Because noise-reducing earphone enclosures cover the
earphone and cushion, it is not possible to ascertain the exact placement of the earphone and
cushion and the exact alignment of the earphone and the ear canal opening when noise-reducing
earphone enclosures are used.

New active noise-reducing earphones that have pass throughs for communication and
warning signals are presently being studied. It is conceivable that the noise-reducing circuitry
can be used to reduce low-frequency (< 1000 Hz) noiselevels. However, none of the active noise
reduction headsets are able to employ the MX41/AR cushion, and so agreat deal of laboratory
work would be necessary before these systems could be found to be suitable for use in hearing
testing.

8.2.1.4. Documenting ambient noise levelsin the test booth

Test room ambient noise level s should be measured during the normal course of businessin the
audiometric testing area. For example, if the testing area is in an occupationa health setting,
ambient noiselevel sshould be measured while other normal activitiesof the setting areunderway
with the exception of having a person inside the test booth. The booth ventilation and lighting
systems should be turned on as well. Most modern sound level meters meeting the
specificationsof type Il (ANSI S1.4-1983) should be capable of measuring these noise levels. It
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may be easier to mount the sound level meter on atripod than to hold it while taking readings.

Noise levels should be measured in octave bands. It isnot sufficient to take an A-scale or
C-scalereading. Octave band filters should meet the Class |1 requirements of ANSI S1.11-1966
1971), Specifications for Octave, Half-Octave, and Third-Octave Band Filter Sets. Once the
octave-band levels have been measured, the C-scale measurement may be taken and used to
monitor the ambient noise levels as any changein the octave-band levelswill bereflected in the
C-scale reading.

For a fixed facility, although there is no regulatory guidance, it should be adequate to
measure the test room ambient noise levelsannually. For mobilefacilities, ambient noiselevels
should be taken daily or whenever the facility is relocated, whichever is most frequent (NHCA
1996). The noise levels should be kept as part of the record keeping system and should also be
recorded on each audiogram. Additionally, the make, model and serial numbers of the sound
level meter, octave-band filter set, and calibrator should be kept along with the calibration date
of each instrument.

Sometimes, it may be necessary to perform audiometry even when the test room ambient
noise levels are higher than specified by the standards. At such times, it will not be possible to
test to audiometric zero at the frequencies for which the noise levels are too high. The
audiometrist should make certain to annotate each audiogram with astatement that the minimum
test hearing level could not have been zero. For example, if the octave-band ambient noiselevel
at 1000 Hz was 40 dB SPL instead of the 30 dB SPL specified by the standard, the note would
say that hearing thresholds of lessthan 10 dB HL at 1000 Hz were unreliable.

8.3. PURE-TONE AUDIOMETRY: AUDIOMETERSAND METHODS

Thepure-toneair-conduction audiogram allows determination of thelowest sound level saperson
can hear at given test frequencies. The entire auditory system, from ear canal to auditory cortex,
istested. There are various testing methods and instrument types for determining these levels.
The methods are all based on presenting to the listener sound levels from just audible to just
inaudible. The listener’s threshold is somewhere between these two levels. When a testing
program is established, a method is selected and an audiometer for applying that method is
chosen.

There are three main testing methods: manual audiometry, self-recording audiometry, and
microprocessor-controlled audiometry. Each method has its own instrumentation requirement
so that amanual audiometer cannot be used for self-recording, just asasel f-recording audiometer
cannot be used for manual or microprocessor-controlled audiometry. Thus, once a testing
method has been sel ected, the choice of audiometer to usewill belimited to the set of instruments
which perform that test method. Most microprocessor-controlled audiometers may be used for
manual testing.

There are differences in thresholds determined by the various testing methods. It isvery
important that once amethod is selected for atest site or for a group of workers, the method be
used consistently. If onewereto test agroup of workers one year by microprocessor-controlled
audiometry, by manual audiometry the next year, and by self-recording audiometry thefollowing
year, there would be apparent changes in the workers hearing that actually were due to the
change of testing methods. Thus, it would be more difficult to detect true changes in workers
hearing due to noise exposure.
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8.3.1. Manual Audiometry - The Benchmark

Manual audiometry is the standard for clinical testing. The signal frequency, intensity, and
presentation are controlled by the tester. Thetester follows a standard procedure for presenting
thetest signals. By observing intensities to which the listener responds and those intensitiesfor
which there is no response, the tester determines the signal intensity at threshold for each test
frequency and records it on an audiogram chart or table.

8.3.1.1. Instruments

A typical manual audiometer, such as the one shown in Figure 8.2, permits the selection of the
test frequency, theintensity, right or left earphone, continuous or pulsed tones, and presentation
of thesignal. Most modern manual audiometers also have alistener response button and alight
or other indicator on the audiometer to show that the response button has been pressed. A type
4 audiometer asdefined by ANSI S3.6-1996 will have an intensity range from 0to 90 dB HL for
al test frequencies. A manua audiometer may also support other testing such as bone
conduction, masking, speech threshold and intelligibility, but those tests are seldom used in the
occupational setting.

Figure8.2. Manual audiometer

8.3.1.2. Methods

There are three basic methods that may be used to test hearing: the method of constant
stimuli, method of limits, and method of adjustment. In the method of constant stimuli, the
listener is presented with a series of tones at each intensity and the number responses for each
intensity isrecorded. Theintensity at which the number of responses equals half the number of
presentationsis defined asthreshold (the 50% point). Inthe method of limits, variousintensities
are presented and how the listener responds at each intensity isrecorded. The lowest intensity
to which the listener responds at least 50% of the timeis recorded as threshold. In the method
of adjustment, thelistener has control of thesignal intensity and setsit to alevel sothat the signal
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is just-barely heard, such that if it were lessintense it could not be heard at all. Thisintensity
setting is recorded as threshold.

Thereisatrade off between timeto administer these three methods and the accuracy of the
threshold determination. While the most accurate, the method of constant stimuli takes the
longest amount of time. The method of adjustment takestheleast amount of time, but isthe most
inaccurate. That leaves the method of limits as the method upon which manual audiometry is
based.

The version of the method of limits used in manual audiometry is referred to as the
modified Hughson-Westlake procedure (Carhart and Jerger, 1959). This procedure is detailed
in ANSI S3.21-1978 (R-1992). In this procedure the signal intensity isfirst presented at alevel
the listener can hear clearly. Then the intensity is reduced in fixed-size decrements until the
listener no longer responds. Theintensity isthenincreased in smaller fixed-sizeincrementsuntil
the listener responds again. From this point on, whenever the listener responds, the signal is
decremented and whenever the listener failsto respond the signal isincremented. Theintensity,
when the signal is being incremented, to which the listener responds two out of three timesis
recorded asthreshold. Figure 8.3 displaysaflow chart for administering the modified Hughson-
Westlake procedure (after Martin, 1986).

There are other variations on the method of limits. If the signal is presented at alevel the
listener cannot hear, incremented until thereisaresponse, decremented until thereisno response
and then incremented until there is aresponse again, the level at which there are two responses
for three presentations may be lower than for the modified Hughson-Westlake method. But, the
task will be much more difficult for the listener and will take more time to administer. If the
Modified Hughson-Westlake method were used, but the threshold level was determined on all
responses to signals, increasing or decreasing, there would be many inconsistencies, making it
much more difficult to assign threshold to any intensity.

When hearing istested for clinical purposes, thresholds are found for octave frequencies
from 125 to 8000 Hz, and sometimes including the half-octave frequencies of 750, 1500, 3000,
and 6000 Hz. When hearing istested for occupational haring loss prevention programs, only the
frequencies 500, 1000, 2000, 3000, 4000, 6000, and 8000 Hz aretested. Inthe United States, the
OSHA Hearing Conservation Amendment (OSHA 1983) does not require testing at 8000 Hz.
However, since a notch in the audiogram shape at 4000 and/or 6000 Hz with recovery to better
hearing at 8000 Hz isthe signature of a noise-induced hearing loss, having athreshold for 8000
Hz isimportant for the professional reviewer to sort out hearing loss most likely due to noise
from hearing loss due to some other cause.

When beginning a hearing test it isimportant to start with the listener’s better ear. If the
listener notices no difference between the right and | eft ears, the right ear should be the default
starting ear. An effective way to sequence the ears and test frequencies is to start with the
determination of thresholdinthebetter/right ear at 1000 Hz. Thenthreshold isdetermined at 500
Hz, followed by aretest of threshold at 1000 Hz. If the first and second thresholds at 1000 Hz
agree within 5 dB, testing may continue for 2000, 3000, 4000, 6000, and 8000 Hz. Then testing
is started for the worse/left ear with the frequency sequence of 1000, 500, 2000, 3000, 4000,
6000, and 8000 Hz. A pulsing tone with on/off times of no less than 200 msec duration should
be used if the audiometer has the feature.

If the first and second thresholds for the better/right ear at 1000 Hz do not agree within
5dB, it will be necessary to stop testing, refit the earphones, and re-instruct the listener. Then
1000 Hz would be tested again, followed by 500 Hz with areturn to 1000 Hz. If the thresholds
at 1000 Hz agree thistime within 5 dB, the rest of the test may be completed. If not, the listener
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Figure 8.3. Modified Hughson-Westlake flow chart. (Adapted from Martin 1983)
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should bereferred to aclinical setting for testing. It isnot necessary to do the 1000 Hz retest for
the worse/left ear since the retest is a confirmation that the listener is responding consistently.
Once that is determined, it is not necessary to reconfirm it.

8.3.1.3. Recording of Results

Thresholds of hearing may be recorded on agraph or in atable. Typically, the graphic formis
used in clinical settings and is referred to as an audiogram. Audiograms are very helpful in
explaining results because the listener can easily envision the test outcome. The procedure

for graphing audiometric thresholdsis specified in ANSI S3.21-1978 and an exampl e graphical
audiogram isdisplayed in Figure 8.4. Thresholdsfor theright ear are recorded with an O while
thresholds for the left ear are recorded with an X. If working with colored pencils or pens, the
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right-ear O iswritten in red ink while the left-ear X iswritten in blueink. Lines are drawn to
connect the symbols. Since hearing levels typically are determined to the nearest 5 dB, the
symbols should be aligned at the 5 dB points.

Audiogram showsfrequency in Hz increasing from left to right asal ogarithmic scalewhile
intensity in decibelsincreasesdownwardin alinear scale. Thepreferred aspect ratiois20 dB per
octave or 50 dB per decade of frequency. Thresholdsfor theright ear aredrawn ascircles, inred,
and are connected with red solid lines, whilethresholdsfor the left ear aredrawn as X's, in blue,
and are connected with blue solid lines. (ANSI S3.21-1978 (R-1992))

The graphic audiogram is plotted so that poorer hearing thresholds are plotted near the
bottom of the chart and normal thresholds are plotted near thetop. The graphic audiogram also
has some other characteristics. The distance between each octave plotted along the abscissa (x
axis) corresponds to the same distance represented by a 20 dB range on the ordinate (y axis).
Freguency is plotted logarithmically so that there is equal distance between the octaves.

The audiogram form can be traced back to the 1920'swhen Western Electric devel oped the
first electronic audiometer. In the absence of a caibration standard, it was decided that the
average hearing of a group of company employees who should have had normal hearing would
be 0 dB Hearing Loss. Anyone €l setested would be compared to the normative employee group
and their hearing loss would be plotted on the chart going down to represent decreased hearing
(rather than going up on the chart to represent increased intensity of the signal at threshold). At
that time, signal levels were measured in terms of voltage applied to the earphone rather than
acoustic output from the earphone. Until the 1950's, each audiometer manufacturer had its own
reference group of normal hearers so that 0 dB Hearing L oss was not necessarily the same signal
level for competing brands of audiometers.
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Figure 8.4. Typical graphic audiogram.

Hearing threshold level smay al so be presented in atabular format, referred to asthetabular
audiogram. Table 8.4 displays an example. The advantage of the tabular audiogram is that it
does not require drawing on a chart or having to read a chart or worry about colors of the lines
and symbols to interpret the audiogram. The disadvantage is that is not readable at a glance as
isthe graphic audiogram and it does not provide much assistance for counseling listeners about
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their test results. Another advantage of a tabular audiogram is that one sheet of paper may
contain multiple audiograms, effectively holding arecord of al the tests a person may have had
over a 20 to 40-year range.

Table 8.4. Tabular audiogram. Hearing thresholds are entered for each frequency.
Multiple tables may be placed on single page to show hearing tests results in a serial
audiogram form.

Frequency (Hz) | 500 | 1000 | 2000 | 3000 | 4000 | 6000 | 8000
Right Ear (dB) 5 10 0 15 5 5 10
Left Ear (dB) 10 5 0 5 15 10 5

There is some concern that if the tester has access to a serial audiogram form with past
audiometric data, therewill beless carein performing the hearing test and hearing levels may be
morelikely to be consistent with the prior audiograms. However, aconscientioustester canavoid
being influenced by prior test results. Additionally, by having accessto prior tests, calculations
can be made immediately to see if the changes in hearing are large enough to be considered a
significant threshold shift.

Testers should make sure to record the following on the audiogram: audiometer make
model, and serial number; the dates of its most recent functional and exhaustive calibrations;
identification of the tester; identification of the reviewer; acceptability of the audiogram (good,
fair, poor); any audiogram classification codes employed; and additional comments that might
be relevant to the hearing test. This appliesto both graphic and tabular audiograms.

8.3.1.4. Pitfalls

The disadvantage of manual audiometry is that the tester can make mistakes that won't be
reflected in the audiogram. With several control switches to manipulate in the course of the
hearing test, it is possible to make an error. Failing to change the earphone selector canresultin
testing the same ear twice. The threshold may be recorded on the wrong place on the graph or
inthetable. The tester must evaluate each listener response, make presentation level decisions
accordingly, and determine which hearing level isthreshold. Many testerstend to develop their
own method after atime. Thisalone will introduce error into the audiogram.

8.3.2. Sdf-Recording Audiometry

Self-recording audiometry (also known as Bekesy audiometry) was introduced by George von
Békeésy in 1947 asanimprovement over manual audiometry. Self-recording audiometry employs
the use of arecording attenuator to perform the hearing test. The attenuator can either increase
or decrease the signal intensity at a fixed rate of so many decibels per second (dB/sec). The
listener has control of the attenuator action. By pressing the response switch, the listener will
cause the signal intensity to be decreased. Upon release of the response switch, the signal
intensity will beincreased. Thelistener’ sthreshold is somewhere between the point of pressing
and the point of releasing the switch.
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8.3.2.1. Instruments

Figure 8.5 shows a self-recording audiometer. These are no longer manufactured or repaired by
the manufacturersinthe United States, although through the middle of the 1980'sthey accounted
for 70% of theaudiometersin usein occupational settings. The audiometer recordsthelistener’s
responses directly on the card. The card is marked for test ear, test frequency, and signal
intensity. A pen attached to the recording attenuator draws the tracings on the card that
correspond to the attenuator’ s setting, moving down the card as the signal level increased (no
button press) and up the card as the signal level decreased (button pressed). In some cases the
card isimmobile and the pen not only moves in keeping with the attenuator’ s actions, but also
moves to the from left to right at a selected rate of so much time per frequency; usually 30
seconds. In other cases, such asis shown in Figure 8.5, the card mounts on atable that moves
at afixed rate underneath the pen as the pen moves up and down in keeping with the attenuator’ s
actions.

Figure8.5. Self recording, Békésy, audiometer.

One of the reasons for the popul arity of self-recording audiometers was that they could be
used in multiple-person testing situations. Many audiometers could be placed in a rack, each
with earphone and response switch wired to atest station in the test booth. Once instructions
were given and earphones were fitted to each listener the test could be started for everyone at
once. Becausethetest took 7.5 minutesto administer, testing for everyone would be finished at
the sametime. OSHA requires that self-recording audiometers to present a pulsing 200 msec-
duration tone with a 50% duty cycle (200 msec on, 200 msec off) (OSHA 1983).

Figure 8.6 shows a typical audiogram card for a self-recording audiometer. There is a
section for each frequency that iswide enoughto contain 30 seconds of tracings. Thefrequencies
are laid out on the card in the order that they are presented by the audiometer. The tracings
provide a graph of hearing for each ear that is comparable to the audiogram graph for manual
hearing testing. Once the audiogram is scored, the chart can be used as an effective counseling
tool to explain the test results to the listener.

Notethat the 1000 Hz retest in this caseis at the end of the frequency sequencefor thefirst
test ear. It may seem that this method of testing needs no attention once started. However, itis



198

Hearing measurement

important that the retest tracings obtained 3.5 minutesinto thetest (i.e., at the 1000 Hz retest) be
monitored so that the test may be stopped if the retest threshold is not within 5 dB of the first
1000 Hz threshold. Of course, when the audiometry isconducted in amultiple-person test booth,
it isnot practical to stop testing for one person, so the test would be allowed to continue.
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Figure 8.6. Example of audiogram from self-recording audiometer with examples of
acceptable and unacceptable tracings.

Figure 8.6 shows an acceptable audiogram for the better/right ear. The tracings are
consistent over the range of each test frequency such that it is easy to draw a line through the
center of the tracings to determine a threshold. As a rule of thumb, a good tracing also has
excursions of no less than 3 dB and no wider than 13 dB.

The chart for the worse/left ear shows some examples of unacceptable tracings.

In the first case, the tracings may indicate a person who didn’t understand the
instruction and is pressing and releasing the button without regard to the tones.
It may also indicate a person who is searching for aloudness range to trace rather
than an audibility range.

The second case may happen when a person presses the button only when sure of
hearing the signal and releases it when sure that the signal can’t be heard. With
tracings thiswide, it isimpossible to determine where threshold is.

Thetight trace on the chart occurswhen apersonisquickly pressingandreleasing
the button. It is not possible for a person to make decisions about
audibility/inaudibility so quickly when the attenuation rate is 5 dB/second.

The rising trace occurs when the listener hears the tone and presses the button,
rel eases the button because the signal has gotten fainter, discoversthat the signal
Is still audible, presses the button again, and so on.

In all cases producing tracings such as these, the test should be stopped, the person should be
reinstructed and testing should be started over.
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8.3.2.2. Methodsfor scoring

Scoring the audiogram to obtain hearing thresholds is fairly simple for audiograms with
acceptable tracings. A tracing to be scored should have at least six crossings. That is, there
should be at least 3 excursions from button press to button release and 3 from button release to
button press. The first step in scoring is to draw a line across the center of the tracings. The
second step isto determine the hearing threshold level for theline. Thethird isto the round the
hearing threshold level to the nearest 5dB. That value should then be written above or below the
tracing for each frequency. The audiogram for the better/right ear in Figure 8.6 shows the
horizontal line drawn for each test frequency and the value of the assigned hearing threshold
level.

In the United States, OSHA requiresthe following from Appendix C(2)(E) of the Hearing
Conservation Amendment (OSHA 1983): It must be possible at each test frequency to place a
horizontal line segment parallel to the time axis on the audiogram, such that the audiometric
tracing crosses the line segment at least six times at that test frequency. At each test frequency
the threshold shall be the average of the midpoints of the tracing excursions.

Some audiologists have adopted the practice of determining the mid point for each
excursion to the nearest decibel, calculating the average for all of the excursions, and then
recording the hearing threshold in 1 dB rather than 5 dB increments. While this may be
appropriate for atrained listener in alaboratory setting, the gains from thistype of precision for
occupational hearing loss prevention purposes are minimal.

8.3.2.3. Recording of results

Whileit is necessary to maintain the audiogram cards for the record, when multiple years of test
results are available, it will be helpful to transfer the threshold levels to atabular form. Thus,
while the card isthe legal record and should not be destroyed, the tabular transfer record can be
used more easily to review the chronology of test results to determine if there has been a
significant threshold shift since the baseline audiogram.

Testers should make sure to record the following on the audiogram: audiometer make
model, and serial number; the dates of its most recent functional and exhaustive calibrations;
identification of the tester; identification of the reviewer; acceptability of the audiogram (good,
fair, poor); any audiogram classification codes employed; and additional comments that might
be relevant to the hearing test.

8.3.2.4. Pitfalls

Thereweretwo primary reasonsfor theinitial popularity of self-recording audiometry. Thefirst
was that it did not require ongoing decisions from the tester as did manual audiometry and so
should be free from tester bias and tester error. The second was that it worked well in group
audiometry settings. However, unless the tester was careful to inspect each audiogram,
audiograms with unscoreable tracings could become the permanent record.

There are people who simply cannot perform thelistening task necessary for self-recording
audiometry. Experience has shown that about one in seven persons will need to be reinstructed
and retested. Of those about half will not be able to provide acceptable tracings for the retest.
Those persons must be tested some other way, such as with amanual audiometer.

As stated earlier, self-recording audiometers are no longer manufactured in the United
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States. However, thereisaresale market of used U.S. manufactured audiometers and there are
European manufacturers. Because the self-recording audiometer draws an audiogram, it will be
necessary to have access to consumable supplies such as audiogram cards and marking pens.
Without the proper card or pen, the unit can’'t be used.

8.3.3. Computer-Administered (Microprocessor) Audiometry

The first commercial microprocessor audiometer was the MAICO 26 introduced in 1975 and
advertised as the ‘unBekesy” audiometer. The microprocessor audiometer employed the
modified Hughson-Westlake procedureinitscode. When thetest was compl eted, the audiometer
printed out a tabular audiogram that contained additional information including the listener’s
identification number, the time and date of the test, and pure-tone averages over 500, 1000, and
2000 Hz, 1000, 2000, and 3000 Hz, and 2000, 3000, 4000 Hz, al of which could be used for
calculations not related directly to obtaining a hearing test.

8.3.3.1. Instruments

Figure 8.7 shows a stand-alone microprocessor audiometer. Instead of dials for selecting
frequency and intensity, and switches for selecting ears and presenting tones, it has a
multifunction keypad. The keypad may be set up in the 10-key fashion of a calculator and
numeric data such as the listener’s identification number, date and time of test, and tester’s
identification number may be entered. These numbers will appear on the printout of the
audiogram and all but the tester’ sidentification number will be maintained for subsequent tests
unless changed. Some microprocessors accept entry of the listener’ s baseline audiogram and at
the compl etion of the test perform the calculation for significant threshold shift.

Figure8.7. Microprocessor audiometer.

The numeric keypad has other functions such as selecting the initial test ear, scrolling
through menu items seen on the audiometer’ sdisplay panel, and performing manual audiometry.
Finally, the keypad may be used to display the audiogram plus any stored audiograms and to
direct the output of the audiogram to a printer or to a computer.

The microprocessor audiometer offers significant advantages over manual and self-
recording audiometers. Sinceit followsaprogram for sequencing test frequencies and test ears,
it is not possible to skip a test frequency or fail to switch ears as can happen with manual
audiometry. Its program also determines how tones will be presented, how intensity will be
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changed in relation to listener responses, and how threshold will be defined. Thus, it provides
a continuity from test to test, and when used in a multiple-person test setting, from audiometer
to audiometer, that may be difficult to achieve with manual audiometry. Because there are no
moving partsother than aprinter, if included, it ismore rugged than a self-recording audiometer.

Most microprocessor audiometers available today present the test tones to the listeners as
a sequence of three 200 msec tone pulses (atone triad). There usualy is no provision for any
other mode of tone presentation. The tone triad is easy to recognize and makes the testing
process easier for the listeners.

8.3.3.2. Fault conditions

A simple computer program can be written to test hearing following the modified Hughson-
Westlake method as is displayed in Figure 8.3. However, that procedure does not take into
account listeners who press the response button when no tone has been presented. It also does
not account for thelistener who can’t respond consistently at any presentation level or who keeps
the response button pressed all of the time. Most microprocessor audiometers have rules for
these occurrencesin their programming. Repeated presses of the response button when no tone
is present will cause the audiometer to stop testing and alert the tester of the program, providing
the option to continue testing after the listener has been reinstructed or abort the test. If the
listener doesn’'t respond consistently enough for a threshold to be determined, many of the
mi croprocessor audiometerswill move on the next ear-frequency condition and then returnto the
problem ear-frequency at the end of the test. If threshold still cannot be determined, the
audiometer will aert the tester of the problem and provide the options of continuing after
reinstruction or stopping thetest. Some microprocessor audiometerswill allow the problem ear-
frequency conditionsto betested manually and will integrate the manually-determined threshold
with the others already determined. Otherswill not allow areturn to microprocessor audiometry
once manua audiometry has started, requiring the rest of the test to be performed manually.

8.3.3.3. Recording of results

As with self-recording audiometers, the microprocessor audiometer provides its own record of
theresults. Inthiscasetherecordistabular. Anexampleof sucharecordisshowninFigure8.8
from a microprocessor audiometer with a built-in printer. In addition to the hearing thresholds
for each ear-frequency condition, therecord may provideadetailed summary of presentationsand
responses for each ear-frequency condition aswell. The averages for key frequencies that are
useful for calculating significant threshold shift and percent hearing handicap may also appear.
In many cases, the listener can sign the tape with the audiogram as verification that this displays
the results of his or her test.
As with self-recording audiometer charts, it is best to transcribe the audiogram to some other
record keeping system aswell. That system may be the serial-audiogram form. However, to do
that would betofail to take advantage of the microprocessor’ sability to transfer audiometric data
into acomputerized database without the possibility of transcriptionerror. For thispurpose, there
are commercial hearing conservation database programs that work with every microprocessor
audiometer available and there are programs that audiometer manufacturers have devel oped for
their systems.

While some microprocessor audiometers have the capability of holding up to 200
audiogramsin memory so that they may be batch uploaded into the computer database at the end
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Name: John Doe

ID Number 111-22-3333
Test Date 11223333
Test Time 11:22:33
Audiogram

Frequency Left Ear Right Ear
500 10 10
1000 10 10
2000 10 10
3000 10 10
4000 10 10
6000 10 10
8000 10 10
Ave 512 10 10
Ave 123 10 10
Ave 234 10 10
Ave 5123 10 10
Ave 1234 10 10
Tester ID

Signature

Audiometer Serial Number
Date of Calibration

Test Room Noise Level dB(A)

Figure 8.8. Microprocessor audiogram printout.

of atesting day, aweek or whatever, thisis not agood practice. It is better to have direct, live
access to the computer with the database or at least to that portion of the database relevant to
testing. Thisalowsimmediate comparison to baseline audiograms and other information while
the personisbeingtested. Thus, rational, realistic, and practical decisions can be made on the
spot instead of days or weeks later when the opportunity to follow up with the person has been
lost. It is possible to transfer the baseline audiograms of each person to be tested into the
audiometer’ s memory so that it may perform the calculations for significant threshold shift, but
it isless cumbersome to have the audiometer connected to the database and | et the computer do
the calculations.

Testers should make sure to record the following on the audiogram: audiometer make
model, and serial number; the dates of its most recent functional and exhaustive calibrations;
identification of the tester; identification of the reviewer; acceptability of the audiogram (good,
fair, poor); any audiogram classification codes employed; and additional comments that might
be relevant to the hearing test.

8.3.3.4. Pitfalls

The microprocessor audiometer has taken the place of the self-recording audiometer in the
multiple-person testing environment. It is attractive because at face value it performs the
equivaent of the manual test. Once instructions are given and earphones are fitted, all
audiometers may be started at once.

However, the tests will not all end at the sametime. Some persons with good hearing or
with lack of tinnitus may finish very quickly while otherswith poorer hearing or tinnituswho are
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uncertain of what they are hearing will require many more presentationsand will finishlater. For
thosewith many fal se positivesor for whom the audiometer isnot ableto resol vethreshold at one
or more frequencies, the audiometer will have stopped, awaiting intervention by the tester. The
tester must be able to intervene in these cases without disrupting the test sequence for those
whose hearing tests are not complicated.

Some microprocessor audiometers have a talk-through circuit so that the tester can tell
those with tests that have halted what to do or what to expect next. Thetalk-through circuit can
be used to tell those whose tests are compl eted to not remove their earphones and to sit and wait
quietly until the tester comesinto the test booth. The tester could also provide reinstruction for
some and then resume the test. However, talk-through circuits only enable one-way
communication, so it is not possible for the listener to tell the tester what the problem may be.

In the United States, the Hearing Conservation Amendment, 29 CFR 1910.95(g)(3) states
that a technician who operates microprocessor audiometer does not need to be certified. This
isapoor exemption. A technician operating amicroprocessor audiometer must know theinsand
outs of microprocessor audiometry and of manual audiometry since he or she will be called to
perform manual audiometry for those whose audiograms the microprocessor audiometer can’t
complete. Those who think of a computerized audiometer as an expert system capable of
responding to all contingencies clearly have little experience with administering audiogramsin
an occupational setting.

While all microprocessor audiometers available in the United States employ the modified
Hughson-Westlake procedure, no two manufacturers implement the procedure in precisely the
sameway. Thus, there will be differences between audiograms obtained on audiometers from
two different manufacturers. The manufacturershave not been willingto sharethe codefor their
testing procedures with anyone, including the American National Standards Institute working
group on computerized audiometry (S3/WG76). Thus, it is not possible to determine what and
why differences occur between audiometer types.

8.3.4. Test-Retest Reliability and Differences Within and Across Procedur es

8.3.4.1. test-retest reliability and differences within methods

Whenever any type of psychometric measurement is made, there will be variation from timeto
time as the test is readministered. This applies to tests of intelligence as well as to tests of

hearing. There are systematic and random error sources in audiometry that affect the results
(Hétu 1979). They are:

. audiometer calibration error or drift

. excessive background noise levelsin the test room

. interfering signals from the test equipment

. earphone placement

. tester bias and examination procedure bias

. improvement in performance due to familiarity with the examination procedure
. residual temporary threshold shift at the time of the examination

. partial or complete obstruction of the external auditory cana

. presence of tinnitus

. functional hearing loss

. fluctuation in the subjective criterion of audibility by the subject.
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Many of these error sources can beminimized by careful control of thetesting environment.
Careful calibration and day-to-day monitoring of the audiometer, test room, and other equipment
can reduce the effects of audiometer miscalibration, excessive background noise, and spurious
instrument noises. Errors due to earphone placement inconsistencies can be reduced by having
only the tester fit the earphones before the start of each test. Insufficient earphone headband
force can be managed by having the tester remove the earphones at the completion of each test
and place them on a mounting block that has cups for the earphone cushions; a bioacoustic
simulator provides a perfect place for earphones when not used for testing in addition to
providing a means of managing the day-to-day calibration check of the audiometer.

Tester biasand improvementsin performance dueto familiarity with the test procedure can
be controlled by thetester. Inthefirst casefor manual audiometry, if the tester followsthe same
protocol test after test, test bias can all but be eliminated. In the second case, if complete test
instructions are given at the beginning of each hearing test, no matter how many hearing testsa
person has had previoudly, listeners will always begin at the same point and familiarity should
not have an effect on the audiogram.

Instructions also have bearing on the listener’s criterion for responding that a tone was
heard. Most people, upon being told to signal when they hear atone will wait until they are sure
that they clearly heard a tone; they will have a strict response criterion. A few people will
respond whenever they perceive a tone regardiess of their certainty level; they have a lax
criterion. Theinstructions presented for each of the test methods later in this chapter (sections
8.8.3.1 through 8.8.3.4) are designed to shift the response criteriato amiddie level criterion for
those who normally start a hearing test with astrict criterion. Theinstructions should havelittle
effect on those with alax criterion and it may be necessary, after testing has begun if there are
more than three false positive responses—responses with no signal presented—to advise these
listeners to respond only when they are sure that they hear a tone to move them to a moderate
criterion.

An dert tester can also reduce error due to tinnitus and obstruction of the ear canal.
Listeners should be asked prior to testing if they have ringing in the ears or other head noisesthat
become more audiblein quiet. If the listener indicates tinnitus or head noises, the tester should
remind the listener that the toneswill be pul sed and even presented in triads for microprocessor-
controlled audiometry. Adding to the listener’s criteria for response the necessity of hearing
pulsing tones can help most listeners with tinnitus. A cursory otoscopic examination should
precede all hearing tests; thus obstructions can be noted and listeners can even be referred for
cerumen removal.

Residual temporary threshold shiftisacurseand ablessing for thetester. Itisacursewhen
performing baseline, confirmation, or exit audiometry; for those are the occasions when it is
necessary to obtain the best measures of how a person hears. Consequently, care must be taken
to ensure that a quiet period (exposure to no loud sounds) of 12 to 14 hours precedes the hearing
test. Earmuffsor other forms of hearing protection should not be used to obtain the quiet period.
For the annual or periodic audiogram, residual temporary threshold shift isablessing. Itisa
blessing if temporary threshold shift isidentified during the periodic audiometry, because then
interventions can be empl oyed to prevent temporary threshold shift beforeit becomes permanent
threshold shift. Thus, it is recommended that periodic audiometry be performed during and
toward the end of work shifts so that any temporary threshold shift due to work place noise can
be identified.

Thelistener with afunctional hearing loss, responding only to signal levelsthat are clearly
audible often using a loudness rather than a threshold criterion, presents a difficult challenge.
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Most listenerswill not conceive of “cheating” on ahearing test by not following theinstructions.
However, a few of those with something to gain from exaggerated hearing loss may adopt a
loudness-based rather than aj ust-detectabl e-based criterion for responding. Therearemany ways
to detect such responses and to resolve the functional hearing loss, but they are beyond the scope
of this chapter as they involve more than pure-tone air-conduction audiometry.

