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Preface

J. B. Lorg~

Perhaps th~ litle doe> nol roO~ct th~ tru~ COnl~nl of lhis boo~. which
comproh~nsi"~ly co\"~.. lh~ major topics ;n ..-hal ha' becom~ g~n~rally th~

,ubj~ct of acou'lics, The boo~ conlains chapl~" On th~ basic physics of
"ibmt;"" and sound and lh~" df~ct upon man, There are 18 ell.pte ... ,,-hich
ar~ divid~d into thcee sections: fundamentals of noise and hearing. elf~C1S of
noiloe On m.n. and sourttS of noise and its control.

Fifty ye.rs ago noiloe pollution did not exisl as. subjeclto be .tudied and
acoustics was basicall)' a brancb of phy<ics "'ilh lh~ ~mbryonic topics of
archit~lur.1 acou'lics and el~troacouslics .cknowledged by only a few
cogn=nti, Concern for noise as. social probl~m was nominal UC~Pl for a
rouple of pioneering programm~s in San Francisco and New Yorl< in lh~ late
1920s and ea,ly 19)(k. During th~ de<:ade before the Second World War there
wa. a gro"ing resentment to lhe noise cauloed by th~ expansion of road and
air lransportal;"n sysl~ms_ It "'as during lhis ~riod that municipal airpons
were .iled and Iheir expan.i'-e de'-elopment ..-as begun. The Brili.h
go\"~rmm~nl sludy ;n 1938 conclud~d lhal lh~ probl~m of aircraft no'loe
nui",n"" was one which inhibited. m.jor exp.nsion of lhe industry,
Th~ Second World War was nol an opponun~ ~riod 10 railoe ronCern for

noise pollulion but as in m.n)' Olher fields. it did f"'ler lhe deV<:lopment of
much bask sci~nc~. and l~chnology was de\'~lO]Xd 'hat loe,,·.d as a
found.lion fQr m.n)· of the posl·.....r de"elopments. Be5ide. Ihe increasing
sophi>!,calion of ~I~lroacoustics. "hich pro\'id~d the devic~ for noiloe
m~asu,~m~nt and anal}'sis, two olh~r de,·.lopmentS grul1y aid~d lh.
post·" .. "",I<. The firsl w.. in lhe t~hniquc of psychoph)'sics, "'hich led
,~lal;onships be''''e~n physical Slimoli and psychological responloe. Wilhool
lhese methods il ..-ould h"'e be~n impossibl~ 10 cafl)' oul the many
laboratory an<! noiloe su",~y programmcs_ The loecond de"elopment ...., lhe
rolleclion of data on lhe prop.gation of noiloe from "ar;"o, "'o=s and "'... a
"ar;"ly of I~rrainsand ground co,-ers. Some of lhese data .re 51ill of "aloe bUI
il g.,'e .n insighl into lhe complexil;es of an analytical approach

Afl~r th~ war il be<am~ apparom lhal lh. m"'l s~ctacula, n~w noiloe
SOUrtt was the jCl-p"""~redaircraft. Initiall}' lhis noise probl~m was confined
to .ir force baloes, and lhe con"",n lor lh. elf~IS of lh,s nQiloe polluhon on the
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inhabitant~ prooutcd a signifitanl study by the US Air Force. and a result of
lhis >1udy "'as lhe communily noiS" raling ind~x, This mOSl valuable
programm~ only r~~i"ed public r~cognilion by Ih~ US go,·~rnm.nl many
yea" afl" lh. "'ork began. In lh~ lat~ 19SOs ci"il air lransportation had
r~ach~d a I~\'el of aCli,ily "hich ...a< gi"ing cauS" for alarm ,n l~
commun,t,.. dose to major airports. JUSI prior 10 the inlroduCliOll of jel
aircraft lhe Port of N.... York Authority' d"'e1opcd far-r~aeh,ng"it..ia for
aircraf' tak~-off noiS", This r..ulte<! in lh~ seuing'up of a specific noise le\'~l

for jet aircraft and also lh~ introduClion of a n~'" anll based upon lh~ coneepl
of noisiness ....hich haH profoundly aff~,ted sut>sequ~nl d~\'e1opm~nt< ,n
ci,-il a"iation.

Contemporary ...ilh lhi< ifllliali,'~ ...a< lh~ beg,nn,ng of a compr~hcnsi,'~

r~\'ie... of noiS" eff"'ts by the Wilson Comminee in lhe UK. r~salting in 1963
in lh~ir financial repon on llle problems of noi... This Brilish study
>1imulated a varie'y of field suryey'$ and labo,mory t~SIS in,o 'he effects of
road traffic and aircrafl no,se, The most famous and signifieanl "'as lhe first
London Airporl noise .un-'ey. conducted in 1961. ,,-hich has sen-ed as a
prolo,yl'C' of mos' nmS" .un-'~y'$ ":n~ lhat dale, The next fift.en yea"
"',lnessed an upsurge of interesl in conlrol <:>f the em'ironmem and thc
pr<:>blem <:>f nniS" pollution became a uni'e...l problem. On~ again the
pauern of de'-elopment ...as I~d by lhe nO'se problems crcaled b)' aircraft,
Aircraft ooise did nOl occu' on such a grand ..,at~ as traffie or ,ndu,l"al nOIse
but il produc~d a serie. of dislUrban~s for about 5 per e.nl of lhe populalion
Senou, progress ;n sol"ing lhe ooise problem "'as pos":ble because of the
financial and l~chnologieal supporl gi"en to lhe air Iran,ponalion industry, A
combined legislali' e approach 'hrough noise certific"'ion of ne" .ircr.fl and
by en"ir<:>nmenlal r~gula"ons is produc,ng a ,ustaine<! d~creaS(' ,n nmS"
e~posure Sin« lhe introduelion of noiS" ~nification similar proc~,..,s have
be~n developed for other forms of lranspon'l;on, There .re man) nalional
and imemalional organltal,ons currenll) in'ohed ,n no,S" leg,.lation o'er a
",d~ rang•. It is difficult to remain a"-are of all oflheS" aeli"ilie. although the
contentS of lhis monograph pro"id~s" compr.h~n,,'e guid~. NoiS" conlrol
has become complicated. particularly in SOm~ Weslern European COUn1ries
who as pan of ,he EurOl'C'an Communil) are ,uhjecl to local ,egulahon"
European Communily crileria. and in1~rnational ,tandards,

Dunng Ihe ael;,'e period of en"ironmen1al c<>nc~rn the ba,;c sctence and
lechnology de'-eloped rap,dl)'_ Study of lhe ,,'ork of some grnt ntn~'een,h

cen'ury ..,i~nlisl$ such as Ilelmho1l2. Ra) leigh and Lamb becam. fa'hionable
and pro'-ided a basic insiglil iNO lhe physics of noise. Th~ir work was
"lended and ~nhanc~d SO Ihal it could be applied in a conlOmpo,ary cont~xl.

Jam~, Lighlhill perhaps pro"id.., tlie best example of someone ,,'hose
reS"arch linked scienlific work "'ilh mod~m ,~chnolog}' r~quir~men1S_ The
sk,lls of the medical practilioner. social sci~n1i'l and I"ycholog;'t h3\'e been



d"rcl~d a, many fa""', of ,h~ noi.. pollution probl~m_ and is well illusl'aled
b~ 'he di'e,sil) of the "u,ho,.._ Pc,hap< i' i' ncce"',,} 10 offc' " "on! "f
warning 10 lhc ,."der. "ho "illlea'n "f Ihe effccl' "f n<li", on people, "f Inc
a,-ail.ble techn"log~ '" make ~u,~tc' "'ad ,ch,d," '" a"crall. '" of lhe noi'"
"'gulal'on, and crit~,ia de'doped h' effCCl wntrol. hUl lhat 'hc lcehoolog~

"ill onl,- be eflecli"c if ,egulation, ,tiC cnf"'ccd Th" c'", "f ""'''' ,;.,,,,,,,1 can
be en",mou. and m"'e ,,,"k,, urgentl) re~u"ed ", ,dentif" the true ""I. The
n"cd fo' noi'" ,,'ntr,,1 mu<l "" I'laced aj"ng.ide "lh," " ....ial "nd po'lilie"1
priori,ies, ,\1<0 lhe ,e"de' mu" C:lTefull~ ",rec" 'he man~ ",ienur", fact> and
co",lu,ion, conlain~d Ihroughout th" b<,,'l, 1M the ""iabili'l of the da'"
paf1ieul:"l~ al'l'lied ,,, "melu,io", afkcting Ih,' g,'ne'al p"I'"lation "
cn",mOa>. The I"OIl wnta,ned ,n Ih" b<",k d~arl! ,denl,fie. In,,' h,gh lC\d,
or noi'" "'I""u,e e,m affeel u' in manl different I'a~' Dala at<' "'"all~

pn:<cnted ro, a "ngl,· ''''un-.; _",'h '" "",'r"f" h,"<1 ""ffic 0' 'ndu""al
m"chmes. bu, I'C do ""I li,~ in a .ingle--.'u"" ~n,i",nm,'n1. Our noi'"
cxp<»ure i' ""i,·d. and "'''',I"h 01"'1 1'><' dirert"d ," ,"amin,' Ihc dt,'cl of
""mpln "",'" cm'imnmen" "'f.... ,icnced in ,·\C"d,,~ lik ,\ Itho"gh thi_ i' ,t
difft"'h and delailed 1'''''''''. unlil ",' ,'"n pmduce '"ch e,,<I<-n,'O ou, "'Irk
Can ,ighll~ h<- ,'i,,"ed a' ""'"iml'lifi"alion of lh,' I'",blem ""d pe'h"!,,
p"nali"ng onc .oure,' of "",-0" madcq",,'e ,n an ~n,,,on,ncnt wmpo",,<1 or
m"n~ \Oure,·'. The I><"'k i." true "·n'·",i,,n or "ur currcnl kno",,'dgc and
,nd"ate. bo" much ,ntclk,tual df"" is no" ,It "",l to "'crewne the
I'roblem> of noise pollu,i"n
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EdOt«l to,' '" Lara Skn.z ond R W. B Stephen>
Cl'''''" SCOPE. PuOl..tled OJ' Jolin Wilej '" Son> 1.'0

Noise Pollution - Introductory
Survey

'T1><,. i. no soun<! but >hall ron<! some 10\..... a, ,be b'tte,'" confection. or.
g,.tdullo >OIT'H: palo",'

BenJonson

I'OLu.rnSG

'Polluler pollules and Sufferer suffers Ihe oonsequenC('s The (ma,ginal) co<l'
of pollution aba'emenl are such lhal il i'I cheap to dean-up a little; bUI il
becomes harder and hatder 10 gel d.aner and deaner. until Ihe la<l bit of
pollutam i' very expen';"e, ;f not impossible '0 eradicale. The (marginal)
dam.ge 10 lhe Suffe'er is ju,t 'he opposite. Thai la<l b;l of pollulam al Ihe dean
end of the range causes liule damage ano might e"en go unnotiC('d. Su",essi,'e
.ddition, of pollutam beoome more serious as one m",-es, perhaps. from
a«lhet" ronsidemtion'. 10 incon"enience, to damaged health' .•

No;se is concerned "'ith sounds which anno)' uS and rna)' have a long-lerm
phYSIological effcct on an indi,-idual. In order to describe any sound "'e must
measure ;ts magnitude and frequency 'pectrum, and the ,-.riation of these
p..ameterl wi'h time. These objective measurements are comparalively easy
to ca,,} OUt with modern in<lrumentation. The real problem i. 'he .ubjec,ive
a,peel. j,e. 10 predict the cumulative impact of """nd on people, and this
email, tbe development of a methodology whicb modifies the physical
measuremenlS SO lhal they gi,'e a reasonably accurate indical;on of the
ph~'siological impact,

11 is said thai at the beginning of this century four out of every five humans
hed in the countryside, but by Ihe )'ear 2UX\ it is e<l;mated that at leasl
one·half of Ihe world's population w;1I live (or work) in urban area'. An
enormous increa.. in the world population will also take place and this. with
lhe increase in magnitude and speed of modern transponalion and the
ad'-ances in technolos,)', "ill accenluale lhe problems of maimaining and
improving lhe Slandards of the human environment. The deterioration of lhe

'From ............ MooIrl> of 50<." _ ~ H,"'l Hambu'1<'. ""bhsl1ed t»" H
F",,,,,," '" Co

,
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'habilal' oondilion~ which has occurrrd during r~cenl decades is described I}y
,he general term 'pollution" . of which 'nQi~ pollution" i~ a ~ific fidd.

Sound. and hence noi~. results from periodic disturbances of the air and at
worn temJl"rature is propagated in air al a speed of approximately 3-lO miS. In
water and sled for example the speed .. much grealu. being respectivel}" about
1500 mi. and 5COO m s. As the disturbance spread, geomellically its effect
.....ill decrease w;tn its distane<: from 'he sound SOurce bu' lhe diminu';on in
sound intensity ",-ill also be affected by the damping of the ""und W8'-e< by Ihe
nansmilling medIum. This effect may ""se in the atmosphue and IS Influenced
by the degree of humidity and the frcqucnC) of the sound. It is of particular
importance in a c1OS"d 'p"ce. mch as a roncen haiL where the geometrical
,preading i' almOSl elimlnaled, He,e ilbecome' de'irable from lhe mu,ical and
,peech inlelhgibih,)' poinl' of view 10 inl'OOUCe sound absorbing male rial or
resonator devi= allhe "'all, or ""iling 10 redu"" lhe prolongalion of a given
sound. i,e. lO control lhe reverberation of lhe sound. These absorbing
malerial' arC usuall)' of a porous nalure and lheiT particular absorbing powe"
will depend on lhe f,equer>cy of Ihe incidenl sound; I)'pic.ally Ihe)' can absorb
bel"'een 50 lO 90 per ""nt of lhe sound energ)' incident upon Ihcir surface>.

The sounds we are concerned Wilh in indullrY generall)' emanale from Ihe
vibrating surface. of machine,. elc. These "ibralion' aTe Iran,mined lhrough
Ihe body of a machine and the .ibralional en..gy is panly lransformed inlo
sound "ibralion' in Ihe air. i.e, ,uucture·borne noise in lhe env'ironment.
Apan from Ihis pos~ble noise nuiSoance. the moniloring of lhe acouslic
emission of a machine during ilS conllnual operalion Can gi"e indicalions of any
developing faullS in ilS pe,forman"" effidency.

11 is ohen quoted lhal 'one man', music ma)'be anolher man's poison' and
noise is generally aIXep'ed as sound of an)' k,nd "hieh;, unde'ired b)" lhe
recipicnl al a given lime and pia"". The,e is an old riddle ""hich ask' lhe
que.tion of whal come, and goe' "'ilh a moving carriage bul ",'hieh is of no u..
'0 'he carriage. The an,"er i, noise. bul thaI emanating from an old-time
carriage would ha"e prov'ided. mosl probably. only a warning ,ignallo lhe
pede'trian On ,he highwa)". However, on lhe cobbled ,lreelS of a vmage il could
have disturbed the peace and quiel of an innlid hV'ing on lhe borde ... of the
highway, so lhal noise control w'ould sometime' be applied in the form of layers
of Straw' placed on lhe ,oad surface. "oise approprialely shares a common
latin rOOI "'ilh lhe word nausea' and iI' disturbing influence on people has
exisled e"en in Ihe distant past. II has oflen been qU01ed lhal Julius Ceasar
prohibiled lhe driv'ing of chariOlS along the s10ne-robbled SlreelS of Rome al
nighl.

Aga,n. in the middle of lhe nineleenth century Ihe German philosopher.
Aflhur Sd><>penhauer. wriles in his Studies in PCSjim;sm lhal 'noise is a lortu,e
10 inlelleclual people' and he regarded in particular lhe cracking of ""hIps a,
,ntolerable, This sound ""u,,,,, is nol "e1)' eV'idenl loday bUllhe noi.. nuiSoan""
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h:as !Itt.. accentuated ....uh the V"'....th of popul.,i(>n and of ( .."nunn,
lechnolog> in 11$ vanoII$ forms. E"en 'lpCC'lficaJl} fenerated ....mIni silln.als
coukllx~I) of high ,ntcnIJlj In ordor '0 .due,-., ,he" pupo:ll(O and.
dunn, tIw: last ceolUI)-. the d''',r~.bllilyof fIOtSC " .... recogruud In lIN:
BnU5h 1'.,')' by.hot pa)""Cn. of "1lOQt,,,,,,,,,",' '0 !be \hip', a ..... dunng 1M
operation of fO!! oign.h..

Although~ md"ldo.ols m,sh' dunk WI toW .tIcnce .._Id <.«m
bea'"nly. Ibi> tllou&h' ..'Ollkll.podl, cbs.appc:ar If~ ..... committed 10 spend
anI length of~ in an .lIc<booc room (. c .• room in "'tndl almost compk'c
IOWld .boofpIion ",ku pbtt). "be-n ,bt lllO>'l'....nt 01 bod}lluids and of hun
beatS ......1<1 be quite apparent In tM 'doeadl) S1knce" ofsuch lUI cndowu It It

llItcrnlUIg '0 IKMc lb... SIkrI! '1alllm dCaMf "cas o:Jc-,cloped bul .lrrlO'l,be
onl)' <:\I!;lOfMf'S .,ere the:~l•••nd a "mllar uxtion a .... from S«l'C'U\

and 'llMl on tho appeal'nce of • 'cry solentll"P"'TllCr
lbc ulenl of.he ~lInce.nd"-fort upeneDCed bl an 'nd,,,dual

subJttlnl 10 DOl5e 11 <kpcnd IlOl only on the freqIK"C) sp«tl'\lm and
,n,e"';l) of the sound b'll also upon the .ural ~n''''',I\ of 1M ll'lcne, and
upon the .<t"'I>es be,ng unlkn.kcn II the ,,,nc of noise eXJlO'u~, FUrl!ler·
more p"ycltologieal. ph)'Siolog>cal and pluhologiclll aspects a,e ,n,""I,e<!

Ahltough t!lere are some sounds that are un" .....11) regarded as nO'se a, an)
t,me and place, tMre are OIher s.ounds .. hieh are '-aluable 10 man in one
Siluation, for uample as "arn,ng SIgnals, bul ",h,ch at anoth.r location rna)
prove to be quite unacceptable, I, folio... from Ihe foregoing Ihat the
aSStssme", of whethu a panicular sound i,to be: consid.red as noi.. rna) nOI
be a straighlforward opcra,ion and requi'e< consid.rable discussion and
anal)sis by a body which is fully rcpre..nl3li,'. of ,he ,""olve<! communit),
Funh.,mor. the panern of noiSC' is not Mcessal1ly lIatic and can aher locall)
"'nh changing transporlation and industrial ""ti"it)', 50 that regular mon"onng
is most desirable such as is carried ou, i" 'M imm.diate ne,ghbourhood of
a;rpons,

The ma,n anenhon has bttn gl\'.n to urban atUS but~ can al'" affect t!le
rural community, "'''''are ll"ne..l1) assumed to be: more "'nloi'i"e '0 no,.. than
thoK li>ing ,n '0\0'''' and suburbs. ","hieh is usaalll auributed to !ov.·u
backl"ound Ie>'ek, a"",nd lS-JO dB(A), T)l'fCII~ nuisance> ,n rural
arc_ arne from qricultural and f~tf) openniom. ear1)-mom,nl "OfS)

roctereb, demolition and ro<$f\IoetlOll "'Oft. elC, In...rn ruraJa~. ,n the t;K
the local authonty is reqUl~ to make periodic ...,,-.:illalKU to lSttl1;Un Ibe
UISJentt of In) ...".. _ '"'_

Audio not.e is ofIen popularl) cbcribed Ii pumblinl!, metallic or hlSlolllJ'
acrordutg '0 ,,""'her.he loOUltt cmp"..•.... rc:spenr>-.:ll.be low, h'ch or '''I)
h.... audXI frequenae. lbc:se d1SJllletlOllllcad lO ,he idea of "coloured _",
and ,he opricallJllll<'l) is arricd further 1ft .....ahng of ....hite nolSC" ..ben 1M
oound enern' is e,,,nll d'>lributed o-e. Ibe ..hole of 1M audible frequcllC)



, Noi" Pollu'ion

range. jU~1 a, while light is a C\lmhinalion of alllhc colour; of the optical
'p"ctrum, Furthermore. the infrared and ultra"lolet regions of the optical
spectrum,h.,-. their counterparts;n the ;ofrasound and ult ••wond respectively
of the acoustical spectrum, Again. ju,t as a "er, rapid "'quence of light
imensity changes '0 a c,nema fllm con e-,lt.uM Ihe optical ncr'ous system of the
omerve,. <0 d""" a similar effect ari'" "',th corre>ponding change, in a sound
source. The characteri'ti'" of a ",und somce are influenced by the Onset·lIme,
the shoner the lime !he larger the number of ot>se,,'able o"ertones of ,h.
fundamental frequency. The lime-variatIon of acouslic radiation may be
con'eoiemly divided into continuous harmonic cycling. random '"',la1l0n.
pulse opecalion and impul ....

ACOUSTICS A~'D ITS lI'ITERDlSCIPLt"ARY NATURf.

To many people sound. or acoustics 10 gi'-e ilS nlore comprehen"" 'itk. is
associJled solely" I1h <reech and music (Figure I, I). and this was largely true a
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Figu"" 1.1 S<n>ing oreu of .ud,M. ""'nd

cenlUf)' ago. The ,mprovemenl in modcrn in'lrumcmali"n hm..e"er has
enabled mechanical "ihfation, to he ea,il\ dClt'Cled helow and all<,yc 'he
normal range of human heafing. The fnrmer afe 1,"'·ffeqUeney "'und, belo'"
about 15 Ih.. (i.e cyde, -.eeond) and af, '.rmed ,"fra,nund, while abo"e Ihe
human audio upper limil of appro,imald; 2IJ kllz i, ultrasound. wh,oh" now
definahle c.penm.nlally almost up 10 lhe limit imposed 1>;' Ihe interalomie
di"an•• in solids (Figure 1.2)

Even if our atmospheric environment" seem,ngl; ,ilent lhere are present
sounds "f infras<mi<; frequencies which may. howeyer. be quile feehle. with
pressure fluctualjons as low as 111-' "f an atm"sphere l>ul could be aooU!
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5(Xl I;me< as great. Thi. higher value would still be onl)' about one-tenth
of lhe rdnd<.>m p'.OS"'. fluctuations .ruled b) a 30 kph wi~d. bUI 'he)
are <I,ll ~t",,'able by mierophon.... of Iong-l,me ron,lants and .. hieh .r.
separated by several kilomelre.. AI .ueh disl.""'S. which are large
compared even ",ilh infrasonic ",",<lengths, lhe ,"'ind flUCluations
would be ancorrelated. Infrasound can be generated by jel-Sl,eam, in the
atmosphere. ,ns,de 1m: cab,n of a fa~l."",,'ing Car ,,-j,h an open windo.. _
by the moyement of heavy lomes, by industrial compressors. elC. This
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mlrasound of f~qutn~i~ 01 the o«lel 0/15 Hz or less. cln be quilt ~ignifjcanl

in its e/feel on humans. pro"ok;ng a similar effect to susickn~by its action On
the semicircular canals of the ear. and il can also gi'-. rise 10 extreme .....'Ous
tension. On 1M 'credit' 'liM il should be mentioned 'hal the central verges of
many mOlOr"'a~'s h",'. l>erome rich in fauna, Thi' has bttn attrIbuted 10 th.
low frequency vibrations of hu")' IOrrie. wbich emice worms to the surface as
'. done by lhe ground tapping of certain b"'ls. The 10", damping of infrasonic
"'ave. in Ihe atmosphere "-as made evident in the Krakatoa volcanic erupllon
of 1883. when the "'a'-es traversed around the earth ",,'eral times and the sound
pressures were Itill detectable on barographs all 0'-.' the world.

In 'Is mooNn interpretation acou"ics i, g~n~rall\' consid~red to CO'-er
periodic mechanical mOlion of all form' and a, .uch;'; dfeai,'el\- conl:"m~d

"ilh man)' a.pecu of modern lif~_Th" interdisciplinary nalure i. indiealed by
lhe roulell~ diagram of Figure 1.3 and i. succinctly ~xprew:d b)' Hem)' Crow
(1930) in T~r Nalu" ofSound, He write' 'To Ihe malhemalician lhe problem.
of wa,-e_molion off~r a fi~ld for hi. high~,t PO'" e" of analysi,; 10 lhe phy,icist
Ihe\ ,ugge.1 experiment' demanding an lh. 'kill' al hi. dIsposal; to the
engineer and 10 lh~ ,"'ho go do",n 10 Ihe S(a in ships theS( problem, ar.
malletS 01 life and dealh. while 10 lhe poel and ani'tlhey are ""The sea dancing
10 itS own music- , During lhe half_ctntury since these word' were wrillen
many en,-ironmenl.1 ch.nge, lia"e laken place. ,uch as ad"anl:"s in high_,pe~d

air Ira"el and in pop music wilh itS eleCtrontc amplificalion. tha' leading to
obj~ctionablyhigh le"el' of sound inlen,ily.

Thi, inlerdisciplinary aspeCt of acoustics provides a broad ba'" for ,ho"'ing
'he ,nt~rdepend~n.. of lhe biological and ph)',ical 'dence' and re"caling lhe
connection between lhe am. science and engineering. The conlrol of noi'" also
has its legal .'peClS and cod.. of praCllce and so becomes associaled ,,'ilh
town_plann,ng and general ""'ietal problems. Th.... "ariou, aspeCtS are dealt
"ith in detail b)' ,'arious international spedali'" in their particul.r field. in Ihe
chapters oflh~ book "hich follow, and in lhi. inlroduction it is hoped 10 con,-ey
a g~neral perspecti"e of the acoustic pollulion problem.

An imporlant mtleSlOne in lh~ au~nlion ii"en 10 the acoustic en,-ironment of
man. and on a ""rld,,-ide ba,i,. was the Second [nternalional Congress on
Acoustics held in Cambridge. Ma"",chusel1'. USA. in June 1956, The theme
of lhe meeling_ atl~nded by repre",nTati,·.. from e'ghteen loreign countri...
"'a, Sound and Man. As emphasized in an opening address and which i. just as
significant lada)'. is that science and Technology should provide th~ means 10
-make gentle the life of mankind'. an objeai'-e atTribUTed to the Ancient
Greek,_

In the UK considerable impetus was given TO lhc Sludyofnoise problem, by
the publicalion in 1963 olthe Wilson Report on Noise. to which many scienlific
and lechnical bodi.. made diSTincti"c conlribulions_ The report oontained
variou, recommendations on tbelimits of noiS( Ie"el for particular sources and
conditions and on lhe practical and economic aspttlS of enforcing rhem_ The



,

'"~
.~GII<IE"",G

-----
f >

ff I •0

/§ ~<
~

Figure 1.3 The AoO\",;e,1 Roule"e

need for research in certain areaS" a~ also indica led and a number of COUThe' on
applied arousli" "'0'''' eSlabhshod and Slimulared pro,ision of student
bunarie. by the i""emment Sin"e 1963 there h.'e been \3,iou, .tipubled
and recommended regulatIons and conttQls. bOI nOl all are legall~'enforceable_
The UK Control of PolluT;on Act 197~ embodie. all of tho Wil"", Comminoe
recommendations but does nOlla; down definite >1.ndards e ,g. for neighbour·
hood noise. Thi' ma~ haH been influencod by lhe ttnden" lode"$( dilleT"n,
units for different sourceS to accommodate their par,icular charaeIN"'ics, A
dIfferent ,uggestion w., prop""'d in a '.rem of 'he ~oi$C Ad,-iso') Council
(UK. 1975). namely tha' L... might be uni'-ersall) used IOJ all ",urc"1.
AI",. a relali,·. measure hal boen $ugg"1'cd for r'lins airpom in the form
of the ralio of inhabilanlS .. ho are $Criou,ly dillurbod by the aircraft noise to

.he numbor of passenger< using lh. airpon,
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NOISE MEASL'REME!\'

In the mc.surement of noise" .,,,eful choice mu"be mad< of lhe equipment In
M u<ed ;n regard (0 a J'"rli<ubr lype of sound and In ohlain lhe required
accuracy "I mea,UT.menl. also whether lh. instrumenlalion sati'fied Ihe
>Pttificmion. laId do,," by nalional "anda"l\ o'gam""""", and h~ ;OIC"
nat;onal bodies such as lhe Inlernalional Organization for Slandardl~a'ion

(ISO) and the Interna,i,,",1 Elcclrolcchnical Commission (I EC"). The {~'pe of
sound can be differentiated according 10 iI' m{.nsil~ or >ound p,es,u,e Ie"e!.
i.e _"hethc' ;, remain< f"irl~' conSlanl ("".;;alled 'Ic"d~'-""t.). if it fluclUale<
wn,ide,.hl)'. i.e, i' ;nterminenc or if it ••hib", \e'l st.<,p change, of le,'e1 in a
'cr;.' Shon-,ime int.".1 "od which i. ch''''''le,;q;. of impulse SO<lnd_ The lauer
could atlS<; from gun.fire. ranging from - 1711dll,n 'he ,mmed,a'e area ofa
mihtar) or na'al gun to - IMldB for a fi .."'orl crack",. lh" dtta) lIlt1C
ho"'ew, ;~ 'er) shon On the other hand in Ihe ringing (or re' crberanf) lime of
,mpuls<: noise. a, crea'ed hy a fmg.e hammer. 'he ",-,und may deea)
romparati"el) sl""l) as in a bell-tune AIth<Jugh the ...me read,ng may be
oh,a;ncd <>n thc fa,. fe'l"lO>e of a 'ound lc'e1 me'er for aO impul,;'e a' for a
tran,;ent sound. Ihe fotmer has the greate' anoojanee '3lue. Th.. at",,, from
lhc human ear h",'ing a fa" .. res!"lO>e 'han the ""und lewl mcler "'ith it>
associated cireuitr) and has led 10 the introou<1,on of ,mpulse sound le,'d
me'c,.. ",hieh ha,-c a rise_timc ahou' four times faSlcr 'han do 'he normal
f3>t -re'ponse mete"

The sound Ic\01 (L)" in decibels (dB) is defined b) L - 10 log,,, (I" Pi,) _ 20
log (P P,,). "'here P" i' 'he referen-c. pr...,u,e of 201' Nm 'and Pi, the sound
prcssure under in' <>ligation, This definition ho"e"er take' no account of the
different fesponse of 'he human car to noi><: of vanou, frequencies and
;oteo';lIe, .od '0 com!",o...,e for these dke', on el"'lrieal weighting nc,work
(one of four differenl characteristics) is incorporated in Ihe musur;ng syslem
Howe' cr. ,tOe<: lhe le,-d al any loca,;on w;1I geoerallj- ,-.r) with l;me. a methoo
i, re<tuired ",-hieh ""II tim.-a"crag. the obse"ed le'els, and an inte,nat,onal
standard for cn"ironmen'al nOll<: ha, emergcd. I, ;s Ihe equi"alen' continuous
A.weighte<.! sound pressure le"el (LA eq). which is the equi"alent stead" noise
lc'cl, thaI in a 'tated period "f time. ",-ould pr(wide 'he same noil<: cncrgy.s
'he time-,'afl'ing noise during the ...me perioo. Figure 1.4 sho"," 'he 'oo;se
thermome,., ",-hieh relate' srI. and Ihe sound pressure for '-ariou' habitat
act;,-itte•.

THE HU~I.\:'"PATHW,\ YOF R.:CEPT10" ,\:"'IlI:\TERPRl,,\TlO:'"
Of SOU:"o'O

A, the maio aspect of thi' monograph i' the coneern for the heallh and hearing
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conditiOfl of th~ indi.illwll, it i~ appropriale al Ihi~ ~lage, to gi\"~ a shon
resumt of lhe human hearing mechanism and ilS general reaclion, to ,ntense
sound sou,,,,,s. As in lhe casc of the high optical sensiti'ily of the eye, the ear is
"ery ... nsiti\"e to noise and can delect the "'eak rustling of the lea"es on lr..,•.
i.e. an acoustic intensity of lhe order of 10-10 Wlm'- At lhe lame lime
11>0 ear can accepl inten.ilie. as high as 10 W1m', .uch as arc generaled in Ih~

'icinily of j~t aircraft (th~T~ is a strong possibility. how~wT, of physiological
harm if subjecl~d 10 high I~"~l signals o"~r a long period of lim~. Se~ Chapl~rs

7 and 11), Furthermore. ~causeof the diffTaction eff~ct. lhere is lhe possibility
of sound wa.,es ~nding round obslacl.. in thei' palh, Hence particularly for
lo"'·fr~qu~ncy sound wa.·... whose w"vel~ngths ar~ comparable "ith lh~

linea, dimensions of earth I)' objects. il becomes possible for man 10 delect
sound. nol in his dir~ctl;ne of vision. Sound ma~' also reach the obse"'er from
lh~ 'hidden source' b~ r~n~C'lion OT ",allering from su;tably situat~d local
surfac~s, It is evidenl lherdore lhal lhe 'blocking' of noise in the external
pathway from lhe wurcc to the lislener ma~' ~ difficult 10 accomplish. The u""
of sound barriers i. dealf with in Chaplers 3 and 12.

cOC"'O' •••.. ".."
TO•••~ ..'.,.

c'.'
" .. .,.
"'''-'00
'..0....

"""'.,...'0....... ..,.........oo
r " •. .".~" .00<., 0.."_ ""', ......, " .'" ._. ,~",,, ",,,._ .

"""

--'"'""..""'.".,...
'""T"coo,. •..,.....

Figur< 1.5 "", romplete "udilory p"th"'"~' from ,e"'l"ioo '0 in«rvr"a'lon

Figure 1.5 !ho".. lhe complele audilory pathway, from lhe reception of lhe
wund "'",'~' to th~ final interpretation in lhe brain. Before dealing wi'h lhe
various soctions in more delailallenlion i. directed 10 a brooder aspect of lhe
hearing process, It is seen that there arc thr~e differem disciplines in"olved and
lhal Ihe phyoiological o.-crlaps "ith both the ph}'iical and the ps}'chological
regions. Phyolology i. thus as"",ialed wilh lhe whole of the neural imeractions
up to th~ production of lhe sensallon and inlerp,etation of sound.

THE AUDITORY PATHWAY

R""epl;"., and M""han<>-EI""lrle:ol T....nsduellon

It i. lh~ human tar wh'ch is ....nliall~· man's ullimale judge of lhe nalUre and
,n,enslly of a sound. and so the final assessmenl by Ihe individual is related 10
lhe personal eharact~ri"icsof his un. The general .,,,,ctu'e of the lhree main
compartments i••hown In Fig~re l.6(a). bul nol 10 "'ale. The sound vibration.
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are propagated in turn, through 'he ai' of the ouler ear. the solid l"me5 of the
middle u. and finally Ih. liquid of the inner nr, These se<:tions h.". ,hei,
re,p"C1;"c functions ofcollecting the ,ncident sound ",'a"e!;. of ronvut,ng ltH:rn
fir<' into !IOlid vibration•. 'hen into hyd'O$l.tic pr...ure wa,"•• and finall~'

intO eleCtrical impulses, As i. oommOn 10 aillype. of energy uan.f.,. from One
medium 10 anothu of different density. th. grut.s' efficiency of lranor.r
invol'"" ",h. matching of impedance.' (se. Chapter I). It i. a1 high frequencie,
the external mealUS, acting like a hom. pr<»';de. efficient coupling belween the
sound.field and 1M .",-.drum. The middle-tar bones (hammer. an,il and
stirrup in Figure 1.61». the ea'-drum ...ith its relali'-ely large surface area and
lhe small oval ..'ndo.... aet together as an efficient Iransminer 10 lhe inner ear
only below 1 or 2 kHz. It is interestIng 10 note that the displace:ment of the
eardrum in ordinary con'-ersalion would only be of the order of 10 'cm_ The
excitalion of lhc oval wIndow ~ads 10 lra,'clling sound wa\'CS in lhc coehlcar
fluid and by Iransduction 10 eleetncal pulses in the organ of Coni. "'herc lh~

pulses aTe oodificd. The Eustachian lube communicares with the nasal ca"ily
and enables Iht air prtUurt ""Ihm tht middlt-tar 10 be quickly adjusled to



~u,j,jtn prtssurt 'hangts in Ihe outer tar, as i~ e~ptrien~,j for t~ample

during rapid mQ1ion in a deep Iift->hafl.

Signallnterpr«tallon

The codified electrical impulse signals from the organ of Corti are transm,ned
\0 the brain lhrougn $Ome Ih"ty thousand indi,-idual fibres, which form Ihe
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Fii"'e U The interpre..""n p>th"iay' fm", the cochle. to the h..in (after
Lara·Saenz)

auditory nerve (Figure 1.7). The main trunk of lhe nerve bmnehes out into
numerous individual ne,w cells, called neUfons, The number ofcells wn,ch are
activated depends on tne strength of the electrical impulse and so could be an
indication of the loudne.. of the acoustic signal. The sensat,on of sound is
deri"ed by the decodifica'ion of the net""e impulse in the auditory area of the
conex whHe inlerpreta,ion occur< hy inleract,on, in an associated oonex area.
wilh tne brain memal functions.

I..oss of Heacing

Los, of hearing is the pronounced physiological effecl indueed by c,ce",ive
noise levels. II was lxcoming of concern in the la,c ninClcemh century. ,n
particular amongst boilermakers, Recem wor~ {see Chaptcr 5) suggests there
is. threshold for nOise·induced hearing loss around 75 dB (A.weighted).



No..' PoIla'"", _ 8aJ;c I~troduc"",. Sur"'y

Other factors than noiSl' can Iud to hearing loss. such a, infection and iUness.
losses in Sl'nsiti"ity may be conducti"e. conical or nerye. The latter a,iSl's
from Sl'nsiti"ity impairment in the hair-<:en, of the inner ear. is usually
frequenC}'-dependent and there exists no medical reme<ly. Conical losses
anSI' from damage or degeneration of nemons in the brain. "'hich is an
irre"ersible process, As regards conducti"e losses .....hich resul' from defects
in the external canal. the urdrum and the ""icular chain. there i' SOme
possibilit}" of alleviation by surgical Ifeatment

The loss of hearing with age. termed presb)'CuslS. is alm"'t uni'·e ....1and is
primarily associated "ith the inner ear and possibl)' panly to the degeneration
of brain neuronS. [t is quite considerable. even in people ....ho ha.e a",ided
Sl'rious illness and exposure to hIgh noiSl' levels, and at the higher frequencies i,
some" hat greater for men than for "'umen.

The V..tibular System

This syStem. sho"'n schematIcally In Figure 1.7. is nOl conceme<l with the
hearing process but pr",ideo the balance mechanism of man. It oompriOCll !"u
ca"iti". the utricle and ,he saccule. lOge' her wi'h 'hree Sl'mi-ciocula' canals.
which are filled with fluid and rontain gelatinous strips" ith attached hai'-cells,
These latler aet as static receptors and con,'e) informallon to the brain
regarding the position of the head in space. The three Sl'mi-circular canal' are
set perpendicular to each other in thre<: planes 10 form a small organ. 'he
eriSton. It is the dynamIC organ of position and w,lI g",'e informtlon about
movement in all directions,

AUDlO...'ETRY IN INDUSTRY

The queStion of e,,,,,s5i,,, noise conditions in industrial wo,king i' one that
concern. many industries. ranging from shipbUIlding "'Ith its <tructur.1 ste<:1
workers ",-"h 'hcir pneumatic hammers 10 'hose engaged in tin-can or ,,'<><>den
furnilure manufacture. In the UK" has been esum.ted 'hat at le.S!. million
people work in • noisy .tmOSphere "hich could create a ri.k of hearing
damage. The problem "hich faces industry is tbe ro<t of r<:duclng the mUlmum
nOISl' Inel from 90 dBA to the recommende<l Brussels EC (European
Community) level of 85 dBA.• level which is belovo' Ihal usually a<:<:eple<! in
hea"}' 'ramc.

The value of audiometry in industry a, a mean, of protecting people agalnS!
hcaring d.m.ge has been for long a topic of di,""ussion. This interest has
recei,-ed suppon frQm the increasing acti"ity in the legal field of common l.w
action. lor occupational deafness compensation. A "'orking group in the UK
has recently published ilS Obsef"allon. on the subject and it concluded thaI al
very hIgh no;s., Ie~els there is "rong suppon fQt 'he USl' of audiometry a. an aid



Noise PoJluliOJt

in the urlydclmion ofpropl~ suffering hearing damage, ari5ing lor e~ample
from d~f~cti,·~ ~ar prot~rtion, On th~ oth~r hand th~ introduction of
audiom~tryat 10"'er noise I~v~l. ,""'ould in"ol\" the .umination of v~ry larg<'
numbers of work.rs and lead to a serious consid.ration of the balance
betw••n .xpenditur. of r.sources on control of noise and on the m~dical

supen'islon of ....ork.rs. A more positi"e aspect of the report Is concerned
"ith advitt on procedures and ''luipm~nt for m.asunng of huring d<),o,'n to a
h~aring l.v.1 of -10 dB and describe. the cat.gorization of audiogram. and
th.ir use in deciding the Initial a.tion to be tak.n follo....ing audiometry. It
should be ~mpha.ized that the indi"idual conducting the testing should have
undergone an appropriate COurie of Instrunion in the theory and practice of
audiom.tric ","sting in an industrial cont.xt and is able to $8.tisfy th~

d.signat.d m.dical practitioner a. to hi. (or h.r) compet.nce, In g.n.ral
self_recording audiom~try is p..f~rr.d.
Th~ pr.senc. of high noise peaks of short durations can occur in the

industrial en,·ironm.nt. such as in the iron and ..eel induStry. Th. OCCUrrence
oflh.se peaks in the r.gion 4-6 kHz "ill be amplified in th~ out~r and middle
.ar and it i. significant ,hat huring lou StartS in this r.gion, Hence in making
noise m.asur.m.nts it i. particularly important to take into account the
impulsive noise as wen as Ih. \<llal noise dosage

HEARlSG HAZAkD DUE TO SOISE EXPOSURE

Th. first effect .xperi.nced by the list.n~r exposed to an int.nse noise source
is an .I.-'ation of Ihe tl"eshold of audiblhty dITe<t1y fo!lo....ing the .xposur•.
but if the sourc. int.nsity and its operating I"'riod ha.'. not be.n too g..at
th.n only a t.mporal)' thre.hold shift (TfS) ....ill ha", occurred. If int.nsity
and time of .xposu.. a.. increased, I,o,",',-·er. th.n damage to the c.II,i",u..
of ,h. Inner .ar could mean a perman.nt thresbold .hift (PTS). Very little i.
kno"n regarding the .ff.cI of ch.mic.l and other environm.ntal factors On
the cellular structure in relation to noise·induced h.aring lou, It is not
possibl. so lar to id.n,if)' peopl. susc.ptibl. to thiS lou and it is only by
frequent monItoring of I"'""ns working In a oois)' .n,·ironm.nt that signs of
h.aring det.rioration can be detect.d and appropriate action tak.n. It foll""'s
that national.tandards of acc.ptabl. noise 10'·.1 are al"'aY' .tati'tical and can
only r.late to a certain predict.d I"'rcentag. of a population that ....ill acqu,,~

a hearing lou below an agreed 'acceplable' 10'·~1. on exposure to a noise
SOurc~ 100'el below a specified .'alue.

In many jurisdinlons, o<xupational .xposure '0 no mOre than 90 dB(A) fOT
8 houwday is considered acc~p1able. According to a n~w ISO standard. near
daiiy ..posure at this IO"~I wilhout I"'''''nal heari~g protection for 30 )'ea.,;
""(luld lead 109 dB or more hearing louat 2«(1 l--Iz and 19dB Or more at 4000
Hz in the mO$t sen,;t,,'e 10% of the exposed population. Noisc·induced
hearing lou i•. of course. additional to los... due 10 ageing.•tc.
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SOISE CONTROL A:"lD m:ARI:>o:G CONSER\,AT10S IN INDUSTRY

Industrial noise controltogerher with a hearing conservation programme i.
designed to prOle<:! factol)' employtt< from ~rmanent hearing 1<>S5 in 'he
frequent) ran!" of .""""Ii, E"l""ure to • high le".1 noi for .'-en a shon
duration can creale a (empo,"rll hearing Joss for 'he li no'. ThIS ean
e"cntually become a permanel1lloss if lhe indi,·ida.1 is exposed 10 high no;..,
le"cls regularly for many ~'ears. The hearing conse,yation programme ",a,
established to identify any emplo)'e., who h.". a high ,usceptibihl\ 10
noise-induced hearing los. so that the) may be gi"en ""ra prm••tion OT located
in Quiet area. of the faClor)",

In in".stig.lIng octupalionall>' induCf'd <kafn.... it is essentiallO relate the
degree of deafness to. specifIC noi.. en,';ronmenl of a work~r_ for often h~

ma~' h"'e ,,-ork~d in a "ari~t)' of indUStrial si,uallon5 or h~ ma)' ha..~ bo-en a
..,Idier subjeet~d to heavj' gun-fire. It "'''' fo"unat~ that the jut~ mills in
Dund~~. Scotland. provid~d a r~ady·mad~ t~st faeilit)' of workers who had
5pent their working li,'e. wi,h the w.."nS·looms. The noi", le"el was so h,gh
that about sixty per cent of a group of women ""e",'~TS w~,~ found to practi'"
lip-reading. It wa5 about twel"e )urs ago thOl a worker ,n the UK was
.u<:c~",ful ""ith a eommon la'" claim for OCCIIpationall) ·induced deafne.. and in
this ca", the noi",.le,·el of 'he workshop. inyolyinj!. rhe u'" of pneumatic
hamm~rs for shaping m~tal propell~TS. wa. pa"ieularl) high. being bet"'~en

115 and 120dB.
Besid... the hearing threshold <hilts some indaWial worker< in noi"

surroundings foll""";ng daily exposure can suffer ,uch discomfons as tinnitu<
(ringing sounds in th~ head). "ertigo (giddin....). headache or feeling of
fatigue, Th.... deleteriou< effect, can la" for a ,hon Or longISh lime and are nOl
taken into a<:cOunt;n th~ fIXing of crit~ria, Tinnitus can be a '·e., di'tr....ing
complaint and the 'head nci"" can be loeated in One Or both eaTS or el",,, here
in ,he head. Allhough its pr~sence eannot be t~"ed objecti'·el)'. its possible
origin through noi'" <hould be an added reason for the pr01e<:tiOn ofemplo) ee.
from exce.si"e noise in industrj',

As regards the effeet of air·borne ul"asound on man there is no definite
evidence of permanent biological change;;. includ,ng 'hal of hearing loss.
although the higher lc,'e!5 me, in SOme industrial prO<."esscs. surh as tho«,
in"ol\'ing cavitation. rna)' be the cau", ofsubJccti' e discomfon like headache.
0' a feeling of fatigue,

Hearing Prof"".lon 01" R.mHlial Help

As a fiTS! line of defence aga,n" noise haulds or"her~ it i. not practicable to
conlrolthe ooi", at SOUrce then personal hearing protection should be in"oked
(Chapter II). Such de"ices include car-muff. and plugs and acoustic



~ndosur~s, Th~ effici~nq or su;tabilityofa pa'ticula, ~ar d~fcnd~,will d~pend
upon the sound fr~qu~neycontent of the en' ironment.

A probl~m .<soci.t~d witb con.~ntional b~","g prot~<tOt1 i. that lhe betl~r

tb~ proleetion. i.e. the ~reater lhe altenuation of tbe incident sound. tbe
.tronger is th~ feehng of communlt)' isolallon for the "-earer. Mudern
eloetronic tecbniques can o"crrom~ this negati"~ effeet by suitable elteu"l)'
e~e1udingdangerous noises abow 85 dB(A).

If bas been reported Ih.t low.fn:quenc) a~rial """nd .ffeets lhe same human
body receptors, the 50-called Paeinian corpuscule•. as docs ,-ibra,ion. 50 that
lo,,·frequenc) noise of in'ensity;:' 120 dB "ould requin; pro'e<:tion for the
"bol.body.

A remedial appr""eb rna) be possible "hen 'he hair cells of the inner .ar
bcrom~ defoel"'._ fol\ov.,ng drug r.a,t,on Of trauma.•nd con.'.nllon.1
hearing aids are of no help. Thefe exists the theorelieal possibilit)- of b) passing
'he defeeli"e <x><hlea and injec"ng ek,·"i..1signals diroetly inlO 'he audi'Of)
nerw. Thi' idea is ba"'d on the earlier "or. of Gal> ani and Volta. aboul t"'o
hundred lea,s 'go. "h.n 'hel found tho' elec"ie.1 stimulation of the audi,ory
nc,,~ giVe< ri>c to sound ",n"'tion. Howc"er. f[' obtain ,h••sso:nlial
characleristics of speech require, the injec1ed signal 10 ha"e a .uff",ienl degree
of comple.il). RealiUlion of lhis obJe"i'e has only becom~ possible wilh lhe
ad' aneed in'trumentation of tuda) . and experimenl' in the USA ronce,ning
,h. dc>-e1opm~nl of 'ultable n~u'''''hmul""on .l"'trodes of Ihe requir~d

micro-'ize and dimen'ional """uraC)' and "hich "ill endure immersion in a
hos'ile ",hnc cn"ironmc", appear promising. In ano,h~r approoeh being made
b) "orke" in AuS1ralia a ,maU r",.."er-stimulator is implanted ,n th. mastoid
bone behind the ear. "hilc a speech processor is earri~d in the pockel, It is also
of ,n'erCSl to no1C h~r. Ihat th~ ,k,n sensit"'I1) of man to ,-,bralion has
promple<l the poss,bilit) of an alternati"e path" aj from the "'orld of sound to
lhc brain. allowing. deaf person ...;,h Iip-n:ading ,kill to uS<: a ,impl~ sensory
au.ilia') aid operating through taClile means. This is an area of research for the
future

HUMA>; >;ER\'OUS RI'ACTIOS TO NOISE

Man', nen-OuS S)I'em r~3Cts to noi'" ,n a similar manner to lhe oth~r

Str....produeing agencies Oneal. cold. inlen'" ligh' Or pain. Th~ k""" ledge of
such reaction, 10 sound" ,-.ry hm,,~d so th.re is uneenainl) as to its
sign,ficance a, a lleal'h hazard, Among the au,onomou, rean;ons of a
shon-term nafure are Ih~ ch.nges ,n th~ blood ell,ulalioll and the hean·beat
rate. and blood pres.ur~ can be increased by a .adden inten"" sound. ,,-hile
continuou, sound. of high inrensi')' c.n bring .bou' a 'e<listribution of blood.
The relation belween ,h~ rcae-t;onsof d,fferenl Slre""s aCling simultaneousl)' i'
not kno"·n. Sound in exceM of 80 dB .ffe'" ,h~ "'cn:t,on of man~' hormones
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and a complicated system in the brain .110".. lhe possibihli", 01 many
interactions l>ct"ecn var;ous stimuli SO 'hal e,-en if §OlInd ha' only a direct
,nnue",. on a few stimuli it can cause change. in a great number of systems
through the interaction•.

In industrial .ilua';ons the !'OlIo,ion atmosphere mal' :wm.limes be quite
complex in nature. as for .xample in the working enclosu,e of an electric·are
furnace for steel·making. He,e both audio- and infra_sound .,is! in ,h.
atmosphere as "'ell a. ground ,-ili'31ions, ,'mog light illumination from lhe arc
and the prevailing hot and dust) atmosphere hieh can all influence the lotal
ne,...·ou' reaclion ofth. "'orke~.There is a I ,ohl"'cifie nerye energies which
slales thaI no maller hn,," a ncr,. is stImulated il will produce the same sensation,
Howe,(r. It i'only l>OC(plabl( in g(ne.al te.m, for th( cornea ofthe ey( ha,only
one kind of rc«plQr and )C' hea'. I'<'in Or touch can~ ~ns.e<:l ifth( appropriate
'tlmuli arc applied to the co.""a, It i' a"umed that the dfccn of infrasound On
rna n i' thrnugh I'<' tlt<>gen IC m(chan Isms. SO great Imponalltt must~ at! ached to
neura-humo.al regulation< of the functions. In experimental studies change,
ha"e ~en .eported in Ihe functional 51ate of the «nlral nervou, and
cardiovascula. systems and in Ihe auditory anal)"i. also degradation has ~en
found In the t",ues ofthe bram and a num~. of inte.nal organs. Man)' "'orkers
ha.'e noted that 10w.fTequency ac<:>uSlic "ibra,ions induce a feeling of euphoria
akIn to ,ntoxication. also a ringIng in Ihe ears. The preselltt of 10" -f'e<Juenq
sound in the interior 01 a ca. d.i'en wi'h an open wlndnw i. de'ce,able by •
modula'ion of tM speech of the occupants.

CO....TROL m' :''OISE

This brid Te.'iew w;1l ~ .estricted to a f.w broad a.peclS. Th. Ih.ee gene••l
method' of mInimizing 'he noi~ problem .r(: 10 conltol the sound sout«:. to
mod;!) 1M acoustic I'<'lh from the source to the listener: to prolect the earsofthe
listener, When practicable the firs,·named .I'ema,i.-e i, mos, dc'irable and 'he
reduction of the radialed acou5lic po"'er may~ achieved bylh. introduction of
muffle .... by mounting the 'ibratlng .y.t.m Qn isolating mount•. by introducing
,·ib.ation damping operalion .•Ic. Other procedure, "'hich migh, ~ possIble
arc: increasing Ihe I(ngth of the sound I'<"h; T.-o.i.n'ing the sound source with
T.Spect 10 the ICCC iving arca; introd »<1,on ofsound barners het..-«n source and
re«i,'ed (Ch.pters 3 and 12); compl.tely enclose the source. elc. Finally the
listen.r may be aurally prO'ec'(d by' 'he u~ of •••·muff, Or ur plugs (Ch'pte.
II). The control of sound "'ithin an .nclosure may he achie"ed by the use of
sound absorptIon ma'enal, 'uch., porous tile. for c.ilings and hard surface.
where .. ronger .eneclion isd.si ••d. This fo.m ofsound anenuation i' kno"'n a,
'pass;ve absorption' .nd is not .fflcienl in its "fIPIicat;on to "",. frequeooes_ At
th... f••quencie, the alt.rnat,,'e technique of ·3CIi,·( ."enu.tion· in it' mod.m
de"elopment has the .d.'antage.



"'<JiM Pelluti""

The problem of reducing noise intensity at source gets more difficult as the
lev-el is reduced and it must be remembered that only a small franion of the
source energy i. actually di"ipated as acoustic radiation. As indicatl\'e of the
comparatively .mall amOunt of energy inv'ol"ed it is peninent to quote the
statement made by Kaye some )'ears ago that the energy expen<kd by loo.CO)
speClators shouting during the cou.... of a 1-2 hour football game ...'ould just
about be sufficient to make a cup of tea.

An important aspecI of noise abatement is the localization of the noise SOurces
SO that noise reduClion technique may be applied to minimize the acou.tical
po....er output. Using scanning microphones to scan the acoustic field is not
particularly .uccessful in locating SOUrces .ince the presence of other
surrounding sound fields give. rise to interference and focusing effects. Recent
dev·elopments. hO""ev'er_ use • microphooe SCanner and appropriate photo
graphIC apparatus to emp!o!' acoustical holography as a laboratory tool to
analyse tbe far·field sound radiation from complex sound sources, Such a
procedure .....hen combined ....ith near·field measurement. employing 'he
scanning micros<:Op)- technique. enable a comptete anal)"5is to be made of the
sound radiated from vibrating struClures

Acti,.. Attenuation

In COntrast to the passive type of sound attenuation dev'iccs the last decade hs
seen the re-emergence of an old idea ba<ed on the pnnciple <>f superposition of
t"'O or more waves passing through a &iv-en location. Depending on the relativ'e
phases olthe waveS overlapping in any region it is possible to obtain destruCliv-e
or constructive interference. so that the intensity of the resulling sound field i.
respectively greally ...·eakened or strengthened. This idea has been made more
realizable ....ith the comIng of the electronic age and advance. in instrumenta_
lion. Its possibilities ....ere in faCl realized by Lueg in the USA about 50 years
ago .nd he used. combination of a microphone and loudspeaker placed in a
duct but suitably displaced "';Ih respecl to one another. 1be electrical signal
transmilted from the microphone On the transmission of sound ....ithin the duct
....a. suitabl)' processed before reaching the loudspeaker SO a. to be an odd
multiple of:rout of pha.. with the arrival of the duci sound Wl"e at that instant
of "me. This SImple w"em of Lueg ....as e.sentially re.trined to a single
frequency,

The recenl interest and sludies in aelive noise control ....ere initiated 10 years
ago by the ....ork of S",nbank. on cootrolhng sound propagalion in long ducts.
Thi, theoretical >Iudy has formed Ihe basi. for most of the ,ubsequent
dun_b.ased work and has 'tlmulated many different lines of approach. One of
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Ihe major problems in broadband dUel oonlrol is elimmating lhe 'ferd·l»rk
interference from the cancelling source 10 'b' moo"""ng mICrophone.
Swinbanks originally '''U'Sled lhe Pst' of dlh.. directional microphone, Or
direct;onal can<:elhng ""urce Of even bolh IOgether _In l",r work he elimInated
the feedl»ck by duplkal,ng it deetron,callj and subtracting it from the
microphone signals. Onc interesting altemali,. solulion to this problem
favoured by Levenlhall 01 Ch.I... College. London. "'as the usc of lhe
'Chelsea' dipole. Her. tWO cancdling ",urees "'-cre arranged in a dUCI and lhe
sensing microphone ""OS positioned boN'eon the t"'o at a posilion where Ihe
two cancelling sources produced no sound.

An ex,.n,;on of lhe frequency bandwidth ",'rr "hleh these duC! system, can
provide useful allenn"t;on h.. been achieved by both Chaplin and Ross by
ch<lOSing digital eleerronic comrol in preferenc<: to an analogue .)'stem.

Aetl,'e Conuol or Periodic Noise

In the control of repetiti"e (periodic) noise there i. the conseque'"
simplification of the control .'rategie. and the elimInation of stabIlity
problems. Sound produced by a rotati>"C machine mal >'al)' 'cry li"le from one
cycle to the ne,!. Kn"",ledge of thiS permIts the use of a computer-based
controller v.'hieh record. the noise of p,e"iou, cycle. and these are applied '0
con.truet the canc<:lhng signal for the noise in lhe nn' c)'cle, Man)' t)'pes of
computer algori,hm can be designed to SUil the particular charaereri,ties of the
.)'stem under control. The robustness of repettli'" sound controllers ha' been
shown b)' ,he ron.iderable .uCCeSS ""hich has been achieved in various
applkation. such a. in annulling of lhe noise from di...,1 engin.. in various
en>;ronments and of the periodic noise from M"'.paper pre..... 11 i. hoped
also to elimlnale the low-frequenc)' drumming sound in the cabin. of propeller
aircraft b)' using .. many .. eight intereonneered control channel' to control
the cabin mod...

An altemative approach. which h.. been appbed by Chaplin to lhe control of
repetiti"e noise in r..'erberanl fields. i' to use Iighl"'eight open-headphone,.
Th..., can caned the\o<:al repellli"e noise field while allowing the wearer to
hear speech and warning ,ignal, unImpeded.

Act;,'e Control in Connned Spaces

Recent work on lhe problem of noise inside the cabin' of commercial vans h..
shown great promise and a nmse reduelton of 13 dB has already been
..hie,·ed.

The ultimate in confined space ac1;ve comrol research is being carrie<l out at
the ISVR in Southampton. Wheeler ha.developed a heads.et 10 b¢wom by jet
fighter .ir<:rew Ihot use. the communication loudspeaker to eonc<:lthe intense



random noiloe generated by Ibe turbulent boundary layer on Ihe tanop}'. A
microphon~ in lh~ earpi~c~ of lhe hUw.cl monitors lhe noise and lhe s)..tem is
d~signe<.llocancelthe noise atlhi, microphone position. Re<:ently adapli>'e gain
conlrols ha~e been fined"" that these de.iceo need no adj~"menl and lhey are
omall ~nough"" lhalthey can ea,ily be carried in lhe breasl pock~t.

The bener phl'sical underslanding of such systems and ad.'a""ement in
electronic lechnology hold, a pmmising future in the application of lhe s)'stem
for noise control if it i.a=pted thal il is primarily a low frequel>Cy <device'. It is
inleresting to nOl~ that w-o,ke" al Cambridge. UK ha.'e now utended acti"e
oontrOllo open spaces In ,educing the low frequency sound radiated intO the
open by the exhaust of a stalic Rolls Royce Avon gas lurbine.

SO.\'E SPECIFIC NOISE PROBLEMS

A number of specif>e noise problem, are brien)' described below hut it i,tO be
noled lhat our noise en.'ironment tn e.'e'l'day life i. usually more complex and
time-dependent"" that th~ final asseSSment of the Situation i, mOre difficult l(>

Obtain.

Alrcr.n and T",ffic No'..,

In mOSt indu.t"ali~.d count"e. motor ,'.h,cles ar. the domInant ""urce of
.nvironm.nt.1 noise but aircraft noise is by no means negligible, Community
objection to aircraft noise became strong in the UK during th. early 19l'i05 ...hen a
number of groups Or societi.. "'ere formed ...h"", obJect,ve ....s to provide a
<mouthpiec.· for safeguarding th. inlerest of tbe populace. panicularly those
near airrons or below the flight paths. The groups ....re repre,."nted at publle
enquiries regardtng the routing of flight paths. monitoring of aircraft noise and
the establ ish ment of new atrponsor exte n<ions of lhose already i0 ex"" e nce. ele .
Th.)' w-ould have appeared to achieve""me suceess in lheir ef/ons for by the late
19m. lhe activity of lhe groups had greatly diminished.

Ain:ran N<>is<

Asexemplifying lh. problem of minImizing lht impacl ofaircraft noise on man's
habllallhe precaulions lahn at Ileathrow' Airport, london will be briefly
discussed. as it i' one of lhe world', ",'Om airpons as regards the numhtr of
people affecled by aircraft ooi..,. The Grealer London Council and lhe London
Borough. most affected by aircraft noi"" <>perale an independent monitoring
'ystem in C"'ler to provide inf<:>rmation 10< plonning decisions and policy
formulation. h invol.·" lwo fixed silOS for monitoring landing noise and four
lran,ponable S)'Slems lo rover various IocaIIOn< In cou",", of lime. Omdoor
microphone. are linked to dalalogge.. via lhreshold deleclors,



No'" PoJlutlOll - B4<i< Introd""tor)' Su"">'

Under w..,erly op<rating COnd'lion. an approaching aircraft crOM London.
",hile under ,"S1crly conditions pan5 of wes,,'n London a" affected bj'
depan,ng aircrafl Th'" follow minimum noi'" routes d..igned to a"oid
buill-up areaS as much as p<:>Mible and 10 follow noi"'-abalCmen' procedures to
ensure tha' the <pc<:ified noisc Iim,ts are nol exceeded. In order '0 enforce
th'" limits the British Airpon Authority operates a noi.. monitoring sy"em
..'hich compri... thi"..n au'omatic "co,ding 5'a"OnS loca..d cJose '0 lhe
airpon at Ihe edg.. of the near..1 buill-up areas and co"ering all depanure
rou"s. All departing aircraft are mOnilOred and infringements are recorded
and referred to the appropriate airhne5. The data ob'ained will form a basis fo'
as"'So$ing the degree of insulation required for building, in the affected area•.

This noi.. arises mainly in take..,ff and llnding of airc..ft. in laxiing and
se"'icing. and due 10 it5 imenntllent nalure i5 not asse5",d ,n the $lime way as
traffic nmse. In IheUK Ihe unil m",t fa"oured is the Noi.. and Number Index
(1"1"1) which dep<nds on the a"crage number (f,) of aircrafl. landing Or
laking..,f/. ,n the period 0600 hou" to l80CJ hou" and a logarithmic average of
the maximum percei"ed le"el PNLmax obset\'ed during the P"So$age of
wcceS5i"e aircraft. i.e. NNI _ f'NLmax + 15 log N - 80. Hence when NNI is
zero il .ignifieslh..e is no annoyance.

A differenl a,rerafl nOIse problem. as compared ... "h a fixed-wing a"crafl. '5
presenled by a helicopter. both in its noise charaeteri"iC'l and operational
modes. Additionally ,he hellpo" i. usually Iocaled in a buill-up area thu5
adding 10 Ihe complex;ty of the problem.

Aerodj'nami< No~

Aeroo}'namic n<:>isc i5 generated by compressible fluid now- and besides its
obvious rele'-ance 10 aircraft no,sc il .. a gro",ing ,ndustnal nuisance owing '0

'he increas,ng use of P'"euma'ic tOOlS and compre-.J-air devices in "ariou,
applicalions. An obvious method of reducing Ihe noi.. is by lessening rhe
lurbulena lhrough d,m,n"h,ng lhe a" ,-eloci,y. Thi5 can be al1ained by
exhausting Ihe air through sinlered metal (i.e. porous) but has lhe d'sadvan_
'age of machine operation being below it. m..imum performance. The
opllmum <olul,on as always '5 lhe appJi,",ion of .cous,ic control principles at
'he design Slage of a de"ice or machine.

DlsrotMque Noise

This is a problem mainly concerned ....i,h nighl OttIIrrence and has arisen
largely 'hrough 'he advancing technology of Ihe audio equipment indu5lry,
Thi. development has meanllha' large dance-h.ll band' of live mu,ic and Ihe
=mpanying .ize of han are no longer n"e"""I)'. Hence Ihe 'ype .•ize and
location of the 'hall' has changed for Ihe whole musical equipment is easil)'
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transportable an\l only three to siA pla)-~rs or just a \lise-jockey is required. It is
evident with sound peak I"',ls which can reach 120 dB(A) and hall' with
inadequate aroustic insulalion lhal a local noi.., problem i, created. In
parlicular lhe heavy low.frequency \>eat will penetrale deeply' inlo lbe
en"ironment, II is .ignificant to note that In lhe UK the heensing ofpremi..,.
for music and dancing IS promarily ron"emed wilh a"oidan<:e of injury lhrough
overcrowding or fir, hazard,

In lbe case of open-air COncens h,ld in stadia near ",.id,nlial area, the
possibl, noise problem. should alleast be antidpated by careful planning and
background noi.., monitoring i><:fore Ihe ,,·en\. Also c10.., cooperalion Wilh
local roun"il officials and lh, police should be maintained i><:fore and during
the event.

Communily"'ol",

In communily noise we are ronccmed aboutlhe in<rusion of noise into our
dail)' li"es that would reduceth, qualily of our home environment_ Noise limit.
set by legislalion would influence lhe ronmuetion and location of new
buildings and high"'a)'s and lhe "gulalion of aircrafl flight paths, The S.L.
A_weighted meIer pro,-ides a basi" measurement of rommunily noise bul for
defining lime-varying noi.., and for prediCling ilS hum.n reaction other
measurement paramelers are employed, For example the so<alled ambient
noi.., "hieh includes all the sounds w'hich occur in an environment i' expressed
b)' LA<.' whkh is lhe equi,-.Ient continuous A-weighted 100'el o,-er lhe whole
lime period_

Community response 10 noise exposure has been chiefly deri'-ed fcom the
.rudy of high-intensity lransponation noise and il IS of inleresl 10 nOte the
resulls of an urban no!.., survey made in the USA. few years ago. whi"h was
"ery broad in perspeeti'-e .nd wide in localion. It w.. concluded that spee<:h
inlerference was a good predictor of response bUl thaI for high-level
transponation noise was nol necessarily direclly applicable 10 the ease of
general urban noi..,.

Trame Noise

This nuisance appears 10 i><: lhe dominant world-w'lde problem and is lhe focus
of grealesl concern_ The most significant control i. 10 reduce lhe noise emi"ion
from lhe vehicle. but complementa~' procedures are lhe use of noise barriers
(Chaplers 3 and 12). planned rouling of lraffic. etc It is al","y'S expen,i,-e and
g<'nerally not possible to oblain complete 'alisfaclion in reducing exist,ng
noise. Hence regional and tow'n planners haw a Xc}' role to pia}' in the lask of
minimizing noi.., tn fUlure developmenls and today lhey are helped by lhe fact
lhal noise levels from sou,...,. ,ueh a. road and air traffic can often be



predicled. four dilfn~nl prottdu....~ J'lI,lrIbk, oak modelledlmqua.
oompu,~rwnw..uon. theore-ticallm'bods and ~mp,"cal anaI~_. 1ltc~ of
all four procedlirtS lias Jed 10 llw: llDdtrlytn, pnl1C1p1n on ..1Udr UK lraffK:
rooOsc prtcktoon "",=ndy baoed

A Inffic ron,rol pi<><edure of UI""~rMl~oon"to augnx:nllhe lraffic ....
a f~.. _joI «*is !lfttt I doubltn, of lbe traffic >oIumc incKtieS lhe~
k,'-cl b)~ lhan 3 dB(A) and lllhe ArM lUrK: lraffic "",,~nx:n, "dIS<:oura,e<J
in qU~1 re$idtnllal areas. panlC'Ulatl~ II n"ln This rolIlrol is implemenl~d I»
rneansoftraffK:s,gns. An Act ... lucb bas P"O"edof VUI 'alue in 'M UK IS 1M
Land Com~n,",cionAct 1973. "'hcr~ thc CT~atKlfl of ""' Ind Imprmed rOllds
hM un"'Oldably ....orsened th~ no,~ probl~m ,n som~ ar~",. and 11K: ACI can
pro";de som~ fin.oo.J rom~n"'lionor pro,'ldc ben.r sound in,ulatlOl\ for th~
habilal affrcc~d

Th~ ,Ciulal;on noisc limits a, P'C~nl for passen,.. ea" 'ary from llQdBA ,n
European COmmUnill~'1081dBA in Japan and ar~ unregulaled in USA. "hil.
th~ oo"c~ponding figure. in dBA for hta,,) Iorrin ar~ 88. 86 ~nd 119.
Alcxandre (19S0) h.. mdlCalt<llhallM proporllon of peopl~ expc>std 10 more
lhan 65 dBA ...·ill ilK.TCa~ 1»' .10 ~r cenl ,n che ~.~"' .!IXXl unl...~ th~rc arc
Imm,ncnl ,mpt'O"~"",n",""Ith """" abal~m~nlprlX"Cdur"" An~ impr{ncm~nt

in car ledlnoloJ) ...""Id requir~ 10 be relalcd .. ilh .n~ incrt~ '" ~I for thIS
"""k1,nnutnct the DtC of ttplacc-ment ofulS"n,,~h~

Rail"'a~' '-oiw

lbc ........ from rai"'lI~" is qUlle complex and comprilon Wt ~_~lInl from
1M IT>CM"C poo.cr. i.~ diesel« dcetne IT>CMor. lbal from "'hnHran
inl~raet....... ""hoclt cffC'et,,~I~ ro....Jlul~ a M'quenct of pou!'__"'". and lhe
(I>'~rall oomblnallon of 1M ,-ari<:JU;S~ rorIrnbuli<lom ~,.,ldJnl In cffC'et1\c
li.........=, H.....~'er. aJtbough lhe (I>'~DII lra,n·""""" is high. 1M :w,,~~s

appear 10 'Ih.-.... lballl isItncrall~ IC«JlIlblt. ",·h;';h IS ~rh.ap' nor '" SU'pnl-ln.
as miibl be lboulhl inilially Peopl~ li'·inlfK:a. a ..i"'a~· mal' do'" I» chooct
....ilh II\( confideR«' Ihac ,n l.n~..J Ihe dcnslly of u.ffie is unhk~l\ 10 be hnn!\
incrn...d, AIW lh~ lime inl~"'al bel...·.~n tr8,ns "',11 $1111 appr.ciably ~llr~1l31.

Ih~" indl\'idual no;sci and thc intrulion of thc;r lOUnd al Ihe lill~nc, ",11 be
gradual and hen« Ie" (}bj~C1;onable. AIIO 10 Ine urban commUler h,s
closencss ro a ra;lwa~. and h~nce a Icalion. il a boon for hi. workday lra,·.I. and
Ih~~ faCIOf1I.nd 10 makc a modua,c no;~ lc,d so<iall~' acccprabic.

~~ lsolatio. In Apan....nl Buildinp

Tlx: qu...,;on of poor none isolation ,n lpan"",nl buildin" amn oft~n. 1101

from che lad; of Ippropriale Iedlnoqua or ("cn d.... ro poor~lCaldtsolln.
bul from the: lack ofa fuller apprffilllOtl of 11K: acou.ueal rcqllirtmrnlS 11\ che
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"mlmclor and his workforce. Hcnce the problem iSQften more ofa soc,al onc
a$ less a!1ention '$ g" en ,n genemllO the excculion of aoooslical directives than
to 'h"'" of oonstruclional strength and of hea'ing and plumhing, This fact again
empha$ize, ,he need for mOfe acoo<tical kno\l ledge to be imparted in school
technical educalion, \I hich should n<1\ be difficul1 as Ihere i' a dose similar ill'
belween Ihermal isolation and >Qund abs<ltbIng mate"als, Th.. laller fact can
also be helpful to householders in "ountriessuch as USA and UK b~' reason of
the financial SUppoIl g;\'en under energl conse""ion me",urcs l<) provide
the,mal inwla'ion. as at little exira cO"t acoustic isolalion could also be
oblain"d at Ihe same time.

CO",VlT10:" MO"'ITORI"'C m'MACIII:';K<;

This is an area of growing industrial in'ere,l and il concerns the noise emirted
from mach,nes \lhen ,n opcration and hO\l it rel'ltes 10 their life-cldes or
pTe1<:n'·dal well·bcing. <It health, The sudden brcakdo\l n of a mach,ne could
be a danger be'ides cau''''g an econom,c lOiS ,n production, In o'der 10 deleet
anl delerioration of pcrfoTman"" \I"h o,age, the condition of the machine at
liS il1>tallat,on r"'lulfes to bc \;no\ln and al", Ihe fatigue beh,,'iour of Ihe
machine material with oominued cycling. Cond,tion monttorlng of rma'ing
machinery has berome a c<'mplcx eff",' dcmanding a high reliabilit\, from Ihe
measuring slstem to gi" the <'xtent of am dete"orat,on and 'he need or
other\l'1<: for ,mmediate CMreui\ e ,,,"tion, Aoou'tic emi"ion. i,e, the genera
lion of SIress "a\'es \lithin a l>o<Jy due to some local,n"ahili'}'. i, used as a
mean, of detecling a degTadation of a machine, Th,-ir deteetion is b; a 'u,tabk
pieweleolric "ansducer in close ""ntacl with the test surface,

somms WITIIl", MA,";

An interesling oomribution ;n Ihe present \olome (Chapter 6) bl' E. E\'ans
relotes to sound emission within 'he aural syslem: thi' draw> allention to Ihe
general topic of human l>o<Jy sounds. "hi,h is no" being ,",vi\'ed afler a I"ng
lapse of 'ime, It was o\er.lOO years ago that Roben Hooke of ela"icily fame
\I'rOle about listening to sound. in l>o<J,es_ both human and inanimate The idea
was laken up b; doctors about f50 }'ea.. later in Ihe form of the stetho<cope.
bu' it was nOt unril rhe middle of this cemurl that the effect recei\'ed earnest
in\'estigat;on larg.l\ as a r.,ull of improv'ed ,n>trumenta,ion, The ol>!e"'ed
phenomenon is u,uall} 'eferred to as acoustic emission and now finds
application for example in a field pertinent 10 this book. namely that of
monitoring heallh, It is also of ,nterest ro 'ecord ano,he, relC"an' ol>!e"'ation
in the middle of the ,","emeemh centur} b; the Italian scien';'t G"mald,
(famed for hlS work on optICal diffraction) who, hy inserting hi' thuml:>s in his
ears. wa' able to detecllo,,·frequenC)' sounds from activaled muscle<. In this



~xample also ,h~ ,opic ".,IS nol r~,;,'~d until aboUI ISO ~'ears la'tT wh~n ,h~

Brili'h Ki~misl and phl's'cian Wollaston (also nOl~d for hi. op,ical work in
wh,eh h~ ,n,'~n,ed Ihe pri,m ",'hkh bea.. hi' name) carrie<! ou, a mOSt
int~rcsting U~riltl<:nl_ R~"crting 10 Our earlier rd~,~n"" of sound p,odu""d
by carriag~, moving ov~r cobbles,one, Wolla.,on ulilil~d ,h~ effect 10 esti
ma,e 'he fr~quenC}'of ,he 'mus<le·rumblc' by ,'.rl'ing th~ carriage s~ed until
Ihe sounds w~r~ 'matc!>ed', Kno""ing th~ ronstan, "'id'h of 'he robbles'ones
he could cakulale, from thc speed. Ihe number of 'oobbl~, hi' pcr sccond'.
i.e, 'he pilch of 'hc sound, whICh he cS\lmat~d as aboUI 25 liz, Th~ low
frequeneie. of Ihese muscl~ sound' are normally ,naudible 10 human, and '0
dctailed imc,"galion hut reeenl ad"ances in ;n"rum~n,",ion and the appllea·
linn of computer <;cien"". have alte'ed ,he sc~ne_ The ad'ent of 'he Fasl
Fnurier Transform has meam an enormous ..ving in compu,er lime SO Ihat
Ihe calculation of 'he "ibra'ional spcclrum from mus<le ..,nlfac'ion. heromes
a feasibility and could providc a uscful'ool for in'-cst,gat,on of 'he effects of
"ibralion' upon man

POLLUTION IN ~n:DlCINI::

In using ull,<I5On;c radial ion for probing ,he human body i' i. especially
,mpo"ant In be aware of the possible fonn' of pollulion ,ha, can aflse The
inleraClion of ullrasound. if ,uff;cicmly imense, wi'h human li5Sue can give
rise dir«lly to appreciable Ihcnnal and ""n·,hermal effeCl'. The former
arise' from Ihe fraClion of th~ incident radia'ion ene'gy "'hich i. absorbed b~'

thc medium and rontributes 10 the damping or altenualion of Ihe transmine<!
""a"e., This m~chanieaJ ~nergy loss is ron,'erte<! '0 thennal cnergl' and
produces a rise in tempera'ure of Ihe medium. Biologically Ihe 'hermal
~ff«ts can lead 10 generalized tissue damage, change, in blood no",· and an
increase in Ihe rate of me'abolism The 'non· thermal" effecl is associated w;,h
'hc frac'ion of 'he ,n<ilkn, energy which is scattered from Ihe reeeh'ing
surface and plays a significan, role in Ihe 'imaging' of Ihe scane,ing body,
Thi' scanered ~nergy also 'epresents an abstraC1ion of energy from Ihe
on-going incidem ullrasonic beam.

If Ihe int~n.ity of the ultrasonic radial ion i' such Ihal'he ambi~n, pre5Sure
in 'he reeeiving liquid medIUm is exceeded Ihen ca";,alion can OCCUr. w'hkh
,n\,oh'es 'he formal ion and ,u!>sequenl gro'" 'h and oscillauon of small gas·fiI·
led bubble,. In stable ca"ilalion the oscill.ting bubble. sel up .hear messe. ,n
1M medium, while for tran,ien, cavila,ion the ,'iol~nt rollapse of the bubbles
Can create high ,empera'ures and pre5Sures in Ihe immediate en,·ironm~nl.

'" hkh can lead '0 disruption of local'i5Sue and damage '0 blood cells,
The ca"i'alion 'hreshoid. i,e. the ul1rasonic int~nsity '~quired to init;a,e

ea,-nation, "'ill depend on the frequenc}'. lempeT3lure and pulse-length of the
probing ultrasound. Funhermore the increased radia'ion pre5Sure of Ihe
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ulnasonic beam lIin lead \0 II signifICant flow of lhe liquid medium. This
so-called acoustIC ,l1eam,ng can product' p;lrlide m,Wemenl lind poMible
membrane damage.

I' is .>'idenl thaI in audible communication a. in ulullsonic diag.nrn;is it i.
essential. fo' a gi"en s;tuallon. to know both the magn,'u<k and diStribution
of the sound pre.su~ 1.... ls. This increased urge for beller quantification i.
emphasiu:d by 'he uS': of lhe term 'non·<!&tru<ti,. evaluation' in prderence
to 'non·destruct;ve testing' ('or in,peetion").

VIBRATIO:"i POLLUTION

In noise pollution the wntt,n has Deeo associaled mainly with Ihe di.oomfon
and posoible hearing damage 10 the indi>'idual "'hen immnsed in an
1I1mosptleri< <n"!fonmen!. "hue 1M 1.".1$ of audibk sound arc on e~cess of
thosor "'llIrdcd ... accept.ble in normal conditions. The concept of noi..
pollution however also .'tends 10 Ih~ exposure of Ih~ human bod)' a. a whole
10 appreciabl~ ,'ibralo~ mOlion a. experi~nced for ~xample in a lranspoM
,"~hicl~. paMicularl)' in ils passage o"~r "~l)' un~'-en surface•. on a slllP in a
rough ~a OJ in lhe ""ere low.frequeney Q5e111a'ions of an aireraf' n~'ing in
lurbul~m air.

As mOSI mechan;~a1 indus"ial processing al<o Inmlv~ mechanical "ibra_
lion as w~1I as noise 10 '-ariou. degr~es. il i' an imponanl area of
conside'alion ,n acou,"e pollution. The problem lends '0 be accemual~d ,,-ilh
increased me~haniz.allOn and speeds of produ<1lon. As already menlioned
faull' in Ihe running of machin~ry besid~, oflen cr~..ing noi~ nuisance
probl~m. can al... gi"e r;~ 10 a dangeroll$ mechanirnl condillon re-suillng
from met.1 faligue. undue ,Uess and poS5ible breakingofmuetural mcmben<.
elC_

In general lh~ slress "'a,-dorm and Ih~ moUon of lh~ vibralion. of a
machine or surface are complex. bUl rna}' be mosl simply r~garded a'
re...lvable inlo lhe" Slnu<oIdal FouMe, componen", commonly in lhe
frequency range of a fe... 'a se'-eral hundred Henz. Addilionall) an)' poim on
'he vibrahng ,urfa.. rna) have componen', in the lhree ro-ord,na'e axe,.
although only one may be of prime ;mpoMan~e. e,l!. the vibralion of a metal
panel normal '0 ilS 'urfa.., The maj<>ri,) of "ibralion dele<:lo.,; gi"e •
re'ponse '0 molion malnl}' In one d"e<:lion and <0 rna) be applied If ne<X$Slll)'
10 delermine lbe lhree componen" In lurn. II ".-ould be oul of pia.. '0 go inlo
delail, of ,he mcasuremem 'ystem excepl 10 sa) lhal by Ihe inclusion of an
in'eg,al;nl! or differenlialinl! eleclrical circui'" is possible 10 derive displace·
men'. '-el<>ci'y and "",duanon ",avefoum of ,be ,ibrallng ,urface. (see
Chap'er 14). The lechniques used for lbe conlrol of air·borne no... may
equally well be applied '0 periodicall}' produced sllUClure·bome ,-ibralion.
bUI lhe problem is more in,-olved sin~e Iran,verse shear and ,urfa.. "'av,,"



elc. are involved. be'ides the longitudinal oompressional "'a"es of sound
propagallon.

VIBRA T10SS ASD MAS

The effe<ts of 'ibration upon man and anImals may be oon"eniemly di"ided
into four main grouI'5' blodj namirs, pathology. phl"siolog} and p5j"<:1>o10g) .
Human 'eaetion to vibration '·arie. "'ide I}' and is no, onl) lnfluenced bj 'arious
ph}'sical fa<tOTS but also h) psychological roaction' such a. fear and
resentment. Although the human body is a complU dynamIcal sj'stem "h"'"
oomponem parts vary conslderabl}' as regards stiffness. 'trength and densit},.
"'e can gain some general enlightenment as regard' frequenC) response from a
model built up of a number of simple sj'S'ems such as g,,'en In Figures LS(a).
and S(b). M. Sand 0 refet to the mas'. ,pring (elasticity) and damping of 'he
elementary unit ,ubjected to the "ibr'tory force V. Each unit ",II h3"e a
characteriStic frequency and the particular mode excited ",ill depend upon the
dIrection In "hich the forcing agency i' applied "'ith respect to the anatomical
axes of the subject, At "erl' 10'" frequencies. < 3 Hz. the body move,
cffe<ti"ely as a ,ingle unit and the effects aro th"'" a'sociated "'ith motion
sickness. For higher frequencies various internal organs aro displaced to
va'),ng degru< by the flueluatlng forces imposed on them, In the ca", of lhe
heavy and lightly supported organs their m(Wemelll maj' 'Iag" behInd that of the
forcing motion giving nse to internal di,tortions. The tolerance of the human
body to acceleration depend, more on thi' bod}' distortion than on the react"'e
force due to the acceleration. Figu.. 1.8(c) sho"'s the calculated peak
acceleration for various frequenCIes to a,hi"'e a g,,'en compression of lhe
human tissue so. assuming lhat Ihi' is a mea,ure of the body respon",. then the
CU]". should gi"e the aceeletation I"el required for a gi"en degree of human
re'ponse. The subje<th'eobse"ation, made by Goldman 1957 for 5-20minute
exposures show a genetal qualitative ogreement wilh a low-frequency plateau.
a minimum at middle frequencies. arising from spring-mass resonance. and a
rise at the highet frequencies. The gen"ol infetence g,,'es suppotl to the
human body being regaroed as an acceleration-sen"';"e de,-ice. It is
note"orthy that Goldman suggest. that lorry dri'-ers and air pilms who .uffer
exposure o"er long periods may uperience more troublesome effects than
ha"e been indicated. figure L8(d) ai"es the general rea<tion of man to

different magnitudes of accele'ation at d,lfe",nt frequencies, As me",ioned
pre,'iou.lj at low frequenci... 0.1 - I Hz inten~ vibration' ran provoke
,icknes, and rhe balance organ' are affected. while in the range :>---15 liz al
acceleration levels:> 0.5 g. breathing and sp«ch are di"urbed and thc nervOus
sl',tem affeeted in generaL At higher acceleration values 01 - 2g. in the
frequenC)' range 2~1O Hz. whole body vibration' for more than a few ",rond,
can be injuriou,. At still higher """"Ie ration amplitude!; 5 - 109 infrasonic
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frequencies can cau"" haemorrhage in .he lungs. The parameters of Iransmis
sibilil) and mechanical imp"dance (Chapter I) are most fa"oured in anal~'sing

resonance phenomena in man and animals, supplemenled often by high-'p"ed
cinematography

For conlrol of Ihe effccts of "ibration on passengers or dri"ers of hea")
lorrie' or aircraft pilots the question of scating is of prime imponance, The
main technique by which man can he protected againSI the effccls of vibralion.
eotering his body is by a sU;lable choke of hi' po<lure and orientation "ilh
resp"ctto Ihe direClion of the external "ibration, Funhermore i. is desirable if
possible 10 spread lhe diStribulion of the applied force o,er hIS bod) surface At
a low frequency of vibralion near 10 bod) resonance Ihe human response rna)
he reduced b)' adopling a slouching poslure Or by' leaning backwards on a
rechning scal "hicb spread< 'he apphed force, Although at higher frequencie,
Ihe "ibra'ions will he elfeetivel)' damp"ned by the bod)' . if applied Ihrougll the
scat. the isolation of the head mal' he shorHircuiled through Ihe stiff frame.
arm and head reSts. SU'p"nsion isolation is an alterna,i'e, as e,emplif;ed b) the
na"al hammock. and as an appro"ma,e guide tbe resonant frequen0' of Ihe
loaded .)-.tem should nol he grealer than one half of Ihe loweS! frequen0 from
which is it required 10 ,sola,e Ihe Inad. Non·linear springs a,e de'irahle ,n order
to reduce Ihe displacement at high e,citing fo,ces and the seal-cushioning
should a'oid Ihe posslhihty of resonant oond;"ons and conJ.equcnl undesirable
ampliflCalion. Figure 1,9 ,ho.... the ad,'anlage of a susp"n.ion "'.. a' regard'
a{{enuation a, frequencies in Ihe region of the bod) resonance. i, e, - 3 liz. but
some ampl;fieawm is indicated at I Hz. When "'aled on a con"enlional seat
cushion man sho""s a strong resonance al 3 HI.

lt is of interest to nole that Ihe legs of a "anding person pro"ide liHle
auenualion of "erllcal ,·ibr.'ion, .. hen Ihey are lep' Stiff bu. Wllh ben' ll\ffS
the lower limbs func1;on as efficienl ,;br.,ion isolalors. Thi' effect was utilized
by charioteers in Ih. past and could perhaps be followed t", commulers of 'oday
- inStead of m.p hangmg'

Man i. more ",n,it;'.. 10 mechanIcal "lhra1l0n .han IS gene,all)' ,•• li2cd and
moreover has. larger co,,"r of frequency, from around I H2 to 100 klb. than
the range of human aud,bllit). He tends to (",ereStimate the amplitude of
"ibra'io" "here", lhe fingerti"" arc able to detect amplitudes of the order of
IO-'m. while ,,·hole·body 'ihration amplitude around 1O-'m can be
felt, depend,ng on the frcquenq, Ell measuringseaH(l-bead transmi..ibiht)' of
,·ihr."on" has been found Ihal no major resonancesa,e pre",m ab''''e 15 Hz.
Whcn the body is ex.iled, eIther by sinu'i,>Jal ,'ibrallon or by impact, along .he
spInal a..s .hen a prominenl vibralion helween 4 and 6 Hz i'detected.

SOME SPECr.·IC VI8I1.ATlO:" PIlOIILEMS

Tcaft".induCfll Vibealioll5

In the earl)' pan of .his century it ""as expeeled that structural damage to
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building.;n large cillCS would resub f,om tho rapid increase of ,',hicul., lraffie.
in num~. and .i,e. Fortunately by ;mpro'ed road construction and lhe Mlle,
'springing" of "chIdes this Ii •• nol $(:riousl) m.'erliah~<:d. The parame,er of
"partide \'clocitj' is no" regarded as a more ""'ful crilerion {han ,ibralion.1
amplitude as a warning lhreshold of iml""nding Slru<:lural damage.

This C.US(: of disturb.ott 10 man and buildings arises firs. from "ariauon, in
'k ronla<1 surface. beN'cen the "'heel' of a vehide and the road surface.
leading 10 ,'reSS Wayes being lr.ln~milled imo lhc surface, oolh bulk (shear and
longItudinal) and Raylcigh surfac. ""'av,,". thc lallOT decaying much los. rapidly
than th. bulk W",'C'_ (Chap'er 14). In a layercd road thc transmission becomcs
more complcx and gi"cs ri.. to olhcr mod.s of propagalion. Thc second
problem is due lO pres"'re fluctuations in lh. atmosphere and consequcnt
noise arising from engIne_ ."hauS!.•'c .. and from lhe mo,'ement of 'he "chicle
In the air. Th. ,-ibra,ions are usually in ,h. infraronic range and can affect, i.e.
ralll•. thc largcr sizc f1uibl. building componcnts such as windo"'" and doors.
bur arC n{)l normally liablc ro cause strucru,al damagc; a 100 dB sound signal is
only C<Juivalcnt to an air prcssurc of lNlm'. 1bc ,-ibrarions of windo..",.
cte,. can induce air '-ibrations. i,c, sound...;rhin lhc building.

The traffic. induced "Ibrauons of buildings are in lhe frequency range Ito 45
Hz... hilc for highway bridgcs rhey are in rhc lower rangc of I ro 20 Hz. In the
lane, case rhe duratIon of the energy exchange be'ween a vehiclc and the
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slruclure "ill be limited by Ihe "me 'ha' 1M vehide i. on ,h. blldge. W"h the
presenHlay ,endency for ligh,er-mass consrrucTion 'he designer ;s now
presented with an added problem,

M..,hankal Vlb....llonsand Building,

The ,sola1lon ofa building from source, of' ibulion comes intoconsidcra'ion if
the vibration i. liable 10 reach levels higher 'han is .ccep'ahle for Ihe paf1lculac
use of 'he build,ng. Th. criterion of accept.hil,,)' ,s o.ual1; concerned with Ibe
sob)ee,i"e reaction' of external di'turbanee to enable sen,iti"e in'l",men's to

be opecaled in lbe bo,ld,ng. soch as ,n a laboralor; or hasp"a!. Ik>ides lhe
eon"enliona) ,Iruetura) problems. accoon, mo.l also be 'aken of lhe possibili,}
of "'ind-indoced ,'ibutions and of 'M imeracTion of tbe foundalion and tbe
ground. For example an ,solaung day·bed in a normal >cason. ,n droogb'
conditions could become a good acoustic conducling channcl. Addilionallo
the usual ,'ibcational problem' ariling from road and rail traffic thOTe i•. in hig
eilies. Ihe specific i",latiOl1 required for building< buil' o"ec underground
elCCt,-ic railwa;'., ThIS problem engaged .he anen,ion of Lord Ra;'le'gh ,,"h
reference to the London Underground '~"tem in the cad;' ,wemieth cemur;
In TOSponse to complain" of"ces.i,e "chide ,'ibr.tion the Board of TTade Set
up an in'·estigation. II was foond tha' the "ibralion.1 .mplitude in 'he range
10-15 Hz "'a, rarely grearer than 0,003 em and Ihat annoyance was fell" hen
,he "chicle acceler.llion reached 0,04 '0 0.0511 wheTe II i< .",eIcT'li'm due '"
gra"ily, The use of welded rail h.. helped '0 min,mize "ehicle "ibra'ion and for
ddferenl .i'uations shon lenglh, of 'he fuillrack. induding balla". h.,'e been
flrnl1ed on rC$ilien, rubber-me,"1 .Iabs, Thi. al'" impro"e. the .couSl;c.1
"'ell-being of d"'elhng< buill o"er rail"'a; -CUlling', The In,e,,igalion .Iso led 10
an impTQ\-'emen, in 'he rolling Stock

The limi,ing le"el' of jJlJmcle "eloci,y {Chap,er 1) 1n bUIlding ,',bra' ion, 'r.
of the order of 10-0 m, if ,be hUllding i' being used for such delica'e
wock as op,ical calibra'ion work. and <hould not exceed be",'cen 10--' .nd
10-' mis for road "a{fie and hghl w,n<!s, ,n lhe neighbourhood of
10-' litiS ,he~' become perceptible '0 man. and ,f reacb,ng 10-'
""5. a~ for s,rong windS. 'he ,'ibrarion elfcelS becom. unpleasan, to human"
Wi,hin ano'her decade of part,c1e "doci';'. i,e. 10·' mS. 'he th..,hold
of ""'elural dam.ge i' re.ehed and tbe condition< are those erealed b,' • s.mng
eanbqua~e,

The control of noi.. in large buildmg<. "ben heigh' also enteN ,nto
considerat,on. will ,'ar; according to 'hc en"ironmenl and usage bu, mu" be
planned in de'ail beforehand. and of Cou"," i' i. essenli.ltb" lhe m.a,ure, arc
eorre<:.I)' applicd subsequcnll)'. The exi'lence of an,' no,>; e~lCrnal en,iron·
menl ,,'ilh respecT to ,be proxim"y of a particular face oflhe building. and ,be
location of any noisy section "ithin 'he §1tucture ,n relpecT of nu,sance '0 ,he



~xl~rnal rommunity, must b. obsery~d in the planning, Th~ o'·.rall d~,ign

must be romplelc before ronllruction II.rtS as Ihe cOSt of an~' su!>sequent
adjuslments ar~ e<X>nomi"all~' prohibit"'~, Th~ t~"hnical fi~ld, in\'QI,'~d rna)" be
bmadly <tated as .ngi"c~ring aroustics and architectural aroustics, ahhQugh
Iherc ,,'ill be some o"crlap as for cxample in thc pro,'i,;"n of air-conditioning
ducts, their Inrorporation into the mucturc of th~ bUIldIng b<-Ing Ihc arch,tcct',
responsibility. "hile the air-conditioning plant i' Ihe roncern of the engincer,
Th~ ,nciden.., of wInd on the f"'" of a buHding in a more or t.... nonnal

direction creatcs an eddy and a suction on Ihe ncar face. In the ca", of two
buildings dose togeth.r a channelling effect i. produ,,~d. leadIng to sc"erc
suction 00 Ihe sid.... facing the intcrvening gap Most ordinary buildings ar~

r.latiYely .. iff "'ith period, I",s than On. second and SO arc rcspon,i". to shon
guslS if Ihey enrompass the hUlldlng, and a dang~r hazard rna) result if a
,..,sonance rondition is anail>C<l.

Vibflltlon Isolation and 'I'ransmis<ibilit"

A' r.gards' ibration isolation Ihe usc of pas<i,c syslcm, has met thc majority of
nceds c<>nc~rn,ng cosL SImplicity and reliabiht~. Ilow~,'Cf, for certain
circumstances aCli"e syst.ms would be an impr",~menl for thcy posses< the
pot~nlial to ""'pond to a complex, ariation of th~ input rondltions. As quot~d
in Chapter 1 crilNia for the acceptabilit) of thc "ibration isolation of a
buiiding arc dependenl upon Ihe uSC for "hich it was intended and ."ernal
dem~nts,uch as '" ,nd. in g~n ..al rould b<- disturbing.

In the reduction of tran'mission. or protection against, periodic "ibration'
the natur.1 frequcnc)" if,) of Ihe n\(>unting ')"Stem muSt bc much I<)\\'er than the
fotelng. The calculated efficiency how.,'cr "'ill be found greater than the
oper.ting effieienc) due to a numbc, of factors such as th~ dj'namic claStic
modulu.of tM mounting male rial b<-ing greater than the S1atie modulu,. etc. In
th~ 'ibration design criteria for buildings thc maximum allowable Ir.nsmis<ion
is a functiOn of the "ibrallng fo,.., and als<> Qn Ih~ localion within ,he building.
lto/ation effieicncies should be at Icast 75 per cent in le~s critical .r.... rising to

90 per ccnt in more sensit;,·. ,..,gicns. Highe, efficiencies a,e necessa,)'" fo'
mounllngs on wooden n""rs a, rompared ""lIh roncrete and speeial isolation
attention i' necessar} for rotation.l cqulpmenl.•• il is imponant to .,'oid
imbalance cf m(»'ing part~.

Forging Hammen; and Blasting Ope""t;"ns

Amcng~t impul$i,'e and percussi"e t)"'pes of "ib'ational SOurce, ar~ forgIng
hammers and blasting opera';on,. The ground v;brat;"n, from the I.tter, apart
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from ,he a,,·blaSl. CO" he bo'h annoy,ng 10 man and <om.times damaging to

.lf1lrture•. The threshold for damage is taken as approximately a 'p"rticle
velocity' of 12 eml. with. "'-aming ,'age a, approximately 8 eml•. CIo:s.e 10
Ihe source of a forging hammer il. ,'lb,.lional record can r• ..,mble Ihal of.
minor earthquake and unless the foundations are adequate Ihere could .esuh a
progrCSSlve ..,ntement of lhe hammer d..e to the large d)'namic fom:s
invoh"ed. The ground diSlurbllnce un"'" fav<:>urable ground condition. rna)' be
deleCled more Ihan 0.5 km away bUI 'he energy t.ansmission rould be g••ally
reduced by u.ing inertia block' on springs as moun'ings for tM hammer.

TII[ OCEAJIIIlAIlITAT

The possibility of man labog up h" abode unde' the ocean, .>'en if onl)" for
short periods in industrial pu,",ait>, would oOl n."".saril)' rnun ~rallng In a
sil~nt ""orld as IS oftcn supf'OS"d. In ,~ality, although ljnl~ sound can penetrat~

bel"" th~ surface from the air. parlic\llarl~ in calm conditions. sound 1~,'~ls

e~iS1 ,,'hleh a,e comparable ,,';'h those in a quiet gankn, ~v~n in the m",t
""c1uded parts of the ..ea, The..e und~,wate' >ounds may arise from natural
phenomena. from marine life Or from Ihe acti,·itie.ofman Manyohhe >ounds
are random in natu,e and from the po,nt of "i~w of unde""ate' communication
oonSliwt. noise and will inter.f.r. "'ith info'mation signal<.

How",'e" many >ound. in th~ """an can be regard~d as oommunietion
signals Or ,"terference sounds according 10 the intore>15 of the obserY~r. Th~

ulllmal~ lo,,~r limil of noi..e in Ihe wat~r is the tlH:rmal noi..e usociated "'lh
molecular motion and is nonnally n~gligibl~ compar~d with O1h~r noise
SOurc.... There is an upper limit to the normal beha"iour of "'ater (or other
liqUId m~dlum such as body fluids) "'hich is S<:I b) Ihe valu~ "f Ih~ ..~
pressure ;n the sound "'a"e, When Ihis pro"'ure beoome> greater than Ihe
ambIent SlatlC prC$lure in 'he 1}'llem. 'hen du,ing Ihe ca,efa.. ion pan of Ih~

c~c1e the rosultant pres>ure beoome< negati"e. or In other word< th~ m~dlum is
subjeeted to a lension ,,'h;ch can gi"~ rise to Ihe phenomel101l of ca,';,alion.
This generation and subsequent collapse of voids or gas bubbles in liquids leads
to de,'~lopmenl "f sh<xk """eS. and Ihe medium in fact suffelS a fonn of
aroustk pollution; lI\()re(",... il is a nois~ process, The ca"ilation threshold at a
"'ater-almospher~ surface WOuld be appro~imalely 0.33 walt cm-', A
particular t~pe of c",'ilation. kno"'n as h)'drodynamic ca'-itation. is one of lhe
chief components of ship-pr~lIernoise which in time of "'ar i. an indicator of
lhe Shlp'S presence \(> [he enemy. Ullrason;c ca'itation is associated wilh Ihe
transducer-generalor "hlCh is limIted in its power outpul, apan from th~ natur~

of 'he material. by the necessity for ~ralJng below the applied threshold
"oltage for cavitation. Th~ n~~d f,,' operaling well belovo' Ihis threshold is
particularly important in uhrasonic medical applications to avoid damagIng



Nois< PolIUlitm

human lissue. In the ocean the rnowrnenlof""teritself represenl~ the minimllm
ambient noise of praclical significance and the breaking of surf Oll lhe seashore
may be heardseveral kilometresa"'ay, while even lhe disturbanceoflhe sand on
lhe shore withoul actual wave_breaking Can be heard in Ihe waler at diSlancesof
several hundred metres. The waves breaking o"er breakwale .... can enclose
volumes of ai, thaI are SCt into low-frequency ,-ibralion and wilh the innumer
able dIfferent_sized agi lal cd air_ bu bble~ lhe o.-e rail wa.-e SJlC<'1 '" rn formsa good
",urce of 'while noise'. The noise increases ";th lhe wave-height bul oo"'n to
aboul 100 melr~ below lhe Sllrface irscharacteristi"" are nol awarenl1)' greatly
affeeted by lhe dePlh ofthe obsc"'lng point. Unlil comparali"ely recendy il "-as
not realized lhal "'unds of fish could provide a limiting background to lhe
~rallon ofsound delcclion SI'Slems. Thccroaker. for example. isrypical of lhe
d"'mfi'h cla.. "'00 genente sound by Slriking a ga.-filled bladder ,,'ith a
vibraling musde in a series of blow. al a rale of600 blo".. P'" second. Ahhough
lhe acoustical output of a ,ingle croaker is small lhe large number "'hich
congregate in cenain Ioc'lions can produce strong interference Oll SOnar
delection system" e.g, in Chesap"ake Bay, USA, a number of 3(X) million h""
been quoted as the Summer population, The normal activity is at a maximum an
hour afler sunsel and has been known 10 be 65 dB grealer lhan lhe normal waler
noise, bllt as regard, aural listening may be distinguished from ,hips' sounds by
suilable fillenng circuilS. Snappingshnmps ifin sufficient numbef$can be heard
in Ihe air above the water ,urface. Their frequency i' prominently associated
wilh lhe 10 kHz region. which CrealeS a problem ";th SOme sonar-echo ranging
equipmenl. It is also su'pttled thai mo"ng sed"nents are lhe origin of
noise-bands which have appeared On lhe records of high-frequency ",nar
sySlems and this possibilily ha' rccei"ed supporl from laboratory experiments
u,ing small g1a.. spheres. 11>e pnenomenOfl of mu,ical sand' appeaJ'5 10 be a
closel)- allied dfCC1. (~.... Figures L 10 and I, II for ocean no....).

As regards man-made noi.. lhe mosl common i. due to thai ofships. and nasa
certain resemblance 10 ltaffic noise on land. The aclual ",unds crealed by a shIp
depend upon lype. dimenoons and method of oper,'ion, ""Inat a gh'en ship
could be characterized b) its sp""",,,,m, which could be imponanr in naval
ddencc,

FinaII)' , a. the COun terpan in the OCC an 10 inlrasonic wa,-c. in the atmosphere .
are lhe so-<:alled internal wa,·~. These wa,-os h",'e received a deal of allentton
dunng lhis ..,ntury and lhey ha,-e been of p.articular interest to lhe navies of lhe
world because lhey innuence sound pwpagarion by' disturbing the thermo
cline. which is a Sleep lnermal gradienl exi'ling belo,,·the so-called isothermal
layer lh~t eXlends 10 ~boul SO metres below the ocean surfa",. It is said .hal
fishermen on the Pacific islands ,,-hen fi,hing can ol1en delect the presen.., of
intemal wa,·os. which arc indicators of Ihe approach 01 a StOrm. ";th ilS
distu,ban.., of lhe environmenl.
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Off-.hore llme,,,..,s h.,"c adlkd another dimension 10 rIO;'" problem, al ... ,
There ho. ~en a gro,,-ing COncern about ,he high noi.. 1., .1. On the uil figs and
production platform. which could affec' direct auraJ communlc.t;on bet ....,,,
workers. This iOicres' has .Iwde,-doped with ,h. e~lcnsionof the Heallb and
Safety Al Work Act to co,".r "·ork.rs ,n 'he of!-<hor. oil and ga. industry.
Difficulty waS found in determining Ihe radiated sound I.,-cls from the
powerful eqUIpment dosdy packed in r.verberan! Slcel units On 'he platforms.
when emploj;ng 'he normal sound pressure mea<uremcn's. H"",'."er. 'he
d.,.lopmenl of wund inlen,itl me.SuremenlS ,,-nh 'he" inhe,..,nt fe"tu,.., of
giving di,..,ction a. "'ell a. the le,·.1 of wund has made mea,mement less
d,fr"",1t sin"" e.tranrous SOUTen Can be ignored. Recent resc:arch ",ork by
Nor"..egian in,·estigator1i indicated that it " the only method .. hich can be u",d
to check that a guaranteed Inel is met b~ a <:tImmerc;al pi""e of equipment

EDUCATION A."" PUBLiCITY

Professional !IOCiCl,'" can play an 'mportant pan in infiuencing the" llation~1

g<l\"ernment'to appreciate the harmful effect of e_«ssive noi", e_po'UTe on
the health and <:tImfon of th.ir citizens. This a.. areneS/; of the noi'" problem
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had In fa<:l been app~cia,ed in ,he USA as carl) as 1929 by lhe I'ew York
Noise Ab8tomonl Commi~ion, ,,1>0 ~..d a noi<e-moa.~..menllruck 10 make
the fir>! comprehensive city-wide noi<e sut""ey. ol>set""ations being mad~ al
o,'er 130 localions In the city.

T"'enlY-$C~en yea.. lale. lhe Acoustical Society of America (ASA) at the



,"",ond lnlernational Congress on AcoU'lics look as the main theme 'Sound
and Man' . Again in the early 1970s the ASA arranged a ronfuence 10 deline.le
ways in which II mighl approach acou~ti«1 problem~ aff.chng human welfare
during lhe ensuing decade. A task tum approach ....'as adopted in hich
indi'iduals ....·u. assign.d to panicular ta.k ar.". seven in tOlal. hich
included Int.rorganiutional relatIon, and lh. diffu,ion o(kno....l.dg., logelh.r
....·ith "ariou, lechnological sections. Although a societ) i' nol a formal
educational and training .~tablishm.nl it .hould bear lhe responsibilit) of
providIng guidance 10 t.aching in>litU1ions as to pr.ssing nalional.ducalional
need' in its field. of inlere${, Such a ,ilualion arose in Ihe UK roncerning Ihe
impl.menta!lon of noise abal.ment code~ of ptaclic...... hich .....Cr. 10 be
admInistered by heahh and ...fety officers .....hose tratning had not in.'oh·ed
.ignificanl auen,ion 10 acou$lics. As a consequence the educa,ional sect;on of
the Instilute of Acoustics de"eloped a co-ursc in aco-u'tics 10 meet lhe
immediate need~ and .....hicb .....as to lead to an eumination fOT a Dipluma In

Noise Control. The examination is und.r the admini"ration of the InShtut. of
AcoustiCS. but tb. tcaching i. carried out at lhe '·ariou. interested polytechnics
and t.cbnlcal colleges .... ho are accr.dil.d if lh.y me.t an acceplable standard
a, regard. teaching staff. la!>oratory ronditions. hbrary facilities and appropriat. apparalu~.

The conservation of hearing in Industry Invol.,., ,h. oft.n difr"'uh problem
of makIng the ordInary wOTkCf. panicularly the youlhful. fully a.....aTe of the
dangers arising from noise pollution. The e..;,t.nc. of (fad. as.socia\lons Can
here achie'e a great deal as tbe) can often COVCf many counttlcs and at<
cngag.d in a COmmun top;c. as fur e"mple th.t uf 'he Sleel Castings Trade
Association "'ith its approximately fifty member companie•. Thi' as:loc;a,i,,"
instilu,.d a .hottttaining <ouf'i,C un 'hc mCasurement and reduction offoundry
noise and ....'hich bad the ad"antage of being ca,,;cd OUI by ;IS Own ,'aff. An
additional feature uf gcneral .'alue in diS5C:minating informatIon to the public
....·as that the manner of presenlatlon bad particular rele"ancr 10 'he educational
Slandard of Ihe Ii".ne",.

The la" decade hasseen a signIficant change in noise control and .."'arch. to
a certain e>lent thc result of noise control Icgislalion whicb 11.. "imalal.d
development In the technology of noise control. Computer usage has led to
improvements in acou"ic anal~'sis and lbe nec<! for t.chn;c;ans and others to
receive training in the new 'e.hnique. ha' made an impacl on noise rontrol
educational programmes. "hich has be~n pattieularl) evident in 'he USA. In
large local uTban aulhorities the acou"i.41 technologlSl wo~kl reqUlrc an
appreciation of many fields add'lionalto a good knowlcdgc of mosi. acoustics.
basic eleclfonics and instrumentation. and such needs can ~ proY;ded by
suitable shon coarses,

The geneTaI public should ~ informed of acoust;cal deY~lopmenl' b)
wel1-designed television programmes and public I.clures. in which acoustical



ooady IJI"mben can plal In rssenlial part. Another impol1.nl function of ,h(
prof...........1........Iy is 10 brid", 1M liP M""·...,n th( ..mid of '«llnologr Ind
'M ICIdo:mi( lpMR by ....y of ronf(rno:es. !lC:min.n and publiCIIlions, nw
mulu..,h'CIphnary na'UR of ~slics"",t~ " (as>« 10 (t\oos( IlI""'llnllopKs
of rommon ",Ierest ."It OIMr ditcipliDes and so also helpllM problem of
,nlerwmmuruaollOll

AI the imponanl le>-.:l ofldloool educ:llion ICOUSlICSIlad becomf: _ .. Ita,
of • Cm<lerdl. S<lbl"'l "' .Ior faa: of ....,mmJly _ nOlI<: ",b~ .nd •
CfO"'tkd s)llabus. nw poIlllOll hasbeen .vnened b) the fact lhal fro> '(~n
from the unn-':1"Sl1) " re«n~ .0) aroustical eduatioa, TIw ["s.,lu.e of
Amustics 1uIs <1Idt., red.o "",.'e an in.ernl: amo<lJSl lifllt.nd SIXth fonn
Kbobn 11)' me.ns of~ ., '"IJ'>IlU$ C't'nll-.:. in the UK Abo.he SCJe""",
M<ISnlm in Loodon lias CT("~ l'ransponabIt SCJ(R(e nhibllion for uM:.'
sdK>oIs ..1I1t lhe O"enlllllie of 'MlISiaI NOI~and Vibra.ions·. ,n>'O/"III ('&"I
!lC:panlle ",.ndo on diff(,(n,~.. ocal phenomena and .pplia.""" nwr-.: .re
0\0 diffeRn' (ljXntnenlJ ..'I"cIt • .., operable b) .he sdlol.11 Ih(msd,'(S, II
<hould also be addc<l,ltl"M Sehool> Council in 'lor UK Ita>e 'nlroduad mor-.:
,«hnolOC in.o IheCIlrtinllum ••~ryochoolsand amus""" has bun one
of lhe eho!le" ...bJffi"

Finally. 'M!e II .he prohlem of anracling school lene.. Ind unl\'en"Y
"udent. into 1~,"k'"8 lbou. career< ,n""I>'ing aoouSlicJ. Hu( ala,n lite
I'rofeSSlOIlal societle" ,I>ould lei IS informen and 1o g;'" l'ubhClI)' 10 .~.

possible ..... of r",ru"m(nl. Allhough arou"ic pollulion ....ould !lC:em to be
moslly .,,,,,,i.ted ....ilh lud,ometry. bi.,..,ngin..ring and ."uelur.1 (ol,n(er·
ing. lhere .re many problem! 10 allr.el lhe inte..,,, of lh. phy>kil', lurh IS .he
"arious soure.. of noiM: in Ihe w.ter....-.oling lo....ers of power """on" .nd lhe
"'.ter·no.... ov.r r..(r "'(ln, In .he I.ner CO" Ihe conlinuou" "h(ell of ",.,U
end"'" volume< of.Ir ",brlung at infr'lOnic freq""nci.... unlest .he ,heelS ""
broken up by lhe in!IC:nion 6f ..'oookn Mults.

SOME G£.'.:RAL CO.\l.\lEl'TS A)liD THE FUTURE

1bc need for a more ..orld-.. o& approach 10lhe noi>c problem mal b(

desirable: bu' .. fraught "llh many d,fficultleS. A romnw-ndablc- I'I(P ,n th",
dire-ctlOo .re recenl dc-elopmoen" i" .leJisla.ion proposal on lhe proIKlIOll of
worto:n from effttlS of notS(...Iudl ..""kl ope"'<e 'hroughoull"" me:m~r
<tates of .he European Communlly, 11 is hoped WI,. ..""kl Indll<k
non-audilory ltuards as .-.:11 as II>( proIKlion of Man..,. and abo lhe M:IU... up
01 ""'"" I"",IS for <I,fkr(ot I)'pes of machi.... sudlas a,neul.ural Irxton.
na'"lon and~te breake.. and OIher mxluneli IIOCd In a>RSI!U<1l011 .nd
dcmoli.ion.-ort; 1bc 0051 of noone conlrol can be qulle consicIcl1lb61: and 10
.....·er the 0051 of ImplemeOt."OIl of ,he rom""'he....'" Ia..-s on _.



inauguraled by Ihe Netherlands go,'ernmem in 1979. 'noise charges' ,,'ue 10 be
leveled on sound insulation of buildings

The need for closing the gap belween r..earcb kno"-ledge and its application
has been exemplified in the ca", of kno,,'ledge of the phlsical mechanisms
involved in sound propagation outdoors, Until recently only the simpler
models based on aver~ge behaviour were used for prediclion of noise le,-els
around projeCled airpons and alongside highwal" The deeper significance of
local condiuons is now being incorporated in the schemes of prediction. "'hich
should lead 10 a grealer accuracy ,n forocasting.

Although comprehensi'-e studies h",'e been made of nOJ'" levels in industry
and the general en"ironmenl, comparatively liule attention has been gi,-en to
domestic equipment. but more recently the motorized lawn mower has come in
for scrutiny in a number of countries and the EEC has inlroduced a code of
noi'" lesl for the", machInes. E"en in the dome"ic kilchen and rhe canreen
there is scope for quietel ulensils, there is a basic need for a quiet melal. like
lead. but nOI incuITIng ilS undeSirable qualitIes.

Ad,-ances in acoustical lechnology and them)' continue and recenl
development' in Slalistical room acou"i", ha,'e been of signIficance at the
higher fTequencies where the earliet modal theory became inapplicable due to
the enormou, numbel of ""eflapping ,-ibrarional modes which are invol"ed,
The u'" of models in noi'" control problems is important alike for Iheorelicians
and engine.,ing de,igners, The degree of ,implicill' of Ihe modelling will
depend on Ihe nalure of the que"ions .ha. are being asked,

A \'ery significant and recent development in noi'" control engineeling has
been Ihe growlh of inleTest in sound intensity measurement<, In the early
1970', ""und powel was being established as Ihc primary meaSure of Ihe
noise emission from machinerl. In the immediale future acoustic standards
will be ba"'d on sound intensity. and its direct lelation with sound powel will
make it an ob"ious procedure lor ",'aluating the no;", emission of machines
(Chapter I),

The clos<: Telatlonship of acousllN ,,'ilh medICine is exemplified by a recent
development in phonography which is ","""iate<! with the respiralory track,
$kawmska in Canada ha' ba"'d h" study of the acoustic phenomena resulting
from the pre",nce of disease by analogy "ith Ihe Iheory of ,peech sound
production_ He has shown how ,-a,ious types of ronslriClions m the 'espirarory
channel wHi produce a characteristic stridor. The Iype of stridor is found 10
depend on the location of the con"riction in the IfaCt. Ihe shape of the
constriction; the nalure of the tissue around the conmiction; and finally the
pressure diffeTence belween the IwO 'ide' of the constriction. A strong
relationshIp was found tletween particular di",a",s and the acoustical featurcs
of respiratory noise. Thi' effect could act as a warning for example of the
de--el<>pmenl of Ihm" parall'si. in hulhar polio_



Acoustics may be of s.ervicc to man in combaling othtr ll'ptS of pollution
The disco,-ery In the mid-eighties, almost ,imultaneously in the USA and the
UK, of the photo-acoustic effect led to the developmem of the spectrophone.
In this technique the sample of ga' in a suitable glass envelope is subjected to
modulated electromagnetic radiation and will sulfer absorption if there is even
a small amount of caroon dioxide of the order of I in 10' by volume in the gas
sample, The acoustic reWnance i",-ol\-ed iseasil~' measured, The exUnl of the
'fouhng' of streams may also be monitored ultrasonically, Again in lhe casting
of 'teel ingots It i' Imponam to know the exlent of the inclusion of impuritie,
which could impair the strength "f the material and thei' existence may be
found by ultrasonic diagnosis.

A po<iti"e use of high energy sound" its direct apphcation '0 the dispersal
of oo.agulJtion in liqUId manufacturing processes or in the preclpit.uon of
panicles in gaseous systems, This has been achlcved by the d"elopment of
high acoustic imensity WurCes (Galleg" tI ai, 1978,1979),

Looking to the fUlure it seems that motor "ehicles will conunue 10 be
dominant source of noise. and complemeotar; actions such as rcduced
emission at the Wuree. Impro,-ed traffic management. use nf noise barner,.
etc. (Chapter 12) can contribute to noise abatemenl and it is forecast that
reduction of emission a, ",uree" likel; to make the largest ,""ntrihution. This
gain would probabiy be at an increased coSt of a "ehicle and could also
in"olve an increased fuel consumphon, moreo"er this period for maSs
change-o'-er to the impro"ed vehicle could take between Me and tWO
decades. "'hereas the density of traffic is not likely to decrease in the
meamime. The fatigue effect' of h,gh-intensity noise upon aircraft panels and
electronic equipment has recei'-ed attention o\'er a number of years. but the
effects are now significant 1n a wider range of equipment and as a rCsul' 'he
requiremem for a hIgh rise intensity lest is being "·,,tten Into many
engineering ,peelfication,.

It is always "ery e,pensi,e and often impo<,ible 10 roduce e~i\llng nOIse
sati,factorily and SO regional and IOwn planners ha"e a key role '0 play, Their
task is h~lp"d by the fact that noise le"els from sour"es such a, road and air
tralfic can oft~n be predicted: for exampl~ there are four different methods
"'hich h",'e breI' employed for prediCling traffk noise: scal~ model
techniqu~., computer simulation, th~oretlcal method. and empirical analysi.
The use of all four procedures has led to th~ und~rlling pTlnciple. on which
UK traffic noise prediction i' curren1I~' based.

The chaplers of rart II in this monograph gi"e detailed acrounts of how
sound can affect man in many ways, Allhough the information of a given
chapter i, generally restricted 10 a pankular 'i",lated' noil<: it should be
remembe-red, as menlioned earlier in the ,u,,'e;-. that tho noise en,-rronment
in ~"~f)'day life IS usually more complex and can br a mixture of many
differenl sound ",urces, Moreo"er there are other en"ironm~nlal para.



meters.•uch a. temperature and prC"Su", c<:mdi'ions. '" well a. air and du't
pollution. "'hich Can con'nbu'e H.> man's ne,,'ou. reaction, Th;. is a field
requIting funher ;m·cstiga'ion. The diw"i'y of the discipline. of the vanou.
au'hors are indieali"e of the man) facets of ll'Xmst,e pollution. a. 01 aroustics
in general

It seem. appropriate to conelu"" ~' recording a paragraph Irom Selemijie
American 01 Jul)" 19'.ll "hich stated: .A growing rccogn;'ion 01 the right ul the
eilizen to be protected againsl offence. to hi, senses ofsight, smell and hearing
,,'i11 mark 'he future of ci')' adm,n""at,on but we think the most serious
trespass against the comfort of d"cllers in cities. and particularl) ,hose of grea'
.ize. i. the matter of noise . - and <lillthc prohlem is wirh u•.
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CHAPTER 1

Physics ofNoise

In this chaptcT lhc phy~,cal proccsses in,'otvcd ,n the generalion. propagation
and measurcment of sound signals ,,'ill ~ di<.cussed §(l far as lhe~' "Iale to thc
understanding of noise in its "arious a'peels.

