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Noise Pollution — Introductory
Survey

R. W_B. STEPHENS

“There is no sound but shall find some lovers, as the bitter'st confections are
grateful to some palats.”
... Ben Jonson

POLLUTING

‘Polluter pollutes and Sufferer suffers the consequences. The (marginal) costs
of pollution abatement are such that it is cheap to clean-up a little; but it
becomes harder and harder to get cleaner and cleaner, until the last bit of
pollutant is very expensive, if not impossible to eradicate. The (marginal)
damage to the Sufferer is just the opposite. That last bit of pollutant at the clean
end of the range causes little damage and might even go unnoticed. Successive
additions of pollutant become more serious as one moves, perhaps. from
aesthetic considerations, to inconvenience, to damaged health’.®

Noise is concerned with sounds which annoy us and may have a long-term
physiological effect on an individual. In order to describe any sound we must
measure its magnitude and frequency spectrum, and the varation of these
parameters with time. These objective measurements are comparatively easy
to carry out with modern instrumentation. The real problem is the subjective
aspect. i.e. to predict the cumulative impact of sound on people, and this
entails the development of a methodology which modifies the physical
measurements so that they give a reasonably accurate indication of the
physiological impact.

It is said that at the beginning of this century four out of every five humans
lived in the countryside, but by the year 2000 it is estimated that at least
one-half of the world’s population will live (or work) in urban areas. An
enormous increase in the world population will also take place and this, with
the increase in magnitude and speed of modern transportation and the
advances in technology, will accentuate the problems of maintaining and
improving the standards of the human environment. The deterioration of the

*From Games as Models of Social Phenomena by Henry Hamburger, published by W. H.
Freeman & Co.
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*habitat’ conditions which has occurred during recent decades is described by
the general term “pollution’, of which ‘noise pollution” is a specific field.

Sound, and hence noise, results from periodic disturbances of the air and at
room temperature is propagated in air at a speed of approximately 340 m/s. In
water and steel for example the speed is much greater, being respectively about
1500 m/s and 5000 m/s. As the disturbance spreads geometrically its effect
will decrease with its distance from the sound source but the diminution in
sound intensity will also be affected by the damping of the sound waves by the
transmitting medium. This effect may arise in the atmosphere and is influenced
by the degree of humidity and the frequency of the sound. It is of particular
importance in a closed space. such as a concert hall, where the geometrical
spreading is almost eliminated. Here it becomes desirable from the musical and
speech intelligibility points of view to introduce sound absorbing material or
resonator devices at the walls or ceiling to reduce the prolongation of a given
sound, i.e. to control the reverberation of the sound. These absorbing
materials are usually of a porous nature and their particular absorbing powers
will depend on the frequency of the incident sound; typically they can absorb
between 50 to 90 per cent of the sound energy incident upon their surfaces.

The sounds we are concerned with in industry generally emanate from the
vibrating surfaces of machines. etc. These vibrations are transmitted through
the body of a machine and the vibrational energy is partly transformed into
sound vibrations in the air, i.e. structure-borne neoise in the environment.
Apart from this possible noise nuisance, the monitoring of the acoustic
emission of a machine during its continual operation can give indications of any
developing faults in its performance efficiency.

It is often guoted that ‘one man’s music may be another man’s poison’ and
noise is generally accepted as sound of any kind which is undesired by the
recipient at a given time and place. There is an old riddle which asks the
guestion of what comes and goes with a moving carriage but which is of no use
to the carriage. The answer is noise, but that emanating from an old-time
carriage would have provided, most probably, only a warning signal to the
pedestrian on the highway. However, on the cobbled streets of a village it could
have disturbed the peace and quiet of an invalid living on the borders of the
highway, so that noise control would sometimes be applied in the form of layers
of straw placed on the road surface. Noise appropriately shares a common
Latin root with the word nausea’ and its disturbing influence on people has
existed even in the distant past, It has often been quoted that Julius Ceasar
prohibited the driving of chariots along the stone-cobbled streets of Rome at
night.

Again, in the middle of the nineteenth century the German philosopher,
Arthur Schopenhauer. writes in his Studies in Pessimism that ‘noise is a torture
to intellectual people’ and he regarded in particular the cracking of whips as
intolerable, This sound source is not very evident today but the noise nuisance
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has been accemtuated with the growth of population and of engineering
technology in its various forms. Even specifically generated warning signals
could be necessarily of high intensity in order to achieve their pupose and,
during the last century. the disagreeability of noise was recognized in the
British Navy by the payment of ‘noise-money” to the ship’s crew during the
operation of fog signals.

Although some individuals might think that rotal slence would seem
heavenly, this thought would rapidly disappear if one was committed to spend
any length of time in an anechoic room (i.¢. a room in which almost complete
sound absorption takes place), when the movement of body fluids and of hearn
beats would be quite apparent in the ‘deadly silence” of such an enclosure. It is
interesting to note that a silent vacuum cleaner was developed but almost the
only customers were the hospitals, and a similar reaction came from secretary
and typist on the appearance of a very silent typewriter.

The extent of the annovance and discomfort experienced by an individual
subjected to noise will depend not only on the frequency spectrum and
intensity of the sound but also upon the aural sensitivity of the listener and
upon the activities being undertaken at the time of noise exposure. Further-
more psychological, physiological and pathological aspects are involved.

Although there are some sounds that are universally regarded as noise at any
time and place, there are other sounds which are valuable to man in one
situation, for example as warning signals, but which at another location may
prove to be quite unacceptable. It follows from the foregoing that the
assessment of whether a particular sound is to be considered as noise may not
be a straightforward operation and requires considerable discussion and
analysis by a body which is fully representative of the involved community.
Furthermore the pattern of noise is not necessarily static and can alter locally
with changing transportation and industrial activity, so that regular monitoring
is most desirable such as is carried out in the immediate neighbourhood of
airports.

The main attention has been given to urban areas but noise can also affect the
rural community, who are generally assumed 10 be more sensitive 1o noise than
those living in towns and suburbs, which is usually anributed to lower
background levels, around 25-30 dB(A). Typical noise nuisances in rural
areas anise from agricultural and forestry operations, early-morning noisy
cockerels. demolition and construction work, etc. In such rural areas in the UK
the local authority s required 1o make periodic surveillances to ascertain the
existence of any new noise nuisance.

Audio noise is often popularly described as grumbling, metallic or hissing,
according to whether the source emphasizes respectively the low, high or very
high audio frequencies. These distinctions lead to the idea of “coloured noise’.
and the optical analogy is carried further in speaking of ‘white noise’ when the
sound energy is evenly distributed over the whole of the audible frequency
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range, just as white light is a combination of all the colours of the optical
spectrum. Furthermore. the infrared and ultraviolet regions of the optical
spectrum have their counterparts in the infrasound and ultrasound respectively
of the acoustical spectrum. Again, just as a very rapid sequence of light
intensity changes in a cinema film can exhaust the optical nervous system of the
observer. so does a similar effect arise with corresponding changes in a sound
source. The characteristics of a sound source are influenced by the onset-time:
the shorter the time the larger the number of observable overtones of the
fundamental frequency. The time-variation of acoustic radiation may be
conveniently divided into continuous harmonic cycling, random excitation,
pulse operation and impulse.

ACOUSTICS AND ITS INTERDISCIPLINARY NATURE

To many people sound. or acoustics to give its more comprehensive ttle, is
associated solely with speech and music (Figure 1.1), and this was largely true a
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Figure 1.1 Sensing areas of audible sound

century ago. The improvement in modern instrumentation however has
enabled mechanical vibrations to be easily detected below and above the
normal range of human hearing. The former are low-frequency sounds below
about 15 Hz_ (i.e. eveles/second) and are termed infrasound, while above the
human audio upper limit of approximately 200 kHz is ultrasound, which s now
definable experimentally almost up to the limit imposed by the interatomic
distance in solids (Figure 1.2).

Even if our atmospheric environment is seemingly silent there are present
sounds of infrasonic frequencies which may. however, be quite feeble, with
pressure fluctuations as low as 1077 of an atmosphere but could be about
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Figure [.2 The Acoustic Spectrum

S04} times as great. This higher value would still be only about one-tenth
of the random pressure fluctuations created by a 30 kph wind, but they
are still detectable by microphones of long-time constants and which are
separated by several kilometres. At such distances, which are large
compared even with infrasonic wavelengths, the wind fluctuations
would be uncorrelated. Infrasound can be generated by jet-streams in the
atmosphere, inside the cabin of a fast-moving car with an open window,
by the movement of heavy lornes, by industrial compressors, etc. This
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infrasound of frequencies of the order of 15 Hz or less. can be quite significant
in its effect on humans. provoking a similar effect to seasickness by its action on
the semicircular canals of the ear, and it can also give rise to extreme nervous
tension. On the *credit’ side it should be mentioned that the central verges of
many motorways have become rich in fauna. This has been attributed to the
low frequency vibrations of heavy lorries which entice worms to the surface as
is done by the ground tapping of certain birds. The low damping of infrasonic
waves in the atmosphere was made evident in the Krakatoa volcanic eruption
of 1883, when the waves traversed around the earth several times and the sound
pressures were still detectable on barographs all over the world.