8.3.4.2. Manual versus Békésy

Manual audiometry will usually provideslightly higher threshol dsthan Békésy audiometry. This
is not because Békésy audiometry is more sensitive than manual. It isrelated to the range of
signal levelspresentedtothelistener. In manual audiometry, thelistener ispresented signalsand
responds to those he or she hears. If a person responds, for example, at 10 dB HL and not at 5
dB HL, the threshold will berecorded as 10 dB HL. In Békésy audiometry the listener responds
by pressing the response button when the tones are audible and by releasing the response button
when the tones becomein audible. Given the time it takes to make a decision and respond and
the rate of attenuation, the point at which the listener releases the response switch will be afew
decibels below the signa level the listener can actually hear. At an attenuation rate of 5
dB/second with arespond latency of 0.5 seconds, the listener will release the response switch
when the signal level isat least 2 dB below his or her threshold. The same applies to pressing
the response switch in response to hearing the tones. Thesignal level will be 2 or more decibels
above the point of audibility when the response is made. This would seem to even out so that
there should be no difference between manual and Békésy methods.

However, given the example of the listener with a10 dB HL manual threshold, the actual
threshold may be 6 dB HL, alevel not tested by manual audiometry. So thelistener responds by
pressing the response button at 9 dB HL, 3 dB above the point of audibility, and by releasing the
button at 3 dB HL, 3 dB below threshold, providing atracing that is 6 dB wide with amid-point
a 6 dB HL. The 6 dB HL threshold would be rounded to the nearest 5 dB and recorded as
5dB HL, 5 dB less than the 10 dB HL threshold from manual audiometry for the same person.
So, in general, Békésy thresholds should be 3 to 4 dB lower than thresholds from manual
audiometry. Thisis consistent with the findings of Harris (1980).

A 6 dB trace width isvery good and usually provided only by experienced listeners. Most
will provide awider trace width, pressing the button when they first hear the tonesand releasing
the button when they are sure they don’'t hear the tones, thus providing a lower estimate of
threshold of hearing than would be obtained with manual audiometry.

8.3.4.3. Manual versus microprocessor

Since the microprocessor-controlled audiometry procedure is an emulation of the modified
Hughson-Westlake procedure, there are no apparent reasons for differences between the two
procedures. Infact, Jerlvall, Dryselius and Arlinger (1983) and Cook and Creech (1983) have
demonstrated that to the extent that the mi croprocessor method duplicatesamanual method, there
will be no differences.

8.3.4.4. Differencesin Microprocessors

There is no standard method for microprocessor controlled audiometry. As noted above,
manufacturers of microprocessor controlled audiometers have not been forthcoming with the
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details of their methods and their criteria for threshold assignment. Harris (1980) found that
differences of 3.5 dB could be demonstrated just by changing the instructions to the listener.
Requiring thelistener to pressthe response button upon hearing thetone and rel easing it after the
tonewasdiscontinued resulted in higher thresholdsthan simply requiring thelistener to pressand
rel ease the response button when a tone was thought to have been heard.

8.4. AUDIOMETER CALIBRATION

For audiograms to have any value at al, the audiometers must be in calibration. Thus, it is
necessary to check the audiometer calibration no less than daily before use. In addition, records
of calibrations must be maintained and dates of calibrations should become part of the permanent
audiometric record.

8.4.1. Functional Checks

A functional check isjust that, a check to make sure the audiometer’ s functions are operative.
Thisisoften called alistening check because functional checksare performed by listening to the
audiometer while checking itsfunctions and state of readiness. The goal of the functional check
isto make sure that the audiometer is able to generate tones, gate tones, change levels, switch
ears, and work with the response switch without introducing distortions, clicks, and drop outs.

Most audiometer manufacturers will provide a guide for performing a functional check.
A suggested procedure follows:

A. Set the audiometer to 70 dB HTL, 1000 Hz, output to right ear.

B. Turn the tone selector to continuous on or, if not possible, for atrain of pulses
either automatically or by repeated pressing the presentation switch.

C. Listentothetone; it should sound clear. If pulsing, there should be no noticeable
click at the beginning or end of the tone pulse.

D. Wigglethe earphone cords. There should be no noise on theline nor should there

be any interruption of the tone. Gently pull on the earphone cords where they
enter the earphones and as they come from the back of the audiometer or test
room jack panel. There should be no noise on the line nor should there be any
interruption of the tone.

E. Switch the signal from right to left ear. The tones should be equally as loud.

F. Press the response button. There should be no clicking in the earphonefor either
the press or release of the button.

G. Changethesignal intensity up and then down. There should be no clicking asthe
level is changed.

H. Changethe frequency dial. Thetones should start with no clicking noise and the

tone should not seem to ramp up or down in frequency.

l. Set theintensity back to 70dB HTL. Unplug theleft earphone and listen through
theright while selecting each test frequency. No tonesshould beaudible. Repeat
by sending the signal to the unplugged right earphone and listening to the
reconnected | eft earphone.
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8.4.2 Acoustic Output Checks

In the United States, OSHA requires a functional check that includes testing the hearing of
someone with known hearing (29 CFR 1910.95(h)(5)(i)): The functional operation of the
audiometer shall be checked before each day's use by testing a person with known, stable
hearing thresholds, and by listening to the audiometer’ s output to make sure that the output is
freefromdistorted or unwanted sounds. Deviationsof 10 decibelsor greater requirean acoustic
calibration. For the purposes here, OSHA is describing both a functional and daily threshold
check.

8.4.2.1. Daily threshold check

The daily threshold check is a confirmation that the calibration of the audiometer remains
unchanged. Each day before use, or each time an audiometer is relocated, a hearing test is
administered to aperson with known, stable hearing. It is not necessary for the person tested to
have normal hearing. While being tested, the listener should also listen for artifacts that might
have been missed during the functional check. The person being tested should not be the tester
self-administering the hearing test, for response decisions may be made on what is expected
rather than onwhat isheard. Changesof 10 dB or more require the audiometer to be acoustically
calibrated beforeit is used.

8.4.2.2. Bioacoustic smulators

It may not alwaysto be possibleto have the same person or personswith known hearing available
for the daily threshold check. It isalso difficult to perform adaily threshold check on abank of
8, 10, or 12 audiometersused in amultiple-person test booth. The bioacoustic simulator cantake
the place of the person with known hearing.

Figure 8.9 displays atypical bioacoustic ssimulator. The simulator uses acoustic couplers
designed to accept the full-size MX41/AR cushion and earphone mounted on the headband.
Microphones are located within the couplers. An electronic circuit closes a switch when the
signal level exceeds a preset threshold and opens the switch when the signal level is below the
threshold, thussimulating alistener. It may be used with any manual audiometer with aresponse
switch and indicator lamp as well as with a Békésy or microprocessor-controlled audiometer .
Because the electronic switch responds faster than a listener and doesn’t have the signal
uncertainty problems of alistener, the Békésy tracingswill be very tight, of the order of acouple
of decibels. The simulators cannot be used with microprocessor audiometers requiring unusual
response patterns such as holding the response switch until the signal stops or counting pulses
before responding.

Each simulator hasitsown characteristic “ audiogram,” so the same simulator must be used
with agiven audiometer, day in and day out. Each unit will be set to respond around 65 dB HL
for the test frequencies, but asthe microphonesare not laboratory quality, there can be variations
of as much as 15 dB between units and thus each unit is supplied with its own reference
audiogram. As with the daily threshold test, changes of 10 dB or more require acoustic
calibration of the audiometer before it is used. The nature of the simulator microphones and
electronic circuits is such that they work properly or not at all, so they do not require periodic
calibration as they will not drift.

Somesimulatorshavecircuitry to measureambient noiselevels. Whenever thebackground
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noise levelsin the test booth exceed a preset threshold, alamp associated with the octave-band
center frequency lights to alert the tester. Obvioudly, these lamps will light when there is any
activity in the test booth such as giving the listener instructions, but they should not light when
the test booth door is closed and testing is underway. While these units may be used to monitor
ambient test booth noise, they may not be a substitute for using a sound level meter to measure
and document test room ambient noise levels.

Microphone Input for Measuring
Test Room Background Noise

To Right Earphone Output

To Left Earphone Ouh

Figure 8.9. Bioacoustic simulator.

To Response Switch Input

In the United States the default pre-set simulator criteria levels are those of OSHA’s
Appendix D, Table D-1 (see Table 8.2) rather than those of ANSI S3.1-1996 for ears covered.
One model of simulators (Quest Technologies BA 210-25) may be set to the criteria levels of
Appendix D, Table D-1 (see Table 8.2) of the 1981 OSHA Hearing Conservation Amendment
(OSHA 1981). Thesearethe samelevelsasrecommended by the National Hearing Conservation
Association for mobile test vans (NHCA 1996).

8.4.3. Acoustic and Exhaustive Calibrations

If the daily threshold check showsthat there has been a change of 10 dB or more, it is necessary
to take the audiometer out of service and use a sound level meter to determine its output levels.
Theoutput level will be noted intermsof itsdeviation fromthelevel specified by the audiometer
reference standard. Thisisreferred to as an acoustic calibration check. During an exhaustive
calibration, the output levels are actually set to meet those specified by the audiometer standard
(e.g., ANSI S3.6-1996).

8.4.3.1. Acoustic calibration check

The acoustic calibration check requires a sound level meter, an acoustic coupler, and a set of
octave-bandfilters. Inthe United States the meter must meet type Il specification re ANSI S1.4-
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1983. The coupler must be an NBS-9A or equivalent with an effective volume of 6 ml (the
effective volumeisthe combined actual volume of the coupler and the equivalent volume of the
sound level meter microphone and the earphone - the coupler is often referred to as a 6-cc
coupler). The earphonein itscushion is placed on the coupler so that the plane of the earphone
diaphragm is parallel to the diaphragm of the microphone and so that there are no leaks between
the earphone cushion and coupler lip. The earphone is weighted with a 500-gram weight that
effectively compresses the earphone cushion to the coupler. Morrill (1986) suggests that with
the proper equipment and training the tester can perform the acoustic calibration, thus avoiding
having to ship the unit for calibration which alone can have effects on the outcome.

It isimportant to note that audiometers are calibrated with specific earphones. Replacing
the earphones of an audiometer with those of another will result in both audiometers being out
of calibration. This is true even when the earphones are the same type and model. The
calibration isfor the earphones and the audiometer as an integral set. If an audiometer is taken
out of service for any reason, the earphones used with that audiometer should also be taken out
of service. Likewise, when an audiometer issent away for calibration, its earphones must be sent
with it.

8.4.3.1.1. Coupling the earphone. Thegoal of this part is to ensure that the earphone is well
coupled to the sound level meter and that there are no leaks that would cause inaccurate sound
pressure level readings. The earphone and weight should be placed on the coupler. The
audiometer should be set to produce a continuous signal at 70 dB HTL at the lowest test
frequency (125 Hz on clinical audiometers, 250 or 500 Hz on type 3 or 4 pure-tone air-
conduction audiometers). The earphone is then adjusted on the coupler to produce the highest
sound pressure level reading on the sound level meter. Then the earphone and weight are
removed and the processis repeated. The same reading should be obtained. If so, the earphone
should remain onthe coupler for therest of itscalibration. If not, the earphone and weight should
be removed and the process should be repeated until asound pressurelevel reading is duplicated
on successive placements and adjustments.

8.4.3.1.2. Measuringoutput for comparisontothestandard. Thefollowing stepsare adapted
from Appendix E of the OSHA Hearing Conservation Amendment (OSHA 1983). The
procedures are valid regardless of the earphone or calibration standard used. There are three
parts. sound pressure output check, linearity check, and tolerances.

Sound pressure output check

A. Place the earphone on the coupler as described in Section 8.4.3.1.1.

B. Set the audiometer’ s hearing threshold level (HTL) dial to 70 dB.

C. M easure the sound pressurelevel of thetones at each test frequency from 500 Hz
through 8000 Hz for each earphone.

D. At each frequency the readout on the sound level meter should correspond to the

levelsin Table 8.5 for the type of earphone, in the column entitled “sound level
meter reading.” Thereis adebate asto whether or not the Telephonics TDH 39
earphone had a calibration artifact at 6000 Hz. Many advocate making a
correction for the artifact, others do not. In the United States, OSHA has not
addressed the matter.
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Table 8.5 Reference threshold levelsfor Telephonics-TDH-39/49

Fregquency Reference Sound level Reference | Sound level meter
(Hz2) threshold for meter reading at | threshold for | reading at 70 dB
TDH-39 70dB HTL for TDH-49/51 HTL for TDH-
earphones TDH-39 earphones 49/51 earphones
earphones
500 115 815 13.5 835
1000 7 77 75 775
2000 9 79 11 81
3000 10 80 9.5 79.5
4000 9.5 79.5 10.5 80.5
6000 15.5 85.5 13.5 835
8000 13 83 13 83

Linearity check

A.

With the earphone still in place on the coupler, set the audiometer frequency to
1000 Hz, the HTL dial on the audiometer to 70 dB and the frequency band on the
sound level meter octave band filter to 1000 Hz.

Measure the sound levels in the coupler at each 10 dB decrement from 70 dB to
10 dB, noting the sound level meter reading at each setting.

For each 10 dB decrement on the audiometer the sound level meter should
indicate a corresponding 10 dB decrease.

Alternatively, this measurement may be made electrically with a voltmeter
connected to the earphone terminals. The dynamic earphone is also a very
efficient microphone and care must be taken when performing electrical
measurementsthat the signal being measuredisfrom the audiometer, not fromthe
earphone that is picking up environmental sounds.

Tolerances. When any of the measured sound levels deviate from the levelsin 8.5by +or - 3
dB at any test frequency between 500 and 3000 Hz, 4 dB at 4000 Hz, or 5 dB at 6000 and 8000
Hz, an exhaustive calibration is advised. ANSI S3.6-1996 requires that each change of 5dB in
HTL have a corresponding change in sound pressure level of £ 1.5 dB.

8.4.3.2. Exhaustive calibration

An exhaustive calibration requiresthe use of asound level meter, octave band filters, an acoustic
coupler and other instrumentation. Exhaustive audiometer calibrations should be performed by
trained personnel who are familiar with the operations of audiometers, who have the necessary
equipment, and who may adjust the audiometer to bring it back into calibration where necessary.
Thus, it is often necessary to send the audiometer away for exhaustive calibration. If suchisthe



Hearing measurement 211

case, an acoustic caibration should be performed upon itsreturn. Also, if abioacoustic smulator is
used for daily threshold checks, it isimportant to perform asimulator test with the newly calibrated
audiometer to obtain new reference levels.

NIOSH recommends and OSHA requiresthat audiometersreceive an exhaustive cdibration
every two yearsin accordance with relevant sections of ANSI S3.6-1996. These include measuring
output levels and output frequencies with comparison to tolerances of the standard, evaluating
distortion of the test signals, checking for channel crosstalk and any other unwanted sounds in the
earphone, and measuring duty cycle and rise/fall time of the signal when gated on and off. If the
mesasurements for the audiometer are outside of specified tolerances, repairs or adjustment in
calibration must be made before the audiometer may be placed back into service.

Since every audiometer will receive an exhaustive calibration at least every two years (more
frequently if a substantial problem arises), it is important that instructions for resetting the output
level of the audiometer be given to the technician performing the exhaustive calibration. Over time,
the output levels of audiometers may drift away from the specified levels, but will remain within the
tolerance range. If thisisthe casg, it isimportant to tell the cdibrating technician to not adjust the
output level to bring it back to the exact specified level. Resetting the output level back to the exact
specified level in the standard every two years will introduce a new source of variability into the
hearing conservation database (see Section 8.3.4) and may result in asudden increase in the number
of workersidentified as having asignificant threshold shift.

Thereare not universal andardsfor certifying calibration technicians. Inthe United States,
only Texas licenses audiometer calibration technicians who are required to pass an examination.
Massachusetts requires that al audiometers used in the public schools to screen school children be
sent to the dtate facility every summer for calibration. In the absence of caibration technician
certification standards, it is best to have an audiometer caibrated by the firm that sold it or by afirm
that is recognized by the manufacturer as an authorized repair facility for its audiometers. A few
audiometers must be sent to the manufacturer for calibration and, except for damage that may be
encountered during shipment, the likelihood that correct procedures will be used is good.

8.4.4. Calibration Records

At aminimum, calibration records should be kept with the audiometer aslong asitisin service. A
better practice would be to maintain the audiometer cdibration records as long as there are persons
currently receiving hearing tests who were tested at any time in the past with the audiometer in
question. Ambient test-booth noise levels should be recorded on the audiograms and maintained
separately for as long as the booth is in service. These records are important when workers
compensation claims are filed and when regulatory agencies are reviewing the hearing loss
prevention program.

It is aso important to place the biological or functional calibration and the exhaustive
calibration dates on the audiogram. In the United States, state compensation claimsfor hearing loss
are often filed at the termination of employment or at retirement (Gasaway 1985). When the
employer cannot produce records of ambient noise levels and audiometer caibrations, thereis very
little protection level against the claim if it should reach litigation.

8.5. THRESHOLD SHIFT

In the United States, OSHA and the Mine Safety and Health Administration (MSHA), presently
have definitions different from NIOSH of the amount of change in hearing indicated by repeat
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audiometry that should trigger additional audiometric testing and related follow up. OSHA and
MSHA use the term Standard Threshold Shift (STS) to describe and average change in hearing
from the baseline levels of 10 dB or more at the frequencies 2000, 3000, and 4000 Hz. Upon
finding OSHA/MSHA STS, certain actions are mandated including retest, evaluation of the
adequacy of hearing protectors or requiring their use if not used prior to the STS event, and
revision of the baseline audiogram. NIOSH uses the term Significant Threshold Shift to describe
achange from baseline levels of 15 dB or more at any single test frequency 500 through 6000 Hz
that is also present on an retest for the same ear-frequency condition. The NIOSH Significant
Threshold Shift, called the 15 dB twice, same-ear, same-frequency method, can only be calculated
and subsequently employed if the baseline audiogram isavailable for comparison at the time of the
annual audiometric test. OSHA and MSHA do not require immediate check for Standard
Threshold Shift. Asaresult, it may be days, weeks, or even months before the Standard Threshold
Shift is documented and subsequent follow-up actions commence.

8.6. TYPESOF AUDIOGRAMS

Audiometric monitoring is critical to the success of a hearing loss prevention programinthat it is
the only way to determine whether occupational hearing loss is being prevented. When the
comparison of audiograms shows temporary threshold shift (atemporary hearing loss due to noise
exposure), early permanent threshold shift, or progressive hearing loss, it is time to take swift
action to halt the hearing loss before additional deterioration occurs. Because occupational
hearing loss occurs insidiously and is hot accompanied by pain or other symptoms, the affected
worker will not notice the change until a large threshold shift has accumulated. The results of
audiometric tests can trigger changes in the hearing loss prevention program more promptly,
Initiating protective measures before the hearing loss becomes handicapping, and motivating
employees to prevent further hearing loss.

8.6.1. Basdine Audiogram

The basdline audiogram is the audiogram obtained when someone is initially hired to work in a
situation where potentially hazardous noise exists. NIOSH recommends that the baseline
audiogram be obtained prior to employment or placement into hazardous noise. In order for the
baseline to represent the best hearing that a person has prior to noise exposure, it isimportant that
the period of time prior to the hearing test be free from exposure to high-level noise. If the person
has not been exposed to high-level noise(defined as noise above 80 dB(A), occupationa and non-
occupational) for between 12 to 14 hours prior to the test, then the baseline audiogram should
represent best hearing (i.e., be uncontaminated by temporary threshold shift). Thisisanaogousto
requiring afasting period before tests are made of blood cholesterol levels. The goal isthe same,
baseline levels with no prior activity that would raise levels. (While OSHA requires a 14-hour
pretest quiet period, NIOSH recommends 12 hours since the amount of recovery from temporary
threshold shift for 12 versus 14 hours is negligible. A 12-hour is easier to manage for those
employees with compressed work schedules such as four 10-hour days)

Many have suggested that in lieu of actual quiet, hearing protectors may be used prior to
the baseline audiogram to achieve the pretest quiet period. While this makes management easier
for the employer, it does not guarantee that the worker has actually had a quiet period. Research
has shown that the noise reduction labels for hearing protectors over-predict the amount of actual
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noise reduction by as much as 2000% (Berger, Franks, and Lindgren 1996). Thus, an audiogram
that at face value is supposed to provide best hearing levels may, in fact, have a temporary
threshold shift overlay. The best approach isto keep the employee from al known occupational
noise exposures and to provide advice on how to avoid non-occupationa hazardous noise. The
following advice may be used as a practical guideline for helping the employee to know when
noiseistoo loud: if talking with someone in a background of noise requiresraising one svoiceto
be heard at a distance of 1 m, the noise may be hazardous and should be avoided. This same
advice should aso be given to a person to be seen for a baseline audiogram as part of a pre-
employment evaluation.

8.6.2. Periodic-annual audiogram

Inthe United States, OSHA requires annual hearing testing for those exposed to noiselevelsequa
or greater than 50% of the permissible exposure limit of 90 dB(A) eight-hour time-weighted
average (TWA,). The TWA;, is based on a5 dB exchange rate, so workers with exposures of
85 dB(A) TWA; are enrolled in the hearing conservation program and receive annua hearing
testing. NIOSH, on the other hand, recommends that al employees exposed at or above the
recommended exposure limit of 85 dB(A) L g, receive annual hearing testing. NIOSH further
recommends that the hearing tests be administered from the middle to the end of the work shift so
that those employees who are experiencing temporary threshold shift may be identified. OSHA
has no similar requirement or recommendation.

Editors note: Appropiate proceduresfor baseline and periodic audiograms should be adopted in
line with national practice and guidance. But one should have in mind that practising different
procedures for baseline and periodic audiograms as expressed in this chapter has its
implications, e.g. identification of the temporary threshold shift depends on the execution of a
strict timetable related to the immediate daily noise impact, which is for various reasons
impossible to manage properly in most cases.

For many companies that must use an outside provider of hearing tests, such as mobile
audiometry testing services, it ismost effective to test the hearing of all workers once ayear over
a few-day period. For companies that have on-site facilities for hearing testing, it is often
convenient to test an employee at the same time every year, such as on a birthday or anniversary
of employment. It is not always possible to ensure that al workers are tested exactly on the
anniversary of the previous audiogram, so an acceptable window of time would be from 9 months
to 15 months after the previous audiogram.

Noise-induced hearing loss can devel op rapidly in workers exposed to relatively high noise
levels on adaily basis. For example, the most susceptible 3 percent of a population exposed to
average unprotected noise levels of 100 dB(A) L g, could be expected to develop significant
hearing threshold shifts before the end of one year (ANSI S3.44-1997). Thus, it may be good
practice to provide audiometry twice ayear to workers exposed to noise level sthat equal or exceed
100 dB(A) Laeqen-

8.6.3. Immediate Retest Audiogram

In order to determine if a significant threshold shift exists, it is necessary to have access to the
baseline audiogram. If the audiometry is done remotely from where the hearing loss prevention
program’s records are kept, it will not be possible to do the determination at the time of the
periodic audiogram while the worker is still accessible to the tester and test facility. When this
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Is the case, a confirmation audiogram must be rescheduled for every worker with a significant
threshold shift.

However, when the basdine audiograms are immediately accessible, a check for
significant threshold shift may be made as soon as the hearing test iscomplete. If the condition for
significant threshold shift is met, the worker can be reinstructed, the earphones can be refitted, and
the hearing test may be administered again. Experience of some vendors finds that as many as
70% of those showing significant threshold shift on the periodic audiogram will not substantiate
the shift on the immediate retest.

There are many reasons for this, the most common reason being familiarization with the
threshold task of responding to low-level signals after a portion of the test has been completed,
lack of concentration on the first test, or poor placement of earphones. When instructions are
given again and the earphones are refitted, all of these situations may resolve and the immediate
retest audiogram will show hearing levels not significantly different from those of the baseline
audiogram.

8.6.4. Confirmation Audiogram

The confirmation audiogram is scheduled for all persons whose periodic audiogram or immediate
retest audiogram indicated significant threshold shift. Those audiograms are considered to show
pending significant threshold shift. If no confirmation audiogram were scheduled, those
audiograms would automatically become confirmed significant threshold shift and thus the new
reference audiogram (revised baseline audiogram) at the time of the next periodic audiogram.

As with the basdline audiogram, the confirmation audiogram should be preceded by at
least a 12 to 14-hour quiet period, a period with no exposure to high-level occupationa or non-
occupational noise. As with the baseline audiogram, hearing protection should not be used to
achieve the quiet. If the confirmation audiogram affirms the significant threshold shift, some
follow-up actions are necessary. The first action involves ng the worker’ s noise exposure,
the adequacy of the worker’ s hearing protection and his or her ability to wear them correctly, and
the training the worker has received about noise effects on hearing, protector use, and avoidance
of hazardous noise at and away from work. The second action involves a determination that the
threshold shift was not due to a factor other than exposure to noise. While this determination is
not the purview of the occupational hearing conservationist, there are guidelines for making
referrals to physicians for the purpose of establishing threshold etiologies (AAO 1983). More
often than not, exposure to noise will be the default etiology in the absence of any other
explanation. A third action might be recording the standard threshold shift as an occupational
hearing loss on the OSHA Form 300 log or similar form.

If the confirmation audiogram fails to confirm the significant threshold shift and, if an
immediate retest audiogram were performed, then the shift can be considered as a temporary
threshold shift. OSHA gives no guidance regarding the management of those with temporary
threshold shift. NIOSH recommends that the same actions be followed as for the worker with a
confirmed threshold shift, other than referring the worker for amedical evaluation. Infact, thisis
a case where intervention with a better selection of hearing protectors and further training in
recognizing noise hazards for best self-protective behaviors has a chance at preventing a
permanent threshold shift. Successful intervention for the worker with temporary threshold shift
makes the periodic audiometry program atool for hearing loss prevention instead of atool for
hearing loss documentation.
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8.6.5. Exit Audiogram

It is good practice to obtain an audiogram for those workers leaving a place or position with
exposure to hazardous noise, whether because of transfer, cessation of employment, or
retirement. The exit audiogram should be preceded by a period of quiet just as the baseline and
confirmation audiograms. The audiogram will provide the best estimate of the worker’ shearing
at the termination of exposure to workplace noise for this employment situation.

Theexit audiogram hasmorevaluefor the empl oyer than the employee, becauseit specifies
the amount of hearing lossincurred while employed in this situation. In states where employers
pay workers' compensation for only the amount of hearing loss acquired while the worker was
on the payroll, the exit audiogram can limit employer liability.

8.6.6. Considerationsfor All Audiograms
Adherence to the following practices will ensure the best possible quality of audiograms:

° The audiograms should be administered using properly calibrated audiometersin
a sound-treated room with acceptable ambient noise levels during testing.
Circumaural earphone enclosures (earphones inside earmuffs), which are
purported to reduce external noise, should not be substituted for a sound-treated
room, and generally should not be used because of inherent problems with
calibration and earphone placement.

° Thesametype of audiometer (and preferably the sameinstrument) should be used
from year to year. This may help prevent measurement variations caused by
subtle differences among instrument models/types or by the type of responses
required from the person being tested.

° Thetraining of audiometric technicians should meet asaminimum, inthe United
States and Canada, the current requirements of the Council for Accreditation in
Occupational Hearing Conservation and any state requirementsfor audiometrists.
Use of microprocessor-controlled or computer-based audiometric equipment
should not exempt a technician from receiving training.

° All audiometric technicians should use the same testing methods for all of the
company’ s employees.

° All testing should be done under the supervision of an audiologist or a physician
knowledgeable about hearing loss prevention.

8.7. TRAINING AND SUPERVISION OF AUDIOMETRIC TESTING PERSONNEL

Thereisatendency for thetraining of audiometric testing personnel to be dismissed asnot really
important. After all, thisisonly apure-tone audiogram, not adiagnostic clinical test. Infact, the
importance of the test itself is often diminished by referring to it asa”screening test.” So, it is
not uncommon to encounter the attitude that “anyone can do a hearing test.”

In redlity, the well administered pure-tone audiogram is the tool that signals the need for



216 Hearing measurement

intervention by identifying temporary threshold shift so that interventions can be employed to
prevent permanent threshold shift. Thus, technicians must be well trained and be responsibleto
an audiologist or physician knowledgeable in the prevention of occupational hearing loss. (See
Editors' notein section 8.6.2)

8.7.1. Occupational Hearing Conservationists

In the United States, certification of audiometric technicians dates back to 1965 when the
Intersociety Committee was started by the American Association of Industrial Health Nurses, the
AmericanIndustria Hygiene Association, thelndustrial M edicine Association, and the American
Speech and Hearing Association. In 1966 the Intersociety Committee published the Guide for
the Training of Industrial Audiometry Technicians (Intersociety Committee on Industrial
Audiometric Technician Training 1966).

INn 1972, the Intersociety changed itsnameto the Council for Accreditation in Occupational
Hearing Conservation (CAOHC) and added additional representatives from the American
Council for Otolaryngology, the Academy of Occupational and environmental Medicine, the
National Safety Council, and the National Hearing Conservation Association aswell asfromthe
founding organizations and their successors. CAOHC isthe only professional group involved
inthe development, review, and approval of course work that leadsto arecognized certification.
Each course director, who must be separately certified by CAOHC, must submit an occupational
hearing conservation training course outline and faculty list to CAOHC before the course is
taught and must use approved training materials. Those technicians completing the course are
digiblefor afive-year certificate in Occupational Hearing Conservation. The certificate may be
renewed by taking arefresher course every five years.

The American Speech-Language-Hearing Association (ASHA), the certification body for
audiologists in the United States, does not certify audiometric technicians or hearing
conservationists. ASHA isone of the professional organizationswith representationin CAOHC
and so has influence in its certification processes and standards. Some states that licence
audiol ogists are now beginning to require that audiometric technicians be registered by the state
and supervised by an audiologist licensed by the state. This has resulted in situations where a
national hearing testing company may haveto allay with alocal audiologist licensed by the state
and register the company’ s technicians as under the supervision of that audiologist. Presently,
Cdlifornia, Indiana, New Y ork, and Ohio have such requirements.

8.7.2. Audiologist and Physicians

OSHA requires an audiologist, otolaryngologist, or aphysician, to perform or supervise hearing
testing and to provide genera program overview including the supervision of audiometric
technicians.

Audiologists are universally certified by ASHA once they have obtained the necessary
academic and clinical training and pass anationally administered examination. Those statesthat
license audiologists have standards that are very similar to those of ASHA. In some states a
person must be a licenced audiologist, hearing aid dispenser, or physician to even perform a
hearing test. If an audiometric technician, one must be working under the direct supervision of
an audiologist or physician licensed in the state. The definition of supervision variesfrom state
to state.

Otolaryngol ogists are physicians who specialize in the practice of otology (ear diseases),
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and laryngology (throat disease). Most often the otolaryngologist’s practice will focus on the
diagnosis, evaluation, and treatment of ear disease, whilerelying upon theaudiologist to perform
the hearing testing and assessment. However, some otolaryngologists who are particularly
interested in occupational hearing loss may perform the actual testing aswell asthe training and
supervision of technicians.

Thereis no mandated course of training for audiologists or otolaryngol ogistsin the area of
occupational hearing loss prevention. While a few graduate training programs have formal
course work in occupational hearing loss prevention, most don’t. Thesituationissimilar for the
otolaryngologists. Thus, those who work in the area do so because of interest, opportunity, or
both. They aremembersof organizationssuch asthe National Hearing Conservation Association
wherethey meet with others of similar interest to exchangeinformation. ASHA may eventually
offer speciality certification in occupational hearing loss prevention.

8.8. PREPARING EMPLOYEESFOR AUDIOMETRIC TESTING

The most important part of an audiometric test isits beginning. If employees are not sure of the
importance of the audiogram they are not likely to work as hard as they need to during the
audiogram. Employeesshould betold that the hearingtest is“hard work” and requiresameasure
of concentration and effort on their part. If thereisno care asto the placement of the earphones
prior to the test, there is great likelihood that there will be unsupportable threshold shift. If
excellent instructions about how to listen and respond during the test are not given, the results
may be inconsistent, frequency to frequency, ear to ear.

An example of theworst case scenario is one where employees are told that the purpose of
the hearing test is to have a hearing test and their instructions run something like, “Put the blue
phone on your |eft ear, and the red on your right, press the button when you hear the tone.”

8.8.1. Pre-Test Information for Employeesfor Valid Tests

The employee needs to be informed of the purpose of the hearing test. If it is the baseline
audiogram, itsimportance asthe reference against which all future audiogramswill be compared
should be explained. If it isthe periodic audiogram, it is important in identifying temporary
threshold shift or confirming no change in hearing and thus needs explanation. The immediate
retest needs to be explained in the light of substantiating a threshold shift. If the shift is not
substantiated, the employee should be told that a vast majority of retests actually confirm the
better hearing of the baseline. Similarly, the importance of the confirmation audiogram and the
need for a12 to 14-hour quiet period before the test should be explained. When exit audiograms
are given, their importance in documenting the employees’ hearing at the end of their exposure
to potentially hazardous noise requires explanation. (See Editors' note in section 8.6.2.)

8.8.2. Earphone Placement

Figure 8.10 depicts the technician placing the earphones on the employee. Thisiscritical. The
audiometric earphone, cushion, and headband were not designed for comfort. If the employee
placesthe earphonesfor most comfortablefitting, it will most likely not be the correct placement
for audiometry. The correct placement is for the opening of the ear canal to be centered under
the cutout in the earphone cushion for the earphone diaphragm. There should be no hair under
the earphone cushion and eyeglasses and earrings need to be removed for testing.
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Figure 8.10. Technician placing earphoneson listener in an audiometric test booth

Care must be taken to place the |eft earphone over the left ear and the right earphone over
theright ear. In many occupational settings, the earphone case will have a colored plastic cap,
bluefor left and red for right. Nonethel ess, reversing the earphonesisthe most common mistake
made in testing hearing, whether for occupational or clinical purposes.