1.1 NOISE GENERATIO:": MECHA:"ICAL V18RATJO:"

1.1.1 Inlroduction

Noise as a §(lund sen""tion has ilS ofigin in the meehan'cal "ibration of maftCr,
cilher in thc solid or fluid state_ Thc ring of a ~II or the e","-pe of a gas in a
pressurized system are t"'O simplc cxamples of the mechanical "ibration of
mattCT, The transmission of these 'ib"'tions through Ihe air arc rec<:i"cd at .hc
car to become interpreled as sound by thc human sensory ')'~lem.

1.1.2 .....lll·000sMall.r\'lb....t.~

Two physical propeni.. which control the vibrallons of maner arc ii' densily
and i15 ela"icily (or springin.ss)_ Any .xternal fore<: imparted 10 a system
"'hich produc<:s a displacement of the malerial body ,,'ill invoke an elaslic
reslo,ing fore<: and thc work done against this force will be stored as pootcntial
energy. On release of lhe external fore<:. thi' energ~ ,,'ill be expended ,n
imparling kinctic energllO the mass of the boxIy and this ,,-ill accelerate until
,cach,ng its orig,nal undisplaccd boundary. in lh. absenc<: of damping, Thc
p"",nce of damping would in\'OJ.'. an enerl!-) loss lhu, redUCIng thi' ou,ward
di,placement Thcre will Cnsue a continuous and ".,...ible interchange
between 'he mol ion of lhe bod" and the elaSlic deformallon thus gi,'ing rise '0
an oscillator)' motion of lhe syslem aboul ils cquilibrium posilion. i.e a
mechanical "ibration,
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1.1.3 A Simple Vibrating S)stem

L<:t Us ronsider a simple non-dis~pal"'e ideal model of a ",beat;ng s}'stem
ron,;sling 01 a rigid mass m. concentrated at its cenlre of gravity. and allached
10 a massless spring of daslic con'lam. le. the spring be:ing rigidly f"'ed at it'
remote end (Figure I.l),

. . .
• ,

,,-
-jon ... -- -r

( I,
~I._-- --- :=j

• ,
FiIU'. Ll Meehani...] "ibuti"", Ampl"ude of
displKClIICnt A, lime 01 <H'H: <y<1e Of P.riod T
SoM tu'"". i' d;>P1aeelllCnt-<U....'•. i" ,,"'",doem
of ,',b.."""

The mau is ron,lrained 10 move along a single a~is constituting on.-<legree·
of·freedom 'yslem and ii' position at any lime may be: dc"'ribed by the single
coordinate ~.

The f .... nwtion abo"e can be: malhemalically e.pressed by Ihe application
of the d'AJamt>ert principle. "iz ~ fo ..... - O. In lhi' cas<. Ihe operating
forces arelhose of inenia and elasticity. ""

d',
m-+Icx_O

do'

,..here le is the hncar das'ic con,ta"t. This ><cond-order homogeneou' linear
differenlial equation ;, "'tisfied by

~(I) _ A cos "II

,..ith A - x" at I _ 0 and "I, - ~
m

The fact that the SImples' and basic mechan,cal vibration coHe,ponds 10 a
sinusoidal oscillalion, i' of fundamental imporlance in a<:oUsti",; for example.
Ibe e~planalion of the hearing mcchan,sm (Chapte'" 4-6) i, ""sed On 'he
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"''''''toon produ""d by th~ sinusoidallOneo. which ar~ pr~sent in an)' complex
sound,

B~cau", th~ hatm<>nics function Sln~ and cosjn~ I~~al th~m",I,'~s.•".rI
2:. radians. the tim. T (01 ~riod) of a C)'d•. is gi"~n b) 'L\:IT .. L. i.~, T ..
Lv""" Th~ param~lOr "'" .. LTiT has th~ dim~nlion of radians divid.d b)
tim~. i.~. an angular ".Iocit)'. Th~ ~riod of ~ibral;on rna)' be thus r~lated to
thaI of a parllclc mo>'ing in a circular orbit with cOnltan' angul'r ,'~loci'l' ""'.
H.nce lh. angular displac~m~nl 9 (in radians) al tlm~ f from lh~ inilial angular
displacement al /_ 0 is "--\II' radians, ,

ha' d,m~nSlon,of---l'
Time

i.e. an angular "elocit)[Mr']! .. Ir'l

"The frequenC)' Or number of C)'des per second is then gi"en b)'

, 0,
f" .. T ~ 2.. H. 1 Ho" - Ono C'j'c1. of osdlla'ion 1'"' "''''nd

The complete solution for .r(I) to sali,f) inilial conditIons (x". v,,) is

'".r(,j .. A cos "". + B sin ""I. "i'h A .. x" and B .. -
0,

Thi. expression i.to be simplified b) inlfoducing the parameters C and ~,gi"en

h)'

A" Coo.8;,.

hence .r(fj becom...

.r(,j .. C cos ("". - ~,)

where C" V(A' + 8') and tan ~,,, 8'A,

Ma~ing u<e of the de expression e" .. cos: + jsin,. 00., .. Real part of e".
the "",monic function. can be upressed in exponential form' . "'hat )'ields to
the complete exponenlial formula for lhe displ."'m~nt of the "iblating
mOlion .

.r(I)" Ce""'" - "')

Thi. fo.mula in lhe ca", of.<" .. A and ",," O(B .. 0) r~duc... 10 the uponenrial
expr~""on

x(r) .. A 0'- _ cos "V

.".,., pIol"""" q_'itoe> "",r<>p><>d ~"h 110.< "oJ p>n of Ill< "poIIO",;,1 100<1"'"



The follo"-ing relauollS are readil) dedudbl~

x _ c cos(o.v - ~)

rn
,- - - -..,c liin(o.v - ~)•E _ If>J:c'

....,"" .".",.,

'riO' u----O··~_.- -----
/, .;",,;,

:J;~--?::-:::::::'--__;'L' ....,.'.'"'",... .." ...",,, .,.
FiJIIle I ,2 Mec~an>c.ol Y,!>...tion; kin..",.rId po,enti.1
,ibr'hng energ} ,'.., ... disptaooment alon~ • C)de of
"""n.tlon

The ener~.J balance is grap~ically represented in Figure 1.2.
A modIfication of lhe simple model '0 approach real situation' is 10 include a

di",ipali"e fore~. This re'i'lhe force is in general of lhc ,'i.eotls type and
therefor<: proporlional 10 the rela''''e speed of molion. The ronstant of
proporlionalit} is defined as lhe ,esi'li'-e Rmof lhe 'y'lem,

B}' introducing lhi' force in lhe D'Alambel1 equulIon, lhe frequencj' of lhe
O!\<:llIation slighll; reduces to ",' _ v"; - '" "here

R~ . '"o _ - "lhe lemporal damping roe 'cicn'
2m

The amphlUde of lhe mOlion i' damped and decays according lO ,he fae'or
-~,., .

Because in general RmJ>m. ",' - "-I,. lhen lhe complele sol"lIon for lhe
damped vibration of the ;solaled 'ystem i'

x(t)_Ce-M~--"1

• fo< n ......' _ 0 (II\< ')'''01 -. "'" """""e); ,nd R, • ~ ~ ..lk<I ,I>< .,."",,1
"'.....""" .•nd ,he <tom!,," I""""

R~ n nT ~0_ - _ - _ - ~ - .-t><", ,I\< ,1o"",me,..1 "'v-,,'~m ~ ......«<1 D)'
R, .... ;C, ;C,

1 ('< - 1
~_'_L. _ - L",""'_nT

\. C. ~,.,n N



do' F c'''
-- .. u(ll" -

dt Z~(.,,)

Physics of Noiu

1.1.4 .'0I"ftd Mechanical Vibnlli<>n

Mosl 5Our= of noise are based on forced mechanical ,-ibratinni. in which I"e
vibration is suslained b)' an Ulernal aleney and Ihe ideal model no longer h.. a
,ingle free' ,bralory damped mOlion

The external for= may ha,'e a eomplex I;me ,-arialion panern which would
complicate Ihe ..,Iution of D'Alamben', equalion, Fortunatel) bl' me.ns of
Fourier anal),i,. any eomplex ,ignal can be analysed (,,-ilh "'me malhemalical
re,"ielion,) in lenn' of 'inuOOidal eomponems, Thi' is m"" fa"ourahle in
aeous'ic$ because any eomple. mechanical ,·,br.,ion that reaches our imernal
ear is analysed in 'erm. of i,. sinusoidal eomp'menlS

Fourier anal)'I" was first inlroduced into Ihr theory of hearing bl Ohm
(1843) who analysed the eomplex ,peech aeoust;cal .ignals into sinu..,idal
lOn",. Today. there is e"idence thal Ihe temporal and sparial iinusoidal
tone-pallem, produced ,n the peopheral aud,lory 'YSlcm bl complex aeou,,;c
signals are responsible for mecaoo·elecllicaluansduclion imo codified ne,yc
impul,"_ These impulses eon, e) and "'mula,e sound sensa"ons in 'he
cenllal·auditory s)'Item (Cilaplers 4 and 6).

1.1.5 M",hanicallmpedan« ,-, [IKlricat Impedance

The response to sinusoidal excitalion of an)' "ib'alO" s)'stem. Ih. hearing
mechanism included. can be represented b)' iti impedance

The ,mpedance Z{w) of a mechanICal "'Slem rela'es,he sinusoidal compo
ncn" of the excita'ion force F(r) to the resulling "elocit) of oscillalion u(t). i, c.
Z..(w) - F{r}u{r) ai Ihe elewi••1 impedance Z,(w) of an elec'rical i)Stom
relate. the applied voltage V(I) 10 the r.sult,ng curren, ;(tl. ;,e_ Z,.(w) ..
V(r) J(I)_ The lCTm impedance (from Ihe La'in ,",prJi,,). was rim used in
eleellical lhwry (Hea' i.ide. t896) is of oulSland,ng ,mponance_because. ,n
general. i' rclales Ihe exe'''',on wi'h 'he response and go' em lhe ene'g)
Ifanller be'wcen <¥i'ems.

""'hen Ihe mechanical 1}"I1<m model. wi'h i,s ronccnlralCd eonSlanl
parameters "'. k and R~. i. e.ciled b}' external fo,ces ,~pre~n,ed by F,. 5 F
" .... Ihen 'he D-Alamben principle en.bl", lhe equa'ion of equilibrium 10 be
established _at an)' in"anl. bet" een Ihe aelion and ruction forces. i.e.

d'.. d<
h!" _ m -- - R. - - kx, T".,n,.", ~ X~,""dr> dt -

- jF~-
lhe ""Iu',on of'hisequarion resulls in ..(I) - ...,,,--';'--;c-,: '""

w{R_ + i (mw - (kiw»)

,,'here Z,.(w) .. R.. + i (""" - k,."j 3 R", ... IX.. 's Ihe mechanical
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impedanct of the s~"'Stem in m~hanical ohms, Q ... IN.lim), The impcdalllX of
an elcClr;"'al cireuit ...ith R" L, C in series is: Z, _ R, + j(Lw - (I :Cw)) _ R,
+ jX" Thus ...e ha"e the .quivalence of the analogous parameters

,
and C-k-C~

Land Care respecti'ely the electrical inductance and capacitance and m and
C~ the m«hanical inertance and compliance.

1.1.6 MochanicaJ R"""na...,..

The m~h"nical impedance Z(w) dc<cribc< lhe rcsp'mse of a Sj'stem as a
function of the frequerK1'. The larger lhe impedance lhe smaller til<- "elocily
(response) due to a gi.-en "pplied force, The mmllnum ,-alue of Z", is allhe
frequ.nC)/ for which iI' fCactive term X vani'hes, This frequel\CY is called the

:':,n,~;~:::e~u~nt~o~t~i:~j'i:t:;U~~ ~:d;;~';"':'il~t~oi:r.~~u~~:~ ':;~h:
.ystem. p""'io",I)' defined. (1. I.3)

When lhe frequel\C~'of lhe excitation coil\Cides w'ith til<- Ir"" oscillation w"

of lhe .ystem. Ihe impedan... prescnled b) the ')'Slem i' a minimum and
con"'qucnll)' liS respon"" is a maximum. This phenom.non is known as
RrJQnaliu • ..pr....ion originaled in acoustics and borro"'ed hy the d~tric.

ians in "compensation"" to the lCrm ImfNdallee borrow-ed from them
Re«lnancc has a vcr} ,mponanl role in all phenomena of s~'..em responses.

In acoustics there are plent}' of silualio", due to re",nanc. phenomena.
Musical ins"umen's are hut one of the mOSl common ...mples. Most
mechankal 'ysl.ms exhibit different frequenci .. of resonance and the de,ig
ncr can make u>c of th.m - eilher 10 emphasize 1he response: Or to redu... it
dcptnding on whether a reinforcem.nl or a redu<1.ion of «lund is desired.

1.1.7 £Ioctromtchaniral Anal"lll: [ne!"KJ" tnoMre. "S Im~anccMatching

Making use of lhe eleC1ro-m~hanieal analogy (01<.on. 1943). and Ihe .... 11
known The,'en,n lheorem of electrical circuit theory. it may be ,how'n thaI
anI' acti'-e mechanical s)'stem can he represented b) a pure force generatot
fa in scne, with 'IS inl.rnal impo:danee Z, Figure 1.3 shows the analogous
electrical and m~hanical eircuilS wilh lhe equi"alence:

v
z ., , F_ Z~--

"
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"."".., ~" ...".,
figu,e U Electr<>·m«hanical 'y'lem. analogy

Thes<: CircUlIS enable lh. transfer of ene,&.," betw••n lhe a<"li,-. (sou~) and
I"'"j,.• (load) .ystem. in lerm, of their 'especlive Impedances to be evaluated

F'
W. VI _ F· u _ - (paragraph 1.2.9)

Z.

'"' ,. therefore
Z

lV.F~ ...
(2, -t Z ..)'

This function hIlS a maximum for Z.. _ Z,. Le. when lb. klad impedance 2.
matches tbe source impedance Z,o

Impedance malching is very importanl in all proctnes of energy tran,rcr.
In eleetro.arouslk wstoms such as sound-recording and ,eprodllCing equip
memo all lhe elemenls. either aClive Or paM;"., must have the same
impedance to transf.r lhe "'''''imam energy along the lran'minion chain. In
noise controL the large impedal>Ce mismatch bel"'.en mos! sound source<
and air f."ours the low efficienc)" of lh. ,-ibralOry energy lransmission,

On th~ contrary. wh~n lh~ r~ception sid< i~ lh~ h~aring SYS1~m. th~ li'"ing
speci~s hav~ ~",Iv~d l<) malch lh~ high-impedance oflhe m~chani<:al sy>t~m

of i" inlernal ear 10 lh~ low'-impedanc~ of lh~ alf, This process was basic in
lh~ sul'\'i\'al and ~vOIUli<m of lh~ speci~s marked by lhe u.n,f~r from th~

almost perl~et impedance m,'chmg in Sta life und~lWa1er 1<> lhe high
mismalCh in lhe air.

1.2 ACOUSTIC WAVES: PROPAGAT10:" Ot"
MECIIA:"ICAL VI8RATlO:"S

1.2.1 Inl .......ucli""

The id~.liled lh~or~lical model of a m~chani<:al ,ibrallng S}'$1em with lumped
I"'ram~tcrs of mass. elasticily and 'isoosity. permi" lhe analysis and
evaluation of lhe ba~i<: sinusoidal ,;bral;ons lhal are in,oh'e<:! in am'
generahon of sound.



In mos\ case$, the mecbanicalsystem' are a conlinuum mailer in either solid
or fluid ,tates. Because of the e1ast;c bonds in matter, any toeal ,'ibr.l;on is
rransmilled 10 Ihe neighboring elemen... The processoh'ibration tran'mission
througb condensed media oon"itu'e. the <lastic "'....e propagation, "hich is
respon,ible for the rran'port of mechanical (aoou"ical) energy.

1.2.2 Sound Wa"os

The lerm ,ound "'ave i' commonly associaled ";Ih elastic wa,'cs in the
f«:quency range of the human hearing, i.e, 2il Hz 10 W kHz. Wa,'CS below
and aoo.'e !hi. range are fe.pectivel}" known a, mfro- and ultra-sounds.

The propag.tion of vibrational energ\' takes a finite time and the distant<:
rrav'eUed by the "'av'e from (aU point' of which are in Ihe same phase of the
oscillation). in unit time. i, the $/K'alled phase v-e1ocityor 'p«d ofsound c. The
value ofc depend. on Ihe type of"'ave and on tbe physical characteristics of the
propagation medium (Table 1.1).

U.J Tn... ofSound Wnos

Gase, and low.v'iscosil\ liquid" "hen mechanically disturbed can only .u"ain
change. in "olume (the restoring force being ,he oonsequen' pressure
changes), w the ma"elemen.. in any fluid v'olume in oonlact wilb a vibrating
...rlace will mo"e in unison (i.e" in· ph ..... displacement') crealing successiv'ely
compre",iQru and .areflU:tiOn.$ in the surrounding v'olume. These fluctuation.
of pressure are Iran,milled a, a progressi,'. wa' e into rhe floid by vinue of its
compres.ional or v-olume elasticity. In addil10n 10 Ihese compressional ,,·av'e.
"'lid' can re.ist al'" changes of shape, and so are able 10 transmit 'hear type
deformatiolU i.e.•heaH)"pe waves and pexural or bending wav'e. (Chaptcr

")
Compre<SlonaJ "'av'e, are longitudinal in the sense Ihal the osciUalion 01

maner i' in the direction of propagation. On the CQntrary .hear and bending
wne, are tran"'e",,,1 a. the deformation' take place perpendicular 10 Ihe
direclion of propagalion.

The geometry of the Wa'" fronts differ.ntiate, wa,'e. into plane, sphe.icalor
cylindricul, For plane ""'a'·e., tbe amplitude of the perrurbation .hould ideally
remain constanl along the propagation path. In .pherical and qlindncal "'av'e.
the amplimde decreases linearly with 'he dislant<:, These 1""0 lypeS of waves
are referred ro as divergIng ,,'av'e•.

1.2.4 Compf'ftllional Sound Wa"'" in Air

Although ",und ",,'av'e, may' be propagated in anj condensed me<lium, the m""t
significam medium is air for noise pollution In the human habitat.
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Figure 1,4 shows a Iypical ,epre",ntalion of compressional "'..'e, in air
genera'ed by ,in""'idal ,'ibralion$ of a rigid plane surface, (p'Slon)

The ",O"e profile ,n ~ace folio",.. lhe vlbralion profile in lime ,;(')' In lhe
lime of one cyde (n lhe "'a' e-fronl ",;11 move a distance ,T This distanc<: (),)
defiMS the "'..'elength of lhe propagalion. Henc<:

,
"'_cToo_

f
general e.pression lhal relares. for any l)'pe of "'ave ;n any medium. lhe
,..a'deng,h ","h lhe frequency through lhe speed of propagalion.

In linear propagalion (,'alid fo' mOSl common ",und, exc<:pl for inlen'" one,
such as expl05ions. sirens. elc,) lhere is oodistonion of the wa'-e-Ironl eilher in
l,me or .pace. If lhe "bration profile is an)' lime funnion flr), ",hich i,
propagated in the posili"e.t direction with 0 speed C;l rna)' be ",presented by
lhe function flC' - ~). Thi, profile ropeo.. il$oClf al dislOTlU cr along lhe
prop.gation path (Figure, 1.5).

In lhe simpleSl and fundamenlal case 01 'in""'idal ,ibrat;on, Figure 1.4. at
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''''~i8ure l,S O"plaeement alon8 to. a'", a, .peed ~ of an .I."t"
perturbatoon of prom. ,,(I)

any poinl x, of lhe propagalion palh ,he sound pressure folio"", a sinusoidal
oscilla'ion ,epresenled byP(xl) _ p" e'"", Correspond,ngll . at anI lime I,. lhe
in'tantane<:>us "alue of ,he ....ill.tlng pressure at poinl' along lhe propag.,ion
path ",'ill correspond to a sinusoid.1 profile rept"e5<nted bl' p(x.',) _ P" e ,...
where k is known as lhe wa"e-number and i. the angle in r.dians per
unit leng,h of the propag.tion palh. an.logou' in the .pace domain 10 'he
angular "eloci,y '" in the'ime domain. k .nd '" being related by the .peed I of
propag,'ion:

- ---., 2:rJ~ ,
The "a,i.tion of lhe sound pressure in points along Ihe propagation path i,
thefefore a SinusoIdal func,ion bolh "f 1 and x gi"en by 'he expression

p(x.I) - Ppc'/'- 4.<1

Thi5 e.pre'!Sion is of fund.mental use in dealing ""I,h wave phenomena,

I ,2.5 Speed of Sound Propa~allon

For linear propagation ;n a homogeneous non-dissipatiye fluid medi'lhe ,peed
of sound i. lndependen, of lhe .mplilude and frcqLl(:ncy and i, given by
lhe general expre,sion c _ V7iiP w'here B '"' - !J.pl!J.Y/" i. lhe bulk
modulu, "f ela"iei'l and p - m/V is ,he den'il" of lhe medium. therefore
v7f/Phas lhedimension of. ,peed IV(ML I r1/ML ') _ Lr'l.

In lhe propagatIon of sound wa,-e. in. gas like air_ lhe 'olume change, in
fru spare can be generally considered adi.b.lic. i ,e. lhere 15 no e,ch.ngc of
lhermal energy between adjacent elements of '''lume. lherefore lhe adi.balic
~ualion of Sla,e for perfect g..... p·V' _ Constanl apphe•. where r is lhe



l1uio of principal spttific heau, Thi' g;"es for lhe bulk modulus of elastlcitl B
• - apliJVIV .. yP, P is the 10lal inSlan,anwu' pr..,ure, P .. Po - p.
,,-hich. b«ausc of lhe rclali"e 'mall "alues of the acoustic pressure. P can be
subslituted in lhe air by the almospheric pressure Po: lherefore B .. yPoand for
lhe same reason p • "". and lhe speed Co of sound in dry air al O' Centigrade i,
gi.en by

C,," ~yp" ... 330 m,s

",
for Po" 1.013 Pa 0 (Ne"lonl..rj. Po" 1,293 Kg.m' .nd y" 141

The speed of sound in gases docs n01 ch.nge appreciabl~'for regular change,
in pres,ure a'they are accompanied by changes of density", that lhe quotient
Pip keep' praClicall)" COnstant On lhc conlra'). lemperature ha' an
appreciable innuence on lhe ,peed of ",und in ga.... The quolienl Pip "arie'
"ilh the lemperalure according 10 lhe equation of slate P P" RT. "'here R is
the gas conSlanl .nd T is 'he absolule lemperature_

Therefore

<,-.
<"

Fordry ai' at I .. woe. ClI~" c,,(1 .. 0.037) .. 330 .. 11 .. 3~1 mi.,
The ,peed in "'ater .'arie, Wilh temperalure, pre..ure and salinity, A

COmmon .'aluc used as a reference is 1.5lXl mis which oorresponds to ocean
surface "'alers al 0 "C and 35 ppt salinil)'_

In solids. the longiludinal tl pc of "'ave lra.'el, at a speed c" .. V15iji "here
D is lhe Ioniludinal modulus of elasticity (volume).

For "'ear "'aves. lhe propagalion ~peed is r," V7iP "'here G;s lhe ~hear

modulus of elashcily. Table 1,I gi.'es .'alues of sound speed in different media
and ""'Clure<. a, well .. lhe relations bel"'cen D. G and B wilh Young',
modulu, E and Poisson', ralio of conlraClion 1'_

1.2.6 S.,...irJ. Acoustic Impt<lance z.: Charactoristic Impt<lan« of Maller.

'--,x
The impeda.... of a m""han;cal <>scillalO')' system define. ia ..aClion to a
sinusoidal ..citalion making il possible 10 e,alua'e ,he transfer ofenergl 10 lhe
receiving syslem The main difference in acousti« compared wilh the electrical
case is ,h., e.cept (0' spedal c..... when lhe dimensions of lhe syslem
elements arc ,man compared with the "·",'elength. ,h. paramclers o( 'he
'yStem 're n01 concentraled bUI d,stribu'ed in a continuous manner.

- p, • I'a>oal_
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"
Refe,nng to <:omprcs~ional ""und "".,,e•. 'he rdal10n ~h,..een the

instantaneou, sound pressure p al a point of a medium and the 'e1ocj{~' of
<)SCillal,"" u i. called 1M Specific Acoustic Impedance: Z, • p"u. It has lhe
dimension' of a mechanical impedance per unit surface arca

[
Z• • !- • L ]
s uS u

The anal~'lical cxprcs>ion for Z, is obtained b\ appljlng lhe ...mod I." 01
d}'namico toan clement of"olumc ."ited bj a sound "",c

The force that accelerates a unit clement 01 maHer. "hieh is due to the
pressure gradient along the propagalion path i.c_ iJp:dr. mu,. he nurneric.llj
equal to Ihe product of the den,il\ and Ihe ,ib••tional _""ler.lion ~u iJt
(N."lon ...rood 1."-) i ,c .. - iJp ill - p (au/<lr) (The force and the gradiem of
pre,'urc opposes each olher). Thi' hneariled Eulers equation offorce i. ,-.lid
for anj lin.ar sound prop"galion in fluid•.

For 'inusoidal "a".S.

u - U(,) e"--"). Ih.r.for. m,' iJf _ j wu

and lh. Eul.....qualion simplifi.s 10 - Jp"iff _ pjwu
For plane "a"es. "here lh. peak amphlude /'" "f Ih. ""und pre"o" remain'

ron"an, along '.p _ P"e'--'·'. lhe gradiem ofI' redu,"", 10 a \arialion ollhe
phase gi\cn h!'

"-- -ikp or
~

" w---/-1'
~ ,

Therefore for plane "a\ e Ihe Euler, equal ion gi\ e, Ihe relolion

w
, - p - PI""-',

,
I.e, -_pc~Z,

"
pc is a 'eal quanlil) characleri'lic of e\'ef} malerial and bec.use il has lhe
d;men.ions of a mechanIcal Impedance per unil surface is called rhe
Charactr,isr;c lmfHdance of .lIaflr,.

For air ar nonnal rondil;ons (in CGS uni1».
pc _ 1.1 x 10-' gem'. 3--l X Il~' em' _ ~I d:ne,scm' _ ~I

Ra) h (in honour of Lord R.! leigh),
In praclical units (MKS or SI). pc _ 1.1 k~ m-' x 3-41 m sec _ ~IO l".s m' _

~IO MKS R.!ls. i,e. I R.. I E 10 MKS Ra)ls. T.bl. 1.1 gi,", \aloe.of pcior
dlfferen,mcdia.

The ralio p u being a real quamil! for pl.ne, "a' es...prcsses lhc f.", thaI
lhe "nuWidal lImc \'ariallon of p and 1/ arc ;n ph.se .1 .11 points along Ihc
prop.galion palh.

For di\'crgmg spherical "a\ es and becau$< the peak amphtudc of Ihe wund



"
p~ssurc '-aries as I" Le. p " (P,J,) ei\-l<1 the gradienr of P "sulls
iJpiiJr K _ P [II' + jkl. i.e. it includes a ".,i.,;on ,.-ith lhe dis'an"" W lhe SOurce
(geometrical cenlre of di, .rgeneel·

The Eulc's equation fcsult. ;n

pjwu-p(llr+jt) or

p i{Xk h

Z, - -u .. (II,) + it - IX Cv~,C."c"'r-"
,

r:'~ .. {X cos Oc'· wjth tan fJ .. -

"
This relation """".. that for sp""ncal wa"cs Z, is a complex quamily Z," Z, e'"
of amplitude IZ, .. p 'cos (J .. PIU. ebeing ,he angk of ""as<: dela)' !>e'wccnp
and u, 'hal dc~nd<orthe pr<>duC! kr. For kr" 1. &approaches zero (la" (J ..

(I kr) _ 0) either for large ,-alue. of k (high frequencies. K .. wi.) Or for
large dis'an"". (r) In the source. In borh co""s. lhe "".,'c-rronrs approach
plane-",.'". gcom."~. and;n coincidence with. Z,." IX <:os 0. lend' to lhe
'-alue pc for plane "'",cs. i.c. m high f1l'qucnoic< or allong d",ancC5 10 ,he
source the specific acoustic impelLlnce Z, can be approximaled by the real
quantity pc independentlj of the form of the wa'-e propagation eilher of
COnStant or diverging geomet'1'_

1.2.7 Acou<tk Impedance: Im~all« Relalion.

In a potnt of the medium excited b}' a sound waw. the sound pressure p
gener.tes a p.rtide ,-e1OC1tj u, Consequently the "passing" of ",,,'e-front
through a surface produces a rare oj"olum, diJplace""m X - Sou. ,,-here S is
the area of the surface. The ratio between p and X defines the acoustic
impedance Z" at the surface' _i.e.

. p p Z.Z,--.-----
X Su S

Therdore the follo".ing relations bet"·..n impedances hold:

'[N.~ ]Mechanical impedance (MechanIcal ohm _0.,); Zm _ --;; -----;;:;-- Q. MKS

( ".')Specific .cou'tlC Impedance Rayl _ -- ,
,m'

, FZ,------
" S"



"
CharaoenslIe Impedance of maller;

[
N, ]'" _ "" _.- Ra)'l MKS
m'

Acous'ic impeda~ (Acoustic ohm, Q,,):

Z _....!!..... .. ~_z"'[~_RaYIMKS
"'SuSS'm'rn'

With Ihis last relation it is possible, for in,'allCe, to calculate the acoustic
;mt>«!anu presented try the tympanic membrane. di"iding ;1> mechanIC.1
impedance bl' (be <qua"" of the tympanic area.

The ele<:trome<:hanical analogies can also be utended to acoustics through
lhe r«pective impedance expression•. The'" analog;e. permit ,he funCtioning
of acoustical system. 10 be described by mun, of the well·known theory of
c1«tric circuil'l. tl can be applied locomplicated system. such a.those ;nvol'-ed
in machinery noi.. radiation. ,'oice generation Or \0 the mechani<m of the
middle~ar coupling.•'e. The measu«,,,,,,nts of the impedance of the middle
ear has become a valuable diagnostic procedure and source of information in
otology.

1.2.S 5j1KilkTypaofSound rtdd: Free, Confined. [)jffu~

"The sound field i. undefSlood to be the spa~ surrounding a sound sour~ ,n
which ilS llC<)uslic effecl' can be praclically delected. The principle of the
superposition ofsound ncitalions at a gi>'en point meanS lhalthe e~iSlen~ofa
close dusler of sources can lead to a "ery comple~ sound field,

The p"rticular c.as<: in which lhe boundaries of lhe ,'olume in which sound is
being propagated arc sufficiently rcmo,..,d to ha"e insignificant influen~ is
referred 10 as her Field oondilions, These oondition. of propagation are
seldom found ,n nature E,'en in the case of open-air propagalion the... is lhe
ooundaf) pro'ided by the ground and lhis will acl as a reflector and absorber of
sound ener8)' (Chapter 2) SO the fTee-field conditions would nol be full;
realized. In addilion. ob<tacles will diffrM:' (cu"'e) lhe sound ....a"es. and
elimatological condilions rna;' cause "fr~clion (chanse in direclion by layers
with differenl speed of prop"galion).

A Simulmed F".-F~ldCondi'ions (An<ch~ Ch~mMrJ

An altempl 10 simulate free·field condilion. ha. been the conslruction of



Figure 1.6 A_hoi<: chamber at lhe In<>lilUlC 01 A<OII>to< CSIC l>lad,id
(1.11,.-54<0'. l~). cut-off frCGUC""Y (R~ 0.1) 9(l H,.. tnl<"'" do"",n,,,,n. 7.~ x ~.~

x S.5 m

so-called anechoi<: chambers whIch a~ cn,losur,' in whICh all inlenor surfaces
at< ,o"<red Wilh sound-absorbing material on mosl case, in lhe form of "ed~,",.
"'ith their flat re<:1an~ular bases in oonta<:1"ith each other. The depth of ,uch
wedges determ;nes lhe "',,,er frequencies of dose simulallon. i.e. a dose
agreemenl with Ihe in....... square law for the fall--off of inten,il) from source.
,,'ilhin the room. These oonfined fields aIC limned in SilO b)' lheir c'pense. and
arc generally used for such purposes as Ihe e,alualion of aoouSli<: emission of
sources (ISO 3475). calibration of tran>ducers (ASA S1 10.5, lEe 2i>S-5). elc
(Figure 1,6 (Lara Saena. 1965).

B. Simulated DiffuSion Rooms (Re"trMration Chambersl

These rooms are designed 10 oblain as dose an appro,imalion a. pos,ible 10 the
condilion ,,'hen there is a uniform "alue of a\Crage sound cncrn per unil



Hia," 1.7 ~..'e,"'..nl e~.ml>er ., 'l>e In.."a'. <Jf Arou,tie ('SIC M.d"d
(Lu._s...n,. '90'6), Re.. rbera'oon T.me at $00 Hz, 6.R >«; ,,,ume:!l)J m'

yolume Oyer mOSI of Ihe internal ,pac<:, Thi' i' achie>e<I by choosing Inc
eonfi nin purface. I°~ "rongh ..,fleeting '0 'eou,' ie " ."eS bu' als<> mmimill ng
,be existence of standing wa..S~' • <lanllng of the surfaces "ith respe<:llo eacb
otber, Add"ional di!!lJ.SlOn is .Ila,ned by fi,ed or mo"ablc reflect"'n. ,urface.
within Ihe room "olume ThIS k,nd of eh.mhe, allows 'he (\\"crall po"er
em,ssion of sou"d or "oise ,"arce, 1o ~ e' alualed ([SO 3741) a. "ell as ,ne
absorpt,on ,ham,te'i,H, (ISO R 3S~). of ",u"d malerial' (Figure 1.7 (Lara
Saenz. 1965).

Due to .he complexi')' of real sound field,. an appro"malion i' made in e' er>
case b) reference to Ihe "ell-defined condi'ion' of Free Field Or Diffuse neld.

Thu, 0p"n alt propaga'ion is b.'icallj .ppro,im'led to bj free field
condilion, In a closed space lnere i' dependence on Ihe di"an.. 10 the sound
source. AI short di".n.... Ihe dir"'l sound (free-field approximation)



dom,nates but it is the re"e'bc:ranl sound (diffu$( field approl,manon) ",htch
dominales at greater distan«s. The simple Sabin<: formula for the re"erbera·
tion time in rOOm, assumes a diffuse field. "hich i, often ineon,i,tent ",ith Ihe
real conditions. and therefore should be used only as a rough reference. It al...
failSlo satisfy the eondihon, ora free·field. i.e. "'hen the absorplion coefficient
IS un,ty.

1.2.9 M..,hanklll """',.,. Prop.agaud by Arousllr w."..,Acou'tle Intensity

The transmission of ,-ibration energy associated with a free progr...,,'e
sound·"'ave is measured in point' (x,) of the sound path by tbe acoustic
intensity I(x,) or time a"erage of the aeon"ic energ}' flow ''''tUm;''ed 'hro"1fh
unit area perpendi""la, to the direcrion of propagation.

The instantaneous mechanical J'O"'er tran,mined by the Wa\'e to elements of
the medium through unit all'a is I, _ F'uIS _ p'" ",here p and u a",
respectively the in'tantaneous value of the ...und pressure and panide velocity
at the measuring p<lint.·

The time average of lhis instanlaneous product for a sinusoidal "'a\'e in the
periodict;me Tis

, J' [N m "'an']1_1, __ p,udr -.- __~

T" m'sec m'

For plane ",a,'... p and" a", in phase (its ratio i' a real quantity pc) SO

IT P.U~p:-t
1 - - f P eos(Wl - kx)U eos(Wl - kx)dr - - - - • -

TO 22pcpc

For spherical "'a"es the oscillalion' of p and" are dela}'ed in time an angle (J
Therefore

FU
,.-,~,

2

bUI for this type of " ..'e

F
-_pccos(J
U

Therefore 1 K p;...t2p Csame expression as for the ~Iane "'a'·e•.
'The expression for the acoustIC intensit}· 1 _ p:...Jp • is anaIogow; 10 the

po",e, dehered to an electnc circuit of elecrric «siSlanee R by applying a

•"'"hou, ",,:on /kn.- ,n II\< m<di"m
t 10 un<l1Oid,l ~~v... T~ on< <}'<1t tim< ond p_ _ P v'l Pb<ldJ II>< p<ok otI1pl,,~ oI'M
u"" ~.,..
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voltage V (excitation). that produce, a current I (rcoponse) W .. V-I ..
V'IR (paragraph 1.1.7).

1.2.10 "'roustic F:ne'llY Iknsity E

An aoou,tic field romprises the ,uperposition of "'a"co ha'ing in general
different pre»ure amplitude, and propagation direction., The intensity. g;"ing
the directional rate of energy' flux. is not "alid to evaluate the magnitude of the
resulting acou,tic field because "'a"cs from differem directions may reduce the
net nux through a .urface and e'en to cancel it as in the case of a perfect diffuse
field_ What counts is the re,ulting ",'erage vibralion energ)' den,ity in points on
the field.

For non-di,sipat;,'e fluids. the instantaneous \'alue E(I) of the acoustics
energy denoity is (as in the case of mechanical vibrating ')'Stems) the sum (per
unit of '"Clume) of the kinetic energy of the mo"ing masses and the potential
energy in the compressed and rarefied ,"<)lu"", elemen"

II is easy to 'how lhat

E(l) .. \,>.p(u' + ~ )

For s,nu""idal ".-av'es the time ."erage of E(I) in the period T is obtained
throught the specific acou,.ic impedance Z, K plu for each t)'pe of wave

'I' 'J'EKl{r) __ E(I)dl __ "
T" 2T" (

_'_ • _'_) dt _ J::... K P;....
Z; p't! 2p<;' pc'

1.2.11 Inten'ily •• ~:...'1IY Den,it),.

Either in free-field or rev'erbe..nt s,tualion, the field can be con"dered as
comprising free progressi"e plane "'aves,

In the free· field. lhe Intensi.), I is rela.ed to energy by the straight·forward
relation

In the ,ev'erbe,ant field. the flux of energy I" incident on any surface is one
founh' of the flux roming from all directions. therdore

Ec P;m,1,,---.--. '"
• rn. diU"", r..10 ,t>< "u' ",e,""" rote "'. ",rote ~ "lftt>< <"ut"", on<l th" nu, ",,",n&
lrom oil t1Ir«11Om ... "'mi 'l'"'"<~~. IOd'" '" '"'" """f""d .,," <t>< """" no, ""'mol
to <t>< ...rlooo



"'herep,_ is the resulting value in the field, Because microphon... usil~'detee,
.....nd pressure. rhe sound field i. e.'aluat.d in term, 01 ia mun "luafe
pressure.r - p;"" (I A, Ij.

In most case, the r"'erberant field i' nOi homogeneous and a space a' erage
"alue 01 E is needed to evaluate the field

Inten,ity in a part,cular direet;on can be measured ,n tenns of lhe pre>sure
gradient in that direction, The technique in,'ol.'es thc u<e of t"o identical
microphone, facing each <>ther in thc dire<:tion of thc acoustic flu•. and it i,
01 panicular ;nterest m.,nl) ,n source loc.hUlHon (Gade 198~)

1.1.12 b'~luationof lhe Sound neld tnel: Ilttibel, Scale

The a>'erage lIOrmal human ear can p"rc<:i\'C pitch ""nsalion, corrcsponding to
'inusoidal aroustic "'a'OS in • mngc of f.equenc) bet"cen 20 and ~O.OCO H•.
Be,'aus<;: the sensit",t) of the ear 'aries "ith frequency a middle-range
frequency of I.tOJ Hz i' raken as refcfcncc 1m lhc ,'w'ge nOfmal thre<hold of
hearing,

The range 01 aroustic energy den,it) for the hum,," c,,, t1ct"cen the
thre,hold or heanng and th. <.cnsalion of pain" as large", 10" In order to
handle thIS tremendous range (hundred million' of million,!). use i, made of a
logarithmic seale to comp'''c di/fercn' ,alue, of cnerg) "'IIh a rererence >alue
The ami i. the Bel. firsl iniroJuccdat the Bell Laooralorie' (USA) to .. aluate
the attenu:t1;on of«lund ,ignal, in telephone cahle,;" Bel, eorrc'ponding t" an
energy rat;o of Ill". Conseqaenily. Ihe mathemaHc.1 expression for the Bel'
sc-alc i. n Ilels _ log,.. 10" and the uni' I Bel _ log", 10, U,ing thi' scale the
",'erage human h<-aring range reduce, to. scale of 14 Bel., In a.,ual pr.etice a
more ron>'enient unit is that 010,] Bcl. known a, the <lecib<-I (dB),,,, that the
human heanng range is gi"cn hy 14(] dB. ( 10 log 10").

Because the sound energy density i' proportional to the "luare of thO sound
pressure. it i. possible to evaluale the cncrg)' density Ic,'.1 range of human
heaflng ,n lerm. of the sound pre'sure hy fi"ng a rderence pressure "alue p...
corresponding to the a"erage threshold of hearing, This value has been chosen
.. 'hc rm, sound pressure of. rrce progrc"i"c wa'e of I.000 H. just percci"ed
binaurally by the a'erage normal hearing person facing the s<luroe (]SO·R
226). and awro.imated top., - 2 x 10-' N m' - 20 I' Pa.

The energy le"el of the sound fidd ,n decibelS in term, 01 the root mean
"laar. sound pressure p,_ in the air. i,gi"en by the relation

E
1010g-_

E"

p;""
10 log -,- _

Pi,
dB _ SPL

This le"01 i' u,uall)' kno"n as 'he Sound I',e.,u,e Lel..,/ ($I'L/. (it Should
beller be <ailed Sound Mean Square Pres-,ure Le"el).



For free field propagalion lhe SPL co,ncides ".. ilh the Sound Jntmsil)' Level,
(SIL).

,
SIL_lOlog_

'"
p;""

.. IOlog-,-
pr,

£
10 l<.>g

E"

p,i 4 "- IW'"
"hercl,,--.--- _lU'''"m'

'" ""
For a diffuS( fidd.lhe le'el of lhe sound imensil; I"SloL impinging on an;

surface diffe ... from the SPL. i.e,

SI"L .. '"1010g--

'"
"1010g-'
E"

~SPL -6dB

(paragraphs I ,3.6 and 1,3 10).

1.2.13 Sound Sour«s .. Wa.... fronl Ceo"""ry

A sound SOurCe is an; de,'ice ,hat 'ranSm". mechanical ",brational ene'gl 10
lhe surrounding medium,

Sound ",urc.. can be of man; 'l'pes· for mOS' praellcal e''''S of nOlS(
rad .."on it is ''In''en,ent to refe' to lhe geomelfl' of lhe generated ",'",'e-fronl
as eilher Plane. Spherical or Cylindrical. This information facilitates lhe
c"aluation Or predic'ion of ,he geomeTrical spreading of 'he sound encrg;
along lhe propagation path.

The genemtion of plane ..-8\·es ..-ould require. 'hoorc'ic.lly'. an infinilC pl.nc
"ibrating surface. An actual approach 10 plane ""'.. IS Ihe propagat,on ,n
pipes (d ~ i.). In re.1 eases, most eXlended SOurCeS. i.e. "ith large radia'ion
surface in "lmpa,ison "'ith the """elength i. of lhe generated sound "a\O,
radiate approximatel}' plane ".\os in the "icinit; of lhe souree.

In the case of radialing surfaces small in comparison" ilh i. the source can be
approximated to a lheorelical small pulsaling sphere th.t r.diates spherical
'" .,'e·front<. This "lnSlitut... point SOurce.

Finally, • lhird type ofcommon sound source ... linc of point SOure... Or line
Souree. 'hal radiateseylindrie.1 ..-,,'e·frums.

1.2.14 Sound Soura: Po,,·.... u,.I_ SWL

A main factor for e"aluating a sound source is irs radialed po..-cr, In order 10
r.la,. th,. po"'l:r ..-i,h lhe Imensily u,'eI of Ihc radi.ted free fidd. it is
expressed on the decibel scale ~' referen« to. po..-er ,'al.e WII. This is chosen



to be: Ihal of a sph~rical radialing l.Ource producing Ih~ rderence inlensity I" _
10- 12 W/m' 0\'" a ~ph~rical surfac~Qf I m'. Th~refore. (Wo" 1o.S),

W"_IO-ll",,,us

Th~ sound power l~"el ofa source of sound po""~r W .. wallS;s [hen g;,'en h}'

W
SWL-lOlog-"

WII

Tab\~ 1.2 gi"'" ref~rence "alues of SOm~ rommon sources.

Table 1,2 Sound P"".r .1><1 Sound P",,'.r LO',.l of rommon ""'~ soure<,

,
.0
10-1

IO-J

10-;
10·'

SWl (dB)
o dB. 10- 11 ."a'" Sou'ce

1$0 J., o;""f[
130 80 inMNmen' 0"......". (to"""mo)
110 O"PI"nJ hammer
90 Shou"nJ
70 :-o,mal ,w.
$0 QuI" <I.«nc .!la,'.,

1.2.15 SoorceSlr.ng[h.Q

The source menllth i' a cons'enient parameter in d~fining sound SOurC«. h ;s a
measure of the rate of the 'olume flo" general~d b~ th~ sourc~. l.~. Q ~ S·"
wh~rcS is th~ radialing lurface a,~a and" IlS instantaneous .. ibration '~Iocil~.

In general II mal' "ar}' along Ih~ "'rface and

Q- I,ll ds

The imponance of Q i'lhat lor any source that can be a,,;mllat~d [0 a Simple
Source (closed surface wllh /.J. <lI. 1. where! is a linear dimen'ion) Ihe radial~d

po""~r is independenl of the sourc~ shape and onl~ d~pends on the ralc of
chang~ofQ.·

, (dQ): , dQ 2.u
W 0 - - b" Su","hlU1;ng -0 wQ 0 -

&TC W dl A

1.2.16 G<OIIM'lrkal Sp~.ding ofSound Energy

&cau~ the acoustic po"'~r rad;at~d by. sourCe sp,eads into_pace. the sound
inlensity falls off with the di'tance from th~ sou"",. depending of th~ shape of
lh~ "·a..~·fronl

• Th~ II", """d '0" "nkl"lh de"""",,,,«1 loy Prof, M H«~.I (O'P'" I') '" h1> pup!> loy
openln& "'" oimilar bolt'" o! ,hamral"" but., dill.,..n, '!"<.<l,'
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In thc absence of damping. a planc-waH In frcc ,pace ma,nlaln'.
Iheorctically. Ihc same imen~i'~' 'hrough 'he propaga'ion path In real case•. a~
the radia';ng sunace is limned. Thc p1anc-"'a'·e. graduall)' di'crgc ,,'nh 'he
dis,a"ec in'o ~phcricalwa,'c•. In 'hi' laM t)'PC. oceausc thc .unaee area of 'he
w'a~e·front.incrca",. as 'he "lu..e of ,hc di<1ance from the source. ew,)' 'ime
'hal the dislOnce douhl... the ,u,face increa"" four ,ime~_ The 'Olal po,,·cr
beIng 'hc ..me through any ,,'",'e-[rOnl surface (no dlSs'pa,ion). thc Intensil~.

0' pow'" per unit area. decrca>es 10 onc_founh. i.e Ihe lntensity reduces h) I(I

log 2' K () dB per cach doubling 'he distance (in'e~ "luare law),
Fo' <1lindrical w'",'e'. the .urface increa>es hnca,l~ ",Ih Ihc di,tance. <0 the

Intcnsl1) ,cducesonly h) 1lIiog 2 .. 3 dB for each douhlingofthe distance,

.. ..../..

".

J--
•

•. - - ...

Fi~u'e 1.$ "The<:>'er..al Sound u"t redue,"on ~Ith the dl>,"n"" ffOm.
pa",ng ..il road If... ~Lth t.....1dtmen,ion,l ... h

Figure l_~ 'how" a graphical approach to the reduction of ""'nd inten,i')
with the distance due to geometrical spreading f'" a pa~smg railroad train At
'horr d,s,ancc. 'bc ""und_~'a"cs from tbc mo"ng carriages can be appro.i
mated by plane·wa",', with no intensil)' reduction, but ,ut>scquentl} Ihe)
approach the cylindrical form as corrcsponds to a line ""urce. ""h the ,nten,It)
falling off 3 dB for doubling the di~Ianc<: A' great distances. ,hc lin. SOurec
approach a pornt SOu," and 'hc cylindrrcal "a"cs becomc approXImately
spherical wilh a reduction of intensit~ of () dB pcr doubling the distance,

An isolated car ,n a toad appro,imat", '0 a poin' SOurce. "hile a den..
con'inuous traffic approaches a line source: a filing planc app,oach.. a po,nt
""urce (Chaptcrs 11 and 13),

1.2.17 Radia'ion Pallern: DirKli' it)' and DirKII' ii" lndn

Real noi.. sources d,ffer from theoretical t) pcs. In mosl ca... they ha' c man)
'·ibranng partS with different frequencies and ..Iociti.. of ,-ibration. Whilc
p..",,,'ing the gcomc'" ohhc ,ad,aled wa"e-front. the intensity may "af) with
thc ditcction of propaga'ion In man)' Cases it is imJlOrrant either fOf ""und
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propagation outdool'i 01 in interior sound fields to know Ihe radiation pallern
of Ihe inlen,ily ...hich in general "aries also wilh lhe frequency, Tho Dir«ttl"ry
is a con"enient reference parameler and is gi,..n by lhe ratio of lhe imemily I.
in a ru,nl al diSlance T in a detemllned d"eCli"" 8 as compared 10 Ihe imensity
I" in lhe same point for lhe case of a spherical radialion. i,e. D .. I., I" .. here
I" .. W 14" r. W ""ing lhe source sound PO"".T. The diTtc/i"iry mdu. DI. is
Ihe e~pr~"ISion of lhe DireCli"ity in a deci""l seale

w_ '"10 log-

'"The dlrecti, Ily is an ;nl,in,;, characteristic of lhe sound source and refers 10
lhe radial ion pallern in free-field oondlliuns_ E~trjnSlc charaCieristic 10 lhe
<ource 'u,h lIS ..n..1I0nS from boundary 'urfares in Ihe pro~imlly may modify
lhe direCl;' ily panern, These are lhe ease, of localion of sources on lhe noor.
"'lIh a backing wall or in a COrner. "hich theor.tlCally incr.a.. Ih. Ditcct,,'lly
by a factor of 2. 4 Of 1\ r.'I"'CI;vely.

t.J SOU~O 1'\ [,\CLOSUR.:S

1.3.1 Sland,,,\( Wa....'

Whcn a progre",j,-e sound wa,'. eneou"le~a rigid plane surface a. can"" lhe
ea.. ,,'ilh room "ails. lhere i' a ,.pullon of .n.rgy and a soulld·"'",'e comes
back in a direelion lhal f"II"w" lhe specular law of 'eneCiion.

For a ,inusoidal sound pr.",ure w"". lh. addillon of the ",-,rmal incid.nt and
refleCled "'", os result' in a 10lal sound pressure

p - p, + p, - P,." ...."", + IRlp,.n--... •...

lh. f.neclion roeffici.nt ""ing

In Ihe case of a perfect rigid surface P, .. P,. '" .. O. R .. 1and

i,e. at cach poim x. thefe is a lime "ar,-ing pf.ssur. of angular frequ.nc" ...
"ith a fi~ed amphlude g",'en by 2P.. "'" kx This fixed spatIal amplilude
dislribulion oorresponds to a staliano,>, "'ove ";Ih al1crn.le maxima and



PI,,'Ue. of.\'mY

,,--------------,
" ,
I

(P,-P,I

Figure 1.9 (oj StondmR "'0''' panern aIona x for a romple,.
,etlecoion (R • 1) at x _ 0: (b) Standing .....,.. pattern """",dor a
pa""'1 'efl=ion (R < 1) al x • 0

mmima localed al values of • gi"en b)' lex _ 0, _~12. 3;,;12, 2 ;,;, elc,
(Figure 1.9(a}), As k _ 2:.1)" Ihe maxima Or minima are separated b)'
;n and lh. slalionar)' wave has a repetilion rale 1";'" rhal of lhe
progre5Si"e sound WO".,

In the general Case of non-perfecl rigid surfaces il can be easily deduced
thaI

p - (P; - P,) e~-~"") + 21', COS (lex - ~) ~ ...~("",))

I.e. lhe 10lal preloSure i' """ the resull of a progressive "-",'e of amplnude
(I', - P,j added to a statIonary wO"e of ampblUde 21', <OS (lex - ¢f2) ,

The Tesulling amplllude dimibulion corresponds 10 a sumding wa"e wilh
maXIma (1','" 1',) and 'rounded' minima (I', - 1',), (Figure L9(b)).
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In the theoretical case ofa perfect rigid plate_the !urfacc docs not absorb any
energy (H ~ I). and the re~ulting stationsI') "'a,-. doc's no! [,snspen enug)". In
the general case, the surfaeo ~absorbsM some energy ,,'hieh is transponed hI' the
progressi'"e component of the resuhing jtanding "'10' •.

The ratio P",..!p.. is the Standing Wa'". RallO (SWRj. By' measunng the
SWR Ihe amplitude of Ihe rel1ection coefficient R can be lkduced:

Pm" p,. P, I + R SWR - ISWR • '--:R-
P'" P, - P, I - R SWR - I

U.1 Room .\lodes

Standing "'8"" are ,.,poosibl. for the Re50nll'l' Modes of the room., or
frequencies for" hieh the wavelength are Integers of the wund-ray path•. The
rOOm emphasiucs t~ frequencies of the signal sp«trum "hleh co'nC1de
("',Ihin a close range) "ith it. resonant frequencies. This phenomenon
constitute, lhe "ftl'quency response' of the room
Th~ lransitory period after lhe extin<:t;on of the source (like in any '-ib,atory

,y'lem) depend, On the decal of lhe differenl room modes
The numberof room modes below a frequency[is gi'-en by

.a..,V ,
N--f

c'

from lh" ~.pre"ion 11 i' deduced thaI the number of mode' in Kfrequeney
band inerease' with lhe sqUaTe of lhe centre frequene)-

a\' 4"V,
u-7['

i.e. ,he response of lhe room become' smoolhc:r a, lbe frequency Increases,
The ,hape of lhe rOOm innuence' lhe 'palial distribulion of lhe modes. but

nOllhe number of lhem whIch d~penthon the volume (Boll R. H. 1946).

1,3.3 Retlf<1IOll. Absorplion and Tran'ml"'lon COI'ff1d.nts

In aClual silualion, the limning surfaces of. sound field aTe flO' perfecll)' ngld
and pan of lhc Incident energy 'en Ie",' lhe ,urface and lhe reS! i' ref\~cted.Th~
boundary eondilion at lhe ,urface, for th~ same l}'pe of WK'-. propagation in
bolh IMdia (Figur. I.10("». r<qulres thatlhe pressure and lhe v~loeit)- on bolh
.ides be ~qual Thi' lead' to the expression for lh~ Amplitude Ref/urton
FtuJOr R.

P, Z, - Z,
R - - - "''-c~'P, Z, + Z,



"
The £"t'8J Refl~I;O" CM/fiCiMI or nol,o 1><,1"""0 lhe ...,fle<:ted and incident
energ;e, is

The ,nerg) no, ""fleeted is 'absorbed through the surface" and defines the
Absorption Oxffie,enl'l the inlerface al normal incidence

I;~l. 'IZ'-Z'I'n.-o.L---_]_a-,_I_R _1
f, Z,+ 2,

For Z, .. Z,. R .. 0 and ...... L i.e. all the incident energy is 'a!>sorbed'
through 'he surface.

"

'0 ,

"

'"
Figure 1 II) (aJ Plane u,. r.n.""oo.OO a"""rp""" at
tll< ,nt.,f.., of two ,"finll' media of ,mp<d.""", Z, aoo
Z" (h) Plane '-. fell""""" a~"'"and , ......... ",..,"
b) • fin,te medium of iml"" impo<l>.<><:e Z,

In most caS<'s. the depth of the malerial backing the Interlace Z, Iz, is finite.
("'all., floo.... elc.) dehmuing a "'rood interface Z, Z,. (Figure L 10(b»). Not
all the energy passIng through the firs' surface rna)' he dissipated in the
material. The remaining cnerg)' i. 'ran.mined by {he in1errn"diale medium
defin,ng a h"'L',miuicn C~ffi<:i'nl:

" "'C---"C'_-_'"',.,'-' -,
I, I,

hence <t, + <t" + <t, ~ I

is {he power balallCe C<lualion.
The di"ipaled energy I. ,s dcgradaled by {he mechan'sm of .....ave

propogalion inSide {he malerial.



1.3.~ Soullll A~inK Maltrials: Sabine Amorption Corilkitfll. £qui,a1enl
a-,,'ion area. A

All building material'. e"en those considered highly ,eflecti"e such a, solid
ronc"'te. glass and sreel absorb SOme energy from the sound field when the)'
form lhe bounding surfaces of an arou'tic space. Al specific frequencies.
considerable energ)' rna)' be absorbed b)' mechanical ,esonance (e.g. 'ibralion
plales) Or acoustical Helmhohz resonatOrl.

Howevu. t~ absorption of a significant amount of sound eners.." o"e, a
broad range of frequencies requires specific m~terials. known as Aroustie
Absorbing Materials. They genera II)' ha'-e a fibrous or porous ,truclU,e which
facilita'es the degrad~tion of acoUStiC energy' into he", through ,'isrou, and
,hermal damping pr<J«$SCs ,n the air filling the pores.

Because: 'lICh absorption depends on the angle of incidence of the
sound,wa'-e. a slatiMieal absorplion coefr>eien, is defined: 'he ,.,io of 'he
absorb<'<lto t~ ,nc,dent energies in a diffuse sound field. In practice. this
absorplion coefficiem is mea.ured in speciall) ronslructe<J Re"erberation
Chamhers m>lalled ,n .peciahied laboratories. Since the ~ceume)' of 'hi,
method ill limited by many imperfections 'lICh a, a finite ""mple size. the
mea.urementS arc made under Standard condi'ion. and 'he absorption
coefficient IS caleulated from the Sabt"" formula. This absorption rotffic,en, is
described as alpha Sabine or n._ A' the c<>efficien' n, ,'ari", with frequenc) it is
usually measured at a few standard frequencies (e.g, 250. 5OCI, 1 kHz. ~ kHi)
Use is sometime. made of 'he NCR (Noise Reduction Coefficienl) which
e",r",pond> to the ",'erage absorption at onl) three frequencies (5OCI. 1.<KXl
and 2.<KXl Hz).

For a whole room. rhe AI'crGgc Ahsorp,ion eM!!ie;.'" It, is defined a, 'he
rotffiClent that muh,plied b)' the total surface area of the room ",II gi"e ,he
same IOtal absorption as 'he ,um "f thc parllals formed by muhipl)'ing each
clement nf 'unace area hy it< corresponding absorption coeffiCIent .

•
(l,S,';'n,S,.;. <l.S.-J2:S,KAlm'l

•
i,e .. A is the equi"alent arca of a surf.ce with 100% absorpllon Volume
elements m~y add equi~alent unit. of absorption. (e _~. - 0.4 m' per person),

1.3.5 Otay of t:n~'lI" in Reverberant fields: R..·"'t......liool"im.

Since .peech and music are transient in nature, the reverberant decal of sound
energy is a highl)- definiti'" acoustic eharacterilltie of any room. Such
re"erberat~'" delcrmine' the mask,og effect of deca)'ing sounds in presence of
s~ec~i"e sounds. as well as th. overall Ie' eI of sound in t~ rOOm. When ,h.
source of sound ill ""ilChed off. 'he energy ED of 'he diffuse field deca)'s
exl")Oentiall)' in ~crordance ,,';th the expression E, _ Eo e-(.<c·V)-



,,1-"""' 0',1_-"
"

••••

" r~~==:,,~~."',
,,-I '. -..

Fiplf< l.ll Quallta';". decay' of .n"a~" of • r<,".rbor'n!
lidd: RO".Tbc:ra,ioo Time T.

(Schroeder. 19(6). ",he,. V is the "olum. of 'he room in 10'. A is Ihe 100ai
C<jui\'alent .urf....... absorbing area in lh. rOOm in 10'. ( lhe ,ptt<I of 50uncl in air
in m, and E: lh. "rou,rie cMrgy densily in JouleYm' (see Figure 1,11).·

The Re".rlHration Time T" a. fin! defined by Sabine (1922) (T" _ k
(ViA)) i' the lime required for the ene'&)' density 10 fan by a faeto' of one
milhon. (60 dB). Thi5 lime can ~ musured or predicted through the deca)"
cu,ve (Figure 1, 11) and "an !:Ie ."kula,.d a. follow,

E"__ lif _ e,,,·n,••
E••

hence

w V
T•• -log., HI' _ 0.163 - ~"~

Ac A

in agreement "'ith lhe empiricallormul. deduced by Samne. The coefficient
ACi~ V is the lime (0<1$/0111 of 'he rOQm_

Subject;'-. leSI. h",'••ho n rhalthcrc arc oplimum re"c<bcralion limc' for
music and >p"ech as up'e d in ...cll·kn",',n abacus (Knu~n. 1932).

1.3.6 [""V Dmsll)' IA'·... In R",'.rn.ratll fltl<b: SPL

Thc .ncrg)' Icvcl in a rOOm due to on. or more sound sources is a funclion of lb.
unils of absol'plion. If W is lh. tQlal study-state acoustic po.... r of thc wurccs
in a room of '''lumc V and A units of cquivalcnt absorptiQn area. lb.
equilibrium bel...ecn lb. inPUI and absol'plion ofcnergy rcquires lbal

W-1o·A

..... "'" lbI<>rt><"'" ~ f"'ll'<O<!' d<p<n4en' ,he deny curve .. not _h. ~ .. ,he: resul"nl 01
,he: dllkn:n' <l<ay 01 <o<h room mod<
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10 !>tIns 'he inlenw~'o,'C' Ihe surfaces in the (\,ffuse field (paragraph 1.2.11)

ED' e'0---,
'herefure

4W 4WT... 7.2 WAT... , 1E" _ -. _ --- Juhu$im
Ac O.I6JcV 100 v

i.e. the energy densi,}' per unit po"'er is proportional to Ihe qUDlient T..,iV
This ""plain< how '0 reduce the le"el of a noiS" ,n • room. Sin'e T... is

proportion.1 '0 volume. "'l}'ing 'he "olume "'ill nol ch.nge ED. Onl; .n
increaS" in absorpllon "'ill help. 'S is Ihe common ,.S<: of in".lling • f.lS"
,colli,i, ce;!inl/..

4W'A
Th. Energy """el, or SPl. i•• function of W.nd A. SI'L _ 10 log --. dB.

10-"

1,3.7 Interaction or Sound Wa.'cs "';'h Solid Structures; F<>r«d Bending
Wa.'cs, CoiDtidence ("I'<"

A dynamicelasticdc!ormation in an infinite plate or panel general.. in it free
progrel$lve bending ....,..... i'h Iran"·.....! displ.cement perpendicul.r '" [he
surf.ce, so 'ha' sound is r.dialed from bOlh faces inlO the surrounding fluid
media.

The speed of propagation of sinusoidal bendIng" 3\eS IS nO' independent of
the ftequen')' as in the caS" of compr....ion.1 and .hear "a"" and is g" en by

.'8
elf - vr;; \-

m

I.e, Ihe pl.te is a di,pe";"e propagating medium for !>tnding "'a' es.
Plane sinusoidal sound·",.,'es In a fluid 'an gi"e rise '0 bending "'aYeS in a

pla,e pr",'ide<J tha' the IMCC'Jpeed of the fluid "'""es ",'er the surf.ce of ,he
pl.,e coincide "'i'h the speed of propag'lion of ,h. !>tndlng "a' ..., eacb
parlicular {requen'}' (Figure 1.12). i.e c. sin {J - elf (or 'he trace .. ",'elen~th
;.• _ ;'If sin /J) so as to reinforce the bending "a\C by a proge"i'e In pha..
excit.lion (i.e. resonance) along it. propagation path.

This phenomenon "as fit'Sl reported by Cremer (19-12) and "as ,alled the
coincidence effect and later ·I,art·matching" .

A, each .ngle of incidence there is a corrcspondlng frequency for .. hich
,here is ·trace·matching'. AI 8 _ :r12 or grazing incidence. the frequen" al
"hicb 'he spud of the !>tnding "'a"es is equal 10 the sound ,peed in air Ic..,
c. or (8 _ ,u2)] is called the gra:;ng fr.quenc~' f.· Below 'hi' frequency c..,
< (. bending wa,es cannot be excited, The panel beha\'e.like a ·limp· panel
"'Ith m..... "ithou, ela"ie bounds. (This corresponds 10 the so-c.lled ·ma..
I.,,·'



region,) Al grazing fre~l\Cl and abm-e. ,,,-, !>end,ng WaH'" arc r."e< 'han
sound in air (c" _ c. VI Ig). ther< is al"a)'. one angle 0 for '" hich the relalion
cjsin8- e" hold" Thisfrequen<;o ",g~," iscallcd rhccoincidcne<: regi,," (Figure
1 14). The ener!}' of the incident "",'c. in a great part reflected in the solid
surface. generates bending"3"'" in Ihe panel thai raJi",.",und from "'''Ii falX.
(Figure 1.12)

-0 _

~

fi~u.... 1.12 Ex,,'''''''' <>f bend'ng .'",'", tn pi.,.. b) ","oo.If ....,...:
COIlK'1d<rl<e effect

Becau"" the sound I.ansrni"ion is maximum atf. 'his frequency is called in
room acou"i... ,he ,ri'iea'j.,q"<'''Cl,!. of 'he pand and is &duced from

_7i'fl- \ '., \ -. c.

'"
For" non-dissipati," pial. of thiekness d and Ynung modulus E. (Nlm'j

Ed'
8_ E·{'·-.m -pd.lkl\lm'J

"
r rp 6.4 x 1(1'f.--,-·Uti E d

7"
,- H,

E

Material' with high 'atio piE like .lieels of lead...eel_ etc, "ilh a thickness of
few mi11, me! re$ ha,'e a high ,'al ue orI" MalOn ry Slruel ures on Ihe ron tra ry ha"e a
\o"'er ,alio piE and la,ge, width Ihal usually place. I, in Ih. low-frequencj
range with danger of high_sound ITansmission of bass frequenC;e$. (Table 1.1).

1.3.8 Radiation Ratio () if::. f,)

A radiation ralio () is defined b\ romp.ring Ihe en.rg)' radialed by Ihe bending
w",'" in a di'e<:lion perpendicular to the panel .urface. "i!h the theorelical

• I .. """",,,,"' Q/ ''''''''' Q/ II>< cr"" """"'" p<'""" .'K!t~. [m'l
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plane wave 'ddialion of a rigid surface w;lh lhe same nonnal '-eloci,} of
v';bration, I.e

z....~ roo e
o-

z....;

." w._u"wse (Figure 112)

lherelore

aI/ - f,.. agoestheoretieally 10 "" but;n actual ea\.C~ lbe panels afe finite and
hav'e I"""". consequently a follows a eut"e similar 10 lhe one in Figure 1.13
with a maximum '-alue olthe ofder"f5

"

L....L..- _
, . . ..,

..

Figur. 1 13 R.di.t1on tot'" of
pl....lih "'.<lwre,

1.3.9 A<OUStio: lsoialion_ Sound U ...IDirr.ren.... DO and D., (ISO IW,,1

The Aco....l/e Isolation M(Wun ""0 rooms is defined by the uvr! Di/ferma D
bet"'een the emo'ller and 'eee/.'", fields:

D_ L t - L,

Because for lhe same eminer le...1 L,. the le,.1 L, "afies with lhe
absorption un;\i A ,n the ,eceiving room,' Normalized Acou>lic lsolalion D.
is defined in Room Acoust;cs corresponding to an absorption of 10 m' (for
a"erage living room);

D._L,_L,-+ "10 log-

"
D. can be normalized in terms of the ''''erbenlion lime T" lor an average

• II ~ •..., '""",'n •• "'",,, R,d...-""" (ASTM, E1JO.7Il)



n

...,ct;~ingroom"·ilhavolum~ V_ 30m'and A .. IOm'whichresullsin T~ _0.16
VIA .. 0.5 se<:, Therdore

T.
D"_L,_L.+lOlog~

0'
The ACOUStic Isolation is r""quencl'dependenltherefore it mus, be expre=d at
normalized frequencies,

1.3.10 '\cOU5tic Insulation: Transmission Loss (TL) of P1ate·llb [JemftllS. or
Sound Rodu<1lon 111<1"" (R), (ISO l-Ulllll)

The acoustic [",Iation bet"'••n two rooms is mainly due 10 the insulati<:>n
charaeteristics of rhe limiting sunact elements (,,'all, and floors)

The Acoustic Insulation of a panel iseharaeteriztd blo' it' energy tran'mission
C<l"lf'cicnt t .. EIEi or ratio of the transmitted to the incident sound energies.
and is gi'-cn in term,o! ils T'~lUmisswn lAs. TL i.e difference in dB btl"'''''"
the incident and the tran""iued energies. hence TL .. 10 log E, - 10 log E, .. 10
logE/E,-101ogIlT-R.

The Transm;",ion Los, ofa s.e paralinge lemen t ohurface Scan be reI. ted with
the Le"e1 Difference D between rwo adjacent rOOmS. The rate of ttal1'lmiued
energy must be equal to the rate of absorbed energy in the recei';ng side. W,_
I,'''' .and the incident energy W, equal to the product 1,·5. Therefore

,
IOlog/,/o - IOlogl,lo + IOlog A

W,
IOlog-_

W,

1,5'10 10g- _

',A,
-L,-L,+lOlog-

A

n-

1.3.11 Tra...... ission l..- of Solid !'Ineb as ••'ulK1lon of t!lt'lt 1'Il,.."'.l
Cha r""teri,cl""

The geomet!) and phj..ical characteristics of a panel defines the frequeDey of
co,nCldencc

In the region belo'" coincidence the = I~", apphes according to the
approximate expression

TL - 10 log ('" M COOl 0)1 t Con,1.

"here M i, the mas.s per unit surface (KWm').
Thi' expression gi"e, an iDe,e.", in TL of approximatel,- 6 dB for each

doubling of the frequency or the mass.

• The ><>Un<! 6<1<1 roo>di'""" (I",. '" &f1_) ho> 10 I>< ,"".."., on boIh '-"'10 I><"'od w, 10
loa I, I, - L, • L,. 01""....... I, I, ~iU lIIdod< • f...", ~ '" V. ,"", .iH odd ~ 6<111 to t"" I<".t
d,ff'''''I« fLl,tl)
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At and above the frequency of coincidence. TL ha~ a dip the extension of
,,·hich ..... "'ell as it> later increase" ilh frequenc~. d.pend~ on the loss foetor ~.

ofthepancl (Tablc I 1)
Figure 1.1~ is a qual;tat;"e representation of th" pr"""...
Prachcal design charts for the ",'aluahon of TL for single panel~ can be found

in (Waners. 1959).

I.J.ll Sound Transmiss.ioo Cia.. (STC). (ASTM 4B), or airborM ...und
i""ulOlion IlKIex, la, (ISOIR 717)

In order to characlerize lhe Transmission Loss of panels by mean, of a
'ingle-number lhe measured speetral Cu ..... of TL ,n ..... octa'·e bands from 125
to 4.000 Hz i, properly compared with normalized cu....... (d..igned fo,
common multi·famil~'dwelling noise) raled '" STC Or la by the number o(dB at
500 Hz. O>e..11 dBA ,"longoa.. also uoed. (G6ICle \965. Morenoeto/19llJ).

I.J.B Global Sound In.ulation (...,1

-,

In buildingo it is COmmOn to h"'e ,n the ..me ,urfac•. for in"ance. the facad•.
elements with differen' aroullk in,ulation 'uch as "'all, and ,,·indow.. ,

These situation, ask for the definition of a global insulation aG of the whole
surface evaluated in term, of it~ average energy lransm,S$ion oocff>cienl •.

5", + S,T, ... __ . S.T.,
at; - 10 k>g ..!. _ 10 log ["c''-~] _10 log SI(~ +.

t r,S, + r..s. 1000"l"
'. \

lrr-'"i/
• U>t.> r..." ... ""'...'" 01 ot>< f_ 01 'l>< _«I ""''If kuI 1'<' ,><I". 1m) F", """''''''''
oohd "",,,,..,,b cat! b<~,«I """''''., ,. ,I>< ••,ho ,"oJ<, Tablt 1 I



"he'" <I, _ 10 log liT. i. the acoustic insulation Or Transmission Loss of the
.urface element S,.

In lhe rommon case of only t,,·o elements (room with a window). ,imple
abacus permillhe caleulalion of <Ie in termS of the (wall and wIndow) surface.
and their respective specIfic in,ulalion•.

1.3.1~ Insertion Loss(lL)

It i. a measure of the effect"'ene",, of a >ound In.ulaling element by romparing
lhe sound levels before (L) and after (L ') the inte""etion of the dement

JL~L'-Ldl;l

Il is an appropri3ted index 10 e"aluate the innuence of sound oorrier< and
endosure1i etc .. in nands of fTcquency eIther in free or reverberant field
'ituation',

1.3.15 VibTalion Isolation, T"...smbcsibilily of [n'ulating S,.stem,

Beeau", a building "ruelure ",n,is" mainly of beam' and plates, the
geometrical spreading of sound·" a"e, along the structure i' much Ie" lhan in
open ~pace, SO that the acoustIC energy can be tran.mined far Irom the
excitalion point, Thc large 'urface of floors and wall. can act a, sound ""urttS
of relali"el~' high strenglh. lhe main radi"tion ocing duC to bendIng waves. An
important ..,.,tion of noi'" control i. related with thc reduction of the directly
1ransmiued vibratory energy 10 the .uppor1;ng structure.

The general principle of vibralion iSOlation i' based on lhe interposition ofan
in'ulallng mounting bel"'cen >ource and s1tucture. A "mple model for
anal~'.ing insulating 'j'stem, (rna", c1asti<ily and resi,tance concentratN In
'pure elemenl") i,given in (Figure 1,15).

An insulating system is charaCle,i,ed hy its lransmi"ibililY whkh i' the ratIO
of the !TanSminN force (or di,placemenl) to the excitIng lorce (or displace
menl). the transmission being controlled by the elaslie and resisl;'e elemems

For a syslem without dlSsip.ation (loss factor' 'I ~ U). the 1ransmissibilily i'
gi"cn by ,I ~ III - Q' : where n i. the ,alio of the excitation frequency to
lhe re>Onance frequency (f.,) of the sj'stem (dotted cu,,"'e Figure 1,15). [n real
'j'Slem, the "alue al to>onance (Q _ I) i. reduced as a function of '1.1 ,I ~ (I ...
'1'/(1 - O'j' ... "'J~ 1'", vi",ou, damping '1 ~ wRlk _ 2DQ (Figure I 15). For
other damping mechanisms. 'I ~ c". <C 1. (Table l. 1) , '" 1/1 - Q' ,wilh
values al resonance (0 - 1) gi"en by lhe equi"aIeTlt viscous damping ratio
curve (Figure 1.15).
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F<>r a given maS$ and excilation frequency the noi'" control de,igner rna)'
select K and '1 so lhal Ihe region of 10'" IIansmi"il>ilily i.e. the region abo"e
Q - v1 include' the frequencie, 10 be .1tenualed. Acceleralion limit' of
,'ibralion level' in man are gi,'en in ISO 2631

I.J.16 lmp.act Sound I"'ulolk>n In lJulldlngs (ISO 1401, iI)

The impaCl noise lran,miUed lhrough the struClU'e 10 the room belo" can be
reduced hy interp<>sing. r",ilionl layer belween Ihe 'upponing Mruclure and
the floor fini<h;ng. This lechnique i' Iderred 10 as Floali"S Floor>. An
allern"li"e or "ddilion.1 n:du<lion <'an be obtained b)' 'sofl" f/ao' c",'''lIIgs.
(Pla'lk<. Rubber. Carpet>, ole.)

The lransm;s:;ion i' e'alualed in lerm, of the NormaHud Impact Sound
Lc"c1 L. in lhe recei"ing room. generaled by " Mandard lapping machine in lhe
r<">Om above. (ISO JoW· "I.' I,).

L. ~ L,';' 10 log. "2110

t\ ,ingle ImpaCl In'ulalion Indc. I; can be oblained hy properl)' camp.nng lho
i/3 ocl.,'e spectrum of L" with normalized tran'mission cu,,'e,. (1S0 717).

1.4 MEASURDlE"il' m' "iOlS~:

1.4.1 Introduction

Sound wa"cs in fluid' arc of compressional in nature. Of lhe differen' physical
"uriuble, lhal mal' charaCleri<c lhc wa"c. lhe :\<"lund pre<sure i' Ihe easiest 10
measure. by means of microphones. For m"'l noi... , ,,'hen pressure ;$ ploued
against lime. lhe pressure "mplilUde p is random I)' dislribUled around lhe
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F1!Uf~ 1.16 (oj Sound prc»ur< ,-oriations o",.",d the .''''''''pIIe"" p<ns.Ure
d~ to Ill< pr...~ of noi.., (b) St31isli".1 dis,ril>ullon of rand<>m sound
pr.,,","

atmosphcnc ,'alic pressurc Po (Figurc 1.16(0» (for oommunit~·noi.. levels, p
i. of the order of0.1 p. - PO" 10-"). ".-'tn zero ."crage

P" - 1 Klcm' .. 10' NewlOn m'. 10' Pa

The pre"o,. amplitude tends 10 follow a gau"i>n di'tribution .. shown in
Figure I 16(b).

n.. dfecti,·c, or root mean "'luar•. pressure. is a good measure of the
pressure '-ariallon$ (>\'(r • shon ptriod of t,me T The SG""nng avoids
cancelalion)

, I r
p- ~ \ -J P(')' dJ 

T "

1.~.1 Soul>d u'd Mele" (I.E.C. 651)

Most noise SOU'<:e5 generale "".,-es of complex shape comprising ••,,'eral
sinusoidal frequencies "'i'h diffeTem lime_varying amplitude> and phase. Also.
it is commonly the case that sound fields are composed of .imullane<:>us
radIatIon from ""vcr.1 sourCes. Tht simplesl and dirtCI measurtmenl of Ihe
sound field al any given poinl is Ihe ov'erall mean square sound pressure?
"'hieh ;. equal 10 lhe average of 'ht oonlribu,ions pf from Ihe indi'"lduaJ
sources.

• , I)'",p". p;.,..-- ",.
T" '

This IS accomplished hy Ihe Sound Level Meter (Figure 1.17) which with Ihe aid
of a microphone (I) transfonns tht ""erall pressure amplilUde varialions p(')
in,o Ihe corresponding tltClric sign.ls V(I),
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Figure 1.17 Bk>o:l diagram 01 II>c diff,ren' fur><;l,on. of. ""'nd 1<,-<1 metor' (I)
EI."".,..."""",,, tran<dlK1ion (micr<>pOOn<j, (:') EI.Ollie.1 .rnpl;fo.Olion: (3) Fillerin,;
(4) Sq",'ina: (S) M••n-"Iu.rina; (6) Lc,-<! r••d..,",

The elenri.al Wilem indudes amplification (2). filtering (3). "'luare 10,,·
<kItChen (4).•"craging (5) and oompl.m.nta~ aueneators and ,...-itches. The
sound·field ).,,1 i. indicaled by the r••d..,"! appar.'u, (6) "hieh rna) I>c
analogue or dIgital. ,";wal or printed The rm~ rccrifieT and the read-oul o,"'o;t
introduce a time comlant specified in the internat;onal standard, (I,E.C·
(51).

The read-oul "pparalUS hai aloga,ilhm,. Kale so as to gi'. direnl) lhe '-alue
of the Sound Pressure Lc"el in decibels referred to p" _ 2 " 10-' N rn'
-20"Pa:(1.2.12)

10 log p;,:" dB
po.

II is customar)' to ,alibrale the entire s~-';lenl ,,·lth a pistonphone "'h",h
genecale5 predeterm,ned sound pressure Ie, e1s

Many instruments pr",'i<!e for lhe "",a,ure"",n, of ,he o"erall sound pces>ure
le"el wilhout filtering (i.e .. linea, fre'lUen9' response). To impro>c the
correlation I><:t,..en sound sensation and in'trument reading. all SQund·lnei
meters contain filtering networks Ihal mainl~ reduce lhe 'espon'" in lhe 10"
frequen")' range in a<:<:ordance wllh lhe redu<:ed "'n.iti'ill of Ihe human
hearing in 'h3l range. Perhaps in.p;red b~ the ong,nal equalloudneiS COntou,
""rves of FJe"'her and Munson (1938). three "eighling ,u"e. A. Band Care
found in many instruments.

The weighting ,u"'e u",d in a meMurement of SQund le\'ellS often ,ndicated
1»- a leller following lhe decil><:l s}'mool. e.g. dBA. dBB or dBC After man}'
lea", of researc-h and e~pcrience. 'here is general agreemenlthat for mOSl
common stead)' noises there i. reasonable correlation I><:t"-een sound I",-el
measorementS made wilh A-weighting and the effecls of noi'" on man (hearing
damage. annopnce and SQond ",n,ation). Pr.",nll~ mOil unllS and indexes for
noise ",'aloation are ba"'d On dBA measorementS. A fourth weighting. "",,"'e
D. has I><:en added 10 impro\'e the I><:ner correla'ion wi'h Ihe sensation
produced by h,gh pitched noi"" like those related ,,'ith aircraft no,se (ISO
1999: 2204: 1966: 226, 532).



Phy,iaoINoi..

I.~.J S..... Spedrum

In dnlong .. Ilh th~ ~"alualion of noise and noise oomrol i' i' I>«<:CSary in mosl
~ases '0 kno... not onl~' ,h~ Mcrall n,,,~ level bu' hOI, ,h~ ~n"'g~ "di'tribu,~d

m'cr its fr~qucncy componem., Thi' i. acrompli,hed by filt~ring Ihe noise in
band. of fr~quency and mcasunng the sound levd in each band.

Each band is charac,,,,i~cd I'll" n. band...·idlh. til -" - f,. and c~nl'~

fr~qucn"),/,. Th~ band... id,h can Ix of rorl.fuml ...·'dlh (~ .g. a f~", liz) '0 "'para,~

discre,e frequ~ncie•. ora cOrl.fUlIl! prru,uQg<'of,hecenlre frequency. The laner
')"lie is mOlt COnw nie m to anal)'se noises Ih., ha' e a brood. nd qua,i-oon, inuou,
frequen")' .peetrum. Octa"e !>.and and o",,-Ihird oc,a"e band fihers ""i'h
normahzed frequencies (ISO 26b-I9I5 (E)) arc of thi, 1l'Jle, There are also
ronSlant-pe,~n,ag" band"'ld,h filt~rs .. ,,1'1 band",dth. of I 10. l' 12. 1/15. 1 30
of an octav~. or e' en 1';' of Ihe cenlre frequen")' .•

IA.-1 PO"'er Spe<trum_ \\1'1110. Pink and Magenra ">:oi....

The po... er spec,rum of a .saml'lc of n"ise ,oo...·s 'he po"'er per unit band of
fr~qucne). It SCrVCS '0 ekfinc sp<'CIallype. of noise' and to rompa'" noise
'peer". Wbl'~ Noise, Pink Noise. and "'agenla Noise arc useful description, of
artificial noises ... ith defini'e spectra

Wb,,~ NOI>" ha'! a ron".n, po..er .pectrum (Figu,~ I 18(3»). When .n.lj'SCd
,,'ilh ronSlan, percenla!" !>.and·...·,drh filter<5UCh a.octa'e-band fillers. ilS!>.and
1c"el'!lncrcase< at the rate of J dB octa.... (NOle Iha' 'he !>.and""dth double. for
each octaV~ inerea'" In freqaency . hence 10 log 1 • J dB, ) When While NOIse i.
pa.sed Ihroagh one·third OC,a' e band fillers. the band Ie' el. he on a parallel
line .. hieh i. -1.8 dB (10 log J)lxlov- the Ionc of octa'c band lc,·cl•.

P,nk Noise has eqaal """,cr le<d. in each octa"e band (sec Fil-are 1.18(1'1»).
Con"'qucmly, Ihc """"cr SJl<'Clrum has a .10Jl<' of -3 dB Jl<'r octa'·e. Magenla
I'oise has an"", a, e·band power level." hieh decrcase al - J d Bpc rocl a,'c .. hi eh
correspondSlo a power spec,rum ...i,h -6d8 perocta'e .lope. While. Pink and
Magcnta NOlsc SOarces arC f'cqacn,ly uSC 10 meaSu,e ,he pcrforman~ of
acoustical .yslcm., specially .. h~rc ",sonanCC'S a, diseTCte frcqucncics are
con.idered unimponam Ellamplcs indude- mca.ar~mcnlSon transducers luch
a, microphonc'! and loud~peakers and mcasaremenlS of ""and absorption.
sound in.ula,ion and re"crlxration limc.

IA.! Stallstlcal Percentiles orS~: L.

~'any noisc... traffic noise, rommanlly nOI"'. Ctc .. ate nOl only rompln in
nalarc but ha,'e limc·"aT}';ng Ie,'el, Dc~pite Ihisvariability, somerommon lyJl<"

'J'/, - III - 1, "'. "'''.''.: "If. -f. \ I ·f, \I - 'v~f,
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of noi... h.,"c charancn,,,. frequency spent•. Hence. lh. c,'al"a,ion of ,h.
o"eralilime·'-ar)'ing le--.I requires a stalist;cal approach.

Instruments arc .,ailable 10 measure lh. noise Inc! in finil' steps (e.g. ~

dB), Sound instruments accumulate the {otal lime that each Ic..1is pr=nl
during a given mealuremen' period (e.g. 8 houn when .,-.I"aling noise
exposure al work), With ,uch data a histogram can be plQned of the level
distribution. Many random noise. ha'-. a bell·shaped dimibulion of levels
"'hieh corresponds to the analylical Gau"ian or Normal mode di<tribution.
(Figure 1.19a).

Anolher and useful "-ay of presenlating dala is the cumulali,-. level
dislribution shown in Figure U9b, II .hows lhe percentage of lhe lolal'ime
du,ing which each level is allained or exc~ed,

The percen,i1e le'-oI. aTe ,'ery much used in noise evaluation and are refoned
10 as L•. n being lh. percentage of lime lhat the corresponding slep of le,·.1 ha,
been allained during a 101al period T. The mOSl COmmon perc.ntiles ar. 40
(a good "fe,ence for hackground le"ol) L", (approximate a\'Crage). L,o
(intense le"el period.). L, (peak le'·el.) •• lc.
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nil uting is based on lIatl$l,cal anal)"SOS of ou..-door~ tuffic A-"'~'&hte<:1

Ie'elt. ami lO.k... u1l0 account th~ backJl"O'lnd k,'~1 Loo ami the: 1e,..,1
nw:tua.iom in '~rml of .he 10 call~d"0tK Cltmate (L,~ - Loo)

TNI '"' Loo + ~ (L", - 40) - 30'

1.4.7 Equi.'al.n. Continuous Sound IA,'.J l... ~ Time A"'nlg. A.....Il!>.ed
Sound 1A.'d l~ (U.S. E.P.A.. 1974)

After many attempts to simplify .he long 'erm me..uremenl of random
noi""•. it ha. been found .hat mOSI of lh. effe.:ts of noi"" on man can be
corr.lated with the noi"" energ) 'dose', In hne with ,h,. "i.... various in<.k~e.

h..e been establi'hed .hal are ba~ On L.. ..-htch i,.he: Ie"el of a theoretical
I.ead) notSC equi~alen. in eMrgy (or properl)' .peaking. mean sq...re ""'nd
p«ssur~) '0 'he real nl1C'luallng noose- 0"" a I"'en period of um¢. such .. one
da) Bea""" of the general KCCptana: or A-""C1~ltng. L.., is generally
undemood .0 be A·"'eilhled (i_~ L... (AI, lbe ....'be""'.ical expression

•
L.., - C. - 10 los [ ~ f,~ (:JdrJ'"' 10 los [+ J: 10''-'" dlJdBA

..'IIc~ L,,, IS.M ume '"&f}onllc~d

For pncticaI purJI<l5et. i. an also be uprOSC'd ill ..nTIS of <he iIl.e,," of
"me J. T, 'ha' cadi discrt.. ,-al~ L., IS Pf'IM'tlt,

L..... - (~ - 10 los [_I :i J.r, IO' ......] ..A
T-

·c_......... -. _0 .'_
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When the 1>OIOe"" ,""II of",,,.., ,",~nls. itS ,"th a" If1lffic. an ..hem.,,'"<,
"'-lIy of c'~l",,"nl! lbe L...o " 11)- lneilllS of the ~kd Sln,1e E,en! Lc-"I
(SEL)...hoch " lhe .~era~e~rtY Ie,-e! ofthe no;.., e,,,,,1 rdernd 10 .. penod
of <l""~_ The encr~ is InlCVl'.«I 0>-.:, an ;nle",.1 (I, - I,) lkfincd b~ ..
line 10 dB belovo tM m&1,mum 1e',,1 atwM<! ~ 'I>¢ c,,,m {figure I 20,. In
the as<: of n so..,le e>'en,s In the pcnod T

, "
4., - 10 log - :i: 100·L1·"o, dBA

T ,.,

For a Gau..;an distrobution of levels the calculu. of L", can be 'educed to

L,. _ L", + 0·1)21 (L, _ L",j'

There i. much experimemal e.-ide""" indicaling thaI L... i, w¢ll<orrelared ",uh
the annoyance cauKd by community and road traffic no;..." It can be said in
generaJ 'hal for th,. rCll$On """" noi'" crileria rderin, 10 tommunity
annoyance are bIKed on t...,or [ ...

1.'1.8 o.J-.."'" Eqa;.'altllllA'nl t-
Th.... a modified >criOOn of [A for 2'- botm; '0 lake mtO a«ounllM vnte.
~llnceprodllttd II) IlOtW I., ,,,,h' periods. Ii includes. pcnalt~-of tOdB for
the ptl'iod from 2200 10 0'100 houn_ lIs .....them.alial fonn..1a for dlKftlt
,..,luel; of day CL..) and nlghl (L.) \t>-tls is

L., ~ 10 ... ..!.. [ r" 10'-"- - "r 10'..4 ....,J OBA

" =



L~,9 harly (h.,'_Nighl £qul.'alenl u.'ft L,.

Thi' .verage le"eltakes inlo aceounl differences Ihat rna}' <XC", from season 10
season" hen O"alu'ling Ihe a"erage L"" for Iho ",I\ole year,

The relal;on bel",een 'he avcrage 10"01 for a fr'C1ion k'y of a yoar, and lhe
"'hole }'U' is g",'en by lbe maight-fo",,-.rd formula

L>~" .. L._ + 10 log k

Thu'. a ,-.I"e of L,," of 90 dB in • 3 month' period (k .. \I.) correspond, 10 a
L~" gi"en by

L,." 90 + 10 log V... 8-l dB

pro"ided Ih.lthe contribulion, from NhC! period, of the ,.ear are negligible.

1.4.10 Noise POIlUlion unl Lv,.(Robin-., 1%9)

Thi. inde. is intended 10 t.ke into aceo"nl the additional disturbing Or
annoying ,nfluence of level fluClaalion•. An approXlma'e expression for L~p

for m"'l communily situalion, is

L~,. - 4.0 + (1-,,, - L..,)

",'here (L", - L.,.,j evaluales the difference ber"....n lhe inlense le,-cls and the
background ie,-cl (Noise Climale),

I,~,ll Pe.nhed ,",,<lise u"ft L.... (1'1'1.) and Tone Correcled l'eru;"ed Noise
U ...I (T".... l)

Thi. index i' a measure of aircraft noise (used for aircraft qualificalion lesls in
USA). The noi,incss of a broad·OOnd noise isevalua'ed. by Ihc maximum le"el
in each frequene)' band in a 'f1y-over', and expressing lh'lle"el as ·noi<ine,' in
no\" (Kry'rer. 1959), A ,implc summation of Ihc "'-eighled comribulion from
the "ariou, bands give, the 10lal Perce"ed Noi,mes, PN (in noj'S). Th" "
con,-crud inlo Percei'-cd Noi.. I.e'-el L.,. in PN dB u,ing an abacu, ""hich
corresponds 10

To lake inlo accounlthe anno}'ance caused by the presence of pure lone, a
rorreclion i. ineluded ""hieh depend. on the freque",y of the lOne and the
IOne-\O;>-Il('ise level diff.rence. The lone-oorrecled inde. is called 1.'PN
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To oblain ~tl.r cor"lalion "ith lh. commUnil) annoyane< produced by
aircrall nyO"ni a wrr.c,ion 'nrn i. add,d 10 PI' L. to allo" for lh. d.""nMne<
of ""Malion wilh noise duration. Thii modifi.d Ind<x i' lh, L£.~ m.a,ured in
Eff"'li.'e Percei"ed dB. for a scriei ofe.-emS lhe Lv ,.- i,obtamed b~' summing
lhe energies of all ,h. Ln .., included in a marg,ng of 10 dB of lhe max,mum
,'alue< in intervals of half second

L . _ 10 lo~ \'" lO" L,..""" EPN dBE~N ~_

l.~. 13 :"lois<' f:xpusu~ .·o,..,a... NH' (G.II"wa~ and Bi.hop, 1970)

Thi' ind.x "'.. "'labli,he<llo,' aluat< noi....xposu" in the' i<"inll) of airporls,
It '$ ba",d 00 LE~~ wi,h add,li<>nallerm, del"'nJingon the number of aireeaf'
operation, anJ their lime' of oc<:Urrence during a typical 24-hour period.

F", a g,,'cn ai'CTaft 'H'" and nigh' p"'h

. ["" "']NEF, - LH ,.- + 10 log -,_
K" K"

- 75

"here "II and n, a" lh. number of da) and night flight operalion,. K" - 20
andK~_1.2.

Th" total noise e'J'O>ure 31 a g",'"n location is obtained h~' combIning the
indi"idual value. of NEF as folio""

•NEf _ 10 log :::: IO'~H, 'U).-,
Cuntour< of equal NEF ("fOOlprintq show the ,mpa<1 of .ienaf, nois<: on 'h,
community Ii' ing io 'he ,ic,n,,~ of the a"pon (= Figure 1,21).

I.~.I~ :"I..... and Num"". 10M'. NNI ,'Wil""n R..".,rl', 1%3)

Thi' i," wm!",,"e mea,urr used to C'alu:ne the annojaoce due to a"cmr,
operat i"o' "hieh wmhioc' the a'er"ge pe". nU,'" 1C',.1 L",.,. «pressed in PN
dB W,ln lhe number.\' of nms)' r, cnh occurring during " 2~·hl)ur period,

NNI _ L",•• + 15 log ,\ - 1lI)

"here [,...••• IOlng I'NI,~ 10'L...."'''- Unlike NEF. NNI doe. nOl,ndude .n~

"eighting.faclor for nighHime operalion,.



Figure 1,21 (Pon. n al.. 1982) show. Ihe 1"1"1 and KEF conlours lines for
Barajas lnlernal;"nal Airpon (Madrid) cor«c.ponding 10 a parl,cular period of
lime, during da)' hou", (Acceplable values of 1"1"1 for nighl hours usc lO be 20
unilS belo").

1.4. IS PTedlcllon or Nol~.lmpacton Soclel}' _ lIearing Loss Impact

Guideline. bascd on L. hO"e been de"eloped lO eSlimale lhe effects of noi~
on communilies in the ,icinit~, of major projeCts such as new h,ghwa~'s and
airports (CHABA. 1978). Thesc guide-tines link L. ,,'ilh lhe percenlage of
populalion which ;s likel) 10 be hi~l) anno~ed b)'lhe noise associaled wilh lhe
project.

To de<cribe lhc magnilude of anno"ance impact by a single number, usc i,
made of Ihe so-called F'act;ona//mpacl ,llnhod. lhe main assumplion being
lhallhe impact of high.le,'el noise on a few pwple i. equn"alenllo lhe impact of
a I"",er IO"el of noisc on a grealer number of people Then lhe impact on lhe
lo1al populalion can be e~pre,sed a. lhe 'equi,'alent lolally impacled
populalton·. lhe so-caUed Sound Lel'e/ We';ghted Popu/allon (LWP).

Toe,'atuale 'he impact use is made ofa CO"e du.'o Schull>: (Schultz. (978)
'hal is based on a ')'nlhesi, of SC' eral sets of pr",''''u, ,u"e)' dala correlaling
lhe per<:enlage of 'Highl) Annoyed' people in a communIty ""h lhe a"erage
oUld",,", L•• noise le,,1 as,hown in Figure 1.22,

,\ssuming lhal. populalion can be considere<1 'Iolally impacted' ,,'hen 40'>:
of lhe peopte are highly annoyed. an impact faClor II' _ I can be .signed '0 an
La. of7~ dB, Thu, lhe Schuhz cu" c SC"'es 10 prm ,de a "'eighling function lhal
giVes directl~ lhe impaCl faclor 11', corresponding 10 each gi"en "alue of 1-,..."

Thi' eu"e filS a lrinomial equal ion lhal Can be approximated b)' lh~ simple
upn:ss'on

UA
W'L ,.-. '"

Gi'en lhi, 'revel weighled impacl faclor', Ihe C<.Jul\'alenl .00al1) impacled
populal,on L WP can be caleutaled by' adding lhe product' of lhe populalion
groups P"",., and lhe corresponding impacl faClors W(L~"

i.e

LWP ~ ~ P" ~,·IV"""'

"here i ad"ances In Sleps of 5 dB.
B)' di"idin! lhe number of 10lally .nno~ed pwple b)' lhe lOlal expoosffi

populalion a Notse /rnpaer /"dex (Nii) is defined" hieh can be u«<l'o compare
rel.,i.. impans.

eW'Nii _

Pk ...
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Hroring Loss Impact

Value. of L.... O"er 7S dB imply a ..,'"ere noise exposure. {he imp"C1 is
predicted b, .n index called P"pu!lJlion Weighted Los> of HeaTing (PHL).

The 1.,.1 ""eighlin! fo""lion in thi' case i' a cu,,'. of lhe No;", Induced
Permanen, Th'c'hold Shil, (N IPT$j produced by S hOUB of daily exposure (or
L..) during a life ""or~ing ~riod of 4() ~'ears (RobInson. 1971)

TIle anal!1ical function deri'-cd from lh. experimental cu....'. can ~
appro.•imated ~'

""~.~-;;,,"~)'WHL _

'"

1.5 RU"ERE:"'CES

11<>1, R H (lW6) :-101e on normal f..quenq .t.tos<", f<>r re~.n&"I.r room,. J.
A""....'~_, Am. 18

Cremer (19-l2) LOla'. Ak"'''i "it,. 7
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CHAPTER 2

Review ofNoise Propagation in the
Atmosphere*'

J. E, P'ERCV, T. F. W. E"BLETO" ""0 L. C. SmllERLA"0

ABSTRACT

A general r~view is pr~sen!~d of most ar~a, of sound-propagalion outdoor>
thai are of intereSt for the wnlrol "f <;<>mmunity noise. Th= a"as are
geom~lrkal spreading, almosphNic at>sorption, ground effect. (ncar horizon
tal propagation in a homogenous atmosphere close '0 nat ground), rcfTa<1;On,
the effect of atmospheric turbulance. and the efleet of 10pography (elevat;on.
hillsid~s. fohage. elc,j, The cUffent stale of knowledge in each area i'
presenled and suggestion, made concerning rcsearch aclivlties, application< of
exisling research. and practicai problems which arise in the prediction of noise
levels.

2.1 L"TROIJUCTlOS

The study of sound propagalion in the atmosphere has a long and intriguing
hi,lOry. Belween IR50 8nd 1950 there ...ere a number of isolalCd in,·~<tigalion<

of good quality in re'ponse to specific nceds of the limc,. such as fog signdHng.
the location of artHiery pIeceS, etc. (see WC,","l1 and Ku,hncr (1965) f"r an
annolated bibliography of work done prior to 1965). Wh~n lh~ noise from jel
aircraft and lhe le<ting of rockel' became a social problem in the 1951f<. there
wa, a re<urgence of research aCI"';I)' _adapung CXlsting knowledge from other
fields of ph)'si,," 10 the problem of noise propagalion. and several excellent
re"i~wsof sound propag8lion In the almosphcre appeared at lhis lime (I ngard.
1953: Ing8rd, 1955: Nyborg and Minlzcr. 1955; Rudnick. 1957), The field lhen
returned to its prc,iou< Slate of ,poradic isolated activity. allhough at a
substantially higl1er level. In recenl y~ars increased concern Mcr noi"'" ha< led
once 8g>lin to advanCe< in the understanding of oUldoor propagalion by the
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applicalion of ~no....-Iedge from other field\ of phy\iC\ .... hich lhis lime has been
gained SInce the 1950',.

This re"iew is an a1templlO documenl Ihe ad"ances for mosl areas of sound
propagalion in Ihe atmosphere which arc relc"anl 10 the conlfol ofcommunil~'
noi.." 11 was undertaken al Ihe rcqae>! of the Coordinating Commillee on
En"ironmental Acoustics oflhc Acouslical Society of America. and is pan of
the output of Ihe working group On oUldoof propagalion (..,e also Lyon. 1974,
Kune. 1974), The fe"i." aim. 10 summarize the cufrenl slat. of kno" ledge in
each area and to ,ugge.1 research aCli,·ilie,. apphcmion. of existing research.
and practIcal problems ,,'hieh ari.. in 'he predlclion of noi.. 1C\'els. Because
the field i. so diffuse. each subjcct arca is treatcd ..paratcl~'.accompanied by
most of the sugge"ion< of relevan, 10 Ihe particular area. To add pcrsPCC1i, e,
how",'Cf, problem, in predicting noise le"e1s arc discussed generally al the cnd
(Seclion 2.6) wilh recommendalions for reser,h.

The first 1"'0 arca, co'wcd in Ihe re' ie" are geometrical spreading (Section
2.2.1) and almosphefic absorplion (Section 2.2.2). Tog'lher. Ih.,c arc thc
dominan' mechani.ms delermlning sound le\'Cl. In air-Io-ground sound
propagalion. Ncar-horizontal propagation in a homogcneou, atmosphere
close 10 nat ground (the ground effcct) is then ",calcd in !;cetion 2.3 and 'hc
effeel of surface meleorology in Seclion 2,4. Th. laller includes the effect' of
refraClion and almospheric torhulen,c Thc role "f topography - de,'a,ion.
hill.ides, foliage. ol>struclions. elc. - i' Ihcn discu'sed brieny in Seclion 2.5,

Thcre is much usdul mataial in 'he earlier «"iews of a geneml na'uIC
(I ngard, 1953: Ingard. 1955: Nyborg and Minlzer. 1955; Rudnick. 1957)" hich
has i>een excluded here for bre"il~', Furthermore. spc"ifieally excluded afe
mullipalh propagation in cities. and noi'" reducllon by barriers. "hlCh have
be,'n Ihc suhjcet< of rcc"nl rC"iew, (Lyon. 197,j, KUrle. 1974),

2.: PROPAGATro~' AWA y .·RO~l 80U'-:lJARlE$ (AIR TO GROU....m

2.2.1 Grometrical Spreadin~

The geometrical spreading of ,ound from 3 ",heren' S<lorce is norm.lly well
covercd in le>.tboob - an atlenualion of 6 dB pcr doubling of dislance for
'pherical expanSIon fr<lm a poml source. 3 dll pcr doubling of dlS,.nce for
9lindrie.1 expanSIon from an infin"e line source. and parallel loss-free
propagalfon from an infinile area 'OU"C. For 'Oorco, of finite sizc there i' a
nearfield where the abo"e " approXlmalely lrue and a farfield "here the
expansion i' spherical. In COmmunily noise. howC"er. incoherent 5Ourcc. arc
oflcn more Imporlanl and the Ireatmen' of gcomelrie.1 spreading from
incoherent sources has been extended in reeent years to cope wilh multi, chide
problem,. particularly road traffic and railway noise,

The descriplion abo"e of the spreading from coherenl source< remain, Ifur



for soorCe, "hlch arc inwnerent. battne Sl~e of tne nearfield i' mucn more
res1ftcted. and tne propag..i'," much less directional (compare as an
IlIu\tratlon. lhe lignl from a light bulb to that from a laser), TrealmenlSofthe
inroherent acou'lic line source" hich arc u<eful for highwa) Or rallwa) de.ign
arc g"cn in Ralhc (1%9) and Kar~e (1971).

The bac~groundnoIse in a CIt} mal be modelled a, an incoherent area 'lOarcc
(Shaw and 01'lOn. 1972; Tatge. 1972: SUlherland. 1975). The effecl of citl
boundafles~ streets. barriers. and open area,~ in channeling or altenuating
thi' propagation is rc\ ie"ed el",,, here (Ratne. 1%9; Kur<e. 1971; Sha" and
Olson. 19i5) A putnt of rele\ance to noise rontrol is that lhe geometric
spreadIng of differenl percenliles of noise from an (isolated) inroherent hne
'lOuree \'aries with lhe percenlile (Thiessen. 1973). Thore tS a ronsrderabk
ronceptaal and eronomic benefit in specifling noise ente'" for lhe design of
madwa", ,n <ueh a wa~ that lhe <preadlng 1<»> can be accounted for in a simple
mannor. 'uch as a loss of 6 dB doubling of distance fo' the ma,imum ie\ eI of
indi\iduul \chicles (i,c,. le\els dose to L,. tne le\el e..ccd«1 only 1<:< of the
time). <>r a 10<$ of 3 dl:l'doabling of di'"mce fot Inc cqui\alent rontinaoas
wand lelel (L".)

2.2.2 Al"""plttri< Absorption

Pre""nt ~nowledge of the rate al wnich aroostic energl i' absorbed during
propagation throogh tne atmosphere c<1m.. from three «lUr(OS ~ direcl
me.'u,ement< In the field. measuremenh of air absorpllon In lhe laboralor;.
and general ~nowledge of the mechani'ms, The earrenl state of the latter two
mal I'lc namlned u,ing Figure 2,1. In lhis figure (Pierc~'. 197:). the
freqoell<~ dependence of the absorplion in a distance of one w'",'elenglh is
_hown for foor different "aloes of relali.. homiditl' (RH), The mea..rement>
ale from four differenl In\ ""Sa"on, (Pohlman. 1%1; E\ ans and Bazle;. 1956:
Harris. 1966: Hams and Tempest. 1~). and tne first point to note is lhe close
"mllan" b"''''cen the meaSure men" by Inc dlfferen' Inve>tigato". The
..rond is 'he agreement for each \alae of relati\'C humidity between the
me"u<emenlS and lhe top CU1';e T. which is lne lheorelieal CUT"e representing
'he ,urn of 'he rontribations from the different mechanism, of absorption
(identified b} lhe corv.. mar~edC. 0 and N).

LIne C g,,'es ,he classical absorption caused bl' lhe transpon processcs of
c1a"i,al ph}'sics (shear \ise<>sil}. thermal conduC1;,'I{~'. mass dlffuslo~. and
tne,mal diffasion), together .. ith Inc absorplion caused b; r01alio~al

rel".ation of the molecules in air. CaT"e' 0 and N represent lhe cOnlribulion,
from lhe 'ibralional relaxalion of o,ygcn and nllrogen molecules. respect,vel)'.
The fil of eUl\C T 10 lhe measurements sho....n ,n the figur~ has been achicved
b) lhe adjust men, of IWO c<1ns'antS m lhe theorl. batlhe baSic lheor}' (E_'am et
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r'~Ufe : I The .t>-orp'io" of ,",und on " d"tan« of
one "".-I'"~lh for f"u, \3lu., "I "I>t;". hunud'<I
RH • t<mr<",",e of:!()'C, .nd • pres;"," of I atm
(P;<r<)' _197:'). Lone C ~"e, the ,I,,,,eal and TO,"""n,1
at>sorvtion CUTW' 0 and" ,he con"'"ution, fTOm ,h.
,-,b,ational relaxation, of o"~.n and ""'''gen. '<>1',,,.
li'-ol,-, .nd ca,,'o T " 1~' ,Urn of the>< thle<
con,;;o",;on •. bp<,imentJl PO'o!> • aT< from Pohl·
man, 11%1), C from hon' and B"I<;' (190;,;\. '" hom
H"", (1%(,), .nJ _ from Hor'" and Tempo." llll>l
The .boorpti"n predlet.d b\ SAE Committee {I%-I) i,
cu". SAE. b~' Hani. 1191>1>\ " eu"< It. and h~

S",he,land" 01, (J9Nl i. cu", T

al.. 1971) is no" ,uffic;on,]; firm 10 "chi.,. a fit .....ith an a~cufac~' of
appro"m"tel~25°; "ithoU1 u,ing an~ adJu>tmem,

II " useful 10 compare 1he diff~r~n1 m~1hod, ."'ilable for pr~dk1,"g

"tmo,ph~rjc absorp11on wi1h the mea,u,~m.n1S ,hown in Figure !, I Kn.,~r



firS! de\'eloped a theor)' based onl~' on oon'nbution, C and 0, While
prediction, wi'h hi. origlOal metbod (Kn.,se,. 19.JO) a,e ,ub"an'i.lly diffe,ent
from our\'e C and 0 'ho"'n in the figure. a I,lter Yef'S,on b) b'.n, and BallO}
(1956) gi'e, positions for the'" "u"eS whICh are 01"", to those in 'he figure
E' am and Balley', method pro, ,de,. tberdure. a fairl} good appro.ima'i"n '0
e.pcrimental data for higher frequeneie" At the higher hamid,t,'" repre>Coted
b' the lOp 'wo se" of mOa,arementS in Figare 2, I. ho"e'",. the "ibrati"nal
relaxation "f ni""gen (P,e,q. 19M) (cu,w N) is the p,in"ipal mechan..m of
abwrption for 'he range of frequenci,'s bd"w ,"oout 1-2 kH" "'bieh "re of
major Importance for communit~ noi",,: h"th 'he Kne.e,. "nd E""n, and
Balle} meth<>'h therdore g,os.I} underpredict 'he abwrption In ,h ..
I"",.ftequenc} r"nge

Two similar me' hod, of calculallng atmospberic "h.<>rption wore propo",d
before the role "f tbe nitrogen fO la''''ion '" a' undc"'ood. thai <If Comm,t1ee
A2 I of the Soci",~' of ,\utomoti"e Engineers ( 1\16-1) and HOffi. ( 1966). ooth of
which produced a decided impro' COlen, in the lo""-f,,'qucnq rangc'. and those
two esscnliall~ empirical method' ha' e ,een ",despread u"', Cu,,'e' marked H
and SAE in Figure 2,1 'ho" the prediction, of the me'h"d of Ham'. and tbe
SAE Commillee. re,peeti\'eh M,jor difficul';e, u>lng these empirical
melbods for predicting ab<orption appear maiol~ for ahourmal me",ar~ment
condition'. due to extrapola"on "nh an InOOrrect dependence on the
"ari.hles. as 'hown in the figure. for example, for 10" frequencies or dr) air,

11 is now possiblo '0 genorate cu,,'e T in Figufe 2.1 using SImple algo"thms
wi'h a firm thcor~lIc,,1 b..e. "'bLeh oan I>c bandied ea>ll} , for e.ample. b~ a
programmable hand calculator, A new (draft) "andard me' hod forcalcula'ing
atmosphenc ab",rptlon ha' "centl) !>cen proposed on sueb a basis (Su'her·
land el al . 197.J), The prediction, of thi' new method bo' e been compared woh
a large a"embl}' of booth laoofa'01')' and field data ffom the I"era'u,e
(Suthedand. 1975), Th~ compa""'n "f""cr 850 laboralOr~ measurements I< ith
predictions .how, tha' near 20 'C the predicted "alue, agree wi'hin aboout 5<;1,.
WIth 'b~ ,,'erose of 'he measurements 'hroughou' the 'udio frequeney range
and o"er a w'ide range of humidi'y, Although laborOlOr}' data at other
temperature' arc limited. the pred;c,ion model i' estimated to be reliable
witbin '" 10<;1, from 0 to .j(I'c. The field dOia Included anal)'"" of more tban
750 measuremems of aircraft f1)o\'er noise o"er wide range' of frequonc)'.
l~mper,'ure. and bumidlty from a numbet ofdiffe,ent in"eS1;galOrs. Although
th~ scaner in the field result< "'., much larger than 'b" In the laboo'ato'"
me.,,,,emen,,. because the weather conno' be controlled. the .greement
!>cll<'~~n pr~diC1ed and m~a.ur~d absorption was good on lbe '''eroge. as
shown in Figure 2.2.

The abwrption pt~dict~d by the new method. in the practical units of
dBIlOO m for a pressure of I atm. a tcmperaturc of W 'C and a rtlali"c
bum,dit)' of 70%. is shown in Figu,e 2.3, Note that the .nenuation by
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Figu,e 2.2 RaM of "'-'<>-gTound (a,matt >out><! r'''P'~'

'ion) mc»uremenb of "" .I»o,p\;on km roefflClent> 10
p'odO<led ,-.luc> ., • (unc,",," of frequency (Sutherland
(197~J Predicted ,-,Iue, weT, h,-cd on ",a' her condItion'
on lhe ~round, or ~'h<n d.,. "'<re ,,-.ilahle on .verage
".ather c<>ndihon, along the propaga""" pat"

al>sorr11on i' ron"a", for. giY"" difference in propagalion palh length$
unlike g,'OmOlrical spreading. where " 1\ <Om'.n' for a gj\'en ratio of
prop.gm'"n path longth" Thu. OlmOSr"";e .bs<>rpllon tcnd~ 10 beoomc
mMe ,mpon;lnl with incrcasing distance !>eN ••• lhe ",,,ree and retci,cI.
NOIe .1", from Figure 2.3 ,h.t lhe to,.1 .bowrp1ion increase' ,harpl; "ilh
increasing frcqucn"}

W"h the new propos.cd mcthod of prediC1ing atmo,pheric ab""rpllon. the
lag I:>ctwecn currcnt practice and ~nowledge has ~en largely eliminated,
Recemly. also. thi' method has I:>ccn confirmcd b; extcnsive meaSuremems
at hIgh frequenCIes (Shield, and Bas>. 1976, Bazley. 1976) (4-100 ~Hz). and a
fc'" mcasurement, at in eff""c vcr) 10" frequencies (l<:e ""d Sutherland.
1971'» (down to ~ Hz), Ne\'erthele". there i' 'till need for mOre data at low
frequenclCs o\'er a <u!>s'anllal range of temperalure. and at 10'" humlditie<,
Continui"£ support i' also needed for fundamental W<lr~ On lhe mechani,m,
of air "bwrption. The me",uremems "ould pro\'ide needed underslanding of
the temperalure dependence of the relaxalion frequency of nItrogen. and lead
in due course 10 the calculallon of atmospheric absorption direC1ly from
fu"damemal ~no" ledge (Evan, 0' al.. 1972) wi,h enhanced "ccurac}' ,
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h """"kI b¢ noted tba' lrWI~ of the: bnt measu"'.... nB of tl1000r
propapUOfl ha,,, appeared in 'ht literature in rorr=.d form nil ,h.
anenU:OllQn ..a!allaled for al"""l'heric a~rplKNI relllO'ed. The corr<'C'lIon
for absorption sIIould no'" be re<:akulaled using lh. 1Ie"o' method. before lh.
orig,nal ,nterpret.lIon of theSl: measuremenlS i. _"""pled. In panicular, lh.
failur. 10 r.CQgni~••adi., the contributoon from 'he "nrogen 'ehulalion hal
led to a number of difficuhie'S SOme of .. hieh ",II appear in later sections,

1,) PROI'AGATIONNEMt THEGROU~U

The <heo!)' of sound propag.lJon nu. or along the ground has bun trUled
anall"tally In lhot h'.""tu", _ ,,'jrh Ir k.st Ihl« k'l'1s of compleXil) for tile
ground surf~

II) lbr ltound IS uealed :as a 1ocl.lly luclinJ wrfiltt. and .",'"es .llh,n I~
lround lIe no! cons.den'll"



'"
(b) Thc lTOllnd IS lrtate<! I' In isotropIC RUld ..,.,d,um tllpab~ of

tranvnllunl d,I.,.,oona' .....c. ,n an~ dire<:lion '"' the ,""lit of ...
unpmg,"g .... f on the wrfatC

fe) ~ ground 1lIlrulf<:! u 'n cla'toe wild medium cap:ib~of 1n.m.m'lUnl
botb dilall"...1~ <Jw:., .....~ resuh,n, from an ""1""1'"1".'l' onI~
w,,~

Wbile thcorcllal model. au ••>lilal* In 1M h,e""u" for the lauer ••,..
{MxkclUX. 1960: Off,",. 1~lllJI<I (Miler more ooph...""'ttdlllOCkb tho
and E'lIM. 1971). there .. Ie'} lmk ... Ilknct auiL10bk at )el 10 "- lhat
pt~tlOllof sound o-cr 1M 1"",1Id .. no! adequatel) pttdlCled II) lbe IKe of
1M fiN. much wnpkl. "\oQ1l) f'.'II"," II10Ikl for 1M pound M1rfln
lbereforc. lhillUM 00lI~ rno<kl '" lIich "ill he =.",01 in ~1ail1l1 Ih.. l'e'lC'O

One "cqJlllOn 10 'h" ICMm appbablhl) of. "1oaU} "'XI,", IIlOlXl "ill be
""e.... onl) br'Jo:n,

1.3.1 Pb"""'-'n

The amphtUlk ,cnC'C'lIOn rocfhacnt R, for a plane ""'I'e of loOund 'IIC:I<knl
obh'l"d) On • plane loaoll' ICX'lIn, .urfac.. rna, be ronl'cn,cnll) Icprc\o<n,w
b) the fo'mula (Morse. 19SH)

R ~"n\1-Z,Z)

" Z Z"n~'-"

... here V' i. the grazing angle (FIgure 2.4). 2, .. fX i' the ch.r~cteri.t"

"npedan« of air. and Z,,~ the aoo\I<l,C Imped"o"e of the 'urface (,.e .. the
rat;o of pre",ure to the no,mal comllOnent 01 \elocny at a llO,nt on th .. ~urfaee)
10 order to in<:lude the change of ph", "' "'ell a. amphtude On , .. nceuon.
complex notauon ,s u~d fo' borh R, and Z,. The ch••aclemIlO of a p;I,ucular
locally ,eactin/! ... ,face may then be: ,epres.ented completely by a comple
impedance. Z, .. R, ... IX,. "tueh ma)' be: dependent on the f,e'lUCIlClo but
lW)'l on tM Iln,;"n, In,le

For a perfectly ,el1ecllnl h.ilrd .... rlaa. the pIw.e dlange on ,el1cellon ,ue,o.
R•. i. I. Ind Z, mUS! be: 'nfin"e. In ~""'. tIQoo;.....·er. Z. rrIlIy bc: ,e~ lar~.

but m"" aJ.."y'S ,errwn finlle For nonnaJ incidenc:c in 'bisCHe ~n ... " I. and
R. is elfce\l""1y I. hl'S It-a"~ I"""'bk. hQ,o,e-'cr. lOdloose "wffllXnrl~\frW1
10 l!I2kt Ihe te,m ~n ... on Eq....tK)ll (Ij.....u enmpare<l '" 1M fiud patlmele,
Z, Z ,. and be:nc:c make R, effcctl'"ei) - I This 'aJ"" "'J'I.f>e\ I p/IIloC chan,..
of II!U' on 'eflectlOll and I tanftlllllon of Incident and ~flected ".'e) It
p=DglDC1&:nc:c. "'flIlllough II",,, pith Itflgths are"","' I'ta.M _a'a II
yazlng 'ncidenc:c ....er a pIanc surlltle ..,th a finne ICOUIlIC ,mpedal," thin
repoaenl I fofbodd",n mode of prop.aplJO"'.

The f(:Sl of 5«1_ !j 0 I dncnptoon 01 the lft1j)locatlOm of Iho "-Iltmenl



for the propagat,on of noi'" o"~r th~ ground, "he,e "alue, of the graling
angl~ l~ss lhan Y have primary imponance. The <'ane~J1a1ion for small 0/ "ill
be shown to rcpre\.Cn'. in practice. a shadow lOne "ho'" acoustical deplh i,
rrla"d 10 lhe 'alue of Ihe ground impedance.