In its modern interpretation acoustics is generally considered to cover
periodic mechanical motion of all forms and as such is effectively concerned
with many aspects of modern life. This interdisciplinary nature is indicated by
the roulette diagram of Figure 1.3 and is succinctly expressed by Henry Crow
(1930) in The Nature of Sound. He writes ‘“To the mathematician the problems
of wave-motion offer a field for his highest powers of analysis; to the physicist
they suggest experiments demanding all the skills at his disposal: to the
engineer and to those who go down to the sea in ships these problems are
matters of life and death. while to the poet and artist they are “The sea dancing
ta its own music”.” During the half-century since these words were written
many environmental changes have taken place. such as advances in high-speed
air travel and in pop music with its electronic amplification, thus leading to
objectionably high levels of sound intensity,

This interdisciplinary aspect of acoustics provides a broad base for showing
the interdependence of the biological and physical sciences and revealing the
connection between the arts, science and engineering. The control of noise also
has its legal aspects and codes of practice and so becomes associated with
town-planning and general societal problems. These various aspects are dealt
with in detail by various international specialists in their particular fields in the
chapters of the book which follow. and in this introduction it is hoped to convey
a general perspective of the acoustic pollution problem.

Animportant milestone in the attention given to the acoustic environment of
man. and on a worldwide basis, was the Second International Congress on
Acoustics held in Cambridge, Massachusetts, USA, in June 1956. The theme
of the meeting, attended by representatives from eighteen foreign countries,
was Sound and Man. As emphasized in an opening address and which is just as
significant today, is that science and technology should provide the means to
‘make gentle the life of mankind’, an objective attributed to the Ancient
Greeks.

In the UK considerable impetus was given to the study of noise problems by
the publication in 1963 of the Wilson Report on Noise, to which many scientific
and technical bodies made distinctive contributions. The report contained
various recommendations on the limits of noise level for particular sources and
conditions and on the practical and economic aspects of enforcing them. The
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Figure 1.3 The Acoustical Roulette

need for research in certain areas was also indicated and a number of courses on
applied acoustics were established and stimulated provision of student
bursanies by the government. Since 1963 there have been various stipulated
and recommended regulations and controls. but not all are legally enforceable.
The UK Contrel of Pollution Act 1974 embodies all of the Wilson Committee
recommendations but does not lay down definite standards e.g. for neighbour-
hood noise. This may have been influenced by the tendency to devise different
units for different sources to accommodate their particular characteristics. A
different suggestion was proposed in a report of the Noise Advisory Council
(UK. 1975). namely that L., might be universally used for all sources.
Also. a relative measure has been suggested for rating airports in the form
of the ratio of inhabitants who are seriously disturbed by the aircraft noise o
the number of passengers using the airport.
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NOISE MEASUREMENT

In the measurement of noise a caretul choice must be made of the equipment to
be used in regard to a particular type of sound and to obtain the required
accuracy of measurement. also whether the instrumentation satisfied the
specifications laid down by national standards organizations and by inter-
national bodies such as the International Organization for Standardization
(IS0) and the International Electrotechnical Commission (IEC). The type of
sound can be differentiated according to its intensity or sound pressure level,
i.e. whether it remains fairly constant (so-called stcady-state), if it fluctuates
considerably. i.e. is intermittent, or if it exhibits very steep changes of levelina
very short-time interval and which is characteristic of impulse sound. The latter
could arise from gun-fire. ranging from — 170dB in the immediate area of a
military or naval gun to ~ 140dB for a firework cracker, the decay time
however is very short, On the other hand in the ringing (or reverberant) time of
impulse noise. as created by a forge hammer. the sound may decay
comparatively slowly as in a bell-tone. Although the same reading may be
obtained on the fast response of a sound level meter for an impulsive as for a
transient sound. the former has the greater annovance value. This arises from
the human ear having a faster response than the sound level meter with its
associated circuitry and has led to the introduction of impulse sound level
meters, which have a rise-time about four times faster than do the normal
fast-response meters.

The sound level (L)* in decibels (dB) is defined by L = 10log,,, (P7/P5) = 20
log (P/P,). where P,, is the reference pressure of 20 u Nm ™ and P is the sound
pressure under investigation. This definition however takes no account of the
different response of the human ear to noise of various frequencies and
intensities and to compensate for these effects on electrical weighting network
{one of four different characteristics) is incorporated in the measuring system.
However, since the level at any location will generally vary with time., a method
is required which will time-average the observed levels, and an international
standard for environmental noise has emerged. It is the equivalent continuous
A-weighted sound pressure level (L4 eq). which is the equivalent steady noise
level. that in a stated period of time, would provide the same noise energy as
the time-varving noise during the same period. Figure 1.4 shows the “noise
thermometer” which relates SPL and the sound pressure for various habirat
activities.

THE HUMAN PATHWAY OF RECEPTION AND INTERPRETATION
OF SOUND

As the main aspect of this monograph is the concern for the health and hearing

* Also referred to as Sound Pressure Level (SPL).
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condition of the individual, it is appropriate at this stage, to give a short
resumé of the human hearing mechanism and its general reaction, to intense
sound sources. As in the case of the high optical sensitivity of the eye, the ear is
very sensitive to noise and can detect the weak rustling of the leaves on trees,
i.e. an acoustic intensity of the order of 107" W/m?® At the same time
the ear can accept intensities as high as 10 W/m®, such as are generated in the
vicinity of jet aircraft (there is a strong possibility, however, of physiological
harm if subjected to high level signals over a long period of time. See Chapters
7and 11). Furthermore, because of the diffraction effect, there is the possibility
of sound waves bending round obstacles in their path, Hence particularly for
low-frequency sound waves. whose wavelengths are comparable with the
linear dimensions of earthly objects, it becomes possible for man to detect
sounds not in his direct line of vision. Sound may also reach the observer from
the ‘hidden source’ by reflection or scattering from suitably situated local
surfaces. It is evident therefore that the ‘blocking’ of noise in the external
pathway from the source to the listener may be difficult to accomplish. The use
of sound barriers is dealt with in Chapters 3 and 12.

LOCATION AR OUTER EAR | MIDDOLE EAR INNER EAR |AUDITORY| MEDULLA | AUDITORY
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Figure [.5 The complete auditory pathway from reception to interpretation

Figure 1.5 shows the complete auditory pathway, from the reception of the
sound waves to the final interpretation in the brain. Before dealing with the
various sections in more detail attention is directed to a broader aspect of the
hearing process. It is seen that there are three different disciplines involved and
that the physiological overlaps with both the physical and the psychological
regions. Physiology is thus associated with the whole of the neural interactions
up to the production of the sensation and interpretation of sound.

THE AUDITORY PATHWAY

Reception and Mechano-Electrical Transduction

It is the human ear which is essentially man’s ultimate judge of the nature and
intensity of a sound, and so the final assessment by the individual is related to
the personal characteristics of his ears. The general structure of the three main
compartments is shown in Figure 1.6(a}), but not to scale. The sound vibrations
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Figure L6 The acousto-mechanical pathway of the ear: (a) from outer receptor to
cochlea; (b} details of middle ear .

are propagated in turn, through the air of the outer ear, the solid bones of the
middle ear and finally the liquid of the inner ear. These sections have their
respective functions of collecting the incident sound waves, of converting them
first into solid vibrations, then into hydrostatic pressure waves and finally
into electrical impulses. As is common to all types of energy transfer, from one
medium to another of different density, the greatest efficiency of transfer
involves ‘the matching of impedances’ (see Chapter 1). It is at high frequencies
the external meatus, acting like a horn, provides efficient coupling between the
sound-field and the ear-drum. The middle-ear bones (hammer, anvil and
stirrup in Figure 1.6b), the ear-drum with its relatively large surface area and
the small oval window, act together as an efficient transmitter to the inner ear
only below 1 or 2 kHz. It is interesting to note that the displacement of the
eardrum in ordinary conversation would only be of the order of 10" %cm. The
excitation of the oval window leads to travelling sound waves in the cochlear
fluid and by transduction to electrical pulses in the organ of Corti, where the
pulses are codified. The Eustachian tube communicates with the nasal cavity
and enables the air pressure within the middle-ear to be guickly adjusted to
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sudden pressure changes in the outer ear, as is experienced for example
during rapid motion in a deep lift-shaft.

Signal Interpretation

The codified electrical impulse signals from the organ of Corti are transmitted
to the brain through some thirty thousand individual fibres, which form the
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Figure L7 The interpretation pathway: from the cochlea to the brain (after
Lara-Saenz)

auditory nerve (Figure 1.7). The main trunk of the nerve branches out into
numerous individual nerve cells, called neurons. The number of cells which are
activated depends on the strength of the electrical impulse and so could be an
indication of the loudness of the acoustic signal. The sensation of sound is
derived by the decodification of the nerve impulse in the auditory area of the
cortex while interpretation occurs by interaction, in an associated cortex area,
with the brain mental functions.

Loss of Hearing

Loss of hearing is the pronounced physiological effect induced by excessive
noise levels. It was becoming of concern in the late nineteenth century, in
particular amongst boilermakers. Recent work (see Chapter 5) suggests there
is a threshold for noise-induced hearing loss around 75 dB (A-weighted).
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Other factors than noise can lead to hearing loss, such as infection and illness.
Losses in sensitivity may be conductive, cortical or nerve. The latter arises
from sensitivity impairment in the hair-cells of the inner ear, is usually
frequency-dependent and there exists no medical remedy. Cortical losses
arise from damage or degeneration of neurons in the brain. which is an
irreversible process. As regards conductive losses, which result from defects
in the external canal, the eardrum and the ossicular chain, there is some
possibility of alleviation by surgical treatment.