On occasion the earphone placement will cause the tragus to close over the ear canal
opening or cause the pinnato shift so that the ear canal collapses, thus closing off the path to the
eardrum and raising hearing thresholds in the higher frequencies. When this happens, the
technician has several options. The most common remedy isto place an otoscope speculaor an
insert tube specifically designed for that purpose in the ear canal and then gently place the
earphoneover it. In some cases, insert earphones are availablefor usein cases such as collapsed
ear canals.

8.8.3. Instructions

The pure-tone hearing test, as stated at the beginning of this chapter, is an unusual test. The
employee encounters nothing similar in hisdaily life. Therefore, good instructions are essential
for getting good results. Good instructions should resolve all uncertainties about the test, doing
everything possible to make the test easy for the employee up to the point of pressing the
response button.
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8.8.3.1. Manual audiometry

A suggested instruction set for manual audiometry follows:

Do you hear better out of one ear than the other? (If yes, ask which ear. If no, then start
with theright ear.) You will be hearing some faint tones, first in your <better or right>
ear and then in your <other or left> ear. The toneswill be pulsing so that you will hear
a chain of begpsand then silence. Listen for the beepsand when you hear them<pressthis
button or raise your hand> to signal that, -Yes, | hear them. The beepswill generally get
fainter and fainter each time they are presented. <Press this button or raise your hand>
whenever you think you hear the beeps. The pitch of the tones will change, first going
lower in pitch and then going higher in pitch. Thetest of your <other or left> ear will not
begin until your <better or right> ear has been tested for all of thefrequencies. If youare
certain that you hear the beeps, you don’'t have to wait for the beeping to stop to <press
this button or raise your hand>. And, you don’'t have to <hold the button down or hold
your hand up> for aslong as you hear the beeps. A simple <press and release or hand
raise and fall> will do. So, if you haven’t any questions, | will put the earphones on and
we can start thetest. (Answer any questions.) Please wait for me to remove the earphones
when the test is over.

8.8.3.2. Sdf-recording audiometry

A suggested instruction set for self-recording (automatic) follows:

Do you hear better out of one ear than the other? (If yes, ask which ear. If no, then start
withtheright ear.) You will be hearing somefaint tones, first in your <better or right> ear
and then in your <other or left> ear. The tones will be pulsing so that you will hear a
beep-beep-beep-beep sequence. Listen for the beeps and when you hear them press and
hold down thisbutton. Pressthisbutton as soon asyou think you hear the beeping. Asyou
hold the button, the beeps will get fainter and fainter until you can no longer hear them.
Hold the button down for as long as you hear the beeping and then release it as soon as
you think that you can no longer hear the beeping. You will be pressing the button when
you hear the beeps and releasing the button when you don’t hear the beeps. After about
one-half minute the pitch of the tones will change, first going to a lower-pitched tone and
then going higher pitched tones. Once your <better or right> ear has been tested for all
of the frequencies, the test of your <worse or left> ear will begin. So, if you haven’t any
guestions, | will put the earphones on and we can start the test.(Answer any questions.)
Please wait for me to remove the earphones when the test is over.

8.8.3.3. Microprocessor-controlled audiometry

A suggested instruction set for microprocessor-controlled audiometry follows:
Do you hear better out of one ear than the other? (If yes, ask which ear. If no, then start
withtheright ear.) You will be hearing somefaint tones, first in your <better or right> ear
and then in your <other or left> ear. Thetoneswill be pulsing so that you will hear three
beeps and then silence. Listen for the begps and when you hear them press this button to
signal that, -Yes, | hear them. The beeps will get fainter and fainter each time they are
presented until you don’t hear them and then they will increase so that you can just hear
them. They will never get very loud. Press this button whenever you think you hear the
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beeps. The pitch of the tones will change, first going to a lower tone and then going to
higher and higher tones. The test of your <other or left> ear will not begin until your
<better or right> ear has been tested for all of the frequencies. If you are certain that you
hear the beeps, you don’t have to wait for all three to press this button. And, you don’t
haveto hold the button down for aslong asyou hear the beeps. A simplepressandrelease
will do. So, if you haven't any questions, | will put the ear phones on and we can start the
test. (Answer any questions.) Please wait for me to remove the earphoneswhen thetest is
over.

8.8.4. Employeeswith Testing Problems

V ariousproblems may be encountered during audiometrictesting. Thefollowingisadaptedfrom
Morrill (1986).

8.8.4.1. Physiological Problems

A.

Tinnitus (head noises) that become more noticeable in the quiet test environment when
earphonesareworn. Insome casesthetinnitus may be confused with thetest tones. Inrare
cases, test tones can initiate tinnitus, even beeping tinnitus. Persons with tinnitus that
interferes with testing should be referred for clinical testing.

Ear-hand coordination (latency in the response such as pressing the response button) may
make the administration of self-recording or microprocessor-controlled audiometry
impossible.  An technician experienced with manual audiometry will know to allow
adeguate time for the person to respond after atone sequence is presented.

Fatigue that causes the listener to fall asleep in the quiet and darkened test booth. If often
helps to have the listener take awalk before retesting.

Ear disease and or wax impaction will complicate testing hearing. Ear disease may have
accompanying drainage, which will not be a hygiene problem if disposable polypropylene
earphone covers are used. While the tympanic membrane may not be visible due to
obstruction by wax, as long as there is the smallest airway, hearing thresholds should not
be affected.

Existing hearing loss may make the start of audiometry more difficult because the listener
will require ahigher initial signal level. 1t may also happen that the listener is not able to
hear signals at some frequencies at the maximum output levels of the audiometer.

Unilateral hearing loss may be sufficient that it is not possible to know without contra-
lateral masking if the thresholds for the worse ear are actually valid or if the crossover
signal was heard in the better ear. In some settings insert earphones will be available,
increasing the interaural attenuation from the 40 dB for earphonesto as much as 60 dB or
more, allowing a better assessment of the hearing in the poorer ear. In any case, when a
unilateral hearing loss is observed for the first time, the employee should be referred to a
clinical asetting for a complete hearing test.
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8.8.4.2. Response problems

A. Intelligence and comprehension may have an effect on the employee’ s ability to respond
appropriately to the test signals. Arrangements should be made to provide detailed test
instructions in a language other than English, if the employees do not have a functional
ability to understand English. Do not, however, assumethat writteninstructionsin English
or another language will suffice, since many persons may not beliterate in the languagein
which they converse.

B. Personsunder theinfluence of prescription or non-prescription drugs or alcohol may often
be drowsy, have drug-induced tinnitus, and may have problemsfollowing instructions. If
areliable audiogram can’t be obtained, then referral for clinical testing may be necessary.

C. Anxiety, fear, or confusion can maketaking a hearing test very difficult. Some employees
may have test anxiety. Be aware also that some employees may have claustrophobia that
prevents them from remaining in atest booth for the duration of the hearing test. Referral
to aclinical facility with alarger test booth may help aleviate claustrophobia.

8.8.4.3. Malicious Intent
A. Labor relations problems.

B. Malingeringto either inflate or deflate thresholds. Itisjust ascommonto find an employee
trying to hide a hearing loss as it is to find an employee trying to fake a hearing loss.

C. Clowning behavior that makes administration of the test difficult and is especially
disruptive of group hearing testing environments.

D. Compensation problems may make the employee hesitant to provide adequate historic
information.

8.9. SUPPORTIVE INFORMATION

An audiogram or a collection of audiogramsis of diminished value in the absence of collateral
supportiveinformation. Whileaudiograms alone are sufficient for cal culation of threshold shift,
they areinsufficient when it comes to planning interventions for employees with threshold shift
or for understanding employees who don’t experience threshold shift. Similarly, without
collateral information it is difficult to substantiate test results for workers compensation or
litiginous cases.

8.9.1. Employee Demographics

Figure 8.11 displays an audiometric and identification information form. Thisform presentsthe
minimum datathat should be collected for an employee. It supportsrecording theaudiogram and
has a place for recording the baseline audiogram aswell. Thisaudiogram can be partialy filled
out prior to testing, such as recording identification information and the baseline audiogram if
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Audiometric and Identification Information

Name

Soc. Sec. # - - Bith Date _/ /  Gender M F (Circle)

Empl No: Job Code Dept No

TestDate _/_/__ Time __;__ Test Type Time since last exposure ____ h

Exposure Level ____ dBA

Hearing Protector Activity Hearing Protector Used (Circle)
Yes No oo RPLUGS EAR CANAL CAPS
Issue _ @ ?& AN CJ EARMUFFS
Relssue —_— V-51R Flange 3-Flange Foam Fiberglass Silicone ’0“\
Training Custom Molded m é
Retraining @ Unknown

Self-Reported Employee Histories

(Y/N) Medical History (Y/N) Hobby & Military History (Y/N) Additional Information

Diabetes —— Hunt/Shoot ——Noisy 2nd Job
—Ear Surgery ——Carracing ———Noisy Past Job
—Head Injury —— Motorcycles Exposure to Solvents
—High Fever — Other Loud Vehicles Exposure to Metals
— Measles —— Loud Music/Band —Difficulty Hearing
— Mumps — Power Tools —Hearing Aid
—Hypertension _—__ Other Noisy Hobbies ——Recent Change in Hearing
—Ringing in Ears — Military Service —See Physician About Ears
—_FEariInfection ___  Fire Weapon —See Prior Histories
— Other —_ Other — Other

Audiogram

\\\Q Baseline Thresholds
‘ Test Frequency
500 1000 2000 3000 4000 6000 8000

Right Ear
Left Ear
Audiometer Serial Number
Exhaustive Cal. Date __/__/__ Biological Cal. Date __/_ /__
Tester Identificaiton - - Test Reliability (Good, Fair, Poor) __
Review Identification __ - - Audiogram Classification Code __ __
Comments

Figure8.11. Sampleaudiogram and collateral information form
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one exists, and then be completed at the time of the hearing test. It can also be used to counsel
the employee at the end of the test.

Thetop of theform collectspersonal information such asname, identification number, birth
date, gender, job code, department number, test date, test time, test type, time since last exposure
to occupational noise, and occupational noiseexposurelevel. Thebaselineaudiogram valuescan
be placed in the grey boxes. This is very basic information, but more than many hearing
conservation programscollect. IntheUnited States, information about raceiseither not collected
or itsprovision is optional at the discretion of the employee, but it isuseful information to have
if possible as expected hearing levels vary by race.

8.9.2. Employee Hearing Protector Use History

Thisform contains information about whether hearing protection is used at work, whether it is
issued or reissued at the time of the hearing test, and whether or not training or retraining has
occurred. Theform provides sketches of varioustypes of earplugs, ear canal caps, and earmuffs,
asking that thetypeused becircled. Intheideal hearingloss prevention program, the style, make,
and model of the hearing protector used would be provided and the attenuation actually received
by the worker would be tested and recorded.

8.9.3. Hearing and Related Health

There are conditions of the ear and overall health that are positively correlated with hearing loss
or susceptibility to noise-induced hearing loss. Previous studies have shown that persons with
histories of diabetes, head injury resulting in concussion, prolonged high fevers, post adol escent
measl es and mumps, and hypertension are at greater risk of noise-induced hearing loss (Franks,
Davis, and Krieg 1989). Other ear conditions such as prior ear surgery, ringing in the ears, and
ear infection can cause hearing lossindependent of noise exposure. Interestingly, hearing losses
due to middle ear disorders are protective against noise-induced hearing loss.

8.9.4 Noisy Hobbies and Military History

Not all exposure to noise comes at work. People may have non-occupational activities that
expose them to hazardous noise such as hunting or shooting, using power and hand tools, riding
snowmobiles or motorcycles, and listening to loud music. NIOSH has determined that personal
stereos are capabl e of delivering music levelsthat are just as potentially hazardousto hearing as
many occupational noises (Tubbs, Sizemore, and Franks 1997). As well, many persons,
particularly males, will have been in the military and may have been exposed to weapons fire,
artillery, or heavy equipment noises. These exposures, if they occurred in the past, may account
for hearing loss that pre-dated employment; or, if the exposures are continuing into the present,
may combine with noises at work to increase the employee’ s daily noise burden.

8.9.5. Additional Information

There are other instances that can contribute to hearing loss that is observed in a hearing loss
prevention program. Persons with noisy past jobs may have pre-existing hearing loss. Some
people may have anoisy second job, ajob that is as noisy or noisier than the present job which
contributes to their noise-induced hearing loss. Research has shown that exposures to solvents
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such astoluene and styrene and metal s such as |ead and mercury can cause hearing loss and, that
when there are combined solvent-noise or metal-noise exposures, the risk of hearing loss is
higher than for exposures to the agents alone (Morata and Franks 1996, 1997).

8.10. REVIEW AND TREATMENT OF AUDIOGRAMS

Anaudiogramisamedical record, regardless of the conditionsunder which it wasobtained. The
pure-tone air-conduction audiogram obtained as part of an occupational hearing conservation
program is no lessamedical record than a compl ete audiogram obtained in ahospital, clinic, or
private practice office. Assuch it should be treated as any other medical record, including a
quick interpretation, devel opment of successive management strategies, and the protection of the
privacy of the person.

Unfortunately in the United States, audiograms are often treated asif they were tax forms
with handling avoided until the last possible moment. As much as ayear may go by before the
employee is advised through his employer about the results of the last test, how they related to
the previous test, and whether any additional hearing protective actions need to be taken.
Workers may assumefalsely that if they receive no information about their hearing test, thereis
not a problem.

Each audiogram should be compared to the baseline audiogram to determine if there has
been a significant threshold shift. Even when there has not been a shift, the worker should be
told so and given positive reinforcement that present hearing protective measures are working.
If there has been a shift, actions should be taken to discover why and appropriate interventions
should be initiated with the informed worker as the centerpiece.

8.10.1. Definition of Problem Audiograms

Sometimes circumstances make it difficult to have an audiologist or physician review every
hearing test. Thismay betrue whether testing isdone on-site by the company at its health station
or by amobile occupational health testing service. Therefore, some rules need to be devel oped
that will identify those audiograms that must be seen by a professional from those that may be
reviewed by the tester.

8.10.1.1. Hearing impair ment

Figure 8.12 displays both a graphic and tabular audiogram. The lightest shaded area of the
graphicaudiogramin Figure 8.12 istherange of normal hearing. In most cases, whenthe hearing
level at any frequency for either ear is 25 dB HTL or greater, hearing at the frequency is
considered to be impaired. The first frequency to cross the 25 dB HTL fence for most noise-
exposed peoplewill be 4000 or 6000 Hz. For the audiogram to indicate that a person is hearing-
impaired; however, the average hearing lossfor a set of adjacent frequencies must exceed 25 dB
HTL. NIOSH recommends that those frequencies be 1000, 2000, 3000, and 4000 Hz and that
the binaural average equal or exceed 25 dB HTL.
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Figure 8.12. Graphic audiogram showing ranges of hearing from normal to profound
hearing loss. Normal audiogram is plotted and values are entered in table below
audiogram as well.

The first time an employee's audiogram shows impaired hearing, it should be seen by a
professional reviewer. Many workers with prior noise exposure at other facilities will show
impaired hearing on the baseline audiogram. It is necessary for the reviewer to determineif the
hearing loss is noise-induced or possibly due ear disease or some other factor such as systemic
infection, physical trauma, or familial tendency to devel op early-onset age-related hearing | oss.
Often this will require that arrangements be made for an evaluation by an audiologist, a
physician, or both.

Any time a periodic audiogram shows hearing thresholds that are poor enough to meet the
definition of impaired hearing, the audiogram should be seen by the reviewing professional. It
is possible that aperson’s hearing will worsen to the point whereit is described asimpaired, but
not sufficiently to qualify for a significant threshold shift, especially for the worker whose
baseline hearing thresholds are at the upper boundary of normal hearing.

Onceaperson with hearing-impairment isidentified and aprobabl e etiol ogy is established,
it will usually not be necessary for subsequent review and referralsif the hearing stays the same
on subsequent tests. Of course, the reviewing professional may wish to see al future hearing
tests for that person; the managing audiologist or physician may wish to actually conduct the
subsequent examinations as well.
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It istester’ sroleto identify hearing impairment according to established criteria set by the
professional reviewer. Itisalsothetester’ sroleto comparethe current audiogram to thebaseline
audiogram to identify significant threshold shift. Threshold shift is not related to hearing
impairment. A threshold that shiftsfrom 0to 15 dB isasimportant as one that shiftsfrom 35 to
50 dB and should evoke the same subsequent actions.

8.10.1.2. Interaural difference

Sometimes the audiogram will document adifference between the hearing sensitivity of left and
right ears. Itisnot normal to have exactly the same hearing threshold levelsin both ears at all
test frequencies. However, in the absence of ear disease or other insult, the differences between
the two earswill be small, typically 15 dB or less. The reviewing professional should set rules
for when the interaural difference is sufficient to require referral for professional review.
Figure 8.13 displays agraphic and tabular audiogram showing normal hearing for theright
ear and ahearing lossfor theleft. When the difference between left and right hearing threshol ds
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Figure 8.13. Maximum differences between earsfor reliable air-conduction thresholds.
Shown are hearing thresholds for right an left ears (values also shown in table) to
demonstratemaximum frequency-dependent inter aur al differences. Theright ear shows
a4000-Hz notch, but normal hearing sensitivity, whiletheleft ear showsamoder ate high-
frequency loss with 4000-Hz notch.
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equals or exceeds 25 dB in the lower frequencies (500 Hz or less) there isthe possibility that the
apparent thresholdsfor the poorer ear actually represent crossover responsesfor the non-test ear.
Crossover thresholds may occur for frequencies at or above 1000 Hz when the interaural
differenceis 40 dB or more.

The only sure way to determine the hearing thresholds for the poorer ear isto use masking
noise for the better ear while testing the poorer ear. Masking is usually not available with
audiometers used for testing in occupational hearing loss prevention programs and most testers
are not trained to obtain masked thresholds.

Figure 8.14 displays audiometric results for which there is an interaural difference, but
where the difference is not greater than 25 dB at 500 Hz and below nor greater than 40 dB at
1000 Hz or above. Instead, the shape of the audiogram, the audiometric contour, is not the same
for both ears. Theright ear has a notch at 4000 Hz and recovery at 8000 Hz such as would be
expected for a person exposed to noise. The left ear also has impaired hearing at 4000 Hz, but
the hearing does not recover at 8000 Hz as it does for the right ear. Thistype of asymmetry of
contour may be medically significant and is another reason for the audiogram to be referred to
the reviewing professional.

8.10.1.3. Changesincelast hearing test

Just as no person’ s left ear will have exactly the same hearing levels at the same frequencies as
theright, no person’ saudiogram will be exactly the samefor each successive hearing test. There
will be variations dueto placement of the earphones, time of day, fatiguelevel of the person, and
other factors. The problem, then, is how much change between successive audiograms should
be attributed to normal variation and how much change should trigger referring the audiogram
to the reviewing professional .

In many casesin the United States, the criteriafor change sufficient to trigger referral isthe
same as the definition of OSHA Standard Threshold Shift; an average change of 10 dB or more
for the frequencies 2000, 3000, and 4000 Hz in either ear compared to the baseline audiogram.
Following this rule might trigger an audiogram for review if the hearing at all three frequencies
worsened by 10 dB (which iswithin the scope of normal test-retest variation). However, at the
other extreme, the hearing at 4000 Hz can worsen by 30 dB while the hearing at 2000 and 3000
Hz remains unchanged (or more than 30 dB at 4000 Hz if the hearing at either 2000 or 3000 Hz
improves by 5 dB). Royster (1996) recommends that the OSHA Standard Threshold Shift not
be used asthe sole criteriafor change sufficient to trigger referral to the reviewing professional .
She suggests that “sub-OSHA” threshold shifts also be used to identify a person before a
Standard Threshold Shift occurs.
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Figure8.14. Audiogram asymmetric depicting high-frequency hearingloss. Theright
ear showsamild high-frequency losswith notch at 4000Hz. Theleft ear showsasevere-
to-profound high-frequency hearinglosswith no notch. Audiogramsshowingthistype
of asymmetry usually trigger areferral for clinical evaluation.

NIOSH defines a significant threshold shift as a change in hearing of 15 dB or more as
compared to the baseline audiogram at any single frequency, 500 through 6000 Hz. The NIOSH
recommendation takesinto account that normal time-to-timevariationsin hearing thresholds may
beaslargeas 10 dB, thusreducing thelikelihood of referring an audiogram for review that isjust
showing normal variation. In order for the threshold shift to be significant, the 15 dB or more
change must appear on a subsequent audiogram for the same ear and the same frequency. If that
subsequent audiogram is the immediate retest, the shift is considered to be pending and a
confirmation audiogram should be scheduled. The confirmation audiogram is preceded by a
quiet period of 12 to 14 hours. If the confirmation audiogram affirms the 15 dB or greater
threshold shift for the same ear and frequency, the shift is considered to be confirmed.

A pending threshold shift that is not confirmed is most likely to be atemporary threshold
shift that resol ved when the person had an adequatetime away fromthenoise. It isimportant that
the eventsthat led to thetemporary threshold shift beidentified so that the person will experience
no further temporary shifts as he or she continues to work in hazardous noise. Except in cases
of acoustic trauma, where hearing loss is caused by one event such as blast overpressure,
permanent threshold shifts may be preceded by hundreds or thousands of temporary threshold
shifts. Preventing temporary threshold shift prevents permanent threshold shifts.

A pending threshold shift that is confirmed also requires actions to make sure that the
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person’ shearing doesnot further degrade. Inaddition, the confirmation audiogram also becomes
the revised baseline audiogram to which all future subsequent hearing testsare compared. Thus,
subsequent referral of a person’s audiogram for review would not occur unless and until the
criteriafor significant threshold shift were met again.

8.11. SUMMARY

A very common occurrence in occupational hearing loss prevention programs is the
underestimation of the difficulty inherent in the measurement of hearing in the occupational
setting.  There must be a continuous quality assurance process in place to assure that each
audiogram reflects to the extent possible, the worker’s hearing at the time of the test. Without
continuous quality assurance, unreliable, unrepeatable audiograms become part of the record.
NIOSH has analyzed large audiometric databases for the purpose of identifying invalid
audiograms. In many cases, only afew audiogramswere found to beinvalid. However, in other
cases, amost half of the hearing testswereinvalid (Franks 1996, 1997). It becomesimpossible
to evaluatethe program’ s successin preventing hearing losswhen it becomesimpossibleto track
accurately the progress of each individual worker in the program. The quality assurance steps
should involve the evaluation of each audiogram in light of those audiograms that preceded it
with acceptance of the new audiogram once all changes in hearing have been assigned areason.

Morrill (1986) lists testing problems such as excessive ambient noise levels in the test
booth, poor instructions, poor testing techniques, instrument calibration errors, employee
response problems, inappropriate hearing protection, and medically referable conditions as other
reasonsfor test variability (see Section 8.8.4). A quality assurance program should identify these
and have established steps to be taken in case of each of these.

Workers enrolled in an effective hearing loss prevention program should be able to
complete their careers without incurring an occupational hearing loss. Accurate audiometry is
the key to spotting and responding to temporary threshold shiftsin order to prevent workersfrom
devel oping permanent threshold shifts and eventually handicapping noise-induced hearing | oss.

REFERENCES

American Academy of Otolaryngology - Head and Neck Surgery (1983). Otologic referral
criteria for occupational hearing conservation programs. Washington, DC: AAO-HNS.

American Standards Association, Z24.5-1951. American National Standard Specification for
Audiometers for General Diagnostic Purposes. American Standards Association, New Y ork,
NY.

ANSI S1.11-1966, 1971. Specificationsfor Octave, Half-Octave, and Third-Octave Band Filter
Sets

ANSI S1.4-1983. Specifications for Sound Level Meters.

ANS| S3.1-1991. Criteria for Maximum Permissible Ambient Noise During Audiometric
Testing.



230 Hearing measurement

ANSI S3.6-1996. Specifications for Audiometers.
ANSI S3.21-1978 (R-1992). American National Standard for Manual Audiometry.

ANSI S3.44-1997. Determination of Noise Exposure and Estimation of Noise-Induced Hearing
| mpairment.

ANSI S12.13-1991. Draft Sandard for the Evaluation of Hearing Conservation Program
Effectiveness.

Berger E.H., Franks J.R. and Lindgren F. (1996). International Review of Field Studies of
Hearing Protector Attenuation. InA. Axelsson (Ed.) Scientific Basic of Noise-Induced Hearing
Loss, Chernow Editoria Services, Inc., New York, NY.

Cook G. and Creech H.B. (1983). Reliability and Validity of Computer Hearing Tests, Hearing
Instruments, 34(7) pp 10, 12, 13, and 39.

Flottorp G.(1995). Improving audiometric thresholds by changing the headphone position at the
ear. Audiology; 34(5): 221-231.

Frank T., Williams D.L. (1993a). Ambient noise levelsin audiometric test rooms used for
clinical audiometry. Ear Hear; 14(6):414-422.

Frank T., WilliamsD.L. (1993b). Effectsof background noise on earphonethresholds. J. Am.
Acad. Audiol., 4(3),201-212.

Franks J.R. (1996).NIOSH. Analysis of Audiograms for a Large Cohort of Noise-Exposed
Miners, pp.1-7, and cover letter to Davitt McAteer, from Linda Rosenstock, August 6, 1996.

FranksJ.R. (1997). (NIOSH). Prevalence of Hearing Loss For Noise-Exposed Metal/Nonmetal
Miners, October 15, 1997,

FranksJ.R., Engel D.P.,and Themann, C.L. (1992). Real-Ear Attenuation at Threshold for Three
Audiometric Headphone Devices. Implicationsfor Maximum Permissible Ambient NoiseLevel
Standards. Ear and Hearing, 13(1), 2-10.

Franks J.R., Merry C.J., and Engel D.P. (1989). Noise Reducing Muffs for Audiometry.
Hearing Instruments, 40(11), 29-36.

Franks J.R., Davis, R.R., and Krieg E.F., Jr. (1989). Anaysis of a Hearing Conservation
Program Data Base: Factors Other Than Workplace Noise. Ear and Hearing, 10(2), 273-280.

Gasaway D.C. (1985). Hearing Conservation: A Practical Manual and Guide. Prentice-Hall,
Inc., Englewood Cliffs, NJ:

Harris J.D. (1980). A Comparison of Computerized Audiometry by ANSI, Bekesy Fixed-
Fregquency, and Modified ISO Procedures. J. Aud. Res. 20, 143-167.



Hearing measurement 231

HéuR. (1979). Critical Analysisof the Effectiveness of Secondary Prevention of Occupational
Hearing Loss. J. Occup. Med, 21, 251-254

Intersociety Committee on Industrial Audiometric Technician Training (1966). Guide for
Training of Industrial Audiometric Technicians. Am. Ind. Hyg. Assoc. J., 27, 303-304.

Carhart, R. and Jerger J. (1959). Preferred Methods for Clinical Determination of Pure-Tone
Thresholds. J. Speech Hear. Res., 24, 330-345.

Jerlvall L., Dryselius H. and Arlinger S. (1983). Comparison of Manua and Computer-
Controlled Audiometry. Scand. Audiol., 12, 209-213.

Martin, FN. (1986). Introduction to Audiology, 3" edition, Prentice-Hall, Inc., Englewood
Cliffs, NJ.

Morata T.C. and Franks J.R. (1996). Ototoxic Effects of Chemicals Alone or in Concert with
Noise: A Review of Human Studies. In A Axelsson (Ed), Scientific Bases of Noise-Induced
Hearing Loss, Chernow Editorial Services, Inc, New Y ork.

Morata T.C. and Franks J.R. (1997) Effects of noise and solvents on hearing: Findings from
three field studies. J. Acoust. Soc. Am., 101(5 part 2), 3099(a).

Morrill J.C. (1986). Hearing Measurement. In, E.H. Berger, W.D. Ward, J.C. Morrill, L.H.
Royster (eds) Noiseand Hearing Conservation Manual . 4" edition. American Industrial Hygiene
Association, Akron, Ohio.

National Hearing Conservation Association. (NHCA) (1996). Pamphlet #3: A Practical Guide
to Mobile Hearing Testing and Selecting a Provider. Milwaukee, Wisconsin.

National Institute for Occupational Safety and Health (NIOSH) (1996). DRAFT : Criteria For
A Recommended Standard: Occupational Noise Exposure Revised Criteria. Cincinnati, Ohio.

Occupational Safety and Health Administration (OSHA) (1981). Occupational Noise Exposure:
Hearing Conservation Amendment. Fed. Regist. 46(11), 4078-4181.

Occupational Safety and Health Administration (1983). Occupational Noise Exposure: Hearing
Conservation Amendment. Fed. Regist. 48(46), 9738-9783.

Royster J.D. (1996). Evaluation of additional criteria for significant threshold shift in
occupational hearing conservation programs. Raleigh, NC: Environmental Noise Consultants,
Inc., NTIS No. PB97-104392.

Tubbs R.L. and Franks JR. (1997). Federal Aviation Administration - Bradley Airfield,
Windsor Locks, Connecticut. HETA 96-0184-2663. NIOSH, Cincinnati, Ohio.



232 Hearing measurement

INTERNATIONAL STANDARDS

Titles of the following standards related to or referred to in this chapter one will find
together with information on availibility in chapter 12:

SO 389, ISO 645, 1SO1999, 1SO 6189, 1SO 8253
IEC 60651, IEC 60804
FURTHER READING

Arlinger, S., Martin, M. (Editors) (1989/1991). Manual of Practical Audiometry, Vol. 1 & 2,
Singular Publ. Group

Martin, F.N. (1998). Exercisesin Audiometry. Allyn & Bacon, Inc.

Martin, M. (1997). Soeech Audiometry. 2™ edition, Singular Publ. Group



9

HAZARD PREVENTION AND CONTROL
PROGRAMMES

Dr Berenicel. F. Goelzer*
World Health Organization

9.1. GENERAL CONSIDERATIONS

Noise-induced hearing loss is, at present, incurable and irreversible, however, it is definitely
preventable, therefore the implementation of adequate preventive programmes is essential.

Specific measuresfor the prevention and control of exposureto noise are discussed in detall
elsewhere in thisdocument; however, it isimportant to keep in mind that such measures should
not be implemented in an ad hoc manner but as part of a comprehensive strategy.

The objective of this chapter isto discuss basic principlesfor hazard prevention and control
programmes and their management, relating them to the prevention of noise exposure and
associated effects, whenever relevant.

A programme to protect workers from the effects of hazardous noise exposure in the
workplaceisoften called a“ hearing conservation programme”. However, rather than anisolated
effort, this should preferably be integrated into the overall hazard prevention and control
programme of the workplace in question.

Hazard prevention and control programmes should be designed to meet the specific needs of
each situation, in view of the existing hazards and of the many other factors that characterize a
workplace; furthermore, programmes should be adaptable to new scientific and technological
developments, as well as to eventual changes in the socio-economic context.

As previously seen, noise control programmes are often mentioned or defined by national
legislation or international standardization. For example, the SO 11690-1 states that:

“In order to reduce noise as a hazard in the workplace, individual countries have produced
national legislation. Generally, national legislation requirestheimplementation of noise control
measuresin order to achieve the lowest reasonable level s of noise emission and exposure, taking
into account:

» known/available measures;

» the state of the art regarding technical progress,

» possibilities for noise reduction at the source;

» appropriate planning, procurement and installation of machines and equipment.”

Another example is the European Directive 86/188/EEC on noise at work which requires
appropriate hearing conservation and noise control programmeswhenever aworkplacefallsinto
the “noisy” category (according to the EU definition).

*Present address; 26, ch. Colladon
CH-1209 Geneva, Switzerland
berenice@goel zer.net
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9.2. REQUIREMENTSFOR EFFICIENT PROGRAMMES
Hazard prevention and control programmes require:

political will and decision-making;

commitment from top management, with a clear and well circulated policy basis;
commitment from workers;

well defined goals and objectives;

adequate human and financial resources;

technical knowledge and experience;

adeqguate implementation and competent management of programmes;
establishment of multidisciplinary teams,

mechanisms for communication;

monitoring mechanisms (indicators);

continuous improvement of the programme.

Political will and motivation require awareness and understanding of the problems caused by
hazardous exposure, in this case to harmful noise levels, aswell as of the available prevention
and control solutions and of the benefits resulting from their application.

Attheworkplacelevel, the decision-making processstartswith theawareness and acceptance
that there is a problem; for example, anoise problem. Thisisfollowed by the recognition and
localization of the noise sources and the conditions of exposure (e.g., duration). If thereis
obvious overexposure, adecision is already possible after thisfirst step and the next stage will
be the planning of apreventive strategy. If adecision isnot possible, the next stage will require
guantitative exposure assessments; for example, noise measurements.

The* decision-makingladder” can be used to analyzethedecision-making process concerning
hazard control in workplaces, as well asto pinpoint where blockages occurred, or are likely to
occur, with aview to avoiding them (Antonsson, 1991). The*“steps’ in the ladder are:

1. Beaware of the problem 6. Know the supplier (of solution)
2. Accept the problem 7. Finance

3. Know the cause 8. Implement solutions

4. Learn of possible solutions 9. Evaluate

5. Accept a solution

So that efficient hazard prevention and control programmes may be implemented, concern
forworkers” health should beincluded inthe prioritiesof top management alongside productivity
and quality. A clear policy, discussed, agreed upon and understandable by the stakeholdersis
essential. The objectives of the programme, the steps to be followed and the available
mechanisms for implementation should be clearly defined and presented to all concerned, who
must know what to expect and hope for; unrealistic and unattainable goals are very frustrating.

The design and implementation of hazard prevention and control programmes require
involvement and commitment not only from management, but from production personnel,
workers and occupational health professionals.
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9.3. PROGRAMME COMPONENTS
9.3.1. Recognition of the Problem

Complaints of hearing difficulties anong workers is too late an indicator that a noise problem
exists;, however, should this happen, control action must be immediately triggered. The
recognition of a noise problem should take place much earlier, whenever noise levels exceed
acceptable limits, or smply whenever there is a feeling that the workplace is just too noisy,
particularly if thereisany interference with verbal communication. In fact, the best approachis
to foresee problems and avoid them; for example, by selecting quieter equipment and processes,
whenever possible.