2.3.2 Sph..k~l Wa,'es. I)irecl and R.ne<ud

Th~ propagalion of ,pheneal W"'eS from a poinl sou,ce near a 'eflecling
plane i' an "'''ieate and rambling subject. bolh mathemalic.lly and
conceptually, In electromagnel;'" i' ha,. long hlSlory. "'ell chronicled by
Banos (1%6), lrom i1> slart by ~mmcrfield (1926) in 190'1 I<.> il' prc"Cnl
slate. as re,iewed by Wail (1970). In acuuslics there 'S also a subslantial
hislory. frum Rudnick (19~7) 10 Wenl~1 (1974) and Donalo (1976). which is
chieny one of adoplion of lhc idca' and ",Iution' from eleclromagnet,c
lhoory, The ponion of lhi$ hi$tor) mo.t rek,'anl 10 'he propagation of noi...
over lhc ground ha' recently been SUf\'CI'ed b) Emblol<.>n N al. (1~76)_ The
lrealment here will 10110" the laller stud)'> (O which Inc ro.der is referred lor
detaih

A Sh"d"", Zone-SouN:t:or Recoi"rron the Ground

Con,id".•ga'n, the ba'ic configu'a1ion 'huwn in "igur<: 2.4. Therc " a
poinl wur<c,~ and fCCe,,-er N "tuated a!><)\'e a plano !><lUnd"r) "llh a",'''<tic

e
\ ,, ,

, I
, , ", <,,

" , ,,

i---, -------:
Figure 2.4 RdleellOn of "lUnd f..om nat gm.md ,.-ilh
,mpedoO« Z,

impedance Z,. The prC""'e ampillude f' at point R mal I>l: repn:scnled ",
folio"', (La" head and Rudnick, 1951: Ingard. 1951 J:

pp" - (1Ir,) cxp (- ib,) + (N,lr,) exp (- ikr,)
+ (1 - R"j(FI,,j exp (- ib,j (2)

Parameler p" is Ihe amplitude of lhe pre,",ure al unit d"lance from point
~urcc S in the am.:ncc of lhe ground ,urfucc. Equmion (2) i, One fmm of
"'hat i' oflen referred 10 a$ the Wc>_ Van der Pol SOIUlion
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"Figo,e " P",,-'ure d"m~""o" "",und a
poin' ><'u"c I<"'"lod on " plane ~ "Ii '",pedo,,""
ra',o Z, Z, _ III (Ing;OTd, 10'1). Th<O <1'''h<<1
lin< gi'T', I()r mmp;",,,m. 'phcr;e,1 '''1'''""on
"'<r a rigid pia""

The fir<llcrm on Iho right "I Equation (~) ~'rr"'scs. in complex n"lat'OT1.
lho mntr;hution from tn. W'''C pro';ccding directh from S {n H. It i' onl\
nc'.:e"",y to recognize thallho di,t"nce" In th" denominator i' an e'rt~"iC>n

"r I he ,nw,,", <quare I"w, The "'rond term" the f"m,liar one for the r.fi~cted

""'0. which "PPC~,,"t po,nt R to haw ""me a di'tanee T, ImOl the image
",urcc I. The fir<! two le,ms tog.-the, gi-e lhe ""ho,-iour shown in Figure 2.5.
"hieh i, c,,,-'m;ally ," de""iJ:>,;d in Ihc pro' i"u> ,,'clion for pbn" W'''"' .• inc<'
H,_ i, the pbnc '""c ",nee!;"" e"effie-;ent ~iwn I:>y Equalion (IL [The
,ignific"n", of Ih" Ihlrd lerm in Equ:Oli"n (2). "nd in particular Ihc amplitudo
f"Cln, f', WhKh gi"c' Ihc ~ha,iou, of ground "nd <urf"oc wa'e,. ",II I>c
de",ri~d Ialcr ,n Sec"nn 2,3,4,1 P",pagation up""rd, in Figure 2,5. away
fmm Ihc point '<,a"c on lhc surf"cc [largo \' in Equal;on (I)J. i' 'phcrioal
~,p"n'i"n, c"mp"r~. 1m ~,an,plc. Ihc ~~dB _"nWurto tho da,hed ~;,de in Ihe
f1gur~ Along Ihe ,urf"~e, how."er." ,hado" wne f",ms gmdually as th~

'''und p,opagalo, o","",d In In" region (sin~' <t Z,12,), Equalion (I) and
lhe fiN two Icrm' in Equation (2) ;ndK"IO "n allenualion A •. in e,~css of lhat
from ,n,w,c '«ju"," law and "tmo,phcric absorpt,on (~nd <'allcd hereafter JUst

c'ocss altcnuati"n) gi' en by Emblc1<J" ,,~I (197 t)

A, - 20 log",12 'in 'i' (Z,JZ ,lI. dB (3)
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A compari"''' of this prediction with measured I.,ds a, di'tane", oul to 2.tO m
for one "c1khoscn e,ample " shown in Figure 1,6, Note that the execss
.tlenuallOn ,n the shado" zone i. depcndcm onl)' on ';' and the magnitude of
the ratio 2,12,. and rc.ches ,alues of - JOdB. It is the r.,ultol cancellation
betw'.en direct and reflected Wa\'e, in the immediate vic;n"y of the ",uce.
produced by the pha,e change of nearl, 180" upon 'dlection, "' d.""ibed
previou,l, for plane" aves.

B. Efftel of Path.leng,h Differmus-Source and Rfi:t;ver Ix>lh above a Hard
Ground

When both Ihe source and reeei,-c, are aoo". the ground ,h.r. is a rna,e
~h"nge <aused by the difference ,n length t><tween propasation path' r, "nd"
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in Fig\lr~ Z.4. in ~I!diti\m 10 Ih~ phase ehanS' on relle.tion l1e:;<;nbeo:! In lhc
previous section. To sho" the offects of the former. free from the latter.
ron'ider propagation in lhe configuration of Figure 2.4 ah<we a hard. smooth
,urfJe<:. ,,'hose rene,tion rodfieicnl H" is efleC1i\-el~' l. S~elra of exec"
anenuation measured (Pierel ef at .. 1976) for ''''0 specific configura'ions
rele,ant to standard ,'chICle tem are shown in Figure 2.7. The major dips in
the spectra (of - W dB) are the 'esull of cancellation between direct and
reflected ra~'. for path-length differenC(Cs (PLD"s) of an odd number of half
wa\'elengths_ The interferen". between direct and r.neCled sound 0\'.' the r.,t
of the spectra is approximatel, ooherent addition. (Note that the mmOr dIps
and peaks arC cau",d by turbulence, and 1',11 t>c ron~;der"d !alcr,) An
elementary geomel"c calculalion show,

PLD _ 2h,h,Jd 1'1
for small values of .'. Note thnef"re that the frequenc} 1m" "r lho fiN
minimum will increa'" with increas,ng J, as ,h"wn in Figure 2 7. "nd also
docrca,ing h, and h"

Specl,a such", 'hose shown in Figurc 2.7 for propagaBon '''C' a ha'd

,
d.2S' ''\

"•",,
Q ",, ,,
" """1/"
< d.50'

~I!r" """v,
"

" , , , ,
" "

, , ,
"f'EQU~Ncr - ,H.

Figur. 2.7 .\tea<ured o"'e" .Hen""""" for
pfOpa~'!IOn Irom a poin, ,",UTee 0'" ..ph alt. h,
• 0.3 m h, _ L2", The exce" attenu.tion i,
TeI.ti", '0 'hat lor the l'O'n' SOuTeo placed on •
perfectl) h.,d ,urface (P,.r,,~ ".1 . 1976)
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surface may be di"ided into two region" I < - 'hI"". where the transmission
charaClerishc IS reaSOMbl}' uniform. and I > If;I",. whcre it alternalel} <hOI,"
lhe effect' of construcli... and de'lrueli"e interference, The former i' hIghly
desifable for testing noise ,,-,Ufce, (!iCc Seclion 2.6.1) and thc im"",rtance of
bolh rcgion' for outdoor pfopagation in gcneral "ill be discussed latcr In

$cclion 23.5

2.3.3 Gcound lmpedaoc<

Mea<mcments of thc aoou.lie ,mprdance of lhe surface of lhe ground ,Ire
""arce: only for mO"n gra"'. a, found on airport' and a,ound publie high"a~',

und buildinp. i, a ,ub".nt;,,1 amoum of data a,'.ilable (Embleton of ~I . 1976:
Dickin"'n and Doak. 1\170: Jona,<;on. 1972). The m<lS1 dClallcd informlltion
on the imprdance of mO"'n grass (Embleton eI ~I . 1976) is ,ho""n In Figure
2.~. It waS obtaincd from mC.Suremen" eith"r with II "enical imprdance
lube. or from inlerferen" phenomena.• t oblique anglc of incidence. similar 10
those described in lhe pre"iou' «'clion, Th,' 'alu,'s of impedance 'hown Ln

Flgme 2.~ confirm lhe gras.,~ surface l<) ha\'e lhe acoustic properties of a
locally reaeling "",rous medium. which aro well underslood from lhc stud} of
aCOUStiC building maler;.I" The impedance is d"lcrmincd by tbo presence of a
lhin porous I.yer on lhe surfacc that must ha... hole' 'mall enough to offer
'ub>tantial re<i<lance 10 the 110" of a;r. Thu' lhe Impedancc of short gra" as in
a Ia"n IS not changed approeiably b} mo"mg,", lhe maIn res"lance to flo",
appea" to be eilher in the turf,tself Or. m'Jre Iikcl}'. in the "'il ncar the 'mfJcc
kept loose b)' the roots Different stretche' of InS,itu,ional or mowed airport
gr." .re found 10 ha,'C simIlar "alue, of impedance. and this impedance was
not 'cry sen'iti,"" to ""ealher (Dlck!n",n and D,,,,~. 1970). It is imponant to
nOlc that thC rcaeti' e component corre,ponds 1o • 'hffne" and nOl to II rna".

Thero i' IInle ;nform.llon aboul the llcouSt;c impedance of other ground
surfaco,. A >tubblc field (lona....,n. 1972), or the ground under. pine
plantatiOn (Aylor. 1972) both .ppe.r to haw an impedllnee 'imilar to that of
gr.", pre>umabl) beeau,", of tho roots I""",nlng the "'il Soo.... (Parkin and
Scholes. 19M) and ground recently loosened by discing (Aylor. 1972) appear
to ha"e a much lo"'er Impedanec at low frequencie,. The impedance ofa,phllit
(Pat~in and Scholes. l%.'i). although much higher thlln grass. i' by no means
infinite

The third term in the We\'I-Van de' Pol ",IUlion of the wa'e equation for
sphencal wa,e, (Equation (2)] a,,'CS mathematically from the need to
match the boundary condi'i"ns. in panicular thc "ariation of lhe eur"ature of
lh. wa,·.froms "'ilh di"ance .Iong the boundary, Parame'er t· in lhts term
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F;~UfC ".X ROOI componen, 11., and imagin.,y compo
nen' X, of the acou,"" ,mped,,,,,. of ~ra,.-eo".T<d fiat
grOlJnd (dIfferent area, of l~o dIfferent >Ite!» oblain<d
from m.,,"'ements ••ther Wllh an impedance tube Or
01 In'.rferen"" ., oblIque "'''donee (Embleton,,"' ,
1~7~). (Nole that tOe ;"1'8'0"1\ component <One.
rorld, to. "iffn,,, re,01anco)

No", PoiluI/O"

repr•..,nts" complicated mathemalical function (Rudnick. 1947: Lawhe.d and
Rudnick. 1951) of 3 \'ariable w callNl {he numerical di'tanc,. This function ..
ploued (Wait: 1970) \O"U' w in Figure 2,9 for ,'",iou, .'alu., of the pha,e
angle If> - ,un-I (X~"I,) of the surfa". imped.nce Z,. The numerical
di'lance i' g;\e" by {he oxpre"ion (Embleton" at. _1976)

w = (Y1ih, ) (,in", .. Z ,iZ,)' IS)
where k = 2;',0 i, lhe propagaTion constant in ai,. and lhe other \'a"ables arc
defined in s.celions 1.3.1 and 2.3.2. It i' u<cful to consider lhe numerical
disTance W To represent The propagalion di'tan"" r. scaled for a gIven ,'alue of
frequency f. ~nd grazing angle ",. by the impedance Z,. according To Equation
I')

The physical intcrprelation of the Third term in Equalion (2) is more elmi"e
than thaT of the lirsT and 'econd lenn, whICh arc lhe direct and refleCTed wa,'es
discussed in Section 1,3,1. The ph~~ical interpretaTion i' mosT clear for boTh
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Figur< 2.9 Ampli'ude factor rIM') of ,he ground "nd ,urf'e<: V",,-¢< ,-,
numeflcal d,".oc< '" for V.f1OU> ,-olu¢< of th. pn....ngle <;> of ,h. ,",f.ce
,mped.ncr (W.il. 1970)

source and receiver on lhe boundar; (h, - h. - Oin Figure 2_~. and 'i' _ 0) and
'he boundary resi'ti". (... _ 0). beC"use of the diree! an.log\ 10 the propagalion
of electromagne1k ,.-a,'Os ab(l\'e the ea'ih (for which the Woyl-Van de' Pol
solution was originally deri"ed). Under these condi,;ons the direcl and
r.necled "'.'e. cane<:1 <:<)01plel.l;- 10 form u Shadow zon.... M'cribed earlier
in Seclion 2.3.1 and 2.3.2A This shadow zone is ~ne{rated b}' the ground
wa,-e ",h"h is repr.....nt.d b; lh. thi'd lerm;n Equation (2) fOT 'i> ~ O. The
amplitude of this ground wave is indicaled by' the cur\'e for", _ 0 in Figure 2,9.
Allhought the ground wave i' imponanl for radio communicalions, carr}mg
the e1CClromagn.. ic energy from the antenna of the local AM Slalion 10 oneS
radio. ilS exact ph},.ical n",ure i' "ill obscure (Bano<;. 1966). The dependence
on the ,·ariables. howc,'cr. ,s well defined The CUl\. for '" ~ 0 ,n Figure 2.9
indICates rhal at shon d,"ance, (... <c 1) the ground "'a\'e ,uffers no excess
attenuation compared 10 propagation over an infinilely hard .urface. bUl for
longer di"ance, (w .. 1) exhibits a 1"" of 6 dB per doubling of distance in
addition to lhat pro,'ided by the inverse square la",

The dala in Figure 2.~ indicate ho,,'eveL that lhe phase angle", for the
aroustic impedance of a grassy ,urface "arie' bet"'een approximately ~5 and
tfl' o\'er the audible range of frequencie,. (By the ,ign con"ernion used in lhi'
pa~r. a f'C'SlllVe imaginar)-' lerm for impedance corre,pond, 10 a stiffne"
reaClance.) The amplitude of the funclion Ffor lhi' range of ¢' in Figure 2,9
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differs from thai for <p .. 0 (and hence differs al", from the values used for radio

W'O". propagation in lhe almosphere) by the pr.",nce ofa substantial increase
in lhe vicinity of '" • I. This incrus.e in the funcllon F we now know to be
mainly the oonuibulion of. surface ""aVe (Wenzel. 1974: Donato. 1976) In Ihe
air: 'his ",a,"o is coupled 10 'he ground surface owing 10 Ihe laners stiffnec'"
reactance bUI propagate-< in the air, ,,'jlh an amplitude 'hat deereaS6
exponentially with heiglll , above the boundary according 10 lhe formula

p"p.npl-X)(R~+X~r'kzl (6)

where P. is the amplitude lIthe boundary. For ..... 1. e.ll.. lor d small. lhe
contribution ofthe .orbce "'",'. in Figur. 2,9 is rela't-elpmalJe, (han that of
the ground wave because the surface-"'",'. amplitude decreases at onl\ 3 dB
per doubling of diSlance (cylindlical expansion from a point source) compared
t06dB for lhe ground wa"e. For .... Ilhe amplnudeofthe wrface wave again
becomes smaller than the ground "'..'e because 01 ilS anenuat,on bl "I<COUS
losses in lhe pores of ll>e boundary, which i5 exponential "'ith di"ance r along
the boundary.

In summary. theory indicales thaI the propagalion of sound energy bet"'een
a point source and receIver "hi.h are both pla.ed on a grassy surface (h, _ h, _
0) is by a ground "',,'e, as in eleclrOmagnelic propagalion, augmented by a
surface wa"e, The scate olthe di5tanceS and height5 olthese wa,'es is gi"en in
Table 2.1 for a graMy surface ",hose impedance is lhal sJ>ov,'n in Figure 2,8
Some of lhe propertics of lhese """cs h"'e been "erified directly by
measurements o'.-er grass (Donalo. 1976; Embleton ., al .. 1976) at short
distances, where disturbing phenomena such as turbulence and ..fraction arc
absent, and b}' model experiments indoors (La"'head and Rudnick, 1951;
I"anov-Shits and ROlh,m, 1960), The relevance: of ground and surface wa""" 10
long range propagation" hen bolh source and re.ei,'er arc above lhe ground
will be discussed in the follo"ing seclion.

Table 2 J, TIle propagation di".nce d, I", numeric.1 d"tancr _I, 'nd
heIght ' .• for the amptilu<ie of tile 'urf... ,,'",'e to de"",.", by 1'e from it>
..1"< 3t the bounda~-. e.k"I...d ~ Equa""n f5) ,nd (6)...,pecI;,el).
from the impedantn """"n In Figur. 3,8 fot "","n gra'l

!ltll) d,lm) ,,,1m)

~ ,~ "'00 "00 "'"' '" "'"' " "UU> ,. "HOl , (US
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Fil"~ 2. Hl bee» alten."""" calcul.ted fu' P"",",pl>Ofl from •
po;ft, >Qo",," <>V<' ........ I"" IOf h. .. I ~ m. h• .. I.S m. and tbe
d<>lancn of~hond ,0<1"'01«1 lhe .Uen",hOft "calcubtod f<x
'.1...... of ''''l''"do- ..'~" ,n F'lu," 2.~. no. •..,...". .., oon ,.
r.~".. to tho' 10< tbe 1'0"" _rt<' pIKed "" • pod.....h bard rf....
II'k"'l .. .J 197f»

2.3.5 AU "'"' ..T~ - SMrtt ud Reaha- both at:>o>. Ilw C...-cl

An 1M phenomena deocribed ~iousI) In Seaiom 2.3.1-2-3.4 mw.l be
""...'due<! ,,"'ben OOCh poonl .....= and 1U'C1'''' are ........ the IJOIlIId TM
CUO'IOS sllO"'n In fil"re 2.10. for propIpllon ,n the conlil"r3lioll of Fip",
2.4 "~lh II, • 1.8 m,Jr,. 1.5 m. and ''''nous valun of d ....., .• been alculaltd
(Pioe~ rI at. 1976) ""113 the theor) of [)Qn,atO (Don,ato. 1976) ","h vaI..es of
Unpedancc I.h" from the n.-"" (OI_'n pbI on Fig".., 2.11. TIM: ind,,~".l
oontribullOl\S to tilde cur from dirM f), rcfle<:ted R. ground G, and ).Urface
S ",av... arc iliustralW (p,.,cy" aI.. 1976) for lh.« of lhe>.e d~I.I'Itt.,n Fisu••
2, II. log01M. with mc.",.emen's of the P'OfX'salion of JC=' noise for the 103m.
,-aluc' of II, and II, and ooml"'rablc d (110 and 615 m) ~nd.r nculral
almo,pbcric condition, al an ai,porl (Parkin and S<:boles. 1%5). (TheM'
me"'urements will be dc"'ribed in grcaler delail ,n Scetion 2.4.2B.)

Consider firsllbe curves for a d"lancc of 31.2 m in Figure 2.11.He,e lhe
grazing anille l/' is l.Ufflcienlly large for Dand R waves alone [first lWOlermS in
Equat..... (2)J to be I good approxima'ion 10 lhe complele solution NOle
lhat lhe Ianer ind...... contributIOn< from D. R and G ...-a'-es only. b«'auloe lhe
an~ ",iltoo -allt' fOf an S ..-a,-e 10 be S11",r...nl. FOf freq ncic1; ,recaler than
aboul 1 kHz lhen IS a 5erxs of mu,ma and mlnuna ca. by path length
differecnca (PLDOo) bel.."ttn di,ect and rdleC'l~....'-.:s. wI is an inlerfere.-
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Figu,~ : II be<" ,"enuat"'" for p""",p""'" hom a
"",nt -oure< ",-., "'''''-0 g"". h•• I_~ m. h, • I.j m The
<.kul.led ",n'e, '''''''Ill>< ron'nb"""", from the ,-ori"",•
..·.'·.>--<loreC1 D. 'efle<:teJ R. ground G.•00 'orfac< S
The poin".,< me"urement> of j" 1>Oi", tr<>m Parkin .nd
Sd...,I.< (I%~) at rompar.bl< di".lltt' The .,ce"
attenuatIOn i, rel.,i" ", tha' fur. po;n. sou,co p1a«d on a
porfeo.l} hard ,u,lac< (Pi<,~ rI.l. 19761

pattern ,;mila, 10 th., J=ribcd in Sct1i<)n 2.3.2 for a hard ~urf.ee (see
Figure 2.7). Unhke the palle," for" hard surface. ho"'.>'<r. th.. mimma a,.
for PLO", .....hich are appro"m"'e)) ."en muhipks of v.:~. indicating lhal lhe
.urface i< dfeet,,-e1y wIt for this <onfig","""n and Irequene) 'onge. As lh.
frequency decrea",~. howe\C,. the ground impedance increase. (.... Figure
2.11) eau,ing lhe surface to g",'e a r"'ponse which is eflecli"el~ hard lor low
frequenci'" (j < - 15U Ht) as in Figure 2.7. Unlike the respon.., of 'he hard
surface sho"'n in Figure 2.7. howe'-cr. Ihere is a br<Jad mmimum bel""e<:n
these IwO ranges eentred al aboul 500 Hz. "hlch i. charaeteri,,;c of 'he
propagalion for <!>orr distances ov.. <;oft ground. h is thc rc.ult of cancellalion
Dct"'cen direct and refleeted wa'-cs caused primaril~' by Ihe phase change on
rcfleetion, The dip shown in Figure 2,11 for a distance of 31.2 m. therefore
(for <;OurCe and reeei"er now bolh r.ised .ocwe Ihc surf.ce). is the remaIns 01
Ihc shadow zone dcscriDcd previously in Seetion 2.3,2. for the "",urce (or



reui"er) on the ground. It has caused major problems lor the Ie>,ing of noise
sou~ such as u,.,"mobiles al shan ranges. ~cause the ean""nation and
hence the noise. is dependent on the impedane. of Ih. surfac. of Ih. particular
sit. (Pi.rcy and Embl.lon. 1974).

B.cause Ihe curn,ure of the ,,'a,·.·from from a poInt SOUKe d.er....... "'ith
incr.asing dis'anc•. Ih. beha"iour for long rang.s mUSt ~ as}'mptoti, to that
described in SectIon 2,3.1 for plan. "·aVe<. Th. curve< in Figur. 2.10 indic.te
Ihat the dip broadens .nd deepens "jth increasing di"ane. un'il mos, of th.
audible frequen,\ rang. is included in Ih. shadow zone in accordan"" wi'h 'his
pnnciple. Comparison 01 ,h. curve> in Figure 2.11 for. distan"" of 125 m
"'ith ,hose for 31.2 m sho...s ho... this broad.ning rom.. about. The
int.rfer.nce pallern, "hich ace,,,, at high frequencies for d .. 31.2 m. has. for
d .. 110 m mO"ed up".-ard In frequ.""y be)'ond 4 kHz. b\ virtu. of the
d- I term in Equa,ion (4). lea"ing only the tising slope to the fint
maximum in Figure 2.11. At the lo...·fr.qu.ncy end. the incr.a,ing
,an,ella'ion ~tw••n D and R "'a"" produ""d by de",.asing 'i' [a, in
Equalion (1)1 has re"ealed a substan'ial comribution from the ground wa\'e.
The measurement' are in re.sonable .greement ""h theoretical prediction fm
125 m. uSIng Imped.n,.. obtaIned from a different site.

Consider now the CO,,"'e< for 615 m in Figure 2,11, The broad.ning of the
shado... zone to hIgher frequencies ""idem in the eur"s for 125 m has
rontinued ...ith increasing distan"", There has also ~en a broadening to the
Iov>er frequencies. which lea,'... mOSt of the energ) in the frequency range
SIJ.-:!OO Hz in the surfa"" "-a'·e. and the laller fact remain' t",e for long.r
di"anc,,,_ Thc mcasurcmCnt' fOf 615 m a, low frequencies closely lollow
thear\·. sho"'tng a small .nhan""ment (negatIVe e",ess allenuauon) due to 'he
surfa"" "'a"e (W.nzel. 1974). 1bere is. ho""ver. a ten<leney' at the high
frequcncies for the measured excess a"enuation to ~ consistently less than
predicted.

The reason for th. high-fr.qu.ney diser.paney' probabl~' has to do with the
use 01 roh.rcnt aroustic theal) for the pr.dict.d ,U""., Turbul.nce in th.
atmospMre " kno"'n to reduce coherence be'....en different propagation
pa,hs, Whil. it ...ould he pr.mature to anemp'to prediClthe size of this effect
from .xisting knowledgc. to be realistic one must expect significant depanures
from the cu,,',," shown in Figure 2.10 due 10 turbul~ne~ (se~ Section 2.4.2]
part;cularl\ at higher f••quendes. longer distances. and ,,'hen the excess
allenuation due to inrerferelltt ~t"'e~n direCl and renected wa'-es would
oth~,wlse become large (grea,er than - 20 dB, see Section 2.4.3].

In practi"". for broadband noise SOurce•. such a. a jer engine. and for
di'tances greater than about I km. the high frequencies ,,;11 ~ allenuared
suffidently by atmosph~nc absorption. as sIlo".-n in Figur~ 2.3, and the
midfre'lu.nciu will ~ allenuared by the ground shadow. a, shown in Figure
2.10. SO that th~ main contribution to tlie m...ur.d A-"-eighted sound le\'el



'"
will come from (he surface wave at frequencies ~low 200 H~. as illustrated in
Figure 2.1L It is Iikel)' al.., thaI the background '<>liT from distant Iraffic. is
'ransmilled mainly ,'i. 'h;s surfa« ,,-a.-e, II is interesting 10 nole Ihal the
allenuat;on of the surfaco "'av" is mainly by lh. "SCOUS flow of air in the porcs
afthe ground.

2.3.6 Summary

In the preceding Se<:tions 2.3.1-2.3.5. Ihe pre""nt undemanding of the
near-horizontal propagalion of ""nod in an acoustically homogeneous
atmosphere c10Sl: 10 flat ground has been outlined. The primary effect is a
shadQw rone CIlu""d by Ihe finite awus'ic impcdaoco of the ground surf.C'<:.
This !ihado".. zone;' penetrated al 10.., frequellCieo by the pound and surfa""
wa'-eS. For bOlh wu'''' and re",irer abo,. Ihe boundary. Ihe shadow zone is
also penetrated al high frequendes by eon.truet",'e Inlerfe,..,nce Orl"een direct
and ground-reflected "",'es. Sound le"el' can Or calculaled wilh reasonable
precision using known theory ...'thin lhe eonSlra,nlS imposed by lhe present
knowledge of lhe ground impedance and lhe use of coherenl W",'e lhwr) , The
effecl of inhomogenel!~'of the atmosphere produced by surface meleorolog~...
as well as ,urfaee lopograph)' .....i11 Or diSCllssed ,n See1lons 2.4 and 2.5.

2.3.7I'r<dirliI)dSchem...

It appl'ars from lhe anal\,sis In Section 2.3.5. that the modern then'" of lhe
propagalion of sound from a point source has good potential for predicling lhe
exceSS allenualion of nOIse proJu<ed by the ground surface within lhe
oonstrainlS re"ie"'ed in Section 2,3.6 abo". There are t...'o equ1\'alent
formulations. by Wenzel (l97~) and Donato. (1976). with the laller more
suitable for compulation. The lheor)' and the mechanism. of propagation a,..,
eomplirated bul the solutions are programmable. so lhal lhi' method appears
...'Orthy of de"elopment.

A useful bUl!essgeneralapproach h..Oren 'UlWested by Delan) and Balley
(1970. 1971). The~' adapted the limiled exact mathematical SOIUlion of Wi...
(1m) for eleclromagnelle propagatIon '0 the propagallon of sound. This
solutIon is «Iuivalen! to taking only the firs! t....o term, in Equation (2). The
simplified meth¢d of Delany and Bazle~' has ,he addi,ional conStrain,.
therefo,..,. 10 regions ... here the oontributions from the ground and surface
"'3\'es may Or neglected, [t appears from the discussion in Sections 2.3.4 and
2.3.5 (and Figure 2.11) that thi, ,impllfied scheme should nol Or used for low
f""'luencics at small grazIng angles, 11 should. ho"'C'·er. Or useful for
evaluating the noise trom aircraft in flight. the purpose for which it was
designed, Orcau"" he,.., 1"'0 of lhe olher major eon<train" (,,'eat her and
topography) a,.., often oot a problem.
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~,~ U"FECT OFSURt"ACE METt:QROLOGY

2.... 1 R.Io'-anlM"~I PMno....n.

Th. 'arialion ofthe ..'crage speed of the wind V.' ,,-j,h heigh. ; ,n lhe ,-icinilj' of
lhe ground for a large fl.! open a"a is approximatel)' as sho" n in Figure 2, 12
(W;~n.r and Keast. 1957; Lumle)' and PallOf,"). l~; SUlIon. 1953). For
heights gru'er ,h.n Z". V. "'a)'be repr=nwJ b) II><: formula

V... K,log(n,,) (7)

Parameter:" i. determined b) the roughness of the surface. and is often vcr)'
approx,matdj' lh. heIgh! of 3 cono",enl obslad~. such a, g,ass or corn, The
region of logarithmic "ariation .hown b)' Equation (7) i~ <aused by the viscr>u,
drag of lh. $urfact and,. k"""'n 3'1 the ",<co", boundary layu, Th~ ron,lanl K,
i. d~t~rminedby Ihe roughnns of Ihe .urfa«. and th~ "'ind "~Iocilyalx»'e this
boundary' la,-e', "hieh i5 usuall)' nOt g,eale, than - 10 m thick. th~ height at
"hieh wind i. normall)' mea.ured at an airport. In praetke it is of1~n n~ce.sa')'

to con.id~rd~,ialionfrom th~ 'elo<it\' profile gi,'en b\' Equation (7) cauSl'd by
the buo)'ancy inuoduced by the temperature profile

In th~ vic,n,,\, of the ground. th. '-ariation in "erage temperature T "'ith
height for a large nat area may b<, r.pr~SI'nt.d during the daytim. by th.
analogou. expression

T_ To - K,log(z!zo) '8'
"'h~re To is th. t.mperatu'. for z < Zo_ 1l\e th.rmal boundary layer given in
Equation (8). which norm.lly has a thlckn.ss and value of '0 sim,lar to 'hat of
tl>e ,-iKOu, la\-~r, i. caused by the heating of the .urface 1»' the .un. It normally
roincide5 with a rondition kllO"'n to m~leorolog"ts as lapse from meaSUre·
m.nt, w.1I abo,-c the bouoda')- layer. ao example of "hieh is gi,-.n (Muon,
1966) io Figur. 2.13. Showo also tn Figur. 2.13 i. an e.1ample of an inv....ion
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c~u",d b) the cooling oflhe surfa'e of the ground through ,~diation to lhe night
sk}' The term -neutral" will be used later in the d,>co'<ion to sigmfy a 'hnd
meteorological condition. ,,'here ,he dependenee ullem",,'.tu!. "',Ih hergln is
smull This condition rna)' anSC 'yrically ondeT he,,')' doud,.

2.4.2 R.rr3ctlon

A BIlS;c forms

Forms of rofranion produced by different mel.urological condition' are 'hown
in Figure 2.14. While the eff«o{s of ,,'od and temperature gradients appear
simil.. In lhe figure. Ihe follo,,-ing differences should be nOled. Because
temperalUTc IS. scalar quanluy 'he refra<:tion of sound produced by lapse or
,n\'er»on condition. i. th~ ..me In oil honwn'ol (compaM) d;r~clions. Wind.
ho"'·ever. produce. refrac'ioo nonuniform in dire<',on according to 'he "e<tol
component in the dire<1ion of propagation. Thus the refra<1ion produced hy
the wInd is zero ",hen ,h~ sound propagatu directly cros.wind. and increase.
progressivel\ a. lhe dllcetion of propagatIon dniatts flOm thiS wndition.

Th. major acoustic eff..t in refra<1ion up"·ard. a••ho" n in Figu,.., 2.14(b)
IS lh~ produ<1lon of a ,..,fract,,'e shadow Wn~. shown crosshatched in th. figur•.
where, ac<:ording to the ray pictur. (geom~tricacrou\!ICS) no sound mO\' enter.
Refraction downward,. as .hown in Figure 2.14(0) tend' in pranice to



R....,'" ofNoo' PmpogatiM in 'ht Alftw,ph."

•
~~Cf ._., • __

k-----
" - .

~ig" ... 2.14 (0) Rcfrao:,ion do"'n",...rd-,n'tr·
",on or downwind prop.gation; (b) R.frao:lron
upwards-lap>< or Up"'lnd pr"l"ga'ion

enhan~ ,lit sound I,,·el. by mechanism' which wjlll>e dil<:ussed in ,he next
section.

8. R.!rru:(ion Effttu!or Disranus usHhan 1500 m

The work of (Ingard (1955). Parkin and Schole' (1965). Wiener and Keasr
(1957.1959). Delany (1969). Parkin and Scholes (1964). Scho1e~ and Parkin
(1967). Scho1e~ tr al.. (1971). Dean (1961). Baron (1954). GO~'dke ,r al..
(1968). Franken and Bi,hop (1967)) may be filled 'oge'her '0 pro"ide a
con~i~ltnt picture of the dfect of refraction on the propagation of sound O"er
distance' up to 1.5 km using the metrorologieal and refrae'ion phcnomena
del<:ribed in lhe lwo previou~ ..ction~ and 'he propagalion phenomena
desc'ibed in Section 2.3. Th= phenomena will be described ",'ilh the help of
lhe delailed measurements of Parkin and Scholes (Parkin and Scholes. 1965)
shown,n Figure 2.15 for the propagauon of jet noi.. ",'er mown grass on a
reasonably level airport.

Me"'ured spectra of allenualion in exce" of that caused b)' spherical
spreading and atmospheric absorption are sIIo""n in Figure 2.15 for twO
drfferenl di~,ances and a number of differe'" meleorolog,cal condi'ion~. The
source height i' 1,8 m and the receive, heighl 1.5 m. The eu" e$ each repre..nl
the average of a number of meaSurements on different days, The dolled.
da$hed. and solid CU"'eS fo' nch di$tance are deS,gnaled -5.0 and -5 to

indicate lhe ,'ector componenl of ... rnd "docit}' in 'he direcllOn of propagation
in melres pe' ..cond. For lhe.. three curves lhe tempera lure cond,trons are
clamd as neulral. as del<:,ibed in Section 2.4.1. eu"'e 0 for each di'lanee
therdo'e indicates the anenuallon produced by the ground effecl. as described
in SeCllon 2.3.5. and in fact i' comp""'d of ,,,.,ghl lines jormng 'he
experimental po,nt~in Frgure 2.11. eu"'e -5 (in Figure 2,(5) indicates the
addi'ional allenualion produced bv a wind shadow lOne. and cu,,'e -+-5 the
enhancemenl during downwind propagat,on.
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Figure 2.1 S Ob<.<",.d .ll.nuaUon of >II"all 00''''
in a 1I,""r.d.,o-l'"",rtd <onfil'"'"'>Oo un<kr. van«;
of "'al~' conditions (Parkin and SChole,. 19M)
C>kulate<i ........ from ."nosp!l<rt< ab>orpt;o" ;01><1
.plle"".1 'I"••ding h... bee" ,ubtra<led It"'" tile
a"enu>tion "',,,,ured in I'i-<>cta-e !>and. for dL".r><;<'
of 110 m and 615 m. Th<"" "umbo" On tl>< eu,,'.,
il'>lli",,,. II>< 'ttl'" component of ,h...-iOO .,.I""It) ,n
the d"e"""" of pr""",.tioon ,n m >e<. All "",'<> Ofe
fo' 0<"".1 cond'looll> 01 tempe'",,,,•••",po for ,000-<:
m"ked L. "hlch or. for lop><

Parkin and Scholes tewh'. lheir measuT(:me"'5 in,,) lWO further Calegones
lKCOrding to the gradient of temperature - "IM' 18ps<: or in,'ersion. T'h(: mull
i. generally to change lire labels on llre'r cu'v•• for.1I dill.nces by on. step
(eM'eplions will he di'lCuSS"d later). Thus their lapse +5 curve is dose to the
neutral zero cur"'e in Figure 2.15, and the lapse zerO cur"'e i. equi'·alent to the
neutral -5 curve. The lapse -S curve. whICh;s the Mllom curve (-SL) ,n the
figure. represents one of the exceptions. In'-ersion conditions could only ~
attained for light ,,'inds. and th.ir in'-eroion zero cur.... i....ery dose to the
/Kutral +5 Cur.... in th. figur•.

The firot conclusion to note. therefor•. from the measurements of Parkin
and Scholes is that refran;on due to ...ertical gradients of wind and t.mperatur.
in practice produ= equi...alent acoustic effects: these are additi..... mOr'O'-".
within the limits imposed by a saturation ph.nomenon to be described
pre""n"Y· To understand th. phyiical na1ure of ,hese .ff.cts it is useful '0
d;,·ide the frequency range for the spe<:lfa shown in Figu. 2.15 into three
parts: a small c.ntral region from about 2IXl-S((J Hz wh.r. ,h. effect of
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refraction is 'malle'l. and "parato regions for frequencies aD<:»". and ""low
(hilcentral region.

fa) High-frequency "ginn if:> 500 Hz). In this region the me",urementS show
a strong lendene;' lo,,'.rds two exUeme .'alues for the .<cess allene.tion,
approximately 0 dB ;n conditions of downward refraction (inversion or
downwind propagallon) and -20 dB in condition' producing upward
refraction (Ia~or up,,"'ind propagation). seemingl) ,nMp"ndent of frequency
or distance (when the lauer is sufficieolly large). Thi' pattern is re.,,-,nably
dear in lhe measurement' for a distance of 615 m ,hown;n Figure 2.15. and
obvious in the mc",or.ments for a frequency of 1.2 kHz "v'cr a range of
distances shown ,n Figure 2 16.
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F'gure nl> E,<e~, .".nuatjon mca;u"d lor "",,,.f,
"'-'''0 ,n tho U·kHz !h-o<!avc b.OO for the 1'0000-'0
ground ronfogur.tion (P.rkin and S<h"k. f~), Tile
.'«'"r component "I 'he "'md ,'oloci'~' on 'he d"ee""n "f
p"'p"g.,j"n lor A " +5 m,-ee."" <I m -ee. and V ,,-S
m,'C< Tho lempe"'u,e pmfik """u,,.1 f~ i, 'hc
.h,eldmg I,<tor. Fl" 'he .h"cIow boundary

The p"l1ern for condilion' 01 upward refraction is ide"lized by 'he "'lid fi ne_
,hown in Figure 2,fh There" elle<1i,'ely no exce" "Henua,i"n in
propagalion oUlto 'he sh"d"w bound"r) B in 'he ligure. "hieh " 'yric"Uy 511 m
"way from 'he wurce. The excess anenua'ion lhe" increase' rapidly to po<ilion
D. but 'hen 'lays independent of lurther incrcases in diqanco, In effec'the
_ignal well within ,he shadow ZOne f"lI"ws 'hc in'-erst' "lume law bul " .1",
reduced in level by a fixed attenuation given by the shielding factor F, in Figure
2 II>.

lt should Ix noted that the paltcrn "f bcha,iour de",ribcd alxlV' is
,ndcpendent of the m.gn,tude of exce" ground anenualion. Thu, the
mea,uromcnt_ for" distance of 615 m in Figure 2.15 indieato a, a frequency of
3-4 kHz. where the ground effeCI 's _mall. thcre i. effeeto;'ely no enhanccmcnl
of the signal during down"ind propagation. and for a frequency of -6(.) Hz.
"here lhe grQund effecl is large. the increase in alltnuation in upwind
propagation indic.lcd by the -5 cur'" is small. Furthermore. lhe - 5L curve
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indicale'5 thaI the additional refraction produced hm by adding a ttmperalure
gradient i' also small. This effect has boen described pre"iously as a "'!Uration,

To explain Ihese ""uration characlerislic,. lhe following mechanism has
t>«n proposed for Ihe solid line in Figure 2,16 (up".ald refraclion). The
behaviour well within the shadow zone i' as if lhe signal were from a nanking
palh. The rdraniv. 'hadow ooundarl is know'n 10 make a small angle.
typically < 5°, u,lh re'peel to the ground (see Section 2.5, 1). and il has ""en
widell' suggesled (Ing.rd. 1955, Shaw and Ol",n, 1972: Parkin and Scholes.
1%5. Delany'. 1%9) ,h.. ,h. flanking signal is energy scanered down across this
boundarl' by atmospheric turbulence. as indicaled by lhe dashed arrows in
Figure 2,17. Howe'".r. Ihi. model for the mechan;,m of lhc shielding fa"lOr
remOln, unle'lcd by cxpo"mcn, '" quanti'ati,," an.ly,i,.

Flgur< 2,'7 A meeh"n;,m fo, 'he ,hiddmg f,e,or F, ,n
Figur< 1 lh, Th" d,,,hOlI I,ne, ,ep,c",n' 'he eonrrnuou,
"""'c'ing of enorgy """n I",m ,he ,~~' "',"c. ,,'hien
r'Op"~"'C' ~ i'rn>u' e"~",, ",<cnu"rr"n Imm "'",,'c S

The method by which the excess allenuation becomes 0 dB for down"..ard
refract,on. as gi,en b,' 'be da'hed line in Figure 2.16. i. also no, dear The
only GWiGri likely w.y i. b)' de'truction of the ground effect. The eun'alU'" ,n
lhe ray palh ,nerea", the grazing angle ~, in Figu'c 2.4. hence reduces 'he
cancella'ion which cau.'" 'he ground cffcct (Emblclon Of ai,. 1976)

(b) Low-froquenc} regTOn if < 200 I/!), The eun'os for d ~ 110 m in F;gure
2,15 indicate 'hat 'he effecls of refraelion arc mucn sm.ller for low
fTcquenc;", 'han f'" high: thc phy,ical rc,son i. Ihal lhc "'ale of lhe 'lrong
gradients in wind and temporalure ""hieh occur close "" !h" ground (sec Figure
2.12 and Se""On 2.4. I) b<."Come ,m.ll compared 10 lhc wa'-e1engln of sound al
'he lower frequen"i.. (Ingard. 1955, Delany. 1969: De.n. 19(1), Refraction
still occurs for lhe 10" frequeneie. bul al much larger distan'os. The 'u"·os
marked -S and - Sf- f'" d _ 615 m in Figure 2.15. for example. indicale that al
Ihi' distance lhe 'hado'" zone ;, still only pani.lly formed. i.e. the e,~ess

a\lenu.hon f.lI. p.n w.y along line BD in Figure 2.16. 'imilar 10 lhe cu,,-os for
-5 and - 5L al high frequencie, and a d"lanee of 110 m in Figure 2. 15.

The +5 cu"c fo' a diStance of 615 m in Figure 2,15 indiealOS lhal durrng
do"'nwind propagal;on or ;n an ,n,'c,sion onl)' low·frequency ,ig"al, are
enh.nced well above Iha! expected by in' erse squa,e law A Irkely mechanism
for lhis ~nhane<:m~nl is pro'·ided by Ihe unique mode of propagat,on allhese
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frequencies. as deS(:ribed In Section 2.3.5, The 'urface wa"e may be attribuled
10 the porosity of lhe ground relarding the "eIDeily of propagation in lhe
atmospheric lay'er immedia"I)' abo"e lhe surface, This relardation is enhanced
b}' lhe yenical gradienl of "'ind Yelocity during propagation d<""nwind. or the
"en'cal gradient of tomperature during an in'·e"ion.

(e) Central f"quency region IJ _ 35O:t ISO H,). A study of cu"'n .imilar to
those in Figure 2.15 for other ,iles (Parkin and S<holes. 1964, S<holes el al.,
1971) and geome1l;c"1 oonfiguralion. (S<holes n al., 1971) (h.. h,. d) .hows the
position of lhi' limiled region. "'here the effect. of refraclion are small. to be in
lhe "icinity of thc frequcncy of maximum ground anenuation. "'hich is
some"here In the range 200-500 Hz, l1>e -5 and -5L cu"eS in Figure 2.15
for a di'tance of 615 m indicate lhat lhe sman effect of upward refraclion in thi'
region is lhe resull of S~1luralion In lhe shadow zone. as described abo"e for
high frequencies.

The persi.tence of lhe ground shadow indicated by lhe ooincicknce ofcurves
Oand +5 for a di.lance of615 m i' remarkable. ho"'e"er. and aim"", cenainly
reflect' the unu,ual mechanism of propagalion described in Sections 2,3.4 and
2.3,5. Thus. the sharp increa.. in e><C('SS allenualion .. lIh frequency bet"'een
200 and 300 H~ at a d"lance of 615 m wa. sho"'n 10 be caused by the
absorption of energy in lhe surface wa"e by the yisrous flow of air in the pores
of lhe ground. The ooincidence of the +5 cu,,"'e ",lh the ~ero curve in Figure
2.15. therefore. signifie, that lhis Io5s cannol be replaced b}" refractiOTl,

C. P,.di(lion Scheme.

Wiener and Keasl (1959) ha"e pro"ided an empirical prediction "'heme for the
effccl' of refraction by wind and lemperalure "hich i. applicable to the
high-frequency region ck"'ribed abo,..,. In this ",heme the d"lantt 10 lhe
shad<lw boundary B in Figure 2,l6 is calculalcd assuming linear "enicli
gradient' of "';nd and temperature. Delan}" (1969) ha' Imp"",ed lhis "'heme by
calculating lhe dislance for lhe logarithmic profiles in the boundary la}..,r
indicated by Equal;on (7) and (8). Kriebel (19i2) has also pro"ided an
intere'ling analysis of lhe propasation in the boundary layu.

It .hould be nOled. hov.'e"er. that me",uremen" in the low-frequency region
described abo"e show the ...... anenualion to ckpend on the surface
impedance. "hlCh is OUls,de lhe scope of Wiener and Keast's method.

11 should also be noted that for propagation O"er distances much grealer than
I ,5 km. differenl faCIo" be<:ome imporlanl. There are "'anered measurements
(Inge ...l..· and S"ane. 1968, Dnepr""..ka}'a <t "J.. 1963) which indic.le a much
higher anenualion in the shado,,·zone.than predicled b}" Wiener and Keast, In
d<lwnward refTaeling cond;.ions lhe rele\'ant ponion of the "enical profiles of
wind and temperature be<:ome higher lhan the loganlhmic boundary layer
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given by Equation (7) and (8). In>'ersion, then become mor~ importam (~e

Figure 2.13) and a theorerital anal)'Sis of rhe excess attenuation during
propagarion ;n in"ersion. ;uvailable (EmblelOn el oJ,. 1976).

Empirical model' ha'-e also been de,-eloped (Polly and Tedri<~. 1975) '0
explain sysremari< tr~nd, observed during a "ef)' large number of mea,ure
m~n" of lo....freque""y sound propagal;on O,'~r flat wooded lerrain at
di,lan= up ro 8 ~m. The a"erage obsel'\'ed ex<ess anenuat,on was prim.rily'
derermine<! by 'he sign and m.gnirude of rhe: "enieal gradienr in the speed of
sound. and s«ondly by rhe ...ind """d.

lA.3 Turbule_

Large eddies are form~d in 'he atmosph<:re by in'tabili,i.. in 'he thermal and
viscous boundary layers ar rhe surf...e of the ground. des<ribed in mrion
2A.I. Furrher inSlability causes 'hese eddies 10 break down progre,sj"el\ ;nlo
smaller .nd small~r .i~~. unlil the en~rg)' is fin.lly dissipated b)' "iocosity in
eddies approx,marely I mm in size, A Slat,,[;ool di"ribut,on of eddie•. which
""e call1urbulence. is Iherdore present in Ihe atmosphere ar .Ilum.. (Lumley
and Panofs~)'> 196-1; T.[ars~i. 1971), The im~n,ily of [h~ lurbulence. how,,'er.
;, 'trongly dependent on meleorological condirion' (and also heighr aoo.'e [he
ground). being high. for example. on • "'indy summ.r afrernoon. and 10"'
under nocturnal ;n'-e..ion,.

The effe,,", of atmosphere rurbul~nce on ",a,. propagalion has been 'Iudied
exten,ively during the lastr"'-enrl' years (Ta[arsb. 1971) most notabl' on rhe
propaga'ion of lighr and mierow.ves. but also of sound (Tatars~i. 1971:
Mandi... 1971), For sound. th~ condition mOSt studied is n..r-"er';c.1
propagalion...·.11 .""al' from rhe surface of rhe ground. to perm" rhe
'acou'tical sounding' of "",reorological condition' (Linle. 1969). There are a
small number of in,'esllga"on. of nur·horizonral propaga[ion of sound close
to rhe ground (lngard and Maling. 1963. Emblelon n 01" 1974) .. hieh are of
dire,,", relevance to noise problems. but for mo,t qu.stion, concerning Ihe
df~,,", of rurbul~nce on noise propagation" i. nece,sar) [0 fall back On
know' ledge accumulated in 'hese rel.red areas.

It i' ~"",,'n 'ha' atmospheric rurbulence produce, nu,,",uation, in 'he
amplitude .nd phase of a pure [one dUllng prop'g'lIon WhICh increase w"h
inerea,ing di".nce umil a poinr is reached where Ihe phase fluc,ua[ions ha"e •
,[and.rd d"'iarion comparable ro 90". At thi' poInt the ,lgn.1 effeeri"ely
becomes uncorrelared ""Irh Ihe source and rhe .mpli'ude flu,,",uarion, are
limiled to a standard de"lalion (Embleron "al.. (974) of -6 dB. The diSl.nce
10 rhi. point fOf hon~ontal propagahon of sound near rhe ground on a ,ummer
day i' >'ery approximat.I)' 700,1.. for frequencies in rh. range 5lXJ...5.000 Hz
(Embleton eI II!.. 19i4). An effect of thi, m.gnitude brings inro ques'ion Ihe
,ommon use of coherenr acou'lie Iheof) for predlCllng noise propagation in a



number of crilic.1 regions. SOme of which ha"e alread; been mentioned
(ScClions 23.5 and 2.4.2)

Perhaps rhe eondilion ItIO!ir ~n"li\C 10 almospheric lurbulence is inrerfer
ence phenomena, the sharp spi .... c1earl}' ,isible in the minima of the
;nlerferenee panerns ,ho"'n in Figure 2,1. for example_ arC cau~d b}'
nuclUanons in lhc phuse difference betw'een direct and reneCled wa"e<. and
the clfeel"e deplh of Ihe mrnima i, determined h; Ihe nuctuatlOn, (Ingurd and
Maiing. 1963). While a good "an has been made 00 lhe theor}' of interference
1n a lurbulem medium (Ingar<! and Maling. 19(3). much more w'ork w'ill be
n«ded on panlall}' coMrenr prop.galion before a ""tisfaclory met!\od is
.chi"ed for predicling lhe ground elfeel ;It lhe longer ranges and hIgher
f.equencies shown in Figu.e 2. 10

Another role of .tmospheric turhalence which i, imponam r". the
prediction of noise lewis. IS ;n determining the sa.turallOn effect In shado"
~onc<. as described In lerms of a ,hieldlng f.CIOr in Section, 2.4,2. The role
i,. in f.CL e\'en more general than dcscribc<.1lhere ;t ,hould be expanded to
indude lhe acou,tlc ,hadow pro"ided b; "'all, (Kuru. 1971. 1914). building'
(L,on. (974). lhc ground dleci (Shaw and Olson. (972). ClC. We a.e \'en'
bmiled.1 presenl in our abilily to predicllC\'ei, in ,hado" zone, bec.u," of.n
almOSt complete lack <>f unders,.nding of Ihc baStC phCnOmen" wh,ch
delermlne lhe ,hieldlng f.elor.

A Ie" profound a'peel of .tmospheric turbulence. bUl Slill a nuisance. is Ihe
need 10 cope with amplllUde fluctuations in 'pccif,-ing noise Inel, (Embleton
and P,erc;. 1915) from relali"el\" dislanl sources ,uch as .ircrafL One fCcenl
experimemal Sludj of sound propagation to Ihe ground from. 152 m tow'er
indiuled Ihe polOntial significance of lhe Rlchardson's number On Ihe
magnllude of these flucluations (Kasper or .1.. (915)

There" one role of almospheric lurbulence whieh used to be con~iMred

importanl (lngard. 1953) in predicllng noi"" le\CI,. bUl now is generally
belic' cd 10 be minor (Deloach. 1915) _ ,ha, IS rhe dlfCCl attenuation of sound
b}' turbulence. 11 the sound is in a highly direcled be.m. as for e.ample •
'enical .tmospheric sounder (Lillie. 1%9) then lu.bulenee .ltenuales the
beam by scaltering energ; Oul of il (a phcnomen. con"e= 10 Ihc filhng of Ihe
narrow' sh.do"," ~one bj scattercd cnergy described in Section 2.4.2). This
anenualion ran no"," be c.kulaled .. ,Ih rusonable cenaint}' (Brown and
Chfford. (916). In practice _how',,·er. lhe propagallon of nOIse is usually much
dosc. ro sph..;cal e.pan,ion from a poinl source. Because lhc scallcring from
lurbulcnce is el,,,,c. and mOSII) fo",·..d through a small scanering .ngle. Ihe
ancnuation presenled to a spheric.lI~ expanding acoustic field is negligible
The anenuallon of sound due 10 scaHering from a moderalol}' direelional
source. such as • jCl Of ,ocker engIne. musllie belween lhese 1"'0 eX1reme~. bUl
has never been evalu.led lhoroughly. II " generall)' beli"'ed 10 be negligible
(Sulherland. 1975: Parkin and Scholes. 1965, Wi. ncr .nd Kea'l. 1959, DoI.n, .
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Figure 2.1~ Ex",,,, attonuotion derived
from hill'"" ,,, hilltop tr~n,m.~"on

me.,"'ement> "'-Or a d"t."". 01 .bout 3
km. The poonl> or. m","reme"" .. h,eh
..·.r. oolTecrM for in" .... squarc I.",·"W
moI«ul., aM""""", "sing the m.tOOd of
£"an. and Ba,ky (19~) by ,h. orig,n.l
,n".,t,~alOf> (Wiener and K">l. 19S9).
The CUT'" "mo~l., .b><lrptton from ,h.
nitrogen ,d••".,o. cakul.ted b)' the:
method of Su,h.,l.nd "al. (197~). "hlCh
..., !'I<P«1ed in ,h. method of E"a"" an<!
Buley (l<r.;6)

19(9) for ~I application•. However. where very low frequencies are of
imponana, for example. in the case of rocket !IOise. tile allenu.!;on by
scallering may be significant (Sulh<:rland. 1971) oompared to the very low
attenuation produced by atmospheric absorption.

2.5 EFFECT OF TOPOGRAPHY

'The acoustic phenomena considered pre'-iousty;n Secrions 2,3 and 2..t have
all bun described for a part;"'ular lopography, primarily large flal areas
"""ered wllh short gra.. , such a. an airport. with a rece,,'u plaCl'd
approximately ear height for. hum.n being st.nding on the ground, In
practice, noise Inels need 10 be pr<:dicted for differ<:nt heighlS aoo,'e the
ground, for hillside.. for "arious lypeS of foliage. houses. wall•. etc. The dala
available for such sites is genually much lessexlensive Ihan for flal ground. and
pre>ent knowledge is Ihel'dore more sketchy_ The aim of this section.
howe,'er, is to outline briefly whal is known aooutthe effects of topography_
Propagalion in city StreelS. and the attenualion due 10 barriers ,,-ill be
specifically excluded because these subjects ha"e been co"ued ,n recent
revie".. (Lyon. 1974; Kum:, \974) ,,-hich this article is designed to accompany.

2.5.1 Ele....tion

As an extreme case. consider the propagalion from hilltop 10 h;lltop with trIOSt
of the propagation path ..,,,eral hundred. or thousands of feet aoove the "alley



floor. Several sites of Illis nature lIave ~en investigated (Weiner and KeaSI.
1959: Delasso. 1953). and tile measu,ed anenuat;"n is In ..,,,,,,,,able agreement
witll that predicaled by in'·e..... "lWlle law and al"""pheric absorption. wilen
tile latter includes the vibrational relaxati"n of nitrogen (..,e. for example.
Figure 2.18 and Ille di$Cu,sion on tllis point in Section 2.2,2). This
anenuation is found 10 ~ independent of wind and temperature u~pt in SO

fa, as the lalle, enters inlO the caleulation of absorpuon,
Studies of noi... from 10" -flying aircraft -effectively oourceS allow glancing

angles 1/' (Figure 2.4) - "ver flat ground are infonnatl\'e (Benson er al.. 1958.
1960. 1961), They indicate. for e.ample. thaI refraction by wind gradients is
negligible for 1/' > S' out to a distance of about 6.lXXl m. There is currently a
controversy. ho"'e'..r. O\-'era predict;"n of aircraft noi\.e le"els f"r small1/'. and
Ihi1 pr<)blem ",,,uld probably ~ well ..,,,'ed by an ..-mbly of existing dala
from many in"estigators and a fit to the principles out·lined in Section 2.3

Calculations fo' tile effect of elevation produ~d by a shallow lIi11side ('I' <:
I') bordering an airport (Embleton ef dl.. 1976: Pierq and Emblelon. 1974)
lIa"e indicated a signifICant reduction of the ground Shadow for aircraft on tile
ground. There "'ere no oupponing measurements but Ille result. correlated
well "';Ih subjecti"e obs.ervations (the Structure of c"mpla;nts),

2.5.2 Foliage

11>e effect ofstandsof trees. corn. reeds. elc. h",e ~en documented in ..,,'eraJ
",udies (Aylor. 1972: Wiener and Keast. 1957: Eyring. I~: Embleton. 1963:
Aylor, 19n; Dobbins ef al. 1966). Apparently the main effe<:t at low
frequencies is 10 enhance the ground effe<:t (Aylor. 1972). the ,00lS making
the gr"und mOre porous. as d ri~d in Section 2.3.3, At high frequencies.
"'herelhe dlmensionoof leav b«Qmc comparable "'"h Ille wavelength. tlle,e
is also a significanl anenuation caused by scanering (Embleton. 1%3: Aylor.
1972). A formula for tile laner effect has been deVeloped (Aylor. 1972). Th.
propaglllion in a vegetati"e laye' o,-e, Ille ground has also ~en inve51igaled
tlleorelically (Pao and Evans. 1971). bUllllere ,,-e.., no measurements by ",lIicll
10 judge Ille significance of this theory.

In a fore,t. Ihe venical gradIents of wind and temperature are small (Munn.
1956). the foliage making %0 in Equalion. (7) and (8) approximately tile height
of the trees_ P'esumably. therc!o,e. the c!fects of refraction are 'mall aIM>.

2.5.3 Obstruetions(WaUs. Ho....... BU$bK. "'e.)

The effect of refraclion on Ihe propagation of sound in city streets (Wiener er
al.. 19(5) as "'ilhin forestS. is small. and for Ille same reason: Ibe obslruction 10
the now of ai' is sufficient 10 rai.., the viscous and tllermal boundary layers to
Ille vicinity of the top!! of Ibe obstacles (buildings) (\.ee SeehOn 2.4.1). "The
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atlenu3110n of $Qund by the grouno elfeel In Ihe e\l) (Lyon, 1974) I. also mueh
smaller lhan in lhe counlry (Par~in and Scholes. 1965).l"'rtly becauSl: of lhe
I"','ed ground, but more importantly becauSl: obstacles to lhe propagallon of
""und produce an imerference pallern much differenl from the ,imple
interference be'....'een d"ect and ground refl"led .....a'·e. de"'ribed in $eCllon
2,3. These eff"t. have been studied both for atie. (Lyon, 197~: Wiener el
ai, 1965) and open flatland. (Par~in and Scholes. 1965: Wiener and Keast.
1959) wilh resuh. thaI are ,'ery dlfferenL There has been ,-ery lillie work.
ho.....ever. on intermediate sites such a. ,uburbs. Questions such as ho..... many
obslacles are needed 10 demoy the effect of lhe ground. or refraction. as
measured for flat land. cannot be an,"-ered at preSl:nl As a result lhe
pre<Jiction of the propagalion of noil/: ftom airports. free .....ay•. etc .. Oul into
the suburbs is baSl:d largely on empirical methods nOl "-ell founded on elthe<
analytical models or extensi.'e experimenlal data

U PROPAGATIO:-: PROBLEMS SPECIFIC TO Cml)lU~ITY :"OISE

2.~.1 TKting and Certification of SourrK

;\. Vehicle. and a,her Ground Ba$ed Sources

There are SI:,-eral propagation problems ,n the tesling of ground ba..d noi..
sources such as road .-ehicles. la....'n mo"'ers. sno"'mobile.. ele, (Benis .and
Saxton. 1973; Pie~ and Emblelon. 1974) The noise is usually measured
with a microphone 1,2 m abo,-e the ground at a di.,ancc of 7-16 m .....ith the
propagation I"',h o,-er the surface on "hieh the machine i' designed 10
operate. If the surface is porous. for example. grass or sn"",-. Ihen there can
be a problem of .-ariability as a resull of the incipient ground .hadow
de"'ribed in Section 2.3.5. The solution here " a cnmpromi.. bet,,-een
measurement configuralion., a surface of predictable impeda",,",. and
rele\'ance to the use of Ihe machine, If the source is Slationary. mOSt of the
rele\'ant scientific kno"ledge (Embleton er a/.. 1976; Piercy and Embleton.
1974) is available ......ith lhe exceplion of good dala on the impedance of
re!C"anl surfaces. A con'-enient method of measuring Ihe impedance of
surface. over a range of grazing angle (~, in Figure 2.4) and frequenc) is
badly needed

If the surface i. hard. lhere are prohlems of repeatabillly for sources ",lh
large·amplilude pure-lone components "hen lhe tran.mission palh ;ntra
d~ces inlerference ma.ima and minima al simil~r freq~encies, Th"
phenomenon is reasonably well d""umcnle<! (Bethl and SaxlOn. 1973; PlCrcy
and Emblelon. 1974) (see also Section 2.3.2), Variability due to

atmospheric turbulence has also been recorded (Piercy rl al.. 1976, Hemdal <I

al.. 1974).
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There IS also an un~"edproblem ohar;abilily for """,'"g sourteHu,h as
'''h0de5 (f';c~' ~ "I., 1976). TheIl; IS a S)'l;temaIlC '~ation in A·"'c'Jlned
~- Ie,d. ","11 ambient tempe"lll~(P>e1'C) trill.. \976; La Bred>c. lor'~)

of -I dB 10 "C. and a run-tOorun ''UUllion of approJ"ma'd~' 1 dB, bolh of
"'bldl appear 10 be ~ted "l1h IIIIt """"emenl of 1M "chicle Tbe~
ob<lious moedwu<m here i< refracuon ~ the """,-ernenl ofair in the ....kc <lithe:
"""""1 .chicle (LaB~. 19"~l_

B.A~

T1le noea _tbod fOl calculallRilt"""'f'hcnc aboorpIion (Sulherbnd if III..
19'7.1; Sutherland. 1975) desmbed In SKlIOn 2.2.2 oboukl bnng the ph)'SKS

of the ~1JOftfrom .....e.hcad "r<TIlft unde' reHORabie control. HO'oO",e,.
tbe: (K1an ..hid> influence »debnoe propaplion a,e m""h less ..dl undc~c>od
A ...buantial amount of "o<k h.H b«n done on ,I\( arouslic dftcts of lhe
ground ph.rw: dunng ground lnl$ of ftl eng'ReS. for "'ltidl a recent <C'1e" 15
., ",table (SAE. (976).

2.•.2 Pl'ftlltliOll of [n.·I""'.....nlallmpllCt

The basic ph)-,o;c. underl)inllhe proplllauon of no;"" allong runge: closl: 10 the
ground dcs<:ribed ,n &clion. 2.2-2.5 ,s otwiously ,ntr;cate. and currenl
koo,,-Iedgc of it patchy. As a ,~sult " I~ u,ually nOI I""'ible in pracuc<: '0
p~dkl noise level. with reasonable ,diabilny al site' dis'an. (hundreds or
thousands of me're<) from a li,rong sour« nCaf 'he ground ulilng bilk
kn".. ledge alone. h i' po5sibl~ for a ,!",cilic ine. howe,·cr. to lake a c<)mplel~l)'

empirkal approach. measuring .he OOIl'e hom a Wurtt II po5l,;on< of in,ef~<1

un<kt ,·ano.us woatho. conditions. and predk',ng. fot enmple. tho le"ol' '0 I!e
expected a"hese poo.itions from a hlp..ay Of a"port proposed fo' Ihi< "Ie "..ith
.olerable prtti>ion (Inge"l~v and S'·"nc. 1\l6II, PierC') and Embleton. 1974
Afte' "",'~.-al of th..., ,nd",du.1 ,n"esupliom, " is lemptlng 10 gen.
~ralize lhe empilical "''''Il' for a"era.., Ie'd' and apply them to Olher <lte<
TIl.. procedu", has been popular In rea.n, yelIB.lhroogh ,he de>dopmen, and
lI$C of empu10Cll d=gn guide's for hlp",,)" and airports. These predict"",
methods generally ignore rondnlOfb of topopaph} and "'eather "'hid> afe
kn",..." to h.,~ • Siron. ,nn...na. on sound ~'ion... descnbed In
SectIOftS 2.2-2.5. StIdl desol-" guides may be npected '0 pto\llk
reaoonable predictions on !be a'-erase. but rot a spenroe ...te !be" ulWded Use
may ..-.,-o resul. in 1(:n0u5 enor. COI\l.itlor. for eamplc.!be pooblc"'li ,n 1M
prNiaioa of noise from aIrport, reponed by P1el'C') and Emble,on (197.) and
Doel",~(1976) and al!io the COnliOderablll: differe..... bet..~" emplIical nIk$
for predo<l:"., ....... Ie<-el< from hIgh....)" btied on differe'" (bu, Iaftc) ..,.~ of
da,a reponed by King and Oh'-er (1975. Ha,.,k (1975). and PIolk'" and
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Kuni~ki (1976). In a field whi.h i~ ph~'si,alll wmplex and onl)' panty
understood. such as outdoor sound propagation. there i' still • d~cided n~ed

for human judgcmcm based On ,peciali,t', knowledge of (h~ curr~nl slat~ of
the orC

2.6.3 R""ommendation.

h is recommended. in !he light of the "nal~~is in the preceding ,eet,on. 3< well
as Ihe h'>lory of research "uthncJ In the iniioducrion. that long-{~rm ,upport
I>" de"elo~d at a mode't le,-cl for 'he field of outdoor sound propagation.
The aim should be 100blai" the depth of undNstanding required to graduall)
improve !he haSIC knowledge in this oomplex field. Atlainmenl of ,Ii.
neee,s.ary depth of unMrstand,ng is nOI compatihle w;,h shurHe,m fe<earch
studie,.
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CHAPTER 3

Acoustic Shielding: Noise Reduction by Thin
and Wide Barriers

Z. M ...£"......'...

3.1 L"ITRODUCfIOS

In ronlrOlling noise in lb~ open ai,. il i. "~ry common and important 10 build.
""een or «llid fence belween. noise «lU'ce and obser".. ... to reduce th~ nQi""
r~cei,'~d. This eff..,l i. call~d 'aeou<lic shielding'. The acou<lic shielding may
be acbie"ed nol only by a ",reen but .I«l by man}' obstacle. or barriers such as
buildings, earth benns. Or l~rrain ,hat blocks the 'lin~ of sigh!' from lbe
obse"'er to the «lU'ce.

Figure 3,1 sbows the paltern ofa diffracled wa"e·from c.used by a half-plane
sc,un. In lbe shadow zon~ of lh~ ",rtln. a cylindrical .....,'~ i. radi'l~dfrom tbe
edge of lbe §CJeen according to Ihe Huygen, Principle, Ihough lb~ incidem
",'.v. upon the olher side of lhe SC,een is blocked b}' lhe "'reen. The sound
inten"ly in lh~ .hadow lone, how~,'''' i. nOl uplain~d by Figure 3.1.

The acou<lical d~sign of a harri.. i. nol easy du~ '0 the difficulty in 'he
ealculation of «lund diffraction around lhe barrier. In order 10 oblain the
sound field. many aUl""" h",'~ pre«:nted lh~ir own lhenries wilh "arious
aeeuracy for "ariou. type. of «lund·wave and .hape. of barriers. Th~orelical
work gi"ing the foundalions of this problem h",'e been re"ie"ed in lhe lext by
Bo"'man el al, (1969). There remain. Ihe problem of bo". to simplify and apply
the SOlution 10 .n e.iSling barrier ofcomplicated <lI.pe for the purpose of noi""
control The rigorous euci «lIUlion is generall)' applicable only for a "eT)'
.imple and pure condition, whicb i. nOllikely 10 exist, On lhe olher hand. some
app,o..mallons are con"enient for praclical calculation. and are .uilable for
the: design of a barrier for noi"" 'eduction

In this ch.pter, lhe discu.sion i. limited 10 a practical process wilh minimum
mathematical analy"•. and lhe results of reeent re""arch are conceplually
r~,·ie"'ed.
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Figure 3.1 Crou-..ction of. half·infini,. "",oen and ~","

front< iocidcnt on 'he I<,••n

3.2 SI~IPL[ Of-SICS Mt:THOD fOR.\ :"OISE II,\RRIER

3.2.1 Half·] ofin;le Thin Scl"ffn for a Poinl Sour«

For the diffrn,lIon of a plane "'",'C by' a half·infinite plane;o free <pacc. lh.
"'eli-kIlO'" n rigorous solution ".-as &;'-.0 by Somme'feld (lll%). FunhermoT(:. a
rigorous <olution for a spherical "-""e in the same condilion "'as g;".o b~

Maedo"old (1915). Although an example of 'he calculaled resul, of lhe e,acl
solulion ;< >ho" n la1O'. lhe ,",.11 k""" n 'Kir<hhoff~ diffraction theory' . "bleh
.mbodie. lh. basic idea of the HOjgen...Fre-;nel principle (Born and Wolf.
1959). is more ,uitable '0 the practIce of no,j,C-sh,eld,ng. The formula;~

[AltJ'~--lOlog",+[{~ -QVlr -{+-S(V)}']dB (I)

"hNe IAl1l,~ dcnOlcs lhe diffraction lhrough a half·infinile open 'pace.
C(.j .nd S(v) are F"'lIC'r, Inlegr.ldor "ariable ". and

. ,,-
v - 2· V', (2)

,,·here ~ is lhe "''''clenglh of sound. and" i'the path difference from a source S
to an observer P "'ilh and ";lhou1 lhe ""een. as 'ho" n at1he bonom uf Figure
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F.,..... 31 So.od--._~a ....."""*"'>Cfn1l111 tIC'< "1'"'% dolled ....
. 'hcoRcoaf.~ ~ 1tIn:hbofr.__:!oOIid .... -. e't'C'_1lUiI

.-aa.c. b\ Z ,I.bct_a, da>Iocd Imc -. -.cd aDd _,cd'a/uon b UI
lIlfiIIo'el) ...... __n:c panIIcl to !he~A~ .. ma.wc 10
pooposa- ,. fm: "1'"'% aDd ._ ,.~ " .. W: " "'tfraon_ ""lie
('lack_a. I'llil<l

3.2 TIli' chc<,,) ,,~, o"l\ln~lI~ dc'elopc<J In opl"", ~nd a good al'Proum~"on

In op"e~1 d,ffr;oct...... <Joe" I'IOl gu~r~nICC chi: ....me ..ccur3C) in ~n ""'..N ....~I

problem. M.~U'" In opllC> lhe ".'e lenglh " 'er) 'm~ll. "here~' 'I>c d"l.n",.
from 'he obol.de 10 Ihe 'Ource and 'he ""'"'.." lOre 'Cf) long" Ilh lhe ''I'I''''l\e
rondil;on' .'''ling In aco'Mic>. F;gure .1 ,2 .h",,·. lhe di",rep<>ncy hel" cen lhc
allenaa"On ,,,Iu", me",ured hj • model ""er;mcni (Mae"," •. IYnIl) and lhe
,'ullOC' cakul~led hy Kirchhoff, h"mlOlac (I) and (2) hj c"n'crlin~ lhe
variable ,. 10 N by lhe 'daliOn,hlp

'" ,N----O, .- . (31

,,·Mr.' i'! the 'O-ClIllcd ·F......I 'umher' Dcptnd,nj\on "he,he. I'> <II""
> O. che ob..c....., P 110 ,n the Ml hi «InC or ,n the ~comclrlal ,Iudmo.

rnpcct...1\ 1M !ale of the abl;rn.oa ,n h,un .1 2 " "d)1ISlttl "" 'hil' lhe
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npcrim~mal rurn becomes amaigh\ hn~. This is done in order for HIO be
more con\'en;cm in using this figure as a de,ign chan.•ince the .,~rim.nlal

cu,,·. ,how.. imp",\'ed approximation of Kirchhoffs theory of dilf",,",;on in
acoustical problems.

The experiment.l CUl"'. i. at50 upre~d b\ lhe formula

[AU1, 'l '" 10 log (3 .... ZON) dB. N>O (.)
,n the <!ladow-zone olth. screen (Kul"lc. 197~). This formul. iSlui,.ble for th.
d.sign of a noise-barrier wilh the aid of. oompUler.

3.2.2 Lorge u,.IKI..t N~Sou,."."

11 is a more difficull problem to ohl.,n a ",lulion of sound diffraction
theoretically with. large source. t>e<:ausc the "",-.-fron\ from the large SOuftt
canoot be expr."",d exactly. There IS a ron,'cnl;"n.l method. how.'-.r. if Ihe
large 5OU'<:<: can be replace<! by one or more ""int source,. When nol.." .r.
emilled incoherently lrom ~irlual poinl ""ur~s. Ih~ sound ~nerg; re~i"ed

from each poi", source. which can be oblained "' me",ioned ab<we. should be
summed up at lhe r~c~" Ing pO,nt ThIs OOm enlional melhod has been Hrified
~'manycase·studies.

For the sptti.1 case of a S1tt~1 Or a hlghwa~·. noise is often trealed a, an
Inrohuenllin~-«>urtt. Th~ ~rforman~ of a barrier agam" highw.~· noise
should be ronsidered "'ilh a line-source parallel 10 lhe edge of lh~ batrl~r. Th~

results of lbe lheor~lieal rompulations and al"" of th~ ~.~rim~nl.1sludies are
show'n by a da,hed...urve in Figure 3.2. It is more useful in pracrke 10 ~"ima1e

lhe allenu.tion b~' a barrier for road Iraffie nois.e

Th~re is no such lhing as an infinilel; long S<"1"een bul only finil~-';U ......,~ns of
limiled knglh. In ofd~r 10 oblain lhe sound I,,'el in Ih~ shadow-rone of such a
",run, all ronlribUlions from lhe open surf"•. diffracred sound nol only o,,~r

lhe lOp edge bUI also owr Ihc side-edge of lhe end of lhe screen. must be
integrated at lhe rC<'~i",ng poinl

In lhe simplest c.... , if the I~nglb of a half-Infinll~ scr«n is limit~d al on~

end. lbe open surfa~ should be di"idcd inlO lwo zoneo [AI and [B] as
shown In Figure 3.3. Zon~ IA]1S a half_infinne ~mpI;' plane. and [B] is •
quarter·infinile one. l1Ic romribulion of rone IAI. denoled by l .... i.
oblained by lhe m~,hod menlioned abo,~. uSIng lhe palh difference Il, - (m,
+ o;p - SP) and th~ Fre<nel number Nt _ 6,. ]))•. The "3Iu~ of
""enual,,,n dcn"ted h; IN,] is gi"en in Figure 3,2. Then L... - - [N,]
dB. In order 10 oblain the rontribulion of >one [B), denoled by LB. afl~r

calculaling N, in Ih~ path S-OrP. Ibe value of anenu",ion [N,] is gi"en
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Figure 3.3 Sound d,ff'>CltQn >t • <om." of
• qua"., mfln,'. th,n Krun

in Figure 3.2. The limiting off.~l ~auSl:d by the edge of xx'. denoled by
[-N,]. is also gi,-." in Figure 3.2 Then La - - { [N,I + [-N,l )
d'

The sound 1.,'.1.1 P is obtained by ~umming LA and LB_
When lh. "","un has anolher end. the contribution of allQlher open .urf~

of a quaner·;nfinile emply plane should be adckd 10 .he sound I.\'el ar P in the
SlIme way 0$ mention<'d aoo" •.

3.2.4 Simple Estimation ror a Wide 8arr~r

A«ording to much experimental data. the effect of Ihe thickne.. of a ",reen
should be negligible as long •• Ihe thickness i. <maller 'han lhe ......'elength,
HoI".".'. lhere are many occasions "'hen lhe thick"c.. of the barri.r.•uch .s
lhat of. building. must he oonsidered.

The simplest way;s to find Ih. effect of thickne.. 'b" of Ihe wide barrier.
lET]•• ,,'hieh must he added to lhe ,-.Jue of atlenuation by an imaginary
thin. half infinlle ",reen sho....n in Figure 3.4. Though the resull of theoretical
computalion '00"''' lhe resonance eff"'l related 10 Ihe lhiekness b. "'ith
re.sonable approximation. rhe effect of lhickness for a noise h.-'ing •
considerable band....idlh i' presented by

,lET]. _ K· log,.kb (5)

""here K is lhe v.lue gi,'en by a single ch.rr of Figure 3.5. and Ii; _ 2-T/~

(Fuji.....ra. er Ill.• 1977),
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3.3 APPUCATIOS or EXACT SOlLTIOSSOr SOUSI) D1FFRACTlO;l,'

3.3.1 Halr·lnfinit. Thin s.,rHn

Th. rig<>rous wlution fo' spherical w.'". diffraction ,,"'lth a half-infinM ,h,n
SCreen "-ao given bl H M. Macd<lnald (191 S) and 5<'-"31 o'her au,hoT>.

Th. theoretical oolutiooo for the OO\Ind held" 'he t.eei'ing point Pare
generall}' expreSS(d by Equal;"n (6) as ,h. Sum of '''''' terms:

~p.~.+~p (6)

,,-here the first and the second ,erm express lhe diffr.cted sound fields from the
,ui SOurce S. and from ,h. image SOllCC. S' in ,h. SCreen. '<.pc"l'-el) .
• "um,ng perfect ,efleaion at tile .urface of 'he .cr••n,

In Figure ].6. an example of the numerical ca\cula'ion of 'hi' rigorous
solu.ion is compared ,,'llh lhe expcrimenlal ,..,sulls and also with lh~

approximate >'alue. obtained in Figure 3.2 (Kawai ~r 01,. (977). It can be seen
thallh~ c.aCt w1ulion can gi"~ lh~ wund.pr~ssur~distribution nol onh ,n th~

shadow zone of lhe screen but in the brighl zone of lhe wund OOurce.
The calculalion of th~ solulion is \er\ rompli,"l~d. but wme good

approxima6ons \ullabl~ for numerical computalion ar~ also gi"en in lhe
Iilerajure (Kalliai rr al.. 1977).

3.3.2 Infinit...LonI Wide Bacriec

When lhc lhickn~ss of. barri~r is large.;' gen~ral1\ has 11"0 or mOr~ slraigh'
~dg... as in lhe case of a building or an earlhen bank. Multipl~-edg~

diffraCtions OCCur a' e>'eT)' edge of the barrier. An e.ae' wlution of thi. case
was gh'~n based on 'he single "'edge diffrae'ion solu'ion and on roneepts
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F,~u'e 3.5 n., ".1"", of K to oalculate the elrod of thickn.,.
.IETI, a K Jog I/;b). "'hich mU>lI>c.<l<:kJ '0 toe allonua,ion by
the imaginary thin >cr«n ,h",," in Figure 4 ofa ~I"" noi.. b.rr;"
(Fujiw.,." al.. 1977)

inherent in Keller's geometflcal thwry of diffraction. (Pierce. 1974). Though
lhe calculalion i. '-ery ,omprehen,i,-., "",ve,.1 approximation. giving good
resulls are presented for "a,iou••hope. "f barriers. Figure 3.7 shoW< an
.,ample of the calculoted reiuhs compared to value, mea,ured by "sing an
experimental model (Kawai. 1980),

304 EffECT OF SURFACE ABSORPTION or THE BARRIER

The ,u,lace condilioo of lhe barrier mentioned .bow i' regarded a, rigid and
a..umed perfect rell"'t;on. HOI"e"er. wall. or sereens hoa-'ily treated ,,'llh
absorptive mate,i.ls are widely used as noise barriers.

For lhe dfeCI of the surface absorplion of a half infinite $Creen. the second
term of Equation (6), which express<" lhe sound field by reflection from the
barrier surface. must be mulliplied by the reflection coefficient R. of the
surla"" Stricti}' 'I"'aking. lhe reflection coefficient must be the one for a
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Fil"'~ 3.0 Eq....1 loOUrw:I-p<.....r< 1e.,.1 contOUr> of 500 H. __1><1 •
""'f·lnfin". ,h,n !Kfttn: ~Id CUr>" -, ClIkula'ed by \4a<d<)ru,Id'~ .u".
solution; duh-do".d "" by ~ , .~p<rim." ..1cu,..., ,. F"ur.
3.20 ""'ted CU''''' . mc ,.d , ..I"", (K i <I QI.. 1'171)

,pherical sound ....1'. as mC.lInncd on th. nexl ~1I0n. hul ,! is oflen
approsimated, by 'he ~fficienllora plane ",a>'. as practical <00".0;0.«, R)'

means of furlh.r limphr,catlon ,n neglec,ing the imaginal)' pa'l of lhe comples
acoustic ren"'I,oo rocoffkicnl of lh. surface. lh. ,e,ult 01 Ihe lheo'.'ical
derivation i. g,,'cn b) FI~ur. l,1l (Fuji ...,a er ul.. 19n). From the p,ae".al
po,nt of '·IC"'. "'c can qUICkly CSllmal' 'he effecl of the surface al;)"orpllon only
b) addIng 'he '-alue of Figur< ),8 to Ih. "Iuts of OHe.ltalion OOII,.cd by 'he
method mentioned abo'e.

3.5 En-ECT OFSOl:'>O U;rLECTIO.\ nml THEGROL \0

MOSl: of the bafflers a«> bu.lll on lhe VOUnd. atld ""C mlW COfI$MIcr 1M cffCC1 of
"""tid «>f1ecllon ft'Olll tM ,roulld as ,,"ell as the "'rfxc of!he barner In Figu«>
3.9. ilMUmln~opeaIlar «>nCC11DRS .tl.... surfaces of the ..............n .1Id the VOUnd.
S' T and r .«> the ,mateS oflhe pDI1lt "",rce S. and P IS the IYnagC of the
oMene. P

J.5.1 Siraploe Oaip 'I..... for. Barrit'I" _ tbeG....-

A< the sunpkst 'reatmcat of tllo:Koe ""'lid refle<."tx-. the "",r«" 'ma,n T.
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FiIU'. 3.7 ~"al "'und rr."u,. 1".1 "",It"..", of 500 H...",und. manj"-"d<d
\oIIg bar"." ",lid """.. _ .••lrul>tcd by K......i·' .pptoxim.h"": doned <'II".

_ mu,uT<d ,...1.... (Ka.,.i. 197»

T' and S' arc negleeted, and instead, the sound·I.,'.1 31 the '''I' of Ihe "".en.
including Ihe sound renections from ,hose image•. is ~l.Cled as the rderen.e
\'alue of the sound le,~l in 'he shadow-lOne of th. barri.r _tn 'his '''OJ'. we can
ignore not only the direct;>';ty "lth. source but also the renectivity of the
ground. Then at the recch'.'. sid•. the ground r.neetion i. <alculated b}'
means of the same method for Ihe image point P' .•"uming p..fe<:l specutar
renection on the ground. This approximation can be useful for the prao!;ce of
dc.,gning. noise $C•••n ....ted on hard ground.

3.5.2 Insertion Loss ofa Barri~r on th~ Ground

SlriClI)" speaking. the tOlal SOIInd fi~ld al lhe recei"ing point P con';'1< of eight
fieldo ... foil""",

U - <p!;p + <P!;'p + q>,-p + '/>rp

+ <p!;p' + <p!;.p. +?TP' + '/>rp'

where each term is defined ,imilarlj' 10 Equalion (6) according 10 their
,ubs<:ripl. FUl'1hcrmore. lhe 50und renecti,'ily ,hould be consid~r~d a, th~

surface of lhe ground as well asatlh~ Kreen.
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Fisufe 3,8 Effect of ."rf~ al»orp"on of. borrie' c.lrulated for a
thin half planc . ..,Iid ruIVe>: for. hn" ","r~. clolled cu,,..,, for a
point_reo. R- """00 P~"" ron""ion roofflCient (Fuii...·... <I
oJ.• 1m)
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FiJl',.3.9 Se<:lion of. borr;e' on ,lie sround
sIlo"""1 klahO". of • lOUr«:. ,mage: >oo.oes••
rc..."ing poln' and '1. image

When the ",reen has perfeel refleclion. "'. can apply the rigorous ."IUlion of
Equalion (6) Then Equal;on (7) becomes

U-Usp+U-.r+U.<,+U,.,.. (8)



A~"u.<,i<: Shui4ing '"
The tOlal wund-field consistsofthe lour fields in EGualion (8), Also. Ihe wund
rellectivity of the ground must be laken into .ccount,

The """,ffident 01 ground relleclion Q lor a spherical wund wave is presented
as follows:

(9)

where R is the rellection """'ffident for a plane "'ave '1lhe ground surface. and F
isa complicaled malhematical function olthe diSlance from S 10 P. of the grazing
angle 'I' and also of Ihe surface im~danceZ" a..hown at lhe IOpoffigure 3, 10.
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Figure 3, 10 Excess .uenu'lion c."'ul.ted lor propag'lion from. poin'
source Mer mowu g.." for ~, _ 1,8 m, ~p _ 1.5 m, .nd lbe di".OCC'i 01
propaVhon d indiealed. 1lle excess Ol1e"ua,ion i. reloti"e 10 th.t IUT ,be
po,n' source placed on a perf~ly nard surf.... (P,ere)'" oJ.. 1m)

The cu,,"'es in figure 3, 10sho'" exce"alten ual ions ca leu laled fo r prop"gat ion
over mown grass in Ihe configuralion shown al the lOp ofthe figure. These results
show good agreemenl Wilh field meaSurCments. 11 is dear Ihal Ihe excess
altenuation gro~ unbelievably by distance al wme frequency "'ilh no barrier.



'" \'0'" Poliulion

When a screen IS ereCled I)n the ground the effect of the screen on noise
reduction is defined as '[o",n;oo Los,. I.C . lhe difference in ""und-pressure
le,'cl, caused by lhc same source with and without the bam" a, ,hc ol:>s<:rwr P,
11 i' pos,ible for the ",CO" allenuation caused by a barrier on the ground 10 ""
'mallcr than that ,aused onl)' by the ground "'''hout thc barrier. ,;nce il "
possible for the lalter to be wry 'ignifi,.nt as 'hown in Figure 3.10. II
disappears aller the .,cction of the barrier

Figure 13.11 'ho'" an ••ample of thc ,nsertion·los, of a theoretical
,.kol'lion compared "ith the ,imple approximation mentioned al the
beginning of thi' Section (J",; eI al .. 1980)

~m",-------------""~------------.!'o<
F,,,,,,,",,,, ~,

Figure 3.11 lo",'loon los> of. b.",.. '"' the ~r""nd fo, 'he l'C"m«ri,al
configura,"," ,1>0,," at the '''I' of ,h. fi~ur., Th. 1m. ""u,ee " .1:><",. a hard
,u,face.•00 Ih. ground 00 the roo:,,'.r "de of the bam., " hard fo' Cu"" 1.nd 2.
b.I1 ""ft. g,",,-<'<weT.d. fOT Cu",• .1. Cu",. 2 " the pred'<:1ron ffOm Fi~ur • .1.2
tho"Vt the oth." ar•••kulot.d by n,ct ",Iulron. fl"'i" "I" 1977)

3,6 C\lCVI.,\TIO", OFSOU",V HEI.VS IJ\' INTEGRAL
EQUATION ,\lETlIODS

The pmblem of delerm,nLn~ rcfie,·ted or diffracted sound-field, h,,' oflen heen
tre",ed b}' u<lOg Helmhoill-Kirchhorf, ,nleg,,,1 ro'muia 1M objects or 5implr
<h"f'C" Th. malhem"".,,1 ",Iution,. hn"'e"er. "ere not ,uil~ble rM pra<1ie~1

~ppli."linn,

Recently. new lechoique< for nume"c~1 calcululion' or Ihe iO'eg",1 equa,ion
",Iul,on< h""c heen d"'dof'Cd a, deriwd fTom G,,".n', ro'mulu. The
num.rical r«ult< are round 10 he ,n 'er) good agreement with Ih. mea'ured
""lues "s show n ,n Figure 3, 11 (Terai. 19~))
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Fi~ure 3.12 Sound field ''''und '''-0 rigid rect.ngular p1.nes: solid curve-.
oakul...d by ,he inles"l <<I"","on method; d<",.d 0""" ,. m.... 'ed v:alues
(To,"; 1980)

The ad"anlage, of ,his method are related (0 ,10 possible application to all
barriers of any compl.. shape. and for all rigid or absorpli". maloriah. But. II
;$ n."""ar~' to con'ider how man)' di,-i~ions in Ih. g"'en barrier-<hape are
suilabl. for c.lculation. and how 10 Ir." Ih. surface absorption characteristi'"
of the ma,er;al and oflhe ground.
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CHAPTER 4

Psychophysics ofHearing

'-.\ l''TRODUCTlO:-'

Phj"Sial .....nd sumuJi an analj~~'Ihe a .....1O<) '~-slem and <:on.'~"c<J1n10
audilOfy S¢nsaliom. "The 100al prooe'lt of the r<Uplion of auduOfY 'nfor~1I0"

carl be d"ide<! into twO ~Jion> '" IIh funda ....nlally dlffu~nt prott...lnS. In Ih~

first. OKlllahOflS r~lain Ih~ir onlinal charac1~'. arc pr~procns.ed. and .h~n

deli"~red10 th~ n~",~ ~ndinp of.he sem.oryttlb.~ enro<!e Ihe mechan'cal
sumuli as elec\l'C31 action polenllals, Thue. the second r~gion bellns.
rontalnlnll the neural proce...in, ""h,,"h finally leads 10 ludilOf) sensations.

In la~' lum•. 'car" means In fact 'he OulerUr. There are, howe\Cr, two mor~

parts ""hi,h play an importlnt rol~: ,h~ middle ca, and Ihe inn~r car (Figure
4.1 (a)), It is lhe inner car. at whICh - In addiuun 10 a sharp h) drome,hanical
frequen')' sele,li,'ily Ind a Ilrong non.llnearily ~ the tran,formllion of
me<:hanieal oscillalions in,o neural aeli,'ily .akc-s pllce, The fu"he' p'oceiling
of information in Ihe nervous SY1tem.... hkh finlla'e, place in the innCfClr and
hccomc-s more and more OOfnl'licaled ...·l1h h,per neural ievels. IS ralher
romple~ and to a large eX,e", lull unk""""n

In lhi. situalion. PS)'ChoJrousIlCllI uponments. the results of "'!lieh rdale
pbj'loiCllJl)' dclemun.ed .....nd I"muh 10 lhe correspondIng audilOl) iCnl3llOllS.
arc .'erl helpful. SlJCb resulls areb~ on quanlJlali. e slate menU from wbJel:1s
aboul lheir sensal",ntL The mo5llmporanl sensaliom. plld> and - c-spcriaU)
""poranlln our~~ loud"",, .,ll bed~ ,n "''schaper loge.lII:r .,'"
lhe fundamental cffca of mut'"I· hs quanUUlI" e description is lhe baws f",
~ I"')"Chophj-.ical modeb. I", ~umpk, ,he- model of Iou<lncu f..,.".,,,o"
Finally.• few applic:alions of ,III: ron-espoad"'lloudncu calculation proc'Cdur~

and the I"'''..............Ie' .,n he dl$CUMed.

'-.1 STRt:cn:RE or THE EAJl.

"Theoute, .middle and iruK'ur01....... arul"""'llld>cmalJCll1l~ m F,«"U ... I(a).
Tllc ....lercar<Oll«1s l!le1OWld andpaHoeS'lSencr~'lhrough,he""'~f~ ..eattal



Fi8u'e 4.1 (.) SCllemat;< ~,.",ng of tile o"'e'. ,he m"k1l. '01" ,he ,ntle' ,.f: (h) C."",·",<,;O" 'h""'Sh 'h< «",hie" ("'he,,,.,""'II\,):
(e) Enlarg<d ""hem."< d....'ms of ,I>< o.~n <>1 emt;
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to the eardrum. The ouler·ear canal has a length of aoout 2.5 em "'hieh lead'
10 high ",",iti,'ily but alw to hIgh damage su,ccp,ihility in lh~ region near 4
kHl,

The mIddle ear tran,fe" the ""'illation' of air panides (large dlSplaeemenl.
'm"1I fOfce) inm motIon of the ".ter-Iike fluid of the inner ear (,mall
d"pla,emcnt. large force). The {'ansformation takes pl.". through the le'".r
'atio produced by the Jilferent kngth of the arm, of the middle-ea' ",sicl.!
malleu< {hammer) and ineus (an' ii/ and through the ral;O of lhe area of the
large eardrum to that of the small footplate of the 'tapes (SllTTUp). This way. an
almo't perfec1 impedance matchmg i, produced 10 the middle frequency range
"round I kHz. The stapes foorp].!C i, surrounded by a ,ing-shaped membrane
of the o'al \lindow, the entrance to thc inncr car

T\I<> paris makc up the Inner car: the ,'e'tlbular apparatu, with thc
"",mic"cular ".nal, and the cochlea, \lhich is coiled like a 'nail ,hell In a flat
spiral of two and a half turn, (Figu,e ~.I(a)), The cochlea is emlxdded in Ihe
"ery hard temporallx>ne The cross-",uion (Figure 4. I(h)) shows Ihree canal'
'" scalae. "hich run togelher from th. base (oval \lindow) to the apex
(helicotrema). The "ape' i' in contact with lhe ",ala "eSlibulr \I·hieh i,
separated from Ihe scala media onl\ by the "ery thin Rei"ne'-, membrane
(which for hydromechanical purpo"" can Ix ignored), Thc basilar membrane.
howe"er. separ,"ng "'ala media from ",ala lympanL. ,s loaded with Ihe organ
of Co", \I Ith the ""n",ry cell> (hair cells) and i. hydromechanically re,pon,ible
for the Ira"elling wave,. Thi' ,pecial kind of "",illati"n waS disro"ered in the
cochlea hy lhc Nohd pri"e_winning >cienllSl Georg von Btktsy. The
Ira"clling \I,"e. Ihe ,ertic,1 di,placement of the ba'ilar membrane. begin, \I ith
'mall ,mplitude ncar the .",,1 window. grow, 'lowl; . 'eachcs liS maximum at a
cerlain localion and Ihen rapidl\ dIes out in Ihe direnion of Ihe helioolrema. A'
Ihe fluid' in lhe cochlea and Ihe ,urrounding oone are incompressible, the
di,placcment of the ,,"al windo\l must be equalized, Thi' occurs through the
ba'ilar membrane (or for "er, IO\l-frequencie,. lhrough Ihe helicotrema. a
ooMenion Ixt\l'een scala ,'e'tlbuli and >cala tympanI at the ap'" of The
cochlca) and the round \I'indow at the tympanic 'ide of the cochlea (see Figure
4.1(a)). The travelling w3"eS produce a clear "'parallon of different stimuluS
frequencies according 10 Ihe differenl regions of Iherr ma"mum displacement
Thu,. the inner ea, perform, frequenc~' separalion acco,ding to the place
pnneiple tf the cochlea is rhought of uncoilcd and metehed out. the
frequencies can Ix arranged according t<l Ihe locallon of rheir ma~imal

di,placement between the o>'al \lindow and the heliootrema as ,nd,caled ,n
Figure ~.2.

The displacements of the ba'ilar membrane are ver,. small. For normal
eon"e"ation (60 dB SPL). the di,placemenl i' only of the order of lemhs of a
nanometre. corresponding to thc diameter of a h)'dlOgen atom, There arc still
many opcn question, aooUl this extraordinary sen,ili";I,' bUl the fine Slructure
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of the SClIla medi.. "hi>h rollla;ns endol}"mph ;mlud of perilfmph ~ems to be
respon,i~ for "

1lIe organ ofCon, lFiJUre 4 He)) rontaill'i. besilk:o ,,,nouuuppon,n,<:elk.
".e Iw. «lis. ,,·h""' ••( tN.rarlenstialll~ arranged' one I'OVl of 'nMr haIr cells
and th= ......, ofOUlt. Iwr cdls 1lIe l«tonal mrnIbBM...-hoch. panl~ CO'tl'S

the orpa ofConi. inuachcd 10 the .prallimbuullhe ,nner _ ohhe Ka1a
rntdQ,.~ 10 T«C'fII .~.om0t:2ll;ndinll'. ,be hain of tM ,)OUer haIr celk
~ 10 ha,c ~bt"cll W<:III, COIInt'Cliom "',Ih the lmona! _mbnnc.
..'berea!<!he inner Iw, celli Ire on/) ~a~·. ifalai. anacMd 1llc two t"w;k of
hair ceo. """'" qll"c a d1ffcrefll liM ~runure~diffcr~ 'ndxatc lhal
lhe lftll(f and lhe OUI" !ga, cells ha'c d1ffCIT1II fun<1lOnS...hlCll. Ilooooe-Cf. Irc
IKl'I }"el dear

TM rompballe'd and.-antd '''''C""uon of inMr and ....In ha" ...,11$ II) llOl
on~ affcrenl bill abo dfcrenl 11("'" fib<... b«orncs ...~ more compbClllcd "
one lne:.lO follo9o the cnmc f\owof Infomunion from 1M IBMf ca' 10 the brain
.h.rough 'lloe .pptO~""alch' JO.OOOaffcren' audita,} ne"... fibres, ll00-e' cr. I
lonotopic 0'Pnuallo" ,~ found throughout. up 10 the _""'101)' rortu. ,.e .hoc
.-.e,,'c fibres tend 10 ma,nl.,n llle" local relalio",h,p and lhereb\ the"
frequency response m a ~l"!itema,OC' a""nre"",m_ I' .nould be nmed thalllle
frequency oele<:li'-il} for Iooo·inlen,ily !e"ek ;,; so perfe<:l tha, onll a small
group of fibr"" " a<:t;,·oted. For high levels. OO"'-",·er. lhe fibre~ are I",
..,1e<;tive. i,e. a ,ingle lOne &el,,·.te, manl fibre>

At higher pr~SSm8Ie,el,of Ihe audilory '}'Slem. the cells and the cell
respon~ become more and mo'e specialized and more and more «>mp\ex,
Thi' increasing romplexily ean be traced 1o lhe re<XJmbinalion of the "••ious
separated components. In this ",'.y. lhe brain can analyse. for ..ample.
relalively simple deta,ls of Ihe info'malion. such as loudne" or inle,.urall;me
difference. i,e. I",.,ion of sound SOurce. ""hile in DIne. areas the possibl) .' en
more wmpl.. coded melod)' ;,; analysed_ In lhi'< area. our k....".,·ledge .boIll
information prOC'e$Slng i'llill "el'}' inromplete_

4.J PITCH A"''' CRITICAL BA.'\D-RATE

The ph~-wIogica1 faa lhar freq...~ is IOnocopicall) Inll1fured 11110 spe'e>fOC'
pbtn crnle> p'~clloKw~localrounlerparn: The oellS3l,,", of pitch produced
b) pure I<>ne$ and lhe subd" ISIOO of lhe f~",,~ ...".Ie inlO p',ehoKousll.
all) measured mllal ban<k.

P;'eh of pull: lOlleS. lhe so-called freqllme) pitch. i$ mc:aw..ed b) nIa&!luude
esl:;malw. Of b) hal"n, and doubbn. II•• "'nsation b)' "hanllllilhe freq...""}
of a ........mullaMOUSJ' prflCnled compo""", lone of the same loudness bu,
differenl fl'ftjut1le\ The .esults of sod> measure....nl. ha.. led to lhe
<bseo.-el'}' of a .elalloaslup bet"'ffn frequ<:~ of a pure lone and ,he pllm
lotftS,ll,,", prodll«d b\ 11 TIlls reLmo","'p ean he defined from an arbln'al'}
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Fi,u", ~ 2 Enrolk<l rochlea (a) 1M"" • "'001 «Iatlon'/Hp bet....n
f'e<l""nq and pIaoe 0( max,mal d''l'I"""men' eo.••'l'QI'd.in~ P")'CMxo,m'eal
,dot.,.,. ,.1." ,lie pdtfl 0( pur< ,....... '0 f,oq...nq (b) and ,be en,ocal ""nd ,Ole
><2k (c), M.,IIem.,><aI appn><i"""""" or. ,lI<Io<aoed

fixed poinl Smcc ,h.. «Iaoom/up """"'., proportlonolily ., low frcq...nc>n. u
seems 10 be Ipptopt ...,. '0 choose <he fiud poIn' In ,"" Iovo I.oquency fln&e.
i_to 131 Hl<"''''e:lf''O'''hn~ I"the muYa! note Cor I~ Hz~I''''
5landardiud frcque,,,,"y For frequtl'OC) and pUdI ploned bne:arly. F'I"n
~.2{b) shows ,"" plOpo",o,,:aII1~a, loo>' fRq...ftCJCS (da§hcd 5lnJpt 1onel...""rt ."" fn:q...ncy (In Hz) .. equal to t"" pttdl (In ....1), Th'" plleh stMa"O"
incn:lIStd ltntl.ly up to I.oquencies of abou. jOO Hz. For- h,ght. IrcqtltftCJCS.
l"ldllnO;RiIlstS Itss qwdl~ and. all"" ,·try h"h frtqutnC} of 16.000 Hz. I plleh
of onl) 2.400 ....1 "reached The beho"o..... l.oquencies abo>·t jOO Hz
borom... dt., If fl<'q\ltncy is plontd on alogan,hmJC~lcand l"lehon al,nea,
"""I, .. '1'1 Fi.u", 4.2(c): pilch increillstS "'lIh 'he logarithm of f.<'quency
(dashtd s..aiaJIl lone).

A' ~bcd abt»'e. a ,ingle ,one '''mula'ts a ctnain area in 'he inne. ea.
along 'he hasila. membrane, Anothe. 'One ,,'Ith >ome"ha, highe' f'<'quency
'Iimula,es an u.u neaft. 'he 0\..1""r.dow, The c.",cal ban'" a.e ,he idc.hO(td
roun...pam of 'hcst a,e.. along 'he f.equency seale and may be undemood a.
bandfille.. "'l,h infini,ely s,up slopes and I band"'idth CB ....h,ch depends on
frtqucncy. Kuplflg IfI m,nd 'hat sudla .mangulu fille"~ only a "el) first
approximatIOn (sec al>o Stetion ~ ~ O. 'he en, 'cal~d t:<>n«pl i< ntvcnheltS~

..cry uscfuJ IfI many ell.... The'" exists qUllt :a number of p<y<'hoaeousllal
experi"",n" "'hldl ha-o.., buo ustd '0 .... 'ma.. lhe ...,.bh of the en,...1band.
most of -.;Iuch \tad lO iIllIilar \"1.1ues. It \t0lSt IOf \ov.' and medium \t,..k For
hi&M'rlt--els. ,'''' aPfll'OximlOOn may be 100 Ilmplc
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Figure 4,3 Critical baoo"'ldth
a, • fu""tion of fr~"<""l'
M..h<m.tre.1 appro.,m.hon,
are ioolcated

The critical bandwidth. ca. is plottcd in Figure 4,3 as a funCl;on of lhe
frequcncy. It i, ncarl)' con"an, and c'lual", UN) HI fM low frC'lucncic. up 10 5IXJ
HI. For frequenc;c. aoove 5IXJ I'll. lhe c'itical bandwidth i' nearly proportIonal
10 the frequency. Thc 1"'0 approxlmal1on, gn'cn "' dashed Straight hnc. in
Figure 4.3 dcscribe Ihese depen<lellCie. in Ihe respecti"e region,.

When adjacent c"lIcal band, ar<: ordCr<:d SO that thc upper limit nf One i. lbe
lo"..er Iimil ollhe n..'. and whcn each critical band i. a..umed 10 h"'e a cerla,n
con,lant psychoacou,lIcal value, "il. I Bark, Ihe unit nf lhe critical hand-rale. a
psychoacoustlCal scale can be calculared. Such a scale corresponds \'ery clos<ly
10 Ihe pitch scale. only the unilS af< different. I mel for frequcnq pilch and I
Bark for cntical band_nue. Since thecri".al band hasa WIdth CB _ 100 H..t low
frequencies. "'hereland z have Ihe same number. it follows that I Bark. IOU
mel. Using this relation an addil;onal ordinate scalc i, given for Figure 4,2(b)
and 4.2(c) on Ihe "ghl_hand SIde. ThIs scalc. the crilical band_rare <calc. is "ery
u,dul because ;1 relates Ihe phl,.ical frequency "'ale 10 lhe corre,ponding
psychophysical seak "hich is d'-""Iy related to the distan..., along Ihe hasilar
membrane (Figure 4.2(a)), Since one critical band may be UndCT>lood a. Ihe
distance ovCr" hich the car is ahlc to inlegrate intensily. Ihc unil of I Bark seems
10 be more naturallhan lhal of I mel when the effeclsof maskingor loudl>CSllare
10 be diocussed.

4.4 MASKING Ar>;[) ~;XCITATION

Thai wund pressure I<>'el. LT. of a Slnuwidal teSt lOne which in silence is
necessary to reach audibilily' is called lhe Ihreshold inqu;el. PIoned .. a fUllClion



of fr~qu~ncy. lhi' thre'hold marX. lhe boundar)' bel"e~n th~ area of audible
lon~, and lhat of inaudible lOne, and th~rdore i' lh~ boundary of m",king",
"·ell. Th~ d..h~d line. in Figure ~.4 indieal~ th~ Ihre'hold in qui~l' It ,10".-1)"
dccr~a~, .. fr~u~ncy increa~" "",0"" a minimum n~ar 3 kHz and rises ,'~r;;

'I~epl)" with high fr~qu~nei~s.

~.4.1 SInd)' Stale

If an audibl~ sound - for ~xample. a noi~ called l~e mask~r - is add~d

continuOUSI)'. lh~ thre,hold in quie' i, raised to a hlgh~r "alue, th~ ma,k~d

Ihr~shold.~,peciallyin lhl frequency range in ,,'hieh lhe mask~r rontains mosr
of II' sptttral inl~n';ll'. Using Whll~ Noi~. a special ""i~ wilb frequen~'

ind~lXnd~nt in'~n,ily den,ily wjlb no pilCh and no rbylhm. the masked
'hre'hold i' ~Ie"ated more and more as lhe le'oI of lhe masker increa~s

(Figure ~.~(a)), The ma,ked lhr.,hold .. nat al low frequenci~,_ n~, "ilh
higher frequ~nd.., and incr~a.... bl the same number of de<:ibel' wilh ,,'hieb
Ihe level LWN of lhe whilc noi~ maskcr is raised, The mCremem of lh.
whlle·""i~ma,k~d lhr~shold t"",'arlls high fr~quenei.. amount, 10 10 dB IXr
decade, Thus. 'he frequcnCI' ..,leCli,'ill' of Our h~aring syStem. i.e lbe crilical
band"'ldth. inerease' proponionalll "ilh frequene) in Ihal region.

figure 4.4 Thf<,hold of IOf><' in qUIet (da'hed) and lhreshold of lo~ m.,hd b)
While N.,... (.) .nJ I>j Un,f",m croton, N"';>e: (Ill, Pa,.mol.r i. lhe I",al ",und
pressur. 1.,..1("'-"""">drh 16 lib) of lhe _,ker """"'"

ArIOlher often-used broad hand nOl$O is Ihe Uniform Exciling Noise. Thi' is a
noise whieh ronwin, lhe ..me sound inten,,'y In ~aeh enlieal band. Such a
noise produces aimO'SI nal masking 'hre'holds as indicated in Figure 4.4(b).

Broadband maskers ele"ate Ihe thr..hold in quiel o"er almos' 'he loral
audible frequency range. Narrowband m..kers. for example noise' of one
critical bandwidlh or lone,. 'hifl the ,hr.,hold in qoiClIO" ..d, higher le"el'
only near and abo.. Ihe centre freq ... ncy of lhe masker. Figure 4,~(a) shows
masked lhre'hold' produced by cOlieal band noi.... at O,I~. 1. and 7 kHz ",Ih
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masker leHI L .. _ 7(l dB. The shape of the mashd threshold for 1- and
7.kH~ noi~ looks "ery similar. lhal al 0.15 kHz. ho...e,'er. is broadened.
Whether this i. a con"'quence of the f,equeney dependend sd"",tlvit), (tnlical
band...idth) of the ear has to be delermined.

Excitation·lnd Critical band.rate panern. are produced from masked
thresllQld.frequency paltern. a. folio"'", (a) the frequency scale of lhe
test·lone is transferred intO Ihe oorresponding critical band-rale scale; (b) lhe
...hole masking pallern is shifted a fe'" dB u!""ard umil lhe critical band le,.1
is reached for frequencies ,,-here it i. defin.d rhy.icall~'. i.e. 7(l dB at their
peaks in Figure 4,5{a). Such a tran'formation i. dra"'-n in Figure 4.S(b), No"'.
aUthr.., pattern•. including the one 10,0, 15 kHz look "'f) .imilar indicating
almost ronStanl selecti"ity as a function of Ihe cnu,,1 band-rate. I.e. along the
hasilar membrane.

Ma.ked thresholds produced ~' narro,,·band noi\.eS of different l"el•
•ho... an unusual but interesting and important effect; 'trong nonlinearit~

Figure 4.5(c) shovo.. the excitalion leve1-<:ritical band·rat. pattern pro<Juced
1»- I kHz crilical-band ...ide maskers al fiw different Ie'tls, The maxtmal ".Iues
and those produced at \ov.er cnucal band_rates change oorresponding to the
masker le"el increntent. The upper .Iope. ho"'e"er. flanens drasticall, ...ith
increasing ma,ker le,',1. an indication that a strong non·linearit) i' pre"'nt,
Single tone, and oomplex lones used as masker< produac simIlar eNuts,

4.4.: Temporal Elf.....

M.sking eff"",ts described abo". are those of simultaneous masktng. i.• ,
masker and l.st-lon. are presented at th. sam. tim•. Further. the test sound
is a Ion. bursl Ion~r than 200 m._ If the duration Trof the lest tone-burst is
decreased belo... :!(Xl m•. the test tone's int.nsitllr must be increa"'d so 'hal
Ir TT remains ron.lanl. Thi. is one temporal eff.et "'hich. ho...e...r. can be
allo...ed for (if oonstrucung the ucitalion critical band-rate p.ttern of
n.rro...·b.nd noise) by appropriate u!"',.rd adjustment of the l..'el in dB.

A much more important temporal effect ari .... from poSt·masking (also
called fOl""ard ma.king); a mash, burst influence. the audibility of a "er~

shu" t..Hone burst ...hich is presented a time '. aft .. the maske,'s end (see
Figure 4.6).Similarl)'. pr.-ma.k,ng (also called back...ard masking) is created
",-hen the ..St-tone burst is pre",nl.d a lim. <11 before the maskers onset, The
t"'o effect. ac1 as)'mmelrically; While posl·masking can be measured up to

del.)· limes. I,,, of as mucb as :!(Xl ms. pre·masking i. rarel! effecti'-e if 'he
masker IS delayed by more than 20 m., Therefore. th. lalter is often ignored
in the first approximalion. Simultaneous maskIng .. assumed to be
independem of time. at least for masker and leSt sound bUl'St having the same
.pectral characteri51ic - for example. ""hen bo'h are cuI out from ",hlle
nOIse.
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Generally. lhe masker .ho,","1lemporal as well as 5pe<"lral Slru<:lure. A simple
uample in [.kHz lone ,..,n.ngul.fly amplitude m<)dul.,C<.! "'ilh amodulalion
f.~qu~ncy of 10 Hz. In lhi' case. pre-ma,~ing. 'imultaneous mas~ing and
posl·mas~ingar~ of inl~re51 nO' only al a 'e5' fr~qu~n<yof 1~Hll:>u' also On ,h~

!<,w.·e. and upper slopes. i.e. 0.8 ~Hl and 1.6 ~Hz .•e,;pe<liv~ly. Th~ mas~ed

th.eshold.e ,h'e5hold ·in quiet". i.e. lhe ",,,,,,,ion I~vel Sl. is pk>lled for I""
diff~rem mas~~r In~ls L" as a funCtion of ,h~ "m~ ...ithin th~ period Toflh~

mash. (Figure 4.7).The th.eshold ·;n quie" (SL • 0 dB) i. ne"e. reached. i.e.
eXCitalion does no, dmp 10 U'O, For I~SI fr~qu~nci~s a!>o.~ lhe masker
fr~quen')'. ho...·••·~ •. the excila,ioo seem, to drop more quic~ly and more
deeply. The slope of 'he d~<ay (poslmas~ing)r~a<:hesvalues as large as 2 dB
per m•. Th~ ,lope of lhe rise. On the oTher hand. (prem..~ing) i. a!>out lhree
times as large. i.e, some 6dB per ms.

Fo. a complex sound as. for ~xample. the spo~~n ....ord 'ele<lmarousti",.. th~
third dimension, lhe lime I. be<:omes imponant, Its ma.~ed threshold pallem
as a funclion of frequenC)' and limc looks .'e']o' romphcal~d and so does ,he
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"The bo,., ,.,heate an e.ci,.tio. 1e,..1diff.""", of 20 dB .r><! a d"m,on of
2IXI m>. Parame'e, .. II>e freq.ency .'I"."""d in ""'icol bond rale f,om ,
8.a,k to 23 Bark

schema'ie excila,ion level pattern a, a ftlnction of c""cal band ra,e and time
depicted in Figure ~,8, The exci,mion le\'el. L" i, plotted fo' the e",ieal
band·ra'e, 1 Ba'k to 23 Bark a,. function of llme. The temporal structure
"lth,n ,·o..·cI. i' still ";,ible. espeeialll a, large' crnie.1 band·rate. (higher
fre,!uen",..). The lempor.1 paltern of ,he sequence of ,"ou·e1s and eonSOnams
,oge,her u'i,h its ,pread along 'he bas,la, membrane. i.e. its ,pec"al
di'1ribu,;on. coma;n 'he importan, informa'ion

Before the tran.form"ion of 'he eXC,'a"On pattern' into ,he cor'e>ponding
loudness pallern, i' discu,,.d ",me ba'ie facti aboul loudness muSl be
'ketehed.

The mQS' "ell-kno"'n effec' regarding loudnes," 'he rel.tion be,ween 'he
SPL of a I-kHz lone in f,cc.field condi'ion and ItS loudness senlat,on
p'oduced III man, This SO-Called loudne" function i' dilpl.~'ed in F;gure
~.9(.) w"h the refe'ence poin, -m dB ,;. 1 sone. The d••hed SI.aigh' line
represents the appro'ima'ion used for le'-cl, g,eater 'han -m dB, Besides ,he
formulae indiea'ed. 'h', approxima,ion ;, also often e'pressed as: loudne"
grows by a factor of ,wo if lhe le\ el of ,he l-kHz'"n. (0' kludnes. le,·.I) rise,
by IOdB.
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Figure 4.9(0) The loud"".. function, i.e t~ ,ela,ion be,,,.... SPL of. 1-1;11. to""
and ,he Ioudn... it prod.ceo (solid hnc). The loudness of un,form ••"'tin. "Oi~ i.
indi""..d as • <loue<l line. Appro.imat;on. for lorg.. SPL', are 'ndocat«L (1)) Equ.l
IooJdneu """'OU1'S. '-e_ <:onnet"tion of e<j ...lly loud poi." in the SPlA~".I>CY pia".
for 10.... with loud""... (in "'.....) Or loud.... I.,-d (in r/Km.) as param<'<r

Thresl>old ",n quiet' of a pur. lone depend< on ils f,equency. as doc'
loudness. Figure ~.9(b) shoW> lhe so-called equal loudness comours. These
cu,,"'es connect points of equallnudne.. in the SPL-frequency plane of pur.
tone•. The curv.. sho" 'he loudness level in phon•. i,e. 'he SPLofthe oquall)'
loud l·kHz!o••. and 'he ""r,..ponding loudn... in son.... The «Joalloudne..
conlours become Ilaller ,,-Ilh increasing ,-.Iues of the parameter Ls , esp«iall)'
at low frequencies. Thil indicatel that the frequency dependen« of til<:
threshold 'in quiet". i.e, the 3'phon oro-sone CUrve. i. baled on the increasing
body-noile at 10'" frequencies and on the frequency dependent transmission
attenuation au (lee figure 4,14) at high frequenciel.
~de<i the t,,·o ,,·e1I·kno"·n facts outlined in Figure 4.9, other imponant

results have been found, Loudness increase, mongly with increasing
bandwidth of noile' or with increasing number of tonel in the corresponding
frequency range. e.-en if the total SPL il kept constant. Figure 4.IO(a) !ilK>"..
this effecl for noise bands ..l1h the gwmc,,;'-' «ntre frequency of 2 kHz and
SPl of 47 dB (corresponding to 2 sonel): up to a batld"'idth of about 300 Hz
(the crilical bandwidth at 2 k Hz) the loudness remains ConStant but increales
b) mOre than a factor of three for wid" band"idthl. This effect i. lmaller at
low and high levelS, ascan also be leen from the differen« of rhe loudness of
uniform exciting ooiSoC and that of the I-kHz tone a. dra"'n in Figure 4.9(a).

Loudness also depends on the duration of a ""und. For an SPL of ~7 dB, out
of which the 2-kHz tone-bum of different duration i, CUt, loudness decreases
with decrealing duration from 4 sones at 500 ms to aDout l,~ sones at ~ ms. As
an approximation, for duration' smaller than 100 ms, thi' beha.iour can be
expressed as a decrement of 10 phon. in loudneu Inel for each renfold
reduction in duration.



Figure ~_1O Dependence of loud....,. (o'd,na't) "" ,h.
important ...i.ble>. b.nd"idth (a,.nd d.ratoon (b), SPL
and «ntrt.fr<:qu""cy., .nd,••ted

Figu« •. Il(a) Sp<e1 ...1panial ma.king i.e T.dUCllon
of the loud" of. pur< '0"< ...he" ,hil,." '011"''''''
hIll!' paso ""' fun<llOn of 11>< diff...""" be,,,-.en
'0.... ff~uel><Y and <o,"<,lf frcqut""j' of ,h.~, (hI
Temporal pal11,1 masklnl. I.c_ rodUCllon of IoudI>C» 01
• 'DII¢ burs' ,. " "'ift,d 1<rnporally to"....<1>. uniform
u<"i'lnl noi"" fUOC100n of 11K time difft,en«
h<'.,un the.od of ,h. bu",' and 0";'" of lh. IlOilo<
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Correspondmg beh",'iour to lh. ''''0 moSi promincm masking effectS.
",multan.OtIs spectral (UP!",f slope) masklng and non·s,rnuhancou< tempo,al
(post- )m"sking is fQUnd in loudness mca.urement•. II is called spec1r~l panial
ma,k,ng and temporal pa'tial mask,ng. Figure •. 11 demon'trat.' th= two
effecTs and also illustrates - su the in~ns - lhe <peelral and lhe temporal
conditions. figure ~,II(a) sho..... lhal the loudne" of a /iiI-dB pure lOne
decrtascs as tht lOne is Shifted spectralll' to..'ard, the slope of a high paS5 no;",
Wilh a eul-off frequency of 2 kHz, This effecl dcaTly indicates Ihat the
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loudness of the lone I~ nOI only treated at that location along the basilar
membrane which correspond, to the f,equency of the lone. but Ihal its
loudn... i' an imegral 0'-.' a distribution of loudne.s density along the basilar
membrane. From this point of .-i.... the loudness funaion of a uniformly
exci,;ng sound - e.g. 1M uniform exciting no;... - may bt a mo,"" fundamental
relalionship than lhat of the l·k H~ lone. '[be loudness function of lhal noise is
dra,,'n in Figure 4.9(a). For higher \e'-cl, of the noi... the thr.shold "in quiet' i<
exceeded in the whole audibk ffequ.n~' Tange and the .xcitation i••pread
uniformly. Interestingly enough. Ihe approximation of (hal loudn... funclion
at high le,'.I, leads to an exponem of 0, 23 instead of0.3 as for lhe '·kHz lOne.

Figure 4,ll(b) shows the other basically importanl eff""t. temporal partial
masking: the doser a 'hort 2-kllz tone·burst is shifted temporall)' to"'ards the
beginning of a uniform e~eiting noise-burst the more i. the loudness of the
tone-burst reduced. Thi' indicate' thai the ... nsal,on of loudllC$$ is bUIlt up not
immediatel)' but needs time to do so.

4.6 f:XCIT,\TIOS PATTER/\; ASD LOl.:DSK<;S PATTERN

The e"itat,on pancrn. i.e, e~dtal,on level L F , as a function of lhe
critical band_ra'e z. is ,'cry closely ,dat.d to lh. masking paltern. and can be
deri"ed from i1. Ho,,'C"er_ it can also be construcred by using 'he sound
pressure k"e1 uiSling ,n the eritICal_lMnds for th. maIn 0' peak ,-alues. Th.
slopes on either <ide of the main "alues are either defi ...d by the neoghbouring
main values or by' th. sl<>pes of lhc ma.king patterns. AS$Ccn in Figure 4,~(c).

,he$C ,lopes depend on level but not on frequenC)' if ploued a, a function of
critical band·rate, Although e'cita'ion patterns are 'Cry informati"e. they can
not be used d"""lIy to inlerpre' lh. f"rmation of Ioud""ss. becau... the le,'el
"alue does not represenl loudness sensation and can not be integrated,

Specific loudness. i.e. kind of Iou<l ...ss den,itl'. i' ,he value "'hich is ...e<le<l.
From Figure 4.9{a)...e can derive an uponent of tbe loudnel$ function of a
uniform ..citing noise (no sl"pes of e.cita'ion) for larger I""els of abou' 0,23,
Although lhere aTe Olh" methods for d",'e1oprn£ ,h. relation be,....n sperific
loudn",s and e'ci,"'ion. th;, is didac,ically tbe ,imple" way: A n"is<: of 24
eri,iral bandwidth, w"h a totallev.1 of~ fo' ..ample _6'1 dB SPL produce' a
total loudness of 21 son.s. The e.citation 1"".1 ,,'j,hin each of Ihe 24 critical
bands is (64 - 10 II! 24) <lB .. SO dB and 'ha' part of lhe total ..<i'ation
produces a speCIfic Ioudne.. (loudness w,lh,n I Bark which" ,h. tOlalloudness
divided by 24 Bark. i.e, nearly I soneJBark With the e.ponent of 0.23. lhe.
relationship be,wecn specifIC loudnc" and ucitation is dcfinc<l ..""pl for "ery
low values, ..,h.re~ per defin,'ion~ thc specific loudness mu" be zero for lhe
..cita,ion a' the 'hreshold 'of hearing'. Therefore ,pecific lou<lness N· . .. a
function of the excitat;"n lev'el. L F • deviale,atlow'I",'el, towards ""'er values.
Figure 4.12 sho..'s that relation with the SOIInd pressure level L 711 at threshold
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in quiet "' p.r~mClcr.The lransmission al1cnu,ui<)n. Q u. 's !3~<n ,nto.croun, in
'hI< figure'" 'hal [he figure can"" ,implified.