The loss of hearing with age, termed presbycusis. is almost universal and is
primarily associated with the inner ear and possibly partly to the degeneration
of brain neurons. It is quite considerable, even in people who have avoided
serious illness and exposure to high noise levels, and at the higher frequencies is
somewhat greater for men than for women.

The Vestibular System

This system, shown schematically in Figure 1.7. is not concerned with the
hearing process but provides the balance mechanism of man. It comprises two
cavities, the utricle and the saccule, together with three semi-circular canals,
which are filled with fluid and contain gelatinous strips with attached hair-cells.
These latter act as static receptors and convey information to the brain
regarding the position of the head in space. The three semi-circular canals are
set perpendicular to each other in three planes to form a small organ. the
criston. It is the dynamic organ of position and will give informtion about
movement in all directions.

AUDIOMETRY IN INDUSTRY

The question of excessive noise conditions in industrial working is one that
concerns many industries, ranging from shipbuilding with its structural steel
workers with their pneumatic hammers to those engaged in tin-can or wooden
furniture manufacture. In the UK it has been estimated that at least a million
people work in a noisy atmosphere which could create a risk of hearing
damage. The problem which faces industry is the cost of reducing the maximum
noise level from 90 dBA to the recommended Brussels EC (European
Community) level of 85 dBA. a level which is below that usually accepted in
heavy traffic.

The value of andiometry in industry as a means of protecting people against
hearing damage has been for long a topic of discussion. This interest has
received support from the increasing activity in the legal field of common law
actions for occupational deafness compensation. A working group in the UK
has recently published its observations on the subject and it concluded that at
very high noise levels there is strong support for the use of audiometry as an aid
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in the early detection of people suffering hearing damage, arising for example
from defective ear protection. On the other hand the introduction of
audiometry at lower noise levels would involve the examination of very large
numbers of workers and lead to a serious consideration of the balance
berween expenditure of resources on control of noise and on the medical
supervision of workers. A more positive aspect of the report is concerned
with advice on procedures and equipment for measuring of hearing down to a
hearing level of —10 dB and describes the categorization of audiograms and
their use in deciding the initial action to be taken following audiometry. It
should be emphasized that the individual conducting the testing should have
undergone an appropriate course of instruction in the theory and practice of
audiometric testing in an industrial context and is able to satsfy the
designated medical practitioner as to his (or her) competence. In general
self-recording audiometry is preferred.

The presence of high noise peaks of short durations can occur in the
industrial environment. such as in the iron and steel industry. The occurrence
of these peaks in the region 4-6 kHz will be amplified in the outer and middle
ear and it is significant that hearing loss starts in this region. Hence in making
noise measurements it is particularly important to take into account the
impulsive noise as well as the total noise dosage.

HEARING HAZARD DUE TO NOISE EXPOSURE

The first effect experienced by the listener exposed to an intense noise source
is an elevation of the threshold of audibility directly following the exposure,
but if the source intensity and its operating period have not been too great
then only a temporary threshold shift (TTS) will have occurred. If intensity
and time of exposure are increased, however, then damage to the cell tissues
of the inner ear could mean a permanent threshold shift (PTS). Very litile is
known regarding the effect of chemical and other environmental factors on
the cellular structure in relation to noise-induced hearing loss. It is not
possible so far to identify people susceptible to this loss and it is only by
frequent monitoring of persons working in a noisy environment that signs of
hearing deterioration can be detected and appropriate action taken. It follows
that national standards of acceptable noise level are always statistical and can
only relate to a certain predicted percentage of a population that will acquire
a hearing loss below an agreed ‘acceptable’ level, on exposure to a noise
source level below a specified value.

In many jurisdictions, occupational exposure to no more than 90 dB(A) for
8 hours/day is considered acceptable. According to a new ISO standard. near
daily exposure at this level without personal hearing protection for 30 vears
would lead to 9 dB or more hearing loss at 2000 Hz and 19 dB or more at 4000
Hz in the most sensitive 10% of the exposed population. Noise-induced
hearing loss is. of course, additional to losses due to ageing, eic.
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NOISE CONTROL AND HEARING CONSERVATION IN INDUSTRY

Industrial noise control together with a hearing conservation programme 1s
designed to protect factory employees from permanent hearing loss in the
frequency range of speech. Exposure to a high level noise. for even a short
duration can create a temporary hearing loss for the listener. This can
eventually become a permanent loss if the individual is exposed to high noise
levels regularly for many vears. The hearing conservation programme was
established to identify any employees who have a high susceptibility to
noise-induced hearing loss so that they may be given extra protection or located
in quiet areas of the factory.

Iri investigating occupationally induced deafness it is essential to relate the
degree of deafness to a specific noise environment of a worker. for often he
may have worked in a variety of industrial situations or he may have been a
soldier subjected to heavy gun-fire. It was fortunate that the jute mills in
Dundee, Scotland. provided a ready-made test facility of workers who had
spent their working lives with the weaving-looms. The noise level was so high
that about sixty per cent of a group of women weavers were found to practise
lip-reading. It was about twelve vears ago that a worker in the UK was
successful with a common law claim for occupationally-induced deafness and in
this case the noise-level of the workshop, involving the use of pneumatic
hammers for shaping metal propellers. was particularly high. being between
115 and 120 dB.

Besides the hearing threshold shifts some industrial workers in noisy
surroundings following daily exposure can suffer such discomforts as tinnitus
(ringing sounds in the head)., vertigo (giddiness). headache or feeling of
fatigue. These deleterious effects can last for a short or longish time and are not
taken into account in the fixing of criteria. Tinnitus can be a very distressing
complaint and the *head noise’ can be located in one or both ears or elsewhere
in the head. Although its presence cannot be tested objectively. its possible
origin through noise should be an added reason for the protection of emplovees
from excessive noise in industry,

As regards the effect of air-borne ultrasound on man there is no definite
evidence of permanent biological changes. including that of hearing loss.
although the higher levels met in some industrial processes. such as those
involving cavitation, may be the cause of subjective discomfort like headaches
or a feeling of fatigue.

Hearing Protection or Remedial Help

As a first line of defence against noise hazards or where it is not practicable to
control the noise at source then personal hearing protection should be invoked
(Chapter 11). Soch devices include ear-muffs and plugs and acoustic
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enclosures. The efficiency or suitability of a particular ear defender will depend
upon the sound frequency content of the environment,

A problem associated with conventional hearing protectors is that the better
the protection, i.e. the greater the attenuation of the incident sound. the
stronger is the feeling of community isolation for the wearer. Modern
electronic techniques can overcome this negative effect by suitable circuitry
excluding dangerous noises above 85 dB(A ).

It has been reported that low-frequency aerial sound affects the same human
body receptors, the so-called Pacinian corpuscules, as does vibration, so that
low-frequency noise of intensity > 120 dB would require protection for the
whole body.

A remedial approach may be possible when the hair cells of the inner ear
become defective. following drug reaction or trauma, and conventional
hearing aids are of no help. There exists the theoretical possibility of bypassing
the defective cochlea and injecting clectrical signals direetly into the auditory
nerve, This idea is based on the earlier work of Galvani and Volta, about two
hundred years ago, when they found that electrical stimulation of the auditory
nerve gives rise to sound sensation. However. to obtain the essential
characteristics of speech requires the injected signal to have a sufficient degree
of complexity. Realization of this objective has only become possible with the
advanced instrumentation of today. and experiments in the USA concerning
the development of suitable neurostimulation electrodes of the required
micro-size and dimensional accuracy and which will endure immersion in a
hostile saline environment appear promising. In another approach being made
by workers in Australia a small receiver-stimulator is implanted in the mastoid
bone behind the ear. while a speech processor is carried in the pocket. Ttis also
of interest to note here that the skin sensitivity of man to vibration has
prompted the possibility of an alternative pathway from the world of sound 10
the brain, allowing a deaf person with lip-reading skill to use a simple sensory
auxiliary aid operating through tactile means. This is an area of research for the
furture.

HUMAN NERVOUS REACTION TO NOISE

Man’s nervous system reacts to noise in a similar manner to the other
stress-producing agencies of heat, cold. intense light or pain. The knowledge of
such reactions to sound 1s very limited so there is uncertainty as to its
significance as a health hazard. Among the autonomous reactions of a
short-term nature are the changes in the blood circulation and the heart-beat
rate, and blood pressure can be increased by a sudden intense sound, while
continuous sounds of high intensity can bring about a redistribution of blood.
The relation between the reactions of different stresses acting simultaneously is
not known. Sound in excess of 80 dB affects the secretion of many hormones
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and a complicated system in the brain allows the possibilities of many
interactions between various stimuli so that even if sound has only a direct
influence on a few stimuli it can cause changes in a great number of systems
through the interactions.

In industrial situations the pollution atmosphere may sometimes be guite
complex in nature, as for example in the working enclosure of an electric-arc
furnace for steel-making. Here both audio- and infra-sound exist in the
atmosphere as well as ground vibrations, strong light illumination from the arc
and the prevailing hot and dusty atmosphere which can all influence the total
nervous reaction of the workers, There is a law of specific nerve energies which
states that no matter how a nerve isstimulated it will produce the same sensation.
However, it is only accepiable in general terms for the cornea of the eye has only
one kind of receptor and yet heat, pain or touch can be sensed if the appropriate
stimuli are applied to the cornea. It is assumed that the effects of infrasound on
man is through pathogenic mechanisms, so greatimportance must be attached to
neuro-humoral regulations of the functions. In experimental studies changes
have been reported in the functional state of the central nervous and
cardiovascular systems and in the auditory analysis also degradation has been
found in the tissues of the brain and a number of internal organs. Many workers
have noted that low-frequency acoustic vibrations induce a feeling of euphoria
akin to intoxication, also a ringing in the ears. The presence of low-frequency
sound in the interior of a car driven with an open window is detectable by a
modulation of the speech of the occupants.