The recognition that a noise problem exists is followed by a qualitative assessment of the
situation, which includes identifying and localizing noise sources, defining noise exposure
patterns, including which arenormal and which areunusual exposureconditions. Inview of their
experience with tasks, work processes, equipment and machinery, workers can provide valuable
assistance in gathering such information, whichis needed to design an adequate strategy for any
subsequent quantitative evaluations, in this case, noise surveys.

9.3.2. Exposure Assessment | ssues

Although “ strategiesfor noise surveys”, including measurements and instruments, are presented
in detail in Chapter 7, some aspects are hereby summarized so that they may be put into
perspective as important elements of an overall noise prevention and control programme.

If hazards are obvious and serious - for example, a workplace where people close to each
other haveto shout to be understood, the recognition of the problem must befollowed by control;
guantitative evaluations will come later, in order to verify the efficacy of the control system. It
may sometimes be necessary to changethe classical concept of "recognition-eval uation-control”
to "recognition-control-evaluation”. Decision-making asto control actionsmay havetorely on
professional judgement and common sense, particularly if measuring equipment isnot available.
Impossibility to carry out noi semeasurements should never be ablockageto correcting obviously
hazardous situations.

Measurements must be carried out in the most usual conditions; appreciable fluctuations
should befully appreciated. Infact, asdiscussed in chapter 7, particularly if thereare appreciable
noise level fluctuations or workers move around, noise dosimeters offer the best monitoring
solution. Inorder to study noise sourcesand their relative importance as contributor to exposure,
aswell asto check the efficiency of implemented noise control measures, the best approach is
to useintegrating sound level meters, adequately positioned (e.g., a the operators’ ear position).

Theinitial noise survey constitutes a decision-making tool, and al so provides base line data
which, together with results from subsequent surveys, may serve as an indicator for future
evaluations of any implemented control strategy.

Noisesurveysto assessworkers' exposure should becarried out by specialized professionals,
for example, occupational hygienists or other occupationa health professionals with specific
training in noise measurements. Occupational hygiene technicians, if specialy trained for this
purpose, provide valuable support. Workers' collaboration is essential.
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9.3.2.1. Selection of Measuring Instruments

Thetype of hazard to be evaluated and the purpose of the survey will determine the type and the
required “reliability” of themeasuring equipment; for example, soundlevel meters. If qualitative,
or semi-quantitative measurements are sufficient, or if preliminary surveys are a priority, it is
useless to spend money on very expensive and sophisticated equipment.

Evenif fundsareavailable, equipment should only be purchased, if and when areal need has
been established, and, operational capabilitieshave been ensured, including competent personnel
to properly operate, calibrate and maintain the equipment.

If anew programmeis being devel oped, only basic equipment should be purchased initially,
more items being added, as the need arises and personnel competencies are developed. When
selecting any occupational hygiene equipment, in addition to performance characteristics,
practical aspects should also be considered, including:

e portability

» source of energy needed

» calibration and maintenance requirements

» availability of expendable supplies

» conditions of use (including infra-structure and climate)

If the above requirements are overlooked, and unfortunately they often are, the result may be
that expensive equipment is inadequately utilized, or not utilized at all. The importance of
routine calibration cannot be over emphasized.

All steps of the noise evaluation must be equally well planned and carried out; the complete
procedure must be considered asone, since “no chain is stronger than itsweaker link”. 1t would
be a waste of resources to allow for unequal quality in the different steps of a same noise
evaluation. For example, resultsobtained with avery accurate and preciseintegrating sound level
meter might not bereliableif it had not been properly calibrated, or, the results might befar from
representative of the workers exposure, if the measuring strategy had not been adequately
designed and followed.

9.3.3. Control Strategiesand Measures

Any hazard prevention and control programme involves measures related to the work
environment and measures related to the workers. Efficient control strategies usually rely on a
combination of engineering (technical) control measures(e.g., quieter equipment and enclosures)
and health/personal measures (e.g., work practices).

Noise prevention and control strategies usually involve elements from the following groups
of measures, that is, measures which relate to:

» the work process (including tools and machinery), for example: quieter equipment, good
mai ntenance;

» theworkplace, for example: noise enclosures or acoustic treatment, and,

» the workers, for example: work practices and other administrative controls , audiometry,
hearing protection and workers' education.

Control measures should be realistically designed so as to meet the needs of each particular
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situation and the different options should be considered in view of factors such as effectiveness,
cost, technical feasibility, socio-cultural aspects.

The control hierarchy should be the following:
control of thenoise sour ce=» control of thenoise propagation =» control at theworker level

The standard 1SO 11690 (part 1) provides more details on thishierarchy, inits clause on the
concept of noise reduction, as follows:

“Noise control can beimplemented using various technical measures (see SO 11690-2) and
there may be several waysto solve anoise problem. These measures are noise reduction at the
source(e.g., machines, work processes), noi sereduction by preventing/attenuatingits propagation
(e.g., using enclosures, barriers, absorbing materials), noise reduction at specific positions (e.g.,
cabins). Technical measures for noise control should be applied in order to implement the state
of theart with regard to noise control. For thispurpose, it isnecessary to compare and determine
the effectiveness of these measures. Acoustical quantities are used for this purpose, which
describe the acoustical features of the sources, the noise reduction attained in workplaces,
especialy at work stations, when noise sources are operating and control measures have been
implemented.”

Thefirst priority isto reduce noise through technical measures. When engineering controls
are not applicable or not sufficient, noise exposure may be reduced through measures such as:

» hearing protection (adequately selected, worn and maintained);

« administrative controls, which are changesin thework schedule or in the order of operations
and tasks, for example, limitation of time spent in anoisy environment (then wearing hearing
protection), performing noisy operations outside the normal shift, or during ashift with very
few workers (wearing hearing protection), or, in a distant location, if at al possible.

Very often solutions are sought among the most known measures, such as noise enclosures
and personal protective equipment; however, theformer may betoo expensiveor unfeasible, and
the latter is not always efficient or acceptable to the workers, particularly in hot jobs and hot
climates. Approaches to prevention should be broadened, with proper consideration of other
control options, particularly of source control through, for example, substitution of materialsand
process modification, as well as good work practices (as seen in chapters 5 and 10).

Both persona measures and engineering controls should be discussed with the workers, so
that they understand their importance, contributeto their design and learn how to best contribute
to their continued efficiency. In view of their knowledge and experience with work processes,
operations and machinery, workers can make valuable contributions to the design of control
strategies. Workers may contribute to, or decrease, the efficacy of engineering measures; for
example, by closing or not closing doors of acoustical enclosures when machines are operating.
Personal experience with tasks is indispensable for the design of adequate work practices,
particularly when different ways of performing them (e.g., the manner to operate tools and
machinery) influences the resulting noise levels.

Workers' education and training, as well as audiometric examinations, are essential
components of hearing conservation programmes.
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9.3.4. Hazard Communication, Education and Training Programmes

Successful hazard prevention and control programmes shoul d i nclude hazard communication,
as well as education and training for workers, supervisors and all other personsinvolved. If a
programmeis to be successful, all stakeholders must be aware of its importance and motivated
to collaborate.

Workers should be clearly informed of any known, suspected or potential hazards associated
with their work, for example, noise levels to which they are or may be exposed, and, of the
possible harmful consequences, for example, hearing loss or accidents due to impossibility of
hearing warnings. Workers should also beinformed on the best available means for prevention
and control, and on how they can contribute to their implementation. This information should
be linked to the purpose and proper use of any noise control system, be it based on engineering
controls, work practices or personal protection.

Persons involved with prevention and control should have opportunities to continuously
update their knowledge and should:

® De aert to new developments concerning effects of overexposure to noise, as well as new
guidelines and new standards which may be applicable;

® keep well informed on current developments concerning hazard recognition and control,
which may be applicable to the work processes and operations in question.

9.3.5 Health Promotion

According to the concept spelled out in the Ottawa Charter and accepted by WHO, "health
promotion is the process of enabling people to increase control over, and to improve, their
health”. In the same context, it is considered that “...in order to reach a stage of complete
physical, mental and social well-being, an individual or group must be able to identify and to
realize aspirations, to satisfy needs, and to change or cope with the environment...”.

In view of the multiplicity and diversity of heath determinants, globa and dynamic
approaches are needed to protect and promote health in acomprehensive manner. Although the
different health determinants will not have the same relative importance in different settings, all
must be considered. For example, efforts to control noise may be wiped out by “off-the-job”
activities, such as shooting, if practiced without adequate hearing protection. Workers should
be encouraged to carry over their good hearing conservation practices to off-the-job situations,
whenever relevant.

9.4. IMPLEMENTATION OF PROGRAMMES - PROGRAMME MANAGEMENT

Timely and realistic planning is essential for the establishment of any programme, and a plan of
work must be elaborated, according to the real needs and accounting for the available resources.
Other factorsto be considered include legal requirements (legislation, standards), infrastructure
and support services (including for equipment maintenance).

It should be always kept in mind that anticipated prevention is the best approach; for
example, to achieve noise reduction in already installed and operational workplaces is very
difficult and very costly.

Programmes must be efficient and sustainable; continuity must be ensured, aswell asthe
possibility to eventually adapt to new needs and circumstances which may arisein the long run.
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9.4.1. Management

Management involves decision-making concerning the goals to be achieved and the actions
required to efficiently achieve them, through active participation from all concerned; it also
involves foreseeing and avoiding (or recognizing and solving) problems which may create
obstacles.

Good management shoul d be ableto makethe difference between “work done” and “work
well done”. The importance of implementing and enforcing correct procedures cannot be
overemphasized. Moreover, the real objective, not the intermediate steps, should serve as a
yardstick to measure success; for example, the efficiency of a hearing conservation programme
should not be evaluated by the number of noise surveys or audiometric tests carried out, but
rather by the number of successful preventive actions which they triggered.

Furthermore, adistinction should aways be made between what is*impressive” and what is
“important”. A very detailed noise survey with very accurate and precise sound measuring
equipment, including 1/3 octave-band frequency analysis, may be very impressive but what is
really important isthat its results are adequately used for afully justified and relevant purpose.

Management tools needed to efficiently implement a policy include, for example:
transparent organization, clear working procedures (for standard operation as well as for
mai ntenance, inspection and abnormal situations), adoption of standards and guidelines, human
resources programme (selection, education and training, information, maintenance of staff
competence), effective of lines of communication, development of performance indicators
(environmental and health parameters, e.g., resultsfrom audiometric tests), and establishment of
evaluation mechanismes.

Good communication within and outsidethe programmeisessential for well coordinated
team work, sharing of information and enhanced collaboration.

9.4.2. Team Work

The initial step should be the creation of a multidisciplinary team and the elaboration of
mechanismsfor efficient team work. The multidisciplinary team in charge of hazard prevention
and control programmes shouldincludetherequired occupational health and saf ety professionals,
as well as representatives from management, production managers/engineers and workers.
Moreover, all personsconcerned should be somehow involved. Theteam shouldinclude, or have
access to, professionals with competence in occupational hygiene, occupational medicine and
occupational nursing, ergonomics, work psychology, and, in the case of noise control, aso
acoustical engineering and audiology. In all cases, workers' participation is indispensable.

Persons assigned to the hazard prevention and control team should have, in addition to the
required knowledge and experience, also enthusiasm, commitment, spirit of collaboration and
possibility to actively participate, including available time.

M easures and actions should never beimposed, but rather discussed. Moreover, teams and
individual sshould be provided with theresources and the freedom of action needed tofulfill their
responsibilities, which should be clearly characterized and assigned. All members of the team
can make a contribution and al must feel part of the programme. Joint efforts, involving all
stakeholders, are needed to achieve full protection of workers health.
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9.4.3. Special Situations

Maintenance, repair and other non-routine activities usually receive |l ess attention than required.
Experience shows that such jobs may lead to overexposure since workers often make repairs
without the required personal protection, for example, no hearing protection even if other noisy
work processes are still operational.

Maintenance personnel usually works without any hearing protection because they feel that
they have “to hear” the machinery; moreover, they often have to place themselves in awkward
positions thus “dispensing” the additional burden of personal protection. It also happens that
such operations are conducted outside normal working hours and unsupervised.

Maintenance and cleaning workers must also be protected, as needed, and should receive
appropriate health and safety training. Particul arly when maintenance and cleaning jobs are sub-
contracted (which happens quite frequently) safety rules tend to be overlooked. Thisis more
critical when dealing with hazards responsible for acute health effects, which is seldom the case
of noise exposure.

9.4.4. TimeFrame

A realistic appreciation of the time factor should be made at the planning stage. It isimpossible
to solve al problems at the same time, particularly if and when their solution requires medium
to long-term interventions.

Therefore, priorities for action should be established considering aspects which include the
following: number of workers exposed; nature and magnitude of exposure, hence the degree of
hazard; feasibility of the action; availability of the required equipment and supplies, and, degree
of interference with production.

Appropriate work practices and the use of personal protective equipment, such as hearing
protection, can be implemented in arelatively short time. The full implementation, however,
may take longer, asit depends on factors which often are out of the control of the occupational
health professionals, such as having full cooperation from workers and supervisors, as well as
from managers. Therefore, any preventive actions should be accompanied by adequate hazard
communication, training and education of all stakeholders.

On the other hand, the design and implementation of engineering control measures - such as
lining barrels or wheelswith vibration-absorbing materials, acoustical enclosures, or acoustical
treatment of surfaces, take time and usually require temporary shut-down of certain operations.
Therefore, detailed timetables are indispensable.

Proposals presented to management should be feasible. Timetables should be prepared in
collaboration with production managers/engineers and workers, and based on a realistic
appreciation of the time needed to complete the installation of the controls.

9.5. PROGRAMME EVALUATION

Programmes should be periodically and critically evaluated, with a view to assessing their
relevance and ensuring continuous improvement.

9.5.1. Monitoring Control Systems

Once acontrol system has been put into operation, it is necessary to ensure that the desired level
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of protection has been achieved and is maintained thereafter. In order to obtain the best possible
performance, both engineering controls and personal protective equipment must be routinely
Inspected, maintained and, whenever necessary, replaced.

9.5.2. Indicators

Aninitial survey (ideally invol ving noise measurements and audiometric tests) should be carried
out before a programme is implemented or reformulated. This provides good basic data for
subsequent assessments of the effectiveness of the programme.

Indicators, which should be sensitive to changes in the work environment or in health
parameters, usually relate an environmental condition to a health effect (e.g., noisy
environment/hearing 10ss), or relate a certain environmental agent to an exposure factor (e.g.,
noisy machines/noise level at operator’s ear).

Some indicators are used for decision-making purposes, others to monitor the efficiency of
a preventive programme. For example, the “percentage of workers with a certain degree of
hearing loss” indicates the need for immediate action. However, this should not be allowed to
happen and a more acceptable decision-making indicator in this case would be “noise levels
above a certain acceptable value’.

Initial and follow-up audiometric examinations of workers provide valuable data for
indicators.

In order to have scientific and user relevance, indicators should have characteristics which
include the following: based on known linkages between, for example, noisy work environment
and auditory effects; unbiased, reliable and valid; based on data of a known and acceptable
quality; easily understood and acceptable by all stakeholders; based on data which are readily
available or easily collected, at an acceptable cost, or, data which are needed anyway.
Furthermore, indicators should be timely for policy and decision-making, and, appropriate to
monitor the resulting actions.

For example, if theissueisnoisecontrol, it would not be“timely” to basea “decision-making
indicator” onaudiogramresults, if audiometerswerenot avail able; the required equipment woul d
haveto beordered and delivered, peopletrainedin their use, hencealongtimewould elapse until
the data could be obtained and the decision made. If, for example, it isimpossible to understand
normal conversation in the workplace in question, this would aready serve as an indicator that
noise control action is needed.

9.5.3. Environmental Surveillancefor Control Purposes

Routine monitoring (continuous or intermittent) is a means to detect any ateration in the
exposure conditions. This may result, for example, from changes in the process or materials
utilized, from wearing off and deterioration of tools and machinery (such as unbalanced
bearings), from deficiencies and breakdown in existing control systems, or from any accidental
occurrence. Sound survey meters, although mostly not compliant to standards for integrating or
normal sound level meters, have awide application in “control” surveys.

It should be said that very accurate and precise quantitative eval uations are not necessary to
check controlson aroutinebasis. Less sophisticated methods can be used to indicate alterations.
Even some “practical surveillance” may be used; for example, observation of factors such as
workerssuddenly finding difficultiesinunderstanding instructions, or reduced understanding via
telephone.
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In view of their familiarity with the operations, workers are usually in aposition to provide
valuable information about unusual occurrences and alterations that should be investigated in
order to ensure the continued efficiency of the control systems.

Visualization techniques, for example, the “Picture Mix Exposure - PIMEX” (Rosen, 1993)
can be very helpful in demonstrating the usefulness and relative efficiency of different control
measures. This method combines a video image showing the worker performing his/her tasks,
aswell asagraduated bar displaying, for example, noiselevelswhich are continuously measured
at the worker’s ear with areal time monitoring instrument. In the case of noise exposure, this
method is particularly efficient in designing and evaluating work practices, since it enables one
to “visualize” how noise levels vary while atask is performed in different manners.

9.5.4. Health Surveillance for Control Purposes

Health survelllance of workers includes pre-employment, periodic and special health
examinations, including clinical observations, investigations of specific complaints, screening
tests or investigations, and early detection of health impairment. In the case of noise exposure,
audiometric tests are an important component of health surveillance.

Occupational hearing lossoccursvery gradually. An early changein hearing ability indicates
overexposure and, if immediate preventive action is taken to prevent further exposure, a more
important hearing loss can be prevented. Therefore, early detection of noise-induced hearing
loss, which is feasible through audiometry (see Chapter 8), should be part of any preventive
programme. Through early detection of health impairment due to occupational health hazards,
itisoften possibleto identify the hyper-susceptible workers and al so to prevent further damage
(secondary prevention).

Health surveillance should never be considered as a replacement for primary hazard
prevention; however, it isan essential complement, asit contributesin many waysto preventive
strategies. Inthefirst place, resultsfrom health surveillance may serve asuseful indicatorsof the
need to control, and thereafter, of the efficiency of control systems, by detecting problems or
failuresinthecontrol system. Comparisonsof audiometric tests (of the sameworker(s), at atime
interval) that show some hearing loss can help trigger prompt preventive interventions and
motivate workersto actively collaborate in order to prevent further damage. However, from an
occupational hygiene point of view, this is much less desirable than actions triggered by the
perception that there is overexposure but before any irreversible damage occurs.

Personnel responsiblefor health surveillance of workersshould be kept informed about
any hazard evaluation conducted in the workplace, and should have information on exposures
observed at specific processes or operations, and vice versa.

Continuous communication, team work and exchange of data between health personnel and
occupational hygienists are essentia for the success of any hazard prevention and control
programme. Theestablishment of correl ations between working conditionsand the heal th status
of workers contributes to total exposure assessment and is indispensable for the evaluation of
control strategies.

Workers should always be informed of the reasons for any health examinations and agree
with the procedure. Participation of workersin surveillance and control actions may be spelled
out in national legislation or supranational directives, for example, the European Directive
86/188/EEC on noise at work.
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9.5.5. Record-keeping and Reports

It is important to keep good records and clear reports on measurements and tests, measuring
instruments and control systems, as well as on the programme itself.

As to noise measurements and audiometric tests, the results should be well organized,
identifiableand easily retrievable. Datato serveasindicatorsshould be consistently gathered and
analyzed. However, national legislations differ concerning to whom results from individual
audiometric tests should be delivered. Usually such results are to be treated as confidential
medical data and only group data used in connection with indicators of success (or failure) of
programmes.

As to measuring instruments and hearing protection, al details concerning purchase
(including contact person at the manufacturer’ s), aswell as adequate| ogs on maintenance should
be carefully kept. Measuring instruments al so require records on routine calibration and hearing
protection, on replacement deadlines.

Moreover, complete and accurate records of working conditions, materials used, and
performance of control measures, should also be kept.

Objective and clear reports on the programme should be periodically prepared and critically
analyzed by the team.

9.5.6. Continuous Improvement

In order to achieve continuous improvement, it is necessary to perform routine evaluations of
how the programme is proceeding, including analysis of the selected indicators. It isimportant
to establish an adequate system for the recognition and due appreciation of both failures and
successes. Failures should be considered as learning experiences towards programme
Improvement, rather than as reason for criticism; pinpointing possible sources of mistakes, in
order to correct and avoid them, ismore important than “finding the guilty”. On the other hand,
successes should be fully recognized, given ample credit and celebrated by the team; this
contributes to job satisfaction and improved performance.

9.6. REQUIRED RESOURCES
9.6.1. Human Resources

Even when the need for noise control has been established and the decision to implement the
required preventive measures has been taken, there may be practical difficulties. One usua
“stumbling block” isthe shortage of adequately trained personnel, with specialized “know-how”.

Therequired scientific, technical and managerial competence should be avail able among the
members of the responsible team. For very specific technical issues, external professionals (for
example acoustic engineers) may be engaged; however, their work should follow the specified
control strategy and should beintegrated into the comprehensive approach designed by the team.

In order to ensure that a programme is efficiently run, programme managers should have, in
addition to knowledge and experience, also manageria competence.

9.6.2. Allocation of Financial Resources

The financia resources required for a hazard prevention and control programme have to be
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identified and secured before starting its implementation.

Financia resources must be optimized and carefully allocated within a framework of
priorities, alwayskeeping an appropri ate bal ance among the different components, namely human
resourcesand information, instrumentation and control systems. In certainsituations, appreciable
funds may be necessary for initial staff development.

In order to ensure sustainability of a programme, operational costs must be appropriately
foreseen. Theseinclude, for example, expensesfor: maintenance, repairs and purchase of spare
parts for measuring instruments; maintenance, repairs and eventual replacement of personal
protective equipment (e.g., hearing protectors); maintenance of staff competence, including
continuing education and participation in scientific meetings; eventual hiring of external
consultants, and, update of information systems (e.g., books, journals, CD-ROMS, accessto data
bases and the Internet - depending on the size and scope of the programme).

Some degree of financial flexibility should always be allowed, in order to respond to new
needs which may eventually arise from periodic reassessments.

REFERENCES
Antonsson, A.-B. (1991). Decision-Making in the Work Environment: A Focus on Chemical
Health Hazards in relation to Progressive Legislation. Doctora Thesis, Department of Work
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INTERNATIONAL STANDARDS

Titles of the following standards referred to in this chapter one will find together with
information on availability in chapter 12:

SO 11690-1, -2.
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10.1. INTRODUCTION

Aswith any occupational hazard, control technol ogy should aim at reducing noise to acceptable
levels by action on the work environment. Such action involves the implementation of any
measure that will reduce noise being generated, and/or will reduce the noise transmission
through the air or through the structure of the workplace. Such measuresinclude modifications
of the machinery, the workplace operations, and the layout of the workroom. In fact, the best
approach for noise hazard control in the work environment, isto eliminate or reduce the hazard
at its source of generation, either by direct action on the source or by its confinement.

Practical considerations must not be overlooked; it is often unfeasible to implement a global
control program all at once. The most urgent problems have to be solved first; priorities have
to be set up. In certain cases, the solution may be found in a combination of measures which by
themselves would not be enough; for example, to achieve part of the required reduction through
environmental measures and to complement them with personal measures (e.g. wearing hearing
protection for only 2-3 hours), bearing in mind that it is extremely difficult to make sure that
hearing protection is properly fitted and properly worn.

This chapter presents the principles of engineering control of noise, specific control
measures and some examples. Reading of chapter 1 isindispensable for the understanding of
this chapter. Note that many of the specific noise control measures described are intended as a
rough guide only. Further information on the subject can be found in 1ISO 11690 and in the
specialised literature. Also suppliers of equipment and noise control hardware can often provide
helpful noise control advice.

10.2. NOISE CONTROL STRATEGIES (SeelSO 11690)
Prior to the selection and design of control measures, noise sources must be identified and the

noise produced must be carefully evaluated. Procedures for taking noise measurements in the
course of anoise survey are discussed in chapter 7.

* Present address; 26, ch. Colladon
CH-1209 Geneva, Switzerland
bereni ce@qgoel zer.net
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To adequately define the noise problem and set a good basis for the control strategy, the
following factors should be considered:

® typeof noise
noise levels and temporal pattern
frequency distribution
noise sources (location, power, directivity)
noise propagation pathways, through air or through structure

® room acoustics (reverberation).

In addition, other factors have to be considered; for example, number of exposed workers,
type of work, etc. If one or two workers are exposed, expensive engineering measures may not
be the most adequate solution and other control options should be considered; for example, a
combination of personal protection and limitation of exposure.

The need for control or otherwise in a particular situation is determined by evaluating noise
levelsat noisy locationsin afacility where personnel spend time. If the amount of time spent in
noisy locations by individual workers is only a fraction of their working day, then local
regulations may allow slightly higher noise levelsto exist. Where possible, noiselevelsshould
be evaluated at |ocations occupied by workers' ears.

Normally the noise control program will be started using as a basis A-weighted immission
or noise exposure levelsfor which the standard 1SO 11690-1 recommends target values and the
principles of noise control planning. A more precise way is to use immission and emission
values in frequency bands as follows.

The desired (least annoying) octave band frequency spectrum for which to aim at the
location of the exposed worker is shown in Figure 10.1 for an overall level of 90 dB(A). If the
desired level after control is85 dB(A), then the entire curve should be displaced downwards by
5dB. Thecurveisused by determining the spectrum levels (see chapter 1) in octave bands and
plotting the results on the graph to determine the required decibel reductions for each octave
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Figure 10.1. Desired noise spectrum for an overall
level of 90 dB(A).
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band. Clearly it will often be difficult to achieve the desired noise spectrum, but at least it
provides agoa for which to aim.

It should be noted that because of the way individual octave band levels are added
logarithmically, an excess level in one octave band will not be compensated by a similar
decrease in another band. The overal A-weighted sound level due to the combined
contributionsin each octave band is obtained by using the decibel addition procedure described
in chapter 1.

Any noise problem may be described in terms of a source, a transmission path and a
receiver (inthis context, aworker) and noise control may take the form of altering any one or
all of these elements. The noise source is where the vibratory mechanical energy originates, as
aresult of a physical phenomenon, such as mechanical shock, impacts, friction or turbulent
airflow. With regard to the noise produced by a particular machine or process, experience
strongly suggests that when control takes the form of understanding the noise-producing
mechanism and changing it to produce a quieter process, as opposed to the use of a barrier for
control of the transmission path, the unit cost per decibel reduction is of the order of one tenth
of thelatter cost. Clearly, the best controls are those implemented in the original design. It has
also been found that when noise control is considered in the initial design of a new machine,
advantages manifest themselves resulting in a better machine overall. These unexpected
advantages then provide the economic incentive for implementation, and noise control becomes
an incidental benefit. Unfortunately, in most industries, occupational hygienists are seldom in
the position of being able to make fundamental design changesto noisy equipment. They must
often make do with what they are supplied, and learn to use effective "add-on" noise control
technology, which generally involves either modification of the transmission path or the
receiver, and sometimes the source.

If noise cannot be controlled to an acceptable level at the source, attempts should then be
made to control it at some point during its propagation path; that is, the path along which the
sound energy from the source travels. In fact, there may be a multiplicity of paths, both in air
and in solid structures. The total path, which contains all possible avenues along which noise
may reach the ear, has to be considered.

As a last resort, or as a complement to the environmental measures, the noise control
problem may be approached at the level of the receiver, in the context of this document, the
exposed worker(s).

In existing facilities, controls may be required in response to specific complaints from
within the workplace, and excessive noise levels may be quantified by suitable measurements
asdescribed previoudly. In proposed new installations, possible complaints must be anticipated,
and expected excessive noiselevels must be estimated by some procedure. Asitisnot possible
to entirely eliminate unwanted noise, minimum acceptable levels of noise must be formulated
and these levels constitute the criteria for acceptability (see chapter 4) which are generally
established with reference to appropriate regulations in the workplace.

In both existing and proposed new installations an important part of the processisto identify
noise sources and to rank order them in terms of contributions to excessive noise. When the
requirements for noise control have been quantified, and sources identified and ranked, it is
possible to consider various options for control and finally to determine the cost effectiveness
of the various options. As was mentioned earlier, the cost of enclosing a noise source is
generally much greater than modifying the source or process producing the noise. Thus an
argument, based upon cost effectiveness, is provided for extending the process of
sourceidentification to specific sources on a particular item of equipment and rank ordering



248 Engineering noise control

these contributions to the limits of practicality.
10.2.1. Existing installationsand facilities (SeelSO 11690)

In existing facilities, quantification of the noise problem involvesidentification of the source or
sources, determination of the transmission paths from the sourcesto thereceivers, rank ordering
of the various contributors to the problem and finally determination of acceptable solutions.

To begin, noiselevels must be determined at the locations from which the complaints arise.
Once levels have been determined, the next step is to apply acceptable noise level criteria to
each location and thus to determine the required noise reductions, generally as a function of
octave or one-third octave frequency bands (see chapter 1).

Once the noise level s have been measured and the required reductions determined, the next
step is to identify and rank order the noise sources responsible for the excessive noise. The
sources may be subtle or alternatively many, in which case rank ordering may be as important
asidentification. Where many sources exist, rank ordering may pose a difficult problem.

When there are many sourcesit isimportant to determine the sound power and directivity of
each to determine their relative contributions to the noise problem. The radiated sound power
and directivity of sources can be determined by reference to the equipment manufacturer's data
(ISO 4871) or by measurement, using methods outlined in chapter 1. The sound power should
be characterised in octave or one third octave frequency bands (see chapter 1) and dominant
singlefrequencies should beidentified. Any background noise interfering with the sound power
measurements must be taken into account and removed (see chapter 1).

NOTE: Thisistheideal procedure. In reality, many people choose machinery or equipment
using only noise emission values according to 1 SO 4871 and they make comparisons according
to 1SO 11689.

Often noise sources are either vibrating surfaces or unsteady fluid flow (air, gas or steam).
The latter are referred to as aerodynamic sources and they are often associated with exhausts.
In most cases, it is worthwhile to determine the source of the energy which is causing the
structure or the aerodynamic source to radiate sound, as control may best start there.

Having identified the noise sources and determined their radiated sound power levels, the
next task isto determine the relative contribution of each noise sourceto the noiselevel at each
location where the measured noise levelsare excessive. For afacility involving just afew noise
sources, asisthe case for most occupational noise problems at aspecific location, thisisusually
arelatively straightforward task.

Once the noise sources have been ranked in order of importance in terms of their
contribution to the overall noise problem, it is often also useful to rank them in terms of which
are easiest to do something about and which affect most people, and take thisinto account when
deciding which sources to treat first of all. Thisisdiscussed in more detail in Chapter 7.

10.2.2. Installations and facilitiesin the design stage

In new installations, quantification of the noise problem at the design stage may range from
simple to difficult but never impossible. At the design stage the problems are the same as for
existing installations; they are identification of the source or sources, determination of the
transmission paths of the noise from the sources to the receivers, rank ordering of the various
contributors to the problem and finally determination of acceptable solutions.
Mostimportantly,at the design stage the options for noise control are generally many and may
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include rejection of the proposed design.

Thefirst step for new installations is to determine the noise criteria for sensitive locations
which may typically include locations of operators of noisy machinery. If the estimated noise
levels at any sensitive location exceed the established criteria, then the equipment contributing
most to the excess levels should be targeted for noise control, which could take the form of:
® specifying lower equipment noiselevelsto the equipment manufacturer (care must be taken

whenever importing equipment, particularly second hand which can be very noisy and hence

no longer acceptable in the country of origin);

® including noise control fixtures (mufflers, barriers, vibration isolation systems, enclosures,
or factory walls with a higher sound transmission loss) in the factory design; or

® rearrangement and careful planning of buildings and equipment within them. In this
context, note should be taken of the discussion on directivity in chapter 1. The essence of
the discussion isthat sources placed near hard reflective surfaceswill result in higher sound

levels at the approximate rate of 3 dB for each large surface, asillustrated in Figure 10.2.

Note that the shape of the building space generally is not important, as a reverberant field

can build-up in spaces of any shape. Care should be taken to organise production lines so

that noisy equipment is separated from workers as much as possible.

Sufficient noise control should be specified to leave no doubt that the noise criteriawill be met
at every sensitive location. Saving money at this stage is not cost effective in the long term.

1 surface P |

’ sound source

distant from
all surfaces

o 3

3 surfaces

2 surfaces

Figure 10.2. Sound sour ces should not be placed near corners (ASF, 1977)

10.3. CONTROL OF NOISE AT THE SOURCE (SeelSO TR 11688)

To fully understand noise control, fundamental knowledge of acousticsis required. Although
well covered inthe specialised literature (OSHA, 1980; Beranek, 1988; Beranek and Ver, 1992;
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Harris, 1991; Bies and Hansen, 1996), some fundamental concepts have been presented in
chapter 1, and some additional concepts relevant to noise control are hereby reviewed.

To control noise at the source, it isfirst necessary to determine the cause of the noise and
secondly to decide on what can be done to reduce it. Modification of the energy source to
reduce the noise generated often provides the best means of noise control. For example, where
impacts are involved, asin punch presses, any reduction of the peak impact force (even at the
expense of alonger time period over which the force acts) will dramatically reduce the noise
generated.

Generally, when achoice of mechanical processesis possibleto accomplish agiven task, the
best choice, from the point of view of minimum noise, will be the process which minimisesthe
time rate of change of force or jerk (time rate of change of acceleration). Alternatively, when
the process is aerodynamic a similar principle applies; that is, the process which minimises
pressure gradientswill produce minimum noise. In general, whether a processis mechanical or
fluid mechanical, minimum rate of change of force is associated with minimum noise.