The excitation alld loudness p,me,ns are pinned in Figure 4. 13(0) and figure
4. 13{b). r<~p«li"dy, f"r a 6-I-dB unif"",, ucil1ng "",se (do,,~d)as ...~II as for
a &l-dB crilical-oooo ,,-id~ "",se ,~n,,~d al I kllz (dashed). Th~ lall~r has lhe
S.'m~ lQudncss as a 6-1 dB-! kHz lone, Thc transformation of wund imensilj
inlO ~x"lation" lh~,""hl assumed to be frequency independent for didaclical
rcaWn•. Threshold 'in quiet" i. alw assumed 10 t>e constanl. As descrit>ed
abo"e, 1M excilalion le,'~l of lh~ 6-I-dij uniform ex,inng noise is 50 dB.
indcpcndcm of Crilit:al band rate z. ThaI of the 6-I-dB narrow-band ""ise,
howe,-er. depends slrongly on : (Figure 4. Uta»). Specific loudne.. N' (Figure
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4.13(b)) showu corresponding sba~.The area under lhe en"'e'. ho"·e".r. can
be inTegraled to oblain lhe 10lalloudness N. as indicaled. Allbough bolh sound'
ha"c lh. sam. SPL of 6-l dB. unilonn e~ciling noise sho..~ _ cakula'ed
IheOTelicall~' a, "'ell a, measured psydmarou'lically~ arouT four Time' The
loudn<:ss of crilical band· ..·id. noise. The lran,lonnalion of 'he dala of Figur.
4.I3(a) inlo lhose of Figurc 4. 13(b) darifies wh\ Ihal is Ihe ca'e.

4.7 LOUDSESS CALCULATIOS PROCEDURE BASED ON
PSYCHOACOUSTICAL EXClTATlON

h i' onl~' a rough appro~imalion to aSSume a frequency indt:~ndenltran'mis·

sio n faclOT f.om free·fidd sound, nlen,Ily to e~clta1l0nas Ihe si~e of the head. Ihe
mass· loaded m,ddle-ear os,ides, and the resonance of lhe oUler-ear canal arc
neglected, The'" effeclS ha"e to be lak.n inlo account for pr.cise caleulalion.
using rhe frequenc, de~nd<nl tran,m'SSlOn allenual,on, "',... hich i' 'how'" in
Figure 4. 14 lOT free·field (dashed) and diffuse·field rondiTions (doll.d).

f, ......... -
~

, , • •
Figure~. t~ Tran.m,"';on a"."uat"," for f..e and d,ff.", fields as
a fu""'''. of freque""}

Loudne.. caleulalion useS lhree ps~'ehoaromticany ronfirmed ".ps: lirs!.
sound inten,il\ is ,~c1fall\ divided inlO crillcal·band ,nlen,nies, Sin~ this
separalion i' not ideal. Then secondl\ . the high-frequencysl~ has to be Taken
inlOatt<tunt. Thirdl) . tOlalloudncss is formed by adding uplhe .pecihc loudne..
along lhe critical· band rale. Using lhese rules. lhree methods of cakulal,ng Or
mea,uring loudness ha"e been dC\'el~d: lhe first use. a graphical prQ«dure
and third-O<:l a"e band Ie' e I.a. approx im aTion ofcri ticaI·ba nd le"el, 10 caleulaIe
the loudne.. of ".ad~· sound,. The ",rond ..produces in an electronic set·up lhe
.pectral and lemporal eff.cts oblained from psychoaroustics. Thi, way. a very
prec'se loudness meter i, crcated. The third use. approximations of Ihe
mea,ured fact' to simplify Ihe appaTalu< ,n,o a hand)'. small. bul still precise
loudness mcler.

The graphical melhod uses len differenl graph. for fi' e dilferenlle"el range.
and lwo kindS of sound field (fru and diffuse). The procedure i' "andudi~ed.
Figure 4. 15 illu'trate, lhe examples used abo'e. The crilical·bandwidth noise or
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Figu~ 4. 15 Loud..... of uniform oX<oHng ""'''' and enlL",,1 b.ndw,d,h nOl"., I kHz
(both ...·lth 6-' dB SPll ••lcul.lro for f,..·fi.kl rond"'on ",,"g tho g,"phl<.1 p'oc<du,.
ocrordong I(} [SO Sl2B

the tone ar \ kHz ....uh MdB SPL and th. uniform <Wiling no;'. ",lh the same
SPL. All the thin Ion"" (""lid. dasbO<! and don.d) btlo"! 10 'he onginal graph
5h«1•. The me.5U.ed lhird~la'. band le,-.I. ar. dlSpl.) ,d •• thid, horirontal
bars be,,,,••,, ,h. rorre,pond;ng cul-<>fffrequene,,,,, "flh. lhi,d-o<1", band on
qUO'Sl;on using the ladders. the .l0p' of "".ch ar. marked ,n dB Ih"d-<><I'"
!>and I., ,I. ()\:Ol., Ihi,d-OCl." bands _ and so lh. le,d. - a,. u,u.lI) larger
than .r;li••l bands.} Al1he Idt·h.nd of ..eh ho,izont.llhiek bar. a "cnieallinc
eonn~ets a gl\'~n lh"d-octa,~ band le,~1 wilh iI' lefl·hand n~ighbour Or lhe
abscissa, This approximat.... th~ \I""'P \ov. .fr~qucnc) slope of speC1fic loudness
(shown In fjgur~ ~,13(b)l by a '·~nicallin•. Al each ngill-hand ~nd of a thICk
bar, a eurv~ parn1t~1 to th. th,n dalhed CUr".... of 'h. grnph mu.t be drawn to Ih.
abscissa or th~ firsl right·hand n~,ghbour Wh~ 1e".1 ~..~~d. the CU"'e, Thc
d~ea~'ingCU,"e appro~ima,es Ih~ f1att.r upper .Iope of Figur~ ~,13{b). Thus,
an arca is produced w'hieh is limMd b~ ,h~ abscissa. b) Ihe left or right .nd of
th~ graph and by the upper thick bars or lines (""" Figu", ~ 15). Th~ Iw" a",as
oo......pond ''e')' w.llto Ih~ loudn.ss ohhe l·kHz tone and Ihe uniform nciting
nO;5/:, Specific loudness ofth. lall~r is not flat a, in Figure ~.13 (b) beeau5/: of
th~ influ~nc~ of the Ihree f",quency d~pend.nt "alues: threshold ';n qui.,.,
(ran~mi1sionaucnualion, and bandw,dlh nltlo of the thud octO'" band to th.
en'lCal·band. In order 10 ealcu\at~ Ih~ areas mosl ~asil~. ~ach is transform~d
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imn aTecla~gulaf arta til meJn~ ofa Im~ p~ralle\ 10 the abscl<.sa from the left to
the nth! end oflhe g,aph, The he,ghl u( Ih" lme i,d,osen accur:l1cl} enough b~

c~'e SO 'hallb" "rea under thc CU'W ~nJ the '.<:tang"I., mea UfC .quul in size
(thick da'hed hnc. In Figure 4.15).0"",<1" the graph. ""'II", ;lee drawn w'th
.,:;,Ie, of loudn." "' ""II a, loudn..,;, 'e'el The height of the rectangle is u
mca,u,e fnr the >lZ. "r Ihc arcu, ,inti Ihcreh~ " measure for the 10131Io"do"" of
Ihc I"''' sound, Th,· I-~H~ It",,, p,oc.Iuc<:', ",","dmg 10 Ihc cakulalion
demon,waled. a loud""" '", - 5.J ,one, (GF) rorresponding '0 Uloudo.,;;
Ie' eI L". K fW phon, (GF). The un,f,"m nell,"!, "mSC. hnwe'er. produce, l~

<one' (GF) ",ne,pondlng h' ~2 ph,'", (GF) and th,-,eh\ is OOOUI .1.5 t,mes '"
I,'ud '" lhe tunc on "C\.~>r<J"n<·e "uh the I"lchoacou<tical data memOoned
ah"'e The ,nd,c,,, added ,,, the 'lml'o" "nd um" "and for the cri,ieal·hand
(Ffe'lUenl~ruppen ,n G"rman) .. nd, ,n our ".. ,..,. free·field ,ond"I<.n la'
"pl""",d l<l diffu",·fidd which rea,h GD).

An clect",n,c "'t·up. rer"odue",~ th" graph",,1 p"",cdure i' a I"udne'"
meler" hich can"" u,.,.d ""t "nly tl> mea,ure k'udnes., "I 'teadl «lund hut ai'"
'he Inudne" Ilf temp"r"lh '''ri''hle ...'und, a, a fU!letOon "f time In this <"",.,.,
de."tr"n" m,odel'I>1 the I"l"hoa""u''',all\ measur'.... tempo"'1 clfee" for
ma,king :tnd loudne" .... n'at"'n haw 10 t>c tn'talled: 'oort ri"" lime of the
speCIfic loudne>•. Innger "me c"n>lant and dda) f,,, that channel"h'eh -after
<umm:",on - fo'm, the "'101 loudne" A, an e,ample. the "'Ofd 'elee
"nacous""" u",d ,n F,gure ...~ "lJi.pl"\ed m FiE-uTe". 16 fnr 22 Channels of
the specif", I"udn,"'. lhe ,ummated 'peeifie loudn~" and finall) (nn tnp)
the tot"lloudn"" all a, a funel,,'n of ltme. In manl ea", onl) the upper curve.
I.e. the I""clnes"",,,ne tun('lIon "of mteTe" as " ,ontaLn, the mfOfma,,"n
neec"""l to determ,ne the loudne'"

".8 ,\PI'UCAT10~S

Onl' thfee out of lhe man)' application,. one of the loudness calculation
procedure and ,,," Ilf rhe loudne" mere'. ",II hoc descnt>cd Both procedures
ha.. the tmportant ad'antage that partial areas corrc>pond 10 ""rts 01 the
loudness. Therefore. not onl) the total "'udneSHan b<: calculated 0' measured
but alw [hose spec"al components 01 [he >\lund 01 the noi.. "h"h are
responsible for the largest pan of the loudness st.nd out vel) dearl). The
,peelral partS "hleb arc m.,ked by othcrs. On lhe other hand. are canrelled OU'
completely because thel hc below [he uppc' border of the area cor'e<ponding
[n 10udnCS'l.nd thereio.. can be ignore<!.

Figure ~.17 e<platM "h~ a mnto,qde \A) "nh an A,wClg.!lted SPL of 8.l
dB(A) d"" not nere..anl) >o"nd Ie.. loud th.n a motOfC}'clt B with 8, dB(A)
While type B produces the mos, promment part of tt, loudness ne" 630 Hz. lhe
oth.. part' do not contribute much 101he t01.lloudness, For type A. howO"",
the specifie loudness is d'Slnhu[td almost un,fnrml~. thus producing a large
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Fip'" •. 16 Spec.f"'-Io\>dne5> en,"",l band·,.,. " .... potte'" of Ille .poken
",on:! 'elKTrooorou"...' of Maure 4.8. ro"'me'er i, ,I>< en,,,,"1 band·r.,. from
I B.o.rk '0 22 B.,•. n.. >haded """~ on ,I>< SC<:Ond po"e", from 'Ile top
sllo",s ,I>< ,urn of .11 'l'K'fie loudness<> di"de<I b)' 12, The top """~ displ.\S
the ,",., loud.... os. func'ion of " ....

Mlu,e 4,17 loudnes. po"e"" of ' ....-0 rnotot'qd.. , Type B (><>lid) "'i'b an
A-",'eiJl"ed SPL of 87 dB(A) but > loud"... of onl)' >7 sone(GF) and type A
(<lotted) "itb only Ij..t dB(A) but 59 oone(GF)
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Fip'" 4.18 loud"...·'"". fullClKm regi"ered on
• ,<>ad. The moto'oy<k (Me) aftype A (sec Figure
4.17) folio..... car ., • distance of about 40 m, The
<Ii,un«:, d. be''''«n me'.r and motorcycle i, al..,
indicated (minimal pcrpc:r>dicullI diillJlO< i> ~ m)

area (especially 0' higher f1l'quencie$) and ,hereby a large: loudness of 59 son••
(GF). corresponding to a loudness level of99 phon. (GF). Type B. on the other
hand. produce. 47 sone(GF). corresponding to 96 phon. (GF). although its
A·weighle<:1 SPL of 87 dB{A) i. aetUllJly 3 dB( A) grUter 'han that of type A.

,
-~ -- - --- ----...,

o,b..i~o;_--:,~~,=":"~":::,_,::_;;;c_-;_~,_,"~.,_;-;.."";-;"?---1
,s ,i",.

Figure •. 19 loud" .....'m. function of running "",.e" and
IoIIdn«> of an equally loud >p«<h.<imul>ting "udy nol<e (d..l>td)

Using the loudness meter the IoudIleM olthc type-A motorcycle follo",';ng •
earon the road was measured as a function of Ii me oorrespondi ng 10 the distance
from lhe meIer, The loudness-time function produced by the lwo vehide5 is
pioned ;n Figure 4,18 and ,how,1he loud ness peal<oflhe cartwo se""nds in front
oflhe loudness peal<oflhe mOlo,cyle. whIch 'eache5a loudness mOre lhan lwice
lhat of lhe ca'. h also shows very dearly the long 'tair of loudnes' produced by
'he molorcyle "hich remains for a long time near the peal< loudness of lhe a",
lhe loudn= of lhe ca, is "ery much ,urpassed by thaI of lhe mOlorcvde.

The loudness of running speech is importanl in acoustic communicalion. fo'
example, in lelephone nelworks and broadcasling. Figure 4.19 shows lhe
loudness of running speech as "'ell as the loudness of an equally loud Sleady



'"
no~ (!,"yckoaooustically measured) ,",,'jlh a frequency characteristic corres·
ponding 10 the long time .ponral dimibution of ,peech. The oomparison
indicates ,hat th. loudness of speech il crealed b}' ,h. loudest ..owel. as. for
example. occurs;n 'loud'. Using (heSt peak, in the loudness-time function of
running speech", a mea,ur•. Ihe loudness ofspeech can be c..ily determined.
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CHAPTER 5

Aural Reception

E. A. G. SHAW

5.1 I.....TRODUCTIO.....

Noise pollution is primaril)' a macroscopic ph~nomenon: a blank., of noise
<proad by many motor vehicles mo"ing through a nelwork of ~ily ",r~~I•. or
many machine tool. enclos<ed in a cavernous workshop. And ,t i. primanll' lhe
macr"""'pic characteristics of noise lhal <:aplure lhe attemion of lhose who
seek to bring it under quanlitali"e ronlfol, With lhi. broad peripeetive. noise
eo.ironmenu are commonly characlerized ,n lerm. of romprehen,i"e
paramelers such as lhe A''''eighl~d a"~rage ",und level and measured over
rep,esentahve period. of lime such as the w<)rk;ng day. Thi. chaplcT is
concerned "'ilh lhose a.pects of aural TeCCplion lhal pro.ide the scientift<: link
between the no;.e en,'ironmem defincd in lh~se broad leno, and lh~ human
acoushcal T~C~'VCT w,th ,I. un'qu~ charactuiSlics.

5.2 THE DIRECTIONALITY or TilE HUMA..... ilEAlUNG SYSTEM

A-weighling i' "idely used ,n nOIse mca,uremenI< and ;, a mandalory fca,uro
of sound le"c1 mClCri. Th,< pa,t,cula, frequcncy 'esponse i, somcwho' simila,
10 Ihal of Ihe human hearing ')"$tem in lhal il de..,mphasizcs Iow.frequency
sound' and provides muimum sen,ili'ily aroun<l 3 kHz. On the other hand.
mode", sound-Ie'd me'eri ar~ usually equipped wi'h microphones lhal are
essenlially omnidirectional excepl allhe highe" frequenc,es. In 'hi. respec'. as
we .hall sec. Ihey are marke<lly diff~rcnt from 'he human hearing 'y'lem, The
roawn, are clear; omnidireetionali,y simplifies Ihe ealibra'ion of sound-level
me'ers. improves lhc 'eproducibilily of sound-Ie"el measu",mcnl' and i< ,,-ell
adapled 10 Ihe quanlilati,'c eharaelc,i",,,i,m "f noise en,'ironment'.

The family of curves presented in Figure 5.1 .hows lhe average lransforma.
lion of sound-pres'lUre Icvel from ,he f.-.:e field 10 lhe human eardrum as a
functiOn of frequency al twenl;·IO<Ir angles of inc,dence ,n lhe h<)ri~n'al

plane. To minimize overlapping. lhe Curves are dj, ided into Ih",e groups each

,.,
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Fl~"r< 5.1 A'c..~. tran,,[Ofm,loon of """od pr<»u,o 1e",1 from ff., r..ld
10 hUrIu" ~.fdrum " a fu"",,,"" of I,eq.","l at ~~ .n~1<> of incidence in ,1'1<
~""()n1al plan" A"mu,1> e _ If ,oo,eat., I,onlal i""id<nee_ ""muth 90'
,0d;<.I<, lha' ''''HId ",urco i, faci"slefl"" AI'or Shaw (197-1<)

repr"",nlong 3 h""l{l "'<tor. It ,hould be noted that d"ttl mea,ur,men" of
'IOUnd p,,,,,.re at tile e.,drum are not cas) ond f." such mu,uremenlS h.,·~,

;n fact.l>c<o made, Th,· ,,,If-<:<>n,iSlcnt cu"es pre,;cn,ed he,e ,",'.re filled to

many kind. "f ,de'-"n, experimental d<ow colltcted in lwei". laborato,y



m

~Iud;e~. in f1,'. countries o'".r a tonY'year period oo>'ering a tOlal of lOO
wbjt,,",' (Shaw. 1974<:). Such dl'. procC$Sing e1im,nates much of the fine
S,rUClur' seen in th. individual cu ...·•• but p"'''''''''.' the common character;,·
tics. For individual ,ubjects, the 'nponse cu""' measured wilh one·third
ocl.". band. of noise can be expected (0 dc,';a,e from 'he .'"C,age cu"•• by
less than 1 dB al frequencies below SOO Hz increasmg to 5 dB or rno..., ab<we 5
kHz.
M~l of the angular dependence ""en in Figure 5.1 is due to diffraction by the

hud and torso but the uternal ear al"" makes a signifICant contribution ., the
highe' f...,quencies. This is pa,"cularly .\·idcnt in lhe lateral S('C1or whue 'he
response is strongly dependent on the angle of incidence between J and 6 kHz.
This is largely due 10 diffraoion ., 'he rear edge of the pinna.

Generally .pea~ing. oceupalional noi$< tx"""ure regulation••pecify the
"""ition al "hich mea.uremenl. of ""und le"el are to I>t made l>ut ma~e nO
mention of the nalure of the sound field, (Mu.urements ma) . for example. I>t
required at the 'head """ition' of the employee during normal operation,.) It
i., ho"',,'er, clear from the $Cientific .tudie. "'hieh pre<:eded the regulations
(e.g. Kr)"ter.r Ill.. 1\166) lhar ir is pm"arily a random·incidenCt' (diffu$<) sound
field "hich is implied, Such a sound field is. in fact. a good deseriplion of the
acoustical en"ironment in many manufacturing plant...peciany lhose ,.-hich
ha,'e hard wall,. floors and ceilings and are therefore highly re,'erl>trant. Cut"e
A of Figure 5.2 i' pertinent to such an en"ironment. It ShOll,., a recent tsllmatt
of the a"erage respon$< of the human ear at the eardrum a. a function of
frequenq "hen the ,ubJect is placed in a perfe<:tly dilfu$< sound field (Shaw.
1980). Cut"e B. ,,'hich i' ta~en from Figure 5.L sho".., the average rc.pon..
when the sound field is highly directional and the source of ""und i., directly in
fronr of the subf«fs head (azimuth 0'). As can I>t ..en. the frontal·incidenCt'
re,pon", i. ,imilar to the d,ffu...field respon.. except at "ery high frequenci.,
(7-10 ~Hz), Thi' is fortunate 'inCt' the.. two ca.., may well be 'ufficient 10
characterize the majority of sound field, encountered in industrial en"iron'
men".

Tl\e situation is 'et)· different, '" ,oo"'n in Figure 5. 1. "hen the sound field is
h,ghly directional and the source faCt'S one 'ide of the head. At azimuth (fl', for
e.ample. the re.pon.. at most frequencie., i, increased by -l-S dB as compared
"'ith the response at 0' azimuth "here... , on the far s,de of the head al aztmuth
-(fl'. the response is decreased by ....12 dB. A calculation based on Figure 5.1
shovl-s 'hat the A·weighted sound I,,'el,nerea..s bl' -1.7 dB at the left ear and
decrea.., by 5.8 dB al the right ear when a 'pin~' noi.. source (equal
mean-square sound pressure per octa,") is mo"ed from azimuth 0' (frontal
incidence) 10 azimuth (fl'. Thi, \"anation in ..nsiti'·ity "ith source direction has
important con..quenCt'. for t"'- "ho are exposed to inten.. directional
sound fields, For example. it i. not unu,ualto find rhat people who U$< 'hot
guns and rines de,elop mar~edlydifferent amOunt, of heanng I"" in the t"'o
ears.
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Figur. S.2 Cu,,'. A esllma,.d "'<fage tr.n,fonnahOn of_nd
pr...ur. 1.,-,1 from dIll"'" (TO"dom·,nci<lence) >(lund fidd '0
haman e..drum as • farK1ion of froq.one} b.>ed on ,1><0,."••1
oonsido..uOllS and me',.,m"'"" ,,-Ith • rn<>del.ar Af", Sh...
(19801· Cone B >bovo~ free r",ld rtlpOn"" "'It" 1,,,,,,.1100<10,,,,.
(8 • 0") ..ken Irom Figur. S.l

For angles of Incidence lying outside lhe horizomal plane. lh. a'-ailabl.
informauon on ,h. dlf",,'ionalily of ,h. human htanng sy<tem .. Insufficlen' '0
"'arrant lh. prep"fOlion of .'.rage cur.. comparable '0 those pr...n....d in
Figur. 5, I How.,-.r. r••em s'udles wnh ",.,ce, near lhe ea, indicatelhallh.
re'ponse betw.en 7 and 10 kHz,s substamially incr'''<cd when lh. Wur'. is
"'en .lx,... lhe horizontal plane (Sh." and Teran,shi. I%R: Sh.,,_ 19n1.
Figure 5.3 sh""'s estimated a"erag( transformation IUlI<:tions for the .}'rnmetry
plane of the head at SOurce ele,·.,ion. I>e,"'een (f and t;O' ba!':d On the!': "udies
(Shaw. 1974a) The Slrlking ,nerea!,: in seen\lt"lt~ of the ear '0 >(lund, ,n 'he
7-1(l.kHz band. as the IOU"( is raiseed well ahove the horizontal plane. is
Teneeted in a .trong enhancement of lhe diffusee field re'ponsee in 'his frequen<1
region", .ho"·n in FiguTe 5.2 The explanation of this ,'ariallOf1 In !':ns"i,'il~

,,'i,h SOurce elna"on lies in 'he mode SlTuClure of the human e.•,ernal ear. A
!':I of shallow c'''ities. th( c",'urn. 'he eymba and 'he los,". bring the car into
tran""",,,, resonance in this ,egion c.u\lng It 10 aCI pTlm'fil~· as • d,pole
recei.'er ,,'i,h ,'er"c.l onent'l,on and. hene.. minimum seensit"'" In the
horizontal pl.ne (Sha". 1975: Sh.\\ 19K!a j,

3.3 RE:CE:PTIO....•A.... O pE:RCF:....nOS

When the d"ec"Qnality of human he.ring is disc".seed in the rontext of \<l"nd
Inel me",,,rernent it is implicitly a""med that the two ears operate seeparatel,'
.nd tha' ,ariati"ns in the recei'cd .peeuum are signtficant onl}' in·..,·far as
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they affeel the A-~cighted Ie..el. These assumptions. "hlle Justifiable In the
asseSSment of heuflng hazard. are Inapproprialc ~'hcn impor!ance is attachcd
to lhe reeeption of acoustical signal, in the presence of noise:.

In general. percep1ion is enhanced ,,'her-ne, the spen,al and ,palial
an'ibutes of Signal and noise are diSlinguishable .. ith re'peClIO lhe receiver
eharaCleristics. There is. for example. enhancement ...hen lhe listene' is ahle to
focus anention on a S1ngk m;ce among many in acr""'ded .......t;ng room. The
focusing of attention indudes lhe idenlifrcation of lhe chosen "oicc. especially
lhrough its .peCl,al characteriStics. and the percepllon of an aroustlcal spnee in
"hieh that "oice is separated from Olhe... Much rese.rch h.. been devmed to

the elucidation of meehanism, rel."ng the perception ofacoustical <pace 10lhe
eharacteri."", of the human rccei"cr (e.g, G.tebouse. 1982: Blauer!. 19S2a.
1982b). For prcse:nl purpose. it ...ill be sufficient to indie..e how the interau'al
difference of sound-pr....ure le"el. the interaural lime difference and the
monoaural ,peclral f.Clor rome into pla~' in t~'picalsilualions.

The n..urc of the monoaural spectrallaClor is c1earl) indicated in Figure 5.1 ,
Con,ide,. in partICula,. a broadband sound SOu,ce located in the horirontal
plane and mo"ing through lhe lateral sectOr from 1/ _ «:!' to 1/ _ 135'. It is
e"ident that ,he spec"al quali'y of sound recei"ed b)' the ear "'ill change
su[>stanliall)' as the source mo'·." from front 10 rear lhe.eby ronlnhul;ng '0 ,he
localization of the SOurCe and the form.tion of a spatial image. The inleraural
differences of sound p.....u.e le"el can also be inferred from Figure 5.1 b)
romparingpairsofcur..-e"uehas(1/ _ ~5·. 1/ _ -~5'), Famlhesofdifferene<:
Cur"es are presented elsew~e.e (Shaw. 197(0). As c.n be "",n. for 1/ _ 450



'"
Ihis diffcltll« anw~n15 to 5 dB at 500 Hz increasing to more than 10 dB at
highN frequencies.

It can be shown that the inter"ural time differen"". approach lhe following
asymptotic value. at high and low frequern;ieo:

l,p-(alc)(3s>n8)
IUF - (ale) (sin 8 + 8)

,,'here a is the radius of the head (- 8.75 em). c is the velocity of sound in ai' (
344 mi.) and 8 is lhe Uimuth of the source (see. for example. Kuhn 1977.
1982). AI azimuth 45". tbe .alues of II.F and 'liP are 0.54 m. and 0.38 m.
respeclively. The high frequency value;" based on geometrical acoustics ...llh
Ihe assumption Ihat lhe ray Ira"elling to the right ear bends to match the
contour of the head. The 1o,," -frequency value follows from diffraction theory_
At intermediate frequencies (0.5 to 2 kHz) the s}'stem is disper5i'-e; as a
conscquel>C<:. the interaural time difference in 'his lransilion region depends
on lhe n31me of the signal.

These faclors. lhough much ~'udied in ps}'choaooUSlics (e .g. Jeffress. 1972).
seem 10 ha'-e recei"ed lillie allention in environmental aeouSlics. An exception
ooncerns lhe effeels of hearing proteC1ors on ~ival receplion. In One study it
has been sho"'n that the ability to localize sound source. i. lillie affecled by
earplugs bul is greatly reduced when circumaural hearing prote<:tor. are worn
(Noble and Ru.... 11. 1m), Other studies have been ooncerned ""h lhe effect
of hearing prolectors on the ability to reai'-e "'aming siVal. partially masked
by noise (e.g. WilkIns and Martin, 1982). finally. It has long been known lhal.
in high background noise I(\'el,. ,ubject. ",th normal hearing obtain .Iighlly
higher speech discrimination SCOres when wearing hearing prOlectors than
when unprolected. Howe'-er. a recenl 'ludy sho"s lhallhis i. by no means lrue
of subjecl$ with substantial bearing loss in "hich caS" the allenual;on provided
by the protector can readily reduce the .peech ,;gnalto inaudibil;ty (Abel er al..
1982).

5.4 THE HUMA:'l EAR AS A RECEIVER or SOUSD ESERGY

The performance of any aoouslical anlenna ,y~tem a, a sound oolle<:lor Can be
expressed in term. of lhe para meIer unive....lly used in radial ion theory: the
absorption crOSS-5eC1ion, For lhe ear immersed in a diffuse (random incidence)
sou"" field. the absorption cross-se<:tion Can be defined as the cross·se<:tional
area of the transparent.phere which. "hen placed in the ..me sound field.
"'Ould inlercept an amount of sound power equal 10 lhal absorbed by lhe ear.

Figure 5.4 show. recent estimales of lhe performance of lhe human ear in
term. of the sound po".-er absorbed al the eardrum and at the ",-a! "'ndowof
the cochlea (Shaw, 19823). As Can be s«n, the amOunl of sound power
extracted from lhe sound field i' very sman indeed at low fre<juencies bUl
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iner~ases by almOSl a factor of Lt)X) as the frequ~nel' ,nct~ases from 0.2 10
2.7 kHz (lhe principal r~sonanc~ frequcncy of lh~ human e'l~rnal ear). AI
th,s fr~qu~J\CY. th~ a!>sorplion cross·se"t;on is only a faClor of Iwo below lh~

th~or~,i"al Iimil ;.In..T sel by radialion lheor~'. With furlher ,nCrease in
fr~queney lhe a!>sorplion cross-section remains qUll~ dose '0 th~ Iheorelical
limil while decreasing in a!>solule ,-alue

BClow I kHz. Ih~ a!>sorplion cross_seetion at Ih~ o"al ,,·indow. though small.
is only a liule l~ss lhan lhe ctoss-section allhe eardrum This mean, Ihal much
of lhe sound pow~r ex"acl~d from 'he sound fi~ld is lranSmine<!lo Ihe inner
~ar_ Abov~ 1 kHz. hO""e,-~r, lh~ lransm,ssion ~fficien<1 of th~ middl~ ~ar

decr~ases progr~ssiv~l~' wilh increasing frequenq and.•1 high fr~qu~n"i~,_

only a small fraclion of Ihe sound power r~cei,'~d b) ,h~ ~xt~rnal ~ar r~aches

'he ,nn~, ~ar_

II is lempting 10 link lhe peak at 2,7 kHz with lhe len(l(ncy for
noi"'-induc<:d hearing loss 10 appear first in lhe '·icin;t)· of 4 kHz. While th~

characl~risl,CS of th~ e'lernal ear and middle rna) well contribute 10 lh~

ni(l(n, \'Uln~'abilily of th~ ear in ,h,s frcqu~nc) band. lhere is ~"id~nc<: to
sugg~Sl thaI lh~ characleri'tics 01 Ih~ eochl~a ar~ of gr~alcr ,ignificanc<:.
Ne,-enheless. Ihe frequ~n<1' eharacteri"ics seen;n Figure 5.4 dearly indicale
'hal lhe ear is well adap'ed to lhe receplion of noise impulses ",·;,h half-cosin~

durations of lhe order of 150-200 "". This has r~l~"ance 10 lhe measuremenl
of ,mpulse noise and lhe esllmation of hearing hllUlrd_

5.5 SO~l) PRfSSURE MEASUR.:~n:STSWlTHIS THE EAR

As "'.• h"'e noled ~a,lier. industrial noise exposure is generally defined to

lennS of lhe A-weigh'ed sound-pre..ur. l..'el of Ihe sound field 10 ",hieh lhe
employ•• ,s exposed. Where h.anng prOlectors are ",-om. a suilable allowance
is made for lh~ ~xpecl~d sound anenualion base<! on published dala and olher
cnl~"a (Shaw. 1979). An allemal;'·. procedure "'hich could. in prinripl~ _find
"ide applical,on in industry takes a~h-amage of recent progress in transducer
technology, High-qualily microphones are no",' avatlable wh,ch are SO small
thaI they can easily be placed inside the eXlernal ear. This makes it possible 10
monitor lhe sound-pressu,e l~"el "',lh,n ,he ear and. hence. oblain values of
no,,,, exposure ",-hich lake imo accountlhe eompl~X11yolthe sound field Or 'he
use of hearing protec-rion as well as "arialions in sound le,-~I and sound
speClrum .. a function ofl,me

To be useful. me..uremen1S wilhin the Car muS! lead '0 dala lhat can be
"""uralel) related 10 lhe limilS specified in noise ~xposure regulations_ In
panicular. il is essenl;allhar lbe placement of ll>e microphone lake full aceount
of 'he "-ave propenies of lhe eXl~,nal ear_ 11 h.. been shown lhalthe cavum of
lh~ con"ha is a panicularly anracri'-e location for ,he microphone sine.
pressure measuremenlS within lhe c",'um are well correlated with lhe
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sound-pressure Ie"ds al the eardrum and rel31;\-.I)' Iree from mea,urement
arlifacts (Shaw. 1974bl. The cavum is also a "ery ronvenienllocation lor a
measurement microphone (= Brammer and Piercy. (917).

Figure 5.5 .hows measured values of the transformation of sound.press..",
level ftorn th. free field (fromol incidence) 10 lhe cavum of the concha for four
subjects scated in an anechoic chamber (after Brammer and Piercy. 1m). A~
can be seen. the repealabilityoflhe data is excellent and lhe IOlal spread 01 dala
i~ Iinle more than 2 dB up 10 SOO Hz and only uceeds 5 dB in 5 ollhe 19 !I.l
octave bands. The average Oll~ dala (graph line in Figure 5.5) ran be
rombineJ with the difference be'",een Curve B and Curve A in Figure 5.2 10
provide an l':!ltimate olthe average lranSlormalion ohound·pres.ure Ie"el from
a diffuse sound field 10 lhe ca"um. This is sho",n as Curve I in Figure 5,6. An
independenl e.limale of lhlS funClion can be oblained by combining CUr\'e A
of Figure 5.2 ,,'ilh informalion "'hich can be inferred from the "'ave propenies
olthe utemal ear (Shaw 197-k). This is shov.n as CUr\'e Il in Figure 5,6, Tb<o
differences between these rurve. ran be ""ribed in pan, at leas'. to real
,"arialions in the amount of sound reaching the cal' lrom any gi'"n sound
field due. lor uample. 10 ,'ariation. in lhe absorption of sound by clolhing. In
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of frequency fo' fouT adult male "'bjeeb, AIle, Brommer .rId Pierey
om)

Figu'e 3.6 bhn"'e, of .,·e'al\< 'T.,,,fo,m""'n 01 "'''lOt! poe"u,. le"ol
lrom diffu'" (ranOOm"ncidence) "lUnd field to e.,um of ."e,,,,,1 oa, "'.
IUIK1IOfl 01 I'eq.......,.. Cu,,'. I F,om Fig"'.' S.2 and S.5. Cum, II F,om
Fig 2 arid Shaw (1'f14<:). Cu,,·. III S""""h ru"e p",>p<»«l for pra'''''.-al
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m

any e'-enl. 'hese differe"""" are no, large al mos1 frequencies (1-2 dB hel"..., )
Hil) and. for prac"cal ru'p""". can !>es, he handled by d,a"';ng a """"'h
cu,,'e such as Curve III in Figure S,6 which can ,.,,'. as the link hel"ecn
'in-ea,' m.aSurem.nl~of sound-pressu'. le'-el and noise e,posu,e 'egula
'ion~. To ,mplemenl >Deh " mea~uremenl syslem ,I " llttt's.<a'y '0 exlracl
A-weighled sound le,'.ls ... hieh are equivalent to those ,pecified in the
,egulalion~. Thi' Can be done hy inse'ling an addi'ionai "eighling ndwork.
which i. the inve... of Cu,,'. Ill. al a ,uilable poinl in Ihe rne""uremenl
~)'Slem (e.g. in Ihe mi<;rophone amplifier eire"il).

The me"urement of ""und-pressure le"el~ ....nh,n 'he ea, prov,des a mean~
of <letermining noise-exposure le,'.b "'hieh cannot be me"ured by 'landJfd
melhod•. Thi' ,ecbnique i' parlicula,ly wilw 10 noise-Inti measuremenl~

where ,he ear is eovert<! by earphones Or protect,,'e clothing. It has also been
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su=~fully U~ to mtaSulC the nOI~ exposures of mOloKyde riders and
indu'trial ,-.hide dri\ ers (Brammer and P;.rc~. 1977).

5.6 SOU:"U PRESSURE ME"SURE'IEJ'o,S WITH
BODV.MQUlIoTED MICROPIIOSES

It is oommQn praeliC<c to mon,'o' human noi~ exposure with instrument, such
as the personal noise dosemeter ,,'h;eh use body-mounted microphone•.
Unfortunately. lh. A.welghted ",,,nd-press,,,.., ~"el mu,uTed ",jlh a mk·
roph""." mounted on a ....orkers shoulder. breast pocket Qr helmer ,s nOI
nu..... rily an accurale measure of the sound field to "hich he is ex!",,<"d.

When" small m,crophc>nc is pla.ed nn the ,urfac. of 3 rigid impel"";ouS
obslade Ihe mea,ur«l ",und pr.ssure is. in general. different from 'he
pressure in the free·foeld. Figure 5.7 silo"... how Ihis difference '-aries "..ith the
"'",'elength of sound ;, and 'hc angle of Incidcn<:t e for a iphcTlcal body of
radlUi a (Sh.", 197Ja). A' can be <;cen. there arc incrcase. in sound pre..urc
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1e,~I ..-htn 1M microphone ison 1M "lmihfsidcofthesphtn: (II _ O.4S".nd
-45') and comp;ml1i,-el~ lillie change ,n 1e,,,1 ., ~razinl illl."idtna:
(6 _ :::90"). On 1M 'dark' side of the SJlM'C (C-8- fJ· :::135") tMre: 're
dene..... in ,"",,1 Uttpt for the: "bollll JPOI' 11 1M centre of 1M dark SIde
(6 _ :: 180") ",he.., IMfe is I smaD ,ncreitlC In k>-cl. 1'h<c,c IS aIoo an ,nereitlC

,n "",.,1. "",101""" b) 1M broken hM In Fifl'" 5.7...ben the opherc is p1attd l/I

• BIIdom·incidentt sound fiC'ld. All of Ibn<' dfeeu arc 5igrnfic:anr "'hen the
..-a."ckngth of sound is aIIIIparabk ""lh or cECe<h 1M arwmfc'"",« of 1M
spMf(:.~ frcquencytak "'lhe boIlOll ofF"1pft 5.7 hal been draW'll for tM
""I"". _ 14 <:rn. '" bod....ppn:r<......"h 1M radll..of the haman 10l\<l (SIll... _
\9741) 10 p'" a rouJII incbc:lllon of the: I'IIa#Un.lk of tbt <hffnction clreen
..hldlarc 10 be upeete<l"~lhbod,·,.'Ol'llm~_

"'Mn 1M obu~ is CO'"r«l ,,"h SOUnd-ltKort>I"! rm'tnal.•IM: "",n<!.
pl'nSIlf(: Ie'eli 10 be c~ptC1C'dan. 1Il1cllIIrai. \000.." tlwltho!c in<bcaled ,n
fi,orc 5 ~ Al hIgh f~ueDan. lhlli hal been oonfirTmd UlXnmcnf1lll~

UnfonulUld~. tbe experimental C'OI1dlllOnS 1La.·c .,me'd from stud~ to 'l~
Ind lhot mull. ha,'c .-alied :KCOrdlnl1~_II IS Jlo,.,-~~tr "'1Kth nol:ing lhal Kuhn

------
•,

••-,
•,.-.Q. 0

I'.:: ~.,
•" .c. ., _0

•;; i .,
••
~ -4, ",, 'c.o--;l;;---;~~,
... ..., .... '0 '0 .. '""'._,-111
fjll'~ 5.8 T~_ of ..-l p<eMlIl'e Ie\'"
___(~l -...I fidd '" ton<>
...rt-._f__ ofmq ,_Bnlb.. _<b<Joo1,

lbo:"' ~ !of _ Mrd """"~ of.- 13.7 em
-.I " .... (lm) Expt..-.w~ >bcJW d:au
..s.pt<d "- m~ .......' lUI .-nb __
-JCCb _ • -t. dol..... -nil .,. ;.am.
SlIiO<d IlrI:I probol>k TlllF of ''li'X>. Fl<lIII SlIn
(11IMt)
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Figure 5.9 Tron,formoti<>n of 1<)"00 pr.",,,r. ,.,'01
f,om doff",," (... ndom.incidcn<c) ",,,od fiold 10 '0001
de, ••• f"octL"" of hquc""~ Bro••n hn. sho~.

,~.ti<.j <Uf'" I",. hard ",he,. of '"~'"' 13.1 ""
~d on Kuhn (1979). E'p"n~n..1pol"1< sho~ da..
ada",¢<! I,,,,,, ,...., np<nm<n..1"ud;n ,,-i,h a hum.n
..b",et and> mannikin clothed ..-jth .Inn Of jockel.
Shaded un Indicates probobk Tang. of ,....1",,, F",m
ShaY'- (l~b)

(1979) na$ reponed ..,uh, for a to,<o·moumed mlC,ophone on a hare pla,lI,
mannikin ",-hieh are in good agree mont uilh the broken line in Fj~ur. 5.~. The
nperimenlal data shOwn 10 figure 5.S are drawn from four Studi", using
microphon", mounted at 'he eh.,1 ", brca>! pocke' po<itlon on human subjects
or dre'oed mannikins (Sh.", 1982b\, The original measurement, "~r~ mad<
.. ith o<la\'( bands of noisc, on~'lhird o<la'e Nnds or pure lon~s and lh~ data
are presenled for a random Incidence sound field. $ome of lhe .pread of dal"
,an probably be amibuled 10 differences in lh~ weight of clolhing used and
differen"". in the placcmenl of ,h~ microphone There is, howe' cr. no
consisl~nl pa1t~rn and on~ is forc~d 10 ronclude thaI th~ .haded area in Figure
5,8 i' a realistic mdica'ion of lhe uncenaint) which i. pr~sem .. hen
m(aSur~men'.arc made .. uh body·mounted microphone. in a random·incid·
ence sound field. As can be "'en. thi' uncerta,n" range. from 2 dB a, 250 H~

106dBa15kH~

Two of the four authors cited in Figure 5,8 also m~de measurements" ilh the
miCT<lphone mounted On the .houlde,_Data for 'hI> 100allOn are prel<:nted in
Figure 5.9, This small pool of data indicate. that _for frequencies grea'er than
2 kHz, mea'uremenlS of wund'pressure Ie' el at lhe 'houlder position are less
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...bj~et to unc~nainly than m~asur~ment. made ",ith a cheM-mountcd
microphone. Howner. lhis advantag<: ,'mually d'$3~3rs"h~n th~ l"C"lpon'"
to pio~ no,,,, with A-w~ight,og is ron,id..~d.

In both ca"" it can be inferred that the use of hod}'-moun'cd microphones
imroduce. an unccnaim) of approximately ±2 dB ,n 'he A_weighted sound
k,'clmea.ur~m~n,
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CHAPTER 6

Recent Advances in Understanding Hearing
Mechanisms and Hearing Impairment

E. F. EVA,.s

6.1 INTRODUCTION

O ..~r th~ past 20 yun in part,rula•.•h~ cochlea has .ecei,"~d an ~normouS

amOun' of allcn.;On from Ih~ phy'siologiSl. Thc .....0 ma,n ,..,ason. for this
all~ntion form th~ focus of .his brief r~vi~w. and ar~ of ,..,\~v.n~ '0 Our
understanding of sensorin~uralh~aring loss of roehlear origin

Firsl. has becn lhc demonS'l1ltion .ha. th~ roehlea l. mor~ .han m~r~ly a
particularly sensitiv~ microphone. It carries out .h~ sub5.antial part of a mOSt
importan, fun<"lion of ,h~ audiwry Sy-S1Cm. namoly' frcqu~ncy analy";" .h~

abili.y' of thc ~ar to r~sol\'~ or filur oompl~x sound•. lik~ speech. into .h~ir

compon~n. fr~qu~ncies. On .hi, d~pends m""h of our ability.o h~ar specch
soundsdearly'. especially' in compeung noise. Whilc ....c do no, fully undcrstand
how .his r~markabl~ fillering ac.ion of Ih~ cochlea i. blQU~Jll about, i. r~quires
~nergy and ;s phy-sio\ogica\ly 'ou\nerable, Consequently, it is easily impaired in
pathological conditions of .he cochlea.

This leads to the second ,..,ason for the conlempol1lry interest in the roehlea:
pathological condition. of 'he cochlea can be readily set up in animals ... animal
'models' ofcochl~ar h~aring loss_ Thcse have helped to aCCOunt for a number of
features of cochlear hearing loss in physiological terms. particularly r~cruit

men, and deteriora.ion in spee<;h inte\ligibili'Y. On Ihis ba.i" new .ools for
diagnosi. and n~w aid. for .chabih'.tion are beginning to emerge, Finally, very
re~nl phy-siological studies of lhe ~ff~<"Is of .'arious ag~n'$ on .he animal
cochlea appear .0 off.. a potcntial animal model of tinni.u.,

6.2 FREQUESO' ANALYSIS BY TilE COCHLEA

In c.-ery'day· use, the ear ha,.o analyse complex ",unds. likc specch. Thcse
con.ain frcqucncy' components which hav~ to be separated OuI for 'hc spe~clI

sounds .0 be recognized. This process of separa.ing one fr~quencycomponent
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from anolher simultaneously prescnt. is called frequency 0(31)'$15. frequency
,esolut;on. Or frequenC)" selectivity_ ThIs is a mOSl,mponant function of the
ear. and yet !'lither ...gleeted compared ",-j,h the more "ell-known function of
frequency discrimination. This is the ability of Ihe ear to discrimInate one
l,equen")' as being different from anOlher prescnud S"quenually, not simul·
taneously _The two functions. frequency selecti.'ity and frequency discrimina·
tion may well be related (b"an•. 1978). bUI for the purposes of undemanding
speech. the former is the mOSt imponant.

It has I<:mg been known that lhe car is capable of a remarkably good
frequency analyms. within ccnain limili. bUI it ha. been an opcn qucstion as 10
where th" frequency analy$ls IS a«omph<hed. Re«nl ph~'siological alld
PSI'chophy.leal e'idence now sugges,s 'ba' 'bis mosl imp","ant IU""'ion is
already largely accomplished at tbe Ie,'el of the c<Xblea. In the c<Xblea. Ibe
penpheral auditory <yslem i, supphed w,th a bank of remarkably shaf]lly luned
filtel"$. each filter fillering. <>lit of a complex sound, signals ,,'ilhin a relatively
narro" bandwidlh offrequenC)' (E"an., 1975, 1978, 1981)

Fuquency Thu5hold C",,'e5 (fTC)

The c<Xhlea', filtering ab,lily is best underslood by reference to the
properties of Ihe afferenl ne,,'e fib'e. from Ihe (:<)Chlea to lhe central aodilory
nervous syslem. in the cochlear or audtlory ne,,'e (Figure 6, I), Figure 6, l(a)
shows ,he ,e,ul" from a .ingle cochlear ncrve fibre, 01 'weeping a pure lOne up
and down ,n frequency al ,ncre...ng ,,"unJ le,'el, across lhe cochlear fibr.,
frequency response area, The spike responses are lhe individual aClion
polentials of lhal cochlea, ne,,'e fibre reconlcd h)' a micmelcctrode mserted
inlo it. Outside the cochlear fibre's frequency response area. only occasional

Fi~are 6.l(aj ,~,eroeleetrode ,«:ord rrom "n~. fibre in cochlear n,or'" 01
.u,nea'pli. ,n re"""",,,, to """lin",,", 'one '~pI ,n I ..quency ,n , dB "ep' <>f
..."",,,.'ivdy h'&her "I""r Ie.. r, Ar'.rn... ,weep' ore ,n Of>PO'>'te dn..llon, Spok.. are
monopha>icolly """tive olld O.~ mY ,n .mph'ade, S"'ccp rotc !inc." 14 kll'i""e, l1lc
outline 01 ,he frequency rc'po>n"" orca tha, defined" the frequency Ihrc>hold ru"..,
(FTC), 1lIe eh.,K1ernlic f'equency (CF);" 1IJ til., See Ie., (bl Frequency thrc>-h<>ld
CUI"" (FTCsI of ,,"gle roctIlcar fibre> recorded from "",mar and abnormal roctIle.. ,
compor<d "'l1h anatogo,.> dat. for rhe ba..lar membra... , Go'nea I"g. Conl,n""", at><l
<lashed line. 'hrough d... poln'" ~TC, of eighl cochlcar fibre' lrom ,0< normar
cochlea., Upper dotted e""c,,, FTC, 01 rochlear fib,•• lrom rochle.. rendered
ab""'mol by cl,culatory m.dc:qo.Cj (CF, at 1.9, 3.11d 10 kll'l. l1lc dott.d co"'e 01
highe>l CF (24 ~Ilz) "-" oblalncd ,n.n ot........,'" _mal cochle. Lo~r dott.d
ou""" .n.togo,., curv.. deri''td from lhe measuremen!> of'he ";br.. ion amplilude: 01
'he ia,nc"l"g ba>ilo' mem~..nc, by von Bcke,y (1\144: ,0"'" ""'~ 'ip "I O,J at><l 0,95
Ha), by John"""e, Ta)'1or ar.d Bo)le (I97\): dotted Ou....'•• , Ig kl1,).1Id by W,I",n
.1Id Jo~n>l""" (1972; da>.I>ed curve at 211 kill). All I~r<>hold CUI"" are rorreote<l to
..,.,nd pfM"''' w:,'~1 (In dB SPl) al 11>0 Iymp"noo memb"",. onder cto.ed burto
cor.<!llion•. 1lIe basil.. memb..... CO"'" arc posili""ed .,bllT.nly on the ord,n...
",.Ie, After Evan' (1972).
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lICIlon poltnlHIJ spikt QroIT spontanrousl). Wilhin Ih~ Ir~qu~n'1 response
area. however. lhe cochlear fibre respond, b) generaling a contInuous burst of
spIkes. This i5 ill uci'alOry re5pon5e. lhe only re'ponse gi"en hy cochlear
fibr'" 10 single lOnes, The out Ii"" of lhe rough I}' triangular response area we
call the frequency 'hreslK>ld OT 'luning' ""r"e (FTC). In Figure 6.I(b). a family
of such FTCs .. plOlled for e'ghl cochlear ne"e fibres. each originating from a
different position along the cochlear parl1l10n The curve eentred at lO kHz is.
in fact. lhe frequent}' lhr"'hold curve for Ihe fibre of Figure 6.I(a). The
frequenc-y rorr5pOl\ding 10 lhe IIp of each FTC i5 called the characteri"ic
frequency (CF) of that fibre. It iSlhe fre<juency al "hkh Ihe fibre'. response is
mOSl sen'ili"e. The characleristic frequency of a cochlear fibre lherefOTe
obviously depends on the posllion along lhe cochlear panilion from which it
originales. The "",,'es 10 lhe lefl of Figure 6.1(b) are of roehlear fibres laking
origin f.om lhe apIcal. lo,..·frequency end of rhe cochlea and lhose 10 lhe righl.
from lhe high·fre<juency basal end.

FUler;ng Acr;on of Ihe fTC

TI>ese roelliear fibre frequeacy lhreshold CUt"es represent quite formidable filters.
An enginttr would measure lhelr bandwidlh 3 dB up from lhe lip (the half po·...-er
bandwidth) aOO "'QUid fiOO lhem 10 be one-lhird to One-sixlh of an octa"e "ide.
TIle cul.ofhlopes_ from lhe ltp of the nc 10 the ·skirts·. are vet}' steep. e~ing
""eral huOOred dB per octa'·e. particular1) on lhe high lrequcacy side and for
cochlear fibres "'ith Cf. abow aboul 2 kHz. A charocteristk of these roelliear
fibres is Ihallhe <leep """·.fn-qucncy cut-offbemmes ,uddenly less steep. 10 form a
''''''''-frequeacy tail" al aboul 70 10 90 dB SPL. For cochlear fibres "'ilh CF. below
2 kHz. lheir fTCs are more symmetrical. aOO lhe <ul-off slopes b<:come
progressively less Sleep. the """."he CF,

Any audilory ,timulus ha"ing energy lhal fall' ,,'ilhin lhc FTC of a cochlear
fihre ,,·ill. in pnnciple. e"okc an excitator)' ..,pon$( from it. Furlhermorc. for
cochlear ncrve fibres ,,'ilh CF. up 10 aboUl 3 to ~ kllz. lhe panerning in lime of
lheir discharges "'ill"" dominalcd by lhe frequencies at rhc lipof the FTC. This
mean, 'hat. for complex 'ignals like speeeh. each indi,'idual cochlear nerw
fib.e will have ilS response governed both in term. of the number of discharges
per serond (lhe mean discbarge rale) and 'he l<mporal panerning of lhe
discharge' (fo. low CF cochlear fibres) by the frequency COmponenlS falling
"'ilhin I""ir lrequenC) response area. These generalizations. howO"er. only
apply strictly ~t lower inten,itle" At hIgher inten,ities. cc:rtain non.linearitles
make themselve' fell. panicularly saluration of the ,pike discharge rate aooul
-l() dB 00 average abo,e threshold. and lateral suppression. described in detatl
else... here (Evan,. 1975, Rose ~ al,. 1974: Sachs and Kiang. 1968, Young and
Sachs. 1979).

The5e filtering characteristics of Ihe cochlear nc" e fihres are Imponant for
ou' underslanding of how the car an.al)'se. complex sound<. because the neural
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filter bandwidths arc mQre than ade<juate '0 accounl for the psychoacoustic
frequency sdecliviTy of the ear (E>-ans and Wilson, 1973: Pickles. 197~),

(There are a number of difficultie' in .11empts '0 reroncik filler bandwidth'
den"cd from an lhe different psychoacoustic, animal beh.>ioural and phy
siological lechnique, of measuremenl. bUI taken together they suggest 'hal a
value of about 10% for bandwidth _ about one-$i1,h octave - afford. a
reasonable description of lhe fillering ability of the cochlea.)

To a fint approximation. therefore, the ears" ps~'dlOacou5Iic frequency
",leet;>';')' is already determined ., lhe level of th. cochlu. The cochlea.
thncfor•. is no mer. mIcrophone. but i. insuumental in carrying oul much of
the m"", imporTanl funClion of frequency analysis. Wilhout thi< .....e .....ould nol
be able to hear ~peech dearl~'.

Acti'" Fille,ing in the Cochlea Partln'on

One question .....hich has dominated a great deal of cochlear physiolog)' in the
I..t 20 ~'Ur<. is ho..... lhis extremely sharp tuning is produced by the cochlea,
Until "er~' recenlly. measurements of the luning of the basilar membrane had
sho"rn illO be much 100 bmadl~' luned to ac<:<lunl for the Sharp cochlear fibre
luning propertiM (Von Bek~y, 19-14: lohnstone n Q/.. 1970: Rhode. 1971:
Wilson and Johnstone. 1975: Sellick r1 al.. 1982). Thus. in Figure 6.1(b). the
lo.....er curves represenl meaSuremenrs of ba~ilar membrane "ibration in the
gUInea pig plotted so as to be analogous "'ith the cochlear fibre ITCs. TIte
basilar membrane Cu"'es appear '0 be Ihow of lo.....·pass fil'er<, These. and
Olher findIngs. suggested that in lh. cochlea, ",e might ha\'e a 1.....0 stag.
fillering process: a first filler. lhal of lhe basilar membrane, follo"'ed by an
hypo'heticai 'second filler' responsible for ,he Soh.,-p band'pass luning
properties of lhe cochlear fibres (E"ans, 1m; Evans and Wilson. 1973).
Some "eT)' recent measurement< of basilar membrane motion. ho"'e'·.r.
suggest thaI lhe previous results may well describe "hal might be called lhe
passi"e vibr.uion charaeteristics of the basilar membrane. Under conditions
"here lhe measurement technique does nol diSlurb 'he ,'eT)' del;';ate organ of
Coni. much mOre sharply tuned responses have been oblained (Khanna and
Leonard, 1982; Spoendhn. 1912), These. and olher results to be referred 10
later. suggest thaI lhe basilar membrane and organ ofConi may .....ork logether
to form an aeti"e filter complU.

Ph}"Jlologkol De,.,io,ol;o" of Cochlear Filleting Mechanism

An imponam discovery of lhe last 15 year< rele"am 10 lhis question. is that
lhe cochlear fillering mechanism is ph)'siologicall)' mlnerable This meanS Ihat
alleralions in the ph)'siological condition of the cochlea can cause the normally
sharp fillering properties to deleriorale. A variety of effecls can cause
reversible alleration in the cochlea's fillering (Figure 6,2). Thus, a short
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FigUf~ 6.2(a) R"enibl< eff«" of hl'l"',ia On the 'unmg 01 ••ingle roehl•., fob.. in
tho cat. [."', ,.h(".~ tim< """.... of JfO" «>eh ..., oction potential (CAPI ampl;'u<l< ;.
, ..""".. 10 click ."moli of ron"'.' .mph'U<!e (.pprox. ~ dB al><",. Ih""'hoId)
pre.en'«I e'-eIY 10 ..c. The IlltCk bar ,.doc"" ,he dura,,,,,. of ,wuc""" of ,",po'ed
o,)'g•• 10 S%, The bu. ",'.r ,tI, CAP "'<ord indlcal< II>< tim ... dunng uh,,,h ,h.
FTC, ill~"'al~d In to< ma;n figu," "'Of< d<lumin.d. Cu,,'. A rontTol ob,.inM
bolO>". roehl.a, hj'l"',ia d<¥~IOf'<d (0« IUt), C."es B '0 E; durin; J<>'<k>pm<n. of
c<>chkar hrroxia. C.,,·c F; durin; '''''''''0" from h'po.<i•. 1'0" 10» and po.nial
"''''''''<ry of low th,......,Id. "".rpl)" luned segment of FTC, Aft., E,,". (1974) (b)
R."."ible e/fe.t' of fur"..mld< .• potent ototoXIC d,uro1t<. on FTC of "" «>chi, ..
fib.e...."0....' ;nje<tk>n of 2() mg fur<»emid< into th, ,ubdui.n ..t..~; of tho ..m,
"d< ."h, """"'I.. , Cu,,'o A, ronnel FTC. Cu"'o' B. C. durin! ><1,en of fur<»em;d,
en """"'10., NOlo""" of 10-<0' thre<hold "plIont of FTC Cu,,~ D. E. F: ,«O';<IY,
Aft.. Evan••n<! Klinh (1974)
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~ri<>d of hH,,)~ia (Evans. 1974; E,-ans. 1974; Robc:mon and Manky. 1974)
(Figure 6.2(a) or an intra-oneri.] injection of furosemide (E, aM and Klinke.
1'174) (Figure 6.2(10)) will c'usc. ",,,h,n lhe space of a few minute,. Ihc
cochlear fibre FTC to lose ,II ""', th''''hold. sharpl) tuned tip. boeroming high
tnre.hold. and broadl) tuned (upper doned curves in Figure,; 6,2(.) .nd (b).
If lhe physiological insult is shon·liyed. ,-ino.lll comple'. '<OOy-cry of the
lunIng can occur (Figure 6.2. CO". F). S,m,lar. hul "revers,ble. eff"'ts ha' c
""en 'ho"" 10 ocrur as a result of ","'cf-e'posurc of lhc car to oounds
(Lil>crrnan and Kiang. 197~) and 10 anlih,ollCS of lh••treplomycin family . such
as kanamycin (Kiang n d/.. 1970: E"ans and Ihrrison. 1976; Ibrrison and
E,-an•. 1979). In lhe"" caseS. " is "f'cn lhc QU'er hair cells "'hi<h arc
preferenliall~' de,troj'ed, and the changes in the FTC, nOle<! in Figure 6.2
<lCCur for Ih""" fibr.. originating in the cochlear region, "he,e the outer hair
cells are mi,sing. Thi, is mapped Oul ,n ~lgure 6,3(c) for 'he <arne gUIl>ea pig
cochlea from "hich the cochlear ne,,'e FTC. were measured in Figurc 6.3(b).
While 'he innCT hair cell, appear to he 1n10<" (bj lighl mic",,",opical
eumination al least). the outer hai, cells arc mi.. ing for the basal half-tum
(fl-.-5 mm), The corresponding frequenci" arc "00.' 10 10 15 kHz. and here
the FTC. arc high Ihr..hold and blunt. (The significance of Figure 6.3(a) "ill
b<: rderred to la'er.) Findings suCh as Ihe.., .UUeSled Ihallhe normal sha'l'
tuning of cochlea, ne,,'e fibres. most of "hich orig,nate In the ,nnCT haIr cell.
(Spoendlin. 1972). might be dependent upon the integritl' of Ihe ourer hair
celb. This apparenll) parado,;"al silualkon has led '0 suU",,'ion. 'hal >Orne
form of inleraction <lCCU.. het"een ,he lOncr and our.. hair ..lis either at the
mechanical cellula' e1e<:trical or cwn neurallC"e1 (E"ans. 1976, Zwi.locki and
Sokolieh 197~). The laner possibility has been uneqai"ocally e~duded by the
,'c"" recent mi<:roclectrode recordings Irom indi"idual in""r hair cells in the
guinea-p,g cochlea. by Russell and Sellick (1978) (Figure 6.~), Rc<;<)rding from
the basal 'um of 'hc guinea·pig <:<>ehlea. Russell and Sellick sho"'ed thaI inner
hair eells produce an as)'mmetrical receplOf potential relkellng Ihc ",malu.
",awform (Figure 6.4(a}), At high frequen.i••. the receptor polemial is nO!
able 10 'follow' the st,malu. "'",dorm. and a d.c, p(lIenlial remains. Thi,
receptor potential i. as sha'l'll' tuned (Figure 6.4(b) as the cochlear ne"'e fibre
FTC•. Whale,'" the cochlear filt.ring mechanisms are. they must precede the
generation of receplor potent13ls in the ,n"", hair cell<.

C(Xhl~ar ACOl<$li" EmiSSion

AnOlher "e~ reeenl and eXClt,ng finding rel""am to Ihi. question of cochlear
filtering, i, Ihe demonmation that ea.. not only 'eeen'e $<lund•. bUI under
cenain condilionscan emil sound. (Kemp, 1978; Wilson. 1980). Thi$ acoustic
em,ssion can take t"'o form" an ewked emission ...-here a brief click or
tone-bu~t can e"oke a brief emission (the so-ealled cocillear 'echo' (Figure
6.5)). and a oonlinuous spontaneous emission untriuered by an e~lern.1
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Flgu« 6.3 S,m,I.",;" 0.,,.....," human -l"r<l>oph~,,",.lluning<ur>-" (a) in • patien'
"'''" high I,.q""nc:r h•• ring 1_. and J>h~~.J 'luning eu"n" (h) in. gUinc:A "'.
nr dam.g<d by kanamycin. 'The ,I\adcd a..a. (e}. ;nd"'.,,, lh. proponion of in"'" And
0111<' h.i, ",II, r,m.inin~ in 'h, =hl<. at 'he lim" of lh, phy;iologiool ...cording. All
of ,h. Ou'er hair ""'lis (OflCj arc missina from tPlc fl"l 4--5 mm alII><: "",hit•. lhe hiih
fre<1""""Y end. 'Thc oxhlea, n~"'e (un,na "',,"'" (moddle ..<t,on) hOI', 10>1 ,I><" ,harp
(uninll ,n tlle reg'on <;Or'.,pondmi to the k»s of out<r hai, <ell•. Tho 'p'~'choaoo~"ic

'uning cu".... (a) are obt.ined bj" tone on 'Of>< rna",in, le<hniquc (>« loxt). (Afte,
E,..", & Harri"'n (1976) and W'Vilma" " ar. 09'72\,)
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Figure 6.4 Intracellular p;>tenllal. from mamm.lian Innor hoir ",,11, (0) Inlra«!Iula,
poten'ial ,,",.,dorms 'ecorded bj' • mo<'oele<trode In an in....' h.i, <til in ,II< b>..1
(bigh fr~"."0' turn) of gu,n•• pog: (0-<1) to. tOl>< bum of I"..' (reG.,n')' (300 Hz)
and., diff...nt l<lund,p,."'UfO le,-d•. Th~ "..a,-.I<>rm "Ilhe "im"l., oon be ",en in
th. '"PO"''' (",jth di"oni"" at high !eyo!», (ej , ..pon«: '0 3 \:.Hz tone. Not.......11
"c. rc>pOn.. "'pcrimpo;.ed upoll I 'OMlan!;.1 (c. 12 mV) dcpolarising polenti.1.
(eo.."",y of Dr. I J R",,,,U. I. Phy.,<>I"I}'. in P.... ,1 (b) Van.lIOn in ."mulu. Ie,..l
,equired 10 ~e<:p d.c. r«eplOl' !""'entl.1 consl••, acrooo !Teque!><1 101' thre<: "01...,...
(i..,,'oltage fr.qu~rw;y tun,nl ""'H"). Aft., Ru_lI and S<lh.,k {1m)

5I,mulu•. Much ""cent work sugge'$IS (hal this slrange phenomenon may
originale wilhin the organ of Coni b)' mechanisms nOI undcmood_ Very
recend)', lhe organ of Coni has been shown 10 conlain ronlraetile proleill'<,
panicularly actin (Flock, 1980), This leads 10 lhe highl)' .peculali"e suggestion
thaI the organ of Coni mal be abJc 10 rC5pond me.hani.all)' 1(> incoming
sounds, Sin.e the cochlear emission phenomenon is ph~'siologically vulnerable
and has a number ofother fealures related 10 the sharp tuningofcochlear nerve
fibres, il hat been suggesled lhat lhe phenomenon may be bound up Wilh lhe
cochlear frequencyseleeti'-e mechanism (Kempand Chum, 19110), Th;' would
mean lhal lhe cochlear 'micromechanics', i,e. the mechanical propeniC5ofthe
b:lsilar membrane-organ of Coni romplex are not pass;". but aC1i". in the
sense of requiring energy fOf normal sharp luning funetion, and possibly
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FillU'. 6.S E'o~.d 'cochlear .mi~<>n.·_A\·er.~d

"'PO'''' to ehe" recorded by • ><o,,,i,. m,o·
rop/>on< in "ar can.' of fl,-. human SUbJOCh, TIt<
fi,,' J "" .oo..~ "<fOge' o""~ by 'tlmolu,
(UPI'<l). Subi«'> ""'" c!l<»en '0 >1>0.... "ld< ,"n~.
of re<p<>nse fr<qu<~••nd tile co"eP>OOd,ng
<lIans< of latency. F,om W,I"", (19l'Jl)

involving the aclive general ion of vibration. II is conceivable that weh •
me<:hanism could achieve a high dtgrtt of..,nsitl.';ly and tuning by mean, of
"po"iti". feedback' ""hereby a mechanical fe.pon.. i' generaled by the organ of
Coni in phase with ,h. ,ncoming signal. Thi~ muS' ,.main in ,h. r••lm$ of
s!",culalion, h"",'.>'er. umillunhe. infoqna'ion On Ihese phenomena become
avail.ble. How.,-.r, ,.king all Ihe re«n1 dlila lOgctber, lhey do $Ugg<"1ho'
lh( eochka eanl\Ol now be considered to ha"e passi,e m""hank•. bUllhallhe
aeti'ilY of the hair cell. (the hypolhetical 'sccond fille,') mu.t be an integral
pan of the rochlcar 'micromechanics' and be the source of energy input 10 lhe
fillering process. There is even accumulaling evidence that the active
mechanical propcnics of the rochlea can be controlled by .timul31ion of lhe
efferent ne".( suppl)' 10 the rochtea (Mountain. 198Ol· Thus il is poi.ibl. 'hal
lhe m""hanical stiffn... propcni•• of lhe hairs or hair cell. could be controlled
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by efferent 'lOne'. Again. the ';'uo,ioo heT(: '. paradoxical: the great majority
of cochlur effe..n.. in mammal. end upon tbe OIlIer hair cells. whereas Ibe
majority of afferent nerve fibr.s originate from lbe inner hair cell. (Spoendlin.
1972). Presumably. the rnicTQmeehanics of the cochlea mus, depend upon the
phyiical integrity and mechanical prop..';"" of the cellular elements within Ihe
organ of Coni, particularly the outer hair cells.

6.3 COCHLEAR HEARING LOSS

11 "'ill bt' dur from the abo",. Ihal lhe coch"'.r filtering me<:hani'm. are
'1!""mely ,'ulnerable 10 phy>iological insuh. o.'crcxposur. to noise (Liberman
and Kiang. 1978), reduc';on in the oxygen supply to the cochlea (Evans. 1974:
Robt'rtson and Manley. 1974). exposure to Ihe loop diuretics (e.g. furosemide
(Evan. and Klinke. 1974»)....10<)'1310:> (Evans and Bort""t. 1982). and to the
aminoglyrosid... (e.g. kanamyein (Kiang el al .. 1970: E.'aM and Harri""',
1976: lIarri"'n and E'ans, 1979») all produce <kterioration in the fil,ering
characleris,ics, which if prolonged, become re,manen, (uprer eun,t< in Figure
6.I(b). Similar effects are oblal~ as a resuh of surgical interfelence "'i'h
the cochlea (uprer eur"es in Figure 6.I(b )), haemorrhage, etc. 1n olher words,
all modIficatIons in cochlea' func"on so far stud,ed h3"e one common end
resul" delerioration in the lunIng prorenies "f the cochlear n.,,'e fibre•.

Thi$ means 'ha' in human cochlear pa,hology "'e should expect an i<knr"'al
de'erion'ion in 'he frequency sele<:ti.'it~ of the cochlea 10 Ottu'- Olwiously.
we CannOl s'udy this dire<:Uy. hen« there ha$ been a ron~<krable interest in
the last 10 years in the Slud~ of 'anImal models' of hearing loss. and in
eXlrapolalions from ,hese animal model, to dinical finding.. Thc anImal
modcl$ suggest that lor the t~'res of cochlear pathology men,io~ abo... , the
chief phY'iological change is a deteriora'iOfl in Ire<]uency selecti.'ity.

If lhe frequenc~",Iccti'ity function 01 thc audi,ory 'Y'lem i' alrcady largely
determined al lhc rocl1lear ne",e le"el, ,hen we should expect, under
condilions of cochlea, pathology. to obse",c deterionuion In thk ahility. 111..
lIa' been re«n,ly demonstrated to occur by a varie,y 01 techniques (J..eshov,'ilZ
and Lindstrom. 1977; PIck. n al.• 19n, Wigh,man.r al.. 1977; Zwicker and
Schorn. 1977). Of the psycl1oacou"ic lechntques, lhe mos, readily understood
result (although possIbly lhe mosl dlfficull techniquc to apply) is thal of the
'psycl>oo.<:<Mlstic tuning cu",e' technique (Figure 6.3(a)).~ps~choacouS1ic

luning cur"... are ob'ained by plotting 0'" the Ire<]uencies and intensities a,
which a <ccond tOne will ma,k a lOne 01con"anl frequency and inren,ity. The
shape, of the psychoacoustic tunIng cu"es resemble those of cochleM fib"
FTa in nonnal tars;, an<! 'his i. one ol'he eviden«s lor the "a,emenrthal the
ears psychoaCOllstic frequency sdec""ily ;s alread)' largely dClermined at the
cochlear ne"'e le.'e!. Under rondilio,," of cochlear pa'hology. however {Figure
6.3(a)), 'he psychoacoustic tuning cu",es Io<c their low th"sltold. sharply
luned ,ip and become .. blunr a'lhe physiological tuning cu",.. ob'ained in tbe
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animal modcl~ 01 ro<;hlcM hearing 1()5!; (Figure 6.3(b)). Othel PSl"thoarou~lic

methods are more c.~il)· applied in lhe clinic. and ;nvol\-•. for e.ample. the
masking of a lest lone by no;.., .Iimal; having alternating ~ak$ and "allc~'$ln

lhe spectrum, i,e.' oomb-fillercd ooi.., (Pick rI 01.• (977). From the..
meaSure men's. ,'alues for lb. fille"ng bandwidths r", the ear for rhOS<'
frcqucneies can be obtained. Generally ,peaking. the greater the hearing I",•.
the greater lhe deterioration in frequenc) select;'-il) . in other words. the wider
the luning bandwidth. This i, in ag..cment w,lb lhe findings of lb. animal
modtls of cochlear pathology. [\ i. clear. ho"",,,"', that rher. i•• large
variation from penn' 10 poinl...prescnllng ,nd"'idu.l ear d,ffercn=_
DeterioratIon in frequency sel~l;v;ly can lherefore be used as a sensit;"e test
of damage to lhe cochlear function al leas' in certain indi"iduals (Pick and
Evans. 1980). and is a direct measure of the expected I"", in audilOry function.
A number ollaboratories are therefore inves'igatlng 'he "alue of more selected
and more specialised le.,. such as lhe..-. for the diagnosis and assessmenl of
palienls Wilh cochlear hearing \.,.•.

AnOlher approoch is 10 use the audiwri evoked pOlenlials, Using
electr<Jot'<Xhlwgraphy. and SImple masking techniques (Harrison n al.. 1981).
,t is possible 10 obtain"" called'S'"," cochlear "",ion polential lUntng CUf'-'es·.
,",'hich resemble approXlmalely lhe luning CUf'-'es of ind"idual cochlear nef'-'e
fibre<. Under conditions of cochlear pathology in holh animal' and human
palients. lhese gross cochlear aClion pOlen,ial tunIng curve••ho'" lhe same
kind of deterioration in sha"" at s"",",'n in Figure 6,3.

These findings from animal model' ofcochlear palhology are ,el,,'an, '0 our
understanding of l~ change, ,n audllory processing of diagnoslic importance.
namely. recruitmenl of loudness and the inlelligibili,y of speech. deal' wi'h in
de'ail elsewhe,e (Evans. 1975; Evans. 1975: 1978),

6.4 TlN:-onUS

In lhe last ,,,-0 0' ,h'ce iears. effo,'S ha,e been d"ected al setling-up valid
anImal models of human tlnnitu,_ A major p,oblem in lhlS is 'ha' 3! p,esen' i' is
nOl possible 10 de"ise a beha"ioural inde' Ihat an animal is experiencing
liMitus. Two '.'ays round 'hi' problem have t>«-n e,plored (Evans elal,. 1981).

Tbe fi"'t " 10 use sufflCienl doses of salic;,la,e until blood le'-els are oblained
lha' would be associated with 'innituS in man (Mongan el al,. 1973), Th" has
been done in a number of anaesthOlized cats (E'-an, and Bore",,·e. 1982;
Evan••r al.. 1981), Un"", ,aliC)'lales. lhe mean sponlaneous diseha,ge rate
shif'ed upwards. Thi. is in lhe opposile direction 10 thaI normally encountered
in animal Sludiesof the effectsofOIOIO'ie agen',. This may well. theTefore. be a
ph)'Siologlcal correlate of salicylate-induced tinnllu., at least. The only Olher
report in the Iileralure of an increase in 'pontaneou, discharge rale following
cochlear palhology is lhal observed in a minorily of ca" examined about one
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Fillure 6.6 Effe<t. of ,..ri"". manIpulation. on tile sponta"...,,,, emi,""," .ignal
"moll ...."".I)' re=nkd from. lIuin•• rill 1<OIl>tinlly ,n ,lie ... canal (A,) and
,1«1f1<oII,- from the !nuod ,,-indo" (11."') of ,h. ro<hlu. ' .•pontoneou. emi,";."
"VIOl> (1."16 ..Hz; II dB SPL: 7 jlV r. m.•.1. b. be... p,od"""d in tbe oco.",i<: emi..ion
"JIllI by tile O<lditioo of.~ 'one (U7 kHz. 22 dB SPLj, From E"..... <fl.• (1981)

month following noise o'e,-stimulation (Lillerman and Kiang. 1978). This
again. rna>' be ,he correia,. of llnni'n< in co.." of noi.. ","'c,-.timulation.

Accompanying tile incr.""" in .pont.neou. dis<hargc rat. in sabe,'lat.
poiiKIning are alt.,alion, in ,h. tempo,al discharge pall.rn. of rochlear fibre.
(Evans and BoreTW'. 1982; E'-an. nul.. 1981). Whether these are relevam '0
the perception of tinnitus i. unknown.

A scoood animal model of human lInn;,u, lhal ha, re«ntl)' been <ludied is
lhat of a conlinuous. lonal emission in a guinea pig (E.'an. rl ~I" 1981) (see
Figure 6,6). TIl" emission had a number of charanrrislics In COmmon ,,-ilh 'hat
recorded In human subjects{Wils')n. 1980)' II could be recorded ... an acoustic
signal in the ear canal; it. amplitudr and frrqurnC)' wrrr affrned by changr. in
lhr stiffness of the middlr·ea, s)'strm; ;1 could be s)'nch,onized by tones of
nrlghbounng frrqurnC)' and .upprr""d by lones of highrr fr"'luenC)'. TIIr
Ir'-rll; of the continuous emissioll and of lhr synchronizing and supprrssing
tones werr analogous to lhose ,rcordcr1 in man. In lhe animal model. ho"-rvr,.
il wa, po<siblr to drmon.tralr that thr emission could be rt'cordcr1 as an
elrellieal signal from the round window (E.'an, n ~I. 1981), h was also
pos,iblr 10 demonstrate that the tonal emission was n011;kel)' '0 be generated
by Ihe middle car, il ",IS unaffectcr1 by muscle paralysing agent' and by Jeninn
of Ihe lendon of the stapedius muscle, Furthermore. ;1 could be subslanlially
allenualed in Ibe ear canal by change, in the $Iiffness of 'he middle...,a, system
wilhoUl Jignificant change in the amplitude of tbe round window reoorded
signal. I" !atenC)' (4 ltt'l) wa, also 100 ,hOrT for the middle...,a, muscles 10 be
invol"ed, The Jen.ili,·i,y of the emission 1o both acotISlie Trauma and hrpoxia
indicaled lhal il "-as" physiologically .'ulnerable as lbe luning of cochlear
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n(n't fib.t~. All the .<ide"ce lherelore su~e$ts that lhe wigin of thi~

spontaneous emMion is ",me 50n of metabolically laml. mechanical
disturbsn"" ,,'itbin lbe rochlea it",l! of the kInd discussed abo". ,n connection
with the 'cochlear echo' phenomenon. From measurements on human
subjects. this form of 'inn nus. a<s<X'iated w,th a ."'o'dable signal in 'he ear
canal. is Iikel~' to be ''''!rioted 10 the cat.go.l' of so-called 'ph}'siologlcal
tinnitus (Wit"," and Sunon. 1981). How far it is represental;' c of the t}'pcJ; of
tinnitus encountered in the dinic i' currenlly und" <ludy.

ACKNO\\'LEI>G1::.\I EST

Thi' chapter represents an abridged 'Of<ion of material publi<hcd in
BUl1erwonhs lntomational Medical Rnie"s-OIOlar)'nJ!.ok>g~~Volume

l----Dlology. edited by Alan Gibb and IV Man,fi~ld SmtIh. Bult~",orlh,

1982 , and i. ",prinl~d by' ~nni.ion of ,h~ pubh,hcr.

6.5 REFERENCES

8<:k"'y. G. _-on (19-1-1), t:bcr di~ m«h.nisctl< Fr.quen13naly.. ;n <l<r Sctln<.k.
_'.""hi.<I<ne, Ti.~. Ak""ik~ Z .. ,. 3-11

han•. E. F. (1972), Th. fr.qu<ncy ...pon>< and oll'1<r pr0I"',,,<.01 "ngl< fi~r<, ,n Ihe
~u'n<"prl onehl... n.". J. Phy"oI,. lUi, 16.....287.

E"'n>, E, F, (1974), 111< .ff"",. ofl\,'po,;a on ,1'1< ,un;oJof .io,l. onehl.ar".". fib,••.
J.""maI ofPh"ioIot._. ZJ3, (6..(,7.

h.ns. E, F. (1974). AUd,to'} ff«lu<IIC)' ... l«1r"I' and t~< rochloa' n<"•. ,n Z,,',.kor.
E, and Torhardl. E. (.<1>.) r"m "nd Moder, in Hnl,rng, H,,<I<lbc,!. Sp"n!".\'".
lal,IHl-l29.

E,'.n•• E, F, (l97S), 111< onehlear no" e and rochl.., nudeu,. rn Kei<l<l \\ D, and
Neff. IV, D. (.d.,) Hoodbook of 5<os",:,' Phu,oIOf.'"' Vol S. Pa" 1. A"di'",:,'
Sp'''''. Sprin!.,.\".~a~.H.id<lbc'l. l-H.Il!

hon., E F. (l97S), Normal .r><! abno'm.1 fu."""",n! 01'1'1< roehl.a< n<,,·•. ,. 8<:ncb.
R, J.. Py•. A. and P,.•. J D, (.<1>.) Souod "':opTlon in ",,,,,,mal, (Sy'rnpo>rurn of the
Zoolol,o.1 Soci<t, of london. No, 37). london. ""adornio P,es,. 1J.....16..,

E.'an•. E. F, (1975), 111< shaTJ'<nin~ of <o<hl<a, ff«lu.1IC) ,,"It<'li'';'~ ;n ,1'1< o",maland
abllOmlal <>Xhl... A~diol08}"'1a. al9-U!

E.·.IIS. E. F, (1976), T.mpo"l ""'''''''".u,,1 he."n, 10»<, .nd 8'1\ ••". oh.ng••. ,n
Hendo""". D .. H.rn.m;ck. R. P.. Do!.anjh. D, S, .nd ~1<Il., J. II (.d.,) £11«Is of
No"e on Ifeoring: Cri'ic,,1 issu". R..·.n Pr<»..'1eu Yo'k. 199-111.

E".n•. E, F. (1978). PIa« and ';m< rod,n~ of fr<quellC)' in ,he I"'ripheral audi'ory
.,..,.m: ",m< ph;,inlopcal prour>d «rn<. Audio/~'. 17. 369--410.

E"an•. E. F. (1978). Periph.ral audi''''} pro"''''in! in normal and abno""al urs,
ph),k>logica1 con.i<l<,..i"". fo, O11<ml'" '0 rom!",n,",'. fo< .udi'~' dofici" by
amu"i" and .le<tri<:al pro>'h..... in LUd"igsen, C. ano 8a,I<><I. J (<<Is.l 5<.,,,,,neu·
,at 1I"'.;og I""",im"or "nd Htaring Aids, Xdndmd"'Q/1 AudiolOfJ." Supp/e""or. ,....

E..IIS. E. F. (1981), 111< d,'nom;' ranll. p'obl<m' plat< and lim< rodrna at ,h. 1<,.1 of
rochl<a, n.,,' and n...1<u>. in S;'ka. J and A"k.n. L, (<<I•. ) ,\',",on,,1 "'rrhu"isnu
of Hta.iog. N.,,· York. PI.num P,.... 69-85.



'"
Evon>. E. F. and 80,.,,,,.•. T. A, ([9ll2), 0I01OXK: ,ffect> of ..1iC)'1,'<> ()fI II><

r<>p01UC'i of <i"~I< roo: Iikaf n<fH fi h,es and on cochkar po«nt; .b. Bniuh lou",,,1 of
....udioJov·

han>. E. F. and HaITi_. R V, (J9761. C"".I>.IIOO 1:><,......" "",e, ~." cell dom.;.
ond dc,eliof.hon of rocIIl<ar ...n. '''0'01 pmren,,,,, ,n the ~u"... p;g. }ou",al of
Ph,.,iol<>gy. zs.. 43-1-1

E,-on•. E. F.•nd Kltnk., R. (1970). R,,-.r<ibk dlcet> of '-)'llnod<.od fu'''''''mideon the
lun",! ohiogl. roehlear fLbrc>,J"",,,.1 oj Phpiol<>g>". :!42. 129-131.

E' ..... E. F. and Wil",n. J. P. (1973). F~\I<rl<Y ...k<1i,·il~of the oochk•. in Moller.
A. R. (ed.) &uk 101«""""'''';0 He"""I. New York. AcoJcmK Pi..... SI9-SSI,

En"'_ E. F .. Wi!soll. J. P and 80<.""•. T. A. ([\Ill I), An,mal mo<\c:l. of ,innllus. in
h<r<d. D, and La"..",,,",,,,. G. «0.1>.) Tinn;'", (elBA F""O<Ia'''''' Sj'rnpo.>s,um lIS).
lon<!<:m. Pi,,,,•• Med;c.I. llaS-I2'l.

F1<><k. A. (19i()). C"nlra.clil. p""".' In halT coli., HN''''J R".",.n. 2. 411-112.
H.",,,,,,,. R. V.. Aran. J .~t. and Erre. 1. .1'. (1981). AI' ,unin~ ru"n from normal

and patholog'cal humao and ~u,"<a J'I~ _hk••. Journal of ,~, A""""ical S<K,,')' of
A"".ica.~. 1J74---1JS5,

Ila,,'''''''. II. v. arK! E.'.m. E. F. (19191. C""hk.. fibre r<Sl""''''' ,n lu,ne. POlS ~,th

~,.1I4efine<l """"e.r 1<sIons. ,n Hote. M. arK! <Ie Boe•. E. (<<k.) Mod'ls of 1M
Audill>"}' SJ'S''''' "nJ R,I."d Si,nal P""",in, TerMniqu". .'i€.nd",.,·"", AudJoIOIY
Suppl,m,OI. 9. !l1-92

JOO",'ooe. B M,. T.ylor. K. J. and Bo)k A. J. (1970), M«:h,o;a of ,lie guinea p;g
c""hl".Jo"rnal of ,1" Acous'ica' Socir~' of Am,ncu. 47. Si.l4---S09,

".mp. D. T. (1~781. St,mu'ated '.:O\"t;c em,,.,ion, from tile hum.n ,uditory .y,'.m.
J",,"'ol of 'M Aews,,,,,1S<Kit,,' of A""rita ..... I J.S6-13IIl

".mp. D. T.•nd Chum. 11.. (19)10\. !'ropert,.. of tile gene,.,,,, of 'hmulat.d aorou"",
em""",",. H,a"ng R"eom.. 2 113-232

"hanna. S. M, and leonard. D. G. B. (1981). B";I" ""mbrane 'uo,n,;n tile c.,
cochl••. Sci'nc<. 115. J05-.106

K"nl. NY...... Moxon, E. C. .nd I"",n•. R. A. (IY7(l), A"d,tOly nerv. ><ti"",y on co"
"'"h norm.1 .nd abnorm.1 cochl.... '0 Wol>,<nl>ol"". G E. W .•nd KnIght. J. (.<Is,)
&",,,,m,,,,.1 Heorin, Loll. london, ChurchIll

Lesbo"'tz. B, H.•nd Lio<lslrom. II. (1m). M,......""n" of """·hne.ri,,.. In
h<t<ne" ..i,h """"'oeu",l ...rin,loso. in bans. E. r .•nd Wilson. J. P. (.<Is.)
PJ..-choph,·'icunJ Ph,-'iol",.,· of1I"',i"S. londoo. "'<ademic Pre». 28J-292.

Llb<rman..\1 C. L .nd K,.ol. N Y.... (1m). Acou><ic "'"ma in ca". 11<'"
Ololu,)'n,oIaK:>' Suppl',"'nl, 358,

Mongan. E,. 1'.11)'. P,. Ni«. I' . ron.,. w. \Ii ,nd 1'."lu', H, F. (1973).linni"IHun
Ind'ca"on of therapeutic ...rum ..hOllat. 1..·.1•. Jo.rool of 1Ir, Am<nc.~ M,dicol
A"o<"IOnOll.lUi.la2-HS.

Moun'..n. D. C. (1980). Ch.nl",n .ndolj'mpharicpol.Olial and CT",<ed olivO<>t><hk.,
""ndk ."mul.,i,," .Iler basIl•• ""mb.... m«han;a. Sci<""". 110. 71-n.

Pic•. G. F.•nd E,'on•. E, F, (1980). Fle<lu<ncy ~U'IO" in pa'..n" "'''h difrOCllltj ,n
,peech per<:eptlon b.' "';th "",mal '.dioj;ram', Poper p"""nlcd ., M«"n, of
BfI1i,h Soc"')' of Aud,olng}·. Not""ih.m

Pic•. G. F" han>, E. F, .nd WiI""". J. P. (J9n). Freq<><OC}' resolo'ionof p.li.nts "'i,h
he.rini lossof"""'Ie.r onp0';o h.n" E. F.•nd \>"1"",,. J P. (.<Is.) PJ)'chophy'ia
and Ph.,·,iclogy ofHeon·nt. London. "'ca<kmic I'rns. 273-281

Pic'le<. J. O. (I97S). Normal <Tilical b.nd> in ,he cal. A<Ta Orolu'1nlQiogy. !!G.
2aS-25-a.

Rhode. W S (1971), ONI'\IItlOM of Ihe 'il>lot,oo 01 lhe basilar mrmbTllM on ~U1rrrl



'" Noise PoJllIliotI

monkeY" "<ins 1M M<><>b.I><, te<hnique, J"u,rl41 of r1lt I'IQ?<Ilriai Soc"ry of
Am<"no. • .." 12HI-12l1,

Robe"""" D. and Manley. G. A. (l97a). MaJlipulation of f~u<1>CY .nalj'Ois in the
cochlca, POl8I;oo oftll< IUu,,, pOS,Jc.",,,,j o[CfJmjHJrariw Plrysi%ty, 91. 36l-375.

Rc>s<:. J. E .• KilUS. L. M. Giboon. M. M,.nd Hind. J. E. (1974). Ot>se"..bonson
pha",-scn<i,;,-e neurOns of ''''trove"".1 cochl••, nud.", of ,h. co" I>Onhne.ri'y of
rochlc.. output. J"",n<>l of N.umphysiol<>t!. 31. 218-~l.

Ru_n. I J ..... Sellick, P. M. (1978). !n1racellul.. >ludi.. of hai, cell> In til.
mammalian <:ochl<•. Jour"'" of PIIY'ioIov. ZU. 261_290.

sac..... M. B. and KiauS. NY. -to (1968). Two.Lon< inhib;,ion ,n auditor)' ......... fibres,
1"""",1 of Iht ",.","",,0>/~ of A_nell, O. 1120-1128.

Sellick. P. M,. PalUzzi, 11., .00 John"one, B. M, (1m), M.....fOm.n' of "">il.,
membr,ne "",lion ,n 1M lu,n.. I'll ">ing t .... M<>SSbaue' technique:. '''''rruII of the
I'Ico..,ltCdI Sociny of A"...,..,., 72. 131_141,

Spocndhn. H. (1'172). Innervation d<mitics of the cochlea. Add Orol~ry",oIoc

(S/(JdholmJ. 73. 235-248.
Wish,m.n. F.. MeG«. T, and Kro ....r, M (1m), FIlCl"" innu.ncing frequ.ncy

oel«tiv.ty in nor",.I.nd .....rinl·impa".d I.'l.n.rs, in Evan,. 10, F.•nd Wibon. 1. P.
(.ds.) P,,<lwpJIyskurnJ. Ph}'sioJOC of H<tlJ';"I, London. "'e><I<mic Pr 25-J06.

Wilson. J. P. (19801. E.id<~ to-r • cochlu, origin fo, ,"'...,,< misoions.
,h,e!ohokl fi"" ..'rtI<1ure and ,onal ,inn,"". Hurl1l1 Ra«r<h, 1. 23l_l'i2.

Wilson. J. P. and Su''''''. G. 1. (1981) ...."'...."'<Of'el.,.. of 'ONII 'inn;'"" in Ever.d.
D. and La...,.n"'n. G. (eds,) Tl1IrIitur (OB... F""nd.,ion Symposium SS). London.
Pi'm•• Medic.1. 82-100,

W1Ison. J. P. 'nd John""",,. J. R. (l975). Buil., ",.mbTan• ."d "'l<ldI<...."ih'.'ion
in gui"". pil .....'ur<d by <>poc;'ive probe. Jowrull of'M A""""'i<ai Socwty of
Am<'ri<o. 57.~m.

Y""nl, E. D.•nd s.cm. M. B. (1979). R.p<...nto,ion of ''''odpto,e "",,-.1, in lhe
",,,,potal aspecl' of ,.... d.",h.>'J< patt..... of popul.,ion, of ."di'ory ne"'e fihers.
Jou,nal ofl~"''''''''''ka! Socwry ofA"",;<o. ~. 1381-1403

Z,,'ock... E.•nd Scho,n. K. (1977), I'>ychoa=u.". 'un;ng curv•• in .ud.ology.
Audt%v·. 17. 120-140.

Z..ioocki. 1. J. Ind Sokolich. W. G. (l97.). Ne"'o-mechanicll frequency Inllys-i< in
,he <n<hlel. in Z""i<l<... E. 100 T.,Isa,d,. E. (eds.) f'«ts <mJ Mothb in Huri>r,.
Be'lm. Spring..-Verla., 1(17-117.



PART []

EFFECTS OF NOISE ON MAN





Nod< 1'oIIu'"",
E40'«l b)' A. \..0.. >knz and R." B. S«phtm
01986 SCOPE. P.b1;,/>«! b)' loon Wiley" Son, LId

CHAPTER 7

Auditory After~effectsofNoise*

W.D,XO"W.. RD

1.1 1....'TRODUCTIO~

The most ol»'ious eflects of intense 0' prolonged noise were known at least 350
yean ago to Francis u.rd Baron (1627). who ,,-rote that 'A yery great sound,
near hand. hath strucken many deaf', Furthermore. he had himself experi·
enced a temporary panialloss of hearing coupled with a tinnitus; .... myself.
standing nUr one 'ha' lured {... his,led loudly to call back a raloonlloud and
shrill, had suddenly an offence. as if somewhat had broken or been di,loca'ed
in m)' ear: and immediately after a loud "ng;ng (not an ordinary singing or
hissing. but lar louder and differing) so as I feared SOme dufness, But after
some halfquaner of an bour i' vanl,hed'.

Thu., eyen in Bacon's time the temporary and permanent manifestations of
acoustic Ifauma - efleelS produced by a single. "el)' inten'" exposure - ,,'ere
well kno....n On the other hand. a .10.... but prog..s»'"e IO§S of hearing
associaled ,,'ith extended exposures to less inten'" noises "'as apparenlly not a,
clearly rewgnized. as suggested b)' this obst;n.'at,on of Baron's: 'U i. an old
tradilion, thallhose "'ho dwell ncar the cataract. of Nilu. are mucken deaf.
but "'.. find no such effect in cannonie .... nor mille .... nor those that dwell upon
bridges.' Perhaps canoons and mills "'ere quieler ;n Baoon', day than tbey
became later. With the Industrial Rnolu,ion. at an) rate. noise sout«s
became eyer louder. so that by 1830 (Fosbroke. 1830). ,n a rev,ew of ""hat "'as
then known about dearne~. could refer to damage to huring 'caused by
oontinued noise. as blacksmith', deafness' as though ;t "'ere already an
«lablished s}'ndrome. Howe"er. despite the length of lime that noise-induced
hearing damage has been recogn;~ed. 'he preei", rela'ion between the
parameten of 'he acoustic exposure (inten,;ty. duration. spectral character;,
tics. and temporal patlero) and the resultant loss of ",nsory capability is still
highly contro'.-ersial.

. Prop''''''''' or 'hIS f<.-H:W w-.. ,upported b)- Gllol NSI212S I""" the I'Ilbli< Hull" se"i«.
US 0<_......, or 1l.a1th. Eo..ca'''''' aOO W,I!>"

""
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7,l IMfAIR.'IE:'ff ":"iD HA:"iDlCi\P

II i. generally- accepled that lhe most ... rio~s consequence of ooist uposure i.
indeed partial deafness. particularl)' in"'far as ,ueh a I"" of hearing produce. a
social handicap, Unfortunately. lhere " no wIdespread agreement on 00'" thi'
social handicap i. to be define<l and measured, Until the middle of this century.
a heanng los, was regarded as handicapping. and lherefore compens.able a.
beIng the result of an occupatIonal hlWlrd. only if It wa. dilollbling. in lhat it led
to a I",. of earning PO""" of the individual. a conditIon ",'hose uislence could
be relati"e1)' easily and unambiguou,ly determined. Since lhen. howe\-er. wllh
the gradual acceptance of lhe princ'plt that a worker i, enlitled to
compens.ation for any material impairment ,uffere<l a, a r..ult ofemployment.
handIcap hs come to be an)' condnion that interfere. wilh e"eryday li"ing,

Repre... ntati'·e of thi' 'iew'point i, the definttit"" of handIcap adopted b)
the American Academ)' of Otolaryngology: 'an impairment sufficient to affect
a person', efficiency in the acti,-iti ... of daily h,'ing" (Anon.. 1919). Since
'acti, iti.. of dail) li'ing' include'" much. yel ,'ary SO ""Idely from peflOn 10
person. recent practice has \>cen 10 altempl to measure auditory handicap in
lerm. of a reduction in the Ind"'iduars ah,lit), ro understand onl;nar} .peech. a
simplification that ignore,. among OIher things. lhe social significance of lhe
perception of warning <ignal•. "Ounds of nalure. and music,

Howe"er. e"en thi, o"ersimplificatlon fail, to "'h'e the problem. \>ccausc
lhere i. no accepted definition of 'ordinary 'peech'. Speech con.i'H of
me'<age' of "atlOu, degree, of romple"t)' and redundancy.•poken by talkers
differing in age, se., ethnic background, eduC"..tion and dialect. al a large range
of ",und le'-cl•. in 4uicl and in thc pre-encc nf a near·infinlle ,'ariell' of
interfering noi..." Any test that claim. 10 mea,ure an individuar. ahilit), 10
understand onlinary ,pee<;h would h",'e 10 include e"",ugh l""t item. to pro' ide
a representati,e r..nge "f all these paramelers -p,o"ld\llg thar agreement
could \>c reached on .. hal 'represenl"ti"e' mean., No 'uch dltcct te<1 has let
\>cen developed,

At lhe pr<::scm tIme. therefore. heating ahilll)' is ,,,II a<.«:>-""d in lerm' of lhe
ahllilY 10 hear pure Ion.... panicularly lh"'" at frequencies m"'l important to
the underslanding of spee<;h, ,'il., Sll) 10 ~.I ••1HI, Iml"'lfmml of hearing i.
mea.ured b)' the indi"idu.r, Hearing Threshold Lc,-ds (tne number of
deci!:,d, by which the sound intensity must \>c increased 10 \>c heard. relati"e to
o dB tlearing Lt>'el, .. hieh is the "'und le>'dlhal can \>c hC'lfd hl' an car that
presumahl)' has ne,'er been affected h) an) delelerious agent) al these
f.-cqueneics, /land/cap;'; then define<! in lerm. of the num\>cr of decibels hy
"'hieh tlte Hearing Th.-c'hold Lt,-cls (HTLs) exceed the 'Iow fence. a fixed
although ",mewhat Imprcclscly-<leterm,ncd empi"cal line that. In theor)'.
scparates indt>'iduals "'00 have 'no' difficull)' in understanding ron>'ersation
from those wh'" ha"e 'wme diffieult)'. by self·.-cp"'t_ Jus, hu..-..-elllh.. line of
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demarcation based on pure-tone threshold~ aelUall) dmdu ,ndi",dual$ ,n
teems of speech understanding is a question still b(ing hOII)' debated' the low
fences actually used in different rountries and states "aT}' wide I)' . Noble (1979)
has recemly reviewed the problem of handicap and its measurement In !\Orne
delaiL Bm lIttausc the audiovam is Ih. eas;"'! and besl-slandardized leU of
ability to hear that can be administered to large numbers of people. ;, will
doublless rontinue to be used '0 asscss the auditor) '.ft..-.ffeets· of no;..,
exposu'•. no mailer" hat method of relating pure-tone thresholds 10 handicap
isemploj'ed.

7.3 HEARI1\;G I>AMAGE

7.3.1 TInnitus

Inahili!) to hear weak wuods is 001. of rou=. the on1) manifestation of
damage from noisc_ Its <.>pros"•. In a sense. is also. frequent relull: lhe
hearing of sound. that do not exist. Tinnilus. lhe ringing in lhe ear< mentioned
b)' Bacon. is a common acrompanimenl of noi",·induced hearing loss.
HOWeHr. allhough intractahle linnltU$ IS often dIstressing to the ,ndi"idual
concerned. it' mca""ement is difficull. Funhermore. onl) ",I<lom does noi'"
eau", a permanent tinnitu. without also cau,ing hearing loss. So although the
peNOn with tinnitus should probilbly be ronsidered more impaired than
someone with the same audiogram but without tInnItus. the que$l;"n of how
much more Impairment a particular tinnitus repre",nt' has not yel been
sol'·ed .•

In add,t;"n. some "'unds rna)' be heard. but heard incorrectly. Musical
paracu,is is said to exisl "hcn the pItch of tones near a region of impaired
",n"",'il) due to noise i' 'hifted' i.e,. a tone is heard. but one h."ing an
inappropriate pitch. Unfortuna'ely. dire<:t meaSuremenl of paracusis i'
possihle only in highly mu,ical persons. so the phenomenon hal r.,ci'·ed hnle
altCnl;"n. If lhe pan,,,,,s;s i' greater in nfle car of a given ,ndi,';dual lhan in the
mher. then hi"uu,u! dip/Mus'-, will be found: a panicul"r tOn( will £"'0 ril<: to

differenl pit,hes in the two eafS. and lhe magnitude of this difference can be
infured hy ha"ng rhe li.tener adjusl the frequency of a tOne in one car to

malCh the pilch of a fixed lone in rhe other. Again. ho,,'e\·er. notK-e.hle
degrees of paracu.i. or diplacusis Ihat are au"butable to noise exposure onl)'
Oe<:ur in conjunClion Wilh a con.idcrable loss of sen,itivity. s<} T',e importance
of paracusis p.',. in determIning snc;alh.ndieap i. nill unknow n.

• O>opIer~ '" E>'alI<. E. F (on ,~.. ..-oI.me)



7.J.J Spt«h Mispt"ruplion

Noise·induced hearing 10". il will be shown later. is frequency.,pecific, aimOSI
alway, ;n,,,\>'ing high frequencies, especially' around 4 kHz. much more lhan
10", frequene'e>. The noise·impaired audilo'}' sy'lem therefore am. broadlj'
speaking, like a filter, '" that lhe <pttlral1y oomple. ",und, of spe-e<:h,
panicularly- oon>onanl, maj be heard, but heard incorrectly, For example. in a
sludj de<igned 10 find d,fferences lOthe associated audito'}' Characteristics of
high·frequency losses pre<umabll' caused bj steady' noise "IS-o-m' .imilar
losse> cau.cd by gunfirc, ,nd"'iduals wllh a high·frequency loss lhat began at
2.11((1 Hl con.i'tenlll heard an inilial 'I' as a 'p': e.g .. ",hen 8"'en lhe ",ord
'tick'. ""ith no opportunity 10 see lhe lips of lh••peaker. lhey aimost al""ays
re-spondcd 'pick' "'hen forced tochoose between ·tick· and 'p;ek' (Ward rlol..
196\). In recenl years, these misperceplions of speech sounds ha"e recei,'ed
increasingly greater anent ion, and e"enluall" >orne standardile<! oon",nant·
confusion test mal be adopted as a pan ofa bane') of"",ech teSt. de.igned to
aS5CSS lhe abitily 10 'undersland ordinarl' speech'.

7,3,4 Phy'siologiral Mu.u.... of Ilearing Damage

All of lhe preceding ,ndie.,ors of damage to hearing are associate<! Wilh a
mea.urable loss of lhre'hold ..n,ili'ill', Ho" ..'er. damage 10 lhe audilo'}'
mechanism rna, <:>ceur without offecting the lhreshold, E,';dence from animal
studie., for cxample (Henderson., 01.. 1974), implies lhat se\'eral hundred of
the hair cells lhat h..'e been presumed to be ;mponanl in lhe process of hearing
mal' be destroyed befnre a change in lhreshold is meaSurable, Thi. dearly' caSIS
doubl on lhe adequ",) of lhreshold sensn"'il) a> Ihe onlj' beha"ioural indica lor
of damage, To dale, how'..'er, efforts 10 find a psychophysical indicator that is
more seMili"e to phl'siological damage ha'e been unsuccessful, although many
h..'e been propos.e<l. such a< the abilily' 10 (I) idcnl'f)' small changes lO ,nren,ilj'
or frequency of a signal (difference limen,), (2) discriminalO signals from
interfering >ound, (masking). or (3) detect Iongor .ignals more oa.ily than
shorter one< (temporal integral,on). The problem is lhal lhe existence of
diffuse hair-coll deSlrUCI;On Can be validated only' in experimental animal.,
wh,1e reliablc e<timales of difference Iimens, masking. and remporal ,nregra·
tion can easily be oblained only in man, Until ,uch lime a< ",me method for
determining hair-celll"" in the inta", organi.m i. d..'eloped, therefore. lhe
auditory lhreshoid remains the mos' dependable indicator of lhe phy'siological
normalcy of lhe audnory sy.tem, JUst as " is lhe most easil)' measu",d indiealOr
of its normal functioning,

7,-4 THRESHOLD SHifTS, TEMPORARY AND PERMANE:\'T

If lhe aud'lory thre.hold i. measured before 3nd 3fter a noise exposure, gi,'ing
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values of HTLo and HTL,. rco;pcai>'ely. 'hen 'he difference HTL,-HTLo i' bl
defin'tion 'be threshold shift (n. which may be ,emporary (TTS) or permanem
(PTS). The term no;st'md"ccd may legi,ima'e1y be al1ached if i' can be
""abhshed ,hal no Qlher reason for 'he difference e.islS, Thus a TTS
assotiated "'i'h. for example. an eigh'·hour nposure to noi.. in an
iron·smehing plan, can reasonably' be 'enned a noi..-,nduced TTS (NITTS)
provided ,hat (l) 'he same audiometer was u..d lor bo'h the pre- and
JXlSH:>posure t.,... and its ph~'sical characteristics did nOt change. (2) the
,eSling 'echnique. ,ecording 'echmqu•. and amb,.nt no,.. 1..·.1 in th.
'eSl·room ".-cr. adc<.jua.e and in"ana",; (3) 'he ,ubj.c", cri,.rion lOT decid,ng
"h.n h. h.ard a lOne wa. ...m. (i .•. ,h.r. was no ·I.arning·): (~) bod~ noi..,
in ,he subjec'-, head were nOi differ.nt (•.g.. h. did nOi ha>'. a poundmg heart
because of n ... ion juSl prior to .i,h.r ,est)' and (5) ,he heal and fumes from
'he molten metal did nOi inOuence th.thr.shold d"ec.I~. While 'he firs't ..,o
",quirem.nt. can be m., fa, ,I) easil)'. tha' the o,he.. "·e.. fulfilled can be
verified only' by the u.. of appropriale conrroJ,. In this case. such a control
group "'ould be a group of"·orke.. e.posed '0 all the same cond"ion, ..cept
for noise. Complere ehm,na"on of .he noi.. bemS ,mposSlble. 'he be,t solu'ion
would be '0 ..qui.. the u.. of "'ell-fined ear pro,ecto.. bl half of the "o'ke..
on one day of testing. bl,he o,he. half on another. in order 'hat each worker
could sen'e a, his own eonorol

Laboratory rest, of TTS a.. usually conducted .. ith condition' so "ell
regulated that a formal comrol experimem i' usuall)' nO' n...ssa.)' e...p' fo,
...."lOg 'Iearn,ngeffee" .. hen in""II\' na,,'e reS! subjec" a.. u..d, Beeau.. of
the ea.. of performing such ....arch. there i' a con'iderable bod) of
knowledge concernmg ,he .ffcers of spectram. I.,.J. darallon. and temporal
paltern of exposure on NITIS ,n man: the pre~.posure Hurmg Threshold
Le"el HTLo. the noi.. exposure KE. and Ihe pos'-"posure HTL, un all be
accurat.I~' measu",d.•nd th. ,"Oaen.. of extraneou, factors on the threshold
can be minimized (Ward. 1970).

For NIPTS. howe"er. th,s 's nOt the ease. be<:ause 1'1 m in humans c.nno'
be prodaced in the \aborator) . bal m~st be ,nferred from field o!>sen allOnS. In
mOSt allemp'slO measure J',·IPTS. 'he onl} measurement "hich can often be
confident 's the post_exposure Ihreshold HTL,.•nd ,,'en this ..-ill be true onl)
"'hen: (I) i' has been measa,ed correctl~'. i.e .. us,ng cahbrated awaralus and
standard procedures: (2) thCfe has been no recent "-'posu.. to a TIS-produc
ing noi..: and (3) adequate Steps haye been t.ken to enSu" that m.lingering
will be delecred. panicula,l)' when the ..suits of the measurement are likely 10
be used 10 determ,ne the amOunt of compensa,ion to be a"'arded the "'orker
for hearing loss

E"en "hen HTL, h..~n acrura.d} determined. PTS cannOi be cakulated
unless HTLo is .Iso known. and until recently this ,",'as seldom the case Hearing
was measured onl)' a/lor something had happened to it. nOi before. Next. in
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order to determine hQv, much of the PTS IS a NIPTS. "'e must somehow COrrect
it for p,~.I>}'OC'I3IS. I'" gradual dCtcr;oralion of sen,iti"lIy "'ith age. and for
nmooc«.;•. the effect. o\'er Ihe I,mc concerned. of all damag,ng mfluen.."
other than aging or noi"" indu>tr;al ,hemlCal, hh !>cnzenc. ,arhon d,sulphide.
,aroon monoxidc. Or anihne dy"" (Lchnhard1. 1965), olotoxic drugs ,uch a'
hnamy,in and "reptomycin; illne<S("S. especially' chronic m'ddle-car infec
tion" heredilary' pfogressi"e hearing Jo.so and "aumala ,u,h as hlo,,"s '0 lhe
head.

The final problem to be eocounlered 'S lhal m Mde. 11) be of any practical
u"'. the NIPTS mu-r be relaled to Ihe noi'" exposure NE. and charaeteozaI,on
of NE p<>ses forrntdable problem" People arc exposed to noi"" of 'ariou,
\c.-.I•. "peel" duralion,. and trmpMal pallCrn, in the ""'~ situation. and
then arc also exposed 10 .imilarly di"er'" noi"" on the ""ay to and from wor~.

a, home. and "'hile engag,ng m l>ollb,.... The leno soci"",.,.is i, apphcd 10

hcaring los' amihatahle l<llhcsc noisesof "'eT) day lifc - i.c. lhose oulSide lhe
wor. cm'iroomen'- Thc mcre 'e<,'"dmg of Ihc noises cnlering a 'ing\c car o"cr
a pcr"ld of years would I>c "'"'Iy' ,mpo'sihle (,nd,ed. ,I has so far ne"cr bccn
allemptf'd). and ..en afler Ihal "'Cre done. one "'ould 'till be faced w,th lhe
problem of reduc,ng all 'hat ",formation 1(> a managcahle number of ,ignificanl
parameter>,

7..1.1 PTS rrom Sltady :\,,~ hposur..

A' a fe,u\! or th1S complc'''y. ahou' all 'h"' 's ~oown ahoul thc relalion
bclween no,,,,, exposu,e and Nt PTS ,n man conc"n, Ihe effeel of reasonably
eon"ant industrial noise cn"ironment' on large numbers of work.rs woo
presumahly Slarlf'd ...."h oo,mal hea"ng. Cerlain indus"' ha,.. used the ~me
machines for many y.al". and in ..,m. of Ihe"", indumies Ih 'o'k.'s 'emain at
Ihe ",m,' joh for a lifetime. II is therefore possible to select 1""0 groups of
"'·orkers. on~ of" hich "'or~ed in Ihis noi'" en\'ifonment for a known number of
ycars. whlle 'he olher worked ,n ·qu,el· conditions. Ifthe ag'" of the groups arc
matched. then p,esbyacu,i, w;1I h:l"e affectf'd each group to the same degr.."
If. in addition. a questionnaire r"'cals that cenain llOSOacuSlc agents in the
aggreg"1C h'slo,y of lh. groups a,e aboUl equal then II may be pos,ulaled lhal
any difference in HTu bet""een Ih. groups i' due to their tOial noi'" exposur.,
and is in fact NIPTS. Finally'. if il can be aSSumed or demon'traled that hoth
groups aTe al.., equally exposed 10 no,« outside Ille "'0'. ,iluat,on. and SO
pr.sumably ha"e the same sociacusi', Ih.n the difference in BTu can
legitimatel~' be called Ihe mdu.wioi NIPTS (lNJPTS). pr,,"idcd of cou~ Iha'
One accepts Ihe propos,l",n that all of Ihe'" influence' are ,imply add'li"e
i,c .. that an indi"iduars HTL, i' equal 10 the numerical .um of the change, of
HTL. to dee,bcl,. lnat would ha"e tlcen caused b) presbyacu", alone. 'he
change< a>erihable 10 "osoacusi, alone. Ihose attributable to sociacu,is alone.



and those due 10 Ihe induSlnal ooise alone. There;'; 00 nidenee. e;lher
theoret;';3l Or empIrical. to support the nOlion of simple addilivily: it has b«n
accepted for so long, howe"er, that its replacement by some other pnnciple .. ill
require o,'erwhelming e"idence.

Passehier-Vermeer (1968) summarised ;n asingle documentlhe resullsofthe
cross-sectional (retrospecti"e) heanng su .....eys Ihal came close to meeling the
sllpulahons Iisled above: Sleady and relalively in"uiam noise en'ironmems to
.. hich a significant number of ..'o.ke.. had b«n exposed eigh' hour/dal' for
many years. It muslbe poinledou'. ho..-e,'er.Ihal even these few su,",'ej'S did not
use exactly the "'''''' rules for exdu>-ion of indi,idualS from analysts (other Ihan a
history of ..'orking at more Ihan One noisy job). e,g .. middle-<:ar problems or
demonstraled conductIve beanng lo§s, family h"lory 01 hearing loss, mihl'')
se,",'ice. noi.y hobbies. ele, So it is seldom reall)' dear of ,,'hat "'ction these
groups of worke.. were a represenla"ve SlImple Furthermore. in some ofthe..,
sur,"e)" adequale provisions w'ere oot made to ensure exclusion of TTS from the
data (by measuring Ihre.holds onl)' before beginning work. 1)1 by requiring Ihe
u""' ofear-prolc<:to.. unlilthe .udiogram was made), In othe... Ihere ts 00 dear
e"idenee lhat 'he teshng environmen' was quret enough so 'hat if a w'orker
happened 10 ha\'e bener than 'normal" hearing. il could be mea,ured. Finally.
'he control group< used by Ihe .ulho.. of Ihe su"'eys were often eilher
inadequale or. in some C3SC$. non-<:xtslenl. In such cases. Passehie.-Vermeer
empiol ed a set of 'average prewyacusis' cu ....."" de\'Cloped by Spoor (1967) in a
comparable sy·nlh..i, of retrospecti"e ",,,'ej'S of non_induStrial. noise-<:xposed
persons. in order to correClthe dala for agIng plus some sociacusis and some
noso.acusi•. These ",'erage presby.cusis cu,,'e, for mal.. are shown in Figure
7. I . for females in Figure 7.2. Thus. foruample. ita male worker ofage SO hasa
I'ITL al 6.0c0 Hz 20 dB higher Ihan non-exposed males 25 )'ears of age. his
inferred industrial-noise-indueed hearing loss ,,'ould be zero. It must be
em phaslzcd Ihal Ihese Curv.. represen Incit her the $oleeffectofage. complete I)'
unlainled by so<iacu<i< or nosoacusis. nOr Ihc combined effects of age. di",a",
and non-industrial noises. but somelhing belween the two. prob.bly doser to
the latte •. Robinson and Sunon (1979) have '«enIll' de"e1oped some equations
thai fillhc Spoor cu,",'es fairly closely; howe"cr. it musl be remembered. ifthese
equal ions are ae'ually adopled in.n ISO<locumenl. th.tlheir use a, acorr.elion
fae'or for industrial data will alwa)'5Ieave Ihe indu5lrial-noise-induced 10» "ill
confounded "'ith som.deg.eeolsociacusis and n",""cusis. It IS unfoflunale Ihal
there still exists no su"'ey. performed under m.t;';ulou5Iy"«mtrolled condi
lions. of the he .ring ofa random sam pieofthe populatIon ofa particular roun I')'
from ...h,ch Ihe only rU>(>o for ••elusion w'as. ')'es" a"'.... r to lhe follow'ing
question: 'H3\'e l'oU eve, wor~edmore than a few da)'. in a noise SO loud 'hat you
had (0 raise your voice in Ofde r to be heard?' Only ...ith such a su,",'eycan the true
combinedeffect of preWyseusis. noso.acu5is and sociacu$i$ be det. rm in. d, and a
realislic determination of indu.trial NIPTS be made
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Fi~.re 7,1 A~-<;OfT"",,,,n "',,-.. for males. aft.. Spoor (11167)
11>< ordi ....t, iodic>t.. lhe d,fference t>et..-.en ,I>< H,arin~

Threl.hold LL"el of. por>on of a s,,-e. a,. (parameterl and that of
an a"rage 25-y'..oQId. as a f"neuon of frequeney (ab«:i_l. 11><"
CO".ct,,>n ".Iu," ,""orporate not onl, ,he effect< of the aging
]>f0'''''' per ". but al.., .".m, • mode.a.. amount of sociac.,i. and
~u,"

o.-,pire all the deficienci.. of the 'u."e)' da'a. Pa"",h,,,.Verm~r'sanalrsi.
showed ,"",ri.ingl) consi,'ent re,uh., When 'he inferred INIPTS of lhe
aggrega'e dala. a. determined b~' applying Spoor', correction for ·presb~'aeu.

si'. "'cre related 10 lhe o'-crall A·weighted !evel of 'he noise. the re.uh.
shov.'ed a clear linear relation, h must be menlione<l. howe"r. lha, a similar
resull wa, found" hen the exposure ""a, expressed in rermS of NR ra,ings. and
Kraak (1919) has recentl) ,ho,,'n that the.. same da,a "ill fil hi. hypo'hesi"hat
NIPTS i. proponional '0 Ihe integral of 'he sound pressure O\'cr time.
Apparently man)' fun,t,ons are ron'istent ""ith 'hi' ,u1"-'ey dala. and
determ,ning the ultimare relalion I><lween exposure and resultan, INIPTS i.
>!,1I10 be accompli,hed.

Howe'er. 'he relat,on be""~n A·""eighted I"'el and NIPTS. with dural ion
of exposure held COn.tant. is sufficient I" .,mple 'hat illend. ilself "'-ell '0 'he
selling of exposure lomi" for indu.trial ",'o.ke... In Figure 7.3. 'he ordmare
.ho,," 'he ,nferred INIPTS at 4 kHz. the frequenq mOSl ",-"ely afkered by
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~;,.... 7,3 81i",,,«1 iodust,i.l·no,,,,·,od~ pe,"'.n.n'
lhte>hold ,hift.,. kHz prod d by 10 }'Ca" or mot. of ~'P'»."
to ""'''' at th<: indica,.d A ·.igb..d 1e,.. 1. Sohd poIOI> ,0<1....,.
""I"", cakul ...d ftom 'h<: h,..".,. by P.""hiet·V~nn..t (l%ll).
and open poio", t.p....n' ,.cent stud,., by Rob;o'.Jn tI al. (1973)
.nd VetS ".1. (1978)
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noise, after l(l yea!) of exposure to a stead, industrial noise enlironmem
"h"'" A-weighled 100'el i' g",'en on Ihe awi"a. II can be ",en tha' a
rea.onable fillo the dala i' given by a "raigh, line pa",ing ,hrough 0 dB al80
dBA and 20dB al 90 dBA, The point a, 78 dBA can ...fel~' be ignored. as i'
rcprcscnlS only 14 ears of sc,'en workers (K~·Iin. 1960).

The accuracy 01 thi' mmmariza'ion i' indicalc<l by Ihe ''''0 open circle"
"hieh represcn' the resoll' of t"'O ,ubsequent large·scale "udi", 01 "'orkers
empk»'ed on 1e"cI, of 80 '0 90 dBA. Rob,nson <f al. (1973) found ,ha' "x"le
workers who had an 83-dBA en' ironment 'ho"'ed a los' aboul 5 dB greater
'han a control group who worked in 70dBA Or below, and a recemly concluded
slud~' ,nvolving ,,"eral ,nduo'rie, found a loss of Ii dB in workers whose daily
A-"'eighted exposure I"'el' "'ere aboot 87 dBA (Yerg </ al.. t978) .

•
"

.......n. sou,," clv'c '",'

Figure 7.• E,tlmate<! ,odu",ial·no,,,,-,nduccd permanen'
'hreshold ,J"r,,", v.<iou, ffCq....nc;c' pwdu<ed by III year> or
more of <xpo>u'e '0 ""'''' .t the ,ndic."d A-weighted k'el
From dot. ,umm.,ized by P.,,-.ch,er-Vermeer (196I!)

The sc, 01 cur".. relating Ihe gro"'lh of median INIPTS a, all ollhe normal
audiometnc frequcrlCies 10 'he A''''''ghted lC\d (eighl h<>UN per da~' SlCad~'

noise, interrupted onlj' bj' normal resl and lunch breaks. f,ve day. per "'eek lor
10 ~'ears or more) is shown In Figure 7,4, As a first approxima'ion. i' appears
,hal; (I) 80 dBA 's '~e lnel,hal can be regarded a< being innocuous: (2) k5
dBA will re,ult in a loss of about 10 dB al'he most noi",·",n"li, c audiometric
frequencies of 3. 4. and 6 kHz (to dB i< 'he smalles' loss in ,he indi' idual case
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lhat could be regarded as meaningfui/; (3) 90 dRA will generate a los~ of20 dB
althese frequencie•. ,,11 hough lhe lr"dilional ,peech frequencie, (5((1. 1,000.
and 2.000 Hz) are 'lilllargel~' un"ffeeted; only aoove 90 dBA does the l\Oise
adversely affeet lhese lo"-er frequencies; and (~) noises of 100 dBA. "hieh arc
still common. ",,11 produce se"ere l",se. al high frequenc; .... and also moderate
losses al the low frequencies _ losses 'hal. when adde<l 10 lhe effeet. of
presbyacu.is. nosoacu.i., and sociacusi•. ,,'ill produce a hearing handicap in"
large proponion of lhose "-orkeTS so exposed.