CONTROL OF NOISE

This brief review will be restricted to a few broad aspects. The three general
methods of minimizing the noise problem are: to control the sound source; to
modify the acoustic path from the source to the listener: to protect the ears of the
listener. When practicable the first-named alternative is most desirable and the
reduction of the radiated acoustic power may be achieved by the introduction of
mufflers, by mounting the vibrating system on isolating mounts, by introducing
vibration damping operation, etc. Other procedures which might be possible
are: increasing the length of the sound path; re-orienting the sound source with
respect to the receiving area: introduction of sound barriers between source and
received (Chapters 3 and 12); completely enclose the source, etc. Finally the
listener may be aurally protected by the use of ear-muffs or ear plugs (Chapter
11). The control of sound within an enclosure may be achieved by the use of
sound absorption materials such as porous tiles for ceilings and hard surfaces
where stronger reflection is desired. This form of sound attenuation is known as
‘passive absorption’ and is not efficient in its application to low frequencies. At
these frequencies the alternative technique of ‘active attenuation’ in its modern
development has the advantage.
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The problem of reducing noise intensity at source gets more difficult as the
level is reduced and it must be remembered that only a small fraction of the
source energy Is actually dissipated as acoustic radiation. As indicative of the
comparatively small amount of energy involved it is pertinent to quote the
statement made by Kaye some years ago that the energy expended by 100.000
spectators shouting during the course of a 1-2 hour football game would just
about be sufficient to make a cup of tea.

Source Location

An important aspect of noise abatement is the localization of the noise sources
so that noise reduction technique may be applied to minimize the acoustical
power output. Using scanning microphones to scan the acoustic field is not
particularly successful in locating sources since the presence of other
surrounding sound fields gives rise to interference and focusing effects. Recent
developments, however. use a microphone scanner and appropriate photo-
graphic apparatus to employ acoustical holography as a laboratory tool to
analyse the far-field sound radiation from complex sound sources. Such a
procedure, when combined with near-field measurements employing the
scanning microscopy technique, enable a complete analysis to be made of the
sound radiated from vibrating structures.

Active Attenuation

In contrast to the passive type of sound attenuation devices the last decade has
seen the re-emergence of an old idea based on the principle of superposition of
two or more waves passing through a given location. Depending on the relative
phases of the waves overlapping in any region it is possible to obtain destructive
or constructive interference, so that the intensity of the resulting sound field is
respectively greatly weakened or strengthened. This idea has been made more
realizable with the coming of the electronic age and advances in instrumenta-
tion. Its possibilities were in fact realized by Lueg in the USA about 50 years
ago and he used a combination of a microphone and loudspeaker placed in a
duct but suitably displaced with respect to one another. The electrical signal
transmitted from the microphone on the transmission of sound within the duct
was suitably processed before reaching the loudspeaker so as to be an odd
multiple of ;T out of phase with the arrival of the duct sound wave at that instant
of time. This simple system of Lueg was essentially restricted to a single
frequency.

The recent interest and studies in active noise control were initiated 10 years
ago by the work of Swinbanks on controlling sound propagation in long ducts.
This theoretical study has formed the basis for most of the subsequent
duct-based work and has stimulated many different lines of approach. One of
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the major problems in broadband duct control is eliminating the ‘feed-back’
interference from the cancelling source to the monitoring microphone.
Swinbanks originally suggested the use of either directional microphones or
directional cancelling source or even both together. In later work he eliminated
the feedback by duplicating it electronically and subtracting it from the
microphone signals. One interesting alternative solution to this problem
favoured by Leventhall at Chelsea College, London. was the use of the
‘Chelsea’ dipole. Here two cancelling sources were arranged in a duct and the
sensing microphone was positioned between the two at a position where the
two cancelling sources produced no sound.

An extension of the frequency bandwidth over which these duct systems can
provide useful attenuation has been achieved by both Chaplin and Ross by
choosing digital electronic control in preference to an analogue system.

Active Control of Periodic Noise

In the control of repetitive (periodic) noise there is the consequent
simplification of the control strategies and the elimination of stability
problems. Sound produced by a rotative machine may varv very little from one
cycle to the next. Knowledge of this permits the use of a computer-based
controller which records the noise of previous cvcles and these are applied to
construct the cancelling signal for the noise in the next cycle. Many types of
computer algorithm can be designed to suit the particular characteristics of the
system under control. The robustness of repetitive sound controllers has been
shown by the considerable success which has been achieved in various
applications such as in annulling of the noise from diesel engines in various
environments and of the periodic noise from newspaper presses. It is hoped
also to eliminate the low-frequency drumming sound in the cabins of propeller
aircraft by using as many as eight interconnected control channels to control
the cabin modes.

An alternative approach, which has been applied by Chaplin to the control of
repetitive noise in reverberant fields, is to use lightweight open-headphones.
These can cancel the local repetitive noise field while allowing the wearer to
hear speech and warning signals unimpeded.

Active Control in Confined Spaces

Recent work on the problem of noise inside the cabins of commercial vans has
shown great promise and a noise reduction of 13 dB has already been
achieved.

The ultimate in confined space active control research is being carried out at
the ISVR in Southampton. Wheeler has developed a headset to be worn by jet
fighter aircrew that uses the communication loudspeaker to cancel the intense
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random noise generated by the turbulent boundary layer on the canopy. A
microphone in the earpiece of the headset monitors the noise and the system is
designed to cancel the noise at this microphone position. Recently adaptive gain
controls have been fitted so that these devices need no adjustment and they are
small enough so that they can easily be carried in the breast pocket.

The better physical understanding of such systems and advancement in
electronic technology holds a promising future in the application of the system
for noise control if it is accepted that it is primarily a low frequency “device’. Itis
interesting to note that workers at Cambridge. UK have now extended active
control to open spaces in reducing the low frequency sound radiated into the
open by the exhaust of a static Rolls Royce Avon gas turbine.

SOME SPECIFIC NOISE PROELEMS

A number of specific noise problems are briefly described below but it is to be
noted that our noise environment in everyday life is usually more complex and
time-dependent so that the final assessment of the situation is more difficult to
obtain.

Aircraft and Traffic Noise

In most industrialized countries motor vehicles are the dominant source of
environmental noise but aircraft noise is by no means negligible. Community
objection to aircraft noise became strongin the UK duringthe early 1960s whena
number of groups or societies were formed whose objective was to provide a
‘mouthpiece’ for safeguarding the interest of the populace, particularly those
near airports or below the flight paths. The groups were represented at public
enguiries regarding the routing of flight paths. monitoring of aircraft noise and
the establishment of new airports orextensions of those already in existence . ete.
They would have appeared to achieve some success in their efforts for by the late
1970s the activity of the groups had greatly diminished.

Aircraft Noise

As exemplifying the problem of minimizing the impact of aircraft noise on man’s
habitat the precautions taken at Heathrow Airport, London will be briefly
discussed, as it is one of the world's worst airports as regards the number of
people affected by aircraft noise. The Greater London Council and the London
Boroughs most affected by aircraft noise operate an independent monitoring
system in order to provide information for planning decisions and policy
formulation. It involves two fixed sites for monitoring landing noise and four
transportable systems to cover various locations in course of time. Outdoor
microphones are linked to data loggers via threshold detectors,
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Under westerly operating conditions all approaching aircraft cross London,
while under easterly conditions parts of western London are affected by
departing aircraft. These follow minimum noise routes designed to avoid
built-up areas as much as possible and to follow noise-abatement procedures to
ensure that the specified noise limits are not exceeded. In order to enforce
these limits the British Airport Authority operates a noise monitoring system
which comprises thirteen automatic recording stations located close to the
airport at the edges of the nearest built-up areas and covering all departure
routes. All departing aircraft are monitored and infringements are recorded
and referred to the appropriate airlines. The data obtained will form a basis for
assessing the degree of insulation required for buildings in the affected areas.

This noise arises mainly in take-off and landing of aircraft, in taxiing and
servicing. and due to its intermittent nature is not assessed in the same way as
traffic noise. In the UK the unit most favoured is the Noise and Number Index
(NNI) which depends on the average number (N) of aircraft. landing or
taking-off, in the period 0600 hours to 1800 hours and a logarithmic average of
the maximum perceived level PNLmax observed during the passage of
successive aireraft, i.e. NNI = PNLmax + 15 log N — 50. Hence when NNI is
zero it signifies there is no annovance.

A different aircraft noise problem. as compared with a fixed-wing aircraft. is
presented by a helicopter, both in its noise characteristics and operational
modes. Additionally the heliport is usually located in a built-up area thus
adding to the complexity of the problem.