Among the physical phenomena which can give origin to noise, the following can be
mentioned: (see also chapter 5)

e mechanical shock between solids,

® unbalanced rotating equipment

e friction between metal parts,

e vibration of large plates,

® irregular fluid flow, etc.

Control of noise at the source may be done either indirectly ,i.e.generaly, or directly ,i.e. related
to the design process addressing one of the causes cited above. The latter istheaim of ISO TR
11688.

NOTE: In noise control by design the terms direct and indirect sometimes are used for the path
of sound from the generation to propagation in the air. So airborne sound in a fan is radiated
directly but solidborne sound in a gear is transmitted to the wall of the casing and radiated as
airborne sound indirectly.

GENERAL SOURCE NOISE CONTROL CAN INVOLVE:

® Maintenance:
- replacement or adjustment of worn or loose parts;
- balancing of unbalanced equipment;
- lubrication of moving parts;
- use of properly shaped and sharpened cutting tools.

® Substitution of materials (e.g., plastic for metal), a good example being the replacement
of steel sprockets in chain drives with sprockets made from flexible polyamide plastics.

® Substitution of equipment:
- €electric for pneumatic (e.g. hand tools);
- stepped dies rather than single-operation dies;
- rotating shears rather than sguare shears;
- hydraulic rather than mechanical presses;
- pressesrather than hammers;
- belt conveyors rather than roller conveyors.
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Specification of quiet equipment.

Substitution of parts of equipment:

- modification of gear teeth, by replacing spur gears with helical gears - generally
resulting in 10 dB of noise reduction);

- replace straight edged cutters with spiral cutters (e.g. wood working machines -
10 dB(A) reduction);

- replace gear drives with belt drives,

- replace metal gears with plastic gears (beware of additional maintenance problems);

- replace steel or solid wheels with pneumatic tyres.

Change of work methods

- in building demoalition, replace use of ball machine with selective demoalition;

- replace pneumatic tool s by changing manufacturing methods, such as moulding holesin
concrete rather than cutting after production of concrete component;

- useremote control of noisy equipment such as pneumatic tools;

- separate noisy workers in time, but keep noisy operations in the same area, separated
from non-noisy processes,

- select lowest machine speed appropriate for ajob - also select large, slow machines
rather than smaller faster ones,

- minimise width of tools in contact with workpiece (2 dB(A) reduction for each halving
of tool width);

- woodchip transport air for woodworking equipment should move in the same direction
asthetool;

- minimise protruding parts of cutting tools.

Substitution of processes.

- mechanical gectorsfor pneumatic € ectors;

- hot for cold working;

- pressing for rolling or forging;

- welding or squeeze rivetting for impact rivetting;

- welding for rivetting;

- use cutting fluid in machining processes,

- change from impact action (e.g. hammering a metal bar) to progressive pressure action
(e.g. bending metal bar with pliers as shown in Figure 10.3, or increase of time during
which aforce is applied, as shown in Figure 10.4);

- replace circular saw blades with damped blades (see Figure 10.9);

- replace mechanical limit stops with micro-switches.

substitution of mechanical power generation and transmission equipment
- electric motors for internal combustion engines or gas turbines,
- beltsor hydraulic power transmissions for gear boxes;

replacement of worn moving parts (e.g., replace new rolling element bearings for worn
ones);

minimising the number of noisy machinesrunning at any onetime.
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Production line

Figure 10.4. Example of increasing thetime during which aforceisapplied (ASF, 1977).
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SOURCE CONTROL BY DESIGN INVOLVES (SeelSO/TR 11688)

reduction of mechanical shock between parts by:

- modifying partsto prevent rattle and ringing;

- using an adjustable height collector (see Figure 10.5a) for parts falling into a bin, so
that impact speed and thus radiated noise is reduced;

- using an adjustable height conveyor and rubber flapsto minimise the fall height of
the parts (see Figure 10.5b);

- lining of tumbling barrels, parts collecting bins, metal chutes, hoppers, etc. with elastic
material, e.g. cork, hard rubber, plastic, conveyor belt material, with the choice of
material being as soft as possible but sufficiently hard to withstand the particular
operating environment without wearing out prematurely. In extreme cases, an effective
aternative is to line the chute or bin with athin layer of viscoelastic material such as
silicone rubber or silastic, sandwiched between the bin and a second layer of steel or
other abrasion resistant material, with the latter layer being of similar thickness to the
wall of the bin or chute (see Figure 10.6);

- covering metal tables, metal wheels, etc. with amaterial, such as rubber;

- using conveyor beltsinstead of chutesto avoid noisy falls.

Reduction of noiseresulting from out-of-balance by:

- balancing moving parts,

- useof vibration absor ber sand damper stuned to equipment resonances (see Biesand
Hansen, 1996, Ch. 10).

Reduction of noiseresulting from friction between metal parts by:
- lubrication or useof soft elastic inter spacing (the classical example of anoisy door to
which ail is applied to the hinges demonstrates the efficiency of this measure).

Reduction of noiseresulting from thevibration of large structures(plates, beams, etc.)

by:

- ensuring that machine rotational speeds do not coincide with resonance
frequenciesof the supporting structure, and if they do, changing the stiffness or mass
of the supporting structure to change its resonance frequencies (increasing stiffness
increases resonance frequencies and increasing the mass reduces resonance frequencies);

- reducing the acoustic radiation efficiency of the vibrating surface by
e replacement of a solid panel or machine guard with a woven mesh or perforated

panel (see Figures 10.7aand b);

e useof narrower belt drives, etc. (see Figure 10.8);

- damping a pandl if it is excited mechanically (see Figure 10.9), but note that if the
panel isexcited by an acoustic field, damping will have little or no effect upon its sound
radiation;

» the amount of damping already characterising a structure can be approximately
determined by tapping it with asteel tool or rod. If the structure"rings" for aperiod
after it is struck, then the damping is low. If only a dull thud is heard, then the
damping is high. If the damping islow, then the surface may be treated either with
a single layer damping treatment or a constrained layer treatment as described
below. The noise reduction achieved is usually in the range 2 to 10 dB.
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» single layer damping treatments are viscoelastic materials which include filled
bitumens, silicone sealant and elastomeric polymers, al of which areavailableinthe
form of adhesive sheets or thick liquids for spraying or trowelling on to the surface
to betreated. Careisnecessary to ensurethat the material selected can withstand the
dirt, water or chemical environment to which it will be subjected. For effective
results, the damping material thickness must be between one and three times the
thickness of the surface being damped. Clearly this type of damping is most
effective for thin structures.
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Figure 10.5. Examples of decrease of dropping height (ASF, 1977, with additions)
(a) Adjustable height collector.
(b) Adjustable height conveyor with rubber flaps.
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e constrained layer damping treatments, such asillustrated in figure 10.6, consist of
alayer of viscoelastic material sandwiched between the structure and alayer of steel
or aluminium. Asarule of thumb, the viscoelastic layer is about 1/3 as thick asthe
surface to be damped and for vibrating structures less than 1.5 mm thick the
constraining outer layer should be the same thickness. For vibrating structures of
thickness between 1.5 and 3mm, the constraining layer should be 1.5mm thick and
for vibrating structures with athickness of greater than 3mm, the constraining layer
should be 3mm thick. Sometimes these rules of thumb produce a structure whichis
effectively damped in a particular frequency range which may not be the frequency
range in which the noise radiation is a problem. In this case it may be necessary to
fine tune the layer thicknesses, either experimentally or theoretically (see Cremer et.
al., 1988).

reducing area of radiating surfaces,

» useof perforated sheet metal machine covers,

e useanumber of narrow drive belts rather than one wide one;

blocking the transmission of vibration along a noise radiating structure by the

placement of a heavy mass on the structure close to the original source of the noise;

isolating the vibration source from the noise radiating structure by physically
separating them (see Figure 10.10) or by using one or more of isolating elements (see

Figure 10.11) - see for example Figures 10.12 and 10.13 - and taking into account the

following factors ( Bies and Hansen, 1996)

» the resonance frequency, f, (Hz), associated with the stiffness of the isolating
spring (k Newtons/metre) and the mass which it is supporting (m kg) and given by
f, = [1/(2m)]yk/m Hz,should bewell below (lessthan half) thelowest frequency
which is to be isolated (see Figure 10.14). The resonance frequency may also be
calculated by knowing how much the isolating spring compresses (d cm) under the
weight of the machine (static deflection); That is, f, = 4.98/\/d Hz.

» theexcitation frequency, f (Hz), for a rotating machine mounted on an isolator is
generally equal to the rotational speed, expressed as revolutions per second.

» thetransmissibility, T, of anisolator is given by

T= \l S D
(1 - X?)?+ (20X)

» where X=f/f, and  is the critical damping ratio which is approximately 0.005 for
steel springs, 0.05 for rubber mounts, 0.12 to 0.15 for silicone or low-T elastomers,
0.1 to 0.2 for glass fibre pads and 0.3 for a composite pad. Note that increasing
damping reduces the vibration amplitude of the isolated system as the exciting
frequency passes through resonance (on machine start-up, for example), but
decreases the isolation achieved for excitation frequencies above this frequency;

» theisolation efficiency, n, of the isolator is related to the transmissibility, T, by
n = (1-T)x100%. Generaly avaue of n between about 85 and 95% is used.

» for systems using more than one isolator (generally 4 are used to support the 4
corners of the base of the equipment being isolated), then resonance frequencies
associated with twisting and rocking motions must also be calculated to ensure that
they are well below the excitation frequency range (see Bies and Hansen, 1996, Ch.
10);
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» elastomeric materials such as rubber are often preferred over steel springs because
their greater damping reduces the large vibration amplitudes which occur when an
excitation frequency coincides with the isolation system resonance (see Figure
10.14). Also, rubber materials prevent the transmission of vibration in the audio
frequency range which is often transmitted along the coils of a steel spring. A
disadvantage of rubber is its lack of tolerance for oily or sunny environments and
this should be taken into account in aregular maintenance program;,

» if steel springsare used, then rubber inserts should be placed between the spring and
its attachment to the supporting structure to prevent the transmission of vibration in
the mid-audio frequency range;

» isolating materials such as foam rubber, mineral wool and cork are often used for
heavy equipment, but becomeineffectivein arelatively short time due to the elastic
nature of the deflection of the material gradually changing to apermanent deflection;

» thedimensionsof the equipment support base must be much larger than the height
of the centre of gravity of the equipment, to minimise the risk of the equipment
swaying unstably when the base is supported by flexible vibration isolators (see
Figures 10.15);

» isolator selection procedure:

- determine lowest continuous forcing frequency of machine to be isolated;

- establish desiredisolation efficiency and then calcul ate required transmissibility;

- use the above transmissibility equation to determine X, which together with
lowest continuous forcing frequency may be used to calculate the required
resonance frequency for the isolator (as X=f/f,);

- use the static deflection equation with the required f, to calculate the required
static deflection of the isolator;

- knowing the weight supported by each isolator, refer to manufacturer's load
deflection data to select the most suitable isolator;

» Jlateral restraints (or snubbers) are available to prevent too much sideways
movement during machine start-up or during earthquakes,

® reduction of noiseresulting from fluid flow by:

providing machineswith adequate cooling fins so that noisy fans are no longer needed;
using centrifugal rather than propeller fans when fan use is unavoidable;

locating fansin smooth, undisturbed air flow (see Figure 10.16);

using curved fan blades designed to minimise turbulence (see Figures. 5.2 and 5.3 in
chapter 5)or useirregular spacing in fanswith straight blades asin traction motors (see
Figure 10.17);

using of large, low speed fans rather than smaller, faster ones;

minimising velocity of fluid flow and increase cross-section of fluid streams;
reducing the pressure drop across any one component in afluid flow system;
minimising fluid turbulence where possible (eg avoid obstructionsin the flow);
choosing quiet pumpsin hydraulic systems;

choosing quiet nozzles for compressed air systems (see Figures. 10.18(a) to (¢));
isolating pipes carrying the fluid from support structures, asin Figure 10.11;

using flexible connector sin pipe systemsto control energy travellinginthefluid aswell
asthe pipe wall (see Figure 10.19);

using flexible fabric sectionsin low pressure air ducts (near the noise source such asa
fan).
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Figure 10.10. Vibration isolation by separation (ASF, 1977).
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Figure 10.11. Reduction of vibration transmission from piping systems (ASF, 1977).
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Figure 10.12. Vibration isolation of a lift to minimise lift noise transmitted

throughout a building structure and then into occupied spaces (ASF, 1977).
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Figure 10.17. Centrifugal impeller with irregular spacing used in the self-ventilation of
traction motorsto reduce noise of straight blade fan (after Huebner, 1963).
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Figure 10.18(a). Useof a quiet air nozzlefor air blasting of equipment (ASF, 1977).
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Figure 10.18(b). Useof a quiet nozzle for steam or air venting (ASF, 1977)
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Figure 10.18(c). Commer cially available low noise nozzles (after HSE 1985) for the same
purpose asthenozzleof fig. 10.18(a), showing clockwisefrom left aspirated venturi nozzle,
multi-j et nozzle, coannular jet nozzle, geometry effect nozzle and coanda effect nozzle; the
most common and successful combination isthe combined Coannual-Coanda effect nozzle,

see also the compound nozzlein fig. 10.18(a).
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Figure 10.19. Reduction of vibration transmission along piping systems (ASF, 1977).
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10.4. CONTROL OF NOISE PROPAGATION (SeelSO 11690-2)

With regard to control of the noise during its propagation from the source to the receiver
(generaly the worker) some or all of the following actions need to be considered.

® Use of barriers (single walls), partial enclosures or full enclosure of the entire item of
equipment.

® Useof local enclosures for noisy components on a machine.

® Useof reactive or dissipative mufflers; the former for low frequency noise or small exhausts,
the latter for high frequencies or large diameter exhaust outlets.

e Useof lined ducts or lined plenum chambers for air handling systems

® Reverberation control - the addition of sound absorbing material to reverberant spaces to
reduce reflected noise fields. Note that care should be taken when deciding upon thisform
of noise control, as direct sound arriving at the receiver will not be affected. Experience
shows that it is extremely unusual to achieve noise reductions in excess of 3 or 4 dB(A)
using this form of control which can be exorbitantly expensive when large spaces or
factories are involved. In flat rooms the spatial sound distribution is of interest, see ISO
11690-1,-2.

® Active noise control, which involves suppression, reflection or absorption of the noise
radiated by an existing sound source by use of one or more secondary or control sources.

To understand how best to design the propagation path controls mentioned above, the
following concepts will be discussed: the determination of whether the problem arises from
airborne or structure-borne transmission of the energy; noise absorption, reflection and
reverberation; and transmission loss and isolation. This will be followed by a discussion of
some of the controls which can be designed and implemented.

10.4.1. Airbornevs structure-borne noise

Very often in existing installations it is relatively straightforward to track down the original
source(s) of the noise, but it can sometimes be difficult to determine how the noise propagates
fromitssourceto areceiver. A classic example of thistype of problem is associated with noise
on board ships. When excessive noise (usually associated with the ship's engines) is
experienced in a cabin close to the engine room (or in some cases far from the engine room), or
on the deck above the engine room, it is necessary to determine how the noise propagates from
the engine. If the problem is due to airborne noise passing through the deck or bulkheads, then
a solution may include one or more of the following: enclosing the engine, adding sound
absorbing materia to the engine room, increasing the sound transmission loss of the deck or
bulkhead by using double wall constructions or replacing the engine exhaust muffler.

On the other hand, if the noise problem is caused by the engine exciting the hull into
vibration through its mounts or through other rigid connections between the engine and the hull
(for example, bolting the muffler to the engine and hull), then an entirely different approach
would be required. In this latter case it would be the mechanically excited deck, hull and
bulkhead vibrations which would be responsible for the unwanted noise. The solution would be
to vibration isolate the engine (perhaps through a well constructed floating platform) or any
items such as mufflersfrom the surrounding structure. In some cases, standard engine vibration
Isolation mounts designed especially for a marine environment can be used.

As both types of control are expensive, it is important to determine conclusively and in
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advance the sound transmission path. The simplest way to do thisisto measure the noise levels
in octave frequency bands at a number of locationsin the engine room with the engine running,
and also at locations in the ship where the noise is excessive. Then the engine should be shut
down and aloudspeaker placed in the engine room and driven so that it produces noiselevelsin
the engine room sufficiently high that they are readily detected at the locations where noise
reduction is required.

Usually an octave band filter is used with the speaker so that only noise in the octave band
of interest at any one time is generated. This aids both in generating sufficient level and in
detection. The noise level data measured throughout the ship with just the loudspeaker
operating should be increased by the difference between the engine room level swith the speaker
as source and with the engine as source, to give corrected levels for comparison with levels
measured with the engine running. The most suitable noise input to the speaker is arecording
of the engine noise, but in some cases a white noise generator may be acceptable. If the
corrected noise levels in the spaces of concern with the speaker excited are substantially less
than those with the engine running, then it is clear that engine isolation is the first noise control
which should beimplemented. In this case, the best control that could be expected from engine
isolation would be the difference in noise level sin the space of concern with the speaker excited
and with the engine running.

If the corrected noise levelsin the spaces of concern with the speaker excited are similar to
those measured with the engine running, then acoustic noise transmission is the likely path,
although structure-borne noise may aso be important but at aslightly lower level. Inthiscase,
the treatment to minimise airborne noise should be undertaken and after treatment, the speaker
test should be repeated to determine if the treatment has been effective and to determine if
structure-borne noise has subsequently become the problem.

Another example of the importance of determining the noise transmission path is
demonstrated in the solution of an intense tonal noise in the cockpit of afighter airplane which
was thought to be due to a pump, as the frequency of the tone corresponded to a multiple of the
pump rotational speed. Much fruitless effort was expended to determine the sound transmission
path until it was shown that the source was the broadband aerodynamic noise at the air
conditioning outlet into the cockpit and the reason for the tonal quality was because the cockpit
responded modally. The frequency of strong cockpit resonance coincided with the multiple of
the rotational speed of the pump but was unrelated. In this case the obvious lack of any
reasonabl e transmission path led to an alternative hypothesis and a solution.

10.4.2. Isolation of noise and transmission loss

The noise generated by a source can be prevented from reaching a worker by means of an
obstacle to its propagation, conveniently located between the source and worker. This is the
concept of sound isolation. Although one would ideally like the obstacle to isolate the noise
completely, in practice, some of the noise always passes through it and the amount by which the
noise is reduced by the obstacle, in dB, is dependent on the noise reducing properties of the
material (its"transmission loss") and the acoustic properties of the room into which the noiseis
being transmitted. The transmission lossis defined as TL = 10 log,,t, where the transmission
coefficient, t, is defined as the ratio of transmitted to incident energy (on the obstacle). If the
receiving space isoutdoorsin a"free" field, the noise reduction is equal to the transmission loss
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(ignoring, for now the transmission of sound around the edges of the partition). If the receiving
space isindoors, the noise reduction is given by

NR = TL - 10Ioglo(%) )

where
A, 1S the surface area of the partition and
Sa isthe absorption of the receiving space

It can be seen from the preceding equation that the performance of the partition in reducing
noise levelsisimproved as the amount of absorption in the receiving room is increased.

Example: The sound pressure level on one side of a 3m x 5m wall is measured 95 dB in the
500 Hz octave band. If the transmission loss of the wall is 35 dB in this band and in the
receiving room Sx = 100 m?, what will be the sound pressure level in the receiving room?

NR - 35 - 10|oglo(%g’) - 35482 - 43208

Transmission loss through a partition depends on the type of materia of which it is made
and it variesasafunction of frequency. For usual industrial noise, the transmission lossthrough
a partition increases by about 6 dB for each doubling of its weight per unit of surface area.
Therefore, the best sound isolating materials are those which are compact, dense, and heavy.

The transmission loss achieved by a single isotropic partition can be estimated from its
weight per unit area, for each frequency, from the graph presented in Figure 10.20. The straight
portion of the curves is referred to as the "mass law" range because in this range the
transmission loss of the partition is proportional to its mass; that is, every doubling of the mass
per unit area of the partition resultsin a6 dB increase in transmission |oss.

The equation describing the transmission loss in the mass law range is given by:

TL = 20log,,(fm) -47  dB (3)

wheref isthe one third octave band centre frequency (Hz) and misthe mass per unit area of the
partition (kg/m?. The equation is only valid up to a maximum frequency of haf the critical
frequency, f., which is defined as the frequency at which the wavelength of sound wavesin air
is equal to the wavelength of the bending wavesin the partition and is given by,

f. = c?(1-v?)¥?/181c t (4)

where c isthe speed of sound in air (see chapter 1, equation (1)), t isthe partition thickness (m)
and ¢_isthe longitudinal wave speed in the panel given by ¢, = (E/p)"?, where E, p and v are
Y oung's modulus of elasticity, density and Poisson'sratio respectively for the partition material.
The lower frequency limit of validity of equation (3) is twice the lowest resonance frequency of
the partition which is usually well below the audio frequency range for most constructions used
for machine enclosures. Meansfor estimating the transmission loss of partitions at frequencies
outside of the mass law range are discussed in the literature (Bies and Hansen, 1996, Ch. 8).

The term "isotropic" refers to a panel with uniform stiffness and mass properties and does
not include ribbed or corrugated panelswhich arereferred to as"orthotropic”. Thetransmission
loss of these latter panels is much less than the corresponding value for an isotropic panel and
meansfor calculating the transmission loss of orthotropic panels are discussed in the specialised
literature (Bies and Hansen, 1996, Ch. 8).
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Figure10.20. Thetransmission loss(TL) of asinglewall isestimated from its weight per
unit area (or surface weight) and frequency of the incident sound, (ASF, 1977).

Openings, even small holes or cracks greatly limit the noise reduction characteristics of a
partition. The quantitative effect of openings and cracks in partitions is discussed in detail in
Bies and Hansen (1996, Ch. 8). Including windows and doors in noise reducing walls also can
have a large effect on the performance (Bies and Hansen, 1996, Ch. 8).

Noise reduction due to a partition can be substantially increased by constructing it as two
panels separated by an air gap containing sound absorbing material. Details of these
constructions and means for estimating their transmission loss are discussed in the literature
(Bies and Hansen, 1996, Ch. 8).

Whenever planning for the isolation of a noise source, its characteristics (in terms of noise
levels produced and frequency distribution) must be determined so that the appropriate material
and construction can be selected. Tables giving transmission loss of usual construction
materials and construction types as a function of frequency, may be found in the specialised
literature and standards.

10.4.3. Enclosures (SeelSO 15667, | SO 11546-1, -2)

Thefirst task to consider in the design of an acoustic enclosure of anoise sourceisto determine
the transmission paths from the source to the receiver and order them in relative importance.
For example, on close inspection it may transpire that, although the source of noise is readily
identified, the important acoustic radiation originates el sewhere, from structures mechanically
connected to the source. In this case structure-borne sound is more important than the airborne
component. In considering enclosures for noise control one must always guard against such a
possibility; if structure-borne sound is the problem, an enclosure to contain airborne sound can
be completely useless.

The wall of an enclosure may consist of several elements, each of which may be
characterised by a different transmission loss. For example, the wall may be constructed of
panels of different materials, it may include permanent openingsfor passing materials or cooling
air in and out of the enclosure, and it may include windows for inspection and doors for access.
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Each such element must be considered in turn in the design of an enclosure wall, and the
transmission loss of the wall determined as an overall area weighted average of al of the
elements.

For this calculation the following equation is used:

q
Z s 10—TLi/10
TL = -10log, ”q— ®)
S
i=1

where
S isthe surface area (one side only), and
TL, isthe transmission loss of the ith element.

Example: Calculate the overall transmission loss at 125 Hz of awall of total area 10 m?
constructed from a material which has atransmission loss of 30 dB, if thewall contains a
panel of area 3 m? of amaterial having atransmission loss of 10 dB .

The overall transmission loss is:

7x10° 30/10 + 3x 10710/10
10

The noise reduction (NR) due to an enclosure may be calculated in terms of the
transmission loss of the walls using the following equation.

NR =TL-C (6)

TL,, = 10log,, - 151 dB

where the quantity C is dependent on the enclosure internal conditions and may be estimated
using Table 10.1.

Door s to give access to the enclosed equipment are usually needed and it must be possible
to close them against rubber seals so that they are airtight. The transmission loss of both doors
and windows should be as close as possible to that of the enclosure walls so that the presence
of these items does not degrade the enclosure acoustic performance significantly. In the case of
windows, this usually means double glazing and good rubber seals.

Many enclosures require some form of ventilation asillustrated in Figure 10.21(a) and (b).
They may also require access for passing materials in and out. Such necessary permanent
openings must be treated with some form of silencing to avoid compromising the effectiveness
of the enclosure. In agood design, the acoustic performance of access silencing will match the
performance of the walls of the enclosure. Techniques developed for the control of sound
propagation in ducts may be employed for the design of silencers (seelater section on mufflers).
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Table 10.1. Values of constant C (dB) to account for enclosure internal acoustic
conditions.

Enclosure Octave band centre frequency (Hz)

internal

acoustic

conditions’ 63 | 125 | 250 | 500 | 1,000 | 2,000 | 4,000 | 8,000
live 18 | 16 15 14 12 13 15 16
fairly live 16 | 13 11 9 7 6 6 6
average 13 | 11 9 7 5 4 3 3
dead 11 | 9 6 5 3 2 1 1

"Use the following criteria to determine the appropriate acoustical conditions inside the
enclosure:
live: all enclosure surfaces and machine surfaces hard and rigid
fairly live: all surfaces generally hard but some panel construction (sheet metal or wood)
average: enclosure internal surfaces covered with sound-absorptive material, and machine
surfaces hard and rigid
dead: asfor "average", but machine surfaces mainly of panels
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Figure 10.21(a). Example of a ventilated gasturbine enclosure (ASF, 1977).
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If ventilation for heat removal is required but the heat load is not large, then natural ventilation
with silenced air inlets (usually ducts lined in the inside with fiberglass or rockwool) at low
levels close to the floor and silenced outlets at high levels, well above the floor, will be
adequate. |f forced ventilation is required to avoid excessive heating then the approximate
amount of air flow needed can be determined using the following equation.

pC,V = HI/AT

where
V isthe volume (m* s?) of airflow required,
H is the heat input (W) to the enclosure,

(")

AT is the temperature differential (°C) between the external ambient and the maximum

permissible internal temperature of the enclosure,
p isthe gas (air) density (kg m®), and

C, isthe specific heat of the gas (air) in Sl units (1,010 m*

s?°Ch.
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If afan isprovided for forced ventilation, the silencer will usually be placed external to the
fan so that noise generated by the fan will be attenuated aswell. When high volumes of air flow
are required, the noise of the fan should be considered very carefully, as this noise source is
quite often a cause of complaint. As fan noise generally increases with the fifth power of the
bladetip speed, large slowly rotating fans are alwaysto be preferred over small high-speed fans.

Any rigid connection between the machine and enclosure must be avoided. If at al possible,
all pipes and service ducts passing through the enclosure wall should have flexible sections to
act as vibration breaks; otherwise, the pipe or duct must pass through a clearance hole
surrounded by a packing of mineral wool closed by cover plates and mastic sealant.

It is usually advisable to mount the machine on vibration isolators, particularly if low-
frequency noiseisthe main problem. Thisensuresthat little energy istransmitted to the floor.
If thisis not done there is the possibility that the floor surrounding the enclosure will re-radiate
the energy into the surrounding space, or that the enclosure will be mechanically excited by the
vibrating floor and act as anoise source. Sometimesit isnot possible to mount the machine on
vibration isolators. In this case, excitation of the enclosure can be avoided by mounting the
enclosureitself on vibration isolators, while at the same time avoiding an air gap at the base of
the enclosure by using heavy rubber flaps. Note that great care is necessary, when designing
machinery vibration isolators, to ensure that the machinewill be stable and that its operation will
not be affected adversely. For example, if a machine must pass through a system resonance
when running up to speed, then "snubbers' (which are usually horizontally mounted flexible
elements) can be used to prevent excessive motion of the machine on its isolation mounts.

Two types of enclosure resonance are important and should be considered. The first is
mechanical resonance of the enclosure panels, while the second is acoustic resonance of the air
space between an enclosed machine and the enclosure walls. At the frequencies of these
resonances the noise reduction due to the enclosure is markedly reduced from that calculated
without regard to resonance effects.

The lowest order enclosure panel resonance is associated with a large loss in enclosure
effectiveness at the resonance frequency. Thus the enclosure should be designed so that the
resonance frequencies of its constituent panels are not in the frequency range in which
appreciable sound attenuation isrequired. Only thelowest order, first few, panel resonancesare
of concern here. The panels may be designed such that their resonance frequencies are higher
than or lower than the frequency range in which appreciable sound attenuation is required.
Additionally, the panels should be well damped or "dead" which generally requires treatment
with some form of visco-elastic damping material.

If the sound source radiates predominantly high-frequency noise, then an enclosure with low
resonance frequency panelsisrecommended, implying amassive enclosure. On the other hand,
if the sound radiation is predominantly low frequency in nature then an enclosure with a high
resonance frequency is desirable, implying a stiff but not massive enclosure.

The resonance frequency of a panel may be increased by using stiffening ribs, but the
increase that may be achieved is generally quite limited. For stiff enclosures with high
resonance frequencies, materials with large values of Y oung's modulus to density ratio, E/p are
chosen for wall construction, and for massive enclosures with small resonance frequencies,
small values of E/p are chosen. In practice, stiff enclosureswill generally be restricted to small
enclosures.

If amachineis enclosed, reverberant build-up of the sound energy within the enclosure will
occur unless adequate sound absorption is provided. The effect will be an increase of
soundpressure at the inner walls of the enclosure over that which would result from the direct
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field of the source. A degradation of the noise reduction expected of the enclosure isimplied.

In close-fitting enclosures, noise reduction may be degraded by yet another resonance effect.
At frequencieswhere the average air spacing between avibrating machine surface and enclosure
wall isan integral multiple of half wavelengths of sound, strong coupling will occur between the
vibrating machine surface and the enclosure wall, resulting in a marked decrease in the
enclosure wall transmission |oss.

The effect of inadequate absorption in enclosuresis very noticeable. Table 10.2 shows the
reduction in performance of an ideal enclosure with varying degrees of internal sound
absorption. The sound power of the source isassumed constant and unaffected by the enclosure.
"Percent” refers to the fraction of internal surface areawhich istreated.

Table 10.2. Enclosure interior noise increase as a function of percentage of internal
surface covered with sound-absor ptive material (referenced to 100% coverage).

Percent sound absorbent 10 20 | 30 | 50 | 70

interior noise increase (dB) 10 7 5 3 15

For best results, the internal surfaces of an enclosure are usually lined with glass or mineral
fibre or open-cell polyurethane foam blanket. Typical values of absorption coefficients are
givenin Table 10.3.

Since the absorption coefficient of absorbent lining is generally highest at high frequencies,
the high-frequency components of any noise will suffer the highest attenuation. Some
improvement in low-frequency absorption can be achieved by using a thick layer of lining.
However the liner should, in many cases, be protected from contamination with oil or water, to
prevent its acoustical absorption properties from being impaired. This may be done by
enclosing the liner in a polyethylene bag, about 20 um thick. If mechanical protection is aso
required, then a perforated metal sheet of at |east 25% open area may be added, provided that it
does not contact the polyethylene bag lining. This latter condition can be achieved by placing
an open wire mesh between the polyethylene and perforated metal. If this is not done, the
performance of the sound absorbing material will be severely degraded.

The cost of acoustic enclosures of any type is proportional to size; therefore there is an
economic incentiveto keep enclosures assmall aspossible. Thus, because of cost or limitations
of space, aclose-fitting enclosure may befitted directly to the machine which isto be quietened,
or fixed independently of it but so that the enclosure internal surfaces are within, say, 0.5 m of
major machine surfaces.

When an enclosure is close-fitting, the panel resonance frequencies will be somewhat
increased due to the stiffening of the panel by the enclosed air volume. Thus an enclosure
designed to be massive with alow resonance frequency may not perform as well as expected
whenitisclosefitting. Furthermore, system resonances will occur at higher frequencies; some
of these modes of vibration will be good radiators of sound, producing low noise reductions, and
some will be poor radiators, little affecting the noise reduction. The magnitude of the decrease
in noise reduction caused by these resonances may be controlled to some extent by increasing
the mechanical damping of thewall. Thus, if low-frequency sound (less than 200 Hz) isto be
attenuated, the close-fitting enclosure should be stiff and well damped, but if high-frequency
sound is to be attenuated the enclosure should be heavy and highly absorptive but not stiff.
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Doubling of the volume of asmall enclosurewill normally lead to an increase in noise reduction
of 3 dB at low frequencies, so that it is not desirable to closely surround a source, such as a
vibrating machine, if agreater volumeis possible.

Generally, if sufficient spaceisleft within the enclosure for normal maintenance on al sides
of the machine, the enclosure need not be regarded as close-fitting. If, however, such space
cannot be made available, it isusually necessary to upgrade the transmission loss of an enclosure
by up to 10 dB at low frequencies (less at high frequencies), to compensate for the expected
degradation in performance of the enclosure due to resonances.

In many situations where easy and continuous access to parts of a machine is necessary, a
compl ete enclosure may not be possible, and a partial enclosure must be considered (Alfredson
& Seow, 1976). However, the noise reductions that can be expected at specific locations from
partial enclosures are difficult to estimate and will depend upon the particular geometry. An
example of a partial enclosure is shown in Figure 10.22. Estimates of the sound power
reduction to be expected from various degrees of partial enclosure are presented in Figure 10.23.