At presenl. 90 dBA has been adopted a~ the eigh'.hour ..pmure limit in
mOS' countri.... although 85 dBA i~ ad'"OCated by those who feel that a 2O-dB
loss al high frequencies is 100 greal 10 be tolerable. Those holding 'hi~ view
point ou' 'hat the figure of 20 dB is onl~' an average one. one lhal doe. not take
individual difference. into account, When the a"erage INIPTS is 20 dB .•
good many workers will ha"e lose 30 dB. and. few even 40 dB (and. ofcourse.
some "'i11 ha'" lose none al all), In order to protect the mosl sensi,i"e
indi,idual~. it i~ contended. Ihe exposure limit should be set at a lower ,·.Iue
Ihan merely what i~ necessary to protect the a"crage worker, A. the
distribulion~ of inferred NIPTSs "ere est;ma'ed bv Passchier·Vermeer. her
.tatisti.. can be used 10 predict ,,'hal fraction of the exposed population "ill
suffer any gi'-cn amount of INIPTS. but at Ihal point Ihe issue ceaSCS being a
scientific one and become~ a pohlical question. as the ..pmure limit adopted
mu>l depend on ,,'halINIPTS is deemed 'acceptable'. Million.of dollars ha"e
been squandered in argument.",'er "'hat isacceptable.

7,~.2 PTS rrom InlecmittePl Noi""

Figure 7.4. ""grellably. rel'resenl~ JUst aboUl C\'erj'lh'ng ,ha' is known abou'
the relation belween noise expmure and NIPTS in humans. Funhermore, it i.
unhkely lhal any funher d"ect C\',dence w,lI be gathe""d on lhe topic. except
fo. exposures below eight hoUTS al 90 dBA. because noise ..posure.
con.idered at all hazardous a"" being eliminated rapidly from our induSlrial
environment. We are left. then. with only lhe relation between habitual
exposure 10 a steady noise for eighl hours/daj. fi"e days/week. fifly
"'eeks/year and lhe hearing loss thal dC\c1ops, Unfortunately. few noose
exposures. industrial or othe",·i..,. are for eight hou.. at a constant leo'el, The
problem of assessing the permanent effect of noise ..('OSures lhal are
intermillent. time-"arying. impul';'·e. or merely shoner than eight hours can
be sol,·cd only by e'trapolaltng from temporary cffeCl~ to pennanent effcct~.

hy extrapolating from PTS in experimental animal. to PTS in man, or by
refu.ing to "'ail for developmen' of enough e"idence 10 make a decision and
.imply ['OS'ulaling lhat some arbitrary but SImple rule m,," be u..,d, An,mal
work is unde""... y in se"erallaboratories that ,,-ill C\'entuaUy provide allea"



m Nms. Polla'ion

panial answers to the problem of intennittcoce. bul in the meantime the 1IlO'l1
reliable e,-idence c:om"'S from sludi", of TI'S.

7.4.3 ITS from Strady NoI~ In Man

As indicated earlier. rrs can be generated and measured under conttQlled
conrl;'ions. SQ much is known aboullhis phenomenon, Most work has been
applied to Ihe 'tudy of shifa ""rsisting more than 2 min. a. the.., are consid"'ed
to indic"" a true "audi1<'')" faligu.-. As earl)' as 1930 (Peyier. 1930) suggested
thaI the.., longer-Ia'ting eff"",,,. ~r,"ed ,n mdustrial "'orkers. might be
classified as tither'phy.i<>logica I'or' pathological'. depending on'" he ther or nol
full recovery from Oue da)". exposurc occurrt'd before the nexl day". began.
Pa,hok>gkal fatigue ",a•. h. proposood. lhe prccurwrofN1PTS. llth'$ idea wuc
rorree!. perhaps a reasonable 'critical '-alue" of '«,..... ry lime "'ould be 16 h or
aboul 1.000 mIn. TISs r~co,'~nng b\ 'htS [im~ would be consid~Ted

physiological and [h.r.for~ normal. whil~ only 'hose requiring longer times
would be ,~rm~d pathological. In g~n~T'l. 'he rang~ of ·norm.I" would inClude
"alu~sofTIS, ([he TIS tvo"O min after """"'ion ofexposm~)up to 25 or J() dB.
a[ leas[ "h~n nonn.' ears and s[ead~' unin'emJpted daily exposures aTe
in,'ol,'ed.

This 'ord,nary' TIS has be~n \tudied in,~n\i"e1y in ,h~ laboratory be<:aUl<: of
,h~ assumption 'ha' its d~~nd~n"" on th~ f.~qu~n~y.dma'ion. and int~nSl'Yof
,h~ exposure migh' ren..,t fairly a<X:Ilrat~ly th~ de~ndence of NIPTS on th~se

sam~ p.ram~t~rs(T~mkin. 1933), Allhough this assump'ion is currently being
chall~nged. the e.,iden"" i' still fa. from conclusi"e one ""ay or the o'h~r. and
,hu. some of the more established eharaeteri\'icsofTIS are wonh recounting.

Bo'h ,h~ gro"'th of TIS, and it\ r~'~l)' ar~ ~xpon~n"alprOO:SSCl; fa, all
practical Pufll'05"S. in a COnstant noise le,-.I an as\'mptOle ofTIS, is re""hed in
eight to ,,,~h'e hours, The magnitud~of 'he TIS, grow. appro.ima'e!y lineaTly
"""h SPL once the SPL has exceeded some base valu. below which only
shon-duration eff~cts (,hose running thtir course in '''0 minu,es aT less) aTe
produud. Thi' ba.ic SPL. 'ermed 'eff.."i,·. quiet'. appears. to be about 7Oto 75
dB forO<:la"~band'ofnoise _Tha' is '0 say. a 75·dB·SPLO<:Ia,-~·band noi.. will
not produce much TIS, no matl~r how long it is on: a 105-<lB-SPL noise will
~nerate abou""'i"" as much TIS, a, one at \lO dB ifduration ofexposu•• i' ,h.
same, and a lQO-dB·SPL noi.. will produce a ,-alue of TIS, mid"'..y be'''..n
'h<lse follov.ing 90 and 110 dB SPL. Th~ aetllal ra,e of growth "'ith Ie,·d. of
course. will depend on the duration and frequency characteristics of the
fatiguing noi.., high f'~quenci~s induce a mOre rapid Tate of grow,h ,han low
froque ncies. e"e n though effecti.'e qui~, is relati'-.1)' ind~pe nde nt offreq uency .

The loregoing principlesa'" illusttated in Figure 7,5. ""hieh summarizes""",e
experiments in which t~n normal-hearing \"Oung adult' w~ro exposed faT eight
hOUTS to .,ariou. octO"e·band noises. The da'hed hne a"h. bottom sho"'.. 'he
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Figure 7,S Oc1.,'e·b.and!iOUoo pres,u,o k>'ols th.. "ill produoe a
'paniculu' t<mpora'Y tb,uhold shif! Tk d.<kd h"" 'eprnen"
'rlfc<1i"O 'Iu","----i e,. Ih., k,'el Iha, "',II jus, proouee no TIS. no,
TOlard ,e"",'ery from TIS, in 95'1 oItl>o>< e.po><d, ~ume,.l, <l<oote
lbe ".1 .... of TTS, p'oduce<! ,n 'h< ",'e"ae h"ene, tr. • ronl,n""""
s."our e'"",,"'e.t the 'nd>c>ted Ireq""r.c) .nd SPL. The ",lrd h.....
h"'lng ••Iopr 01 -S dB pr' ""'''e. ,nd".,es ·m.genl> fIOI",' th., ",iI
produ,"" .pproxrm.,.I) equal TTS, >1.iI Ire'lu.IlC1U up to ~.OOO Hz
T1t< dotted Ii.....ho", til< locu' 01.1i SPL. ha"rng .qual ....."e'ght<d
b'ols. in 'h" particular ca>< .n ",.",.igh'od oc"'e·b.na I.-el of SO
dB.... Afto' WOld eI.l. (1'T'6j
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,'alues of SPL lhal p'oduced no effecl _lhm 'so no TIS, - in an) ear. e'en
lhe mOSl ",nsil;'·e. The numerals Indical< the ",'<fage TIS, (i,e . S. til. or 20
dB) generated by lhe erghl·bour exposure allhe ,ndioal,d tr,qu,nr~and le"el,
II appear< lhal 10 produre an equal TIS,. a gi"en ffequen~ needs 10 I>< onl~

aoout5 dB les~ inten'" lhan tile <>CIa.. belo.... it: lhe mOSt haza'dous noi"" at<
those in lhe 3.((().Hz range (Ih' resonant ffequen~,' of lhe outer·ear canal),

Temporary 111'eshold shifts are asymmelricall) distributed relati"e to the
exposu,. frequency The ma.,mum TIS, is found at • frequen~' h~lf an
oe1a", above lh, fr,qu,nc) of lhe fallgu" ,n lhe raJ.< of. pu,e tone. Of holf an
octa", aoo"e the upper cUl-off frequen~ of a fatiguer lhal i' a band of noi"',

It should be clur th~t lh,s faCt. in combination "'ith Figure 7,5. ;mp]ie<; lhal a
bro.adband noi"'. on, h"'ing ,ignificanl energy lhrough lhe enll,e spect'um.
"ill lend 10 produce. m..imum rrs al ~or 61:Hz, In ,uch a no,,,, the greal..l
energ) re.ching lhe cochl,a willI>< in the 3-I:H1 region. and lhi' ",1I1her<lor,
produce the mo>tTIS half an octa, e to an OO:la"e hl~her.

Al lhl~ point 11 is ]X>"ible 10 see One of the reasons for adoption of



214 \'"". Po/IUM"

A-\I'eighting for asse>smenl of all Slead) noi...!. The dotted CUt\'C in Figure 7..'i
ponralS lhe "Ia"'e "'eighl,ng assigned '0 differenl freq~encies bj. 'he
A-", eighl,ng n.."'ark of lhe sound Ic.'el me"" 'hIll 's. all point. On lhO! CUl'C
haw equal weighl in c",mril>u'in! 10 Ihe o'er.1I OUlpUI of lhe meIer. E"en
'Mugh A·", "ghl,ng '" J< originally based 0" J~dgemcnl<of cqu.1 Ioudnc," of
"e') "'·e.k sound,. il happened 'hal il came lne d"",sr of Ihe ex""ng <l,ndMd
"cigh'ing n""'orb 10 predic',ng equ.1 rrs·produ.ing capacil)' of diff..em
frequen';... at high l"el,. a fonuitou< bul ","'ful occurrence.

7.4.4 lTS from Inlermillent Noiooo. and the Tulal.EnorlO' Th.,.,c}'

Predi"ion of lhe TfS produ""d b) lime-'a')""g and ,nlennillent nO'se
c.posure. is somc"hat comph'aled. be<ause of p.nial rero"e!)' during the
quieter perMxl•. Ho"''''er. for rel~li\Cly rap,d Interruplion< or Ou.tu,tions
(period. of fi... minute< or Ie,,). Ihe TfS, i. proporlion.1 to lne mean number
of decibel' b) ",hi.h 'he inslamaneou' >ound le"c1 e"eed> 'effecli"e quiet"
dunng 'he en"re e.<posure. Thus, for example. if 'effecl"'e quiet" for lhO!
panicolar noise i. 70 dB SPL Ihe ..me TfS, "ill be produced b) ..ghl.hour
exposures ro an 85·dB ,,,ad)' noise. Or a llJO.-dB noise ,hat i. on h.lf lhe lime
and off half lhe time (by 'off i. melIn, ,ny 10' el below 70 dB). or a noi'" lhal
changes al regular inte1'\'al, from 75 10 85 10 95 dB and back 10 75 dB. Or a nois.:
thai flUClUates irregularl) but for "hicb lhc ,,'erage number of decibel' b)'
"hich 70 dB isuceeded is 15 dB.

The 'emporar) lhreshold .hifl. produced bj.' pallern, of longer exposure.
and res,·periods ean be calculaled by mean. of empirical equalions describing
ahernale growlh and feeo"ery. In eilh~r .asc. ho",e... r. Ihe TfS, i'
con.iderably I~" lhan lhe TfS, lhal ""ould ha"e been produced b) a sready
noise o"er lhe ..me 'ime hul ,,'hose 10'01 ",a, such as '0 keep Ihe IOlal energy
conSlanL For ~<ampte. in Ih~ "'.., of lh~ noi.., lhal is on halflh~ lim~ al 100 dB
and off lhe Olh~r h"lf. lh~ IOt.1 en~rg}' of lh~ exposure is Ihe ..m~ as a 97-<1B
noise Ihat i' On alilhe hm~. y.. il produ~, only the ..me TfS as an 85-<1B
noise, ""hkh "a ,;gnificanl diff~r~nce. Thu. TfS i. not a funotion ohh~ IOlal
energy Or ",'en Ih~ lOla! A-",·~,ghled ~nerg}' of lhe exposure: MW lh~ ~nergy is
distributed in lim~ makes a ro",id~nbl~ difference in Ih~ magnilude ollh~

TfS produc~d.

7.4.5 TTS from Impul.. :"olso

Th~ ..m~ i. true for TfS from impulse ooise.•uch a, lIunfir~. Ahhough 30
impulseso! simula..d gunfire all50dB SPL peak levol mal' produce a TfS, of
20 dB in a particular ~ar. J(() impul"" of th~ ..me pul.., .hape bUl al 140 dB
SPL (i.e .. Ih~ "me IOlal encrllJi) ",iii u.uall)' produce nO TfS, whal~"~r in ,his
individual ("'cRober! and Ward, 1973). Here il appears that Ih~r~ is a crillCal



k,~1 ( ....hi~h. hO\.-~,'~r. i' a function of pul", duration) below which no effect i'
produc~dbut above ....hich thc TIS increases ",i,h 1c,'~L Unlik~ th~ gro.oth of
lIS, wl,h lim~ for Sl~ady or Interrup,ed noi",. Ih~ TfS, from ;mpuloc:s
appeal'> 10 be proponional to tM number of impuloc:s. as if each impul'"
produced 'he same amounl of TTS in dB, Ho,,-ner. 'h<: whole probl~m of
impulse noise i' "cxed wilh ronfu'ion an"ng from Ihe unavailabili'y of an
appara'u' 'hat can produce pul"" "'hose ri"'-time. dura'ion. and peak I~v~l

C'~n be intlcpenden,ly varied o"er a large rang~; experim~n" from dlffe..,n'
laboralOrie' can seldom be compared becau'" Ihey differ in mo,e than one
parametcr.

If exposure is so long Or in,~nsc IMI more than 4{1 dB of TfS, is produced.
Or if ev~n some"ha' lower ,,,Iue, ofTTS, h"'e been de'-eloped by prolonged
,nterml1lenl exposure 10 higher imensi,ies (lOS dll and above), reOO"ery
neither proceed, in Ihe expon~nlial manner described above nor i. complet~by
the end of 16 houn; of rest. Instead. thiS 'delayed rerovery' proceeds in nearly a
linear mann~t-lhall'.dImInIShIng by aconstant number of dB each day. Full
r~covery may require sc"eral days or. in unu,ually ",vere inSlan-xs. week._
Pe)'se'-' (1930) suspicion SCem, reasonable in 'hi' <a", _ nam~ly, that 'he
huard of ineurring PTS will be increa",d if ,h~ audllory 'ystem is once again
exposed '0 noi'" before full reeo"e" has occurred, Il ,hi. iSlrue. lhcn TTS, i.
probably nOl an appropriale Index of noxiou,ne"_ Inst~ad. haza,d might
bener be ba.ed on lhe amount of TTS remaining afler 16 hours of ..,eonf)',

7.4.6 The ("A8A -rrs·baso<I exposure limits

Exposure limits ba"'d on TTS dala "'ere de"eloped in lbe USA by the
Commlnee on Hearing and Bioacoustics (CHABA) oflhe Na'ional Acad~m\
of Sciences (Kry'e••r al .. 1966). by making lbe a..amplion that a TfS, allhe
end of lhe work day will be complelely reversible. and bence not hllUlrdou. pcr
<e. pro"ided lhat it did lK>' exceed IOdB al I.COl Hz and below. IS dB at2.COl
Hz. or 20 dB al 3.COl Hz and abo'-e, Using the knowledge abou' lhe VOwth of
TTS clled ea,lie,. exposure, thaI just produ<~d lhose values of TTS, ,,'ere
calculated and presenled in a vef)' complicated sel of charts that specified
'olerable duralion, and le"els for contInuous ~xposur... or lhose wilh variou,
degrees of inlerminence.

The CHABA con,ours for single continuous exposures are shown in figure
7.6. It can be seen Ihal lhe conlou" for lwo. 10 eighl-hour exposure' are
enough like 'he im'eriC of the A·weighting network (Figure 7,S) ,hat
A-"'eighling has subsequenlly been widely ,upported '" tbe besl mean, of
reducing IpC<'lral infonnalion 10 a single numbe,. e"en though for shoner
exposures, 'he low frequencies are less h8Ulrdous (a' leaSt if TTS is an
adequate me",ure of h8Ulrd) 10 an ."en grealer degree lMn an A-weighled
measurement "'ould imply, A seri... of equal·TTS contours for upoiure to
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inlcnninem noise was also de,·eloped. a different SCI of COntours for ea~h

specific octa'-c band.
These CHABA conlOUr,; pro"cd 10 be too complicated to gain genual

aettptancc. In addition to the difficullY of interprclalion of ",me dozen chart.,
doubts "ere raised a, to lhe adequacy of lTS, a< a predictor of NJPTS; a gJ\'en
TTS, may take longer lhan 16 hours to recm'ery (i.e .. delayed rem'-.ry
occurs) if it i' cau",d by short bursts of high-,ntenSlty high.frequency noiS<'. and
hence mu,1 be regarded as mOre dangerous than the <arne TIS, caused by a
CQnlmu()U< eXP"'!Ufe a, a lower level.

The problem of delayed recovery can be .,>h'ed by taking into account nol
O<1ly {be lTS. btlt also its duration. Kraak ., "t. (1m) ha,-. presenled
extensive evidence Ihalthe integral ollTS o'-er time from onset of ••posure to
the end of 'too"cry WIlt be a more valid meaSure of haurd than mere TfS,.
With accumulation of more empirical e"idence on the rcrovcry from specific
patterns and le\'el, of exposure. a sct of contou,", similar to the: CHABA
comou,",. but ba"'d On equal integrated TfS. could be e5tablishe<!. However.
this has not let been done. probably becau", 'he conlOu,", would still be as
difficult to use as those theY'.ill repla<e.

7.4.7 Simplif)'lng A§sumptlons: Regulalioo. by~~

Jf the oomplexity of the relation between intermille""e ofexposure and TfS is
so great that it is nOt ludge<!to be u...1:>le m pre<!ichon ofNIPTS. then ano'her
solution is to make simplif} ing assumptions. Becausc olthe resemblance of the
equal·TfS eur.-eS of Figure 7.6 to 'he A·weighting network. almost an
bureaucratic agencies concerned with establishment of exposure lim,ts ha"e . in
the interests of simplicitl'. simply decreed that A''''eighting shall be used. thus
'solving' the complex problem of differential effecu of different frequencies at
va"ou.level•. Then another a,b,traT}' decision IS made' how much NIPTS. as
indicated by the data of Figure 7,4, is tolerable. and therefore w'hat eight·hour
exposure Ie\'el is '0 be 'he limit. A further simplification can be effene<! by
pretending that it makes no differen<e whether the daily noise exposure comes
in one cont,nuous segment or in bu,",t•. SO .h., effect",'enessof a noise can be
a""ssed .imply by adding up pe,iods of noise. The finaltbrust at the Go'dian
Knot i. then administe,ed by postulating SOme simple rela'ion between level
and duration for equal effect. so that an ,n,,,ease ,n l"'el of some fixed numbe'
of decibel. must be balallCed by a de<:rease in permilled duration of exposure.

A wide range ofexposure regulations. w'lth different standard exposures and
trading relation'. can be found th,oughoutthe world. Even in a .ingle country,
sc"eral different exposure limits mal' appll. In the USA, fo, example. the
official (OSHA) Slanda'd is a 9O-dBA limit for eigh.llours. a trading relation
of 5 dB per hal"ing time. and a prohiblt,on against level. <»'er liS dBA as
mea,ured with an ordinary sound level meter or against peak le\·el. of 140 dB.
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Fi&UT.7.6 ellASA d.m~.-,,'~ ooo'oul'> for >Ingle <OI\lonuou' ""',.
••pow,.... "The.. coolouf> ,"">Cllt. t~ combln.,,,,", 01 <>elale·Ioa""
SPL (ord,n,"). f'e<lU<1l<} (.b>ci_J and dur.lIon (po"mtt<'j ,h'l ~III

ju" Pf"""ce. tempor'l") ,h.."""d ,1,,11. m.a,.red 2 min .fter oxpo>ure.
of "" mol< 'han 10 dB at 1.000 liz or l>clo".. _15 dB at 2.000 liz. 0' 2U dB
"3.000 Hz or .bo,-•. in the "tfOg< ""'mal Ii"..., Adapled frum
"'1'.r n aI. (1966)

Howe,'.,. anolher government agency (N IOSH) is promoting a change of lh.
eight-hour hmitlO 85 dBA. a suggestion adopted by lb. US Army. and lh.
En,-ironment.1 Protection Agency <uk. 10 'edutt nlo 80 dBA. rnain,ain,ng
lhal 75 dBA is r.ally n<casal)' to prole,,", eve')"•• ag.instlhe ,lightest N IPTS.
EPA also l>clie"e. thaI lhe !radlng relalion should be 3 dB pcr halving of
duration. in ",,(ordance wilh a proposed ISO'landard, Thi.amountS to,imply
inlegraling the sound inlenSlty (afler A·... eigh'ing) O,-er "me. 'hus ukulatlng
tOlal energy. B""ause of tbe rontro"ersy bet ...·een the proponents of the 3-dB
and S-dB rules. lhe US Air For<e has adopted a J-dB rule. beginning", 84 dBA
for eight hours (Ward. 1977). It mUSI nol be 'hought lhal ,he list of possibilitie.
is yet uhaus'ed: Kraak rontends that lhe best predi<lor of damage ba"'d on
measuremenl of the exposure ,,,,,If rather Ihan On in'egration of the TIS it
produ<:cs. is the integral olthe instanlaneousp.-..ss",-" 0' or lime. whIch leads '0
a o-dB ltading rdation

All of lhese ,imple <Iandard. are of wurse '0 SOme extent inrorrecr:
non Iinur fun<lion, cannot be changed to linear one. by execulive fial.
allhough in the ca<e of the tOlal-.,n"g)' rule (3 dB per hal\;ng). that fact i.
regrenable, because the lotal A-weighted energ~ of an individual's exposure
can be readily and reliably mea.ured. Indeed, il is because of ilS .implicity thaI



the total-energy principle ha~ been adopte<l b) ISO. not b«ause there ,,'a~ an)
good .,idence in its f..·our. Some proponenl' of lhe principle go SO far a~ to
poslulate nor onl>' lhe parrern of exposure during the day i, irrele"anl. bUl e' en
lhat lhe dimibution o'er the lifetime of the indl\"idual can be di'r<:gardcd in
predicring lhe I'IPTS. In ,ueh '>'stem,. lhe concepl of 1M ·...fe exposure" IS

non'existen!: e"cr) erg of arouslic energ>' that emers lhe rochlea make' an
Ctjual eo,mibution to hearing loss. and lhe app<lrent reeo,'e'}' of threshold
sensiti"ity is only illuS01}

The SImplicIty of the total·enerS)' theory is 50 arrracli'e that there i~ a real
danger that it may be accepled in its most e,treme form as jU>l e.,pre...d: II.
supporters point OUI. rorrectly. lhal it errs only b> being too eonse"ali'e,
Howner. the CQSI~ of""erpr'.l1ech<," can be a.trol\Omical. e>peciall> whcn. as
in the USA. use of hearing protecrors i' officially regarded a, pcrmi",ble only
a, a la't reoort. ,,'hen it " nol 'fea'ible' 10 reduce the noi'" al the source, The
urgent need for "alid e"idcncc from controlled animal experimemation
rel.lI,·e 10 lhe effect of inlermlttence " otl\'10US

1A.8 Animal Research on lhe Tolal·En.~' Tl>e<>r)

,\nimal e.peTimentallOn ..,n the dfec" of long e'p'>sures .t modemte Ie,e!s i'
nol very e,eiling. so data are only ,10" 1\ t>cginning to accumulate It" alread)'
dear. h",."ver. lhat lhe 10t.l-<:nCTgy principle is nnl cnfl,,·l. jU>! a' Onc would
pred,cl from lhe heha_iour of other biologICal ')'item,. For .'ample. a
226-min e.posure of chinchillas to a p"rtieular not'" produced markedl\ Ie'S
f'TS and rochlear dcstrucrion when lhe eXp'>surc eamc in lhc form of 22
16-min e,posuT"" .dmln"lered 1"'ICC a week ralher lhan a ,in~le unlnterrupled
e.posure (Ward and Turner. 1%11/, lIo,,·e_.r. one ,ueh datum i' not <ufflCi,nl
to e>labli,h any SOr! of <imple rule by .. hieh lhe true h.z;"d of any p"rtieul"r
pallern can be predLCted. h may turn out. of coor"'. Ihat the tm.l.energy
pllnciple can be u<ed H' tne txl,i, for predicting the effecr of 'ingle
uninterrupted e'p"'ure,. regardle" of lenglh; ,"deed. the anImal ..penmen·
tation JU'l cited 'ho"'ed that lhe ,"me />.If'TS and rochle"r damage .s that
cau",d I>y 220 min at 112 dB srI. wa' produced by 2.21MJ min at \02 dB.
by 2HO) min 31 92 dB. and by nO.lHI mIn (ISO 24·I>oUT da\'$) at l!2
dB. Bul in order 10 he useful in predicring lhe effecr of repeated ..posure•. the
effective 101al energy muSt be adju'ted by' appl>'ing SOme SOrt of rorr<:crion
faCIOT. It Can only he hoped lhal such. sy'lem of correclion faclors. when
finally determIned. "ill he 'ufficienl1) >lmple lhal it will he accepted and used.

7.~_9 Crllicalintensit)'

The ,.me chInchilla >ludy also .ho,,·ed that at ",mt ·eriticalle.'el' the amOllnt
of damage increases p<ecipuously (Ward.r QI.. 1981). When the Inlensit" Ie.'el
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"'-u l:!O dB for a 22·m,.. expooutt (.. boeh IMrefore tornamed -..ha,
k:r.J ellel'JY Ih... 1M 1I1.-JB 22O-m,n upw,att). 1M eodlle..... dama",
~aoed from aboul 1O't ha,,<dl Oest:rtlCIlOlI 10 7O'f. and lloe l"lm from
aboul 2lJ dB 10 more lb.uI 50 dB. This daa..". dhNnle:'i ..hal hal iorII tJe.en
'ermed lloe 'mlD Ullemill". a.. mle.....) -..hat ""·er lhan lloe miG
inle....') for ,mpulses mentIOned ea1lx',. Although tbt W>dotrl)1'" pb)~.
cal expbnalion 01 tbt pMno""""", IS not cle... II IS """,rail) presumed .ha.
11 ,epre<ienll; ,he poinl a, ,,'hich damase chances from bei", prunanl)
melabolic 10 pn....m~ ""\Inural _ f1QfD a problem in deplelion of ener~
$lores or a bulld.up of ,oxic prodlKU 10 one of m«hanical dam. 10 rhe
organ of Con•. dama,e 11,," m<I)' pl'rml1 ,he inlermixing of penl}'mph "lib
endol)·mph. a SIltIll,ion 'bal appean; 10 be 10xIC '0 hair cells, This cr;lic.lle,e!
i. 1101 complclely independem of duraliOfl. ho.. e'er...s incorreCt I)' assumed
by 'he e,rlier lheom" In lh .. 'rea. ConsIderable ..or~ remain' '0 be done in
def;n"'l1 cr;llcal level. for pan;cular doses for oo,h continuou, 'nd ;mpulse
noise. in a va,;e'y of animals if Iherc is to be anl' hope of lIcncr,lil;ng Ihe
results", man

a.IO Sum......,.

Ar p'CSllnl IMn. ,he nl1"e:'i of F'I"re 7A Indicale lbe <MIll rnson:obh <:ena,n
relalion be...·«n none expooure and resulunl beari"i ....... a relal ...... hal is
sp.-.:;r" 10 e,ghl.hour expoou,r:s 10 COfIlIn"OUS ........ ha",,,,a,~ spra-....
dtaractenslia. If the exposure" ;n'ermutcn. 'rtS/cad of $lead). less ~lm
"'ill be pr-ocIuttd. although ;1 IS _ let de........ m"'" Icss llaurdoors a
panlCtlw pa'tem 01 inlemutte....., ,..II be. On 'M <Mber hand. If ,he enerr of
the noise ",·ere all roncentnlled in ,he }.Ub repon. ~nbl) more
~IPTS "'QUid be ,",neraled. E•..,nr....llv thot re:'iUIMoIlllUmaJ expcn""'nlal .....
.....y pcrmJl ck\e\opmr:nl of IlKIfC a«ura.e pred>clors of dama,.., III 1M
"",anlime" mu" be re.....mbered 'ha' an~ "'he....... lhal use a .....pIe relal .....
be'....,.,n exposure and loss. .....-II as the tOlal..,nergJ or 'o'al·pressure
lheonc$. ""nnot be """r~

7.5 ll'o'OlYII)UAI. SUSC};PTI RI LIT\'

The forcg,,;ng discussion has deah "'"h ,"'crages, Hn..c,'cr. ,"cragc rcsult,
seldom occur in Indi"iduals. and Ihe pre..,n' Slluarion i' no exception Even In
a POpUla"on of "'Ol~e... of lIN: same age... hose: M>r~ exposure hil.orics are
kno",n and neul~ idtn'iolJ. ,IN: HTLS. and J() lhe Inferred NIPTSs. "'ll 'ary
m'cr a ..·ide ,anse No mailer""" ,n"","nl 1M llOISC uposurc bISlOfy. the,e
...·'ll aJ..."Y' be some lno.b.,odWllIs "'l1b $Cverc klMes: CQll~e.... ly. "'en among a
group of boiknnakcB. oomeonc .. ,U ha.~ o;ompklC~ nonnaI be,""n, e.'en
It.lugh M ~ never lI!Cd car protect..... Some of these d,ffettlK'e$. of
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CQUl'Sr. can br al£ribed (0 differences in nosoacusis and socialllsis. and to
erro.. in e,'imating exposure. Hov.'.'-er. no one doubu that individual
differenes in ,usceplitt;);,)' 10 hearing loss also play. large role.

7.5.1 TIS Predictor

Unfonunatel}'. susceptibility is s'ill linl. more than a pm/·hoc hll"'lhelical
COnStruCt Ahhough one can hI'". faith that such char~tcristics as Ihe ,itt of
"ariousclements of the ear, the mass of the ossicles. the .tiffne" of the cochlear
pan,';on, and Ih. densi!}' of cochlear blood "essel C<ln!ribute 10 susceptibility.
few such indiee' can t>.. measured in the intact organism. Some 50 years ago.
Temkin (1933) reasoned 'hm the same faeto,s th3t determine susceptibility 10
PTS should determine ,uSttpribility to TIS. For the nexi .j() yea.. a 'TfS'Ie'S!'
was ",ugllllhli "'"OIlld predict 'suscq>libiluJ' 10 PTS'. It "'8$ finall~' realil~d

thaI lhi. "'as a hopel~ss qu~S1 because lhe ~ar mosl .usuptibl~ to ITS from
high·fr~qu~nc) noise was nol nC«....ril)· lh~ mosl su",~plibl~ 10 low·
fr~qu~n<)' noi"', and n~ilh.r of lh..., bore a significant rdation to
su",,~ptibili,y10 ITS from impul.. noise. Acrordingl)', ,h~ ..arch for a t~<l of
·o,·.rall' su",~plibilil)' has larg.ly tIe.n abandoned, il ba. become clear lha,
Ihe only Iikel~' candidalC for a successful susuplibility lest base<! on TT'S is
one that ,n'·ol.'es an exposure 10 a noi.. ha,'ing the same specu"m 8$ the
noi.. 10 "'hieh the indi'idaal "'ill be primaril) cxpoooed at "-o,k, Such 1~.t5 are
~ing gi,'en in SQme industries; Kraak .r u/.. for eumple. cite a lhesis of
Richarlz in "'hich the integral ,,,,cr time of ITS (during bolh growth and
reCO-'ery) produced b) lh. firsl da, of "'ork in an actual industrial
envifonm~nl was used M lhe TT'S index. successfully predicting PTS<;

produ«d by twO yea,.. of work. Temkin may e,,"tually be pfo"~n correct
af'er all.

7.5.2 DrugsandChemical.

Ob"iously th~re are «rlain condilions under whieh sus<:cplibilily -e"en in the
global. gene,al. sense - can be affected. No,se cxposures that cause nO
damage in the normal experimenlal animal ma~' h",'~ a pronoun«d effect
when th~ animal i. be,ng adminiSlered Ot010xic droll' (e,g., kanamycin.
neomycin) at dosage. that are. by themselves_ subtoxic, II al'" s«ms likely thaI
the ~ar's resiSlan« to PTS could be reduced by cenain mineral and vitamin
deficiencies. or b)' iIIr>esses Ihal affeClthe blood-flow 10 lhe cochlea 0' product:
a biochem;';al imbalance- in lhe audilOry sY'lem. How~v~r. lh~ ~viden«

,elaling 10 lh;, lopic i. either anecOOtal 0' 50 inferenlial thaI lillie confidence
can be place-d in its ,'alidily,

The same is true of medications admini<l~r~d in hope!' of decreasing
$u<ttplibilily or haslening the P'Oct:<$ of rceo.'ery from exposure. Although
the lil..alUre abound< "ith an;';l.. ~xtolhngthe ,'inu.. ohitamin A. nioolin;';



221

acid, pTOCaine, nylidrin, adenosine triphosphate. brain conu gangliosides,
carbogen (95% oxygen. 5% carbon dioxide). and de,lran, 10 name a few, In
the treatment of 300Ullie trauma, lh..e i5 slill no con,'incing e\'idenee that a
pla~bo "oold nol produ~ just as much effeel as any of lhe subslance> ciled
(Ward. 1980). The mosl re~nl e.ample of negll1i\'e resulls can be seen in a
repon by Eiooch and Berger (1980) ;n,'ol"ing more lhan half a dozen of lhese
5ubslan~s,

7.5.3 .\10011• ....,... Factors AIT<C1ing SUSCO'p1ibilil}'

Women usually have average Healing Le"el' lhal are slighlly benet than Ihose
of men ,,'orking in lhe same noi", en"ironment. as Figures 7 I and 7.2 imply,
Allhough lhis could mean 'ha' women ha\'e "ougher eaN lhan men,
ahernalive uplanalions are equally tenable - i.e . that "'omen are exposed to
less sociacu.i<: innuen~. or lhatlhey' Il..'e. higller absenlee ra'e (hence, less
exposure). Or 'hal ,hey are freer 10 qUlI a job lhal in.-ohe. noi.. so loud lhal it
bolhers them, Only if the'" possibilities afe e\'enlually e",luded b)' proper
comrol5 should we conclude thai only women should be hlled for noi,) jobs,

The same line of argument .pplil:!; 10 repom ofdifferen~.be'''e<;n worker5
"i'h brown ey'es and those "'ith blue, and bet"'een black and "hile "Ofkers.
Although melan;n in lhe rocillea ma~' h3\'e somelhing 10 do "ith ,u",eplibili,y .
equally likely ahema'i"e e,plana,;ons uiSt,

There is also liltle e\ iderICe tha! "e'l ~'oungor "e'l old ears. or those alrnd~

damaged by noise. are especially suscep'ible, Sim,larly'. no con,'inc,ng
experimental .upport exists for the nOlion that lhe audilofY ""stem. of those
,,'ho "'ork in noi'" gradually become 'Ioughened' and SO less susceptible, On
lhe olher hand, i, has been clearly demonStraled 'hat middle·eaf problems.
such a5 .hmnic otil;' media, gen.rall~' reduC<c ,h. "ansm".;on of energy 10 the
cochlea and SO redu~ 'susecptib;lil~" in the ..me "ay as earplug"

7.6 S(;.\I.\IARY

No index 01 noi'" exposure ha' been de\'i""d lhat can sueeinetl~' ellaraeterize
lhe rclal;,'e noxiousnel$ of dilf.,enl noise uposurCl, Allhough, on lhe
a\'erage. the threshold limiting "alue (TLV) for measurable damage from
s'eady induStrial noise is about 35 dBA for an ordinary eighl·hour exposure,
the relali"e hazard associated "ith bridef or inlerrup,ed e,,,,,,ur... cannol ,'et
be delermined, E"en the elghl·hour TLV is questionable because of lhe
impossibll;ty of diminaling sociacu.i. and nosoa'uSK innuen~s from lhe d31a
on hearing I.... in ;ndust~. Prospect< are dim for Idenllfying ,ndividua15, In
ad\'an~ of employment in noisy industrie,. ,,'ho are unusu.lI} susceptible 10

permanen' heating loss by' meanS of an~' index based On lempor.r~' lhreshold
shifts.



\'QI.f. Pollution

A I'ast amount of data has been published on NIPTS. but mOSt of it is
scientifICally "seless. r"rthermO<e. lIltlwugh an cuensi"e f"nd of information
exists on the temporary effects of noise. Ihe relation boetween tempornr) and
permanent df<xts is slill unknown, Finall}'. <inee no satisfactor)' method of
chMactenZlng noIse exposures has boeen dnised. ''C ,Ire in the unoomfonable
position of ha"ing an undefined independent "anable. a non..Jependahle
dependent ,'anable. lind man) potent irrele"ant "ariables.

It appears Ihal the onh 'iable oolutlon " to continue Inten,i'e studies of 'he
dc' elopment of NIPTS in animals" hose en' ironment, Can boe subjecle<llo Ihe
necessar) strict control. and hope that the r..ults Can legi'imately ""
generalized to man bl' appropriate corrections for differ"'''' of SpeCICS, Onl)'
'hen can a realistic criterion f", control of exposure to noise be <!e"e1oped
----one that is str;eter Ihan the pr.....nl standard. "h,eh permos the de"lopmcnt
of signif",ant hearing I""se< In the more susceptible indi"idual'. and }'et no' as
sttlct asl"ni" ad'ocat,'d by anti-pollutIon act" "1< "ho fall to reah~c that
'noise pollu""n' differs fr"m air and w"tcr pollu,ion in that. although our
Stomachs ,,'ere not designed to digest mer<:ury compounds nOr Our lungs 10
absorb sulfur dio.ide. the normal function of our ear<; is 10 process sound•.
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CHAPTERS

Non-auditory Effects ofNoise:
Physiological and Psychological Effects

S.I I~TRODUCTIO~

PhysioloSically adverse noise effects (e.g. aluralion, in Ihe peripheral blood
circulation) slill pose Ihe question whelher noise causes "Ira_aural diseases
l)e,;id~ noise-induced hearing 105', This question can nO! be answered in Ihe
affirmative umil now. Ho....e"... noise was found a heallh hazard in
combinalion wilh olher slre,solS.

Rega'dmg lhe psychologically ad\'erse noise effects. n IS 10 be said thaI Ihe
,Iressor noise mainly affeclS performance and delraCtS from people's individuai
and social wellbeing, Dirtc, nOise eff.cts ar. disturbances in auditi"e and
non'audili,', performance. communication. informalion·processing. resl and
rel..at;on. lodireel noise effeCl' are impairment of people's wellbeing:
wmdow, h.,'e to be dosed. people reduce Iheir 'peech communical;on or
refrain from il. the~ change their d"'ellings or dwelling areas, Vanous
social·sciemific in"estigation, harmonize in a high d.gree ,n Iheor r..ulI
regarding Ihe quantity of en,ironmenlal noise polluIion and en,uing main
psychic effecl' (comprised bY" lhe lerm 'annoyance).

The presenled noise effects are 10 be seen a, mean reference "alues
f1uctualing in dependence on the individual', characteri'tics, Application of
moderalor variables can considerably impro"e lhe accuracy of predictabilily of
noise effeCh.

Acouslical-defined guide lin.. and limit "alues are ,nlended 10 prolect Ihe
a"erage populalion, Allowances have 10 be made Iherefore. for cr;lical groups
who need special protection due 10 their enhance<! sensiti'ity 10 noise,

S.2 PHYSIOLOGICAL EFFECTS or NOISE W..,rd Jansen)

B..ides the affections to Ihe ,nner ear. some otlier ,'egelat;". and phy-siological
effem of noise are known (Welch and Welch, 19W: Jansen, 1972). The
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~u~~liQn l~. Cill Ih~:,( ph)Slolopcal cffcm alrcad} OCCUI btlo14 lht ~yel al
"'hi<:h noi!.e-Induced heann,los$ " to be e~pect~~This 'll>eSl!OIl IS definnely
to be ans..er~ In the affin\'ll\l'e At ""'nd le'ell; of ~ and 60 d8(A)
'egeta\l"e response- an alrud) be obs/:nw_ finl .eKlIOns beeCHnf:
""'nifOled b) monnonn, eleelrl>Cnaphalogr2pluc (EEG)r~ e'en a'
35-W dB(A) (e-.oI<w pooenuals)

Do~ reaetJofJS alrud~ Slpl!} ~"'""'~ThIS qunnon ~ concerned iii

for a Ion.. time Befon' ItOUlI ,nlO the details it CUI be ..atw Hnheno no
noese-.nduced tra__ '0 addJ""" 10 heM1,,¥ Iosi _ hi> been fOllnd and
lhere ;. no ,ndoeat.... ""'I a ·noose-<1tsca>c' UlSb Id, y, HO. 198)1,

But ...... IS the dIlatatlOll of the pupols to e>.pb1l1 ..ha, .. lJ'lolO-n In FIgure
8,1~ Slno:<l~ 'jl<'"ttng, Ib.. IS a ·rell(1lOll' ""~ E'e~ orprustn h.2!IlO ..and
~ ..rnsda) after da' and reacts to the StrlNMln_ E,en to set OIIt of bed IS
..r~· From ther~an be leamW th~t acrt&1np1tl~1 processes
take pi"", In fnporIS<' to _ r.ound sumul... the pupoh d'late Other
In'"CSflp''Ons ha,... sholOn that the Il(1I\1tl of the sali'"~ ti ..ell ti the
perspiratof)' Jlandl. berom~ afleeled Abo the penphetJI CttnlJatlOll. the
pstne-mtCSllnal mo>ements. liquor pr~."e and man) other fUnellOm ha'e
been pro,'~ _/feel_ble b) flOl!>C (summan~ed bl lamen. 19801, But In all
these """"s "'e an onl, speal of ·reani"",· and not of -d'!>Clses' Of COU~.
there IS another qUCSllOl1 aunn. In mind the range of oound le"eh "hteh
<:aU'" hear,n! Iosl; - ",,,,,Id not. ne'·erthclcss. the phr>ioloJical effect; of
noi'" ,ignify illne;s If there "'ere not alread~ a nol"'-Induced hurmg los.lo~

For. hcanng 10M protects Ihe organism in a ccrtain degree from Ihe
transmIssion of sound energy. thu, pre'cnllng it from ob"'ous phl'Siological
re'pon.....

At prc""l11. it can alread)' be ,'ated Ihat noi'" below the threshold "alue of
\l() Or S5 dll(A) CannOt be pro,ed to be a health ha~a,d_ Yet It ,,'ould ,.:r" our
purpose to h.,'e an ..,b)eClt\e ernenon "h,eb could be: ...",d as a referene.::
mea,uring "alue Thus. "·e could find <MIt "hether thefe t1 an) quanml"'
rttammend for the determInation 0( an appro.imate ""I"" If there "'ere
Ie"els ol ....k belovo the thr~..Iue .. h",b ",!"en t.., prott'Cl people from
JlOISC-lnduced hcann~ lol.s ..ie ,,-oold noI ha"e 10 in'·OItl"te tblS problem any
more. as III unao:ttplable Ie,-el or a ~mlt of unre........bIeneS$ ,,-oold ha,"C
been establIShed lon, allO- But that IS noI the ""'"

Another noose·relatW elf«l IS the alf«llOO ollhe penp/leral ~tculat>Oll

Fiplre 8.2 in_rates the effects 01 an aruflCial .....nd. At rest Cttnllauon IS
normal- APP!fCll>OIl of broId-band noise reSlIl" ia a rcductl(llt of blood
...pp1) .. h",h IS t.., undenland as '~ncrion 'The p1tl~ocaI rcspon;.e
to noise ends ..muI~- .."b """"" e"""",re_ 'The destee of CtrnalatlOll
dIo:lllrba...." depends on the d,fferent~ ..,.,rcn. for enmple...raIJl'ten
in, madline for omaII 'ron pi"', pressu1' of a po>etltllaQC hammer. noose of
tllrbrnes and bnMd-band no$' In all tM.e casn the responses are rather
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,;milar, Bl Ihat the que'lion ari,e,_ are all lhe mentioned different noise
SOurce, of the same effccti"ness or is lhere still a differential]"n possible'

In lhe beginning ofour studies on noise "'e tesled al~ad, the effect' of lh~e
noises in romp.arison namel>. broad_b.and noi",. and those em.naling from a
rolling mill train and a '-apour·p~"u~ controller of a lurbine-dri'-en ship
These noise,. demonslraled in Figure 8, 3. are ollhe same energetic conlenl but



th~ PNdB·.'al"" for both th~ Industrial noi..eo diff~.._Th~ t~rm 'Pr-dB' 
Pe",e"'~d No;~ DecIbel was proposed by Kryt~r (19m) to denol. Ih~ I~.~I at
"hich annoyance a..se' from Ihe pcre.i"~d noisen~ss. If "'e ...ume 100 PNdB
for Ih~ nOIse of the roll~ lhen 108 PNdB i. 10 be lak~n for th~ br<nd·band no,~

and agaIn 108 PNdB for Ih~ noi.., of th~ .'apour-pressure conlroller,
B.",d on Ih~ broad· band nO'''' of 108 PI'dB •• fefercnce "alue II i. to be

le.rned from Figure 8.4 Ihal noi",. ",nh the ..m~ PNdB _ nOI,,·tthstand,ng the
f""l,h.,1M ~n~rg~ romenl i'lh~ sam~ - in reahl~ e~oke differenl .egelall"e
r~spon..eo_ lIence. 11 can be staled Ihal ,,-hal "'e kIlO'" about nol~·tnduced

hearing 100& i> .I~ true for the ph)'Siolog)' of _SC' dffi1s namel~. dlff~r.nt

frequ~n~ dlS'nb\l"Ons dt<:lt different effeets
lbesc in.-esligltlOns Ill.e been earned on for a long IIm~. '''''Iud'ng lhe

applicanon Ofpk....nl sounds. fOl" uample music: (Jan~n and Klen,<:h. 196-1).
Ina~ ....of1esl'''~'ookOfWofthe·Brandenbursi>e1leKOtIU'ne'~J S Bach
and allhe .."", Il"'"~ OUr mc...."'men'" (Figure 11.5), lie'" 1\ IS also
illusmncd ,hoo' sovnd le\els of about 90 dB( A). independenl!) ..helhe. tlley
emana~ from muwcor broad-band. hlt"e lhe..,,_ CC...ral rlffi1 on lhecardax
OUlpul (suppbed blood .olume IIC" heanbcat). pulst f.equclK). mInute .ofume
and blood pn:sw'~: bullhe'e arc. "",-~nhele!.s.some cliffe"'....... The efffi1 of
mUSOCIS. as. t\Ik _"'" sootlltlOderabk. "The blood pressu"'. for- eumple. sllooo-..
slIght ,,,,,rea,,, under the Influence of b.-oad-boond ftOOlt bul SlOdr an '"",u", tS

'lCal'ce!) rceorntUbk ,Imu", IS ,he sumuLaWl!sound,
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VeSeWivc r<spon",. 10 noi",. wnh d'fferen' frcqucncy

Wc c.amined nol only lhe effecl' 01 music bUl also lh"'" of eWI)'day noise.
lraffic and alrcrafl noise a, well a, noise Wilh D<Jppler-character (change from
high 10 deep sound, and vice "~"a. ,imullaneously t>e<:oming louder'" lower).
W~ applied. also. lh~ "'-called 'wobbl~_noise'and II b~came again .,idenllh.,
'he response< differed. bUI "cre panly dependenl on 1h~ psychological
conS1itution of 1h~ ,ubjecl', Figure H.6 ,how, alIne righl acolumn 'informalion
t>c:anng. 95 dB'. [n lhal Ca,e lhe applied sound, "'ert of indumial origm or ga>'e
a feeling of annoyance. In oonsequ~ncc of psj'chologicalleS1S Ihe ,ubjoel' had
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bc~n dh';~d in 1";0 group' nam~ly 8 so-called "labile' and a ""obit' group
(neurotics and non-neurotics). ac"h types of buman ~i"gs arc ah.'ars cas}" 10
find in populalion•. TIlcre are people really una"."", of noise (e.g. seamen who
sleep in lheir cabinS bdng e~P"S"d to 9lJ dB(A» ",hertll.$othns wake-up at the
slighte't ...nod (lor exampl•. ,,'hen a lorry pa.",. in the d;"ance). Such people
are e~"emely scnsili"e and - as is 10 be SC~n in Figure 8.6 - 'hey aTe lh~

'labile" group ,,-ho, in fan. sho".. The monger ph)..iologicaJ response. 10
informa"on.l>carin8 nois«.

Thi. cannot only be pro,·~ by Ih~ fingcor·pulse amplitude bu' also by some
other '-cgetali,.., r..ponse•. lbe responses arc similar if mu,k 11 off. red "" the
sound stimulus. Htrt again Iht 'Iabiles' respond imtnStly whtrn. Iht "Iablt"
art. Oltt could say, nol al all rt.pon.ivt. TM wbjttl' txpostd 10 mu.it and
noiSt (shown in Figure 8.5) art caltgoriztd in lht 'slablt' group. Thi. tvidence
sho"'.. Ihal Ihe frequency dimibution neverlheltss pla)'s a role_

Whal we h.'-e ol>sef"ed i' that 50rne .ubjects ",-ho ha"e been expostd 10
hroad-hand noi.., a, "'-ell .. induSlrial noISt daily for weeks and )'ears 01",,,>,,
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showed Ihe Ioame reaclions The ..me m~sic or informa'ion·bearing noises
induced in Ihe beginning different r~p<:>nses in slable and labile pers,;m,_ BUI
Ihese diffe,enc~disappeared In lbe rou"," of tim•. Those. who showed in lhe
beg,nning strong reactIons 10 information·bearing noises ba,·. reaclcd Ie,.
inl.nsel>' afler a certain lime. Afler".-ards. bo'b grQUp< were similar in Iheir
re'ponse" Thi' beha"iour emphasi~es lbal lne more Ihe habi,u,,,i,,n to a
cerlmn noise 'be less lbe informarion laken from i,. and lbe pny,iological
responses become balaneed for bolb grnup< (rompare Figure IU,. lh.
re$p<"Cli"e pairs of rolumns). Hov...,-er lhlS 's only lrue fo' inlen,ili~.Ix",e 'be
le"el of l\Oise·indue<;d healIng loss.

More di"inet effeet< manife.. lh.m"'I'·... if lh. noise·induced hearing I""
1"'el i'" ide I>' exceeded. Figure 8,7 relal... lo mechanics "-00 had been engaged
in mainlalOing jet·englO~ when I~t·dri'-es look pl.ce. The Iypic.l work,ng
"loal,on .. depieted. afler re" (65---<>8 dB(Al). lhe turbin... are sel,n mOlion.
Ihe ·ldle·run· r...ulrs In a n(lIse of lOR dB( A). Ih,s ascends '0 139 dB( A) ,n lhe
·maximum·run·. then low... 10111 dB(A) in Ihe 'cooling-run' and relurns
again 10 'he reS! ,iIU.,ion, Thi' procedure has 10 be carried oul by the
le"-mechanics Ihree 10 four limes dail\' all the year round

The me.hanics were furnished," ilh ear-muffs .. "'ell a, "ilh ",und-prolce
li\'e c1oth,ng. bullhey were nOI wilhng 10 wear lhe dOlhing, The 'ickness rale
of Ihe lest-group was aOOul soq. resu!ling from d,seases of lhe gas"i•. ,nlcs·
linal ,>'S!cm (from gaStrilis 10 ulcers) a, well .. headaches associaled ,"'ilh
migra,ne. From lh', we can <uncladc lhar lhe phy,iological reaclion, 10 noi""
below the crilicalle,'.I, - i.• , 50. 60. 70 and 80 dBtA) _ gradually de"elop 10
illness<auslng respon""s al Ihe momenl ,,'b.n lbe !e"el of 100 dB(A) is nOI only
exceeded WI reacbes sucb ex".me "alues as are reroTled bere h bas 10 be
menlioned Ibal 50% of tbe mecbanics ,,-ho had been subjected to ememclj'
high le"els did nol show an>' alleration in lheir phr,ical condition.
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The dotted hne in Figure 8,7 demonSITat~ the peripherall'irculalion of the

subjects wh~n earmuff. Wilh an dfeeti,'c allenu31ion of 30 10 35 dB(A) ....ere
used. Th" mean., "hen the attenuation eff~l of the earmuffs of about .JO.-35
dB(A) has been deducted from 139 dB(Al. 105 dB(A) shll remain If
SOIlnd-prOIC<'I"'C clothIng W... Orn. Ihe noIse effects. shown by the normal line
in Figure 8,7. could be nearly eliminated.

We Ii..,. ca,ned oul additional investigations which pro'-ided e,-idenee 'hal
the internal organs can be affeet"<.l directly b) noise (d. DIlring.1 al.• 1980).
Using an underwater loudspeaker to dire<:\ SOIlnd "'aves of 90. ascendIng to
15(J dB(Al. to ,solated pi«es of in'es,ines it "". found that no gastric-iotes
tinal movements lOok place allhe upper le"ol. Relurning to the example of the
test·meChanics. assuming 105 dR(A) 10 be COndUCled by lh. ear; but al lhe
",me lime also dircclly absorl>c<l by lhe organism (lhe mechanics do their joh
only drcssed wilh I<)()S(: ~hil\S in Summer which mean, Ihal their "hole
organism is exposed to the noise). h is sugg""led lhallhlS might conlribulc 10
!hc aforCloaid inc;,Jenee of siekne>S. Con<e<jl>Cnlly' il can be "aled lhal a risk 10
II<-allh only begins at "cr) h,gh noise b'cJs. inJcpendenl of the kind of noise.
The noise eflecl is definitely of a physiological nalure and depends e"lusn'cly
,,m 'hc noi,. le,'e1.

I! may be added tha' "-e ha"e Iried 10 find oul "hethcr thc predictor;. shown
in hgurc K.8. ,,'crc reall) 'he f.clors which had cau<.cd 'he di..a= in a group of
sick people. The m"'l important predictors "'e,e, outdoOl noise Ie"el (people
.re expose<lto high-noise level' in lheir reerea!ion lime). high·""ise le,-els
o"g,naling from jel eng,n", allhe workplac<c. age. phy'ical Sir"". hearing
lhreshold, I"~'ch"",malic 'ymplom, and so on

Three·fourth, of aIllhe heallh imp.irmen,s could be allrihuled 10 the .bo,-e
mentioned p,ediclo""

What malters nov. i' whelher. in caSO" "he,e noise i•• heallh hazard. olher
facto'" can also be held re>pOnsible for the'" ph)..ical ,mpamnenlS. The
conclu'ion i. jU~lified, besides noise-induc<cd hearing 10M noise can ne'-er be
lhe only C.use of ph~..ical impai,men!! I" COnnec'ion wi'h Our lest group it i,
undoubledly correCllo say Ihat nol'" "'as lhe main factor in lhe" phy..ical
impa"menl, since noise influen= in their pri"a!e life .nd noise·induc<cd sir""
al lheir workpl.c<c had been Ihe m"'l con,ider.ble prcdiclo", OU' of ,he" hole
range of environmenl.1 "'essa....

Bu! in nonnal caSO" 'here exist olher exogenous factors besides noi..,
namely vibralion and duS!, climale, toxic agents, elc. (Figure 8.9), "h,ch affccl
human beings and clici' reaclionl. additionally 0' in rombina'ion. moderaled
by indh'idual constilution, di,,,,,,ilion and mol"'alion. The,e are also a number
of olher psychok>gicalfacto," "'hich h.'-e pl.yed their p.rt in the c.se of the
jel..,ng,ne mechanoes "ho felt lhe slfess due to noise 10 bc lhe maln Cau'" for
lheir ph}'sieal impainnenll n.mely'. I"ych"",malie symptoms .nd stress in
their pri"'le hfe.
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Figure l\. III ill"""le", e~pcrimcnlal.•n.I~'!IC.1 and epjdemlo",gic~1 investi
gations (Jan",o <lUI.. 19H 1). A group of industrial ""orke", wa, e'amined with
regard to the (oxic.1 agents they hav. been CXI""",d ,,,, th" yea" of lhe" noi'"
.xpo,",e. ai.IxI,n. du" at their workplace.: but, also, with regard to other
factors of ri'k, namely smoking habils, "",ial ""If.c,t,malion and age. As
Figure R.IU shows_ onl)' 20% of lhe phy"cal impairmenls in lhe"" ""orkers
(who had been e"poseJ to an average no,se-Ie"el at work of 90..115 dB(A))
were Jue to lhe afore-mentioned predictors. Airl>orne JU'1 waS mosl
delr;menl,1 to ,he" he.lln and lhe noise e'l'O'ure "'a, of much less
consequence.



From that it can be inlerred Ihal Ihe question about noise effect' and the
"alence oflhe different noi,e SOurce, cannot be an,wered clearly and prec"e1y_
The individual noise wuree' Can ha,e a cena,n eflen relevant to health Of no
effect to health at aiL But "'e ha"e to consider the large number of funher
predinors in human beings and Iheir surroundings_ Psychological and
$OC'iological lano.. ha"e to be laken into account Thi' lead' to the problem of
lhe psychological elfecls of ooise.

8.3 PSYCHOLOGICAL H'FECTS OF ~OISE (ukhard Gros)

Inlormalion theory uses the lollo..-ing Ihree lerm, to describe the informal ion·
nchange process

Emis.sion~Transmis.sion _Immis.sion

A "milar pattern is used by' Psychology to e~pla,n human beha"iou' and
sensalion"

S(stimulusj - O(organism) - R(reaetion)

To understand the p')'chological elfects of noise the following Ihree mam
faCloro; ha'-e to be considered as a .. hole:

S(ooise mess) - O(organi,m) - R(ooise effecls)

The laClor 'organism' co"e.. a comple~ 'ystem namely, processing 01
information. habits and auilude, as well a, imponant personal an(l,or
'itualional characteri'tics. Figure 8, II 'bow" the comb, ned act,on of ,tress and
strain with special regard to Ihe 5O-Called moderator "ariable', A moderator
variable i' operalionally defined a, a quantny of influence. at first unknow-n.
belween Sire,. and strain. It can deci,ively delermine tbe inlen,ily of Ihe
reaet,on to ,tra,n ..'Ihout beIng direClly conn«'ed wi'h 'he OCCUrrence ofStress
(ef_ DFG. 1974)_ In 'he followin8. the ps}'chologieal effect' of noise are
considered and the influence of moderator variables i, taken into account.

8.3.1 Interf........ w-;th Human Perl"ormance an'; Beha,-iour

Performance alteration due to noise is the mOSI ronlro, e"iallopie in the field
of research on noise effeCl' (ct. Broadbent. 1m: Burns. 1973, Gulian. 1973:
Kryter. 1970: Miller, 197~: Poulton. 1979). The rele'-ant scienlific hterature
renders both. repom w-hleh pro"e Ihal performance incr(8~ under Ihe
,nfluence of noise and such wbich maintain jU'llhe conlrary. Others, hO"'e'-er,
could not find anyefleCl on performance at all (summarized by Loeb. 1980).

The ''''0 e,lremes on a Iwo-po;nl scale could be presented in a simple
manne, bji discussing tbe positions of Iwo eminent noise researebers. Kryter
(1970) is of Ihe opinion that noise ha' a rather pos;ti"e effeCl on performance
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whu~a, Broadbenl (1971) thinks lhat performance is affe<'l~d quit~ n~gal1Vdy

by noise. A possibl~ ~xplanalion of 'his probl~mse~m, to be lh~ diff~r~nt use
of lh~ t~rm 'performanc~',Th~ mosl >'ari~d forms of reaction (e_g. conlrol
activity. opponunily 10 choose. rapidily of reaction. I~arning achi~v~m~nl,

memor)' training) ar~ all ddin~d a, 'performanc~'or ·achi~>-~m~m·.

A possible criterion lor splitting up the comprehensi,'~ '~rm 'performance'
is. for uampl~. 10 separal~ flOm il th~ part of inlell~<:tual acli>'ities. In 'h~

del~rminalion of sound·le"el lh'esltold '-alues. lhat ensu,e an undisturbed
performance. lhe specific kind of acti>;ty should be lak~n in consid~ralion. a.
was ~mphasiud for ~••mpl~ by Sch1'>np!1ug and Schulz (1979):

-Sound I~>'~ls high~r lhan 90 dB{A) will. as a rul~. lead to a d,op in
performance .nd a de<'r~ase in ""ellbeing al "'livilies ofany kind. &Iow
this le>-eL ho",~v~r. ,h~ ,usonablen,," will largely d~pend on lh~ l<ind of
work to be done. E'-en >'~ry low noise le"els (below 55 dB(A» can
produce di'lUrbancu

_ Thr~shold >-alu~s ar~ to be set on panicularly 10" in case that lhe lask 10
perform
_ m.k~s high d<:m.nds on "..ork~r·. inl~llc",

(~.g. planning aClivili~s).

-m.ku high d~mands on "'o'kd, funclionsofm~mory.
_ if lh~ worhr lacks practise.

Th~ kind of work to be don~ und<:r lh~ innu~nc~ of noise "'''IS also tak~n inlo
consideration when a guid~line was utabh,h«I in lhe Federal Republic of
G~rmany: 'A,sessmem of Noise in lhe Working Area with Regard 10 Specific
Operalions (VD1·Guidelin~No. 205S. Part 3. 1981)',

Th~re are lhree 5OIInd·level cla...,s depending on specifIC activilies: the
highest permiut'd noise Ie>'el< al ,he work·place. including the dislUrbing
ouldoor noise that pouJ'S in. are (see VOl 2058. Part 3, 1981):

-55 dB(A) iflhe inl~lIe<:tualpan of work pr~dominal~s

(e,g. if a"'i';ties d<:mand intense concentralion, creati'-e
thinking. or if decision. of consequ~ncesare 10 be mad~).

-70 dB{A) if uncomplicated or partly mechanized office "'ork is to be done
(or similar activities).

-85 dB{A) at all oth~r activiti...

Jansen & Klosterkot!u (1980) contributed _ in cooperation with SOme other
renowned sci~nlists of different faculties - to lhe clariflCalion of the varit'd
explanations of noise and ilS etfe<:ts. They found the most frequently
explanations in case of alteration. in performance to be lhe following:

1. Distra<:tion andlor reduction in an~nlion.

2. Prolonged reaction lime, simultaneously resulting in a slow-down of
physical and menial p,ocesses.



"" \'Diu Poll~"""

3. Changes in aspiralion le,-el.
4. Increase in readiness of risk_laking beha,-iour (in connection with speeding

up of mental procc"",),
S. l""rease in lhe general activity of the organism (psychophy.iological

activation) connected "'th a dtt,ease in discriminatioo abi1il~ and ,n<Tea..,
in inle,f",n••_

Summing up. the aUlhon staled lhal. generall~'.all the ph),.i.al and mental
performance. can be affected by noise wj,h regard to thei' quanTity (e,g.
volume. speed) as well as their quality (e.g. grade. frequency of ..ron).
Impairment of performance ,,-ill be the more likely. the more complex. difficult
and limeronsummg rhe acti'-il)' necessary is to 3ch;",., lhe '"ult.

Figure 8.12 .ho,",'1 a rough palten! txlsed on lhe ""und Ie,-c!. In lhe
individual case, there can result shlln from spceific characlerislics of perwnal
il)' and Silualion. A coincidence of ",me of 'he'" characteriSlics can Iud 10

effects lhal exceed lhe lum of Ihe single effecTS.

Sound Ie"el
IndB{A)
me..ure<l
during 'e>!

-m

lligller ,
lh.n \00

Sub"a.".' a.d la"'I1$ <1«",.", In perform.nce
InffOq""n'

locru""d p",babiln}' of "'<lUI< in perfonn.once
"'i,b hlP. n«d for aeh,e"emen': rompen<a'ion
p""'ble

lI""••""d probabih'! of ..."',a",i.l <!«T••"" in
perform.nce, rompen"'lion more Mft<'UI'

Su"',a,,".1 an<ll..Mg <l«r••", In performance
10~ <xp«.1ed

Figuro 8.1, S<>und L.,'.I.an" elt«t> on performance

Wilh regard 10 lhe p""ern sho"n in Figure 8.12. Jansen and Klos'erk3Her
(1980) especially dr." lh. an.nlion 10 'he fact. lhal allowan••s ha,·. '0 be
made for bolh. 'he differences between Ihe indi"iduals (inter-ind"'idual
differences) and the "arying respon"" in on. and the same perwn depending
On the 'ime (inu'll·indi'idual '·anability).

ActOrding 10 Jan",n and K\osleTk311er (1980). 'he indi"idual differences
are to be anributed to lhe fotlo"'ing factors'

- individual excitablene.. and ",nsi"";l)'_
-Ind"idual proneness 10 being diSturbed. diSlracted. as well as labilily.
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-indi"idual performance capability (a, determinant of lhe t",k·inherent
difficulty).

- individual atlitude toward, the noi'" and the noi'" >ource.
-degree of achievcmenl mOli"at;on,

The compens31ion of noi", dfcelS. als<> mentioned (",e Figure 8.12) (by
inCTusing motivation. for example) can in ilself produce adverse effecl'
(I"ychic com)

FlI acl.' ••
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Be'ide' the influence quanti"es, with regard to >ound le"el and kInd of
ae,i,·ily. indi"idual"s eharacterislic. play an important P<'rt. Jansen and
Hoffmann (1965.1973) studied, for ",ample. the subjective mood as well a<
changes of handwriting'pressure under different noi", situations in depend·
ence on the personaht; facto, neur01icism. The noi'" silualions contained:
white noi", 75 and 95 dB. octa"e-band noise 95 dB (mid. frequency 3.200 Hz).
1hi,d·oc'a'·e-band nOIse 95 dB (mid-frequency 3.200 Hz). and pure tone 95 dB
(3,2oo Hz). Judging noise ,ituations by means of adjcet"'e "ales it wa, pro"ed
that increasing loudness caused increasing .nno;ance. The concept of
anno\'ance consisted of three dimensions; emotional fac'or (pleasant-un
pleasant). activity (.cti"'-Inachve). and ten'ion (ner>'ous--<XlOl). The negati"e
judging of noise wa, intensified by the personality factor neuroticism (see
Figure 8.13). Handwriting·pressure Ie", showed a noise·induced drop in
handwriting pressure. The effects of narrow-band nOIse exceeded 'hose of
broad.band noise, Thu, neuroticism was found to be a factor that inc......s
noise·induced effects.

Basow (1974) was able to pro"e the effects of white noi'" on the perform.nce
of aaention as a function of'he lcndenc)' to become anxious. Di",ipio (1971)
likewise found the ps)'chomotork performance depended on white noise as
well .s on personality "ariable<, Guski (1975) ;n,'estig.ted in an empirical



'"
~ludy the approach of Gla~s and Singe! (1972) acrording to which aprMn's
reaction to noise depend, in a higher degree on hi,oognit;ve evaluation oflh.
noise event than on the noise itself or one of his own perwnalily
characteristics_ Based on his s{udie,. Guski (1975) concluded that the
o~rved drop in performance under no;... e'JlO'Sur. is mainly due to the
>Ubjeers evalualion of the no;", 'ituation and 'herefore the alleration ;n
p"rforman"" is only 10 be seen as a seoondary, by cognition elicited "'und
effecl. In a field-experiment dealing I"ith noise. sleep and performance,
similar result' were found by Gros (1985). Methodical a'pects of researching
noise and performance effects are discussed by Or", and Mehnen (1986).

Summing up il maj' be said. the pr."'nt stage of knowledge regarding the
psychological effects of noise on human performam:" can l>e'st b<: describ<:d by
the theoretical concept of the 'moderalOr ,'ari.blC5'_It is assumed Ih.1 noise
dicils cognitive and emotional evaluation p,ocesses which are modifiable by
characteristi'" of the .ilUalion a, well as of the indi,idual

Figure 8.14 (bas<:d on DFG. 1974) demonmale, the possible diffe,ent
dfect. of noise on performance b)' means of the moderato' "anable
'sen'iti'ity 10 noise' ,
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Figure 8.14 b.mpl.. lOT different efloc" of. moderator ,'ui.ble

8.3,2 l'!;)d",IOgi<al Well.Btlng aDd Anno)'ance

Sound e'enlS that ehcil annoyance detract from people', wellbeing (UBA.
1978). Noise has. b<:cause of its acoustical cha'acteristi'" (e.g, inten.ity.
bandwidth or impul,e content). dimity ad'-erse effects on man. SIa,t1e
r.sponse or defen'i"e blocking. for example_Other direct effects can be due
to the infonnation·b<:aring c!Ja'actenstks of the noise source (e,g. moped.
louy)_ But annoyance mainl)' ,e.ult, from people's knowledge not to be able
to escape that as unnece<Sary felt noise.
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The indirecl adverse effects of noise can be impairment of people's p'ychic
wellbeing due to di'turbance, during recrealion and rel3Kation. Annoyance
resulls also from being compelle<llo cJo.e the window,or to raise one', voice in
order 10 reduce or to drown the ooise coming from ouldoors (ct. Rohrmann.
1976. 1m. 1975: Rohrmann" ,,/.. 1978. 1980; fjn~e el di.. 1980). From lhis
lasling alteralion in behaviour -e.g, increased drug consumplion - Can ensue
(Meier and Muller. 1975). fun her noise-induced alleratlons in behaviour arc.
lum;ng up of radio or telc..ision. reducing speech communication or refraining
from il. changing one's dwelling or moving to another arU.

The extent ofcontinual annoyance due 10 sound emission i' only reflecled in
people's reaction. II wa, aseenainc<! lhallhe connection bet"'~n lhe dcgr~ of
annoyance and the physical sound pressure. above all in lhe mid-inlensitie' (45
1070 dB(A». is not especially close. The acouslically charaCterislic values of
noise reprcsc:nt in lhis connection only 0'"' determinant of lhe anno)'ance
reaction besides lhe sociological, physiological and p'ychological characleris
ti"" of lhe aggrieved individuals. Thus. the CO<Iccpt of the moderalor variables
can also be applied to the effect' of annoyance due to noise.

The DFG study on aircraft noise (DFG. 1974) comprises an empirical
uaminalion of the moderatol conccpt. The accuraCJI of prediction regarding
noi'" effects could be doubled by inclu'ion of moderator '·ariables.

World·wide demoscopical survey' have been eaHied ou' in order to
a5«'rtain lhe u.enl of anooj'ance eliciled by environmental noise (Bradley.
1980; B"",,'Tt and Law. 1978; DFG. 1974, Fidel!. 1m. 1978, Finke el di.. 1980,
ROhrmann el "I.. 1978: su>:u~i. 1978}. According 10 lhis as "·ell.s 10 other
sludies. about 80% of the We'tern German population. for example. feel
dislurbe<i _ depending on the noIse souI«. Loo~ing in this connection at
traffIC noise. lhe mosl annoyance-<:ausing effects are ascribed 10 lorry ooise.
follow.d by aiteraft noise. indus.rial and construction nOIse. as "'ell as noise
ori8inating from the n.ighbourhood (UBA. 1975),

Th. most commonly used social--scientiflC m.asurins inslrum.nts are
inten-'ie"'" questionnailes and ps,-chological teslS whieb are executed in
conneclion Wilh an identification of r.Speelive acoustical dala. Common to all
social-sci.ntific procedure. i' the coll.ction of substantially v.ry differenl
aspeels of annoyance-cffe<:ts which are finally r.flected in global values "'hich
ha..'. to be obtained by .tallstical procedures (GUskl "al.. 1978). It is to be
taken into aCCOunt that glONI val u.s oniy represent a"erage an oo)'ance effect.,
Ther.fore, th.y are .uitable at most for th. int.rpetation of average reactions
in g.neral. Figure 8.15 giv.. an example (d. Sha.... 1975).

Social--scientific inquiries ""b,n communities 'har ar••x~ to noise "'ill
fail 10 register tbe direct ooise effecl' but rath.r e'tablish the indir.ct and
long_t.rm ones. Ne,'.rthcl.ss. lh.se in,·.st;gations are - under .imultaneou.
m.asurement of tht- noise 1...·.1 in th. respective area -ofgreat importance for
th. research on noise .ffects. Th. connection bet",een th. degree of """u'lical
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en""(lnm~ntalpollmion and th~ social-scientific registerable noise dfeels is. as
a rule. more marke<lly ,<"eCled in .uch ,urve~'S than in other studi.s on noise
effen., The inquiry' results of indepcndcnr research !UmS hannon;ze 10 a high
dcgree (e.g. Rd'ter. 1975; Tracor. 1970; Valle! ~,al.. 1978).

8.4 /liOISE A:"lD CRITICAL GROUPS (Eekh.rd G..... and
c.r<l Ja_n)

Measures of noise aba1ement are. in general. based on acou.licalthreshold or
limiT-values. idemified as prole<:live to the average person wnhin (he
community. But the'" UiSI Crilical group< wllhin lhe population "'ho have a
righl of being pr01ected again'l noi.., by specifK: measures. Although no model
of a genel1llly acceptable classificalion of the cf1lical group< has been available
until now, it can be 'laled thatlhe elderly. children. sick people (especially
lhose living in acule oondition' as. for example. hypenonics or reoonvalc.·
<ems). pregnant women. as wdl as lhe lower social cia..,. need pa,ucular
al1enlion (Jan..,n and Gros. 1'n6: Gros and Jan..,n. 1978; Rehm and Gros.
1980: Mclean and Tarnopobky. 1'n7; WHO. 1980)

Using physiological Crileria. those critical group< may be defined a. people



'"
"ho .r~ in more YUI....ab!e condlllOn. permanently or tcmponrily. l'be .,m of
• "ud) carried oul by Rchm and Gros (l9llO) "-as 10 show ..-hclhcr 1M
ph)~IIUaion of ill people: 10 _"'as diffe~nl from the rexuon of
health)" peoplc:. Tbty found w! ,n rompemon to Maltby ...bjcctJ, patients
suffering from cerebro-'2K\Ilar dM:_ Jol>ooooo'w. ~~1OII10 noise ..hidl could
be judged as abnormal. It lee'" 10 be _ ,mpo,wll WI the capagty of
'nn<:""'-"l tbe pcnphc:...:J biood no. aIler """01 bad.~oiI:uondue to
......., .. "cr)" mlJdl reduced (Rchm and G..... 11l!lO). TIu< appnt1 to"'JFS'
IMI • nonnal adeqllalc p/l)"loIOlopcal re.pomc 10 !OUDd wmull .. _
.....rranted in these soclr. peoplc: _.«lftIi,uon "iudl (lQUId lh... make tbem more
SUS«plibk '0 tbe ckllllMntai tffecu of noitc

If. for aample. a mnIiaIJ.,- tNfiMd huJth-prntrcm",~ , ...1... "'c,e
laken as I bMos. all those would ha'"" 10 be procected "00 arc cspecWl)
l"Ml',..e 10 noise, .."", they arc alrudy at rnk at ......., It,d, thai arc far bdo..
the aco...nadly tkfiIwd th'e>holcl ,alUQ, CO'"Cred ~ admtn....rall"c npta
, ...... (oe.: FigureS.tO.~on RolIonuo. 1977).

I>«J/'" "..ptlr"'.r>l
._ .."'-.,...... .... _. 01--.-.-
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It should be borne ;n mmd.Idd,uO.l.ally. II.." tbe _ntioned UOUJ!" noc onl)
Mlffer particularly from _ polIulIOfl but can KarCeJ) participate in 1M
.d....all~ of c-l!- modem tramporlauo" tcdtniq..... one ol the mal"
OI"ip""lon ofen"fOI\mcntal _

Al'OOIhcr nlJi<e..rcbtcd effCl;'! go" btc s«n ,n a wft in the soaaI~t1,I(Ilill'e of
~ """"..,xposed are'" (<1 Bcrnd,., and Low_Beer. 1973), Fi...... I...
popubtion nUChAIG. then a dian,., In itSSlr\ltlurC ukes pIaD: sillc:c """t~
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people May who ale nOI in a position [0 move to quielliving artas due to
financial or other reasons (e.g. the elderly, (oreigne,.,;, socially underprivi
leged). Then. gradually. lhe quality of the infra-structure deteriorates.
recrealion grounds. medical. ruhural and matui"1 car<: """!re, become
redue<:d,

Hence. ;1 follows. shall IhO$C population group<. who are particularly
sensitive (0 environmental noi..,. be subsumed under the proteclion of
.<:<JUllie.lly defined threshold .'alues either noise proteclion has 10 be made
more individual or lhe no;", level must be "" low that it ensures adequate
protection as f..-reaching", possible.

8.5 REFERE:"CES

B.so.... S. A. (1974), Eff= of while noi"" "" .Ue"""''''' funcl;on ofman,f." .",iet}'.
P""'pt. Mot. Skill.<. J'J. 65~2

Brodley. J. S. (1980). F~ld Siudy of Ad" ..... EllUl> of Traffic NDiu. in Tobi.. <I ai"
571-579.

Broadbent, D. E. (1971), D<mitmond SI"5<. London. Ac.demic Pre.. ,
Brwdben'. D. E, (1979), Hum.n perform.nce '" rooLi<, '" Harm. C. .~t. (ed.)

Hondlxx>k of No". Co"'mI. Ne..' York McGra..-·H,II,
B"""n. A, L.•nd La..-. H. G. (1978), Sou,h..,a" free..·.l' noise .nnoy.nce "u<\"-

repo't of t.... ,un'ey. Re".rch Report No. 82. Au",alian Ro.d Resea,ch Board
Burn., W. (t973), Noise and Mon. !'hiladetphi•. Lippincott.
DFG (Deu,sche Fo""hun~lleme,n",hafl) (1974). Fonchunpbcrich' fl"tlilml~'ir.

hngen. Bd. L 11.1II. Boppard. Bold"
Discip;o. W. J (1971). P')'cOomotor perform.nce a. a f"nClion 01 ..-hite n01i< and

personality v.riable,. Pcrapi. MOl, Skill,. JJ. 82,
D6ring. H. J.. Haul. G. ars<l seiberling. M, (19llOl· £ff«u of Hlgh.;n"",,/}' Sound on

rhe Conlrac,ile funerion of ,hrls()/attd lI,um ofGuinea pigs .nd Rabbm. in Tobiaul
oJ.. 288-293.

Fi<l<II. S. (1977), 1l>e u'!>an noi'" ,u",ej'. Report No, 55Q---9n-I()Q, Washington. EPA
(Environ"",n..1ProteotlOn Ageocy),

Fi<l<lI. S. (1978). Nation..-ide urbon ooi", .urvC)' .1, Mo....,. Soc. flm. ,~. 198--206
Finke, H. 0 .. Gu,ki. R and Rohrmann. B, (19llO). Betroffenhe;' e,"er Stad' durch

Lirm. fo"chungs/>t.irhl Nc. &:!--1050!J()/. Berlin. UBA (Umwd'buodc...mt).
Grns. E, .n<! lan.... G. (1978). Problem. io <l<termi.ing ,he 'i"" of 'he popul.t"'. and

critic.1 groups o.""""d '0 en"ironmental rIOi« .Ioumol of Sound and Vib.orioo. S'l.
137-1J8.

0",•. E. (1'IllS), U"m. xhluf nnd u",ung. K()ln. P.hl.Rugeo"em
Or",. E. ond Melinert. P, (1986), Methodi"al Problem. in Re",.rch of Porform.n<e

ohaoge. as Afler-effeo" of Noi",. in S<hick. A Hbie. H. and L.,.,.,u•. O. (cds.).
Contr;~utio",'0 ,he Ps)'ohological Aoou'ti... SlUttprl. Klen.

01.", D. C. and Singer. J, E, (1972), Urban 51"". £xperimentt "" Noise and Social
S/.esso«. Now York. A<:ademic Press.

Ouh.n. E. (1973). P')·"OOl<>tic.1 ""n«quences of exposure '0 00;'" lao" and
..pia notion'. Pro<-«dingJ of1M Im,moli""aI C""grm 00 No..e <If • Publk H~,h
Problem. W..hinl,on: EPA (En.ilO."",n..1Protec,ion Ageng').

Ou'ki. E, (1975). Eme expe,ime.telle Untem>ohung lum Wirkung.gof\ige
S<h.11S1.rke _ Situotion>ein"'hlt>ung _ Leistung. Di...rI"io•. Berl,n



Gu.ki. R . WklImann. M.. Rohrmann. B.•nd Flnk•• H O. (1978). Konstruktion und
An.... ooung .in.. Fros'boa.n. ,ur ""Ji.lwi...n",h.lili<hc:n Un,....""hu"i de,
AU''''i,kung "on Um..,.,tlJrm. Z",.rh,if' fa, So:iaJPJ~·eholCfu.,.~,

Herridg•. C. F.•nd lo..'·Bee,. l. (1973). Obsen'ati"", of ,he .ffect of .ntc",1t noi..
""a, H••th"",,· Ai,p:,n on mental health. in EPA (En.ironmental Protection
Aae"",'j (e<!.). "'<><ading, oftM Inu,."",wnal COI1g",' on Noiu IU 0 P«b/ir H.aI,h
Probl• .,. Washington. EPA.S~,

bn..n. G. and Kk""'h. H, (1964). BeeinOu",uIIJ des Balli'lOj:,am"" dutch
SchaUbreit. uoo durch Mu<ik. Inlema' .. Z, ""8""', Ph)·,ioI. 10. 258-~7Q.

J.~n. G. and Hoffmann. H (1965). Urml:>edin;t. Andeftlnaen de, F.inmotorik
uod U"iSI<.it ..mpfioduoS.n in Abhlngigl<.it "on be>!immt.o P.rolinlkhkoit<
<bm."';"..n, Z.itseh"ft fii' .xpm-'n.oreU. WId uo&"",ondl< hydlOloJu. 4.
~13.

Jan..n. G. (1972). Ex."•••udi''''Y ille"" of noi>e. T,u",IUlitHIJ of'iI< Belton< I...""",
fo, H<a";n& RaN,eIl. U,

Jan..n. G.•n<! Gr"., E. (197~). Sfudy ro CH",m;,u ,h. C,iIi~1 G,Ol<P' uod tM S,,, of
,h. Pt>pulution to b< C"",id".d fo' NoW, L"".mbou'i. eommiuion of 1M
European Communi,;"•. Health and Sofely Dir«lo..... Doc. N. 4l19tln~ •.

J.~n.G .n<! Hoffm.nn. It, (1973). Einflu6 de, 8edeulun8'i<halt. "On ~,iionch<n

un<! de, r.rolinl,.hk.,tsd,men...""n .ul Ilrmbediog" R•• ktlO..n. XVIII. C""&.
Int P'."rh. Appl. Vol. II. 1781-l786,

Jan..n. G. 'M KlQJterko)lte,. K. (1980). U,m uoo Urm..-i,kunaeo. EiI< B..""S
:u, Kldtun& "011 B<!nft.n. Bonn. Dc, Bundosmirn"...... ln...m.

Jan..o. G, (1980), R<Htllt<!r 011 E.xtrQUural ,\"015. Eft«.. S,nr. 1'173. in Tobi.. rt 011"
~21-236.

Jansen. G.. Of".. E. and R.hm. S. (1981), Unte"""hung.n 'u' ",.M'ik.il <Ie. U,m•
... • nderen Iklastunpf.kt",.n am A,be'1Sf\laU. Fo...hWlg,b<rleht- Do<tmund,
BAU (Bundesan"alt Iii, Arbe,,,·,.huU uoo Unf.lIf""'hung).

Kf)'t<r, K. D. (1970). nr. Eft«.. ofNOI5'on Man. N.... Yo,k. "",.dem>< Pr=.
Loeb. M, (1980). Noi" om! P.ifo""onre; Do Wr Kno'" Mot<" \·o...~ in Tobi... " aJ..

303-321.
Mclean. E. K. and Tarnopotsky. A. (1m). 1'1";.. diseomlnn and m<ntol huttn.

P'ychnlofieOll ~.dir",•• 1. 19--6l
M.,er. H. P. and Mulle,. R. (197$). Di. B«inl'ietltiiuog <Ie, Wohnh)·Ji.... durch

U,m.. Um.....lrh"gi.n. 213. 5--1-«1
Mill<.. l. D, (1974). Eff<"" of no", on p«>pl< J A""",. Soc. Am.. Sli. 729-164.
Poulton, E, C. (1m), Composit< model fof hum.n p<rfonnan« in rontinuou. ".,...,.

P'Jclonl, R.,·.....'. 86. 361-37S,
R<nm. S.•nd 01'0$. E, (1980). rhJsiofo~rraJ Eft«" of Noitr fn Critic.1 Oroups. on

Tohi.. <I 011., 261_266.
R.I".,. E, (197$), TrutT'" Nnu< AnnOJan«. lyngby.
Rohrmann. B. (1976). Die St_i'kung .... I'IU&belriebe. an L-andeplll..n _ .on•

• mpirisell. Studi•. Kampfd.m U"", n, 1\--11.
Roh,mann. B. (1m). $o.zi.I..'i...nseh.ltlich. Fonehungserg<hni... zum

Um".ltl"ohl<m l'Iu&llrm. Kompf thm U"", 14, 89-100,
Rohrmann. B, (1978). De<iJO and prehm,,,,,')' ' .....It< of an inter<lis<iplina'Y field otudy

on Ulban 001"'. Jownal i>f Sourrd ond Vib,u,ion. 5t. 111-113.
Rohrmann. B.. Fink., II. 0 .. Cu'ki, R.. Schumer, R.•nd Schum..·Koh... A.

(1978). f7ugl.,m unJ m". W"ku'!8.'"drn M.",eh.n, Stu"8"-'" HUb<f
Rohrmann, B., Flnk<. H. O. and 0",1<>. R. (l9ro), AMIl"" ofRNClioIu 10 Dift.ren,

En'"",",",,,t.1 Noiu SOl<,..., '" Rn'Mnlitll Artlll (an urban ooi>o: r.l00y). in T<)bi:\<"
aJ .. S--I&-S55.



"8

ScbOapllus, W. and Schulz. P. (1m). Lirrn..irkungtn bel Tlllgkti'tn mil
komJ>ltxcr loformation,,'.rarbe,'ung. F"r<cI"mg,bt..u:h, Nt. 79-105 01 20J _Berlin.
UBA (Um..-el'bundesamt),

Sh..... E. A. O. (1975). N<>fS< poIlulion-" hal can be <lone' Physics To>d<J,·. I. 4<>-58.
Su'uki, T, (L978). S"""""n"d Rtp'"" "" w S;."..-y ol,h. A.II«J £ffrro of

e"v,,.,,mn<..tal Noiu, .od Vib,Q,iolU. Toky<>. R...."n I",';t.," for Soti.l 5u,,'o\'
T,*"". J. V.. la_n, G. and Ward. W, D. (e<l>.\ (1980), Procudmtp oft"" Th'id

In«TflQIIOfNJ/ ConsmJ "" ,,"oUt '" " Public: H.IJII~ Probkm. Rock';lk. American
Spc«h.Langua&<-Ht.ring Association (ASHA),

Troe<rr. In<, (1970). Community rt.«;"". 10 airport ..,'... F",,,! Repon ,\'(),
T-7Q-AU-74S4·U.

UBA (Um"-eltbund<..mt) (H"l') (1978). f'>oJ<"rg"'PP' U",,""kflmp!u"g IN,m
Bulld"""";,,,, d" [""em. Berlin. UBA

Vane,. M.• Mao"". M . Pa&<. M. A., F.uf'¢, B.•nd !';o.hoa.d,. G. (1978). Anno.'once
from and ••!>it".,;.", ,,, road "off", ooi", fTOm u,ba" ..p'"......~~. J. S<mnd ~nd

Vib"''''''' . .o.423-1-1O.
VOl (Ve..in ~t><her InVnlcuTej 2058. BI.tt 3 (1981). &urr"lun& '"OIl LiJ,m ~m

ArI"'tspldlZ unle, Beriiel<>,ch"&ung un'mch,edlkh" Tangk,tten. Dii»el<lorf.
VOl.

Wekh. B. L. l1Id Wekh. A. S. (eds,) (1970). Ph"""'ogiotl £fjmsc!.\'ciH. "e.' Yorl:.
Plenum P.....

WHO (World He.lth OrpnLza1lon) (ed.) (1980). Enmonmental health ","er.. 12.
SciH. Oenf. WHO.



N""" 1'<>1,.,"",
Ed'l<d by" La" Sito' ,00 R W II S,ept!<n,
(:119M SCOPE, ","t.h,h<<I try _n "''''j &: Son. lIo

CHAPTER 9

Noise Interference with Oral
Communications

T, T"R~6cn

9.1 CO.\I.\IUSIC..TlON 8't' SJ>[[CII

Sp"~ch is th~ m<»ll important means of communication for human ~ing,. h,
functioning is linked "ith a bilateral human capability. Ihal of Ihe abilit) to
fOm> .nd 10 undc"land spec<:h. Basic condllions of this ar~ Ih~ Inunlion 10
rommunirate. Ihe .yslem of signals u5C<l arc according 10 a rommon
agr~~m~nl. ,h~ ~mll1ing and f~c~,,'ing '-'rgans heing In perk..,' conditioo and
Ihere is the ability 10 comprehend. 1M chain of sp"c<:h communi<:alion is a
complicaled sY'lem "here br.in. nen-'es. speech org.ns .nd hearing a.e all
pafliclpa!lng (Figur~ 9, I). F""dback serving for Ihe checking <:>f lr.nsmission.
n.mel). Ihe laCl Ihat the 'p".kef also hears his o"n "oice. is nol a basic
condition bUI impro"es the sp"~d and saf~ty of communicalion.

C"mmuniCalion b) SQunds is knQwn also in Ihe world of .nimal,. but Ihi.
differs from hUlI\.1In sp"ech. ~cau.. ,,'ilh .nimal. ~3Ch informal;on is 8,,'en by a
separale sign.1. (Thus. of COUrse. il is inepl for information on thoughu).
Human sp"ech is a .)"st~m of ,ignals built up on 35-40 ~km~nlS. "h~rc Ih~

mun;ng c~hes On "arious form. of ronneClion, heN'''''n the elemems. The
prn;sibilily is gi"en, nol onl)" to form a n~w sp"c<:h sound compound for an)"
meaning. but also foe Ihe ronsuuclion of • grammatical s~'stem in order 10
d~"~lop a lilerary languag~ semanHeall)' perfe..,"y .Iigne<!.

Sp"ech is p"rfeClly undemandable - under .ppropriale acoustiC orrum.l.
ances _ for heallhy pc<>pk mUIUllH)' knowing the S),,'em of arousti<:al sign.l•
• greed upon. i.e. the langu.ge. B~':Kousti<:alorrumSl.n= arc mcanl lhal Ihe
d,nanC(' bel,.-een speakec and hcarer and the en"ironmenlal background noise
ace .ui,ab)e for Ihe sp"c<:h loudn~ss. 'Inl~lIigiblhly" depends on Ihese facto"
and it may ~"en ~ losl. Therefore. Ihe no'ion of inlelhgibilily has. gr~al

imponance in Ihe e",'ualion of speech communkalion. With noise pcesenl.
bolh the speaker and lhe hcal~r are faced wilh a diffICUlt la,k, lhe former is
disturbed by noise in thinking and the formalion of speech. "'hilsllhe laller in

2~9
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N<>is. P()/Iu';on

Figu,. 9.1 D..gram of the rom·
mun"",on "hatn: I • information.
C,., • cerebr.1 luoc,ion, Nu •
""rvou, COnllCC1lo"s. ,II • molone
emi,,;oo. R • ",«plio". 1'. R' 
feedback ;nro,mallon for Ihe emitter.
I,., • inlOTmallOn More of l>mh
emi"., .nd ,eee"'..

hearing the series of .ignal~ and Ih. <::<:rebral evaluation of lhe information
conlent. h is. first of all. the phenomenon of 'masking" thaI makes
communication difficult. (ZwIcker, Chapler 4, !hi. ,'olume).

Brain·work i~. as a maller of fact, the decoding of the acoustical material
heard. and it will become more .nd more difficult according (0 whar share
and wh., part of the information i. ma& unintelligible. Therefore. the
harmful effect of .""""h-no;", interference consist' not only in the fact thaI
the informal ion i' not understood. but also that lhe eSlablishmenl of
communication requires greal efforts both on lhe 'ide of emission. e,g. by
shouting and on lhal of reeeption, i.e, combinative thinking.

ThaI i' why Robinson (1m) rank. speech inlerference among primary
human elfecn of noiie. In the case ohpeech inlerference, our brain deals n01
direClly Wilh the determinalion of some property of noiie. but with lhe
decoding of infonnation malerial di,toJled indirectly by the masking effeCl of
noise. 1l is also true lhal speeeh interference is n01 a iecondary e{feCl of .uch
charaCler a. that of impaired hearing. nef"al or organic disease•. Thi, chain of
thoughl nece.sitate' the insertion of a lhird kind of noiie dleel b<:lween lhe
twO eXtreme lypeS. lhe iensational judgement of the quantilalive dala of
noise and lhe development of hannful effect. of noiie. To lhi. inter-.tate.
could b<: ranked also the ,leep-di,lurbing dfect of noise. ",hose furth..
consequences are liredness, reduced menIal alertness, nef"o",ness. etc. It is
characlerislic of these calegorie. (,peech interference.•leep interference)
thaI they exi.. only when noise i. presenl and with it. eliminalion the
phenomenon also disappears, Thi. is not the case with impaired hearing.
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nerval taint or organic disease. "'I\ich remain after lh. removal of noi\.e, These
are the real secondal)' noise dr.cts.•

Sound·forming is usually of a noHoo-differenl;aled quality. bUI it has
variable components, Such i. finl of all the frequency band use<!. Within one
specie. the emined band of sound and the sensibility range of Ihe re<'eive'
organ are naturally in harmony. Burlhe sound "ill nOI necesurily ~ perttived
by mem~l'$ of aoolher spttie•. It is .'cry inlele'Sl;og [bal among mammalia
uamined until n(tW. man is perhaps lhe 11\0$' 5':nSilive in 'he range of
low.frequency sounds, while fully in""nsilive 10 those of a vcry high pilCh. The
frequency of lhe highest ""und heard by man is 16-18 kHz. while the cari ofa
chimpanue are sensitive up 1022kHz. Ih<)$(: of a dog go up to 38 kHz. of a
washbear up to 50 kHz. of a cal up 10 7S kHz and those ofa bat up to 12lJ kHz.
Non·mammals are usually insensilive 10 high·pitched sounds. This issurprising
because previously we had though lhal crickets as "'elias birds were sensillve 10

very high_pitehed sounds. In reality. the upptr limil of the hearing of birds is
around 8-12 kHz according 10 experiments 01 Tembrock and colleagues
(TembTock.1959).

VariatHm is pouible fim of all in pilCh and time bUl il sums much less
probable lhat the quality of sound would have an inlonnalion-earrying role.
However. for man even this faClor results in unlimiled combinalion possibili
ties. i.e. the mul!iplicatHm of meaning conlent.

9.2 MECHAN"ISMOFSPEECHFORMATION

9.2.1 VibntionofVocalChoni.

The primary SOUrce of the formation of speech 50unds if lhe glon" (Figure
9.2). The dosed vocal chordo are made to vibrate by lhe flow ofair flowing out
01 lungs. The fundamental tones generated in lhis way aTe transformed into
speech sounds by various TeSOnatoT cavities. finally the sound will be radialed
;nlo the environmental airspace through lhe oral apenure andlor noslrils.

Benealh lhe vocal chords one single large ca,;ty - the chesl - is 10 be
found. This cavity includes the energy SOUrce of lhe sound formation system-

• F<>r _ ..,I """mlln""'",,,. "',-«.. cnmpln IIIlIj t>< foun<! >100 '" It>< _ of '.;ml.ll.
Tho< primary rT""'" 10< thd ~ Ibc ......bibty 01~~ for """"""""",lion pIIfl1'1OC'.
Tho> 'l'l'< of~ "'j I>< U>iIy MId ,opdy Ionned. d «HI....... rclativdy ..-de .ariation 01
"'for....tion po>OIibihti« ODd .... >100 ........." ...-'.... q"';1I<> C''-CD it> Ibc pr<o<tl« 01
na,","__ (bu>II. wood. 10<e1l) An impott.., <IIu><l<n.,;o ~ 111>1 _ ........ may Oc
·ro<I<d·. tI.., ~ ..,..... OcIoolP>t ,a <1<1><, """'" do ..,. k""" "hot mf"""-"tion iI "",t_ in
t!>< rn-cn Illn". A.,m" ><>Un<! .... Ibcrcf<>rc Ibc f",,,,,, '0 Oc' "'nie, of,.- 'mpott,.t
cu;n 01 <OTntn1ln;e.I;or.. In ,he ""'II< of ,"vallI"""" " ''''''' ou' tho, ""'" ...;ml.ll IIav< ,
rclotiv<1y ot>un<!an, ,roont"'l YO<>buIary. AI 10... ' <10«....;..... >rc'--. tllln arc _ '0
im>c 1S-l'i ' ..""'" flMn<ri< ......... c I. fInch. dolplIin. """"' _key, ,1<,
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lhe lungs. Since there are se"eral soh and lhu, largely dampIng ,u!»,an"", in
the ca,;ty. i' i, fi", of all ,he traChea 'ha' ha. 'h. role of a resonalOr. Since thi'
reg;)nator h.. a ralher 10'" selkesonance. it doe' nol influence the sound
quality of speech sounds but may eharaclerize indi,-idualtimbr•. In ca" of a
normal ,peech sound the pr.ssur. of air flowing Oul of lung, correspond, 10
thai of a "·al.r column of aboul 4em. Wh.n shouling ,'.ry loudly and wilh high
pilch il may e,'en ruch lhe preSSure of a 2O-em-high wal.r column. Th•
• n.rgy of lh. 5lr.aming air chang<" partly into §(lUnd .nergy, but lhe .ffici.ncy
of lransformalion is "ery low. only of the order of 0.1 "".

Vocal chord' block up the way of air lik. an .Ia"ic·tightened membrane and
form the sound sourtt of speech and of the singing "oice It compri.., a ~ir of
fold' "hose longiludinal t.n,ion, selling and gap--siz. may be changed
d.pending on OUr "ill. Muscle' are ~1I1y imbedd.d into the '-ocal chords and
panly mOli~ate the canilages placed around them. Vocal chord, adhere '''' ,he
carlilag•• and lhu. lh••xact sening and control i' mad. by m.an, of lh....
Cricoid i, the basic cartilage of the la,ynx. Abo"e il i, lhe th)'roid canilagc and
,,'hieh can tight.n lh. front ",,11 of lhe larynx on lh. inn.r ~n of ,,-hieh are
,iluated the beginnings of the '-ocal chords. Ar;iltnoid canilages are placed on
the backside of the cricoid and carry the ends of lhe ,'ocal chord, which they
activat•. Th. cartilag. cov.ring the larynx has a prot.ctive role and ha' nothing
to do ,,;th sound formation, tn Figures 9.3(a) and 9.3(b). lhe cros, \.Cc,ion of
la')'nx and lh. rough layout of meal chord' are presented. The mo".ment of
vocal chords may be besl explained On the crOSS section. but experimentally il
may be examined preci\.Cly in lhe t,,'o Olher major d"ection'_ Pseud<>-"ocal
chord' 10 be seen in Ih. figure do not participat. in sound formation und.r
normal condilion,. bu' in palhological cas<:, and wi'h opera'i,-. help ,he}' may
lake ,,,,.r - imperfectly - the voice-forming role of vocal chord,.

The length of meal chords i, 2l)..25 mm. Their rrtO"""",n, takes place ill
,uch a way that the air·flo'" pouring out of lungs knock' against the obstacl.
rai\.Cd by closed gloni,. If ,urplus pressure e.ceed, the compressing Strength "f
"<>cal chords the flow of air breaks lhrough the closur•. In thi' "ay lhe ,urplu,
pr.ssure will imm.diat.ly dimini'h and resulting from their .Iaslicity ''OCal
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Filu,e 9.3 (.) V<rt;';'al cr<»<-><:c,ion of I.~'nx; (b) ....iron'.1
....'''''. in til< heigbt of ,he pou" in ,he <>pen.nd closed " ....

chords are dos<:d aga,n. ArT f10wtng ou' 'S conHnu<)u,ly repla~d from lungs.
Iherefore after a ~na;n time 11 "'ill reach 'he surplus pre"ure required lor a
bre.k through .g.in, and the mo"emem goe' on, The el."icity d",. of vocal
ehoeds and Ihe flow data of the a" curren' ar. na'urally ,n harmony, Th.
relationsh,p belween flo.. ,'.Ioc;ty and pre"ure in the romr""li"n is ,ueh th.1
al the narroweSt pan of la1;-'n. (glon;s) 'he ai, pressure w,lI be least Th"
phySIcal relalwnsh;p panly g<>"erns the dosure of Ihe "ocol chords,

Vocal chords do nOI form a SySlem openong and closong;n plane. but mM'e
away' and upward. 'hen wllh an elhptical mMemem 'hey coll'de furl her <k>wn
and. w'hen dosing the edges are pr"""d 'ogether or may ."en be pla~d one
above the other. Clrn;ur. does not t.ke pl.ce at once along the glotti" either,
bm the glonis ;s gradually dosed from th. front to 'he baek and thus the en,i'e
movemenl has a charaeter of 'nake-Iike movemenl in 'pa~ that may be
observed by meanS of a Mroboscopc, Aftcr c""ing. "<>cal chords 'lri"e lor the
repctnoon of Ihe process even by' themS/:lves _ beeauS/: of 'he" ela"ieity_
and therdore. they "arl apin 'owards Ihe opening up" .rd., Thc well-timed
increa'" of pressure of air coming from lung, as,"sts II", movement (,'an <ltn
Berg. 195~).

Speech ",unds are basically g.nerated thmugh the mO.-cment of .-"cal
chords. but more dctailed dala of Ihe prace'S requIre exam;natOon. Such are
Ihe form of 'ibratOon. the rela'ion'hip hetw"en thc duration of opening and
closing of 'he chords a, w'ell as Ihe harmooic content of sound thuS "btained.
The time'pattcrn of Ihe gloltis opening is a funetOon of "'pical triangular form
wher<: Ihe ,nn,al "age is a "eeply' inereasing opening. The dur;o, Oon of opening
and dosing st.le may be examined e,ther by 'he stmboscopc mClhod or by the
waveform ,n t'me of the 'O~nd obtained, According to data obtained fmm
oscillogram, the open,ng q~oti.nt amo~nts 10 (J,2 at the normal p,lch of
speech sound and may jncrease up to a value "f I),7 wilh a two-ocla"e inc rea""
of pilch. As against Ihis. according to the stroboscopic melhod the opening
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quotient haldly depends on the frc'lucn,,~· and its value i. around 0.7
(Timckc. 1956). E~f'<'rimcnts show lhal the absolute ,-alue of lhe opening
time is constanl: 2-2.5 m, (J""" 1948; Tamoc:zy. 19S 1).

II is difficult 10 make a conclusion here. because oflh. problem of defining
exactly I"hat we mean by an acou>licaUy'-opcn state,

9.2.2 Diffonnlialr<l Phonation

The sound generated by the gloni, - the "oice - is one of the ra.... ma'enals
of speech. liS oscillogram ha' the characteristic "''' ·tooth form ,;milar to that
of mechan,cal or elocuical self induced ,-ibrallno,. The harmonic content of
the "oice decrease' by' about 12 dBocta'e, Thi' ra" maurial i. "an,for_
med mto speech sounds ••,Ih. chara".,;,,;. ,imb,.., b)" 'he resonance effect of
ca' itie' above the glon;,.

Howe,-cr. thert: are alw se--eral other methods of forming speech ""und•.
In ,he cavi'ie$ atxwe the glonis. closures and natfo",ngs mal be eSlablished
and lhus .'ariou. kind. of noi.., may be crealed. Na,m'" gap' ma~' be fo,med
hc,ween lips. lips and tee<h. tongue and teeth a. "'ell as between tongue and
"arious ports of'he pola'e. Voi""l<'$s f,icat,,'e. (f. s.. etc.) a,e formed in lhis
".y. If al"" the "oi"" is e.cited. 'he corresponding ,·oieed·pai.. (". z. J) will
be heard With the ...dden burs,ing of correspondIng closure SlOps p. t. k. b.
d. g. arc ob'ained in a .'oiced·form, The rapid con..,cutive applicatIon of lhe
closure- and gap-fo,mlng mc,hods will r<'$ul, in ne'" SOund•. they are lhe
so-called affricat.... e.g, IS.' . AI", the tlmbre of 001'" ,",unds IS Influenced b}'
the ca"ities atxwe the gloni•. bUtlhe re.1 resonance elf""l is e",,:;..,d fi"'t of
all in the formallon of vowels and ..,mi_"o"ds (m. n. I. r. ele.).

Fullest information i. kno"'n about 'he ph)'sical ,lruClure of \'o"'ek
Vo,,'cl-f",mm8 ca,'nics I'ansfo"" Ihe 'oic«l sounds in thei' harmonic
""n'em as a rCSUIt of lheir resonan""S (Figu'" 9.4). The "'glOnS of reSOn.nce
amplifICation shown in Ihe figure are called 'formants, Ilelmhol1z suggesled a
filter 'ype of Iheol)' to explain 'he generation of ,,'owels bUllhis is repla""d by
a mO'" modern 'tube theor)" (Fan,. 1%0), Figure 9.2 shows a lObe with
"3l)'ing eross-scClion leading from I"" gloni. 10 'he opening of the mouth. i"
length being about 17 em, If 'he "o,,'e1-forrmng 'ube is ronSidered as a sY'lem
of one-qu;lrtcr of. " ...'denglh kmg. ilS fund. menial lOne will be around 5(Xl

1,14. that may. of course. be modified hy the geomelry of the tut>c (tongue.
opening of the mO\lth). Indeed. lhe first form.ms are '0 be found beN'een
21~"l.lnl Hz. and furlher resona""", (fonnanls 2. 3. elC,) ma~' be found
around 1.500 Hz. 2.500 Hz_ etc. al"" "'i'h .'e1]l wide modifica'ion possibili·
,~

The firsl two forman" show 'he acoustical charaeler of vowels rather well.
The final .oouSlieal form of speech sounds develops afler ,adiating through
'he 3pcf1UrCS of resonator ca"lics.~ radiatIOn resistaOtt of ,he oral c"'ity
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Fig~'" 9_~ E",I~tio" of '" ..',el >Ound> UW<, kIT: 00Td tone,
right: Foun<r.<p<<1",m of 00Td tol\< and modi~inB <ff.""
","u..d by <ran,k, fUl><1ion,. Mlow "gh" final 'pectrum, It/"
finaloscillOVam

'ai.... lhe upp<r range of the sp<cIrum by b dB/octO"e. Thu, the hearing
charaCl<r of lhe upper formant' "ill be .tronger.

Therefore. the development of the arou<llcaJ character of ,"'o"'el, i' a
complicaled process. Figure 9.~ gi"" an outline of the tndi'idual phases of
lhe process. AccordIng to the .ystem ,heory. te'SOnaoce cw'.... modify lhe
original strie. of harmonic>. The efleCl of radialion r..i.lance already
mentioned i. ,uperposed on this to gi'-e the final acoustical form Ho",e,·".
lh" may onl)'be measured on the a-,is of the ",diatlOn Lalerally the fzdiation
diagram i. frequency dependent becau.. of interference. and the .hadowing
effect of the head. re.pecli'-e1y. The usual frequency spectrum of spe~h

sounds" di.lorted laterally and at the back. thus making intelligibilily more
diffiCUlt

Much Ie.. i' kno"'n aooul the physical character of ronsonant. but the
formation of so<alled semi·"o",el. is identical wilh that of ,"o",el., In
a<:<lust,cal quality' also elements of noise charaCl.r may be nbs.erved and the
formants of wrrounding vo"'·el. al50 .trongl)' influence the formation of the
ronsonant charaClcr in lime. The characte' of the ronSOnant in continuou,
nOIse de"e1ops o"er a wide frequency band. but it may be quite ""ell
,ecognized and idenlified from anal)",i. paltern•. 111<: most complicated
mechanical rerognition lask is eaused by st0p5. Wilh them attempts are made
to a<:hine some result by the 'locus' notion for thc lim. beIng. Locus i. a
frequen")' place to which seeond _ e".ntually 'h"d _ formants of
.urrounding ,.0\\.... are directed ...·hen tran,forming the c",'ili.. (Odaur•.
1955),
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With an appropriate formation of C3\ilies a theoretically infinne number of
vow~1 kind~ may~ crealed. but within One language usually only 5-15 "owel
qualities are really used. b"tn if nOl elGletl\. but a nearly similar consider.
lion hold~ also for conSOnant•. From an informatIon and theoretical
viewpoim it i. YCr)' impor1anl thaI Oul of the conlinuousl\' changeable
possibilities in very large num~rs of discrete .kments. This phenomenon is.
of course. conn.cw:! also distinguishing lone qualities. Most languag~ build
up Ihei' vocabula!')' usually from 35-45 .""cell sounds

9.3 SPEECEI AS IN"FOK.\IATION

The information conlent of. phonelic signal i. around 5--5.5 bits. Since the
~ rale is about 1(}-12 signals p"r Strond. 'he information capaCII)' of
.pcech i. 5<HiO bit/sec. The inform";on content of a short sentence reache$
'i((I bi' unill. If our brain "'orked li~. a rompu'er both 'he sending and 'he
recei"ing int.lleCl ought to make a, least 2"" • W',,, decisions durong th'$
lime for roding and decoding of the information. re'recti"ely, Thi' data
indica'es how much faster the braln rerform$ 1'$ "'alna,ing work and how
much more effecien'ly. than romputers.

The question ,,'ill be made ,,·.n more rompl;cated if "'e ''1 to del.rmine
th. information rontent of sreuh sounds an.lyied from 'he ph,-sical side by
artifkal recogni'ion. A ph)'sical analysis of 'reuh sound WIll not re$ult in ,he
determination of a single quali'Y. but 'he analy,is is extended '0 the pi,ch of
sound. dura'ion. IntonatIon and resonance data of 3-1 formants. et<. The
qualil)' of sound should be de'ermined on 'he ba'i' of rh.", rermanen,ly
changed 8-W da'a.

The solution of 'he problem ha' not be.n possible "'Ith ou, rontempOTary
technical poss,bihlle!;, How..'er, by means of sy'n'heliUl1ion and transforma
tion into aroustical ,ignals of the ",m. informa'ion da,a a .... II.und.rstand.
able artif"'ial sreuh may be generated, Thi' fact points to ,h. special acti"I1Y
of 'h. brain ln d.coding sreuh Informa'ion. a.cause of rhe o"erlapping of
formant places derend.m on pronunciation, d.cisions mad. on 'he baSIS of
formams are no, always ambiguous. Addirionally. the indi"idualtimbre. 'he
ronnection of 'he sound in question "'lth o,h.r sound$ and lhc .mo,ional
content of tlte text gi"e a lot of extra info'ma'ion '0 the acoustical signal.
Physical anal)'sts is nor abie '0 distinguish berween elements of 'he 'ecorded
information ·parcel". It i' an elem.n'a!)' obsc"'a,ion, for example. 'ha' ,he
loudness of speuh rna,. aher the forman' muClures more than would be
charaet.rittd by 'he differ.nce be''''..,n ''''0 ,·,,,,.-.Is. Ph)'Slcal analysis is no,
able 10 separate from 'he 'main information' 'he disrnrbing 'additional
infOTma'ion' .. hich som.time!; necessarily' scems mo,. significan, In charac·
terizing tbe rcal quality. and thus. a ,imple analysis i' no, .ni'able for ,he
me<:hanicalr.rogmuon of quall'Y. Thi. 'p3r«'1" CharaCl.r of 'he physical da,a
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of ,pe.ch sounds " One of lh. ,mportant ba,ie princIples of ,.",arch (Tam"""y.
19(5),

II ,.,ultS from lhe foregning that the brain is likely 1o ,ak. con,iderably more
dala inlo con,id"alion than is phy,ically a.ailable "h.n making a ded'ion
concerning qualily. Be'ides. th. brain make' nO! only a 'hon_lime analy,i,
within a gi""n sound. bUI permanenlly considers also relalions "'ilh Ihe
pr."ding and lhe follow,ng sound" What i' mOre. lt c"en <'(Impare, the
mmerial perceived ""ilh iI' 0" n hngual and imelleclual ,'ocabulary and correclS
afterward' lhe e"enwally wrong.!}' idemified signal qualilies. Thu,. lhe work of
lhe brain is .nlarged further.

An intcrcsling technical idea i' that the aUlomatic recognilion and
identification of quantIzed "gnal, mal' !>c tcehnlcall~' ",Is'ahle H"wcvcr.
arising through Ihe failure of lhe automalic recognition of 'p".ch sound' a,
"gnal,. with the prcscn' technical le"cl that is not possihle for cominuous
signals, Speech itsdf is nol a 'ucce"ion of Informanon signals. hut their 'otal
confluen" oul of which our ,ignal recognition s}"em, arc unable 10 sel.cI
discrete qualilies. Fi.,t of all. lwo thIng' h,,'e }el lU!>c sois'ed: one is lhe
segmentalion of indi' idual ,igna!>. "hlle lite O!her 1S thelT idemificmion ,,'ilh
elements of the 'lu'lOli,ed qualily '~S1em, Ho""ever. identificalion IS no<
complelel} possible !>ccaa'e ni the suppres,ing effeel of addilional informa
tion. C,'cn If the possibilil} of corrdation an.lysi, " mclud.d in thc ",Iulion.

Therefore. ph},kal dala of human communiealion ha"e dcs'elope<! accor
ding t" the abililies of man. The sp"ed nf fMm,,,i,,n and of understanding i.
aboullhe sam•. and thi' delermines the eapacily of elemenlary ,nform.tlnn
material and the information capac"l nf spe<-':h sound. It i' ob"iou, lhal lhe
mnst npcn ')'tem lypcS (Morse signals) could nO! correspond 10 human need'
!>ceouse of lhc tlme·du'a'ion of lheir decoding. ",'hile lhe closest ones
(piuure-w,iting) h<><:ausc of th.ir at>.urdly "'rge memor} sto'e. Therefore.
,peech elemenl< had 10 de"elop by num!>cr and quahl) for p'ychn·ph~',iologi·

cal rc"son.
The carrier nf thc inform",ion malerial of 'p"cch communica"on i. al'" a)',

some series of physkal SIgnals, But. lhi' is ,ubjecl 10 lhe inlerference of
en,ironmenta] physical and biophysical phenomena in lhe course of th."
spreading. lran'formalion perception and e'"Cn und..'tandlng, Only quantila
ti' e data of lhe informalion mal..iallran,milled may !>c measured. bul nN an
e"alualion of lIS COnlents, YCI. a re"'t,,'ely small phonelical change mal
i",'ol"e a con'iderable d"utlon of irs eomem,. Th..efo,.. thc Slability of
,ignals IS a declSi"e problem of communlcalion.

The informali"e effeCt of ,ignals is not unambIguously influenced by "arious
distortions. For example ,h. ,eSOnance, of lhe oral ca"ltl Jre. praelieally.
distort,ons ,n lhe de"clopmem of ,peeeh ""und,. or in the d)'namICal
eomprcssion of healing in undemanding. All this promotes lhe adeqaa..
de"dopmem and reception of signals carr)'ing informalion. A, against Ih ...
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interference by noise i~ alwa)'~ effect",'e in tb. direclion of tbe redU,lion of
informalion content

The signal-lo-noise ralio (differen"" betwun ~ignal and noise Ie".ls) is on.
of lhc mOSt fundamental para mel.... in the efficiency of oommon"at,oo. [n lhe
onderstanding of speech <oonds lhe Judgement ofw-<:alled dist;ncli.'e features
(difference lhresholds) has an imponant part and this judgement is made
difficoll by lhe masking effect of noise. h is a general rule of natore that the
intelligih,lity of a series of signal< masked by noise may be regained by
increa,ing lhe redundancy of lhe carrier signals, Redondance may. for
e..mplc. be ,ncreascd by thc muhiplicalion of di'tinCli"e featores of lhe
individual elements. by lhe nomerieal increase of lbe series of "gnal~Of by lhe
repelit,on ohignal proce"", (phonelical Ot "crbal redundan",,).

The next redondance poss,b,hty is '" the leng'h of lhe sound·signal ..ries
designating meanings and grammatical ealego"es, The entire "ocabolary of a
language could be madc up of sound relalions of t"o. three and four elements.
All combinations (e.g. foor idenl,cal OOn<OnanlS une after the other) are.
how"'er. u,ually nol made use of by languages in order 10 ensure lnlelhgibilil}' >

'-e. informalion. Instead of this. longer words are formed, Longersignal series
are Ie.. sen,ili"e 10 nOISe. because lhe loss of <>ne M another information
element may be ea,i1y correCled in the brain and in thi' way lbe lime for
,nformat,on i' increased, Shortne.. io the length ofs'goal inerea",s the amoont
of information per unit time. but also increases the sensiti"ity 10 noise. Speech
has developed ,n sucb a waj' lbal these twO "ie""P'.lInlS are in lhe balan"",

Figure 9.S E.ample ,110"', ltle ""_"ing
effeel of redundancy The di<!onion in lhe
second ro'O' cannol chm,n..e ltle meaning of
the TNundant form

In Figure 9,5 the informational effect of two s'gnal series are presenled
withoUl and with nO;", interference. re,pecti"el}'. [nlerference ha' hardly any
harmful effect on the ,nformalion rontenl of redundant series. ,.-hile a perfeClly
informalive signal serie. (conlaining no ,nsignificanl au.iliar)' signals) will
become fully inde<;ipherable (Tarn0C2Y. 1965).

Wilh a large bas" no'se contenl.lheTefore. redundance should be increased
;n speech oommunication, For example. space language "ocabular;es do not



allow lhe 'yes-no' "ersion. bUI instead. the use of 'affirmali'-e-negali"e' is
obligaIO!')' (Websler, 1%5),

,.4 ACOUSTICAL DATA Of SPEECH AND 11\,ELLIGIBILITY

Resulting from Ihe partIcular fealUre ofspeech sounds. arous\lcal performance
and Speclrum are permanently changing In lhe course of speech. In order 10 be
able 10 determine arou.lical data for the .peech itself ""rlain >tatislical
ronsiderations ha"e 10 be made. II may be Slated con""ming a longer speech
whether il wa. 100 .lill. or of normal inlen.ily or 100 loud. The similar
procedure may be followed also in lhe course of meaSUfementS. The a'-erage
sound pressure Inel of normal speech is abou' 72-76 dB al a d,,,a,,,,e of 30 em
from the .pea~er. Measuring data under "arious drcum"an"". may be found
in Table '.I, \. The table ronlains the a'erage of 'he Hungarian s!'C'ech of 18
men. measurements ""ere made ~' lhe so-called speech<hoir method
(Tafnoczy. 1970. 1971).

T.ble 9.1 A,.ra,e "",nd pre"ure le'el (da) of m.n', sp<<eh .. )Oem d"tonee
from hew

Murmured
Still
Norm.1
~.

Shouted

Behind

"M
n

Be.ide lhe a"erage sound le\"els. 'he form of lhe a"erage 'pe<:1rum of .peech
hM also 10 be ~nown_ In figure9.6 an a"erage ofeighl European languages was
indicated for man', and "'"Oman's "0«_ D.la are ploued in spe"'rum level
(energy Inel falling to 1 Hz theoretical band...'idlh) .nd ...'th a nUClualion
possibility of ",3 dB are ".lid for the English. German. Swedish. Ru"ian,
Italian, Hungarian (Tarnoczj. 1971) a. well as Spanish (Banuls,Terol. 1%5)
and French (Tamoczy, 1975) language., In Figure 9.6 the zero level is Ihe
a"efage (Iong-t;me) sound pre.sure le"el of speech.

From Figure 9.6 speech le'·el. falling 10 oclave bands of 250-4.1XX1 Hz
medium frequencies mal' easil)' be ron"erted. These dala are n«:ded if we ",ish
10 calculale the inlelligibilirj ofspeech in advan"" for noi.... of various speClral
compositions,

Speech sounds ate of ,'ariou. inten.ily and struCture. Iherefore noise dOC'!l
n01 equally ma.~ Ihem. bUl,he more intensive lhe noise lhe more it "'Ill ma5k.
According 10 lradilional definirion. intelligihility is lhe numerieal quotienl of
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the understood clemen,s o'ocr _lithe sptt<"h elemenll. ("""nd, >! l1able. "o.d)
communicated H""e,cf. ,nlcll'&,bihl} pe=nla~ de,c.mJl.et! on tile baSIS of
fluent <pl:cch arc qunt d,ffe,.nt f ....... 1M ,alu,,", 'elcfred to 'nd" 'dual .~ nable>
o,,,,,parate (meanIngful o. mUnlngle"j "0'.1, (fletche,. 195-1). ".mel). ,n tile
iden I,fiea,ion of mean Ingful IUt. "C ty I"'a1 "",-iltion, may hot 11 .tcd de pend ,n I
On the practke. indi' idual ab,liue. and intelligence a. w.11 as On ,h. lext 1'0.
example, ,,'ilh a W; 'JUabl. Intelligibility. 'peech IntelligIbility may ruth
90%. Therdor•. almost c<clu.",dy syllable intelligibility il u)ed for '"'.'lIga
tion •.