Aerodynamic Noise

Aerodynamic noise is generated by compressible fluid flow and besides its
obvious relevance to aircraft noise it is a growing industrial nuisance owing to
the increasing use of pneumatic tools and compressed-air devices in various
applications. An obvious method of reducing the noise is by lessening the
turbulence through diminishing the air velocity. This can be attained by
exhausting the air through sintered metal (i.e. porous) but has the disadvan-
tage of machine operation being below its maximum performance. The
optimum solution as always is the application of acoustic control principles at
the design stage of a device or machine,

Discotheque Noise

This is a problem mainly concerned with night occurrence and has arisen
largely through the advancing technology of the audio equipment industry.
This development has meant that large dance-hall bands of live music and the
accompanying size of hall are no longer necessary. Hence the type, size and
location of the *hall’ has changed for the whole musical equipment is easily
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transportable and only three to six players or just a disc-jockey is required. Itis
evident with sound peak levels which can reach 120 dB(A) and halls with
inadequate acoustic insulation that a local noise problem is created. In
particular the heavy low-frequency beat will penetrate deeply into the
environment. [t is significant to note that in the UK the licensing of premises
for music and dancing is primarily concerned with avoidance of injury through
overcrowding or fire hazard.

In the case of open-air concerts held in stadia near residential areas the
possible noise problems should at least be anticipated by careful planning and
background noise monitoring before the event. Also close cooperation with
local council officials and the police should be maintained before and during
the event.

Community Noise

In community noise we are concerned about the intrusion of noise into our
daily lives that would reduce the quality of our home environment. Noise limits
set by legislation would influence the construction and location of new
buildings and highways and the regulation of aircraft flight paths. The S.L.
A-weighted meter provides a basic measurement of community noise but for
defining time-varying noise and for predicting its human reaction other
measurement parameters are employed. For example the so-called ambient
noise which includes all the sounds which occur in an environment is expressed
by L a.q. which is the equivalent continuous A-weighted level over the whole
time period.

Community response to noise exposure has been chiefly derived from the
study of high-intensity transportation noise and it is of interest to note the
results of an urban noise survey made in the USA a few years ago, which was
very broad in perspective and wide in location. It was concluded that speech
interference was a good predictor of response but that for high-level
transportation noise was not necessarily directly applicable to the case of
general urban noise.

Traffic Noise

This nuisance appears to be the dominant world-wide problem and is the focus
of greatest concern. The most significant control is to reduce the noise emission
from the vehicles but complementary procedures are the use of noise barriers
{Chapters 3 and 12), planned routing of traffic, etc. It is always expensive and
generally not possible to obtain complete satisfaction in reducing existing
noise. Hence regional and town planners have a key role to play in the task of
minimizing noise in future developments and today they are helped by the fact
that noise levels from sources such as road and air traffic can often be
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predicted. Four different procedures are available: scale model technigues.
computer simulation. theoretical methods and empirical analysis. The use of
all four procedures has led to the underlying principles on which UK traffic
noise prediction is currently based.

A traffic control procedure of universal adoption is to augment the traffic on
a few major roads since a doubling of the traffic volume increases the noise
level by less than 3 dB(A) and at the same time traffic movement is discouraged
in quiet residential areas, particularly at night. This control is implemented by
means of traffic signs. An Act which has proved of great value in the UK is the
Land Compensation Act 1973. where the creation of new and improved roads
has unavoidably worsened the noise problem in some areas. and the Act can
provide some financial compensation or provide better sound insulation for the
habitat affected.

The regulation noise limits at present for passenger cars vary from BOdBA in
European communities to 81 dBA in Japan and are unregulated in USA. while
the corresponding figures in dBA for heavy lorries are 88, 86 and 89,
Alexandre (1980) has indicated that the proportion of people exposed to more
than 65 dBA will increase by 30 per cent in the vear 2000 unless there are
imminent improvements with noise abatement procedures. Any improvement
in car technology would reguire to be related with any increase in cost for this
would influence the rate of replacement of existing vehicles.

Railway Noise

The noise from railways is quite complex and comprises that emanating from
the motive power, i.e. diesel or electric motor. that from wheel—rack
interactions, which effectively constitute a sequence of point—sources. and the
overall combination of the vanous noise contributions vielding an effective
line-source. However. although the overall train-noise is high. the survevs
appear to show that it is generally acceptable. which is perhaps not so surprising
as might be thought initiallv. People living near a railway mav do so by choice
with the confidence that in general the density of traffic is unlikely to be heavily
increased, Also the time interval between trains will still appreciably segregate
their individual noises and the intrusion of their sound at the listener will be
gradual and hence less objectionable. Also to the urban commuter his
closeness to a railway. and hence a station, is 4 boon for his workday travel. and
these factors tend to make a moderate noise level socially acceptable.

Noise Isolation in Apartment Buildings
The question of poor noise isolation in apartment buildings arises often. not
from the lack of appropriate techniques or even due 1o poor acoustical design.
but from the lack of a fuller appreciation of the acoustical requirements by the
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contractor and his workforce. Hence the problem is often more of a social one
as less attention is given in general to the execution of acoustical directives than
to those of constructional strength and of heating and plumbing. This fact again
emphasizes the need for more acoustical knowledge to be imparted in school
technical education. which should not be difficult as there is a close similarity
between thermal isolation and sound absorbing materials. This latter fact can
also be helpful to householders in countries such as USA and UK by reason of
the financial support given under energy conservation measures to provide
thermal insulation. as at little extra cost acoustic isolation could also be
obtained at the same time.

CONDITION MONITORING OF MACHINES

This 15 an area of growing industrial interest and it concerns the noise emitted
from machines when in operation and how it relates to their life-cycles or
present-day well-being. or health. The sudden breakdown of a machine could
be a danger besides causing an economic loss in praduction. In order to detect
any deterioration of performance with usage. the condition of the machine at
its installation requires to be known and also the fatigue behaviour of the
machine material with continued cycling. Condition monitoring of rotating
machinery has become a complex effort demanding a high reliability from the
measuring svstem to give the extent of any deterioration and the need or
otherwise for immediate corrective action. Acoustic emission, i.e. the genera-
tion of stress waves within a body due to some local instability, is used as a
means of detecting a degradation of a machine, Their detection is by a suitable
piezoelectric transducer in close contact with the test surface.

SOUNDS WITHIN MAN

An interesting contribution in the present volume (Chapter 6) by E. Evans
relates to sound emission within the aural system; this draws attention to the
general topic of human body sounds., which is now being revived after a long
lapse of time. It was over 300 years ago that Robert Hooke of elasticity fame
wrote about listening to sounds in bodies. both human and inanimate, The idea
was taken up by doctors about 150 years later in the form of the stethoscope,
but it was not until the middle of this century that the effect received earnest
investigation largely as a result of improved instrumentation. The observed
phenomenon is usually referred to as acoustic emission and now finds
application for example in a field pertinent to this book, namely that of
monitoring health. It is also of interest to record another relevant observation
in the middle of the seventeenth century by the Italian scientist Grimaldi
(famed for his work on optical diffraction) who, by inserting his thumbs in his
ears, was able to detect low-frequency sounds from activated muscles. In this
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example also the topic was not revived until about 150 years later when the
British scientist and physician Wollaston (also noted for his optical work in
which he invented the prism which bears his name) carried out a most
interesting experiment. Reverting to our earlier reference of sound produced
by carriages moving over cobblestone, Wollaston utilized the effect to esti-
mate the frequency of the ‘muscle-rumble’ by varying the carriage speed until
the sounds were ‘matched’. Knowing the constant width of the cobblestones
he could calculate, from the speed, the number of ‘cobbles hit per second’,
i.e. the pitch of the sound, which he estimated as about 235Hz. The low
frequencies of these muscle sounds are normally inaudible to humans and to
detailed investigation but recent advances in instrumentation and the applica-
tion of computer sciences have altered the scene. The advent of the Fast
Fourier Transform has meant an enormous saving in computer time so that
the calculation of the vibrational spectrum from muscle contractions becomes
a feasibility and could provide a useful tool for investigation of the effects of
vibrations upon man.

POLLUTION IN MEDICINE

In using ultrasonic radiation for probing the human body it is especially
important to be aware of the possible forms of pollution that can arise. The
interaction of ultrasound. if sufficiently intense, with human tissue can give
rise directly to appreciable thermal and non-thermal effects. The former
arises from the fraction of the incident radiation energv which is absorbed by
the medium and contributes to the damping or attenuation of the transmitted
waves. This mechanical energy loss is converted to thermal energy and
produces a rise in temperature of the medium. Biologically the thermal
effects can lead to generalized tissue damage, changes in blood flow and an
increase in the rate of metabolism. The ‘non-thermal’ effect is associated with
the fraction of the incident energy which is scattered from the receiving
surface and plays a significant role in the ‘imaging’ of the scattering body.
This scattered energy also represents an abstraction of emergy from the
on-going incident ultrasonic beam.

If the intensity of the ultrasonic radiation is such that the ambient pressure
in the receiving liquid medium is exceeded then cavitation can occur, which
involves the formation and subsequent growth and oscillation of small gas-fil-
led bubbles. In stable cavitation the oscillating bubbles set up shear stresses in
the medium, while for transient cavitation the violent collapse of the bubbles
can create high temperatures and pressures in the immediate environment,
which can lead to disruption of local tissue and damage to blood cells.

The cavitation threshold. i.e. the ultrasonic intensity required to initiate
cavitation, will depend on the frequency, temperature and pulse-length of the
probing ultrasound. Furthermore the increased radiation pressure of the
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ultrasonic beam will lead to a significant flow of the liquid medium. This
so-called acoustic streaming can produce particle movement and possible
membrane damage.

It is evident that in audible communication as in ultrasonic diagnosis it is
essential, for a given situation, to know both the magnitude and distribution
of the sound pressure levels. This increased urge for better quantification is
emphasized by the use of the term ‘non-destructive evaluation’ in preference
to ‘non-destructive testing” (‘or inspection’).