Figure 10.23 showsfairly clearly that the enclosure walls should have atransmission |oss of
about 20 dB, and the most sound power reduction that can be achieved is about 10 dB.
However, noise levels may in some cases be more greatly reduced, especially in areas
immediately behind solid parts of the enclosure.

Some other practical considerations which should be taken into account are:

e who and what needs to be in the enclosure during operation of the noisy equipment

(personnel should be excluded if possible);

e number and location of doors and windows (minimum possible);

e method of door closure (manual, automatic) and type of latch to ensure atight seal around
the door perimeter;

® automatic machine stop when doors are not closed properly;

® ease of cleaning inside the enclosure;

® ease of maintenance of enclosure and enclosed equipment;

® resistance of sound absorbing material to oil, dust, water or other chemicals; and

® attractiveness of finished enclosure

In many instances where there are alarge number of noise sources and afew personnel in one or
two localised areas, it may be preferable to enclose the people rather than the machines. Inthis
case, many of the enclosure design principles outlined above still apply and the enclosure
performance can be calculated using equation (6).
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Figure 10.22. Example of a partial enclosure (ASF, 1977)
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Figure 10.23. Estimate of sound power reduction duetoa
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10.4.4. Acoustic barriers (SeelSO 11821)

Since detailed information on the calculation of the Insertion Loss of a single barrier (indoors
and outdoors) is available in the literature (Bies and Hansen 1996, 1SO 9613-2, ISO 10847,
SO 11821) this clause is concerned with the basic rules for the use of indoor barriers.

Barriers are placed between a noise source and areceiver as a means of reducing the direct
sound observed by the receiver. In rooms, barriers suitably treated with sound-absorbing
material may also slightly attenuate reverberant sound field level sby increasing the overall room
absorption.

Barriers are a form of partial enclosure usually intended to reduce the direct sound field
radiated in one direction only. For non-porous barriers having sufficient surface density, the
sound reaching the receiver will be entirely due to diffraction around the barrier boundaries.

Now we will consider the effect of placing a barrier in aroom where the reverberant sound
field and reflections from other surfaces cannot be ignored.

In estimating the Insertion Loss of a barrier installed in a large room the following
assumptions are implicit:

(1) Thetransmission loss of the barrier material is sufficiently large that transmission through
the barrier can beignored. A transmission loss of 20 dB is recommended.

(2) The sound power radiated by the source is not affected by insertion of the barrier.

(3) The receiver is in the shadow zone of the barrier; that is, there is no direct line of sight
between source and receiver.

(4) Interference effects between waves diffracted around the side of the barrier, waves diffracted
over the top of the barrier and reflected waves are negligible. This implies octave band
analysis.

Barriers are ineffective in a highly reverberant environment. The performance of an indoor

barrier is aways improved by hanging absorptive baffles from the ceiling or by placing sound
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Sound Screen Sound Screen
source source

Figure 10.24. Use of a barrier indoors (ASF, 1977)
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When multiple barriers exist, as in an open-plan office, experimental work (West & Parkin,
1978) has shown the following statements to be true in a general sense (test screens were 1.52
m high by 1.37 m wide):

(1) No difference in attenuation is obtained when a 300 mm gap is permitted between the base
of the screen and the floor.

(2) When a number of screens interrupt the line of sight between source and receiver, an
additional attenuation of up to 8 dB(A) over that for a single screen can be realised.

(3) Large numbers of screensremovewall reflections and thus increase the attenuation of sound
with distance from the source.

(4) For a receiver immediately behind a screen, a local shadow effect results in large
attenuation, even for a source a large distance away. This is in addition to the effect
mentioned in (2) above.

(5) For a screen less than 1 m from a source, floor treatment has no effect on the screen's
attenuation.

(6) A maximum improvement in attenuation of 4-7 dB as frequency isincreased from 250 to 2
kHz can be achieved by ceiling treatment. However, under most conditions, this greater
attenuation can only be achieved at the higher frequencies.

(7) Furnishing conditions are additive; that is, the attenuations measured under two different
furnishing conditions are additive when the two furnishing conditions coexist.

10.4.5. Mufflersand lined ducts (See SO 14163, 1 SO 11820)

Muffling devices are commonly used to reduce noise associated with internal combustion engine
exhausts, high pressure gas or steam vents, compressors and fans. These examples lead to the
conclusion that a muffling device allows the passage of fluid while at the same time restricting
the free passage of sound. Muffling devices might also be used where direct access to the
interior of a noise containing enclosure is required, but through which no steady flow of gasis
necessarily to be maintained. For example, an acoustically treated entry way between anoisy and
aquiet areain a building or factory might be considered as a muffling device.

Muffling devices may function in any one or any combination of three ways: they may
suppress the generation of noise; they may attenuate noise already generated; and they may carry
or redirect noise away from sensitive areas. Careful use of all three methods for achieving
adeqguate noise reduction can be very important in the design of muffling devices, for example,
for large volume exhausts.

Two terms, insertion loss, IL, and transmission loss, TL, are commonly used to describe the
effectiveness of amuffling system. Theinsertion loss of amuffler isdefined asthereduction (in
decibels) in sound power transmitted through a duct compared to that transmitted with no
muffler in place. Provided that the duct outlet remains at a fixed point in space, the insertion
loss will be equal to the noise reduction which would be expected at a reference point externa
to the duct outlet asaresult of installing the muffler. The transmission loss of amuffler, on the
other hand, is defined as the difference (in decibels) between the sound power incident at the
entry to the muffler to that transmitted by the muffler.

Muffling devices make use of one or the other or a combination of the two effects in their
design. Either sound propagation may be prevented (or strongly reduced) by reflection
(generaly asthe result of using orifices and expansion chambers), or sound may be dissipated,
generally by the use of sound absorbing material. Muffling devices based upon reflection are
called reactive devices and those based upon dissipation are called dissipative devices. A duct
lined with sound absorbing material on itswallsis one form of dissipative muffler.
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A type of combined reactive/dissipative muffler is a plenum chamber which is a large
volume chamber which connects two ducts. The interior of the chamber is lined with sound
absorbing material, and thus part of the high frequency sound energy which enters the chamber
Is absorbed due to multiple reflections within the unit, while the low frequency energy is
reflected or suppressed because of the sudden expansion and contraction in effective duct cross-
sectional area as a result of the presence of the chamber. An example of areactive muffler is
shown in Figure 10.25, dissipative mufflers are shown in Figures 10.26(a)-(d), and a combined
reactive / dissipative muffler is shown in Figure 10.27.

Three stage reactive
attenuator for a large
diesel engine

Figure 10.25. Aninternal combustion enginereactive muffler (ASF, 1977).
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Figure 10.26(a). Examples of general dissipative mufflers (ASF, 1977).

Figure 10.26(b). Circular silencer. (1) perforated, galvanized steel; (2) fiberglass or
mineral wool acoustic fill; (3) steel casing; (4) low turbulence air passages.
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Figure 10.26(c). Parallel baffle rectangular silencer. (1) perforated, galvanized sted;
(2) fiberglass or mineral wool fill; (3) sheet metal casing; (4) streamline inlet (Bell,
1982).

Silencer
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Figure 10.26(d). Electric motor with dissipative muffler (Bell, 1982).
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Figure 10.27. An example of a combined reactive/dissipative muffler

The performance of reactive devices is dependent upon the impedances of the source and
termination (outlet). Ingeneral, areactive devicewill strongly affect the generation of sound at
the source. This has the effect that the transmission loss and insertion loss of reactive devices
may be very different. Asinsertionlossisthe quantity related to noise reduction, it should be
used here to describe the performance of reactive muffling devicesin preference to transmission
loss which unfortunately is commonly used. Insertion Loss values for reactive mufflers vary
depending on the design, but are generally in the range of 10 to 30 dB over severa octaves.

The performance of dissipative devices, on the other hand, by the very nature of the mode of
operation, tendsto be independent of the effects of source and termination impedance. Provided
that the transmission loss of a dissipative muffler is at least 5 dB it may be assumed that the
insertion loss and the transmission loss are the same. This assertion is justified by the
observation that any sound reflected back to the source through the muffler will be reduced by
at least 10 dB and is thus small and generally negligible compared to the sound introduced.
Consequently, the effect of the termination impedance upon the source must also be small and
negligible. The Insertion Loss of dissipative silencer increases with the length and varies with
the design of the silencer. It can range from 5 dB at low frequencies to 50 dB at high
frequencies in typical installations. It is aways best to consult manufacturer's data and to
remember that larger Insertion Losses usually trand ate to large pressure drops imposed on any
gas flowing through the muffler.
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It is possible to design both reactive and dissipative mufflers to achieve desired noise
reductions in specific applications and procedures for doing this are outlined by Bies and
Hansen (1996, Ch. 9), where the design of sound reducing plenum chambersis also discussed.
The procedures are relatively complex and are not discussed here.

The greater the sound attenuating performance of amuffler, the greater will be the pressure
drop any gas flowing through it will experience. This pressure drop can be extremely important
in some applications and must be considered in any design. In dissipative mufflers containing
sound absorbing material, care must be taken to ensure that the material is not eroded by gas
flowing through the muffler. In many cases, a thin plastic skin sprayed on to the face of the
material is sufficient, but where relatively high speed flows exist, a higher level of protection
may be necessary. Thisusually takestheform of alightweight imperviouslayer (of about 10-20
grams per square metre) against the sound absorbing material and a perforated metal sheet
between the impervious material and the duct airway, asillustrated in Figure 10.28.

Figure 10.28. Protective facings for duct liners. The
elements of the liner are: A, 20 gauge (=1mm)
perforated facing, minimum 25% open area; B, wire

mesh spacer, minimum mesh size 12mm, wirediameter B
minimum 1mm; C, light plastic sheet or fibreglasscloth A l
or fine mesh metal screen; D, fibrous material of \
specified flow resistance, or unbonded but contained, >
as in a light plastic bag; E, rigid wall or air cavity qyct E:
backing. Maximum flow speeds up to 8 m s* do not inner——2
require A or C. Speedsup to 10 m s'requirethat the \wall I
fibrous material of C be coated or replaced with :-
plastic. Speedsup to 25 m s' require B and C, while o
speeds up to 90 m s* require A, B, C and D. Higher s

speeds are not recommended. The gap between A and
C is ensured by using an open steel mesh spacer, B,
(e.9. 2mm wire on 20 mm centres).

10.4.6. Sound absor ption and reflection

Sound absorption is the phenomenon by which sound is absorbed by transformation of acoustic
energy into ultimately thermal energy (heat). Although some absorption always happens when
asound wave encounters an obstacle, it happensin an appreciable manner when the sound wave
isincident on a sound absorbing material.

Sound absorbing materials are fibrous, lightweight and porous, possessing a cellular
structure of intercommunicating spaces. It iswithin these interconnected open cellsthat acoustic
energy is converted into thermal energy. Thus the sound-absorbing materia is a dissipative
structure which acts as a transducer to convert acoustic energy into thermal energy. The actual
loss mechanisms in the energy transfer are viscous flow losses caused by wave propagation in
the material and internal frictiona losses caused by motion of the materia's fibres. The
absorption characteristics of amaterial are dependent upon its thickness, density, porosity, flow
resistance, fibre orientation, and the like.

Common porous absorption materials are made from vegetable, mineral or ceramic fibres
(the latter for high temperature applications) and elastomeric foams, and come in various
forms.The materials may be prefabricated units, such as glass blankets, fibreboards, or lay-in
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tiles; the material may also be sprayed or trowelled on the surface; or it may be afoam or open-
cell plastic. Each type of material hasitsinherent advantages and disadvantages, and quite often
the particular application dictates which form of absorbent material to use. For example, the
aesthetics of the environment often prove to be the factor that governsthe choice of material. In
addition to the acoustical efficiency of the material, one must also consider its cost, installation,
maintenance, and resistance to wear and environmental factors.

If fibrous materials such asfibreglass and mineral wool are used it isimportant to ensure that
other health problems arising from human contact with the fibres are avoided. This often means
that the material should be enclosed in athin plastic bag. If the plastic bag is sufficiently thin
(20 um thick polyethylene), the acoustic properties of the acoustic material will be unaffected.
As the material is made heavier, the high frequency absorption ability of the materia will be
degraded, athough there will be some improvement at low frequencies. Some manufacturers
supply fibrous material which has been sprayed on the surface with a plastic or resin coating
which may take the place of the plastic containment bag.

Often there is also a need for mechanical protection to ensure that the thin plastic
containment bag remains undamaged. The usual form of protection isathin sheet of perforated
metal or wood. To ensure no effect on the acoustic properties of the material being protected,
the perforated sheet should have aratio of open area (holes) to solid area of greater than 25%.
Open area ratios less than this will result in reduced sound absorption at high frequencies,
although the absorption at low frequencies will be increased alittle.

An important mistake often made in the installation of acoustic materials is to place the
perforated sheet in contact with the plastic bag protection. Thiscausesavery severe degradation
in performance of the acoustic material and must always be avoided. The simplest way of
avoiding the problem is to insert a spacer (usually thin wire mesh with holes at least 15mmin
size) between the plastic bag and the perforated sheet (see Figure 10.28).

Acoustic absorbing materials can be rated by their sound absorption coefficients which are
frequency dependent and defined as the fraction of incident energy which is absorbed when the
incident sound field isdiffuse. Thisisdiscussed in detail in the specialised literature (NIOSH,
1980; AIHA, 1975; Beranek, 1971; Beranek and Ver, 1992; Bies and Hansen, 1996) and data
are usually provided by manufacturers of special acoustic materials. Because different materias
have different absorption coefficientsfor different frequencies, afrequency analysis of the noise
to be controlled should be made so that the most suitable materials can be selected.

Table 10.3 presents examples; however, it is aways preferable to consult manufacturer's
data when using absorptive materials to control reverberant sound fields. Note that the
absorption coefficientslisted in Table 10.3 are " Sabine" absorption coefficients as distinct from
"statistical" absorption coefficients. The difference liesin the way in which the coefficients are
measured. "Sabine" absorption coefficients are measured in a reverberation room, while
"statistical" absorption coefficients are calculated from the normal incidence absorption
coefficient measured in an impedance tube. Because of inaccuraciesin the inherent assumptions
involved in the measurement of "Sabine" absorption coefficients, values greater than the
theoretical maximum of unity are often obtained. When using these values in practice, better
sound prediction results are obtained if they are rounded down to one. On the other hand,
"statistical" absorption coefficients are never greater than 0.94. For the purposes of predicting
the effect of sound absorbing treatment on noise levels in an industrial space, it is probably
better to use the "Sabine" absorption coefficient, and asit is always larger than the "statistical”
absorption coefficient, it is the one usually quoted by manufacturers of sound absorbing
materials. Further details on the measurement and use of absorption coefficients may be
obtained from Bies and Hansen (1996, Ch. 7 and App. 3).
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Table 10.3. Examples of Sabine absor ption coefficients of general building materials
(Collected from the published literature and manufacturer's data)

Octave-band centrefrequency (Hz)

125 250 500 | 1000 | 2000 | 4000

Brick, unglazed 0.03 | 0.03 0.03 0.04 | 0.05 | 0.07
Brick, unglazed, painted 001 | 001 | 002 [ 002 [ 0.02 | 0.03
Carpet on foam rubber 008 | 023 | 057 | 069 | 0712 | 0.73
Carpet on concrete 0.02 0.06 0.14 | 0.37 0.60 | 0.65
Concrete block, coarse 036 | 044 [ 031 | 029 | 039 | 0.25
Concrete block, painted 0.10 [ 0.05 | 0.06 | 0.07 0.09 | 0.08
Floors, concrete or terrazzo 001 | 001 | 0.015| 002 | 0.02 | 0.02
Floors, resilient flooring on concrete | 0.02 | 0.03 | 003 |0.03 |0.03 | 0.02
Floors, hardwood 0.15 0.11 0.10 0.07 0.06 | 0.07
Glass, heavy plate 018 | 006 | 004 [ 003 [ 002 | 0.02
Glass, standard window 035 | 025 | 018 | 0.12 | 0.07 | 0.04
Gypsum board 1/2 in. 0.29 0.10 0.05 0.04 | 0.07 | 0.09
Panels, fibreglass, 1.5in. 0.86 | 091 0.80 0.89 0.62 | 047

Panels, perforated metal, 4 in. thick 070 [ 099 | 099 | 099 | 094 | 0.83

Panels, perforated metal with fibre-
glassinsulation 4 in. thick 0.21 087 | 152 | 137 | 1.34 | 122

Panels, perforated metal with
minera fibreinsulation, 4 in. thick 0.89 1.20 1.16 1.09 1.01 1.03

Panels, plywood, 3/8in. 028 [ 022 | 017 | 0.09 | 010 | 011
Plaster, gypsum or lime,

rough finish on lath 002 | 003 | 004 | 005 | 004 | 0.03
Plaster, gypsum or lime,

smooth finish on lath 002 [ 002 | 003 | 0.04 | 0.04 | 0.03
Polyurethane foam, 1 in. thick 016 | 025 | 045 | 084 | 097 | 0.87
Tile, ceiling mineral fibre 018 | 045 | 081 | 097 | 093 | 0.82
Tile, marble or glazed 001 ( 001 | 001 | 001 | 0.02 | 0.02

Wood, solid, 2 in. thick 001 | 005 | 005 | 004 | 0.04 | 0.04
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One of the indices used to describe a sound-absorbing material is the noise-reduction
coefficient (NRC). This is defined to be the arithmetic average of the material's sound
absorption coefficients at 250, 500, 1000, and 2000 Hz:

o250 + 500 + o 1000 + o 2000
4

Assuch, the NRC isan index of the sound-absorbing efficiency of the material. Absorbing
materials by their very nature are effective at reducing reflected sound fields but have little effect
on noise transmitted through them, except at very high frequencies.

It should be kept in mind that walls covered with sound absorbing materials do not have the
ability to reduce noise from a source. The maximum effect possible in covering walls with
absorbing materialsis to avoid reflected noise (which at best is equivalent to having no walls),
and this measure therefore has little effect when the operator is close to the source or when
reflected noise is not an important component of the total noise to which workers are exposed.

In practice, the importance of the reflected noise component can be estimated by measuring
noise levels close to the source and then by making successive measurements at increasing
distances. If the level does not appreciably drop, the reflected noise component isimportant; if
the noise level drops appreciably with distance, then it is not efficient to recover walls with
sound absorbing material. In the absence of any reflecting surfaces, the noise level should drop
by 6 dB for each doubling of the distance from the noise source.

NRC =

10.4.7. Reverberation

When sound reflects within boundaries, it "accumulates® as a result of the addition of the
reflected sound to the original sound. Sound may continue even after the original source stops-
thisiscaled "reverberation”.

Thus a reverberant field is one which is characterised by sound which has been reflected
from at least one surface in a particular room or enclosure. When the enclosure boundaries are
hard and reflective, the reverberant field can easily dominate the sound arriving directly (without
reflection) from a particular sound source and this will become increasingly likely as the
distance from the sound source is increased. The reduction of noise with distance from the
sourcein areverberant field isillustrated in Figure 10.29 (with distance, r in metres) for varying
degrees of reverberation characterised in terms of a "room constant” which is a measure of the
sound absorbing characteristics of aroom and is expressed by the following equation:

R - aS/(1-a) ©)

the total area of the boundaries of the room (m?)

the average absorption coefficient of the surfaces of the room at a given

frequency. At high frequencies, absorption due to the air in the room

must al so beincluded in the calculation (see Bies & Hansen, Ch. 7, 1996).
In practice, al boundaries do not have the same acoustical absorption characteristics and

the average absorption coefficient o for i surfaces must be computed using

o = Sol/S
where: g H 9)

o; = the absorption coefficient of surfacei and
S = the area of surface i in the room (with corresponding coefficient o).

where:
S
o
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Figure 10.29. Sound attenuation in areverberant field

The product Se is called the absorption of the room and has the units m2. The units are
sometimes called sabines (m?).

In a reverberant field (which exists in most indoor situations), the mean square sound
pressure at a given point is the sum of the mean sgquare sound pressures of the direct sound
waves and of all reflected sound waves. At adistancer from the source, the mean sgquare sound
pressure squared can be mathematically expressed by the following simplified equation (note
that the equation is approximate only and more accurate analyses of factory noise can be made
using finite element or boundary element analyses):

2 - wpe| -2, 4
o 24]
where:
= thedirectivity factor of the source towards the measuring point (see Ch. 1)
r = distance from the source (in meters)
= room constant
p = density of air (1.21 kg/m®)
c= gpeedof soundin air (343 m/sat 20°C).

The preceding expression can be written approximately (to within 0.2 dB), in terms of
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levels, asfollows:

4
L =L, + 10lo Q. +— 11

Thisrelation is shown graphically in Figure 10.29. Thisgraph alowsthe determination of
attenuation in sound pressure level, with increasing distance from the source (in meters). There
are different curves for different room constants, R.

In the case of aroom for which the length width and height dimensions are not different by
more than afactor of 10, the relative strength of the reverberant sound field may be compared
with the direct field produced by amachine at a particular location by comparing the direct and
reverberant field terms (the bracketed quantities of equation (11)); that is, 4/R and Q/4wr? When
these two terms are equal, the direct and reverberant sound fields are equal (see Chapter 1,
section 1.1.1 for definitions of direct and reverberant fields. The case of flat rooms or long
roomsisalittle different and is discussed in detail in Bies and Hansen (1996, Ch. 7).and is part
of 1SO 11690. Besides the reverberation time in this standard other parameters are defined and
related to the spatial sound distribution curve which can be determined and verified with
affordable means (1SO 14257). Some national legal provisions require acoustic quality of
workrooms specified by parameters given by 1SO 11690-1,-2 and -3.The prescribed values are
related to the typical values of 1SO 11690-2.

Example (approximately cubic room):

Consider a room 10 meters long, 8 meters wide and 4 meters high, which has a ceiling
covered with amaterial having an absorption coefficient of 0.7, whileit is 0.2 and 0.05 for
the floor and the walls respectively (at 500 Hz).

The products S« for ceiling, floor and walls are then respectively 56, 16 and 7 m?. The

equivalent absorption area A isthe sum of these three quantitiesand isequal to 79 m?. The

total room surface areais 2(10x8 + 10x4 + 8x4) = 304 m?. Using equation (9) then gives
the average absorption coefficient «=0.26. Equation (8) then givesthe room constant R =

107 m?  If the sound power level of a source is 100 dB and the source is placed on a

reflecting surface (Q = 2), use of equation (11) gives the sound pressure level, L, at 3

meters from the source in that room as 87.5 dB. Infreefield, Rin equation (11) isequal to

infinity, Q is equal to 1 and equation (11) gives L, = 82.5 dB. In the purely reverberant

field, r in equation (11) is sufficiently large that the first term in brackets of equation (11)

can be ignored with the result that L, = 86 dB.

The calculation of the room constant, R, in real occupational situations, is usually not very
accurate, particularly in the industrial environment, as the absorption of the machines, pipes,
etc., isalmost impossible to take into account. However, it can be measured by measuring the
reverberation time, T, of the indoor work area.

Reverberation time is the time (in seconds) required for the sound pressure level in an
enclosed space to decay by 60 dB when the sound source is switched off. It is related to the
Sabine absorption coefficient as follows:

55.25V
Sca

60 (12)
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where:

V isthe room volumein m?

Sisthe surface area of all surfaces and objects in the room.

If it is too difficult to estimate S, then the room constant is often approximated by
substituting R for Sa in the above equation.

c=speed of sound in air as given for equation (10)

NOTE: The eguation T60 = 0.163 V/A with A=Sa as given in SO 11690-2, Annex F, is
accurate to within 2% for temperatures between 15 and 25 °C.

If the reverberant sound field dominates the direct field, then the sound pressure level
will decrease if absorption is added to the room or factory. The decrease in reverberant sound
pressure level AL, to be expected for a particular increase in sound absorption expressed in
terms of the room constant R (see equation (11)) may be calculated by using equation (11) with
thedirect field term set equal to zero. The following equation is obtained where R, isthe initial
room constant and R; is the room constant after the addition of sound absorbing materials.

R

AL, = 10log,, E] (13)

It can be seen from the preceding equation that if the original room constant R islarge
then the amount of additional absorption to be added must be very largesothat R » R and 4L,

issignificant and worth the expense of the additional absorbent. Clearly it ismore beneficial to
treat hard surfaces such as concrete floors which have small Sabine absorption coefficients,
because this will have greatest effect on the room constant.

Remember that when cal culating the increase in room constant due to fixing absorbing
material to an existing surface, the differencein absorption coefficient between the existing and
new surface should be used together with equations (8) and (9). In many cases best results are
obtained by increasing the room constant by hanging sound absorbing panels from the ceiling.

It is highly undesirable to use hard reflective materials as boundaries for a space where
there are noise sources and occupants. In fact, even if there are no occupants, it may not be
desirable to let such noise build up as this will increase the noise which escapes through the
enclosing walls. So, even if noiseis "closed in", there is interest in decreasing it. In fact, it
should be kept in mind that even if isolation is used, reduction at the source should not be
overlooked.

The same concept applies to the isolation of a noisy areainside aworkplace, in which
case workers must wear ear protection as part of a hearing conservation program. In this case,
it is particularly important to treat the insides of the isolating walls with sound absorbing
materials (see below) to avoid or reduce the reflected noise component which would add to the
exposure of the workers inside the area.
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10.4.8. Active noise control

Active control of noiseisthe process of reducing existing noise by the introduction of additional
noise by means of one or more secondary (or control) noise sources. The introduced noise may
achieve the required noise reduction by way of any one or combination of three different
physical mechanisms.

One mechanism which is often used to describe the active control of noise in the popular
pressisthat of sound field cancellation; that is, theintroduced control sound is anti-phaseto the
original sound and cancellation results. This mechanism characterises cases where noise
reduction is achieved in small local areas surrounding a control source; however, local areas of
cancellation are always balanced by other areas of reinforcement where the sound level is
increased. This type of control mechanism, which may be called "local cancellation"”,
characterisesthe processinvolved in the control of noise around apassenger's head in an aircraft
or motor vehicle using aloudspeaker embedded in the head rest of the seat or by use of a headset
or earmuff containing aloudspeaker.

A second mechanism, which will be called suppression of sound generation, ispossible and
may be understood on the basis of the following considerations. If it were possible to make the
entire control sound field (or aimost al of it) 180° out of phasewith the origina (primary) field,
then the sound radiated by the primary source would be effectively "cancelled" leaving one to
wonder where all the energy had gone. The answer isthat in this case, the control mechanismis
not really cancellation; the sound field generated by the control sources has effectively
"unloaded" the primary source, changing its radiation impedance so that it radiates much less
sound (even though the motion of the physical source such as a vibrating surface may remain
unchanged). In this case, the control sources act to suppress the sound power radiated by the
primary source by making its radiation impedance reactive with only anegligible real part.

To achieve effective suppression of the primary source output by presenting a purely
reactive impedanceto it, the control sources must be large enough and located such that they are
capable of presenting the required impedance to the primary source. In one dimensiona wave
guides, such as air conditioning ducts, these constraints are relatively easy to satisfy and the
distance between the control and primary sourcesis not too important. However, in 3-D space,
the control source in general will need to be close to the primary source to affect its radiation
impedance significantly. It will also need to be of similar size with a similar volume velocity
output.

A third mechanism of active noise control is that of absorption by the control sources. In
this case, the primary sound field energy is used to assist in driving the control source (for
example the speaker cone if the control source is a loudspeaker). However, the acoustical
efficiency of loudspeakers and other artificial noise generatorsis so poor, that electrical energy
is still needed to drive the source with sufficient amplitude and at the correct phase to enable it
to absorb energy from the sound field. Except for plane wave sound propagation in ducts, this
mechanism is likely to result only in areas of reduced noise close to the control source.

Feedforward and feedback control are the two main approaches which have been used in
the past for active noise control. A feedforward controller requires a measure of the incoming
disturbance sufficiently far ahead in time that it can be used to generate the required control
signal for the control source. Thistype of control isideal for periodic noise or for random noise
propagating in ducts. An example of such asystemisillustrated in Figure 10.30. Note that for
the controller to remain stable, a measure of the cancellation path electroacoustic transfer
function (from loudspeaker input to microphone output) is necessary. Thisistypically done on-
line using low level random noise asillustrated in Figure 10.30.
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Figure 10.30(a).
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attenuate noise propagation along a duct (after Eriksson and Allie, 1989).
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Figure 10.30(b). Attenuation of the feedforward systemof figure
10.30(a) achieved for broadband sound (after Eriksson and Allie,
1989).
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Practical implementation of the system is much more complex than shown in the figure
because allowance must be made for quantisation errors associated with the digital nature of the
controller and the electro-acoustic delay between the controller signal input to the control
sourceand the signal output from the error microphone. This is discussed in more detail in
specialist books on the subject (Nelson and Elliott, 1992; Hansen and Snyder, 1996).
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Feedforward controllers generally use a digital filter to act as an inverse model of the
system to be controlled, with the measure of the incoming disturbance being passed through the
digital filter and then to the control source. Practical systems are adaptive so that they can cope
with changes over time of physical parameters such as temperature, speed of sound, and
transducer contamination. Adaptation is achieved by using an error sensor, which detects the
residual sound field after control, to provide a signal to a control agorithm which adjusts the
weights of the digital filter.

When sound propagating in ductsisto be attenuated, the elements of the active system are
usually sufficiently small to be mounted in the duct wall, thus minimising air flow pressure
losses. Disadvantages of active attenuators are associated with their cost (although this is
rapidly decreasing), the need for regular maintenance (speaker replacement every three to five
years) the requirement for custom installation and testing by experts, the reduction in
performance at mid to high frequencies and arequirement for a separation between the reference
microphone and control loudspeaker of a minimum of 1m at 150 Hz to 10m at 20Hz.

A feedback controller requires no knowledge of the incoming disturbance and acts to
change the system response by changing the system resonance frequencies and damping. To be
effective, relatively high gains in the feedback loop are necessary which makes this type of
controller prone to instability if any parameters describing the physical system change slightly.
However, thistype of controller isideal in caseswhereit is not possible to sample the incoming
disturbance or for random noise. To minimise acoustic delays and thus maximise system
stability, the physical locations of the control source and error sensor should be as close together
aspossible.

Examples of the practical use of afeedback controller include active ear muffs (or active
head sets - see Figure 10.31), active vehicle suspension systems and active control of structural
vibration. Feedback controllers, however, are unsuitable for controlling travelling acoustic
waves in ducts (where reflection from the end is negligible) or flexural waves in structures
where no reflections are involved. However, in cases where reflections are involved, the
damping introduced by the feedback controller minimises the transient or reverberant response
of the acoustic or structural system and as such can be quite effective. An example of afeedback
system to control noise propagating in aduct isillustrated in Figure 10.32.

Figure 10.31. Feedback
control system applied to a
headset.

C =digital filter;

K =amplifier;

M = microphone;
S=loudspeaker.

It isimportant to discuss limitations on applications of active noise control. It isvery cost
effective and beneficial in some very specific applications, but it is definitely not the all
encompassing answer to a wide range of noise problems which will become available just as
soon asthe cost of the electronic hardware fallslow enough. Unfortunately active noise control
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Is limited in application for physical reasons, and not because of limitations in electronic
processing power.

Monitor
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Figure 10.32. Feedback control system applied to sound propagating in a duct.

Active noise control is most suitable for low frequency tonal sound fields such as radiated
by electrical transformers or exist in a propeller driven aircraft cabin. Even for tonal sound
fields, alarge number of control sources and error microphones are needed to make the systems
effective. When the sound is confined to aduct and propagates as plane waves, broadband noise
can be controlled actively as well using one or two control sources and error sensors, provided
that an acoustic reference signal can be obtained sufficiently far upstream of the control source
for the control system to generate the required control signal. In this case about 15 to 20 dB of
noise reduction may be expected over 2-3 octave bands. However performance is usually
reduced in the presence of large air flow speeds. In very small enclosures (smaller than a
wavelength of sound at the highest frequency of interest), broadband and pure tone noise can
both be controlled. Inlarger enclosures (and in free space or outdoors), the control of random
noiseisnot practical. Thus active earmuffs are useful for frequencies below about 1500 Hz and
anumber of systems are commercialy available. However it isnot practical to use active noise
control to reduce general broadband factory noise in the vicinity of workers.

A more detailed discussion of active noise control can be found in specialist books on the
subject ( Hansen and Snyder, 1996).

10.4.9. Separation of source and receiver

Another type of noise propagation control isthe separation, which can be by distance or in time.
As the direct field radiated by a source generally decreases by 6 dB for each doubling of the
distance from it (after the initial 1 metre), separating the source and receiver by distance is
beneficial.

Noisy operations can aso be separated in time; that is, they are performed out of the usual
shift.

10.5. RECEIVER CONTROL
Receiver control inanindustrial situation isgenerally restricted to providing headsets and/or ear

plugs for the exposed workers, see chapter 11. It must be emphasised that thisis a last resort
treatment and requires close supervision to ensure long term protection of workers hearing. The
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main problems lie in ensuring that the devices fit adequately to provide the rated sound
attenuation and that the devices are properly worn. Extensive education programsare needed in
thisregard. Hearing protection is also uncomfortable for alarge proportion of the workforce; it
can lead to headaches, fungus infections in the ear canal, a higher rate of absenteeism and
reduced work efficiency. It isworth remembering that the most protection that a properly fitted
headset/earplug combination will provideis 30 dB, due to conduction through the bone structure
of the head. In most cases, the noise reduction obtained is much less than this.