Fordi,••, rnu.unng se,'.r.1 p.<X,"<lu,•• ar< kno" n Theirwmmon lu. ur. i.
thaI ,hey 'helto find an "n."w to th~ int~lligjbilit~'of mamly m(\l'IO'lllahle and
dl,yllabic "'ords ",th Identical, Or ..milar. "OK'<: ,lrUC'lor~ as th~ language
in'·~stigated. II " not ahsololdl n~cc:,>arl that tht Indi"dual ..'Ords hne
meaning. But. If w. lhtn ml;tah~ ..ord, are selected ,,·here. for enmplc:.
(I,angmg one phoneme (spe«h oound O<X"\l<nng ,n .h~ langoage 'n qUCSlIOll)
cause changes abo In the mun,ng. For enmplc:.boo~·-1M intellil'bllit~ perttmage Oetemuned may ht used for IndlCa"n, the
....itamllly for "'Of" of the Jorou>l.ocaI ....rrounding H_~'~r. because of the
dumsr_of ....b)CCI""c mcawron.somecomputatlOn me.hod>ha'e dc:\'doped
aOO in 1M roursf of llme

One of thtm IS the """",hon ""'lhod ""ng the tou.! rooo>e Ic:\cl Follo"""1
from the data of Table 91 the nmJ;;'1Ig dfm of noOse mal be loOfIIoC"hat
compensated ~ an 1ftC«_ of soomd ,nt~""ll. An unporl",,' cortI'Idcm"", il;

lhe relat~pbel"'ffO sp«I ofsp:-«b aDd interfcnllg rooo>e For e>.amplc:.
·..·h,t~ flOI5C. (tM ellCfJ) dc: t) of .pectrllm IS COI'Ilant ... a fUOCUOll of
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T.ble 9.2 PcrcenlOgc intelligibility ".bility' of "ops
for the Engli>h.o<I Hungari.n langu.ges

Sound Engl"h Hungari.n

, ~, ~,, 765 875, ~ 785

" " "• n •, " M'

frequency) ma,ks "op' a=rding 10 Table 9,2. The basic assumpli<Jn of the
data of the table i, lhallhe <ound pr""ur. I..'el of ,pe.ch and noi'e 'hould be
id.nlical, i,e, the ,ignal to noise ralio i,OdB. 1nsuch case, lhe imelligibililyofthc
indi"idu.1 sounds is called intclliglbilny slahilily (Miller and Nicely. 1955)

Underslmll.. circumstance, lbe Int.lligibililyof \'0,,'.1, may reach even 98';i,
Therefore lhe e..C1 knowledge of ,pectal relation' i, needed. Fletcher (1954)
g"". p"',ibilili« for olher <olution' by introducing lhe lerm of 'aniculalion
inde' ,The essence ofanicul.tion inde' lies in that the intelligibilily, rdeHing 10
the emire frequency range, IS made up of partrallntclhglhilili« achIeved ,n the
ind"'ldual frequency band'. On lhe basi'oflhi' the aClion of ,peech inlerference
level (S[L) (Beranek. 1960; and its modified forms were introduced,

Table 9, 3 Admissible PSIL·v.lac, in dB mean nlao> ... fU"",tlon of .,peech d"l'nce
and _00 IOItn,ity

Di".uce (m) Norm.1 R..,.d voice ~. Shouted

"; • " " •IJ.6 ~ • " "n.~ '" • " "1.2 ~ " • "" " "' M "
" " '" • "H ~ " '" M

The preferred ,peech interference level (I'SIL) i, the simple arilhmetic.[
me.n value olthe noise [e\'el Jo be mea,ured in ocla' e bands" Ilh 5UJ. I.IH)and
2,(0) Ih medrum frequeneie,. re,peelive[y. A, a funC1ion "r lhi' Table \/.3.
according to Webster', personal commtlnieali<>n (Bum,. [\/7), give, lhe
admissIble di,tanee and sound inlen,ily 10 be used for inlel!tgibilily In speech
communiealion, The dala are 3 dB bigher Ib.n Beranek', figure, for lack of
innuence by !tp.reading
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The computations prc~mcd did nOllakc spectral dc\'iatlons of speech and
inl..f~ring noise into oomideralion. The spectrum of ,pee<:h ma~' be assumed
as g;.'en according to Figure 9.6. Of course. the ,pcolral forms of Sf'<'ech "ith
inten'itie' devi.l;ng from the normal one are 01>0 known (Tarnoczy, (971).
The 'peCtrum of the gi,-en no;,e 'hould be compared to them. BUI. thi' is nOl
enough 10 foreca't intelligibility. 'ince also pam.llnlelhgibility pe,nntangN
falling in the indi'-Idual ocla,. band' h.,. 10 be known. Reference data .,.
presented in Table 9.~ where partial "alue, falling 10 the ,nd"',dual ocla,'.
bands may be found for English (Fleteh.r. 195~). Russian (Jofe. 195~) and
Hungarian (Tarnoay. 1'174) language<. The first 1"'0 are the ..suit, from
conversion. w·hile 'he third is from direCl measurement,

T.ble 9.4 Panial intelligibility perc.ntages (X) m..."red In oct..·• NoMs. w',t~"t

b>K'S'ound noise

Band middle (liz): '" '" "" " " " "'
Engli,1i ; " N " " ;
R""';an , • II n ,.

'"
,

Hungarian ,
" " 22 22 ~ ;

M••n ,'.Iues: ,
" II " 22 "

,
It follows from thc tahlc thal the OCla'C hand w,lh 4.000 Hz medIUm

frequency largd~' ,x>ntrihute' 10 thc iotelligihilih' Thercfore. 1..'.1 "alucs of
nois.: components should he detcrmincd in fi"e ""'aW hands. Furthermore,
according loan idca of D. E, Bro"dl>cnl (S(Ce Borns, 1973) we ma~ agree thal if
<ome cnm[".mcn' of no,,,, le,·.1 " at Ica" 30 dB l>clow lhc ,peech I..'el. then it
has no effcct on imelligihilit~'. while if it is "t leaSl 211 dB abo"e 'I. then
undcrstanding willl>c made quitc impoosihk. Tmosit,onal ea..,s are handled
propnrtio""II)'. Le,'d d~t" of lhe ,ndi.idual hand' arc weighted b)- partial
percenlagcs of intclligihili'~'"nd 'he partial results arC rhen added. Thu' lhc
final intelligihtlit) percentage w,ll be Ohl"ined in lho gi"cn noise,

In Figure 0.7 be'ide oclavo-hand dala of thc ""erage cncrg~ spectrum of
spec"h of normal imcn,ity. ocl""e I..'cls of an imagined noise SOurce wcre "Iso
ploued. 11 lhe computation memioncd i, m"de accord,ng 1<1 rhe Summa"on of

(5 - N),~, -t 20 (5 - ,'1~", -t 2IJ
.. X,~. -t X~"'-t

'" - '"
tlien an imelligibilily of 51.4% will l>c ohta,ned for the Enghsh Iangu.ge .nd
that of 54. 7% for lhe Hung.r;an one. For thc ,'.fific"ion 01 the computalion
usc d~ta of Table 9A ~nd Figurc 9.7,
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CHAPTER 10

Noise Pollution during the Night - A
Possible Risk Factor for Health

10.1 1:\'TRQOU(TIQ"i

Wilhin the circadian rh~'thm the sleep,ng---"'a~;ngrh~'lhm is moot prominenl,
Sleep it""lf i' characterized by C)'die changes. Aft.. the on""t of sleep the
depth of sleep normally incre~ and decreases four to fi"e times dunng a
night. This can be measured with the ele",roencephalogram (EEG). where.
e~pll:sscd simply. the "·..-es gradually berome larger and less fre'luent wilh
increasing sleep depth,

With regard 10 se,'eral p"rticular paltern, (K-romplexes. sleep spindles.
,'eflex sharp wa.'es) this rontinuum is di'ided into fi"e sleep .tages. that is to
say into the stages 0 to 4. Stage 0 (or W) indicates the awa~e state and stage 4
the stage ofdeepest sleep. ""'hen .Ieep stage 1 is regained afler deeper stages. il
is usually - and in COntraSt to stage 1. immediately alter sleep Onset 
accompanied by Rapid El'e Mo"ernenlS "hkh are reroroed with the
electrooculogram (EOG), This is called stage RE~I. or dream sleep.

A sleep C)'cle is defined from .Ieep on""t Or 'he end of "age REM up to the
end of the first. or respecti"ely the following REM .tage. The a"erage duration
of a sleep C)'de is about 9(1...100 m,nutes and;s repealed lhree '0 four limes a
night; the maximum sleep depth as "'ell as the time "'ithin deeper "ages
graduall)'decre~.but the time spent in stage RE~1 increases,

l1K>ugh our ~no"'ledgeabout sleep is still "e,y poor. ,t IS supp"""d tha' the
undisturbed cyclic de"clopment is necessaf]o' for optimum rep""" and that
delta-,leep (stage. 3 and 4 combined) is crucial for physical and stage REM for
psychic relaxalion,

10.1.1 Slt<tpDi<lurbances

ComplainlS about sleep diSlurbanees arc widespread and an increasing
problem in the pra"'ic<: oh physician. Based on the cause ofthe 'leep disorders
they may be di.'ided into 2 main t~'pes;
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-(hose baKolQn illness. These afC disc3\.eS accompanied by p"insor many
in"'nal dise"""$ and mostly ronsist of psychiatric disorders.

-lhe second Ilpe arises from en"ironmental stimuli. among whIch no,se
poUuti<:>n assumes ronsider~ble impo".n~_

As a consequence of Ihc difference in Iype different s(rategi., h.". to be
applied fo' thei' ront",!. Sleep diSOrders based on illness need cau",] medical
Irealment: the occurrence of the s.econd ')'pe mUSl be pre,-cnloo by appropriate
methods. as for instance by damping the 50\1= of noise. by fiuing SQund
insulation etc. Countel-measures arc p"'licubrl}' .,,,,,nti.1 under lh. aspect
that - according to a h}'p<llhesi. commonly a<:<:cpled - chronic sleep
diSlurhanccs are supposed to karl 10 illness (sec Figu', 10. 1)

III I , pnmary-

~ after-effects ------leffects

~~act",.

e- ~~'~'" --- SiHp <:uaOfy_.- -" I- .- ,••1 p,.,.._ • .,.. ..,-'" •,--
~ .....- ! it_.

• ,-. %::-...... --- ~.""''''''''' l- I- ~l! " .- -
J'-- l~- ~-.:_~. "-- --,- .i".... ... ,-I--_. _,,,,mar><;.--- -.- '-r -f

~11
I

l{h p.
Figur. 10,1 D,,,urb.nce of .Ittp ond '1> eff",,",

This Iuds to the queSlion of lh. upp'" lim,l. of noi.., pollutIon. From ,h.
medical point of ,'ie"', ;1 is de>irable 10 prole<:t ever)' individual against
high-imensil)" no,.., _But there are 31"'3)'$ some people who are disturbed by
almost.very wund. Br.a~ingoff all acoustical stimuli implie. the ,uwrc,<ion
of nightly acti>'ili.s. e.g. indumi.1 work. including the prioring of n."'.pare....
nigh!ly tnnsron"lIOn. indudmg lh. lranspol1ahon of fre,h food .

From the.., exampl... it t>ttom....vidtnt that IhNe at. compel;ti,'. jnluest,
noT only betwun Ihe producer and the exposed ;odi,-Kloal bm .'-en for the
individual alone



'"
The d«i,i<)ns wh<:re (0'" II im,rsare a l"'k for pol; lidans, nol for scic nli,(•. but

the decisioM should be based on scientific resean;h. They ,,,..,,,uld be ,..,Ialively
simple. if a general Ii mil could be found above "'hkh noi'" cannol be (olcrated
any longer. The'" decisions become diffICult in the case of a linear
dose-response relalion because Ihe imerest. of a <en,in percentage of people
cannol be ron'idere<l.

The finding of upper limits or dosc-responsc relations ;s ' ..remel)'
l;me~nsuming. 0"" uperimen, ca.n only be OOmpleled within 24 bours. so
fmm an ewnomic lime viewpoint it is (\egrable to r«ord not OIIC but several
parame(us. Subs<:quenl evaluation. however, alo;o needs much time. As a
ron"eni.n"". inve$ligll.ions dealing with this problem have been carried oul
eil~r wjlh '-cry few subject. or "'jlh only 0"" 10 three nighls devoted 10 each
subjen. Ahoough a ",Ialivtly large number of ~tudle~ ha.'e al",ady been
published, It i. only a lewolthem which are directlycomparable and can be used
for a summarizing calculation. MOSI of the n:~ult~ an: supported from other
"'por" but in WIlle ca= they COfInict. I~e""", at tbe presenl t;me conclusion.
can be draw." only wilh r""''''ation.

For a beller comprehen.ion, the citat;on o! single results has been avoided. A
.deCiionofP"P"f'$ dealing with the problem in question (irn:sp"cti ve of whe the r
lhey wpport Or ",j.ecllhe general trend) are ciled at tbe end ofeach paragrapb.

10,1.2 EtfKtsofN~onSIM'P

The effect. of noise on sleep a", commonly divided ;nto:

- 'primary effecI,' to be 'ecorded immediately after ~timulu~' Onset and all
ovenlle night.

- 'after~ffects' 10 be observed Ibe following day or laler.

Sl..,p di~turbance, do nOl ne«5sari Iy imply awake ni ng. Tra nsien tcbange~oltbe
EEG sucb as evoked polentials la5ling for about 1.5 """"nds may be the onl~'

effect. but also we find shift,to shalto""er stages and, in the atreme, to lhe
'a""ake state'. Body movementsand .'egetative react;onscan also be registered.

The e.tenl of noise-induced responses i' dependent on aogenic and
endogenic moderator variables. T1\e$e aretbe determinantSo! noise itself and
also the characteristics ollhe particular indi.'idual. penonal a\trihute. and
different .tage. of activity

10.1 PRL\tARY EFFECTS

111.1.1 EIcctr<Xnc~halogram (EEG)lEleetr"""'ulognlm (EO<:)

According to lhe general assumplion that EEG and EOG data are obje",ive
ll1Casures for s[ttp qualily, Ihe effect' of ooise on these parametef'$ are most
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inten,i'-ely studied. This is espcciall)' ,rue for Ihe immed,ate ructions,
furthermore most of the papers present the data of "'hole nigh!'. sle<:p
.«'Ordings.

A, Immedi"I. Reac';OM

TIli'type of reaclion occurs .."thin JOsecond. afur Ihe onset oft"'" stImulus. So
;1 i. obviously e,-oke<l by noise and frequeml~' described. In this respect it.
extent ckpen<k on exogen;c and endogen,c ,nnuences

Imm5ily. A <Jose-.respon",·,elation has been found between lhe maximum
noise level and the probal:lIli,}, of .Ie<:p disturbances. The funnion presented in
Figure 10.2 results from" summarizing calculalion. bul. "'henner human
reactions arc considered. linear functions are realistic just ..;thin limits. In case
of noise·induced sleep di'turNn"". there are al..'ays some people ..ho rUn to
stimuli well below Ihe 60 dB(A) Ihr~ld. The 8Sttnl of the run'e lMO
incre8';". wilh intensil) up to a ctn8;n poim where Ihe responses ue direCII)
relaled 10 imen,il~'. For Ihe upper pall of lhi' funclion Ihe inverse effeCI i' lrue.
Some people will ne'-er be dislurbed and lh. cun-e ,,-in ne'-er allain 100%.

Thus II i' t><,uer to refer 10 the 68 dB(A) "8Iue ralher Ih8n 10 the ·lh.eshold'
al60dB(A). A maximum le'el of 68dB(A) indoors "ill cause a diminulion of
sle¢p-<leplh (one Slage alleasl) in one_thi.d oflhe population Again onNh"d
of Ihe,;" (i.e. 10% of the "'hole populalion) "'iIl t><, awakened,

• , --~ ro
--~

1 , , , "_'u'",,,

"
,

'"
,. "010

• • •• , ... o·~~._,0 W • "
0• , < pm._ ,,,.

0 0 , •_.s.'
• 0- " W •0 • ,, • , "--• '"

•

" C
0 • ........-'., '" "?", '00 "''' ".-,,

" " " " " ~ 100 rl(} 110 dBIAI

,.-.",. ,-, ••"".~"..... """. <-.... " ...........- .; ."",.
~",." ... ~ '" ,." ...,__ •.,... '~ ,...,,, ""'-JH''''''

Fil"'" 1O.~ Rel.,ion of number of ....-ak.nl"p and of O-,.k1ions 10
noi>e I<'-el



Noiu PoilullOl! Durmg th, Sighl

No further I).rea~lions (rt'aclions I.., lhan a change of one sleep-stage) are
expected at a minimum Ie"el of S8 dB(Al, This level onl~' leads to smaller
sleep-stage, or to awakening•.

Type of noi5e olld comem O!in!ormotirm. One important factor is presumably
the t}'pe of noise. Afler having gathered the a"ailable data from nine
publicalions a correlation wa, found bet"'een the number of awakenIng, and
the bandwidth of ~oi,;e. But nevertheless the underl) ing predominant factor in
,Ieep disturbance is probabl\' the CO~lent of information which i' not onl}' a
function of the frequency 'pectrum but firstly depende~t o~ learni~g history

A well-known example for thiS is a m01her"s ,leep which will be interrupted
even I:>y the weakest cries of her bal:>\ O~ lhe other ha~d. high·intensity
road.traffic ~oise docs nOl lead to similar reactions,

The significance of the learn,~g history (or conditioning) ha' been indicated
in experiments where 56 diff..ent names "'ere prt'se~ted durtng the night,
Though the subJ~ts were unooubtedl\ asleep. more evoked pote~tais. more
decreases of gal"anie skl~ resistance and more signaIle<:l arousals we..
recorded when the particular name of a subject wa. presen'ed. This is I:>ecause
the human brain IS able 10 distingui,h I:>et"'een unimportant and signlfiea~t

stimuli e"en during .Ieep. Pla\'ing back the lape in the reverse direction. the
frt'quenc)' spectrum and intensity are th. sam. But now ..sponse, to the name
of an indi'idual are SImilar to those of the other name'.

Re,po~se~ to new stimuli are also at lower thresholds because they are
classified as polentially dangerous. If thi' is not lrue the subject lhe~ will learn
to ncglect them in the future. Thus - depending on the significance of a g,,'en
stimulus - it is poiiible either to increase or to decrease the threshold for
response•. For the laner effect 'he .ignificance increase<. In case of an
increasing threshold the 'timulus gradually I:>ecomes less important Thj~ Can
I:>e studied in people hing near railroads and highwa~'s or in the ,urroundings
of airpom and factories, Afler a certain number of nights "'I1h mOre or less
remarkable sleep disturbance' the inhabit.nts cease 10 report sleep diSlurb.
ance~.

Afler h.,i~g summarized the dala of eight laboratory experiments the
habiluat;on effect was calculated and is demonstrated in Figure 10.3. This
graph gi,'" evidence th.l the numl:>er of awak.ning reaction' decrease'
whereas the ~umber of (l.reactions inCTease, up to the sixth nighl at iea't, The
termination' of both cun'es sugge't the pos,ibiliry of a second decre.se Or
increase. Though thi' second effect nee<ls to be demonltrated in funher
investigations. a second part of habilualion seem, to be realislic in view of the
common experience that people feel remark.bly less di'turl:>ed alleT having
slept In nois}' environment' for a long time. On the olher hand _ a. we know
from field sludies-lhe process of habiluation seems 10 be limit~d. Slight sleep
disturbance< can be recorded even after years of exposu...
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The condu'ion 10 be drawn from thi' chapter i' that ",'hile exporimenl'
carried oul for only one '" I~n;e night' por subjeel. as well as e.porimen,s in
whieh uTlu,ual "imuH are applied. aro imponanl for learning wmething
aboul I~e meehani'm' of ,Ieep. 'hey eannot be 'he OO,i. for far-reaching
deei.ion,.

D"raf;'Jn and tlU-mM' of slimu.Ji. Ahhough wme aUlhors report correlalion'
belween Ihe probability of being awakened and 'hc durati"n <>f a "imuJus.
'hesc finding; ",em 10 be mereiy effecl' of condilioning. In the", in\'e"iga
lion' the "imuli were pre"'nled with a ,ucce"i\-e increase in inlen,ity unlil
the subject' ,,"'ere a,,"'akened and Ihen ',,"'Itched off Ihe no,,,,,

Contrary 10 thi,. the probabilily of any reaC1;on i. dearly related 10 the
number "I stimuli per night. Figure lO,4 show. an increasing, number of
awakening reaC1ion' when more "imuli are pre"'nled. Thi' increa",.
however. becomes gradually 'mailer and is 0 at 35 stimuli pcr night.
Alterward$. a decrease seem, 10 lake place. Though n01 yet proven thi,
decrea'" seem, to be reali'lic '" il i' ,ugge'led by habitant. in ",reeU wilh
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h,gh trafroc load. The probahility of 'h,fl< to lower Slages (including
awakenings). howc'-er. gradually increases with 'he number of stimuli

AddiliO=1 foc'ors. Under natural conditions tll<' organi,m is innue",""d b~' a
~a'Jing combination of different Slimuli leading to a pcnnanent oocillmion of
cor1i~al ac'i,'ity. The extent of the r..pon... ,~oked by a define<! "imulu, '-aries
aecording to the law of initial ,alu~.

Ambient noise le~el. ambient temperature and greater intensitJ of ligM are
am"ng ,II<: en,-ironment.1 stimuli c.us,ng • variation of noise·,nduced
rractions.

EmJogenk faCIO"

At<'_ The i~nue",""of age seems to be tbe mos, prominent. Whereasehildrrn of
abou' 10 years ",aet w,th a",akenings at a ralC of 5%. ,he probabilitJ is 30% for
aged people of about 70 yoars; This means a difference of 25% for 'he same
ma,imum le,-e1 The age dependent difference grow', rrma,kably in compar
;sortto the probability of "'aetion' of Ie.. than a change of sl<:ep stage. Wbere
lG-ynr..:>ld child",~ do not show any reaClKm in 72% of all cases the
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Su_ \l,-,th re-spe<:l1O K~ tonlradlClOfy results..", reported Whereas Arnt:natIl

aUlhors poinled 011' a hl&hc:r K~IWl1y 10 not.e for female ""bJ«1ll. F",DCh

resnrc-hen repan a grealer nllmber of ",action!; for male ""bJ«1ll. lhough in
both ""dies aircraft nooK was presented dunng oleep. Foekl slud..., camed OIIr
r«emly reveallhal women reK! more intensively and more often lhan men.

Bio,hylhmic ~hongtS of 0<""11)', Additional ca...... altering the e~tenl of
reactions ... r.lale<lto biorh)lhmic changes of acTivily, Allhouah sleep during
the day i. poorer than during the nighl. th.r. arc more disturbances under
noisy conditions_

Enm,nin, lhe lime of n,pl se'-eral aUlhon obseo'ed an increase of
not.e-induced sI<:.p dIsturballCtS d"nn,'M oecond halfof 1M n,pl. TIm may
panly be explained by the fltCl lhalllW: ..,bjc<:ts arc lhen mainly ..ithin 10'lIo'
SUl~ ofsl«p and partly becallK lhc:y ..", ",lati",,1y re<>;lYered In compamort
10 the first h..IIf of nighl, 8"1 lhese resDlts arne from .,,>dies ..bere noise



cllJlOSU'c normally bepn after lJeep onsel In lbosc loludies. hoooc>cr. "'he«'
$llm..w- bepn befon: the ...bJ«U ....,«'~ (this is. of a>UJV. lrue for
field 5ludies) more exlenso>.., «,aaionI ..e«' f<»nd dlUUllthe lim Mitofn'JIlI
Dulina;11le serond half the orpmsm lhen lne510~pt......e Ihnn

Cydic chlmlCS of the EEG and EOCi patlern arc «'lated 10 • vaO}""
...Mimi., 10 flI>,ronmenlal snmg];. ThIS depende~ IS >eO}' lX>mIOIcn' KlIMI
&ptb of lJeep If...,en dd1ned ~ the ,ntellJllj' of oumub ne<noaO} 10 a .....
a..-uenina;. fil'"e 10.6 demonstnlles a ,ela".-cl) h;1h amounl of a..-a"=n,nl
,uCliom dunnl~ 1 concom"u' .."h a omall number ofo-,eacrlOftf
,,·here.. the Arne flimul; causc «,lat".., few ...."kcn;n.. and mo«' o-reKlIOM
dunnl Deltl·fleep. An "ception it $laIC' REM ",mcllmts ,"",!umn, h,gher
mlen,jUts thin Slases of Delta--.l«'p Ind on lhe olher hand requmng Ie"
inten,i.·c st'muli Ihan .leeJKtage 2. l1Ie re.'e.... "'30 pointed out fOf re.ctions
Ie" than I change of sleep-slage,
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R.-prdinr the lnull> j .... I."....nl " IS an obIoiouJ rondusoon lILa, lhe
,mmnba,~ ~ac'llO.1S - ~",cub~ ,he aoo"knonr ~..,,""" - allllmub,e
dllf1nr.he n,~. and _ ,n <'Ofl1\C'C'l....."h aflfij""",d~ obsI'-...~ <kb~nl Jl«p
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Fir" 10.7 An.ll.... of >l«p ".,n 000 df<'Ct or _,.
on...l - I~ul, In a conslderablc lossof lJccp. But Figu~ 10.7 go'·n c,·KJcncc
,hat nc"h~1 ,h~ lOlallJ«p-llm< (from oI«p OIISCllo finala,,-ak~nll\l) rtOIlhe
reallJc-ep-l;mc (IOlallJC~p-.."", - in'ermtll~m .'akcfulocu). IS subslan".lIy
altered. HO"'c'c•. II", anal)-sn of the amoun, of 1M diffcrcnt sl«p st'SC"
stKt--s 'ha' 'Mil dtstribullon IS (al,hou~ '~f) lJ;Jb'I)) oipIiflCllnll) .ffC<:lnl ,n
nors~ ni~..; "hereas IlltCrmtll~nl .-.kefv.lness incrc:1SC$ and ~h.-sl«p

d«re~, lbe- ..... cr Jl«p-st. 2 and St. RE\I'cnwn a"be same k>·cl
Thew multo obt..ned ~ k1mmaririnr calculation ar~ ,·cl) conlO5lent Tbcy

ar~ maul) reportnl ,n lbe 'lld"lduaJ papers a1lhou~ - due 10 !be .ela',"c
.....n numbe' of obsI'-...auons- 'M) oftcn llf~ not ~fican, __ C'OIISlst~nl

arC l/>c eff«l'l on REM~. s.-.·eral rnn",bers report abool a rema,'ubk
red\ICt"'" of lune spen' ,n St.,., REM IJI conocction .-;llt a wpuflCln, RE\1
rebound .1Ihtn 5llb!oeq"",nt <fU>ct nl~'" Some aul!tors onI) found RE\I
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re<luetions, olhersonly REM rebounds. Some pape...."pon an incruse in .he
REM amount.

But even "'hen the amount of the dille""nt 'tages is not changed. effeet' of
no~may be obs.orved when the temporal organization of sleep i. analysed, lbe
temporal distribution of .tage X relati>-c 10 the centre of the night is called the
barye<:"Ir"_The barycen If<' of stage••",'ak" Ieods to ohifllolWards the beg; nni ng.
Ihe baryccnne of stages 3 and 4 combined towards the end of the night.

This lanee finding provides e,-ide""" that the organism tries 10 compensate
sleep disturbances already during the same nigla. Moreover habituation lakes
place during Ihe .~perimen1S_ Bul.... we lea~ from field ,(udies. thi<;
habituation is incomplete. Small alterations are .till recorded of ".bitann jiving
in noisy environment fOr S(:veral years.

By an ,ncreasing number of stimuli .....hole nigh!"s sleep seems to be less
affecled. More exten,;ve alterations are expected .....ith higher ambient
temperature.

The influence of endogenic la<:1ors is Ie" dear than lor the immediate
reactions. Age-related dilference' "'ere reponed only Ottasionally and they
were small. More pronoul\CeddifferenttS were found due to sex. The sleep of
female subjects seems to be more di'turbed. Personality fa<:1ors are not 1=
imponanl. Subjects with higher values for anxiety. dependency or introversion
have Mronger reaction"
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10.2.2 Body ~lo"emenl$ and Vegetal;"e Reaclions

The typical rea<:1ion to noise ,tans "'th a K-wmplu followed by an increase of
conicalacti,;ty of mOre Or less duration. by an increase of hean rate and finally
by body movements.

1l1ough body m<Wement, are ea,y to record and though the;' are regarded as
sensihle indicators of noise·induced sleep disturbances they are investigated
relatively seldom. Therefore our kno",ledge of Ihis parameter is very poor.

Vege.ative .eactions "'ere studied more inten';'·ely. They occur immedia,ely
after the onset of the 'timulus and the)' are alread)' found during dal·time but at
remarkably higher threshOlds (at least 10dB(A». M"'t frequently investigated
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is the ECG as an Indicator or hean·rale III'hich Ulcreases during noise. Hearl
ratc iJ\Cruses and ronStturively decruses when stimuli with short rise-times
all' applin!. Galvanoc sl""r~ (GSR) and fingupuJse amplin.des US«! as
an indicator of peripheral blood tlow alw decrease. PATs (phases of transient
anivil)' ronsisling of EEG and £00 changes combine<! with change< Qf the
EKG and e"cntually with body (1\()'.'Cmenls) c>'oked by ";ngle ooi.. pea'" are
mainlyd;scu~din French papers.

GSR. FPA. and PATn•• parameters sho"'ingspontaneo<tulterations even
dunng non.disturbed nighlS_ The ,,'hole number of these changes was normally
not increa"'d du,ing noisy nights. But. the use of the pseudQslimulus l«,hnique
for evaluation makes e>'ident that lhey are novo' e>'oked by the single noise
c'-cnls.

TIle exlent of the '-egeta'i'-( reaclion. iol""itiv-ely correlaled "'ilh the peak
level. of 'he aCOUOlic Sllmuli. Varialionsof ambienllemperalure ofat leaslS'C
cause a reduced response of fingerpul,e amplitude. to Ihe same slimuli. This
variable lurned Out 10 t>e dependent also On age: children and aged adults ha,'e
la'ger constrictIons than younger adults. The Ulenl of the v'asoronstricrions is
smaller in slo"""'av-e-sl«p Ihan in REM and slage 2, and decreas.e. ".,th a
higher presl imu IuS he art rate. Pulse Tale posi li"el}' rei' led lOt he noi"" peak le'-el
Incre,ses le.s during Della sleep Ihan during Ihe other ..age. and is grealer for
younger subject,_

The m,rn fi ndrng for allihe v-egelal ,,-e reaC'l ions is the lack ofan y habi Iuation.
E"en during a fOrl nighl noise-induced reael ionson hearl- rale and on peripheral
blood·now did nOl re"e,1 any diminulion.
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10.3 AFTER·EFFECfS

A flu effeelsor carry...,'-e r effeels a re . for inSlana . subjecl ive varial ions like Ihe
feeling of ha"ing had a POO' s1«,p. an alteration 01 mood and perhap' of
perfomance. These aheraliolls can probably be deleeled during Ihe day
follo", ng a n,gh' ofdisr urbed sleep. As e,'e n 'he re lallOMh Ip 10 sleep 11..:1 IofIe n
remains unSO!\'ed il is. fUrlhermore. difficuh 10 refer Ihose effects10 noi..:. Late
afler effects. sUPP"""d 10 OCC\Ir after years of perma nen Inoisee,posure have n01
yel been prov'en,

SubJecti"e sl«'p qualily a. judged ev'ery morning by lhe subjeelS i. relaliv-ely
easy to record and lherefore ulihled in many Sludi....
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In general. ,leep quality is asse.sed to be wo= during noisy nights and
conelated to Ihe equlvalenl noisele"el during bedtime. Sleep is reported to be
Ie.. deep. shoner. Ihe number of aw'akenings remembere<l inereased. sleep
latency is eslimale<llo be longer. the pr~.. of falling asleep difficult, and the
subjects feel more tIred in the mornIng.

Subjective .Ieep qualily will e.pecially be affected if Slimulalion already
stans when Ihe subjects are aW'ake (as illS in field ,tudles)

Sleep dIsturbances are also supposed to decrease indi'idual performance.
Apan from one .tudy. in w-hieh a .mall increase of rUeUOn time was found. a
clear decrease of performance h'" regularly been connected wilh a consider·
able I"", 01 sleep. much more Ihan it is rerorded for nois}' en"lronment.,

The ruson for Ihese results ma}' be Ihat noise-induced ,leepdi'lurbance> are
really unimponam (for se"eral nights) or thaI .leep disturbances can be
compensated for a limited time. An<),her assumpllon is Ihatthe performance
lesl. utilized are not sen>iti"e enough 10 detect small difference> Or ,hat the
number of experiment. fail to revul signIficant dIfference>.

The most reeent 'lUd}' in ,'..hich performance teslS "'''ere applied is a joim
European project. It wa. carried out a. a field stud)' where in Ihe overall mOre
Ihan l.CO'.l nights of 63 subject, .....ere recorded. A dear deerease of
performance - plObably related to noise - "'a, found (increase of reaclion
lime in the unprepared Simple RUction Time Test Or an InCrease of erlOt<
during the Four-Choice Test).
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10.4 CO:"Cl.USION

Overlooking the data prescnte<l (In this paper) one could COme to the
condusion 'hat lhe know'ledge of noise· induce<! ,ieep disturbances is almost
complete. However, the data available only make some problems a Iinle bit
more comprehen.ible than they "'ere before, but we are still far from an}'
solution.

For example. noise has different pnmary effect. 0<1 sleep, These ><>-<:ailed
sleep disturbance> are alteration. in Ihe EEG and EOG, beha"",ural reactions
like body mov'emen" and awakening as well as vegelative reactiornl. They are
affected likewise. However, when correlating the individual data. large



discrepancies are e"denl. Most of lhe researchers working in this field hal'e
uper~nce: with subjecn rejXIning severe .Ieep di.turbanccs, where lhe
objecTive dala (EEG and EOG) indkale suflicie"' quanli'>' and quality of
sleep. The re"eriC effe.:' is as well known.

The global data re"ullhal bolh paramete~ 'end to habiluale during test
series but the indi"idual data arc nol nccc\.S3rily correia led. Thus. in 'iewof
lhe hypothesi. that Chronic .Ieep disturbances finally lead 10 manlfeSl diseases
the signifjeancc of these paramele" iSdoubtfuL Con",quently. more and more
scientists begin to record "ariables "'-hkh arc nol submilled 10 habituation.
lbose paramete~are 'he ,'eg<:la'ive reaction.> a. for in.lance hean-rale and
pulse amplitudes, But we have to stress the poinllhat ""e still do nol know lhe
parameters really indiealing Or even predieling the delrimental effec.. on
bealtb,

Ba"'d on a crilical interpretalion of the lilerature a detaIled research
hrjXIlhesis was spceilied which enables working 10 conlinue in a carefully
dire.:led manner (sec Figure 10, 1).

Taking into accounl the very long lime nccc\.S3ry for this field of research.
scienlists are r'"luested 10 use melhods of recording and evaluation v.-hich arc
comparable 10 those of olher learns. [fthis COUriC ""ere nol adopled lhen the
collee"on of dala 'muld merely poinl '0 problems bUl nol ",h'e lhem.

Such a co-opera lion waS practised in a re.:ent study. This study ""as In,tlated
b>'lhe CEC and ""as carried oul by four dIfferent teams In ,he Federal Republic
of Germany. in France. in Ihe Netherlands. and in lhe United Kingdom, Th<o
aIm of lhe stody was to investigale the effect' of long-lenn exposure 10 road
Iraffic noise. Physiological sleep dala (EEG and EOG). subjeclive sleep
qua);ly> and 'ui;)sequenl performance: wcrc oonsidcred. Slecp recordings "'ere
compleled in 70 subjects sleepIng In lhe" home, Sltualtd along 'IreelS with
high traffIC load. During lest series sleep "·a. recorded under both noisy and
quiel condilions, Dunng lhe experrment.1 pho... Ihe noise Ie'-el was ci'her
incre.sed or lowered by wearing earplugs. filting double glazing. dosing or
opening the windows or moving 10 anolher bedroom in lhc rear of lhe house.
EEG and EOG as "'cll as noise levels "'ore cortllnuously registcred 'hroughoul
the nigh... Addi'ional '·ariable. such as EKG. signalled awakening. body
mo,-emenIS. or respiralion were oplional In 100ai morC lhan l.l~~ nights were
recorded. The dala summarized'" lar clearly ;ndical~ lhallhe Ihr.., differ~nl

par.me'e.. of sleep quallly are .ffected by ooi"'. These an; 'he limc spenl in
interminenl wakefulness. lhc subjective sleepquality and subsequenl perfom>
.nce:. In conlinuation 10 lhe CEC-sludy. an e"penmenlal stud)' ",a\ carried OUI
in lhe laboralO!)' where a critical load for high-<1en,lly rood traflic nOI'" was
detennined, Thi. i. an '"lui"alenl noise le,el of L , - 10 dB(A) indoors. This
limil ",em. to be "altd.

Sueh a co-<>pcralion should be maimained and of COUriC ",·idcned. Thi' ""i11
be e"lremely imporlanl when lhe presumed eonneelion bc:'ween nighlly
occurring noi.... and heallh arc investigaled. Thi' prool cannol be shown in lhe



Noo< PoIlUlMm During the "'"Shl

laOO,alO1")'. It has 10 be ca'ried oul a~ an epidemiological >ludy. Acco,ding 10
lhe larg< number of p<nnanentl)' "a,ying influen""s hundred. of subjeas ha"e
10 be ,n,'e~ligaled

Though some aspecl' of noise-induced sleep diS!u,ban<:ell are sufficient I)'
elear. most of the problems !Ia"e 10 be soh'ed in 'he fUlUr< but a~ SOQn a~

possible. There is no doubts lhal .Ieep disturbances are s"e"ful 10 lhe
indi,'idua!. Slr<~\. howe>'er. is regarded as a mOil importanl risk faclor.
esp<cially for Ihe palhogenesis of the cardi""ascula, disea«\. and il mal be
possible 10 !OVO... lhis risk by introducing sound allenualion,
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CHAPTER 11

Hearing Conservation

ARA" GLORIG

11.1 I:'>'TKODUCTIO~

If lhe slatistlcs are closely examlned,,,'(; find lhallhere are al lea'l 25 million
people in the Uniled Stal...... OO ha'.., a hearing Impalrmem which produ~ a
signlflCanl commUnleallon problem Since sensorineural hearing~ I. by far
l"e greule.l part of lhl' problem and trealment at the presem time leaves mueh
10 he desired. il Is quile obvious lhal we mUSllook 10 preveouon. Prevenlion Is
nol only imparlanl ,n induSlry. bUI also in schools and olher walksof life ,,'hieh
hear no relallon 10 InduSlf)',

If we <.kfine "earing conse,..,,,,,on in the broa<.kst sense "'e musl nol confine
our effons to the preservalion of normal hearing but also include lhe
preservallon and conservation of ,eSidual heanng. There i5 no que'lion Ihal
induSlnal noise produces mo,e hearing los. In mo,e people lhan all othe'
causes combined, lbe lragedy o!thls slalemenl I, thal nea,ly all of industrial
hearing loss can he prevented wilh proper heanng ronI;Crvalion procedu'..... I,
il any wonder Ihal preventing bearing loss due to excessi"e noise exposure ha.
!>«ome a major concern in lbe Unlled Slale< a. well a. in most of lhe resl of lhe
world?

Recognillon of lhe need for hearing conservation In Industl')' should be
obviou. from lhe Slalislia. quoled aoove, Ho"-ever. lhe recognition of lbl5
need seem5 10 be ~d on somelh,ng be5ide lb. number of individuals ...bo
have sustained hearing loss from induslrial exposure. We ha'-e been qulle
concerned aboUllhis problem since lhe late 1930s butllOthlng ...u done aoout
II until abom ,"n yea", laler. The 'Ollialing faelor ...as lh.....ard of
rompenl.uion for QCcupallonally-lndueed hearing loss. From lhat poim on. the
IOlereSt hm; gro"'n unlil atlhe p1l'senltime lhere are rule< and la...s ...hlc" ha"e
been .. rlnen and re·...rinen ,,'bleh ...iII enforce lhe inlroduction of hearing
ronservalion meaSure< in industl')' lhroughoutthe United Stales and in m.ny
olher countries of lhe world.

The medical profenion rerognized lhe need for doing somelhing about nOIse:

'"
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exposure as far back as 181)). II was nol until the end of World War IIlhl other
professionals look notice and the medical profe..ion inlerested enough to
altempt to do something aboul it. Althe present lime. there are many separate
disciplines and organizations invol.'ed in establishing the need for hearing
conserv",ion in industry; the.., include industrial hygien isIS. audiologists. safety
perwnnel. State and Federal agencies. re..,arch scientists. nurse<; and even
audiometric lechnicians. nils need has initiated training programmes for those
concerned with hearing con..,,,'ation and Ihe number of personnel who are
emplo)'ed in hearing conservation programmes increa.... dail)'.

11.2 COMPO~E~TS 0" A HEARING CONSERVATION PROGRAMME

11.2.1 Noise Mea,u,..,ment

Obviously. the measurement of Ihe offending faclor is esscnliall>efore one can
determine Ihe need for a hearing conscl\'ation programme. Let us consider the
types of noise measurement and .. hy they are essential. First of all. noi..
measurement is usually done for two reasons: (a) 10 determine .. helher or not
there is need of a hearing conse",ation programme and (b) to obtain enough
information 10a1'1'1)' noise-control. Twosimple measure, wi II ,uff;ce when one ..
determining the need for hearingconse,,'ation One .. the noi.., level in dB(A).
and Ihe other is the time of exposure. Howe.'er. where noise·lnel conlrol
procedures are concerned il is e'sentiallO obtain much more information. BUI
the purpose of this chapter is not 10 deSl:ribe nOlse·control measurements nor
melhod, of noi.. control

All standard, concerned with hearing conloe"'ation are gIven in dB(A)
because dB(A) measures the sound level in relation to the human ear frequenc)'
respon... It is ",ell knowo that frequeocies below 500 Hz have li"le or no eff""t
On Ihe hearing of exposed individuals unless these levei' are extremely high
(above lJOdB), Having measured the noi.. le.'el al the appropriate location to
determine whdher the level exceeds the staled criteria (presently <JO dB(A) in
U,S.A.), we must then detenoine lhe amount ofexposure in time. If the noise
level reaches the limit but Ihe expo'ure time i' less than eight hours. there is nO
need for a healing conservation programme, On the Other hand. if the exposure
cont,nue< for more than eight hours, the accepted level in dB(A) is reduced
accordingly, MO>l standardsagree thatdB(A)sound level measurementsshould
be made ..-ith Ihe sound level mete, sel alaslow·meterreading time. Most dB( A)
me asu re men IS should be made at the le..el of the ex posed individual'sears and at
Ihe location where he usually work,. Furthermore. care should be ta~en 10
delermine Ihe effect of the surrQunding surfaees and directionaht)' of the sound
source, Ifcare ista~en tod,rectlhe mlcrophone appropriatelyatlhe usual source
of the noi... an d Ihe effe"l ofenclosuresand''a rious I)'pes ofsurface mate rial are
Included Ihen such. measurement should be reasonably valid.
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One of the real pr<.>hlems Wilh noi'e measurement, in siluations ,uch as lhese
is lhal lhe le\·.1 is not al"'a\" conSlanl and. therefore. \'arious measurements
should be made al "arious limes of lhe day o,-er a penod 01 a month or >0 to

determ,ne an average level for that part,cular location, (Ordinarily Ihi' i' nol
done and. Iherefore. when one aHempt' 10 co"elate hearing los, "'lIh no,se
level in these local,ons. lhe correlations arc found to be faulty. the noise le"el
"aries from lime to time and no allowance has been made for th" variat,on,} In
Ihe author', opinion, it is desirable to make. numberol measurements in an\,
paIlicular location on different days at differenl times of the day. then ",'erage
these le"els to derive a valid represenlation of the general exposure.

More recently. instruments called dosimelers ha,-e been developed ,,'hieh
are com,ng mtO general use. MOSI of lhese ,nstrum.nts are based on the limit
le"el for an eight -hour continuous exposure, The dosimeler accumulates th.
10lal dosage o"cr an cight·hour peried and regiSters" as a p",cenlage of lhe
reference L"", The problem "ith mosl dosimeters is Ihal they make no
allowance for interminenq unless lhe I;me level "ade·off ;s corrected for
appropriatel)'. More recently'. ",me dosimeters do not summate the readings
o,-er all bUI give a direcl reading ofon and off lime' "hicb gives a more accurale
picture of the exposure eharae'eriSties.

I feel quit. strongly lhal if [e\'els exceed crileria by any amount for reried,
lhat exceed one to tWO hours for that da)'. lhcn hearing COn",,,'al;On measure,
'hould be initiated. e"en though the rISk of hearing loss " much less if lhe
exposure is I",s lhan eighl hours

h is essential lhal employees be prolectcd at all times when lhey are in a
general area that exceed' lhe Stated erl1erion. Th,s', parlocularly true where
lhere is a large area conlaining numerous noi,e-making dC\ ice" Some of lhese
de"ice' may not be hazardous. but within a few feet anmher worker may he
IOCaled ,,-here lhe [e\'el and exposure lime is ha,ardousc he will be required to

wear ear protcclion wh;le the man next 10 him is not, I would ralher
o,'erprolect by lhe use of noise control and/or ear proteClion th.n lry '0
explain why >orne individuais. bot not others. are wearing car proteClion,

11.2.2 H~arlng M~asu,..,m.nt

ACC(>rding to all pre«:nt Standards. it i, necessary only to do air conduction
lhreshold pure-lOne audiometry at 500. l.mO. 2.mo. 3.mo. 4.mo and 6.mo
Hz, There are a number of imponant factors which influence lhe validity and
lhe rcliabil"y of such teSIS. and one is the en"ironment in which lhe lem arc
made. Obtaining a propet en' ironment is sometimes d,fficult .nd cerrain steps
should be ron"dered prior lO establishing a localion that is soitable for d'Jing
pure-lone threshold .udiometry. Unforlunately. ambient le"cls in most
locations are o,oally too high for satisfactory teSling of learning, It i' necessary.
Iherefore. to provide some >oIl of booth "hich ",'ill meel the specifications.
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Thi~ i~ usually accomplished by inSlalialion of a pre·fabri<ated boolh, which in
lhe author's opinion. is Ihe mOSI SIllisfaClory solutIon. A simple procedure ;s to
make oct..'e·band level measuremenlS in the location where it is planned to do
lhe hearing lesl' and Ihen delermine ",'hal son ofendosure i~ required 10 redu""
lhe I.-'els 10 lhose ne""ssary. The amoun[ of auenualion provided by Ihe
commercially avaIlable boolhs can be dete[mined quite ~imply by reading [he
specificalions provided by the man ufaClure". Ifthe aUen uatio n provided by Ihe
boolh' as a funelion of oclave band' does nol provide salisfaClory ambient
le,'e1•. then one of lwo allematives is left. Firslly. one should consider choosing
another local ion in which 10 pia"" Ihe enclosure, or secondly. to purchase an
enclosu[e which proYides enough allenualion 10 bring Ihe levels down 10 lhose
con'idered salisfactor)'.

There are lwo general melhods of making hea[;ng leS1~ in industry al lhe
present lime; one i' wilh a simple pU1l'-lone audIometer which should pro"ide
for Ihreshold audiome"y al lhe usual frequencies. bUI if nOlo al lea" al 500.
\,cnJ, 2.cnJ. 3.cnJ. 4,cnJ and 6,cnJ Hz. In Ihe aUlhor's opinion, il is quile
essenl;al lhat lhe audiome[er used for lOdustrial teSling 'hould have lhe
PIOY;S;on for ellher a ste.dy lone ora pulse tone. The[e are limes ",·hen lhe pulse
lone is of greal assiSlance in dC!ermlnlng lhe threshold in industrial case•.
panicularlywhere hnnitusmay be p[escnt, The Olhe[ melh,><!ofleSling i' lhe usc
ofthe Bt'kesy Iype audiomcter. which" more recently ealled Ihe ",If·recording
audiomeler. ThIS audiometer plOvide, for ail eonduel;on lhresholds at Ihe
e,sential frequencies and somelimes in add,l;on al 8.cnJ Hz. In Ihese
• udiomele l'S a steady tone 0' a pulse lone i," Iread yavail able, Whichofthese tWO
method' i, used depends to a greal eXlen[ On lhe needs of the paftieular
company. Where the number of ind.. iduah to be teSled.[e few. such as less lhan
100. manual audiometry is quite ,uitable, On Ihe Olher hand. if more than 100
individual~ arelo be lest cd. the self·recording audIometer is usually beue"in,""
it allo",,, more than une audiomeler to be operated by the same indiv;dual.
Funher. it docs n<>ltie Ihe O[""alOr [0 Ihe [.,,,ng unlil il" compleled. The
self.recording audiome'er allo"",, for a self-administered 1""1 unde[ ",.",nable
supef\lision. The person being t..led should n<>t be "arled and lef! alone until
the lest is completed; i' is e'senliallhalthe te-ling be se[Ulini""d 'everal tImes
befOle romplelion to be cenain lhe individual i, proceedIng properly.

Before valid and reliable audiogram' can be obtained lhrough ""If·recording
audio me II)', il i' ""senlial 'hat cerlain crileria be adopled and followed. The pen
excursion. as;l proceeds from low to high le\'el and ,'ice versa. should nOl.,ceed
15 dB from peak 10 "lIey, If Ihi' value ix exceeded. there are not enough
Ihreshold e[us,ings for each flequency 10 dete[mine Ihe true [hre,hold for Ihal
frequency.

More recently. oompuleri<ed audiomelers ha"e been developed and are
availabk 10 industry al the p[escnt lime. I belie,'e lhese computerized
instruments "'ill eventually ,eplace all olher lype' 01 equipment. a[ 1e.S! for
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I~SI p""",dur~ i' compul~rized to th~ ~xI~nl that falsc positi"~s and falsc
n~gati ..es a«: re<luc.-d to a minimum, Furth~r. lhe)' Can be programmed to
analysc lhe dala on-lin~ and mah decision. r~gardin, lhe individual being
tesled immediately. The)' also pro,-ide hard<op)' reoords immedialely. thus
.voiding Ih~possib; lilyoffa Isc f<'cotds due!0 repeat~d transposition of th~ data

'In-housc' programmes and the appropriate equipment which provide the
~ndo<ure for testin, and ha"e pro""ion. for Ihe need. of the indi'idual plan,
are. in 'he author's opinion. necess.al)' 10 complemen' outside sc,,-ices,
'In·bousc' programme. can be uscd for doin, pre..,mpIO)menll~mand any
interim !e-checks, 'Oulside' sc,....ic.-s tha' pro,'ide hearing lesling and compuler
analy,i, af<' ~xtremely ,'aluable a, an adjunC1 S/:mC~ 10 'in·houS/:· program·
meso These companies use 'mobile "an,' equipped 10 lesl ~, 6 or 8 §ubi""l. al a
t;me_ Their besl uSC i. for Ihe annual ,eSls. These S/:"iees can do large numbe..
of I~'I. under conlrolled condilion, in a rda,,,'el)' ,hon lim~ and p,o"ide
eXlensi"e compuler dala anal)'ses,

Such ser.'itt. if properl)' organized. also Can pro,-ide quali')' oonuol of 'he
'in·house' hearing conse",alion p,ogramme.

The most impnnanl parI of Ihe h~aring mcasu"men, programme is
determining whal action should be lakcn on Ihc basis of Ihe lest re,ull,_ [f no
ac,ion i, laken. Ihen hearing 'cs's arc a "-asle of lime. The mere gathering of
lests and filing 'hem awa)' is useless as far as hearing conser...t,on i. concerned_
OulSld~ scl'\lk~•. if properly organized. should pro"idc oompuler .nal)'ses for
bolh group and indi"idual action•.

A, Wh~1 He~n'ng T..u ~'" N«~~r,' tor ~n Ind,csl,,~1 Conun'~lion Pro
gramme'

Th~re are ,wo principal !)'pe! of tesls Ihal are ..semiaL one i. Ihe
pre·employmen! audiogram, "hleh ideally ,hould be mad~ a' the 'ime of
hltlng; and if nOI. at least wi'hin 30 to 60 days of the lime of hiring, The other i,
Ihe re--cheek lesl. u,ually do"'" annually_

I feel i' is also wise 10 do a pre-p1a,,.m~nl audIogram; foe exampl~. if an
IndiVIdual is h,,~d bu' Jo..."l1>01 work in a nois) .ilualion inilially, bul is Ihen
Iransferred into a noi.y area. an audIogram should be done a, !hal lime. In
som~ area, a le,minal audiogr~m also is recommended. Ihal is. if Ihe indi"dual
quils "'orking at a panieular planl an audiogmm is <!<Jne 10 delermine Ihe "alU'
of ,h~ hearing al Ihe lime ollea"ing his employment Generall)'. howe'-er. il is
a,reed Ihal pre--employmen! .udiogr~ms and re--cheek audiogram, don~

annuall)' are lhe re<:Ommended tesls.
Anooher Important I~SI i' rdeffed 10 .. Ihe 'repeaHest'. When a 'e-cheek

lesl is completed and a shift of Ihreshold is found, an,,!h~r audiogram i, made



"..ithin 30 days 10 chee\; the validity of the rNheck Tei!. WheTher The
·,epcat-'e'I' is n«es5ar)' depcnds on Ihe referral erireria Ihal are used.
E~amptes of referral m'eria:

a. When Ihere is a shifl of 20 dB or more al any frequency lrom lhe
previous hearing lesl

b, When 'here is a shif' of IOdBormore R\·erageofSOO. 1.(O)and 2.(O)Hz
(AHL). or a shilt 0120dB Or more a"erage of 3.(0). 4.(O)and 6.(0) Hz
from Ihe pre"ious audiogram.

If Ihe 'repcaHesf oonfinns 'he 're-che'~ 'esr'. "'''ain arrions are necessary.
Usually. 'hese are Ihe fonOVo'ing:

a, A,~ 'he empto~'ee aboUI his ear prolerrion habits,
b, Re-instrurr ,he employee abou' ear p,o,erlIOn,
c. Counsellhe employee abou' hearing conservalion,

If ,he ,hifling 'hreshold continues al 'he ne~, re-che,~ ,es" serious
oonsideralion should be gi'en '0 remo,-;ng 'he employ", from Ihe noise souree
siare he appears '0 be losing hearing in spile of ear proleaion.

B. RNYJ.d K«pi~g:

Record k«ping for an indullrial oonse"'a,,on programme is one of 'he
programme'. mosl imponan, aspeas. Serause Ihese record' may become pan
of a medical-legal proeedure a, a 'ime in the fu'ure. il isessen,iallhallhey be
kep, arcura.. and legible, I h3"e seen many indusrrial record' used in cases of
liligation "'here il is almos, impossible 10 'ell ""hat rhe reoorded history says
because of poor legibilily or poor me'hods of rerording, partIcularly wi'h
referen~ 10 Ihe resullS of audiomerr)". In general clinicalaudiomelry records
are grids "';Ih cu,,'es using red ink for Ihe righl ear and blue or black ink lor Ihe
lef' ear, The .ymbols are circles for Ihe right ear and an X for Ihe lefl ear.
Unless 'hese symbols are carefully pla"'d on 'he audiome'ric grid, il is almos,
impossible 10 decide "'hal \3lue Ihey were intended 10 be, Furthermore, ",'hen
'he usual clinical records are used, il is "el}' diffICUlt 10 compare one audiogram
"';th ano'her beeause 'here is no se<Juenlial informalion ex~pt on separa'e
cards. making scruliny "ery difficult. Ho"".,.'er, if 'he records are kepI in
oolumns and rowS preceded by dates and 'he threshold value is reoorded in
squares, i' becomes a "ery simple mailer '0 decide ""ha'lhal value is as ""ell as
oompare sequemial or serial audiogram•. In add ilion, Ihi. me,hod makes il
possible 10 record numerous audiO$'"ms on one page. 'here!»' making filing of
'he inlonnation much less diffICUlt,

If self-recording audiomelry is used. lracings shoold be lranslaled in,o
numbers and recorded on a mas,er sheet. How.,.'er. since the self-rerording



le.l-ard IS 1I~ Otli'naI. II should be: t~pl In CI~ il IS necessar) for
medico.~pl .~_

ThIS bnnp up lilt rul purp<l"t 01 ""ann, 1t'ltS and llItir nlauon 10 lItam"
~"allOn I ,,_ mart) lIta"n, c:omo."llllOn prop3mme> Illal ,nd'u<k
h/::annllnts 1....1 an: filed a"',,) ""!boul ~lwollOnand ana~~. It lohoukl be
DOted WI matii'll audlOJr1lmS ..~lboul ~'llllllloonand loll~nlappVV' ..I~
action IS a ..-onhltss act"'ly, The hc:annIIC'R IS _r~" a morul<>nn15ylolem 10
dtlermn,e .."hll ICIlon il ~nloal If no ICI_ il. la"~n. lestin, iI. a "-Ul~ of
IIlYlC.

II i' ~""nlial Ihat Ih~ ullHnal~ responSlhiltly for a hca.in~ ron"""al,On
prog.ammc be: dd~gatcd to a ph;s;cian 1 do n01 mcan that Ihe ph),s"ian
should ca'r)' oUllhe aClual d.lails of Ihe proll.amm~, bUllh.1 he should be
••,pomible fOf poll.; and doci'ion, ronc.,nlnll thc disposllion of th~

Indi,'iduals In"oh.d. In 'Ile .ast of a larg. rorpo.a,M>n "herc many'plan" "r~

in"ol>o<I. ",m~""" on a rorpo.al~ ",'~1 should be rcspomoible for Ih.
day '1<Hb; 1Ct"1I1CS of 'M hearing rom.t""3llOn pr",ram"", thIS Indl",dwoJ
lohouJd. ,n co-opo.a,ion 'mh mana,.,mtnl and the medical mr«to. or mtdial
comultanl. dtl~rmlM ......1 lilt corponl. propammt should be:. n .., pt'r<on
should aho be: rcspons>bk for 1M preparauon of a manual 10 be: uKd 1>\ all
ondj,-.d..al plan\:J '" a rorpora,~ pl'OJT1lmmt ......"ng alllht nqUlrcmtnlS 01
llI'P"'I"UlO nl"lalioM. Idtally. Ihn pt'fWG should be .............. " ho n 1r.lIMil
in 1M a""doIal proftMion. e l! an ludoolop5l. pro>idc<I of rourw: I""
prtlItlImmt " lar.. (1\()I,lgh to rrant IItt roRllnUOUS lCti\lly of sum an
indi'-.duaJ Sornr C'Orl"""lions '. dtlopled 'his '''''l'''''','''I", 10 I,,",
industnaJ h; IltnKl and or lhe rorporlIle saf~l) lollpt'''·..... , H"",~er. due 10
I,,", fact 1...., 11K Industrial h} gocnKl and 0. lhe ro'por.n~ safOly lUpt''' I",.
ha". many OIher dUlln 10 pt'rfo.m, lhe)' ,"-ould not be: ablt 10 g"l' a<kqwol'
time 10 lhe hunn, const",uion prOlram"", 10 ma~~ it a 'uce.... Therefo••. I

hell.,·. II would be wi"" on tho pan of Ih. larg. corpo'alion 10 employ an
audiologist or In approp.ial' consuiling firm '" "or. ",ilh Ihe indumial
hygi.nisl o. Ih. co.po.ate saf.I;' ,upt'"'i",,. This pt'rson can ,upt"'i",, lh.
programm., in .ach plan!. and .nail"" lh. dala for CO'PO'"IO pu.p"""~ "lIh
'e5pt'ct 10 disposilion of indj",duals "ho a•• und., the lu,,,"ill.n,e of lh.
hUring ronser\'allOn p.ogramme

Ind",duals at the planl1e,·.1 ",he•• Ih~ lCIual p.ogramm~ is rond\lC1~d can
be used ~'~n lhough th.y ma~ he less quallfotd. lM) may' be nursci. nursci'
aids or clc.~·stCTelary ptRonnel PfO'ldtd lilt) arc properly tr.lned and
sujXoistd by loOmt<>o...1\0 IS Tnpo!lSlbk fo, ~ hc,mlll COfISCr\ilIl101'1
prosnmme HO"'O'l'r. lbt rnponsobdlly for <he conduct of 1M ..hole
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programme should be plate\! in Ihe hands ofy,hoe\'er is appropriate to ampl
Ihi$!e,'e! of r~sponsibilily,

11.3 IMPLEMENTATlO:-; or THI:: PROGRAM,\1r.

11.3.1 F.<Iucation

B~fo.. any hearing ron",,,'alion programme can be a ,uece<$ the personnel
in'-ol"ed. Ix>th cmplo~'cr and cmploy-u. should ~ eduealed to ils needs.
purf'O'es and resulls, Perhaps Ihe personnel who mosl need thi' cJuea,;on arc
managemem and union rep'esenta""e,_ If these two groups do not agree and
Jo not p"rticipatc in m01i"'ting the persons in"ol"ed. it will be far from
successful. In my opinion ,uch educalion 'hould con,ist of appropria'e films.
Jiscu"ions "lth Un'On Stewards anJ group ,upe,,'iso,",. as "'ell as Jiscussions
"-,,h 'he workers. It is ~ssenlial that all indi' iduals be ronvinceJ that noise doe'
produce a hearing los' anJ that it can be pre\CntcJ w,th aeti,e cooperat,on
between emplo)er "nJ emplo)'ee.

EJucation on hearing rons",'-ation i' "cry important. ",'en more so Ihan
many other kinds of 'afet)' education. The consequences of noi,e CXJ'O$ure are
not as ob"iou, a$ those from accidents, The r~sults of a piece of metal entering
an eye are immeJiately ob"iou", whereas. Ihc results of noise cxpoiure are nm
ob"iou. un,il i' " '00 late. Thercfot~. ~duca"on becomes exceedingly
,mportant and eon' ineing the indi"idual of "hat can happen to hi' cars if Ihcy
are not pro'ected i' essen,ial Hcaring I",s is • gr.Jual process and th~

;nJi,,;dual may' accumulate ronsiJerable hcaring loss without realizing il.
Obviously'. eJucation i' onc mean, of promolion bot olher melhod, ,houlJ

also be u",d such as 'isually designaling arca, "here noisc ha,,"rd, eXlII
Posters anJ signs can be appropriately placed to inJicate the hazarJous areas,

Hearing ronscn-'ation neeJs rontinual reminders. Such reminders can
appear in company communications of any kind, II i' also esscnlial lhat if
poile" arC used. they be rotated from t,me 10 t,me. '0 arous~ mor~al1Cnl;On ,n
diffor~m arcas of thc plant, In addition "'hen an indi"idual comes to the area
for • hca'ing teSt ,hc 'eS'Cr should make i' hisihcr business '0 lalk 10 the
worker. asking how he she is doing "ith hi"her ear proteclion. etc, If a
change does appear between successi"e audiograms. Ihe emplo}'ee should be
warned of this and his/her car proteclion habits shOuld be fe-iewed

Hearing conse"'ation discussions 'hould be an important ilem at aU ,afety
meeling" As stated .Ix>"e. ,ince the need for hearing ronson-'at,on 's nOl overt
II is "ery important'" ha"e con'inual reminder$ for thc cmploy~~ and
,upe,,'isory personnel.

11.3.2 Volunt-a'J'Prog'amrne

At the present time. mO\t hearing conse,,'at,on progTammes are ,"oluntary. In
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m)' opinion ..olun'ary programmes are acceptable only in 'he early stages, They
do give Indi'iduals the opponuni,)' to ,ry ear pr01ec'ors. or to work under the
condi'ion' tha' ha"e been created hy nOI"" control procedures. Howeoer. It has
been ,he author's experience 'hat a 'olumary programme IS not successful over
a long period. After a penod of perhaps I 10 6 momhs or less. a mandat....y
programme should be ini'ia'ed, There are many induslries with mandatory
programme' 'hat are highly successful. The large number of individuals who
will finally abIde by Ihe hearing con"""ation rules wi,hout protest is surprising.
There will alwa)"i be some indi\ iduals who will be re,alcitrant, but this usually
is a 'ery small number. A manda,ory programme can be successful and is 'he
onl)' even'ually succe<sful me'hod.

Hearing con"""a,ion programme' are now incumbent on all of indus,ry
since the regulawrs in many areas have ruled 'ha' a worker's hearing must be
protec'ed. If this is no, accomplished, ,he employer. no, 'he employee, i.
ronsidefed w be al faulL AIlMugh the regulalOrs have Slated Ihal manage_
men, shall initiate hearing con"f'-'a,ion programmes. 'here has been no
inSlroction on how this ,ball be enforced. Mos' employers with manda'ory
programme< have resorted 10 'he following: if a worker appears wilhout
protection. helshe is gi'en one da>' off without p.ay' if helshe appears a
second lime withou' protection the worker is given three day. off wi'houl pay.
and if 'his occurs a 'hird 'ime. 'he person i' dismissed from employment.
Further. ,,'hen an individual i. hired and il i, known ,hat he ,,"'ill be employed in
a noisy area. ear protec,ion IS made a condition of employment and the
agreement "'ith the employee i. such 'hal if ,ne emplo)'ee refusc' '0 wear the
ear protec'ion. dismissal can result wlthoutlurther action.

In the early stages of hearing conser..a'ion. ,uch programme< were in\'oked
and when such ac'ion was 'aken considerable reac'ion on 'he p.an of the
employees or their union resuhed, This is not nearly a, common now. sin<:<:
bo,n union and management reah~e thaI protection of hearing is essential.
Even though hearing con>ef'-'a,ion programmes ma>' be costly '0 induslry In
term, of dollars. i' is now reahzed that the cost of hearing loss is much greater
no, only in the eo,t of dollars in ,h. compensation courls. but also in
preyentable human suffeTlng.

IIA METHODS or HEARING CONSERVATION

In g.neral. th.re are ,WO c1asse' of hearing consef'-'a,ion measures: one i' noise
control 01 'he environment a, the source, and 'he o'her .. hearing pro,ecllon at
the ear, Although I beh.... ,na, noise control. whe'her ,hi. consists of barriers
bet,..een 'he noise source and 'he ear. such as enclosure<. walls or ear
protectors is necessary, 'he method of choice is '0 controllhe noise at the
source and (hereby ge' rid of (he hazard, During the paSt live (0 ten years
experience has aceumulaled. sho"'ing 'ha' 'here are man)' .ff.c,i... "'a)'s of



oonuoIbng llOI5C' all he tourtt , I'c rltaps lhe TYoll rna]Of dtl~TI~n IS 10 IhIS arta art
ledlnical feasib~ily.ndC'WIIOfl\JC ~tions. It s.hould ~ qUJ1~ OOo.lO\IS
thaI some noioes can~ redlll:Cd Io:d>nally. but !be C05l. wOliId M ew.boll.nt
MakIng il not fealoible from .n~ $UndPOlRt. In 00. anempu.t~
control al !be -.rn: 1Ia.'e beoen 50 C05l.Iy .. to force some Wlllp"l1Ia OlIt of

"""~
1am !be firsI to &11ft tllatl'lOOSe conI roI .1 !be""""", """'Id be KCOmpl.-hed;

tto--e-"r. Idonotbebe." J1 s.hould be _ndalOr)-lUIlco5ltme<:U !bep""-01.
being Io:d>nally and «OnOmIC&Uy fe...ibk_ I 11.1." found II\roup )e&f' of
expcriena WI noM conuol ....y from !be """'"" aJI be ..... ItS eff«t"'e ItS

~conlrolal!be5Ollrn llle real problem iamt>-ediowl.....,nthoupcen....
reduction of nnncean frequenlly be __pl1Shed ~'enpnccnnl rnethocls. tbe
reduction IS not~ to compll "lib reJllbt>om. Of 10 be comoOere<l
non·bazardous ... far ..beanng Il<;(lflottme<!. :andUllltis case. tbe~mplorerI:Ilcft
",,1b ha"Ri 10 1R1loale procedure!.of_ control al !be ear

llle ",",lbod of fIlM<' conlrolallM ear haibeoenauiciud bcallf<' Itl:l f~lllhal
lhese mea.ures are not ...,arly as df«!,ve ... norse controlatlbe SOIlroe; IhatlS.
ear prGIeCfOfl are not ItS dfect",~ a. erecting barn«'< bet...-ttn 'he llOlK source
and III<: ea.r. welt ItS enclosureo. bam..,. .....110 and reflecling "';:0.110, I find lit ..
diffiroll 10 .g'« "'lh bec.au~ 11 laka just n ma sUJl"ro'1l..on 10 gel lbe
emplo)'« 10 UK III<: ~nclosures dferm'ely as "doe!; 10..,., Ihal he uses ear
prole<:tlOn n he should. and my uJI"rience hn sho....n Ihala ....ell..uJl"'..,~d
ear-prolection progl'llmme can be JUll al effeCli.'~al barrie... and enclosur~•.

In summary. anyenglneering noi..,--conlrol procedure. thaI do 1101 red...:e Ihe
noise In anon·han rdOUile ve I iII h. ve 10be supplemented by anU r prOlert;on
programme.....hether by barrie Or ear'protertors and. therefore. IUpC!rivison
,,'ill be Ihe key 10 Ihesu=$loflhe programme_On theother hand. onecould alk
why engineenng !>Oise control procedur.. should be carried 0lI1 al all. unless
there " a guaranl« Ih-allhey ,,'Ill be reduced In I non· hazardous le'·el I do nol
agree .... ilh Ih.. 11\llldue, t f~~llhlllf re""",able amounts of noise redl>C1ion ran
be a<:complished. Iltal is 10 say a mlnlmumof5 dB(A).11 s.hould be done because
uu....-HI lben make II murh ea$lerlobnn~1MJr,·eltallll<: ~ar Inlonon-hazardous
Jr,-els,

11.4.1 Ear J"rotedors

I am treqlJCntl) asked 1M questIOn. ·....'UI io !be besl ear pnMCClOl"':" My lI$lLaI
al1S"'tr Ii. "The 0lM: Ih-alli "'"otll' nus l101lOl"r pointsoullhaltbernual kall''''
of anyear proICClOl" IS COIIlfOl1 or "Wt:arabibty·. Anenll&1lOn IS ofno ...1"" ,r Iht
oo'ia: is DOl....... A. a maller of faa. """" ear pnlICClon IJ<O'-.de aboul!be
same amounl of anenll&llOll llle) mal cbffer -.-'hal ItS a r.._ of
frequenry aDd mlllfl_ll) p'-e -.-'bal more proIeeooa than pilip (Table
11,1). Various metllodsof l1Innlear proIectOfS h.1>'t beotn dt.-ned. bul none bas



Tobl< ll.l Att<nuation fOT tile elsht differen' ear prot«ton ,..,ed' (In dB ,e 1951
ASA audiome'er '<lerence leroj

Frequency ("".j

'''' ,~ "" "" "'" "., "., "'" "'" "'"
Ear p1up

A 21.9 250 259 33.4 ~" au 33.0 375,
" IS.9 162 213 28.8 33.7 33.7 32.9 "', ,

" " " " " " ~ ~

Ea'muffo
A " " ~ " " ~ " " •,

" ~ ~ ~ " " " ~ ", ,
" " " ~ " " ~ "

Conon ,
" " ,

" " " "
,.

• 0... .xn_ from 1<". perlonn«l oorord"'1 1o I~ "'menc.n s..n<lardo o\""''''ioo method
fo.- the "",...",men' of ","'n' '"'"0''''' of <0' I""I«I<>f> ., I~'''''''''''

pro~ed .'er)' sa'isfactory lO da'e. Mosr rompanles pro\'id<: a limiled choice
depending on Ihe use,'s preference and the amoun, of anenuation neassar)' 10
mee, non·hazaroous n<>ise le.'els at 'he e.rdrum,

There are Ihree gen..al d.s.... of ea, pro,eclors presen,ly available:
earplugs. ca".1 c.ps .nd muffs, E.ch has its own ad"ant.ge. and di...d.'an·
lages. and no SIngle dallS "'Ill meer all demands. Onl)' uperience will aSSlSr,n
providing IIIe besr ear prote<:lOr for an)' panicula, siluarion,

II is advisable not to accep' rloe ad"enised laboralory auenualion figures for
roeld use. It ,s preferable 10 subrract one srandaro de"iarion f.om rloe sraled
numbers 10 obrain Ihe degree of protection rhal "'Ill be afforde<l under field
oondlrions (Figure II Il·

lU SUM~IARY

.lea.ing """se",ation programmes. "'he'e appropriate in indusr.y, a•• a mu"
at rhe present rime. Ev.n though one may nor "'ish ro adopt an ahruisrlc
attirude t",,'ards the conse"'a'ion of hearing one musr. like it o. nor. initiate a
hearing ronse,,'arion programme to meer the regularions in many are.s, Since
industrial noise exposure produce. more h.aring loss in mO'e people than all
oth.. cause, of hea.ing loss combined, it is incumbent on all noise make.. to do
something aboUI prorecting human hearing.

The rragedy is rhar n.arly an industrial hearing loss can be pre\'ented "ilh
proper hearing conservarion measures. The cosr of hea.ingconservalion is fa'
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Ie.. than Ihe cost of hearing los' in term, of human ,uffering. and dolla" ,n rhe
compensunn coun'. Prnper eduealinn or !>oth managementS and la!>our can
result in successful hearing conse ....ation programme" The method of choice i'
reduction of Ihe noise althe source, but in many cases this is not feasible either
technically or eco!>Omlcally. Iherefore pfQltetion at the ear muSt be used,
Manag<'ment must male "'ell·supported allempt' 10 carry oYl noise rontrol.
and if this canllOt be done the dcci.ioo must be supporte<J by the opinion of
expens on !>Oise conlfQl at the $Qurce. Expericnce ha' ,hown thaI with proper
"'pem'l$Qn. ear prOlectlon programme. can pre\'ent a large heanng 10<'1 in the
majori ty of indi \'idua 15 e.posed.
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CHAPTER 12

Road Traffic Noise: Generation,
Propagation and Control

C. LAMURE

1l.1 ROAD \'EHICLES AS SOURCES Of NOISE

1l.1.1 Soul"«ll of noise on lh~ ,'~hirln

Th~ noise radial;ng from a moW. ,'~hicle can rome from a numberof diff~.en1
sources ,,'hose conrribu'ion '0 lhe ,01a1 noise can depend on the speed of 'he
,"ehicle. (see Figu.e 12.1). Table n.1 shows lhe a"erage. or ralher lhe range
01 value•. lor lhe comribulion 10 Ihe 101al noise of lhe "ehide for each of Ihese
sources for OOlh ca ... and hea,'~' lorries. The amoum of noise coming f,om each
source depend. "ery much on lhe lYpe of "chicle in,'ol"ed and on lhe condirion
of lhe .ilence... The no;", due 10 lh~ C01l1ad bel"'een lhe lyres and lhe road
surface becomes dominan1 31 h;gh .peeds, There are con'iderable "..ialion, in
Ih. rela,i,·. conlribu1ions of no,,,, roming from rhe engines and rhe UhaUSl
system' in Ihe case of lwo-..heeled "ehiel.s,

Fiaure 12,1 Sou,ces of noise on a mo'o, ,·.hKok
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Table 12.1 Purtnlag. rontribtltions f,om the djff"en, ~sic IOUfm to the will
'mQIln, of n<>t>e ,adl.te<! bj" '•.-ell ",.int,med 'Qad "chock (1RT-CERNE. 1~79)

ugh' "ehicl.. fleavy ,-.h"'''.
Sou.« of """" T"",'n Open road T"",'n Open f~

Ai, Inta.e ;nlel.
15 to 3S.,ha.M ootle, lS.o60

E>.ha.,' PIpe assembly 15 to 30 201070 .lO 10 80Eng... bk>ol; 20 to 30 301080
GUt Do. and '..n,...,,,,,,,, S 10 30
Cooling fan 1(l to SO
T)T<.ro.ad ....n.« ",,"tact 5 '0 10 30 to 80 , 20 1o 60

A. EngiM "vise

The expl",ions inside Ihe c!'linders and the impact of 'he piston. against the
c)'hnde, walls ••c;t. 'he block and Ihe '-or;ou! en,me "cassori••. including in
panicular the different CO"" and housings. The lalter indudc the sump case
and the rock" arm «"'cr. ,,-hieh often account for a significant proponion of
the 100al noi", roming from Iii. engine.

The amount of noise radiated by Ihe engine deptnd, on ;n .p<cd and th~

load to which il is beIng suhmmcd. lhc laH~r oktcmllning lh~ torque lhat is
beIng produ~d.

lbe load does not ha"~ much effect in lhe case of a diestl ~ngiM. ex~pl for
oklayed indirect inJec'ion ,,-hich can lead 10.5 dB reduction ,n lhe noise le,'e1
when the engine i. Iighll~' loaded. For fr~qu~neieo al""'e about 500 H~_ the
noise le'·ei L in dB(A) al a gi'-en frequ~nC} inrr~ases in proportion to 30 log N.
'-e_

LA - 30 log N'" COnStant

"here N i. lhe engine speed in r.p, m.
On examining Ihe frequent}' spectrum for the noise il ,,-ill be seen thai the
seoustie pressure 1e>'~1 falls at a ral~ of 30 dB per decade for frequ~n"es abov~
2000Hz.

In the case ofol'.n1, ignition engines th~ effeet of load can accounl for as much
as 5 to 6 dB(A) in 'he level of noIse and it IS found 'hal the acoustic pressure
le\'~1 increases .-ery rapidly with engine spe~d in accordane. "'Ith the
relationship

L - SO log N· COnSlanl

The acoustic pressure Ie>'el in the case oj these engines falls at th~ ra" of SO dB
per de<:ade aoo'( a frequent}' of 2000 Hz.



E.ci,.,ion forces
Comb\l'hoo and m«~.ni<al ""J>lo<I'

! I Transn""",," of~e'''''''lOn .;.
'he oonn«'m& ro<b and crankshaft.

Dlfw .,,,,<aM" I
of 'he e",'ne bloc\: _______

I -----..... E."" .."", of bo....lnp rotke'
aim "",er ,nta" po!'" ,'c

Radiation of n";,,, I
from ,.....,,~ .... block

t Va'''''''' rad'"'1"' of """"

V.riou. ,nt.rf.r<~d<prndlng
on tl>< rohe,e""". of to< ''''''cr>
Rad,.""" of I>OlIi< from the eng""

The noise lewl doe. not increase 50 rapidly "'ilh 'he cngine .apatHy C andw. Can sa) lhat ,n prinCIple lhe lotal 00'''' le\'el," dB(A) ,'ari•• a. follo.,.,

Dlcscl engIne.'
Su~rch.rged

diesel ""g;.,,,,:
Spark ,gnit,on
eng,.e"

L... - 3OlogN'" 17510g C

L... _.wlngN+ 17.5togC

L... _50logN+ 17.51ogC

These equalion. <how that lor the same pow.r ou'put a large capacIty engine,
which will be running ., • 10"'" ,peed. "'illl>< quietn than. fastn running
engine. The following graph (Figure 12.2) ,bows how 'he noise je"cl for
diffcrent ty~sof cnginc vari" with cnginc s~cd and rating,

B. NOlU commg from thc "ansmIDlOn and silmccrs

Wc do not havc a .'cry good understanding of the noi.., coming from the gear
box and the transmission and ;t i' con'idered that the mechanical excitation
here can be partially due to the engine_ It is kT>(>wn mOrWver that On certain
cars the T>(>isc coming from the complete transmission ')'Stem can be dominant.
The mO$t SImple <ound.proofing meaSure than can be applied in connection
....'ith thi' noi", is the provision of a screen beneath the complete "ansmisslon
sj"1;tem. whIch Can usualiy take the form of a simple extension of the screen
filled bencath the engine.

The reduCIIOn of noise a. a result of 'he pro.-i.ion of silencers associated w,th
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FiJIIl< 12.2 N~ le.el ., • fUr><I"'. of >lea<!}' eng,o< speed for d,ff..en'
'J'PC' of e.pr>< (Pried<, 1971)

Ih. air inlake and engine e..hausl S)'Slems g,,-es rise above all 10 problems in
CQnneelion with the lile and size of lhese llC«Ssor;e5. The siu 01 lhe silencers isa
problem in Ihall heir effecti''nessallowIreq ue n<:ies is a IuncI ion oft hei"'ol ume '

C. Noise due 10 rhe I),,.·road 'UYjoce comoCl

The rolling noi.. is due 10 a number of different effeelS a, is shown in Table
12.2, s<> rar as lhe geneul;on ofooise is CQncemed we can classify the surface
texlure of lhe road surface in lerms of the power spec"al denSI1}' of 'he
longitudinal profile for wa,-elenglh. ranging from 2 10 200 mm (Sandberg and
[)escornet. 1980). [f we define Ihe mean squa.. of lhe .url.... irregularilieso'-er
a range of wa'-elenglh. cenlred on .< a. T,. Ihen lhe 'lexture factor can be
exp..ssed as;

"L, • to I~,,, --.
Ill-I.

",'here L, is expressed in dB ",-ith reference 10 a level of Ill-I> m',
Surfac<$ ha"ng a h'gh 'lUIure lever gi"e rise in particular 10 ra<lialex<:ilation

of lhe tyre and l}'po I phenomena predominale. Surfaces hning a low ,,.Xlure
Ie'..r On Ihe mhe r hand gi,'e rise in part;cular 10Iype 1[ and t}'po III di.tu rba nces,
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Table 12.2 Noioe due '0 tyre-road contact

Phenomenon

V.rtical ..citation and radi."on of
r>oioe from the tpe caoin,

11 Tan,en'ial "citahon au rosull of
stick and .lip K\;on

111 SUCC'lion and "pulsion of all (a1l
pump,", .nd .ir p<><••t r<>Oll.""")

IV A."'d)'namic ....;oo.nd .ir
turbulence

V Radiation of noise from lhe road
".. If

VI Radiation of r>oi.. from ,he vehid.
!><>d)' or the load being carried

R<>ad ",rface parame'er

Longitudinal profile (macrote'ture)
Mechanical impedance ., ,he po,n' of
ronta<l (elastIC: ptopert,es of the road)

Physic<H:hemic.ll""l"nies .nd
k>ngitud,nal profile

~"ry and poro<i'y

Elastic propeni<-> of ,he differentl.)'<n
m.kin, up the road Slnx1uJe

Profile (",riace ",'.nne..)

Figure 12.3 shows Ihe te,lurelev'el and the noi.. frequency 'pectra for two
different road surfaces, namely a rough surface made up of a oouble
bl1uminous coal;ng and giv'ing ri.. to a high 1<"e1 of noise at Ihe lower
frequencies, and a surface cons;sting of a non-macadam bHnded and dosed
asphallic COncrete gis'ing rise 10 no,se "'here frequencies abo"e IlXXl Hz
predominale. The veh'cle speed involved here amounle<! to !O km/hour.

The importance of the impedance of the ",ad surface is al.., not s'ery well
understood. All thai is known is that .oad surfaces having. high mechanical
impedance (hydraulic conere" or an old biluminollS surface) tend to gis'e rise
to a greater degree of noise than "'ad surf~cesof mode.ate tmpedance such a,
recently layed bituminous surfaces. al'hough the difference in no;se level is not
vef)' great. amounting in fact to only a few decibels,

uper;mtmal r,sulls, The results of SOme early work suggested that there v.-as
some ,e1atton between the skid r..iSlance of a ",ad surface and the generat,on
of noise. Ho,,'ever, as a result of ""ork carried Oul since 1979 it is now kn",,'11
lhat this relation i. only true on being considered for eaeh particular 'ype of
road surface Thus ,here;s no basic relation between the av'erage deplh of the
TOad surface texture. as delennlned on carf)'ing Out a sand lest, and the
generat;on of no;se,'

, Tho, .." ... """,., 01 ~k,ol' >mall ""'. of ,100: ,Ol'l ,",face w;th ,"00 "'d ><OO<Il/un:I off lhc
$Ut9lus 10 .. to tl""nnin< ,t.. .,..,... <l<p<h '" ,he ....-fa« ''''Uf<
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On making use of laser bcant'l it is now JIO"ible to determine the p"wec
spectral densities of road surface profile. with a high degre<' of accuracy and at
low~l.

Rolling noise increases very raPIdly with .ehicle spud V because the overall
acouslie power that is generated increaw.; in proportion ro lhe third to foorth
power of V. Thu. we h"'e:

LRA - )() to 40 log V + con.tant (see Figure 12.4)

Thus the noise level increases by more than 6 dB(Aj when the speed is
multiplied by a facror of 1.5. Figure 12.4 shows how the noise "ari.. wilh
speed for different types of tl're firted ro cars and heav~' lorrie•. The noise le'el
for the same road surface can differ by neafly 8 dB in the case of cars and by
more than 12 dB in the Case of hea'')' lorries.

Finally it should be noted that there arc indications that it .. ill be JIO"ible in
fmure to pr""ide new and quieter road surface. for highw'a~' seClions "'here
high road surfaelng e0515 would be acceptable in comparison wilh the ~t of
reducing noise by other means.

l2.1.2 ....oise from tlte V.hicl" lOS a Whol.

A. No«,1l.T QFUnc!lOIIO! ElIgm'Qlld Road SpHds

The abo"e consideralions h..e sho.. n l>ow Ihe lotal noise emitted by a "ehide
is Ihe Sum of the nolS;: oomlng from differenl SOurce. .. her" th" oontrihullon
from each source de!",nds on the cngine speed N excepl for the rolling noise
w'hich de!",nds on the road speed V. TIle 'elation bet"'e<'n V and N i.
determined by the gea' r.lin thaI is in operation and in the case of a four-s!"'ed
geartJo•. the ,anal ion of the noise le,.1 wilh road s!"'ed for different gear
ralios tends to be a. sho"'n by the g,aph of the following Figure 12.5.

The o,erall effect of acceleration. also Shown On thIS graph. is nol ..ery great
except w'hen starting from rest and w'hen re-engaging first "nd second gear.
When runnlng,n fourlh gear. the noise is mainly due to the lyre-road surface
cootaCl.

In the e..... of hea.-y lorries. the geartJox allows anyone of a numbel of
different gear ratios to be se"'eled SO as to ensure that the engin<: o!"'rates o"er
the range resulting in minimum fuel consumptIon. The le,el of noise in thi' ease
i. not "ery dependent on the gear ratio Ihat i< being emplo)'ed.

S. No;.,. Fr'<ju<nq S('«/ra

The,e i. a .ery Tapi<! anenuation of lhe noi« from Cars. hea..y lorries and
lwo·W'h«led vehicles fo' f'equen~ies atJove 2.t:nJ Herz and rolling no,«
becomes 'oignificanl OVer lbe oct..." f,om 1.000 10 2.t:nJ Herz, The acoustic
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p.eMure for heavy lorry engme' riJ,CS '0 a "el)' high le"e1 at the lower
f.equend... The g.aph of Figure 12.6 show, the f.equ.nq spectra for isolat.d
"ehicles and ,h. "anda.d frequency speclrum Ih.1 is 'ak.n inlO aa:ount when
Modying ,he sound proofing of building fac.de,. The A,,,,.,gh'ed speC1rum
sho"., ,ha, in 'he case of a zone loca'ed at a distance of 50 metres from the road.
'he percei,·.d tr.ffic noise i' mainly confined 10 'he ,hre. oct..·., •• nging from
25(110 2.lXXl H.n,

11.1.3 Acoulfir Power and Prflsun and E"a!ua,lon of L." for an IsoIat""
Vehicle

A AM",ri. Po ..vumd Pressure

Fo. a point sou.ce of ooi.. in f••• sp.ce ••diallng ,n all directions and

Figure 12,4 Tyre-road conta",~ in dB(A) ... dIS""'" of 7.S m f<rr diff•••n'
'ypn of 'yres "" a conc••te >urf.~ (Sa""".1 Bur.au of S"rKlar<ls. 1970)(Leasu•• oil
Bcr>dc.. 1975)

(a) D,ff...nt type-s of truck 'y•• ".ad design (U.S·l

(b) ~taxlmum A....,p'cd SOIl"" 1<".1 (in rSecibcl>" 20 ~P.)" me.'ured .. SO ft.
,........p«<l for • loa<le<l 'ingle-.eha,'" ".hicle runninJ on a cone.et••urface. Variou,
'l'J'CS of ne.... ty.es we.. mounted ,n dual pai .. "" ,lie dri," axle, Le"e, ",""",at;"",
f'" ....h """'. co".>pOIId to tile 'yre 'ypes
(c) MaxImum A.".ip'.d IOUnd 1<".1 (in decibel> '" 20 ~Pa). a. mea,ur.d at SO ft.
ve..... 'PC.d I", • full-si.z. pa ng•• au,omobil. runmnl on a concr<1••urf.....
Various 'ype. of ...... 'l're. " mount.d on II>: rca. ule. Lene. design.non, fOf
••ch """,e corTeSJ""Id to Ihc 'jn WP'"
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negle<"l;ng any air absorplion. we ha,-e,

LpKL~-IOlog4:r?

where

Lp i' the ,oousli, pressure le"el al a di't.nce of , from the SOU". of
noise

L~ i. lh. arou,t,c POW'Of 1"'el of lhe source of noise

If w'e ron,ider a sourc. of noise lhat i' da>e to lhe sound-rene<"ling surface of
lhe ground and as~ume lhal thw source radiales in all dire<"lions in the upper
hemi~phere we ha<'e:

L~- L~-1OIog2:r?

Let L~ be the maximum acouslic pressure le,.1 recorded during the P'l,sage
of a road o.hide. In praclice. il should be noled lhal We meaSure ,he aoous'ic
power in dB(A) at the slandard di'tance of 7.5 melfes from lhe vehicle. If L.
is the aoouslic power level of lhe vehicle We ha\'e:

Lp " - L w - 1G Iog2.1 (7.5)'
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LpB -Lw -25.5

If L.., i. the acou.tic prc.sure le"cl at a di.tao><:e do,. we have'

L,. - L.., -+

....'herea. in ref..ring to an acousTic pressure le'·el for a source of noise ""e need
to specify the distance from the source of noise at "hich this pressure is
measured. this i. nOl the case for the acoustic pow... II should be noted h..e
that at large distall<:.. from the "ehicle of more 1han 100 metres. and whcre
therc i. a ground eff...,t. Ihe aho,'e equations are no longer ,'alid.

"'COIl,toe p"....e'
Veh'cle ("",tt,)

He..') tOff)" 0 ..1
Car (I,OJ

So,md-proofed Car (Jnl

:-:Ofmat>p<ech W '

,. L, at 7.5 metre,

'" W
,~ •H_) "
W "

B. StatiJtiNlI Dmribu/IO/f of V,hicl, ArolLf'ic Po...·"

In calculating the noise I,,·els in the "ioinity of rood traffic it is useful to be able
to rder to an established <(3l;olical d'stribution and hen<'C an .nugc value for
Ihe aooustlc power for each Iype of road "ehicle. The distribution curv.. given
by the following Figure 12,7 show that there can be differences of up to 2'i
dB(A) approximately betwcen the I"-els of noise emilled by isolate<! vehicles
for similar speeds.

In practice. it can be used as a simple relationship bet"·..n the mean acoU'!tic
power 1,,·el and the speed for cars and heavy truck>:

Ivkmth)

For traffic mO"ing at a steadl' speed on level roads:

Car"'ilh
v >40kmlh

• - 80

a .. 47 b'" 30



c."
L.",..

'" .81.l

FIgur. \2.7 n"tl1bu"on of noi.. 1e,.. I. for ligh' and he..-y
,'.h",le. in term. of L_, ..corded at a di"al>« 01 7.S me"••
from t" ..h",1e .. " 1"'.... by the mK-rophooc (for 611 ,",n
and~ tnl<ko.t "eady '1,«<1> rompri..d ..'''....n 60 and 80
kmlh (F..-re. B. 1977, IRT·CERNE)

Heavy ltUCks; "'l1h v < 50 kmlh

5O<v<70kmlh

v>70kmlh

0-110

0-93

0-58

C. Evoluation of L." In Ih' ellS' ofa Straight S«rion ofRood

The value of L.. at Ihe 'ide oflhe <oad over a period of rime T due ro rho
passing of an isolale<:1 vehide depends on lhe muimum noi~ le"el L ...... on th.
speed of Ihe "hid. and - particularly in Ihe ClI~ 01 heavy lorries - on the
directional characleri"i", oflhe noise radialing f,om each 01 the dilf...nl
sources of noi~ on Ihe "hide.

We assume here lhal the vehicle can be rega'd«l as a uniforml)' radiating
poinl source of noi.. of oon"ant acmmic po"'" and that Ihe .'ehide is moving
al a COnStanl speed aiong a maighl line,

_-,"~ '0'0 -.elo '> Rooo

~
Ob..,..



The "alue of L... for the period of time r, to I, is then gi"en ~':

where:

p(l) _ the instamaneous acoustic pressure
p" _ rhe reference acou.ric pressure

We alw hs"e:

, wp,,<
p-(I) --

2.TI'{r)

where

W _ the acoust,c power of the "ehide
Po - rhe air <!ensiry

r<D - rhe distance of the '-ehicle from an ol>sef"'er ar rhe poinr 0ar rime I
We can aCCOTdingly wn'e fOT rhe arirhmeric mean of p' o,-eT ,he J't'riod of r,me
I, ro I,:

I wp,,< r' dt
Ip"'---J,-

t, - I, 2.~ '''::(r)

"here

r'(l)-d'+ V'r'

Whence. gi,'en rhar 8 is lhe anglo sub'ended at 'he poim 0 by that pan of lhe
,-ehide trajectory covered during rhe J't'riod of rime I, '0 I,. we ha,-e:

. 1 wp,,cep'r· -- ---
I,-r, 2... Vd

.. hence. for rhe period of rime I, '0 r,. we have: ,
L", - L. - 10 log (I, - I,) - llJ log dV. 10 10g

L,

If "'c consider rhe max,mum pressure le"el recorded at a dislam:e <1<, frQm the
Wutu of noi",. we ha,'e for the same J't'riod of lime:



'<,
4. - L"" + 10 log +

(I, ~ l,lV
d"

10 log d

No;,t Pollution

"'here di.lances are measUied in metres and 'ime in seconds,
Thu•. giv.n lhe maximum sound-pr."ur. le,·.1 record.d at a point 0 due I() a

pll$Sing vehicl•. or kno",ing ,h. acous,ic po"'.r 1.,·.1, "'. can .'·alua'. L .., It
...·ill be no,.d lhal'

- L .. incruse, "'ith 10 log 9. ",h.r. fJ i' lh. angl. ,ubl.nd.d by lh. se<:tion
of the road from lhe poin, of ,·i.", of lhe observ.r.

-4. decrease' ""hh 10 logtl,ld. ",hore d IS ,h. di"ance from th. ,'.hicl.1(}
lh. road (absorplion be;ng n.g1.cl.d). If "''' doubl. Ih. distance from 'h.
,·.hid. '0 th. road. ,h...alue of L.. is r.duc.d by 3 dB.

For a soure<: gen.,."ting th. same 10,'.1 of noise ",hale"er ,h. spe.d (Lw •

constant). lh. acoustic en.rgy rece;v.d ""ill decrease in proportion to 'he
in,·.ne ofthe spud V, ThIs iswn,i'l.n, ",ilh ,he fact ,hallh. fa"er il pa,se. by
th. less ...illlhe observer be ••posed to the eff.cI' of lhe moving source of
noise, H"",..v", lhe acoustic po",.r 10,'01 L. (or ,h. maximum sound pre..ur.
level L p ....) itself "aries ""i'h lh. ,peed, For a ..ana,ion of30 log v in ,hi, le,·.I,
as can arise in lh. case ofcars and hea'')'lorries runn;ng al.peed, in exce.. of 60
kmlh). (se. Scaion 12.13B) i' will be fourd lhal L.., varies as a fun<:tion of lh.
,peed Vas 20 log V.

Assuming no varialion in lh. valu. of L~. ",hich is an accep'abJe
approximalion for he",')' ,'.hicl.s al 10...· spe.ds (Scaion 12,13B). il .... i11 be
found lha' L.. varies as

10 log V

12.2 NOIS£ 1)1.1£ TO ROADTRAH'!C

12.2.1 Sl.IItlstlaJ Distribution Dl'Trafli< S_ u.'t1s

Th. noise due 10 lh. traffic aiong a road is wntinuously fluauating "'ilh lim.
and il is nol .a.y 10 quanlify such noise, One lCchniqu. is '0 conpder the
stalistical distribution of lh. noi.. 1••·.1' observed during a gi".n period of
lim•. Th. dispersion of the noise levels do<:rcases ".f}' mueh ...·ilh lh. flow of
lraffoc and th. distanc. of lh. observ.r from lh. road. Th. graphs of Figur.
12,8 show some cumulati.·. distribution' of noise 1.,·.ls - histogram me. arc
seldom considered here

12.2.2 E.-alualioo of L.., Ou. to 1M Passing Dl' a Seria of Vehicles _ Sleody,,.,,.
A. £l'alumlon In Ihr Casrof Idtmlcal Vrhlcla

U:' 'he mean square acoustic pressure during 'he period of ,im. J, I(} I,. due 10
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Ihe traffic made up of a seri~~ of identical "ehides running Ihrough a road
section sublending an angle 8. as seen by the observer be gi.'en b)':

p't

If ""e assume Ihat for the ""riet of "ehid~,on Ihe road se<:tion. the mean square
acoUstIC pressure for a .'eh,cle i. during Ihe SlIme pellO(! of lim~ I, to I,. can be
repre""nled by:

th~n weCan write. g,,-en .hat the diffe,ent noise sources .re not roherent:

where n is the numt>er of"chIde, that will ha, e passed .hrough .he road ""nion
during the period of lime t, to I,. thi< number being gi"en bj 0(1, - I,), 0
being the flow of "ehides. and where Ihe period of time 'I to I, is larg~ in
rompar;son ",-ilh the time taken for a "enideIO pass througn the road seelioo.

for a .'eh,ele,. we h.'e:

,
III log",L. - IU log (t, - I,) - 10 log Vd-+L,. _

, "
p; "IOlog-, •

"
so thaI fOl the wmplel< serr.. of "enieles we can wnte:,

L... - t. -+ IU In{!; 0 - 1O log I'd - 10 Iog:;-
.'

If the t,... ffie is steadj. L... i, no longer dependant on 'he dura.ion of
measurement so Ihalthi' latter de"" nO! need to be speeified.

If the .ngle tJ - .1' ~nd if Q is expr"""'d in >ehide",hour. V in km'h and d
in me"", we h"'e:

1-...... L., - 10 log 0 - 10 log Vd - 33

It should be noted thaI:

- If L.,.., is Ihe 1-..... due to lhe passing of an isolated "ehide having an ac<lUSl1e
power Ie,-<I L." then we h~'e:

4..~-IIHogQ

- [f the value of L. is independent of the speed (urban "aff>e) 'hen L,_.
decreasesas the speed increasesacrording!o -10 log V,



_ When lhe rolling noise IS dominanl. and allowing for lhe way in ",bieb lbe
~alue. of L ~a~' as a funclion of lbe .peedo of the '·ebid... (see Section
12.1, 10. il ,,·ill be found lhal for a gi"en flo-.· of traffic. L.. incl......
witb spttd according 10 20 log V.

B. EIDluQliDn in rhe CDseO! Equi·.ptU'ed Vehicle.o! Different AcolUtiC Po....,
Larb

If lhe 'ebid... do nOl ba'-e lhe ..me acouslic po"'er le'-els lhen cakulalions
simIlar 10 lb~ ca"k<! oUl for lbe previous ca", silo'" lbal:,

+ 101o~ Q - 10 log Vd + 101og
2.~

",he'e:

_ (In)r, ..-,
L.-lOlo~

.'0

l. •. being lbe a'era~eoflbe acouslic po"'-er le'-els of lhe differem '-ebicl... ""0

beIng lhe referene<: of lhe acousl;C po"'er.
In lbe ca.., wbere lb. reference is made 10 lbe acouSli, pr..sure level 4 of

lbe "ebicln al a gi"en distane<: do lben L.. ean be e'·alualed on assuming a
normal distnbulion for 'he acouslic pressure le"els for lb. differem ~ehicl...

Letlhe probabilily densily be:

, , .
P(L.,) _ -- e-I"~- ·•• .. i

0",,"

",here L is lhe malhemalical expectalion for lh. "alue of L" estimaled in le,ms
of lhe arilhmelic mean of lhe L" 'alu... for lhe differenl .'ebides
h can be shown lbal (Ba,,)· and Reagan. 1'178):

" ,-.. - L., + O.115<r + 10 log Q - 10 log Vd _ 10 log-
2,

+ 10 log 4_~ d,i
"'here:

L" - the aritbmelic mean of lhe acoustic: pressure \e•..,1$ due 10 lbe
indi~idualvehid ... al a dislane<: of <1" in mea..

o - is lhe slandard de,·iation of these levels
V _ lhe speed ollhe ..,rie. of ~ehiclesin melres per second
Q - lhe Oowoftraffic in "ehides peeserond

The a>sumption or a normal dislribution for lbe acouSlic: po",·er le,-cl. of
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Figu'. 12.9 Ois";""'lon of ~'''>< emissio"
1....1. for diff.'en' types of oar> ... lu"ch"n of
'p"ed

,-.hicles of lh. ~m. type is a=plable pr(}\'iding that they are alllra"eUing ar
lh. sam. spud (Figure 12.9).

If the traffic is made up of differen11)l'<" of "chick we can make use of lh.
following 'll'C' of equation:

L..,,,,,,,,- 1Olog(lO'-'"+ l(l'--o"". 10"-"~

where 4., 4..J and L<ql> .r< lh. le...1s applj1ng (0 cars, he.") lorn'" and
buse'S respect;'-.,y.

12.2.3 E'·.I....tion oiL.. In 1M Vlrlnlt~' ofa High ..'.}"

his eviden, f'om "hal "'as "'id in par. 12. 21 and 22 ,halth. acou"ic energy
.milled by road ,uffi. is. func.ion of

-The now' of"chides.
-The speed of lh. ,'.hide, in terms of an .'".rage \"aloe and lh. dispel"\ion.
_ ~ percentage of heavy lorrie. making up lhe traffic.
-The gradient r in lermS of 'he change of heigl" for a gi'-en displa«:menl

along the length of lhe road.

Onrly. the most rapIdly mOVIng vehides ".i11 ha'·e a pre<!omlnanl effect bUI
.pee<! limits and the increasing number of ,·ehides on lhe mads lead to a



rcstriction in the range of spceds that ean ar;se, In practice. "'e simply note
the speed ,h.t is exceeded by 15% of the vehides.

A wide r.nge of he.')' '·ehic].. arc omplo)cd but given the .utomat;';
'raffic roun'ing s)'Stems that arc In operatIon. we limit ou, .uention to
"ehicles h,'·ing. Gross Vehicle Weight in e.ce.. of 3.5 tonn... Wc ean also
makc uS<: of an acoustic equi"alent fano, E in terms of Ihe number of cars
"'hkh. unde' given tr.ffic ronditions. cmi' the same .roustic rower as a
he.") lorry:

Table 11.~

Type "r «x,d ,'" Y; ,~ ,1"i r a ~'i , a ~~i r;> 6',

MOlo",,,) , , , • •Urban high"-,)" , • '" " "Urb,n road '" " " '" ",Nule> ""I. elc·l

It should be noted that the ronltibution of he.vy "ehicles to the nois<: is
"erY",riable I' depend. On the speed of the traffic and it is rclatively small
,,'hen the tr.ffic is running regul.rly and.t high speed since the e'rs will then
be lta"elling at sen.ibly higber spccds than thc hea')' "ehides .nd emitting
romp.rable levds of noise

The dllect effeel of the he"'j' "ehides can be e,·.lualCd in terms <If Ihe
increase K••_in the "alue of L". for the traffic noise rompared to the "alue
th.t "'ould apply if the It.me h.s bun made up simply of ears for the same
total flo" of tr.ffie. Thus the graph of Figurc 12.10 ,ho"~ ,,'h.t correction
needs to be madc to 'he "aluo of L", due!<' traffie made up of light vehides
only in order to take """oum of a gi"en percentage of heavy "chides for
diffcrent t)'pes of road, An indirect effect of the pr<:sencc of hea,·y "chides
e.n be to reSUll in a slo,,;ng do".-n of thc traffic such thaI. in pr'e1ice. an
incrcase in thc pcrccnt.gc of hea"y "ehid.. making up the trafficean rcsult in
only a small increase in thc ""ise lC"el in the vicinity of. hIgh....)·.

E"a/uaRon of L", "in rhc ,'jeiniry of Q highway. At ,hc poinlS in • frec ficld.
whcrc lhc onl) sound rccei"ed is th.t coming directly from thc traffic, WC e.n
cakul.te the ,'alue of Lcq at a distance d from the mad on gi"ing L w its valuc
as a funnion of "chidc specd, as indleatcd by Senion 12.1.:!A. Thus for
"chide speeds in exce.s of 60 kmlhour "'e ha"c:

L"'A - 1010gQ+201ogV- IOlogd+
8

10 Io~ - '"
••
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Figu,. 12.10 Effect of tOe p""'''K'' of ....~ ..hid., on ,h•
•,1"" of 1...,_ Cor",,"on to be made in """'~ with til<
••1"" due to tr.ffic made up entirely of hght 'ehicl.,

On laking af'COunl of .he ",;dlll of th. mad. the .co"";c equivalem tactor E for
111. heavy ,-,hicle, and any corrections for Ihe effects of • grad,enl and the 'l'PC
of road surface we arrive at the complet. equalion:

L., ~ E Wlog (0" + £Q,,) + 20 lng V - 10 log (d +~), '+ Illing - - K, _ K, _ 1~,.,
,,-here:

Q•• - The Oow of hea.y vehicles pcr hour
Q,. _ The flo.... of light vehicle< pl" hour
E - The aCOUStic equivalent faclor ii'-•• in 'he previous ,,",cllon
V _ The speed oflhe traffic in kmihour
d - The diStance 10 III. edge of the road in men.s
l<' _ The "'idtll of the road in m,'r~

(J .. The angle ."blended b)' III. obsel"-ed seetion of road in ~gr~
K, _ A oorreelion faelor to lake account of any gradi.nt
K, - A oorr.Cl,on factor 10 rake account of lhe lype of road surfae<:

12.3 NOISE PROPAGATION "'...-D GROUND EFFECT

n.J.! Propagat;on of Noisf: in 1M C_ of an Open Sit.

Th. distance 10 the oul.r edge of lhe road i< generally considered 10 fange frQm
5 to JO.) mell... SO lbal in praclice the 1IlO51 important .ffeel ",ith regard 10 lh.
propagalion of the noi~. apart from lhal due '0 'he geomelrical di,·ergence. is
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Ihal due 10 Ihe presence of the ground. gh'en lhallhe almosph"e is assumed to
be generally slable .nd of uniform composition.

The effect depends "el}' much On lhe nalure of lhe ground and Ihe equations
employed 10predicllhe valueofL.. in the vicinilyof rna, n roads tend 10 be based
on. rel'lion,hip for the decre.se in noise Icvel "ith distance lying somewhere
belween 'hal due 10 lhe geomelrical di"ergence and in"ol,ing lhe lerm U, and
an inverse ~uare law in,'ol,'ing the lerm Ur, A common praclice i' to assume
an anenuation of 4 dB for each doubhng of the distance from the SOurce of the
noise. i.e a rclal;"nship in"ol,'ing lhe lerm Ur''}. and lhe equal;"n:,

13 log-

"
where d and d, .re twodistances from ,,-hich the respect;"e no;.., levels arc 10 be
compared,

In the case of the L. no,se indices. the rale ofdc<crease with distan"" become'
more marked in going from L,., 10 L,. as slIown by the graph of Figure 12.11,

--,
••• ,, ,

.... .... - ..., - ,--- ... ... ...-.... ... ....-JaR _ ....
·'a ...0·0' .... -_.

m,""

~,.,...""

Figu'e \2,11 Attonu.,"'n of the L,. L". L", .nd I_lnd".. "'l~

di>tanoe (tr~ffoc of L100 '-ohiok, pcr bour)

Thuslhe peak le"cls are allenuated more rapidly and lhe fluelualions in lhe
acoustic pressure levels reduced as the dill''''''' from lhe sourc<: of neise is
incrused. There is lilli' change ;n the frequency >pcC1rum of Ihe noise except for
a greater anenuation in the 1.000 10 2.000 Hen range due 10 air absorplion and
lhe ground effeCt (see Figure 12.12).
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Finally. ;, should I>< nmod ,h,,'he <kg.ee of allenu.tlOn depend, on 'he
heIght abo,-. ground of the roint of reception. the difference here being greater
to lhe ."enlth., the ground dfeell~ mOre pronounced (>« Figure 12,131.

12.3.2 Elf..,,, or Ihe T,.,.n'H~ I'Yofile nI' a Sit. on lh. PropaKalion of TearY"",
)l;o;s.

For roads gOln8 through. cutting Of ,h<)S(: 'hat arr "ery much enclosed. it i'
p<:>$S,hk to e"alua1e the diffraCiion effec's on empklying the procedure ",fc''''d
to in a following "'<:lion of this pape' con.emed with no;SI: s<;",~n~_

Unfortunal~I). as in lh~ ca"" of th~ pro'ision of noi"" screens, it is diffK:ult to
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Figu", 12.13 1"",l>one. for d,ff"ent ground "u,face<. at ""1<>U' dimno<'
from the r<»d

'"

allow for the effecuduc.o the va')'ing degree of absorplion ohhe side slopes in
carrying oul lhe calculalions, See classical worK, on diffraclion lo)' loarrien
(MatKana. 1965; Jonasson. 1972; Kuru. 1971 l·

The evalualion of JIO'S-ible solutions must. of<:<Ill"". lake """""nl nol only of
the effecti"eness of lhe noise SCreens but also of lhe <:OS's of any occupa.ion of
land and of carrying oul civil engineering work. When the layout of the ,ile
allo","!;. it i..ufflcient.o enclose .he road in a shallo"" cuning bounded loy a loank
to the side such that there ;, no nc' di,placemen' ofsoil. The Figure 12.14 shows
the shap<: of lhe isophones for different transve"" profile-s. In II>< case of
enclosed road,. (he absorbent materials that ar. provided operatc in accord·
ance with lhe same principles lhat apply in lhe case of the provision of noise
sc.eens. The provision of embankments cancel out any ground effect> bu. a, a
oomp<:nsalion it will be found lhal sc'eens of a given he,gln are mo.e effeclive.

12.3.3 Noise we" in Ihe C_ 0( a Street "'ilh Il;"h Buildinp on Earn Side

The re"eClion of ~und from 'he fron' faces of buildings to cach sidc of a street
modifieslhe acoustic field. atlea$1 in III<: vicinily of lhe'" faces. giv,ng .ise for a
sufficien'ly h,gh hid rauo 1(> a reverberalion enclosure (scc Figure 12.15).
The acoustic field can be considered 10 include an ,nfinde number of image
!iOurce, located above ground I..'el.

Assuming lhal the equivalent absorloing surface for the slreel is essentially
the ove.head opening lhen lhe noise level for lhe re,'erbera';ng enclosure.
where L~ is the acou"ic power level of the sou'ces. is gi<en by:

L. _ L~ - Iogd.;. OOn,tant

Whereas in practice the hid ralio may nol be .'ery great (1c1lS than 1)•
..""rimental result> 'how that for hid >- 0.2:

-The value of Lp at the fmnl face of a louilding vari.. as a funclion of-IO
logd.

-The value of L. dec.eases only "ery slightly as the heigh. of the r"""i'ing
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['Oin' On I~C fron' fa," of" "";Idin~ .l>o'c ground i. in"fea~d (,..,<10<:<:<1
import."", of di''''t radiation I

12.4 MKfHOI>S t"OIl PI! EDlCTI.....G "'OlSt; U;vt;tS

12.4.1 TIM-I);«.",nl M'llwds lhol can bt .:mplo~-M

In gen.ral. lne differenl melhod, lha' <an be crnplo)cd '0 d.,ermm. the L.'q
",,',1. for rood lraffic noise arc as folio"'",



-
,
. , •

Fi~ure U,I~

J. "'i~th bo,"••n r>cades
h _ eff«tll-. heIght of buildinp
,. _ h<i~ht of """pilon J>Olnl abo". road .uri"".

All dist.1>tt\ in mwC'S

- Use of the equalion. considered abo,-<,
- Manual method. based on lh. use of equations and graphs,
- Office ta!cul.un proc<:durcs.
_ US" of computer programs.
_ Use of reduced scale model. operating in air or "'ater,

The equations ronsilkre<l in the pre.';ou. o.ection. "lthis paper cannot be used
"hen the composition of the traffIC and/or the arrangement of lh. building<
and lhe topography of lh. ,itc are 100 complicated. Simple program••
compatible ,,'jlh the capacities of OtflCC cak:ulalon can be employed in Slud)'ing
quite complicated <"5"<. particularly wh<-n it i•• mailer of determining the
effect;ve",,, of noise SCreen. but such programs cannOl normally be employed
in deahng with m",," than t•.-Q dimcnsiQns in the planc perpendicular to thc
road. Whcn multiple rcflectiornl are involved it is necessary to make use either
ofcomputer prQgramsOT Qf rr:du"C'd scalc modcls. The computcr program. can
include subroutincs that define the composition of the traffic that is invol"ed,

12.4.2 U.. oIComputrr Pt"Ograms In Pndieting Noise Le"elli

Computcr program. for use in the e,·.lu.tion of noise le'-els are now .v.ilable
in a number of countries. the StrUCture of the<e programs being very varied
(Barry .nd Reagan. 1978, G6teborg OCDE. 1979, l<>mure, 1981). Thc !e"e1
of thc noi...t a point in the vicinity ofa road dependo on,

- Thc charactcriniC5 of the traffic and thc road "'hich determine the ,,·er.ge
aoouotir f'O,,'cr le"cls of the emitted noise.

- Thc ch.racterist;'" of the site which influcnce the ....y in ...hich thc noise is
propagated.

The paramcters that arc considcred are:

-The flow ollr.ffic in vehicleo per hour.
- The composition Qf the traffIC (proponion of he.vy vehiclel;).
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- The a"crage specd of the traffic.
-The degree to "It,.1t 'he ".ffic is flowing srnOOlhl~' wltere applicabk_
- Thelype of road surfa.e and the gradient in'·ol'-ed.

The awustk PO""" for each ..etion of rood is determined on follo\\;og lh•
...me p,,,,,,,du,. tltal was employed 'n deri' mg the equations ronSldcred ;n the
pr."ious ",ct,ons of tit" paper.

TIm,. in making uS<: of a compa'.' programme il is possible to plot the
isophones for a built.up ,ite_

12.~.J U.. of RtducPd Scale Mod'''' in PrKlkting .'(ol.. Lt".ls

Refcrene<: can be made ro a numherof different law'S of ,imitarit) in making uS(
of reduced >eal. models. For example _.... can simulate the "rouSI,. ronditions
in ai' on trans"",ing the noise frequencie-s lhal are in,-oh-ed. Thus the ralio
~tween the length of the sound wa"e, and lhe d,men,ions of the sue (i.,,,)
can ~ 'etained on reducing lhe'" dimensions b) a faclOr. and on multiplying
lhe frequencies b) t

The mosl common practice is to emplo~ a ",al. reduclion faclor of about
11100. A grealer reduclIon 'han lh,s ""Quid ,n"ol,'e "-orking a' \Cry high
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frequenciC$ 'uch that. given the abso'l'tion of the sound wa"e' in air. tilt
simulation would break down In any cas<:. a scale reduction of about 11100
calls for the modd to bt optrated in a room ,,-here tho humidity of the air is
kept 10 a ,'ery low le"el in ordtr to a"oid any e.cessi'·e abso'l'tion of acoustIc
energy which~. to bt "'diated at "ery high frequencIes (of about 2O.lXXl to
2lXl.lXXl HelL) in order to ensure the .imulatinn,

12.4.4 Comparison ollllt l>itr""",nt Metbods ol PTedietilqt N..... !.e"els

The noise conditions can bt evaluated on making usc of one of the predicting
metltOO. mentiont:d above and abo. in somc ca$C$. on caff)'ing oul a seri.. of
mcasurcmcnt•. These lattcr ha"c thc ad"antagc of )'iclding accuratc r...,lts but
only"here the ",urce of noise considered i. both stable and dominam. Tramc
Charac'enstics. of cou..... changc wi'h time and thc measurements must
accordingly take account of "aria' inns in the rate of "()Vl' and ,he speed of"aff..
and ,hc pc:rcenlage of bta,')' "ehldC$ inml,·t:d. It should also bt noted that the
mcasuremcnt. can bt affccted by thc ..'cathe' conditions and that they need to
bt carried out by ..pc:rienced personnel, The main advantage of carrying OUI
mcasuremcnts is that il is po<-sible to determine the rC$ults of effect. which are
not amenable tocalculation and that are concerned to some c.tcnt with grotlnd
effccts or diffraction 01 thc sound w",'cs around obstad.. of complicated
shape. There i. al50 the fac' that the result. of measurementscan have a bttle,
ps)'chological impac"

In fact. in carrying out their project >tudiC$. eng;nee.. and town planners
generally makc use of the methods scrving to prt:dict noisc Itvd, and
measurements are carried out .imply ,,'i,h a vicw to e"aluating the initial
condi,ions.

The sclection of the appropriate method can bt a diffICult matter and
depends on Ihc objectIves inmh'ed. Tablt 12.5 ShOWi the potential of the
different metltOOs with r..peet to different en'eria while rclening 10 what are
termt:d manual calculating method< of varying degl"'C$ of compl..ily. such
methods bting describtd in different publieation. such as the FHWA High"'a)'
traffic noisc prediction model, (Barry and Reagan. 1978). the Guide du Bruit
dC$ Transporrs TerrC$tres (Minist~re de. T",nspons. Pari•. 1980). In all
cases. 'he use of simple method<. in 'he firs' instance. wi'h a view to ou,lining
the problem or identifying critical points. is recommended.

12.5 MIc,HODS fOR REDUCING 1\;0lSE LEVELS II\; THE VICI:'lIIT or
AMAIS ROAD

12.5.1 Tho l>itre-.nt MotbQds thaI can bo Emplo,-t<!.

The foliowing Can bt considered with a "ie"'to reducing the impact of noise in
the' icinity of main road"
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~;gur. 12.17 Stud~' of.";le at the CSTB rJ>O<k1lini Centre. Gr<nobIc

- Sound proofing of ,he ,'.!itd.s.
_ Reduction of the mlhng no;!>/: at the poin. of con'."[ he,,, cen the" ro "nJ

.he road surface,
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-Action "'ilh rcs~et to the road traffic itself and in particular the I'chicle
speeds.

-Action in oonncetion with Ihe design of lhe roads ;n..,far as the
longitudinal and tranwcrse profile,; are oonttrned.

- Provision of noise SCreenS.
- Sound proofing of ex;'{;ng buildings.
- Town planning and i!SUe of building permit'.

aearly. the method 'hat needs to be employed depends on the particularcasc
which can in>'oive anyone of the follo",;ng situations,

(i) Road and buildinjt' already in uiSlentt_
(ii) Road to be conSlrueted lhrougll an exisling built·up area,
(iii) Buildings to be constructed in lhe vicinity of a road.
(iv) Both Toad and buildings to be conmuete<l.

More and more possibilities fOT reducing the noise lev.l, become available in
going from situation (i) 10 (Iv), Bdore any buildings have been con,uucted lh.
main >IOIUlions thaI ne.:d 10 be oonsidered arc those associaled Wilh IOwn
planning and lhe issue of huilding permits_ Howe''Cr. even in silualions (iii) and
(iv). it is wonh oonsidering lhe provision of appropriale longitudinal and
IranS"erse profilc5 for 'he road or the installation of noise sereenS in order to
avoid any unnccessary restrictions ,,'ilh the regard 10 town planning or lhe
availability of building land.

NO! many oounlries rcson 10 legislalion in imposing technical oonstrainrs on
road oonstruction companies Or requiring them 10 consider lhe question of
oompensation but it i. common practice 10 issue recommendations. In addition
to lhis. engineers and lown planners are under increasing pressure to lake
account of lhe reaetioltS of people living in lhe v'icinity of e~isting roads or of
road' that arc to be constructed.

12.5.2 RKluCl10n of Noise Leve'" on Limiting Tnfllc: Speeds

It 'hould be nOled (Section 12, I.x) lhal for speeds greater than 60 kmlh and
in the case of light vehicle. ('teady ,peeds):

L w and L... vary wilh 30 log V
L.. varies ""ith 20 log V

In the case of hcav)' '·ehid.... v-arialion of lhe same order can be obscrv'Cd for
speed. grealer than 10 kmlh. At medium speed. (SO to 10 kmlh). L~ and
L.... vary with 10 log V and L.., remains practically constant. It should be noted
ho,,'Cver. thaI V i. an average ,peed thataccordingly nccdsro be distinguished.
from lhe muimum .peed. A reduction in traffic speed can lheretore result in a
smaller rcduClion in noise level lhan lhal predicted by 'he previously
menlioned equations.
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A, CMt 0/ TTaffic MI CaTlraiTliTl8 any HMoy V,hid,s (low, UTI$lt"dy $~'d$).

for ~tds lower than 60 kmlh. L.. may durea~ as spt,d increa~s. The
disptrsion of ,'ehide ."",d. can lead to an L.. ,'alue that is 1to 2 dB(A) greater
than the value that would t>t ol:t1ained on assuming thaI all "ehidts are runnIng
at the average speed for the traffic. HOVo't\'er. it should bt: noted tbal a."""" a.
a .peed limit i. in operalion. the law for the disuibulion of the spted. of the
individual ,'ehide. is modified and we no longer know what is the relation
between the maximum ."",d V.... and the a".,age .pted for all vehicl... V.