VIBRATION POLLUTION

In noise pollution the concern has been associated mainly with the discomfort
and possible hearing damage to the individual when immersed in an
atmospheric environment, where the levels of audible sound are in excess of
those regarded as acceptable in normal conditions. The concept of noise
pollution however also extends to the exposure of the human body as a whole
to appreciable vibratory motion as experienced for example in a transport
vehicle, particularly in its passage over very uneven surfaces, on a ship in a
rough sea or in the severe low-frequency oscillations of an aircraft flying in
turbulent air,

As most mechanical industrial processing also involves mechanical vibra-
tion as well as noise to various degrees, it is an important area of
consideration in acoustic pollution. The problem tends to be accentuated with
increased mechanization and speeds of production. As already mentioned
faults in the running of machinery besides often creating noise nuisance
problems can also give rise to a dangerous mechanical condition resulting
from metal fatigue. undue stress and possible breaking of structural members,
etc.

In general the siress waveform and the motion of the vibrations of a
machine or surface are complex, but may be most simply regarded as
resolvable into their sinuspidal Fourier components, commonly in the
frequency range of a few to several hundred Hertz. Additionally any point on
the vibrating surface may have components in the three co-ordinate axes,
although only one may be of prime importance, e.g. the vibration of a metal
panel normal to its surface. The majority of vibration detectors give a
response to motion mainly in one direction and so may be applied if necessary
to determine the three components in turn. It would be out of place to go into
details of the measurement system except to say that by the inclusion of an
integrating or differentiating electrical circuit it is possible to derive displace-
ment. velocity and acceleration waveforms of the vibrating surface, (see
Chapter 14). The techniques used for the control of air-borne noise may
equally well be applied to periodically produced structure-borne vibrations
but the problem is more involved since transverse shear and surface waves
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etc. are involved, besides the longitudinal compressional waves of sound
propagation.

VIBRATIONS AND MAN

The effects of vibration upon man and animals may be conveniently divided
into four main groups: biodynamics, pathology. physiology and psychology.
Human reaction to vibration varies widely and is not only influenced by various
physical factors but also by psychological reactions such as fear and
resentment. Although the human body is a complex dvnamical system whose
component parts vary considerably as regards stiffness, strength and density,
we can gain some general enlightenment as regards frequency response from a
model built up of a number of simple systems such as given in Figures 1.8{a).
and 8(b). M, § and D refer to the mass, spring (elasticity) and damping of the
elementary unit subjected to the vibratory force V. Each unit will have a
characteristic frequency and the particular mode excited will depend upon the
direction in which the forcing agency is applied with respect to the anatomical
axes of the subject. At very low frequencies, < 3 Hz, the body moves
effectively as a single unit and the effects are those associated with motion
sickness. For higher frequencies various internal organs are displaced o
varying degrees by the fluctuating forces imposed on them. In the case of the
heavy and lightly supported organs their movement may ‘lag’ behind that of the
forcing motion giving rise to internal distortions. The tolerance of the human
body to acceleration depends more on this body distortion than on the reactive
force due to the acceleration. Figure [.8(c) shows the calculated peak
acceleration for various frequencies to achieve a given compression of the
human tissue so, assuming that this is a measure of the body response, then the
curve should give the acceleration level required for a given degree of human
response. The subjective observations made by Goldman 1957 for 5-20) minute
exposures show a general qualitative agreement with a low-frequency plateau,
a minimum at middle frequencies, arising from spring-mass resonance, and a
rise at the higher frequencies. The general inference gives support to the
human body being regarded as an acceleration-sensitive device. It is
noteworthy that Goldman suggests that lorry drivers and air pilots who suffer
exposure over long periods may experience more troublesome effects than
have been indicated. Figure [.8(d) gives the general reaction of man to
different magnitudes of acceleration at different frequencies. As mentioned
previously at low frequencies 0.1 — 1 Hz intense vibrations can provoke
sickness and the balance organs are affected. while in the range 3-15 Hz at
acceleration levels > (.5 g, breathing and speech are disturbed and the nervous
system affected in general. At higher acceleration values of — 2g, in the
frequency range 2-10 Hz, whole body vibrations for more than a few seconds
can be injurious. At still higher acceleration amplitudes 5 ~ 10 g infrasonic
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Figure 1.8 Simple model to illustrate the vibra-
tion sensitivity of the human body. (a) Simple
equivalent human structure; (b) equivalent
mechanical system; (c) calculated frequency
curve of applied acceleration (in arbitrary units)
to produce a given magnitude of compression in
the soft tissue layer; (d) curves showing regions
of buman reaction
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frequencies can cause haemorrhage in the lungs. The parameters of transmis-
sibility and mechanical impedance (Chapter 1) are most favoured in analysing
resonance phenomena in man and animals, supplemented often by high-speed
cinematography.

For control of the effects of vibration on passengers or drivers of heavy
lorries or aircraft pilots the question of seating is of prime importance. The
main technique by which man can be protected against the effects of vibrations
entering his body is by a suitable choice of his posture and orientation with
respect to the direction of the external vibration. Furthermore it is desirable if
possible to spread the distribution of the applied force over his body surface. At
a low frequency of vibration near to body resonance the human response may
be reduced by adopting a slouching posture or by leaning backwards on a
reclining seat which spreads the applied force. Although at higher frequencies
the vibrations will be effectively dampened by the body. if applied through the
seat, the isolation of the head may be short-circuited through the stiff frame.
arm and head rests. Suspension isolation is an alternative, as exemplified by the
naval hammock, and as an approximate guide the resonant frequency of the
loaded system should not be greater than one half of the lowest frequency from
which is it required to isolate the load. Non-linear springs are desirable in order
to reduce the displacement at high exciting forces and the seat-cushioning
should avoid the possibility of resonant conditions and consequent undesirable
amplification. Figure 1.9 shows the advantage of a suspension seat as regards
attenuation at frequencies in the region of the body resonance, i.e. ~ 3 Hz, but
some amplification is indicated at 1 Hz. When seated on a conventional seat
cushion man shows a strong resonance at 3 Hz,

It is of interest to note that the legs of a standing person provide little
attenuation of vertical vibrations when they are kept stiff but with bent knees
the lower limbs function as efficient vibration isolators. This effect was utilized
by charioteers in the past and could perhaps be followed by commuters of today
— instead of strap hanging!

Man is more sensitive to mechanical vibration than is generally realized and
moreover has a larger cover of frequency. from around [ Hz to 100 kHz. than
the range of human audibility. He tends to overestimate the amplitude of
vibration whereas the fingertips are able to detect amplitudes of the order of
107" m, while whole-body vibration amplitude around 107*m can be
felt. depending on the frequency. By measuring seat-to-head transmissibility of
vibration it has been found that no major resonances are present above 15 Hz.
When the body is excited. either by sinusiodal vibration or by impact, along the
spinal axis then a prominent vibration between 4 and 6 Hz is detected.

SOME SPECIFIC VIBRATION PROBLEMS
Traffic-induced Vibrations

In the early part of this century it was expected that structural damage to
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buildings in large cities would result from the rapid increase of vehicular traffic,
in number and size. Fortunately by improved road construction and the better
‘springing’ of vehicles this has not seriously materlialized. The parameter of
‘particle velocity’ is now regarded as a more useful criterion than vibrational
amplitude as a warning threshold of impending structural damage.

This cause of disturbance to man and buildings arises first from variations in
the contact surfaces between the wheels of a vehicle and the road surface,
leading to stress waves being transmitted into the surface, both bulk (shear and
longitudinal) and Rayleigh surface waves, the latter decaying much less rapidly
than the bulk waves. (Chapter 14). In a layvered road the transmission becomes
more complex and gives rise to other modes of propagation. The second
problem is due to pressure fluctuations in the atmosphere and consequent
noise arising from engine. exhaust, etc.. and from the movement of the vehicle
in the air. The vibrations are usually in the infrasonic range and can affect. i.e.
rattle, the larger size flexible building components such as windows and doors,
but are not normally liable to cause structural damage: a 100 dB sound signal is
only equivalent to an air pressure of 2 N/m?. The vibrations of windows,
etc.. can induce air vibrations, i.e. sound, within the building,

The traffic-induced vibrations of buildings are in the frequency range 1 to 45
Hz, while for highway bridges they are in the lower range of 1 to 20 Hz. In the
latter case the duration of the energy exchange between a vehicle and the
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structure will be limited by the time that the vehicle is on the bridge. With the
present-day tendency for lighter-mass construction the designer is now
presented with an added problem.

Mechanical Vibrations and Buildings

The isolation of a building from sources of vibration comes into consideration if
the vibration is liable to reach levels higher than is acceptable for the particular
use of the building. The criterion of acceptability is usually concerned with the
subjective reactions of external disturbance to enable sensitive instruments to
be operated in the building, such as in a laboratory or hospital. Besides the
conventional structural problems. account must also be taken of the possibility
of wind-induced vibrations and of the interaction of the foundation and the
ground. For example an isolating clay-bed in a normal season. in drought
conditions could become a good acoustic conducting channel. Additional to
the usual vibrational problems arising from road and rail traffic there is. in big
cities, the specific isolation required for buildings built over underground
electric railways, This problem engaged the attention of Lord Rayleigh with
reference to the London Underground system in the early twentieth century.
In response to complaints of excessive vehicle vibration the Board of Trade set
up an investigation. It was found that the vibrational amplitude in the range
10-15 Hz was rarely greater than 0.003 cm and that annovance was felt when
the vehicle acceleration reached 0.04 to 0.05 g where g 1s acceleration due to
gravity. The use of welded rail has helped to minimize vehicle vibration and for
different situations short lengths of the full track. including ballast. have been
floated on resilient rubber—metal slabs. This also improves the acoustical
well-being of dwellings built over railway-cuttings. The investigation also led to
an improvement in the rolling stock.