Another option which is sometimes practical for receiver control isto enclose personnel in
a sound reducing enclosure (see ISO 11957). This is often the preferred option in facilities
where there are many noisy machines, many of which can be operated remotely. Inthiscase, the
enclosure design principles outlined in section 10.3.5 may be used and the enclosure
performance may be calculated using equation ( 6 ) and the appropriate wall material and
construction selected after the required noise reduction has been established. Guidelineswhich
should be followed during design and construction are:
® doors, windows and wall panels should be well sealed at edges;
® interior surfaces of enclosure should be covered with sound absorptive material;
e all ventilation openings should provided with acoustic attenuators.
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11.1. WORK PRACTICESAND ADMINISTRATIVE CONTROLS

Evaluation of the workplace for noise exposure includes preliminary noise measurements,
separation of the workplace into different noiserisk areas - and development of both short and
long term noise management plans. After evaluation of the workplace, it might be appropriate
to evaluate possibilities which the individual employee has to control his or her own (noise)
work environment and to eval uate simple measures which may result in a further reduction of
the noise level.

Whatever noiselevelsare agreed uponin theworkplace, or have been legally demanded,
therewill alwaysfor the individua employee and for a specific group of employeesin definite
sections of the workplace be a question of what risk is acceptable - or "the acceptability of the
noise level in the work environment”.

Every human hastheir own limit of acceptance - according to their attitude to their own
life and health, their family and their colleagues. This limit of acceptance varies a lot from
human to human, but even if the limit is exceeded one will back away from therisk. The limit
israther vague and isrelated to workers' traditions, possibilities of finding other less unhealthy
jobsand the degree of influence at the workplace. Theindividual limit of acceptance thus might
be either above or beneath what is considered healthy or legally justifiable.

*deceased. Contact: Keith Broughton, Technology Division 4, Health and Safety Executive
Magdalen House, Stanley Precinct
Bootle, Merseyside L20 3QZ UK
keith.broughton@hse.gsi.gov.uk
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To get closer to the individual limit of acceptance in aworkplace, it should be noted that:
everybody will obtain updated information of health effects of noise,

* thereisahighlevel of information about organizational, managerial andtechnical efforts
of noise reduction,
* proper maintained personal hearing protection isavailable to acertain extent - and it is

worn whenever necessary.
Employees can make their own noise reduction measures by:

Avoiding unnecessary noise at transport and handling - "don't throw the things".

Stopping machines and equipment that is not in use at the moment

Securing loose machine parts that rattle.

Reducing occupation and staying in high noise areas to an absolutely minimum

Using appropriate technical equipment, for example encapsulation and noise shields.

Making their own routines for maintenance, adjusting and oiling machinery and

equipment.

Taking part in development and evaluation of new noise efforts.

* If anything else isimpossible, and hearing protectors must be used: Use them all the
time!

* By taking any incipient hearing damage serioudly, involve health personnel and haveall

damages properly investigated.

* % X X X ¥

*

11.2. EDUCATION AND TRAINING

A very high level of information, training and education is definitely important for the
understanding of the meaning of the health effects of noise and for understanding possibilities
of hearing loss prevention in reducing the noise levels. It is also important for ensuring the
effectiveness of the agreed noise policies and noise plansin the companies. So it isimportant
to emphasise that instruction and education is not only aiming at teaching the employees how
to use hearing protection devices, but the target groups for education and training are much
broader

Employees

Health and safety representatives

Foremen, supervisors, engineers and designers

Management and the company's buyers

Professionals and managers

Future engineers and machine inventors.

* % F X X

11.2.1. Training Within the Workplace

11.2.1.1. Content of training
The employer must provideinstruction, supervision and training to all employeeswho work in
unacceptable hearing risk areas so that they can perform their work in asafe manner and without
risk to their health and safety.

The employer must ensurethat all employeeswith potential for exposure to (hazardous)
noise in the workplace are trained in relation to the noise, its sources and propagation paths.
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The main content of the training should at least concern:

1) The known noise levels of different placesin the workplace

2) |dentification of risksto health and saf ety associated with working in the noisy areas,
(for instance with the use of tapes with different noise levels and how it is experienced
with different grades of hearing loss)

3) The control measurements and administrative procedures implemented to minimize
exposure to noise (including demonstrations of measuring equipment).

4) The necessity of good work practice and periodical maintenance of machinery and
equipment,

5) The duties of suppliers, management, supervisors, employees, work hygienists,

6) The availability and use of information, including noise declarations and noise
estimation schemes,

7) the proper selection, evaluation and maintenance of hearing protection and the
importance of wearing hearing protection all the time. (including practical exercises)

11.2.1.2. Timeof training
The employer must ensure that training is provided:

a) before an employee first begins work within arisky noise area.

b) whenever new machinery or equipment is planned to be installed.

¢) when there is a change in the noise control measures used or a change in the
managerial noise policy or plans.

d) when there is new information available on health and safety matters concerning
noi se.

11.2.1.3. Target groupsof training within the workplace

1) All employees working in noisy areas and their health and safety representatives,

2) persons responsible for workplace layout, plant, buying and maintenance of
machinery and equipment, i.e. internal engineers, supervisors, and designers,

3) persons responsible for control measures, including the acqusition and maintenance
of hearing protective equipment.

11.2.1.4. Training methods

Training on the job should be undertaken by a competent operator familiar with noise effects,
noise measuring and engineering controls and familiar with the company' s plans for noise
reduction.

More consideration should be madein devel oping and providing training programmes, such as:

*

*

how to be sure that the contents of thetraining are clearly understood by the participants,
that employees and others being trained should not be required to carry out any
procedure which after the training could cause health and safety risksto themselvesand
to other employees,

any specia needs of the participants in the training such as specific skills, work
experience, ethnicity and first language, literacy and age.

there might be a differentiated training for individuals or for mixed groups within the
workplace; in many cases it would be appropriate to mix up different groups of
employees, engineersand administrative staff to get more experience, good suggestions
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for further noise reduction and by that also training the different groups co-operatively.
The training should be carried out in away that permitstwo-way communications - also to get
new ideas for further training.

11.2.2. Training and Education Outside the Workplace

Training courses concerning noise, including all kinds of new information, should be provided
for occupational hygienists and for health and safety executives. It isof specia importancethat
education in the technical universitiesaso includes work and environmental aspects of noise so
that future designers of machinery and equipment in an early stage recognise the importance of
noise reduction.

RECOMMENDATIONS FROM THE WHO CONSULTATION ON NOISE
(see Background)

Education as to the dangers of overexposure to noise should aim not only at managers
workersand all professionalsrelated to workplaces, but should start with school childrer
and also include the genera public.

Educationa campaignsshould follow adequatestrategiesand utilissmaterialsappropriate
to eachtarget group. Mass media, for example, isan excellent tool to educate the general
public.

11.3. PERSONAL HEARING PROTECTORS
11.3.1. Introduction

Despite the great progress in noise control technology, there are many noise situations where
engineering noise reduction is neither economically nor technicaly feasible. Also in many
practical situations, it may be many years before noisy machines and processes can be modified
or replaced. Therefore, in these cases, or during the period in which noise control actions are
being undertaken, personal hearing protection should be used as an interim solution. The use
of personal hearing protectorsisan ideal solution in many situations where aworker isexposed
to high noiselevelsfor short periodsof time, particularly if communicationisnot necessary such
as cutting a sheet of wood, in the circular saw room. In this case, the worker can go into the
room in which the saw is enclosed, shut the door, put the hearing protector on, switch on the
noisy circular saw, cut the sheet, switch off the saw, take off the protector and hang it on the
inside side of the door, and then get out of theroom. During the cutting period, which may last
for minutes, there is no need to communicate with any other person, and the operator can
withstand the disconfort of the protectors. Therefore the use of hearing protectorsin this case,
and similar cases, istheideal solution.

11.3.2. Selecting Hearing Protection

A correctly selected hearing protector should provide enough noisereduction to removetherisk
of hearing damage, and at the same time allow communication with the surroundings while
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ensuring the best available level of comfort. The acceptance of hearing protection is strongly
linked to the likelihood of it being used. To get a 100 % use the noise reduction, the
communication and the comfort should be considered.

High noise reduction requires heavy hearing protectors located very close to the head
with alarge pressure. But great weight and high pressure result in high discomfort which may
be even so bad that nobody could stand to use the protector for a long period. High noise
reduction protects against hazardous noise while at the same time alowing the user to hear
desirable sounds (eg. conversation, warning sounds.

It should be emphasi sed that the hearing protector should be used in all the time that one
isinanoise area. If onetake off the protector even for afew percent of the time, maybe 5-10
minutes in a whole working-day, the protection could be reduced to half (see Figure 11.1).

If the protector isnot used al the time, its nominal noise reduction will be unimportant.
So it is very important that the protector should be accepted by the user. The selection of a
hearing protector must be from atotal point of view (including comfort) and not only on the
basis of the noise reduction curve.
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Figure11.1. Effect of percentage of timetypical hearing protection
isworn on the effective noise reduction experienced by the wearer.
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It has not yet been possible to find a method of measuring the comfort of the protectors.
The comfort could vary significantly from person to person. The shape of the user’s head and
the ears and head dimensions vary greatly between individuals. Only the user can determine
whether aspecific protector gives enough comfort. So the user should always be provided with
anumber of different protectorsto ensure that the protector is acceptable and thusit isused as
intended.

11.3.3. Typesof Protectors

Hearing protection devices may be broadly divided into three basic types. (1) earmuffs which
cover the outer ear and act as an acoustic barrier sealing it against the head (2) earplugs which
can beinserted into the outer ear canal, thereby blocking the propagation of airborne sound to
themiddle ear. (3) Canal caps (semi-aural) which are basically earplugs connected by flexible
headband. Canal caps generally seal the ear canal at its opening and they are used extensively
in the food industries. (4) Other specia types are available such as helmets with circumaural,
cups or muffs with communication. Other brands are also now available with electronic
amplification or with active noise reducing digital circuits.

There are many varieties of hearing protection devices available on the market and
severa factors have to be considered in addition to the noise attenuation provided; such as
selecting the most suitable type for each situation, comfort, cost, durability, chemical stability,
safety, wearer acceptability and hygiene. No particular brand is obvioudly the best choice for
all.

RECOMMENDATIONS FROM THE WHO CONSULTATION ON NOISE
(See Background)

As any personal protective equipment, hearing protection devices should be
regarded as "last resource”" measures, or for sporadic or temporary use. All efforts
should be made to reduce noise levelsin the work environment.

The provision of hearing protection of dubious or unknown effectivenessis
unacceptable. In order to ensure effectiveness of hearing protection devices, itis
imperative that their quality be assessed, for each type and manufacturer; national
institutions should carry out or request such evaluations.

Furthermore, even protectors of proven quality need to be assessed for individual
workers.

Protectors should have labels that are representative of their performance at the
workplace.

Research on the development of open-back head-sets and ear plugs that use active
noise control for broad-band noise reduction should be promoted. Thereisalso
scope for improvement of the classical passive types of ear protectors.
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11.3.3.1. Earplugs

Earplugs can be classified by size, shape and construction materials such as; custom molded,
premolded and expandable.

Premolded earplugs are generally made of soft plastic or silicone rubber and are
available in different sizes (see Figure 11.2(a)). Generally they are available with an attached
cord to prevent loss. The characteristics of these plugs depend on the fitting and maintenance.
The wearer of these types can experience afeeling of pressure or discomfort due to their semi-
solid construction.

Custom molded ear plugs are made of a soft rubber material which is molded into the
individual’s outer ear canal (see Figure 11.2(b)). In these case, a high degree of attenuation is
obtained depending on each wearer.

Expandable earplugs are considered the most comfortable (see Figure 11.2(c)). Since
they are porous and soft. They are made from slow recovery closed cell foam. They offer high
attenuation since they expand against the outer ear canal and seal it with less pressure.

(@ (b) (©)
Figure11.2. Earplugs.
11.3.3.2. Earmuffs

Ear muffs are made from rigid cups, are mostly oval shaped, and are designed to cover the
external ear completely. They are held in place by a preformed or spring-loaded adjustable
band and are sealed round the rim of each cup, with a soft foam-filled or liquid-filled
circumaural cushion, to achieve a continuous seal contact.

The effectiveness of ear muffs depends mainly on the pressure exerted by the headband
and the cushion to head sealing. The attenuation provided by ear muffs can be greatly reduced
when the muff seal is displaced by the side arms of spectacles or long hair. Ear muffs fit most
people, are easy to put on and remove in a hygienic way, and are therefore recommend for use
in dirty areas and for workers who suffer from external ear canal problems.

11.3.3.3. Canal caps (semi-auralsor banded ear plugs)
They consist of flexibletips, made from silicone, vinyl or foam in mushroom, hollow bullet or

conical shape, atached to alightweight plastic headband. They are easily removed and replaced.
They can be used under the chin and behind the head.
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11.3.3.4. Special types of hearing protectors

There are anumber of hearing protectors designed for special purposes. Ear muffs can befitted
with phones and wired-up or connected by radio in order to provide communication and/or
entertainment. Also they can be fitted with acoustic frequency band-pass filters to provide
speech communi cation between wearers, providing that the noiseis out of the speech frequency
band.

Ear muffsare aso available which can reproduce music or messages from external units.
These muffs have a peak limiting circuit (to about 80 dB(A)) to avoid hazard.

Active noise control ear muffs are now available which cancel the low frequency band
noise inside the cups by out-of-phase generated sound. They provide good attenuation at low
frequencies (up to 20 dB) and aso serve as classical passive earmuffs with good attenuation at
high frequencies. They are still expensive and have the possibility of electronic failure (see
Figure 11.3).

Figure 11.3. Active control muffs

11.3.4. Hearing Protector Attenuation

The maximum possible protection is dependent on the frequency of the noise and the noise
attenuation is limited, especialy at low frequencies. Noise can reach the inner ears of the
person wearing the hearing protector by one or more of the following pathways (see Figure
11.4);

1- Leakage around the protector contact with the head (for muffs) or ear canal (for earplug)
2 - Vibration of the protector causing sound generation in the outer ear canal;

3 - Sound transmission through protector materials;

4 - Bone and tissue conduction through parts of the head not enclosed by the protector;

The four leakage pathways set practical limits to the noise attenuation provided by any
ear protector. The maximum possible attenuation of the protector isunlikely to be achieved for
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variousreasonse.g. protector-wearer coupling, but approximatevaluesfor wearersof both plugs
and muffs are between 40 to 60 dB depending on the frequency bands (see Table 11.1). This
maximum possible attenuation is unlikely to be achieved in practice.

Figure 11.4. Sound pathways leakage (Berger et al. 1996)

The noise attenuation of a hearing protector is best represented by the "Insertion Loss
(IL)" which is the difference between the sound pressure level at the outer ear cana with and
without the hearing protector.

Working environmentsare generally reverberant fields characterised by broad or narrow
band frequencies. Therefore any test method for measurement of hearing protector attenuation
must reasonably represent this situation.

Table 11.1: Bone conduction limitation to hearing protector attenuation (Berger et al.
1996).

Frequency 125 | 250 | 500 | 1k | 2k |3.15k| 4k | 6.3k | 8k
band Hz

Maximum 47 50 58 48 | 40 47 49 48 48
Protection, dB

11.3.5. Hearing Protector Measurements (Frankset al. 1994)

Severa national and international standards are available for the laboratory determination of
hearing protector noise attenuation, mainly the ANSI standard used in the USA and I1SO & EN
standards (see list at end of this chapter)used in Europe.

The method specified by the Environmental Protection Agency "EPA" in the USA for
determining the amount of noise attenuation that a hearing protector provides is based on
subjective tests of protectors as worn by listeners rather than objective tests from an
electromechanical device. The actual test method is called real-ear-attenuation-at-threshold
(REAT), and the techniques for measuring REAT are specified in ANSI S3.19-1974. ANSI
S3.19 - 1974 requires that auditory thresholds be obtained from a panel of 10 normal -hearing
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listenerssitting in adiffuse random-incidence soundfield. Thetest signalsare pulsed one-third-
octave bands of noise which have centre frequencies of 125, 250, 500, 1000, 2000, 3150, 4000,
6300, and 8000 Hz. Thresholds are determined with the listeners’ ears open and with their ears
occluded by the hearing protector under test. The difference between the open-ear threshold and
the occluded-ear threshold at each frequency isthe REAT for that frequency. Each listener is
tested threetimeswith their ears open and three times with their ears occluded. The REATsfor
al 10 listeners are arithmetically summed and the mean attenuation is calculated for each test
frequency. Since there are three REATSs at each test frequency for 10 listeners, the averageis
calculated by dividing the grand total by 30 to get the grand mean. The standard deviation is
also calculated for each test frequency using the number 29 (n-1 from the formula for the
standard deviation of a sample, where n isthe number of samples) asthe denominator, asif 30
separate subjects had provided one REAT each per test frequency.

When a REAT is being determined for the purpose of labelling hearing protectors
according to EPA labelling requirements, the protector isfitted into the ear or placed on the head
by the experimenter in order to obtain maximum protector performance. Technically, the
experimenter fit describedin ANSI S3.19 - 1974 and adopted by the EPA doesin fact permit the
test subjects to fit the protector themselves (using a fitting noise to adjust the device for
maximum attenuation) provided that the experimenter personally checks each installation for
good fit and acoustic seal and reinserts or readjusts the protectors as necessary. In practice,
however, the EPA has determined that "experimenter-fit" shall mean that the experimenter
aways personally fits the device under the test.

The current American National Standards|ngtitute’ smethod for determining REATsfor
hearing protectors is ANSI S12.6-1984. This standard, which replaced ANSI S3.19 - 1974,
allows more freedom in setting up a diffuse sound field, defines sound-field noise-burst
audiometry with greater precision, and is more explicit in its detail s about how audiograms are
to be read and analysed (particularly in the areas of pairing open and occluded thresholds).
S12.6 - 1984 requires an experimenter-supervised fit in which the listener fits the hearing
protector while listening to a fitting noise and while gaining insight from the experimenter on
optimum fitting techniques. The experimenter does not physically touch the protector or the
listener after the final fitting. Calculations of mean REAT and standard deviations are identical
to the earlier standard. Since ANSI 12.6 -1984 was adopted after the EPA hearing protector
labelling lawswerewritten, and since the EPA regul ationsmade no provisionfor adopting newer
standards, the older S3.19 method must be used when testing hearing protectors for EPA
labelling purposes even though S12.6 is the most current methodol ogy.

The European community also relies upon the REAT for determining hearing protector
attenuation (1SO 4869-pt.1 - 1992). However, there are differences in methods. The number
of subjectsrequired is 16 rather than 10 and each subject istested only once with ears open and
oncewith ears occluded to produce one REAT at each test frequency. Inaddition, 4869-1relies
upon a subject-fit in which the listeners fit the hearing protectors using afitting noise to adjust
the protectors for best perceived attenuation, but without feedback from the experimenter.
Because of the lack of coaching by the experimenter, when hearing protectors are tested for
European markets, the reported REATSs are usualy lower than when they are tested for
distribution in the United States.

In 1997 an ANSI new standard was approved -ANSI S12.6 -1997 (methods A and B).
The method B, subject fit qualified subjectswho are trained and experienced in audiometric test
but naive with respect to use of hearing protectors. This subject fit the protector himself or
herself using the manufacturer instruction with no assistance from the experimenter at al. This
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method provides dataresultsthat approximate the protection that can be attained by a group of
informed users in the workplaces within a well managed and well supervised hearing
conservation program ( Berger et al. 19xx). The octave band results measured using the new
standard can be converted to a single number called Norse. This number isthe SNR for 84%
(See 1SO 4869-2) less5 dB. The NRRsf may be subtracted from the A-weighted sound
pressure level (or Leq) exposure to give directly the protected level for most users (84%).

11.3.6. Rating Systems (Frankset al. 1994)

The mean attenuation and standard deviations as reported by hearing protector suppliers were
used to calculate all ratings of protector performance according to the various methods.

TheNRRisas ngle-number rating method which attemptsto describe ahearing protector
based on how much the overall noise level is reduced by the hearing protector. The NRRis
described in 40 CFR Part 211 EPA Product Noise Labeling Law, Subpart B Hearing Protective
Devices (EPA 1979), and was adapted by the EPA from Method 2 in the first NIOSH
Compendium (Kroes et a., 1975). The formulafor calculating the NRRis

NRR = 107.9(dB(C)) - 3 - 10log,,

8k
Z 100.1(Laf - APViqg)
f=125

whereL isthe A-weighted octave band level at centrefrequency f of apink noise spectrum with
100 dB at each frequency band and an overall level of 107.9 dB(C); and APV, IS the mean
attenuation value minus 2 standard deviations at centre frequency f (two standard deviations
accounts for 98% of the variance in anormal distribution).

The equation can be broken down into the steps shown in reference (Frankset al. 1994).
The NRR assumes a background of pink noise with octave-band levels of 100 dB. The
corrections for the C-weighting scale are then subtracted to compute unprotected C-weighted
octave-band levels at the ear. These octave-band levels are logarithmically summed to obtain
the overal sound level indB(C) at the unprotected ear; thisvalueisthefirst term of the equation
and is always 107.9. The corrections for the A-weighting scale are then subtracted from the
pink-noise octave-band levels to compute the A-weighted octave-band levels at the ear. The
average attenuation minus twice the standard deviations are subtracted from the A-weighted
octave-band levels to compute the protected A-weighted octave-band level at the ear. The
adjustment of 2 standard deviationstheoretically providesan NRR that 98% of the subjectswill
meet or exceed, provided that the wearers use the hearing protection device the way |aboratory
subjectsdid and that the subjects were areasonable sampl e of the user popul ation anatomically.
The protected A-weighted octave-band levels at the ear is then logarithmically summed to
calculate the overall protected A level. The NRR is computed by subtracting 3 dB from the
difference between the unprotected C-weighted (107,9 dB(C)) and the protected A-weighted
levelsat theear. The 3 dB factor isacorrection for spectral uncertainty to account for whether
the pink noise used in the computation really matches the noise in which the hearing protection
devicesisworn.

The NRRisintended to be used for calculating the exposure under the hearing protector
by subtracting it from the C-weighted environmental noise exposure level. Thus, if aprotector
hasan NRR of 17 dB and it isused in an environmental noise level of 95 dB(C), the noiselevel
entering the ear could be expected to be 78 dB(A) or lower in 98% of the cases. An alternative
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use of the NRRiswith dB(A) measurements, the NRR can be applied if 7 dB is subtracted from
itsvalue. Thusfor the same protector above, if it isused at an environmental noise level of 90
dB(A), then the noise level entering the ear is90 - (17-7) = 80 dB(A).

In Europe, new rating systems (ISO/DIS 4869 - 1992) have been adopted which may
have as wide a use there as the NRR has in the United States. The systems are the Single-
Number Rating (SNR), the High-Middle-Low (HML) rating, and the Assumed Protection Value
(APV). These methods are based on REATs measured according to SO 4869-pt.1 - 1992
(discussed above) for one-third octave bandsin octave steps from 63 to 8000 Hz (when datafor
63 Hz are not present, the summation occurs from 125 to 8000 Hz). All of these methods
provide the user with the option of selecting a protection performance value which is an
indication of the percentage of test subjectswho achieved the specified level of noisereduction.
The protection performanceiscomputed by subtracting amultiple of the standard deviation from
the mean attenuation values. The most commonly utilized protection performance value in
Europe is 80%, which is computed by using a multiplier of 0.84 with the standard deviation
values. However, in this document, a protection performance value of 98% (computed by
multiplying 2.0 times the standard deviation) is utilized for all SNR , HML, and APV
calculations in order to make them more directly comparable to the NRR values. It should be
stressed, though, that these methods allow the user to select a protection performancelevel other
than 98%, and that the ratings can be recal culated from the data provided.

The SNRiscalculated much like the NRR, except that the values used may vary with the
selected protection performance value and that thereisno 3 dB spectral correction factor. The
method for calculating the SNRis presented in (Frankset al. 1994). The SNR differsfrom the
NRR further in that the base spectrum for calculations is made-up of octave-band noise levels
which sum to 100 dB(C), rather than pink noise octave-band noise levels of 100 dB which sum
t0 107.9dB(C). The SNR considers attenuation only at the octave centre frequencies and does
not include the third-octave center frequenciesof 3150 and 6300 Hz. Theoctaveband levelsare
also adjusted by the A-weighting correction factors and summed to avaue of 98.5dB(A). The
mean attenuation value for each octave-band, minusthe standard deviation for that octave band,
multiplied by a protection-performance value, is subtracted from the A-weighted corrected
octave-band levels in order to calculate the APV for each band. The sum of the APV sis
subtracted from 100 dB(C) to calculate the SNR . The SNR may be subtracted from the
environmental noise level in dB(C) to predict the effective A-weighted sound pressure level
under the hearing protector. Thus, if a hearing protector had an SNR of 16 dB and was used
in anoise level of 95 dB(C), the effective A-weighted sound pressure level under the hearing
protector would be assumed to be 79 dB(A).

The HML - method is a different rating system altogether, in that it provides three
numbers to describe hearing protector attenuation. Which number will be used in a given
instance depends upon the noise from which protection is sought. The HML - method has a
number which describesthelow-frequency attenuation (L value), the mid-frequency attenuation
(M values), and the high-frequency attenuation (H value) of a protector. These numbers are
calculated by taking into account typical industrial noise spectra. In the early 1970s, NIOSH
collected noise spectra from a variety of industrial locations and developed the NIOSH 100
noises (Johnson and Nixon 1974). The noise-spectra array was reduced to 8 spectra for
calculation of theHML based on the difference between the calculated dB(C) and dB(A) level
for each noise.

AswiththeNRR and SNR values, the mean attenuation and the standard deviationsfor
calculation of the H, M and L values are provided by the manufacturer. To use the values, the
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environmental noise level in dB(A) is subtracted from the environmental noise level in dB(C)
to seewhich rating isappropriate. If the difference between thedB(C) and dB(A) levelsisequal
to or greater than 2 dB, the mean of the M and L valuesis used according to the equation:

M - (M—él‘).(dB(C) ~ dB(A) - 2dB)

If the difference isbetween 2 dB and - 2 dB, the mean of the M and H values is used according
to the equation.

M - LSM).(dB(C) ~ dB(A) - 2dB)

The HML method allows selection of a hearing protector so that it can be effective at
the frequency range whereit is needed most. For example, suppose an earplug had an H rating
of 25 dB, and an M rating of 18 dB, and L rating of 13 dB. If the environmenta noise level
were 95 dB(C) and 92 dB(A), the dB(C)-dB(A) value would be calculated from the M and L
values, 18 - (18-13)/8* (94-92-2) = 11.25. So the exposure level at the ear from the protector
would be 95.0 - 11.25=80.75, which roundsto 81 dB(A). The method for calculating the HML

is presented in (Franks et al. 1994).

The Assumed Protection Vaues (APV ) are calculated for each test frequency by
subtracting acoefficient multiplied by the standard deviation from the averaged attenuation. The
coefficient varies depending upon the protection performance desired. For a protection
performance of 84%, the coefficient is 1.0; for 80% , the coefficient is 0.84; and for 98% the
coefficient is2.0. The APV sareused in the calculation of the SNR and HML , and they may
also be used frequency-by-frequency for a direct calculation of octave -band noise reduction.
In atypical application, one would examine the noise spectrum to find the frequency regions
with the most energy and then find a hearing protector with adequate APV sfor those frequency
bands so that the resultant overall dB(A) level at the ear would be safe. The method for
calculating the APV is presented in (Franks et a. 1994).

The long-method calculation of hearing protector noise reduction is probably the most
accurate method for rating. Considering that the protector user iswearing the devicein the same
manner as the listener during the laboratory test (which is not necessarily true), then the most
detailed and accurate method is to use the noise floor level in frequency bands together with
laboratory test datato calculate the user’ sexposure level. Table 11.2 givesanumerical example
of how to carry-out this calculation.

Table 11.2. Calculated protection for 98% confidence

1- Center frequency 1251 250 [ 500 | 1k | 2k | 4k | 8k | Totd
octave band (Hz) dB(A)
2- A-weighting SPL 83.9193.4 [101.8]106.0|102.2{97.0 |88.9 |109.0

3- Average attenuation 14 |19 31 36 37 48* | 40**
4- Standard deviationx 2 {10 |12 12 14 14 14* | 16**
5- Estimated noise after [79.9|86.4 [82.8 (840 (79.2 [63.0 |649 |90.3
protection = (step2 - step3
+ stepd)

* Arithmetic average of 3150 and 4000 Hz, ** Arithmetic average of 6300 and 8000 Hz
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The estimated protection for 98% of the users exposed to the environment levels of step
2, assuming that they wear the protector in the same manner asthelistener during the laboratory
test, is: 109.0 - 90.3 = 18.7 dB(A)

11.3.7. Variability of Attenuation Data between Laboratories

Berger et al. (1996), reported the results from around robin test of eight laboratories data. The
comparison is shown in Figure 11.5 for the NRR' s values. These results show great variation
between different laboratoriesin both the average attenuati on and the standard deviation, leading
to great differences in the NRR's values. Three main factors are responsible for these
differences; the fitting , subject selection and training. Even repeatability of results from the
same laboratory for the same protector may also vary. That is why the use of two standard
deviations when calculating the protection isrecommended. Therefore any changeslessthan 3
to5dB(A) in NRR should not be considered of any practical importance.
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Figure 11.5. Comparison of 8 laboratory resultsfor NRR (after
Berger et al. 1996)

11.3.8. Head band for ce and Pr essur e of muffs

Comfort can bereduced if the head band forceincreases. However sufficient forceisnecessary
for aclosefit of the hearing protector which isin turn needed for the required sound attenuation.
Therefore it is necessary to measure the headband force and also to use the measured force for
quality control and life assessment. ANSI S3.19 - 1974 shows a mechanical device for head
band force measurements. An aternative, and more accurate, mechanical /electric device is
shown in Figures 11.6. There is between 2% and 5% variation in the measured force. The
maximum mean force acceptable for reasonable comfort must not exceed 12 N. The applied
pressureismoreimportant than the headband forcefor acceptability comfort. Hearing protectors
with broad cushionswill give less pressure with the same force. Maximum acceptable pressure
is about 4000N/m?.
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11.3.9. Simultaneous Use of Double Hearing Protection

Many situations exist where the use of asingle protector isnot sufficient. Inthese casestheuse
of "combined" protection (ear plug + Earmuff) should be considered, however extreme careis
required and the performance of the "combination" should be known before use. Tests have
shown that the performance of "combination"protection is not the sum of the protectorsin use
but something in the order of 5 to 15 dB more than the performance of the best of the
combination (EN 458).

Berger et al. (1996, page 353) show that at and above 2 kHz most ear plug - plus - muff
combinations provided attenuation that was approximately limited by the bone-conduction
flanking (see Figure 10.20 in Berger et a. 1996). At frequenciesbelow 2 kHz, it can be shown
that the ear plug isthe critical element. The extra attenuation gained, varied between 0 and 15
dB for the best of theindividual devices. Theincreasein NRR isbetween 3 and 10 dB when
compared with the higher of the two individual protectors.
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Figure 11.6. Band force measurement system (EN 352, part 1)

NOTE: The pinna ssmulators shown arefitted to the plates of the fixture so that the holes at the
center of the ssmulators lie on the horizontal axis through the force transducer
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11.3.10. Considerationsin the Selection and Useof Hearing Protectors(Frankset al. 1994)

Although cal cul ated noi se-reduction capabilitiesareimportant factorsto consider intheselection
of hearing protection devices, several other points should also be considered. Studiesby Casali
(1992) and Riko and Alberti (1982) on the effectiveness of hearing protectors suggest that
workersaremost likely to demonstrate consi stent wearing of deviceswhich arecomfortableand
quick to insert regardless of the amount of attenuation they provide. Additional thought must
be given to the worker’s physical limitations including concurrent use of safety glasses or
eyeglasses, the need for the worker to hear warning signals, and the need to communicate
verbally. The environmental conditions of the workplace, such as temperature, confined
working spaces, or thewearing of additional protective devices, also warrant consideration. The
durability (shelf life or useful life) and sanitary-hygienic characteristics of each device, aswell
asthe length of timeit will be worn, are also factors that should not be overlooked. If custom-
molded hearing protectors are to be used, it isimportant to ensure both the expertise of those
who will prepare the impression and of those who will form the final earplug.

In order to ensure that a worker receives the most effective attenuation from the use of
a hearing protector the worker should be trained in the use, care and maintenance of the
protection. This training should be updated on a regular basis and should be provided by
appropriately trained personnel.

Comfortisapersonal matter. Ear protectorsare generally uncomfortable. Some people
find one brand more uncomfortable than the others. Therefore a chance should be given for a
choice to be made between different types.
Ear protectors do not offer protection unless they are worn adequately and properly throughout
thetime of exposure. Small ear plugsor ear muffswith weak springs, may be more comfortable
but offer low noise attenuation.

11.3.11. Real World Attenuation (Franks, et al., 1994)

Standard laboratory methods (ANSI S3.19 - 1974, ANSI S12.6 - 1984 and 1SO 4869 pt. 1 -
1992) were devel oped to produce a measurement of attenuation for an "optimum fit" condition.
Sincethe 1970's, researchersin variouslaboratories around the world (Franks et al. 1994) have
been investigating the amount of attenuation workers typically receive. They found workers
generally received much less attenuation than the optimum-fit laboratory methods predict. The
magnitude of the difference wasfrom 22% to 84% |lessattenuation for thereal-world setting than
for the laboratory setting. Researchers at NIOSH have worked with researchers from other
laboratories as part of an ANSI working group to develop and test laboratory methods that give
measurements of hearing protector attenuation which are more reflective of rea-world
performance and remain consistent from laboratory to laboratory. The new method, called the
NIOSH/ANSI method (Franks et al. 1994) provides very consistent inter-laboratory results,
much more cons stent than those possible using the methods of ANSI S3.19 - 1974. The method
also provides mean attenuations which are much lower than the optimum-fit attenuation and
more in accord with real-world results, while maintaining areasonable standard deviation. At
the time of writing, the NIOSH/ANSI method was being prepared as an aternate procedure in
arevision of ANSI-S12.6 - 1984.