It should be noted that for .pee<!. t.... than 60 kmlh. an increase;n average
.pted can lead to a reduction in atmospheric pollutIon and the consumption of
fuel (see Figure 12.18), We need 10 make a distinction here between the
operalion of vehid... in low.pee<! urban areas. "'here Ihe .pee<!. remain below
60 kmlh, and the circulation of traffic on main roads.

1oI00i",.", 110" '100 ,"i<I..'"".,
80 Spud Ii"''' 10 ,,,,no.r

--..... -'.-..... L..
•••••

·F.tI

•••••
••••

: 10

•

fiR.'" 12.18

B CM,o/TTuffie Ineluding a PTopornonof Heavy V,h,d,.

Hea,'y v'hicles nonnally circulate at lower .pted. than do light vehides and
their acou'lic power i. not very deptndent on their speed. The pr=net of such
vehid... accordingly limits the effeni"enessof any redunion in traffic spee<!, In
fact. il is lI«efSary 10 r«luce Ihe speed of the traffic by an appreciable amount
in order 10 obtain a reduction in noi~ !e,·d. of only a few duibel. as ;5
indicated by the following table:



Reduc,ion of ooise according '0 the
percentage: 0111<..) ,'.hicl.. makin~ up the
'''ffic: (dSAl

O'k 10'" .lO% lOO'l

Table 12.6

SpeW lImi, (kOVll)

3 '0 ~
3 to ~

1 to 9

,
3 to 4,

,
3 10 ~,

,
2 '0 3
2 to 3

12.S.3 Reducti"" ur ~..i"" L.nl, "n I.imilin~ lhe O...,ul.'i.... "fTr.me

Th,s hmila';On, "hieh ""rmally appli.. during ~na,n "mes of 'he day Or ...eek.
i' u'ually applied '0 Ihe eircula'ion of hea') 'ehicles, The degree to"hieh 'ueh
• ,e'trie,ion can be <ffeai"e in reducing 'he L.,. "alue in Ihe "ieini,y of
high ...a)'. can be determlOed on mak,ng use of 'he equat,on g"cn in SeClion
12,2.3. "her. L.... i' expre<>ed a, a iunction of ,he percentage of hea,y
".hide< making up Ihe "aHi•.

If "'e let H" be the original. and H' 'he final percentage of hea"\, '-chicle,
making up 'hc trafflc. 'he reduc""n in 'he ,'alue of L". "ill amOunt m:

c'~.~,,~,'~E_--;,"L.... _lUlog.
1+!I"(E~ll

If H' _ () and E _ W",. ha,e:

L". _ WI"g (1 + ~ If,,)

Thu' 'he value of I..... ""II be ,cJaeed hy' a' lea" 3 dH( A) "hen H,," IlV,
Fo' .,-c,age traffic ,peed, of mnre Ihan 11.1 krn'h, the wdfie,enl £. gl\ ,ng

'he numher ofligh, \Chicle' equi,,,lent 10 one he."y "ne. "'ill f,,11 "nce the
'peed of Ihe former will hoe "cry much grea'er 'han 'hat "f 'he Iuller The' aiue
of E can he olitalOed f"'m 'lie r"l>le 12.4 gi'en in Secti"n 12,2.3,

12.5.4 Pro>ision of"'oM & .....n'

A. lkfin;""""

A noi,. «reen" a <truelure de"8ncd '0 redace 'lie acoustIC p'e"are Ie"d_ in
,.n,iti'-e wnes Iha' a,e .xposed 'u noi'" from a panieula, "",ree In ",me
favourable eases ",ucta'e, that arc de<lgned fo' mhe' 1""1""""" 'ueh '"
buildings. can "I.., <en'e a, ""ise ",..en,.
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The effe<:l"'eness Qf a nol~ §Creen for a gi,'en 5;fe dnd ~pfion point i.
defined '" the difference bet"'een the acou.tic pressure le,'el> in the absence
and fo110"'ing the provision of that screen, [n the ca.., of the screening of traffic
noi..,. the atm",phere is a..umed to be undisturbed and of uniform
composition. The differen"" bet",,,,,n the L.. va[u... fo' a gi"en type oftraffic i.
normally expre...,d in the fo,m:

"'here 1--. _ i. the ,'alue of L.. in dB(A) for the gi"en tlpe of trame in the
absence of a ~reen and L.. , the "a[ue of the ",me paramelOr afte' the screen
has been installed.

[n snme case>. for example when ",e are maln[y Interesled in the peak no;",
as in the case of rail traffic. "'e can conside' the effecti'·ene.. olthe noi.., screen
with respect 10 other noi~ parameters such a. L , Or the L,w'-

[n the ca... of traffic "'ith ",h;eh ",e are normally concerned. and "'hkh can be
regarded a' originaling from a numbe' of idenlical .nd ,egu[.fly distributed
snure'" of noise. the effectivene.. of the noi~ ~r""n. <lMs not depend either
on the speed or the ,ate of no" of the '-chic[... but onl) on the proportion of
heavy \'ehicles making up the traffic. g,,'en that these lalter. in companson ",ith
cars. consist ofsour"". of ooise thaI are at a higher le"el abo"e ground le\'el and
lhal radiale a greater degrcc of noi.., at the lower frequeneie•.

The "'ay in ,,'hich the screen n""d.to operale depends to a large extent on
the layout of the "te ,,'here it i. in.talled, Atthe "ery lea" it mu" block an)
direct. propagatiOfl of traffIC noi.., from the road concerned. In the ea~ of a
renecting l\Iound surface the screen should also blo<k anl' renected propaga
tion of noi..,. Olher reneelions. for example. off the face. of buildings 0' othe'
surf""", (of bridges. supporting structures, etc.), can reduce the effeeti\'en....
of llOi~ screeM.

B. Typeso[Scr«n

The different types of noise scrffn most frequentll' emp~'ed are .. foliO"'$;

-Earth mounds.
-Panel. (made of wood or metal).
-Walls.
-Combinalion screen. in'·olv;ng. for example. an earth mound and a "'all

or the facIng of an embankment.
- Noi.., absorbing screens,

Apart from their aeou"ic qual it;'" and In particular a mInimum rna.. per unit
surf""" area, the noise SCreen. mu" hO\'e a number of other qualities, Thus
they must be able to withstand the effectsQf WInd. be of durable conStuction. be
made from non·inflammable malerial. and hO\'e an acreptable appearance.
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Safely requirement, also Iud to the n«d to locale Ih. SCreens at a cc:ltain
minimum di,tanee: from crash barriers. Ihi'5 distance depending on the lItg."e
10 which such barriers are likely to be deformed in lh. event of an impact (0
deeran<:e diSlan~ of 1.5 metre. i. ~nerally ,equi""d). An exctplion 10 this
clearance requirement arises in the co", of structure> that serve as both noisc
",run. and crash barriers

Absorbent scruns are costly and seldom employed. They can be ..",luI.
I\ovo'cs'cr, in Ihe case of si,es ,,'here there Can be rtfle<:tions lha! destroy the
effeet;,'enu. of a mort' normal1YJX ofscreen or lhal feoull in lh. sound waves
boing propagated towards a sensitive rone (see Figur. 12.20). The more
normal solulion 10 Ihis problem howe"er is found on inclining lhe existing noise
SCTUn from lhe venical-an angle of inclinalion of5to If!' is usually sufficiem.

The malerial emplo)'ed in Ihe noi.., absorbing ",reen, need' 10 have a Sabine
coeffie~nt of absorption of about 0.6 ,,,,er a frequen')' range of 250 to 2.000
Hen. The absorplion muSl not be aff«ted by lhe ",nlher condilions or by
solar radiation and lhere should be no risk of lhe material making up the screen
becoming bloeked wilh dust, The absorbent pan of lhe SCreen can consi't of a
porous fibre. suth as glass wool. elC-. pro'«led wilh glass wwl fabric Or a

I \

Figur. 12.20
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perforared plastic sheel (PVC, eo"ere<! with ano,he, 'heel of pla'tic material to
keep OUI dust. This form 01 construc.ion result' in the pro'-ision of abs<:>rbcnt
""reen. on open sites at a COSt "hleb can amOunt 10 as much a",,'ice the cost
in"oh"ed In providing ~f1ec{ing 1}'f'C' >ereens.

AbwrMnt screens are more commonly pro\'ided in the ease of local ions
where rhere is "'me prOlettion from rhe "eather such as lunnds. ro"ued 'oado;
and underground raIlways s\"'\tems. g,,'en 'hal lhe screens themselve. benefit
from this protection and 'hal reflecting type screen. ClMOl be used m such
locations.

12.5.5 E.'alualion of1M EIfKt;"cneu of Sol.. Scfftn.

In the ease of the e"alua,ion of Ihc effeel;"eness of the commonty .rnpk>~'cd

type of SCreen made upM ~'lindncaldemen', ha"lng ax... runnIng pa,.UellO
the road. "'e can make a dIStinction bet"'een three differem arrangement"

-A thin SCreen located on an open site and o'crlooking. fl.t reflecting
ground <lI'faee.

-A lhin screen located on an open .site and ,,,,erlooking a flat ground
surface of given impedane<:,

_A rhick screen or one of complex shape located on an open site.

The theorel;cal "'orks for lhe calculalion of the sound reduction b~ thin screens
has been made by sc'-cralauthors (Mackenzie. 1~: Jon"5On. 1932. KUllC.
1911). So now wc c.n n.luale rhc dfeC1;' eneSS of reflecting SCreenS consisnng
of parallep,peds "'ith "crtical edg.. on making use of computer programs
pr(,,'iding 'hat lhc lopograph~- of lhe site and the shape of any associ.,ed
constructions are of. simple nature

In "'aluating the effecti"eness of screens of rompl.. sh.pe or that .re
,n$l.ned on bUIlt_up sites Or on silOS of irregula, topography it w;1I1>o n""..... r~
to make use of'edue<:d scale models,

If lhe ground surf""" C.MOl be considercd as a reflecting pl.ne 'hen il will be
necessary. in principle. to take acrount of a ground dfect in an~' calculations
made 10 determine the effecti"eness of the screen•. In unfavourable cases. the
p.arti.1 deSlfuClion of lhe ground effecl due to 'he pre..nce of the «reen can
resull in an appreciable reduction in the effccti.'eness of the laner

Rderence should be made to th. Chapte, I~ (this .'olume) b~ M. Maed.wa
in connection with the calcul,tions th., need to be made in determining the
effecti. eness of the screens.

12.6 R£OUCTlOS Ot· ...-OISE LEVELS 0", APPl \'ISG TRAFFIC·
COSTROL MEASURES IS BUILT·UP AREAS

12.6.1 Rtdu<1ioo of "'oiw Lc"els on Appl~-ing Co""entiona! Trame
Control Meawrn

One approach in tr)'ing to reduce noise le"elscan be a malter of considenng a
more appropriate uSC of 'he road S)'Slem.
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The application of modern traffic Or transpon plan~ thaI aHew heavy "chides
to (olkwo- roul~ that h.,·. been the subje<:l of a careful study generally
produced $ali.fadO') results. H",,',,'cr .•he application can also lead to an
increase in the level and degree of dlspe..ion ofomse _Forexample. the general
imroduCliOll of one-ws) traflie. leading to higMf '"chic!<- "l""'ds and the uS(: of
'('ttls that did not pre'-iously carry much ".ffic. ,,-ill nor in'-.riably lead to a
lessening of the impa,,", of noi",.

Thu. the Table 12,7 8"'cs the valUe< of d,fk'.n! noise indie"" before and
after the int,oo\ICt;on of one·"-a~' (raff,c along three fa"ly heavily traffiCked
,trCcls in the city of Lj'un It can be $Ccn thalth. noise levels "'er. increased in
each co"'. On the other hand. tbere can be ",me relief in the co<e of certain
'raffie corridors ,hrQllgh se:nsi,i'-e area._

Taok 11.7

,~, Belor< Af'er

C, 7-'.0 SU

" 4.1 45

'v ~, 9, .1
I'" L,l

S'r<e' '0. ! SIr""t ,-':0_ ,I

Befut< Af'er 801",. Aft.,

7~.1 79.~ MU 76.1
-'~ ," " "< .• 0'9,~ 8.1.3 gil.!

An impro,-cd circula,;"n of'rafr", leads. ,n ,he long run. to an increase: in trip
I.n~th'.gi".n IhJ1 the a'-erage of .uch length' i' approximale.ly proportional 10
V' -, where V i, the a.'erage speed of the "ehides_ Th. apphcation of a policy
famuring the circulat;"n of traffic therefore lead. 10 a double di$3d,-anlage
.ince as well a, the incr.ase: in noi", lewls an additional number of people arc
.ubjeered to the nui..nce. For the mam road' it i. found Ihallhe prod urI of Ihe
number of people and ,he acoustic energ)' '0 whi.h 'hey ue exposed in fact
increases in proportion to 11",

Other more effceti"e traffic control mea.ure, that can be cmplo)'ed 10
reduce noi<c level' arc a, follow,;

- Control of 'he cirCulation of hea'-r .nd two_wheeled '·ehid...
-Application of .peed limits and of remierion. concerning the drculation

of traffic,
_ Elimination of traffic interseerio", ptO\-iding that this i. not likely to lea<J

louce"i"e iner..... in "ehide ,peed•.
_ Oange' ,n lhe operat;"n of lhe public transport ,)"tem._



In co<>sider;ng Ihe applicalion of any of t~ese measures it is important to pay
allcmion to thc possibilit), that local imp""'erncnts could give ri~ to
degradations elsewll<:re,

12.6.2 Rfd""tIon of N_ U.'e1s 00 Umiting tM Clrrulalion of Hea")'
Vehicles

II should again l>t: noted Ihal:

I. Dep"lKIing on the nature of the traffic invol"ed. Ihe paWlge of a vehide of
mOre Ihan 3.5 tonnes GVW can gi"e riloC to a diSturbance equivalenl to t~at

resuhing from the passage of up to 40 cars (sec ScClion 12.2.3).
2. The ma,imum!c,'c1 of noiloC radialed by vehicles of more than 3.5 tonne,

GVW is not "el)' dependent on Iheir sp""d "hen this laner is less Ihan 80
kml110ur

3 The ,'alue of Lo", due to Ihe pa...ge of a heavy "ehicle is grealer in cases
where Ihe vehicle is running al a low speed, Thu. ;nclines and location,
where vehIcles <lart off on Iheir \rips can be sources of panicularly
undesirable elfec".

4. Sound barriers arc not SO effeeti"e in the case of hcavy "chicles since Ihc
higher chassis will mean thaI the barrier is effeClively Jov,er in height while
Ihe longer wa"elcngt~ of thC predominant low-frequency noiloC of the
"chicle ...illm.an Ihalthe barrier <\o<,s nol act as an effeetive obslacle.

5, The proponion of bea"y vehicle traffic carried by Ihe major roads tend. 10
be greater in the evening. i.e. bel..-een 20.00 and ()l.oo hours, and early in
Ihe morning.

Tbe differem action. that can be tahn wilh a view 10 reducing til<:
di..urbancc due to til<: noise of he..'\' vehicles are as follow$

(a) Di"er1lhe heavy "ehicle traffic on 10 roods w'here f.... people are likely
10 be affeCle<! or al lea<l on to roads Vill<:re there arc only a few \raftie
interseCtion,. This win nol lead to an increase in fuel consumplion
pro"iding that it is possible 10 reduce Ihe number of lime< Ihat "ehicles
are oblige<! to hah withoul an excessive increase in Ihe di..ance Ihal
needs to be covere<! (il should not be necessary 10 rover more Ihan Iwice
Ihe original distance). h should be noted. how"'er. that the diversion,
often result in the "ehicles passing through peripheral districts of a to"'n
,,'here Ihey can be generally dis<:<>ntinuous de,'elopmenls of public and
pri"ale housing where people are "ery sen,ith'e to noise.

(b) In the case of large lowns. prohibit the circulalion of heavy "ehicles
olher than on a defined net""rk of roads excepl ",'he.e nece....y for
a~. The difficulties he.e are;

-The objection, of people li"ing aiong the roads making up the
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defined network. Public oonsulmion is neCC5sary here and this can
~ad to prOfttlS ~ing abandoned in 'hat their applicalion ""Quid
lead to a ""rsen;ng of the situation for some~k_

-The OOS\ of appl}';ng rhe mea,ure. in connection witll the loss of lime
and increasffi fud consumption for the ".nsport companies and the
pro'-ision of road ,igns an<! signals and polking in the ca>oe of the local
authoritl's

Severe restrictions "ith regard to the roules that they arc obliged to
follOW can lead 10 the "anspan rompan;e, acquiring smaliN \'chidrco;
tha, (hey can uSC on all road. sucb thai there "'ill only be an
improvement in the O"crall situation if these ,'chicks are quiete' rhan
the heavy '"chicles ,b.tlhey w;1I ha'-. replaced. In fact. under present
conditions and for Ihe tran<pOff of the same tonnage of good. smaller
"ehicles gi'-c rise 10 the same degree of di'lu,bance as lhe heavy
vehides. Gi,'en lhese diffi~ulties il would appear that we nee<lto selen
road nel""orh "here;l "'ould be a 'imple malter 10 en,ure that one of
the follo"'ing t"'" reslrinions were ,e.pected,

- Obligatory usc of cena;n road' by the he",';e't vehide, (e.g. more
lhan 1610nnes).

_ Banningof all hea,'y vehicle' (e.g more than 3.5 tonnes) on eerlaln
road"

It is dear lhal if vehide' could be daSSlfied aeeording '0 a known and
di,played noise le"el, a.;, lhe case for lheir tonnage, il "'ould be possible
to take more effecti,'e action.

(c) p",himt,he circulal;on of heavy "chIcles dutlng the e,'ening and early in
lhe morning on main road. going lhrough densely populated area•. Thi'
fe.triction is some'imes imposed o"cr the " ..kend "'hich can be an
ad,'anlage gi"en that Salurday e,'enlngs and Sunday mornIngs are
period. of lime. among olhe". "'hen people mosl wam to be free of any
dislurbance.

During the week. unfortunatell. lhe ban on circulation tend, 10 be
applied during the day "'hich lead' to mo"emen" ollhe heavy "ehicle,
during periods of time ,,'hen people arc more sen.iti'·e to noise.

(d) Pay attentlon to a proper pro,'ision and local;on of ,chide terminals.
goods depo's and parkIng area,. The undesirable effects due 10 lhe
~irculationof hea"y ,'chide. can be reduced when vehicle lerm;nal, and
goods depa" are located not in the cenrre of a ,own bur close ro ring
road,. II 'hould be noted here lhat lhe mosl common disturbance due 10
lhe prescl>Ce of indu.trial eslablishmems i. lh.. associated ,,-ilh the
consequent circulation of hea,'}' ,-ehicles.



The pr(wi,ion of parking areaS for hea,')' 'chicles enSureS ,ha"he vehicle' are
!1Q' parked or manoeuvred a, nlghl in residen'ial areas.

12.6.3 Rodue,ion or Noi~ u"el. a, In'''--'ions

The way In "'hich we quan,if~' !1Qlse a, 'raffic Inters«l1on,. "here "chicle' are
obliged '0 halt, i' limi'ed.t 'he present time 10 a considera'ion of Ihe peak
noi~ le"els. which depend 10 • I.rge extent on 'he effecll of ".rung 'he
vehicles. and On ,he L,. ".Iues which Can be qui,e largt: as a resull of 'he
slowing down of Iornes. The leng,h of the rone of influence of an inlersection
increase. "i'h 'he cruising ,peed of 'he vehicles o'er 'he range of 0 '0 60
krnlh. It should be no,e<! 'hat a' hIgh.. cruiSIng spuds (80 10 100 km 'h) lhe
ooisc due '0 'he hal'ing of vehicle' is 00' so 'roublesome. a' leaS! so faT as 'he
:wne upstream of 'he Int"'seellon i. conccroed

[n Ihe case of one-"'ay 'trceIS. the presence of traffic lights gi"es rise 10 an
L«< "alue downslream which is grea,e, 'han 'hat upslream from 'he
Interseelion. The dIfference be'wecn ,he downs, ream and upstream "alues can
amount '0 a, much a. 10 dB(A) "here the traffic doe. not include many hea"y
"ehicles and pro,'iding 'ha' the Streets are no, '00 narro" with high buildings 10

each SIde. Thus people ""ing upstream are in a fa,'ourable posillon In 'htS
situa, ion .nd 'hi' faelor can sometlme. influence 'he deei,ion 'ha' i, 'aken Wilh
regard '0 ,he direction 10 be fOllowed by the one·wa~' tr.ffic (e.g, such 'ha'
"ehicles w;1I be .«eler'lIng and nO' bruught 10 a halt On a bridge 
unfortunately lhere;, also 'he problem of "musphenc pollution 'ha' need, 10
be lake" into aCcuUn! here),
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~

1I0~"'"}6~,.. 'k Soud

sO ... I" "","
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• " k• "'''''}" \ Co,. Sp.. '11"",'" 10 .. ,,,

"
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Oi noo h.m ",0.01.0 u,o,

Flpre 12.21 Eff of appl)".g di«..ent 'PCed Iimi,. on lbe ""ci
of 00;.. due '0 "chicles aocele .."nl away f10m a hall. {from Ran
and Perry 1973)

The fullo" tOg graph Iho"" how the halting of 'ch;de~Can lead in panicular
'0 an increase in 'he value of L_,. especially in Ihe case of cars. A controlle<l.
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green wa\'e. operalion of the traffic lights can he an advantage here to the
extent thai it res"lts in a reduction in the n"mbc, of times that "chIdes are
obliged to StOP as ..·.11 as oontrolling their spttd. There can also be an increase
in the noise and fuel oonsumption ofthe "chides ...hen therc is a gradient at the
mterseCl><:>n.
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Fi8.,e 1<.22 G",,,,, ,11.",."n8 the .d\On,.,. of ehmina"ng .n
Inte1'>eCtion .. Ith 'e8.'d to the "",;e f,om he..1' 10m.. compo'e<! ..'''~
t~ .. d.e tn co",

12.6.4 Reduction of .'oisc Lc"tls on I'llMitioning To..'n Cmtl"CO

Thc pa,"tionlng of limIted a,ca, ha' been follo...ed by application of the
techn,que on the .... Ie of a complete to"'n. e,g, at Gothenhur\!. in S"'etlcn and
Groningen in Iioliand. Thus In Augu" 1970. Ihe CCnlre of Gothenhurg "'a'
dj"ided into fi"e lOne, on the basi' that thc ooundmiC' he' ...ccn zone< oould
onll' be c,o,sed by pedestrian, and I>y publIC t,an,pon 0' cme'genc) 'chlck<.
Thr<"lugh traffic ar>d traffic bet...een lone, ..asd', erted on '" a periphe,ial roule
(sec Figure 12,23). Traffic on the unblocked street' in the centre of the lo"'n
"'as reduced b)' 7lJ"'i lis a 'csult of thi' mea'ure ...hile lbe tolal ,'ch,de_kilomct·
re>. indudlng that due to the through traffIC. had increased bl" no more than
7'*.. There "'as also a significant reduction in the number 01 road acridents per
year,

The partItioning technique ""as apphed more re""ntl)' In the ea'" of
Groningen in Holland (a to"'n of 160'(0) inhabitants). Thus the lcchn,'!ue
came into operation on the III Scplemher 1m. lhe to"'n ha,ing been di"ided
into four zones and through lraffic di"erled onto a peripheral road. Prior to lhe
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,n'n>du",on of lh" me"'Ure some Wi- nf 'he ,'eh,c1e·kik>mc"es a,i~ing ,n Ihe
cenlre of lhc 'o"'n "as due to vchicle' fo' "'h;ch the "",'n centre "'as not Ih.
dc>Iina'ion (Go,eborg OCDE. 1979).

IZ.6.5 R"'ncl"'" uf:O;o;s" L••'tl~"". ~ult ofCoon;li.... t... Actions

The I"cal authorit}· for" to... n " ,n " helle, pas"i"" than 'he ccn"al
g,wcrnment ....hen It ..,m" tn """,dln,"ing " numhe' of actions aimed at
reducing Ihe nol'" due to rood traffic. particularll' "hen II is a mailer of
..,mh,n,ng Ihe p""tttinn of buildings from nol<c and 'hc organl"" Ion of the
road traffic, FoU"...ing lhe dr""',ng upof" map g,,',ng details of the noise Ie.'cis
in Ihc elll "f O<k, in 1\175. the Non...egi"n go\'ernmenl Issued a ... hile paper
<I,,,,,ng Ih. Impm",nee "f "Cli.'. m,ffic COnl",1 mc",urc, r.thcr th.n passi ...
act,on ,uch "' the provi,Inn of nOtse sereens and the ,""und proofing of building
f..<KIcs, In ca,,)'Ing Oul • cost .ffecti".nc," stud~' • comp.ri...n ....a~ made
het......n" purell <Iden""e ~''"'egl' based n" 'he p,nltttion from noise and a
mi.ed qrateg~' ... hcre the need to pro,',de proleetlon ""as alle--IalCd hI' the
applle",inn of traffic eonltol mea,ur.. concerned in panicular ""h the
circulalion of hea"r ... h,c1e~.

Tahle 12.~ .ho"" the ad"antage of aPflI}',ng a m,xed 'trategy-llddllional
ad"anla8c' a,e mcrc,"sed safet~' and reduced almo.pheric pollution. It should
he n"..d 'hat in 'he case of the m..ed s"ategy the COSt of applying Ihe traffic
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control measure> amounts to only ~% of the capital """ in"olved in pr",iding
proteClion from Ihe no,,..,

The municipal aUlhoTiI) for Oslo allocated a sum of 0.9 million kroner lor
'he sound proofing of the facade, of buildings bo'denng the roads. The
municipal authorit~' decided "'hich buildin8" should bt t..aled and the
indi,'idual o"'ne", had the option of calling for a higher slandard of sound
proofing that had bten allo"od for by' the authom) On th~ undemanding that
the OWne" "ould make up the difference in COit. II i, considered in Oslo.
contrar.,. 10 the .. idel) """"pted ,'ie... that sound proofing does not ntttssa,ily
lead to significant 'NuCtton, in the con,umplion of energy for the healing of
buildings.

Cenlra] go>ernment authoritiesdispose of large .umsof money but are not in
a positiOn too'gan'~e the lfaffic ,n indi,-idllal townS and we might ask if this i.
"'hy such authorities tend to favour polid... based on the sound proofing and
proteclion of bu,ldings from noise rather than the soher option, based on a
control of the traffic. Gi"en the ad"antages that can result from a good
organizalion of the traffic. it is to bt hoped Ihal mun'Clpal amhomies ",UI.ke •
•tronger hne he.., The cumple of New Zealand pn",ides us "'ith an tndication
oflhe possib,lltl<S, Thus the 1962 TranSj)Ort Act g.,'e the local authonl;es the
power to restriM the circulation of heav.,. "ehides with a ";ew to protCd'ng the
envimoment so that tran.pon companies "'ere no longer in a position to
demand rompensalion as n 'esull ofan) increase in trip lengths. etc. Gi"en this
legislation. the to"'n of Auckland was able to ,mp'o"e the condnions in the
Parkh,1I ,es,dent,al area (10 km') locate<! btt"..en Ihe docks and the industrial
zOnes. This "'as done in agree men, ...ith the transpo,t rompanies and the



meaSure pro'-ed '0 be 'ery effecli,-e on Ihe basts of a "ery appropnale
de,'ia,ion of Ihe lraffic

12.7 NOISE REGULATIONS CONCERNING THESOU-';I>·PROOFJ:-iG
Of \'EHICI.ES

12.7.1 Nolsl' Rrgulalions-EEC R~uir.mtne.

The radia'ion of no;.., from road "ehides i. 'he .ubJecl of regulallon, \n
accordance ..-ilh naliona' requiremenlS Generall~' 'he maximum acreplable

44' ~oQ,".i"9 Q!

oeeo'"o.,o.

,

BB',nd Ql
oce.l"o"o.

Filur. 12,1~ _\l••>~remenb of 'he ""''''' due '0 ~ Ur

noi.., le'·el. ore specified "ilh resl"ellO preci..,l} defined condilions in lhe
ISO (DP 7188) Slandard, Thus Ihe ooi"" is measured. as sho"n bl-' Figure
12.2~. on making u.., of a microphone localed at a heighl of 1.2 metres
abo"e ground level and at a di"ance of 7.5 metre. from the centre line
follo"'ed b} 'he passing "ehide_ The "ehide is operaled in 5e<:ond and .hird
gear del"nding on "helher it i. fined "Ilh a gearbo~ ha"'lng four 0' more
ralios and at a speed resulling in m..imum po"er OU1PUl from the engine.
The ,ehide must be acceleraled a, Ihe ma~imum rale O"e, a dislane<: of to
melre. ahead of Ihe poinl "here It ,,-ill be lmmedia'el' oppos,'e lhe
microphone piuS 10 me"eS be}ond Ihis same poinl, The Significant noi'" le"el
i, con.idered 10 be the max,mum \e,e1 recorded dunng ehe passage of 'he
vehide paS! lhe microphone_ h .hould be nOled lhal Ihere are !;Orne
arguments aboue Ih. requirements of lhis Slandard eo ,he etfen 'hallhe)' do



nOt correspond to the t)'PC: of operation most frequently encountered 1M
praclice, (Institute of Transport EconomIcs, Nor..-a)' 1979).

T ablc 12.9 gi"cs thc noise Icvcllimits according the EEC regulatIon. for the
diff.r.nt tyI'Cs of' .hid••.

\[,.imum """"plaN.
"01>< Ind, (dBA)
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12.7.2 Soond_Proofinl otl,," V,hId..

The noi'" eminlXl by Ihe veh'de. can be red~ced on taking action al three
different leveb defined in termS of the period of tIme likely 10 be taken in
""hie"ing pr""lical Tesuhs:

A. u"e11-Short Term

This is a mailer of red""ing the noise emilled by ex;,tlng design. 01 "ehide by a
more OT le!li romplete e",losure of lhe engine and transmission. on making
more eflecli"e u'" of the \"(,Iume of silencers or on increasing this volume. by
fining differenllyres. elC. In Ihe ca.. of vehides Ihat are already in use. Ihe",
modificalions are onl~' being appiied to buses,

This le"e1 of action is concuned w;lh new ~igns of vehide bur ,,"'ithoul
in"olving any lundamemal changes in the manufacture of lhe more imponant
plIrlS of Ihe "ehicle: u'" of qUIet and low.speed engInes. modifICalion to the
dri"e axle gear ratios, modifiealions to engine a""essori~ such as rocker_arm
<'(wers. sump cases. elC.

C. u.".,/ ]-wllg Term

This is a malter of considering a complele redeSIgn of Ihe "ehide subsystems
and components and in particular of the engine. Ihe engine accessories and Ihe
romplele cooling Syslem

Reducllons in Ihe emission of noi... under Ihe e<mditlons called for by Ihe
ISO standard. as a Tesult 01 action al Levels 1. 2 and 3. could amount "e')
approximalely to 3. 6 and 10 dB(A) respecli'·ely. Act;on at Ihe first IWo le,'els
has alread)' been fOllowed by commercial production but action al the Ihird
level has only proceeded '" fa' as 1M development of prolotypes of heavy
vehides that are nor likely lO be ",'allable as production "ehi<:l~ belore 1990.
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CHAPTER 13

Aircraft Noise Generation and Control:
Noise AroundAirports

Jo,,~ O. PO"'HS

B.l !1Io'TRODUCTIOS

13.1.1 £.orl)' Rorognillon of Ih~Alr<....rt Noisl' Prohl~m

En lhe earl)' <!a)'S of lhe de'-elopmenl of lhe air transp::manon WSlem, Ihe >ound
of the aircraft "'as considered a >ound of progress and "'as recognized as an
indication of affluente by the nalion favoured "';th an air transponalion
syslem, Thi' "iew was shared by the individual, '" bo ....·ere fortunale enough 10
fly on the nation', airlines. As lime progressed. and panicularly wilh Ihe
inlroduC1;o" of lhe lurbojet aircraft in lhe late 1950·s. the noise generated bl'
aircraft ....'as no longer vie....ed ....ith ple..ure, The early turbojel aircraft .....'hkh
reIXi,'ed its propulsive fOrIX from Ihe mo"",ntum uchange resuiting from the
high-"elocity jel exhausl, became more efflcienl as the jel "elocily increased.
The noise generaled by lhe aircraft al>o increased, appro,imately proponional
LO the eighlh po....er of lhe jet "elocity, and public complaints abom aircraft
noise increased accordingly.

As the problem of aircraft noise increased. il beca"'" apparent to a large
numb<cr of inlernational officialS and aircrah manufaclure", who held a
conferenIX on lhe ,ubj""l in London. (UK International Noise ConI.. 19(6)
lhat lhe aircraft noise problem should be addressed and lhal means of control
....ere necessary to pre.'enllhe noise issue from b«x>m,ng a malor ""terrent in
lhe orderly developmenl oflhe air lran.portation .)"Stem, The seriousne.. of
lhi' polemial constrainl 10 lhe air transpon.tion syslem ....as manifest in Ihe
attitude ofairpon Iltighbours. manyof ""bom li"ed and ....orked in noise impact
situations considered by mOO psychoaoousticians to be env;ron"",mally
unacceptable. In fact. the airpon neighboUr< had in some ~s been led 10
belie.'e that aircraft noise could increase monality rates among impacted
people. as ""ell as induIX binh defects in unborn children. and also to <aU$(:
UCtSSi"e mental Stress. The fact 110.. these vie....'S have nOt been established as

'"



credible and the bet Ihal ph;~lCal demonstrations againSI alrpom hale tended
10 diminls~ in recenl years is amibuted to the e!fons of the early In>estigators,
who al Inc Hmc of Ihc London Conference and afte,wa,d, recognized Ihe
se"ousne" of the aireraf1 noise problem and io>tituled programmes 10
ameliorale rhc impact of a"crafl ooi,.;

13. 1.2 t:lcments of lhc Problem

COnlro{ nf A,rc'~flSOIsr ~llhr Sourer, OfHNI"on~II,. und ~llhr Rrrri,'"

In",me counlri".. >'irtuall; no ne'" airports are boeing opened for operatton and
many impro'cment< in airpo'" arc being inhibiled I,,,gcl; l><.",,,u",,, of
en>'ironmental ;mpaets. mO'\tJ; attrihatable 1<) pahlle cun..,rn about a;rcrafl
nOI"'. Faced "'ith thi, constraint. it i> apf"lrent Ihal aircraft noi,. i< an
en> iron mental COSt "'hieh Ih"ald be an Internalized e<J'! recognll-<:d a' pan of
,he 'Olal oJ'Cral,ng""," of the air tran,portauon ,),tcm. RealiZIng 'hI' fact.
thcre ha>'e been ""IUnlar). a' well a, regalator). ,mempt' 10 eon'ml "ircr"f'
nO;"'. AdJre,,,ng 'hI> ,,'ae a' an ,nternational prohlem. the Internat;on"1
Ci"il A"iatton Organizatton held a 'Spc<;ial Meeting on Airer.ft I'oi", in the
Vic,nil; of Aerodromc' ,n 1%\1. ",h,ch wa, lhc r,,,,, "Hemp' h> an
jntcroational bod; tn de'c1op 'landa,,!<- for Ihe el>mr,,1 of aircraft n<>i'"
Iniliany. ,he", ,tandard, add,c"",d ,he """>enuonal ncet <If tu,oojcl a"craft.
"'hieh ""cre beglnntng to dominale nattonal airpon noi'" eXI""ar. Since rhe
1%\1 ,pecial ml.. 'ing. the ICAO', Comm'llee 1>0 A"...all ,',"'" ha'
lradl1i<>nally led jn Ihe de,el"pmcnt <l1 ""nd,"d, for light and hea"y
propeller·dri",n aircraft. for ,upeN'nie u"n'I"'rt aircr"fl. f"r helienplef'. for
STOL ,,;rer.fl. and for auxi"a')' power am". All of 'he," ",o<lar<l, tend t<I

"'ek a ",Ial,on to the a"craft n,,,,,, prohlem at ,,'uroc. (he, Ihe f"I'l 12 'eaf'.
the"" "'nrce noi'" eom",1 mea'ute, h,,'e heen extrcmdy elfce';'c Iii,
",lim'led ,h,llhe 00'''' Inc', of aircraft enterIng ,he fled "'aid he 110m 1510
20 <lceiheh higher than th''''' earrently enlering the fl<:el had ,,0' 'p"'eif", nol",
'tandard' hee" e-rahh-.hed.

A ",wnd imponant clement "f lhe aircraft n<li" C<,"I"~ pr"hlem i, rda'cd
'Imply to the manner in '" h;eh lhe aircraft arc op"'wlcd. 0p"'"IIIo", of ,,;'en,ft
al airport, 'h<luld boe wnrrolled ,<I rd1<x, 'he pro"m,ly of the ""I""t
ncighoon" 10 the allport rUn"",)'> In ,orne ",,,,,_,, rapid 'ni"al dimh will
pro>'ide helter 00'''' wnlml than can he <IhtalOod hy a I"" altlta<k' ,hra,t
reduct,,'n ""Ih the acromf"lnYlOg lo,,"cr noi" le\Ol>-

Noise control operational prtl<XdutC', in gener,,1. "re a eompfomi" "'"h
respect 10 the di"flball"n "f a;rcfafl n"i",. I" all ca",'_ h"we>'Cf. II ""f
primary' ,mponan'" to en",re Ihal opera,,,,,,,,1 pro",dure, arc dearl;
demonstrated lO ha\O no ad>'ance impact on "ireraft 'afc';.

A Inird clemenl of the aircraft noi... prohlcm Can he conlr<llled lafgely
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thr<Jugh lhe airport de"gn and 'hmugh land·u>c planning It " this demenl of
noiS" alle'ialion around airpon, "hich i. u.ualh the direcl respon.il>ilil~,

lhough nO! nece<saril)' complelcl~ under 'he con"ol of lhe airport propr;eror

13.1.3 Conl",1 ~lea.ures A, ailable lu Airport l''''pr;'IO,..

Aitp()Tt Communi',' Planmng PtOgTilmm.

In Wme Cf,un'fle, Ihe airp"rt pmpr;elOr is the pan~ solei) legall; respons,hle
fOT 'he Impact of aireraff no;",. ThIS rea>oning i.offen ba"'d on thc faCllhallhe
localion "f rhc a"porr. the t;llC of "pcra'ion,. ,he georncrric Iayou'. and [he
size of Ihe airporl arc an de<ign derision< made h) lhe ai!pOrt proprietor, Wilh
this ,espon"hilit)'. Ihe a",pon pmpr;elor should hu, c a rca>onubie number of
prefOgati>e< al his disposal for lhe conlrol of aircrall noise, The airporl
de'eloper <hould he in' "h ed in lhe communi'~ 's Iong-rangc land u'" planning
pmgrumrne and should h.,e the hcnefil "f 20nlng r","\Ction< '" prc..nl the
cncrcachmen! "f airpon commun;lie, "n Ihe airport aftcr il has been huih Thc
a;!pOrt propfict'" sh"uld .Iw I'lc in • posi'i"n ,,, "c4u;" a'!c4uatc land for
lIOisc impact con",,1 and sbould ha"e a'ailahle noise impacI "Iimallon
proecdure< to aSS'" in lhe appropriale la~'oul and <!<",gn of Ihe airporl, In lhi'
«'n'ex'. II " pa,'ieularl~' dC'''''hk 'h'" 'he a;rpon de,igner!' u,ili,,, ,,11 na!Ufal
harrie!". such a, ri' cr>. hu" high",.;". or c\lmn,,,,,,al ",ea, a. po,nl' of nOISe
",'lIO:nl'-;11IOn. Ihu' r"ducing lhe need f," di'1fihution of thc noise '0
r"identi.1 neighl>o.,u,hood,.

To undersland Ihe pr\lhlem of 'lLfp'-"1 "'''S<: <>mlml. " "u'eful '" ha'e an
undcl"tanding of airerafl n"ise g,'ncf"l",n. Dlff~,~nt t\pc, of air,r"ff h",e
"'''''' 'ouOX'" hieh 'If" "nI4uel) <h.la,-'teti>!,,· "f Ihe "'PC of pmpul,,"n.) "em
used by 'he ''''C'-;Ifl. Man~ of Ihe ,oure,-' a,c ",'mm"n '" ,,11 of lbe airerall
1) pc'. hUI ",,"lribul~ In differen' rn,,~nllu,k.

bten,i,e fe",,,reh and d~\'OI"pmenl dlo'" ha,e ~n undertak"n to
andeNand ,'''' "'''se m~chilnism'and in s"m" areas Ihe con1folllc,icc. a,c
fairly "ell ad\anced. In olher area'. Ihe meeh,,",,m, arc nut undersl<~>d and
Ihe con!r,,1 pro",", h,,, lU" heen initiated.

The eilTly 'ur""lel ai«"tll produced a ,inj;le.c<hau,t <lream "f hot g<lscs.
"hich provided thruSI '" pfoponion 10 lh,- jCl \'CIOC;I~ and th~ maSS 110" of gas
illlhe single-jelC1hausl "'eam. The lel..,xhauSl noise sources resuh from lhe
mixingof lhe hOl"'''e c,h"us' 'lream wi'h lhe ,urrcundin~ en' iron men!. f,om



filU'" 13.1 Vari.,ion of 'urOOle, eng,ne ""'se ~ith
ie' Ma<h "umbet

lhe 'ho<k a>so<;Oled noise ~'hen lhe flow i. supersonic. from lhe eore-<:ngine
noil.<. indud,ng combustion noise. and from aerodynamic no,l.< r..uhing from
lhe rompressor or turbine systems, In figure 13_ I (Powers. 1971). the rela,ive
engine noise ",urce po~'er I"'els are presemed in decibel' referen..,d 10 a
lUrbojet"s mechanical po~er a' a Mach number of 1.0. I' ;s nO'ed Iha, Ihe
mechanical energ) '-arie, ~-i,h l~ third po,,'er of 'he jel Mach number and.
hence. ,ncreases b~- 30 decibel' for each order of magnilude increase in jet
~'ach number, Thc 'urbulen, energ}' of the Je' 'S appmximatel}' One percenl of
lhe mechanical energ' and is sho~'n at a 2ll decibel reduced po,,'er 1O\'el
Jel--e,haUSl noise Iheo~ predictS ,ha' Ihe aroustieal power "aries ,,'ilh Ihe
eighth po"-er of lhe jel \'e\o<1l) . "'hich i' equi"alem 10 an !!O decibel' change for
each order "f magnitude in Mach number. This p"""er·law relationship has
been SIlbstantialed b) • lat}1c rollec"on of ..perimemal data' however. il i,
noted 'ha' rore-<:ngine noise lends '0 dominale ,n the lower leI "eIOClI\
reg,ons. Unfortunatel). lhe rore-<:ngine noise SOur.., is difficult to comrol.

Sin.., lhe predom,nan, frequency in lhe je, i' in,'ersel) proportional 10 'he jet
d,ameler. lhe larger diameler jets lend to produ.., a lo"'·frequen..-y dominaled
noise. Wi,h 'hi, fa" ,n m,nd, early researche'" allempled 10 shifllhe dominanl
frequeneie' of lhe jel spectra 10 higher "alues ,,-hich "'ere more rapidly
anonualed 1»' propagation Ihmugh Ihe a'm<)Sphere. Th,s was accomph,hed h}'

eonstrueling eXhau,' noules. wh,eh were subdivided into man~' smaller
ind""dual noules or "hieh had ,'.rious forms of shutes and f1ules designed 10
improve mixing of lhe ..hauS! Oow with lhe "'ernal almosphere. !)c"er.1
..amples of jet-mIXing suppressor design' are ,ho"'n in Figure 13.2, In view of
lbe complexily oflhe jel-Suppressor de,igns slto"'n in lhe figure. a design guide
(Report No, fAA·RD·76-79. (979) htU been de"eloped '0 identify lhe
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aoouslic suppression phenomena invol>'ed and the impact of the suppressors on
lhe IhruSl perfontlan~ for different configuralion., The design guide can be
used 10 a!.sCSS Ihc relah"C cff"'liveness of different suppressor eonfiguralion•.
and is applicable for mosl of lbe con~plS, (e.g.. muhiple-noz:t1e suppressors.
shule•. etc.) "'hen operated ;n either .ingle- or dual-now in.tallation•. Th....,
de>'i~s. in general. provide a moderate reduction of jet noise. bUl were
con.lrained by the fact that lhe jellhru'l was reduced correspondingly_ In
SOme caseS. lhe tossof performance experien~dby aircraillended loolfsellhe
noise reduction provided by lhe exhausl nozzle configuralion.

13.2.2 Turbofan Engl~

Turbofan engine noise is generalCd by a combinalion of mechanisms. The
number of fan and compressor blade. combined ,,-ilh lheir rotational .peeds
generales lhe primary' fundamenlal hannonics discrele·lones_ The ,'onex now
around and shed by the blade. producc. the hroadband noi.., O\'er a large
frequency range, An addilional SOurce of fan and compressor noise ;,;
generaled by the inleraction of lhe wa~es from lhe rOlor and stator ..anes.
"'hkb are in serie•. When lbe fan or compressor blade. operale al.upe....,nic
lip speed. anmher no,... source caned 'combinalion-tone noi..,· is genera led
The fundamenlal ad>'antage Oflurbofan engine. Irom the noise 'Iandpo;nt
resulls from a t....'Mtream mixing proc..... "hich la~e. place "hen the
h;gb->'elocity core i. mixed "irb a lower-'elocil)' fan·fk,w and lhen the
combined stream is mixed "ith Ihe eXlernal now. The net result is equi,-alent 10
a lower noise level than "'ould be generated bj' lhe .ingle-stream no.... ,

The turbofan engine has also advanced lbe de"elopment 01 sound absorbing
male rial 10 reduce lhe lonal characteri..i.. of engines_ The sound.absorbing
male rial has bttn .ho",·n 10 be >'ery effecti>'e. but ilS de.ign;, d;rectr<llo"'·ard.a
.ingle frequency and is nol effect;'-e o>'er Ihe ent;re Irequen<"y range of Ihe
lurbofan engine, Techmques recenlly ba"e been de>'eloped to ,neru... Ibe
effective Irequencj range of sound absorbing materials.

A recent ;nno,'ation in the conlrol of noise from lurbofan eng,nes bas been
Ihe inlroduction of lnle,nal mixers. lbe internal mixer funclion. b)' combining
the fan-now and Ihe core·now inside of the engine and pradue.. a tower mun
>'elocity and a control >'elocitj profile. ""hich can be optimized for noi...
control.

U.2,J Su~rsonleTransport and R(l\oe 1'0","",

The imroduction of the .upersonic transpon has resulted in an additional
problem for the airpon proprietor, The lhmsl n«essa,J' for nighl al supe....,nic
speeds i. most efficientlj' generated b)' pure jel engines and IS cons,derably
higher lhan the lh,uS! n..,ded for subsonic crui... alfc'all. As a 'esult. lhe



'"
rake-off noise levels of SUpt'fS(>nic transpo't aircrafllcnd to be "ery large. A
related problem. whkh dO<'< not resull in an .i,pon IIOise im!",,,",, is the
problem of SST, sonk boom, The sonic boom problem has !>eon found 10 be
controllable onl)' through 'he use of "",,<ational ' ....Irkt;on. on SST o'-cr
nigh's

Another domiflant aircraft noise gene,a,ing mechamsm" 'he rolnr noise of
propellcr-d,i"cn aircrafl and helicopters. In this case. lhe general mechanism
for the propdler-d,j\'en aircraft and l><liroplc~is ••senti.II)' <intil.,. bo",.,'.r_
IhNC are practical differences resulllng from ""nfigor..!io".1 design. BOlh
noise SOurce, are composed of the rotational component. w-hkh o<'(:ur, ,u the
fundamental blade-passing frequenc)' and Its harn><mk>, Additionally. the
\'Ofl.x noise and th,ck"".. noise pro'-id. the elemenn ofa broadband SUuclurc
u'hich .dd to lhe total noise spectra, The helicopler< ha,c an addi!ional noiSl:
SOUTCe r~ulting from thc ,nterac60n hetween blado-u'al~ and the ad"aocing
blade (Figure lJ.3). (FOSler. 1975). This interaction can OCcur between the
forward and aft blades of a tandem rotor aircrafl or between the main and tail
rotor< of a <ingle main rolor helirop1er. The control of rolo. noi,., has nol
reached ad"anccd lechnological Stages as }'et and most noise oon",,1 emphasis
is directed allhe reduction of blade·tip M.ch number, Thi' mean. of achie"ing
noise contTol unlonUnalel}' results in a pcrlormance loss and mu,! be
rompcnsaled for by incrca"ng lhe blade <olid;l~' or change. in other de.ign
parameter<,

13.2.4 Sou"" ~olst Control b}' Rtgulatk>n

Thr E"olm;on of10/r,""';0,,,,1 ,\'(}isc S,,,,,d,,,dJ

Following !he 1966 London Conference. con'iderable effort was directed
lou'ard. the developmenl of internalional aircrafl noi"'-«>nlrol standard•.
While i' is recosni,ed that lhe noi,.,-<:ontrol standard' Ihem,.,I,'es do not result
in a ,eduction in noise generation. i' is apparent lhal 'he aircraft de>igner must
include control of noise a. an importanl design para mete. in the aircraft design,
The s,andards de,'elope<.! in !he 1%9,ime Irame ".-ere generated under the
guidelines th.t regulation 'hould prO\lidc "'lief and prolection '0 the public
from unnecessary aircraft noise and that regulation should he con.istent u'i'h
safe,y. economically reasonable. and techni<ally pTacticable. The innial
standards were designed for subsonic turbojet aircraft. Con'ideration of the
noise le'els of existing aircraft. lhe facl lhal a new generation of high
b}'pass-ratio turbofan engine. ""as heing de,·cloped. and tha' lcchn,cal
impro"ements in nacelle design could he ..hi..'ed through the use of
sound-absorbing malerials ""ulted in the conclusion lha' .ppreciable reduc·
tion in exis'ing noi'" I..'el. could he accompli,hed. The .,.ndards ""ere .Iso
designed to be compatible wi'h airwonhiness requirements and operational
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praclice. "hich lead to the .tipulalion of ooise·'e'-elcriteria achie,-.ble during
nonnal .i.pon nighl oper.,;ng <onditions, The no,se·)e,-.I criteria we,e
exp,"SS"d in • ~<"'I¥ ~"<Ioped unit called the Effective Perceived Noise Level
(EPNL). ,,-hich "'as designed 10 .efleC! public reaction to the noise of turbojet
aircrafl and 10 pTO'·~ a T<gulaIO,)" in«n,i,-e 10 ~;rcrafl designCr110 comrollhe
objectionable cbaracte'i"i'" of a;rcr.ft noise, The noise 1.".1, were measured
by a microphone In"}' ul;hz,ng ,he three-point roocer! Ihown in Figure 13.4
whi~h spc:cified measurement poinr Iocaroans ar specifIC disrances for
a"""mem of rake-off. sideline and approach noise. These measurement poim
localions were oon!idered to be: representari,·e of lhe airpon<ommunu}'
interface and were inrcnded to provide airpon proprietors", 'lh useful gu,dance
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'" the deleminalion 01 acceptable aircraft for operalion al their airpon•.
Figure'S 13.5 and 13.6 show represenlatil'e noise Ie~'els for airrnr.lt designed
prior to the e51abJishmenl of the in;lial ICAD~ limits and the noise levelo
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of some aircraft certificaled 10 Ihe [CAD ~Iandards (Con"ent;on on
International O"il A"iat,on. 1978), The implementation of th. initial
international noise 'tandard' ha' re,ulted in ai'craft which are approximately
10 to 15 d.cibels quieler than those design.d without noise·I.,'.1 conmaints.

Since the in'tial 51andards ""ere promulgated. add,tional slandard, ha,'.
be.n .nane<! ""hi<:h progressively broaden the scope and incr.ase the
stringency of the noise Inel r«juiremenlS, In lhe mid-I910·s. all n.....ly
produc.d aircraft "'·.r. r.quir.d 10 m••1 th. ,nitial no,se >landards, lnler·
nalionally. many nalions are in lhc process of r«juiring Ihal all aircraft m••t
lhe initiallCAO standard' by a specific dale during th. lime period 1985--1990
as a oondition for operation 1Il th.ir airporlS, Also in th. lat. ]'J7Ir•.• more
string.nt set of noise-I.'·el limi" ...'.,. promulgat.d "hich '" ill requi,. funher
red unions in allo....abl. noise 1.,'.ls br 5 to 9 d.cibels for second g.n.ration
aircraft designs. Addilionall". int.rn.lional standard. ha,'. been d.,'eloped for,h. n.w design and n."" production ofsmall and la,g. propelle,-<lm'.n aircraft.
for civil supersonic aircraft. and are in th. process of being finaliz.d for ci"il
helicop,ers. In man)' re'pens, ai'craft complying "'lth the inlernational
standards ....ill be requir.d to achi.,'. the ultimal. in SOurce noise control
a,'ailable through the application of ad,anced acous"c teehnology, This i' nOl
to be CO<\'lru.d as implying thaI .11 of lh.... actions ""ill in any ....ay .liminat.
aircralt noi,.,. E,'.n '" h.n Ihe opttmum noise controlleehnolog) "applied to
aircraft design•. Ih. r.maining noise r••ulttng from moving..,lf a substanlial
maSS from the ground and ,nto the alt ""ill cr.ate a 'es,dual no,,.,<ontrol
problem ""hich must be addr.sse<! by lh. airport propri.tor.

13.3 CO:"l'TROLQt- NOISE AROU:':O AIRPORTS

For many yea .... th. basicconceptlhal aircraft noise abal.m.nt i' and must be a
shared responsibility' 01 all .lem.ntS of ,h. a,iation ,ndustry has be.n
articulated. In lh. Uniled Slate,. lor ..ample. that concept is the basis for the
United Stat..' A"iation Noi.. Abat.m.nt Policy (Dept. 01 Tran<pOrllllion.
1976).....hich has !ormally been in .ffect!Of approximat.ly fiv. yea ... and h.s
been in .ff.cI informally since the ,."iouStlC$S of lh. aircraft no!,., probl.m
.....s ,nitially realiz.d. The contribution of the aircraft engine and airframe
manufacture ... to lhe control of noise has been re";ewed in the pre,'ious
oeclion, The air<arrier segment 01 the a,<jation ,ndustry has also made
Substantial in'·<slm.nlS in Ihe control of aircraft noi.. through the replacemenl
of older. noisier aircraft with new quieter aircraft Th.se «placemen!
programm.s. becau.. of th••xtreme financial burden involved. are necessarily
long-term aClions and, hence, Ihe benefin come in small incremenl' ....hich ne
difficult for airport neighbours to fullr .ppreciate, The airporl proprietor ....'ho
is responsible lor th. no,.. impact, is not independently responSIble lor
implementing the remaining mea,ureS for noise control In many cases,
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implementation of the neces<ary noiS<' control measures can only be
accomplished in cooperation with the ai"'raft operarors and the rederal
authorities.

13.3.10l"'fatingMrllStlres

Typical of such cooperati"e measures ale the implementari<:>n of aircraft
operational noise<ontwi procedures in the airport ,·ieinity. "hkh require the
co-<>peration of the air traffic and airspace managers. the operaling airline. as
,,"'ell as the airport proprietor, The following are 'epresentati"e noise control
operatmg measures,

A. Noise Preferential Run"'dYS

The noise pleferential runway usc system utilizes the runways which can 'ake
ad"an'age of na'ural terrain around the airport. such as tequiring approaches
over ri"e'" or industrialized area, to a"oid the noise impact on residential
communines. In cases where 'his is no, possihle because the airport i,
completely surrounded by retidential communities. the JIO'Sibility of distribut·
ing the !IOise burden through a rotating preferential runway use sY"tem may be
e..plored, The prefe"ntlal runwa\' use 'Y",.m mu<tbe flulble to accommodate
expected but varied meteorological conditions and in all e""" muM be
Implemented In a manner en,uflng maXImum safcty.

B. Displaced Thresholds

In ",,"ain .ituation•. if the runway' are of .uffieient leng'h. the apprnaeh
thr"hold can be displaced to ",quire tl>< a"crahto touch down at greater
distances from the stall of the run"'ay and hence at a further distance from the
airport boundary. Thi' ma\ requi", mo"ement of ILS landIng aids but can
provide noise relief hy main'aimng a greatt< displ.<Xment be'wcen the .. rcraft
and the airport residential neighbou,hood

c. Tokr~ff Noise Ab<lIem.m Procedura

The conrrol of .ircTaf! take-off noise can be accompli<hed by requiring thrust
reduelion relatively near to 'he ground at airpnns where 'he residenlial
neighbourhoods are fairly close to thc tak ....ff end, of run,,'ays (Figure 13.7)
The aircraft in this case ,,"'Quid climb over the residenllal area a' reduced power
which would minimize the noise in the residential commun"y being overno,,"'n.
When the '''cralt has passed the residential area. nonnal climb power can be
re-awlied until cruise ailltude is reached. If Ihe residential community IS
further displaced from the airport boundary. it i1; generally desirable to climb ••
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rapidly as poMible to ootam tbe maXImum altitude o'cr the rcs,dc:nual areas
before rwuclng J'O""cr, The slccp<limb procedure is 1\01 eff.ell," If lhe
residential neighbourhoods arc <\os( (0 the i,dchncs of lh. airpon runway. In
Ih,s cas<:. it is d..irablc 10 rcdu« thrust SOOn aftcr th••;,orah wmN Oul of Ih.
(Xl'. 1:.1cral all.nuallon phil$(, "hich is aW><ia'cd with ,h. propagation of
noiSl: ,",'hen lh. aircraft is ncar the.round. Standardization of no,,,,, abatement
"P"rah(lllal ,.kc-<>ff clImb ~du",s is ronSlder«l hlghl) imponant for
effe<:ll"llj. esperi111)" from • ~fcly standpoint. Currently. ,'" ~r.l",nal

P.~IQf 1M leAO A'''''"OI1h,ncss CoRum"•• is in t/>c process of r«ommcnd·
,nl ".ndardized ".,.... abatement depllrlur. proceduIClI .. hlCb ,"k. Into
_nt f...1"""""'''''''''''. ,.. ..ell as ....'pbourhood notS<' Imp«!

D, "'pproedI Proadurn

In 1""~ ten ~.:ln. probabl) IIl<>n "- bttn <ion", to control appl't*il1OOtSt
than lIOOSe dunnl oche, operatIOnal rn<>dcs. "The approoocb pma<Iu,• ......,
)un llfO a>RSIU«I of aft u,C'ftded n'~1 a' app<Ol'l.....lCly lSOll-ft aim'"
WI,h lhe a",:nh in the mUlmum ~PI"....h fbp confL",nIlO" and. lit",,", .
.....~Imum !'lUI$<: oondlllOll un"l" ""e",",pled the """,,at) dclfCC ~Idc-slopc

and f'JI>ttCdcd 10 ' .......II<l<ra·n. The ISOll-h approxh is being rcplated In the
UnllW Slatl."'S by a IoOIIJ-1low lraf(oc management pr"i'am_. "hoch reduces
11M: nj'Ing time at altiludes below IO.OOOft. ehm'naln holdIng. and prO"llks the
shonest practical roule for the aircnrt 10 lake all the "'ay to touchdo"'n. The
u~ of the minnnum certIficated approach naps has also Jlandafllizw approach
p,ocedures. which a"'ist in reducinll the ""ile. Other techniques uled to
control approa<:h noile 're idcn"fied as the decelerating approach and tbe
nap-manallemenl approach. Both of thele proccduTt:. control the 00;"" On the
ground by rWucing tM engine lhruSllc.'els dunng approach.

Openl..,....1 prottdu'" !Ia"e been .......sidered for many )'(11"510 be one of
the most promIsing methods of controlling aircraft ...,...,. hQv.'....~r. Ihctr
dfm,,~nc>li IS g('ncrall) aIrport specific. n.c desire 'or umfomtit)· in
opentlOnl. "him is comidcrcd by _ ptloU to be .-nnaJ 'Of Ille tuptst



degrce of ....fely. has resulted in only limiled ~uppor1 for Ihe use of
operational noise<onlroi procedures. Addilionally. lhere is a lendency for
lhe operalional procedur.. 10 be aircraft specifIC as "ell a~ airporl specific
and. therdore. ~land..dilation of procedures across all aircrafl type~ is
difficull '0 realize,

13.3.2 Land·U.. Control

Land·use control is synon~'mous "'ilh long' range airportlrommunil~' plan.
n,ng 10 ensure lhal 'he airport ,,'ill be able 10 provi<!c lhe required servi"" "'iTh
rcasonable prospeclS for minimizing noi'" impact. both in lhe pre"'nt and in
lhe fmme. The mechanism used for a""..ing lhe aircraft noise jmpaC'lln Ihe
"ieiniTy of an airport in 'he Uni..d S,at.. has been i<!cnllfled as lhe Inlegrated
Noise Model (INM) (Dept, of TraMportaTion. 1m). This noise planning
model can be used to e,'aluale differen' lechniques for reducing lhe noise
impact or can identify""'" operation. at lhe airport musT be ronTrolied To
pre"enl exce..i'-e impacl in specific airport llCighbourhoods_ The INM
ronsist. of .umming lhe annual aircrafl mo"ements in lhe vicinily of lhe
airportTo represent an annual ..-erage dail)' noi'" impaC'l conlour a. s!lo",n in
Figure 13.8. The airport n01'" impact can ~ exprcss.ed in a number of noise
me"i"" depending on the preference of the user. Currently. the noi", melne<
",'ailahle from lhe model are 'curnulali,-e metrics·. such as Noi'" Exposure
Forecast (NEF). Day·Night A'-erage Sound r.c"el (L.). Equivalent Sound
Lc"el (L<q). and Communll) Equn'a!cnt Lc,'e1 (Ci'lEL), Noise contours in
the'" units can be computed and printed at seleeled map scales. Addilionally.
the model aUlomatieally pro,';<!c~ numerical listing> of lhe calculated nO'se
,'alue. al all inlersecling poinlS on a grid whIch encompasses the airport and
surrounding neighbourhood~. For the land·use planner or airport de,'eh)pcr,
Ihe INM mal' be used to idenTify conlrols necessary to bring about noise
compa,ibility_ TM:s<: controls may be i<!cnlified 1:»' comparing Ihe noise
impacl conTOUrs for different aircraft Iypes. nried fleet-mIXes, different
aircraft <>pera'ion procedures and flight !racks. as well as ahemalive airport·
use restricTions.

13.3.3 Moniloring

Aircraft noi", monitoring i. useful primarily as a deterrent agaiMt individual
operalions. which make ex=i"e noise. Moniloring is nOl recommended as a
<levi« for "iolating individual airline nighlS, but as a means of identifying
airlillC,by·airline a"erage oomplianc.: with airport plans. The... uSC< arc
differentiated because 'he fim can result in lhe 'beaT lhe box' syndrome or
generally unsafe operational practices; whereas lhe serond use identifies
airlines as good airport neighbours, which Slimulaies quieler operalion. for
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lhe public relation ~ndi' .,-.ilable 10 lhe airline_The monil0Tlng 'j'".mS'r<
also u.eful for checking lhe nol",,-oxl'O'ur. I.'-el, in any specific "icinil~' a. a
mean. 01 idemi!) iog problem area, which require ,pecial aaen';on.

13.4 COSCLUDISG REMARKS

11 is dear thaI the burden of '''pon noiSt ron"ol will M lhe ,.."pon,ib,hl\ of
lhe .i.pon o"",ators and proprietors lor some rime 10 come. The operator in
his role as prima')' local point for 'he control of airport noi.., rna} ron'ider a
large numboer of directl) implement.ble oplions. many of which .liould be
included in Ihe initial airpon dnelopmen, plan. (U.S. eFR 14. 1981. 1985).
Funhe. associ.,.d wilh the plan. if th~ a"pon propri~torhas th~ authority" h~

can propose control of th~ usc: of land adjac~nt ro th~ airpon b)' zoning 0' other
pr~u«:s"He can attemp' 10 int1uen"" local buIlding codes by ad'"ising that



reSldenlial and rublie buildmgs in lhe "emU)' of the all'porl be aroustically
msulaled and also be recommending a plan whereb)' fUlUre purchasers of real
"'tale in Ihe "idnily of lhe airpon ate made a"'are of lhe projected noise
impacl in ..ea~ of inlerCSl

Workmg ,,"h Olhe' aulhor"i" and oft.n "'ilh Ihe 5Upporl of financial
;n>1ilUliom. Ihe airport proprielor may ..ck 10 acqui'e land 10 en,ur. II' IUlure
use for puposes compatible "',lh Ihe airpon operali()tl'§. If lhe land ilself e"nool
be acquired. il may be p<>"Sible to oblain air eaSCmenl righlS and 11> plan fulure
runwa) de"dopmenlS in such a manner iL< 10 direct lhe noose 10 area, o"er
which the pmprieror ha' been ahle 10 acquire a degree of com",1. For sile
specific a;tpom. some t><,>nefil ma) be gained b)' Ihe oon'truClion of ",""u,lie
ha",eN; Or fmm lh. u'" of landscaping 10 mo,hf) Ihe no;se Impad These
procedures ollen supply a mmimum redllClion of noise impael. hUl do pro' Ide
an indication of oone.rn h) the airpon p",pri'>tor for Ihe "elfare of lhe a"pon
re.ident>.

The operalional p",ee<fures for noi>c-ab"lement control diseussed aoo"e
can be prop'>:sed 0) the airp'lft proprietor as a mean, of noise ,,,nlml,f,, "
endor""d~' Ihe nallonal aiNonh,n"" "ulhunt..s, Schemes ronsi"mg of use
restrictions 'If noise·rc[;llcd landing fec< mal al", he proposed if ,hc~' are nOl,n
ronn,el ""h nalional premgat",c,. Usc re,lflclionscould consisl oflimiling lhe
numher of operalion< per oour al differenl tim.. during Ihe da) . of oontrolling
Ihc !>ours of opera liOnS. "nd of pr<l....,smg ,pc,-ific .--cnlng andlor nighHime
curfew" l.andlng fees b<rscd on a"crall noise I..'el, ma,' prohibll operalion, of
paflirular r),pe. or cla,se, of noi,~ airerafl. While 'hi' «:1 of oprions "pp"ars
rcl"ll\'el~ 5,ra'ghlf"rw"rd. dependIng On Ihe indi"idual rountr)'" natioMI
regularion,. the airporl prupri~lor ma~ find I~gallimiralion, ro man)' of Ihe use
r~s1riClion$ suuested, Guidelin.. on lhese limllarions can only he geneTal. but
Ihe hm"atlon, u'ually are legall" acceplable Illhc; are Imposed equall~' and
impartiall~ and do nol rend 10 discrimina" against a partieular class of ai«",f,
operalors, Care In application of use rC\lflel;on, b~ Ihe airport propricror must
he la~en to ensure that Ihe r.-"iClion, do nOr oontrOllhc way aircrah are nown
Or do nol wn'lltUle managemen' ohhc na, Igable airspace. These function, are
usuall' pr~·emplod h)' narional go\'ornments. A final lest of Iho "iabillly of a
use res,rictlon is that il .hould 00' impose undue burden On imema'e or
foreign a" commerce. Currentl~'. the regal definnion ufundu~ burden bas nOl
heen resolwd and will undoubr~dl\' be the ,ubjecl of futur~ legal ded,ion,. In
'he meanumc. as a general gUideline the airporl proprieror should keep in
mind thaI use re'lrielion, muSI be meanmgful and non·arbltra')' and tba, 'be
noise eonnol should he imposed oquirabl~' to all sou,ce, of noise in the vicinil)'
of 'he alfport

In summar~. while the hurden of airport 001S(: 'mpao' ercarly fall~ On the
airport proprietor. rhe means a\'ailable 10 control lhal noise burden al any
,peeific airport is limiled b~ rhe airport's intend~dope,ational use. Ob"iousl\,.



'"
il i~ oonsidernbly easier 10 oonl,ol noi~ at new airportS than to ;mpro,-c lhe
nois.e $iluation at an exiillng airpon. especially if thai airpon is operating at
near capacity. lbe numb.. of new ai,pons which may be built, however. ,,'in
be "cr)' much limited bJ.' public resi'lal\Cc unless the noi.., burden i. reduud in
magnitude and the 00<, of lhe burden generally ,nternah'cd in lhe air
transportation 'Y'lem, To acrompli,h this objective. all elemenl' of the air
,ransportatiQn s)'Slem mu,' COIIlnbule to lhe oon"ol of airpon noi.. to the
maximum extem 10 ensure the orderly growth of one of the world"s mOSl
imp'lnanl oommun>:ali,-c reSOurces.
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CHAPTER 14

Solid-borne Noise Control in Buildings and
Machinery

M. HE<:>:L

I~.I THE NATUREOr 'NOISE' IN SOLIDS

~ IIOISt Ul:lled ,n solids mal be oh'anoust)'~l:

(a) Sin&lc 'mpaeu "1Uch are rcpycrcd as SC'pU'lIted c"cnU by lbe ear;
uamplel Ire fonutcpl or door-i4mnun, III buikhnp. pile dmm,.
fOfJC·1uImmer bIo9o... punch~. IClU;1e madlines. etc.

(b) Periodic ,mpICU WI au inletJl"'ted by lhe ear as loncs ..,!h hatmonK:
aXllcnl, uampln au lbc piuorI slap ,n IlIIC....... combmtioa cnJU'C$ or
orhcr ~riodic madtincry. lbc .......y small impaeu BC"CralCd ,n 1M
CUIIIll' procuI of I arcular 03..... Clc

(c) AlfflO$l harlflOfllC ZI ..-hen fIto.:IuaU"l clcctromaJ!1>CDcf~ IlCf ,n the
body of I lraMfOfmt'I 0.- clectric mocor (ct. ~boId appliances.
C\evaIOf$); olMr c:umpln arc in ,elr noa.c due In manuflCtllnn,
inaccuractn (hcnce Slrc:!&ng the roced for good '1wUiIy """noI). or 10
gear'looth rCSIlicnce. or in lhc wmcumcs ...tltcr "anling pbc:nomcnl
"hen fullback andor rcsonln~ eff«ts afc ;nvoh'w (c." ,,-heel
squeal).

(d) Morc or IcS! random. a. in hydrauli>: Syslcm. such as in flush;n, dSlern•.
laps. pi~s (eI, water·hammcr) ctc. arising from turbulence, cavitation
Or prcStn~ of ·air-Ioel,.": in dcvices involving drilling. J,rindinll or
polishing: in movement of bod,n ovcr irr.llula, surf",," (ct. nains
pawnll O'cf 'wl')'·"'-..m· naco). clC.

~ .oo.'c exlmples indicate !he many Ind 'VIed oource:s of DOt$C ,n 101;<1
.nueturcs and the sound cnergy ,n\'Oh'cd IS propIpled b)' the different forms
(If """C-1llOII01l (sec Cbapter 1) ..1UCh can CJUSI in 1Ohds. On texlu"" lbe
boundancs of the tobcl ..,!h OIhct medii. the continued tra",,,"ss00n or

~"



ref!ectlon will dtptTld upon lhe angle of 11"~I'e inCIdence ~nd the relatll'e
iICOUMic impeda~ of Ih~ boundary mWLll. Any inl~mal "'...,.., "Kblns an
air~idboun<bry"',Il. In ~mrlli. prodUtt an OIU.."rd Of In",,,rd """emcnl of
the ...tid ...rface and thIS Il"e rose 10 $OU.nd in 1M ...rrounlbn, aU"

This 1i>I. allllough Inromplet~. w.o." that oohd-borne $OU.nd I.Utl/moll "'

a/mosl: QmrujlfeWnt and roMeqllentl) aho the profHIflllJtJll of IoOhd-oome
toUDd - or Rruclure·bome~ II " IS oh~n called _ pI.I~" an ""pori:""
role. Eumplcs her~ are trllmmMiorl of $OU.1ld Uon, lIank,... "'-alb in
buildinp. ~at>Ol'lof beM"'J "''''"ei or odIer ......, Iypes alon& RruclWai
beamo. pipe5 ~IC .• and the transmlS'ion of .,bnl,iom from madt,~ ' .... their
mounling inw Ilels/lbounn, repom..

In the foIooolDI. an atl~mpl: 1$ mack 10 describe Cbnen» the ""potUnl
phe_na in >olld-borne iOUnd JCmrllt>Ol'l and prop.>puon and to lP'e 1M
main Iun.. on RrucllIr~-borncloOlInd rc<!llellO".

14.1 R£StMt OFUlH"ERE-'T WA VE-n'PES 1:"0 SOUI>S

In gaseous or pure (i,e. non"'I!COUS) liquid. "",d.. SOllnd is propa,a,ed b)
comp'essoonal "'''''n '" ,he m,,~rial. Solids. bo,,"'~'"Cr. ha"~ not onl) a
compressional sUffnes.s bUI also a shur s'iffn~.. and consequentl)' SQIInd
energy in "'lids rna) be tnnsml\l~d ,'ia '''0 Iype' of ....a"e Ihal ha,e dlfferenl
"!,,,ed, and the""fwe sive flse 10 some 'pecial effenslhal a,e unkno,,"'n In lases
or nwmalliquid'. The ''''0 basie ,,"'a"~-Irpe' are Ihe rompre..ional "a"es and
,he .hear wa,''''. bll' r.rely i, one presen, alone and they oomblne ,,'ilh each
othe' 10 gi"e rise 10 mOre romplicated "a"e-fields. Some of Ihese combined
waves have spedal names, The particle mOI;on and Ihe formula, for Ihe speed
of wave prop.apl;on motion for the varIOus wave t)'pcs are sho"n in fillure
14,1 Ca) and (b), It shOilld be noticed thaI ;n §orne cases Ih~ ......e sp«d depends
on frequency Ihlls "vmS nse 10 dlspenton effens,

14.J ~1£ASURI.'1GTECH:\,IQUES

The quanllly that _lIy IS measurc<!,n Ihe field of .Rruclure-bornoe iOIInd is
the motion in a dire<:t1On pc~ndicular 10 the ...~ of lile .RrucllIle (onl~' In a
few eases IS 'M lllOC>OI'I parllllellO Ille Mlrfaa: aI50 01 ""porIanee).... t)'pca.I
mea!lIIring oct-up CORmlSofa~lectnc ......rial_ked by a I,nle"'" (5«
Figu..e 14_2). Sud! a 0e>1tt...'hen mounled rigKJly 10 a vibraun, ...rfxc.
produoes nUCIlWlnl eiectnc charJOS thaI are proponional'o lhe aettlerllllOn
of the ...rface. Since the metiUrl"l Oe>-ioc:s are "ery omaJl and bth' (1~'P'QoUV
I~IO J12"'S) -10 a>'Old any m«:h:anocalloadin~of the ';braun, oo)CCI- the
dearicaJ sipIah: an: rlIlhn small. but ..~th ""Odem ~lectronies the Slpab can
~asitr be brouJt!IIO a !e>'el"'hodt a1....... the use of aU the data proceHInland
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~ig",. 14.2 rI) "ibraHn8 object, (2) "".. ng for accelerometer ("'" 10
se".), (3) piezoelectric malerial. (4) ,mall rna"". (~) cable. (6)
pre.mplif,er. PI ampltfie' and filter, (8) earphone,. (~) lapo ,ecorde'.
(10) "",Ie ,n,!fument. (11) 1e",1 ~rd<r. (12) 01"" do... ~"<lf(l<I

(0_8_ rom!",'''). Item' (7H12) .'" , .....m< .. too... o",d for """""I
><HInd '"8nal p",c.:>"ln8

data reduction equipment (fre<Juency filte... corrdato... level Icoo,de". etC.)
that is available for normal wond signals. Figures 14.3(0) and (h) show some
."ample' of me.sured .'.aClure-borne sound spectra. n.. data are g"en ,n
terms of the '-'(ClCity lewl which is appropriate for comparison'" ith airborne
sound dat•. It is defined as

0,
Vd''''''} Inc! I" ~ 10 ~>g-;

V;,

When: 0' is the mean "'Iuar. value of velocity. and U" i. a ",r"enee value.
If the levels are gi'-cn in term of <peen•. lhe '-elocily level and the w-alled
a«e1eralinn level L. are related by.,

L• ... 20 I<>g --
2:r/U"

... here t i' Ihe cenlre frequency of Ihe frequency band under con'ideralion and
a" i' Ihe «:feren~ value for the aecelcralion level. II should be nOled. Ihatlhe
sound.pre",urel.vel, in front of a vibraling solid are hardly ever larger 'han Ihe
"dociry levels a. expre.sed in Figures 14,3(a) and (b).

Figu" 14,3 (.) Example" of .-.:Ioeny level< per 'hlTd o<1a.·•. Refe"",," ""Iue S' 10-'
m;", (I) Di..eI eng",e On ellSli< """,nl> running.t full k:>&d (2.';00 Hp) at 1.700
r.p,m.' (2) Standard lapping mach",e ""'ina On a 12 rn1 COneret. floor; (3) Ekdr"
motor on e">li< """,nt, runn;na .. 1,400 '.p.m.; (~) Ga"";", .nlli ... on el.",Oo
mounlS ",nning at full load (4 Hp) at 4.000 r.p.m; (b) Exampleo of ve"""ty level, pe'
tb;,d octa.'e. Refe,en« ..hoc S'IO-' mI>. (I) Sub.,.y non "'ben "",n is paWng at 60
"milo, (2) M"",mum ,-.1.., of an ela",icolly """'"te<! elevalor for oj, person>, P) Wall
of. lIou"" "'ben. ",'eel ..... i, pa..,ng ,,'n" 4S ~m!h .' • d,"...". of 13 m
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14.4 REDUCTION OfSTRUCfURE·1l0RNE NOISE AT ITI ORIGI~
The so-called primary noise control - is usually more effecti,-. and more
econom;" lhan noise control "hich Ica' .. lh. nol.....,xcilation mechanisms
unchanged but r«luc.. lhe sound propagalion b}' damping malerials,
enclosures. isolator shields. etc_ (lhe so-called secondary noise conlrol),

There arc ca>c, e"en ,,'here primar~' noise control sho".. some addilional
benefits' because there is no law of nalure lhal ,tateS lhal good noise control
has to be paid for by SOme son ofdisad'-amage,

The most rommon methods of pnmar~' noise control in the field of
struclure·borne sound are as folio"..:

1~.4.1 Reduction of the ~'uCluatina Ft}r<;tS and :>1otio", which ac. BaSically
Responsible roc lhe Sound Geoc""l;"n.

ThIs can be dooe b~ Io"'ering the ,peed. by using ver)' smooth .urfac.. "ben
one body roll. o'-er anolber one. b)' reducing tbe maSS of those pans lbat ha,'e
to undergo hIgh acce!cratlon,

An inlereSling case in this respect is lhe dC\-.lopmem of lh. typewriter,
Originally. lhe ralh.. heavy plalen had 10 be accel..aled and decel..ated
"henc,'.. a leller "-as l~'ped. As a next ,tep lhe lellen; "'ere placed on a lighl
sphere and onl~' Ihc sphcre had 10 be mQ>'cd, No,,-adays Ihe sphere is replaud
b)' a ,'cry Ihin pla.tiedisc "'hieh has a "'eighl of lesslhan I gram. The nexl Slep
seems 10 be thaI lhe onl~' mQ>'ing pan, are minute droplclO of ink "'hicb are
sprayed in Such a way omo lhe paper Ihallene ... Or olher symbols are formed_
Thus in lhe de"elopment procen lhe ma" of the mo,ing pam has bc-en
reduced from kilogram. to lesslhan m;lIigram,.

14.4.2 ModirlCllltion of lhe Time Hisl<>r)' of. Proctis

In 'his case sudden changes, ,,'hieh are re,ponsible for the annoying high
frequency sound. are a"oided,

E,amplcs arc cam dri,-es Ihal are designed in such a way lhat discon"nu;,ies
in lhe molion or;n its fjm derivat;"e cannol occur. Other e,"mpl.. are found
in gearbo.., ,,'here lhe leerh are inclined to cause a 'mooth tran'mission ofthe
force or in many olher inslances where a Suilable mechanical design of a '~'S1em

al\ov... for a smOOlh transitIon, Alilhese method, rely on the facl Ihal usually il

• It ~ '_'n. foo- <..mp!<. 'h>< _n ,ml*'b "'Ok • lot <>I ""'>e. l'oY • ...,"',... ~nl. lh'" if
impo<1> af< fUoje _1><,. ,II< IIf< 11m< <>I. maclIi"" .. 1;,<ly to ,n<r<as<, Sitnilar!j' _r«IIM:r"", 01
~ tna>$<> i. maclIi""'Y ""a';". " hiP. >p«<h d<m:0I<> ,'0 """" IIld 'oll» '0 ..oid
~;"belriop, A. a lhu<l <>Imp!<. "'" may III«ll"'" 1'0 f"" thaI ...... <1<,,>t>«'I bel..~n
lbe ...,.". pons <>I .....,100"" ,"""~ ""y "'''hnl """" .nd " ,he ..m< lim< impro>'< III<
prm.ion <>I ,'0 prOO'\><t, In ohort. 'l""" """,h".<. If< belief mKhln<>



is not the magnilude of a force Or a displacement which IS responsible for Ihe
sound genera,ion but its rate of change (i.e, Ihe suddene" of an event). Quite
often small alterations Ihat are restri<:ted to a few milliseconds <>f an nent can
ha' e a remarkable effect on the noise produ<1;on. pro' ided Ihal di§COntinui'ies
are smoolhed out. ModeTn flu'h toMts a, compared to Ihose Ihat were built
twent~' years ago gi,'e a good •.umple how noi'" control at the oTigin can
cffecti"el)" reduce the sound,

14.4,3 lktuning or Re;onall«$ ond.'o. Interruption of FHdbaek loop;<

Sometimes SlTU<1Ural noise sources generate an aimOSI harmonic tone ,,'ilh an
amplitude that i< m""h higher than the rest of the 'pectrum. E.~mples arr
reSOnanceS <>f deer"c motors or generalor<. large pIpes. double "'alls. elc. and
.tick ,lip phenomena that generate screech sounds. ranling of latlles. ctc.
Since. in ,uch eaS<:"5. resonan"" effe<:t' and feedbaCk mechani,m, are In"ol'-ed
noise reduction can be ""hie"ed 1»' detuning the '}'stem or b~ interrupting tllc
feedback loop, Unfortun",d~. tlli. is said much more ea,il~ th~n it " done. The
reason for 'hi, IS that _ apan flom electric machIne!') "here the ,ill..t,on i.
fairl~ "'e11 understood - an e.•act predidion of resonances and feedbacks i.
almost impossible, Therefore. one is rompelled 1o design Ihose .trudur", that
arc apt to c~use difficul"es a"ordlng to the beSt of Ille «""ng kno" ledge but
allo" for some changes "hene' er a protot\ pc i' a, ailable. A rather no,·.1 and
effecli'-e method to impro", resonating con.trudion, i. the """,,ailed modal
analy<IS. Thi, method "hlch u\<lally <on,i,t. of an ImpaCt e.cil~tion of a
.tructure and many .ubsequent "elocity or acceleration measurements gi"es
the resonance frequencies as "ell a, 'he nodal pallern, of a "ibraling Structure.
Thu< it i. possible to find out the frequencies that do not gl\e rise to resonances
and Ihose point' that ha"e the least mlJ1ion (i.e nodal point.) and which
therefore are the most suitable .. mountIng poin". Good resalts are also
oblained "hen modal anal~',is is combined "'ith the finite element method or
,,'hen holographic method, are applIed to stud} Ihe Yibration palleTnS of
Structures.

14.4.4 Cornpen<.ation of tlu<lu~ling FtHUS or Motions b) thoi. Opposite

Noise in solids usual1~ ,an be deICribed b)' SOmC linear differential equations.
i.e. the prillCiple of linear ,uperpos,tion holds, Thus If a force F causes a
'elocily to, a force (-f) ,au.... 0 "elocity (-to). or '" olher word' if both forees
are present simultaneousl~' the '-elocit)" ,·anishes. Th,s pnnclple oan be applied
in nOIse oonlro1 whenCHr il is pos,ible to make some le'-er arrangement Ihat
replaces fluctualing forces by flu<tuating moment<, There aT< e'-en some
allemp\' to add an artificial- u,uall) eleCl,od)'namIC - force generalor Ihat



am as an ~nll-nOl:>C lIOUlct, ... hich ,f propell\ phase~ re~uces the IOlal noi<;e
OUlpUl.

1~.5 RU)UCTIO", OF SOUI)·80Il'E 'OIS.: [lUllt~(; PIlOP,\(; \TIO'

It i' a gencral prir,ipk in cn,'ir"nmcn,,,1 cngineering ,1'0", "p"llulam c"n be
comrullcd Ihc C""or Ihc nc"rer thl> ,,<.I,me '" 'he ,ource It" "h", Kn"wn 'h"t "
,inglc I' ell-<lcfined rollutan, "an hoe handled much I'dl'" Ih"n mix,ur,' of m,m)
_ p<&lhl) unli,n"wn - coni r,hule" ,,," 1",lIul~'n"'ua",,n.

Arrlied 10 ,truClure-h"rne ""i'" c<'ntr"l. Ih" mean, th"t "ne ,h<'ul<.l h,in!, all
me,hod,,,f ",rond,,~ n"i", c<'mf\'I. 'lOch ,I> d.'mpmg. i,,,I""on. ctC, .", cl'"", 10

'he oripnal "'und "ource '" ['<""ille- " ,,1«) n,cc,n, 'h"I" ,,'ure,' v. hith gener"lc,
ju,1 one V."h' ,,['<' al "ne frequenq I'"~ I" ,," "ne MN' 1"'11,,"n1) can hoe
reduccd much e",ier rh"n one 11'0", p""Juc<:, m"n, v..,,'e ')'['<" 10" random
m"nner '''er Ihe "h"le frequenC\ ,"nl'e.

14.5.1 Rosil;"n' Lalor<

Rc>ilient la, cr<. ,u,h ", ruhl>..'rclemenl'. 'pring'.ct,· ;0" Inc 10'><1 cnmmon v. ")
01 red"c,n~ 'lrU,"U" t'o,ne ",und ""n"n"'K'n. Figure 14,~ 1'''0' " fel'
""mpk,. The' m", "el in tv." """, Iflh'" ;0" d"'" 10 Ihe noi'" ,,'urc<: (c.g.
fl"",ing n,~,,,. c"rpc" ," "'her ,""lient Ia"" In hUlld,n!',) 'he' 'educe Ihe
<uddene,< 01 imp",,, and Ihereh) a' ,,,0.1 high i,,'qu,'nq n"i", excilm;,,'n, If Ihe)
arc "t <ome di"ance I",m thc '0""" (more I""n h"lf" Wa\Clcn~lh)Ihe) rcfleC!
Ihe incommg 'Ir\lCluTe·h.""e "'und ener~\. Re,ilient engine moun". Ihe
ruhl>cr clement< "'pa,allng Ihe "hed, and hog",' (>f moJe," ,~tw."} roache<.
re,ilienl d"mp' in plping-'y'tcm, or ,uspcnded CClhnll' «prm~ d"mpmg) are
e~ampl,... The eUKienc) of such de"cc' ",n I>c qULte hl~h (:)\) dR '" more)
pro"ided Ihe) "re appiled' Cf\ c1<»e 10 Ihe ",i~in.1 <ome<' and pm' ided Ihe) Jre
,c,iilent,

A' a rough rule of '.ll~l"c1<>r)'r~'Slhenccone m", take Ih"t Ihe 'c>!lienl mount
has 10 he much "'fter 'han llIo>c p.1n, "f 'he adjaccnl '''UCIUTC Ih"lla) "ilhm a
qua""r of " "", den~'h.

1~_5,2 Vibration I).mpin~ i'l'h..mall

There ~""'" eral ma,enal,. ,,['<'ciall) high pol~me". Ihat gcneralc hC31 \\ hcn
'he< are' ibrating. The amo~m oh'iblJlOr) energy that is 'ransformcd InlO heal
b}' this way. i,c. Ihe 'UUelure·OOrnc sound damping can he qU;le su!»tanlia!.
M"lerials arc a, ailable 'hal Iran.form more Ihan fif" percent of Ih. 'ibralOl')
eneTg' ;nlo heal ";Ihin one cycle, L:nfonUnalc1}' ,uch materials ha"c no
structural slrcn~lh lhtTcfore Ihc~' aTe combined with olhe, "'-ad callying
strU""ral 'lement>. Some ""n",uctior,s oblained Ihi< v. "y' arc ,1'00\\ n in Figure
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Fill"" 14.5 Application of ,',bra,;on damping. (.)
C""",.,ned I.~'.r: (b) S,,,Id,,-ieh pla,., (l) bait rial.
(2) dampini laj'.' con...lonl of • hii~I} ""mpc<l
m.l<naJ ..ith nth., high ol.."co,", (3) thon sllear
l'jeT, <>plimum thick~ <l<p<r><h on 'hock.... of
b&'" pia,. and «"or pl.'e, (4) ""'-cr pl.!.

)4.5, Other way. of S',uclure·bam. sound dampIng ,ncorpora'. lhe f,ic,ion in
matc".I. like >and (e'p<c;ally in archil""u,.1 acousti,,) or lhe , iscosil; of thin
I.),." of ai' Of oil bet".en 1"'0 thin plate! (Figur. 14,5). Vibra1ion damping
d.,'icc. giye a wn,idcrab\e reduo;'ln of re""nant amplilud'" and "<'1'
effecti'el)' aUe"uate ,lrUC1UTc-tl()fnc sound ow. longer di"ane<:•. When
applied to ron'I'UeI;on, that ronsist of man~ different part•. the; olle" are of
limited u'" in the \ i.init; 01 the ""und ""urce.

1~.S.3 AddedMa~ and Othe. DlsronlinuiliM

S'ructu.c-!>orne round wa,es are reflec"d to a smaller 0' larger degree
"hen"'er ,he~' come '0 a discominui,~ Thu, an} change in cr"", ",c,ion or
material. an~' change in Ihe direction of propaga,ion (sound around rorncrs
and bends). as well as added rna'.... S"e a cenain reduc'ion of \!ruc,ure_bome
!iOund propagallon, I;,uall~' 'he impro'emen" obtained 'hi' "a~ arc ra'her
,mall (e.g. 'he rcduc,ion a, wall-joim, in huilding is of 'he orde. of 3-10 dB)
Onl} he""} added rna,,,,,, arc of practical importance a, noi",,-conlrol de,'ice,.
They gi"c good resul" "hen the} are applied '0 ,h,n ,lmClure, near the round
!iOurce and "hen 'he frequencics of interest are fairl~' high No'icable
impro"emenlS are achie'Cd if an added maSS i' hea"ier than 'he surrounding
Slruclure w'ilhin a quarter-wa.-.lcng'h.

1~.6 fUTlJRt: TII.[C'WS

It i' ,he opinIon of thi, author. 'ha' in 'he near furu," ..""arch in
,,,uClme-borne sound ,,-ill concentra,e on gelling a bener undemanding of Ihe
differem sound-e",ilalion meehanisms_ Such a belte. UndeI11andmg will
ccnainl~' heip '0 find ne" "a.'s of ""i"" con,rol a"he origin. In man~' ca"", .uch



imC'lI~a,ion~ will,ncorporatc lho <IUd, of nonlinear effeea. a ,ubjecl lhal
hardl) ha~ boon lOuched in suuemro·borne «lund It rna) .lso b.: that ~uch

sophi'ticaled mOthod~ a~ 'he u>c of anllsound j,Ourco~ "ill bo appliod mero and
moro.

With rogard to suucluro·bome sound propagation, lhere aro Mill man) open
quesuon< "ilh ro,peet 10 buildings con,;>1,ng of man) profabricaled, largo
oloments, It ",om, to bo po"iblo 10 design lhi' type of building, in <ueh a way
thaI lhe sound isolalion i' good. bUl lhe design rules are nO' yet qUIte dear
Anerher prom,sing aspeCl i< lhe "' "ilahili'~ of re<illen' malo"al, (e1a'lomo~)
lha' can ",lh~,and ,'or; h,gh load,. \\ "h ,uch m"lorial' it i' pos,ible 10 isolale
.'el') hea") maehiner). romplele building<. and lon~ 'Irelel1e, of <u!)v,'"~' Or
roilw";' lr.ch
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CHAPTER 15

Impact Machinery Noise -Prediction and
Control

E, J. R'Clt... ~C>S

IS. I I:"TRODUCTIOI'

The noiS" cnergy emanat,ng from ~ mach,ne can be ... little a, 10-1 (in lhe
ca'" of a gear·train) Of a, large as 10 -,' (in a drop hammer) of lhc energ\
u",d by lne m.chinc. In cit her casc. it i' small and any improvemenl We can
makc is not likely 10 impro"e d;re,tly lhe efficiency of production or of
operalion II i' relatcd more dO'SCI)'IO lhc vibration Incl of lh( machine O' 10
lhat of lhc a" .m""ion awxial~d ,"'lh lhe ma,h,n~, but ~v~n so. lhe
relalion,nip i' lenuou,. and the impre,,;on has grown lhat 'noi",' i' somC so"
of m\,~teri()u,and indClcrminate .dJunctlo vihra'i"" ond lhallhe b<:~llhi"g10
do i' '10 box lhe machine ;n' if ii' noi'" i,exce"i"e

Apan from thC n<)iS" crca'N b) indUStrial Je" and hlow-off ..ol.,c., m",'
c.el:SS""c noi'" occurs a. a ~SUll of ,harp impact, Of di«:ontinuiti'" in lhe
machine 'Y'lem, and in ,.ch ea"--",, ,urpr;,ingly ,imple law, C"~n be enuncialed
(Richard, ~'<lI.. 1919a, N79b, 11Ill1) '" hlch c.n be ,er\ helpful '0 mach mer)"
designCr< .. ho do nO! w,sh 10 ooncern Ihem>eh'es ,"';lb very e1aborale
compulal;on, ("'hieh a, oftcn a, nol jU'1 SlOp 'hort of being realiSlic) bUI "'00.
ne'erlhele", need b",ic di.gnoslic rule, to tdllhcm .. hcthcr lhcy arc mo'ing
acoustic.lly in thc dirOXlion of quiclnc" in thcir m"chin" design work.

Thc first rule of m""h,nery noise ronlrol i. 'vihrahon ""cb ils own plI1n,
a..'ay from thc source', Thu" reduclion of machi...,ry noi'" becomc. d,fficuJI.
lhe further lhc trUtml:nl i' from lhe source,

The "'cond rule 10 >lale i'lha, nO'>e melCr< arC. in m<"ll e;t<Cs, integrat"rsof
noi'" energy N'Cr ,hon peri<xk of a "'cond or less and lhat lbe noise le"el
measured from repet;li~e ,mpllct mach,ne~ will be !hC ",mC a, that measured
scientifically by an integraling dosemeter for a ,ingle impact and rorT(;C1N for
thc number of im!",",s p<:r "'cond. Thu', from an engineering design polnl "f
~icw. 11 is oflen more sen,ihlc 10 prcd,(;l 'he "oi:l<: (maoaloog from ~

.171
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,ingle-machine cyde (sioce lhis ",Ia'e, direOI) !O the maehioe p'oc<:ss) aod 10
<o"eo fo' lhe ,epclilion ,ale,

The lhi'd ,ule arises f,om lhe facl lhal 'he radialed noIse enc'g} PC' evenl
consi". baSlcall)' of lwO compooen's (figure 15.1). 'hal ari,mg flOm lhe
!fanSlcn, or forced mOl'on a,,,,",,alcd "'lh 'he "o'k p'oc<:s< and ,I< lime h,,,Of)
(aceele'a'ion no'se). lhe mhe, (,inging noise) a,i,ing from 'he facl lhal lhe
,',b,alional crle'g) lell to 'hc machinc afle, il has donc ", wo,k muS! be
d,,,,ipa'ed e'lher a' hea' (,nlc,nal .tampmg) 0' '" rad,.led ""und (acou'li<
damp,ng). The aim mu>! therefo'e be 10 maxim,ze 1M fi"', and min,mizc Ihe
,"",ond.

15.2 ACn;U:RATION NOlS~:

De.ling fim of all w'ilh """"Ic,alion noise (" hich oftcn delerminc. lhe
inSlanlaorou, peah) " has been ,"""'n (R;"hards or ul. 1979a) rhal a bod)

com,ng 10 '5t ,n"anlaneou,ly ,adiale. inlo lhe fa' field an amounl of ene'g)'
equal 1o half lhat in a bag of ai'ofthe same shape lravelling allhe same ,n"ial
.peed. Thi. i' a maximum and il fall. off "'ith lhe lime ofdecele,al'on. Jndeed a
maSlc, cu,,"'e (Figu,e J5,2) can be d,awn of thc aClual acouSlic cnc'gl 'adialed
a, a fT.ction of lhi' max, mum again>! lhe d",a""e ,h.. "aos,en, $QUnd "'",e
lra>'el. during lhe impacl I;mc a. a f,aclion of lhe body .ize /) • rt..I,·ol' '., h ..
'hc,ef",e possible 10 p,ed"l lomilS of acccler31Km ""is< f,om Such bodic. a.
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for ,h. classical case of twO sphere. imp;>C'ling On uch other. the thwretic.l
CUf'" agr.eing excellonlly ..'ill'l lhe actual m.",ured noise for different
geometries. The maximized run', pro,-ide. a 5.alisfaC10T}" guide to [he
amplitude of ,h. acceleration noise. onCe 'he impact lime and velocity arC
kno"'n.

15.3 R!)liGING NOISE

It ha" alw been ,hown (Richards., al. 1mb) Ihal On bodies of less solidity
,,-hieh ha,'. one or two dim~ns;ons much gr~at~' than th~ thi'd. slow bending



"oat PoJlur'Qf1

\1"1I.\~~ elln lak~ Ih~ \I,'ork energy away from the work area,lea"ing the machine
afler impact in a slate of considerable \ibralion, Under thelot ci,cumstance'.
acceleration nO;lot is less impor1.mlhan lhe noilot radiated during thi' ringIng
phase, and the problem of noise pred,ct;"n cease, to be related directly 10 the
inilial impact. bullO lhe amOunt of energy slOred as "ibration and lhe fraction
Oflhi, 'adiated as sound

For a "ery poorl~' damped structure. all thi' energy E i' "dialed acouStically
(i.e .. E,od - E~). but On mOSt fab'i<:ated m.chinery lhe majonl) of the
\'ibralional energy i' absorbed a, heat, lea\ing onl)' a 'mall remainder E,..J to
be radiated aoouslIc.Il)' This muSl otn'iou,I~' depend upon lhe eff;c;enc.' of
acoustIc radiation <I,.... the ,truclur.1 damping faCH)' ~•. and the bulkiness. d.
of lhe machine (otn'iou'l) damping depend, upon "olume. rad""on upon
'urface mm'cmem! j,

The ,atio of that energy radiated as sound to 'he ene'H entenng 'he machine
a, vihral;"n at frequene~1can be \...illen simpl) for steel strueture' (Richard>.,
~I.. 1981) in thdo,m

"here d i. an a\'erage thickn .... tn centimetre•. For undamped \lruclure,.
E,...(O _ E"",.",,(f) and" e need only ev.lu.'e E,~,_(f) in any' frequency band
10 e"abli,h E"",(f) in the same b.andwidlh. In mosl fabricated m.ch,ne<. 0,.. is
,mall at low frequenci... and lhere i' no great"'" of generalil) in "'ril;ng

<J",,(f)
E....,<!J - E.~,,<!J ~ I 17~.</ f

Of in Iogarilhmi<: form and correcting for lhe A "eighling ,,'ilh frequeney.

L.,,,(AI(j)I,ln _ IH log E,,~ "flc".,ll - Wlog (, oj-

T"," """'I'"
<""r1' I",",,,""'",,

o<.f""""",,,,NI,"""
f>:r "ont

IAOr"")
-+ 10 log -,-

A ~.,,'t";

,oJ f,<q
"'"~1'" ",,0'
•..t,,,",,,
_('<OJ
,rr""""

10 log 'I.
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",,,t '0
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Imp",' Muehin"y N,,;sr _ T'redic/ton and Control

ISA NOISE RHWCTION: DI::SIGN CHA:"iG.;S

If th~ "'uctur~ IS y~,~' lightl\ damped th~ noi'" ~nergy and the "ibrational
energ\ arc the ..me (i,e .. "e can ignore all but thc fi~, t"" tenns. and the
probkm of noi... redueli"n cqua'os to 'ha' of reduc,ng 'he vibrational energy
kft,n the machme af'er impact or fr3Cture), M"'t machinery ,truelure, are
fabricated and rontain a significant degrce <>f "'Uelural damping; under .uch
cireum,tanc... noise ,~duelion in an\ f,equency band require, the modifica·
tion of one or ""'cral of the terms in the .oo"e cquatwn. Thu,. noise redueli"n
can re,ult from a rcduction in thc quantlll E,.~,_,. ,n reducing 'he mod,fied
radiation elf"ienc\ term Au,...!. allo"an"" being mad<: for ooth thc cffcc"
of A·"cighting and kngth of "nglOg. \n ,ncrea<lng th~ damp,ng focto' 'I. 0' in
increaSIng 'he th;"\;nc<s ',r (i.c . in making the structure more ·solid·).

Figure 15.3 shows the ,.Iu", of 10 log Au".)!for plate<. solid, and rods or
beam' ohanou.t)'pical suO', It is 3 recogni>ed characteristic in all these curw,
,ha, the~ peak a, frcqucnCl~' "h"h dcpend upon >Sle. Or cr",vscct,onal
dimensions. and that it i' ob'iousl\ "';sc to keep the' ibrational encrgy;n the
'lSlem 10 frequencies "ell belo" Or "ell aoo,e these ,alucs. Indeed. 'he
proce" of optimization of noise control can be illustrated in thc diagram shown
as Figure 15.4, As at 3n~ frequcnC)'. logarithmic add"ion, are equivalent to
multiplication. "herea. the energ\ in cach frequenc\ band i. summe<! hncarl\
to ohtain the total L.,,(A). thc procc'S of noise reduction muSt reduce to that of
m".matching of fr~qu~ncicsas much 3< that of redUCIng £"",,,,,,,_ and ,,,,,rea<lng
the damping coefficient 'i"

Figure 15,5 show, a form of hu,').du') ronlain~rOr hin in which all 'hcse
terms ha"e becn reduced comparcd "'ith thcrsc occurring in a heavy standard
Sleel ron'ainer, The reduction in L,"(Aj '" obtained i,:?9 dB(A) equi"alent
roughl, 10 a reduct,on ,n rad\3ted noi.. en~r~' 10 a one·thousandth of 'he
original figure for the ..me' elocit\ of drop.

Thi' formation of the relationship between noise and "ibrat,un hclps
cons,derabl~' ,n 'he process of unde~'and;ngexact I}' how the noi... energ\ i,
ereated by a machine. and pum,,, us to ,"dicat~ th~ hm,t, of noi", reduction
achie' able b\' practical d..ign changes

For exampl~. \n the case referred to at the beginning of this ehapter of the noise
from a good gea'-train producing OS linle a, 10-' to 10-' of i15
throughput ener~' as noise. "'e con 00'" break this do" n to a progr~<s,,'~ study
of the fraction of the throughput energ)" going into ";bration and of that. the
fraction going into noise, Depend,ng upon thc quali,)" of manufaeture. loading.
WCar of a gear. for example. ",me 10- 2 to 10--' of Ihe energy pa<s,ng
through the gear is dISsipated as "jbrational energy of which only aoout
IO- L to 10-2 is in the ffC~uenC\ range which radiates SOund
effitienl1y. Of th'S 10·' to 10-' "'bral1onal ern:rgy. mOSt of it goes
into heal. only a small fraction going ,nto sound. for hard impa,,",s this fraction
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'"Figure lS,3 Tb<' ,-.ri.,"'n of 'mod,fied radi.tion df>cieOC\' of
"anous bod"" plat« and beam, ..-"h f,.q<le"'Y. (.) o..cillat,ng
bodi..: (b) Cirrutaf ""Ii"""" on lIe.u..1..bration: (<:) 12.7 mm
th,<;k >qu,,, pl.,e >imply 'ul'f'Oned

of the vibration.] energy con.'ene<! into .cousti<:al energy in the frequen<:y
range in "'hi<:h radiation is efflCicnl i' lIl. 7d'l/. i.e .. about 10-2 at ] kHz and if
'I. - 0.1. Thu•. 1O-·to 10-1oflhe tran,m;ned energy i'turned into fOund.
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Fopre 15.5 W",'en ";11.0,.

T0 r.due. !hi,. we need '0 'educ<: Ihe ,",Mratlon .,citalion lewl and Ihe
fra<:lion of this contained in the frequen9 range in "hien high radiation
efficiene~ ocCurs, we need ,n ,"""u>c the "ruClu'al dampIng. i.c .. Ihc fraC1ion
"hieh goe' '010 heat ~, oPP""'d to >ound and" e need to pro' ide a, much bulk
a, possible. i.e .. as low. <un."" ,inralion le'-c] a< po<sil1l•. Thus gear noise can
boe reduced b; pro\ld\ng good meshIng under k»cl and 'n) hltte WCUL 'he
fructlon of "hral;oo in the high frequenq range i' decreased b~' reducing the



'harpness of impan, either by using spiral gears. a wide low'I}' loaded gear. or
by usmg a softer non-metallic material.

The noise from rhe casing can be reduced by pre.'enring Ihe sharply
nurtualing loads from reaching it. i.e" by using soft and damped bushes. b\
rhickening rhe casing rro:ss section near the bearinp. and by adding "ructural
dampIng ro 'he casing. An indication of Ihis change is show'n In Figure 15.6
from work by Opitz,
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15.5 NOISE A....D ITS RELATION TO FORCE DERIVATlVr.s

The seoond usefullorm for the above relationship be''''een noise and \'ibra,ion
"hen no metal deformation occurs is obtained by replacing Ihe firsl IwO term,
(i,e .. the expression lor 10 log E.......). by an expression for the work done b\'
the applied external force during the impacl. This can be put into the form of
a (fol'«)' tim.. a "ruCiural mobility or more usefully lrom a diagnostic point
of ,'iew in the form 01 the "luare of the rate of change olIoI'« multiplied by a
rele,'ant po,nt r<ceptance rerm In thi, form. 'he equation for the A·weighted
noise radiated per second lakes the form

L..(A.f. Af) - 10 log \ .... 10 log [ rtf)'] ... 10 log Re[H;]
A~~ AI

... 10 log -- ~ 10 log ~. - 10 log d - 10 log - ... Constant
f t
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N is th number of impa Is r·~ erld. l U)l: il tin impul hapinerm
which \1 ill depend in magnitude of the quare of lh 'um f th rate rchang
of force, and Re[H(j)tj] is the imaginary part of the mucrure re ponse
term 3. a poinr and is de med In [h~ re.qu Iley phlle by if) = H(f) . Fif).
Thus a t~'pic In ise spectrum "ill be made up of he variou lcnllS Iypi IIj'
howl1 in FigUI 1-.7.
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Punch P",..

II can be shown ,hat the <ate of change of force Qttu,nng during Ihe fracture
proce.. on a punch pre" i' nol sufficiently impul,;" 10 allow uS '0 aSSume that
Ihe term F' (f)' '. ron'tanl ""Ih r"''lueocy at lhe frequency at which Ihe
'modififfi' radiation efficiency is a1 a maximum. but Ihal IF' WI' can be so
considered. E"cnsco (E"enloen. 1980) 'hows that Ihe magnitude of ,his temt can
be equaled to if':'", (t) where f(r) is the fOfOe being e.ured b~' the punch at an;
lime,. and that 'hl' oonsi't' of a series of impulses """"i'le<! "'jlh the .'arious
impacts occurring during the operalion. For an}' machine in which there is no
rn<><,hfication of grome'T)' or damp,ng but a change onl,- oflO01ing or workpiece
thIckness (and henee of the rat .. of change of force in the punch). the L", per
event (orthc sound-pressure le"el for a fixed punch rare) is gi'en hy

SPL - £ + 10 10iI ~lf...,(1)1' - £ + Li

The methods a'-ailable to u, to reduce the rate of ch~nge of force arc m~ny,

ind udi ng reducing the punch penetrat io n to m, n, mizc the<t rain energy lell in the
punch area as fTacture occurs. using. sheared punch to incrc""" 'he gradualncs'
of the fraClure, using a lo..'er percentage dearance to increase the amount of
cutting and reducing the thickne.. of fraClure. using an eccentric die to "ar) the
percentage clearance around the punch. couphng punching ..ith coining. or
prO>'iding hydraulically an equal and opposne foree de'" ame '0 the machine at

points a. near to the punch as possible
That allth=technique.can be used topro'-ide noise reduction. i••hown in

Figure 15 II .. hieh contain. poin,. associated wilh diffe'en, material hardness.
differentthicknesse•. different percentage dearance•. diffe,ent eccentricities
and differell1.oo1 penetrat,on II m.~- be seen that the measured o'.rall noise
le'-el. (aggregated into a dB(A) 100el) .. a funCllOn onl' of the measured~..... (,)
and that the .tandard de,'iation from a cu"e "ith .Iope of I ,02 (compared with
"predictable un,ty) is only ±1.2 dB(A) This fact gi\c< us confidene. ,n
a..uming that any machine-tool modificatiOn which lo..e" the sharp rates of
change of force ,,'ill reduce noise prediClably. and thatthi." ill be true. nO! onl!
of impact force deri"ati,-.. associated with punch mechanisms. bur also those
associated w,th in\Crn.1 backlaSh Or o.her mechanism. ,,'hich pro"ide sharp
metal·to-metal impaCls in handling or manipUlatiOn of m.'erial•. This gener.1
rondusion i. clearly applicable to,"'aging machine<. cru.hing mach,nes .•hullie
mechan"ms, con"eyor S)'SlCm, and a host of machines in'oh'ingdaner ofcan•.
Slampingand cuning

Diesel Engme

The third nampk consists of noise radiated from a diesel eng,ne .. ith its
complicated structure. and One u-hich ;s difficult to di\-CuS. in simple terms
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Apart r",m In. Mj", .m~nal;ngfrom lh,'c,hau,t and from the fan or fu~1 pump.
In,' pred"min"l;ng ""i,c ar;",,' from ''''0 hu"c mc,h,m"m,. th" "ibration caused
h) the sharp incf~a,., In qlindcr p,c!;Sure "hen lhc fuel alre"d~' in the
C) ]jnd~r ignite.. and lhal "hieh folio..', lh~ sharp pISton <lap occurring "'hen
the side-load on lhe piston cause';1 to impact on the cylinder "all liners,

Looking at Ih~ .arious ",m< in 'he aho'c equation. the pccssu,e in lh.
qlind~r can IJ" mea,ured and the 'alu~ of F If)' can be rompMd bolh
;1\ magnitude and ilS spe<'tral shape. In fact. it fall' approximately al a rale of
IOdB per decade of inc..a.. ;n frequency and lhe response of the ilruCture to
Ihe c~linde, pressure will al", be expected to fall al betv.'een 10 and 15 dB per
de<;ade.

Thus ,.e can e']>crt an L«; (j) ipeClrUm "hich w;1I reOect the shape of 10
k'g A ",.Jfhul "ith a do"'n"'ard lilt of boetween 20 and 25 dB per decade.

Modelling Ihe c~ljnde, block reipecli,-ely as a ,ibrallng ",lid bod~. as a
plate ;n a small balne. and as a long c~\inder gi.'es ,-ibration< of 10 log
A",.d! wl1kh all l1a,e one lhing in Common. a gradu.1 growlh to a
frequenq dependent upon Ihe size. and a subsequent fall-<>ff of 10 dB pe.
decade' Figure 15.12 ,ho".. lhe.. spectral eurye. skev.'ed b)' n dB per
frequency decade. togethe, wllh an e.penmental measU'ement of the noise
from an engine of the size unde. consideration. It may be seen lhat the



-110 ~

'00

"

/
/

/

,=_r.. ".00 ..............,..,l>j+0?2 ~n

'""'-"" to 0.__"*"",,,
- Oo<''OI.no Od,O 0<>:1,___.rona.< ., "."...
---. $o<l'I<>Ij _to ..

Fi~",c IS.U

..timated .hape and that measured is qualitati,'c1)' the same and that ",me
simple les.s<:>ns can be learnt.

Fir>t. it is dear that the hasic approach to noi'" reduction must consist (al
of smoothing outlhe sharpness of Ihe pressure jump with time. (h) that the
lon~troke engine ..'ill ha"e the 10"'eS! inlernal ~hndcr area and conoequen·
tly the lOweSt fon.e 10 excite the upper engine. (c) Ihal metal should be uoed
oplimall)' 10 prevenl an~' surface area from car!)'ing excessive ,urface
vibration. and (d) tfte addilion of internal damping is ad"antageous, A\ltheoe
technique. are used in modem deSIgn. logether with the uSC of complete
isolated CO"e" over highl)' vibtating .urf...... and the usc of light limp ,,,,Iated
lm\.·er frame cove" even though tfte)' can accept 10.. frequency vibration

15.6 CO:-;CI.USIO'"

The lewms 10 be learnt from th,. formulation are man)'. but can be li'led for
con"enience as follm\.'s:

(a) The "ibration I"'elleft in the structu'e ..·ill '-a~' as some funelion of the
rate of change of force. so that the strongest noise reduction technique
"'ailahle to us is to reduce[ ....(/) to a minimum.

(b) If the machine prOttS! requires a lalge rate of change of force. Ihis
should be arranged, by the usc of resilient ,nsellS. to reach as lillie of Ihe
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highly radiall\e surfaces a~ possible so as to decouple in frequency the
peaks in lO log r (f)' and 10 log Ao,"';f.

(c) The damping term to log ~, should be maxjmi~ed, but in "iew of the
con$i~rable damping already occurring in fabricated structur.,.. large
in<:reases are necessary to achie"e significant reductions.

(d) D<:pending upon siu, to log Ao""'t ",11 peak between goo and 2.000
Hz. It is imp<>nant to pre"ent high-Ie"el "ibrations occurring at tb.,..,
frequenci"'. Thus softening the impact to e.cite frequencies out of the
range of such ma.<ima should be aimed a,

(e) Wallthick~ts often determined by requirements of stress le'·el. and
stiffness requirements. It can be shown lhat some configurations. "hile
providing adequate stiffness for "'ork accuracy. are ne"ertheless too thin
and frail for good noise control.
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CHAPTER 16

Building Noise COlltrol: The Main Problems,
A vailable Technology and Future Trends

T"EOOOREJ, SclwLT7

16.1 I:»'TRODUCTION

When lhe iubjeet of ooiS" pollution ii dii<u<$ed, people generally lhink of lhe
ooi<;<:5 of lranspona(ion. building conslruetioo and indul1ry. Such noi<;<:s
ob"iously slrongly impact th~ poople "ho are outdC>l>f'< ""lh lhest: sources;
bm such noiS" also ponClral'" inm dwellingi and olfice buildingi 10 dislurb
Iheir <><;cupant<. In addit,on. Ihere are ,ndC>l>r sources of noi<;<: Ihal have hnle
effecl on people outdoo~ bullhal con"ilule a source of ..,rious di>lurNince
and anno)'ance 10 people "ilhin Ihe d"'elling Or office.

Thus. building noi.., control is c1earl)' a filling mailer for discussion in Ihe
conlexi of noise poJlunolt. Indud. "-e are quile accuslomed 10 soh-ing
Ie<:linieal building acouslics problems and reponing Ihe resulti al iymposia and
CQngr=sCQnacmed w,lh noi<;e p<llluli'm

But il i' imponanlto realize thaI there are major acoustical problem, Ihal do
no, n«e<sarily nttd 'echnl)/ogical Wlu,ioni. and. In my "iew. Ihe ma,n
problem, In building acousli'" loday rail inm Ihal calegoT)'. The ne",,<sary
lechnology already exi!1< to cope with masl bu,lding acousliC'! problemi. al
leaS! in Ihe indu!lrialized counaies, (Newman <I al.• U,S, Dept. of Health.
1975: Beranek, 1971; Doc:Il<. 1972). The real pfoblem is how 10 awl)-lhal
Ie<:hnology effeeti'-ely.

We should. Iherefore. porhaps. be speaking not olle.hni.al aoou!IU:s. bul of
POlilical acouslics and social acouslics. llecau.., Ihe roule 10 successful
aehie'-emenl of an impro"ed aCQustical environmenl in buildings p.a!5oC!i
Ihrough Ihe realms of polili"" and social concern.

IIU THE MAIN PROBLEM: FIRST.QRDER SOLlJTIONS 1'0
FlRST.QRDER PROBLEMS

Like air and ,,'aler pollulWn. noise pollurion comeS moslll' from ha,'ing made
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particular technological choict~ without lulll considering their impact on
people ,,'110 have 10 ]i,'e wilh them, Technolog).. 10 dale, has typicallj' advanced
by salisfying 'fil"\t.()rde' needs Wilh 'first.ord•• sotulions--for exam pl.,
CTealing n.nsport.,ion facilities (lhe automobile and lhe high""'j' syslem) to
increase our mobililY _Such conv.ntion.1 'first.()nJ.' SOlutions ha'-e gr.du.lly
COme 10 defeat the purposes lOT which lh.y were made: "'.• no.... h••·• lr.ffic
congeSlion instead ofmobility, .nd we also ha"e air .nd noise pollution •• "'ell,
Specific problems ha"e been considered in isolation, rather lhan anlicipaling
the sociological .Ifect< of thc SOIUlion: il h'" simply buill s~'st.ms, ralh.r lhan
designing lhem "ith .n awaren... of lheir potential impact on society,

So long'" "e auend onl~' 10 firsl.()rder solulJons, our technology i. d.arly
nol SO adv.nced a, we h"'e sometimes boasted

Now, ....ilh respect 10 noise, we bo.'e .11 r••d of 'he de"imenlal .ffeclS of
;nlrusive noise on our heallh .nd "'elfare and lher. is no do-ubt ,h", in lhe long
run, these repeate<J intrusions g.ner.t. in lhe community lhe helpless feeling
thaI somelhing 01 gr.,' ".IUe----lhe quaHtj' of the environment. lhe righl 10
quielenjoyment of our home" .nd the "alue of our r..idenlial propeny--has
been t.ken away from uS by 'wm.bodj dse', who cannol cven be id.ntified
and blame<J or enjoined 10 SlOp ltle disturb.ances: ..... find O\Irsel"e' "ictimized
by 'lhe sy.,em',

These romm.nts .r. rel.v.nt 10 the noise problems of the ,ndust"ah"ed
counlries of the "'orld, where the f.cts arc already a mailer of hi.lOry, After
j'ears of heedl.... pollution, sev.ral count"eS are lUSl beglnn,ng 10 achieve
effecliv. control of en,'ironment.1 noise,

To those of uS who ha,. li,.d lhmugh wmc of th.se prohlem" .nd ""ho
hope to ha,'e learne<J ,h., prudence .nd rem.int .re necessary ""ith resJlCCllo
,nsults 10 th. en"ironment, it i. diSlress;ng tose. the same mist.kes repe.ted in
lhe dc.'(:Ioping ,ndu,'''al countries and moslly for th. same re.sons

In 'he de. eloping prt-indusuial countries, mailers arc worse still. Building
iwlation i. leehnically .Imosl impossible in tropical coumries ....heTe n.,ural
""ntilation i. lhe rule Moreo•• r, molivallOn for noise ab.lemenl " non-..xi...
tenl ,n the f.... of po"eny and overpopulalion,

Acoustical ..,cnus," from <ome nf lhe lk.eloprng wunlri.. hav" JUs, begun
speak of lhese m.ners (for example. in the recem Tenth leA' ,n Sydney

(1980), .nd " is dear ,h.,their problems are "ery gfeal, inlked,
The question, as usual, is one of moti"ation .., economy_ 'The contraSt IS

between socie"es lhal .re comfortably housed and ",,'.rled .nd those ,h., are
ill-housed and h"ing in po"Crty and hunger. Inadequat. pri,,"cy bel",'.en
d....ellings is not ,mportanl when thrce or four families .r. hving in a SIngle
~m.

Only a polilician or • sociologlSl, can wl,'e lhat kind of problem, Instead, "'e
""ill deal ... ith <ome acoustical problems for which ". can begiu to glimpse lhe



SOlution~. oop1ng thatth~ day will rom~ wh~n ".., ",11 learn more from hi'lOT)
than that h;slOry leaches uS nothing. I am concerned prim.fil}' with the impact
of noise in Our dw~l1ings

16.3 PRIVACY AS AN AME~ITY

'Of all the complaints own~f$ throughout th~ roun,,} hur ahout post"'ar
apanm~nls. lack of soundproofing h~ads lh~ Ii" most frequ~ntl}'. Th~re ;sn't
c"~n a close oecond' (Symp03ium On Noise In Multifamily Dk·elling., New
York, May 1%3) (Rose. I~)_

'Major propeny manag~mcnt firms r~port that noise transmission i. one of
the most selious problems facing managers of apanm~nt buildings throughout
the country_ Managers and owners of apanmenlS ,eadily admit that market
resistance;s not only incr~..ing .. a result of ~xce..i'·e noise transmission but
also that lack of arou~licalp"..aICy and noise ""ntrol are lhe grUt.,., drawbaICks
10 apanm~n' living,' (Harold B. Fing~r, Assistant Secreta'1' for R...,arch and
TC<'hnology. H UD' , in a Symposi"m on tir" Performance ConlCep' in 8uilding•.
Philad~lph;a.May 1972) (U.S. Ikpt. ofComm~=.1972).