The limiting levels of parricle velocity (Chapter 1) in building vibrations are
of the order of 107" m/s if the building is being used for such delicate
work as optical calibration work, and should not exceed between 10~ and
107* m/s for road traffic and light winds; in the neighbourhood of
107 m/s they become perceptible to man. and if reaching 107
ms, as for strong winds, the vibration effects become unpleasant to humans,
Within another decade of particle veloaity. i.e. 107" m/s. the threshold
of structural damage is reached and the conditions are those created by a strong
earthquake.

The control of noise in large buildings. when height also enters into
consideration, will vary according to the environment and usage but must be
planned in detail beforehand. and of course it is essential that the measures are
correctly applied subsequently. The existence of anv noisy external environ-
ment with respect to the proximity of a particular face of the building. and the
location of any noisy section within the structure in respect of nuisance to the
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external community, must be observed in the planning. The overall design
must be complete before construction starts as the cost of any subsequent
adjustments are economically prohibitive. The technical fields involved may be
broadly stated as engineering acoustics and architectural acoustics. although
there will be some overlap as for example in the provision of air-conditioning
ducts. their incorporation into the structure of the building being the architect’s
responsibility, while the air-conditioning plant is the concern of the engineer,

The incidence of wind on the face of a building in a more or less normal
direction creates an eddy and a suction on the near face. In the case of two
buildings close together a channelling effect is produced, leading to severe
suction on the sides facing the intervening gap. Most ordinary buildings are
relatively stiff with periods less than one second and so are responsive to short
gusts if they encompass the building. and a danger hazard may result if a
resonance condition is attained.

Vibration Isolation and Transmissibility

Asregards vibration isolation the use of passive svstems has met the majority of
needs concerning cost. simplicity and reliability. However, for certain
circumstances active systems would be an improvement for they possess the
potential to respond to a complex variation of the input conditions. As quoted
in Chapter 1 criteria for the acceptability of the vibration isolation of a
building are dependent upon the use for which it was intended and external
elements such as winds in general could be disturbing.

In the reduction of transmission, or protection against, periodic vibrations
the natural frequency (f,,) of the mounting system must be much lower than the
forcing. The calculated efficiency however will be found greater than the
operating efficiency due to a number of factors such as the dynamic elastic
modulus of the mounting material being greater than the static modulus. etc. In
the vibration design criteria for buildings the maximum allowable transmission
is a function of the vibrating force and also on the location within the building.
[solation efficiencies should be at least 75 per cent in less critical areas, rising to
90 per cent in more sensitive regions. Higher efficiencies are necessary for
mountings on wooden floors as compared with concrete and special isolation
attention is necessarv for rotational equipment. as it is important to avoid
imbalance of moving parts.

Forging Hammers and Blasting Operations

Amongst impulsive and percussive types of vibrational sources are forging
hammers and blasting operations. The ground vibrations from the latter, apart
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from the air-blast, can be both annoying to man and sometimes damaging to
structures. The threshold for damage is taken as approximately a ‘particle
velocity’ of 12 cm/s with a warning stage at approximately 8 cm/s. Close to
the source of a forging hammer its vibrational record can resemble that of a
minor earthquake and unless the foundations are adequate there could resulta
progressive settlement of the hammer due to the large dynamic forces
involved. The ground disturbance under favourable ground conditions may be
detected more than (1.5 km away but the energy transmission could be greatly
reduced by using inertia blocks on springs as mountings for the hammer.

THE OCEAN HABITAT

The possibility of man taking up his abode under the ocean, even if only for
short periods in industrial pursuits, would not necessarily mean operating in a
silent world as is often supposed. In reality, although little sound can penetrate
below the surface from the air, particularly in calm conditions, sound levels
exist which are comparable with those in a quiet garden, even in the most
secluded parts of the sea. These underwater sounds may arise from natural
phenomena, from marine life or from the activities of man. Many of the sounds
are random in nature and from the point of view of underwater communication
constitute noise and will interefere with information signals.

However, many sounds in the ocean can be regarded as communiction
signals or interference sounds according to the interests of the observer. The
ultimate lower limit of noise in the water is the thermal noise associated with
molecular motion and is normally negligible compared with other noise
sources. There is an upper limit to the normal behaviour of water (or other
liquid medium such as body fluids) which is set by the value of the excess
pressure in the sound wave. When this pressure becomes greater than the
ambient static pressure in the system, then during the rarefaction part of the
cycle the resultant pressure becomes negative, or in other words the medium is
subjected to a tension which can give rise to the phenomenon of cavitation,
This generation and subsequent collapse of voids or gas bubbles in liquids leads
to development of shock waves, and the medium in fact suffers a form of
acoustic pollution; moreover, it is a noisy process. The cavitation threshold at a
water-atmosphere surface would be approximately 0.33 watt cm 2. A
particular tvpe of cavitation, known as hydrodynamic cavitation, is one of the
chief components of ship-propeller noise which in time of war is an indicator of
the ship’s presence to the enemy. Ultrasonic cavitation is associated with the
transducer-generator which is limited in its power output, apart from the nature
of the material, by the necessity for operating below the applied threshold
voltage for cavitation. The need for operating well below this threshold is
particularly important in ultrasonic medical applications to avoid damaging
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human tissue. Inthe ocean the movement of wateritself represents the minimum
ambient noise of practical significance and the breaking of surf on the seashore
may be heard several kilometres away, while even the disturbance of the sand on
the shore without actual wave-breaking can be heard in the water at distances of
several hundred metres. The waves breaking over breakwaters can enclose
volumes of air that are set into low-frequency vibration and with the innumer-
able different-sized agitated air-bubbles the overall wave spectrum forms a good
source of ‘white noise’. The noise increases with the wave-height but down to
about 1(N} metres below the surface its characteristics are not apparently greatly
affected by the depth of the observing point. Until comparatively recently it was
not realized that sounds of fish could provide a limiting background to the
operation of sound detection systems. The croaker, for example, is typical of the
drumfish class who generate sound by striking a gas-filled bladder with a
vibrating muscle in a series of blows at a rate of 600 blows per second. Although
the acoustical output of a single croaker is small the large number which
congregate in certain locations can produce strong interference on sonar
detection systems, e.g. in Chesapeake Bay. USA, a number of 300 million has
been quoted as the summer population. The normal activity is at a maximum an
hour after sunset and has been known to be 63 dB greater than the normal water
noise, but as regards aural listening may be distinguished from ships’ sounds by
suitable filtering circuits. Snapping shrimpsifin sufficient numbers can be heard
in the air above the water surface. Their frequency is prominently associated
with the 10 kHz region, which creates a problem with some sonar-echo ranging
equipment. It is also suspected that moving sediments are the origin of
noise-bands which have appeared on the records of high-frequency sonar
systems and this possibility has received support from laboratory experiments
using small glass spheres. The phenomenon of musical sands appears to be a
closely allied effect. (see Figures 1.10 and 1.11 for ocean noise).

Asregards man-made noise the most common isdue to that of ships, and hasa
certain resemblance to traffic noise on land. The actual sounds created by a ship
depend upon type. dimensions and method of operation, so that a given ship
could be characterized by its spectrum, which could be important in naval
defence.

Finally, as the counterpart in the ocean to infrasonic waves in the atmosphere,
are the so-called internal waves. These waves have received a deal of attention
during this century and they have been of particular interest to the navies of the
world because they influence sound propagation by disturbing the thermo-
cline, which is a steep thermal gradient existing below the so-called isothermal
layer that extends to about 50 metres below the ocean surface. [t is said that
fishermen on the Pacific islands when fishing can often detect the presence of
internal waves, which are indicators of the approach of a storm, with its
disturbance of the environment.
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Figure 1.10 Summary of ambient ocean noise spectra (after Wenz)

Off-Shore Structures

Off-shore structures have added another dimension 1o noise problems at sea.
There has been a growing concern about the high noise levels on the oil rigs and
production platforms which could affect direct aural communication between
workers. This interest has also developed with the extension of the Health and
Safety At Work Act to cover workers in the off-shore oil and gas industry.
Difficulty was found in determining the radiated sound levels from the
powerful equipment closely packed in reverberant steel units on the platforms.
when employing the normal sound pressure measurements. However, the
development of sound intensity measurements with their inherent feature of
giving direction as well as the level of sound has made measurement less
difficult since extraneous sources can be ignored. Recent research work by
Norwegian investigators indicated that it is the only method which can be used
to check that a guaranteed level is met by a commercial piece of equipment.

EDUCATION AND PUBLICITY

Professional societies can play an important part in influencing their national
governments to appreciate the harmful effect of excessive noise exposure on
the health and comfort of their citizens. This awareness of the noise problem
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Figure 1.11 Noise in the ocean (after Stephens, 1970)

had in fact been appreciated in the USA as early as 1929 by the New York
Noise Abatement Commission, who used a noise-measurement truck 1o make
the first comprehensive city-wide noise survey, observations being made at
aver 130 locations in the city.