It is aso important that the hearing protector is worn 100% of the time. Figure 11.1
shows the effect of the percentage of time worn on the noise attenuation gained. For example,
if ahearing protector hasan effective attenuation of 20dB(A), and itisworninanambient noise
of 100 dB(A) for 8 hours daily exposure, then the worker will be exposed to 80 dB(A) (smple
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calculation). If the same hearing protector is not used for 50 minutes out of the 8 hour day, that
means 90 % of the time the protector is worn, the worker will be exposed to 92 dB(A), i.e.
despite the use of hearing protection thereisstill therisk of hearing loss. Additional calculations
show also that if theworker usesany protector for only 4 hours, then the effective protection will
beonly 3dB(A), and the worker will be exposed to adaily average of 97 dB(A) seeaso EN 458
(1993). Even in case of the 5 dB trading relation given in some regions by statutory rules there
will be only 5 dB effective protection and therefore also the risk of hearing loss.

11.3.12. Problemswith Hearing Protectors

Comfort, wearability and durability are moreimportant than afew decibels more of attenuation.
Provided that the attenuation is reasonable, human factors are more important. Some of the
factors which should be considered when hearing protectors are implanted are; hygiene
(especially for earplugs), discomfort, effectson communication, effect ondirectional localization
of warning sounds and safety in general.

11.3.13. Costsof Hearing Protectors

The cost of hearing conservation by means of personal hearing protection should consider the

following factors:

D Initial cost of muffs and/or plugs;

2 Management and administrative costs of ordering, documentation, stores, issuing,
fitting, training, etc.

(©)) Replacements of the worn parts;

4 Education in and encouragement towards the use of hearing protectors, correctly and
consistently, using films, talks, posters, audiometry, etc.
These costs can be compared with other methods of engineering noise reduction, say

for the period of a5 or 10 year program.

11.4. REPORTING PROTECTIVE FAILURES

Every employee is responsible of reporting protective failures which include:
*

damaged protectors
* changes in maintenance of machinery and equipment because of wear
* any change in noise perception due to moving of machines, atered working methods and

work practices.
Responsibility for reporting should be given to the health and safety representatives, to foremen
and supervisors and to the management aiming at direct action to be taken or to prioritise the
protective failure within the company's noise plans. Reporting protective failures must not affect
the worker’s social status in the workplace.
11.5. HEALTH SURVEILLANCE

Hedth surveillance programmes should be instituted and periodic audiometry upon
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commencement of work and according to national regulations should be carried out to ensure
hearing conservation programmes are effective.

The employer must ensurethat audiometric recordsareretained as confidential. Workers
shall have accessto their own medical records, either personally or through their own physicians.
The results should be used to determine health status with respect to noise exposure and should
not be used to discriminate against the worker. Suitable alternative work should be provided to
persons with recognised hearing damage.

Records resulting from medical surveillance of workers should be kept for at least 30
years, in aform and by persons designated by the regulatory authority.
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INTERNATIONAL STANDARDS

Titles of the following standardsreferred to in this chapter one will find together with
information on availability in chapter 12:

SO 4869-1, -2;

Other relevant standards included in the list of general references, see above
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12.1. INTRODUCTION

Thischapter containsalisting of relevant International (1SO & IEC) standards,. Home pageson
the internet which contain important noise control information are also listed. The chapter
concludes with collections of noise control case studies, handbooks and periodicals.

ISO or |IEC standards are available in all countries from the national member bodies. Where
thereisan equivalent national standard, the member body concerned will probably say so when
asked to supply the ISO or IEC standard.

European or EN standards have been adopted generally as national standards of the member
bodies of the European Union and the European Free Trade Association. A great deal of these
EN standards are equivalent to SO or |EC standards. But a group of EN standards concerning
safety of machinery and containing clauses on noise or EN standards which are noise test codes
for specific machines have an international counterpart only in exceptional cases. From outside
Europe one will get these EN standards from the standards organisations CEN or CENELEC.
There are other regional standard organisations shown in the 1SO internet homepage.

Numbersin { } give the corresponding chapter.

12.2. STANDARDS OF THE INTERNATIONAL ORGANIZATION FOR
STANDARDIZATION (partly updated January/February 2001)

I SO 31-7:1992 Quantities and units -- Part 7: Acoustics {1}
(Will be revised as | SO 80000-8)

ISO/TR 140-13:1997 Acoustics -- M easurement of sound insulation in buildingsand of building
elements -- Part 13: Guidelines {10}
Thispart of SO 140 may be used as an introduction to definitions and measurement procedures
which are described in the preceding twelve parts.

SO 226:1987 Acoustics -- Normal equal-loudness level contours {1}

SO 266:1997 Acoustics -- Preferred frequencies {1}



318 Sources of information

SO 230-5:2000 Test code for machine tools -- Part 5: Determination of the noise emission
{510}

I SO 389-1:1998 Acoustics - Reference zero for the calibration of audiometric equipment -- Part
1. Reference equivalent threshold sound pressure levels for pure tones and supra-aural
earphones {8}

SO 389-2:1994 Acoustics -- Reference zero for the calibration of audiometric equipent --Part
2: Reference equivalent threshold sound pressure levels for pure tones and insert earphones

{8}

SO 389-3:1994 Acoustics -- Reference zero for the calibration of audiometric equipment --Part
3: Reference equivalent threshold force levels for pure tones and bone vibrators {8}

SO 389-4:1994 Acoustics -- Reference zero for the calibration of audiometric equipment --Part
4. Reference levels for narrow-band masking noise {8}

|SO/TR 389-5:1998 Acoustics -- Reference zero for the calibration of audiometric equipment --
Part 5: Reference equivalent threshold sound pressure levels for pure tones in the frequency
range 8 kHz to 16 kHz {8}

| SO 389-7:1996 Acoustics-- Reference zero for the calibration of audiometric equipment --Part
7: Reference threshold of hearing under free-field and diffuse-field listening conditions{ 8 }

SO 532:1975 Acoustics -- Method for calculating loudness level {1}

SO 1680: 1999 Acoustics -- Test code for the measurement of airborne noise emitted by
rotating electrical machinery (Revision of 1SO 1680-1:1986 and I SO 1680-2:1986) { 5, 10}

SO 1683:1983 Acoustics -- Preferred reference quantities for acoustic levels {1}

SO 1999:1990 Acoustics -- Determination of occupational noise exposure and estimation of
noise-induced hearing impairment {4}

ISO 2151:1972 Measurement of airborne noise emitted by compressor/primemover-units

intended for outdoor use. {5,10}
| SO 2533:1975 Standard Atmosphere {1}
SO 2923:1996 Acoustics -- Measurement of noise on board vessels {5,10}

ISO/TR 3352:1974 Acoustics -- Assessment of noise with respect to its effect on the
intelligibility of speech {4}

SO 3381:1976 Acoustics -- Measurement of noise inside railbound vehicles {5,10}
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SO 3382:1997 Acoustics -- Measurement of the reverberation time of rooms with referenceto
other acoustical parameters {1}

I SO 3740:2000 Acoustics -- Determination of sound power levels of noise sources --Guidelines
for the use of basic standards and for the preparation of noise test codes {5,10}

SO 3741:1999 Acoustics -- Determination of sound power levels of noise sources using sound
pressure --Precision methods for reverberation rooms {5,10}

ISO 3743-1:1994 Acoustics -- Determination of sound power levels of noise sources --
Engineering methods for small, movable sources in reverberant fields -- Part 1. Comparison
method for hard-walled test rooms {5,10}

SO 3743-2:1994 Acoustics -- Determination of sound power levels of noise sources using
sound pressure -- Engineering methods for small, movable sources in reverberant fields --Part
2: Methods for special reverberation test rooms {5,10}

SO 3744:1994 Acoustics -- Determination of sound power levels of noise sources using sound
pressure -- Engineering method in an essentially free field over areflecting plane {5, 10}

ISO/DIS 3745 Acoustics -- Determination of sound power levels of noise sources using sound
pressure --Precision methods for anechoic and hemi-anechoic rooms {5,10}

SO 3746:1995 Acoustics -- Determination of sound power levels of noise sources using sound
pressure -- Survey method using an envel oping measurement surface over areflecting plane
{5,10}

SO 3747:2000 Acoustics -- Determination of sound power levels of noise sources using sound
pressure —~Comparison method in situ {5,10}

SO 4412-1:1991 Hydraulic fluid power -- Test code for determination of airborne noise levels
-- Part 1: Pumps {5,10}

SO 4412-2:1991 Hydraulic fluid power -- Test code for determination of airborne noise levels
-- Part 2: Motors {5,10}

SO 4412-3:1991 Hydraulic fluid power -- Test code for determination of airborne noise levels
-- Part 3: Pumps -- Method using a parallelepiped microphone array {5,10}

ISO 4869-1:1990 Acoustics -- Hearing protectors -- Part 1. Subjective method for the
measurement of sound attenuation {11}

SO 4869-2:1994 Acoustics -- Hearing protectors -- Part 2: Estimation of effective A-weighted
sound pressure levels when hearing protectors are worn {11}

ISO/TR 4869-3:1989 Acoustics -- Hearing protectors -- Part 3: Simplified method for the
measurement of insertion loss of ear-muff type protectorsfor quality inspection purposes{ 11}
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| SO/TR 4869-4:1998 Acoustics -- Hearing protectors -- Part 4: Measurement of effective sound
pressure levels for level -dependent sound restoration ear-muffs {11}

ISO/TR 4870:1991 Acoustics -- The construction and calibration of speech intelligibility tests
{4}

| SO 4871:1996 Acoustics -- Declaration and verification of noise emission values of machinery
and equipment {5,10}

SO 4872:1978 Acoustics -- Measurement of airborne noise emitted by construction equipment
intended for outdoor use -- Method for determining compliance with noise limits {5, 10}

SO 5128:1980 Acoustics -- Measurement of noise inside motor vehicles {5,10}

SO /DIS 5129 Acoustics -- Measurement sound pressure levelsin theinterior of aircraft during
flight {5,10}

SO 5131:1996 Acoustics -- Tractors and machinery for agriculture and forestry --M easurement
of noise at the operator's position -- Survey method {5,10}

SO 5135:1997 Acoustics -- Determination of sound power levels of noise from air-terminal
devices, air-terminal units, dampers and valves by measurement in a reverberation room
{5,10}

SO /DIS 5136 Acoustics -- Determination of sound power radiated into aduct by fansand other
air-moving devices --In-duct method {5,10}

ISO 6189:1983 Acoustics -- Pure tone air conduction threshold audiometry for hearing
conservation purposes {11}

SO 6393:1998 Acoustics -- Measurement of exterior noise emitted by earth-moving machinery
-- Stationary test condition {5,10}

SO 6394:1998 Acoustics -- Measurement at the operator's position of noise emitted by earth-
moving machinery -- Stationary test conditions {5,10}

| SO 6395:1988 Acoustics -- Measurement of exterior noise emitted by earth-moving machinery
-- Dynamic test conditions {5,10}

SO 6396:1992 Acoustics -- Measurement at the operator's position of noise emitted by earth-
moving machinery -- Dynamic test conditions {5,10}

I SO 6798:1995 Reciprocating internal combustion engines -- Measurement of emitted airborne
noise -- Engineering method and survey method. {510}

SO 6926:1999 Acoustics -- --Requirements for the performance and calibration of reference
sound sources used for the determination of sound power levels {5,10}
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ISO/FDIS 7029 Acoustics -- Statistical distribution of hearing thresholds as a function of age

{11}
SO 7182:1984 Acoustics -- Measurement at the operator's position of airborne noise emitted by
chain saws {5,10}
SO 7196:1995 Acoustics -- Frequency-weighting characteristic for infrasound measurements
{4}
ISO 7216:1992 Acoustics -- Agricultural and forestry wheeled tractors and self-propelled
machines -- Measurement of noise emitted when in motion {5,10}

SO 7235:1991 Acoustics -- Measurement proceduresfor ducted silencers -- Insertion loss, flow
noise and total pressure loss {5,10}

SO 7574-1:1985 Acoustics -- Statistical methods for determining and verifying stated noise
emission values of machinery and equipment -- Part 1. General considerations and definitions

{5}
SO 7779:1999 Acoustics -- Measurement of airborne noise emitted by information technology
and tel ecommuni cations equipment {5,10}

SO 7917:1987 Acoustics-- Measurement at the operator's position of airborne noise emitted by

brush saws {5,10}
ISO 7960:1995 Airborne noise emitted by machine tools -- Operating conditions for
woodworking machines {510}
SO 8201:1987 Acoustics -- Audible emergency evacuation signal {4}

| SO 8253-1:1989 Acoustics -- Audiometric test methods -- Part 1: Basic pure tone air and bone
conduction threshold audiometry {8}

SO 8253-2:1992 Acoustics -- Audiometric test methods -- Part 2: Sound field audiometry with
pure tone and narrow-band test signals {8}

SO 8253-3:1996 Acoustics -- Audiometric test methods -- Part 3: Speech audiometry {8}

ISO/DIS 8500 Airborne noise emitted by machine tools -- Operating conditions for mechanical
presses up to 2500 kN {5,10}

ISO 8528-10:1998 Reciprocating internal combustion engine driven alternating current
generating sets -- Part 10: Measurement of airborne noise by the envel oping surface method.
{5,10}

ISO/DIS 8579-1 Acceptance code for gear units -- Part 1:Test code for airborne sound {5, 10 }
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SO 9207:1995 Manually portable chain-sawswith internal combustion engine --Determination
of sound power levels -- Engineering method (grade 2) {5,10}

SO 9295:1988 Acoustics -- Measurement of high-frequency noise emitted by computer and
busi ness equi pment {5,10}

ISO 9296:1988 Acoustics -- Declared noise emission values of computer and business
equipment {5,10}

I SO 9568:1993 Cinematography -- Background acoustic noise levelsin theatres, review rooms
and dubbing rooms {4}

SO 9611:1996 Acoustics -- Characterization of sources of structure-borne sound with respect
to sound radiation from connected structures -- Measurement of velocity at the contact points of
machinery when resiliently mounted {5,10}

SO 9612:1997 Acoustics -- Guidelines for the measurement and assessment of exposure to
noise in aworking environment {4}

SO 9613-2:1996 Acoustics -- Attenuation of sound during propagation outdoors -- Part 2:
General method of calculation {10}

SO 9614-1:1993 Acoustics -- Determination of sound power levels of noise sources using
sound intensity -- Part 1: Measurement at discrete points {510}

SO 9614-2:1996 Acoustics -- Determination of sound power levels of noise sources using
sound intensity -- Part 2: Measurement by scanning {5,10}

SO 9902:1993 Textile machinery acoustics -- Determination of sound pressure levels and
sound power levels emitted by textile machines -- Engineering and survey methods {5, 10 }
Parts1to 7 arenow DISs

SO 9921-1:1996 Ergonomic assessment of speech communication -- Part 1. Speech
interference level and communication distances for persons with normal hearing capacity in
direct communication (SIL method). {4}

SO 10053:1991 Acoustics -- Measurement of office screen sound attenuation under specific
laboratory conditions {5,10}

SO 10302:1996 Acoustics -- Method for the measurement of airborne noise emitted by small
air-moving devices {5,10}

|SO/DIS 10449 Hearing protectors -- Safety requirements and testing -- Ear-muffs. { 11}

|SO/DIS 10452 Hearing protectors -- Recommendations for selection, use, care and
mai ntenance -- Guidance document. {11}
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ISO/DIS 10453 Hearing protectors -- Safety requirements and testing -- Ear-plugs. { 11 }

SO 10494:1993 Gas turbines and gas turbine sets -- Measurement of emitted airborne noise--
Engineering/survey method {5,10}

SO 10534-1:1996 Acoustics -- Determination of sound absorption coefficient and impedance
in impedance tubes -- Part 1. Method using standing wave ratio {5}

SO 10534-2:1998 A coustics - Determination of sound absorption coefficient and impedancein
impedance tubes -- Part 2: Transfer-function method {5}

SO 10843:1997 Acoustics -- Methods for the description and physical measurement of single
impulses or series of impulses {4,5}

SO 10846-1:1997 Acoustics and vibration -- Laboratory measurement of vibro-acoustic transfer
properties of resilient elements -- Part 1. Principles and guidelines {10}

SO 10846-2:1997 Acoustics and vibration -- Laboratory measurement of vibro-acoustic transfer
properties of resilient elements -- Part 2: Dynamic stiffness of elastic supports for trangatory
motion -- Direct method {10}

ISO/DIS 10846-3 Acoustics and vibration -- Laboratory measurement of vibro-acoustic transfer
properties of resilient elements -- Part 3: Dynamic stiffness of elastic supports for trandatory
motion -- Indirect method {10}

SO 10847:1997 Acoustics -- In-situ determination of insertion loss of outdoor noise barriers of
al types {10}

SO 10996:1999 Photography -- Still-picture projectors -- Determination of noise emissions.
{10}

SO 11094:1991 Acoustics-- Test codefor the measurement of airborne noise emitted by power
lawn mowers, lawn tractors, lawn and garden tractors, professional mowers, and lawn and
garden tractors with mowing attachments {5,10}

SO 11200:1995 Acoustics -- Noise emitted by machinery and equipment -- Guidelines for the
use of basic standards for the determination of emission sound pressure levels at awork station
and at other specified positions {5,10}

SO 11201:1995 Acoustics -- Noise emitted by machinery and equipment -- Measurement of
emission sound pressure levels at awork station and at other specified positions --Engineering
method in an essentially free field over areflecting plane {5,10}

SO 11202:1995 Acoustics -- Noise emitted by machinery and equipment -- Measurement of
emission sound pressure levels at a work station and at other specified positions -- Survey
method in situ {5,10}
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SO 11203:1995 Acoustics -- Noise emitted by machinery and equipment -- Determination of
emission sound pressure levels at awork station and at other specified positions from the sound
power level {5,10}

SO 11204:1995 Acoustics -- Noise emitted by machinery and equipment -- Measurement of
emission sound pressure levels at a work station and at other specified positions -- Method
requiring environmental corrections {5,10}

ISO/DIS 11205 Acoustics -- Noise emitted by machinery and equipment -- Dtermination of
emission sound pressure levels using sound intensity {5,10}

SO 11546-1:1995 Acoustics-- Determination of sound insulation performances of enclosures --
Part 1: Measurements under |aboratory conditions (for declaration purposes) {5,10}

SO 11546-2:1995 Acoustics -- Determination of sound insulation performances of enclosures --
Part 2: Measurements in situ (for acceptance and verification purposes) {5,10}

SO 11654:1997 Acoustics -- Sound absorbersfor usein buildings -- Rating of sound absorption

{10}
ISO/TR 11688-1:1995 Acoustics -- Recommended practice for the design of low-noise
machinery and equipment -- Part 1: Planning {5,10}

ISO/TR 11688-2:1998 Acoustics -- Recommended practice for the design of low-noise
machinery and equipment -- Part 2: Introduction to the physics of low-noise design { 5, 10}

ISO 11689:1996 Acoustics -- Procedure for the comparison of noise-emission data for
machinery and equipment {5,10}

SO 11690-1:1996 Acoustics -- Recommended practice for the design of low-noise workplaces
containing machinery -- Part 1: Noise control strategies {5,7,10}

SO 11690-2:1996 Acoustics -- Recommended practice for the design of low-noise workplaces
containing machinery -- Part 2: Noise control measures {5,7,10}

ISO/TR 11690-3:1997 Acoustics -- Recommended practice for the design of low-noise
workplaces containing machinery -- Part 3: Sound propagation and noise prediction in

workrooms {5,7,10}
SO 11691:1995 Acoustics -- Measurement of insertion loss of ducted silencers without flow--
Laboratory survey method {5,10}
SO 11820:1996 Acoustics -- Measurements on silencersin situ {5,10}

SO 11821:1997 Acoustics -- Measurement of the in situ sound attenuation of a removable
screen {5,10}
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ISO 11957:1996 Acoustics -- Determination of sound insulation performance of cabins --
Laboratory and in situ measurements {5,10}

ISO 12001:1996 Acoustics -- Noise emitted by machinery and equipment -- Rules for the
drafting and presentation of a noise test code {1}

SO 13261-1:1998 Sound power rating of air-conditioning and air-source heat pump equipment
-- Part 1: Non-ducted outdoor equipment. {5,10}

SO 13261-2 :1998 Sound power rating of air-conditioning and air-source heat pump equi pment
-- Part 2: Non-ducted indoor equipment. {5,10}

ISO/FDIS 13332 Reciprocating internal combustion engines -- Test code for the measurement
of structure-borne noise emitted from high-speed and medium-speed reciprocating internal

combustion engines measured at the engine feet. {5,10}
SO 13475-1:1999 Acoustics -- Stationary audible warning devices used outdoors -- Part 1:
Field measurements for determination of sound emission quantities {4}
SO 14163:1998 Acoustics -- Guidelines for noise control by silencers {5,10}

SO /DIS 14257 Acoustics -- Measurement and modelling of spatial sound distribution curves
in workrooms for evaluation of their acoustical performance {10}

SO 15667 :2000 Acoustics -- Guidelines for noise control by enclosures and cabins {5, 10}
12.3. INTERNATIONAL ELECTROTECHNICAL COMMISSION STANDARDS
|EC 60034-9(1997-07). Rotating electrical machines - Part 9: Noise limits. {5,10}

|EC 60050-801(1994-08). International Electrotechnical Vocabulary - Chapter 801: Acoustics
and electroacoustics. {1}

|[EC 60303(1970-01). 1EC provisional reference coupler for the calibration of earphones used
in audiometry. {8}

IEC 60318(1970-01). An IEC artificial ear, of the wide band type, for the calibration of
earphones used in audiometry. {8}

IEC 60534-8-1(1986-09). Industrial-process control valves. Part 8: Noise considerations.
Section One: Laboratory measurement of noise generated by aerodynamic flow through control
valves. {5,10}

IEC 60534-8-2(1991-05). Industrial-process control valves - Part 8: Noise considerations -
Section 2: Laboratory measurement of noise generated by hydrodynamic flow through control
valves {5,10}
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IEC 60534-8-3(1995-08). Industrial-process control valves - Part 8: Noise considerations -
Section 3: Control valve aerodynamic noise prediction method. {5,10}

IEC 60534-8-4(1994-05). Industrial-process control valves - Part 8: Noise considerations -
Section 4: Prediction of noise generated by hydrodynamic flow. {5,10}

IEC 60551(1987-12). Determination of transformer and reactor sound levels. {5,10}
|EC 60645-1(1992-10). Audiometers - Part 1: Pure-tone audiometers. {8}
|[EC 60645-2(1993-11). Audiometers - Part 2: Equipment for speech audiometry. {8}

IEC 60645-3(1994-10). Audiometers - Part 3: Auditory test signals of short duration for
audiometric and neuro-otological purposes. {8}

IEC 60645-4(1994-10). Audiometers - Part 4: Equipment for extended high-frequency

audiometry. {8}

I[EC 60651 - 1979. Sound Level Meters. {6}

IEC 60704-1(1997-03). Household and similar electrical appliances - Test code for the

determination of airborne acoustical noise - Part 1: General requirements. {510}

[EC 60804 - 1985. Integrating averaging sound level meters. {6}

IEC 60942(1997-11). Electroacoustics - Sound calibrators. {6}

IEC 61012 - 199x. Filtersfor the measurement of audible sound in the presence of ultrasound.
{6}

IEC 61043(1993-11). Electroacoustics - Instruments for the measurement of sound intensity -

M easurements with pairs of pressure sensing microphones. {6}

IEC 61063(1991-04). Acoustics- Measurement of airborne noise emitted by steam turbinesand
driven achinery. {5,10}

IEC 61183(1994-06). Electroacoustics - Random-incidence and diffuse-field calibration of
sound level meters. {6}

IEC 61252(1993-06). Electroacoustics - Specifications for personal sound exposure meters
{4,6,7}

IEC 61260(1995-08). Electroacoustics - Octave-band and fractional-octave-band filters.

{6}
IEC 61027(1991-04). Instrumentsfor the measurement of aural acoustic impedance/admittance.

{8}
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IEC 61063(1991-04). Acoustics- Measurement of airborne noise emitted by steam turbinesand
driven machinery. {5,10}
12.4. INTERNET SITESFOR MORE INFORMATION
(updated January 2001)

ACGIH American Conference of Governmental Industrial Hygienists, USA:
http://www.acgih.org

CCOHS Canadian Centre for Occupational Health and Safety: http://www.ccohs.ca
Bilingual English/French

FIOH Finnish Institute for Occupational Health: http://www.occuphealth.fi/e/
Trilingual English/Finnish/Swvedish

FIOSH Federa Ingtitute for Occupational Safety and Health, Germany: http://www.baua.de
Partly bilingual English/German

HSE Health and Safety Executive, UK: http://www.open.gov.uk/hse/hsehome.htm
[-INCE International Institute of Noise Control Engineering: http://user s.aol.com/iincel/

INRS Institut National de Recherche et de Securité, France: http://www.inrs.fr/
partly bilingual English/French

NIOSH, National Institute for Occupational Safety and Health, USA:
http://www.cdc.gov/niosh/

OSHA Occupational Safety and Health Administration , USA: http://www.osha.gov

WHO World Health Organization, Geneva: http://www.who.int/peh/noise/
partly bilingual English/French

Standards
IEC International Electrotechnical Commission: http://www.iec.ch
ISO International Organization for Standardization: http://www.iso.ch

WSSN World Standards Services Network: http://www.wssn.net/W SSN/script-cache/links
Linksto national and regional standards institutions, e.g. ANSI; CEN; CENELEC.
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12.5. COLLECTIONSOF CASE STUDIES
( updated January 2001)

CCOHS, Canadian Centre for Occupational Health and Safety (ed.) (Updated quarterly). Noise
Levels Database. Available on OSH CanData CD-ROM , CCOHS Client Services,
Hamilton,Ontario, Canada Examples on the website (see section 12.4.)

FIOH Finnish Institute for Occupational Health, Finland (ed.) (1999). Noise emission data of
electrical hand held power tools. Available on website:
http://www.occuphealth.fi/e/dept/u/spteam/tools/en_cont.htm

HSE, Health and Safety Executive,UK (ed.) (1995). Sound solutions. Techniques to reduce
noise at work. Guidance HSG138, HSE Information Services, Merseyside,UK (see section
12.4)).

HSE (ed.) (1995). Noise control at foundry shakeouts. Specific Guidance (unnumbered), HSE
Information Services, Merseyside, UK.

HSE (ed.) (1998). Control of noise at metal cutting saws. Specific Guidance EIS27, HSE
Information Services, Merseyside, UK.

HSE (ed.) (1998). Control of noise at power presses. Specific Guidance EIS29, HSE
Information Services, Merseyside, UK.

HSE (ed.) (1993). Control of noise in quarries. Specific Guidance HSG109, HSE Information
Services, Merseyside, UK.

HSE (ed.) (1990). Noise control in the rubber industry. Specific Guidance (unnumbered),
HSE Information Services, Merseyside,UK.

Ingemansson, Stig: Noise control - principles and practice.

Thisbook , first published in Swedish by Arbetarskyddsfonden, the Swedish Work Environment
Fund was trandated in different languages and disseminated as a guide for workers and
employers by the U.S. Department of Labor. It has been checked and improved by the author
and edited with William W.Lang in Noise/News International (NNI) beginning with VVol. 2. No.
2, 1994 June. The outstanding illustrations should assist engineers in explaining to others the
fundamental principles of noise control. An overwiew was given in NNI Vol. 7, No. X, 1999,
June.

Kurze, U.J. et a (1992). Noise reduction at the workplace (I11). (in German) Research
applications Fal4, 2™ ed. FIOSH Federal Ingtitute for Occupational Safety and Health,
Berlin/Dortmund (see section 12.4.).

NIOSH, National Institute for Occupational Safety and Health, USA (ed.) (1975). Industrial
noise control manual. Download as pdf-document from website (see section 12.4.), with
collection of case studies.
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Schmidt, K.-P.(1992). Noise reduction at the workplace (1V). (in German) Research
applications Fa15, 2™ ed. FIOSH Federal Institute for Occupational Safety and Health,
Berlin/Dortmund (see section 12.4.).

12.6. HANDBOOKS
(updated January 2001)

AIHA Noise Committee; Berger, E.H. et al.(ed.) (1986). Industrial Noise Manual. American
Industrial Hygiene Association, 4th edition, AIHA Press,Fairfax, VA.

Barber, A. (1992). Handbook of noise and vibration control, 6™ edition. Elsevier, Oxford.

Beranek, L.L. (1988) (ed.) Noise and Vibration Control, Revised edition. Institute of Noise
Control Engineering, Washington, DC.

Beranek, L.L. & Ver, |.L. (eds.) (1992). Noise and vibration control engineering. McGraw
Hill, New Y ork.

Bies, D.A. and Hansen, C.H. (1996). Engineering noise control. 2™ edition, E & FN Spon,
London.

Crocker (Ed.) (1998). Handbook of acoustics. Publication 99-010, ACGIH, Cincinnati,Ohio
(seesection 12.4.)

Harris, C.M. (1991) (ed.) Handbook of Acoustical Measurements and Noise Control. 3" ed..,
McGraw-Hill Book Co., New Y ork. Reprint in 1997 by ASA, Acoustical Society of America.

ISO (Ed.) (1995). Acoustics - Vol.1: General aspects of acoustics; methods of noise
measurement in general; noise with respect to human beings. ISO, Geneva (see section 12.4.)

ISO (Ed.) (1995). Acoustics - Vol.2: Noise emitted by vehicles; noise emitted by specific
machines and equipment; acoustics in building. 1SO, Geneva (see section 12.4.)

NIOSH (1978). Industrial Noise Control Manual. DHHS(NIOSH) Publication No. 79-117,
Cincinnati, Ohio (as pdf-document online see section 12.4.).

NIOSH (1996). Preventing occupational hearing loss - A practical guide. DHHS(NIOSH)
Publication N0.96-110, Cincinnati, Ohio (as pdf-document online see section 12.4.).

Probst, W. (1995). Noise abatement products - components and systems for absorption and
insulation of sound.(in German, partly trilingual German, English, French) Edited by FIOSH
Federal Ingtitute for Occupational Safety and Health, Berlin/Dortmund, TUV-Verlag,Cologne.
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Schaffer, M.E. (1993). Practical Guide to Noise and Vibration Control for HVAC Systems
(9). ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers,
Inc., Atlanta, GA.(see website: http://www.ashrae.org)

Sound Research Laboratories (1991). Noise control in industry. E& FN Spon, London.

Suter, A.H. (Chapter Editor) (1998). Noise. In: ILO Encyclopaedia of Occupationa Health
and Safety,4th edition, wholly rearranged and revised in print, on CD-ROM and online, ILO
International Labour Organization, Geneva.(see website in English, French & Spanish:
http://www.ilo.or g/public/english/support/publ/)

12.7. PERIODICALS

NOISE CONTROL ENGINEERING JOURNAL, bi-monthly, peer reviewed, published by
INCE/USA Institute of Noise Control Engineering of the USA, Saddle River, NJ,
(see website: http://users.aol.com/nce cost.html )

NOISE AND HEALTH, quarterly, Editor-in-Chief Deepak Prasher, NRN Publications,
London (see website: http://www.ucl.ac.uk/noiseandhealth/)

NOISE/NEWS INTERNATIONAL (NNI), quarterly, news magazine with internet
supplement, published by I-INCE and INCE/USA, Saddle River, NJ,
(see website: http://user s.aol.com/noisenewsi/nni.html )



INDEX

A-weighting ...................... 43
A-weightedlevel .................. 48
Absorption .............. 40,87,181,284
Acoustic
coupler ........... ... ... 207
enclosure ................. 270
outputchecks .............. 207
trauma ............... 65-66,74
Activenoisecontrol ............... 291
Actual state of noise emissions
frommachines ............. 121
Addition
logarithmic, of levels ......... 34
of coherent sound pressures . ... 32
of incoherent sound pressures .. 34
Administrative controls ............ 297
Airvelocity .......... ... 131
Amplitude ........... ... .. 23
Anatomy of theear................. 53
Annoyance and efficiency ........... 98
Asymmetric hearingloss ............ 72
Audiogram ........... .. 183
air conduction- ............ 183
basdline- ................. 212
confirmation-.............. 214
eXit- ... 215
graphic- ............... 195-196
immediateretest- . .......... 213
periodic-annual - ........... 213
retest- ................. 185-186
review and treatmentof ... ... 224
tabular- ............... 195-196
serial-. ... 201
Audiologist and physicians ......... 216
Audiometer calibration ............ 206
Audiometric
testbooth .............. 187-188
test frequencies............. 185
testing personnel ........... 215
Audiometry ... 183

ambient noise levels (test booth) 190

Békésy- ...l 196
computer-administered - . 200,219
elementsof ................ 186
for intervention/prevention ... 185
for monitoring/compliance . ... 183
manua - ............... 192,219
microprocessor-controlled - ... 219
mini (test) booth . ........ 187-188
multiple-station test booth . ... 189
noise reducing earphone
enclosures........... 189
pre-test information for employees
forvalidtests ........ 217
puretone- ................ 191
quality assuranceof - ........ 229
threshold- ................ 183
Auditory brainstemresponse . ... .. 61,183
Auditory cortex ................... 61
Auricle ......... ... .. .. 54,63
Backgroundnoise.................. 35
Background noiselevel .......... 96,186
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Cocktailparty effect (and HL) ........ 61
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Decibel .................. ... ..... 31
Deflection....................... 259
Design of low noise machinery ... ... 120
Direct field ...................... 27
Directblows . ..................... 65
Directivity ....................... 38
Disturbanceof sleep . .............. 165
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