'No longer oan noise p,obl~ms only be associated with low-incom~

apanment unilS, According to the F~deralliouSlng Administration, both \mo.'
and hIgh Incom~ apartment building residents 'egister ,he same number of
complain" about bolher·som~ noise.' (C",imo Caeca"ari. U.5. En,'ironm~n

tal Pro'e<ct;on Agency. in NOISEXPO, Chicago, 1980) (Caeca.'ari et ai., 1980).
This "'riousness of noi.., intruSIon and I.<ck of pri'-aC)' in dwellings has thuS

he<cn e,'iden( for more th.n a decade and in lh~ U.S.A. there has been a
mO\em~nt to do som~lhlng abou' the noise. This has invohed the United
Nalions. the Federal, Stat~ and local go"ernm~n's. as "en as SCle""•. indus,,) .
tile I~gal profession and <c;'i:«:ns. However. lhe .am~ issue remain' imponant
in the 19111Ts.

It is not a ""... mo,-ement; the i"ue. wcre known and "idely discussed tn Ih~

1960', and early 197Crs_ In the absence of substantial progr~ss, th~ same issue,
remain important in the 1980',_

16.~ HQWTO ACHIEVE: I'RIVAC\' nW-'1 SOlS.:

The first dIfficulty lies in the dual nature of urban noi...

I. It ""ts a. a pollutant. an undesired product of som~bodyelse·, a<1i,'i'y th.t
impose. a ooot upon third parliC$ "'00 are nOt panners to the action and may
rece,,-e no direct benefit from it.

Markel forces alone. al present. are not strong ~nough to restrain the
productrs of unwanted noise: the,efo,"". the control of these nois}' ""ti.'iti~.
i, usuall}' assumed to lie in the public domain. Unfortunatc!y. regulatOr)
action against noise pollution i~ .Iow in finding liS Wa) into law,

.•"""'''* .... U"'". D<v<lopm<nt
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2. On the other hand, urban noi\./! ha$ a desirable effect: namely. the

continuous 1o'" hum of traffic and '-.ntilarion nQiSl: provides a neutral
aCOUSTic background thai helps mask out undesired ;mnmi"ent inlru...
ions. such as aulo horns. neighbour$' speech. TV. radio. elc. Without this
continuous background of 'acoustic perfume", it would be quite beyond
Qur luhnieal capability to provide p'i'"ilC}' in multifamily dwellings at a
cost "'C can afford.

We immedialel~' see lhallhe ta,k of noise abatement is delicate: ""C do
not da,.., simply to .radicate lb. noise (e'-en if we could). Instead. we
muM control it. bring il into balance. and manipulate ;\ (0 ""...... our
pur'j)O$C$_

The technical reader ",It oi)s(ryc that this is • Statement of a technical
arouSli", problem. As such. he is likely prcpartd 10 understand the balance
be:'''''een noise control and b.ckground noi"" ,h., is required.

Su' 'I)' pUlling th,s in,o the frame"'ork of poli'ical and social acoustics. The
image is not nurly ,·i.id enough111 a goal can be: simply·S1ated. it i. easy '0
persuade people (or the;r repr<'$Cn,ati"es or the press) to suppon 'he project:
·Cu' 00v0l1that 'ree·: 'Suild a bridge across a ri>·u'. 11 i. impossible to win
suppon '0 cu, a ,r« down. but nOt all 'he wa)·: '0 build a bridge alnum to 'he
o'her side of 'he ri"er! II i' equally difficullto ge' agr«ment on 'he question
of ho'" much noise. lind ,.·hich noise, must go,

We a", presen'ed with a double problem. The increase in population ;n
urban centres means mOre and more noisy ac,;vi'Y. For this reason alone, we
need to improve the sound anenua';on of au/ing CO"'truct;on. in order to
p",,,,,,"'e 'he pr<'$Cnt standard' of comlon. such as ,hey are. Sut, a'the $.Ome
'ime we mUS' provide sro,.,ng numbe:rs of people w;'h ...... housing. designed
for be:ueT wund ;sola,;on and hopefully <:os'ing and weighing less, The'" are
traditionally inrompalible objeeti"es: it is "ery hard '0 circumvent 'he
acouSlical mass law ,.hkh sa)'S, 'Increa",d sound isola,;"n requires grealer
mas."

HowC"er. out most pressing need is nOt for no"el technical production
methods nor for magic ne"" ma'erials. bu, ra'her for the proptr appl~,/ionof
e.i.,ing. tradi'ional method. of building. The ",.SOnS arc ,hese:

(i) Considera,ions o'her 'h.n acoustics arc gi"en priori,y in determining
the basic 'ype of building structure. 'he method of assembly.•nd even
the surface finishing maleri.I•.

(ii) E"en if 'he acouSl,eal "'quirements lI....e be:en con.idcred early in the
building design .nd suitable noi'" con,rol struc'ures ha"e bc:en
",Iected. a struc'ure ,h., i. acoustic.lly good in it"'lf c.n bc: ,poiled by
failure '0 work out 'he archi,ec'ural de'ails carefully so that ·leaks· and
·n.nking transmiss;"n· do no, bY'pass 'he intrin.ic iwl..;"n tha' 'he
"ructure c.n po,en'ially achiC"e.



(IIi) E,'~n though the archit~cI has ch<:>s«n awu~lIcally good building
ron'lruclions and ha~ dnelopcd d~tail< Ihal a'-oid nanking uan.mi,
.ion. th~ ulumat~ WCC~SIlof th~ buildIng d~JXnds on the "ork of men
"'l1h no kno"ledge of. and no inter"'t in. acoustical problem" Ih~

wntraClor and indi,-idual tr.de, JXopl~-
Carpcnte~ .nd plumbe~ do not ·think arousticallj·. Thcy m.)' be

rount~d upon to introduce on·.ile change. from the >pcclfied ron~1fUC

tion lor any number of r~aSOnS; habit. JXrsonal ron' enience. cost-sa"
ing,. una'-ailability of sJXcifi~d mate.ial,_ <impl~ ignorance or nagrant
Indilfcr~nc~. Though th~se chang~, maj apJXar harmless to the
workm~n, they frequently undermine rhc arou~lical d~.ign of the
building.

16.5 BUlL.IlI:>iG CODF.-S AS A ~1t:A"SOf m:AU"G WITH THE
'\\AI" PROBLEM

No amount 01 ingenUIty' in th~ ~"~Iopm~nl 01 no'el building technique, and
new acou'tical male rials will transcend ,his prohlem of unrhlnkmg ron'lrunion
worke~_ No break Ihrough in acou'lical isolation mel hod' will be of an)' use
"hate"er. unless a rorrespondlng break Ihrough i~ made ,n assuring ron,lant
anent ion 10 ronstruellon de,"il~ and ronllnuou._ efleeti' e on-~ite ,upe,,'i,ion,
No man~. what ron'truclion lechnique, and material' are used. an essen",1
~Iep 1O"'ard impro'-ing noise ;solorion on d"elhngs w,U be ro pe.'\Uad~

Contra<-ro~_ bUllde~. and "ad~s people of the ~_,,,em~ \mpo'lanc~ of Ihe
~tall. of proper ron.truClion. and also 10 moti'ale lhem 10 acrepl lhe
re,pon,ibililj' for belter .upe,,'i,ion during roomuct;on

Unde, Ih~ present sel_up of lhe buildIng construe"on mdus") (alle.,1 in Ih~

Uniled Stal ... ) thi' lan~r break through seem, unlikelj 10 occur in response 10
market demands alone_ Teo ~ea" a~o_ it was, sellcr's marke' in 'he bUIldIng
conmuction Industr)'; hou"ng "'as nceded too badh for the ron.umer 10 be
"et) erilieal of ~ta;l. ,uch as noise isolation

Nowad.),s_ an,.,hing thaI adds 10 Ih~ cO<t of 'he bUIldIng ",11 be sc.utlnized
"ery critically before being appro'od Clcarl~. it will not be easy. in ,his
almosphere_ '0 .\tr.ct 'he attention of Ihe housing ronmuetion induSIT) 10
acousllcal ma1!e~_
Th~ que'lion, rai ...d here ar. n01 t~chnlCal but social; and, since the

problem, are far-reaching. lheir solulion, ("hen th.~ rome) will h..e
profound social consequence'_ The~' will require one or Ihe olher of t"'O dras'ic
chang... in th~ building ;ndu~I":

I. A thorough'going r.-educalion and mol,,'al,on of Ih~ conuaClO" and
(fadeS m,-olyed in on-site ronmuet;on. 10 require th.m to take as muoh care
10 achle"ing adequale nO'se ,sol.lton as 'hey do nO\< 10 pro,',dlng su,tabl)



NDiM Poilur'(H1

strong struC1ures and adequale healing and plumbing, Such an approach
implies a major change in Our handling of llQise conlrol in building rode~,

2. The dMign. from lhe beginning. of complete and mOS' prefabricate<!
housing S}'SlemS "'ith final a...,mbl) procedures SO simple al>d foolproof a.
10 be practical for unskilled labour in lhe field; lhe noise isolalion musl be
'buill in',

The scrond choice seems feasible 10 organize on a large scale under purely
commercial mOl",ation The scl>cme i.~' nO m..ns unheard of: in fact. the
foundalions alread) exisl in lhe 'mobile home' induslry, These are ex
perimcntal 'apartmen! houscs' buill in Ihe SOuthern Unile<! Sial"" by stacking
housc trailers into a suilable struclural frame"'ork lhal include< p"...-ision for
elecnical and plumbing facilili", as well as a"""" stai""aY',

This approach would ent.il. howe,·er. a 'er) significant social change.
namely. lhe ullimate transilion in lhe building construe' ion trade from a local
'craft indu,,')'- to more-or_less centraliud machine prod""lion,

For ll>e Iitn<' bemg. a moee practical awrooch is til<- fim cl>oitt: lhe adopt>:>n
and the effeeti"e enforcement of TKH<e OOOlroi rcquiremcnl$ in OUr ooikling codes,

Sueh requirements are Included in lhe building rode< of a number of
rountrie~.particularl}' in Europe. hut unfortunately lhe<e requirements do nOl
pre"enl complainls of ioadequate privacy from lhe lenants of lhe buildings to
"hich lhe rode' appl}'. Figure 16.1 shows lhe means of building rode
enforument in Europe: routine lesl~ in the finished buildings (see line 6) are
uncommon. exupt in Wesl Germany "'hen G",'ernmenlloans are invoh'e<!,

For a number of European rounlries. there is a discouraging record offailure
"hich can be expected when no special incenli"es are offered 10 encourage lhe
effeeli"e enforcement of building noise control. Line 3 shows lhe typical failure
rate<,

The main lrouble comesduringcomlruction... he,e poo,ly executed de,alls
of a\S(mbly allo.. <erious flanking Iran.mission and sound leak._

The oUllook i. brighlened somc.. hal b) recent dala from lhe Nelherland$
(,'an Os. 1981), Bolh in 1973174 and in 1979!&J large-scale field-t"'t
programmes ..·.re carried oul measuring lhe sound in.ulation in dwellings; lhc
percentages of lests lhal mel lhe Dutcb minimum requirement for ai'borne
sound insulalion "'ere a. follow",

Belw..n li"ing rooms:
Bel"'een s1~eping room.

197374
29%
21%

1979 80
00%

"'"
E"idenlly. a ,-igowu, enforcement programme can ha"e beneficial effeCl'!

In USA and man}' olher rountriC5. lhe ",,'ne.. and len anI< ha"e no pan
in lhe selection ollhe building materials. When the}' suffer Irom inadequate
pri"ac)'_th~}' cann011hereforc apply market pres,ure 10 lhe manufac<ure.. for
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more realiSlir invol\'ement Ihroughout the construction pr<:l«'~S. The builders
and arohilects ....ho ..,Ie<:tlhe produots almost ne,'e, suffor from the :>rouslieal
collSo«luences of faully construction and hern:c:. Ihe desigJH:Onstru<:tion--<om.
pletion loop is never closed. as it should be

The only Wa)' 10 break out of Ihis situation is 10 focus on the Quality of Ihe
finished produ<:t. n.e industry needs a complete package. comprising
adequale incenti"e fOT seeking impro,'ed aroustloal qualily. reliable tools to
aohie"e il (for example. ,imple and reliable te" procedures and a rode thaI
....orks). and initial assislanoe (money and ins'runion) 10 help get slaned on a
fresh apPr<»loh to noi.c control in buildings

Incenlive can be pro"ided by Ihe local adoplion of a huilding rode lhal
requires acousticalle'ts of a cenain percent of lite completed d"-elJing units. in
order 10 demonSlrale compliance wilh rode .equirements for noise isolation
belween d"'ellings. and that require, remedial a<:tion on Ihe pan of Ihe builder
in case offailure.

The necessal)' tool< include a reeently-<le,'elopcd simple [(St procedu.e
(ASTM E5'n-7TT) fo' measuring sound isolalion between d"'ellings in te.m,
of A-weighted sound le,·el.: it i, bolh reliable enough to demonSlrale
oompliance credibly and simple enough to be performed by relat,,'ely
untrained staff. This p'<:l«'du.e requiTes a standa.d sound SOurce and a simple
sound level mete •.

The final tool is a sel of new noise control pro'-isions for a model building
rode .....hich EPA' bas recently completed. These include a performance
spedfi""tion for adequate sound isolation. to be demonstrated by awuSl10al
lests in the finished building_

The practical ad,-antage of t.aining and education for the building Irades is
well illuslraled in Ihe follo"'ing case hiotory'.

16.6 PERSUASIO:-; OF PEOPLE TO ACCEPT TESTS FOR CO...IPUANCE
WITH A SPECIFlCATIO:-;

h i. possible thaI the.e may be I\eneral opposi.ion to .he introduc.ion of
mandatory leslS of acoustical performance in finished buildings: nol simply
be<:au... this app.oach inlroduce. changes in an already established procedure.
buI be<:ause Ihe archilen. Ihe owner and builde. ha..e no guarantee atlhe lime
the permil 10 build is g.anled. that lite finished building will be approved for
occupancy. Understandably. they may' regard il as a co05iderable risk 10 go
ahead ....i'h the proJect. On .he other hand, "'hen they do go ahead. Ihey' will
undoubtedly be strongly mOlivaled 10 p'Q,'ide good supervi.ion all along the
line. in order to pre'-ent aooustical accidents during the conslru<:tion.

As an illustralion. "-e dIe a ca", history from 'he San Francisco Bay a'ea Ihal
a.ose from a panicular historical incident, In the early 1960·s. a great deal of

. En"ironmenlll ProI«:l"'" Are"'" IUSA.)



But/dins Noik ClHl'roI

Jow-to-moouate-«>SI housing Wa$ financed by local insuronce companies.
Partly for budgelary I"'ll$Ons and partly ~cause Ihere ""'a' no Iradilion of
concern with the pro'ioion of sound i""lalion in Ihe buildinp, nO spe<:ial
allenlion WM given 10 these manel'$. As a ,esu11. it de"eloped Ihal Ihe
in,urance companies "'ere oluck wilh a greal many unrentable hou.ing units.
b«ause of ,he poor acoust;cal i""lation betw~n dwellings.

Hel'" an enterprising acouslieal con$Uhanl entered the picture. He per
suaded lhe inwronce companies to adopl Ihe follo"ing programme in Ihe
con'lruclion of future housing:

1. He ""Culd advise the architecl$ on Ihe choice of .uilable construction. for
party walls and f1oorlceilinp. and would provide further guidance on how
10 delail the structure"" as 10 avoid damaging flanking transmission:
avoidance of back-Io-back electrical oUllet. and balhroom "'all cabinet',
proper sealing and caulkingof floor and ceiling joints, a"oidance of duci and
pipe-runs beN'een dwellinp. etc.

2, When a project waS partially compleled, he "'ould conduct acou.ticallesls
on a smaU number of Ihe unit. 10 deu,m,ne that the de"rod acoustical
i""lalion was being achie"ed, The result. of these leolS, on ",'erage.
~came the de facro aeous\lcal performance specifications for Ihe reSI of
Ihe project. An import ani fealO,e of Ihese and ,ubsequenl tesls was Ihat
Ihe construclion Irades persons Ihal "'''ked on Ihe project we,e required
10 allend Ihe tests and to obsen-'e ,,'hal ,,'a. at fault when failures "'ere
disc<»'ered. An immediale result was Ihal lhey became quite inleresled in
aChieving good sound isolalion and e"en came up "'ith suggetion, for doing
a beller job with les.s cost or grealereas<:.

3, When tM projecl ,,"'as finished, aboul 10% of Ihe remaming units were
le'led for compliance "'ith the dc f/l(;ro specification. e.lablished in Ihe pilot
teSI'. These le,I'. as well as Ihe pilolteSt., were paid for b)' the insurance
companies

At \hi!; point some flexibilily in prootduro wandmlt1ed. Ifallthe t<:slN un'l$
were in compliaf>Cl:, il "'llS aMumed Ihal, 1»' and large, the entire project was
sati!;faeto'Y. If many failures were found, funher tesls would be made, elc.

4, The conlractor "'as required (by agreemenl in his original contract) 10
undenake remedial "'ork on Ihe unils Ihat failed 10 pas.s. and Ihen to pay for
the sUbsequenl acoustical testing 10 demonslfate the ,uccess of Ihl,
trealment, (Allhi, poinl. the ad,'antage ofde facIO performance slandards,
esrablished in 'lull "cry proj«r, became obvious. in com,asl 10 'abstracl'
standard< ,pecified in ""me legal document. The conlracto, could offer no
legitimale excuse for failure if il occurrN: a mi.take "'as dearly a mi$lake!)

The upshot of Ihi' programme was nearly 100% compliance with the
requlremen~ for adtquate aooustical perfonnallCt in these bousing projCl:l$: a
boon [0' Ihe insurance companies. the O"'ne,, and their tenants. In addition,



the contractors inl"Oll'ed soon 1I'0n a reputation for being able to produce
acouslically lroublc-free hous,ng and were much," demand for olher jol:ls,

An ,mportanl fealUre '"'as that lhere ,,"'as nm a significant long-term increase
in cosl. At firsllhere were SOme mistakes, and lhe COSI of lhe acou"icallesling
had 10 be horne ~' Ihe in,urance companie., BUllhi' ,",'a. p,eferable 10 coping
Wilh unremable housing. and soon Ihe contraelOrs and their lrade.learned how
to put up lhe buildings wilhoul mi'lakes. and the required number of acou.tical
'ests could be reduced,

A. far a. I know. this is lhe only e~ample where 'he loop from arousti.al
speeificalion 10 demonslraled compha....e ,n the fin'shed build,ngs has been
successfull)' closed in a routine manner in Ihe United Slate., It illu'trates the
,ingular ,'irtue of enli"ing the coope,ation of ~lIthe people in"ol"ed. from the
beginning of the Proleer'

In the .lIse ....e of such a 'hi'torical incident". I>o"'(\·cr. ,",'e lOa)' expeer somc
opposilion to lhe ne'"' code approach from people mi<l",slful ofchange.

16.7 COUI'I.I:"G I-.:OISE CO:>lTROI. \\ ITlI E.:';ERGY COI-.:SERVATIO:"

There i,. under the Energ) Poliq and Conse,,'alion Aer of 22 December
1975 (PI. 94-163. Sec, 3(2). aUlhori~ali"n for grant' '0 Slalc' from 'he US
Federal Go,"ernment. up to S5IJ million per ~'ear for three yea", to ,upport a
number of enern con"''''.lion mea,urC', The... may include ,hc prMision in
building cOOe. of conse" at;on requllemen" for new and reno"ated huild,ngs

Of special interest is the installation of the'mal insula lion for conse"',ng
energy. The mcan, to impro"e the thermal insulation of a <lwelling arc 'imilar
to those for increasing 'he acou,lieal i",lalion from "utdoor n",'C<, Therefore.
lhe Of'portunilY exist" under Ihe new ene'gy conse" ation la""",, fo' ""hit' 109
energy conse,,'alion in 'uch a way as ta gel a1>o improwd <aund i,al"li"n of lhc
.",cri", w"lI, and w,ndow>. w,th virtually no a<lded ""I.

Such an ad"anlage could be ma<le the subject of cO'oper"li"e demon'tra·
tion,. nali"nwide. t" 'ho,," ,hat bellcr pro'ec'ion again,t communi') no,,,,
intrus,on can be had for a h.argain,

One such dcmon'tration programme i' being carricd ou, "t 'hc prcscnt 'imc
in Chelsea, Ma".. undcr the Joint dlleetion "I lhc US En"ir"nmcntal
Protecti"n Agenc)'. th' Dcpartm'nt of Energ), th' Departmcnt of HOUSIng
and Urh.an De>'clopment and the National Bureau of Standard', It i' called the
Energy Consc"'alion and Noi.... Control Demon'trati"n Program for the
(Xcad' of the 19M'~ (Kca.. an<lllerman. I'f7~),

16.8 CO~CI.USIOi\

The hopeful plan, and project> de,nibe<J 'n thc lasl !oCC!lonS reflect 'hc mood of
'h' 1970's. whICh .ssumcd th.t pers'stent effort and puhlic c<lucalion would



e"antually lead to both acceptance ofa reasonable and economic impro"ement
in the acouslical environment in OUr communities, and the funds to achine It

The 1981h look C<lnsidcrabl)' mO" bleak. A saggIng eronomy and Increased
energy cosIO are nOl f..'ourable to the developmenl of ne'" "'a)'S to tackle old
problems,

In the 196(1's. the scientifie !"",l'SCInnel at sponsoring Go"ernment Agencies
had the money and the authority' to suppon good nc'" ideas for promising
research, and the'" ""ere quickl) and adequatel) funded. In the 1910·s.
go"crnment funding for research has been w"erel)' cui bac•. Wherc promtSlng
Federal programmes of not'" abatemenl had been planned. thcy ""c,e
falteringly implemented,

From the "iewpolnt of this .u"'e). namel)'. the inadequ3C)' of 'first-order
solutions. the prewnl position "'ith respect to building acoustIcs in Industrial
count"", i. as folio"... The need h.. been seen for housing with more adequate
noise controL In order 10 ach,e"e Ih,s obj""""e th.t a"ention to beller noise
control ""as needed. labo,alory and field methods ha"c been de"elo!"",d for
measunng .nd rating sound insulation and isolation "'Ith considerable
refinement, These malters ar. well .nown only In the t.chnological C<lmmun
ity·. hut .., far ha"e not successfull)' in"ol"ed the planners, architects.
construction engIneers and building tr.des in collaborating toward. bal.nced
solution to Ihe problem of noise control,n buIldIngs.

It .ppears that suitable enforcement tools hO"e ,ecently been d.-'eloped and
some progress isloo.ed fot In the near future.

Rut it is gIro the r",ponsibility of industrialized count".. to discuss
kchnolog"al progress in aCOultlCS .nd noi", control and to ac.no'" ledge the
nced for pragre" in political acoustics and social .COUst,CS

Finally. It IS t!le duty' of the acoustician to ""atch for. .nd to ."oid. the
decepti\'C amaction of the 'first-order' >olulion Where-'cr il is pos,ibl •.
de> eloping oountrie- should be "arned of the pitfalls that Can lie in the path of
Ihe oh' iou. first -<>r<kr approach
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CHAPTER 17

Noise Pollution Control: PresentPossibilities
ojControlling Noise inside Buildings

G. L. FUCIl.

17.1 I....TRODUCTIO:--

The ph).,;ical principle. Ihal control the I>cha"iour of acoustical material. and
S}.,;, em, as iSOI., Ors ofa irborne- a nd "ruClure·borne sound afe wei Iestablished.
but so far only limited succc.. has I>cen achie"ed in impro'ing the acoustical
quali,) of lhe human habital.

In our experience Ibi. failure origin"", from the main faClot"< qoote<ll>clo"'.

- Tendenc}'ofthe public10pa) and appreciale more Ihe a"'thellcrather than
'he acous,ic qualities of enclosures.

- Res;'lan~ 10 Ihe use of acoustkal material' and de' iCe'S on Ihc part of 'he
builders.

-A failure of BuildIngs Codes and Legislation to Impos.e the a"ainmen, of
acouSlic quality. still considered a sort of lu,ut}' in urban en"ironments,

In Ih" chapter we .hanas,ume thall he physical pnnCI piesof noise gene"'lion.
propagation and reception bave I>cen adequalel~ re"ie"ed (Pan I) and tb.,
physiological and psychological reacllonS h"'e also I>cen .naly.ed (Pan II). The
main source.of noise emission such .. ".ffio. marhln,,}' and .-chicles h.,'e I>cen
discussed (Chapters 12 10 15). Codes of praCl;ce and regulalion, h3"e I>cen
rC\'iewed and lhelt applicallon, and results e,'alualed (Egan 1972)

17.2 DF--SIG:"i CRITERIA

To design an acoustically acceptable environment. we h" e ,,, \;no" 'he main
anivitiu to I>c performed and the coHC"Sponding human "/lfi!>tli!)', In ,pite of
lhe faC11halloo many aCOUStical indices haw tlten proposed to co"er C\et}
special silualtOn. it is considered to I>c aCCurate enough for design purposes 10
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redu,"" th< S<'ns;bilit~· 10' el' to jus, four (figur< 17.J). A more de'ailed anal)'sis
of lhe requlremenls for each acli, il}' and In>e of en' ironment ha< allowed the
delerminalion 01 romple,e liSlS "f ."«ago ad,'isablc le"cls lor each caS<'
(Figure 17.2), h has beon demonSlra'cd 'ha' ind;'idual rc.<,ions to noise "af)'
thfoughou' a widc rangc and it does nol sum r,asonable to dCSlgn fOf the most
sensili"e people (llho "ill be annoyed b~ tho sligh I..,;, inlerfofence) or for 'he
e~lfemdr insenSi'i" subjulS who ",II ,ndu', al"""l .ny noise .uu.h,,,,
,,'ithoul complaina,

We ,,-ould Irkc '0 conc,ntra" on Ih. deSIgn "'ith p'.....,nt.da~· a,'ailablc
mal,rial' and lechnology. of arou<licall) a<:o:p1able en,'ironmcnlS. Building
materials and mc,hnd, ,oaf) consrderabl, from counm' to COUnlr) . but "C ~hall

onll' mention h<re lh""" mos, wid,l)" kno"-n and used,
The !>.asi. lor an adequale arou<lical ronlwl of inleriors i. lound,d on a

rorreCl "lim.';on of thc noise inmis.sion In th~ building ,,-bich dep'nds On 'he
,xt<rnal environm,nlal noise dimate surrounding i', Such noise dimal~ i'
related to 'he urban I<:><;a,ion of ,he building site

17.3 URBAN PLA:""I."G

T~pical ufban afea~ include ""denlial. comm~",al. do"ntown. indumial.
airporls and recrea'ional a"as. These a" mostly mi.ed. making lhe d,marca-
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lion ofboundari"" a difficult (a,k. Bu( appro",,,,ahons "an ..ason.l>ly be ",.de
and L.... l"cls anacbed ", tbe .re. under slUdy (Figure 17,3).

Complele acoustical uroan planning i' seldom fe"',ble e,,,,,p' when new
lowns are purposely Wdes;gncd, Groupingof Ihe "ariou, 3CI;v;lie, according 10
IM;r noise genera ling eap.abilil;c. is the ,implesl (Ihough OOt alway, ..alizable)
p[a"ni"g scheme (Figure 17.4). Panial improvemenl«an be ""hie"ed Ihrough
wning or by """'ing oo,se >oU""" a,",'ay from residen,;.1 .....

In exi",ng tov. nS il 's al~.. )'S possible 10 impro'-e unfavo~rable 'ilualion, by
lhe use of nalUral or arlifieial b.rneTS ,uch .s Ihose already menlioned
(ChapleTS 3. 12) or u,ing olher bUIlding' ~s b~rners.

When barners "a"nol be inlerp<:>"ed economic.lIy or ~ hene.'er cily .u'hor_
i'iesOO nol ..,,>rIlo Ihem for general urb~n noise Iim;lation. Ihe nexl po"ible
conlrol of noise cmi~ion a' Ihe 'ile i. 10 ereel a local b.rrier Or enclosing walL
The use of"egel.1 ion i••e,1 het really good hu Iproperly designed fenee_,",'.11••re
more effierent as allenuatOr> of >ound, In OO""nlO,",'n areas, where fa,ades and
roofs are Ihe only proleclion again<1 surfa"" and a" traffi". lhe de,ign of Ihese
encl""ng demenl' becomes a priorily;n Ihe conlrol ofextenot noise emission.

Fa<;ad'" in down-Iown SI..elS generally oppose e.eh OIher on bolh sides of
high-rise buildings and generate a qu~si-re"erbcran1 field al alm"'t all le\·el.
gi\ ,ng "'" 10 Ihe >0 called 'canyon effeel' , AbS<>rplion i, not eas~' 10 apply on Ihe



N,,;u Pollulio~

-_.,

----
'_co._.-

90 9!l «J'A'

Flguro 17.3 Day ond nIght level. In dlfferen' U.S. Cay Are.. (Shn'h. 1970)

ou'~ide of f~adcs because of weathcr and maintcnancc reaSOnS, Though
..,me improvement has been .chieved by .pplying it below protecting ~urlacc~.

mainly under balcony o"erhangs. The re<:eding front line is al.., a good defencc
again~t.treet noise and the can)'on effect,

The most reli.ble w.)· of e".luating acceptable noise levels at the outside of
buildings i. by statl~l1cal measurements. Man)' sUf"\'e)'S ha,-c been camed out to

propose general de5ign values. But. from our experience. the particular
conditions vary'" widely (reflections. w'eather. urblUlJ.yout of the surT01Jnds,
etc.) that nen a quick measUrement a' peak hours of representati'-e days
and/or seasons may be more reli.ble lor special cases. The most wid<ly used
unit for meaSurement is the equivalent Ie..el (L...) •.-hich is .n energy
integrating index rather than .n .ctu.llevel. The day-night level (t....) which i.
based on the L.. compensated by 10 dB for the night bours (generally 10 p.m.
to 6 a.m.) is al.., a ron"enient figure to relate exterior noise to design 'arget
le'-el•. L.., for urban pufJ'OSCs is computed Or sampled over the 24 hours
(Chapter I)_

17.4 AIRBORSE ASOSOUO-BORSE :SOlSE

Airborne noise is the most widely encountered t)'pe 01 ""ise inmission into
buildings. though ,-ibr3tion is not to be neglected as a primary source ofinterior
noise,
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Re..,mi",ion from s"u<:tural eloments, e$pecially from flexu.al vibrations
propagatod b)' pla'~s (concreto !>lab> and th~ liko). ma}' goneral~ slrong
slanding ,,'a.'os inside eock>sures ..-hich at low frequeoclcs and ,n reg"larl\
sh.ped ondosur~scanbe nOll«abk and annoyIng

From lh~ urban planning point of.'iew, p."ing ,ubwa\ Ira in. gene.alc lh~

Slrong~sl low fr~qu~ncy ~ibralions, Surla"" namc noise also propag'les
through the ground as P and S wa'-CS lhat '~llCh th~ foundation siaM and pll~s

of buildIngs. e,~n from conSldorabl~ diSlanc~s (Crcmor and H~ckl, I<n3). The
propagalion pall~rn is difficult 10 pre<:licl from 'ile mc",urcmentS but
minimum distances from these SOurces (trains. highwa~' and Slfeel Iraffic. ~IC_)
ha,'c be~n proposed as dt'Slgn figu.es (Figu.c 17_51_ Iflh~ d,stances cannot
be achi~~~d there is not much else lhal can be don~ at the r~cei~ing points,
excepl perh.pi inlcrrupt the continuity of the concrele frame by Sl.u(lu.al
joln1l. This pr~~nls som~ ~rious difflCullies 10 eni'n~~rs "'h~n $h~aring forces
are present at Ihe prospc<:ti,-e dlscontinuitie>., Supporting elements SU(h as
column bases and plalforms may be partially isol'led by adding a r~sitjenlla~'e,

horizontally belween a b.se slab .nd lhe load·bearing one bUl only fOf
rel'li~~ly small Slrunur~•. Th~ specifi( load' al such poinlS are SO high lh.l
only lay~" of lead or steel reinforced polymers can be u<cd. Tbc resilienl la~'er



:-o"e >Ou,ee
H'rh",.y
Ra,lmod
""cfOft

lote,n.t,oo,1 ""POrt

The,e i•• _b,hty of e,,~""'" ..",.: ~ue to thi. >OuT« if
lhe build,oi "te ".

\\,'hin 300m of '0' m.~" ,,,...J~",

Wi,h,n tlU'm "' an' T."~"' 10""
Within ttl< ~,,,.n<~, ~""n b.:h,~':

l Comme,e,.1 '" m,l,t." .1. G<nu.1 "·i.,,on .i'l""rt
."port

to <ide of
run...·.y

to end of
run~'.y

to side of
run.....y

"lkm

to end of
run...·.y

From, ~BS·BS ""

Fill"" 17,5 M,n,mum KC<pl.b1e d,".rlC<> fo' ".n>POrt.tion noi"" >Ou"""
F",m NBS·aS SS4

i' dimemioned from kno"ledge of the 'peeifie io.d applied on it .nd the
corresponding stmie deflecti"" due to the I""d

The use 01 ,e,ilient ma'e,ia" a, "ib,a,ion i",lalo" is "idciy ,pread (Figu'c
17.6/. Each ha•• I''''l"ency 'ange 01 maximum eftieien<y. The tran,m,,,,,biht~'

of "ib'ation' i' m,nlmlzcd by ,electing the optimum damping and 'atio "f
fOIClng to n.tu'all,,,,!uencie, (Figu,e 17.7/

Sp,ing. a,e only u"<C<J hclo~ m.ehinery and thei' calculation require,
specialized knowledge. I'ew e1a""me" art: C(lo"antly dc>'c1opcd for multiple
~ibration i",lation ","ge in build,ng,.

A' mentioned ab.we. the ~'eake" link hctwccn exte,io, n"i..., emi"i"n "nd
noise protecting ench",ng ,urfac~, (fa,ade' und I'<Klf,) " tbe in,ulatlng
propenie< olthe..., building clement,. Fa~.de'. ~ hich in eh",ic,1 .<chiteet",e
consi'ted moslly "f thick t",ck walb ~'Ilh 'ela",'c1} ,m.lI opcning'. h.ve
e~ol\'ed into non-Ioad-be.riog c1ement'_ """tly '''~''Ial ",n,/,,"'" (",'ind.,.. all,)
0' light hollow I>'ick w"I". hcl~'CCn h,"d·hcaring column', GIa" "all,. e'cn
wilh good wcalhe,·,trlpplng.•fl",d hale ""'a""o f",m I'"ff", nl>'''''. e'pcei.lly
In the l""'lrequencic" Except In ai' conditioned I>uilding., with f,xed wind"w,.
the lalte, are kepI open in Ihe ..·.rme't ...,a",". reducing the in,,,I"ti,,n I" ",me
]() dB (Figure 17.X). Doo" are "mlla,ly In,ul'l<d.

Hollow brick•. a, i' ... ell koown from Ibe ma»·la... "re 1""" in,ulating
elemenl' which ..loom pro. ide cnough ,n,ul.lIon. Tb< f,e<.J~enC}' <kpcn<kl>Cy
of partitions (Figu,e 17.9) is complex and ha' been .Iudic<l in delaill>ut doubl,>
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partilion, arc .lill more complicat.d in the;r frequency dcp<ndene. (ere"",r
andHccU.1973l·

What, one may a.k. i. Ih. an.wer to lhi. problem posed by pre..nt-day
archnC<:ture? Arch,lecls seem 10 h..·• laken a firm Oland for prese"',ng Ihe
'visual tran,p.ar.ncy' of f",ades. One allernau"e. certainly not in.xponsi'·" is
the doubling of the glass p,nes bul 1o be .ff.cti'·e Ihey mU'1 be separated by at
least 15 cm and carefully sealed. The use of glazing of different thicknesses for
the inside and oUlsidc she.ts, ;nc,eases Ihe insulation by changing the «SOnant
frequencies between the ,heets. Rubber gask.ts. double-contacl carrent')' and



non·paralellism of glass panes (whenever possible) a,e useful aids '0 increase
the insulation of double window,.

Windo"less f",ades ha"e ~en tried successfully both from tbe architectu
ral and the acouSl;cal point of ,'iew: depending on the function of the huildlng.
This ahernath'e gene,ales a .ubjecti"e disadvantage to the us<:.. due 10 th. lacl::
of dirtt1 dallighling and landseape ";e" , Internal 'patio". elabo'ale lighting
sehemes. air condilioning and fUncllOnal music rna) compensa", albeil
panially. OU' In,'incti,·. desire to 'lool:: out>ide',

Roofing can "ary from "ery light metal Or as~stos sheet sheUs to hea,')
cone""e ,labs. [n factories. nOIS<: eml<Sion from a,!'Craft ooi'" i' rarely
imponantbecau", internal noise mas\::> b)' more than 10 dB the le"ds due to
this oour~. which ,arel)' exceeds 80 dB at roof le'el.

In multifamily condominiums the lOp SlOre)' is generally roofed with massi,..
COncre'e slabs plus water·proofing trealment and e,'en topsoil for roof gardens
or SWImmIng pool•. SO reducing the noi'" to that created bj sporadic helicopt.r
nights.

The roofings of least insulation are found;n indi";dualligllt frame dwellings
(wooden frames of Inclined roofs "'i,h IMs 0' sh,ngles). Spc-clal enclosure<,
panicularly tele,·i,ion. broadcasting. dubbing or film studios reqoire higher
roof insolatIon as they are genera Ill' placed in tall indo pendent buildings. The'
require roofings consisting of double or even triple slabs to attain the-W-dB
insulatIon nece,sary to reduce the bacl::ground noIse to acceptable perform,"g
levels. Indi"idoal d"'ellings ha"e roofing of poorer sound insulation lhan anj of
the walls and SO aircraft noise can intr"de dire.,I)· from on 'op. hem! espeoiall,
inlense in the vicinity of airpons where tal::ing-off and landing aircraft flyo"er at
.-ery low ahitudes, It,·el. of 9l)..IOO dB(A) h.. e heen often measured. The
addilron of "",ghl and h.... ' ceIlings may anenuate ,he "'qutred extra 20 dB,
In countr;... where house roofings are gene.all, hea"ier (ho.izontal liled
concrete "'here there is no ,now o".,loadj Ihere are fewer complaints and
most of the aireraft ooi'" enters bl' W'a,' of wlndo,,'s and openIngs r..her than
,he roof.

Othe.than by impro"ing on the oot•• shell of the build,ng. ,he designer can
somellmesoonlfo[ extenot nOl« 1>\. onenting it oorrectl,.- wi'hin the .i,c. that i•.
aW'al' from the loud.-.t sourc... surh as ai.pon•. I.(e"ay•. facto,"es. etc.
Neighbouring h;gh·rise build;ngs may inClease by multiple reflection the meet
and aircraft noise.

Moltifamily condominiums are generally ereCled in ala.ge sne w'here lhe'"
mea,u,.., Can be tal::en. But ro" or terrace housing and e'en ;ndi"idual
resid.nTial units must rely mostly on fencing w'all. and the location of
bedrooms. Sludios and reS! places aw',)' f.om 'be loud<-st nois<: sources.

With,n a building Itself. the foom. can of'en he distributed ""'-"Ording 10 their
nQiSinc~s o. re\jui.emenl. 01 ~uie1. Kitcben, batbrooms and ulility rOOms
should be grouped a,,'al' from bed.oom. and similar fe.. spaces. Buffer spaces
Can be created by mOre noisy en,·ironment. (living or playrooms. ga.ages.
passages Of lobbies).
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In any tn>c of endosure Iheee ore twO kinds 01 noise source", (a) in'ide thc
cndosurc itsell and (b}that coming lrom nUl door. The p,"'icula, ca", 01
endosu,Cll opening on lhe I~ade had al,ead~ bttn dealt w,th. es...pt fo, II>c
,oom's Own Of neighb<}unng nolSCi. Own sou'<'C1< Can onl) be ron"olled hy the
u... , (buying quiel cqulpment Of ope,ating ,ad,o>- and TV""" at ,casonahle
level,).

Hou...h<:>ld applian"",s. b<}i!crs or healers and "mil., m,,,,hine,) ma~ be
.elected from the m"'l silent b.-..nds.

In mu],iple·unil building<. til<: de,'a'or machinCfy is a senou' sou,ce 01
solid·oorne noise. and although it shnuld I>c "as) tU isolate holh lhe machiner)
and Ihe 't>1 of the moving and ,upponing geaflng ~'CI i' is nhcn difficult to do
SlIITfMlully afte' the romplOlion of building, This noise is readll) "ansmilled
b) wa) of the slructu,e. SOmetimes th",ugh man) sto"')~. The same appli... to
motors. pumps and burners. w'h"h arc generall) I""alcd in lhc cella",.
Un.voidably nois)' machine,) ma~' be eneloscd in absorbing"nsulating
capsule5 0' prolecti'''' should be afforded I<) indi,'iduals afOund the maehi""
w'ilh ea, mufk 0' plug,.

There is nol much 'hal we can do ahoot controlling noise at the source once il
is ilfsralled, lmpro,.mems in the de<iglf 01 lhe sour,""s. (alf conditionIng.
machine'l. e.hausl silen<:ers. home apphance•. ele,) arc being .cti'·el)
pursued b) the manulacture .... and 'eduction' of the order of 20 dB a'c being
achic.cd. So ul"tiolf of 'he mo<' silen' <oU'CC un designing eilher a stalic Of a
d~'namle habital can do a 101 toward, lowering noise le"cls inside endo<ure'.
BUI as "e mentioned carlicr. solid propagalion from the sourc.. muS! be
controlled before nOI'" i$ radiated inlO the en<:losu<c as a"b<},nc sound,

Besi<!M the aoo. "menlioned means. applicable to the nol....rad,.l1ng areas
themseh'Cll. thcre is anothcr possibility <If noise reduelion dose 10 the source
and thal i' by the u", of mou",mg d"'lccs and 'y,tems. They can ,'ary from
,pring. of .ariou, lype' combined "'ith <lampe ..... 10 ela,cic la)"e" of ""'eral
malerials from lead through co,k 1() cla,lOmc". ClC. Tl>cre is one requircmen,
10 make mounlings elfieient and lh.l i. the caleulation of the natural and
forcing o>cilla'ion frequencies. ,he damping and radial ion con"an1s. Unlonu·
nately. th.... relathel) ,imple means of reducing noi... close to Ihe sou'.e are
often ncglected b~' designers.

Pipings and condu". of all descnp'ions "h,ch nowadays form an una"oid·
able network in .ny ".tie or d~'n.mic habil.t.•re anolher example of
negleC1ed noi... control. ooth atthc design .nd the conSlruction S1ages. It is nO'
difficul110 isolale their ,uprom or crossings "'ilh >lructures b)' simple clastic
rings. cladding or hanging trr.cmgs. Their efficieng-' is OO.'iou. and many
laooral0nes ha"e m,'eS!igated and designed 'his '~'pe of solid·to·air noise
in,ulation. now commerei.II~' a.,.ilable. Be'ides lhe technIcal knowhow of



designers and builderlthere is a nun.techn;"al factur that contributes to thi'
failure: inclu,"un of thi' requirement in Building C<'>de!; and the political
decisiun to make technical inspection and cnforrement effecti"e and s)'stema
tie.

ReturnIng to the diffICult problem of inter""tiun of wa,'es and structures wc
should memiun Ihal insulalion is not an ca<y problem fm two main rea"lns:

l. Materials arC frequcncy and mass depen<!ent in their capacity tu insulate
an<! their application must take both these facturl intu con'idcratlun at the
dc,ign stage (Figure 17.9). Theuretically these properties have been
cxhausti"ely In,'estlgated and can be expressed in oompaT3ti"ely simple
fmmulae.

2, The al"we'mentiuned propertIes bring about ,'er~' serious consequences
",hcn the partItIon .. force<l Into oscillations close to the coincidence
frequencies both in the mass controlled and Ihe stiffness controlled region
(Figure 17,9),

A p"rlitiun 'WI.ICd from a structure can bcha"e in the alxwe-mentioned
complicated manner. but it is ",Idom the actual siluation. both in static and
d,'namic Structures (buildings. shIps. etc,) because these plates are nut Infinite
and undampe<l at the edges. Rather they have limited dimensions. mass and
degree of clampIng to adjacenl plates. beams and columns. This brings about
solid interaetions which may ha>'e ",rious consequences in the secondor)
generatiun of solid and airborne "'aves. An outstanding case i' that of flexural
"'..'cs. A finitc platc set intu fle,ural oscillation is a po",erful gcnerator
because bolh horizontal and "ertical partitions are plates of considerabie area
and m....

17.7 PARTITION INSULATION

[nsulalion from other ambients due to a vertICal or horizontal partItion.
somctime' ca\led transmissiun loss (TL) refers to the insul.tion propertieS of
the partlllon. but flankIng path' "'en from non.adjacent amb,enlS may alter
in-situ measurements of this noise reduction.

Pri""C) (Egan. 1972) is a modem criterion for naluaung acoustical qualn)
and is a function of isolation and n01 of the mere insulallon properties ofclosing
tlements. It inw)I""s subjecti"" enluation uf comfort produced by a certain
reduction (R) physicall~ computed.

Thc "'eakestlink••re the air le.kage, or currents lening noise in from other
rooms or ducts.

The computation of isolat;on may be made wlth the aid of: (a) Tables Or
charts g;"ing the combined in,ulation of the partitioning clemen" and doors 01
....indo"..': and (b) Computation of noise levels by direct nOIse paths such as ,Ins
and air conditioning openings.
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The floor. walls and roofing (or ceiling) of an enclosure rna)' become a noise
SOUfJ;e by rt-emission of flanking sound am"ing a. vibrationo transrnllttd by
struclural elements of any lyflt which excitt the boundaries of the enclosure as
fltxural wav.., II is imponam 10 keep in mind that Slopping airborne noise is
just one pan of lhe acouSlical problem. Solid·borne noise is a, common and
tasier to propagale at unexpected di'lal\a1 by ,truclural tlemems (Cremer.
1979). In dynamic en,·lronmenl. sucb a. aircrafl. lrain•. elc. solid·borne noi",
i. very oflen lbe predominant 'OUltt in lhe tnclosure, BUI even building, bave
pltmy of solid·borne noise. and vibration. re-emitled to lhe aiT in all,)-pt's of
enclosur... (Figure 17.10).
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Figu... 17.10 Sound ;n,"lation of ........'lCal ceihngs

Radiation effidenC}', 'be the",e'ical problem of 'ht imer"",,;on of sound
"'~"ts and .true/l"" has been exten,i"ely 'tudied and some efkcti,·t mtanS of
minimizing radiatIon efficiency of solids as well as lhe undesirable 'coinddence



effecf ••hich se15 .truCluf<" inlO f1uural oscillalion of greal radiallon eapaen~

ha,'e been analytically ",I"ed. How'e"er. lhe pnerical problem. of avoiding
both are far from ",I"ed. bu' useful approximations have been achie"ed 10 dale
such as the appropriale combination of malerial•. ma" and damping of
panitiom (single or multiple) to displace or annul coincidences where lhe
insulation i. minimiud.

Similar combin.tions of m...·d.mping 'hlcknesses .nd m.t.rial, may
optimi~e 'he auenualion of imp.clS ,uch as foolSleps on floors. Hef<' ag.in
flexural w'.ves radiale imo the lo".er rOOm when impa«ed by' fOOl"'pS or
similar poin, shocks. TIll, eonSlitUles on. of the crilical problem. of pri"'c)' in
multi'lOrey buildings in which there are 'echnical means of control. bul fe"
applicalions are aerually seen to dale as men'ioned in our inlroductory words,

To conclude lhis part. we should memion the tr.nsminion of ",und
overhanging ceilings. lhe mOSl imporlant failure of insula'ion In office room',
The spact belw«n slab from uP!"'r floor and ctiling i' a plenum" hich allo""
sound to p.ss from thc SOurce room to ,h. Rcei"ing side (Figure 17.lOJ. A
barrier should be Interposed abo,·. the vertical partllion and extra absorplion
added in the plenum. even if the ctiling i. acoustically absorbent,

17.8 OTHER IST£JUOR NOISE SOURCES

Besides lValis. panitions. floorings and duclS. lher. are the eleerromechanic.1
and sanitary in"allalion. which ar. oflen neglecled by contraClors and Ignored
by.rchileers.

Let u. SIan with the cold· and ho'·water distribution system•. The p,plng.
especially ,n verlical strelche<. generale, lhe lyplcal '''''ater hammer' (hydraulic
ram) impact noise which can be stroctur.lly c.rried by lhe piping wall••nd
re-emiued into the rooms. e"en many storey. a"'a~' from the sourCe. The
"'·aler-taps. unless "..,11 designed to a''Did 'urbulence. are a conSIderable sourct
of noise. These noises can be effeel,,'ely pre,'enled by uSIng gradually clOSIng
t.ps ""hieh .re elastically conneered 10 'he piping.

Wash.ba.ins. tubs and ,howers are ra'el~ elastically suspended. so
gener.ting noise both on filling and emp')'ing. These noises can be e!feeri.. ly
prevented by using gradually closing taps which are elaslically conneered to thc
piping.

Mos, multi"orey buildings ha"e now a spac. for .11 v.rtical supply and
d;',ribu,ion of hot and cold wat.r. But on branchIng ou' through wall. a careful
packing (fibregla.. or rubber gaskets) should ""rap the piping alllhrough solid
ron,acts with masonry Or .tructur•.

MOSI aerodynamic sourcts of noise such as ,·.n\lla\lon ductS can be
effectively reduced by deroupling duer from struerure and by operaling al lh.
minimum f101V 'peed. Duers not properly lrc..cd may affect the privaC)' of
multifamily units by ,ransmilling oonversation.

To conclude. most of 'hese problems can he solved by adequate engineering
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design plus strict specifications and careful in.!jIU inspections afteroompletion.
FaIlures obsoerved In practl~ are due ro o,·erlooking any or all of rhese ste!".

17.9 THE SOU~() FlEl-1> I:"'SIOE E:"'CLOSURES

An endosure is a 'pace panially Or lorally endosed by more or less rigid facing
surfaces of '-anOUS oonfigu...tlon5. The Iype of activiri'" for which Ihe
endosure i' created. demand cenain acoustic qualitie<. Even a ,u=5ful
design of ,he nOIse emiS5ion and control of rhe inlemal ""urces doe' nor make
an enclosure acoustically good.

The purpose for which rhe enclosure was de.igned may ha'·e (see Figure
t7 ,2 al the begInning) "·idely ,'arying requlfemenlS. From merely understand
ing '-oic", or lran'milled Mde'" or warning,. or listening ro the correer
operalion of machinery (for instanee in a factory). rhe purpose of an enclosure
may be to undelS'and speech or di>cu"ion, in meetings. da,se. or bu'iness
quarlers: ranging rhrough variou' degree of ac",'itles and sensiriviri'" down to
Ihe most exacling on", of mental concenlration. b<:alth rerovery. relaxarion
andlor sleep.

So rhe acoustical qualifY of an interior 'pace dependS on facro ... other lhan
mere airborne or "ibralion i""lation.

h ha5 been pro,'ed th~t 'oral ,ilentt i5 nOl a desidera'um. Man i' used ro
hing in a cenain background of noi.. which for cenain acti""e< and even for
plea'ure must be "ell abo"e lhe lhre'hold of heanng.

Research ha' pro'·ed that a ·,rale of arousal" i' needed for oplimum memal
and phy'ieal productlvn)',

It i' ralher the rario of signal-ro-noi.. (SIN) rhar 'hould be optImIzed hy the
inlerior deSIgn of Ihe room.

er;refla of room ·qualiry· for variou' pu,po<oO< have been prof'OS"d ..nce the
beginning of rhe cenlury when rhe wncep' of re'-erberati<mlime "'as ,uggested
by Wallare SabIne.

The main parameters"hich ean be controlled in an enclosure are'

I. Volume and shape,
2 In'enOr ,rcas of Ihe facing ,urf~cc,.

3 Type of >ourref')'
4 The lran,fer function of ,he room.

17.10 VOLUME Ar-;O SH,\PE

Once the volume of a room has been fixed_ ba>cd on oprimum condirion' of
performance. rhe shape ha' 10 be decided upon.

The simplest illapes are paraJelepipedie. ~rea'ing regular ,nd plane
boundary conditions for rhe ""und field, The study of rhese ellS<'< l\"\'C rise ro
,..hat i' kno,,'n as ·wave acouirie>;·.
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I=gular <hapes complicate lhe field boundal') and field conditions.
originaling <ta,i.,ical distributions which can only be ev'alualed by lwo
melhods, (a) a simplified One called g«>metrical Or ra)"lracing acouslics: and
(b) stalislical computalion of lhe resulting field,

Our pU'J'OS<: in Ihis chap,er was nOl 10 develop the 'h«>retical basis for
design bul ralher to enumerate ',,'hal can be done' to av-oid acouSlically poor
environmentS. based on lhallh«>relical knowledge

Referring to the 'wav'e acousti",' approach "'e should men lion lhal in lh.
simplesl case. 'he ~melrical paramelers; lenglh. width and height may be
arranged in such a way as 10 av-oid ·standing "-av'es' pallem, ,,'hich. especially al
low frequencies. produce noticeable irregularitie. in lhe f,equency re.ponse of
lhe room. At infr.......ic frequencies this effect rna)' be anno)ing. eallsing a
sensa lion of pulsed noise IIndew.table by lhe u.ual sound lev'el melers.

To avoid normal modes as these pallerns arc called. Boll (1946) eSlablished
ideal combinations of (I. ", h) ,,'hich resul! in optimi~«1l1niform,'Y of lhe room
re.pon,.. This re..,lIre<: has a limited (Figure 17.11) range of "alidil)
frequency-,,·,se _bUl is helpful as a basic design (or cor~clion '0(1).
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di"ribu'ion
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G<:omelrical acouSllCS has bi!en \'ery useful in graphical 'ray tracing' 10 locale

and eliminale 10 a first approximation the gross faolt$ of a room (especially for
music) .uch"o: echoes. focalization•• 'dead SpoIS' and "'lh the aid of models.
has helped in the desIgn of reasonably good rOOm•.

Statistical aCQu,t;"'. has he1l"'d in the direction of auaining !:>ene. !islening
conditions by computing (or measuremem in existing room.) Ihe Reve.boer._
lion Time which is a good indicator of quality_un•• refinement. ha>'. added
the possibility of better designing for interior absorbing and r.~«"lmgsurface..
Diffusion .. a desirable quality that can be ••hied by irregularity ..,f th.
bounding surfaces. BUI ils ,-.Iue 10 imp""-. the rOOm respon.. i' still not ...·ell
establiShed.

The foremost ",...rch... in the last decade (Sch,oe<le,. Kullruff _R~i~hardl,
Ikran~k. ~rc,) ha,~ resol1e<1,o many acoustic SOlutions ro aehi~,'~ 'perfea'
acoustICS of an ~ndosur~.

Butthi' aim in'-ol,'~s '~ry compl~x subj~Cli'~ paramelO" that mak~ this goal
mosr oomro,'~rsial

CompUl~rs ha'-e com~ ro th~ aid of designers bJlallo",ing Ih~ mod~lbng of
room, and pr~diction of th~ir acouSlic f~sponse (Schroeder, 1967),

To summariz~, room ~ign is still not an ~xa~t op"ration, bUI ,,'jlh Ih~ aid of
the above design and correction methods. it p"rmits th~ design and
construction of 'acc~ptabk'~ndosur~,_
Th~ matcrials ",-ailabl~ permit th~ ~f~clion of r~n~cting, diffusing and

absorbing mal~rialsand ')"S1~ms.

Abso'l'rion is One of th~ crirical par.m~ters in room quality and .....e shan only
m~n,ion h~r~ th~ m..n t)'pe' of absor~rs, "'hich vary lhroughout 'he .....orld
according 10 th~ mal~rial. and indus..ial process available.

GeneraUy sp"aking. abso'l'tion is a fr(:qu~nC)' dep"ndenr prop"ny and the
m~chani,ms of absorption kno.....n to dat~ may b<c summari~~d as follows:

-Porous absorb<crs (fibr~glass, rock "'001. ,,'00<1 fibr~s, pol)'urc'han~,

etc,), Wide range abso'l'lion.
- Resonance absor~rs (Hdmhollllyp") Or "eated cavities and .Ii". High

'0' quality (Narro'" range absorption).
-Membrane absorb<crs. "'hich are based on the absorption of sound in a

..ealed camy behind an da.tic membrane. The gcomeu)' and fixation
'aries it. absorbing fr~qu~ncy rang~ G~nerally 10.....· ro mid·frequeney
absorplion range.

17.11 CONClUDlSG REMARKS

A description has been gi"en of Ihe fCsources tMt !>OOustical theory has
pro'-ide<! for engineelS, arehile<:lS and acoustical consultants, in OrdN to
enSure lhal acoustically ae""ptabl~ environment' are pmp"rly designed and
built.
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The emphasis has b<cen placed on building, (or otherwi.., e.pre•..,d 'Slat;c
habitalS') bUllhe "ery""me principle•. melhod. and malerial, are applicable 10
'd)'namic' enclosures such as "ains. airplanes. ships. elc. The only difference i.
generall)' the design crileria, Ulwer ..,n,ilivilies are applicable to dynamic
enclosures where communicalion and warning i. the maximum acouslic
requiremenl. Vib..ti"" i' in general mOre se"ere and diffICult to isolale and
SOme aerod)'namic no,se and infrasound influence. the acou.tics of lhe interior
of vehicles.

A block diagram (Figure 17,12) gives ,he acou,l,C dc"!,, proce.. in its
broade'l p:»sible sense.

r""" ..... k -.•••
-,~_. -'._'M'''' ~ f~'r::

C"'.,io_.- , 'L "--- -_.
",io"o'''''' - -..
\'OIuIMo ....,... """.'Kit»fI';
~~ _hOI'.

'" m

l.O<J...._ I
"(II"""'" ~,.-

F......"-,
F'gure 17.12 D13gram of 'he aCOU'lIcal <le"gn p".'''' of man.
h.bltat. Aftel Fuch'

A 'habilat' of any type. that is. a dynamic or a sratlc enclosure w,lh elastIC
boundarie' contain' intern.1 SOurc.. of 'arious kind•. In il. interior, aCli"itie.
of an~' r~'pe mal b<c assumed lO lake place and panilions rna)' di"ide panialll .or
enlirel~. the enclosure. Abs<lrptlon. diffu'ion and 'ibration isolalion recei,'e
consideralion and when lhe functions 10 b<c performed. and lheir correspond.
ing sensit,,';I,e, are determ;ned.• cenain de'ign crilerion i' decided upon.

TIIc noise emission should be determined (Iraffic. street. ai, Or underground
aeli,'uies). as well as that noise emitted 10 neighbou"ng en"ironmem, which.
In turn. rna)' be sour,es whICh .ffeClthe lotal emission of lhe endosure under
,tudy. Thi, determines the deSIgn goal based on the adopted criterion.
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The required acoustic quality determines the interior conditioning and

geometry of Ihe (1ICIosure. Prior 10 adopting Ihe criterion and computing tile
emission we can study the urban loc,'ion and opl;milc the orientation.
maximum noiSl' >efuning. ideal volume. distributions, elc.

The <lttail. of design such as internal f,nishing materials. shapn. openings
panition•. should then be workedoul.

The mMallal;on muSI t>e carefully controlled nOl to affeet the prc.'iously
d.,.rmillCd condition•.

Loeal legislation. Standard. and Code, muSt I>e I.ken into account
Ihroughoul th" process and ",hen the authorities .., require it. an En"ironmen
tallmpaet Statement should l>e prepared

The final slagCi of 'he process of obtainIng 3 finished product ""Ib the
desired acoustical qualit)' is dependent not only on .11 the .bove mentioned
technie.1 .tel" but should tnelude an cffech,-e .upem...m .nd ron1r-01 .1 .11
St.ges of the d",ign .nd con.truction.

The sequential .t'g'" ofacoustic design .rc presented in Illock diagram form
(Figure 11.13)

Comput.tioo .110110' autom.tion of many of these ,t.ges. Recently_ as h.,
~en .Iready mentioned. e"en tile a<:oust;..1 'quality' of a room <:an ~
modelled. tested and modified with the aid of a computer (SchtQCder. 1%11_
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CHAPTER 18

Judicial and Legal Aspects ofNoise Control

W. AECHERLJ

Ill. 1 1....'TRODUCTIOS

The struggle against noise excess in the environment is frequently considered
to be a malter of o<luealion and of science. but il is only the law which has the
meatl$ 10 oppose effectively the lack ofconsideralion of 'homo faber'. of 'homo
eoonomicu1' and of 'homo primili,'us·. who are largely responsible for Ihe slate
of affairs today.

Noise, looked at from the lav'yer's poinl of view, is in the firsl place a la<:l
that has to be Iooko<l al from Ihe physiological and psychological points of
,·iew. The lechnical side. in pankular. has the task of infnrming the lawyer
about the pl>5!libilities of a"oiding excessive noise. However. on the medical
side. it is damaging to health and hu a marko<l innuence on the wellbeing of
man,

It ha1 been e1timated that l~% ofthe populalion ofthe member countries of
the O.E.CD. (Organization of Economic Co-optfalion and Ikvelopmenl),
i.e. ofO"er 100 million ptople, are exposed to an eXlernal noise (apan from the
noise in the pl.ce of work) exceeding 55 dBA.

Opinion polls have sho\ro'n that inhabitants of to\\'n1 con1NJer noise One of the
slrongest ex"",ur.. in their evet)"day life. If there is no strong declaralion
against a further intensification of noise, people should be prepared for Ihe f.<:I
that from now untillhe year 2,CKXl. the number of people exposed to noise
exceeding65 dB(A) would increase from 15 to 20%.

The causeS of the intensificalion of noise are. foremOSl Ihe conS/anI
development of molor lransport. Ihen follows more leISure lime for the
workers. increase in tourism. elc.

The streel naffic which constantly grows will remain also in the fulure the
strongest and 'he mos, oomptlling SOurce of noise. Although Ihis is the firsl
priori'y, effons at fighting other numerOus SOurces of noise, mainly air
transport, ~hOuld not be neglected.

Figh,ing agains' noise is an essential pan of the poliq of natural
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emironmenr protection and therefore II should be effective I}' inaoduced into
the general ron~pl of environmental protution. Co-ordination of mean!
employed by various ".te, regional and local institution' responsible for
controlling nolst' oould b( impro"ed b\' general rules. orden of the
administration. as "'ell as comprehcn,j,-c central programmes of appropriate
actions. Fighting of no'S/: requirc:s one and substamial declaration of the aims.
It is necessary firstly to establish a schedule for partieular subd"'i<ions,
"'hereby also economic data and requirements should be also laken into
account

18.2 JUDICIAL BASIS or )'IiOISE CO",TROL LEGISLATIO",

18.2.1 Foundationll in ChoU La..'

The foundations for noi.. abatement in ci'it law are mostly contaioe<! in
environmental regulalion~. Th~ c~nltal po,n, of prot""tion agalns, noiS':
~mi.,;ion is th~ mall~r of it' harmful eff~el on man. In ord~r to d~cid~whethe'
lh~ ~mission of nmS': i~ ~"c~ssi.~ in law. ,h~ courts normall; ·w~igh.up·

conflicting int~r~Sls. The,~ i. no ~xael limit of tol~rance for noiS':. rather that
each caS': i. judg~d on Its m~rits. Local rondlllons. ~<onomic <on"d~ratlon<

and social a'peels for example are all significant. In ci"il aClion, lhe
prosecution has TOughly Ih~ follo,",,"g ~iblhll~s at It. dIsposal:

-lhe oormal complaInts about ~n,·ironmen'al dcfenc~ and c1a\ms for
damage,:

-c1.ims of dislurbanc~ 10 properly' du~ 10 forhidden inletferene<:. a
complainl of lhi~ nalU,e can oft~n be "'on in a summary action:

- a complaim aboutlhe frudom of propeny (actio negatori.),

18.1.1 Administralh-e Foundation!;

MOSI rounlries h",'~ lhe pos.ibiliti~s of acting against th~ eff~cts of noiS':
according 10 lh~ la'" of the I.nd and independ~m ollhe po.,;ibililies of ci,-il
action JUSt discuss<:d,

Accordingly. lh~ poli« or the administralion of the communities. ele,. ha"e
th~ possibilily of taking the necessary measures. prO\lided theS': are "-;lhin the
frameWQr~ of lhe law and la~en aft~r proper examination of lh~ facts. 10
prol<'Cl public saf~ly and order from general or specific dange ... SpecifICally.
one may poinl oul lhe righl 10 upropriation. Thi. does oot dire<:tly pu..u~ ,h~

aim of noi~ abatem~nt. bul. where there are corporalions and 'nSIituliom of
public law and others I~gally emilled 10 e"propria.. th<:>se prodUCIng e"..sslve
emission-including unavoidable noise-- it gi'." the possibility' of assigning
damages 10 the neighbour K> afniCled. In Ihi. case. Ihe afnic'ed has 11<.> righl '0
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<!tfend himself againsl excessi"e nOIse, The righll0 e,propnale mal' help nOIse
abalemem be<:ause II is in a posi1l0n 10 ha,-e a proph)'laelic effecl on noiS".

18.2.3 foundaliun. in lho Penal C<>d~

Allhough Ihe police law comalns a 'e'itable a'senal of SUllable ,egulalions and
meaSureS. there is slill a poinl in making use of Ihe expe,ience, of the <i"illa" a.
'egards protection lrom noise emission. Let u, point oul panicularl)" the
consequences of wle,ating Ihe dISturbances over a long period. the economIC
and wcl.1 aspects. and most of alilhe coneepl ofexcessi"e noise alx,,"e a limit of
wleranee ,,-ilh rega,d to Ihe proleelion of peace and qUIet. panicularly al night.
and Ihuefore Ihe prolection of heallh. ele

In the lace of .uch duplication in Ihe fight again'l noise. one mUSl keepin mind
lhal ;n Ihe first place il is up to the police to proceed. The ei,-il counsare only able
10 ael in a p';"ate p,osecutioo aga;osl emiss;oo if a compla;oam lakes on lhe
aet;on al hi' own cxpeose aod al his own risk, WilhoUI anybod}' following lh,s
p,ocedure lhe,e is no help. ho" c,er much Ihe eml<s;on is agalnSl the law The
police. on the olher hand. h,,-e adut}' eithe' ~causeof ,,-hal it h., noliced ilsell.
0' because of a complainr w ael again'l lhe p'oducllon of e.cessive
n01S"-" hereby it is Immalcnal "hcther it I~ emission Of mher dislu,b.anee-s-
"'cn though nobody h.. made a compla;nl in c;,-illa"'. and independent of it
The policy ha,-e 10 ;nlc'Hne all lhe mO'e. if lhey are asked whelp.

Motivalion fo' inte ....'enlng by lhe police In the public Inlu",1 do<:<not mean
lhallhe polieeonly have to fighl noise ,,'hen aconside'able numbe'of people are
~mg di.lUrlxd; on the conUar)'. lhe nuisance 10 a Ie" 0' e,'en onl)' one pelSOn
mal ~ a sofficient ,ea«," for action.

The,e ;, no doubl thallhe police a,e competentlO ael ;n lhe faee ofexce";"e
noise. ho"even Ii " no,,;,: "-a.caused. he ;t by pre' en,""eor repress,,-e meaSu re'.
"Te'pectl"e of" hethe' or notlhere I~ a ,pecific rcgula"on 'egarding Ihe way Ihe
noise ,n 4ue"ion i, p",du,'ed: ;f not, lhen the c<)mpelenee 01 the pnlice 10
inlen-'ene i. dependent on a clau,"" in the gene'al police fegublio"~ .. hieh is
b.ased accordIng 10 'he con"ilU1K>n on 1...·0'on general u,,"ge. i.e, Ihe police are
empo"'e,ed to m","t.,n generul pc"ce and quie'. ,"euri,y and ,,,deT.

In many di.1riel•. OO"'e' ef ... he'e pc<>plc .nd machIne, arc .ct;"e. the fight
agatost 001<0 by police ha,dl) function, al all Thl'" the mo,e to be ,egretteu,
since thi' ,ep,oach n..~enmade ,n publ" for Jecade,"£ato and again. NOl onll
has;t had Iiltle suce."•. but il doc' not 'Cem toaeli,"" the police in tn.c face of
ne ..-<;ou'ce. of acute "oi'>(;. Olher lhan Ihrough lhi' fa;lure of lhe police. lhese
orgies of noi'" "'hieh h",'e become lhe <rourge of mOOcrn life. C.nnot be
explalOW.

Police la ..· i. haS"d on a me"ure of reasonablene" ... he,e inle,le,ence i.
conC(rnW. The police ma~ nol treal 10100' IOf'ingcmcnts ,,-ilh measur"out 01
all p,oponion. It i. in the Mture 01 poli<:e I.... to Illnil f'eeJ.nm ofaclion. For the



polict 10 rl"!Olriet Ille fight against noi~ gi"e fr~dom10 The inconsiderate. Too

much considera'ion in 'he maller of noise emi"ion and oTher dlsrurbances Tha,
The police could deal wi'h. always has The effecT of re""arding and encouragIng
lack of consideralion_

18.3 SOME NATIONAL REGULATlO:>iS ON THE LEGAL STRUCTURE
OF NOISE

18.J.1 U.S.A.

Nois.e·ab.atemen, in 'he USA i' b.as.ed on 'he Noise Con,rol Ac' of 1972. The
Ouiel Communi,), Ac'. which is concerned ",-i,h domesric and en"ironmental
no,,,. was passed b~' Congress In 1978_ The aCTi,-i,ies "'-ere carried oul bl 'he
Uniled S'a'" En"ironmenTal ProTee,ion Agency (EPA), "'hich_ ,,'ilh 'he help
of ,he.. law... has de'-e1opcd a financial and 'echnical procedure 10 suppon 'he
,ndivldual Slales in 'heir fighl against noise bu"he Agency was discontinued in
1982. Aparl from enlighlening public opinion. iT trainf'<l certaIn ci,-il servanl.
'0 deal wilh 'he noi", problem.

18,3.2 Grealilritain

The Con,rol of Pollullon Act 197b Camc into effec' on 1St Janua') 1976 and
inelu<lcd resolu'ions for figh,ing 'he main <,(lurres of noise. StreeT. a'·;a,ion.
railway and helicop'er no,,, are dealt ",-ilh The appropriate au'horiTies
enforce regulaTion< coneerning Ihe sound prOlec,ion of dwellini'S and agam"
noisy building "'ork!. and They draw up plans for pro,eclion lones, There are
'"'' fundamen'al aspecTs" hich fonn ,he basis of Bri'ish Iegi"'a,ion: adapTa,ion
of national "andard. '0 ,n,ernallonal standards: and delegalions of r",ponsi.
bili,y for noise alxnement '0 local lew\. ",-here i' ;., possible '0 adap, mosl
quickly To local condItions

18,3.3 Hollal>d

1l>c Mini.try of Health and En\'iroomcntal ProtecTion inmxh.ccd a ,"'ide-scale
campaign against nOIse In 'he summer of 1976, The Slarring point was Ihe faCT
Ihal noise wa.. a social problem and tha, each petWn should decide for himself
when he considered 'he noise Ie'-el unaccep'able. Thus the problem can be
solved only Through co-opera'ion. After a ,,'ide-scale public rampaign ,n The
spring of 1979 Parliament resolved unanimousl)' 10 legi,la,e again.. noise a. 'he
firs' step In lhe field of environmenTal protecTion.



18.3.4 Germlln Fed.....1R...,ublk

In the G,F,R. legal meaSureS for noise .b.tement are present both in feder.1
&ctS and in more local kglsl.tion. By.n amendment to Ihe t>a.ic Act of 121h
April 1972, federal authoritie. h,"e been granted legisl.ti'·e righlO in the field
of remo"ing waste. maintaining air purity and fighling 'g"nst noise,

18.3.4 Austria

A ronotitulion.lly guar.nteed rig.ht for environ"",nl.1 prolection. especially
for protection .gainsl noi..,. o:Ioes nOI exist in Austria. There is nO single body
dealing with pro'ection from noise or with rembaung noise. Slnu Ihese .re not
considered sep.r.te m.tte",. but .re generally dealt togelher ";Ih other
matters thar require rentrols, When the control of noi.e is nol. m.tter for Ihe
empIO)o'er. il i. dealt ";Ih primarily by that section of the administration which
deals ,,'th the field "here the noise originates. (i.e. pl.ces of remme=.
indu>l~ , building 'ites, p""'er Slalions, etc,)

18.3.5 S"itzedand

In Switurland the rentrol of noise is tied to AMide 24 of the Constitution of
the Federation, A law for the protection of the en"ironment came into effect on
1st Jan. 1985,At Canton leHI there are regulation. for rombating noi.." Hea"y
lornes ma~' not be m<»'ed on Sunday'S or at nighl Supersonic n"ing o,'e,
S"'iuerland by civil aircraft is not permitted. Zurich and Gen..a airports do
notal!>'ate n,'ing between 10 p.m. and 6 a.m From 1 No,'ember. 1980. th...
airpons ha"e charged an additional landing fee for eX"""'!>'e noi.." depending
on Ihe Iype of plane.

18.3.6 German Democratic Republic

The ""ntral trade union for prote<:tion from noise of the Chamber of $clenee
has in its executi"e and in ten tr.de unions many·sided .peciali.IO in the field of
noise abatemem.

Amongst other things. it h.'S tried to make a=ss.ible to • I.rge circle the
results of r....rch .nd lhe .xperience of individu'I factories and instilutions.
fo' which t!\ere is much imereot and "'hich ha"e many users. but which ...nnot
yer be sufftciemly specified to be .ble to nse them for srand.rdization in form of
regulations.

Looking at the: plans for 198+-85. one may aSSume that the r.gulations will
be taken mOre serio",ly, The requir.menlO ha"e to be esrimated in the plans.
Manufacturers. importers. and uses of machinery, install.tions and vehides as
well as those planning building works are oblIged to apply for exemption if
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limits of noise. are exceeded. The corresponding organizations for comrol .,.
asked to make use of their right to examine. prosecute and punish offend.n.

18.4 NOISE ... 8ATEME....'Y LEGISLATION

18.4.1 TralTk Noise

The Tenth International Congress of the' A,wei'lion lnteTn.tional. conlre Ie
bruir held;n Baden-Baden from 2 October to 6 October 1982 has shown the
following:

A. Tn. EJf«rofTraffic No"e 1m Human Btlngs

Without taking into account the physiological ditCh Qf noise. ,hef' is no
question of gelling used to this noise. This rna, .xist psychologicaill. but it
mu,t be noted thaI gelling psychologiC"II} adapted to ooi'" ma~ pose a
permanent physical risk by obscuring physiologIcal reacl,on, to "hieh one
cannot become accommodated

A group of research.", ha'-. proposed the folio" iog guilklines for maxImum
nQ>SC kveli:

En>iron""'"t D..~, ~'l'h'

l.<:i,ule 01 Ie" " " all ..I..e,
Li"n, ac:omrnodation W '" " in <lB(A)
t..>'lnl on mOln~ " "
For an en>-ironment ,,-ithoul acoustic obje"';on, it ..'ould be M'irable thaI all
figurC$ihould be reduced b}' 10 dBlA).

B. T«hnkal and Planning Mal1~"

Me",ure, for minimIZing traffic noise ,n the future looked a, bolh from the
scientific and the planning a'pee' can be sudi> 'died a, follows:

-purely lechnlcal meUures for noise abatement.
~measure, for conlrolling lhe traffic 10 reduce no,se_
- noise abatemenlthrough planning.
-an increased COnSC'Ou,n.," by the car dri>er lhal noise needs to be kept

down. so 'hat nO'se reduct'on Pecome, a mOre significant factor in bu}'ing
a cat,

- information abou' the quality of noise from a >ehide.
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_ graduall)' adapted na'ional and intemationallcehnieal guideline. abou,
'he emission of lIOi'" from 'chicles.

-eXaminalion of 'he basIS fo' 'a.ation ,,-hleh so lar fa,ou .. noi.y '-chides_

The fo11o-.'lng may be conSIdered as measures for guiding the traffic to

minimize no;",:

_ pedes'rian zones;
- zones of quiN traffic:
-limitations of traffic 1»' ,ime and loe"li,y:
- ,peed res'rietions:
- turning off hOOlC.. at nighl,

C. Legi.la'i,., A.p<'CIJ alld Mattu. af Ca-op<"ario" by Ih' Cui,."

S)' diffnen'ia"ng be' .....,n qui.t and noisy "ehides or aircraft "'hen making
traffk reslrictions be il lhrough by.-I ..... or regula lions. one <an make it
a1tracti,-. for ,h. manufaclure.. to ,peed up 'he de'elopmcn' of quiet
maehines. One can further u>c lhe la" Ihrough ,axallon. "ber. Ihe p.."'nt ,ax
sy.'em t>a",d on 'he Stroke "olum. "orks in 'he opposite "'ay.

18.4.2 A' ,be Wo'k~

On the occasion of the Ele"enth Congress AICS" in Oc'ober 19l\O. it ...as
r,,-ealed lha' grea' numbe.. of men in all rounuies li'-e and ...ork under
condItions detrimental to tb.ir health. Hence. it "-as reeommended that an
anempt be made On an internalionaL as "'ell as on a na'ionall.,'eL to bring
abou' be"er ro-<>rdina'ion of all the .ffons being mad. in 'he field of noi'"
.uppre.oion. and of 'he relevant interdisciplinar)" field•. '0 en,ure bener
romphance ...ith the follo"-ing rerommendations.

The legal a.peel call. for ,h. compl.tion and codificalion of ,h. exiS',ng
s)'st.m of s'andards and ,pecifiealions and lheir "erifieation from 'he point of
"ie" of tbeir ront;nued purposefulness and effeeti'-eness, The standards and
,.gulalion. should ha'-e • fi,m sci.n,ific and e.perimen..1 basi._ During 'he
rompletion and codification of legal and technical standards an an.mpt should
be malic for their unificalion. and possibl)" b'oad ro-<>rdina'ion. a, an
inte,na,ionall,,-el The regUlalions in 'he d,,'e1oped counlries are assumed '0

form the basi. for this unifICation. Special legal regula,ion, should be issued
roncerning the purposeful employmen' of ...orke.. and emplo)"e.. suffenng
from an illness cau",d by no;", andlor ,·ibra,ion.

Special saTl<'tions shOuld be pro,-ided fo, in case of bodil)' inju,ies caused b)'

• A"""""Oon [n«mohona" C.Olf<" BfU111ln«mohonal """"""Oon "'...... N<>o><)
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noise and vibration. as well as for The lh!"Callo human heallh. lhrough a fault of
lhc cmplo)-er

h has been rccommcmkd lhal sp<:<:ial slale and social organizaTions should
be eSlabllshed in lhe course of fmalizing Ihe existing slandards and regulallons.
These bodi"" should be res[>Onsib)e for Ihe effecti'e implemenlalion of The
e,isling melhQds and means

When ISSlling supplementary regulalions. special auemion should be paid To
regulalions and teehnical specificalions concerning Ihe design, =eplance and
operalion of machines and equipment ,,-hich arc likely to produce appreciable
noi... and "ibralion. such as "arious forms of lrans[>On.Tion and of conslruc
lional machinery.

From Ihe technical aspecllhe organizalions and instilutions responsible for
lhe study programmes of higher ",hools and colleges should gi'C more
considualion to disciplines connected ,,'ilh noise and vibralion and 10 their
suppressoon.

There should be a conlinuing endeavour 10 improve manufacturing
processes and machinery so as 10 ..duce Ihe level of noise, ,,'ilh panicular
..feTence 10 Ihe engIneering Industry.

FOlher allenlion should be direcled 10 improving unified melhods of
measuring ""ise levels. It is essenlial from Ihe medical poinl o"'ie,,' lhal lhe
limiling '-alue. of lhe ""ise levels should be "'ell defined bolh as regards lhe
machinery ilself. ilS Iocalion and how lhe measuremenls are made. These
N)nd,lions should be dearly specified in cerrific'les issued "'ilh all maehines.

18.5INTERNATlO:'>;ALCO·OPERATlO;>'"

The ,,-orldwide eXlenS"'e inlemallonal exchange of goods and the increased
inlensily of inlernalionalua"el empha,ise lhe need for imernalional cl>-opera
lion in noise control in order to harmonize [>Ohciu. (OECD, 1980 Paris).

This Inlernalional co-operalion should be dynamic. i.e. should conlribulC 10
a cominuing progress in lhe field of noise conlrol

It should include:

- A unified and "ricler limil for the emission of noise from mOlor ,'ehicl...
- 'The harmonizing of measuring methods. marking of products Wilh "aluu

of lhe noIse emIssion and of standards referring To reliahiliTy and
durabiliTy of noise control devi....

-A normahzed melhod of lesting Ihe molOr ,·ehicl... while operaling in
lrafr",

- The effons ro dC"ise a COmmOn measuring lCchnique must avoid an}'
weakenIng of Slneter Iimiling noise nlues,

- 'There should be an exchange of experience and informalion and a regular
crilical e,-alualion of costs and lhe dfecTi'·ene.. of lhe stralegy of noise
controL
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IS.6 ECONO:lUCIMPUCATlO:"S

In Swilzerland as a practical approach 10 lhe problem of rosling lhe prO"ision
of noiS<' abalemenl measur" an appro~imale evalualion wa. made of lhe
applicalion of lheS<' meaSureS 1o a nelwor. of SlreelS. mOlon...al" and railwaY'.

An e<limale w.. made of lhe order of magnilude of a nalional noiS<'·abale·
menl programme which indudes r.placemenl of .xisling windows by Sp¢cial
noiS<'-<lampins windo..... along Slr«:IS Wilh a sound Inc! exceeding certain
limit•.

The eSlimaled cosl is given in Ihe following lable;

A~l1"n",nl ""'. along-
Urh.n Non'urhan
oro.,! orea, T,~"l

Soun<lle"elst IlfSFr' IIf'SF<- nf SFr

15dB(A) '~.iI 0.' :tq
7OdB(A) '1'1<' 123,8 j IU.II
65dB(A) u77.) nl6 11.<"-7

t C",,, ",dud< all ",,"' ",."... '" F'..,..I",,~ .,,'., ..-""...,;,,. <x«<J"~ ,1>,',,' ~..nJ 1t,·,1>
I "t~·, ~"h , I"-'I'"'.'''n i" ,'W',''''~ 10'."" 'nh,," ...,,
'fr I".,,, ''''IUS.,

The ell,malion procedure wa. in IwO 'lag.s:

SUlge I. Dleulation of lenglhs of slreel·S<'ctions abo"e lh. con.idered
.quivalenl conlinuous sound level. (4.,) - 65 dB(A). 7C1dB( A) and
75 dB(A). her.afl.r call.d 'probl.m «<:lions'. Th... calculalion.
were p¢rfonned S<'paralel)' for urban and non·urban area,. Ihal i.
four differ.nll)"pes of ...nlemenl den.ili": down'own areas. cemral
melrop::>lilan area•.•ubulban ar.a. and non·ulban ar.... TheS<' four
lype. of S<'ulemenl densili" are defined and can be found on maps
prepar.d by lh. Fed.ral Office of Slalistico.

Srage 2, Calculalion of costs of noise·abalemenl me"ureS along road. with
high noise immissions along which window'S n«d soundproofing
(problem S«1ion.). AlonS roads lh. main means considered 10
reduce noise emission, were noise-damping window•• along mOlOr·
way. noise-damping wall. were consid.red,
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18.6.1 Cakulatloo or noiw-abalelMnl costs

The .aleula,ion of Ihe COS" PC' kilOmeter of noise-abatement mea,ureo In
S..itzerland i' bas.ed on the survey of ",nlemen,.den,iti•• in tn. immediate
neighbourhood of street'. Such ,u,",'e), can be repeated for an; country and
depend on the quality of ,h. maps .,'ailable,

The number of "-;ndo".. per 'Treet-kilometer i<. functIon of the numbers of
floors and ll>e average ,a"o of ,h. 'urfa.e of win<lovo', 10 the eXp<l'Cd
hou",I1On(,. These data are 'tatisTically' reg"tNed ,n Switzerland. By'
comparison of ,ueh 'tatis,ical figures with analogue figure, of another country.
structural dif!cren<C('s can be quantIfied and included in the calculations. If
necessary. ",indo".. could be counted Ihe '"-me ""ay a. ,I "as dQne ,n
Sw;rurland. urnel;' along a represem.li'. s.ample of streets, The cost of
no,se-<lamping "... ndo"'s and of noise_absorb Lng "all$ "ill re<juire 10 be found
for Ihe '-ariou, countries from Ihe industries concerned, When the problem
section and noise_abatement costs p"r ~ilometerare ~no..-n. 'he o'-erall COSh of
noise-abalement can be calculated for all the a.ea, exceeding the sound I..els
of L.. - 6'i d6(A). _1OdB(A) and 75 dB(Al_

18.7 ~l[D1CO-LEGALASPECTS

In o.de. to p.Olect the health of an ..e. g.ealer number of "-or~e"exposed 10
harmful noise produced by machinO$. a general exp.=ion fonhcoming from
the Ele.'enth Congre" of AICB was that the e<juipment. regulalions.
sp"eifications and inSlfUctions concerning noise encounte.ed at the wo.~beneh

in all countries Should be more ,tricll~' obe~ed to than he.etof",e
The sanitary and Ie<:hnical control 01 noise in the exi"ing indust.ial "-orks

and plants should be impro,-ed_ At Ihe "·orkbench. whe.e rhe binding limiting
~aluO$ are stil! .xceeded, because of technical .easons, lhe working condilions
should be such as to enSure th. safely of the working pe.sonnel, The wor~e"

$hould be provided w,th mean, of indi~idual ear prOlection. if required
The aim of all Ihese p.ecaulions in the field of safety of "'Ork is Ihe

pr"'ention of funclional d,sturbance' caused b) <l<)ise. as "ell as to ","Did a
d.op in produeli'·ily.

Esp"cially imponant in the dete.minalion of Ihe exlenl of the harmful
innuence of <l<)ise are the clinic exam,nation, of great numbers of workers with
lhe objeeli~e of dele.mining prelimina.y pathological stalO$ and diagnostics of
early forms of ill".,.,.

The determinal10n of lim,t values of <1<),... permissible from Ihe hygienic
point of ~iew. 'hould be based upon h)gienie ph)'siological and clinical
paramelers_ When determining standard op"mum ,-a lues from ,he hygienic
point of ~iew. a1tenlion should be paid both 10 harmful influence of noise to

human ears. as well as to Ihe other organs of the human body.
The kind ofwo,k should be additionally taken into account. sp"cial auenlion



~ing ek."OIe<! to acti.'ilie, "'hich require con'iderable neuro emotional 'train,
or are connected wilh a considerable psychoscnsoT)' strain

During the res<:ar<;h and de.'elopment work and implementation of ils
re,ull'. the follo""ing factors 'hould be taken into account:

- The exposure to harmful nois<: not only lead' to morbid circulalions
S)'mplom'. and other neuro.eget.l;ve re.ction,. bu' .Iso can lead 10 a
grealer risk of some olher dis<:""" in caS<: of a prolonged exposure to Ihe
aclion of a strong or e' en moderate nois<:,

~ [n,'e,ligations of a combIne<! effect of no,s<: togelher ","h the ,nfluence of
some other harmful factors. such as vibrations. ele"ated lemperarure,
loxical substances, dust. mental Mrain and other >treSS factors. should be
conllnued on a broader base than here'ofOK.

- More allention should be paid 10 infrasonic and ultrasonic vibration" and
namely to the methods of measurement<, frequen9 and In..nsity ofthes<:
vibrations aimed .1 the determination of the .'alues deci'ive for the
transmission of these ,'ibrat;on, through the human body and the air.

- When checking Ihe effect of Imp.acl no,s<: Ihe peak .'alues of Ihis nois<:
should alwa)'$ be t.ken into aecounl. Special allention should be gi"en 10

the determination of correction coeffident. of 11m;, "alue. ,n cas<: of
workers uposed to vibration' "'ho are in t!le early stages of "ibration
illness, A ,pedal set of instruction. should be provided for "">Tkers ",ho
are expos.e<lto noise and "ibration in excess of the permissible le.'el.,
WorkIng area, demandIng closer allention 10 OOlse suppression arc thOS(:
of Ihe metallurgical and ,exlile Indus'rie•.

-Should the nois<: 100'el exceed 120 dB then indu,trial "''''kers must ""ear
speeial body pro,ect"'e clothing, '" a<kliti'," to aural protection,

-Ikcau.. of 'he complexity of Ihe problem, of no;s<: suppr=ion
anenuatlon should also be p.aid '0 c<)mmunity sources of ooi... since thej
can also exert a harmful influence on human health and cffi<iencj' of
"'"Orking,
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B~b.ndnone.213

Bu,ld,nl codes. 391
.nforcemen',392
rC<jnirem.nt>,394

Buildiol indu,'ry, 391
BUlldi"''''';", """hoi

1960s.391

19701.396
1980<.3'11
detoil. of proper """"",,,';on. 391
Europeon ""no'ries. J92
Simple ,n, pro<:Mure (ASTIvt

E597_77T),39<l
,upe"'i,ion,391
,.., lor """'phonee, 395
trod'h""ol methods. 394
tropical coun'ries. 388
unre",.ble hou'inB u"it>. 393

Bulk modulu,• .s4, SS, 56
B"lk,,,,,ss fotto<. 379

Con~n effect. 401
Cordi"" ""'pn'. 228. 231
Conil.¥<' 01 t"",hea, 232. 253
ea", hi<to,y. 394
Cav-i,.''''''.34
Cav".hon 'hrelJ>old. 25. 33
Ce,"n!.407.411

.uspende<l. 3<\0. 367
Cen"< ff<ql><"'-'Y. &2
Cerebrale..lu.,;o",2S0
Cenif",.,. of"",<lcof. ""'mo>. 126
OIABA. 21S. 211
Ch.r""te""i<: ,mp«lance of m'''e,. 55
Chelle.d,pole.19
Circad"" ,~ylhm.u.s
Circum,.'al. 174
0......1phy>i<> ''''''rp!",n, 97
Clo><d oommU"Oca'1OII vY"<m. 257
Cochlea, 1-18. 149.ISll. 131
Cochkar nuid. II
CochkO' panit,,,,,. IlI5, Il'I>

ap,col end. IXf>
......I.nd.lXf>
fil'<rKtKln.Il!3-191
fr",,,,,,.,- d""rimin",,,,,,. 11l~

freql><n<pckcliv-IIy. 1115
f'eqU¢llC}- 'h,.,1>o1d curv-e (FTO, IXf>.

,~

pa'OOlogi<ol ron<Ii'ioo. UO. 11>3
CodinJ-<krodinlof"f'C<dI. 156
Corni';.. <"..I...,ion. 242
Coincidence effect. 74, 411
Coincidervce f'equetlCjl, N
Colourw ...,;... 3
CommunOca'ion by ,,,,01.1•. 25 I
Communlly ","",. n
Commu"ily ,.octiorl. 243, 244
Compe....,1011 (nai>e)• .140. 241



ComI"...oon.I ....¥ .. , S2, 360. 361
Comput., proi"m•. Ir.ffl. noise

pw;l..tIO". 321. 322
Comput.rized .udi<><ne'.,. 286
CoOOlt'on monllori"g. 24
Cor>d"",i,," Iosse•. 13
Cor>dui". ;j()lj
Comon.oto. ~,
Co".,.n, percentage band,,'id,h fil,.rs.

~

Co",'ra'ned I.y.,. 36Il
Con,iouou. ""drum, 2~9

Coopc""". d<""""" ..ion•. J96
CO"" cnllne noi... 34S
COrt....IIosse•. 13
C<>o' i....,..o=. J96
Crieotd cartil.ge. 2S3
Cri,ical band;. ISO-ISS. IS7. 160-11i-l
C"tical frequ."0'. 7S
Cllt I.r<'ups. 225. 2401. 2.16
ellt lle,·.1. 214. 218
Cumul."". m.tries. 3SS
Cu,-<>ff f'eq~ney. 60
C~'lirodrieal..""<s, 65

D' AI.ml>ert principle. ol6. 49
D.mped pl....I,ke ",octure, ..<l'iO
D.mped .ib,..ion.-Ill
Oam,,;nl. 366. 36/l. 401. 40,
O.mr-ng fact",. 32.-Ill
O.y-n'gh' equ"..len' 1e".I. lIS Ilt>.-I02
dB(Al.!I2.2S-l
dIl{B). dD(C). dB(O).!12
l>e f«r<> ,"""r....';on,.. m
Deadlpil<nee,3
Deeil>el 'C.Ie. 64
DeIl ....Ie.p. W. 273.H4
De..go col."•. m
De'i!" I• .-cl>. 3'1'1
De>lgn "'""'" ,mp""'••",.". 4(l!!
Oie;el cngine. 299. JIl4
O,ff.r.nee lime." ZOol
D,lf,,,,,,,,,,,. S9
O,ff......oon (barrie,). 1:l4
Oilfr..-.,oneffecb.171.119

I>e"" arod 'Or><). I71
D,ffuse """00 ficld, S9-t12. 11>2. 164. 171.

In 1711
Oil..atoon of PUP'I. 226. 227
Di,ro 00;,. .ff«:lS. 225. 242. 243
Di,=i,'i'~.67, 6lI
Di,=;,'i'~ inJe•. 67. 6lI

Vise<>nllnuir~. 366. 36Il
Di>ro'l>equ. no,... 21
Vi'l'<,,"'n,36O
Di<plac.d 'lirnholds, 353
Di<tinCl"" lu'uIft. 25-8
Dosi",.t.r. 2&5
Oru••lf=,. 220
D~na"'r••nelo:lu",. 41S

u,
e.>;'mu.1 (••.",m. cymba. I....). 172.

m.176
inne,. 11. 141.1.lS.1~9

m,ddle.l1. HS. H9
'ran""'",,,n.17S

outer. 11_11. 147.1.lS. 149
canal. 147. 1-lB. lol9

Eardrum.l-lll.149
Ear muff•. IS. 233. 2>1
Ea' plup. 15. 114
Ear PlU'ect"... 292

,.tin!. 292, 293
"" Qho Ik.rin~ pfOlection

Eardrum. 11-12, 16'J.17L 174
Eddie>. '" A""o:1p1>eri< 'u,bole.«
Ed...,,,,,,

ocou,,"". 36
l>eari,,~ rome"..,ion, 290

Effecti.'. noise 1e".1 (EPNL). 87
Effect"'. qu.d. 212. 213. 210l
EIa".. mooo"np. -lOj-l5>l
EI<<1ri<l11 iml"".nee. 49
Ek<1rtXK'OU<tie '~'1em, SI
Eleelroeulof:",m. ;!65. 161. 273. 276. 277.

27S
Ele<trococcphalogram (EEGI. 265. 2117.

273. 276. In. l7S
EIeel'<lCoccphalographie 'e>I"""'<'. 226
Ele<tromectJ.oic.1 .n.k>g)'. SO
EIe''''K",.IZ5
Enclosure. 412
Endolymph. ISO
Ene,s;y ron"""'""'o. J96

000 00;"" ron,,01 de"""""ratoon
proS""''''''. J96

Enforcemellll""". :l97
Ens,,,. moo.'. 366 . .167
Enpne ""'<e. 2911
E••ironm.ntal fact..... 2.16
EO"ir""mcntal impac, predict"'n. 127
En"ron",••tal quall1Y. 388
En.ironmeotal ot.....,ro. 234



Equalloudne.. <onlours. 158
Equl'..ltnl <onllnllOUS .o,,,,d 1t,..1(L..).

8. as. :lOS. 308. 310. 312. 317. 328.
3:?'J. m . .;(12

Equ,,·.ltnl uni,. ohb.o'l"""" (A). 72
Eul..·••qU>l""", 57
European """ntri... 392
EUS1achian tub<. II
E,'o~~polenhal•. 226
E• .,.....tt.nu.hon. 106. 113 14-1
hcilation le,'cJ, 157. 160
Eaternal ~>lU'. 11
E)'e coIoUI. eff«t on l'TS. 221

Focadn. ,n.ul>l'on. -!OJ • .;(12. 404. 406.
~

Fan blade noi",. J.l8
Faull)' ron'lru<lion, J9.l
F«<!Ne~. 359
Fillet tlleDt)'. 2S4
Fing<f p"M .mpl'Iud<. 231. 232. 2]3.

235,236
Fin"e .i,e ..,een•. 136
Fi,.,-<>t<Ie, soIUI"""'. .l87
F1ank'ng I",n.m,ssion. 391
F1..u",1 ....,.... .;(12 . .lO9. 410. ~ll
Floatinl fk>o,. 367
FIoo,. f1NIlinl. 367
FoIlO$<. 125
Forman ... 2S4
F""...,d ma.kin, (post.m••klng). 155
Foun.. anall'~i•. 49
F"'<tion.llmpo<t m<'hod. 88
F",e field. 59--62. 157. 162. 11'>1. JM
Frequeney(j) .•7
Frequen<)" lh'esII<>Id ... ,,'e (FTC). 186.

'"'F""""l inlegr.l>. J34
F""",,1 number (bam«). 135
friel",·... 2501

Gal"an'< ,kin ....".r>« (GSR). T/6
G..t';"";nt.."n.1 effert>. 226. 233. 234
Ge.. boa. 359. .J64
Geom<lncal.""'lSti<s. lib. n4
Geomelriell 'l'fCoding. 67. 95. 118
G~I iR\UIOlion. 78
Glott".2S1-253
G'ocing I'equ.n<')'. 75
GfO"y 5Urf~. 107. lOll. 110
Gr~n·. formula. 14-1
Ground elf«l. 3J6-319

Ground,mpedar>«. 107. 109
Ground refltct ...... coc:ffocienl. 1-13
Ground ..'....., 107. 109. III

lI.bit.t.4I5
fbbitullion (not",). 233
H." eell•. 13. 16
H.lf iofiMe thio 0CTtt0. 13·1. 138
H.mme,. II
Handicap. 202. 211
Hard.urfaee. 109. lJ2
H.rmon.. fuoction., 47
Health and ....Ibre. 388
H.allh eff«l<. 343
Heallh huard. 16. 226.234. 236. 237
Heallh ri,t. 234. US
Hearing. human me<h.n,sm. 10
Hearing <on",,,'a1l0n

d<finLllon.283
.due..ion.2\lO
implementalion. :!90
m.nda'ory programm... 2%
m<lhodsof.291
moniloring 'y>lrnl. 2S-l
noi", control. 291
nol", me..u..ment, 284
ouISld< "'"...... 287
pooler>. 290
..cognilion,283
fCoon.t ~eep'n,. 288
=po....bihlj'. 289
,..tio, m<thodl. 286
"olunta'1 !"ogromm... 290

Hearing dl,«tionality, 17L J72
H••nng luLa'd, 14
H••ring 'mp.>irmenl. 202, 21S
lIearinlloM. J3-1S

o:xlIln'. 192
handi..,p. 2O:l. 2J J
noi", inducM. 22S. 226. 228. lJl. 2.J3
"'....,rineur.l. JIll

Ite.nn, me..",remenl. 28S
Heann,me<hon,,,,,, .•7
Heanngprot«tion. 15--J6. 17~.17S

... auo Elf prot«ton
He.nng Ihreshold It,el (1-fTL). 202
H<",,,, ,·.hide•• 315--3J6. 327
Heb"'''"In•• J48, 149. lSI
Helmllol,.-Kin:hlloff ;nle,,,,1 k"mula,

'"H.lmlloh, ,...",ato,. 72
Hertz. ~i



Highe' OTde, '''''''. 360. 361
tt';h.>l heard sound. 251
Human My ",undo. 24
Huygrn>-F,..... I pnocipl•• l.l-l
Huygen' priociple. 133

Impact. 359
Impact .....pe .n.'gy. 374. 375
Impact not.. ,ad,.,ion. 380. .l86
Im~ 1lO'" ,edu.tlon. 375 . .l8.J . .lS5
Impact """'" >pe<t",m. 379
Impact radi.,.d .n<l8\'. 374
Impact radia'ion .ff",.. ,,<l'. 3i4. 375. 381
Impooct sou"d ,n,ulanon. 80
Impact 'pe<'TOI >hope, J8.l . .lS5
Impeda""e,49
Impedance ma,chin•• 11.50
Imp"l.. 00' ... 8. 33. li4-176. 214
Impul.. >hap'ng '.,m, 379
I""",. las. 149
looi,«, 00'.. effee". 22S. 243
looi"du.1 ,imbfC. ~I
In~.. m..'"........o',. ns
lntin".lonS ,,'ide bani... 138
lnl",m.,Ooo 1"«<1. 2S6
Infruon,•. 52
Inlf2>Ofl'" I,",!u.""i... 4 6,17
Inlf2>Ofl" ""a,·.kng'lts. 5
Inlrasound. 4. 6. 17. 30. .l-l
Inoe' hall ..1\•• las. ISO
1I"","",n Ioos (ba,tie,). 141. 1'"
In","ion Ioos. 79
In,.S'.lequa'Oon. I'"
Integra,.d 1lOIS< model (I;<;~l). 3SS. >56
Int<Il'gib'h'). 249. ~9. 260
Intelligibility "ab; li'y . 261
In u,.1 dilfere""••. li3
Interf p.a".,IlS.123
Inl.rm"' 211
Inte,...1m" .l-l8
Int<matlonal Ci>il A"ta'ion

O,pni..'ion.344
In",,,,,Oon.l ~oi« Coofer....... 3-l3
In".rsc: "1"0" ~"". 67
[solallOn. 23, 409

lei noi", . .l-l5 . .l-li
Jel noi« <oW',,''''. 3-16 . .l-l8

K.n..·• S.om."ieal'he<>,)' of diffraction.

'"J<;it><'ic ''''''8\'. 4.\

"'
Ki'chhoff diff,actOon ,he<>ty. l}l. 136

Lon<! Compensa'ion Act (1913). 23
Lond u'" planning. .l-l5
La,yn,. 252. 253
I.<:..n,o; 'ffeet.:!il;';
I.<:gi<lation.... ~oi...ba'.men' I.giol.·

,ion: Noi.. CO",,,,. kgiolation
Le,'.I.361
Ut>< """ 65. 136
Loq"", p, 226
Locally "'actong model. 102
l.ocu'.25S
l.onlitl.din.1 modul •• 01 .Ia"""y (D).

SS.56
l.ongi'udinal modulu. "olum. 1D). 55. 56
lo« lacto,. 79
Loud......alculation (graplll<.I). 161_

,~

Loud lull<100n.lSi.ISlt.lOO
Loud I.,.[.157
Loud of>peecll.250
loudneuphenom.n•. 157-1()6
Lov.' I....... 201

Mach",. bull:,n... facto' 379
Mil<hine tool,. 3SO
.'lil<hm'1) ...,i -108
Mog.n," noi 82. 83
Mall••,. 1-lS. 149
~lannikin •. 180
~la,k<1 lo,ce,. 389
M.,k.d 'h ....hoId 1~3. 1~. I~~

~t..ker 1..,.1. 156
.\I.....rs, IS3. 156
.\Iaskin,. IS2.:!Q.l. 2SO 1~S. 260
.\1... 1.",. n
Meeh.n",al 'mpeda...... 29. 49
M.eh.nic.1 ohm•. 49
~1«h."ie.lre.", ....... 48
Morna"",.II'l\>u'ion. 4~

in build'"gs.19
"ollie ioo."d. 30
";00 ,nduced. 31

.\I.do<.ll~ defit><d he.I'h.prot«'i,'.
,h,...hold ,·.Iu•. 24.\

Mol. 151. IS2
Mierophon..

bod)'moun,.d 17S-181
brigb' sid< posItion. 179do,. sod< poslllon. 179
o,"",di,ectio".1. 169



MinYlc ,'oIul1lC. ns. HI
Mod.lonol~~".36S
~'odel building rode. 394
~'ode' ..o' ...<iobl... 237. 2~2. N.l
~Ion.u,.1 'i>«, ...1I",-",Of. 170. 173
Moni'oring.3SS
M",'emcn' of '-0<.1 """'do. ~3
~'ul'ifamilr d,,·cllinp. .lO7.~

1'....1<3"'Y. 11
Ne,,'ecell'.12
Nc.,cf,br<'S.I~

a<1ionpolenliol, 'M
.fferenl. I~
<Iu,..,,",,,,,,, ff<q""OC)' (CF) Ill(,

>PIk. '''f'O"''''. 19.<;. 1!l6
Ne.,ou, 'e"'-"'ion. 16. 17
Nenro-"im"la,ion. 16
Nc","'"". 2.11. 231
Noi",3S'J

ftgh"ng aJ'li",' ~20

"1"",011 poll>. ~ 19
peoplc oxf'O"<d 10. ~ I"

Noi.. ab'lemen, de"g. gUide .\.16
Noise .b.a'emen' leg'<la'ion

.b"emcn, "'"' .Iong roads. 327
""" <.k"I.,ion. 328
«'><>')II'l'" ;mplka'"",., ~27
;nle,n'''on.1 «><>pe''''''''. ~26
medlCO-ieJ'lI"i>«t>. ~2~
' ...ffk""'... ~13
..,o,kpl."".32S

No,se ab.a"m.n' poli<). 3,2
Noise .nd nombo, in<!<. (:"1'1). 21. S8
Noi.. <lim.,., &!
Noise ""n'ro!. 11. 5 I. 291. 359
NOI.......l<ollegi.I""'n

adm,""',.';'·c (""uda""n•. ~:!O
<i"il <0\>.<1,. ~!I
pe..lrode.~11
pol"",. ~21

<i..il .."ion•. 3:!O
<i,·illa.... ~ZO
n."on.1 regol.I""". ~11. ~n

No,se ron",,1 '"'l"".m••". m
No,se d.m0i<. 10'01 ...'gl ,beo')'. 21~,

211-219
NOIse "'pos"l<. 206
Noi>e"'f'O>"l<k,·.l.177
:"0;.., "'f'OS'If< lim",. 210. 215. 221
:"oi>c ge..,ation. ~5 . .l-lS-.l-l9
Noise hazard. IS

NOIse 'mpa<! index (Nil). 90
Noi'" ind"ced l"',m3".n' 'h",'hold "'ill

(N1PTS). 90. ZOS, 2UI. 211
Noise isol.,ion. 23. 4()'J

NOIse I.,'el ""..... 3511. 3S1
NOise ie,"1s

a.c<ep""". I~
<umul.li,'. disuib",.,n Sol
hi''',!:,.m.&!

N""" Iimi". "'O,kpl;o«. 239
NOlO< mea,u""",.". H. 2I4 • .1SO
Noi.. m",,,,,nng i"'lNmcnl>. 2~3
Noise m<>ni'oong .y...m•. 2 I
Noi'" poll"''''n. Ilfl..>XlI

Iim",of.Z66
NOlO< poll.'ion ie"el.!II>
N",.e pm,..,,,,•. 23]
Noose ,Muct""' ..~
1"""" 'Muction oodfK'><n' (1" Re). n
:"oi", "'nsi'i' i'y. 21S. NlI. Z~2. 2~5, 246
N,,;se """r«. 364
NOI>< ,pe<!,om. SZ• .1(1]
Nois< .n"9. 3
Noi'" ,u><'plibili'y. 219
Noi>e 'ben"""'..... H
Non·.."<o'o<>. Z.11
Norm.1 m<>d<>. ~13
Norm.1 'l"'«h ie,..I, ~9
N""",,",,<U. 206

0"""0<1""". I~
O«upa"on.1 de.f..... 1.1
Oce•• norse. 3-4-36
Op<n rommonka'ion ')'Stem. 257
Or~.n 01 Coni. 11-12. loll!. I ~9. 150
05IlA ..»O>",¢ hOI,'. 216
o,.,.n... 1-18. 1~9. 162
01",,,,", dNi'. 206. 220
Ou,er "'iT «110. loll!. ISO
0>11 "',ndo». II. 148. 1~9. lSI. 11~

O>'¢,-popola1ion. J.88

Pa<1nian «npu....I.... IS
P..aeo.... 203
P."iol in'dligjbih'y pe,cenlage,. 262.

W
P'''>c1¢ """gol."on. -lO
P....,'••bsorplion. 17
P.th d,ff¢""",. 136
Path I.nilh diffo«"'" (PLD). 106
Per«i"ed noise (PNdB). 228. 2JO



P,,,,,i"ed ".,;.. !¢"e! (PNL), 21. 87
P'''''p'ion of"""nd. InP,,,,,...,·, sourees. 33
p,rform.n<X. noi>t df«t< on. 237. BS.

2-10.241.242
P.nl~'mph. 150
P.riod of ¥ibrOlion (n. 47
r'rm.""nllhreshold ,hif, (f'TS). 14.:!OS.

'"....ff.eton.221
Ph.... of ,,.,n.icnt ""i'ity (PAn. 276
Phon. 158. 164.-166
I'llolo>a<oo>ti< offect. 40
Phj'S'O"g...lIy .d,'.", "";>t .ff«,., 225.

226.228.231.232.2J3,2~.24S

Pink ""'>t.Il2.lIJ. lSI
Pipi",.408
Pil<tl. 150. 151. \S2
Pil<tl scale. lSI. 152
PI."" l<lUf«. 6SPl."" ~","'e •. 6S

grazing incirkn<X, 102
)'o;n' """=. 6S
PoSuon ,.,100. S5. S6
Pol"'••l ........" .., :l87
Pollution. Me 1'0",.. pollution
Poflul.tion ,..:iaJI1«l1o». of he.nnJ

(PilL). '10
P"'t.m.,k;n~ (forward m..k,n,). ISS
POI.nti.1 '''''rgy. 45
""""ny.390
J'<r<,.., >re<num. ll2.lIJ
Pref.bri••t.d ho."in, 'j~t,m., 392
Profened opee<:h inlerl.,.n<X ~'·el.

M'
Pr.-ma.kin, (N<kv,"d m..krn&). 15S
Pr• ..,l'."".... n, 2Q6. 207, 2O!l
Prlmol}' humon effects of "";<c. 25Q

Prlmo",lI<Kst rontrol. 36l
Pr;,·...l'.409

",.n .menrty. J89
P'<>pa,",,,,,, ""at JroUn'L 101
Propeller-d,i'..n .i...aft • .loU
Propenj' m.n.~.men,fi'm•• .l89
r.e""""",.1 .hord•. 252
Pr~"ic ,unin~ "'''·e. 193
Pr~"""lof:ieally ad..."" ".,;...ffects.

:US. 242
Pul« fr<qu.ncy. 231
Punell preos. 38J
Pu,. 'on•. 150
Pur. ton, threshold. 202

Oulity of the .n.'ironmen'. 388
Quan.r infin"e thrn ocreen, 137
Qu,,;,"n,"udinal W""'. 361

lUdi.ation pau.rn. 67, 6S
Radia"on ,."io, 75. 76
Radiation ",";"an<X. 2S4. 255
R.il...'.y noi... 23
Random >0\100 inc>rknce (drffrne). In
Rapod .ye """,emena (REM). 26.'i. 273.

174.275
R'j'l. S6-59
Ral'le"h ...·.... ,361
Reeeptionof"""nd,l72
Rerord •••ping.m
Ret"'''menl.llIJ
Redundo.... 258
Refe"'nce inlen.,tl'. 6S
Referenee ..Iue for Kl'<~ration 1....1.

'"Referenee .'.Iue for .'eloe"y I.,el. 36l
Ren.etion oocfr.cienl. 71
Ren"",ion fac,,,,. 7f)

Refr....ion. 59. 116-120
Re,,.ne".membra,,,,. 1-llS. 149
Re>lli.n, l.y.". 403
R.,.licn, """'nl. 366. 367
R"'hen"raek """,n1inl. 367
Reson.n<X. 50. 369. 414
Reson.""" /reque""j'. 50
Reson.tor. 2
Resonator e..",~. 25 I
R...erberant eh.mbe" 60, 61. 72
Re.'erbera,ion lime. 7J
ROdI..""", number. 123
R,n"n~ ""'>t. 372_373
Road gr.d,.nt. 31S
Road int etion. 335
R<*l.urt .lOO
R<>&d ,e"",e facto'. 300
Road textu'e 100'ei. 300
Road tr.ff.. ".,;.. , SH Traff.. noi<c
RoIhn, ""'.. I<\el. 303
Roofin~ i«>l."on, ;.m
Room mork•. 7f)

Roomquahty.412
ROO! me.n "I""re pr...ure (effecti"e).
~

RotOlional "",1.",lar rellXation ab«>rp
"~oa. 'Y1

Rotor noi... Jt9. 350
Round ...'indo.... 148. 149



Ronn,ngsptech.16l\.l67
Runninl ,.. hloCk. :lOS

sabm••bso",,;on rocffici.nl. 72
Sabin. formul•. 73
salld~·letl pial', 368
satu'Oltondf«l. 119. 123
Seala medIa, 148, 149
Scal, tympani. 148. 149
Scala ve>titJuli, 148, 149
SCreen eff"",i,..,...... 329
Sul.ickn.... 6. 17
$e<:ondary .ff.rn of ""'«. 251
S«ondary noise oontrol, 364. J66
Semi..aroular<anab, 0, 148. 149
Semi-vow.Is,255
Sensal>on 1e,..I. 156
SeMi"',ty to noi«. Z25. 240. 242. 245,
~

s<nsoryeell'.149
S<xeff«l on P"TS. 221
Slladowzone.l03, 109.10. 116.119.

'W
Sh.a, modnl'" (G). 5S. 56
Sh.a, ...... , 52. 360. 361
Shieldinlfaet<>,. 119. 123
S"'m-Il_ analysi•. 251
S1lnal ,lability. 251
S1lnal.lo-nois< fOlio. 258, 412
Simoll.n."", ma'klns. IS~. 156
Sleep

llody mo,,_nlS. 27S-m
df«lS <>I" noi«. 267

a""k.nlnp. 261. 268. 269. 270, 27)
.ndog.n'" factolS

all'. 211
«x,272

heart m •• 275. 276
,mm.d,,,. reactton•• 268
K-rompte•. 275
Q·r.actlon•. 268. 2f1J. 273
primary df<rto. 267
"jet.tive reaction>. 275-216

quallt)' <>1". 216. 271
SI••p <y<1e, 2M
SI••p dl"u'b.a",••. 265. 269. 275, m
SI••p "'II". 2M
Soaacu"'. 206
Social acou.tics. 381
Soci.l..ci.nlific menunnll ;Mlnrmc:n ...

m
So<1.1 ..... nllfic noise ,"«1,. 24). 245

Solid-bome "",nd, 360. 369
Sonar. 3-l
So"". 151, 158.159, 164-16li
Sotric boom. 349
Sound. 45

Impulsi,·•• 8
Inl.rmin.m.8
" ••dy.8
type. of, 8

Sound a",",bins mat<rial•.•e< Absorp-
lion mat<rials

Sound.ndman.6
Sound d'",ocllon (balfi.,), 136
Sound field. t)'l><S of. 59
Sound int<Mity Aoo..lic int.n.ny
Sound int<no.ity 1 1. 65
Sound 1e".1 diff•••nce. 76
Sound 1e,..1mete•. 8. 81, 169
Sound 1....1",.,s/n.d popnlOlion (LWP).

~

SoundpeIC<ption.l72
Sound poo. 1e,,1 (SWL) lOuIC<. 65. 6li
Sound pt 1e".1 (SPL). (oS
Sound p"'I'"i,,1on outdoors, 95

.ff<rto of .urface m.t«>rol<>gy, 115
Sound prol«li.. dothm!. 233. 234
Sound r«:<plion. 172
Sound «n..lion. 12
Sound ""'IC<. (oS
Sound tran,m;";on dass (STC). 78
Sound ....' .... 52
SouIC< location, III
SoUIC< ''''''Ith. 6li
Spaci.1 1m.... ]7)
SpecifIC acou"ic Impedane<. 55. 56
SpecifIC 1000...... 160. 161. 165
Sp«tnll""rti.1 ",",kin!, IS'!
Sp«dI.202
Sp«dI cornmunic.all"" .)~t.Ol. 249. 2SO
Sp«dI discrimmalion. 174
Sp«dI fr«juenci..., 211
Sp«dI pe'e<p1;on. 202. 2m
Sp«dI !-p<CITUm. 259, 260
Sp«dI unde",.ndinS. 185
Sp«<l hOlLla,lon,. 326
Speed of ....,.• ptopaption (air). 52. 54.

55.56
Speed o{....., .. propapliool (ooIi<k), 55. 56
Speed of •.-.,.• pr0l""lI"llon (..·at..). 55
Spheticll ""'"eO, 65

d"• .:t a.d fC~«l«l, 103
Spiral limb... 148. ISO



Springs. .a(I.I
St.ndanis.~.349

Stondinll ....'·e TOlio (SWR). 70
Sllndinll ,,'"'.... 68-70. 403. 414
Slape•. 1-18. 149
SI.",,,,,,,1 acoustics. 414
SI.,;'"",,1 per""n'i"" Ie"el Sol
Surrup.l1
Slop>, 25-4, 255
Slrcet noise ",,"'el•• 319
Slnxlu,e,oom<: sound. 360. 362, 366,

-100.410
Supenonic lr....porI lircrlft. 348
SUppor!inllcoll., 148. 150
SurfK<: Ibsorplion (bonier). 139
SurfK<: meleorololY eff""". US
SurfK<: rough liS
SUrfK<:w l07, 113.114
Sull«p<ibihty 10 ""'se. 219
Su,pen<jed coiliog. 360. 367

T«"Iorill membr..... 148. 150
Temperatult profile, 115

I.P'<. in"el"Sion. neUlr.1. 116. 118. 120
Temporll bone. H9
Tempo••1damp'nll <;<><ffkieot. -'8
Tempor.1 integr.lion. 202
Tempo..1I"'''i.1 m..ling. 159. 160
Tempo..~' lhreshokl shift predic1ot. 220
Temporory lhreshokl shift (TTS). 14.

205.212-217
<jel.~'ed lte'WelY fn>m. 21S
r<:<:m-elY from. 212

T"t'"l1 oluu"loor """rCC'. 126
Thoel b>.rri<:r. 138
Third 0<"1.... bond Ie'-el, 1M
Thm.hold '" quiel. 152. lS3. 156. ISS
Threshold shif". 2001
Thyroid ",,"il.ge. 253
Time .,'..age "'und le"el. 8S
Time eon"."t of endo'ure. 73
TinnLl"'. IS. 194. 201. 203
Tone bu..t. ISS, 156
T"'f'OgTOphy df«"l', 124
TOIal enerllY ll>eor)'. 214. 217-219
TOI.lloud...... 162. \65
Tow" «nlre noise ..duet""'. 317
Trace m.,chlng. 74
Trace 'peed, 74
Trace "1I\-e Ienglh. 74
Traff'" conlrol me..ures. 331
T raffoe Iim"ation, 327

T..ffoe ","se. ll, ?J7. olO3
<'OSI Itduction. 338
noise aboremenlles,s.l.loon. 424
P'Ol'"P'''''' of. 316
reduct,on 01<100<1,. 323
scree",,3ZS_331
.lal;'lical distribu'ion, 307

Traffoe noise indu: (TNI), 8-l
Traffoe noise prediction

rompule, "',,*,101'. 321. 322
reduee<i "'ale model>. 322

T..ffoe flOIse propallilion. ".o,,-ene
profile. 318. 319

Tralli<: noise 'peel'". 303
Transmi.sibdil~·. 32. 79
Trao""i»ion Ittenu.'ion. 161. 162
Trao,m,,,,,,,, coeffi"'ent. 71
Trao""i";",,""'. n
Tro,dinl "","e. 149
Tube l!>eolY. 25-l
TU'bulence ",.nenog. 123
TJ1l<"·nt... J6.I
Tyn:noi.. ,301

UI"""'",o.52
UI"""'oi< ca,itauon, 34
Ull..",ni< diall"""'. 26
Ullf.",ni< tldi.,ion. 2S
Ultr.sound. 4. IS. 25
Unde"",.t.. "'unds. 33
Uniform e-'<ll;nllnolse. 153, 161. 164
Urban noise. du.1 nalure of. >89
Urnan pllnninll••UB, 4()4
Urban zonlnll. 401

VtsOCOn"ri«ion. flOIse eff«"l on. 226.

"'Vellellti,'e noise effeet•• 225. 228. 231
Vel>icle noise SOUl'«. m
Vehicle sound proofinll ,elul.,io.... 339,

~,

Vek><ily, vibntion.l. 360, 361
Vek><ily 1e'"<I • .l62

..fem"'" fol. J6.I
Vetbol redundance, 2S8
Ve"iIlQ. \S
Ve,,,bul...pparllu,. 149
V..tibul·"l'Stem.13

so=le.13
utricle. 13



Viblltion
human model.yslem. 21-28
human r.art"'n. n
man ~n<itivity. 29
pollution. 26
""hole: body. n

Viltr.,ion absorber, 368
Vibntion rbmpinJ. 366. 368
Viltr.t;oo inwlatlon. 366. 367. 368
Viltroti<>n isolation. '19
Viltr.,,,,,, 'yslem. 016
Viltratory energy. 48
Vinual th'n b.,rie,. 138
Vi""",ty damp..nJ. 368
Vocal ......d>,2S2. 2S3

""""ment of. 253
Vo;ce. 254. 2S5
Vone. no,... 348, 3SO
V",,'el (Ioudne..). 167

Vo".-el., 254, 255

1'0'.,·......."1<:>.40
1'0'".• equation, 54
W"'.I.nl'h.53
W"" number{k). ';4
1'0'... profile. 53, ';4
Wa,·. ,peed in ,ohd>. 3IiO. 361
W",'<sand "'....UT••• 410
We'Jllting ..."." A, B, C. D, 82
White not>t. 3. 34. 82. 113, ISJ. ISS, 260
Wid< barne., 131
Wind~ "rialion, lIS
Workpl..., IlOl" abatemenlle...la"on.

'"Wo,kpta<e noi>< limitl. 239

Ye.,ly day-night .qu,valent le"el, 86
You"J"moduh.. (E).5S.56


	sscope 24-part1.pdf
	scope 24-part2.pdf
	scope 24-part3.pdf
	scope 24-part4.pdf
	scope 24-part5.pdf
	scope 24-part6.pdf
	scope 24-part7.pdf
	scope 24-part8.pdf