Twenty-seven years later the Acoustical Society of America (ASA) at the
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second International Congress on Acoustics took as the main theme *Sound
and Man’. Again in the early 1970s the ASA arranged a conference to delineate
ways in which it might approach acoustical problems affecting human welfare
during the ensuing decade. A task team approach was adopted in which
individuals were assigned to particular task areas, seven in total, which
included interorganizational relations and the diffusion of knowledge, together
with various technological sections. Although a society is not a formal
educational and training establishment it should bear the responsibility of
providing guidance to teaching institutions as to pressing national educational
needs in its fields of interest. Such a situation arose in the UK concerning the
implementation of noise abatement codes of practice which were to be
administered by health and safety officers, whose training had not involved
significant attention to acoustics. As a consequence the educational section of
the Institute of Acoustics developed a course in acoustics to meet the
immediate needs and which was to lead to an examination for a Diploma in
MNoise Control. The examination is under the administration of the Institute of
Acoustics, but the teaching is carried out at the various interested polytechnics
and technical colleges who are accredited if they meet an acceptable standard
as regards teaching staff, laboratory conditions, library facilities and appropri-
ale apparalus.

The conservation of hearing in industry involves the often difficult problem
of making the ordinary worker, particularly the youthful, fully aware of the
dangers arising from noise pollution. The existence of trade associations can
here achieve a great deal as they can often cover many countries and are
engaged in a common topic, as for example that of the Steel Castings Trade
Association with its approximately fifty member companies. This association
instituted a short training course on the measurement and reduction of foundry
noise and which had the advantage of being carried out by its own staff. An
additional feature of general value in disseminating information to the public
was that the manner of presentation had particular relevance to the educational
standard of the listeners.

The last decade has seen a significant change in noise control and research, to
a certain extent the result of noise control legislation which has stimulated
development in the technology of noise control. Computer usage has led to
improvements in acoustic analysis and the need for technicians and others to
receive training in the new techniques has made an impact on noise control
educational programmes, which has been particularly evident in the USA. In
large local urban authorities the acoustical technologist would require an
appreciation of many fields additional to a good knowledge of basic acoustics,
basic electronics and instrumentation, and such needs can be provided by
suitable short courses.

The general public should be informed of acoustical developments by
well-designed television programmes and public lectures, in which acoustical
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society members can play an essential part. Another important function of the
professional society is to bridge the gap between the world of technology and
the academic sphere by way of conferences. seminars and publications. The
multi-disciplinary nature of acoustics makes it easier to choose meeting topics
of common interest with other disciplines and so also helps the problem of
intercommunication.

At the important level of school education acoustics had become somewhat
of a Cinderella subject in the face of seemingly more exotic subjects and a
crowded syllabus. The position has been worsened by the fact that few teachers
from the university have received any acoustical education. The Institute of
Acoustics has endeavoured to create an interest amongst fifth and sixth form
scholars by means of lectures at various centres in the UK. Also the Science
Museum mm London has created a transportable science exhibition for use at
schools with the overall title of “Musical Notes and Vibrations’, involving eight
separate stands on different acoustical phenomena and applications. There are
40 different experiments which are operable by the scholars themselves. It
should also be added that the Schools Council in the UK have introduced more
technology into the curriculum at secondary schools and acoustics has been one
of the chosen subjects.

Finally, there is the problem of autracting school leavers and university
students into thinking about careers involving acoustics. Here again the
professional societies should act as informers and to give publicity to the
possible areas of recruitment. Although acoustic pollution would seem to be
mostly associated with audiometry, bio-engineering and structural engineer-
ing. there are many problems to attruct the interest of the physicist, such as the
various sources of noise in the water-cooling towers of power stations and the
water-flow over river weirs. In the latter case the continuous sheets of water
enclose volumes of air vibrating at infrasonic frequencies. unless the sheets are
broken up by the insertion of wooden baulks.

SOME GENERAL COMMENTS AND THE FUTURE

The need for a more world-wide approach to the noise problem may be
desirable but is fraught with many difficulties. A commendable step in this
direction are recent developments in a legislation proposal on the protection of
workers from effects of noise, which would operate throughout the member
states of the European Community. It is hoped that it would include
non-auditory hazards as well as the protection of hearing and also the setting up
of noise hmits for different types of machine such as agricultural tractors,
excavators and concrete breakers and other machines used in construction and
demolition work. The cost of noise control can be guite considerable and 10
cover the cost of implementation of the comprehensive laws on noise,
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inaugurated by the Netherlands government in 1979. ‘noise charges’ were to be
leveled on sound insulation of buildings.

The need for closing the gap between research knowledge and its application
has been exemplified in the case of knowledge of the physical mechanisms
involved in sound propagation outdoors. Until recently only the simpler
models based on average behaviour were used for prediction of noise levels
around projected airports and alongside highways. The deeper significance of
local conditions is now being incorporated in the schemes of prediction, which
should lead to a greater accuracy in forecasting,

Although comprehensive studies have been made of noise levels in industry
and the general environment, comparatively little attention has been given to
domestic equipment. but more recently the motorized lawn mower has come in
for serutiny in a number of countries and the EEC has introduced a code of
noise test for these machines. Even in the domestic kitchen and the canteen
there is scope for quieter utensils: there is a basic need for a quiet metal, like
lead, but not incurring its undesirable qualities.

Advances in acoustical technology and theorv continue and recent
developments in statistical room acoustics have been of significance at the
higher frequencies where the earlier modal theory became inapplicable due to
the enormous number of overlapping vibrational modes which are involved.
The use of models in noise control problems is important alike for theoreticians
and engineering designers. The degree of simplicity of the modelling will
depend on the nature of the questions that are being asked.

A very significant and recent development in noise control engineering has
been the growth of interest in sound intensity measurements. In the early
1970's sound power was being established as the primary measure of the
noise emission from machinery. In the immediate future acoustic standards
will be based on sound intensity, and its direct relation with sound power will
make 1t an obvious procedure for evaluating the noise emission of machines
(Chapter 1).

The close relationship of acoustics with medicine is exemplified by a recent
development in phonography which is associated with the respiratory track.
Skawinska in Canada has based his study of the acoustic phenomena resulting
from the presence of disease by analogy with the theorv of speech sound
production. He has shown how various types of constrictions in the respiratory
channel will produce a characteristic stridor. The type of stridor is found to
depend on: the location of the constriction in the tract; the shape of the
constriction: the nature of the tissue around the constriction; and finally the
pressure difference between the two sides of the constriction. A strong
relationship was found between particular diseases and the acoustical features
of respiratory noise. This effect could act as a warning for example of the
development of throat paralysis in bulbar polio.
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Acoustics may be of service to man in combating other types of pollution.
The discovery in the mid-eighties, almost simultaneously in the USA and the
UK., of the photo-acoustic effect led to the development of the spectrophone.
In this technique the sample of gas in a suitable glass envelope is subjected to
modulated electromagnetic radiation and will suffer absorption if there is even
a small amount of carbon dioxide of the order of 1 in 1(F by volume in the gas
sample. The acoustic resonance involved is easily measured. The extent of the
‘fouling’ of streams may also be monitored ultrasonically. Again in the casting
of steel ingots it is important to know the extent of the inclusion of impurities
which could impair the strength of the material and their existence may be
found by ultrasonic diagnosis.

A positive use of high energy sound is its direct application to the dispersal
of coagulation in liquid manufacturing processes or in the precipitation of
particles in gaseous systems. This has been achieved by the development of
high acoustic intensity sources {Gallego er al.. 1978, 1979).

Looking to the future it seems that motor vehicles will continue to be
dominant source of noise. and complementary actions such as reduced
emission at the source, improved traffic management. use of noise barriers.
etc. (Chapter 12) can contribute to noise abatement and it is forecast that
reduction of emission at source is likely to make the largest contribution. This
gain would probably be at an increased cost of a vehicle and could also
involve an increased fuel consumption: moreover this period for mass
change-over to the improved vehicle could take between one and two
decades, whereas the density of traffic is not likelv to decrease in the
meantime. The fatigue effects of high-intensity noise upon aireraft panels and
electronic equipment has received attention over a number of vears. but the
effects are now significant in a wider range of equipment and as a result the
requirement for a high rise intensity test is being written into many
engineering specifications.

It is always very expensive and often impossible to reduce existing noise
satisfactorily and so regional and town planners have a key role 1o play. Their
task is helped by the fact that noise levels from sources such as road and air
traffic can often be predicted: for example there are four different methods
which have been emploved for predicting traffic noise: scale model
techniques, computer simulation, theoretical methods and empirical analysis.
The use of all four procedures has led to the underlying principles on which
UK traffic noise prediction is currently based.

The chapters of Part Il in this monograph give detailed accounts of how
sound can affect man in many wayvs. Although the information of a given
chapter is generally restricted to a particular “isolated’ noise it should be
remembered. as mentioned earlier in the survey. that the noise environment
in everyday life is usually more complex and can be a mixture of many
different sound sources., Moreover there are other environmental para-



Neise Pollution — Basic Introduciory Survey 41

meters. such as temperature and pressure conditions, as well as air and dust
pollution, which can contribute to man’s nervous reaction. This is a field
requiring further investigation. The diversity of the disciplines of the various
authors are indicative of the many facets of acoustic pollution, as of acoustics
in general.

It seems appropriate to conclude by recording a paragraph from Scientific
American of July 1928 which stated: * A growing recognition of the right of the
citizen to be protected against offences to his senses of sight, smell and hearing
will mark the future of city administration ... but we think the most serious
trespass against the comfort of dwellers in cities, and particularly those of great
size, is the matter of noise ...” — and still the problem is with us.
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